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Abstract. The road to Hinode is briefly reviewed. Some science high-
lights of the Hinode mission are described, and the plan following Hinode
is presented.
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1. Introduction

It is fascinating that a solitary star like the Sun emits intense X-rays from its outer
atmosphere. The hot coronae with sporadic energy release in the form of heating,
particle acceleration and eruptions above the surfaces of late-type stars are driven by
magnetic fields.

Hinode (Kosugi et al. 2007) comprises an observatory-style set of instruments
that function together to answer the fundamental questions of how magnetic fields
are formed and how they dissipate to create the hot solar corona. The concept of
Hinode is that the X-ray and EUV telescopes (Narukage et al. 2011; Culhane et al.
2007) observe the dissipation part of the magnetic life-cycle, while the visible light
telescope (Tsuneta et al. 2008a) simultaneously observes the generation and transport
of the magnetic fields.

Hinode is Japan’s third solar physics mission, and three major space agencies
(JAXA, NASA and ESA) and 11 institutions in four countries have contributed to
its construction and operation. The concept design of the Solar-B (the then code
name) was developed in 1994–1995. Ten years later, in September 2006, after years of
hard work by numerous individuals, the Hinode spacecraft was successfully launched.
First-light images and movies were just stunning. Hinode has worked perfectly ever
since, bringing an outstanding progress in astronomy.

∗email: saku.tsuneta@nao.ac.jp



2 S. Tsuneta

The Solar-B project had been a difficult but enjoyable project for me and, I be-
lieve, for many other people who had been involved in the programme. Indeed, the
programme had developed over ten years from an ambitious and fragile programme
in its infancy to one of the most sophisticated solar physics missions in the world.

The number of Hinode papers in refereed journals reaches 456 (June, 2011), and
the publication rate is growing even 5 years after its launch. The contribution from the
Asian countries (especially India, Korea, and China in addition to Japan) is becoming
comparable to that from USA and the European Union.

Following Hinode, the Solar-C mission is being considered. There is still a long
way ahead of us, and we anticipate the launch of the Solar-C in 2010s. I stress the
importance of the vigorous pursuit of the complementary efforts: large and small space
programmes, space and ground-based missions, observations and theory/simulations.

2. Highlights of the Hinode mission

I briefly describe a few important discoveries so far made by Hinode. The choice is
subject to my personal bias. I should mention that we tend to rediscover what has been
discovered with ground-based telescopes. Here, the discovery refers to identification
and substantial understanding of new properties. These discoveries include among
others (1) Transient horizontal magnetic fields (Lites et al. 2008; Ishikawa & Tsuneta
2011), (2) emergence of helical flux ropes (Okamoto et al. 2008) , (3) Intense polar
magnetic fields (Tsuneta et al. 2008b; Ito et al. 2010), (4) waves in photosphere and
chromosphere (De Pontieu 2008; Fujimura & Tsuneta 2009; Okamoto & De Pontieu
2011), (5) convective collapse (Nagata et al. 2008; Stenflo 2010), (6) dynamic chro-
mosphere driven by magnetic reconnection (Shibata et al. 2007; Shimizu et al. 2009),
(7) fine structures in prominence (Berger et al. 2011; Okamoto et al. 2010), and (8)
enhanced width of coronal emission lines (Hara et al. 2009).

2.1 Transient horizontal magnetic fields (Lites et al. 2008; Ishikawa & Tsuneta
2011)

Transient horizontal magnetic fields (hereafter referred to as THMFs) correspond to
the apexes of emerging small magnetic loops with sizes comparable to or smaller
than granulation cell. Their sizes never exceed that of the granular convection cell
where they emerge. They manifest themselves in the linear polarization signal, and
are ubiquitous in the quiet Sun. They are short-lived with time scale smaller or com-
parable to the time scale of granulation. The boundaries of the meso-granulation har-
bour THMFs, while usual vertical fields are concentrated around the boundaries of
the meso-granulation and super granulation. This non-uniform presence of THMFs
in terms of granulation, meso-granulation and super-granulation has not yet been ex-
plained.
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The origin of the quiet Sun magnetism would be related to THMFs. THMFs
apparently reach chromosphere and possibly corona, and the remnant vertical ’foot-
points’ (in the photosphere) are subject to convective collapse (Hasan 1985; Stenflo
2010). Such footpoints may be transported from the inter-network region to its bound-
ary region by supergranular outward flow. This sequence of evolution starts with small
emerging bipolar fields. Chromospheric and coronal magnetic fields associated with
the supergranular transport of their footpoints may become quite complex, and there
is implication here to the chromospheric and coronal heating problem.

The intrinsic magnetic field strength of THMFs is smaller than the equipartition
magnetic field strength (600–700 G) of granular motion, whereas those for the usual
vertical magnetic patches often exceed the equipartition magnetic field strength. This
suggests that the THMFs are generated by a local dynamo process associated with
granular motion. The histogram of the intrinsic magnetic field strength for THMFs
is exactly the same between the quiet Sun and the polar region, supporting this pos-
sibility. This, however, should be further confirmed by other observations, given the
importance of the implication. A key observation to check whether this is the case
would be to study the spatial variation all over the Sun and the time variation over the
solar cycle with Hinode. Note that only Hinode has spatial resolution and stability
good enough to detect the THMFs over extended period of time.

The seed magnetic fields created by the Biermann battery process after the start
of the reionization phase of the universe are very weak, but are intensified to the
observed magnetic fields of the order of µG, which are the present-day magnetic fields
of galaxies and clusters of galaxies, with turbulence associated with the formation of
the proto-galaxies (Kulsrud 2005). The local dynamo process as observed with Hinode
may be a very basic process that connects very weak seed fields in early universe to
the present-day relatively strong magnetic fields.

2.2 Emergence of helical flux ropes (Okamoto et al. 2008, 2010)

Hinode found emergence of a helical rope in an active region. It emerged along the
neutral line with a slight helical structure. The neutral line is the only location where
such a helical flux rope can appear to have the ‘sliding door’. The flux rope with
correct helicity can appear without reconnection, which destroys the emerging flux
rope with the existing oppositely directed vertical magnetic fields. If this is the case,
such flux ropes are expected to emerge in other locations, but cannot be seen due to
reconnection with existing vertical magnetic fields. The emergence of such helical
flux ropes may provide implication on the convection zone and solar dynamo.

The emerged flux rope was closely related to the formation of a prominence and
coronal cavity seen in soft X-rays. Berger et al. (2011) reported that the temperature
of the flux rope entering the corona already had the temperature as high as 1 MK,
suggesting efficient coronal heating. The intrinsic magnetic field strength of the heli-
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cal flux rope in the photosphere was around the equipartition magnetic field strength
(600–700 G) with a low filling factor of approximately 0.2. A sea-serpentine mod-
ulation due to individual convective motion was seen. The properties of the weakly
helical flux rope and those of THMFs are obviously completely different, but I no-
tice some similarities between the two such as intrinsic magnetic field strength, low
filling factor, and the very horizontality of magnetic fields. There may be a causal
relationship between these two in the convection zone: the horizontal flux ropes may
somehow be the more organized form of randomly directed THMFs.

2.3 Intense polar magnetic fields (Tsuneta et al. 2008b; Ito et al. 2010)

Polar faculae have been believed to be due to intense magnetic fields even without
very direct observations. The magnetism of the polar regions is revealed with the
Hinode high resolution observations of the extreme limb for the first time. The polar
region consists of scattered kG magnetic patches whose polarities are the same and are
consistent with the known polarity of the polar region. Smaller weaker patches have
both polarities. Such kG patches with mixed polarities are seen in the supergranular
boundaries with smaller size and sparse distribution in the quiet Sun as well.

These kG patches in the polar region sometimes emerge as unipolar patches via
the amalgamation of smaller patches. The disappearance of such magnetic patches is
just the reverse process: disappearance of unipolar fields or disintegration to smaller
patches. The life time of these patches is 1–10 hours, while the overall number of kG
patches in the polar region appears to be maintained providing stable global poloidal
magnetic fields. This indicates that the magnetic flux smaller than the detection limit
of Hinode is gathered by the swirl-like flow field, which may be a final form of merid-
ional flow. It is important to obtain information of both magnetic fields and the flow
fields simultaneously to understand the formation process of the kG patches. The
process is by no means trivial.

Since polar regions are occupied by these eminent unipolar kG patches and smaller
bipolar fields, the field lines leaving the photosphere and reaching to the heliosphere
may come from a few tens of kG patches in the polar region. This means that the fast
solar wind comes from these kG patches. A rapid expansion of the flux tubes from the
kG patches in the transition region may provide higher cutoff frequency of the Alfven
waves propagating along the field lines from the kG patches, making the kG patches
chimney for the Alfven waves to accelerate solar wind.

The discovery of these kG patches in the polar region solves a puzzle of the solar
dynamo. Simulations of flux tube dynamics in the convection zone suggest that the
toroidal magnetic field at the bottom of the convection should be as strong as 105 G
(D’Silva & Choudhuri 1993; Fan, Fisher & DeLuca 1993). It would be impossible for
the differential rotation of the Sun to generate such a strong field within the solar cycle
beginning with a weak poloidal field. On this ground, Choudhuri (2003) predicted that
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the poloidal field should get concentrated in intermittent magnetic flux bundles of high
field strength, which is now beautifully confirmed by this Hinode discovery.

Hinode has been regularly observing both polar regions, and we are seeing stable
south pole and north pole whose polarity is about to change. This will be reported
elsewhere.

2.4 Waves in photosphere and chromosphere (De Pontieu 2007; Fujimura &
Tsuneta 2009; Okamoto & De Pontieu 2011)

Transverse waves are found in prominences and in spicules. These waves are found
in the high-resolution movies by following the motions of the thin threads consisting
of active region prominences and the spicules. These waves have a single frequency
suggesting standing waves, but they turn out to be propagating waves as far as waves
propagating along spicules are concerned. It is important to obtain magnetic and ve-
locity fluctuations to better understand the nature of these transverse waves. Hinode
spectro-polarimeter clearly identifies kink and/or sausage waves propagating along
the thin flux tubes in the photosphere. The way to observe these photospheric waves
is close to the in-situ observations of geomagnetic environment. The detected waves
are superpositions of upward-moving and downward-moving waves with almost equal
amplitude. A small leakage flux may provide the energy required to heat the corona.
We, however, note that if the low filling factor of such flux tubes has to be taken
into account to estimate the total flux into the overall corona, it may be too small to
maintain the corona.

2.5 Convective collapse (Nagata et al. 2008; Stenflo 2010)

A process called convective collapse to enhance the magnetic field strength while
maintaining the magnetic flux was proposed by Parker (1978), Spruit (1979) and
Hasan (1985). A very clear observation to support the existence of such a process
is finally found in the Hinode data. The example provided by Nagata et al. (2008)
is by no means unique, but is ubiquitous (Stenflo 2010; Ishikawa & Tsuneta 2011).
The quiet Sun magnetism (vertical fields) has bimodality in intrinsic field strength.
Stenflo (2010) put it due to collapsed and uncollapsed magnetic fields. It is a very
basic process that a cosmic flux tube increases its magnetic field strength beyond the
local equipartition field that a dynamo process may ultimately reach in the convective
environment.

2.6 Dynamic chromosphere driven by magnetic reconnection (Shibata et al.
2007)

It was recognized with the Yohkoh mission that magnetic reconnection, especially the
type of reconnection proposed by Harry Petschek, plays a vital role in solar flares
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and micro-flares. Hinode discovered that magnetic reconnection takes place in the
chromosphere, and is an apparent driver for the jets and fountains seen in the Hinode
movies of the chromosphere. Though the precise magnetic configuration is not known,
the signature of reconnection is apparent. The environment that is different from that
of the corona includes dominance of neutral atoms, higher beta plasma (as compared
with corona), much lower electrical conductivity (due to the lower chromospheric
temperature) and possible complex magnetic geometry in the chromosphere. Mag-
netic reconnection in this parameter regime is a new topic in the study of astrophysical
plasmas.

2.7 Fine structure in prominences (Berger et al. 2011; Okamoto et al. 2010)

Remarkable observations of prominence have been made with Hinode: the morphol-
ogy of a prominence appears to be completely different between the active region
prominence and the prominence in the quiet Sun. Active region prominences have
somewhat organized horizontal fine threads implying a magnetic configuration. The
formation of the active region prominence appears to be related to the emerging flux
rope as clearly illustrated in Okamoto et al. (2010), while the quiet Sun prominence
does not have the apparent signature of magnetic fields.

2.8 Enhanced width of coronal emission lines (Hara et al. 2009)

Enhanced widths of coronal emission lines are observed for an active region located
near the disk center, while the enhancement is less significant for the same active re-
gion reaching the limb. This suggests the presence of the unresolved dynamic situation
consisting of up-flows and down-flows near the footpoints of the coronal loops. We
may be seeing a consequence of nanoflare-heated loops, or this may be a signature of
the footpoint heating as suggested by De Pontieu et al. (2007).

3. Solar-C mission

The ISAS/JAXA Solar-C working group (WG) has been studying two options for
Solar-C mission: the plan A (out-of-ecliptic mission) and the plan B (high resolution
spectroscopic mission). We have recently decided that the plan B should have higher
priority, and should be realized as the Solar-C mission.

The purpose of the Solar-C mission is to reveal the magnetic and plasma structures
of the whole solar atmosphere from the photosphere throughout the corona, and to
understand the mechanisms of chromospheric and coronal heating/dynamics and ac-
celeration of the solar wind. It is our understanding that small scale processes related
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to waves, shocks and reconnection play an important role in the global phenomena of
the Sun and the heliosphere, as we have seen in the previous section.

Our approach to implement this objective is through high resolution imaging spec-
troscopy for the entire solar atmosphere without gaps in temperature coverage where
plasma might escape detection because of lack of instrumental sensitivity. Hinode
clearly showed that the combination of high spatial resolution and spectroscopy (in-
cluding spectro-polarimetry) is critically important both in the photosphere and in the
corona. The strawman instruments for the Solar-C satellite include a larger visible
light telescope that would obtain magnetic and velocity maps for the chromosphere
and the photosphere, a high-throughput UV imaging spectrometer covering the chro-
mosphere through the corona, and an X-ray/EUV (spectroscopic) telescope. The three
instruments will seamlessly cover the photosphere through the corona. Such a wide
spectroscopic coverage is not available with any mission so far launched. The Solar-C
instruments will be characterized by high spatial and spectral resolution, high through-
put, wide temperature coverage, and high time resolution, better than available from
any existing missions. An Interim Report is available through the Solar-C web site.
The document describes the current state of development for the Solar-C mission con-
cept. As the programme progresses, we will continue to solicit new ideas and im-
provements to the mission definitions, especially from our colleagues outside Japan.

There is no question that the chosen Plan B is an outstanding mission that needs
to be implemented. However, we also recognize the very important science goals of
the plan A satellite, namely seismic investigation of the internal structure of the Sun
and understanding of the dynamo process with possible heliospheric observations.
Therefore both missions are important and attractive for the future of solar physics,
and it will require a long time to be ready for one mission. We desire to continue
activities for plan A as a Solar-D programme. This means that in parallel with the
Solar-C development, we plan to allocate some resources to run the basic development
programme for the Solar-D mission as well.
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1-meter near-infrared solar telescope

Z. Liu∗ and J. Xu
Yunnan Astronomical Observatory, Chinese Academy of Sciences, Yunnan, China

Abstract. In order to observe the fine structure of solar dynamical field
and magnetic field, a 1-meter near-infrared solar telescope was developed
by Yunnan Astronomical Observatory, Chinese Academy of Sciences. The
telescope is located by the Fuxian Lake in southwest China. In this paper,
we will introduce some details of the telescope such as scientific goals,
structures, instruments and the parameters of the site. First light observation
of high resolution photosphere is introduced too.

Keywords : Sun: general – telescopes

1. Introduction

As the ground partner of Chinese Space Solar Telescope (Deng et al. 2009) a new one
meter solar telescope was proposed by Chinese solar physicists in 90s of last century.
The original scientific goals of this telescope focused on the spectrum of solar active
region including the magnetic field measurement based on Zeeman Effect. Then the
site survey started in 1996 in the southwest of China because of the high altitude and
low latitude of this region. In 1999, Fuxian lake was confirmed as the final site from
many candidates. Due to the excellent seeing (Lou et al. 2001) of the new site, the
high resolution imaging became another main goal of this telescope. Finally, the goal
of this solar telescope was described as: observe the sun by high resolution image
instruments and multi-wave spectrometer (including polarization analyzer) in visible
and near infrared bands.

The whole project is mainly charged by Yunnan Astronomical Observatory.
NIAOT (Nanjing Institute of Astronomical Optics & Technology) is the main partici-
pant and the most important collaborator. Several Chinese observatories and institutes
are also involved in this project (see acknowledgements). In order to match the good

∗email: lz@ynao.ac.cn



10 Z. Liu et al.

Figure 1. New Vacuum Solar telescope and its wind screen.

seeing and reduce the instrument polarization, the telescope was designed as a vacuum
type with symmetrical optical system. Mechanical part was designed and manufac-
tured by NIAOT. Main optical elements were produced by LZOS, Russia. Control
system and most instruments including a huge vertical spectrometer were developed
by Yunnan Astronomical Observatory itself. The telescope was installed on the site in
2010 by NIAOT and Yunnan Astronomical Observatory. In the same year, first light
observation was carried out on September 1. The formal name of this one meter so-
lar telescope is New Vacuum Solar Telescope (NVST) and the name of the new solar
observatory is Fuxian Solar Observatory (FSO).

2. Telescope and building

An optical window (W1) with 1.2 meter diameter is placed on the top of the vacuum
tube to keep inner air pressure low than 70 Pa. The optical system after W1 is a
modified Gregorian. There is a 3 arcmin field diaphragm (heat stop too) on primary
focus (F1) to prevent more energy enter into following system. After primary mirror
(M1), the secondary mirror (M2) converge light rays to F/9 and focus at F2. For
fear of polarization crosstalk, polarimeter can be inserted into the light path near F2
before the turning point of light rays. The M4 is a small flat mirror and reflects light
rays to horizontal direction. As focusing mirror, M3 converge light rays to final focus
through reflector M5 M7.The pure aperture of telescope is 985 mm and the effective
focal length before instruments is 45 meters.

The mounting of NVST is an alt. & az. structure. It is more compact compared
with the equatorial mounting. The alt. & az. mount means stabilization and small
wind resistance as well as image rotation and blind area. Blind area of NVST is about
2 degrees on the zenith. As the latitude of FSO is 24.5◦N, there is almost no blind
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Figure 2. The optical diagram of NVST.

area effect in normal solar observation. Image rotation on focus can be offset by active
rotating device such as a derotator. Pointing accuracy of NVST is high enough to point
any region of solar disk in several arcsec. Tracking system can track the sun steadily
with about 0.5 arcsec tracking accuracy in half an hour. The high tracking accuracy
is supported by two closed loops. Inner loop depends on two high accuracy circular
inductive synchronizers installed on mechanical axes. Another one is individual small
guiding telescope with a 4k by 4k CMOS sensor and banding on main telescope tube.
In order to keep the good local seeing, telescope works on the open air and has no
traditional dome. At this situation, an active wind screen was built to reduce the wind
pressure on telescope. Wind screen can move automatically according to the wind
direction (Fig.1). The thermal control system of NVST consists of two parts: water
cooling for F1 and W1 (Fig.3). The left heat is still very harmful to F1 diaphragm
although the most energy outside the view of field is reflected off vacuum tube. The
water cooling system brings the left energy via a heat pipe connected to F1 diaphragm.
With the same reason a circular water tunnel around W1 edge is designed to avoid the
image degradation caused by hot deformation of W1.

The tower is a building with 16 meter height. There are two independent foun-
dation piers inside the building. The inner pier support vertical spectrometers and a
rotating platform. The outer one is for telescope. The moveable dome can be opened
and moved to the opposite side on the top of building (Fig.4 & 5).

3. Instruments of NVST

The instruments of NVST can be roughly classified into two groups. The first group
consists of imaging instruments and 2D spectrometers including multi-wave high res-
olution imaging system, adaptive optics (AO) system, Fabry Perot filter and magne-
tograph etc. Imaging instruments are placed on a big rotating platform. The second
group contains two traditional grating spectrometers: multi-wave spectrometer and
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Figure 3. Cooling system of NVST.

Figure 4. Full view of NVST building.

high dispersion spectrometer. Multi-wave high resolution imaging system has two
branches, one for photosphere imaging another for chromosphere imaging. The pho-
tosphere branch can take G band and TiO images with very high angular frequency and
high temporal frequency depending on the performance of cameras. Speckle masking
is adopted as the normal method to reconstruct solar images to diffraction limit. The
chromosphere branch can take different chromosphere images depending on the cen-
tral wavelength of filter. We normally use a 0.25 angstrom H alpha Lyot filter to get
the solar atmosphere images. These two imaging branches can work simultaneously
and can also follow the AO system. The current AO system is a low order 37 ele-
ments system. A high order AO system with 127 elements funded by NSFC (National
Nature Science Foundation of China) is being constructed by IOE (Institute of Optics
and Electronics, CAS). The AO system also has independent imaging cameras such
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Figure 5. View inside NVST building.

Figure 6. Diagram of rotating platform and instruments.

as 1.56 micron photosphere camera. A near infrared Fabry Perot filter and a magneto-
graph are still being designed and will be equipped in the next two years. The different
imaging instruments can be switched quickly by using a rotatable 45 degree mirror on
the center of the rotating platform.

Two grating spectrometers are both placed on a vertical hanging bracket. The
bracket is a rigid frame fixed under the rotating platform. It rotates synchronously
with rotating platform to offset the image rotation. The bracket has two levels, multi-
wave spectrometer on the first level and high dispersion spectrometer on the second
level. Slit is also on the center of rotating platform under the 45 degree mirror. Two
spectrometers use the same collimating mirror but different gratings. The grating of
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multi-wave spectrometer is a 1200 lines/mm blazed grating for 0.05 angstrom res-
olution at Hα line (6563Å ). The grating of high dispersion spectrometer is a 316
lines/mm echelle grating. Resolution of high dispersion spectrometer at 1.56 micron
is 0.05 angstrom too. The first light lines of multi-wave spectrometer are Hα, Ca II
(8542Å ) and He I (10830Å ). He I is also the line of high dispersion spectrometer.
Another important spectral line of high dispersion spectrometer is Fe I (1.56 micron)
for measurement of photosphere magnetic field.

Figure 7. The rotating platform and vertical spectrometers.

Although polarization analyzer is not included in above two groups as an inde-
pendent instrument but it is really a very important part of NVST. The basic structure
is rotating wave-plate system. Polarization analyzer is the key to get stokes parame-
ters for both spectrometers and imaging instruments. It is placed near F2 and before
M4 (Fig.2) in order to reduce the cross talk of I, Q, U and V . Due to the stability
of the glass wave-plate the liquid crystal wave-plate is not adopted in current design.
The polarization analyzer of NVST is still being developed and will be installed into
NVST tube at the end of 2011.

4. Some observation results

The site installation of the telescope and the high resolution imaging system was fin-
ished in June 2010. Then the main optical system of NVST was tested by an optical
interferometer on site. The whole control systems include tracking and pointing were
tested at the same time. The final testing before the formal first light was carried out
by using only 40cm sub aperture to observe the central part of the quiet photosphere.
Testing results indicate that NVST meets the design requirements (Fig.8).

On September 1, 2010, the telescope was guided to point a small sunspot to do
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Figure 8. Quiet sun observed by 40 cm sub aperture, without any reconstruction.

the formal first light observation by using full aperture. The filter is 10 Å bandwidth
near 7057 Å(titanium oxide) to show photosphere structure (Goode et al. 2010). The
exposure time is 5 milliseconds. Thousands of speckle images were taken by a 2048
× 4096 PI CCD camera with 4 fps. Every 50 or 100 speckle images were calculated
to reconstruct one high resolution image by Speckle Masking (Weigelt 1977) and ISA
(Liu et al. 1998). Fig 9 is a typical reconstructed high resolution image of active
region. In this image, fine structures of sunspot and quiet sun such as granulations,
penumbral filaments, magnetic bright points and umbra bright points are all very clear.
Resolution of this image is better than 0.2 arcsec and this means 120 km details on the
photosphere can be resolved.

5. Introduction to FSO and site parameters

Fuxian Lake is in the southwest China, 60 km from Kunming City. The area of this
lake is about 210 square kilometers. The average depth is more than 90 meters. The
altitude is 1712 meters above sea level. FSO (Fuxian Solar Observatory) is on the
northeastern lakeside located at 24◦34′N and 102◦57′E. Usual monsoon comes here
via the lake with the same direction as the lake wind. Large water body cools the air
very well and keeps the balance between water temperature and air temperature. It is
the reason that local daytime seeing of FSO is quite good (Liu et al. 2001). Average
seeing is up to 10 cm a year but is better in rainy season (Fig.10). The wind is mostly
(68%) blowing from the lake with mean velocities no more than 6 m/s. The sunshine
duration is about 2,200 hours per year.

FSO is belongs to Yunnan Astronomical Observatory, CAS. There are two solar
facilities in FSO besides NVST. One is an optical telescope another is a radio tele-
scope. The optical telescope is a multi-tube Optical and NIR Solar Eruption Tracer
(ONSET). ONSET has four vacuum tubes, three for solar observation one for guiding.
It is developed by Nanjing University and operated by FSO. A 10 meter radio dish is
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Figure 9. The first light of NVST, fine structure of AR 1101.

Figure 10. Profile of seeing in one year (from Sept. 1999 to Sept. 2000).

also placed on FSO to record the various radio bursts from solar corona. This radio
facility is developed and operated by the radio group of Yunnan observatories.
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Optical observational programs at the Indian Institute
of Astrophysics
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Abstract. The Indian Institute of Astrophysics has been making optical
observations of the sun for more than a century by taking images of the sun
in continuum to study the photosphere, Ca-K line and H-alpha line in order
to study the chromosphere by using the same instruments which are used
to study the long term variations of the magnetic fields on the sun. The
digitizers have been developed using uniform light sources, imaging optics
without any vignetting in the required FOV and large format 4K×4K CCD
cameras to digitize the data for scientific studies. At the Solar Tower Tele-
scope we have performed very high resolution spectroscopic observations
around Ca-K line to investigate the variations and delineate the contribu-
tion of various features to the solar cycle variations. Solar coronal studies
have been done during the occurrence of total solar eclipses and with a
coronagraph to study the coronal heating. Here we discuss the systematic
temporal variations observed in the green and red emission profiles using
high spectral and temporal observations during the 2006, 2009 and 2010
total solar eclipses. The TWIN telescope a new facility has been fabricated
and installed at Kodaikanal observatory to continue the synoptic observa-
tions of the sun and a space-based coronagraph is also being designed and
fabricated in collaboration with various laboratories of ISRO (LEOS, ISAC
and SAC) and USO. In this article we present the summary of results of
optical observational programs carried out at Kodaikanal Observatory and
during the eclipse expeditions where authors have played a leading role.
Furthermore, this review is not complete in all respects of all the observa-
tional programs carried out at the Kodaikanal observatory.

Keywords : Sun: photosphere – Sun: chromosphere – Sun: corona
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1. Introduction

The synoptic observations of the sun are very important in order to study the long term
variations of solar activity and the associated solar magnetic fields and its effect on
space weather and climate. Varieties of structures are observed on the sun at all times
of the solar cycle. On large spatial scale the sunspots are the prominent structures at
the photospheric level and its numbers are also large during the solar maxima. Other
large scale structures observed are the plages, filaments, prominences at the solar limb
and energetic events such as solar flares. We also observe the coronal features such as
streamers, high temperature coronal loops, coronal mass ejections (CME’s) etc dur-
ing the occurrence of total solar eclipses and ground and space-based coronagraphs.
Indian Institute of Astrophysics has the history of making solar optical observations
of the sun since 1904 and has arranged expeditions to make observations of the solar
corona during the occurrence of total solar eclipses. The purpose of this article is to
summarize activities of the Institute using different facilities to make observations and
the obtained results.

2. Synoptic observations of the Sun

The Kodaikanal observatory began its scientific activity by taking the images of the
sun in continuum (photoheliograms) using a 15 cm telescope in 1904 on a daily basis
whenever sky conditions permitted. The image size is 20 cm and a uniform set of
data with image quality mostly limited to seeing of about 2′′ has been collected. A
spectroheliograph was installed and positions and areas of sunspots visible in the white
light images have been measured and cataloged. The data have been used to study
solar activity, rotation rate, differential rotation, rotation of young and old sunspots,
and tilt angle of the sunspots and its variations with the solar cycle (Sivaraman, Gupta
& Howard 1999; Howard, Sivaraman & Gupta 2000; Sivaraman, Gokhale, Sivaraman
et al. 2007; Muneer & Singh 2002). Muneer and Singh found that tilt angle of the
sunspots vary as a function of solar cycle phase rather than the latitude of sunspots
predicted by Joy’s law.

The Ca-K line images of the sun have been obtained since 1907 using a set-up of
30 cm siderostat and a 30 cm objective lens to form a 6 cm image of the sun. The
second slit of the spectroheliograph isolated 0.07 nm of the spectra centered on the
Ca-K line. The observations could not be continued after 2006 because of the non-
availability of the suitable photographic plates. Singh & Bappu (1981) using Ca-K line
spectroheliograms found that the network size varied with the phase of solar cycle and
was 5 per cent smaller at the time of the maximum phase. Singh & Prabhu (1985)
found the semi-periodic variations in the chromospheric rotation rate with a period of
2, 7 and 11 years.

H-alpha images obtained (using the spectroheliograph developed by Evershed)
since1912 on a daily basis have been used for solar cycle studies and its evolution by
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Makarov et al. (eg. 1989, 2001, 2003). The data has also been used to study the solar
activity to show that pre-heating of the plasma leads to eruptive events (Singh, Sakurai
& Ichimoto, 2001). Singh & Gupta (1985) found that heating of the filament begins
early, few hours to a day, before its eruption. Therefore, it is important to continue to
obtain data and generate a series of images that has uniformity or overlap of the data
with two instruments, old and new; to extend such studies.

Earlier, the images of the sun were recorded on specialized photographic emul-
sion suitable for this purpose. With the advancement of electronic technology and
development of faster and bigger format CCD cameras, the specialized films went out
of production. In 1995 we used a narrow band filter using the old siderostat and CCD
camera of 1K×1K format to take Ca-K line filtergrams. These data has the draw-
back that images rotated with time of observations and has a low spatial resolution as
compared to the earlier data with the spectroheliograph. Keeping in view the above
mentioned limitations, a telescope was designed and fabricated to take Ca-K line and
continuum images of the sun and named it twin telescope. This telescope has been in
operation since 2008 at the Kodaikanal observatory for collecting images during the
clear skies.

3. New facility for synoptic observations of the sun

The TWIN telescope consist of two tubes mounted on a single equatorial mount, one
for the white light images and the other for Ca-K line filtergrams of the sun. Each
tube is fitted with a 15-cm objective lens from Zeiss to make images of the sun. For
the white light a heat rejection filter of 15-cm with a passband centered at 430 nm and
bandwidth of 10 nm is used. In addition a Mylar filter with density 5 is kept in front
of the objective lens to reduce the intensity of the image and to reduce the heat in the
telescope tube. Similarly for Ca-K line image a heat rejection filter with passband
centered at 395 nm and bandwidth of 10 nm is used. Once again a Mylar filter with
density 3.8 is kept in front of the objective lens. In addition, a narrow band thermally
controlled interference filter with passband centered at 393.37 nm and bandwidth of
0.12 nm is kept near the focus to get the line images. Two CCD cameras, one for
the Ca-K line and other for the broad band images permit us to take simultaneous
images of the sun for the chromospheric and photospheric studies in case of active
events on the sun. The CCD cameras having scientific grade-I chip and 2K×2K pixel
format with a 16-bit read out at 1 MHz yield uniformity in the images, high dynamic
range and high photometric accuracy. The peltier cooled CCD cameras are operated
at -40◦C for low dark current and low read out noise. The pixel size of 13.5×13.5 µm
provides a spatial resolution of 2.5 arcsec. The ND filters in front of the objective lens
permit us to give sufficient large exposure to avoid the visibility of the shutter pattern
in the images of the sun. The exposure time range between 300 ms and 1 second is
chosen depending on the sky conditions. Fig.1 shows the image of the sun taken in
Ca-K line (left side) and the processed image (right side) after the dark and flat-field
correction.
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Figure 1. Left side is the observed image and right side is the processed image.

The data has been used to study the variation of quiet network elements during
the extended period of minimum phase of the solar cycle number 23. The intensity
contrast between quiet network elements and the background is low and is difficult
to delineate the network elements in the presence of active features such as plages,
enhanced and active network. We have developed the software to determine the quiet
network element components by choosing the lower and upper threshold values as
shown in Figure 2. We find that a percentage of quiet network elements decrease in
the quiet region by about 7% in 2010 as compared to that in 2008 and interpret in
terms of extended minimum during the solar cycle number 23 (Singh et al. 2011b).

4. Digitization of the data obtained at Kodaikanal observatory

We have collected about 120,000 images of the sun in continuum, Ca-K and H-alpha
line over the last hundred years and these are well preserved in the dry and cold con-
ditions at the Kodaikanal observatory. To analyze the data and to investigate the long
period variations on the sun we planned to digitize these images to enable us to derive
various parameters of solar features using fast computers and sophisticated software.
We have designed, fabricated and installed state-of-the-art digitizers at Kodaikanal
observatory and completed the digitization of Ca-K line series and started to digitize
the white light images of the sun. One meter labsphere with exit port 35 cm provides
uniform light with less than 1% variation from center to limb. Constant current is
maintained to the lamp to stabilize the intensity of the light source. After testing good
quality lenses, lenses with modular focus arrangement from LINOS were selected to
re-image the photographic plates on the CCD camera. The images of the grid taken
indicate that these lenses do not cause any geometrical vignetting in the image in the
field of interest. The CCD camera of 4K×4K format with pixel size 15×15 µm pro-
vides the digitized images with pixel resolution of 0.8 arcsec (spatial resolution of 1.6
arcsec) which matches the general seeing conditions at Kodaikanal observatory. The
operating temperature of -100◦C of the CCD cameras ensures low dark current and
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Figure 2. Left side image shows the central part of the image and right side image shows the
contours of detected network cells for a threshold 1.006 to 1.14 of the mean value of the solar
disk intensity.

low noise in the data. The moderate read out speed of 500 KHz with 4 ports provides
data in the 16-bit format with read out noise of about 15 counts. To maintain the
uniformity in the digitized data the temperature, humidity and dust in the room are
controlled.

Earlier images have been digitized using scanner and the data are available in
the 8-bit format with low spatial resolution and thus has limited use. Number of
authors have used different techniques to compute the Ca-K plage index from the data
of KodaiKanal, Mt. Wilson, Arcetri and Sac Peak observatories and compared the
results obtained from different data sets (Foukal, et al. 2009, Tlatov, Pevtsov & Singh,
2009; Ermolli et al. 2009). Ermolli et al. (2009) found that the data obtained at
Kodaikanal observatory was uniform and in good condition to study the long term
variations in the Ca-K flux with different periods. The present set of digitized data
will permit us to obtain this parameter with better accuracy and in addition investigate
variations in other parameters such as enhanced, active and quite network index. This
will help us to make realistic modeling of the solar cycle variability. The following
research projects may be taken up using these data: (a) Long term variations in the
photospheric and chromospheric rotation rate, Chromospheric differential rotation rate
(b) Variation of tilt angle with the solar cycle phase and its implication to the helicity
and solar dynamics (c) Irradiance variation with the solar cycle phase (d) Variation in
the network cell size with the phase of the solar cycle (e) Study of cell size in active
and quiescent regions

Archival of a large data base in the digital form will be made maintained and will
be available to all the scientists for research purposes.



24 Jagdev Singh & B. Ravindra

5. High resolution observations with Solar Tower Telescope

The chromospheric variability can be best studied by monitoring the Ca-K line pro-
files of the sun as a star on regular basis. The line profiles can be normalized to the
continuum intensity to correct for the variations in the measurement due to changes
in the transparency. Professor Vainu Bappu started the program to monitor the high
spectral resolution Ca-K line profiles of the sun as star on a daily basis at the Solar
Tower Telescope. It was found that the sun is a variable star and the Ca-K index varied
by about 25% with the phase of solar cycle. Skumanich et al. (1984) proposed a three
component model of the solar cycle variability of Ca-K emission using extant contrast
and fraction areas for the cell, network and plage components. They were able to fit
the quiet sun Ca-K emission with the cell and network features alone using extant limb
darkening laws. The occurrence of plages during the growth of the cycle was found
to be insufficient to account for the increase in Ca-K emission. Hence active network
component was proposed to explain the increased emission but the observation did
not indicate the existence of active component. To resolve this problem we started to
obtain Ca-K line profiles as function of latitude and integrated over the visible longi-
tudes of the sun since 1986 on a daily basis. The plage free profiles at a given latitude
during the different phases of the sun will yield information about the variation in the
background flux and active component. The data obtained over 2 solar cycles will
yield valuable information about the variability in the polar region (Singh Gholami &
Muneer 2004).

6. Coronal studies

The heating of plasma in the solar corona to 1–2 million degrees still remains an un-
solved problem even though a number of models have been proposed. Wave heating,
micro flares and reconnection of magnetic field processes are commonly discussed.
The coronal studies can be made during the occurrence of total solar eclipses, ground-
base coronagraphs and space-based instruments in the UV, EUV and X-rays. Every
method has some advantages and disadvantages over the other. Here we discuss the
results obtained from the systematic spectroscopic observations of emission lines in
the visible wavelengths and from experiments conducted during the total solar eclipses
to study the heating of coronal plasma at National Astronomical Observatory (NAO)
located at Norikura, Japan.

6.1 Observations with ground based Coronagraph at NAO, Japan

The Kodaikanal Observatory does not have any coronal observational facilities. So
in collaboration with NAO, Japan, using their 25 cm coronagraph, we made system-
atic spectrographic observations of the steady coronal loops, overlying the sunspots
without any flare during and before the observations, in the two coronal lines simulta-
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Figure 3. In this cartoon the area marked by yellow color represents the solar limb and the ver-
tical structure represents the coronal loop. The area shown in red is loop where abundances of
ions emitting at 6374 Å is more and green area represents area where abundances of ions emit-
ting at 5303 Å is more. In between area shown in both colors is the portion of loop where both
relatively high and low temperature plasma interacts.The circular cross-sections show plasma
at different heights. At heights larger than 200 arcsec plasma attains a middle temperature in
between the two high and low temperature depending on the physical properties of loop.

neously. We used [Fe X] 6374 Å, [Fe XI] 7892 Å, [Fe XIII] 10747 Å , 10798 Å and
[Fe XIV] 5303 Å coronal emission lines for our study. We discovered that line width
of all the coronal lines studied did not increase with height (Singh et al. 2003, 2005,
2006). The width of the red emission line that represented plasma at a temperature of
about 1 MK increased with height as observed in the other EUV and X-ray emission
lines whereas that of the green line (plasma at about 2 MK) decreased with height.
The width of the [Fe XI] that represented plasma at 1.3 MK does not increase with
height as much as expected assuming the same physical processes are responsible for
the increase in line width as in case of red line. The width of the [Fe XIII] emission
line showed marginal variations with height. The trend in the variation of line width
is independent of the shape, size, topology of the coronal loops. The line width of
the 5303 Å line decreases in all types of loops small or big; open or closed; face-on
or end-on; radial or non-radial and that of 6374 Å increased with height. Further, the
FWHM of [Fe X] and [Fe XIV] emission lines did not show change with height af-
ter a distance of about 250 arcsec and normalized ratio was 1 suggesting that plasma
at larger heights at uniform temperature and non-thermal velocities. In addition the
intensity ratio of [Fe XI]/[Fe X] was found to vary with height as expected but that



26 Jagdev Singh & B. Ravindra

of [Fe XIII]/[Fe X] and [Fe XIV]/[Fe X] was found to be not in agreement with the
predictions of abundance theory (Singh et al. 2004).

The monotonic increase in temperature or nonthermal velocity with height above
the limb cannot explain the observed variations in linewidth and intensity ratios with
height in all the lines simultaneously. The existing coronal loop models cannot ex-
plain these findings. We are proposing a new model for coronal loops which predicts
the loop to be highly dynamic and also assumes that the different temperature plasma
in loops is not magnetically isolated. The cartoon in Fig.3 shows the empirical model
proposed to explain the observed variation of the line widths and intensity ratios of
different emission lines with height in the solar corona. We propose that in coronal
loops low temperature plasma is surrounded by relatively high temperature plasma
as low temperature plasma loops thinner as compared to the high temperature plasma
loops. Near the solar limb where magnetic field is strong contribution to the [Fe X] red
emission line comes from the relatively low temperature plasma and to the [Fe XIV]
green line comes from relatively high temperature plasma. At larger heights when the
magnetic field becomes weaker, the multi temperature plasma starts interacting with
each other and heights greater than 250 arcsec plasma attain common middle tem-
perature and non-thermal velocity. This implies that low temperature plasma near the
limb becomes hotter at larger heights and high temperature plasma becomes relatively
cooler at larger heights resulting in increase in linewidth of low temperature emis-
sion lines and decrease in the linewidth of relatively high temperature emission lines.
These findings can also be explained in terms of change in non-thermal velocity. The
variation of temperature also explains the observed complex variation in intensity ra-
tios with heights above the limb. The temperature of the green line plasma is relatively
lower at larger heights as compared to that near the limb and vice versa for the red line
plasma. This results in the decrease in intensity ratio of [Fe XIV]/[Fe X] with height
above the limb. It may be noted that it is an empirical model and has some limitations
to explain the interaction of multi-temperature plasma and some of the existing widely
used theoretical assumptions such as loops are thin and magnetically shielded. This
model implies that magnetic pressure is not very large as compared to gas pressure.
All the coronal loop models assume the magnetic pressure� gas pressure.

6.2 Observations during the eclipses

It has been recognized that magnetic fields play an important role in heating up the
plasma in the solar corona but identification of the process or processes still remains
an open question. The existence of magnetohydrodynamic waves in the solar corona
is expected to cause oscillations in either intensity or velocity or in FWHM (arise due
to broadening in linewidth) or in all. The scattered light from the solar disc and its
variation with time makes it difficult to study the small amplitude variations in the
intensity. The Doppler shift and linewidth measurements may also get affected by ab-
sorption lines due to disc light, close to the emission lines. Occurrences of total solar
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eclipses provide very good opportunity to study these variations with time of course
for small duration of the totality. Generally intensity oscillations have been studied
in the continuum, green (5303 Å) and red (6374 Å) emission lines by taking the im-
ages of the solar corona at high frequency to study the existence of high frequency
waves in the corona and thereby investigate the heating of plasma to million degrees
(Pasachoff et al. 2002; Singh et al. 1997, 2009). New generation detectors have per-
mitted to record the signal even when the light level is too low. In recent times, we
therefore, planned to perform high resolution slit spectroscopy around the green and
red emission lines simultaneously at a high cadence of 1 frame every 5 seconds. The
spectroscopic observations have the advantage to correct the signal for the variation
in sky transparency during the observations. Table 1 shows the development of obser-
vational techniques over the years which became possible due to improvement in the
technology.

Table 1. Summary of observations made during various solar eclipses.

Year Experiment Type Frequency
1980 Image red line-intensifier Multi-slit spectroscopy Spatial
1983 Image red line intensifier Multi-slit spectroscopy Spatial
1994 Image red and green line intensifier Multi-slit spectroscopy spatial
1995 PMT continuum 1 location 10 Hz
1998 PMT continuum 4 locations 50 Hz
2006 CCD green and red only one limb Imaging 0.3 Hz
2009 CCD green and red Imaging 1.1 Hz

(all around the sun up to 1.5 R�)
2009 CCD green and red Spectroscopy 0.2 Hz
2010 CCD green and red Spectroscopy 0.23 and 0.9 Hz
2010 CCD Hα line as a function of height Spectroscopy ∼7 Hz

The analysis of all these data sets indicates intensity variations at some locations
with period of strongest power around 27 sec for the green line and 20 sec for the red
line (Singh et al. 2011a). These results confirm earlier findings of variations in the
continuum intensity with periods in the range of 5 to 56 sec by Singh et al. (1997).
Wavelet analysis has been used to identify significant intensity oscillations at all pix-
els within our field of view. Significant oscillations with high probability estimates
were detected for some locations only. These locations seem to follow boundary of
active region and in the neighborhood, rather than within the loops itself. These inten-
sity oscillations may be caused by fast magneto–sonic waves in the solar corona and
partly account for heating of the plasma in the corona. Further, we found intensity,
velocity, and line width oscillations with periodicity in the range of 25 - 50 sec from
the spectroscopic observations made during the 2009 eclipse. These oscillations can
be interpreted in terms of the presence of fast magneto-acoustic waves or torsional
Alfvén waves (Singh et al. 2011a).
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7. The proposed visible emission line coronagraph

The occurrence of total solar eclipses provides observations of solar corona with mini-
mum of scattered light in the visible part and near-IR of the spectrum but for short du-
rations to study the intensity oscillations in the solar corona and the coronal magnetic
fields. The varying sky transparency and scattered light introduces a large amount of
uncertainty when studying the high frequency oscillations and magnetic fields in the
solar corona and thus it becomes difficult to believe the results because of the low
amplitude of the variations in intensity and magnetic fields have large uncertainties.
Therefore a coronagraph with these instruments in space, above the earth’s atmosphere
will provide ideal conditions to study the existence of waves and the strength of mag-
netic fields. Keeping in view of the above mentioned goals we proposed a 20 cm
coronagraph to be launched in space by ISRO and take the images of the solar corona
in the green (at 5303 Å) and red (6374 Å) emission lines with the following scien-
tific goals. a) To determine the existence and nature of waves in the solar corona by
studying the intensity oscillations using emission lines of Fe XIV at 5303 Å and Fe X
at 6374 Å in different types of coronal structures. b) The simultaneously obtained
images of the brightest part of the corona, which is presumably related to some active
regions in the 5303 Å and 6374 Å emission lines, representing plasma at about 1.8
MK and 1.0 MK respectively, will yield clues to the cooling processes involved in the
coronal and post-flare loops. Also a clue to the formation of loops by evaporation may
be possible. c) High cadence observations will permit to determine the kinematics of
CME’s (coronal mass ejections) and possibly the origin of solar wind. d) Information
about the origin and acceleration of CMEs will help to predict space weather and help
the space programs.

The visible emission line internally occulted coronagraph is being developed as a
collaborative project by IIA, LEOS, ISAC, SAC and USO and is expected to be put in
the orbit in 2014. The data will be available to all the interested scientists.
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Abstract. Chinese solar community has proposed a next generation ground-
based solar telescope – Chinese Giant Solar Telescope (CGST). CGST will
be an Infrared and Optical solar telescope. Its spatial resolution is equiva-
lent to an 8 m-diameter telescope, and the light-gathering power equivalent
to a 5 m-diameter telescope. The major scientific goal is to get precise mea-
surement of solar vector magnetic field with high spatial resolution. A brief
introduction to this project is given here.
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1. Introduction

The elemental magnetic structures play a key role in the process of all kinds of solar
magnetic interactions. However, after one-hundred-year developments since Hale’s
pioneer detection, the nature of the solar magnetic field is still one of the most im-
portant mysteries in solar physics. The detection of the fundamental structure of mag-
netic field always requires (spatial, temporal, and spectral) resolution and sensitivity as
high as possible. Although solar physics has got big progress with ground-based and
space-borne observations in the past decades, it seems that we do need more efforts to
approach the whole right answers to the problem of the basic magnetic structures.

Up to now, almost all precise measurements of magnetic field are based on the
Zeeman effect. As the quantity of Zeeman-split is much smaller than the line width,
one cannot measure it directly and has to do this by the so called Stokes parameter
measurement. In this case, the sensitivity of traverse component of magnetic field is
quite poor, i.e., one order lower than the sensitivity of longitudinal component (Evans
1966). To avoid this, one should give up the traditional method by Stokes parameter
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measurement. A possible solution is to measure the Zeeman split directly. This re-
quires the split quantity to be large enough compared with the line width. Because the
Zeeman split is proportion to the square of wavelength, and line width (by Doppler
broadening) proportion to wavelength, one may get direct measurement with far in-
frared spectral line.

As the solar radiation in infrared region is very weak, gathering more photons with
larger telescope is necessary. Thus, larger solar telescope is not only the requirement
of the high resolution but also of the high magnetic sensitivity.

In 2009, Chinese solar community reached a consensus to develop a very large
infrared and optical solar telescope—Chinese Giant Solar Telescope, CGST. This
project was first proposed by National Astronomical Observatoreies, Yunnan Obser-
vatory, Purple Mountain Observatory, Nanjing University, Nanjing Institute of Astro-
nomical Optical Technology, and Beijing Normal University. These six partners cover
almost all of the Chinese solar community.

2. Scientific objectives of CGST

2.1 Scientific Objectives

The scientific objectives consist of three parts. The first one is to observe the solar
vector magnetic field, velocity, and thermodynamics structure with 20 km spatial scale
and 1s temporal scale and to get systematic and quantitative result about the solar
MHD process.

The second one is to basically determine the origin of small-scale magnetic field –
local dynamo process, to quantitatively understand the process of 1ower atmospheric
magnetic reconnection and to reliably diagnose the coupling process between solar
flare, CME, solar wind and the small-scale magnetic field, mass flow, etc.

The third one is to reveal the transportation process of solar energy and mass flow
from the lower photosphere to coronal. Furthermore, we hope to understand the causes
of solar eruptive activity, and provide new physical method and tool for the forecast
of the solar activities and the space weather.

2.2 Telescope and instrument requirements

In order to resolve the solar structure in the scale of 20 km, an optical telescope with
diameter not less than 4m (same as the ATST and EST) is necessary. As in the longer
wavelength, it is easier to realize AO than in shorter wavelength, we prefer the diame-
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Figure 1. The sketch of the CGST which is designed as the ‘ring solar telescope’.

ter larger and thus get diffraction-limit resolution in near infrared instead of in visible
region.

In order to diagnose the coupling process among deferment scales, different lay-
ers, and different objects, multi-wavelength observations are necessary. For ground-
based optical telescope, from visible to far infrared is the best solution. In addition,
different instruments are necessary to satisfy different scientific purposes.

In order to get reliable and quantitative diagnostic of solar magnetic field, high
magnetic sensitivity is necessary. Measuring the direct split of Zeeman effect should
be the most effective way to get accurate observational result of transverse magnetic
component. This kind of observation can only be achieved in mid or even far infrared
region. For this purpose, the light-gathering capability should be, at least, same as or
better than ATST.

In order to get extremely high magnetic sensitivity, non-polarization design of
telescope is necessary. Symmetrical telescope could be the better selection.

3. Overview of CGST

3.1 Telescope

In the concept design, CGST employs structure of ‘ring solar telescope’ (Liu et al.,
2008). The sketch of this construction is shown in Fig.1, and the basic parameters
are listed in Table 1. From Fig.1 and Table 1, one can see that the spatial resolution
of CGST is equivalent to an 8 m-diameter telescope, and the light-gathering power is
about 22 m2, equivalent to a 5 m-diameter telescope.
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Table 1. Performances of the CGST.

Type Ring Solar Telescope
Diameter 8 m

Width of ring 1 m
FOV ∼ 3′

Spectral coverage 0.4 ∼ 15 µm
Spatial resolution 0.03′′ (wavelength below 1 µm)

diffraction limit resolution (wavelength above 1 µm)
Polarization accuracy 2×10−4

Magnetic sensitivity 1 G (longitudinal); ≤10 G (transverse)

Figure 2. The sketch of an alternative CGST design which is based on the multi-mirror consid-
eration.

The ring solar telescope has superiority in the thermal design of big aperture solar
telescope for measurement of magnetic field. “How to reduce the effect of heat” is
always a key problem in the design of a big solar telescope. The best solution is to use
the System. By using field stop in this kind of system, one can block the “no-use” field
and energy from first focal plane (F1). However, this will bring some other problems.
The most serious one is the large temperature gradient nearby F1. This introduces
dramatic inside turbulence and will largely destroy the spatial resolution and image
quality. There are two solutions to this problem. One is to use the vacuum system,
and the other is to use off-axis Gregorian system. The vacuum system is ideal but one
can hardly make its window larger than 1 m. Off-axis system is successful for larger
solar telescope, but it introduces instrument polarization, i.e., cross-talk for magnetic
measurement. There are some special designs to reduce the instrument polarization,
but it may not be overcome thoroughly. Thus it decreases the accuracy of magnetic
measurement. By the design of the ring solar telescope, F1 is not in the light path, and
the whole system is symmetrical. This could be an ideal design for very large solar
telescope. Thus, the CGST prefers to apply this design.

The details of ring solar telescope of CGST, including the design and feasibility
need further study. In fact, some colleagues also proposed some other kinds of designs,
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for example, multi-mirror consideration as shown in Fig.2. The final design is an
important advance research of CGST in the near future.

3.2 Instrument

The CGST will equip series of scientific instruments, such as two-dimensional real-
time spectrograph, fiber arrayed solar optical system, F-P etalon, etc.

The two-dimensional real-time spectrograph is a birefringent filter-type magneto-
graph. However, as it utilizes the method of multi-channel birefrigent filter, it can get
the rough Stokes profile simultaneously. That means it can carry out imaging spectral
observations in real-time. This is very useful for ground-based observations to avoid
the effect of the earth’s atmosphere.

The fiber arrayed solar optical system (Qu 2010) aims at obtaining fast spectral
imaging of vector magnetic fields and line-of-sight velocities over multiple solar layers
of photosphere and chromosphere with temporal resolution better than 10 s.

3.3 Site

At present, the best site in China for solar observations was found in Fuxian Lake,
Yunnan Observatory (Liu 2011). However, as CGST will mainly work in infrared, this
site may not be a suitable candidate. In the western part of China, (Tibet and its nearby
provinces), geological and weather conditions may provide us more candidates for the
site of CGST. Chinese solar community already started a project called as “Site survey
for solar observation in western part of China”. The main purpose of this project is to
find the best site for CGST and other forth-coming solar projects.

3.4 Others

By the present conditions, the budget of CGST is about 600M RMB, or 90M USD
and the construction period is expected 10 to 15 years.

4. Status of CGST

4.1 Organization

In October 2010, Chinese solar community established some organizations to pro-
mote the CGST, including Advisory Committee, Scientific Committee, and Promotion
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Committee. Under the Promotion Committee, there are several working groups, such
as Scientific Objectives, Scientific Instruments, Detector, Telescope Design, AO, Site
Survey, etc.

4.2 Promotion Status

1. In January 2010, CGST was selected and recommended by Chinese Academy
of Sciences (CAS) to National Development and Reform Commission (NDRC)
as “National major basic scientific project for 2016-2030”;

2. In February 2010, CGST was selected by National Science Foundation of China
(NSFC) as 13-5th (2016-2020) planning project for astronomy;

3. In August 2010, as the advance project of CGST, the projects of “Site survey
in western part of China” and “Fiber Arrayed Solar Optical Telescope” were
supported by NSFC. The budgets are 1.86M and 1.84M RMB, respectively;

4. In October 2010, “Advanced research of CGST key science and technology”
was supported by CAS with 2.6M RMB;

5. In November 2010, CGST was selected by NDRC as a National 14-5th (2021-
2025) planning project for astronomy;

6. In March 2011, proposals of “Key method and technology for mid-infrared so-
lar polarization measurement” and “Key telescope technology of CGST” were
submitted to the NSFC.
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Abstract. The National Large Solar Telescope NLST will be a state-of-
the-art 2-m class telescope for carrying out high-resolution studies of the
solar atmosphere. Sites in the Himalayan region at altitudes greater than
4000-m that have extremely low water vapor content and are unaffected by
monsoons are under evaluation. This project is led by the Indian Institute
of Astrophysics and has national and international partners. Its geographi-
cal location will fill the longitudinal gap between Japan and Europe and is
expected to be the largest solar telescope with an aperture larger than 1.5 m
till ATST and EST come into operation.

NLST is an on-axis alt-azimuth Gregorian multi-purpose open tele-
scope with the provision of carrying out night time stellar observations us-
ing a spectrograph at the final focus. The telescope utilizes an innovative
design with low number of reflections to achieve a high throughput and low
polarization. High order adaptive optics is integrated into the design that
works with a modest Fried parameter of 7-cm to give diffraction limited
performance. The telescope will be equipped with a suite of post-focus
instruments including a high-resolution spectrograph and a polarimeter.

Keywords : Sun: general – Instrumentation: high angular resolution –
Telescopes

1. Introduction

Ground based optical solar astronomy is presently at an exciting phase of develop-
ment. Till recently, only one meter class solar telescopes were in existence throughout
the world. From 2009 onwards 1.5-m class, telescopes have come into existence. The
next step would be a 2-m class facility. The Adaptive Optics technology crucial to
taking forward the large telescopes to the diffraction limited performance has come of
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age for observations of the Sun. Efficient heat rejection and cooling systems are being
designed recently. Such major initiatives are necessitated by the quest for advancing
our knowledge of the Sun and understanding its impact on the terrestrial environment.

The Indian Institute of Astrophysics (IIA) has proposed a 2-m class, state-of-the-
art National Large Solar Telescope (NLST) that will permit scientists to carry out
cutting edge research aimed at understanding the fundamental processes taking place
on the Sun. Its innovative design and backend instruments will enable observations
with an unprecedented high spatial resolution that will provide crucial information
on the nature of magnetic fields in the solar atmosphere. These fields are organized
in flux tubes with horizontal sizes ranging from thousands of kilometers down to a
few kilometers. Recent numerical simulations suggest that crucial physical processes
like vortex flows, dissipation of magnetic fields and the generation of MHD waves
can occur efficiently on length scales even as small as 10 km. Such waves are likely
candidates for transporting energy to the upper atmosphere of the Sun. Resolving
these structures observationally is of utmost importance to study and improve our
understanding of the different physical processes involved. Unfortunately, even the
largest current solar telescopes are limited by their apertures to resolve solar features
to this level at visible wavelengths. On the global scale, the energy stored in magnetic
fields is eventually dissipated in the higher layers of the solar atmosphere, for instance
in the form of flares and coronal mass ejections (CMEs) that release energetic solar
plasma into the interplanetary medium.

Presently, the best spatial resolution that the existing generation of solar telescopes
can attain during moments of good seeing and using adaptive optics is limited to about
0.13 arcsec. In addition to the requirement of good angular resolution, a high photon
throughput is also necessary for spectropolarimetric observations to accurately mea-
sure vector magnetic fields in the solar atmosphere with a good signal to noise ratio.
Consequently, in order to resolve structures with sub-arcsec resolution in the solar
atmosphere as well as to carry out spectropolarimetry, a sufficiently large aperture
telescope is required.

Taking a cue from recent simulations, one needs at least a 2-m class telescope,
operating at its diffraction limit, to observe processes occurring on spatial scales of
tens of kilometers (Schüssler, private communication). Such a telescope would require
about 2.5 s (at 630 nm) to carry out a single polarimetric observation (Keller 2003),
which corresponds to an optimal exposure time of about 10 s to determine the 4 Stokes
parameters needed for measuring the vector magnetic field.

Based on such considerations as well as practical reasons related to design and
costs, we have proposed a 2-m class National Large Solar Telescope (NLST) for In-
dia. NLST will be larger than the current solar telescopes such as the 1.5-m German
telescope GREGOR (on Tenerife) and the 1.6-m New Solar Telescope at Big Bear. On
the other hand NLST is small enough not to run into the design problems which are
related to the 4-m class projects such as the ATST (Advanced Technology Solar Tele-
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scope) and EST (European Solar Telescope) and can be completed on a much shorter
time scale of about 3 years. A novel feature of NLST is that it will also be possible to
carry out night time observations of stars.

2. Science Objectives

NLST is envisaged as a multi-purpose instrument that will serve the needs of the
national and international solar astronomers. Some of the main science goals are:

2.1 Magnetic field generation and the solar cycle

It is now well recognised that the magnetic fields on the Sun are the basic cause of
this variability. Solar dynamo models that can predict the solar cycle are now possible
(e.g. Choudhuri et al. 2007). Understanding how the magnetic fields are generated
and maintained on the Sun, i.e. understanding the solar dynamo, hence, is basic to
understanding the origin and nature of solar cycle and variability, and to predict in
advance its behaviour both on short and long time scales. A high spatial, spectral
and temporal resolution observation over a sustained period of time is a key require-
ment for such studies. NLST will fulfill such requirements to facilitate answering the
following questions pertaining to the above aspects of solar dynamo: (1) how do the
convective flows and associated turbulence stretch, twist and fold the local small-scale
magnetic fields, and, how do such processes change the magnetic flux budget, locally
and globally? (2) how do strong fields in the large scale, e.g. sunspots, filaments,
etc., interact with the small-scale fields? and (3) how do large scale convective (super-
granular and other possible larger scale) and meridional flows advect and diffuse the
magnetic field ? and how do they change with time?. Answers to these questions will
provide key observational inputs to constrain the global interior dynamo models and
thus in improving the predictive capabilities of such models.

2.2 Dynamics of magnetic regions

Understanding the nature of magnetic fields is crucial for unravelling the processes
that heat the solar chromosphere and corona. Observations have revealed the presence
of fine-scale flux tubes in the magnetic network on the Sun. The physical processes
that produce the enhanced emission in the network are still not fully understood. It has
been suggested that the dissipation of magneto-acoustic, generated at the footpoints
of network flux tubes, could play an important role in chromospheric heating (Hasan
et al. 2005; Hasan & van Ballegoiijen 2008). New observations have led to a rethink-
ing on the nature of internetwork magnetic fields (e.g. Lites 2008; Stenflo 2010).
When viewed at high resolution, sunspots reveal a complex and intricate structure,
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such as umbral dots, light-bridges and the interlocking-comb structure in the penum-
bra which is still not well understood (e.g. Thomas 2010). In addition, current vector
magnetograms show a persistent pattern of electric currents and helicity associated
with strong magnetic fields of active regions. Measurements of currents and twists in
emerging flux tubes is important both to infer the dynamical evolution of the magnetic
flux tubes while they rise through the solar interior to the surface as well as to under-
stand the role of the twist leading to instabilities and eventual dissipation of magnetic
energy in the solar atmosphere. Studies of helicity and energy fluxes in active regions
(Ravindra et al. 2008) give important insights into the coronal dynamics and activity.

2.3 Helioseismology

Helioseismology is a powerful technique for probing the solar interior using acoustic
oscillations. This involves coverage of the full sun and continuous observations over
a long period of time. Some key problems that are under active study include detailed
behaviour of the differential rotation and constraining solar abundances using helio-
seismic data (Basu& Antia 2008). Recently, new methods using local helioseismology
have been developed (Duvall & Kosovichev 2001) that use solar oscillations to probe
physical processes in localized regions and enable us to unravel the complexities of
near surface convection and its interaction with magnetic fields. This technique along
with 3-D tomography imaging capabilities has led to new results on the sound speed
and flow structures beneath sunspots (e.g. Rajaguru et al. 2007). NLST will be able
to shed light on these questions by providing accurate velocity and magnetic field
information over a region extending a few arcmin.

2.4 Energetic phenomena

The corona displays a myriad of phenomena that include loops, prominences, flares
and CMEs, that are believed to be inherently magnetic in nature. Space observations
from SoHO, TRACE and Hinode have provided considerable information on their
properties. However, a detailed picture of the underlying physical mechanisms that
are responsible for their occurrence is still lacking.

Recently it has been conjectured that the onset of flares has a sub-photospheric
effect that manifests itself through variations in properties of acoustic p-modes (Mau-
rya, Ambastha & Tripathi 2009) which can be used as a proxy for flare forecasting. An
important goal of NLST will be to observe the magnetic field and dynamic changes
that occur during solar flares. Uniform sequences of high-resolution and high tempo-
ral cadence vector magnetograms of an active region before, during and after a flare
are required to address this important issue. These changes will also be studied at
different layers of the atmosphere using G band, Ca II K and Hα images. With better
resolution, and with vector magentographic capabilities, NLST will be able to study
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Table 1. Technical specifications of NLST.

Aperture (primary mirror M1) : 2 metre with f/1.75
Focal length : 4 metre
Optical configuration : 3 mirror, Gregorian on-axis
Aberration free Field of view (FOV) : 300 arcsec
Final focal ratio of the system : f/40
Image scale : 2.58 arcsec mm−1

Optical quality : 80% of energy to be within circle of
0.1 arcsec diameter over entire field
of view of 200 arcsec at 500 nm

Wavelength of operation : 380 nm to 2.5 microns
Polarization accuracy : better than 1 part in 10,000
Active and Adaptive optics : to realize near diffraction limited

performance
Strehl ratio within the isoplanatic patch : > 0.5
Spatial resolution : < 0.1 arcsec at 500 nm

much clearly fast magnetic field evolution and flux cancellations in flaring regions.
This will provide important insights into the nature of magnetic energy annihilation
and release during flares.

NLST will also contribute towards a better understanding of CMEs by combining
optical data with radio to determine the connection between the changes that occur
at chromospheric layers through Hα observations and type III radio bursts during the
flares.

2.5 Night time astronomy

We propose to use NLST for carrying out stellar observations during the night using
a FEROS type high resolution spectrograph. The broad areas that will be investigated
are: (a) Activity monitoring in Ca, He and Balmer lines; (b) Cycles on solar-like stars;
(c) Doppler imaging; (d) Radial velocity monitoring; (e) Extrasolar planets; and (f)
Elemental abundances.

3. Technical specifications

Keeping in mind the aforementioned science goals, the broad technical specifications
of NLST are presented in Table 1.
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Figure 1. Optical layout of NLST.

3.1 Design

The guiding philosophy in the optical design of NLST is high optical efficiency which
has been implemented by limiting the number of mirrors to only 6. NLST has a high
throughput, 8 times more than GREGOR, which is highly desirable for polarimetry
and speckle interferometry. The telescope has a high-order adaptive optics (AO) sys-
tem to ensure diffraction limited performance. The optical design is shown in Fig. 1.

A 2-m parabolic primary mirror M1 (f/2) forms an image of the solar disk with
a diameter of 33 mm at the prime focus F1. Here a cooled heat stop rejects and
dissipates all the energy which does not pass through the stop. The primary mirror
is cooled from below to keep it close to the ambient temperature. A beam, providing
a field of view (FOV) of 300 arc sec, passes through the center hole with 3.4 mm
diameter. An elliptical mirror M2 creates a f/7.7 beam and forms a secondary focus
F2 at a distance of 600 mm in front of M1 and about 200 mm above the elevation axis.
Here a FOV of 300 arc sec corresponds to a scale of 15 mm. A weak negative field
lens is also situated here (see below). The F2 image is picked up by another elliptical
mirror M3 which changes the f-ratio to f/40 in the beam that produces a final image at
F3. Here we have the desired image scale of 2.58 arc sec mm−1.
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Figure 2. NLST with the dome deployed (left panel) and dome retracted (right panel)

M4 is a flat mirror with a central hole that reflects the beam into the elevation
axis. The mirror group M5/M6 reflects the beam into the azimuth axis which in our
design is besides the telescope. By means of the field lens in F2 the pupil is imaged
on M6 which can serve as the tip tilt mirror of the AO. M5 is a deformable mirror. F3
is about 6200 mm below the elevation axis which allows for convenient access of the
focus stations in the building.

A mechanical turntable behind the telescope moves the whole post focus assembly
and so compensates for the rotation of the image due to the alt-azimuth telescope
system. Several ports for post focus instruments are provided. These instruments
include a high resolution spectrograph and polarimeter, a tunable Fabry-Perot filter for
narrow band imaging at multiple wavelengths, narrow pass band filters for Hα, Ca II
K, CN band, G band and 1083.0 nm observations and a fibre-fed echelle spectrograph
for night time astronomy.

The telescope has an open design with a simple retractable dome that will cover
the telescope during the period when there are no observations. Fig. 2 shows a vertical
cross-section through the telescope, instrument platform and tower top with (a) the
dome deployed (left panel) and (b) the dome retracted (right panel).

3.2 Polarimetric package

Polarimetric investigations form a major objective of NLST. We need to minimize in-
strumental polarization which will adversely affect the performance of the telescope.
The F2 focus is unaffected by instrumental polarization because the layout is rotation-
ally symmetric up to that point, which we find is the natural place for either calibration
or modulation units. In both cases such a device contains at least one polarizer and
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SHABAR estimates of seeing for Hanle at 26 m
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SHABAR estimates of seeing for Merak at 26 m
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Figure 3. Histogram of r0 for the periods (a) August 2007- July 2008 at Hanle (left panel), and
(b) July 2008 - June 2009 at Merak (right panel)

one retarder with variable retardance. The polarimetry package will be placed in a
space which extends 400 mm in the vertical direction and has a width three times the
beam diameter.

4. Site characterization

Site characterization for NLST is being carried out at the following three sites in north
India: Hanle and Merak in Ladakh (Jammu & Kashmir) and Devesthal (Uttarakhand)
using a Solar Differential Image Motion Monitor (SDIMM), Shadow Band Ranger
(SHABAR), automatic weather station (AWS), all sky camera, an automatic sky ra-
diometer and a micro-thermal data acquisition system, designed and built in-house.

Two years of results obtained so far suggest that the site at Merak has excellent
seeing conditions, with an average of 2270 annual sunshine hours, a median wind
speed of 4.9 m s−1 and about 540 hours annually of seeing with a Fried’s parameter
r0 > 7 cm (at a height of 8-m). Fig. 3 shows a histogram of the Fried’s parameter
using data during 2008-09. It is worth pointing out that there are a significant number
of hours (over 100 in a year) with r0 > 10 cm. Consequently, Merak is comparable to
the best sites in the world for solar observations such as Haleakala and Big Bear.

5. Current status

The detailed concept design of NLST has been carried out by MT-Mechatronics, Ger-
many with technical support from the Kiepenheuer Institute, Freiburg. A Detailed
Project Report was brought out recently which provides details on: (a) The need for a
large solar telescope; (b) the scientific objectives; (c) Site characterization programme;
(d) Strategy for implementation of the project; (e) Human resource development; (f )
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Budget; and (g) Technical aspects that includes a detailed concept design. The project
is awaiting formal sanction from our funding agency. The fabrication of NLST is
expected to begin by late 2012 and be completed by early 2016. The backend in-
struments for day time observations will be made in house and work on a prototype
spectropolarimeter has already commenced. The spectrograph for night time astron-
omy will be developed by the Hamburg Observatory, Germany.

6. Summary

NLST will be a state-of-the-art 2-m class telescope for carrying out high resolution
studies of the solar atmosphere. An innovative design with minimal number of mir-
rors, high throughput and high order adaptive optics will provide close to diffraction
limited performance. Its geographical location will fill the longitudinal gap between
Japan and Europe. NLST will be the largest solar telescope with an aperture greater
than 1.5 m, till ATST and EST come into operation.

References

Basu S., Antia H. M., 2008, Physics Reports, 457, 217
Choudhuri A. R., Chatterjee P., Jiang J., 2007, PRL, 98, 131103
Duvall T. L., Jr., Kosovichev A. G., 2001, in P. Brekke, B. Fleck and J. B. Gurman

(eds.), Highlights from SOHO and other Space Missions, IAU Symp. 203 (ASP),
159

Hasan S. S., van Ballegooijen A. A., Kalkofen W., Steiner O., 2005, ApJ, 631, 1270
Hasan S. S., van Ballegooijen A. A., 2008, ApJ, 680, 1542
Keller C. U. 2003, in S. Fineschi (ed.), Polarimetry in Astronomy, SPIE, 4843, p. 100
Lites B. W., 2008, ApJ, 672, 1237
Maurya R. A., Ambastha Tripathy S. C., 2009, ApJ, 706, 235
Rajaguru S. P., Sankarasubramanian K., Wachter R., Sherrer P.H., 2007, ApJ, 654L,

175
Ravindra B., Longcope D. W., Abbett W. P., 2008, ApJ, 677, 751
Stenflo J. O., 2010, in A. H. Andrei, A. S. Kosovichev & J-P. Rozelot (eds.), Solar and

Stellar Variability - Impact on Earth and Planets, IAU Symp. 264 (Cambridge), p.
191

Thomas J. T. 2010, in S. S. Hasan & R. J. Rutten (eds.), Magnetic Coupling between
the Interior and the Atmosphere of the Sun, Astrophys. Sp. Sci. Proc. (Springer:
Heidelberg, Berlin), p. 229



First Asia-Pacific Solar Physics Meeting
ASI Conference Series, 2011, Vol. 2, pp 47–53
Edited by Arnab Rai Choudhuri & Dipankar Banerjee

A dual Fabry-Perot based narrow band imager for the
National Large Solar Telescope

B. Ravindra∗ and Ravinder Kumar Banyal
Indian Institute of Astrophysics, Koramangala, Bangalore 560034, India

Abstract. A large solar telescope is usually equipped with several post-
focus instruments deployed to study the dynamics of the solar features at
different wavelengths. Indian Institute of Astrophysics (IIA) has proposed
to build a 2-m class National Large Solar Telescope (NLST) to be located at
a site which is suitable for high resolution observations of the sun. The nar-
row band imager (NBI) is proposed to be one of the back-end instrument
for NLST to provide a spectral resolution of 40 mÅ or better. The NBI
comprised of two Fabry-Perot interferometers kept in tandem. The instru-
ment will be capable of observing the solar atmosphere at various wave-
length positions of the spectral line with the expected temporal cadence of
about one spectral image per second. The instrument will also have the
additional capability of making Dopplergrams at very high cadence.The in-
strument can be combined with a high precision polarimeter to obtain the
vector magnetic fields of the solar atmosphere (one or more levels) with
good temporal cadence. Several simulations and numerical studies have
been carried out to arrive at the optimal design of the instrument. In this
paper, we present the important design parameters of the instrument such
as wavelength coverage, optimum spacing ratio, parasitic light contribution,
field-of-view, spectral and spatial resolution, signal-to-noise ratio etc. The
theoretically estimated performance of the proposed NBI is also compared
with similar instruments used around the world.
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1. Introduction

A two meter class National Large Solar Telescope (NLST: Hasan et al. (2010)), is
being proposed by the Indian Institute of Astrophysics (IIA) to study the dynamics of
small scale magnetic inhomogeneities at a resolution of 0.1′′ or better in the optical
and near infrared wavelength regions. The telescope will be placed in one of the best
high altitude sites in India and will be equipped with higher order adaptive optics
system to correct for atmospheric seeing effects. The scientific output and versatility
of the telescope will be driven by the state-of-the-art back-end instruments.

It is well known that features in the solar atmosphere changes very rapidly at a
rate of sound speed. Smaller the feature faster its evolution. Hence, the observations
made at high spatial resolution always demand high temporal cadence too. To achieve
high temporal cadence, it is essential to accumulate large number of photons. Various
observational evidences suggest that during the active phenomena on the sun there
is a rapid change in velocity, intensity and perhaps even the magnetic fields at vari-
ous heights in the solar atmosphere. In order to observe various heights in the solar
atmosphere, it is essential to observe the sun at different wavelengths since each spec-
tral line forms at different temperature and pressure. The photometric measurements
alone are not sufficient for magnetic feature. On many occasions, it becomes neces-
sary to have Dopplergrams and magnetic fields of these regions to obtain full physical
information. This is possible by using a high resolution spectrograph or very narrow
band imaging system. The basic requirements of such an instrument are: (i) large
spectral coverage (4000 Å to 1.5 µm), (ii) high wavelength stability (5 mÅ /hr), (iii)
reproducibility of the selected wavelength positions over the long observing periods
and (iv) high temporal cadence with large field-of-view (FOV) to cover the full active
regions. All these requirements can be achieved by a narrow band imaging (NBI) sys-
tem capable of high temporal cadence (3 frames/sec), large spectral (30-40 mÅ) and
spatial (0.06′′) resolution without compromising the large FOV (1.5 arcmin) of the
target regions.

NBI system is one of the most versatile instruments to study interesting scientific
problems in solar physics. Main requirement of the NBI system is that it should
be capable of fast scanning at finer spectral resolution without degrading the spatial
resolution. There are several NBI systems used in solar observations. For the NLST,
a dual Fabry-Perot based NBI system is being planned.

2. Fabry-Perot interferometer

A Fabry-Perot interferometer is a device made of two highly polished reflecting par-
allel glass plates. In combination with order sorting filter, it selectively transmits a
particular wavelength of light that corresponds to the resonance of the etalon cavity.
The transmitted intensity distribution of the FP fringe pattern is given by Airy’s for-
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mula ( Jenkins & White 1937).

I =
Imax

1 + Fsin2(δ/2)
(1)

where Imax = A2T 2/(1 − R2) is the maximum intensity and F = 4R/(1 − R)2 is the
reflective finesse. A, T and R are the amplitude of the absorbed, transmitted and re-
flected intensities, respectively. δ, the phase difference between the transmitted rays
is given by δ = (2µdcosθ)2π/λ where, µ is the refractive index of the media between
the plates and d is the distance between the plates. The phase between the succes-
sive transmitted rays can be altered by changing the refractive index of the material
between the plates or by changing separation between the plates. Based on this, two
types of Fabry-Perot etalons are available commercially. One is air-gap based and the
another is solid-gap based FP system. Each type has their merits and drawbacks [cf:
Ravindra & Banyal (2010)]

3. Instrument design specifications

A dual or multiple FPs in tandem have better performance than a single FP. The design
specifications of the NBI system that can meet our science goals [cf: Ravindra &
Banyal (2010)] are given in the Table 1.

Table 1. The design specifications of the NBI system with two FPs in series.

Spectral Resolution ≥ 200000 at 6000 Å
Spectral Range 5000-9000 Å
Field-of-View ≤ 1.5 arc-min
Maximum Ghost Transmission ≤ 10−4

Signal to Noise Ratio ≥ 500
Peak Transmission ≥ 50%
Wavelength Stability ≤ 10mÅ/hr
Tuning Rate ≥ 10 pm/ms
Order Sorting Filter 2-3 Å range
Maximum Stray Light 10−3

Image Cadence ≥ 1 frame per second

4. Parasitic light and optimum plate separation

In the proposed narrow band imager there will be two Fabry-Perot etalons kept in
series with a 2-3 Å bandwidth interference filter. If N such FPs are kept in tan-
dem with interference filter then the resulting instrumental profile is given by I(λ) =

IIF(λ)
∏N

i=1 Ii(λ) where, IIF and Ii are the intensities of the transmitted beam through
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Figure 1. Left: A plot of parasitic light vs ratio of plate separation for dual-etalon system. The
two vertical lines define a range where the deepest minima can be found. The two horizontal
lines indicate the 10% and 1% level of the parasitic light. Right: A plot of spectral resolution vs
plate separation of FPI-I (bottom). The horizontal line represents the desired spectral resolution
level. A parasitic light is plotted as a function of plate separation of FPI-I (top). The horizontal
line indicates the 2% level of parasitic light.

the order sorting filter and the two FPs, respectively. The value of i varies from 1 to
N. The best performance of the system can be achieved if we optimize the parasitic
light and spectral resolution. The parasitic light is defined as the ratio between the
flux outside and inside the instrumental profile. By using the methodology given in
Cavallini (2006) we estimated the parasitic light with the following parameters: the
refractive index µ =1, the incidence angle θ=0, absorption coefficient A=0.01, coat-
ing reflectivity R = 0.93, FWHMIF=3Å, centered at 6302 Å, and peak transparency
tIF=0.3. Figure 1(left) shows the plot of parasitic light vs the ratio of the FPs spac-
ing. The plot shows that lowest level of the parasitic light is obtained for the spacing
ratio of 0.277. This being the optimum ratio, now one can adjust the spacing between
the plates of FP-I such that the spectral resolution is optimized. Again by follow-
ing the method of Cavallini (2006) we optimize the spectral resolution R = 2.0×105

(Figure 1(right-bottom)) for a spacing of FPI-I (d= 2.283 mm) at which the parasitic
light is 2% (Figure 1(right-top)). So, the dual FPs with a spacing of FPI-I 2.283 mm
and FPI-II 0.637 mm and a coating reflectivity R = 0.93 have been considered as the
best values for getting the best parameters such as large transparency, low ghosts, low
parasitic light, high image quality and high spectral resolution.

5. Size of the Fabry-Perot

The spectral resolution in the telecentric mounting depends on the focal ratio of the
beam. The FWHM of the transmitted spectral line can be approximated as, ∆λFWHM ∼

λ2
0

πd1

√
F(1+ε2)

where λ0 is the central wavelength, d1 is the spacing of the FPI-I in the

series and ε = d2/d1. Also, d1 = 2.3 mm and ε = 0.277. With this set up, the FWHM
for the 6302 Å line is estimated to be 19.2 mÅ. In order to achieve a required spectral
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resolution in telecentric beam the required FP size is very large and it is hard to find
it in the market. Hence, we changed the spectral resolution by a small amount from
the desired value by 1.5 mÅ. Now, with the requirement that ∆λ equal to 33 mÅ, we
get a telecentric spread in wavelength as 27 mÅ. The estimated focal ratio is 170.8.
Following Darvann & Owner-Petersen (2004), the required size of the FP for a given
FOV is DFPI = FnoαFOV D. Where, the αFOV is the field of view and D is the diameter
of the telescope. For 2 m class telescope and a FOV of 1.5 arc-min, the clear aperture
of the FP should be 14.9 cm. Hence, the adoption of 15 cm aperture air gap FP will be
sufficed for our NBI. At this focal ratio the spectral resolution at 6302 Å is 1.91×105

which is little less than the desired value.

6. Exposure time and signal to noise ratio

It is very important to know the exposure time and the signal to noise ratio (SNR) at
the detector. These quantities can be calculated by using the reflectance and trans-
mittance of all the optical components in the path of the beam. The solar flux at
6318 Å continuum wavelength (which is close to 6302 Å) is 1.638 W m−2 nm−1

(obtained from http://lasp.colorado.edu/sorce/index.htm) which corresponds to a pho-
ton flux of 5.201×1027 photons m−2 m−1 s−1. For the specific characteristics of the
telescope and the imaging instrument, we can relate the photon flux to the number
of electrons at the detector per second. We assume the atmospheric transmission is
τatm = 0.95. This is almost close to the quoted value of atmospheric transmission if
one neglects molecular scattering and aerosol absorption ( Cox 2000). The proposed
NLST telescope will have a six mirrors (including the primary) each with a reflectivity
of 95%. With 6 reflecting surfaces in series and adaptive optics system in place, a 60%
of the original intensity will reach the NBI system. The transmission of the etalon is
80% each and the order sorting filter transmits the light by about 40%. Hence, the
final beam will have an intensity of 15% of the original solar flux. The FWHM of
the imaging instrument is 33 mÅ. The FOV is 1.5 arcmin circular. For a 2048×2048
pixel CCD camera (pixel resolution of 0.06 arcsec) with 60% quantum efficiency we
should be able to detect 6.43×106 electrons s−1 which corresponds to an exposure time
of about 31 ms for a full well pixel capacity of 2×105 electrons. To avoid the image
saturation, it is sufficient to consider about 95% of the full well capacity with 30 ms
exposure time. If the CCD readout time is about 800 ms then we should be able to
get at least 1 images per second. At this photon detection level the SNR is about 440.
Hence, at 0.06′′ resolution there is little less photons to achieve the desired SNR. To
increase the SNR we may have to lower the pixel resolution (0.08′′ or lower).

7. Optical configuration and design

Figure 2(left) shows the typical optical layout for the dual FP based NBI in a telecen-
tric configuration. A set of collimator and imaging lens before the FPs form an inter-
mediate image near the first FP and then another set of collimator and re-imaging lens
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Figure 2. Left: Schematic of a dual FP based narrow band imager. Right: Diffraction limited
spot diagram of the optical design.

forms the final image on the CCD camera. A prefilter of size 5 cm with a 3 Å passband
will be used in the collimated beam as the large size filters are not readily available.
Also by using the prefilter in the collimated beam avoids the shift in the passband. The
field stop at the focal plane of the telescope restricts the FOV and it also prevents the
scattered light from the telescope entering into the FP optical system.

Zemax software was used to make the preliminary optical design of the NBI in-
strument. Fig.2(right) shows the spot diagram for the telecentric NBI system for three
optical wavelengths. From the diagram it is clear that aberrations are minimized and
the configuration is optimized for the diffraction limited performance. Most of the
tasks for the etalon will be automated and synchronized with the temperature con-
troller, CCD camera and the prefilter assembly. The whole setup has a length of about
5 m. The beam foldings may be required to assemble the entire instrument at the focal
plane of the telescope on an optical bench.

8. Other contemporary instruments

There are many other working NBI systems built by various observatories at different
places. Most of them are associated with large solar telescopes. Table 2 gives a
brief overview of various NBI systems operating at different observatories around the
world.

9. Summary

We have proposed a dual Fabry-Perot based narrow band imager for NLST to study
the solar atmosphere at different wavelengths. The proposed FP design is supported by
detailed studies comprising stray light modeling, ghost transmission, optimum plate
spacings, mounting configurations etc. The instrument will be capable of achieving
a 40 mÅ spectral resolution with commercially available FP’s of size 15 cm. A one
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Table 2. Comparison of FP based narrow band imaging system around the world. TESOS,
IBIS, VTT and NLST correspond to Telecentric Etalon SOlar Spectrometer, Interferometric
Bidimensional Spectrometer, Vacuum Tower Telescope and National Large Solar Telescope,
respectively. In the Table, ∆λ corresponds to spectral resolution, Pixel Res corresponds to spa-
tial resolution in terms of arcsec/pixel and FOV is the field-of-view. TS indicates the telescope
size (m) and RF represents the references for the different NBI system.

Pixel Res FOV
System ∆λ arcsec arcsec TS RF

TESOS 320000/160000 0.15 100 0.7 Kentischer et al. (1998)

IBIS 200000 0.2 80 0.76 Vecchio, Cauzzi &
Reardon (2009)

VTT 160000 0.11 78×58 test Puschmann et al. (2006)

NLST 200000 0.06 90 2

image per second can be achieved with this system as per the desired requirement in
design of the NBI for NLST.
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Abstract. IIA is presently involved in the expansion of its existing radio-
heliograph operating in the frequency 120-40 MHz at the Gauribidanur ra-
dio observatory located about 80 km north of Bangalore. Once completed,
the expanded array will have an an angular resolution of ≈ 1′ at a typical
frequency of 100 MHz. This paper describes the development of solar ra-
dio astronomy activities at IIA since 1952 when the first observations were
carried out.
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1. Introduction

Radio emission from the solar corona in the frequency interval 120-40 MHz origi-
nates typically in the radial distance (r) range ≈ 1.2 − 1.8 R� in the solar atmosphere
which is difficult to observe in white light other than during total solar eclipses. Radio
observations in the above frequency/distance range are considered to be useful to un-
derstand the chain of transient and energetic solar activities leading to disturbances in
the terrestrial atmosphere (‘Space Weather’ events) because: (i) data can be obtained
with high time resolution ≈ 100 ms; (ii) corona overlying the solar disk, as well off the
limb can be simultaneously observed; (iii) the near-Sun characteristics of the coronal
mass ejections (CME, the primary candidate for the space weather events) can be es-
timated. The primary acceleration / deceleration of a majority of the CMEs occur at
r < 2 R�; (iv) wide range of temperature ∼ 105−109 K can be studied. This allows ob-
servations of CMEs either directly (because they are basically density enhancements
and therefore give rise to enhanced thermal emission), or indirectly (through transient
non-thermal radio bursts related to activities in the solar atmosphere during the CME
onset / propagation). Observations at frequencies < 100 MHz are useful for direct
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observations of CMEs since the observed radio brightness temperature (Tb) of the
background corona is usually less than the coronal electron temperature (Te) due to
refraction effects and relatively smaller optical depth in the above frequency range. So
a localized increase in the Tb due to an increase in the density can be observed with
better contrast. As far as the indirect observations of CMEs are concerned, the non-
thermal emission is in general intense at lower frequencies, and hence observations at
frequencies < 100 MHz are useful. Events like non-thermal type II radio bursts which
are considered to be signatures of magnetohydrodynamic (MHD) shocks in the solar
corona are observed primarily at low frequencies.

2. Kodaikanal observatory

Radio astronomy at IIA began earlier to the formation of the institute in its present
form. Continuous recording of solar radio flux was started in 1952 with two Yagi
antennas at the observatory. The antennas were separated in distance and operated in
the interferometer mode. The observing frequency was 100 MHz. The facility as well
as the observations, perhaps the first of its kind in the country, was due to the efforts
of B. N. Bhargava. Relation between solar radio events and geophysical activities (the
latter through magnetometer records at the observatory) were studied. These were
one of the earliest coordinated observations of solar-terrestrial events (see Fig. 1).
Interferometer observations of radio star scintillations at 60 MHz was also carried out
during this period. Under the Kodaikanal-Yale Project, recording of radio radiation
from Jupiter at 22.2 MHz was carried out with a phase switching interferometer. The
custom-built 3 GHz radio receiver from the Commonwealth Scientific and Industrial
Research Organization (CSIRO), Australia was set up and put to use in 1965 by U.
V. Gopala Rao. It was mounted on a 2 m paraboloid, and was used for regular solar
patrol. During the late sixties and the early seventies, work on the fine structures in
time, frequency, and polarization of transient emission from the solar corona at low
frequencies (≈ 25 MHz) were carried out at the observatory by Ch. V. Sastry. Due to
space and terrain constraints, small-sized antenna arrays were used. The observations
were carried out with high temporal (≈ 15 ms) and frequency resolution (≈ 100 KHz).
Since then low frequency solar radio astronomy has become one of the branches of
observational solar physics in the institute.

3. Gauribidanur observatory

3.1 The Gauribidanur Telescope (GEETEE)

Based on the experience gained from observations at the Kodaikanal observatory, the
institute decided to construct a large low frequency radio telescope that can be used
to obtain two-dimensional radio images of the solar corona, all-sky radio source sur-
vey, pulsars, recombindation lines, in addition to observations of radio emission from
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other galactic and extra-galactic sources. Thanks to support from the Raman Research
Institute (RRI), the project soon became a reality. A low frequency (34.5 MHz) radio
telescope was set-up jointly with the RRI at the Gauribidanur radio observatory in the
late seventies. The telescope, GEETEE, consists of 1000 dipoles arranged in a ‘T’
configuration. The two arms of the ‘T’ are oriented in the East-West (1.4 km) and
South (0.5 km) directions. There was also a broadband array (BBA) operational in the
range 30-70 MHz at the observatory during the mid-eighties. GEETEE provided the
first evidence for: (i) slowly varying discrete sources in the outer solar corona; (ii) pul-
sating emission from the outer solar corona. Observations with the BBA established
the plasma characteristics of microbursts in the solar corona.

3.2 The Gauribidanur radioheliograph (GRH)

Several interesting results on the solar corona were obtained with the GEETEE. How-
ever it was felt that a radio telescope with which one can carry out simultaneous multi-
frequency observations would be useful since radio emission at different frequencies
originate at different radial distances in the solar atmosphere. Several interesting ac-
tivities in the solar corona were observed / reported for the first time during the late
seventies and early eighties. It was the period during which the solar coronal mass
ejections (CMEs) were discovered with the white light coronagraph on board OSO-
7, and their connection with disturbances in the terrestrial atmosphere was gaining
importance. Unfortunately there were no low frequency solar radio telescopes in op-
eration, particularly at frequencies < 150 MHz, after the mid-eighties. The Culgoora
radio heliograph in Australia, and Clark Lake radio heliograph in USA whose observ-
ing frequencies were in the above range operated in the seventies and early eighties.
In some respects, both the above instruments were ahead of their time, observing the
‘undisturbed’ solar corona, coronal energy releases, and coronal shocks long before
supporting EUV, SXR, and whitelight coronograph observations were routinely avail-
able. Both the instruments were closed down before such synergies could be fully
realized. Because of the above reasons, and also since radio frequency interference
(RFI) is comparatively is less in Gauribidanur it was decided to construct a low fre-
quency radio heliograph for dedicated observations of the solar corona in the range
120-40 MHz.

The basic receiving element used in the GRH is a log-periodic dipole (LPD),
and the array consists 192 of them (see Fig. 2). The dipoles are arranged in a ‘T’
configuration similar to the GEETEE: 128 LPDs are set-up as 16 groups in the East-
West arm of length ≈ 1280 m, and 64 LPDs are set-up as 16 groups in the South arm of
length≈ 441 m. The present spatial and temporal resolutions of the instrument are≈ 8′

(at 100 MHz), and ≈ 128 ms, respectively. The array is in regular operation since 1998.
The frequency coverage of GRH is unique that it provides useful information on the
solar corona in the radial distance range which is difficult to probe using the existing
ground based and space borne white light coronagraphs (see Fig. 3). Also dedicated
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Figure 1. Coordinated observations of space weather events in 1952 at the Kodaikanal obser-
vatory (A.K.Das and B.N.Bhargava: 1953, Nature, Vol. 172, p. 855).

radio telescopes are presently not operational in the above frequency range elsewhere
in the world. Some of the interesting results obtained with the GRH till date are:
(i) density/temperature diagnostics of pre-event structure of CMEs; (ii) kinematics of
CMEs close to the Sun; (iii) ‘true’ speed of CMEs in the three-dimensional space;
(iv) estimation of the parameters of the CMEs at large distances from the Sun through
angular broadening observations of distant cosmic radio source; (v) seismology of the
solar corona using transient radio burst emission as tracers; (vi) plasma characteristics
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Figure 2. A section of the GRH.

of radio emission associated with emerging magnetic flux from sub-surface layers of
the solar photosphere; (vii) rotation rate of discrete sources in the solar corona; and
(viii) MHD shocks in the solar corona and its relationship to flares and CMEs.

3.3 GRH expansion

Radio astronomers are trying hard to set up large antenna arrays for observations at
low frequencies eversince the unfortunate closing down of Clark Lake array (USA)
in particular. Some of the examples are the Long Wavelength Array (LWA) in USA,
the Low Frequency Array (LOFAR) in Europe, and the Murchison Widefield Array
(MWA) in Australia. Though observations of the Sun at low frequencies has also
been included as a potential scientific goal, the primary science objectives of these
arrays are related to the observations of different non-solar objects. But due to various
reasons the construction of these facilities is either postponed or getting delayed. So
it has become very important that existing solar dedicated low frequency instrument
like the GRH which is operational in the range 120-40 MHz be augmented with more
facilities. Improved angular resolution is often the critical driver for the evolution of
astronomical telescopes of all types. Work is in progress since 2008 to increase the
size of the GRH to ≈ 3 km in the East-West, and North-South directions, by populating
the array with more number of antennas (384 as compared to the existing 192). This is
Phase-I of the expansion programme. The angular resolution with the expanded array
will be ≈ 3′ at 100 MHz. In Phase II, it is proposed to extend the array to about 5
km in the East, West, North and South directions. The resolution will be ≈ 1′ at 100
MHz. Presently the Phase-I of the expansion programme is in progress.
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Figure 3. Radioheliogram obtained with the GRH at 77 MHz and white light image taken
with the LASCO C2 coronagraph onboard SOHO on 1 August 2008. The inner white circle
represents the limb of the solar photosphere (r = 1 R�). The outer dark circle indicates the
occulting disk (radius ≈ 2.2 R�) of the coronagraph (C. Kathiravan et al. 2010, Astrophys. J.,
Vol. 730, p91).

3.4 Gauribidanur radio spectrograph

This instrument is used for obtaining dynamic spectrum of transient radio burst emis-
sion from the solar corona in the frequency range 120-40 MHz (same as the GRH).
The antenna system consists of 8 LPDs. A commercial spectrum analyzer is used
as the back end receiver to obtain spectral information with an instantaneous band-
width of ≈ 250 KHz. The temporal resolution is ≈ 43 ms. The radio spectrograph
(CALLISTO) provided by ETH, Zurich is also in operation in the frequency range
450-40 MHz at the observatory. The spectral observations so far have provided clues
to: (i) electron acceleration associated with small scale non-thermal energy releases in
the solar atmosphere; (ii) occurrence of radio bursts associated with successive MHD
shocks in the solar corona; and (iii) CME source region through observations of tran-
sient ‘absorption’ bursts.

3.5 Gauribidanur radio polarimeter

The existing direct estimates of the magnetic field in the solar corona using optical/
infrared, and radio emissions are limited to the ‘inner’ corona (< 1.2 R�). In the



Low frequency solar radio astronomy at IIA 61

‘outer’ corona beyond 3 R�, Faraday rotation observations of linearly polarized radio
emission at higher frequencies (∼ GHz) from background cosmic radio sources are
used to derive the magnetic field. But measurements in the range 1.2-3 R� (‘middle’
corona) are not available until now. An East-West one-dimensional array of 32 LPDs
in 0◦ and 90◦ orientations have been set-up at the observatory to measure the solar
coronal magnetic field in the same radial distance range (1.2 − 1.8 R�) as the GRH.
Some of the notable results obtained till date are: (i) magnetic field associated with
streamers in the solar corona; (ii) magnetic field associated with very weak energy
releases in the solar corona; (iii) model indepependant estimate of the magnetic field
in the ‘undisturbed’ corona.

4. Conclusions

The Gauribidanur observatory is presently the only place in the world where a suite
of low frequency radio facilities for dedicated two dimensional imaging, spectral, and
polarization observations of the Sun are in operation. The related instruments offer the
appropriate frequency coverage for space weather studies. With the proposed first In-
dian space coronagraph ADITYA expected to be launched in a few years time, contin-
ued observations with a dedicated facility like the GRH is very crucial. Observations
with the two instruments are expected to nicely compliment each other.
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Abstract. A Solar Low-energy X-ray Spectrometer (SoLEXS), a high
spectral resolution (≤ 250 eV at 5.9 keV) instrument with soft X-ray energy
coverage (≤ 1.5 keV), is being proposed as an additional payload on-board
Aditya-1. The motivation behind this is to complement the visible emission
line space solar coronagraph, the main payload on Aditya-1. The science
goals in which SoLEXS data will compliment the main payload are: (i)
Understanding of DC heating mechanism, (ii) Studies on the Flare-CME
relations from the same platform, (iii) Independent and accurate estimates
of temperature and emission measure at the flaring sites, and (iv) Coronal
abundance studies and its variations during flares. Apart from these four
major science goals, this instrument in principle can provide a flare trigger
to the main payload and help in optimizing the on-board memory storage.

Keywords : Sun: flares – Sun: X-rays – Instrumentation: detectors

1. Introduction

Aditya-1 is envisaged as a mission to study dynamical nature of the solar corona -
the outer layers of the solar atmosphere. Initial studies of these tenuous outer layers
were performed only during total solar eclipses in which the high temperature of the
corona was first discovered (Edlen 1943) from the green emission line observations.
Apart from the high temperature, dynamical phenomenae like Coronal Mass Ejec-
tions (CMEs) and flares are often present in the corona. Aditya-1 will also provide
data to study CMEs and its initiation mechanism which is yet to be fully understood.
Numerous studies on CMEs’ properties and its relation to flares were undertaken but
conclusive understanding behind their relation is yet to be achieved.

∗email: sankark@isac.gov.in



64 K. Sankarasubramanian et al.

We propose a low-energy solar X-ray spectrometer (SoLEXS) for observing flares
and hence obtain (i) data for the study of DC heating mechanism, (ii) the physical char-
acteristics of solar flares along with its association to CMEs, (iii) accurate measure
of coronal temperature (and Differential emission measure - DEM) as well as abun-
dances of coronal plasma. The proposed payload can also be configured to provide a
flare trigger in order to optimize the on-board storage of the main payload.

2. Science objectives

Even though solar corona was observed and studied in detail for a long time, the high
temperature of the corona is yet to be fully understood. There are two basic mecha-
nisms proposed to explain the high temperature: (1) Waves which can carry energy and
dissipate them to heat the corona, known as AC mechanism or wave-heating mecha-
nism and (2) Flares which can happen all over the Sun thought to provide energy for
the heating, known as DC mechanism or reconnection theory. While the main payload
of Aditya-1 addresses the heating component due to the AC-mechanism, SoLEXS will
provide necessary inputs to study the DC component of the heating. It is fairly clear
with previous observations that both the mechanism play an important role in the
heating processes. It is observed that weaker flare occurs more often than larger flares
(Hudson, 1991) and hence weaker flares are the possible candidates for the DC heat-
ing mechanism. For sufficient coronal heating the index in the power-law relation be-
tween the flare occurrence and its energy has to be larger than -2.0 (Aschwanden 2004;
Hudson 1991). The derived power-law index varies from -1.4 to -2.8 obtained with
different instruments of varying spectral and spatial resolution (Aschwanden 2004).
Although, RHESSI has allowed the study of thermal and non-thermal energy contents
in micro-flares systematically, the uncertainty remains in separating the thermal from
non-thermal due to instrumental effects and biases (Hannah et al. 2008). To overcome
these limitations, an instrument with better energy resolution and lower background
is necessary to unambiguously study the energy contents of micro-flares and hence in
heating the corona.

There are debates about processes linking flares and CMEs. There is a school
of thought that they are different manifestations of the same physical mechanism but
observed at different wavelengths. This will be true if the reconnection model pro-
posed is the basic physics behind these two phenomena. Yashiro & Gopalswamy
(2008) studied the correlation between different physical quantities relating the X-ray
flare observations with the optical observations of CMEs. They find high correlation
between the flare fluence and CME kinetic energy emphasizing a common physical
mechanism behind flare and CMEs. Their observations suggest that lower the peak
x-ray flux of the flare, weaker is the CME association. Their study also confirms that
long duration events (LDEs) observed in X-rays usually produce CMEs. However, it
may be pointed out that the observations of CMEs carried out in their study is done at
or greater than 2 solar radii and hence CMEs with good enough density perturbations
at these heights can only be seen. For weaker flares and hence weaker CMEs, the den-
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Table 1. Table of Requirements for SoLEXS.

Properties Desired SoLEXS’ Capabilities
Energy Range 0.5 - 30 1.5 - 30
(>5% efficiency) (keV)
Spectral Resolution ≤ 250eV 250eV
(at 5 keV)
Angular Resolution few arcsec Non-imaging
Dynamic Range << A1 to X100 < A1 to X-class

flares flares
Max Counting Rate 500,000 500,000
Radiation Hardness sustain 109

protons with only
10% loss in resolution

Area of the Aperture 0.1 sq-mm
(for C to > X-class)
Area of the Aperture 5 sq-mm
(for < A to B-class)
Detector Temperature -30 deg. C -20 deg. C
Calibration Source > two energies two energies

sity perturbations may not reach up to 2 solar radii and hence the lower association
rate. This observational bias can be removed when CMEs are observed close to the
limb with very high sensitive coronagraphs such as the one planned for this mission.
Hence, studies of flare-CME relation with Aditya-1 will provide better understanding
of the physical mechanisms behind these two dynamical phenomenae.

3. SoLEXS requirements and configuration

The flux of the Sun in the low energy range of around few keV, is very high ( 106 pho-
tons mm−2 s−1) and variable. The solar X-ray spectrum is generally soft, with most of
the photons concentrated at energies around and below 3 keV. The variability, during
flares, is mostly at higher energies associated with variable high temperature. Photon
flux for an A-class flare is typically 20-photons/sec/sq-mm where as for X-class flare
it is 2 × 105 photons/sec/sq-mm over 1 to 10 keV and hence requires a detector with
large dynamic range capability. With the current technology, a single detector cannot
provide such a large dynamic range. SoLEXS is configured with a single detector
along with a variable aperture mechanism to cover the required dynamic range. To
study the detailed emission mechanisms and abundances during flares, a high spectral
resolution is a must. Most of the spectral lines present in the solar corona are at the
soft X-ray regime, below 10 keV. More crowded lines are seen below 3 keV, hence
spectral resolution of atleast 250eV will be required in this regime. SoLEXS is aimed
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Figure 1. Top: Schematic block diagram of the detector box. Bottom: Block diagram of the
processing electronics.

at providing a spectral resolution ≤ 250 eV@5.9 keV and observe low energies down
to <1.5 keV in order to observe as many spectral lines as possible.

Silicon Drift Detector (SDD) is the proposed detector for SoLEXS. SDDs are new
type of detectors which are Si-based with low anode-capacitance and low leakage cur-
rent, yielding good spectroscopic performance. They are chosen mainly because of
its large dynamic range capability as well as spectral resolution under nominal cool-
ing compared to the conventional Si-PIN used in earlier missions. SDDs are tested
for performance in laboratories and flown once on-board NASA’s APXS in Mars Ex-
ploration Rover. The maximum possible count rate without showing any degradation
in the spectroscopic performance is about 500,000 cps for SDDs an order more than
Si-PIN. The efficiency at lower energies can be low due to the entrance window used
to cut-off visible light. For a 12.5 micron Be window, the efficiency is about ≈20%
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Table 2. Resource requirements.

Parameter Total
Mass (in kg) < 2 + Mechanism weight
Size (L X W X H) Box1: 150 × 60 × 60
(in mm) Box2: 180 × 120 × 70

Boxes can be mounted separately
(separation ≤ 1m)

Regulated Power (in W) 12.25 + Mechanism power
Raw power (in W) 17.5 + Mechanism power

about 2W can be saved if 1553 bus
can be shared with the main payload

Storage 350 Mbits in 12-hour period

at around 1 keV. The efficiencey at 30 keV will fall down to ≈30% for a 450µm ac-
tive depth of the detector. Detector cooling is acheived using Peltier cooler integrated
within the detector. Table 1 lists out the instrument parameters of SoLEXS. A mech-
anism is used to select the required aperture. SoLEXS will consist of two boxes:
detector box and electronics box. Fig. 1 (left) shows the schematic diagram of the de-
tector box along with the pre-amplifier unit and the bias board to power the detector.
It would also include a mechanism for the aperture change. The mechanism will have
three selectable position, (i) small aperture (≈0.1mm2), (ii) large aperture (≈5mm2),
and (iii) opaque with a calibration source. This box will be mounted on the sun facing
side of the satellite panel with the detector pointing towards the Sun. Since this box
will always face the Sun, thermal modeling is important in order to keep the detec-
tor box to within 30oC so that the detector achieves -20oC through its peltier cooler.
The electronic box includes the front-end electronics, the processing electronics and
the DC-DC converters required to power up the detector as well as other electronics.
Figure 1 (right) shows the schematic diagram of the electronics chain. This chain of
electronics will provide the light curve of the X-ray flux as well as the spectra. The
counter used will provide us with the count rates which is then used to provide the flare
trigger as well as the mechanism movement. The details of the resource requirements
for SoLEXS is provided in Table 2.

4. Laboratory developments

A laboratory model of this payload was developed and tested at the Space Astronomy
Group. SDDs along with the pre-amplifiers and integrated Peltier cooler were pro-
cured. Thermal control of the SDD was developed in-house to operate the detector
at temperatures below -10oC when the ambient was at room temperature. The ana-
log and digital processing cards were developed in-house to obtain the spectral and
timing information of the incident X-ray photons. Laboratory testing was carried out
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Figure 2. Top: Laboratory test setup of the SDD detector. Bottom: Observed Fe55 source
spectra showing the Mn K-α and K-β spectra clearly separated.

to demonstrate the achieved spectral resolution and low-energy threshold. Figure 2
shows the preliminary laboratory testing of the SDD detector module. Laboratory
power supplies were used for this experiment. The K-alpha and K-beta lines of the
calibration source Mn, were clearly separated in the plot. The achieved spectral res-
olution is ≈200eV at 5.9keV and the achieved low-energy threshold was 1.1 keV.
Efforts are underway to replace the laboratory power sources with DC-DC converters
to obtain an end-to-end testing of the laboratory module.

5. Summary

A solar low-energy X-ray spectrometer is being proposed to provide complimentary
data to the visible emission line space solar coronagraph - main payload of Aditya-1
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mission. This instrument will observe all classes of solar flares and hence provide
required data for the DC heating mechanism. Being on the same satellite, these two
instrument can provide high timing accuracy data for the study of CME-flare relations.
The accurate flare temperature estimates due to the high spectral resolution data will be
useful for the study of flare dynamics. Apart from providing high spectral resolution
data for coronal studies, SoLEXS can also provide a flare trigger to the main payload
for operation in CME mode. The coronagraph instrument is expected to operate in
CME mode for > 50% of its lifetime. In this mode, it produces a large volume of
data (≈21 Gb per day) and hence fill up the on-board memory quickly. An on-board
decision of discarding non-CME data can be established with SoLEXS since all CMEs
have associated flares with varying strength.
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Abstract. Helioseismology shows that the regions occupied by convection
and differential rotation inside the sun almost coincide. This supports the
leading theoretical concept for the origin of differential rotation as a result
of interaction between convection and rotation. This talk outlines the cur-
rent state of the differential rotation theory. Numerical models based on the
theory reproduce the observed solar rotation quite closely. The models also
compute meridional flow and predict that the flow at the bottom of the con-
vection zone is not small compared to the surface. Theoretical predictions
for stellar differential rotation as a function of the stellar mass and rota-
tion rate are discussed and compared with observations. The implications
of the differential rotation models for solar and stellar dynamos are briefly
discussed.

Keywords : Sun: rotation – stars: rotation – dynamo

1. Introduction

The theory of global flows on the Sun is more fortunate in getting guidance from
helioseismology than the twin-theory of global solar magnetic fields. Though the main
concepts of the differential rotation theory were formulated before the emergence of
helioseismology, the detailed helioseismological picture of the internal solar rotation
helped to avoid spending time and efforts on studying theories not compatible with
the picture. Now, about 150 years after the discovery of differential rotation of the sun
by Carrington (1863), the origin of differential rotation seems to be well understood
theoretically. Numerical models based on the theory reproduce solar rotation quite
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Figure 1. Illustration of angular momentum transport by turbulent mixing. Direction of rotation
is shown on the top. Left: The original radial motion (dashed arrows) is disturbed by the Coriolis
force so that the product uruφ is negative and the angular momentum is transported downward.
Right: uruφ > 0 for horizontal mixing producing upward transport of the angular momentum.
Anisotropic mixing with different intensities of radial and horizontal motions is required for the
net flux of the angular momentum to emerge.

closely (Tassoul & Tassoul 2004) and predictions for the differential rotation of stars
are to some extent confirmed by observations.

This talk discusses the main processes thought of as responsible for the formation
of solar differential rotation. Then, we shall see what the numerical models based on
this theory produce for the sun and what they predict for solar-type stars. Implications
of the results for solar and stellar dynamos are briefly discussed. The talk is mainly fo-
cused on the mean-field theory of differential rotation. The 3D numerical experiments
were recently reviewed by Brun & Rempel (2009).

2. Theory

2.1 Differential rotation

Helioseismology shows that the decrease of angular velocity from the equator to poles
seen on the surface of the sun survives throughout the convection zone up to its base
but disappears shortly beneath the base (Wilson et al. 1997; Schou et al. 1998). The
regions inside the sun occupied by differential rotation and convection almost coin-
cide. This supports the theoretical concept that explains the differential rotation by
the interaction between convection and rotation. Convective motions in rotating fluid
are disturbed by the Coriolis force. The back reaction disturbs rotation making it not
uniform.

Considering details of the process, it is easy to see that convective mixing along
the radius tends to produce a state of sub-rotation with angular velocity increasing
with depth. Fig. 1 shows that the fluid particles originally moving along the radius
are deflected by the Coriolis force to attain azimuthal velocities. The product uruφ is
negative for both the upward and downward original motion; u is convective velocity,
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the standard spherical coordinates (r, θ, φ) are used. The negative value, uruφ < 0,
means that the angular momentum is transported downward. This effect is so clear
that almost every year brings new papers stating that it should be a general rule that
angular velocity in mixed spherical bodies increases with depth.

The left panel of Fig. 1 does not show a complete picture, however. The right-
hand panel shows that horizontal mixing tends to produce the state of super-rotation
by transporting angular momentum upward. The cross-component, Qrφ, of the corre-
lation tensor Qi j = 〈uiu j〉 can be estimated as follows,

QΛ
rφ = 2τΩ

(
〈u2
φ〉 − 〈u2

r 〉
)

sin θ, (1)

where Ω is angular velocity, and τ is convective turnover time, the meaning of the
upper index Λ will be explained shortly. In order for the net (convective) flux of
angular momentum to exist, intensities of radial and horizontal convective mixing
should differ and the direction of the flux is defined by the sense of the anisotropy of
the mixing (Lebedinskii 1941; Wasiutynski 1946; Biermann 1951).

The right part of Eq. (1) involves a key parameter of the differential rotation the-
ory,

Ω∗ = 2τΩ, (2)

named the Coriolis number. The parameter measures the intensity of interaction be-
tween convection and rotation. The dramatic complication of the theory comes from
the fact that the sun and absolute majority of cool stars have Ω∗ > 1 in the bulk of
their convection zones. This means that the linear estimation (1) does not apply and
the theory should be nonlinear in Ω∗. Nonlinear derivations of angular momentum
fluxes show that for the nearly adiabatic stratification of convection zones the fluxes
are parallel to the rotation axis and point to the equatorial plane in the rapid rotation
case, Ω∗ � 1 (Kitchatinov & Rüdiger 1993). At small depths in the solar convection
zone, the Coriolis number is smaller than one. The angular momentum fluxes have a
radial inward direction in this case (Käpylä et al. 2004; Kitchatinov & Rüdiger 2005).
As Ω∗ increases with increasing depth in the convection zone, the fluxes change from
an inward radial direction to an equatorward one parallel to the rotation axis.

The ability of convection to transport angular momentum even in the case of rigid
rotation was named the Λ-effect (Rüdiger 1989). The rigidity of rotation is empha-
sized because turbulent viscosity can also transport angular momentum if rotation is
not uniform. The QΛ of Eq. (1) is only a part of the total correlation of convective
velocities, namely the part representing the Λ-effect. The total correlation includes
the viscous part, Qν, also:

Qi j = QΛ
i j + Qν

i j, Qν
i j = −Ni jkl

∂Vk

∂rl
, (3)

where V is the large-scale velocity and Ni jkl is the turbulent viscosity tensor. Viscous
fluxes of angular momentum tend to reduce differential rotation. They increase with
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the inhomogeneity of angular velocity. Non-diffusive fluxes (the Λ-effect) depend on
the angular velocity, not on its gradient. A steady state of differential rotation can ‘to
the first approximation’ be understood as a balance between the Λ-effect and the eddy
viscosity.

The approximation is, however, rather rough because it misses the important con-
tribution to angular momentum transport made by the global meridional flow. The
steady mean-field equation for the angular momentum balance reads (Kitchatinov
2005)

div
(
ρr sin θ〈uφu〉 + ρr2 sin2 θ ΩVm

)
= 0, (4)

where Vm is the meridional flow velocity. Substitution of an explicit expression for the
correlations (3) of convective velocities into Eq. (4) gives an equation for the angular
velocity. The equation is, however, not closed because it includes the yet undefinite
meridional flow. The flow cannot be neglected or prescribed because meridional flow
is produced by differential rotation (Kippenhahn 1963). Global flow in the convec-
tion zone of a star represents a self-regulating system: differential rotation produces
meridional flow which in turn modifies the differential rotation.

2.2 Meridional flow

The origin of meridional flow is well illustrated by the (steady) equation for this flow,

D(Vm) = sin θ r
∂Ω2

∂z
− g

cpr
∂S
∂θ
, (5)

where z = r cos θ is the distance from the equatorial plane, S is the specific entropy, g
is gravity, and cp is the specific heat at constant pressure. The left part of this equation
describes the viscous drag on the meridional flow (we will not need a rather bulky
explicit expression for this term in the discussion to follow). The right part includes
the two sources of the meridional flow.

The first term on the right of Eq. (5) represents centrifugal driving. If the angular
velocity varies with z to decrease with distance to the equatorial plane, as it does in
the sun, the centrifugal force produces a torque driving a flow to the poles near the
surface and a flow to the equator near the bottom of the convection zone.

The second term on the right of Eq. (5) involves the so-called ‘baroclinic driving’
known also as the source of the ‘thermal wind’. If polar regions are warmer then the
equator, as they are on the sun (Rast et al. 2008), the baroclinic driving counteracts
the centrifugal driving.

For solar and stellar conditions, each of the two terms on the right side of Eq. (5)
is large compared to the left side. Therefore, the two terms nearly balance each other
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- the condition known as the Taylor-Proudman balance. The balance is maintained
mainly via the influence of meridional flow on the rotation law (Durney 1989).

Equations (4) and (5) again do not represent a closed system because the latitudi-
nal entropy gradient is not defined.

2.3 Differential temperature

Turbulent heat transport in rotating convection zones is anisotropic. Not only does
the heat transport coefficient depend on latitude (Weiss 1965), but the direction of the
convective heat flux is not aligned with the entropy gradient (Rüdiger et al. 2005).

The convective heat flux,

Fconv
i = −ρTχi j

∂S
∂r j

, (6)

depends on the structure of the thermal conductivity tensor,

χi j = χT

(
φ(Ω∗)δi j + φ‖(Ω∗)Ω̂iΩ̂ j

)
, (7)

χT = −τ`
2g

12cp

∂S
∂r
, (8)

where Ω̂ = Ω/Ω is unit vector along the rotation axis and the functions φ(Ω∗), φ‖(Ω∗)
of the Coriolis number (2) involve the rotationally induced anisotropy and quenching
of the diffusivity (Kitchatinov et al. 1994). Even if entropy varies mainly with radius,
the heat flux (6) deviates from the radial direction towards the poles. The poleward
latitudinal heat flux is the main reason for the ‘differential temperature’ phenomenon
in the mean-field theory. There were multiple attempts to measure differential temper-
ature on the sun. Recent observations by Rast et al. (2008) suggest that the solar poles
are warmer than the equator by about 2.5 K.

This small temperature difference between the equator and poles on the very hot
sun has important hydrodynamical consequences. It can lead to differential rotation
even without the Λ-effect (Durney & Roxburgh 1971): the differential temperature
produces meridional flow by the baroclinic driving of Eq. (5) and the flow in turn
transports angular momentum (4) to produce differential rotation. Models based on
the anisotropic heat transport, however, do not reproduce the solar rotation. Neverthe-
less, only when differential temperature is accounted for can the helioseismologically
detected internal rotation of the sun be reproduced (Kitchatinov & Rüdiger 1995; Mi-
esch et al. 2006).

The angular momentum equation (4) together with the meridional flow equation
(5) and entropy equation with the heat flux (6) represent a closed system that can
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Figure 2. Angular velocity isolines (left) and depth profiles of the rotation rate for several
latitudes (right) after the mean-field model of Kitchatinov & Olemskoy (2011).

be solved numerically for the distributions of angular velocity, meridional flow and
entropy in a stellar convection zone. It should be noted that all that is needed for the
numerical modeling - the Λ-effect, thermal conductivities and eddy viscosities - have
been derived within the same approach. As a result, uncertainty in the model design
was minimized and the mean-field models practically do not involve free parameters.

3. Models

3.1 The Sun

Fig. 2 shows the internal solar rotation computed with the mean-field model. The
results are similar to the helioseismological rotation law.

The discussion in the preceding section refers to the convection zone only. Fig. 2
includes the tachocline region and the deeper radiation zone. The Figure was produced
by joint use of two different models. Physical conditions in convection and radiation
zones differ so much that it is not possible to cover both in one model. The rotation
of the radiation core of Fig. 2 was computed with the magnetic tachocline model of
Rüdiger & Kitchatinov (1997). The modeling of the tachocline does not influence
the computation of the differential rotation of the convection zone in any way but
just uses the results of this computation as a boundary condition. There is no space for
discussing tachocline physics here. We just mention that up to now it has been possible
to explain simultaneously the uniform rotation in the deep radiation core and a slender
tachocline on its top only by an effect of an internal relic magnetic field (Charbonneau
& MacGregor 1993; Rüdiger & Kitchatinov 1997; MacGregor & Charbonneau 1999;
Denissenkov 2010). The tachocline of Fig 2 is produced by a weak internal poloidal
field of about 10−2 Gauss.
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Figure 3. Meridional flow after the same model as Fig. 2. Left: Meridional flow stream-lines.
Right: Radial profile of meridional velocity for 45◦ latitude. Negative velocity means poleward
flow.

The angular velocity distributions in theoretical models are symmetric about the
equator and regular near the poles. This implies that the angular velocity isolines are
normal to both the equatorial plane and the rotation axis. The isorotational surfaces,
cylinder-shaped near the equator and disk-shaped near the poles, are, therefore, ele-
mentary consequences of the global symmetry of the problem (for alternative opinion
see Balbus 2009). The nearly radial isolines of Fig. 2 at middle latitudes are, however,
not trivial. They are the consequence of the Taylor-Proudman balance in the bulk of
the convection zone (see Section 2.2 above). Only with allowance for the effect of
differential temperature can deviations from cylinder-shaped isorotation surfaces be
reproduced.

Differential rotation models compute also the distributions of entropy and the
meridional flow. The flow is increasingly recognized as important for the solar dy-
namo (Choudhuri 2008). The flow at small depths can be probed by helioseismology
(Zhao & Kosovichev 2004). Theoretical modeling remains, however, the only source
of knowledge on the deep meridional flow. The typical structure of the simulated cir-
culation is shown in Fig. 3. The plot shows the flow distribution up to the base of
the convection zone. Beneath the base, the meridional velocity rapidly decreases with
depth (Gilman & Miesch 2004).

Meridional flow results from a (small) disbalance between two terms in the right
side of Eq. (5). Observations of the flow (Komm et al. 1993) indicate that some de-
viations from the Taylor-Proudman balance are present in the sun. The flow of Fig. 3
is relatively small in the bulk of the convection zone and increases towards the zone
boundaries. Such a structure of the flow is related to the boundary layers (Durney
1989). The Taylor-Proudman balance is not compatible with stress-free boundary
conditions. As a result, boundary layers form where the balance is violated and the
sources of meridional flow are relatively large. The bottom flow of Fig. 3 is faster than



78 L. L. Kitchatinov

Figure 4. Left: Dependence of surface differential rotation on effective temperature for rapidly
rotating solar analogues observed using the Doppler imaging techniques (Barnes et al.2005;
figure courtesy of John Barnes). Right: Same dependence computed with the differential rota-
tion model (Kitchatinov & Olemskoy 2011). Lines of different styles correspond to different
metallicities Z.

usually assumed in advection-dominated dynamo models. The first dynamo-model
with a fast near-bottom flow was recently produced by Pipin & Kosovichev (2011).

Another implication for dynamo models is related to the value of the magnetic
eddy diffusivity. The diffusivities in the differential rotation models are not prescribed
but expressed in terms of the entropy gradient, as it is done in Eq. (8) for turbulent ther-
mal diffusion. Characteristic values of the resulting turbulent viscosities and diffusivi-
ties are about 1013 cm2s−1 for the sun; global circulation models with smaller diffusiv-
ities are unstable (Tuominen et al. 1994). Theories of turbulent transport coefficients
and 3D simulations (Yousef et al. 2003) both suggest that the magnetic Prandtl num-
ber is of the order of one, i.e., the eddy magnetic diffusivity is also about 1013 cm2s−1.
This value is larger than usually assumed in solar dynamo models.

3.2 Cool and Solar-Type Stars

The mean-field models for differential rotation can, of course, be applied to convec-
tive stars other than the sun. The models, which do not include the effects of magnetic
fields, always predict solar-type rotation with the equator rotating faster than the poles.
They also predict that dependence on rotation rate for a star of given structure is rel-
atively small. The main prediction, however, is that the surface differential rotation
increases with stellar mass (Kitchatinov & Rüdiger 1999).

The predictions are in at least qualitative agreement with observations. Differ-
ential rotation of two solar twins rotating about three times faster than the sun was
measured recently using high precision photometry of the MOST-mission (Croll et al.
2006; Walker et al. 2007). In both cases, the amount of the surface differential rotation



Solar differential rotation 79

Figure 5. CΩ dynamo number (9) as the function of stellar surface temperature after the same
model as the right panel of Fig. 4. Different line styles show the results for different chemical
compositions.

was close to solar value. Differential rotation measurements by Doppler imaging for
young rapidly rotating stars were summarized by Barnes et al. (2005). Fig. 4 com-
pares the dependence on stellar surface temperature they found with computations of
Kitchatinov & Olemskoy (2011).

Both plots of Fig. 4 suggest that the hottest convective stars possess the largest
differential rotation. As the rotational shear is important for dynamos, the question
arises whether the strong differential rotation of F-stars implies over-normal dynamo
activity? Surprisingly, the answer is negative. Dynamo theory estimates the efficiency
of differential rotation in generating magnetic fields by the variety of the magnetic
Reynolds number conventionally notated as CΩ,

CΩ =
∆ΩH2

ηT

, (9)

where ∆Ω is the angular velocity variation within the convection zone, H is the con-
vection zone thickness, and ηT is the turbulent magnetic diffusivity. Fig. 5 shows the
dependence of CΩ on stellar effective temperature after the same model as the differ-
ential rotation plot of Fig. 4. The two Figures display, however, opposite trends. The
CΩ-parameter decreases with temperature. The large differential rotation of F-stars
is much less efficient at producing toroidal magnetic fields than the almost uniform
rotation of M-stars. This is in agreement with the old idea of Durney & Latour (1978)
that convective dynamos cease to operate at about spectral type F6.
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Kitchatinov L. L., Pipin V. V., Rüdiger G., 1994, Astr. Nachr., 315, 157
Komm R. W., Howard R. F., Harvey J. W., 1993, Solar Phys., 147, 207
Lebedinskii A. I., 1941, Astron. Zh., 18, 10
MacGregor K. B, Charbonneau P., 1999, ApJ, 519, 911
Miesch M. S., Brun A. S., Toomre J., 2006, ApJ, 641, 618
Pipin V. V., Kosovichev A. G., 2011, arXiv:1104.1433
Rast M. P., Ortiz A., Meisner R. W., 2008, ApJ, 673, 1209
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Abstract. I review recent results on modeling the buoyant rise of active
region scale flux tubes in the solar convective envelope based on both a thin
flux tube model incorporating the effects of giant-cell convection as well as
direct 3D spherical-shell anelastic MHD simulations. It is found that the
dynamic evolution of the flux tube changes from magnetic buoyancy dom-
inated to convection dominated as the initial field strength of the flux tube
varies from about 100 kG to 15 kG. Mid-range field strengths of about 40 -
50 kG seem to produce emerging loops that best match the observed proper-
ties of solar active regions. The initial twist of the tube cannot be too high in
order for the tilt of the emerging loops to be dominated by the effect of the
Coriolis force and be consistent with the mean tilt of solar active regions.
Future high resolution (low diffusivity) global-scale MHD simulations in
a rotating, fully convecting spherical shell representative of the solar con-
vective envelope are needed to self-consistently study the formation and
dynamic rise of active region scale flux tubes in the solar convection zone.

Keywords : MHD – Sun: dynamo – Sun: interior

1. Introduction

Active regions on the solar surface are generally thought to originate from a strong
toroidal magnetic field generated at the base of the solar convection zone by a deep-
seated solar dynamo. Understanding the dynamic rise of active region flux from the
base of the convection zone to the surface is therefore a crucial component for the
study of the solar cycle dynamo. There has be a great deal of modeling effort to study
the dynamic rise of active region scale flux tubes in the solar convective envelope,
starting from the pioneering work based on the thin flux tube approximation in the
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82 Y. Fan

80’s (e.g. Spruit 1981; Moreno-Insertis 1986; Choudhuri & Gilman 1987). Several
detailed reviews exist on this subject (see e.g. Fisher et al. 2000; Fan 2009). Here in
this paper, I focus on discussing some of the recent results from 3D anelastic MHD
simulations of rising flux tubes in a rotating spherical shell, both with and without
convection, as well as the results from a recent thin flux tube model incorporating
the effect of giant-cell convection and the associated mean flows computed separately
from a global convection simulation. Modeling active region scale flux tubes in a
3D global-scale MHD simulation of the solar convective envelope is still very difficult
because of the limited numerical resolution and the effect of numerical diffusion which
can significantly impact the magnetic buoyancy. Thus these 3D simulations typically
assume initially buoyant toroidal flux tubes with high initial field strengths ( ∼> 105

G), such that the rise time is short compared to the diffusive time scale of the flux
tube. On the other hand, the thin flux tube model takes the approach of following
the Lagrangian evolution of individual tube segments, which preserves the magnetic
frozen-in condition, and the 1D nature of the model is much less computationally
demanding. Thus it can be applied to study toroidal flux tubes originating from the
bottom of the solar convective envelope with a wide range of relevant initial field
strengths, from 104 G to 105G, and initially in mechanical equilibrium, which is a
more natural initial state than artificially prescribing an initial buoyancy distribution.

2. 3D spherical-shell anelastic MHD simulations

Fan (2008) has carried out a set of 3D anelastic MHD simulations of the buoyant
rise of active region scale flux tubes in the solar interior in a rotating spherical shell
geometry (see Figs 1 and 2). These simulations have considered twisted, buoyant
toroidal flux tubes at the base of the solar convection zone with an initial field strength
of 105 G, which is ∼ 10 times the field strength in equipartition with convection, and
thus have neglected the effect of the convective flows. The main finding from these
simulations is that the twist of the tube induces a tilt at the apex of the rising Ω-tube
that is opposite to the direction of the observed mean tilt of solar active regions, if the
sign of the twist follows the observed hemispheric preference (see Fig.1). It is found
that in order for the tilt driven by the Coriolis force to dominate, such that the emerging
Ω-tube shows a tilt consistent with Joy’s law of active region mean tilt, the initial twist
rate of the flux tube needs to be smaller than about a half of that required for the tube
to rise cohesively. Under such conditions, the buoyant flux tube is found to undergo
severe flux loss during its rise, with less than 50% of the initial flux remaining in the
final Ω-tube that rises to the surface (see Fig.2a). Furthermore, it is found that the
Coriolis force drives a retrograde flow along the apex portion of the emerging tube,
resulting in a relatively greater stretching of the field lines and hence a stronger field
strength in the leading leg of the tube (Fan, Fisher & DeLuca 1993; Fan 2008). With
a greater field strength, the leading leg is more buoyant with a greater rise velocity,
and remains more cohesive compared to the following leg (see Fig. 2c).
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Figure 1. Top row: 3D volume rendering of the magnetic field of a final rising Ω-shaped tube
as it approaches the top boundary, resulting from a simulation described in Fan (2008, see the
NT run in that paper) where the initial buoyant flux tube has a left-handed initial twist. Bottom
row: same as the top row except that the emerging tube results from a simulation where the sign
of the initial twist is reversed (i.e. with a right-handed initial twist, see the PT run in Fan 2008).

Fan, Tian & Alexander (2009) further studied the consequence of such asymmetry
in field strength and cohesion between the leading and following sides of the emerging
tube in the simulation. It is found that field lines in the leading leg of the tube show
more coherent values of local twist rate α, defined as α ≡ (∇ × B) · B/B2, whereas
the α values in the following leg show large fluctuations and are of mixed signs. On
an average, however, the field lines in the leading leg do not show a systematically
greater mean twist rate compared to the following. However, the higher rise velocity
of the leading leg as well as the greater Alfvén speed in the leading tube due to the
stronger magnetic field can result in a greater helicity injection rate into the corona
from the interior through the leading polarity of an emerging active region. Such an
asymmetry in helicity injection rate between the leading and the following polarities
has been observed (Tian & Alexander 2009; Tian et al. 2011).

Jouve & Brun (2009) have carried out the first set of global anelastic MHD simu-
lations of the buoyant rise of an initially toroidal flux ring in a rotating, fully convec-
tive spherical shell, possessing self-consistently generated mean flows such as merid-
ional circulations and differential rotation representative of the conditions of the solar
convective envelope, using the ASH (Anelastic Spherical Harmonics) code. Due to
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Figure 2. (a) 3D volume rendering of the magnetic field strength of a weakly twisted, rising
Ω-tube whose apex is approaching the top boundary, resulting from a simulation described in
(Fan 2008, see the LNT run in that paper); (b) A cross section of B near the top boundary at
r = 0.937R�, showing a tilt of the emerging tube that is consistent with the observed mean tilt of
solar active regions; (c) Selected field lines threading through the coherent apex cross-section of
the Ω-tube, where field lines in the leading leg are twisting about each other in a more coherent
fashion, whereas the field lines in the following leg are fraying more severely. .

limited numerical resolution and relatively high magnetic diffusivity and viscosity in
these simulations, they have considered initially buoyant flux tubes with a large initial
field strength, ranging from 1.5 × 105 to 6 × 105 G, such that the rise time of the flux
tubes are smaller than the diffusive time scale of about 14.5 days. So in most of the
cases studied, the evolution is essentially in the magnetic buoyancy dominated regime,
and as a result, the rising toroidal flux ring develops only moderate undulations by the
influence of the convective flows, and the simulations recovered many of the findings
obtained from previous simulations in the absence of convective flows. These include
the dependence of poleward deflection of the flux tube on the initial field strength
(e.g. Choudhuri & Gilman 1987), the critical dependence on the initial twist for the
cohesion of the rising flux tubes (e.g. Emonet & Moreno-Insertis 1998; Abbett et al.
2000); and also the dependence of the tilt angle of the emerging tube on the sign of
the twist (Fan 2008). It is also found that flux tubes introduced at lower latitudes
(e.g. at 15◦), have difficulty reaching the top of the domain (even with a strong field
strength of 3 × 105 G), and the authors attributed the cause to the differential rotation.
In the weakest field strength case, it is found that portions of the flux tube are pinned
down by convection and eventually the tube loses its buoyancy and is unable to rise
to the top. Clearly, simulations with reduced magnetic diffusion are needed to model
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the dynamic evolution of active region scale flux tubes in more realistic field strength
regimes subjecting to the convective flows in the rotating solar convective envelope.

3. A thin flux tube model with giant-cell convection

As a first step towards this, Weber, Fan & Miesch (2011) have used the thin flux tube
model, with the inclusion of a (separately computed) 3D turbulent convective velocity
field in a rotating model solar convective envelope, to study its effects via the aero-
dynamic drag force, together with the forces of magnetic buoyancy, tension, and the
Coriolis force, on the dynamic evolution of the emerging Ω-loops. They have per-
formed these thin flux tube simulations for a range of initial toroidal magnetic fields
(15 kG to 100 kG) from near-equipartition to super-equipartition initial field strengths
at varying initial latitudes from 1◦ to 40◦ in both the northern and southern hemi-
spheres. The initial toroidal flux rings are placed just above the base of the convective
envelope, initially in mechanical equilibrium. The external time-dependent convec-
tive velocity field that the flux tube is subject to, shows giant-cell convection under
the influence of solar rotation (see Fig. 3). Throughout most of the convection zone,
except near the bottom, the convection has a mean kinetic helicity that is negative in
the northern hemisphere and positive in the southern hemisphere. The mean zonal
flow shows a solar like differential rotation profile.

It is found that the development and the evolution of the rising Ω-loops change
from convection dominated to magnetic buoyancy dominated as the initial field strength
of the tube varies from 15 kG to 100 kG (see Fig. 4). At 100 kG, the development of
Ω-shaped rising loops are mainly controlled by the growth of the magnetic buoyancy
instability, with only the strongest convective downdrafts producing some moderate
perturbations to the final emerging loops. The mean properties of the final emerging
loops are in agreement with previous thin flux tube models in the absence of con-
vection. On the other hand, at a low field strength of 15 kG, the development of the
emerging flux loops is largely controlled by the convective flows. Both the average
up-flows and down-flows can significantly affect the rise of the flux tube. The proper-
ties of the emerging loops are significantly changed compared to the previous results
in the absence of convection. With convection, the rise times are drastically reduced
for the weak field strength cases (from years to a couple of months for 15kG cases).
The previous issue of 15 kG - 30 kG flux tubes being significantly deflected poleward
by the Coriolis force during their rise is resolved: loops can emerge at low latitudes
all the way to the equator. The main reasons for this are the anchoring of the emerging
flux loops by the convective downdrafts and also the faster rise of the loops propelled
by the up-flows.

Using thin flux tube simulations in the absence of convection, D’Silva & Choud-
huri (1993) were the first to show that active region tilts as described by Joy’s law
can be explained by the Coriolis force acting on the rising flux loops and that the best
agreement with observations is obtained for flux tubes with an initial field strength
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Figure 3. From Weber, Fan & Miesch (2011). A snapshot of the radial velocity of the giant-cell
convective flow field (used for the thin flux tube simulations) at a depth of 25 Mm below the
solar surface.

of about 100 kG at the base of the solar convection zone. With the inclusion of
convection, the simulations of Weber, Fan & Miesch (2011) found that convection
produces random scatters in the tilts of the emerging loops, especially for the weaker
field strength cases where the scatters are greater (see Fig. 5). Furthermore, because
the convective flow in the rotating spherical envelope possesses a mean kinetic helicity
that is negative (positive) in the northern (southern) hemisphere, it on an average tends
to drive clockwise (anti-clockwise) tilts for the rising loops in the northern (southern)
hemisphere, consistent with the sign of the active region mean tilt. As a result, the
inclusion of convection increases the slope of the linear Joy’s Law fit of the tilt angles
of the emerging loops as a function of emerging latitudes (see Fig. 4). It is found
that flux tubes with initial field ∼> 40 kG and ∼< 100 kG produce a mean tilt angle
dependence on latitude that is consistent with the observed Joy’s Law (see Fig. 4). At
weaker field strengths (below 40 kG), it is found that the random scatters produced by
the convection dominate the tilts, and they do not show a significant systematic de-
pendence on latitude as described by Joy’s law. More thin flux tube simulations with
the flux tube subjecting to independent time spans of the convective flows are needed
to improve the statistics in these weak field cases to see if a Joy’s law like dependence
emerges.
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Figure 4. From Weber, Fan & Miesch (2011). Polar (top row) and equatorial (bottom row)
views of the final rising flux tube, developed from an initial toroidal flux ring at a latitude of 6◦,
at a time when its apex is approaching the top boundary, with an initial magnetic field strength
of 15 kG, 40 kG, and 100 kG respectively, subjected to the external time dependent convective
flow field.

Previous thin flux tube simulations in the absence of convection have found other
asymmetries of the emerging loop that arise due to the effect of the Coriolis force.
One is the field strength asymmetry with the leading side of the emerging loop having
a stronger field strength than the following side due to the differential stretching of the
loop by the Coriolis force (e.g. Fan, Fisher & DeLuca 1993; Fan 2008) as discussed
in the previous section. This provides an explanation for the observed more coherent
and less fragmented morphology for the leading polarity of an active region (e.g. Bray
& Loughhead 1979). However, Caligari, Moreno-Insertis & Schussler (1995) and
Caligari, Schussler & Moreno-Insertis (1998) found that this asymmetry depends on
the initial condition of the toroidal flux tube. For toroidal flux tubes initially in me-
chanical equilibrium, the emerging loop that develops has a stronger field strength in
the leading side only if the initial field strength of the toroidal tube is below 60 kG.
For flux tubes with higher initial field strengths, the field strength asymmetry reverses
at the top of the emerging loop. Similar results are found from thin flux tube simu-
lations with the inclusion of the convective flow (Weber, Fan & Miesch 2011): loops
with initial field strengths ≤ 50 kG tend to emerge with a stronger field strength in
the leading leg. Caligari, Moreno-Insertis & Schussler (1995) have also found a geo-
metric asymmetry of the emerging loop where the leading side of the apex of the loop
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Figure 5. From Weber, Fan & Miesch (2011). Tilt angle as a function of emergence latitude for
initial magnetic field strengths of 100 kG, 60 kG, 50 kG, 40 kG, 30 kG, and 15 kG respectively,
and for cases with (plus signs) and without (diamond points) the influence of convection. The
gray line is the least squares fit for flux tubes in the absence of convection. The black line is the
fit to the cases subjected to the convective flow.
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tends to incline more horizontally than the following side. The emergence of such
an asymmetric loop may provide an explanation for the observed apparent asymmet-
ric east-west proper motions of the two polarities of am emerging active region (e.g.
Moreno-Insertis et al. 1994; Caligari, Moreno-Insertis & Schussler 1995; Caligari,
Schussler & Moreno-Insertis 1998). With convection, it is found that for all field
strengths, the majority of the emerging loops still develop a more shallow inclination
on the leading side of the apex of the loop than the following side, although the incli-
nation angle differences are overall reduced with the inclusion of convection (Weber,
Fan & Miesch 2011).

Taking the above results together, the thin flux tube model suggests that mid-range
field strength of ∼ 40 - 50 kG produces emerging loops that best match the observed
properties of solar active regions.

4. Discussions

Initial results from a thin flux tube model incorporating the effect of solar-like giant-
cell convection suggest that solar convection may play an important role in defining
the properties of emerging flux tubes responsible for the formation of solar active
regions. Overall, the effect of the convective flow is found to allow mid to weak
field strength range flux tubes (∼ 15 kG - 50 kG) to develop emerging loops with
properties that are more consistent with the observed properties of solar active regions.
For these flux tubes, the convective flow is found to reduce the rise time, reduce the
latitude of emergence through anchoring by downdrafts, and promote tilt angles that
are consistent with the observed mean tilt of solar active regions because of the mean
kinetic helicity in the flow. As a result, weaker fields can reproduce Joy’s law. So far
the simulations show that mid-range field strength of ∼ 40 - 50 kG produces emerging
loops that best match the observed properties of solar active regions. More simulations
that sample independent time spans of the convective flows may improve the statistics
for the even weaker field strength cases (< 40 kG), and see whether a Joy’s law like
dependence for the tilt angles as a function of emerging latitudes exists for these field
strengths. Recent solar cycle dynamo models which take into account the dynamic
effects of the Lorentz force from the large-scale mean fields have suggested that the
toroidal magnetic field generated at the base of the solar convection zone is ∼ 15
kG, and most likely cannot exceed 30 kG (Rempel 2006a,b). Thus it is important to
understand whether toroidal flux tubes at these field strengths can produce emerging
loops that are consistent with the observed properties of solar active regions under the
influence of convection.

The main limitation of the thin flux tube approach is that the model assumes the
tube remains cohesive, and does not address the dynamic effect of the twist of the
flux tube. 3D spherical shell simulations of the buoyant rise of twisted flux tubes
have shown that the twist of the tube cannot be too high in order for the tilt of the
emerging loop to be dominated by the effect of the Coriolis force so as to be con-



90 Y. Fan

sistent with the mean tilt angles of solar active regions (Fan 2008). Furthermore, it
has been suggested that a significant twist of the tube may no longer be required to
obtain reasonably cohesive emerging tubes. This is because the generation of strong
vortex tubes by magnetic buoyancy is suppressed due to the anchoring of the flux
tube at short intervals by the convective downdrafts, for weak field strength flux tubes
in the convection dominated regime (Fan, Abbett & Fisher 2003). All these possi-
bilities need to be examined self-consistently by high resolution (low diffusivity) 3D
spherical-shell simulations of rising flux tubes in a rotating, fully convecting spherical
shell representative of the solar convective envelope.
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Abstract. The magnetic cycle of the Sun, as manifested in the cyclic
appearance of sunspots, significantly influences our space environment and
space-based technologies by generating what is now termed as space weather.
Long-term variation in the Sun’s magnetic output also influences planetary
atmospheres and climate through modulation of solar irradiance. Here, I
summarize the current state of understanding of this magnetic cycle, high-
lighting important observational constraints, detailing the kinematic dy-
namo modeling approach and commenting on future prospects.

Keywords : Sun: magnetic topology – MHD – Plasmas – Dynamo

1. Introduction: the solar cycle

1.1 Scope of this Review

The Sun is the most dynamically important astronomical body in the solar system. Its
dynamism is primarily governed by its variable magnetic output. The magnetic field
of the Sun produces sunspots and contributes to a range of physical processes ranging
in timescales from minutes to centuries. Magnetic storms such as flares and Coronal
Mass Ejections (CMEs) originate due to the sudden destabilization or restructuring
of solar magnetic fields and affect the heliospheric environment, generating space
weather. Slow, long-term changes in the Sun’s magnetic and radiative output occur
over longer timescales affecting planetary atmospheres and climate.

This review focuses on the mechanism that produces solar magnetic fields – i.e.,
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Figure 1. Sunspot observations over the last four centuries starting with the pioneering tele-
scopic observations of Galileo. The 11 year periodic variation in the number of sunspots ob-
served on the Sun’s surface is clearly apparent. The observations also indicate a significant
fluctuation in the amplitude of the cycle. The Maunder minimum, lasting between 1645–1715
AD, characterized a period over which very few sunspots were observed.

the solar dynamo mechanism and will not attempt to describe the plethora of activ-
ity that the generated magnetic field spawns. It is also a good idea to declare at the
outset that this is not a comprehensive review of the subject and that the discussions
and papers highlighted here are perhaps coloured by my personal perceptions. For a
thoroughly comprehensive and freely available review on the subject of dynamo the-
ory, interested readers are referred to Charbonneau (2005). This review is structured
as follows: I summarize what I deem to be the most important constraints set by solar
cycle observations on theories of the solar cycle (Section 1.2), provide a concise de-
scription of the dynamo process (Section 2), introduce readers to kinematic dynamo
models (Section 3) and finally discuss current trends and future prospects (Section 4).

1.2 Observations of Solar Magnetic Fields and Plasma Flows

Dark spots on the Sun known as sunspots have been observed for centuries. The
number of sunspots on the solar surface varies periodically with an average period of
11 years generating what is known as the solar cycle (Fig. 1). Following the discovery
of strong magnetic fields – on the order of 1000 Gauss (G) – within sunspots, it became
obvious that sunspots point to the existence of a magnetic cycle in the Sun. These
long-term sunspot observations provide the most important constraint on theories of
the solar magnetic cycle. While the average period of the sunspot cycle is 11 years,
both the period as well as the amplitude exhibit fluctuations. The amplitude of the
cycle, in particular, varies significantly and in the recorded history, there is one episode
between 1645 and 1715 AD known as the Maunder minimum (Eddy 1976), when
almost no sunspots were observed on the Sun. At the beginning of a typical solar cycle,
sunspots first appear at mid-latitudes in both the hemispheres. With the progress of
the cycle, more and more spots appear at lower and lower latitudes, this equatorward
migration generating the so called solar butterfly diagram. The cycle ends after 11
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years when the sunspots are close to the equator. Subsequently, a new cycle begins
with sunspots emerging again at higher latitudes. However, the relative orientation of
the bipolar sunspot pairs reverse from one 11 year cycle to the next and therefore on
considering the sign, the full magnetic cycle is of 22 years. The bipolar sunspot pairs
also exhibit a systematic tilt with respect to the local parallel of latitude; this tilt angle
is larger for sunspots emerging at higher latitudes (Hale et al. 1919), and follows an
approximate cosine dependence on latitude (Joy’s law).

There is a weak, small-scale magnetic field outside of sunspots which is observed
to migrate polewards with the progress of the cycle (Bumba & Howard 1965). This
field usually exists in unipolar patches – especially at high latitudes – and is respon-
sible for the cancelation and subsequent replenishment of the polar field of the Sun.
The polar field reaches its maximum when the sunspot cycle is at its minimum and
vice-versa. However, the cycle of the polar field has the same period as that of the
sunspot cycle, indicating that they are connected to each other.

While it has been known for some time that the Sun rotates differentially with
the equator rotating faster than the poles, with the advent of helioseismology, it has
become possible to infer the internal differential rotation of the Sun (Charbonneau et
al. 1999). In the solar convection zone (SCZ) – the outer convective region of the Sun
– the rotation predominantly varies with latitude. At the base of the SCZ, within a
region termed as the tachocline, the rotation varies with radius very rapidly. Deeper
down, where helioseismic inferences are problematic, the radiative interior of the Sun
is believed to rotate almost uniformly with no differential rotation. An axisymmetric,
North-South flow of material is also observed in the surface (Hathaway 1996) which
flows from the equator towards the poles. Helioseismic observations indicate that this
flow pervades a major fraction of the SCZ (Giles et al. 1997); theoretical consider-
ations such as mass conservation requires an equatorward counterflow deeper down.
This flux of material is known as the meridional circulation, the peak (poleward) speed
of which near the surface is about 20 m/s, with significant intra- and inter-cycle fluc-
tuations. Both differential rotation and meridional circulation play important roles in
the generation and evolution of solar magnetic fields as we shall describe in the next
section.

2. The dynamo process

Matter exists in the plasma state in the solar interior and the dynamics of magnetic
fields in such a plasma system is governed by the magnetohydrodynamic (MHD) in-
duction equation

∂B
∂t

= ∇ × (v × B − λ∇ × B), (1)

where B is the magnetic field, v is the (plasma) velocity field and λ is the magnetic
diffusivity of the system. Astrophysical plasma systems have a high characteristic
magnetic Reynolds number (the ratio of the first to the second term on the R.H.S. of



94 Dibyendu Nandy

the above equation), which implies that magnetic fields remain frozen in the plasma
flows and the energy of plasma motions is coupled to that of the field. Therefore, the
kinetic energy of plasma flows can be drawn in to generate magnetic fields. For exam-
ple, if we assume that there is a large-scale North-South component of the magnetic
field in the r − θ plane (the meridional plane) – termed as the poloidal component,
then this poloidal field will be stretched by the differential rotation of the Sun in the
φ-direction, generating a toroidal (φ) component of the magnetic field. This toroidal
component of the magnetic field is believed to be stored and amplified in a overshoot
layer at the base of the SCZ where the temperature gradient is such that the fields are
stable to buoyancy instabilities (Spiegel & Weiss 1980; van Ballegooijen 1982). How-
ever, strong toroidal flux tubes can escape out of this stable layer due to overshooting
convection and emerge into the SCZ – where they become susceptible to magnetic
buoyancy and rise up to the surface forming sunspots (Parker 1955a). The rising flux
tubes are subject to the Coriolis force and pick up a tilt which is manifested in the tilt
angle distribution of bipolar sunspot pairs.

For the dynamo cycle to be completed, the poloidal component of the field has to
be regenerated back from the toroidal component. One of the first ideas proposed
as a regeneration mechanism of the poloidal component is the dynamo α-effect –
wherein, rising toroidal flux tubes are twisted back into the r − θ plane by helical
turbulent convection (Parker 1955b). Turbulent convection can twist only those fields
whose energy is roughly in equipartition with the energy of convective flows. This
equipartition field is estimated to be on the order of 104 G in the SCZ. However,
simulations of the buoyant rise of toroidal flux tubes indicate that the initial magnetic
field strength of sunspot-forming toroidal flux tubes is on the order of 105 G at the
base of the SCZ (Choudhuri & Gilman 1987; D’Silva & Choudhuri 1993; Fan, Fisher
& DeLuca 1993). Such strong flux tubes would quench the classical dynamo α-effect
and therefore an alternative mechanism is required for regenerating the poloidal field
from super-equipartition flux tubes.

The alternative mechanism harks back to the ideas of Babcock (1961) and Leighton
(1969), who proposed that the decay and dispersal of the flux of tilted bipolar sunspot
pairs, mediated via turbulent diffusion, differential rotation and meridional flow can
regenerate the poloidal field. Simulations of magnetic flux transport in the solar sur-
face confirm that this process works (Wang, Sheeley & Nash 1991). Recent observa-
tions linking the surface poloidal field source (tilted bipolar sunspot pairs) of a given
cycle to the amplitude of the next cycle (Dasi-Espuig et al. 2010) also lends strong
support to the Babcock-Leighton (BL) mechanism for poloidal field creation. In this
process, the magnetic flux of the leading polarity spots from the two hemisphere can-
cel each other across the equator, while the magnetic flux of the following polarity
spots preferentially move to high latitudes canceling the old cycle polar field and im-
parting the polarity of the current cycle. The poloidal component of the field thus
generated is carried down into the interior through the combined action of turbulent
diffusion, meridional circulation and downward flux pumping, where, it is stretched
by the differential rotation to create the toroidal field of the next cycle.
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3. Kinematic dynamo models

In dynamo parlance, the word “kinematic” is used to signify that the magnetic fields
do not feed-back and change the underlying characteristics of the plasma flows; the
latter therefore are not dynamic variables in the kinematic approach. This approach to
dynamo modeling attempts to capture the essential physics of the solar magnetic cy-
cle (outlined in the previous section) by solving the MHD induction equation (Eqn. 1)
in a solar-like geometry with prescribed plasma flow parameters and a poloidal field
source. These parameters include differential rotation, meridional circulation and tur-
bulent diffusion (see Muñoz-Jaramillo, Nandy & Martens 2009 for a detailed treat-
ment of these input parameters). Typically one invokes the assumption of axisymme-
try and expresses the mean magnetic and velocity fields in terms of its toroidal and
poloidal (meridional) components:

B = Bêφ + Bp (2)

v = r sin(θ)Ωêφ + vp. (3)

The first and second term on the R.H.S. of Eq. 2 are the toroidal and poloidal (Bp =

∇ × Aêφ) components of the magnetic field. In the case of the velocity field (Eq. 3),
these two terms correspond to the differential rotation Ω and meridional circulation
vp = vrêr + vθêθ. The diffusion coefficient in the induction equation (Eq. 1) is replaced
by the effective diffusivity η – which includes a (relatively larger) contribution from
turbulent diffusivity – for which an appropriate form is prescribed. In earlier models, a
constant diffusivity used to be assumed. However, in recent and more realistic models,
a depth-dependent diffusivity is prescribed – which takes into account the fact that the
SCZ is highly turbulent but the overshoot layer and the radiative zone beneath are
relatively less so.

Assuming that the mean-field α-effect does not contribute significantly to toroidal
field generation, one can derive the αΩ dynamo equations by substituting Eqs. 2 and
3 into Eq. 1 and separating out the the toroidal and poloidal components:

∂B
∂t

+
1
r

[
∂

∂r
(rvrB) +

∂

∂θ
(vθB)

]
+ ∇η × (∇ × B) = η

(
∇2 − 1

s2

)
B + s(Bp · ∇)Ω, (4)

∂A
∂t

+
1
s

(vp · ∇)(sA) = η

(
∇2 − 1

s2

)
A + S p, (5)

where s = rsinθ. The toroidal and poloidal field evolution are described by Eq. 4
and Eq. 5 respectively. Note that the magnetic and velocity fields in the induction
equation can be expressed as a sum of a mean and a fluctuating component. The field
descriptors appearing in the toroidal and poloidal field evolution equations correspond
to the mean fields.

The last term in Eq. 5, S p, denotes the added source term responsible for the re-
generation of the poloidal component. This could be a prescribed mean-field α-effect
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(resulting out of cross-correlations between the fluctuating velocity and magnetic field
components) of the form S p = αB, often incorporating an amplitude-limiting quench-
ing factor that signifies the non-linear feedback of the magnetic fields on the flows,
included through a parametrization of the α-effect such as α ∼ α0/[1+(B/Bquenching)2],
where α0 is the amplitude of the α-effect and Bquenching is the field strength at which
non-linear feedback becomes effective. Note that this parametrization is still within
the domain of a kinematic approach as the mean flows themselves are not dynamical
variables. In most models, the Babcock-Leighton mechanism of poloidal field cre-
ation is captured indirectly, by adopting a functional form of the α-effect which limits
it to near-surface layers, and by making the source proportional to the toroidal field
at the base of the SCZ (i.e., a non-local α-effect formulation; Dikpati & Charbonneau
1999). A more sophisticated treatment of the Babcock-Leighton type dynamo source
explicitly erupts toroidal fields exceeding a buoyancy threshold to the near-surface
layers where the α-effect works on it (Nandy & Choudhuri 2001) or implements a
double-ring algorithm that realistically captures the surface flux-transport mechanism
leading to polar field reversal and creation (Muñoz-Jaramillo et al. 2010). Note that
in spirit, the Babcock-Leighton α-effect is not a mean-field α-effect in the sense that
it does not involve averaging over small-scale fluctuations or the first order smoothing
approximation (for further details, see Charbonneau 2005 and Nandy 2010a).

The two equations (Eqs 4 and 5) are solved with the specification of boundary
conditions appropriate for the Sun. Fig. 2 shows a simulated butterfly diagram from
such a kinematic solar dynamo model with a non-local Babcock-Leighton poloidal
field source. Note that alternative formulations of the kinematic dynamo models ex-
ists in which the dynamo α-effect owes its origins to other mechanisms, such as the
traditional mean-field α-effect due to helical turbulence in the main body of the SCZ,
or the buoyancy instability of toroidal flux tubes near the base of the SCZ. Two or
more poloidal field sources can also in principle be prescribed to act simultaneously,
but at different layers and at different operating thresholds. A detailed description of
all these different formulations is beyond the scope of this review, for which interested
readers are referred to Charbonneau (2005). The point to take home is that kinematic
dynamo modeling is fairly versatile and can capture a diverse range of physics and
phenomena, with properly constrained and well-thought out simulation runs.

4. Current trends and future prospects

Kinematic dynamo simulations have made major contributions to our understanding
of the solar cycle in the last decade or so. To begin with, it is now clear that the merid-
ional flow of plasma, especially the equatorward counterflow in the meridional circu-
lation plays an important role in the equatorward migration of the sunspot zone and
in setting the period of the sunspot cycle (Choudhuri, Schüssler & Dikpati 1995; Dur-
ney 1995; Dikpati & Charbonneau 1999; Nandy & Choudhuri 2002; Yeates, Nandy &
Mackay 2008). The equatorward meridional counterflow achieves this by transporting
the poloidal field of the previous cycle and the new toroidal field (that is being gener-
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Figure 2. A time-latitude plot of the toroidal field at the base of the solar convection zone (in
colour) and the surface radial field (contours) from a kinematic solar dynamo simulation by
Muñoz-Jaramillo, Nandy & Martens (2009). Positive radial field is indicated by solid contours
and negative radial field by dashed contours. This simulated butterfly diagram shows that such
dynamo models are able to match the important observational features of the solar cycle. Cyclic
reversal of the toroidal field, from which sunspots are generated is clearly seen, in conjunction
with the evolution of the surface radial field – which contributes to polar field reversal.

ated) very efficiently towards the equator through the weakly turbulent overshoot layer
and upper parts of the radiative zone. However, the vertical transport of magnetic flux
through the convection zone is shared to varying degrees between meridional circu-
lation, turbulent diffusion and downward flux pumping – an issue we will return to
later.

The amplitude of the cycle is known to be modulated by various mechanisms. The
primary constraint is set by magnetic buoyancy, which determines the lower operating
threshold for the poloidal field source (Nandy 2002). Non-linear feedbacks due to the
back-reaction of the magnetic field on the flows could also be playing a role here. In
the context of the BL mechanism, one such process for limiting cycle amplitude is dis-
cussed by Cameron (2011). Small fluctuations in the amplitude of the solar cycle can
be induced by the stochastic nature of the dynamo α-effect (Charbonneau & Dikpati
2000), including the scatter in the active region tilt angle distribution, or through fluc-
tuations in the meridional plasma flow (Karak & Choudhuri 2011). Meridional flow
variations are also responsible for modulation of the solar cycle period and the length
and nature of solar cycle minima (Nandy, Muñoz-Jaramillo & Martens 2011). While
kinematic dynamo simulations indicate that meridional circulations play a vital role
in various aspects of solar activity, a matter of continued frustration is our inability
to probe the deeper flow (including the equatorward counterflow) in the SCZ – where
much of the mass flux in the circulation lies.

There is, however, no consensus opinion on the cause of global minima such as the
Maunder minima in solar activity – periods when hardly any sunspots are observed.
Long-term reconstructions of solar activity based on cosmogenic isotopes indicate
that such global minima have also occurred in the past – from which the sunspot
cycle recovers to normal levels of activity. While some attribute the cause to non-
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linear feedback mechanisms (Wilmot-Smith et al. 2005 and references therein), some
attribute this to stochastic fluctuations (Charbonneau, Blais-Laurier & St-Jean 2004),
and others to meridional flow variations (Karak 2010). Outstanding questions remain
however as to how the cycle recovers from a deep minima with a prolonged period
without the BL poloidal field source. Questions also remain as to what happens to
the parity of the solar cycle when the dynamo enters a global minima and whether the
same parity is preserved when the cycle recovers from such grand minima episodes.

The parity of the solar cycle sets important constraints on the dynamo mecha-
nism itself and on the relative roles of various flux transport processes. The Sun is
observed at present to exhibit the odd parity – wherein the poloidal field is of dipo-
lar nature and the toroidal field is of opposite sign (i.e., the relative orientation of the
bipolar sunspots pairs are reversed) in the two hemispheres. This configuration is not
necessarily always guaranteed. For example, some full-sphere dynamo simulations
(encompassing both the hemispheres) show a drift or change in parity. This is espe-
cially true in situations where very low turbulent diffusivity is assumed in the SCZ
(Dikpati & Gilman 2001) which led the latter to argue that the BL dynamo violates
the observed parity in the Sun. However, Chatterjee, Nandy & Choudhuri (2004) has
shown that elevated levels of turbulence – as is appropriate in the main body of the
SCZ – is able to preserve the observed parity for BL dynamos by efficiently coupling
the two hemispheres; this is confirmed by Hotta & Yokoyama (2010).

The finite time delay in the transport of magnetic flux by flux transport processes
also introduce a memory in the solar cycle – which besides leading to interesting activ-
ity dynamics (Wilmot-Smith et al. 2006), also lays the basis for solar cycle predictions.
Unfortunately, the two dynamo based solar cycle predictions to date have generated
conflicting results, one of a very strong cycle (Dikpati, de Toma & Gilman 2006) and
one of a weak cycle (Choudhuri, Chatterjee & Jiang 2007). The cause of this conflict-
ing result has been identified in the relative roles attributed to meridional circulation
and turbulent diffusion (Yeates, Nandy & Mackay 2008). While Dikpati et al. assume
a low turbulent diffusivity, Choudhuri et al. assume a high turbulent diffusivity in the
SCZ. It is not clear which of these assumptions is valid, although, independent studies
(such as those addressing the parity issue) point out that turbulent diffusivity is likely
to be high in the SCZ. The issue is further confounded by the fact that both the models
used for cycle prediction ignored the downward pumping of magnetic flux by turbu-
lent convection in a rotating system – which magnetohydrodynamic simulations show
to be an important flux transport process within the SCZ (Tobias et al. 2001).

Evidently some of the important advances in this subject in the near future will
come from addressing the issues that are currently deemed as major problems (see
e.g., Nandy 2010b). This will include (in no particular order) probing the structure
of the deep meridional circulation – including the equatorward counterflow, explor-
ing the causes of deep minima in solar activity – such as the Maunder minimum, and
exploring the relative roles played by different flux transport processes – especially
turbulent flux pumping – in the solar cycle. Obviously, quantitatively accurate pre-
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dictions of the solar cycle will be dependent on the understanding gleaned from such
studies.

A complete understanding of the solar cycle requires close synergy between three
diverse modeling approaches. The focus of my discussion here was only on one of
them – namely kinematic dynamo simulations. The other two tools are full MHD
simulations (where equations for the evolution of the flows and magnetic fields are
solved self-consistently in conjunction with the energy equation) and solar surface
flux transport simulations. Surface flux transport simulations have not only success-
fully demonstrated how the BL mechanism of poloidal field generation works, they
also provide a natural bridge between the evolution of the magnetic field in the solar
interior and that in the corona and heliosphere – where the fields respond to varia-
tions on the Sun’s surface. Kinematic dynamo models must therefore assimilate the
best features of surface flux transport models towards addressing the issue of how
the solar interior couples to the heliosphere. This goal looks achievable with dynamo
models progressing to the stage where they can now realistically capture the essential
characteristics of surface flux transport models (Muñoz-Jaramillo et al. 2010). Full
MHD simulations of the solar interior provides a necessary and important comple-
ment to kinematic dynamo simulations. Much of the processes in the interior of the
Sun is hidden from view and is not yet accessible to helioseismology; under the cir-
cumstances, MHD simulations reveal some of the important processes that should be
included in kinematic dynamo models of the solar cycle (e.g., the downward pumping
of magnetic flux). The full potential of MHD models of the solar interior seems to
be within grasp with the recent, successful simulation of cyclic reversal of magnetic
fields (Ghizaru, Charbonneau & Smolarkiewicz 2010) – a task that had long remained
elusive. We seem to be well positioned for an era of discovery regarding the solar
cycle.
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Abstract. Helicity is an important quantity to present the basic topological
configuration of magnetic field in the solar atmosphere, which is transferred
from the solar subatmosphere into the interplanetary space. In this paper,
we present the observational magnetic helicity in solar active regions and
corresponding questions.

Keywords : Sun: activity – Sun: magnetic topology

1. Importance and definition of magnetic helicity

Helicities are topologically a measure of the structural complexity of the correspond-
ing fields (Woltjer 1958a). As indicated by Taylor (1986) that the topological invari-
ants of ideal plasma so that only total magnetic helicity survives. Helicity is described
in terms of the internal structure of a flux tube and the external relations between flux
tubes. The magnetic helicity density hm=A · B, with A the vector potential for mag-
netic field B, measures the chirality of magnetic lines of force. The magnetic helicity
is defined as

Hm =

∫

V
hmd3x =

∫

V
A · Bd3x, (1)

where the vector potential A can not be observed immediately. It is conserved in a
close volume when small resistivity is present. The magnetic helicity can be separated
into two kinds. One is the self helicity, which relates to the magnetic flux tubes twisted
themselves. This helicity may be used to analyze the twisted magnetic flux loops.
Another is the mutual helicity, which relates to the different magnetic flux tubes linked
to each other. As the helicity contains both, the total helicity can be written in the form

Hm = TΦ2 + 2LΦ1Φ2, (2)

∗By Hongqi Zhang, email: hzhang@bao.ac.cn
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where the T is the twisted number of magnetic flux Φ and the L is the linkage number
of different magnetic flux Φ1 and Φ2.

The relative change of magnetic helicity in the solar atmosphere can be inferred
by the magnetic field across the boundary surface (Berger & Field 1984)

dHm

dt
= −2

∮

S
[(Vt · Ap)Bn − (Ap · Bt)Vn]ds, (3)

where the magnetic field B and velocity field V are observable in the solar atmosphere.
The subscripts have their normal meanings. The first term in eq. (3) provides the con-
tribution from the twisted motion of footpoints of magnetic field in the solar surface,
while the second term does that from the emergence of twisted magnetic flux from the
subatmosphere.

As demonstrated by Démoulin & Berger (2003), the horizontal motions, deduced
by tracking the photospheric cut of magnetic flux tubes, include the effect of both the
emergence and the shearing motions whatever the magnetic configuration complexity
is. Moreover, Pariat, Démoulin & Berger (2005) provided the analysis on the possibil-
ity of the flux density coming from shearing and advection motions if plasma motions
are known.

The current helicity density hc (hc = B · 5 × B) is another important physical
quantity for the measure of the magnetic field in the solar atmosphere. It is noticed
that only as 5 × A is parallel to A the relationship of both helicity densities becomes
simple, and both helicity density show the same sign constantly (Zhang 2001). The
relationship between the mean magnetic and current helicities is still probably a basic
question in the statistical analysis of magnetic fields.

The current helicity is defined in the form

Hc =

∫

V
hcd3x =

∫

V
B · 5 × Bd3x. (4)

If neglected the coefficient c
4π , we can obtain

Hc = 2I1I2. (5)

The similar relationship on the linkage and twist of current helicity relative to eq. (2)
can be inferred also

Hc = T I2 + 2LI1I2, (6)

where T is the twisted number of current system I and L is the linkage number of
different current system I1 and I2.

Moreover, it is found (Abramenko, Wang & Yurchishin 1996; Bao & Zhang 1998)
that only a part (vertical component) of current helicity density in the photosphere



Helicity of solar active regions 103

hcz = B · (5 × B)z can be inferred from the photospheric vector magnetograms, due to
the observational limitation. A similar limitation can be found also in the analysis of
the force free factor α =

µJz
Bz

(Pevtsov Canfield & Metcalf 1994), which also does not
contain any information on the horizontal part of current helicity density. The mean
photospheric current helicity density hc (or mean force free factor α) is normally used
to infer the handedness of magnetic field quantitatively in active regions.

It is suggested a dynamo mechanism in the solar interior based on the combined
action of differential rotation and cyclonic convective vortices (Paker 1955) as a vi-
able way to generate magnetic fields capable of driving the activity cycle. According
to mean field dynamo theory, the electromotive force E averaged over convective ed-
dies has a component parallel to the magnetic field, E = α < B > +..., where the
pseudoscalar α is related to kinetic and electric current helicities (cf. Brandenburg &
Subramanian 2005; Radler & Rheinhardt 2007).

The alpha effect is reevaluated in terms of ensemble-averaged properties of the
magnetic fluctuation spectrum. It is proposed that the turbulent current helicity must
be opposite in sign to the mean-field current helicity in order for the alpha effect to
play a role in overcoming the resistive diffusion of large-scale magnetic fields. Pou-
quet, Frisch & Leorat (1976) indicated that study of helicity is important in its ki-
netic and magnetic form for generation of large-scale magnetic fields by turbulence.
Keinigs (1983) and Keinigs & Gerwin (1986) presented that in a magnetized plasma
the alpha effect represents a turbulently generated electromotive force directed along
the mean magnetic field. Kleeorin & Rogachevskii (1999) analyzed the evolution of
the magnetic helicity tensor for a nonzero mean magnetic field and for large mag-
netic Reynolds numbers in an anisotropic turbulence. According to Kleeorin & Ro-
gachevskii (1999) and Brandenburg & Subramanian (2005), the change of magnetic
(current) helicity can been inferred in the form

∂hc

∂t
≈ − 2

l2
[< B > · 5 × < B > −(αk + hc) < B >2], (7)

where the symbols have their normal meanings. It means that the observational solar
vector magnetograms can be statistically used to get the possible message on the gen-
eration of magnetic field inside of the Sun due to the solar dynamo. The determination
of the kinetic helicity in the solar atmosphere is difficult, while the twist of magnetic
fields can be estimated from photospheric vector magnetograms of solar active regions
(Abramenko, Wang & Yurchisin 1996; Bao & Zhang 1998).

Cross helicity is another quantity to measure the complicity between the magnetic
and velocity field, which is estimated by Woltjer (1958b) and Moffatt (1969),

Hcross =

∫

V
B · Vd3x. (8)

The integral expresses the fact that the parallel components of B and V do not inter-
act, while the effect of cross helicity in the Sun is a basic question and needs to be
investigated also.
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2. The transfer of magnetic helicity and solar eruptive
phenomena

2.1 Helicity transfer in solar active regions

Helicity in solar active regions has been noticed recently (cf. Seehafer, 1990; Pevtsov,
Canfield & Metcalf 1994; Wang 1996; López Fuentes et al., 2000). Chae (2001)
showed how to observationally determine the rate of magnetic helicity transport via
photospheric footpoint shuffling from a time series of line-of-sight magnetograms.
From a series of photospheric-vector magnetograms and corresponding soft X-ray
images, it is found (Zhang 2001; Zhang 2006a) that the newly emerging magnetic
flux associates the current helicity from the subatmosphere in the active regions with
the redistribution of the current helicity density in the upper atmosphere, i.e. it pro-
vides observational evidence that flux and helicity emerge together. Because the injec-
tion rate of magnetic helicity and photospheric current helicity density have different
means in the solar atmosphere, a combined analysis of the observational magnetic
helicity parameters actually provides a relative complete picture of magnetic helicity
and its transfer in the solar atmosphere. Kusano et al. (2002) indicated that the photo-
spheric shear motion and the flux emergence process have equally contributed to the
helicity injection and have supplied magnetic helicity of opposite signs into the active
regions. Liu & Zhang (2006) found that the rotation of photospheric footpoints forms
in the earlier stage of magnetic flux emergence and the relative shear motion of differ-
ent magnetic flux systems appears later in an active region in Fig. 1. The strong shear
motion between the new emerging flux system and the old one brings more magnetic
helicity into the corona than the twisting motions. Jeorg & Chae (2007) indicated
that the evolution of injective quantity of magnetic helicity depends on the developing
phase of active regions.

In the analysis of fine helical features in the active regions, it is found that the
patches of positive and negative helicities were intermixed showing a mesh pattern
in the sunspot umbra and a thread pattern in the penumbra (Su et al. 2009). The fine
distributions of αz and hc on a penumbral filament indicated that it may be possible for
the two opposite helicities to coexist in a filament and their magnitudes were nearly
equivalent. It is found (Zhang 2010) that the individual magnetic fibrils are dominated
by the current density component caused by the magnetic inhomogeneity, while the
large-scale magnetic region is generally dominated by the electric current component
associated with the magnetic twist. The current mainly flows around the magnetic
flux fibrils in the active regions. Venkatakrishnan & Tiwari (2009) pointed out that
the existence of a global twist for a sunspot even in the absence of a net current is
consistent with a fibril-bundle structure of the sunspot magnetic fields. Moreover, Tian
& Alexander (2009) indicated from this statistical study that the leading (compact)
polarity injects several times more helicity flux than the following (fragmented) one
(typically 3-10 times).
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Figure 1. Vector magnetograms of HSOS (left) and computed horizontal velocity vectors being
superposed on MDI longitudinal magnetograms (right). The maximum arrow length measure
transverse magnetic field of 1200 G and velocity of 0.8 km s−1, separately. The field of view is
225′′ × 168′′. (Liu & Zhang 2006)

2.2 Helicity and solar flare-CMEs

It is normally believed that the complex helical configuration of magnetic field relates
to flare-CMEs (cf. Bao et al. 1999; Deng et al. 2001; Liu & Zhang 2002; Zhang 2002;
Wand, Zhou & Zhang, 2004). Rust & Kumar (1996) found that many of soft X-ray
brightenings were sigmoid (S-shaped). Nindos & Zhang (2002) and Nindos, Zhang
& Zhang (2003) investigated whether the bulk of magnetic helicity carried away from
the Sun by CMEs comes from helicity injected to the corona by such motions or
by emerging magnetic flux. Zhang, Liu & Zhang (2008) found the rapidly rotating
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Figure 2. Three current-sheet fields that have the same ratio and same total helicity but different
magnetic energies. (Zhang & Low 2003)

positive polarity of an extensive δ sunspot in Active Region (AR) NOAA 10486, it
produced several powerful flare-CMEs. They found the fastest of them is about 220o

for six days with the helicity injection in order of −5.2× 1043Mx2 in the whole AR. A
similar analysis was taken by Kazachenko et al. (2009). LaBonte, Georgoulis & Rust
(2007) surveyed magnetic helicity injection into 48 X-flare-producing active regions
recorded by the MDI between 1996 July and 2005 July. They found that an empirical
fit to the data shows that the injected helicity over the range 1039 −1043Mx2s−1 is pro-
portional to magnetic flux squared. Most of the X-flare regions generated the helicity
needed for a CME in a few days to a few hours.

Zhang & Low (2003) and Zhang, Flyer & Low (2006) have pointed out that the
accumulation of magnetic helicity in the corona plays a significant role in storing
magnetic energy in Fig. 2. The ejected helicity is provided by the twist in the sub-
photospheric part of the magnetic flux tube forming the active regions (cf. Green et al.
2002). It is found the helicity sign of the erupting field and the direction of filament
rotation to be consistent with the conversion of twist into writhe under the ideal MHD
constraint of helicity conservation (Green et al. 2007).

From the above discussions, it is found that the magnetic helicity is important to
reflect the handedness of active regions and relevant eruptive processes, while it does
not bring more information on the morphological configuration of magnetic field in
detail. The synthetic analysis with other parameters for the solar active processes is
also necessary.
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3. Relationship between magnetic helicity and solar cycles

3.1 Hemispheric rule of magnetic (current) helicity

Hale et al. (1919) firstly discovered that Hα penumbral features show the direction
of whirl in the Northern hemisphere is left-handed or anti-clockwise, while in the
Southern hemisphere it is right-handed or clockwise. Ding, Hong & Wang (1987) sta-
tistically analyzed the distribution of spiral patterns in the southern and northern hemi-
spheres and believed that the differential rotation may be a fundamental solar dynamo
for the formation of the spiral spots. The statistical directions of the emerging twisted
magnetic vectors in the active regions in the southern and northern hemispheres are
synchronously inverse with a period of about two years.

Seehafer (1990) demonstrated that the electric current helicity is predominantly
negative in the Northern Hemisphere and positive in the Southern Hemisphere. Pevtsov,
Canfield & Metcalf (1995) found in their data set, 76% of the active regions in the
northern hemisphere have negative helicity, and 69% in the southern hemisphere, pos-
itive. It is roughly consistent with the statistical results on the handedness of spi-
ral sunspots by Ding, Hong & Wang (1987). The soft X-ray loops in the solar at-
mosphere also provide the signatures of the handedness of magnetic fields (Rust &
Kumar 1996). Moreover, Abramenko, Wang & Yurchishin (1996) and Bao & Zhang
(1989) for active regions using a photospheric vector magnetograms from the Solar
Magnetic Field Telescope (SMFT) of the Huairou Solar Observing Station (HSOS).
It is found that more than 80% of the active regions in the northern (southern) hemi-
sphere show negative (positive) sign of current helicity. Hagino & Sakurai (2004)
studied the current helicity of solar active regions inferred from the weak field in the
vector magnetograms of active regions obtained with the Solar Flare Telescope, lo-
cated at the Mitaka campus of the National Astronomical Observatory and found the
similar hemispheric trends of helicity also. The confirmation on the hemispheric sign
rule of large-scale helicity has been done by Pevtsov & Latushko (2000) and Wang
& Zhang (2010) from full disk magnetograms observed by MDI/SOHO. Moreover,
Zhang (2006b) reported that the statistical analysis of strong fields gives a result: both
α and current helicity present a sign opposite to that of weak fields in the active re-
gions. The distinguishability between the weak and strong field relates to the basic
question on the analysis of vector magnetograms in the active regions.

As following the injection of magnetic helicity from active regions, LaBonte,
Georgoulis & Rust (2007) proposed that the weak hemispherical preference of he-
licity injection, positive in the south and negative in the north, is caused by the solar
differential rotation. Tian et al. (2001) found that there is a negative correlation be-
tween the sign of the tilt angle and the sign of the current helicity Yang, Zhang &
Büchner, (2009) investigated the accumulation of helicity in newly emerging simple
bipolar solar active regions. It is found that the accumulated helicity is proportional to
the exponent of magnetic flux (| H |∝ Φ1.85) in the 58 selected newly emerged simple
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Figure 3. Comparison on the statistical variation of mean α (helicity parameter) of same solar
active regions with latitude from different data sets between Huairou Solar Observing Station
of National Astronomical Observatories of China (solid line) and National Astronomical obser-
vatory of Japan (dash line) (top), and also that between Mees Solar Observatory (solid line) and
National Astronomical observatory of Japan (dash line) (bottom). (It is the same as the results
by Xu et al. 2007)

ARs. 74% of ARs have a negative (positive) helicity when the above defined tilt angle
rotates clockwise (counter-clockwise). This means that the accumulated helicity and
writhe have the same sign for most of the investigated ARs according to the tilt angle
evolution of ARs.

A statistical relationship between photospheric current helicity and subsurface ki-
netic helicity in solar active regions has been analyzed by Gao, Zhang & Zhao (2009).
The parameters are employed: average value of vertical component of current helic-
ity density, average force-free field factor and mean subsurface kinetic helicity. It is
found that although there is an opposite hemispheric preponderance between the signs
of current helicity and that of kinetic helicity at the solar surface, the uncertain corre-
lations between them do not support that the photospheric current helicity has a cause
and effect relation with the kinetic helicity at 0-12 Mm beneath the solar surface. It
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is inconsistent with the theoretical prediction by Keinigs (1983) for the relationship
between both helicities.

For estimating the accuracy on the measurements of current helicity in the solar
active regions, Pevtsov, Dun & Zhang (2006) used 270 pairs of vector magnetograms
observed by Haleakala Stokes Polarimeter (HSP) and Solar Magnetic Field Telescope
(SMFT) of Huairou Solar Observing Station from 1997–2000 to compare current he-
licity derived by these two instruments. They found that in 80% of cases SMFT and
HSP data result in the same sign of α, and the Pearson linear correlation coefficient
between two data sets is rp = 0.64. A comparison also with a series of magnetograms
observed by the Solar Flare Telescope (SFT) at Mitaka (MTK) of the National As-
tronomical Observatory of Japan has been taken by Xu et al. (2007) in Fig. 3. It is
consistent with the results of Hagino & Sakurai (2005) on the analysis of hemispheric
magnetic helicity rule with solar cycles. Moreover, Pevtsov et al. (2008) concluded
that because the hemispheric helicity rule is a weak tendency with significant scatter,
an annual subset of active regions is likely to produce statistically unreliable results.

3.2 Evolution of magnetic (current) helicity with solar cycle

By comparing the relationship between the helicity and solar dynamo models by See-
hafer (1994), Rüdiger, Pipin & Belvedère (2001) and Brandenburg, Dobler & Sub-
ramanian (2002), Longcope, Fisher & Pevtsov (1998) discussed the flux-tube twist
resulting from helical turbulence. This process, designated the Sigma-effect, oper-
ates on isolated magnetic flux tubes subjected to buffeting by turbulence with a non-
vanishing kinetic helicity. The Sigma-effect leads to twist of the same sense inferred
from observation and opposite to that predicted by the alpha-effect.

Based on the observational current helicity of solar active regions with the pos-
sible formation depth in the solar convective zone (SCZ) (Kuzanyan, Pipin & Zhang,
2003), Kleeorin et al. (2003) and Zhang et al. (2006) attempted to connect observa-
tional data on current helicity in solar active regions with solar dynamo models. The
predictions of this model about the radial distribution of solar current helicity appear
to be in remarkable agreement with the available observational data; in particular the
relative volume occupied by the current helicity of ‘wrong’ sign grows significantly
with the depth. Yeates, Mackay & van Ballegooijen (2008) simulated the evolution
of magnetic fields in the solar atmosphere in response to flux emergence and shearing
by photospheric motions. In agreement with observations, there is significant scatter
and intermixing of both signs of helicity, where they indicated local values of current
helicity density that are much higher than those predicted by linear force-free extrap-
olations.

The distribution and evolution of magnetic helicity of solar active regions in the
solar atmosphere are more interesting for understanding the generation of magnetic
field inside of the Sun. Berger & Ruzmaikin (2000) indicated that rotation of open
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Figure 4. −dα/dλ as a function of time covering the equivalent of two sunspot cycles. To find
out the values of time that correspond to maxima or minima. (Choudhuri, Chatterjee & Nandy,
2004)

fields creates the Parker spiral which carries outward 1047Mx2 of magnetic helicity (in
each hemisphere) during a solar cycle. Zhang & Bao (1998) analyzed the latitudinal
distribution of the photospheric current helicity for active regions, including most of
the large ones observed in the period of 1988-1997. It is found that the negative
maximum values of current helicity occurred in 1989 and 1991, while those positive
around 1992. Bao, Ai & Zhang (2000) computed the sign of different current helicity
parameters (i.e. αbest and hc) for active regions during the rise of solar cycle 23.
The results indicate that 59% of the active regions in the northern hemisphere have
negative αbest and 65% in the southern hemisphere have positive. However, the helicity
parameter hc shows a weaker opposite hemisphereic preference in the new solar cycle.
Hagino & Sakurai (2005) found that although the hemispheric sign rule of helicity
generally holds, it is found significant time variations in the yearly values of helicity
during the observation period. The hemispheric sign rule of helicity is satisfied in the
solar maximum phase, but may not be so in the solar minimum phase.

Choudhuri, Chatterjee & Nandy (2004) calculated helicities of solar active re-
gions based on the idea that poloidal flux lines get wrapped around a toroidal flux tube
rising through the convection zone, thereby giving rise to the helicity. They found that
during a short interval at the beginning of a cycle, helicities tend to be opposite of
the preferred hemispheric trends in Fig. 4. Xu et al. (2009) studied the behavior of
the electric-current and magnetic helicities in the course of the solar-activity cycle in
the framework of Parker’s very simple model for the solar dynamo. They proposed
a possibility of the reverse of hemispheric helicity rule in the end of the solar cy-
cle. These are basically consistent with observational tendency by Bao, Ai & Zhang
(2000), Hagino & Sakurai (2005) and Xu et al. (2007).

The statistical imbalance of magnetic helicity of solar active regions in both hemi-
spheres with solar cycles was discovered by Zhang et al. (2010a) recently, who an-
alyzed a series of vector magnetograms of solar active regions observed at Huairou
Solar Observing Station in China for more than 20 years is shown in Fig. 5. They
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found the following observational evidence: magnetic (electric current) helicity and
twist patterns are, in general, anti-symmetric with respect to the solar equator. The
helicity pattern is more complicated than Hales polarity law for sunspots. Areas of
the “wrong” sign have been found at the ends of the butterfly wings as well as at their
very beginning. The maximum value of helicity, at the surface at least, seems to occur
near the edges of the butterfly diagram of sunspots. It is consistent basically with the
results by Tiwari, Venkatakrishnan & Sankarasubramanian (2009) based on the analy-
sis of 43 sunspots in a period of solar cycle. The handedness of large scale soft X-ray
loops near solar active regions with solar cycle was analyzed by Zhang et al. (2010b).
By comparing with the reversal models of hemispheric helicity distribution proposed
by Choudhuri, Chatterjee & Nandy (2004) and Xu et al. (2009), the new possibilities
on the large-scale non-antisymmetric components of magnetic helicity of solar active
regions in both hemispheres with solar cycles need to be investigated.

The diagnosis on the transequatorial connection of magnetic field from active
regions in both hemispheric atmospheres is useful for understanding the evolution of
large-scale magnetic helicity of the Sun. Pevtsov (2000) found that approximately
one-third of all active regions on the Sun exhibit transequatorial loops (TLs), and also
found that the reconnected regions have approximately the same rotation rate and tend
to appear on certain longitudes, similar to the complexes of activity. In most cases
transequatorial interconnected regions have the same handedness of their magnetic
field. Chen, Bao & Zhang (2007) pointed out that about 50% of the active region pairs
carry the same current helicity sign and about 50% of them have the opposite.

Jiang, Choudhuri & Wang (2007) presented a possibility on the origin of TLs
linking with the Babcock Leighton dynamo process based on the model of Chatterjee,
Nandy & Choudhuri (2004). They proposed that TLs are visible signatures of poloidal
field lines across the equator. Moreover, Yokoyama & Masuda (2009) analyzed TLs
observed simultaneously with Yohkoh/SXT and a coronagraph (SOHO/LASCO-C1).
SOHO/LASCO-C1 observed loop expansion and eruption at the west solar limb. They
proposed a formation mechanism of the TLs that forms between two independent ac-
tive regions. Yokoyama & Masuda (2010) also found that some TLs were originating
with large-scale magnetic fields of the coronal-hole boundary through magnetic re-
connection between the active region and a coronal hole.

Moreover, Kuzanyan, Pipin & Zhang (2007) showed that the cross-helicity alter-
nates in sign with the solar cycle (so it is zero in the long time average), and it changes
from negative to positive following the toroidal field. They demonstrated how it is
possible to tune such models with respect to account of different effects to reproduce
particular features of the observable solar magnetic fields and its helical properties. By
means of a quasilinear theory and by numerical simulations, Rüdiger, Kitchatinov &
Brandenburg (2011) found the cross helicity and the mean vertical magnetic field to be
anti-correlated and predicted that the cross helicity at the solar surface will exceed the
value of 1 gauss km/s. Zhao, Wang & Zhang (2011) used line-of-sight magnetograms
and Dopplergrams from SOHO/MDI to determine the distribution of cross helicity in
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Figure 5. Top: the distribution of the averaged twist αff ; and bottom: electric current helicity
HCz of solar active regions in the 22nd and 23rd solar cycles. Superimposed, the underlying
coloured “butterfly diagram” shows how sunspot density varies with latitude over the solar
cycle. Vertical axis gives the latitude and the horizontal gives the time in years. The circle sizes
give the magnitude of the displayed quantity. The bars to the right of the circles show the level
of error bars computed as 95% confidence intervals, scaled to the same units as the circles. 72
out of 88 groups for current helicity (82%) as well as 67 out of 88 groups for twist (74%) have
the error bars lower than the signal level. (Zhang et al. 2010a)

the solar surface and found that the large-scale and weak magnetic field (less than 50
G) is correlated with the velocity statistically, even if it is a preliminary analysis on
the cross helicity in the solar surface.

4. Discussions

The study of helicity in the solar active regions is an interesting topic, which relates to
the measurements and analysis of solar activities basically.

It should be noticed that the inversion accuracy of Stokes parameters for the
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measured photospheric vector magnetic field and the resolution of 180◦-ambiguity of
transverse component of vector magnetic field are still basic questions. From the di-
rectorial measurements of magnetic and current helicities taken from the photospheric
(vector) magnetograms, one can get the quantities of the transfer rate of magnetic
helicity, while one cannot get the basic topology of magnetic field in the high solar
atmosphere. The measurements of solar vector magnetograms provide a chance to
analyze the distribution of partial current helicity density (hcz) of solar active regions
in the solar surface, but it is not the complete helicity density (hc).

A systematic analysis of magnetic helicity in the solar atmosphere is an important
chance to know the formation of solar active cycles, and the relationship with possible
solar dynamo. Even if amount of samples of photospheric vector magnetograms have
been observed at different solar observatories in the last more than 20 years and these
data have been used to infer the current helicity of solar active regions, one still finds
some slight different helicity results from the different observing sets. Moreover, one
also can not get all of vector magnetic fields of solar active regions, due to the absence
of the complete observations of vector magnetic fields of the Sun and the evolution
with solar cycles.

The solar magnetic fields are normally measured in the photosphere, while it is
far from the formation layers of the solar dynamo and the eruption of flare-CMEs.
One still cannot know more information on the generation of the magnetic field inside
of the Sun, while the twisted magnetic fields in the solar surface have been analyzed
in the form of helicity to infer their possible generation. Even if one knows that the
formation of flare-CMEs relates to the complex configuration of magnetic fields in
the solar surface, while the study on topology of magnetic fields in the high solar
atmosphere some basic questions still remain.
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Abstract. We investigate the criterion for the solar dipole-field in a kine-
matic flux-transport dynamo model. The sun has a dipole-like global mag-
netic field. This field is thought to be generated by the dynamo action of
the solar internal plasma. The flux-transport dynamo succeeds to reproduce
some features of solar cycle, e.g. poleward the migration of the general
magnetic field and the butterfly diagram. The parity, however, of the global
magnetic field significantly depends on parameters in the flux-transport dy-
namo. It is known that the coupling of the magnetic field between hemi-
spheres due to turbulent diffusivity is an important factor for the solar parity
issue, but the detailed criterion for the generation of the dipole field has not
been investigated. Our conclusions are as follows. (1) The stronger dif-
fusivity near the surface is more likely to cause the magnetic field to be a
dipole. (2) The thinner layer of the strong diffusivity near the surface is
also more apt to generate a dipolar magnetic field. (3) The faster merid-
ional flow is more prone to cause the magnetic field to be a quadrupole, i.e.,
symmetric about the equator. The result (1) is consistent with our previ-
ous work (Hotta & Yokoyama 2010a), which is on the effect of the surface
diffusivity for the observed weak polar field.

Keywords : Sun: dynamo – Sun: activity

1. Introduction

The number of sunspots, i.e. the solar magnetic fields, has an eleven-year cyclic vari-
ation. This solar cycle is thought to be sustained by the dynamo action (Parker 1955).
Dynamo means the transformation from the kinetic energy to the magnetic energy.
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The flux-transport dynamo can reproduce some features of the solar cycle, such as
the poleward migration of the general magnetic field and the equatorward migration
of the active latitude (Choudhuri, Shüssler & Dikpati 1995; Dikpati & Charbonneau
1999). The flux-transport dynamo consists of three steps. At the first step, strong
toroidal magnetic fields are generated by the steep radial gradient of angular velocity
at the tachocline (Ω-effect). Then the toroidal fields begin to rise to the surface due to
the magnetic buoyancy. During the rising, the toroidal fields are bent by the Coriolis
force and poloidal magnetic fields are generated near the surface (Babcock-Leighton
α-effect). This is the second step. In the third step, the generated poloidal magnetic
fields are transported to the tachocline again by the meridional flow or the turbulent
diffusion from the surface to the tachocline. The toroidal magnetic field is generated
again at the tachocline, i.e. the first step. An important thing of the flux-transport
dynamo for this study is that the toroidal fields are generated mainly around the base
of the convection zone, i.e. tachocline and the poloidal fields are generated near the
surface.

The solar global magnetic field is antisymmetric about the equator, i.e. the dipolar
global magnetic field. The north and south polar fields are almost always opposite
and Hale’s law states the structure of each sunspot pair is antisymmetric about the
equator. In the flux-transport dynamo, however, the parity significantly depends on
free parameters, i.e. the meridional flow and the turbulent diffusivity.

Chatterjee, Nandy & Choudhuri (2004) suggested that the turbulent diffusivity has
an important role on the parity issue. This role can be explained with Fig 1. The panel
(a) of Fig. 1 shows the poloidal field in the dipole and quadrupole cases. In the dipole
case, the sign of the φ-component vector potential is same between hemispheres. If
the phase in one hemisphere advances faster than the other hemisphere, this difference
can be smoothed out with turbulent diffusion. On the other hand, this effect does
not work in quadrupole case because the sign of the vector potentials are opposite.
We conclude that the turbulent diffusion for the poloidal magnetic fields is likely to
generate the global magnetic field dipole. The sign of the toroidal magnetic fields
are opposite (same) between hemispheres in dipole (quadrupole) case. With the same
logic as the case for the poloidal field, it is clear that the turbulent diffusion of the
toroidal field is prone to generate quadrupole field.

In this study, we investigate the dependence of the parity of solar global magnetic
field on the distribution of the turbulent diffusivity and the speed of the meridional
flow.

2. Model

Axisymmetric magnetic induction equation is solved kinematically in spherical geom-
etry (r, θ, φ), where r, θ and φ denote the radius, the colatitude and the longitude, re-
spectively. The magnetic field is decomposed into the toroidal field B and the poloidal
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Figure 1. Illustration of the parity issue. Panel (a) shows the poloidal fields (line) for a dipole
and a quadrupole field and the corresponding vector potentials. Panel (b) shows the toroidal
field for a dipole and a quadrupole.

field Bp = ∇× (Aeφ), where A is the φ component of the magnetic vector potential and
eφ is the unit vector along the φ-direction. We obtain equations for the toroidal and
poloidal field as follows,

∂B
∂t

+
1
r

[
∂

∂r
(rurB) +

∂

∂θ
(uθB)

]
= r sin θ(Bp·∇)Ω−(∇η×∇×Beφ)·eφ+η
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B,

(1)
∂A
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)
A + S (r, θ; B). (2)

The meridional flow u = (ur, uθ), the differential rotation Ω, the turbulent diffusivity
η and the source term of the Babcock-Leighton α-effect S are took as parameters.
The detailed settings of the meridional flow, the differential rotation and the Babcock-
Leighton α-effect are shown in Hotta & Yokoyama (2010b).

The turbulent diffusivity is defined as follows,

η(r) = ηcore +
ηt

2

[
1 + erf

(
r − r1

d1

)]
+
ηs

2

[
1 + erf

(
r − r2

d2

)]
. (3)

Here r1 = 0.7R, d1 = 0.02R, and d2 = 0.02R, where R is the solar radius. ηs, ηt, and
ηcore denote the values of the turbulent diffusivity near the surface, in the middle of
convection zone and around the bottom of convection zone, respectively. We use the
fixed value ηt = 5×1010 cm2 s−1 and ηcore = 5×108 cm2 s−1. We take ηs and r2 as free
parameters. For convenience, we define the surface depth ds = R − r2 which denotes
the thickness of the strong diffusivity layer.

3. Result

A new indicator of the magnetic parity is defined in this study. The radial magnetic
field at the surface can be decomposed with the Legendre polynomial Pn as,

Br(R, θ) =
∑

n=0

cnPn(cos θ). (4)
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Figure 2. Butterfly diagram for the reference solution. The time-latitude plot of Bφ|r=0.7R by
contour is superposed on the color map of the surface radial fields.

Then, we define the symmetric parameter (SP) with the ratio of the coefficient of even
and odd order of the Legendre polynomial as

SP =

∑
i=0 |c2i| −∑

i=0 |c2i+1|∑
i=0 |ci| . (5)

Each even (odd) order of the Legendre polynomial is symmetric (antisymmetric) about
the equator. When SP = 1 (SP = −1) the global magnetic field is completely symmet-
ric (antisymmetric) about the equator.

Fig. 2 shows the time-latitude plot of the result with our reference parameter.
The amplitude and the thickness of the turbulent diffusivity near surface is ηs = 2 ×
1012 cm2 s−1 and ds = 0.1R, respectively. This simulation starts with a symmetric
initial condition. As time goes on, the global magnetic field becomes antisymmetric
about the equator. In this case, the SP develops as shown in Figure 3. The black (red)
line denotes the result with a symmetric (antisymmetric) initial condition. Regardless
of the initial condition, the value of SP becomes about −1 i.e. the antisymmetric value.

We investigate the asymptotic stationary values of the SP for runs with different
free parameters. We carried out runs by choosing a value for ηs, from eight points
in the range 6 × 1011 cm2 s−1 to 1 × 1013 cm2 s−1 and ds, from five points in the
range 0.1-0.25R. The speed of the meridional flow u0 is also took as a free parameter
and 1000 cm s−1 (slow case) and 2000 cm s−1 (fast case) are adopted. The results
of this parameter-space study are shown in Fig. 4. Panel (a) shows the result of the
slow meridional flow case. The contour plot of SP is shown. This result indicates
two important points. One is that the strong turbulent diffusivity near the surface
likely to generate a dipolar field. The other is that a thinner surface depth ds is more
prone to make the global magnetic field dipole. As we explained in §1, toroidal fields
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Figure 3. Time development of the SPs. The black (red) line corresponds to the results of the
symmetric (antisymmetric) initial condition. Regardless of the initial condition, the SP finally
becomes ∼ −1 (antisymmetric solution).

Figure 4. Symmetric parameter as a function of the diffusivity ηs and the surface depth ds. The
superposed lines indicate the contours of the dynamo cycle period over periods of years. Panel
(a) shows the results for the slow meridional flow case (u0 = 1000 cm s−1). Panel (b) shows the
result for the fast meridional flow case (u0 = 2000 cm s−1).

are generated mainly around the tachocline and poloidal fields are generated near the
surface. The strong turbulent diffusion near the surface mainly promotes the coupling
of poloidal fields between the hemispheres. In addition, the coupling of toroidal fields
is suppressed, when the surface depth becomes small. Both effects, i.e. strong and
thin, make the global magnetic field dipole.

Panel (b) shows the result with the fast meridional flow. It is clear that the criterion
for the global magnetic field to be a quadrupolar field becomes relaxed. In the flux-
transport dynamo, the meridional flow transports poloidal fields poleward and toroidal
fields equatorward. This effect suppresses the coupling of poloidal fields and promotes
the coupling of toroidal fields. Both effects make the global magnetic field quadrupole.

4. Discussion and summary

We investigated the dependence of the global magnetic parity on the distribution of the
diffusivity (the amplitude and the surface depth) and the amplitude of the meridional
flow. Three results were obtained. First, the model shows that the stronger diffusiv-
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ity near the surface acts to make the magnetic field a dipole. The diffusivity near the
surface enhances mainly the coupling of the poloidal field near the surface between
the hemispheres, leading to the generation of a dipolar magnetic field. The second
result is that the thinner layer of the strong surface diffusivity also works to cause
the magnetic field to become dipolar. The first result is consistent our previous study
(Hotta & Yokoyama 2010a), which is on the effect of the surface diffusivity for the
observed weak polar field. The thinner surface depth suppresses the coupling of the
toroidal field between the hemispheres since most of the toroidal field exists around
the tachocline. The third result is that the fast meridional flow causes the magnetic
field to become a quadrupole. The fast meridional flow prevents the poloidal field
from coupling near the surface of the equator because the flow transports the poloidal
field poleward. In addition, the flow transports the toroidal field around the tachocline
equatorward, thus causing the coupling of the toroidal field. These three results quan-
titatively constrain the distribution and the amplitude of turbulent diffusivity, which
cannot be determined by observation and is an important factor for the dynamo prob-
lem.
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Abstract. The sunspot number varies roughly periodically with time.
However the individual cycle durations and the amplitudes are found to
vary in an irregular manner. It is observed that the stronger cycles are hav-
ing shorter rise times and vice versa. This leads to an important effect
know as the Waldmeier effect. Another important feature of the solar cycle
irregularity are the grand minima during which the activity level is strongly
reduced. We explore whether these solar cycle irregularities can be stud-
ied with the help of the flux transport dynamo model of the solar cycle. We
show that with a suitable stochastic fluctuations in a regular dynamo model,
we are able to reproduce many irregular features of the solar cycle including
the Waldmeier effect and the grand minimum. However, we get all these
results only if the value of the turbulent diffusivity in the convection zone
is reasonably high.

Keywords : Sun: dynamo – Sun: activity

1. Introduction

Although the sunspot number varies periodically with time with an average period of
11 year, the individual cycle period (length) and also the strength (amplitude) vary in
a random way. It is observed that the stronger cycles have shorter periods and vice
versa. This leads to an important feature of solar cycle known as Waldmeier effect.
It says that there is an anti-correlation between the rise time and the peak sunspot
number. We call this as WE1. Now instead of rise time if we consider the rise rate
then we get very tight correlation between the rise rate and the peak sunspot number.
We call this as WE2.
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Another important aspect of solar activity are the grand minima. These are the
periods of strongly reduced activity. A best example of these is the Maunder minimum
during 1645–1715. It was not an artifact of few observations, but a real phenomenon
(Hoyt & Schatten 1996). From the study of the cosmogenic isotope 14C data in tree
rings, Usoskin, Solanki & Kovaltsov (2007) reported that there are 27 grand minimum
during last 11, 000 years.

2. Methodology and results

We want to model these irregularities of solar cycle using flux transport dynamo model
(Choudhuri, Schüssler & Dikpati 1995; Dikpati & Charbonneau 1999; Chatterjee,
Nandy & Choudhuri 2004). In this model, the turbulent diffusivity is an important
ingredient which is not properly constrained. Therefore several groups use different
value of diffusivity and this leads to two kinds of flux transport dynamo model – high
diffusivity model and low diffusivity model. In the earlier model, the value of diffu-
sivity usually used is ∼ 1012 − 1013 cm2 s−1 (see also Jiang, Chatterjee & Choudhuri
2007 and Yeates, Nandy & Mackay 2008 for details), whereas in the later model, it
is ∼ 1010 − 1011 cm2 s−1. We mention that the mixing length theory gives the value
of diffusivity as ∼ 1012 cm2 s−1. Another important flux transport agent in this model
is the meridional circulation. Only since 1990’s we have some observational data
of meridional circulation near the surface and therefore we do not know whether the
meridional circulation varied largely with solar cycle in past or not. However if the
flux transport dynamo is the correct dynamo for the solar cycle, then one can consider
the solar cycle period variation as the variation for the meridional circulation because
the cycle period is strongly determined by the strength of the meridional circulation.
Now the periods of the solar cycle indeed had much variation in past, then we can
easily say that the meridional circulation had significant variation with the solar cycle.
Therefore the main fluctuations in the flux transport dynamo model are the stochastic
fluctuations in Babcock–Leighton process of generating poloidal field and the stochas-
tic fluctuations in the meridional circulation. In this paper we explore the effects of
fluctuations of the later.

2.1 Modeling last 23 solar cycles

We model last 23 cycles by fitting the periods with variable meridional circulation
in a high diffusivity model based on Chatterjee et al. (2004) model. The solid line
in Fig. 1(a) shows the variation of the amplitude of meridional circulation v0 used to
model the periods of the cycles. Note that we did not try to match the periods of each
cycles accurately which is bit difficult. We change v0 between two cycles and not
during a cycle. In addition, we do not change v0 if the period difference between two
successive cycles is less than 5% of the average period.
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Figure 1. (a) Variation of amplitudes of meridional circulation v0 (in m s−1) with time (in
yr). The solid line is the variation of v0 used to match the theoretical periods with the observed
periods. (b) Variation of theoretical sunspot number (dashed line) and observed sunspot number
(solid line) with time. (c) Scatter diagram showing peak theoretical sunspot number and peak
observed sunspot number. The linear correlation coefficients and the corresponding significance
levels are given on the plot.

In Fig. 1(b), we show the theoretical sunspot series (eruptions) by dashed line
along with the observed sunspot series by solid line. The theoretical sunspot series has
been multiplied by a factor to match the observed value. It is very interesting to see
that most of the amplitudes of the theoretical sunspot cycle have been matched with the
observed sunspot cycle. Therefore, we have found a significant correlation between
these two (see Fig. 1(c)). This study suggests that a major part of the fluctuations
of the amplitude of the solar cycle may come from the fluctuations of the meridional
circulation. This is a very important result of this analysis.

Now we explain the physics of this result based on Yeates et al. (2008). Toroidal
field in the flux transport model, is generated by the stretching of the poloidal field
in the tachocline. The production of this toroidal field is more if the poloidal field
remains in the tachocline for longer time and vice versa. However, the poloidal field
diffuses during its transport through the convection zone. As a result, if the diffusivity
is very high, then much of the poloidal field diffuses away and very less amount of it
reaches the tachocline to induct toroidal field. Therefore, when we decrease v0 in high
diffusivity model to match the period of a longer cycle, the poloidal field gets more
time to diffuse during its transport through the convection zone. This ultimately leads
to a lesser generation of toroidal field and hence the cycle becomes weaker. On the
other hand, when we increase the value of v0 to match the period of a shorter cycle,
the poloidal field does not get much time to diffuse in the convection zone. Hence it
produces stronger toroidal field and the cycle becomes stronger. Consequently, we get
weaker amplitudes for longer periods and vice versa. However, this is not the case in
low diffusivity model because in this model the diffusive decay of the fields are not
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much important. As a result, the slower meridional circulation means that the poloidal
field remains in the tachocline for longer time and therefore it produces more toroidal
field, giving rise to a strong cycle. Therefore, we do not get a correct correlation
between the amplitudes of theoretical sunspot number and that of observed sunspot
number when repeat the same analysis in low diffusivity model based on Dikpati &
Charbonneau (1999) model.

2.2 Modeling Waldmeier effect

We study the Waldmeier effect using flux transport dynamo model. We have seen
that the stochastic fluctuations in the Babcock–Leighton process and the stochastic
fluctuations in the meridional circulation are the two main sources of irregularities in
this model. Therefore, to study Waldmeier effect we first introduce suitable stochas-
tic fluctuations in the poloidal field source term of Babcock–Leighton process. We
see that this study cannot reproduce WE1 (Fig. 2(a)). However it reproduces WE2
(Fig. 2(b)).

Figure 2. Theoretical plots of WE1 (a) and WE2 (b) obtained by introducing fluctuations in the
poloidal field at the minima.

Figure 3. Theoretical plots of WE1 and WE2 obtained by introducing fluctuations in the merid-
ional circulation.

Next we introduce stochastic fluctuations in the meridional circulation. Fig. 2
shows this result. Interestingly, we see that it reproduces not only WE2, but also WE1
(see Fig. 3(a)).

Finally we introduce stochastic fluctuations in both the poloidal field source term
and the meridional circulation. We see that both WE1 and WE2 are remarkably repro-
duced in this case. We repeat the same study in low diffusivity model based on Dikpati
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Figure 4. Theoretical plots of WE1 and WE2 obtained by introducing fluctuations in both the
poloidal field generation and the meridional circulation.

& Charbonneau (1999) model. However in this case we are failed to reproduce WE1,
only WE2 is reproduced. The details of this work can be found in Karak & Choudhuri
(2011a).

2.3 Modeling Maunder-like grand minimum

We have realized that the meridional circulation is important in modeling many as-
pects of solar cycle. Therefore we check whether a large decrease of the meridional
circulation leads to a Maunder-like grand minimum. To answer this question, we
decrease v0 to a very low value in both the hemispheres. We have done this in the
decaying phase of the last sunspot cycle before Maunder minimum. We keep v0 at low
value for around 1 yr and then we again increase it to the usual value but at different
rates in two hemispheres. In northern hemisphere, v0 is increased at slightly lower rate
than southern hemisphere.

In Fig. 5, we show the theoretical results covering the Maunder minimum episode.
Fig. 5(a), shows the maximum amplitude of meridional circulation v0 varied over this
period in two hemispheres. In Fig. 5(b), we show the butterfly diagram of sunspot
numbers, whereas in Fig. 5(c), we show the variation of total sunspot number along
with the individual sunspot numbers in two hemispheres (see the caption). In order
to facilitate comparison with observational data, we have taken the beginning of the
year to be 1635. Note that our theoretical results reproduce the sudden initiation and
the gradual recovery, the North-South asymmetry of sunspot number observed in the
last phase of Maunder minimum and the cyclic oscillation of solar cycle found in
cosmogenic isotope data.

We also mention that if we reduce the poloidal field to a very low value at the
beginning of the Maunder minimum then also we can reproduce Maunder-like grand
minimum (Choudhuri & Karak 2009). However in both the cases, either we need to
reduce the meridional circulation or the poloidal field at the beginning of the Maunder
minimum. However if we reduce the poloidal field little bit, then one can reproduce
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Figure 5. (a) The solid and dashed lines show the variations of v0 (in m s−1) in northern and
southern hemispheres with time. (b) The butterfly diagram. (c) The dashed and dotted lines
show the sunspot numbers in southern and northern hemispheres, whereas the solid line is the
total sunspot number. (d) Variation of energy density of toroidal field at latitude 15◦ at the
bottom of the convection zone.

Maunder-like grand minimum at a moderate value of meridional circulation. The
details of this study can be found in Karak (2010).

We have shown that with a suitable stochastic fluctuations in the meridional cir-
culation, we are able to reproduce many important irregular features of solar cycle
including Waldmeier effect and Maunder like grand minimum. However we are failed
to reproduce these results in low diffusivity model. Therefore this study along with
some earlier studies (Chatterjee, Nandy & Choudhuri 2004; Chatterjee & Choudhuri
2006; Goel & Choudhuri 2009; Jiang, Chatterjee & Choudhuri 2007; Karak 2010;
Karak & Choudhuri 2011a; Karak & Choudhuri 2011b) supports the high diffusivity
model for solar cycle.
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torsional oscillations and variations in meridional
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Abstract. The periodically varying Lorentz force of the periodic solar
magnetic field generated by the solar dynamo can induce two kinds of mo-
tions: torsional oscillations and periodic variations in the meridional circu-
lation. Observational evidence now exists for both these kinds of motions.
We discuss our ongoing effort in theoretically studying the variations of the
meridional circulation. Then we present our theoretical model of torsional
oscillations, which addresses the question why these oscillations start be-
fore sunspot cycles at latitudes higher than where sunspots are seen.
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1. Introduction

The solar cycle is associated with a periodically varying magnetic field produced by
the solar dynamo. This periodically varying magnetic field must give rise to a period-
ically varying Lorentz force. We consider the possible kinds of motions induced by
this periodically varying Lorentz force.

To figure out the kinds of motions induced, we need to look at the Navier–Stokes
equation with the periodically varying Lorentz force inserted in it. We can consider
two kinds of motions separately: (i) the motions in the φ direction, and (ii) the mo-
tions in (r, θ) plane. It may be mentioned that the equation of continuity has to be
satisfied along with the Navier–Stokes equation. The equation of continuity ensures
that motions in r and θ directions are coupled together. So we cannot treat those two
directions separately. However, motions in the φ direction can be treated separately.
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The basic motion in the φ direction is the differential rotation, which can be mod-
ified by the periodically varying Lorentz force. Such a periodic variation of the dif-
ferential rotation—known as torsional oscillations—has been known for about three
decades since its discovery at the surface by Howard & LaBonte (1980). On the other
hand, the basic motion in the (r, θ) plane is the meridional circulation and only recently
evidence has started coming that there is a periodic variation of the meridional circu-
lation with the solar cycle (Hathaway & Rightmire 2010). Soon after the discovery
of torsional oscillations, some authors started exploring their theoretical implications
(Yoshimura 1981; Schüssler 1981; Tuominen & Virtanen 1984). Due to the rapid
developments in dynamo theory in the last few years, this subject needs revisiting.

We (Karak & Choudhuri) are working on a theoretical model of the variation
of meridional circulation due to the Lorentz force. Some of the basic concerns are
discussed in §2. Then in §3 we summarize our recent work on torsional oscillations
(Chakraborty, Choudhuri & Chatterjee 2009a).

2. Variations of meridional circulation

The meridional circulation of the Sun plays a crucial role in the flux transport dynamo.
However, its theory is still rather poorly understood. Helioseismology provides some
information about the meridional circulation in the upper layers of the convection
zone (Giles et al. 1997; Braun & Fan 1998; Gonzalez Hermandez et al. 2006; Svanda,
Kosovichev & Zhao 2007). But there is no reliable observational data available yet on
the nature of the meridional circulation at the bottom of the convection zone, which is
crucial for the dynamo (Nandy & Choudhuri 2002).

The classic investigation by Kitchatinov & Rüdiger (1995) showed that the merid-
ional circulation arises out of a slight imbalance between two large terms, requiring
a pole-equator temperature difference of about 5◦. A consequence of this is that even
small fluctuations in any of these large terms may cause significant variations in merid-
ional circulation. On the basis of indirect evidence, Karak (2010) concluded that there
have been large variations in meridional circulation in the last few centuries. The
variations in meridional circulation also seem to be the main reason behind the well-
known Waldmeier effect of solar cycles (Karak & Choudhuri 2011a).

Apart from these random variations of meridional circulation, we expect some
systematic periodic variations with the solar cycle. Only recently Hathaway & Right-
mire (2010) and Basu & Antia (2010) have presented evidence for this. It appears that
the meridional circulation near the surface becomes somewhat weaker at the time of
the sunspot maximum. We expect a strong toroidal field at the bottom of the convec-
tion zone at the time of the sunspot maximum. Such a toroidal field has a Lorentz
force directed towards the rotation axis and has a tendency of slipping poleward (van
Ballegooijen & Choudhuri 1988). This poleward slipping tendency will oppose the
equatorward meridional circulation at the bottom of the convection zone. We (Karak
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& Choudhuri) are now carrying out a detailed calculation to investigate whether the
surface observations of the reduction of meridional circulation at the time of sunspot
maximum can be explained as arising out of this opposition to meridional circulation
due to the poleward slip tendency of the strong toroidal field at the bottom of the
convection zone.

It may be mentioned that Nandy, Muñoz-Jaramillo & Martens (2011) have as-
sumed in a recent work that the meridional circulation changes randomly at every
solar maximum. We disagree with this assumption and believe that the meridional
circulation decreases at the solar maximum due to the Lorentz force of the magnetic
fields in a systematic deterministic way. If the Lorentz force quenches the meridional
circulation at the time of the solar maximum, one important question is whether this
will have any effect on the dynamo. Recently Karak & Choudhuri (2011b) performed
a dynamo simulation by assuming that the amplitude of the meridional circulation is
quenched according to the equation

v0 = v′0/[1 + (B/B0)2], (1)

where B is the average value of the toroidal field at the bottom of the convection zone.
If the value of the turbulent diffusivity is assumed to be sufficiently small (η ∼ 1010–
1011 cm2 s−1), then the dynamo becomes unstable on including such a quenching of
the meridional circulation. The dynamo remains stable only if the turbulent diffusivity
is in the range η ∼ 1012–1013 cm2 s−1. This provides another argument in favour of a
high-diffusivity dynamo, strengthening a case already made by several authors (Jiang,
Chatterjee & Choudhuri 2007; Goel & Choudhuri 2009; Hotta & Yokoyama 2010;
Karak 2010).

3. Torsional oscillations

The small periodic variation in the Sun’s rotation with the sunspot cycle, first discov-
ered on the solar surface by Howard & LaBonte (1980), is called torsional oscilla-
tions. Helioseismology has now established its existence throughout the convection
zone (see Howe et al. 2005 and references therein). Its amplitude near the surface is of
order 5 m s−1 or about 1% of the angular velocity. Apart from the equatorward-propa-
gating branch which moves with the sunspot belt, there is also a poleward-propagating
branch at high latitudes. One intriguing aspect of the equatorward-propagating branch
is that it begins a couple of years before the sunspots of a particular cycle appear and at
a latitude higher than where the first sunspots are seen. The top panel of Fig. 1 shows
the torsional oscillations at the solar surface with the butterfly diagram of sunspots.
If the torsional oscillation is caused by the Lorentz force of the dynamo-generated
magnetic field as generally believed, then the early initiation of this oscillation at a
higher latitude does look like a violation of causality! The main aim of our recent
work (Chakraborty, Choudhuri & Chatterjee 2009a, 2009b) has been to explain this
which could not be explained by the earlier theoretical models (Durney 2000; Covas
et al. 2000; Bushby 2006; Rempel 2006).
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Figure 1. The time-latitude plot of torsional oscillations on the solar surface with the butterfly
diagram of sunspots superposed on it. The upper panel is based on observational data of surface
velocity vφ measured at Mount Wilson Observatory (courtesy: Roger Ulrich). The bottom panel
is from our theoretical simulation.

Our calculations are based on the dynamo model presented by Chatterjee, Nandy
& Choudhuri (2004). In order to model torsional oscillations, in addition to the basic
equations of the dynamo, we simultaneously have to solve the φ component of the
Navier–Stokes equation in the form

ρ

{
∂vφ

∂t
+ Dv[vφ]

}
= Dν[vφ] + (FL)φ, (2)

where Dv[vφ] is the term corresponding to advection by the meridional circulation,
Dν[vφ] is the diffusion term, and (FL)φ is the φ component of the Lorentz force. If the
magnetic field is assumed to have the standard form

B = B(r, θ, t)eφ + ∇ × [A(r, θ, t)eφ], (3)

then the Lorentz force is given by the Jacobian

4π(FL)φ =
1
s3 J

(
sBφ, sA

r, θ

)
, (4)

where s = r sin θ. On the basis of flux tube simulations suggesting that the magnetic
field in the tachocline should be of order 105 G (Choudhuri & Gilman 1987; Choud-
huri 1989; D’Silva & Choudhuri 1993), it is argued by Choudhuri (2003) that the
magnetic field has to be intermittent in the tachocline. Hence the full expression of
the Lorentz force involves a filling factor as explained by Chakraborty, Choudhuri &
Chatterjee (2009a).
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Figure 2. The depth-time plot of torsional oscillations at latitude 20◦. The left panel
from Vorontsov et al. (2002) is based on SOHO observations, whereas the right panel from
Chakraborty, Choudhuri & Chatterjee (2009b) is based on our theoretical simulation. The solid
and dashed lines in the right panel indicate the Lorentz force (positive and negative values re-
spectively).

Our theoretical model incorporates a hypothesis proposed by Nandy & Choudhuri
(2002), which is essential for explaining the early initiation of the torsional oscillation
at high latitudes. According to this Nandy–Choudhuri (NC) hypothesis, the merid-
ional flow penetrates into the stable layers below the convection zone at high latitudes.
This causes the formation of toroidal field in the high-latitude tachocline. Sunspots
form a few years later when this field is advected to lower latitudes and brought in-
side the convection zone. We also assume that the stress of the magnetic field formed
in the tachocline is carried upward by Alfvén waves propagating along vertical flux
concentrations conjectured by Choudhuri (2003).

The incorporation of the NC hypothesis in our theoretical model causes magnetic
stresses to build up at higher latitudes before sunspots of the cycle appear, leading to
the early initiation of torsional oscillations. The bottom panel of Fig. 1 shows theoreti-
cal results of torsional oscillations at the surface with the theoretical butterfly diagram.
This bottom panel can be compared with the observational upper panel in Fig. 1. Our
theoretical model also gives a satisfactory account of the evolution of torsional os-
cillations within the convection zone. The depth-time plot of torsional oscillations
at a certain latitude given in Fig. 3 of Chakraborty, Choudhuri & Chatterjee (2009b)
compares favourably with the observational plot given in Fig. 3(D) of Vorontsov et al.
(2002). This is reproduced here in Fig. 2 for completeness. We end by pointing out
that our theoretical model of torsional oscillations attempts to explain various aspects
of observational data in much greater detail than what had been attempted in previous
theoretical models.
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Nandy D., Muñoz-Jaramillo A., Martens, P. C. H., 2011, Nature, 471, 80
Rempel M., 2006, ApJ, 647, 662
Schüssler M., 1981, A&A, 94, L17
Svanda M., Kosovichev A. G., Zhao J., 2007, ApJ, 680, L161
Tuominen I., Virtanen H., 1984, AN, 305, 225
van Ballegooijen A. A., Choudhuri A. R., 1988, ApJ, 333, 965
Vorontsov S. V., et al., 2002, Science, 296, 101
Yoshimura H., 1981, ApJ 247, 1102



First Asia-Pacific Solar Physics Meeting
ASI Conference Series, 2011, Vol. 2, pp 137–142
Edited by Arnab Rai Choudhuri & Dipankar Banerjee

Alpha effect due to magnetic buoyancy instability of a
horizontal magnetic layer

Piyali Chatterjee1∗

NORDITA, Roslasgtullsbacken 23, AlbaNova University Center, SE-10691, Stockholm, Sweden

Abstract. In this paper we study the hydromagnetic instability of a toroidal
magnetic layer such as that thought to be located in the solar tachocline.
The magnetic layer is located in a convectively stable layer and is subject
to what is known as the magnetic buoyancy instability (MBI) and under
suitable conditions breaks up into twisted and arching magnetic flux tubes.
The MBI gives rise to an anti-quenched α effect which can be measured by
using the sophisticated quasi-kinematic test field method. This paper aims
at summarizing the main results of a much longer paper by Chatterjee et al.
2011, A&A (in press).
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1. The Model

We consider a set-up similar to Brandenburg & Schmitt (1998) with the computational
domain being a cuboid with Lz = Lx = Ly/3. The domain has constant gravity gz

pointing in the negative z direction and is rotating with a constant angular velocity Ω

making and angle θ with the vertical (z). The box may be thought of as being placed
at a colatitude θ on the surface of a sphere with x̂, ŷ and ẑ directions pointing along the
local θ, φ and r in spherical geometry. The base state is a polytrope i.e., p = CρΓ, with
index m = 1/(Γ − 1) = 3. The initial magnetic field is a horizontal layer of thickness
2HB = 0.1Lz, where By has the profile

By0 = B0HB
∂

∂z
tanh

(
z − zB

HB

)
, (1)

The atmosphere is suitably adjusted for magneto hydrostatic equilibrium. The reader
is requested to refer to Chatterjee et al. (2011) for further details. We solve the set
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of resistive MHD equations for density, ρ, velocity, ~U, entropy, s and magnetic vector
potential ~A using the fully compressible PENCIL CODE 1. The viscosity, magnetic
diffusivity and the temperature conductivity are denoted by ν, η and χ respectively.
The Prandtl numbers are defined as Pr = ν/χ and PrM = ν/η. Additionally we denote
the Roberts number by Rb = χ/η.

2. Results

2.1 Nature of the instability

We have performed a number of runs by varying the Prandtl numbers Pr and PrM for
a modified plasma beta, β̃ defined as the ratio of the total pressure to the magnetic
pressure ∼ 1.51. This value of β̃ is much higher than expected at the bottom of the
convection zone. Nevertheless we have used this value so that the instability shows a
clear exponential growth for the grid sizes used. In the linear stage the state vector of
the system, Ψ =

{
ρ,~v, s, ~B

}
∝ Ψ̃(z) exp(2πi

{
mx/Lx + ny/Ly

}
−iωt), where m, n are inte-

gers and ω = ωR + iωI . Dispersion relations ω(m, n) have been found for anelastic and
non rotating system by Fan (2001) and for rotating systems under magnetostrophic
approximation by Schmitt (1985). We obtain ’undular’ modes for 5 ≤ m ≤ 8 and
n = 1. Our findings agree with Thelen (2000) where for moderate rotation the fastest
growing mode always has the smallest possible wavenumber in the direction of initial
magnetic field and higher wavenumber perpendicular to it. The temporal evolution
of the instability can be clearly separated into an initial exponentially growing phase
and a subsequent saturation phase with slow decay on resistive timescale as shown in
Fig. 1. Even though the initial field is in the y direction, along the course of evolution
the orthogonal components Bx and Bz are generated. In absence of shear this implies
existence of an α-effect. We also note that the growth rate of the instability increases
with increasing Rb of the set up (left panel of Fig. 2). This means that efficient ther-
mal diffusion makes the sub-adiabatically stratified system more unstable to buoyancy
instability. This is in agreement to that found by Acheson (1979). In order to pro-
vide a better idea of the 3D geometry of the instability in the early saturated phase,
we provide in Fig. 3, a volume rendering of constant By and field line topology of
the magnetic field for two different PrM. Note the striking difference in the nature of
corrugation of the By isosurface. We attribute this to the larger amount of twist for the
case with PrM = 0.5 compared to the case with PrM = 0.125. In terms of the Roberts
number, Rb this means that simulations with a larger Rb i.e., more efficient thermal
diffusion compared to magnetic diffusion acquire more twist (Fig. 2 right panel). This
is an important outcome of our study.

1http:\\pencil-code.googlecode.com
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Figure 1. Mean squared values of scaled velocity and generated magnetic field components Bx,
Bz for a run with (Pr = PrM = 1) as a function of time also scaled by the initial Alfvén travel
time, tA0 along y direction. Note the clear exponential growth until t ≈ 1.4tA0. Fast oscillations
in 〈U2〉 until t ≈ tA0 indicate g–modes originating from the initial velocity perturbation.

Figure 2. Dependence of growth rate ωI (left panel) and dependence of the total relative current
helicity εJ (right panel) on inverse Roberts number. Solid line: best linear fit.

Figure 3. Volume rendering of the By = 0.1B0 isosurface for Pr = 0.125, PrM = 0.125 (left).
and for Pr = 0.125, PrM = 0.5 (right) at t = 2tA0 (saturated stage).

2.2 Calculation of turbulent transport coefficients or α and η tensors

The turbulence resulting from the buoyancy instability generates a mean magnetic
field component Bx from an initial By which is also modified compared to its ini-
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Figure 4. Reconstruction of the mean EMF using α̂ and η̂ from the test-field method. Ey(z, t),
scaled by 10−4B2

0. Left: directly from u × b. Middle: Reconstruction using Fourier amplitude
of the modes k′ = 0.5, 1, 1.5, ...16 of the mean field, By. Right: Same as before, but using only
the k′ = 0.5 contribution

tial shape. The mean fields denoted by an overbar are defined as horizontal aver-
ages and are only functions of z. We employ the quasi-kinematic test-field (QKTF)
method (Schrinner et al. 2005, 2007) to calculate transport coefficients like the α and
η tensors which describe this process. So far, the method has mostly been applied
in situations where a hydrodynamic background was already present in absence of
the mean magnetic field (see, e.g. Brandenburg A., Rädler K.-H. & Schrinner M.,
2008). The only peculiarity occurring here is the fact that all components of α and
η vanish for 0 ≤ Brms ≤ Bthreshold , because fluctuating velocity and magnetic fields
develop only after the instability has set in. Another aspect not considered in most
previous test-field studies is the strong intrinsic inhomogeneity of the turbulence not
only as a consequence of the strong z dependence of By, but also due to the strat-
ified density background. Thus the transport coefficients need to be determined as
z dependent quantities. Apart from this the transport coefficients are also non local
since they depend upon the wavenumber, k′ of the test field employed to probe the
resulting hydromagnetic turbulence. The reader is requested to look at Chatterjee et
al. (2011) for details of the method. Further we have verified that the QKTF method
is applicable to our specific problem by reconstructing the turbulent emf (defined as
u × b) from the turbulent transport coefficients we calculate. Here u and b denote the
fluctuating components of the velocity and the magnetic field. Note that here α(z, k′)
and η(z, k′) are 2× 2 tensors. Our reconstruction of the y component of the mean emf,
Ey is demonstrated in Fig. 4.

2.3 Dependence on rotational inclination

We expect the growth rate of the instability to decrease from the equator to the pole
(Schmitt 2003). This can be explained by the buoyant nature of the turbulence, for
which vertical motions are essential: At the poles, the effect of the Coriolis force on
them is weakest whereas they are strongly deflected at the equator. This is indeed
confirmed by the left panel of Fig. 5, where the growth rate is seen to increase con-
tinuously when changing λ from 0◦ (pole) towards 90◦ (equator). In the context of
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Figure 5. Left: Dependence of the instability on rotational inclination θ in terms of rms value
of generated field components 〈B2

x + B2
z 〉. Right: Vertical averages of α̂11/cs0 (solid) and η̂22/η

(dashed) for k′ = 0.5 at t = tsat and maximum of α̂22 with respect to all z and t (dotted) as
functions of β̃−1/2 ∝ B0.
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Figure 6. α̂(z, λ) and η̂(z, λ) with Ω , 0, calculated using test fields with k′ = 0.5 just after
saturation. α̂ scaled by Urms, η̂ scaled by the molecular diffusivity η. Dashed line: initial
position of the magnetic layer.

the solar dynamo problem it is imperative to look at the distribution of α and η with
rotational inclination θ or latitude, λ = 90◦ − θ (Fig. 6).

2.4 Dependence on initial magnetic field strength or anti-quenching

In standard mean-field theory for a prescribed hydrodynamic background the turbulent
transport coefficients usually decrease as the mean magnetic field increases (“quench-
ing”). The present problem is different, however, because the instability and hence
the turbulence is just caused by the initial (mean) magnetic field. In the right panel of
Fig. 5, we show the dependence of some of the transport coefficients as a function of
the initial field B0 plotted. Clearly, α̂11, α̂22, and η̂22 increase with the initial magnetic
field strength supporting earlier ideas of a possible “anti-quenching” in the case of
the buoyancy instability (see, e.g., Brandenburg et al. 1998). Note, however, that the
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dependence on the initial field strength in the right panel of Fig.5 might differ from the
dependence on the local field strength to which the term “quenching” usually refers.

3. Conclusions

Our simulations of magnetic buoyancy instability of a strong toroidal field layer in a
stratified atmosphere reveals that: (1) The growth rate of the instability and the twist
of the resultant flux tubes depend on the Roberts number, Rb of the set up. The 3D
nature of the resulting turbulence gives rise to an α effect which generates Bx from
an initial By field. (2) The turbulent mean emf can be reproduced reasonably well
using the transport coefficients α and η calculated using the quasi kinematic test field
method. The components of α and η are non local and inhomogeneous. (3) The
growth rate of MBI depends strongly on rotational inclination θ and so does the trans-
port coefficients. (4) This system is an example of anti-quenching where the transport
coefficients increase with increasing initial field strength in contrast to hydrodynamic
turbulence which is suppressed by strong magnetic fields.
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Abstract. The Babcock-Leighton type of dynamo has received recent sup-
port in terms of the discovery in the observational records of systematic
cycle-to-cycle variations in the tilt angle of sunspot groups. It has been
proposed that these variations might be the consequence of the observed
inflow into the active region belt. Furthermore simulations have shown that
such inflows restrict the creation of net poloidal flux, in effect acting to
quench the alpha effect associated with the Coriolis force acting on rising
flux tubes. In this paper we expand on these ideas.
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1. Introduction

The Babcock-Leighton type of dynamo has received recent support: following the
discovery by Dasi-Espuig et al. (2010) of systematic cycle-to-cycle variations in the
tilt angle of observed sunspot groups, Cameron et al. (2010) used the Surface Flux
Transport Model to show that the polar field at the end of cycle n is correlated with
the strength of cycle n+1 for cycles 13-21 (Cameron et al. 2010). This strengthens
the result from direct observation of the field which only covered cycles 20-23. The
observations thus strongly suggest the solar dynamo is of the Babcock-Leighton type.

The Babcock-Leighton dynamo is essentially linear in its description, and does
not comment on what limits the strength of the different cycles. We can easily see that
it must involve a modification of the flow field, so the question becomes one of where,
and on what scales, does the magnetic field affect the flow. In the traditional alpha
quenching of mean-field dynamos the flows are modified on small scales and in the
region where there is toroidal field. Kitchatinov & Olemskoy (2011), however, note
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that in Babcock-Leighton dynamos the alpha effect occurs in a different location (in
the bulk of the convection zone or near the solar surface) to where the strong toroidal
fields are stored (the bottom of the convection zone). They argue that traditional alpha
quenching does not apply in this case. The rest of this paper outlines an observation-
ally suggested mechanism for quenching the alpha effect associated with the Coriolis
force acting on rising flux tubes.

2. Schematic outline of the Babcock-Leighton dynamo and the
non-linear feedback

The basic Babcock-Leighton dynamo mechanism is illustrated by the blue boxes and
brown arrows in Fig. 1. From top to bottom, we begin with toroidal flux near the
bottom of the convection zone, then an instability (Parker 1966; Spruit & van Bal-
legooijen 1982), or series of instabilities (e.g., the instability described in Rempel &
Schüssler 2001, followed by that in Parker 1966) leads to a flux tube buoyantly rising
to the surface. The Coriolis force is thought to tilt the tube during its rise (D’Silva &
Choudhuri 1993). As a consequence of the twist, when the flux emerges at the sur-
face in the form of sunspots, the leading spots are slightly closer to the equator than
the following spots. Over a period of about a month the spots breaks up into faculae,
which is acted on by the systematic meridional flow and differential rotation, as well
as the random (on the scale of the magnetic field) granular and supergranular flows.
The random flows can be treated as a type of diffusion on the timescales relevant for
the solar cycle. Whilst most of the flux is advected towards the nearest pole, some
diffuses across the equator. Because the leading polarity flux is slightly closer to the
equator than the following polarity, the equator-crossing flux is preferentially of the
leading spot polarity in both hemispheres and hence in each cycle there is net flux
reaching the pole. The dynamo model relies on this imbalance being sufficient to re-
verse the polar field. The polar field is then associated with poloidal flux threading the
sun which then gets wound up by differential rotation to provide the new toroidal flux
(of the opposite sign to that previously present) at the base of the convection zone.
This closes the loop (of half a 22-year magnetic cycle).

The surface part of the model is enclosed in the red dashed line in Fig. 1, and
it is this part which is also dealt with by the Surface Flux Transport Model (SFTM).
The historical record of sunspot emergence and cycle-averaged tilt angles can be fed
in as inputs to the SFTM and the surface field therefrom extrapolated outwards using
the Current Sheet Source Surface model (Zhao & Hoeksema 2010). The resulting
polar field and interplanetary field are then retrieved as outputs. Cameron et al. (2010)
used this approach, found that the resulting interplanetary field matches that inferred
from measurements of the geomagnetic-aa index, and that the polar fields were well
correlated with the activity level of the next cycle. Important in the current context
is that the polar field is essentially proportional to the activity level of the next cycle,
with the linear fit passing close to the origin.
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Figure 1. Schematic illustration of how the surface flux transport model (inside the red dashed
box) is embedded in the Babcock-Leighton dynamo model (blue boxes) and how the enhanced
radiation associated with facular regions can lead to what is essentially alpha quenching.

The fact that the relationship between the polar field and the activity of the next
cycle is linear allows us to localize the saturation mechanism in the conceptual illus-
tration. Because the polar field of cycle n is linearly related to the activity of cycle
n + 1 it follows that the winding up of the poloidal field by differential rotation is, in
the Sun, a linear process. Similarly the condition for toroidal flux to erupt from the
base of the convection zone cannot vary strongly from cycle to cycle. The nonlinear-
ity responsible for the saturation must therefore be in one or more of: the tilt angles,
the granular/supergranular diffusivity or the meridional flow. Since the granular and
supergranular properties do not vary much with the cycle (see the review by Rieutord
& Rincon 2010) the nonlinearity must be in some combination of the tilt angle and
meridional flow.

The required types of changes are observed in both the near-surface velocity field
(Haber et al. 2002) and in the tilt angles of sunspot groups (Dasi-Espuig et al. 2010). In
fact, the two types of observations are not independent. As suggested by Dasi-Espuig
et al. (2010), the observed changes in the tilt angles could be produced by the observed
local changes of the meridional flow. The change in the meridional flow has itself been
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explained by the observed difference in radiance between bright facular regions and
undisturbed quiet-Sun regions. We can then reconstruct a likely logic chain for the
reduction of the tilt angle. It is sketched in the green boxes in Figure 1. The bright
faculae is associated with an enhanced emission, which cools the plasma in the facular
regions slightly more efficiently then in the surrounding quiet-Sun. This produces a
small temperature difference which drives the observed inflow into the activity belt.
The scenario here was proposed by Spruit (2003) and was simulated and compared to
the helioseismic results by Gizon & Rempel (2008). The inflow, in turn, reduces the
latitudinal separation of the opposite polarities of sunspot groups (observed tilt angle
reduction). Idealized calculations by Jiang et al. (2010) show that the effect of the
inflows on the poloidal flux is significant.

Because the inflows are caused by activity, their strength should increase with
activity, and indeed Cameron & Schüssler (2010) showed how the observed time de-
pendence of the inflow can be modeled as the integral of local inflows assumed to be
proportional to the local field strength. The calculations of Jiang et al. (2010) show
that the amount of net flux escaping to the poles decreases with increasing strength of
the inflows. The activity-related inflows therefore act to quench the alpha effect asso-
ciated with rising flux tubes: strong cycles have a large amount of surface field, which
drives strong inflows and reduces the latitudinal separation between the opposite po-
larities in sunspot groups. It is worth emphasising that the inflow is the integral of the
flows produced by individual active regions. The weak integrated inflow of a weak
cycle is less able to affect the tilt angles of sunspot groups than the strong integrated
inflow of a strong cycle. This is so even though the sizes and strengths of individual
active regions of strong and weak cycles are drawn from the same distribution (Jiang
et al. 2011). In this way it differs from some of the other mechanisms which affect the
tilt angle of active regions, such as those studied by D’Silva & Choudhuri (1993) and
Nandy, D. (2002), in that it explicitly links the change in the tilt angles to the proper-
ties of the cycle during which they emerge. The inflows thus act as a non-local (in the
sense that the inflows are driven by other active regions and plage) alpha quenching
mechanism.

In passing we also comment that there is still some debate (Švanda & Zhao 2008)
over whether the meridional inflow has a component which is delocalized with respect
to the magnetic activity. However since newly emerging regions do not avoid existing
active regions (rather they appear to preferentially emerge in them, Harvey & Zwaan
1993) this does not greatly affect the argument.

3. Conclusion

Solar dynamo theorists appear to be fortunate: observations suggest that an important
mechanism for quenching the alpha effect associated with rising tubes is present at
the solar surface, where it can be observed. Furthermore, the flows involved are large
scale, and have been mapped below the surface. Our good fortune is based on the
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fact that, on the Sun, faculae are substantially brighter than the quiet-Sun; energet-
ically, the power associated with the radiance variations integrated over a cycle has
been estimated to be similar to that of the magnetic field (Schüssler 1996) and is in
phase with the magnetic activity. This need not be the case for other stars (Beeck,
Schüssler & Reiners 2011), and if the net brightness enhancement due to activity be-
comes too weak (or becomes a brightness deficit) than the quenching mechanism we
have identified here will not apply. In such cases the expectation is that the cylces
would have larger amplitudes and some other non-linearity would be responsible for
the saturate. There are indications that stars where the brightness fluctuations are an-
ticorrelated with the cyclic activity have stronger field strengths Radick et al. (1998),
however such stars differ in other systematic ways and other causes of the stronger
activity are possible. Future work will see if testable predictions for a range of other
types of stars can be made for future asteroseismology missions such as PLATO.
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Abstract. We use the observed Royal Greenwich Observatory photo-
heliographic results to obtain the statistical properties of sunspot group
emergence. These include correlations between the sunspot numbers and
sunspot group latitudes, longitudes, areas and tilt angles. The semi-synthetic
records of emerging sunspot groups were taken as input for a surface flux
transport model to reconstruct the evolution of the large-scale solar mag-
netic field and the open heliospheric flux from the year 1700 onward. The
reconstruction results for the total surface flux, the polar field, and the he-
liospheric open flux agree well with the available observational or empir-
ically derived data and reconstructions. We confirm a significant positive
correlation between the polar field during activity minimum periods and
the strength of the subsequent sunspot cycle, which has implications for
flux transport dynamo models for the solar cycle.

Keywords : Sun: evolution – Sun: activity

1. Introduction

The knowledge of the solar magnetic field during past centuries is of great interest
not only for solar physicists as it provides a better understanding of the Sun itself, but
also for geophysicists and climatologists because of the influences which the Sun has
on our planet. The longest direct solar activity index is the relative sunspot number,
which starts from 1700 for the Wolf sunspot number RZ and from 1610 for the group
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sunspot number RG. Hence we use a physical model with the input of RG or RZ to
reconstruct the solar magnetic field since 1700.

Solar surface flux transport model (SFTM) was initiated in the 1960s (Babcock
1961; Leighton 1964). Being refined during the past 40 yrs, the model well simulates
the evolution of the magnetic field over the solar surface (Wang, Nash & Sheeley
1989; Mackay, Priest & Lockwood 2002; Schüssler & Baumann 2006; Schrijver &
Liu 2008). It describes the passive transport of the radial component of the magnetic
field, B, under the effect of differential rotation, Ω, meridional flow, v, and turbulent
surface diffusivity, ηH . A possible slow decay due to the fact that diffusion occurs
in three dimensions is introduced by a radial diffusion coefficient ηr (for details, see
Cameron et al. 2010; Jiang et al. 2010).

The source term of the magnetic flux in the governing equation of the surface flux
transport model describes the emergence of bipolar magnetic regions as a function
of latitude λ , longitude φ and time t. To derive this term for simulations, we have
to know the area, location and tilt angle of each sunspot group. Hence we need to
construct the synthetic datasets of sunspot group emergence using sunspot number. In
the following, we mainly use the RG data.

2. Characteristics of sunspot group emergence and
reconstruction of the butterfly diagram

In this section we discuss the empirical relationships between the cycle strength S n

derived from RG and the latitudes, longitudes and areas of sunspot groups as recorded
in the Royal Greenwich Observatory (RGO) dataset from 1874 to 1976 and tilt angles
of sunspot groups as recorded in Mount Wilson and Kodaikanal observatories from
1913 to 1986. For the details to get the correlations see Jiang et al. (2011a).

The cycle strength S n is defined as the maximum of the 12 month running mean
of RG. The relation between the cycle averaged latitudes λn and S n obeys λn = 12.2 +

0.022S n. We break the time between adjacent minima into 30 equal phases. At the
ith phase bin, the dependence of the mean latitude of emergence for different cycles
n is λi

n = (26.4 − 34.2(i/30) + 16.1(i/30)2)(λn/< λ >12−20) for 0 ≤ i ≤ 30 and where
< λ >12−20 = 14.6◦ is the average latitude of sunspot emergence over all the cycles.
We consider the standard deviation, σi

n, of the latitudinal distribution during phase i
of cycle n being proportional to the width of the latitude distribution, which may be
expressed as σi

n = (0.14 + 1.05(i/30) − 0.78(i/30)2)λi
n.

The emergence longitudes of sunspot groups is known to be not entirely random.
By comparing a proxy for the equatorial dipole moment for the random and the ob-
served models for the longitude distribution of sunspot emergence, we confirmed the
existence of active longitudes. This means that we should include the non-randomness
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of longitude distribution in the reconstruction since the open flux of the Sun during
activity maxima is dominated by the equatorial low order multipoles.

Concerning the area distribution, the number density function of sunspot group
areas is approximately a power law below 300 µHem with a turnover to an almost log-
normal distribution above. There is a large range (from 60 to 300 µHem) where both
functional forms are good approximations to the data and the number density function
is cycle independent, which means the distribution of emerging flux is similar in all
cycles. The cycle phase dependence of area distribution can be fitted by the second
degree polynomial Ai = 115 + 396(i/30) − 426(i/30)2.

The tilt angles of sunspot groups from Mount Wilson Observatory and from Ko-
daikanal observations, show that the average tilt angle is negatively correlated with
the strength of the cycle (Dasi-Espuig et al. 2010). We take the dependence of the tilt
angle on latitude as a square root profile αn = Tn

√|λ|where αn is the average tilt angle
and Tn is the constant of proportionality for cycle n. The linear fit between S n and Tn

is Tn = 1.73 − 0.0035S n.

We have used RG to determine strength of each cycle and have found correlations
which allow us to construct synthetic latitudes, longitudes, areas and tilt angles for
each spot group. We here determine how many sunspot groups should appear each
month to make the semi-synthetic record have similar statistics as the RGO dataset.
For the period covered by the RGO records, the monthly number should be approx-
imately the same as the number of groups in the RGO dataset, NS G. We have found
that NS G = RG/2.1 matches the data well. We use this fit to reconstruct the number of
sunspot groups appearing each month from 1700 onwards.

3. Solar surface flux transport model and extrapolation

The three parameters, differential rotation, meridional flow and surface diffusivity in
the governing equation of the SFTM follow the profiles given in Cameron et al. (2010).
We also use the same methods to treat the initial field distribution and the source
magnetic flux of each sunspot group.

Due to different observers and different calibrations, sunspot number datasets are
less reliable before 1849 (Vaquero 2007), which affect our reconstructed magnetic
field. If ηr = 0, the polar field generated by the evolution of flux emergence reaches
a nearly steady balance under the effect of surface diffusion and poleward meridional
flow (decay time about 4000 yrs). Thus an overestimated or an underestimated polar
field persists through the whole simulations. Hence we introduce a weak radial dif-
fusivity ηr = 25 km2s−1 (decay time about 20 yrs) to diminish the effect caused by a
possible uncorrect sunspot number in one cycle on its subsequent cycles.

The SFTM describes the evolution of the magnetic field on the Sun’s surface. To
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Figure 1. Results with RG during 1700–2010. The first 20 years are affected by the arbitrary
initial magnetic field. (a). Total flux. (b). Polar field. Solid and dashed curves are for the
northern and southern hemisphere, respectively. (c). Open flux. The Red curve shows the
simulated result. The grey curve is a 11-yr running average. The black curve is inferred from
the geomagnetic indices with kinematic correction (LOC09).

obtain the heliospheric open flux we have to extrapolate the surface field outward.
What we uses is the current sheet source surface (CSSS) extrapolation (Zhao & Hoek-
sema 1995a,b).

4. Time evolution of the reconstructed field since 1700

Figure 1 shows the reconstructed solar magnetic field based on RG, including total flux
(a), polar field (b) and open flux (c). The polar field displays regular reversals, except
during the Dalton minimum, when a reversal appears to fail. The flux transported to
the poles during the weak cycle 5 just cancels the strong polar field generated by the
strong and long cycle 4. The grey curves in Panels (c) of Fig. 1 are the 11-yr running
average of the open flux. The long-term trend is compared with other independent
reconstructions in Fig. 2.

Figure 2 shows the comparison of our 11-yr running average of the reconstructed
open flux since 1700 (Red: RG; Blue: RZ) with other methods, which are based on
the geomagnetic indices by Lockwood et al. (2009, LOC09) and Svalgaard & Cliver
(2010, SC10), on the cosmogenic radionuclide data by McCracken (2007, McC07)
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Figure 2. Comparison of our reconstructed open flux (Red: RG; Blue: RZ) with other recon-
structions since 1700. Loc09: Lockwood et al. (2009); WSL05: Wang et al. (2005); solid and
dashed green are their models S1 and S2, respectively. SC10: Svalgaard & Cliver (2010). A
factor 0.4 is used to convert their result. VS10: Vieira & Solanki (2010). SABM10: Steinhilber
et al. (2010), their PCA composite. McC07: McCracken (2007).

and Steinhilber et al. (2010, SABM10) and on the sunspot number data by Vieira &
Solanki (2010, VS10) and Wang et al. (2005, WLS05). Our constructed open flux
corresponds to the radial component of the magnetic field near the earth. Since the
values given in SC10 are the heliospheric magnetic field amplitude, a factor 0.4 is used
to convert it to the radial component and then to get the open flux. Our reconstructed
values are among the different results.

By analyzing the correlations between sunspot numbers and the reconstructed
solar magnetic field, we get the results that the total flux is roughly proportional to
the sunspot number. The polar fields show both correlations with the strength of the
same cycle and of the next cycle. According to the numerical experiment during the
reliable time period of sunspot number data (1874 onwards), the correlation between
the polar field and the next cycle would be stronger than the case without the radial
diffusivity. The open flux at the solar maximum is proportional to the sunspot number
and the correlation becomes weaker during the minimum. For the details see Jiang et
al. (2011b).

5. Conclusion

We provide a physical reconstruction of the large-scale solar magnetic field and the
open heliospheric flux since 1700 with a surface flux transport model with sources
based on sunspot number data and on the statistical properties of the sunspot groups
in the RGO photoheliographic results. The model has been validated through compar-
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ison with reconstructions based on the actual sunspot group records and with directly
measured or observationally inferred quantities.

The reconstructions considerably extend the basis for correlations studies, such as
the relation between the polar field amplitude during activity minima and the strengths
of the preceding and subsequent cycles, with implications for dynamo models.
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Abstract. We take two approaches to study whether the hemispheric he-
licity sign rule is preserved over a whole solar cycle or not. We find that,
for global-scale magnetic fields on the photosphere, the hemispheric he-
licity sign rule is evident in fields up to 60 degrees in latitude and shows
no solar-cycle dependent. For active regions observed by SP/Hinode, the
hemispheric helicity sign rule is preserved in the ascending phase of solar
cycle 24, but not in the descending phase of solar cycle 23.
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1. Introduction

Solar magnetic fields are observed to emerge into each hemisphere with a preferred
helicity sign: positive in the southern hemisphere and negative in the northern hemi-
sphere. This is the so-called usual hemispheric helicity sign rule and has been ob-
served in solar cycles 21, 22 and 23 using various instruments (e.g. Pevtsov, Canfield
& Metcalf 1995, Pevtsov, Canfield & Latushko 2001; Bao & Zhang 1998; Hagino
& Sakurai 2004; Zhang 2006). There seems no argument on the existence of this
hemispheric helicity sign rule. However, there is an argument on whether this rule is
preserved over a whole solar cycle or not.

Bao, Ai & Zhang (2000) first pointed out that current helicity density in their data
show an opposite hemispheric preference at the beginning of solar cycle 23. Following
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them, several studies (Hagino & Sakurai 2005, Tiwari, Venkatakrishnan & Sankara-
subramanian 2009, Zhang et al. 2010) have reported that the hemispheric helicity sign
rule may not be satisfied in the solar minimum phase. Choudhuri, Chatterjee & Nandy
(2004) developed a model that predicts deviations from the usual hemispheric rule at
the beginning of a solar cycle, result of which has been reproduced in a more simple
but parameter-tunable dynamo model (Xu et al. 2009). However, Pevtsov, Canfield &
Latushko (2001) argued that the usual hemispheric helicity sign rule still holds for the
first four years of solar cycle 23 although by nature it is a weak rule with significant
scatter. In Pevtsov et al. (2008) authors further concluded that “the notion that the
hemispheric helicity rule changes sign in some phases of solar cycle is not supported
at a high level of significance”.

In this talk we present our recent works on addressing this question, that is,
whether the hemispheric helicity sign rule is preserved over a whole solar cycle or
not. We take two different approaches, one by studying the current helicity of the
global Sun and the other by using the so-far most accurate vector magnetic field mea-
surements provided with SP/Hinode. We present results using the first approach in
Section 2 and results using the second approach in Section 3. We conclude and give a
brief discussion in Section 4.

2. Current helicity pattern of the global Sun

The data we used in this study (Wang & Zhang 2010) are full-disk longitudinal mag-
netograms obtained by three instruments. They are: the Michelson Doppler Imager
(MDI) on board SOHO, the Kitt Peak Vacuum Telescope (KPVT) and the Synoptic
Optical Long Term Investigations of the Sun (SOLIS) at Kitt Peak of the National So-
lar Observatory of the United States. We have used the same reconstruction technique
in Pevtsov & Latushko (2000) to construct the vector magnetic field from longitudi-
nal magnetograms. By assuming that the magnetic field evolves rather slowly and
interpreting the variation of the observed Blong during a certain period of time as the
result of changing position angles only, we can then use a set of observed Blong maps
to reconstruct the synoptic maps of Br, Bθ and Bφ.

Three time periods are studied as three representative phases of solar cycle 23.
Two are selected during the solar minimums and one near the solar maximum. Of the
two during solar minimum, one is in the ascending phase around September 1996 and
one in the descending phase around June 2007. The one near the solar maximum is
around August 2001.

For each time period, we first used the method in Pevtsov & Latushko (2000) to
reconstruct the vector magnetic field of the global Sun. Note that here the vector mag-
netic fields obtained in this way are of highly-smoothed, with a width of smoothing
window 5 - 15 degrees on the Sun. This results in a magnitude of a few Guass for
the three components of the obtained fields. This magnitude is at least one magnitude
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Figure 1. Profiles of normalized average current helicity (h∗c) with the latitude. Left panels are
those using MDI data and the right panels are of KPVT data. See text for detailed descriptions.

smaller than the sensitivities of current observations (transverse fields in particular)
and makes this set of observations unique to study current helicity in large-scale mag-
netic fields.

Based on the obtained vector magnetogram, we then computed the current helic-
ity density map by hc(φ, θ) = Br(∇ × B)r = 1

sin θ { ∂∂θ [sin θBφ(φ, θ)] − ∂Bθ(φ,θ)
∂φ
}Br(φ, θ) .

We went on to get the profile of the latitudinal distribution of current helicity hc(θ)
by averaging the above hc(φ, θ) map over all longitudes of the same latitude and nor-
malizing the profile using the averaged polaroid magnetic flux: h∗c(θ) =

hc(θ)

B2
r
. Here

Br is the reconstructed radial magnetic field and this normalization will eliminate the
influence of the variation of magnetic flux with the solar cycle and will also reduce
the influence of different calibrations between different instruments.

Figure 1 shows these normalized profiles of h∗c(θ) obtained during the solar rota-
tion starting on September 14, 1996. This is a time period during the solar minimum,
at the beginning of solar cycle 23. Left panels are those obtained using MDI data and
the right panels are of KPVT data. For the left panels, each solid line shows the profile
obtained from the vector fields obtained using the first full-disk magnetograms of the
15 daily full-disk magnetograms of each day with 4t = 5 days (4t is the time during
which we assume the large-scale field does not change much) and 4S = 184′′ (4S is
the size to which we reduce the spatial resolution to reflect the large-scale structure).
Solid lines in right panels are the h∗c(θ) profile obtained from the KPVT data. Dotted
lines in the left-top panel are the h∗c(θ) profiles obtained using other 14 full-disk mag-
netograms of each day, still with 4t = 5 days and 4S = 184′′. We see here that, despite
the different magnetograms and different instruments used, the obtained profile show
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clearly hemispheric sign rule, that is, positive helicity sign in the southern hemisphere
and negative helicity sign in the northern hemisphere, for all latitudes.

In the middle panels of Fig. 1 we plot the profiles of h∗c(θ) obtained by changing
4t values. The dotted lines show the profiles using 4t=3 days and the dashed lines
for 4t=4 days, with 4S=184′′. Again, we see that changing the 4t values does not
change the profile of h∗c(θ) much. That means the existence of the evidences of the
hemispheric sign rule is independent of the 4t values we have used. Similarly, in the
bottom panels of Fig.1 we plot the profiles of h∗c(θ) obtained by changing 4S values.
Here the dotted lines show the profiles using 4S=90′′ and the dashed lines show the
profiles using 4S=224′′, with 4t=5 days. Once again, we see that changing the 4S
values does not change the profile of h∗c(θ) much and the existence of the evidences of
the hemispheric sign rule is also independent of the 4S values we have used.

Profiles at two other time periods give similar results. Our study shows that the
large-scale magnetic fields show a clear and consistent current helicity pattern that
follows the established hemispheric rule, that is, positive helicity sign in the southern
hemisphere and negative helicity sign in the northern hemisphere. This hemispheric
sign pattern is evident in the global magnetic field, extending to 60 degrees high in
latitudes, in both solar minimum and maximum phases, and independent of the instru-
ments and the parameters that we have used.

3. Sunspot observation by SP/Hinode

Since its launch in September 2006, Hinode has provided us with high spatial-
resolution vector magnetograms for both the descending phase of solar cycle 23 and
the ascending phase of solar cycle 24. This gives us a unique chance to use these so-
far most accurate vector magnetic field measurements to shed a light on the argument
of solar-cycle dependence of hemispheric helicity sign rule.

In this study (Hao & Zhang 2011) we composed a sample of 64 active regions
observed by SP/Hinode. This includes 30 active regions in solar cycle 23 and 34 active
regions in solar cycle 24. We calculated two different helicity parameters, αz and αhc,
for these 64 ARs. αz is the mean value of local twist, defined as αz = (5 × B)z/Bz . αhc

is the normalized mean current helicity density, obtained by αhc =
∑

(5×B)zBz∑
B2

z
. Both the

averaging and integral are done over the whole magnetogram. In calculating αz and
αhc, we have used two different representations of magnetic field measurement. One
is related to “flux density”, where the longitudinal magnetic field Bz = f · B cos(γ)
and the transverse magnetic field Bt =

√
f · B sin(γ). The other is the “field strength”

where Bz = B cos(γ) and Bt = B sin(γ). Hereafter we present the first type as B1
z , B1

t
and the second type as B2

z , B2
t . Correspondingly helicity parameters are also hereafter

presented as α1
z , α1

hc and α2
z , α2

hc respectively.

Figure 2 presents the variation of α1
z (left panels) and α2

z (right panels) with the
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solar latitude for the 30 ARs in the descending phase of solar cycle 23 (top panels), the
34 ARs in the ascending phase of solar cycle 24 (middle panels) and the total 64 ARs
(bottom panels). Here α1

z and α2
z are calculated only using points with |B1

z | > 100 G
or |B2

z | > 100 G . The solid lines indicate the results of least-square linear fits. Values
of dα/dθ from the linear fittings are also shown in Fig.2, in the unit of 10−9m−1deg−1.
Here we see that for the 30 ARs of solar cycle 23, dα/dθ for α1

z and α2
z are all positive.

Out of these 30 ARs, only 8 (27%) ARs of the α1
z obey the usual hemisphere sign rule.

This means that ARs in the descending phase of solar cycle 23 do not follow the usual
hemispheric helicity sign rule.

Contrary to that in solar cycle 23, for the 34 ARs of solar cycle 24, 20 (59%) ARs
of the α1

z obey the usual hemisphere sign rule. dα/dθ for α1
z and α2

z are all negative.
This means that ARs in the ascending phase of solar cycle 24 follow the usual hemi-
spheric helicity sign rule, contrary to the prediction made in Choudhuri et al. (2004).
Note that ARs in the descending phase of solar cycle 23 do show a deviation from
the usual hemispheric helicity sign rule. We speculate that the physical process de-
scribed in Choudhuri et al. (2004), that is, poloidal flux lines getting wrapped around
a toroidal flux tube rising through the convection zone to give rise to the helicity, may
still apply, but a phase shift may be required in the dynamo model used.

For all of the 64 ARs, 28 (44%) ARs of the α1
z follow the usual hemisphere sign

rule. As a whole, these 64 ARs still follow the usual hemispheric helicity sign rule,
with dα/dθ for α1

z and α2
z all negative. This is consistent with the results from most

previous studies, that is, most ARs follow the usual hemispheric helicity sign rule.
Study on α1

hc and α2
hc gives similar results.

Despite for the fact that we have used the so-far most accurate measurement of
vector magnetic field given by SP/Hinode, the hemispheric helicity sign rule observed
is still weak with large scatters. As an evidence, we see from Fig. 2 that the magni-
tudes of the correlation coefficients between the latitude and the helicity parameters
are all low, with the maximum magnitude only being 0.21. This seems indicating
that the large scatter is an inherent property of the rule, not caused by the measure-
ment errors. This is consistent with the prediction in Longcope, Fisher & Pevtsov
(1998), where helicity is considered to be produced in the process of magnetic flux
tubes rising through the solar convection zone and being buffeted by turbulence with
a non-vanishing kinetic helicity (Σ− effect).

Further analysis also shows that the inner umbra and outer penumbra has the op-
posite helicity sign. This seems consistent with the model of Chatterjee, Choudhuri
& Petrovay (2006) where they model the penetration of a poloidal field into a toroidal
rising flux tube through turbulence diffusion and predict the existence of a ring of
reverse current helicity on the periphery of active regions.
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Figure 2. Variation of α1
z (left panels) and α2

z (right panels) with the solar latitude for the 30
ARs in solar cycle 23 (top panels), the 34 ARs in solar cycle 24 (middle panels) and the total
64 ARs (bottom panels). Shown also in the left-bottom corner of each panel are the correlation
coefficients between latitude and α1

z or α2
z .

4. Conclusion and discussion

Our studies conclude that: (1) For large-scale magnetic field, hemispheric helicity sign
rule presents in fields up to 60 degrees in latitude and shows no solar-cycle dependent.
(2) For active regions observed by SP/Hinode, the usual hemispheric helicity sign rule
is preserved in the ascending phase of solar cycle 24, but not in the descending phase
of solar cycle 23.

Our observations seem consistent with the model by Longcope et al. (1998) and
the model by Chatterjee et al. (2006). Results also seem suggesting that Choudhuri et
al. (2004) has a merit in its physical picture, but may need to modify their result on
which phase of the solar cycle that deviations from the hemispheric rule take place.
From our observations we speculate that both the Σ-effect (Longcope et al. 1998) and
the dynamo (Choudhuri et al. 2004; Chatterjee et al. 2006) have contributed in the
generation of helicity, whereas in both models turbulence in the convection zone has
played an important role.
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Abstract. With the unique database from Michelson Doppler Imager
aboard the Solar and Heliospheric Observatory in an interval embodying
solar cycle 23, the cyclic behavior of solar small-scale magnetic elements
is studied. More than 13 million solar network magnetic elements are se-
lected, and the following results are discussed. (1) With increasing flux per
element, the number variation of the network elements shows a three-fold
scenario: no-correlation, anti-correlation, and correlation with sunspots, re-
spectively. The anti-correlated elements cover flux range of (2.9 - 32.0)×1018

Mx, and occupy 77.2% of total network elements. (2) The latitude distribu-
tion of the correlated elements follows the sunspot butterfly diagram in the
solar cycle but has wider latitude distribution than sunspots. Furthermore,
the anti-correlated elements also show much broad latitude distribution, but
a moderate migration toward equator during the solar maximum which was
clearly out of phase with sunspots. These results shed new light in under-
standing anti-correlated variations of small-scale solar activity, e.g., X-ray
coronal bright points, and the origin of the Sun’s small-scale magnetism.

Keywords : Sun: activity – Sun: photosphere – Sunspots

1. Introduction

The small-scale magnetic fields are observed everywhere on the Sun (Sheeley 1967),
i.e., the network fields at the boundaries of super-granulation and intra-network fields
(Livingston & Harvey 1975; Smithson 1975) within super-granulation cell. In addi-
tion, small-scale emerging bipoles, named ephemeral regions (ERs), which was first
described by Harvey & Martin (1973) are observed either on the quiet Sun, or in active
regions, with flux from 1016 to 1020 Mx. The flux emerging rate in ERs exceeds that
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in sunspots by two orders of magnitude (Zirin 1987). A substantial amount of solar
magnetic flux is suggested to be still hidden (Trujillo Bueno 2004).

A fundamental question in the solar magnetism is how to understand the origin,
dynamics, and cyclic behavior of the small-scale magnetic elements. Do they change
in number and flux during a solar cycle and how are they correlated with sunspots?
Diverse results on their cyclic variation, e.g., no correlation, anti-correlation and corre-
lation, were reported by either direct magnetic measurements, or indirect observations
of small-scale active phenomena (see Jin et al. 2011). The anti-correlation was in-
ferred from cyclic variation of network bright points (Muller & Roudie 1984), HeI
10830 Å dark points (Harvey 1985), coronal X-ray bright points (Davis, Golub &
Krieger 1977; Davis 1983; Golub , Davis & Krieger 1979; Sattarov et al. 2010).

Fortunately, the Michelson Doppler Imager aboard the Solar and Heliospheric
Observatory (MDI/SOHO) now is providing a unique database, the full-disk magne-
tograms of more than 13 years covering the complete 23rd Solar Cycle. However, the
poor temporal resolution and the sensitivity of the full-disk magnetograms make the
identity of ERs and intranet work elements unreliable. Therefore, in this study, we
only consider the network magnetic elements.

2. Observations and methods

The details of MDI full-disk magnetograms and data analysis for the study have been
described in Jin et al. (2011). In fact, we basically follow the procedures of Hagenaar
Schrijver & Title (2003). To have a low noise level, only the 5-min average mag-
netograms are selected, and a boxcar smoothing function to each magnetogram by
a width of 6′′ × 6′′ is applied to reduce the noise. We extract one full-disk magne-
togram per day, and thusly select totally 3764 magnetograms from 1996 September to
2010 February. The 23rd solar cycle is covered completely in the data selection and
analysis.

The noise level of the smoothed 5-min average magnetograms is about 6 Mxcm−2.
We assume that the observed line of sight magnetic flux density is a projection of the
intrinsic flux density normal to the solar surface, so the magnetic field is corrected
by Bcal = Bobs(α)/ cos(α), where the angle α is defined by the distance to disk center
for each pixel on the disk. We only consider these pixels for which α ≤ 60◦, i.e., the
region included by the black circle in the left panel of Fig. 1. For each smoothed and
corrected full-disk magnetogram, we apply a magnetic flux density of 15 Mxcm−2 as
a threshold to define the active regions and their surroundings. The magnetic concen-
trations with area larger than 9×9 pixels are defined as the active regions (Hagenaar
et al. 2003). After excluding the active regions, we apply the magnetic noise, i.e., 6
Mxcm−2 as a threshold to create masks for each quiet magnetogram, and define these
magnetic islands with more than 10 pixels in size as network magnetic elements (Ha-
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Figure 1. Left panel: The MDI 5-minute full-disk magnetogram. The active regions are con-
toured by red line. The black circle displays the location α=60◦. The gray scale saturates at
±50 Mxcm−2. Right panel: enlarged image for the windows framed in the MDI magnetogram,
on which network elements falling in the flux ranges of (2.9-32.0)× 1018 Mx and (4.3-38.0)×
1019 Mx are outlines by green and yellow lines, respectively. Later, it will be demonstrated that
the two types of network elements are anti-correlated and correlated with sunspot in the solar
cycle.

genaar et al. 2003). More than 13 million network elements have been identified for
the studied interval.

3. Results

3.1 Cyclic variations of network magnetic elements

We divide all the magnetic elements into 96 sub-groups according to the flux per
element. The monthly number density of magnetic elements for each sub-group is
calculated. The influences of the area changes of the quiet Sun and the changing dis-
tance between the Earth and the Sun have been removed. The correlation coefficients
(i.e., the linear Pearson coefficients) between the cyclic variation of numbers of each
sub-group network elements and sunspots are calculated and shown in the left panel
of Fig. 2. From the small to large flux end in the flux spectrum, there appears a re-
markable 3-fold correlation scheme between the network elements and the sunspots:
basically no-correlation, anti-correlation and correlation. Either the anti-correlation
or the correlation has been observed at very high confidence level. Between the anti-
correlation and correlation, there is a narrow range of magnetic flux per element of
(3.2 - 4.3)×1019 Mx. Network elements falling in this flux range show a transition
from anti-correlation to correlation with sunspot cycle.

For a further examination of cyclic behavior of network elements, we group all
the network elements into 4 categories which show, respectively, no-correlation, anti-
correlation, transition from anti-correlation to correlation, and correlation with sunspot
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Figure 2. Left panel: correlation coefficients between the sunspot number and network element
number of each of the 96 sub-group elements which are reconstructed according to the flux
per element. The color bar represents the confidence level. Right panel: cyclic variations of
network element number of 4 categories of network elements. The green ‘+’ is referring anti-
correlation elements, the purple ‘+’ for the correlated elements, and the black and blue ‘+’ for
non-correlated elements and transitional elements from anti-correlation to correlation with the
solar cycle. The red ‘+’ shows the variation of sunspots.

cycle. The detailed cyclic variations of each category network elements are shown in
the right panel of Fig. 2. In the flux range of (1.5-2.9)×1018 Mx, network elements
show randomly independent variation in the sunspot cycle. They occupy less than
0.6% of network elements. With the poor measurement sensitivity at the smallest
flux range, the non-correlation component is likely to manifest some random noises in
flux measurement. The correlated component elements have magnetic flux larger than
4.27×1019 Mx. They occupy approximately 15.7% of network elements. Approx-
imate 77.2% of the magnetic elements, covering the flux range of (2.9-32.0)×1018

Mx show anti-correlation with sunspots in the cycle. Their number changes are ob-
viously anti-phased with the sunspot cycle. However, the cyclic minimum of this
anti-correlation component is not exactly coincided with the maximum of the sunspot
cycle.

3.2 The latitude distributions of the network elements

It is remarkable that the correlated magnetic elements follow exactly the sunspot but-
terfly diagram in the cycle except for that their latitude distribution is broader than that
of sunspots (see the right panel of Fig. 3).

The anti-correlated elements also exhibit much broad latitude distribution than
sunspots. The zone of their time-latitude distribution gradually shrinks toward the so-
lar equator from 1996 to 2002, and concentrates on the narrowest latitude belt in the in-
terval approximately from 2001 to 2002. Then, the distribution zone of anti-correlated
magnetic elements gradually expands to higher latitude, and reaches the broadest lat-
itude distribution in 2008 and 2009. The number of anti-correlated network elements
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Figure 3. The time-latitude diagrams of network magnetic elements. Left: the time-latitude
diagram for anti-correlated network elements. Right: for correlated network elements. The red
symbols marks the sunspot distribution.

does show the latitudinal variation in the solar cycle, however, its latitude variation is
clearly different from the butterfly diagram of sunspots.

4. Conclusions and discussion

Based on the unique database from MDI/SOHO observations, we have analyzed the
cyclic variations of the solar network magnetic elements. With increasing magnetic
flux per element the number of small-scale magnetic elements follows no-correlation,
anti-correlation and correlation changes with sunspots. The anti-correlated compo-
nent, covering the flux range of (2.9 - 32.0)×1018 Mx, occupies 77.2% of total ele-
ments on the quiet Sun. Their time-latitude distribution is obviously different from
the sunspot butterfly diagram in the sunspot cycle. However, the correlated network
elements follow exactly the sunspot butterfly diagram but with a wider latitude distri-
bution.

Mehltretter (1974) identified that the network bright points represented magnetic
flux concentration. Golub et al. (1977) studied the magnetic properties of X-ray bright
point, and found the average total flux associated with a typical X-ray bright point was
2.0×1019 Mx. This typical flux falls in the flux range of the anti-correlated component
of network elements discovered by this study. Very recently, Sattarov et al. (2010)
found the anti-correlation of the coronal bright points on the quiet Sun with sunspot in
solar cycle 23. We tentatively suggest that the anti-correlated component of magnetic
elements are responsible for the small-scale activity that is anti-phased with sunspot
cycle.

Observationally, small-scale network elements come from several sources: frag-
mentation of active regions, flux emergence in the form of ephemeral regions, coales-
cence of intra-network flux, and products of dynamic interaction, e.g., flux cancella-
tion, among different sources of magnetic flux.
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From theoretical point of view, the magnetic elements at the smallest end of
the flux spectrum manifest a local turbulent dynamo which operates in the near-
photosphere and is suggested to be independent from the sunspot cycle. At the larger
flux end, the magnetic elements are likely to be the debris of decayed sunspots. They
naturally follow the sunspot cycle.

The majority of network magnetic elements are found to be anti-correlated with
sunspots in the solar cycle. They are probably created by turbulent local dynamo
which, however, must have been somehow modulated or controlled by the mean-field
dynamo represented by sunspot magnetic fields. A thorough physical understanding
on this is still not very much clear, though a few possibilities were proposed (see
Jin et al. 2011; Jin & Wang 2011). Further observational and theoretical efforts are
undertaken.
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Abstract. Although quiet solar magnetic fields are weak and they are diffi-
cult to measure, they cover most of the solar disk, even the whole one during
epochs of minimal activity. They are basically responsible for the forma-
tion of the open flux from the Sun, and, consequently, reliable diagnostics
of them are very important. In this study, we use a raster scan covering the
whole solar disk of high precision Stokes-meter measurements of the quiet
solar magnetic fields in 15 simultaneously recorded lines in the vicinity of
Fe  525.02 nm. A two-component model atmosphere and the SIR (Stokes
Inversion based on Response functions) approach were used for theoretical
modeling. Two types of inversion results were obtained for magnetic com-
ponent: one with kG magnetic field strength, high temperature and small
filling factor, and the other one with relatively weak magnetic field (no more
then 200 G), low temperature and big filling factor. A possible explanation
of such result is briefly discussed. An application of the obtained results for
the urgent issue to calibrate SOHO/MDI magnetograms is presented.

Keywords : Sun: photosphere – Sun: magnetic topology

1. Introduction

Active phenomena exist on the Sun very often but not always, in contrast to magnetic
fields of the quiet Sun, which permanently are present. It is one of the reasons to in-
vestigate the quiet solar magnetic fields. The interest to explore such fields increased
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significantly in recent years because of the prolongated and extremely deep solar min-
imum (Sánchez Almeida & Mart1́ınez González 2011). These magnetic fields play
a significant role in the evolution of solar magnetism, but a reliable measurement of
such fields is very complicated because of the rather low degree of polarization in
spectral lines. A powerful tool for diagnostics of solar magnetic fields, including the
quiet ones, is a comparison of measurements made in different spectral lines and ob-
servatories. Due to possible impact of instrumental effects on the results (Demidov et
al. 2008), it is quite obvious that observations in different lines on the same instrument
are preferable.

In this study the high-precision spectro-polarimetric (Stokes V and Stokes I para-
meters) simultaneous observations in 15 spectral lines in the vicinity of Fe  525.02 nm
are analyzed. Observations with spatial resolution roughly 10′′, covering the full disk,
were made at STOP telescope (Demidov et al. 2002) of Sayan observatory on 1, 2
and 3 February 2009, when the solar disk was void of any activity. The same observa-
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Figure 1. Example of observations of Stokes parameters I (top panel) and V/Ic (bottom panel)
obtained at the point close to eastern limb of solar disk (µ = cos θ = 0.66) with a magnetic field
strength 21 G in Fe  525.02 nm (line 12) and 31 G in Fe  523.29 nm (line 3).
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Table 1. List of spectral lines used in this study and results of correlation and regression analysis

N λ Elem. χ gemp R = B(LineN)/B(Line12) ρ

[nm] [eV]

1 522.8383 Fe  4.22 0.875 1.370 (± 0.022) 0.860
2 522.9849 Fe  3.28 1.500 1.590 (± 0.017) 0.942
3 523.2940 Fe  2.94 1.300 1.970 (± 0.024) 0.927
4 523.4620 Fe  3.21 0.869 2.124 (± 0.026) 0.923
5 523.7325 Cr  4.07 1.335 1.772 (± 0.022) 0.919
6 523.8969 Cr  2.71 1.500
7 523.9823 Sc  1.45 1.006 1.685 (± 0.022) 0.912
8 524.2491 Fe  3.63 1.004 1.634 (± 0.019) 0.931
9 524.3777 Fe  4.26 1.337 1.098 (± 0.014) 0.924

10 524.7050 Fe  0.09 1.992 1.074 (± 0.005) 0.988
11 524.7574 Cr  0.96 2.512 1.194 (± 0.007) 0.983
12 525.0209 Fe  0.12 2.999 1.000 (± 0.000) 1.000
13 525.0646 Fe  2.30 1.500 1.716 (± 0.014) 0.966
14 525.3033 Fe  2.28 1.000
15 525.3462 Fe  3.28 1.502 1.329 (± 0.013) 0.953

tions were already used by Demidov & Balthasar (2009) and by Demidov & Balthasar
(2011) for other purposes. Here a detailed statistical analysis of full-disk Stokes-meter
simultaneous measurements in 15 spectral lines, including such diagnostically instruc-
tive ones as Fe  523.29 nm and Fe  525.02 nm, is made. For theoretical interpretation
of such multi–spectral–lines observation the SIR (Stokes Inversion based on Response
functions) code (Ruiz Cobo & del Toro Iniesta 1992) is used.

2. Observations

In the analyzed observations the image of the Sun (with a diameter ≈ 50 mm, what cor-
responds to spatial resolution about 10′′) was focused on the entrance slit of the spec-
trograph and the scanning step was 91′′ in both directions (X and Y). We were able to
complete such a raster of measurements covering he whole solar disk within about two
hours. Fig. 1 shows an example of Stokes I and Stokes V/Ic spectra, measured at one
of the scanning points not far away from the eastern limb of the disk. The magnetic
field strength at this point, calculated using the center-of-gravity method in the weak
field approximation, was 21 G for Fe  525.02 nm and 31 G for Fe  523.29 nm. Fifteen
spectral lines used for the SIR inversions are indicated by corresponding numbers.
Details about these lines are given in Table 1. The lines belong to different chemi-
cal elements, neutral and ionized ones, and have different excitation potentials χ and
Landé factors g.
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Figure 2. Example of correlation and regression analysis of solar magnetic field measure-
ments for combinations of spectral lines Fe  523.46 nm – Fe  525.02 nm (left panel) and
Fe  524.70 nm – Fe  525.02 nm (right panel). N is the number of points, ρ is the correlation
coefficient, and R is the linear regression coefficient.

Figure 3. Center-to-limb variations (CLV) of the magnetic strength ratios for combinations of
spectral lines Fe  523.46 nm – Fe  525.02 nm (left panel) and Fe  524.70 nm – Fe  525.02 nm
(right panel). Values were averaged in equally spaced slots for the polar (NS) and equatorial
(EW) sectors of the solar disk.

The two right columns in Table 1 show coefficients of regression R and correlation
ρ, calculated for all three days of observations for the entire solar disk. Lines 6 and
14 were excluded from statistical analysis because they show too weak polarization
signals. Examples of scatter plots for two combinations of spectral lines are shown in
Fig. 2. The R value for all combinations of spectral lines is not constant over the disk,
but shows center-to-limb variations (CLV). The most significant CLV of R (R(µ =

1.0)/R(µ = 0.3) ≈ 2.75/1.25 ≈ 2.2) is found for Fe  523.29 nm – Fe  525.02 nm
(see Figure 5 in Demidov & Balthasar (2009)), the smallest one - for Fe  524.70 nm –
Fe  525.02 nm. Fig. 3 shows as examples the CLVs of R for the same combinations
of spectral lines as in Fig.2.
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3. Inversion results

A two component model (one component with magnetic field and the other one is
non-magnetic) was used for the SIR inversion. As starting model, HSRA (Gingerich
et al. 1971) was used for the quiet component, and a modification of the model of
Solanki & Brigljevič (1992) for the magnetic component. To avoid a violation of
the condition divB = 0, the magnetic field (assumed oriented vertically) and filling
factors were considered as constant with depth. Temperature, electron pressure and
Doppler velocity were height-dependent. Results only from February 3 are considered
here. Pixels with a mean absolute value of |V | less than 0.025 were removed from the
analysis of the magnetic component, because the V-signal then does not significantly
exceed the noise level.

For the quiet Sun atmosphere, expected results were achieved – the highest tem-
perature T occurs at the disk center and it decreases to the limb. Two types of solutions
are found for the magnetic elements. One group of pixels shows high magnetic field
strengths (1500–2000 G), high temperature (5500–6500 K), and small filling factors
(less then 0.05). For the other pixels, we obtained weak field (50–150 G), low tem-
perature (5000–5300 K), and large filling factors (up to 0.50). We selected the tem-
peratures at an optical depth of logτ500 = −1.5 for both components. The reason of
these differences is not clear, yet. However, there are some indications that it could
be connected not only with CLV effects, but also with some peculiarities in the mag-
netic strengths ratios in some combinations of spectral lines. Note that recently a
co–existence of two populations of magnetic fields on the Sun, weak and strong, was
discovered by Stenflo (2010).

The SIR-inversions of multi–lines Stokes-meter observations might have an in-
teresting impact on the urgent SOHO/MDI magnetograms calibration problem. The
recent re-calibration of SOHO/MDI magnetic field data is based on the ≈ 5-times
larger strengths measured in Fe  523.29 nm than in Fe  525.02 nm, according to the
observations of the Mount Wilson observatory (Ulrich et al. 2009). This contradicts
to our results (Demidov & Balthasar 2009), where we found that the regression coef-
ficient for this ratio is less than two. We made a numerical experiment and performed
inversions without these two lines. The agreement between observed and inverted pro-
files for the 13 other lines was excellent. Using the so obtained atmospheric models,
we calculated Stokes profiles for all 15 lines. These synthetic profiles were in perfect
agreements with all observed profiles confirming our previously published conclu-
sion about the value of magnetic strength ratio for spectral lines Fe  523.29 nm and
Fe  525.02 nm.
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Abstract. Recently, the surface differential rotation parameters were found
to vary differently with time for the northern and southern hemispheres of
the Sun. Both sunspots and flares strongly suggest that the northern hemi-
sphere rotated considerably faster than the southern during the last three
solar cycles, showing a strong north-south asymmetry in solar surface rota-
tion. In order to study the long-term variation of solar surface differential
rotation, the location of sunspots during 1877-2009 is analyzed separately
in the two hemispheres. The variation of the rotation of the northern hemi-
sphere is found to have an anti-correlation with that of the southern hemi-
sphere and the variation suggests a period of 10-12 cycles.

Keywords : Sun: rotation – Sun: activity

1. Introduction

Differential rotation of solar surface was noted a few centuries ago. Scheiner presented
evidence as early as in 1630 that the passage of sunspots across the solar disc took a
slightly longer time at high latitudes than near the equator. However, it took 250 years
before Carrington established the differential rotation equation

Ω(φ) = A + B sin7/4 φ, (1)

which came to the following form for convenience of calculation,

Ω(φ) = A + B sin2 φ + C sin4 φ. (2)

∗email: zhangliyun@bao.ac.cn
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Table 1. Different tracers of solar rotation with faster hemisphere indicated in cycles 12-23.
LBT stands low-brightness-temperature and PMF for photospheric magnetic fields.

authors tracers solar faster
cycles hemisphere

(Javaraiah 2003) sunspot groups 12 South
... sunspot groups 13 North
... sunspot groups 14-20 South

(Gigolashvili et al. 2003) Hα filaments 20, 22 North
... Hα filaments 19, 21 South

(Scherrer et al. 1987) PMF 20-21 North
(Hoeksema & Scherrer 1987) coronal magnetic field 21 North

(Antonucci et al. 1990) PMF 21 North
(Brajs̆a et al. 1997) Hα filaments 21-22 North

... LBT regions 21-22 North
(Knaack et al. 2005) PMF 21, 23 North

... PMF 22 South
(Hathaway et al. 1996) Doppler velocities 22 South

(Bai 2003) major flares 19-23 North

φ denotes the latitude and A is the equatorial rotation rate. A, B, and C are constants
to be determined from observations.

Besides sunspots many other tracers, e.g., Doppler shifts, coronal holes and sur-
face magnetograms have been used to determine the differential rotation parameters.
The measured rotation parameters differ from each other not only for different solar
tracers but also for the same objects. The discrepancy of the obtained velocities for
different tracers can be explained by their different heights in the solar atmosphere, be-
cause of the radial gradient. The discrepancy for the same objects is probably caused
by different time data binning since many works suggest that solar surface rotation and
torsional oscillations change from cycle to cycle, even within one cycle (Balthasar,
Vazquez & Woehl 1986; Javaraiah, Bertello & Ulrich 2005; Knaack & Stenflo 2005;
Balthasar 2007; Howard & Labonte 1980; Antia, Basu & Chitre 2008).

Solar surface rotation shows evidence for north-south (N-S) asymmetry. Several
studies suggest that northern hemisphere does not rotate at the same rate as southern
hemisphere. A summary of different tracers with the suggested faster hemispheres for
cycles 12-23 is presented in table 1.

Recently, using a dynamic, differentially rotating coordinate system, Usoskin,
Berdyugina & Poutanen (2005) found two persistent (on century scale) active lon-
gitudes separated by 180◦. These longitudes migrate with differential rotation and the
rotation parameters can be determined by optimization. Applying the same system to
solar X-ray flares, Zhang et al. (2007) found two significant active longitudes in all
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three (C, M, and X) classes of flares. However, the obtained rotation parameters for
one class of flares differed significantly from those for another class. The analysis was
improved by Zhang, Wang & Du (2008) and Zhang et al. (2010). The rotation para-
meters were found to be consistent among all the three classes of X-ray flares and also
in agreement with the proposed parameters for sunspots for the common time period.

Applying the refined method to sunspots in 1877-2010, Zhang et al. (2011) noted
that the long-term variation of solar surface rotation is roughly opposite in the northern
and southern hemispheres. However, the long-term period of the variation of the solar
surface rotation in the two hemispheres was not very clear. In order to study the long-
term period, a detailed analysis is done in this work. The method is described in
section 2 and the result is presented in section 3.

2. Method to determine solar surface differential rotation
parameters - using solar active longitudes

The method is illustrated in Fig. 1. Let us assume that one active longitude appears
at Carrington longitude Λ01 in the beginning (first day of the first rotation) and its
rotation rate follows the solar surface differential rotation. It will move to Λik1 on the
kth day of the ith rotation when a sunspot (or a sunspot group) occurs at Carrington
longitude λik. Meanwhile, the opposite active longitude which is at Λ02 = Λ01 ± 180◦

in the beginning will migrate to Λik2 = Λik1 ± 180◦. The angular rotation rate in the
ith rotation can be simply expressed as (neglecting the small quartic term)

Ωφi = A + B sin2 < φi > (3)

where φi is the area weighted mean latitude of sunspots observed in this rotation. Then
one can obtain

Λik1 = (Λ01 + Tc

i−1∑

j=0

(Ωφ j −Ωc) + k(Ωφi −Ωc)) mod 360◦, (4)

where Tc = 27.2753 days is the time step, synodic Carrington rotation period, Ωc is
the angular velocity of Carrington frame (in sidereal frame 14.1844 deg/day and in
synodic frame 13.199 deg/day), and k is the time of sunspot observation given as a
fractional day of the Carrington rotation. The velocity and rotation parameters are in
sidereal frame in this work.

The distance between the sunspot and a nearer active longitude (Λik1 or Λik2) can
be measured by

∆ik = min(|λik − Λik1|, 360◦ − |λik − Λik1|, |180◦ − |λik − Λik1||). (5)
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Figure 1. Demonstration of the method. Circles stand for sunspots and two dash lines are
expected migration routes of the two active longitude.

One can define the merit function

ε(Λ01, A, B) =
1
n

∑

i

∑

k

∆2
ik, (6)

where n stands for the total number of sunspots. The merit function has three para-
meters Λ01, A, and B. One can search for the best fit parameters in a reasonable range
where the merit function reaches minimum. The search interval for the value of Ω0 is
within [13.5, 15.0] (deg/day) in steps of 0.01 (deg/day), B within [0.0, 5.0] (deg/day)
in steps of 0.01 (deg/day) and Λ01 within [0◦, 360◦] in steps of 1◦. Applying the ob-
tained rotation parameters for each hemisphere, one can calculate the rotation rate at
dominant latitude 17◦ of sunspots, i.e., Ω17, which can be considered as the surface
rotation rate for each hemisphere. Greenwich data in 1877-2009 has been used and the
time interval was chosen to be three solar cycles, which was stepped forward by one
cycle. The rotation parameters for each cycle are obtained from this 3-cycle running
intervals, e.g., the rotation parameters for cycle 13 are obtained from the data in cycles
12-14 and for cycle 14 from the data in cycles 13-15.

3. Result

The rotation rates of solar surface in cycles 13-22 show a clear oppositely variation
in the northern and southern hemispheres. Values of rotation rates Ω17 for cycles 13-
22 obtained from 3-cycle running intervals are demonstrated in the top panel in Fig.
2. The errors (±0.005 deg/day) were measured in the same way as in Zhang et al.
(2011), which are too small to be seen outside of the circles of the figure. The values
of Ω17 show that the rotation rates for the two hemispheres deviate from each other
significantly in the beginning, come close in the following three cycles and change
signs in cycle 17. They depart again thereafter and come to close in the end. The
variation in the nine cycles suggests a period of about 10-12 cycles.
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Figure 2. Dominant rotation rates Ω17 for northern (filled circles) and southern (open circles)
hemispheres in cycles 12-23. Top panel is for 3-cycle intervals and bottom for 1-cycle intervals.
The horizontal lines stand for sidereal Carrington rotation rate Ωc = 14.1844 (deg/day).

The rotation parameters obtained from 1-cycle intervals shown in bottom panel
in Fig. 2 are taken from earlier work by Zhang et al. (2011). It happens to see that
the rotation rates in the two hemispheres are very close to each other in the first cycle
12 and in the last cycle 23. This implies that the long-term period of N-S asymmetry
in solar surface rotation is 11 cycles. However, the rotation parameters obtained for
1-cycle intervals do not vary so smoothly as for 3-cycle intervals since the method
has a benefit from long time and large amount of samples. For example, the bottom
panel shows that the two hemispheres have a equal rotation rate in cycle 20. Thus,
considering the results from 1-cycle and 3-cycle intervals, the long-term period of
N-S asymmetry in solar surface rotation is expected to be around 10-12 cycles.

The mean rotation rate of Ω17 over the twelve cycles is 14.189±0.005 (deg/day)
in northern hemisphere and 14.169±0.005 (deg/day) in southern hemisphere. Both are
very close to Carrington frame rotation velocity 14.1844 (deg/day). This is consistent
with Zhang et al. (2011) that the mean rotation rate in northern hemisphere is slightly
larger than in southern hemisphere in the last twelve cycles.

The variation of solar surface differential rotation with time has also been studied
by Heristchi & Mouradian (2009) and Plyusnina (2010), but no N-S asymmetry was
found. This is probably due to the data they used. They took daily sunspot number
and sunspot areas as indices. These daily values are smoothed over the whole disc.
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They do not carry longitude information with high accuracy. Thus they are not very
good indices for studying surface differential rotation.

Acknowledgements

The research leading to these results has received funding from the European Commis-
sion’s Seventh Framework Programme (FP7/2007-2013) under the grant agreement no
218816 (SOTERIA project, www.soteria-space.eu). We also acknowledge the finan-
cial support by the Academy of Finland to the HISSI research project no. 128189.
This work is jointly supported by the National Natural Science Foundation of China
through grants 10973020, 10733020, 10921303 and 40890161, and the National Basic
Research Program of China (Program 973) through grant 2011CB811406.

References

Antia H. M., Basu S., Chitre S. M., 2008, ApJ, 681, 680-692
Antonucci E., Hoeksema J. T., Scherrer P. H., 1990, ApJ, 360, 296
Bai T., 2003, ApJ, 485, 1114
Balthasar H., Vazquez M., Woehl H., 1986, A&A, 155, 87
Balthasar H., 2007, A&A, 471, 281
Brajs̆a R., Ruz̆djak V., Vrs̆nak B., Pohjolainen S., Urpo S., Schroll A., Wöhl H., 1997,
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Abstract. The effects of acoustic wave absorption, mode conversion and
transmission by a sunspot on the helioseismic inferences are widely dis-
cussed, but yet accounting for them has proved difficult for lack of a con-
sistent framework within helioseismic modelling. Here, following a discus-
sion of problems and issues that the near-surface magnetohydrodynamics
hosts through a complex interplay of radiative transfer, measurement is-
sues, and MHD wave processes, I present some possibilities entirely from
observational analyses based on imaging spectropolarimetry. In particu-
lar, I present some results on wave evolution as a function of observation
height and inclination of magnetic field to the vertical, derived from a high-
cadence imaging spectropolarimetric observation of a sunspot and its sur-
roundings using the instrument IBIS (NSO/Sac Peak, USA). These obser-
vations were made in magnetically sensitive (Fe I 6173 Å) and insensitive
(Fe I 7090 Å) upper photospheric absorption lines. Wave travel time con-
tributions from within the photospheric layers of a sunspot estimated here
would then need to be removed from the inversion modelling procedure,
that does not have the provision to account for them.

Keywords : Sunspots – Sun: helioseismology – MHD

1. Introduction

Developments in sunspot seismology trace back to the original suggestion by Thomas,
Cram & Nye (1982) that interactions between sunspots and helioseismic p modes
could be used to probe the sub-surface structure of sunspots. The analyses that fol-
lowed Thomas et al. (1982) focussed mainly on changes in the frequency - wavenum-
ber spectrum (ν - k) and in the modal power distribution. These studies led to the
discovery of ’absorption’ of p modes by sunspots (Braun, Duvall & Labonte 1987):
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about 50% of the flux of acoustic wave energy impinging on a sunspot is not observed
to return to the quiet Sun. Development of several local helioseismic techniques,
viz. the ring diagram analysis (Hill 1988), helioseismic holography (Lindsey & Braun
1990) and time-distance helioseismology (Duvall et al. 1993), has since brought in
new ways of probing the subsurface structure and dynamics of sunspots. However,
the question, viz. is a sunspot formed, in the sub-surface layers, of a monolithic flux
tube or a cluster of flux tubes?, still remains to be answered. An answer to this question
would also address the dynamics of heat and material flow in and around sunspots, and
hence would have far reaching implications for the magnetohydrodynamics of solar
and stellar magnetism.

Applications of time-distance helioseismology appeared as a promising avenue
with its 3-dimensional tomographic images of flow and sound speed structures be-
neath sunspots (Kosovichev, Duvall & Scherrer 2000; Zhao, Kosovichev & Duvall
2001). These early results showed an increased sound speed region extending from
about 4 Mm down to about 18 Mm with a maximum change of about 1 - 2 %, while
the near surface layers in the 1 - 3 Mm depth range show a decrease in sound speed of
similar magnitude. The flow pattern (Zhao et al. 2001) consists of a shallow (1.5 - 3.0
Mm) converging flow that feeds a strong downflow beneath the sunspot (Duvall et al.
1996) up to depths of about 5 Mm. Though these results have features indicative of the
cluster model (Parker 1979), new developments and improvements in several differ-
ent fronts in local helioseismology have served to emphasise the inadequacy of such
analyses (Gizon et al. 2010). In contrast to results from time-distance helioseismol-
ogy, studies based on phase sensitive holography (Braun & Lindsey 2000) have shown
phase shifts of waves consistent with a faster propagation in the near surface layers,
in direct correlation with the surface magnetic proxies (e.g. LOS magnetogram sig-
nals), and which decrease monotonically with depth becoming undetectable at layers
deeper than about 5 Mm. Recent new ways of travel time measurements and inversions
(Moradi et al. 2010; Svanda et al. 2011) show that the moat outflows around sunspots
extend much deeper (up to about 4 - 5 Mm). These new developments have brought to
the fore the dominant direct interactions between acoustic waves and magnetic fields,
which leave too large a signal in measurements to be treated with the conventional
methods of seismic inversions that club such effects into thermal perurbations.

The early contentions that p mode absorption of sunspots could be used to probe
them, thus, have come around a full circle to the realization, through theoretical at-
tempts at explaining the above surface effects (Cally, Crouch & Braun 2003; Crouch
& Cally 2005; Schunker et al. 2006), that they are the very processes that need to be
accounted for before we proceed further in the application of the later developed local
helioseismic techniques.

2. New developments: unreliability of old results

The physical setting and nature of changes in the global structure and dynamics of
the Sun is consistent with a conventional helioseismic analysis procedure, viz. a lin-
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ear first order perturbation to the equilibrium structure of the Sun that the p mode
frequencies effectively sense. However, such a treatment is much less adequate to
probe the influence of sunspots in the near surface layers. The major sources of inade-
quacy in the local helioseismic analyses of sunspots, as have been gleaned from recent
research, can be identified to arise from two basic causes: (i) inadequate understand-
ing and modelling of the interactions between the acoustic waves and the sunspots,
where magnetohydrodynamic effects dominate, and (ii) inadequate identification of
the helioseismic observables due to complexities in the observation and measurement
procedures themselves. However, much of what are known as ’surface magnetic ef-
fects’ contain subtle inter-mixture of physical, measurement and analysis issues and
hence have contributions from both the above causes.

2.1 Surface magnetic effects

The neglect of direct magnetic effects due to the pressure and tension forces of the
magnetic field on the wave speed, while inverting either the travel times or frequency
shifts, is the foremost of issues arising from the cause (i) above. Interesting, but not yet
fully understood, revelations on the seismic disguises of the dominantly near-surface
interactions between the magnetic field and acoustic waves came forth from analy-
ses based on phase-sensitive holography (Braun & Lindsey 2000): the ‘showerglass
effect’ of Lindsey & Braun (2005a) and the ‘inclined magnetic field effect’ of Schun-
ker et al. (2005). The former effect refers to strong surface phase perturbations that
the upcoming acoustic waves in active regions undergo resulting in impairment of
their coherence, similar to the blurring of images seen through a commercial show-
erglass. These are measured as phases of the so called ‘local control correlations’
of ingressing (ingoing) and egressing (outgoing) waves with wavefield observed at a
particular point in active region (or sunspot) and are found to increase almost expo-
nentially with magnetic field strength B. The ‘inclined magnetic field effect’ pertains
to the penumbral regions, where there are anomalous changes that depend on the incli-
nation angle of the magnetic field and the line of sight angle of observations (Schunker
et al. 2005). To correct for the showerglass effect Lindsey & Braun (2005b) devised a
magnetic proxy, which is a complex amplitude that depends on B2 and is nothing but
the reciprocal of the appropriate local control correlation. ‘Corrected measurements’
follow upon multiplying local surface signal with the above proxy. Such corrections
(Lindsey & Braun 2005b) show that the sub-surface acoustic anomalies disappear
below a depth of ≈ 5 Mm, in contrast to the time-distance helioseismic inferences
(Duvall et al. 1996; Kosovichev et al. 2000).

It is also likely that additional effects such as changes in the path length of the
waves due to thermal expansion or contraction make significant contributions of either
sign, and hence incorrect estimates of changes in sound speed from those in travel
times. In particular, the path length changes associated with the Wilson depression and
the propagating nature of (magneto-)acoustic waves (due to reduced cut-off frequency)
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would add contributions of opposite signs in the wave travel times. Clearly, neither
thermal nor magnetic perturbations alone can explain the inferences.

2.2 Observational issues: radiative transfer effects

The altered thermal conditions in sunspots mean that the transfer of spectral line ra-
diation is different from that in quiet Sun, and in the case of Zeeman sensitive lines
the polarization and shape of the line interfere with the Doppler measurement proce-
dure. With the added situation that the character of waves also are changed due to the
magnetic field, radiative transfer effects manifest in Doppler velocity signals through
subtle interaction of the above changes: the second basic cause [case (ii)] described
earlier, viz. inadequate identification of the helioseismic observables due to complexi-
ties in the observation and measurement procedures themselves. Here the helioseismic
observable is the phase or travel time of a wave observed within a sunspot. Because
the magnetic field lowers the acoustic cut-off frequency, and because it converts some
of the incident acoustic waves into upward propagating ones confined to follow the
field lines, the phases of waves measured within sunspots depend sensitively on the
height within the line forming layers. Any line of sight angle dependent changes in
(line) optical depth would then manifest as changes in the wave phases, i.e. different
locations within a sunspot located at on off-disk center position would yield differ-
ent phases for waves. This radiative transfer effect has been brought out clearly in
an observational study of a sunspot in Ni I line (6768 A) using the Advanced Stokes
Polarimeter (ASP) at the Dunn Solar Telescope of the National Solar Observatory at
Sac Peak, Sunspot, New Mexico (Rajaguru et al. 2007).

3. Helioseismic signatures of wave evolution in the observable
layers: an example

As an example of the near-surface effects discussed in the previous Section, I present
here results of a study using a high cadence imaging spectropolarimetric observation
of a sunspot and its surroundings in magnetically sensitive (Fe  6173 Å ) and insen-
sitive (Fe  7090 Å ) upper photospheric absorption lines. The results of this study
have already been published (Rajaguru et al. 2010) and we refer the readers to this
original paper for a detailed account. We restrict ourselves here to a brief account
of the observations and major physical implications of the results. The observations
were made using the Interferometric BI-dimensional Spectrometer (IBIS) installed at
the Dunn Solar Telescope of the National Solar Observatory, Sac Peak, New Mexico,
USA. We observed a medium sized sunspot (NOAA AR10960, diameter ≈ 18 Mm)
located close to the disk center (S07W17) on 2007 June 8. Our observations involved
scanning and imaging in all the Stokes profiles (I,Q,U,V) of magnetic Fe  6173.34
Å and in Stokes I of non-magnetic Fe  7090.4 Å , with a cadence of 47.5 s. A 7 hr
continuous observation was chosen for our analysis
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Line-of-sight (LOS) velocities of plasma motions within the line forming layers
are derived from the Doppler shifts of line bisectors. We use 10 bisector levels with
equal spacing in line intensity, ordered from the line core (level 0) to the wings (level
9), and derive 10 velocity data cubes, vi(x, y, t)(i = 0, ..., 9), for each line. For the
magnetic line, we use the average of bisector velocities from the left (I + V) and right
(I −V) circular polarization (CP) profiles (Sankarasubramanian & Rimmele 2002; del
Toro Iniesta 2003) and those from the I profile for the non-magnetic line. The 10
bisector levels span the height range within the line formation region in an unique
one-to-one way.

3.1 Instantaneous wave phases and helioseismic travel times

Instantaneous wave phases in the form of phase shifts δφi,0(ν)=Phase[Vi(ν)V∗0(ν)],
where ν is the cyclic frequency of a wave and V is the Fourier transform of v, due to
wave progression between two heights corresponding to any one of the bisector levels
i = 1, 2, ..., 9 and level 0 (the top most layer) are calculated (Rajaguru et al. 2007). The
10 different data cubes from each line are run through a standard p-mode time-distance
analysis procedure in center-annulus geometry (Rajaguru et al. 2004). Here, travel
times for ∆ = 16.95 Mm are analysed, because, given the sizes of observed region
(radius ≈ 29 Mm) and the spot (radius ≈ 9 Mm), this is the optimum ∆ that facilitates
distinguishing clearly the ingoing and outgoing waves in the sense of their interactions
with the spot. Height dependent contributions to out- and ingoing phase travel times
τ+ and τ− from within the line forming layers are determined using δτ±i,0 = τ±0 − τ±i
(i = 1, ..., 9).

Figure 1. Instantaneous phase shifts, δφ8,0(ν), and changes in ingoing wave travel times, δτ−8,0,
due to wave propagation between the formation heights of wings (20 km) and core (270 km) of
Fe  6173 Å (panel a), and of Fe  7090 Å (panel b) against γ of B.

We show in Fig.1 δφ8,0 and δτ−8,0, due to wave evolution within the region bounded
by the wing (level 8) and core (level 0) formation heights, against γ. The ν values
marked in the panels of Figure 1 are the central frequencies of 1 mHz band filters
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used. Keeping in mind that δφ8,0 have contributions from a larger set of waves (as
discussed above), results in Fig. 1(a) for the magnetic line show a surprising amount of
correlation between the two measurements, and moreover exhibit a strikingly similar γ
dependence. These results immediately reveal several interesting aspects of magnetic
field - acoustic wave interactions: (1) first of all they confirm that helioseismic waves
incident on the sunspot see themselves through to higher layers of its atmosphere
with a striking dependence on γ: a coherent let through of incident waves happen,
peaking around γ ≈ 30◦, maintaining a smooth evolution of time-distance correlations;
(2) remembering that CP profiles of the magnetic line have maximum sensitivities
for velocities within vertical magnetic field, it is seen that a large fraction of waves
propagating upward within such field are due to helioseismic waves originating at
distant locations; and, (3) provide direct evidences that ingoing wave travel times
would cause observing height dependent signals in flow inferences from travel time
differences.

Outgoing waves at a given measurement location, in general, would consist of
those locally generated and those generated elsewhere undergoing reflection at the
photosphere directly below it. These latter components would be seen in neither δφi,0
nor δτ±i,0, as they are evanescent at the observing height. For locally generated waves,
circular wavefronts form a source, while their upward propagating parts see them-
selves up through the magnetic field, would cause outgoing wave correlations yield-
ing distinct signatures in δτ+

i,0 (see Fig.2(b)). Results in Fig.2(a), for δτ+
8,0 from both

the magnetic and non-magnetic lines, do indeed provide such a diagnostic: outgoing
waves starting at higher height (line core) within the sunspot atmosphere and reach-
ing the quiet-Sun at the chosen ∆ have shorter travel times than those starting at a
lower height (line wings) and reaching the same quiet-Sun location; since this is sim-
ply not possible, the only explanation for this observation is the one contained in our
previous sentence and illustrated in Fig.2(b), viz., outgoing wave time-distance corre-
lations are predominantly due to waves directly from sources just beneath the sunspot
photosphere when oscillations observed within it are used.

4. Discussions and conclusion

Almost all time-distance helioseismic analyses proceed under the working assumption
that wave signals at observation heights are evanescent and hence oppositely directed
wave paths involving photospheric reflections at two separated points are of identical
path length. This assumption is basic to the inferences on flows and wave speed from
travel time differences and mean, respectively. In an early theoretical study, accom-
panied by attempts to model the helioseismic observations of Braun (1997), Bogdan,
Braun, Lites & Thomas (1998) showed the influences of both the p-mode forcing of,
and spontaneous emissions by, sunspots on acoustic wave travel times. Our analyses
here have yielded transparent observational proofs for both effects, for the first time,
with important new perspectives: (1) the process of transformation of incident acoustic
waves into propagating (magneto)-acoustic waves up through the magnetic field hap-
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Figure 2. Changes in outgoing wave travel times, δτ+
8,0, due to wave propagation between the

formation heights of the wings (20 km) and the core (270 km) of Fe  6173 Å (in red) and
7090 Å (in green) lines as a function of γ of B. (Panel b), a cartoon depicting wavefronts from
acoustic sources beneath the umbra, wave paths and line formation heights (see text for details).

pen in a coherent manner allowing a smooth evolution of time-distance correlations
and, in agreement with several recent theoretical and numerical studies (Cally 2005;
Crouch & Cally 2005; Schunker & Cally 2006), this process depends on the inclina-
tion angle (γ) of magnetic field to the vertical, and (2) outgoing waves from acoustic
sources located just beneath the sunspot photosphere add important additional con-
tributions for both mean travel times and differences. Our results have also shown
observational prospects for consistently accounting for the above effects in sunspot
seismology, viz. the indispensability of imaging spectroscopy to extract wave fields
so as to be able to correctly account for the wave evolution within the directly observ-
able layers of sunspot atmosphere.
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Abstract. We examine the characteristic properties of photospheric p-
modes and sub-photospheric flows of active regions (ARs) observed during
the period of 26-31 October 2003. Using ring diagram analysis of Doppler
velocity data obtained from the Global Oscillations Network Group (GONG),
we have found that p-mode parameters evolve with ARs and show a strong
association with flare activity. Sub-photospheric flows, derived using in-
versions of p-modes, show strong twist at the locations of ARs, and large
variation with flare activity.
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1. Introduction

Solar photospheric oscillations having a period of five minutes were first discovered
by Leighton, Noyes & Simon (1962). These arise due to pressure waves (or p-modes)
which are trapped in different cavities in the solar interior (Ulrich 1970; Leibacher
& Stein 1971; Deubner 1975). The upper boundary of the cavities lies close to the
photosphere while the lower one lies at depths depending upon the wavelength of the
acoustic wave. The global modes of oscillations have lifetimes long enough to travel
completely around the solar circumference and self interfere without suffering a loss
of phase coherency greater than π/2 (Hill 1995). Accurate frequency measurement
of these modes provides the global properties of solar interior, such as temperature,
pressure, chemical compositions, etc. But they are insensitive to local characteristics,
viz., meridional and complex flows of ARs. On the other hand, high degree (` >300)
p-modes are more sensitive to local properties of ARs. Therefore, photospheric and
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sub-photospheric properties of ARs are studied using local oscillations by local helio-
seismology techniques (Lindsey, Braun & Jefferies 1993).

Local helioseismology provides a three-dimensional view of ARs. Three main
techniques are used: ring diagram analysis (Hill 1988), time-distance method (Du-
vall, Jefferies, Harvey & Pomerantz 1993) and acoustic holography (Lindsey & Braun
1990). The first one is generalization of the global helioseismology over a small area
of ARs compared to the whole Sun. This is based on the reasonably well understood
physics of normal modes, while the interpretation of other techniques are still in devel-
opment (see Gizon, Birch & Spruit 2010, and references therein). These methods have
been extensively used earlier to study the photospheric p-modes and sub-photospheric
flows of ARs (see Maurya 2010, and references therein).

Solar p-modes are believed to be caused by stochastic excitation in the convection
zone but they are expected to be modified by energetic transients, such as, flares and
CMEs. Wolff (1972) first suggested that a large flare can modify the p-mode ampli-
tude by exerting mechanical impulse of the thermal expansion on the photosphere. The
amplification is expected to be larger in high degree p-modes, because they are con-
centrated near the photosphere, and their typical wavelength approximately matches
the scale of the pulse. Subsequently, flare related variations in high degree p-mode pa-
rameters have been observationally reported by several researchers (Ambastha, Basu
& Antia 2003; Ambastha, Basu, Antia & Bogart 2004; Howe, Komm, Hill, Haber &
Hindman 2004; Maurya, Ambastha & Tripathy 2009).

ARs are the most important candidates for energetic solar transients. Therefore,
it is interesting to study their internal structure and dynamics. Local helioseismology
provides a unique observational tool to determine sub-photospheric flows of ARs by

Figure 1. (a) MDI continuum image of the Sun observed at 11:11:13 UT/28 October 2003.
NOAA ARs are labeled on their appropriate locations. (b) Integrated GOES X-ray light curve
in the wavelength range 0.5-4.0Å.



Variation in p-modes and flows with flaring 191

inverting the photospheric p-modes (see Maurya 2010, and references therein). Helio-
seismic studies show that sunspots are rather shallow, near-photospheric phenomena
(Kosovichev, Duvall & Scherrer 2000; Basu, Antia & Bogart 2004) and are locations
of large scale flows at the photosphere (Haber et al. 2002; Braun, Birch & Lindsey
2004; Zhao & Kosovichev 2004; Komm, Howe, Hill, González-Hernández, Toner &
Corbard 2005; Maurya & Ambastha 2010a,b; Maurya, Ambastha & Reddy 2011).

Aim of this study is two fold: First we try to understand the characteristics of
p-mode parameters at locations of active and quiet regions, and their variations with
flaring activity. Secondly, we examine sub-photospheric flow variations in ARs from
non-flaring to flaring phases. We have carried out these studies for the active and
quiet regions that appeared during 26 - 31 October 2003. The paper is organized
as follows: In Section 2, we describe the ARs observed during the aforesaid pe-
riod. Section 3 discusses the observational data and methods of analysis. Section 4
presents results of our analysis. Finally, summary and conclusions are provided in
Section 5.

2. Active regions and flares

During the period of 26-31 October 2003, several ARs appeared on the solar disk, but
the ARs NOAA 10484, 10486, and 10488 dominated due to their complex and large
size. Amonst these, NOAA 10486 was the largest and most flare productive as it gave
rise to flares of largest magnitude, viz., X17/4B, X10/2B, of the solar cycle 23. These
ARs are shown in a MDI continuum image observed at 11:11:33 UT/28 October 2003
(Figure 1(a)). The transient activities for the aforesaid time period are shown by the
integrated GOES X-ray light curve in the wavelength range 0.5–4.0Å in Figure 1(b).

3. Observational data and analysis

Observational data for the study of ARs for the period 26-31 October 2003 were ob-
tained from the GONG archive. The photospheric p-mode parameters were computed
using ring diagram analysis (Hill 1988) of the data cube (16o×16o×1664m). Then, we
computed horizontal components (ux, uy) of sub-photospheric flows as a function of
depth from inversions of p-modes (Gough 1985). The vertical component (uz) of flow
was calculated using continuity equation (Komm et al. 2004). Maps of kinetic helicity
density (KHD), a measure of twist of sub-photospheric flows, were then constructed
using these three components of flows.

4. Results and discussions

The results obtained from the analysis of ARs for the period 26-31 October 2003 are
shown in Figs 1–3.
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Figure 2. MDI magnetograms (top) and averaged p-mode (n = 0 - 5) parameters (bottom) in the
longitude and latitude range ±60o for the period 26-31 October 2003. In the bottom, background
image corresponds to the frequency shift and vectors represent the horizontal flows.

4.1 Variations in p-mode parameters of active regions

Figure 2(top) shows the MDI magnetograms in the range ±60o of longitude and lati-
tude during the period 26-31 October 2003. The bottom panel shows the co-aligned
maps of the p-mode parameters: frequency shift δν in the background half-tone im-
age, and horizontal components of flows Ux and Uy marked by vectors. The ARs
are labeled in both panels at their appropriate places. The start date/time of the ring-
diagram data cubes corresponding to the maps are given in the top of the figure. It
would be interesting to examine the p-mode characteristics as follows: (i) compare
the flare productive ARs with dormant and quiet regions, and (ii) examine their spatio-
temporal evolution. For this, we have computed the mode parameters averaged over
radial orders n = 0–5 in the range ±60o of longitudes and latitudes.

In Figure 2 (bottom), vectors represent the horizontal flows and background red
(blue) colors show the positive (negative) frequency shift in the averaged modes. It
is evident that there were large, positive frequency shifts at the AR’s locations, which
evolved as the ARs evolved. For instance, NOAA 10488 was initially associated with
small positive δν value on 26 October 2003 which increased till 30 October 2003 as the
AR grew in complexity and size. Interestingly, the AR was intensely flare productive
during this period.

It is evident that horizontal flows showed a large deviation from the general flow
pattern around the site of AR NOAA 10486 as seen from the changing direction of
vectors. Since Ux and Uy are the weighted averages over depth, the flow pattern
reveals highly sheared flows in the interior of NOAA 10486 as compared to other less
flare active ARs and the surroundings (see Fig. 3 top). These results provide further
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Figure 3. Evolution of (top) magnetic flux and (bottom) kinetic heliciy density during 26-31
October 2003.

confirmation on the association of flare productivity of NOAA 10486 with p-mode
parameters, sub-photospheric flows and their variations.

4.2 Variations in Sub-Photospheric Flows of Active Regions

Energetic transients are caused by the changes in magnetic fields which are rooted be-
neath the photosphere. The sub-photospheric flows result in braiding and intertwining
of the rising magnetic flux tubes. Therefore, we expect the changes in magnetic field
configuration to be governed by sub-photospheric flows. In order to investigate this
issue, we have determined kinetic helicity of sub-photospheric flows corresponding to
the images shown in Fig. 2.

Kinetic helicity density maps, as a function of depth and latitude for a fixed Car-
rington longitude 285o, are shown in Fig.3 (bottom) during 26-31 October 2003. Con-
tour levels are drawn at the 0.5, 2.5, 5, 10, 20, 40, 60, 80% of the absolute maximum
of the maps. Top panel shows magnetic flux as a function of latitude corresponding
to the bottom panel. The number of flares in C, M and X class of GOES SXR are
given in the top panel. The meridian for Carrington longitude 285o passes through the
center of NOAA 10486 (see Fig. 2). Therefore, large magnetic flux (top) and kinetic
helicity density (bottom) represents the location of NOAA 10486.
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Figure 3 shows a large twisted flow beneath the ARs as compared to the quiet re-
gions. The locations of large KHD (bottom) coincide well with the large magnetic flux
areas. Magnetic flux in AR NOAA 10486 increased till 29 October 2003 and decayed
thereafter. This AR was extremely flare productive during 28 and 29 October 2003
and produced several helioseismic signatures corresponding to its major flares (Donea
& Lindsey 2005; Kosovichev 2006; Maurya et al. 2009). On 26 October 2003, it pos-
sessed a large KHD, increasing on 27-28 October 2003, when this AR produced the
X17/4B flare. After showing a decaying trend, it increased again during 29 October
2003, when it produced another large X10/2B flare. Thereafter, it simplified during
30-31 October 2003. Such systematic variation in internal flows reveals a strong role
of fluid/magnetic topology contributing in the initiation of large flares.

5. Summary and conclusions

From the study of p-modes and sub-photospheric flows beneath ARs that appeared
on the solar disk during 26-31 October 2003, we have found the following important
results: i) Large p mode frequency shifts occurred at locations of ARs as compared
to quiet regions, accompanied by large surface and sub-surface flows. ii) Sub-surface
flows of ARs were comparatively more complex and twisted. iii) Large systematic
variations in internal flow parameters were found associated with flaring activity.
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Abstract. Solar activity indices vary over the Sun’s disk, and various
activity parameters are not considered to be symmetric between the north-
ern and southern hemispheres of the Sun. The north-south asymmetries of
different solar indices provide an important clue to understanding solar dy-
namo action, especially with regard to non-linear dynamo models. In the
present work, we study the statistical significance of northsouth asymmetry
of sunspot areas for the complete solar cycle 23 (1996 - 2008). The dom-
inant hemisphere in each year of the cycle 23 has been identified by cal-
culating the probability of hemispheric distribution of sunspot areas. The
statistically significant intermediate-term periodicities of the north-south
asymmetry of sunspot area data have also been investigated using wavelet
technique. A number of short and mid-term periods are detected and most
of them are found to be time variable. We present our results and discuss
their possible explanations for different solar mid-term periodicities.

Keywords : Sun: activity – Sunspots

1. Introduction

The existence of the north-south (N-S) asymmetry in solar activity is an intensively
studied phenomenon. It is a real and systematic phenomenon (not due to random fluc-
tuation) which can be observed in terms of several activity indicators such as sunspot
numbers and area, solar flares and flare index data, photospheric magnetic flux, fil-
aments etc. (Oliver & Ballester 1994; Atac & Özgüc 1996; Li et al. 2002, 2009,
2010; Temmer et al. 2006 and references therein). The N-S asymmetry is now widely
recognized and its analysis in context of solar activity for both northern and southern
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Table 1. Hemispheric distribution of sunspot area.

Dominant
Year N S Probability A hemisphere
1996 5978 19082 < 10−6 −0.522 S
1997 41118 35476 < 10−6 0.073 N
1998 12422 155176 < 10−6 −0.110 S
1999 251230 173600 < 10−6 0.182 N
2000 302708 286216 < 10−6 0.028 N
2001 337744 285026 < 10−6 0.084 N
2002 265751 402290 < 10−6 −0.204 S
2003 201208 2017112 0.000941 −1.25 × 10−3 S
2004 99463 151263 < 10−6 0.206 S
2005 69636 128506 < 10−6 −0.297 S
2006 7098 82643 < 10−6 −0.841 S
2007 4480 44156 < 10−6 −0.815 S
2008 1834 6559 < 10−6 −0.562 S
2009 (cycle 24) 6692 3108 < 10−6 0.365 N
2010 (cycle 24) 55434 22984 < 10−6 0.413 N

hemispheres provides insight and constraints to understanding dynamo action. Peri-
odic sunspots evolve in a complex wave-like fashion. They also exhibit asymmetry in
both the hemispheres. In this work, we have investigated the asymmetric behavior of
sunspot area during cycle 23 (1996 - 2008) and the initial phase of cycle 24 (2009 -
2010) considering northern and southern hemispheres of the Sun.

2. Data and analysis

The daily and monthly data of sunspot areas of the full solar disk, northern and south-
ern hemispheres of the Sun have been taken from the NASA’s Marshall Space Flight
Centre (http://solarscience.msfc.nasa.gov/greenwch.shtml). The N-S asymmetry has
been calculated using

A =
N − S
N + S

where N and S respectively are values of sunspot areas in northern and southern hemi-
spheres.

We have counted the yearly sum of sunspot areas in both hemispheres, calculated
the actual probabilities of generating N-S distribution using Binomial probability for-
mula, and shown the dominant hemispheres in every year of the solar cycle 23 and 24
(cf., Table 1). The binomial probability distribution formula is given by

P(r) =n CrPr(1 − p)n−r
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Figure 1. Plot of N-S asymmetry and regression line for cycle 23.

where n is the number of objects in both classes, r is the number of objects in a
particular class and p = 0.5 is the associated probability. The probability of finding
more than d objects in one class is is given by

P(≥ d) =

n∑

i=d

P(i)

It is to be noted that P(≥ d) > 10% is a statistically insignificant result: 5% < P(≥
d) < 10% is marginally significant, 1% < P(≥ d) < 5% is statistically significant, and
P(≥ d) < 1% is highly significant.

We fit a regression line to the monthly values of A during the ascending (including
maxima) and descending (including minima) phases of cycle 23 as well as the initial
phase of cycle 24. The results are shown in Figs 1 and 2. We find that the slope of the
straight line changes in each phase indicating some kind of periodic behavior by which
the activity changes from one hemisphere to the other. We have also investigated the
short and mid-term periodicities in asymmetry data for the complete cycle 23 using
complex Morlet wavelet function (ω0 = 6) considering a red-noise background to
study the temporal evolution of the detected periods. The thin black contours within
COI show the periods above 95% confidence level (Torrence & Compo 1998).

3. Results and discussions

Figure 1 and Table 1 show that the northern hemisphere is dominant up to 2001, but
then the southern hemisphere takes over from 2002 to the end of solar cycle 23, i.e.,
(2008). On the other hand, northern hemisphere dominates in the initial phase of
cycle 24 (cf., Table 1, Fig. 2). Moreover, the present study indicates that the solar
activity with respect to sunspot area is dominant in the southern hemisphere during
cycle 23. Using by WT method (Fig. 3), we find a number of short and mid-term
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Figure 2. Plot of N-S asymmetry and regression line for cycle 24.

Figure 3. Wavelet spectrum of N-S asymmetry data for cycle 23.

quasi-periodicities namely, ∼ 27 d, ∼ 27 31 d, 50-60 d, ∼ 27 100 d, near Rieger peri-
ods of ∼ 27 136 d and ∼ 27 165 d, ∼ 27 1.4 yr and a quasi-bi-annual period of ∼ 27
2.1 yrs detected in sunspot area asymmetry data during different phases of cycle 23.
These results are consistent with the earlier results in various activity indicators such
as group sunspot number (Temmer et al. 2006); photospheric magnetic flux (Knaack
et al. 2004); coronal Fe lines (Badalyan et al. 2008) etc. Although physical rea-
sons behind these periodicities are still unknown, yet they are possibly related with
the evolution of complex activity and their characteristic lifetime. Goel and Choud-
huri (2009) assumed that the Babcock-Leighton process of poloidal field generation
to be the main source of irregularity in sunspot cycle. They inferred that the N-S
asymmetry should tend to get reduced as the cycle progresses, and the hemispheric
asymmetries should be expected to continuously get washed away until the random-
ness in the Babcock-Leighton process creates fresh asymmetries towards the end of
the cycle. Our findings are in the variance of their inference. Zaatri et al. (2006) after
studying the N-S asymmetry of zonal and meridional components of horizontal solar
subsurface flows during 2001-04, showed that the zonal flows are larger in southern
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hemisphere and this N-S asymmetry increase with depth. The average meridional flow
has large amplitude in the southern hemisphere equator ward of the mean latitude of
magnetic activity. Recently, Basu and Antia (2010) studied solar meridional flows
and their variations for cycle 23 and reported that the time dependence of variation is
a function of both latitude and depth. More observations of local helioseismology are
called for in addressing the physics of the N-S asymmetry precisely.
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Abstract. Force-free magnetic fields, in which the magnetic or Lorentz
force is self-balancing and hence zero, provide a simple model for fields
in the Sun’s corona. In principle the model may be solved using bound-
ary values of the field derived from observations, e.g. data from the Hinode
spectro-polarimeter. In practise the boundary data is inconsistent with the
model, because fields at the photospheric level are subject to non-magnetic
forces, and because of substantial uncertainties in the boundary data. The
‘self-consistency’ procedure (Wheatland & Régnier 2009) provides an ap-
proach to resolving the problem. This talk reports on results achieved with
the procedure, in particular new results obtained for active region AR 10953
using Hinode data incorporating uncertainties in the boundary conditions
(Wheatland & Leka 2011).

Keywords : Sun: magnetic topology – Sun: corona – Methods: numerical

1. Introduction

Sunspot magnetic fields power large-scale solar activity, including solar flares and
Coronal Mass Ejections, and the space weather effects of these events motivate mod-
elling of the source fields at the Sun (Committee On The Societal & Economic Impacts
Of Severe Space Events 2008). Modern society is increasingly dependent on space-
based communication systems. These may be damaged during severe space weather
events, potentially incurring large economic losses (Odenwald, Green & Taylor 2006).

‘Vector magnetograms’ are maps of the magnetic field vector B over regions on
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the Sun’s photosphere, derived from spectro-polarimetric measurements of photo-
spheric lines showing the Zeeman effect. As Del Toro Iniesta & Cobo (1996) em-
phasized, “nobody can measure physical quantities of the solar atmosphere” – vector
magnetograms represent an inference of the magnetic field at the photosphere, but
are not direct measurements. The ‘Stokes inversion’ procedures used to derive vector
magnetogram field values are method and model dependent (Del Toro Iniesta 2003).
Additional uncertainty is introduced by the need to resolve the intrinsic 180-degree
ambiguity in the direction of the field transverse to the line of sight (Metcalf et al.
2006; Leka et al. 2009). Subject to these substantial uncertainties, vector magne-
tograms provide photospheric values B = (Bx, By, Bz) of the magnetic field in local
heliospheric coordinates x, y, z (with z radially out). It is common to neglect the
curvature of the Sun on the active region scale.

In principle, vector magnetogram data are boundary conditions for coronal field
modeling (often called ‘reconstruction’ or ‘extrapolation’), and a new generation of
instruments is providing high quality data, including the space-based Hinode Solar
Optical Telescope Spectro-Polarimeter (SOT/SP) (Tsuneta et al. 2008), and the So-
lar Dynamics Observatory Helioseismic & Magnetic Imager (SDO/HMI) (Scherrer,
Hoeksema & The HMI Team 2006).

A popular model for the coronal magnetic field is the force-free model:1

J × B = 0 and ∇ · B = 0, (1)

where J = µ−1
0 ∇ × B is electric currrent density. Physically this represents a sta-

tic magneto-hydrodynamic model in which the Lorentz force dominates over other
forces, and hence is zero in static equilibrium, i.e. J is parallel to B. Eqns. 1 may be
rewritten as

B · ∇α = 0 and ∇ × B = αB (2)

introducing the force-free parameter α defined by J = αB/µ0. The boundary condi-
tions on the model in a half space (z > 0) are Bz over z = 0 together with α over z = 0
in the region where Bz > 0 (the ‘P polarity’), or in the region where Bz < 0 (the ‘N
polarity’) (Grad & Rubin 1958). There is a choice for the boundary conditions on α
because this parameter is constant along magnetic field lines, according to the first of
Eqns. 2.

Vector magnetograms provide two sets of boundary conditions at the photosphere
(the z = 0 plane): Bz is provided, and α may be constructed over both the P and N
regions, using the vertical electric current density Jz estimated from the vector mag-
netogram field values:

µ0Jz|z=0 =
∂By
∂x

∣∣∣∣∣∣
z=0
− ∂Bx

∂y

∣∣∣∣∣
z=0

, (3)

1In this paper, by ‘model’ we mean the force-free model, and by ‘solution’ we mean a specific solution
to that model.
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together with α = µ0Jz/Bz. Hence in principle there are two solutions (the P and N
solutions) to the force-free model for vector magnetogram boundary data. The P so-
lution uses the boundary values of Bz over the entire magnetogram, and the α values
over the P polarity. The N solution uses the boundary values of Bz over the entire
magnetogram, and the α values over the N polarity. If the boundary conditions are
consistent with the force-free model, the two solutions will match. In practise the
solutions do not match, and in particular they have different field line structures and
magnetic energies (Metcalf et al. 2008; Schrijver et al. 2008). This is the ‘inconsis-
tency’ problem.

Fig. 1 illustrates the problem: it shows the P solution in panel (a) and the N
solution in panel (b) for Hinode-derived vector magnetogram boundary data for active
region AR 10953, observed on 30 April 2007. The solutions were calculated with a
code implementing a Grad-Rubin (1958) method of solution of Eqns. 2 (Wheatland
2007). The field lines are shown in the figure by the curved structures in the panels,
and the photospheric values of Bz are shown by the greyscale image in the background.
The field lines are quite dissimilar, with the N solution being much more distorted than
the P solution, due to the presence of larger electric currents densities Jz = αBz in the
boundary values. The energies of the two solutions are also shown: the P solution
has energy E = 1.03E0, and the N solution has energy E = 1.15E0, where E0 is the
energy of the potential (current-free) field with the same boundary values of Bz.

The inconsistency problem occurs because the solar atmosphere is not force free
at the height of the vector magnetogram field determinations (Metcalf et al. 1995),
and also because of the substantial uncertainties in the inferred field values. Incon-
sistency renders force-free modeling from vector magnetogram data unreliable (De
Rosa et al. 2009). The procedure of ‘preprocessing’ (Wiegelmann, Inhester & Sakurai
2006) which is sometimes applied to vector magnetogram data before reconstruction
does not solve the problem. Preprocessed boundary data remain inconsistent with the
force-free model. Similarly, non Grad-Rubin methods of solving the force-free equa-
tions such as optimization (Wheatland, Sturrock & Roumeliotis 2000), which use the
vector field B at the photosphere as boundary conditions and hence arrive at a single
‘solution,’ do not solve the inconsistency problem – the solution must depart from the
force-free model, and hence is inaccurate and unreliable. Nonlinear force-free mod-
eling from vector magnetogram boundary data should not be trusted for quantitative
analysis and interpretation of the Sun’s coronal magnetic field.

2. The self-consistency procedure

The ‘self-consistency procedure’ (Wheatland & Régnier 2009) provides one approach
to the problem of the mismatch between vector magnetogram boundary data and the
force-free model. The idea is to find a solution to the force-free model which is ‘close’
to matching the vector magnetogram boundary data on α for both the P and the N
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Figure 1. The two inconsistent nonlinear force-free solutions for vector magnetogram boundary
conditions for AR 10953: (a) the P solution; (b) the N solution.

solutions. A similar, but different scheme has recently been presented by Amari &
Aly (2010).

The procedure may be summarised in three steps. At step one, P and N solu-
tions are constructed, using the Grad-Rubin procedure, from the vector magnetogram
boundary data. At step two, the boundary conditions on α are adjusted, based on the
solutions and uncertainties in the boundary values of α. Specifically, the P and N
solutions define two sets of α values at z = 0: αP ± σP and αN ± σN (each of which
is consistent with the force-free model). Bayesian probability (Jaynes & Bretthorst
2003) is used to estimate ‘true’ values for α, under the assumption that these are two
sets of observations of the same data with Gaussian uncertainties. The estimates are
(Wheatland & Régnier 2009):

αest = σ2
est

(
αP/σ

2
P + αN/σ

2
N

)
with σ2

est =
1

1/σ2
P + 1/σ2

N

. (4)

The αest values are still inconsistent with the force-free model, but are expected to be
closer to consistency. Step three in the procedure is to iterate steps one and two until
consistency is achieved, i.e. until the P and N solutions (and their boundary values)
match. At each iteration, the vector magnetogram boundary values of α used in step
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one are replaced by the new estimates αest ± σest. The iterations of the procedure are
called ‘self-consistency cycles.’

The self-consistency procedure was initially tested on Hinode SOT/SP data for ac-
tive region AR 10953 on 30 April 2007 (see Fig. 1), in Wheatland & Régnier (2009).
This region was the subject of nonlinear force-free modeling using a number of dif-
ferent nonlinear force-free solution codes in an earlier study (De Rosa et al. 2009),
which highlighted the many difficulties associated with the modeling, in particular
the consistency problem. The self-consistency modeling of AR 10953 presented in
Wheatland & Régnier (2009) demonstrated that the method works in application to
vector magnetogram data: a self-consistent solution was obtained. However, the re-
sults were considered to be a ‘proof of concept,’ rather than a realistic solution for
the coronal field because different uncertainties σ were not assigned to the differ-
ent boundary values of α (all boundary points were assumed to have equal values of
σ). This neglect resulted in a self-consistent solution that was close to potential: the
energy of the final field was E/E0 = 1.02. Recently the calculation was repeated,
including uncertainties derived from the Stokes inversion procedure used to construct
the vector magnetogram (Wheatland & Leka 2011). The inclusion of different uncer-
tainties at different boundary points acts to preserve boundary values of α at points
where σ is small, i.e. where the boundary values are well-determined. This follows
from the uncertainty-weighted averaging in Eqns. 4. The boundary values of α tend
to be more certain where the field is stronger (e.g. in the core of an active region), and
these locations tend to include large electric currents. The corresponding large values
of Jz = αBz are preserved over the self-consistency cycles, leading to more significant
departure from the potential field configuration (by comparison with the case when
the individual uncertainties are ignored).

In the following section we briefly summarise the new results for the modeling of
active region AR 10953, including uncertainties, as presented in detail in Wheatland
& Leka (2011).

3. Modeling AR 10953 with uncertainties

In the revised modeling of active region AR 10953 (Wheatland & Leka 2011), the
initial data consists of an Hinode SOT/SP vector magnetogram merged with Solar
and Heliospheric Observer Michelson Doppler Interferometer (SoHO/MDI) line-of-
sight magnetic field data (Scherrer et al. 1995). The merging provides boundary data
over a wider field of view at the photosphere than is provided by Hinode observations
alone. The data grid is of size 313 × 313 with a grid spacing of 0.8 arcseconds. The
Hinode Stokes inversion process involves nonlinear least-squares fitting of a model
atmospheric spectrum to the observed spectrum, for each set of observed Stokes pro-
files. This gives magnetic field values with uncertainties, where the uncertainties are
based on the χ2 values of the goodness of fit. These uncertainties are considered to be
lower bounds to more realistic uncertainties because they involve only the curvature
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of the fit in the χ2 space, and neglect e.g. systematic errors, photon noise, and the
question of the validity of the atmospheric modeling. The resulting Hinode SOT/SP
boundary field values with uncertainties are converted into boundary values α ± σ
for the force-free parameter using Eqn. 3 together with propagation of uncertainties.
Boundary points in the MDI data region are assigned α = 0 and a large (nominal)
uncertainty.

The Wheatland (2007) nonlinear force-free code is used to calculate solutions on a
313×313×300 grid, from the Hinode/MDI vector magnetogram boundary conditions.
The Grad & Rubin (1958) method used by the code involves iterative solution of a set
of linear partial differential equations, such that the iteration sequence is expected to
converge to a solution to the nonlinear system of Eqns. 2. At each self-consistency
cycle, NGR = 30 Grad-Rubin iterations are used to construct individual P and N so-
lutions, and this process is repeated over a chosen number of self-consistency cycles.
The self-consistency procedure is found to converge in less than 10 cycles. The en-
ergies of the final P and N solutions are both E/E0 = 1.08, with the two solutions
differing in energy by < 0.03%. The energy is intermediate between the energies of
the initial P and N solutions (see Fig. 1).

Fig. 2 shows the self-consistent solutions obtained, with the same display as that
used in Fig. 1. Panel (a) shows the P solution and panel (b) shows the N solution. The
field lines for the two solutions are very similar, illustrating the achievement of self-
consistency. The field is quite distorted, indicating substantial non-potentiality. The
inclusion of individual uncertainties in the boundary conditions on electric current
density has resulted in the preservation of well-determined large currents, leading to
larger energy, by comparison with the earlier calculation presented in Wheatland &
Régnier (2009).

The self-consistency procedure alters the boundary values of α (and hence of
Jz = αBz) but does not alter the boundary values of Bz. When individual uncer-
tainties σ are assigned to the α values, the values tend to be preserved at locations
with small values of σ. Inspection of the distribution of Jz at the photosphere for
the vector magnetogram and the self-consistent solution shows that, while the details
vary, structures in the current with a large signal-to-noise ratio are preserved. Quan-
titatively, the individual values are altered substantially, leading to relatively large
changes in the horizontal field components Bx and By. Fig. 3 shows histograms of

∆Bh =
[
(B f

x − Bi
x)2 + (B f

y − Bi
y)

2
]1/2

, where i denotes values in the initial vector mag-
netogram, and f the self-consistent solution, for the same boundary points. Only
points in the Hinode data region are included. The average absolute change in the
horizontal field is 〈∆Bh〉 ≈ 170 Mx/cm2, and the average change in units of the un-
certainties is 〈∆Bh/σBh〉 ≈ 9. Many points are subject to a change substantially larger
than the corresponding uncertainty. As discussed in Section 3, these uncertainties may
be interpreted as lower bounds. In addition, the data is expected not to be force-free,
i.e. to vary by more than the uncertainties with respect to force-free boundary data.
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Figure 2. The self-consistent nonlinear force-free solutions obtained for AR 10953: (a) the P
solution; (b) the N solution.

Another problem with nonlinear force-free modeling, related also to inconsis-
tency, is that the iterative methods used to solve the nonlinear force-free model tend
not to converge, strictly, when applied to solar vector magnetic field data (Schrijver et
al. 2008; De Rosa et al. 2009). The Grad-Rubin procedure exhibits slow oscillations in
field structures and energy rather than converging to a static field with a fixed energy.
This is due to the presence of large localised values of Jz = αBz in the boundary con-
ditions. Because of this the P and N solutions constructed at early self-consistency
cycles depend in detail on the choice of the number NGR of Grad-Rubin iterations
used. To investigate the influence of this problem on the self-consistency results, the
calculation is repeated with NGR = 20 and NGR = 40 iterations at each cycle. In each
case the results are very similar to those obtained with NGR = 30 Grad-Rubin itera-
tions, and in particular the new energies are all found to be E/E0 = 1.08, to the stated
digits. This suggests that the final results are robust despite the early dependence of
the calculations on this parameter.

4. Conclusions

Accurate modeling of magnetic fields in the Sun’s corona is needed to better under-
stand various processes including the origins of space weather events. In principle
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Figure 3. Quantitative changes ∆Bh in the horizontal field at the photosphere produced by the
self-consistency procedure. The change is defined as ∆Bh =

[
(B f

x − Bi
x)

2 + (B f
y − Bi

y)
2
]1/2

, with
i denoting values in the initial vector magnetogram, and f the final values in the self-consistent
solution. Upper panel: histogram of changes in absolute values. Lower panel: the changes in
units of the uncertainties. The vertical dashed lines indicate the average values.

vector magnetograms (maps of the inferred magnetic field at the photosphere) provide
boundary conditions for modeling the corona using the nonlinear force-free model. In
practise vector magnetogram boundary data are inconsistent with the nonlinear force-
free model, and the modeling is unreliable (Schrijver et al. 2008; De Rosa et al. 2009).
This point does not seem to be widely appreciated, so it is worth restating, in dramatic
terms: nonlinear force-free modeling from vector magnetogram boundary data should
not be trusted!

An approach to solving this problem – the self-consistency procedure – is ex-
plained. The method has been demonstrated in application to Hinode SOT/SP data
for active region AR 10953 (Wheatland & Régnier 2009). The original calculation
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neglected individual uncertainties in the boundary conditions on electric current den-
sity, which led to the self-consistent solution being close to potential (current-free),
with a relatively small magnetic energy (E/E0 = 1.02, where E0 is the energy of the
potential field with the same boundary conditions on Bz). Recently the calculation
was revisited with individual uncertainties included (Wheatland & Leka 2011). This
is an important new step because the uncertainties act to preserve the electric current
density at locations where it is well-determined, based on the vector magnetic field
data.

The new calculation is summarised here. The self-consistent solution obtained is
significantly non-potential (magnetic energy E/E0 = 1.08). The boundary conditions
on the electric current density are substantially altered, but basic structures in the
currents are preserved.

Self-consistency is a promising method for coronal magnetic field modeling. It
overcomes the inconsistency problem and provides an accurate solution to the non-
linear force-free model. We emphasize again that this is not possible with nonlinear
force-free methods applied directly to vector magnetogram data: either two solutions
to the force-free model are obtained, or a single, inaccurate solution results. Hence the
self-consistency approach makes nonlinear force-free modeling of coronal magnetic
fields possible, for the first time. However, the results of the method require inde-
pendent verification as an accurate representation of the magnetic field in the corona.
Also, it is important to consider more physically based modeling, incorporating non-
magnetic forces into the model. These topics will be examined in future studies.
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Abstract. This short review article will address relevance of three im-
portant macroscopic behaviors of solar flares. The behaviors include the
contraction of flare loops (implosion), the rapid change of magnetic fields
and seismic waves during flares. We show that the phenomena basically re-
flects a process of rapid restructuring of sheared magnetic field by a release
of free magnetic energy. The contraction and rapid magnetic changes might
be the direct consequences of the restructuring. Also the flattening of mag-
netic loops caused by the contraction in the corona will impart momentum
down to the photosphere even to the solar interior. Part of the energy trans-
ported by the downward momentum can account for seismic waves. All
phenomena, putting together, show that the magnetic reconnection process
during the early impulsive phase is quite different from during the gradual
phase and plays a dominant role in powering solar flares.

Keywords : Sun: flares – Sun: magnetic topology – Magnetic reconnection

1. Introduction

Our understanding of solar flares has progressed substantially over the past couple
of decades, with extensive observations made at ground and, especially, from space.
Indeed, since solar flares will always remain in the area of remote sensing, obser-
vations will mainly remain in the area of macroscopic phenomena, from which we
explore and infer the basic physics inside them both theoretically and numerically.
The macroscopic phenomena includes the spatial and temporal distributions of mass
motion, the intensities and polarization states at different energy bands of photons de-
tected all the way from about 30 keV (a typical plasma frequency in the solar wind
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around the Earth) to hundreds of MeV. The macroscopics phenomena can be observed
in stereo. Thus, the data set for an observational quantity is at least five-dimensional
(x, y, z, t, λ). Even though we have made noticeable progress in observations, our
present observations are still in a preliminary stage toward obtaining sufficient wealth
of data, which is crucial for a comprehensive understanding of solar flares. Since Car-
rington first reported the occurrence of a solar flare in 1859, the study and observations
of solar flares have roughly undergone three stages: photosphere, chromosphere and
corona. Modern observations have taken more emphasis on the observations of solar
corona, since it is believed that the releasing of free magnetic energy via magnetic
reconnection occurs in the corona.

Recent observations and theories strongly urge us to have a re-examination for
the involvement of the lower chromosphere and even the deep photosphere in solar
flares (Hudson 2011). Chromosphere still plays a major observational role in many
ways (Hudson, 2007). The chromospheric emission from flare kernels inside flare rib-
bons is well-correlated with hard X-ray (HXR), UV and microwave emissions (e.g.,
Kurokawa, Takakura & Ohki 1988). Especially, the emissions in the far blue wing of
Hα are associated with non-thermal electron precipitation being accelerated during the
flaring processes, which are a good tracer of HXR sources (Canfield & Gayley 1984;
Ding et al. 2001). Flare emission at the 1.56 microns “opacity minimum” (Xu et al.
2004) further shows the flare’s impact reaching deep into the solar atmosphere. Recent
observations suggest that even smallest flares have white-light emissions (Hudson,
Wolfson & Metcalf 2006). There are more and more evidences showing that solar
flares have a momentum impact to the solar lower atmosphere. Flare induced seis-
mic waves ripple out across the photosphere, as detected by helioseismic techniques
(Kosovichev & Zharkova 1998), and strong step-wise changes occur in the photo-
spheric magnetic field (e.g., Wang et al. 2002, Sudol & Harvey 2005). Theoretically,
the flare associated restructuring of magnetic fields in the corona will impart momen-
tum down to the photosphere (Hudson, Fisher & Welsch 2008). The restructuring of
magnetic fields might be linked with the phenomenon of flare loop contraction, which
was fully revealed in recent years (Ji, Huang & Wang 2007).

2. Contraction of flare loops

In Yohkoh HXT data only about 13% of flares exhibit HXR footpoint motions cor-
responding strictly to separation with respect to the PIL (Bogachev et al. 2005), and
are more likely to have a component of motion along the ribbon direction, and also
approach one another. Many individual examples confirm HXR footpoint motions
that do not agree with the ‘standard model’ predictions of separating footpoints (e.g.,
Fletcher & Hudson 2002; Krucker, Hurfard & Lin 2003; Ji et al. 2004, 2006). The
initial converging motion has also been noted in UV/EUV ribbons (Zhou, Ji & Huang
2008). Furthermore, a number of events observed in hard X-rays, Hα and UV/EUV
showed approaching FPs in the early impulsive phase, accompanied by a projected
downward motion of the coronal HXR source, and followed by separation of the foot-
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points and a projected rise in the coronal source (Ji et al. 2004, 2006, 2008; Liu et al.
2009; Joshi et al. 2007). Sometimes, we can only see the descending motion of HXR
looptop sources (Sui & Halman 2003; Sui, Halman & Dennis 2004) and the shrink-
age of entire radio/EUV flaring loops (Li & Gan 2005, 2006; Reznikova, Melnikov
& Shibasaki 2010; Liu et al. 2009). This phenomenon can be summarized as follow-
ing. That is, during the early impulsive phase of solar flares, HXR) looptop sources or
radio/extreme-ultraviolet (EUV) flaring loops have a descending or shrinking motion
and, at the same time, Hα ribbons or HXR footpoints (FPs) are converging. Only after
the impulsive phase an upward motion for the looptop sources and flaring loops and
a corresponding outward motion (the usual separation motion) for the flare ribbons or
FPs begin. In most times, the converging motion and the separation motion of FPs are
a kind of unshearing motion, travelling at tens of kilometers per second. In the ex-
pansion phase of a flare, strong Hα and UV ribbons are visible and they move mainly
perpendicular to magnetic polarity inversion line (PIL). In the contraction phase, Hα

and UV emissions are complex, sometimes showing multiple FPs that have parallel
and approaching motions (Xu et al. 2010; Yang et al. 2009).

Shen et al. (2008) reported the finding of the early abnormal temperature distrib-
ution of flares’ X-ray looptop sources during the contraction phase of ten solar flares.
Figure 1 shows one of the good samples of the 2002-09-09-T17:40-M2.1 flare. The
flare was observed at BBSO at Hα-1.3 Å with a cadence of 40 ms. Figure 1a shows
the X-ray light curves for this flare. Figure 1b shows that the distance between the two
Hα conjugate kernels decreases during the early impulsive phase of the flare. Only
after the early impulsive phase, the distance has a steady increase showing the usual
separation motion (Ji et al. 2004). Figure 1c shows that the height of the X-ray loop-
top sources in the energy ranges of 8-10, 10-13, and 13-16 keV decreases during the
early impulsive phase. During the expansion period, the temperature structure shows
a temperature structure, which is in agreement with what the standard flare model pre-
dicts with an energy releasing site above flare loops. However, during the contraction
period, the temperature structure of the LT sources is rather complex or abnormal. The
LT sources in the three energy bands are almost mixed with one another. The abnormal
temperature distribution in the contraction period obviously suggests a complex mag-
netic reconnection process. Their results are basically in agreement with the finding of
an X-ray sigmoidal structure during the contraction phase of the 2003-10-29-T20:30-
X10 flare (Ji et al. 2008). Many papers and talks have been presented for this flare
regarding its associated magnetic changes and seismic waves (e.g. Martinez-Oliveros
and Donea 2009 ). During the contracting phase of this flare, Xu et al. (2009) re-
ported 4 X-ray emission footpoints. During the early impulsive phase of solar flares,
more than two Hα, UV, or X-ray brightening kernels may be seen. This geometric
configuration is very much in the manner predicted by the “tether-cutting” scenario
first proposed by Moore et al. (2001). All results show that the magnetic reconnection
process during the early impulsive phase is quite different from that during the grad-
ual phase. Magnetic reconnection occurs in a sheared magnetic field during the early
impulsive phase and energy releasing during this period dominates all flare energetics.
The complicated footpoint motions are likely to be linked to the projection(s) of the
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Figure 1. (a) Light curves of HXR emissions in energy bands of 12-25 keV and 25-50 keV of
the 2002-09-09 flare. (b) Time profile for the distance between the two conjugate Hα kernels
of the flare. (c) Time profiles of the heights of the loop-top source at three different energies
(cross: 8-10 keV, diamond: 10-13, asterisk: 13-16 keV). (Shen et al. 2008)

locus of reconnection (Moore et al. 2001). Particular examples of this, can also be
found in sheared arcade models (Somov et al. 2002), and the “slip-running” reconnec-
tion model (Aulanier et al. 2006). It is worth mentioning that recent SDO observation
(Zhang and Chen 2011 SPD meeting) shows that CME initiation is associated with
magnetic reconnection between flux ropes.

3. The rapid restructuring of magnetic fields and its downward
impact

In the solar corona, the plasma β is � 1 and magnetic field is force-free. It means
that magnetic tension and pressure dominates over thermal pressure, controlling the
dynamics and topology of solar flares. For this reason, the loop structure forms a
basic configuration for the solar corona. It is especially so during the early impulsive
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Figure 2. Magnetic reconnection followed by the relaxation of a sheared magnetic field.
Dashed lines are the neutral magnetic lines. (Ji et al. 2007)

phases of solar flares. Hudson (2011) proposed that the impulsive phase of the flare
dominates the energetics of all flare phenomena, and also pointed out that the energy
and momentum in this phase largely reside in the electromagnetic field, not in the
observable plasma. Therefore, magnetic topology, like the loop structure, plays a
dominant role in shaping solar coronal activities. We can make a conclusion that the
early impulsive phase of a solar flare is more associated with the changes in magnetic
fields than with tenuous coronal plasmas.

As shown above, the early impulsive phase is usually accompanied by the con-
traction of flaring loops. The contraction is a 3D phenomenon, which challenges any
2D explanations like the collapsing trap model proposed by Veronig et al. (2006).
However, the contraction can be nicely associated with the phenomenon of implosion
predicted by Hudson (2000). Therefore, the contraction is believed to be the result of
restructuring of highly-sheared magnetic field due to a rapid release of free magnetic
energy in the core area of the field. In the framework of sheared linear force-free ar-
cades, Ji et al. (2007) established a quantitative model to show that the release of free
magnetic energy will reduce magnetic shear of the arcades and less sheared arcades
will have smaller height and span (see the cartoon in Fig. 2). From this point of view,
the contracting motion of flaring loops is the result of the relaxation of the sheared
magnetic field.

During the contraction phase, rapid enhancement of transverse magnetic field
is expected, since the rapid restructuring caused by the rapid removal of magnetic
stresses (shear) is likely to make the field more horizontal after flares (Fig. 2). In re-
cent years, strong step-wise changes of magnetic field have been observed in the pho-
tosphere (Wang 1992; Wang et al. 2002; 2004; Sudol & Harvey 2005; Wang, Zhao
& Zhou 2009), and this kind of changes are often associated with obvious changes
in the sunspot, particularly with rapid motion and the disappearance of a part of the
penumbra (e.g., Anwar et al. 1993, Wang et al. 2004, Liu et al. 2005). Non-thermal
gyrosynchrotron radiation can be used for diagnostics for the magnetic field during
flares. With this method, Huang, Ji & Wu (2008) found that the magnitude of the
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transverse magnetic field summed around the magnetic neutral line of the SOHO MDI
magnetogram has a short-term impulsive increase during the rising phase of the 2004-
11-01-T03:18-M1.1 solar flare. Step-wise magnetic changes is the phenomenon of
magnetic restructuring during solar flares or CMEs.

Theoretically, the flare associated restructuring of magnetic fields in the corona
will impart momentum down to the photosphere (Hudson, Fisher & Welsch 2008).
This kind of impact may be the driving force of seismic waves. Intuitively, this must
be so due to momentum conservation. Since a flare, especially a large one, is often
accompanied by upward mass motions like CMEs. Given changes of magnetic field
δB in the photosphere and assuming the magnetic field decays sufficiently fast as z
→ 0, Hudson, Fisher & Welsch (2008) estimated resulting vertical Lorentz forces per
unit area as:

δ fz = (BzδBz − δBxBx − ByδBy)/4π.

This kind of force must usually be negative after the flattening of magnetic fields on the
Sun. Some observations have proven this to be true. Wang & Liu (2010) reported that
δ fz is generally negative for nearly all cases they have investigated. Wang et al. (2011)
analyzed in detail the 2005-01-15-T22:40-X2.6 flare and found rapid transverse field
enhancement near the magnetic PIL. They also computed the Lorentz force near the
flaring PIL using above equation and reported sudden downward force during the
flare (Fig. 3). In Fig. 3, we can see that the Lorentz force has an irreversible and
sudden change associated with the flare, with a drop of magnitude of 6000 dyne cm2.
Integrating over the area of interest yields a change of Lorentz force of 1.0×1022 dyne
consistent with what was approximated by Hudson, Fisher & Welsch (2008). It is
possible that this kind of sudden loss of balance may be responsible for the excitation
of seismic waves. Unfortunately, there has been no report of seismic wave for this
particular event due to lack of Doppler observations. Martinez-Oliveros & Donea
(2009) studied an X1.2 flare accompanied by well-observed seismic waves, which
occurred 20 hours earlier in the same active region. It is demonstrated that the flare is
located in the same site as the X2.6 flare in this study.

4. Summary

Solar dynamo creates stressed magnetic fields that ascends from the convection zone
through the photosphere and emerges into the corona. During the energy storage phase
of an active region, the stress is under accumulation for a certain trigger and then re-
lax suddenly, producing a flare and/or a CME. We still do not know what causes this
kind of sudden relaxation of magnetic field. Nevertheless, we know that, the relax-
ation/restructuring will cause flaring magnetic loops to contract and even cause rapid
magnetic changes that can be observed on vector magnetograms of photosphere. It
should be worth noting that rapid magnetic changes during flares can also be diag-
nosed with non-thermal gyrosynchrotron radiation mechanism. A mutual comparison
would be very interesting. From simple quantitative evaluation, it is believed that
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Figure 3. The change of Lorentz force per unit area in the region pointed by arrow in Figure 5
of Wang et al. (2011), which has the strongest transverse field enhancement after the flare.

restructuring of magnetic fields in the corona will impart momentum down to the pho-
tosphere even to the solar interior. Part of the energy can account for seismic waves,
as have been observed for several flares. On the other hand, upward momentum will
push upper atmosphere outward during the course of flares, producing CMEs.

These will motivate future studies to link all the aspects of flares mentioned in
this article, such as contraction of flaring loops, rapid change of magnetic fields, loss
of force balance, and excitation of seismic waves, towards a full understanding of the
flaring phenomenon. Future high-resolution flare observations for these aspects will
be very much desirable with telescopes like RHESSI, Hinode, SDO, NST (at BBSO)
and NVST (at Fushine Lake) etc.
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Abstract. Alfvén waves are shown to be readily generated by mode con-
version from fast MHD waves reflecting off the steep atmospheric Alfvén
speed gradient in active region atmospheres. A simple analytic descrip-
tion of this process in terms of an ‘interaction integral’ indicates that it is
spread over many vertical scale heights, and indeed fills the whole active
region chromosphere for waves of moderate helioseismic degree `, even up
to ` = 1000 or more. This suggests that active region chromospheres are
Alfvén wave factories.

Keywords : Sun: oscillations – MHD – waves

1. Introduction

Alfvén (1942) first described the incompressive magnetohydrodynamic waves that
now bear his name, and postulated that they may have implications for sunspots. Cer-
tainly, Alfvén waves have long been detected in situ in the solar wind (Belcher &
Davis 1971), where they may take the form of outgoing large amplitude shear waves,
typically in fast streams (Velli & Pruneti 1997) and especially out of the ecliptic, or
drive interstellar turbulence by nonlinear interaction (Goldreich & Sridhar 1995).

The dominance of Alfvén waves travelling away from the Sun in high speed
streams naturally suggests a solar origin. In recent years transverse (to the magnetic
field) waves have been shown to be ubiquitous throughout the corona (De Pontieu et
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al. 2007; Tomczyk et al. 2007), though there is ongoing argument about whether they
are Alfvén waves or kink waves (Van Doorsselaere, Nakariakov & Verwichte 2008).
The two (related) wave types can apparently couple quite readily though in flux tubes
with transverse structure (Pascoe, Wright & De Moortel 2010, 2011), and may share a
common origin irrespective of which is actually responsible for the observed coronal
oscillations.

The natural instinct is to suspect direct side-to-side shaking by convection at the
photosphere as the excitation mechanism, but this may be shown to be inefficient
(Collins 1992; Parker 1991). Unresolved transition region nano-flare excitation has
also been suggested (Parker 1991; Velli & Pruneti 1997). The propagation of Alfvén
waves through the many scale heights of the photosphere-chromosphere and into the
corona and beyond has been widely modelled (e.g., Orlando et al. 1996; Cranmer, van
Ballegooijen & Edgar 2007) in many magnetic scenarios.

But what of other wave types? As pointed out by Velli & Pruneti (1997), the
slow wave is essentially acoustic in a low β plasma, and is subject to reflection if the
frequency is below the acoustic cutoff. It should be recalled though that inclined mag-
netic field reduces the effective cutoff frequency, the so-called ramp effect, to open
up ‘magnetoacoustic portals’ to the upper atmosphere (Bel & Leroy 1977; Schwartz,
Cally & Bel 1984; Jefferies et al. 2006). Sound waves are also subject to nonlin-
ear steepening and shocking as the density decreases with height through the chro-
mosphere. On the other hand, fast waves, which are predominantly magnetic in char-
acter, totally refract from the steep Alfvén speed gradient (Schunker & Cally 2006;
Cally 2007; Nutto, Steiner & Roth 2010). As explained by Schunker & Cally (2006),
both these fast and slow waves can be atmospheric extensions of the Sun’s internal p-
mode wave field that undergoes transmission and conversion near the Alfvén-acoustic
equipartition surface in regions of high magnetic field, sunspots in particular. Strong
surface field thereby opens an ‘escape hatch’ for the p-mode power normally trapped
beneath the photosphere.

However, this is not the full story. Although the fast wave reflects (roughly at
the height where ω = a k, with a the Alfvén speed and k the horizontal wavenum-
ber), it couples to the third MHD wave type, the Alfvén wave, provided that gravity
g, the magnetic field B, and the wavevector k are not coplanar (Cally & Goossens
2008). This scenario has been investigated recently by Cally & Hansen (2011) for the
simplest model possessing the necessary features: a zero β plasma with exponentially
increasing Alfvén speed, and uniform magnetic field oriented at angle θ to the direc-
tion of inhomogeneity. Because the interest is chiefly in the fast/Alfvén coupling, the
slow wave is frozen out with the β = 0 assumption.

In this paper, we briefly describe the results of this model, with particular attention
on where the coupling occurs (sketching a new analysis), and discuss implications for
Alfvén waves in active region atmospheres.
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2. Where does fast-to-Alfvén conversion occur?

Although fast waves are evanescent above their classical reflection points, their fall-off

with height in a roughly isothermal layer such as the solar chromosphere has exponen-
tial controlling factor exp(−k z). For helioseismic waves of moderate order ` ∼ 200
say (as an example) we have k ∼ 0.3 Mm−1, suggesting their influence will extend
throughout the chromosphere (roughly 2 Mm thick). Consequently, mode coupling
between the fast and Alfvén waves occurs precisely in this distended evanescent tail.
The main purpose if this paper is to justify this contention.

Mode conversion quite generally occurs where the two waves have nearly equal
phase velocities (and compatible polarizations), so that their wave trains fit together
like gear cogs. Mathematically, this is normally manifested as a stationary phase
integral. This is certainly the case for fast-slow conversion (Cally 2005). Turning
now to the fast-Alfvén case, and neglecting the sound speed c in comparison to the
Alfvén speed a, the fast wave has dispersion relation ω2 = a2|k|2 and the Alfvén wave
is described by ω2 = a2k2

‖ , where ω is frequency, k is the wavevector, and k‖ is the
component of k in the direction of the magnetic field. However, this WKB description,
although suggestive, may not be strictly valid in the fast wave’s evanescent tail where
the (imaginary) vertical wavenumber, kz ≈ i k, may be comparable to the inverse scale
height h−1. Indeed, kh � 1 is more relevant to p-mode driving, as discussed below.

A more exact treatment is possible. The governing equation describing fast-
Alfvén interaction is (

∂2
‖ +

ω2

a2

)
ξ = −∇p χ , (1)

where χ = ∇· ξ is the dilatation, ξ is the plasma displacement, ∂‖ = B̂·∇ is the field-
aligned derivative, and ∇p is the part of the gradient perpendicular to the magnetic
field. The displacement ξ = ξp is entirely transverse to the field lines. An exp[−iωt]
time dependence is assumed throughout. In this form we see that χ, representing the
(compressive) fast wave, acts as a source term for Alfvénic disturbances on field lines.
Only where the source is resonant with the Alfvén wave is there significant interaction.

Let us assume a steady ‘source’ χ = χ0, and define X+ and X− to be the solutions
of the homogeneous Alfvén equation

(
∂2
‖ + ω2/a2

)
X = 0 representing waves propa-

gating in the direction of increasing and decreasing Alfvén speed respectively. The
solution of the full driven equation is then

ξ = a(σ) X−(σ) + b(σ) X+(σ) (2)

where

a(σ) =

∫ ∞

σ

W−1X+(σ′)∇p χ0(σ′) dσ′ , b(σ) =

∫ σ

−∞
W−1X−(σ′)∇p χ0(σ′) dσ′ (3)

and σ is distance along a field line. The Wronskian of the two linearly independent
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Figure 1. Integrand appearing in by (left column) and by(σ) itself (right column) for k = 5, 1,
and 0.2 (top to bottom) for the case θ = 30◦, φ = arctan(ky/kx) = 40◦. The vertical line at σ = 0
indicates the classical position of fast wave reflection. The Alfvén conversion coefficient A of
each case is indicated in the left panels.

solutions, W = X+X′− − X′+X−, is necessarily constant for a second order equation
without first derivative.

To be specific, and in line with Cally & Hansen (2011), let a2 increase expo-
nentially with height z, with the density scale height arbitrarily set to unity.1 With

horizontal wavenumber k =
√

k2
x + k2

y , the uncoupled χ solution is

χ0 = J2k sec θ

(
2e−z/2k sec θ

)
ei(kx x+kyy) , (4)

in terms of the Bessel function of the first kind. This may be regarded as the first term
in a perturbation expansion; later terms will see the reflected fast wave component
reduced in magnitude due to Alfvén leakage. Then, with magnetic field oriented at
angle θ from the vertical and lying in the x-z plane,

X± = H(2,1)
0

(
2e−(σ/2) cos θk sec θ

)
(5)

1Cally & Hansen take this direction of inhomogeneity to be x, but in light of the context here, we label
it z.
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on the typical field line passing through x = 0, y = 0, z = 0, so that x = σ sin θ, y = 0,
and z = σ cos θ. H(1)

0 and H(2)
0 are the Hankel functions of order zero of the first and

second kind respectively. The Wronskian satisfies W−1 = i(π/2) sec θ. Without loss of
generality, the fast mode turning point has been placed at z = 0. We term a and b the
‘interaction integrals’. They represent the ‘turning on’ of the downgoing and upgoing
Alfvén waves respectively.

For simplicity, we concentrate on ξy (this is not quite the correct polarization of the
Alfvén wave, see Cally & Hansen (2011) for details, but it will suffice to illustrate the
nature of the interaction integrals). Both the integrand of by and by(σ) itself are plotted
in Fig. 1 for a representative case: θ = 30◦, φ = arctan(ky/kx) = 40◦. Remember that
the vertical density scale height h has been set to 1. With k = 5 (top row) the Alfvén
wave turns on sharply around the fast wave reflection point, indicating a very compact
fast-to-Alfven conversion region because the fast wave evanescent tail is very short.
For k = 1 (centre row) conversion is spread over several scale heights. Finally, for
k = 0.2 (bottom) the interaction of the two wave types is spread over 20 or more scale
heights, easily encompassing the whole chromosphere. To put this in context, for a
density scale height of 150 km dimensionless k = 5 corresponds to a dimensional
k = 1.33 Mm−1, or ` = 928. This is definitely in the high-` region. Conversion
of helioseismic waves of more moderate ` is even more spread in height. Note in
Fig. 1 how highly oscillatory behaviour of the integrand below the reflection point
z = 0 largely cancels, leaving the evanescent tail as the major source of Alfvén wave
excitation at small to moderate k.

Numerically, the fast-to-Alfvén conversion coefficients A (fraction of energy con-
verted to the outgoing Alfvén wave) for the three case used as illustration are: 0.376
for k = 5; 0.533 for k = 1, and 0.389 for k = 0.2. The reader is referred to Cally &
Hansen (2011) for a detailed survey of absorption coefficients as a function of k, θ,
and φ. Suffice it to say here that they can be quite substantial.

3. Discussion

Helioseismic waves emerging in strong surface magnetic field concentrations such as
sunspots are known to split into a slow wave (acoustic) and a fast wave (magnetic) near
the Alfvén acoustic equipartition level. The fast wave then reflects off the imposing
Alfvén speed gradient found in the low solar atmosphere due to the small density scale
height. Provided the magnetic field, gravity, and the wavevector are not co-planar,
there is then further conversion from the fast wave to an Alfvén wave. This occurs at
and beyond the fast wave reflection height, and is spread over many scale heights for
wavenumbers typical of local helioseismology.

In particular, we postulate that the whole active region chromosphere must be an
‘Alfvén wave excitation layer’. We might expect similar behaviour in smaller scale
flux concentrations such as network, though we have not modelled this (in such ele-
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ments, cross-field inhomogeneities may dominate though). Of course, there will be
reflection at the transition region. However, this generation of transverse waves be-
low the corona may be a potent source of transverse (Alfvén or kink) oscillations
observed throughout the solar corona. This suggestion is supported by the observed
excess power in coronal Alfvénic oscillations around 5 minutes (Tomczyk et al. 2007,
Fig. 2), indicating a link to p-modes (see also the early identification of 5 min peri-
odicities in OSO8 data throughout the chromosphere and into the transition region,
White & Athay 1979; Athay & White 1979).

Finally, it should be pointed out that conversion to the downgoing Alfvén wave
through the other interaction integral, a(σ), is favoured where θ > 90◦ (or equivalently
0 < θ < 90◦ but kx < 0). This is discussed in detail in Cally & Hansen (2011). Es-
sentially, if the fast wave draws roughly parallel to the magnetic field on its ‘upstroke’
(prior to reflection), it converts to an upgoing Alfvén wave, but if the directional corre-
spondence occurs on the downstroke, the downgoing Alfvén wave results. The latter
may be expected to have no implications for the corona (unless further reflection is im-
portant). Hence, magnetic field geometry can act as a filter on Alfvén waves produced
in the low solar atmosphere.
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Abstract. Coronal “EIT waves” appear as EUV bright fronts propagat-
ing across a significant part of the solar disk. The intriguing phenomenon
provoked continuing debates on their nature and their relation with coronal
mass ejections (CMEs). In this paper, we first summarize all the obser-
vational features of “EIT waves”, which should be accounted for by any
successful model. The theoretical models constructed during the past 10
years are then reviewed. Finally, the implication of the “EIT wave” re-
search to the understanding of CMEs is discussed. The necessity is pointed
out to revisit the nature of CME frontal loop.

Keywords : waves – Sun: coronal mass ejections (CMEs) – Sun: corona

1. Introduction

Coronal mass ejections (CMEs) are observed as enhanced brightness propagating out
from the low solar corona. A typical CME consists of a bright frontal loop, a bright
core, and a cavity in between. Since the discovery in early 1970s, CMEs have been
studied extensively. As the largest-scale eruptive phenomenon in the solar atmosphere,
they were verified to be the major driver of the disastrous space weather environment.
Therefore, CMEs have received continuous attention in the whole community, and
various efforts were devoted to the investigations on them and their relations with all
other accompanied phenomena, such as solar flares, filament eruptions, radio bursts,
particle accelerations, and so on. However, a fundamental question still remains, i.e.,
what is the nature of CMEs?

When a pattern is observed to move, there are three possibilities. First, it can
be a wave, such as the surface wave on a lake. Second, it can be a mass motion,

∗email: chenpf@nju.edu.cn
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such as the erupting prominence. The third possibility, which was often neglected,
is the apparent motion, such as the flare ribbon separation, which is neither a wave
nor a mass motion. It is vital to combine imaging and spectroscopic observations to
distinguish among these three possibilities, which is however often hard to do. In
terms of CMEs, they were considered to be fast-mode magnetohydrodynamic (MHD)
waves driven by solar flares in the 1970s. Such an idea was discarded soon since
it contradicts with many observational features. Since then, CMEs have been taken
for granted to be mass motions, and the measured velocity based on the white-light
coronagraph observations has been considered to be the bulk velocity projected to the
plane of the sky.

The bright core of a CME can be identified to be the erupting filament (or promi-
nence), whose propagation is definitely a mass motion. However, the propagation of
the CME frontal loop is not so obvious (Chen 2009a). It might be thought that spec-
troscopic measurements can easily clarify such an issue. However, CMEs and their
dynamics are better resolved for the events that propagate not far from the plane of
the sky, whereas spectroscopic measurements are valid for the CMEs whose propa-
gation significantly deviates from the plane of the sky. The very rare imaging and
spectroscopic observations of several halo CMEs indicated that the propagation of the
CME frontal loop is not bulk motion, and the plasma velocity is several times smaller
than the apparent velocity measured in the white-light images (Ciaravella, Raymond
& Kahler 2006), i.e., similar to a wave, there is mass motion, but the mass motion is
several times slower than the propagation of the bright fronts.

As seen above, the nature of CME frontal loop is not so well established as most
people have presumed. Its nature deserves deeper investigations. Just as our under-
standing on CMEs benefited a lot from the studies on the CME-related phenomena
like flares and radio bursts, the nature of the CME frontal loop might also be hidden
in the observational and modeling studies of CME-related phenomena, in particular,
EIT waves. In this paper, we give a brief review on EIT waves, and explicate how the
EIT wave modelings can shed light on our understanding of CMEs.

2. Observations of EIT waves

When talking about EIT waves, we have to mention another wave phenomenon, i.e.,
Moreton waves. More than 50 years ago, Moreton & Ramsey (1960) discovered a
dark front in the Hα red wing (or a bright front in the Hα blue wing) images, prop-
agating out for a distance on the order of 5 × 105 km from some big flares, with a
velocity ranging from 500 to 2000 km s−1. It was later called Moreton waves. Hα
line is formed in the chromosphere, therefore, Moreton wave is a chromospheric phe-
nomenon. However, considering that the Alfvén velocity in the quiet chromosphere is
typically 100 km s−1, Moreton wave cannot be a wave of chromospheric origin, since
its fast speed would otherwise imply a strong shock wave (with a Mach number of
5-20), which cannot sustain for a long distance. Such a puzzle was solved later by
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Figure 1. EIT 195 Å base difference images showing the evolution of the most famous EIT
wave event on 1997 May 12 (from Chen 2011).

Uchida (1968), who proposed that Moreton waves are due to a fast-mode MHD shock
wave in the corona, sweeping the chromosphere to produce the apparent propagation
of Moreton wave fronts. Since the fast-mode wave speed in the corona is several times
higher than in the chromosphere, the shock wave is not necessarily very strong, so it
can propagate for a long distance. Such a model predicts that there should be a fast-
mode wave in the corona coming out from a flare site with a velocity of 500–2000
km s−1, which should be detected in X-ray and EUV wavelengths. The detection of
the coronal fast-mode wave was extremely rare, with a probable candidate found by
Neupert (1989) and several other events studied by Khan & Aurass (2002), Hudson
et al. (2003), and Narukage et al. (2004). The wave speeds in these events are in the
typical velocity range of Moreton waves.

After the launch of the Solar and Heliospheric Observatory (SOHO) spacecraft,
one of its payload, EUV Imaging Telescopes (EIT; Delaboudinière et al. 1995), be-
gan to monitor the full solar disk in 4 EUV channels, with a cadence of ∼15 min for
the 195Å channel. Using the running difference technique, Thompson et al. (1998)
found that a large-scale wave, with bright fronts immediately followed by extend-
ing dimmings, propagates out from the flaring site, with a velocity of 250 km s−1, as
illustrated by Fig. 1. They were named “EIT waves” after the telescope. Such an inter-
esting phenomenon sparked wide interest, as well as controversies, in the community.
It is hotly debated whether EIT waves are the long-awaited coronal counterparts of
Hα Moreton waves or not. In this section, we summarize the typical observational
features of “EIT waves”. It is expected that any successful model should explain all
these characteristics.

(1) The velocity

Klassen et al. (2000) carried out a statistical study on the EIT wave velocity based
on the EIT observations in 1997, and it was found that the velocity varies from 138
to 465 km s−1, with an average of 271 km s−1. With a higher cadence of 2.5 min,
the Extreme Ultraviolet Imager (EUVI) on board the STEREO spacecraft revealed
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that the EIT wave velocity can be as small as ∼ 10 km s−1 (Zhukov, Rodriguez &
de Patoul 2009), which is even much smaller than the sound speed in the corona.
Long et al. (2008) pointed out that the low cadence observations by SOHO/EIT would
underestimate the EIT wave velocity. However, we note that a fair argument is that
low-cadence observations would underestimate the peak velocity and overestimate the
trough velocity when the EIT wave speed changes with time.

Furthermore, Klassen et al. (2000) found that the EIT wave velocity is generally
> 3 times slower than the associated type II radio bursts, and the velocities of these
two phenomena do not have any correlation. Note that type II radio bursts have been
well established to be due to the fast-mode shock wave in the corona.

It is also noticed that several authors have shown that EIT waves accelerate when
they move from the proximity of source active region to the quiet region, and then
decelerate (Long et al. 2008; Zhukov, Rodriguez & de Patoul 2009; Yang & Chen
2010; Liu et al. 2010).

(2) Stationary fronts

EIT waves were found to finally stop somewhere, e.g., Thompson et al. (1999)
found that EIT waves stop at the boundary of coronal holes, and Delannée & Aulanier
(1999) revealed that a propagating EIT wave stopped at the footpoints of coronal mag-
netic separatrix. These two features are consistent since the boundary of coronal holes
is also a magnetic separatrix.

Gopalswamy et al. (2009) analyzed STEREO/EUVI running difference images
and claimed that an EIT wave was bounced back as it hit the boundary of a low-
altitude coronal hole. On the contrary, Attrill (2010) studied that same event with the
base difference images and argued that the reflecting EIT waves in Gopalswamy et al.
(2009) might be an illusion, and the EIT wave actually stopped near the coronal hole
boundary.

(3) Relation with solar flares

Cliver et al. (2005) pointed out that half of the EIT waves are associated with
weak flares, such as GOES A- or B-class events, posing doubt on whether the pres-
sure pulse in flares can generate the global-scale EIT waves. Following this line of
thought, Chen (2006) did a test to examine whether solar flares alone can generate
EIT waves. The results indicate that, without CMEs, even M- and X-class flares can-
not produce EIT waves. Note that occasionally people claim that a flare without a
CME was associated with an EIT wave. It is presumably that the CME was missed by
the coronagraph due to low Thomson-scattering (Zhang et al. 2010).



“EIT waves” and coronal mass ejections 233

(4) Relation with CMEs

Based on the statistical investigations, Biesecker et al. (2002) concluded that EIT
waves are intimately related to CMEs, rather than flares. The test by Chen (2006)
also indicates that no matter the associated flare is strong or weak, EIT waves can be
observed only if a CME is present.

Nowadays, it is widely accepted that EIT waves are directly linked to CMEs.
However, there still exists a dispute on the spatial relation between EIT waves and
CMEs. Chen (2009a) and Dai et al. (2010) found that the EIT wave front is cospatial
with the CME frontal loop, whereas Patsourakos & Vourlidas (2009) and Veronig et
al. (2010) argued that the EIT wave front is further away from the CME frontal loop.
This issue should be clarified.

(5) Other features

(a) Attrill et al. (2007) found that as the EIT wave front propagates outward, the
location of the peak intensity rotates apparently in the same direction (clockwise or
anti-clockwise) as the erupting filament;

(b) Harra & Sterling (2003) found that the Doppler velocity is negligible in the
EIT wave fronts and significant in the extending dimmings that are immediately be-
hind the EIT wave fronts;

(c) Yang & Chen (2010) examined the relation between the EIT wave velocity
and the local magnetic field strength. They found that the two quantities often show a
negative correlation, which does not favor the fast-mode wave model for EIT waves;

(d) There exists significant line broadening behind the EIT wave front (Chen,
Ding & Chen 2010).

3. Modelings of EIT waves

In order to interpret the intriguing phenomenon, several models have been proposed so
far (see Wills-Davey & Attrill 2009; Warmuth 2010; Gallagher & Long 2011; Chen
2011, for reviews). Here, we briefly introduce several models. It is noted that EIT
waves can be applied to diagnose the coronal magnetic field. However, the results
critically depend on our understanding of EIT waves (Warmuth et al. 2004; Ballai
2007; Chen 2009b).

3.1 Fast-mode wave model

EIT waves were widely thought to be the coronal counterparts of Hα Moreton waves,
i.e., they are fast-mode waves in the corona (Wang 2000; Wu et al. 2001; Warmuth
et al. 2001; Vršnak et al. 2002; Warmuth et al. 2004; Ballai, Erdélyi & Pintér 2005;
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Figure 2. Schematics of the successive field-line stretching model for EIT waves (from Chen,
Fang & Shibata 2005).

Grechnev et al. 2008; Pomoell, Vainio & Kissmann 2008; Veronig, Temmer & Vršnak
2008; Gopalswamy et al. 2009; Patsourakos & Vourlidas 2009; Muhr et al. 2010). In
order to reconcile the large difference between Moreton waves and EIT waves, Wu
et al. (2001) and Warmuth et al. (2001) proposed that the fast-mode wave speed de-
creases, say by ∼3 times, from the active region to the quiet region. Similarly, Grech-
nev et al. (2011) suggested that the EIT wave velocity profile fits the decelerating self-
similar solutions very well. It is noted that the finding of a remote filament winking
implies that the Moreton wave does not decelerate (Eto et al. 2002), the observations
by STEREO/EUVI also do not show decelerations (Ma et al. 2009).

It is noted that the popular fast-mode wave model can hardly explain many fea-
tures of EIT waves, such as their extremely low speed that is even smaller than the
sound speed, their stationary fronts, their cospatiality with CME frontal loop, and so
on.

3.2 Successive field-line stretching model

Inspired by the doubting of Delannée & Aulanier (1999) and Delannée (2000), Chen
et al. (2002), Chen, Fang & Shibata (2005) proposed that EIT waves are apparent
motions of brightenings that are generated by the compression as the magnetic field
lines overlying the erupting flux rope are pushed to stretch up successively. This model
was deduced naturally by realizing two facts: (1) All the field lines overlying the flux
rope would be stretched outward successively during CMEs; (2) For each field line,
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the stretching starts from the top, and is then transferred down to the footpoints. The
formation of EIT waves in this model is illustrated in Fig. 2, which can be understood
as follows: As the flux rope (the circle in the figure) erupts, it pushes the first field
line at point A, and then the perturbation propagates to point C with the local fast-
mode wave speed. At the same time, the stretching propagates from point A to point
B and then to point D with the local fast-mode wave speed. Wherever the stretching
comes, the local plasma is compressed to form brightenings, i.e., EIT wave fronts.
Therefore, the apparent speed for the EIT wave to propagate from point C to point D
is vEIT = CD/∆t, with ∆t =

∫ B
A 1/v f ds+

∫ D
B 1/vAds−

∫ C
A 1/vAds, where vA is the Alfvén

speed, and v f is the fast-mode wave speed perpendicular to the field line, and the last
two integrals are along the field line shown in Fig. 2. If the field lines are semicircular,
it is derived that the EIT wave speed is about 1/3 of the local fast-mode wave speed.
The erupting flux rope would also excite a piston-driven shock wave, which straddles
over the flux rope and extends down to the solar surface. Different from the EIT
waves, the fast-mode shock wave propagates outward with a speed slightly larger than
the local fast-mode wave speed.

This model predicts that the CME-driven (not flare-driven) shock wave is the
counterpart of Hα Moreton wave, which runs ahead of the associated EIT waves,
with a speed of ∼3 times faster. Harra & Sterling (2003) found evidence of a faster
wave ahead of the EIT wave with the TRACE observations, and recently, Chen & Wu
(2011) confirmed the the coexistence of a faster wave and an EIT wave with the Solar
Dynamics Observatory (SDO, Title et al. 2006) observations. In 3-dimensional MHD
simulations, Downs et al. (2011) also found that a fast-mode wave runs ahead of the
EIT wave.

3.3 Successive reconnection model

Noticing that the EIT wave fronts rotate apparently in the same direction as the erupt-
ing filament, Attrill et al. (2007) also claimed that EIT waves should be related to
the magnetic rearrangement, rather than an MHD wave. They proposed a successive
reconnection model, i.e., EIT wave fronts are the footprint of the CME frontal loop,
which is formed due to successive magnetic reconnection between the expanding core
field lines and the small-scale opposite polarity loops. As more and more field lines
are pushed to stretch up, some of them may have a chance to reconnect with neighbor-
ing loops (Cohen et al. 2009), it is a little hard to imagine that this accounts for most
of EIT wave fronts.

3.4 Slow-mode (soliton) wave model

Noticing that EIT waves generally keep single-pulse fronts and that the EIT wave
velocity is sometime smaller than the sound speed in the corona, Wills-Davey et al.



236 P. F. Chen & C. Fang

(2007) speculated that the EIT waves might be best explained as a soliton-like phe-
nomenon, say, a slow-mode solitary wave. They stated that a solitary wave model can
also explain other properties of the EIT waves, such as their stable morphology, the
non-linearity of their density perturbations, the lack of a single representative velocity,
and their independence of Moreton waves. Such an idea requires further quantitative
modelings, which are not so straightforward in 2- or 3-dimensions (Wills-Davey &
Attrill 2009).

Wang, Shen & Lin (2009) performed 2-dimensional MHD numerical simulations
of a flux rope eruption, where they found that behind the piston-driven shock appear
velocity vortices and slow-mode shock waves. They interpret the vortices and the
slow-mode shock wave as the EIT waves, which are 40% as fast as the Moreton waves.

3.5 Current shell model

Through 3-dimensional MHD simulations, Delannée et al. (2008) found that as a flux
tube erupts, an electric current shell is formed by the return currents of the system,
which separate the twisted flux tube from the surrounding fields. Slightly different
from their early idea of magnetic rearrangement (Delannée & Aulanier 1999), they
claim that this current shell corresponds to the “EIT waves”. They also revealed that
the current shell rotates, similar to the apparent rotation of the EIT wave fronts found
by Podladchikova & Berghmans (2005). They emphasized the role of Joule heating
in the current shell in explaining the EIT wave brightenings, which was not agreed by
Wills-Davey & Attrill (2009).

4. Implications to the nature of CMEs

The direct comparison between EIT waves and white-light CMEs revealed that EIT
wave fronts are cospatial with the CME frontal loop (Chen 2009a; Dai et al. 2010).
Such a result confirmed the theoretical prediction of Chen & Fang (2005), i.e., EIT
waves are the EUV counterparts of the CME frontal loops, whereas the EUV extend-
ing dimmings are the EUV counterparts of the CME cavity. The cospatiality im-
plies that the formation mechanism of EIT waves can be directly applied to the CME
frontal loops. Therefore, Chen (2009a) extended their field-line stretching model for
EIT waves to explain the formation mechanism of the CME frontal loop. As illus-
trated by Fig. 3, as the core structure, e.g., a magnetic flux rope, erupts, the resulting
perturbation propagates outward in every direction, with a probability of forming a
piston-driven shock as indicated by the pink lines. However, different from a pres-
sure pulse, the erupting flux rope keeps pushing the overlying magnetic field lines to
expand, so that the field lines are stretched outward one by one. For each field line,
the stretching starts from the top, e.g., point A for the first magnetic line, and then is
transferred down to the leg (point D) with the Alfvén speed, by which the first field
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Figure 3. A schematic sketch of the formation mechanism of CME leading loops, where the
CME leading loop (green) are apparently-moving density enhanced structure that is generated
by the successive stretching of magnetic field lines as the erupting core structure, e.g., a flux
rope, continues to push the overlying field lines to expand outward successively. The piston-
driven shock is shown as pink lines (from Chen 2009a).

line is stretched entirely. The deformation at point A is also transferred upward to
point B of the second magnetic field line with the fast-mode wave speed. Such a de-
formation would also be transferred down to its leg (point E) with the local Alfvén
speed, by which the entire second magnetic field line is stretched up. The stretching
of the magnetic field lines compresses the coronal plasma on the outer side of the field
line, producing density enhancements. All the newly formed density enhancements at
a given time form a pattern (green), which is observed as the CME frontal loop.

According to this model, the horizontal velocity of the CME footpoints is ∼ 1/3
of the local fast-mode wave speed (v f ), and the radial velocity of the CME leading
loop, i.e., the generally called CME velocity, is equal to the local fast-mode wave
speed, which is several times faster than the plasma bulk velocity in the CME. Only
when the local v f decreases below the bulk velocity, the CME becomes a real mass
motion, which may happen at several solar radii. Besides, as noted by Chen (2011),
this model might be applied to most CMEs. However, for some blowout CMEs with
a very small velocity, their motion might be a mass motion from the very beginning.

5. Prospects

The controversies on “EIT waves” result mainly from the low cadence of the observa-
tions in the past decade. With the launch of SDO mission in 2010, the high-cadence
(12 s) observations are unveiling the secret of “EIT waves” gradually (Chen & Wu



238 P. F. Chen & C. Fang

2011). At the same time, spectroscopic observations will be of great help (Chen, Ding
& Chen 2010; Harra et al. 2011).
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Ballai I., Erdélyi R., Pintér B., 2005, ApJ, 633, L145
Ballai I., 2007, Solar Phys., 246, 177
Biesecker D. A., Myers D. C., Thompson B. J. et al., 2002, ApJ, 569, 1009
Chen F., Ding M. D., Chen P. F., 2010, ApJ, 720, 1254
Chen P. F., 2006, ApJ, 641, L153
Chen P. F., 2009a, ApJ, 698, L112
Chen P., 2009b, Science in China G: Physics and Astronomy, 52, 1785
Chen P. F., 2011, Living Reviews in Solar Physics, 8, 1
Chen P. F., Fang C., 2005, IAU Symp., 226, 55
Chen P. F., Fang C., Shibata K., 2005, ApJ, 622, 1202
Chen P. F., Wu S. T., Shibata K., Fang C., 2002, ApJ, 572, L99
Chen P. F., Wu Y., 2011, ApJ, 732, L20
Ciaravella A., Raymond J. C., Kahler S. W., 2006, ApJ, 652, 774
Cliver E. W., Laurenza M., Storini M., Thompson B. J., 2005, ApJ, 631, 604
Cohen O., Attrill G. D. R., Manchester W. B., IV, Wills-Davey M. J., 2009, ApJ, 705,

587
Dai Y., Auchère F., Vial J.-C. et al., 2010, ApJ, 708, 913
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Abstract. This paper is concerned with the properties of coronal mass
ejections (CMEs) that affect the heliosphere. The special populations of
CMEs that drive shocks, accelerate solar energetic particles, and produce
geomagnetic storms are discussed in comparison with the general popula-
tion (all CMEs of cycle 23). It is shown that the average CME speeds of the
special populations are larger than that of the general population by a factor
in the range 2–3. The angular width of these CMEs is also generally large
because most of the CMEs were halos. The October – November 2003
period produced a large number of energetic CMEs, two of which were of
historical proportions. These extreme events are discussed in order to un-
derstand what one might expect from the Sun as the largest event, given the
maximum area and magnetic field strength of the source active regions.

Keywords : Sun: CMES – Solar – terrestrial relations – Sun: heliosphere

1. Introduction

Even though CMEs were discovered in the early 1970s, it took about two decades
to realize that CMEs are responsible for most of the major disturbances in the he-
liosphere (see e.g., Gosling 1993). The severest of geomagnetic storms and the largest
of solar energetic particle (SEP) events have been shown to be caused by energetic
CMEs. SEPs are produced when the CMEs drive strong shocks (see e.g., Reames
1999), while intense geomagnetic storms are caused by the impact of the magnetized
CME plasma on the magnetosphere (see e.g., Tsurutani et al. 1988). Early works that
investigated the relation between CMEs and geomagnetic storms concentrated mainly
on the interplanetary counterparts of CMEs (ICMEs) without paying much attention
to the CMEs near the Sun. Studies that connected CMEs observed by coronagraphs
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to shocks and ICMEs observed in situ began in the 1980s; the CME - ICME connec-
tion is now well established (Burlaga et al. 1982; Sheeley et al. 1985; Lindsay et al.,
1999; Gopalswamy et al. 2000). Only after the advent of the coronagraphs on board
the Solar and Heliospheric Observatory (SOHO) mission (Domingo, Fleck & Poland
1995) the connection to CMEs near the Sun became evident, especially those affect-
ing Earth’s space environment. As of this writing, more than a million images of the
corona have been obtained by SOHO’s Large Angle and Spectrometric Coronagraph
(LASCO, Brueckner et al., 1995) telescopes C2 and C3; these images largely form the
basis for the current knowledge on CMEs and their heliospheric consequences. The
Extreme-ultraviolet Imaging Telescope (EIT, Delaboudinière et al. 1995) on board
SOHO became the workhorse in identifying the solar sources of CMEs. The Solar
TErrestrial RElations Observatory (STEREO, Kaiser et al. 2008) has been providing
information on the three-dimensional nature of CMEs since 2006. EIT was turned
off recently after the launch of the Solar Dynamics Observatory (SDO, Schwer et al.,
2002), which images the corona at several EUV wavelengths with higher cadence and
better spatial resolution.

The purpose of this paper is to highlight some of the recent results concerning
CMEs and their heliospheric impact primarily based on SOHO data. The paper is
organized as follows: section 2 provides an update on the basic properties of CMEs.
Section 3 highlights the shock-driving capability of CMEs. Section 4 focuses on the
CME origin of SEP events. Section 5 describes the CME link to severe geomagnetic
storms via the southward magnetic field component and the speed of CMEs. Section
6 describes the extreme events of the solar cycle 23. Concluding remarks are given in
Section 7.

2. CME Properties

CMEs originate from closed field regions on the Sun such as active regions and fil-
ament regions, where free energy is stored and released due to some instability that
is not fully understood (see e.g., Forbes 2000). CMEs appear as large-scale coherent
structures in coronagraphic field of view and show clear outward motion from the Sun.
The coherent structure is spatially inhomogeneous showing a number of substructures,
with different densities, temperatures, and magnetic field strengths. For slow CMEs,
one can often see a three-part structure consisting of a bright front followed by a dark
void and a bright core (Hundhausen 1993). The dark void has been interpreted as
a magnetic flux rope. The bright core is the eruptive prominence. Fast CMEs of-
ten show a diffuse structure surrounding the bright front, which is interpreted as the
compressed shock sheath ahead of the CME (Gopalswamy 2009; Gopalswamy et al.
2009a; Ontiveros & Vourlidas 2009). The shock structure may be useful in measuring
the heliospheric magnetic field (Gopalswamy & Yashiro 2011).

Kinematics: The speed, angular width, and apparent acceleration are the basic
attributes of a CME. The measured sky-plane speed from the SOHO coronagraphs
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Figure 1. Speed and width distributions of LASCO CMEs associated with limb flares of X-ray
importance ≥C3.0. The average width was computed using CMEs with width <120◦.

(2.5 to 32 Rs field of view) ranges from less than 20 km/s to more than 3000 km/s.
The angular width varies from a few degrees to more than 120◦, with an average value
of 40◦. Fig. 1 shows the speed and width distributions of CMEs, which occurred close
to the limb (within 30◦) and hence are subject to minimal projection effects. The limb
events are chosen based on the association with soft X-ray flares of importance ≥C3.
The limb CMEs are certainly faster (average speed ∼700 km/s) and wider (average
non-halo width ∼60◦) compared to the general population (Gopalswamy 2010a). The
set of limb CMEs used here has a slight bias towards energetic CMEs because of
the soft X-ray flare level considered. The acceleration is speed dependent, generally
in the range -50 to 50 m s−2. Slow CMEs show acceleration and fast CMEs show
deceleration within the coronagraphic field of view. For the limb CMEs, the average
acceleration is ∼ –3m s−2. It must be pointed out that the acceleration measured in the
coronagraphic field of view (≥2.5 Rs) is mainly due to the aerodynamic drag because
the propelling force and gravity typically become insignificant by the time the CME
reaches the outer corona. Initial acceleration seems to peak below this height (Wood
et al. 1999; Gopalswamy & Thompson 2000; Zhang et al. 2001; Vršnak 2001) with
values two to three orders of magnitude higher than the deceleration due to drag (but
of opposite sign).

Mass and kinetic energy: The CME mass (M), estimated from LASCO data
(see, e.g., Vourlidas et al. 2010) ranges from < 1012 g to >1016 g with a median
value of ∼3.2×1014 g. The estimated mass and speed can be used to get the CME
kinetic energy, which ranges from <1026 to >1033 erg, with a median value of 2.0×
1029 erg (Gopalswamy 2010a). For limb CMEs, the average mass and kinetic energy
are 1.3×1015 g and 1.6×1029 erg, respectively. The higher values are consistent with
pre-SOHO values (see e.g., Howard et al. 1985) obtained from less sensitive corona-
graphs. The mass (M in g), width (W in degrees), and speed (V in km/s) of CMEs are
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related (Gopalswamy et al. 2005c;2009b):

logM = 12.6 + 1.3logW (1)

and
V = 360 + 3.64W. (2)

Thus, faster and wider CMEs have a higher kinetic energy.

Occurrence rate and solar cycle variation: Solar cycle 23 started around May
1996, while cycle 24 started around January 2009. Counting all the CMEs detected,
we get ∼14000 CMEs during cycle 23. This number is not exact because of data gaps,
especially the long one in 1998 when SOHO was temporarily disabled. This gives an
average rate of 1100 CMEs per year, but there is a solar-cycle variation of the occur-
rence rate, as can be seen in Fig. 2. The daily rate (averaged over Carrington rotation
periods) varies by an order of magnitude between solar minimum and maximum. Also
interesting is the variation of CME speed (again averaged over Carrington rotation pe-
riods) from ∼200 km/s during solar minimum to ∼600 km/s during the maximum. The
spikes in the speed plot are due to some super active regions that produced large num-
bers of fast CMEs. It is clear that the Sun puts out more energetic CMEs during the
solar maximum. During the cycle 23/24 minimum, the average CME speed reaches
∼150 km/s, which is ∼25% lower than that during the cycle 22/23 minimum. The
solar wind is known to be slower during this period, but it is surprising that the CMEs
are also of lower speed on the average. All CMEs have heliospheric consequences,
but the ones causing noticeable changes are very energetic. One of the indicators of
such CMEs is that they remain visible to the outer edge of the coronagraphic field of
view. In order to isolate such CMEs, we have shown the speed and width distributions
of CMEs that reach at least 20 Rs in Fig. 3. During the interval 1996 to 2010 (inclu-
sive), nearly 16,000 CMEs have been detected. Only 15% of the CMEs remain bright
enough to be measured to at least 20 Rs. We call these “bright CMEs”. The average
speed of this population is 661 km/s, which is ∼47% higher than the 450 km/s for
the general population. Similarly, the average width (63◦) is 57% higher than the 40◦

for the general population. Faster and wider CMEs on the average have more energy
and hence travel farther into the interplanetary medium and affect the heliosphere in a
number of ways.

One of the interesting features in Fig. 3 is the last bin in the width distribution:
∼11% of the bright CMEs had a width of 360◦. Such CMEs are known as ‘halo CMEs’
because they appear to surround the Sun in the sky plane (Howard et al. 1982). In
reality, the halo CMEs are like other CMEs, except that they travel roughly along the
Sun-Earth line and are generally more energetic. One has to use coronal images in
X-ray, EUV, microwave, or chromospheric images in H-alpha to identify the source
regions of CMEs. The fraction of halos in a CME population serves as a measure of the
average energy of the population (Gopalswamy et al. 2010a). The true width of halo
CMEs is unknown, but stereoscopic observations of the same CME from orthogonal
views indicate that the width is generally well above average (>60◦). As we noted in
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Figure 2. Variation of CME occurrence rate and speed (averaged over Carrington rotation
periods) as a function of time. In the plot of CME rate versus year, only CMEs with width ≥30◦

are considered. Adapted from Gopalswamy et al., (2010c).
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Figure 3. Speed and width distributions of CMEs for which height-time measurements can be
made at least for 20 Rs (bright CMEs). The average width was computed counting only CMEs
with width <120◦. All measurements are with respect to the sky plane.

Eq. (2), wider CMEs are also faster and hence more energetic. The average speed
of halo CMEs exceeds 1000 km/s, which is more than two times the average speed
of the general population. In the following sections, we discuss special populations
of CMEs that have significant heliospheric consequences and in each case, the halo
CME fraction is much larger than that in the general population (3%).

CMEs and Flares: CME eruptions are almost always accompanied by a solar
flare observed in X-rays (see e.g., Yashiro et al. 2008). However, not all flares are
associated with CMEs: even some X-class flares have been found to lack CME asso-
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Figure 4. SOHO/LASCO CME on 2010 September 11 (left) associated with a filament eruption
and a two-ribbon flare (right) observed by SDO/AIA at 304 Å. The filament became the CME
core. The flare (marked by asterisk) and the CME central position angle almost coincide in sky-
plane projection. The outer disturbance can be seen on the north and south of the main body of
the CME (flux rope). The outermost disturbance corresponds to EUV waves in the inner corona
or a shock if the CME is very fast. Flare ribbons R1 and R2 and the dimming regions D1 and
D2 in the eruption region are marked. The legs of the CME flux rope are thought to be rooted
in D1 and D2.

ciation (Gopalswamy et al. 2009c). There is also a weak relationship between CME
kinetic energy and peak X-ray flux (Hundhausen 1997). However, there is a large
scatter, suggesting that there is an event-to-event variation in the fraction of free en-
ergy that goes into flare heating and mass motion. The physical connection between
flares and CMEs is that the formation of the CME flux rope and the flare arcade (loops
connecting the flare ribbons) are due to the same physical process, viz., flare recon-
nection (see e.g., Qiu et al. 2007). This has also been the central idea of the CSHKP
standard solar flare model (Hanaoka et al. 1994). The CME speed evolution has been
found to be similar to the associated soft X-ray profile, suggesting that the CME ac-
celeration occurs largely during the rise phase of the flare (Wood et al., 1999; Zhang
et al. 2001; Zhang & Dere 2006) analogous to the Neupert effect (the hard X-ray time
profile is similar to the derivative of the soft X-ray light curve). Despite the incon-
clusive pre-SOHO results regarding the CME-flare positional correspondence, SOHO
observations have shown that the CME nose is generally located radially above the
flare location (Yashiro et al. 2008). Fig. 4 shows an example with the CME overly-
ing the eruption region observed by SDO. The exceptions are the CMEs during the
solar minimum phase when the CME nose is systematically off-set with respect to
the eruption site because of the CME deflection towards the equator due to the strong
field in the polar coronal holes (Gopalswamy et al. 2003). Finally, Moore, Sterling &
Suess (2007) have shown that the geometrical size of the CME is also related to the
flare magnetic flux (flare area times the average photospheric magnetic field within
the area).



CMEs and their consequences 247

3. Shock-driving CMEs

The ability of CMEs to drive fast mode MHD shocks (when the CME speed exceeds
the Alfvén speed in the corona and IP medium) has important space weather conse-
quences. Shocks accelerate SEPs near the Sun and in the IP medium; shocks also
cause the energetic storm particle (ESP) events and sudden commencement (SC) of
geomagnetic storms. In a statistical study involving HELIOS in situ data and Sol-
wind coronagraphic data, Sheeley et al. (1985) showed that most of the interplanetary
shocks can in fact be traced to white-light CMEs observed near the Sun. Type II
radio bursts are excellent indicators of CME-driven shocks (Robinson et al. 1985;
Cane, Sheeley & Howard 1987; Gopalswamy et al. 2001). Type II bursts are pro-
duced by non-thermal electrons accelerated at the shock front via the plasma emission
mechanism involving the generation of high-frequency plasma waves and their con-
version to electromagnetic radiation at the fundamental and harmonic of the plasma
frequency. As the shock moves away from the Sun, the plasma emission occurs at
progressively lower frequencies causing the slow drift in the frequency - time plane
(the so-called dynamic spectrum). Energetic CMEs obviously can drive shocks far
into the IP medium, so the frequency range over which type II bursts occur depends
on the CME kinetic energy, represented by the CME speed and the fraction of halos.
CMEs with type II bursts extending to the lowest frequencies (tens of kHz, corre-
sponding to the plasma frequency in the vicinity of the observing spacecraft) are the
most energetic ones. The starting frequency of type II bursts is typically 150 MHz,
although higher starting frequencies are occasionally observed (Vršnak et al. 1995).
The starting frequency is determined by the local Alfvén speed and the CME speed.
Fig. 5 shows the speed and width distributions of CMEs associated with type II bursts
occurring only at metric (m) wavelengths (left panels) and in decameter-hectometric
(DH) wavelengths (right panels). The m-type II bursts imply a shock very close to the
Sun (within a solar radius above the surface); the shock might become radio quiet (no
type II emission) or decay at larger distances. In the case of DH type II bursts, the
shock continues into the IP medium. Clearly CMEs producing type II bursts in the
interplanetary medium have greater speeds and larger fraction of wide CMEs, con-
firming that these CMEs are very energetic. In fact, CMEs producing type II bursts
in all wavelength domains (from metric to DH to kilometric) are the most energetic
with an average speed of ∼1500 km/s (Gopalswamy 2006). Sometimes type II bursts
are observed only in the km domain. These CMEs remain too slow near the Sun but
continue to accelerate and attain super-Alfvénic speeds at large distances from the
Sun, where they drive shocks and produce type II bursts (Gopalswamy et al. 2010b).
Such CMEs have an average speed similar to that of CMEs producing metric type II
bursts, but with a different kinematics: the CMEs have positive acceleration within the
coronagraphic field of view, compared to deceleration for the ones producing metric
type II bursts. The low-speed CMEs in Fig. 5 associated with type II bursts indicate
that occasionally the coronal Alfvén speed is very low enabling CMEs with speeds
in the range 300-400 km/s to drive shocks and produce type II bursts. On the other
hand some CMEs as fast as 1600 km/s are not associated with type II bursts, which
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Figure 5. Speed and width distributions of limb CMEs associated with purely metric type II
bursts (left) and DH type II bursts (right). The average and median speeds and the fraction of
halos are noted.

can be explained by a tenuous corona with high Alfvén speeds so the CMEs remain
sub-Alfvénic (Gopalswamy et al. 2008a). Thus, a CME originating from close to the
disk center is highly likely to result in a shock arriving at Earth. It has been shown
that about two thirds of IP shocks are radio loud (they produce type II bursts near the
Sun or in the IP medium – see Gopalswamy et al. 2010b). However, about a third of
shocks detected at 1 AU are associated with radio-quiet CMEs. These CMEs behave
similar to the CMEs producing purely km type II bursts in that they continue to accel-
erate in the IP medium and drive shocks (Gopalswamy et al. 2005c), but the shocks
are not strong enough to produce type II bursts. The CME kinematics and the ambient
medium properties cause the observed variability in the IP shocks.

4. CMEs and SEPs

Kahler, Hildner & Van Hollebeke (1978) found a close association between prompt
SEP events and CMEs observed over a nine month period by Skylab, from which
they concluded that the protons must be accelerated at the front of the CME-driven
shocks. This was a crucial step in recognizing the important role played by CMEs
in accelerating SEPs (see e.g., Gosling 1993; Reames 1999). The shock acceleration
near the Sun is also consistent with the earlier suggestion that energetic particle flux
increase around the time of geomagnetic storms is due to particles accelerated at the
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Figure 6. Speed, width, and source locations of LASCO CMEs associated with large (proton
intensity ≥10 pfu in the > 10 MeV channel) SEP events of solar cycle 23. Adapted from
Gopalswamy et al., (2010c).

shock front passing the observing spacecraft near Earth (the so-called ESP events,
see Rao, McCracken & Bukata 1968). The probability of association between type
II radio bursts and SEP events increases when the radio bursts occur at longer wave-
lengths, implying shocks propagating into the IP medium (Cliver, Kahler & Reames
2004). The excellent set of simultaneous CME and SEP observations during cycle 23
showed that every large SEP event is associated with a fast and wide CME (Gopal-
swamy et al. 2002; Gopalswamy 2003), confirming the original suggestion by Kahler
et al. (1978). Among various CME populations, the ones associated with SEPs seem
to be the most energetic: the average speed of the SEP-producing CMEs exceeds 1500
km/s, compared to just 475 km/s for the general population of CMEs (Gopalswamy et
al. 2009d). Fig. 6 shows that the CMEs are quite wide with 69% of them full halos
and 88% partial or full halos. The solar sources are mostly located in the western
hemisphere and originate from the active region belt, because only CMEs from active
regions have very high energy. The occasional particle events from the eastern hemi-
sphere are of low intensity but the associated CMEs are very energetic. The western
bias of large SEP events is due to the well-known requirement for magnetic connec-
tivity between the observer and the SEP source region (see e.g., Obayashi 1962). The
source locations of type II bursts with emission components at all wavelengths are
uniformly distributed in the disk (no western bias) because magnetic connectivity is
not required (Gopalswamy et al. 2008b). The speed and width of the CMEs associ-
ated with such type II bursts are similar to the SEP-associated CMEs because the same
shock accelerates electrons and ions.

The speed histogram in Fig. 6 shows that some slow CMEs (400 km/s) are asso-
ciated with SEPs. On the other hand, some fast CMEs with speeds as high as 1600
km/s do not produce SEP events. These extremes point to the variability in the Alfvén
speed in the corona (by a factor 4 from event to event). Thus a 500 km/s CME can be
super-Alfvénic, while a 1600 km/s CME can be sub-Alfvénic depending on the am-
bient Alfvén speed. A combination of shock and ambient medium parameters needs
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to be conducive for SEP production. Under favorable circumstances, ∼ 10% of CME
kinetic energy may go into SEPs (Mewaldt 2006), suggesting that CME-driven shocks
are very efficient particle accelerators. Despite this close connection, the correlation
between SEP intensity and CME speed is less than perfect (Kahler & Hudson 2001).
We have already noted that the Alfvén speed variability is one of the factors affecting
the shock strength and hence the SEP intensity. Other factors include the presence
of seed particles and enhanced turbulence and shock strengthening due to preceding
CMEs (Kahler 2001; Gopalswamy et al. 2004). The presence of coronal holes near
the eruption region may affect the CME trajectory (Gopalswamy et al. 2009e) and
hence the magnetic connectivity leading to SEP intensity variation.

5. CMEs and geomagnetic storms

A geomagnetic storm occurs when the interplanetary magnetic field originating from
the Sun interacts with the Earth’s field in the magnetopause. The interaction happens
via magnetic reconnection, which requires the interplanetary magnetic field with a
southward component (Bs) to merge with the northward field in the magnetopause.
The net result is the flow of solar wind energy into the magnetosphere and the en-
hancement of the ring current leading to the temporary reduction of the horizontal
component of Earth’s magnetic field, readily detected by ground based magnetome-
ters as geomagnetic storms. The storm mechanism was first elucidated by Dungey
(1961). It is customary to measure the strength of a geomagnetic storm using one of
the geomagnetic indices such as the Dst index (hourly average of the terrestrial low-
latitude horizontal magnetic field in nT). When there is no CME, the interplanetary
field is generally in the ecliptic plane at Earth except for the fluctuating component
due to Alfvénic fluctuations in the solar wind. CMEs naturally contain Bs because of
their flux rope structure. If the CME drives a shock, then the sheath region between
the flux rope and the shock may also contain Bs, leading to some structure in the Dst
time profile. Large-scale interplanetary structures known as corotating interaction re-
gions (CIRs) may also contain Bs and hence cause intense geomagnetic storms. CIRs
form when the fast solar wind from coronal holes overtakes the slow solar wind ahead,
resulting in the interface containing higher density, temperature, and magnetic field.
The Bs in CIRs essentially arises from the enhancement of Bs in the Alfvénic fluctu-
ations in the stream interface reaching values similar to those in CMEs (Gopalswamy
2008). Statistical studies have shown that the severest of geomagnetic storms (Dst <
-150 nT) are always caused by CMEs, while weaker storms can be caused by both
CMEs and CIRs (Richardson et al. 2006; Zhang et al. 2007). The CME link to the
geomagnetic storms is evident from the empirical relationship between Dst and the
product of Bs (nT) and the speed V (km/s) of the ICME structure (Gopalswamy et al.
2008c):

Dst = −0.01VBs − 32. (3)

Equation (3) represents the regression line obtained from a scatter plot between the
maximum values of Bs within the magnetic cloud (MC) and the Dst index. The cor-
relation coefficient was found to be 0.90 for MCs and 0.86 for sheaths (Gopalswamy
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Figure 7. Speed (left), width (middle), and solar source location (right) of LASCO CMEs that
cause major (Dst ≤100 nT) geomagnetic storms during 1996 – 2006 (inclusive). The average
CME speed (Vave) is 988 km/s. The fraction of full halos, Phalo = 68%. Almost all (92%) CMEs
have width ≥120◦. Adapted from Gopalswamy (2010b).

2008). For storms produced by sheaths, the constant term in equation (1) is 14. With-
out Bs, even very fast CMEs cannot produce a geomagnetic storm because the CME
field does not couple to the Earth’s magnetic field. One of the famous examples is the
2003 October 30 super storm (Gopalswamy 2009) produced by the sheath, while the
magnetic field in the cloud portion was pointing north throughout the cloud. Once the
CME has Bs, faster CMEs produce more intense storms. Both the enhanced magnetic
field and the kinetic energy of CMEs are ultimately related to the free energy in the so-
lar source regions from which the CMEs originate (Gopalswamy 2010b; Gopalswamy
et al. 2010c). Fig. 7 illustrates the importance of speed and width of CMEs that cause
major geomagnetic storms. The average CME speed is ∼1000 km/s and most of the
CMEs are halos or partial halos (92%). The average width of the remaining 8% of
the CMEs is also large (∼89◦). One of the basic requirements for CMEs to produce
a geomagnetic storm is that they should hit Earth’s magnetosphere. Statistical studies
have shown that CMEs generally propagate radially above the source region (Yashiro
et al. 2008), so CMEs need to originate close to the disk center of the Sun in order
to arrive at Earth (Srivastava & Venkatakrishnan 2004). The width of CMEs causing
geomagnetic storms typically exceed 60◦ (see Fig. 7) so the solar sources need to be
located within a central meridian distance (CMD) of ∼30◦. When the CME originates
beyond 30◦, only a small section of the CME might arrive at Earth or none at all,
depending on the angular extent of the CMEs. Fig. 7 shows that most of the sources
of CMEs causing intense storms are located within CMD ∼30◦. The difference in the
halo fractions and speeds between SEP and storm-producing CMEs may be partly due
to the different source location distributions and hence different projection effects.

A statistical study of ∼400 halo CMEs found that the vast majority (71%) of the
front-side halos were geoeffective (Gopalswamy et al. 2007); nearly half of the disk
halos (CMD ≤ 45◦) resulted in intense storms (Dst ≤ - 100 nT), while another 26%
were moderately geoeffective (-50 ≤ Dst < - 100 nT). About 25% of the disk halos
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were not geoeffective (Dst > -50 nT). High-inclination flux ropes with northward ax-
ial field, CME interaction and merging, and unusual deflection of CMEs away from
the Sun-Earth line are likely reasons why these halos may not be geoeffective. Only
27% of the limb halos (CMD >45◦) were strongly geoeffective and 32% were mod-
erately geoeffective. The backside halos were not geoeffective at all, as expected.
About 40% of limb halos were non-geoeffective mainly because the associated flux
ropes may not arrive at Earth. If the limb halos are geoeffective the cause is the sheath
ahead of the CMEs. Gopalswamy et al. (2010d) examined the solar wind signatures
of 17 limb halos associated with intense geomagnetic storms and found that five halos
occurred around the time of other disk halos that caused the storms. In three cases,
the halos produced perturbations in the recovery phases of other storms. Thus only 9
limb halos resulted in 7 intense geomagnetic storms (in three cases CME interaction
was involved). It was confirmed that the geomagnetic storms following limb halos
are indeed due to sheaths. Since the sheath is the first feature encountered by Earth’s
magnetosphere, the delay time between the onset of halo CMEs and the peak of en-
suing geomagnetic storms is ∼20% smaller for limb halos. This study also revealed
that two limb halos originating very close to the east limb (S07E80 on 2003 June 15
and S12E67 on 2005 September 9) resulted in large geomagnetic storms (-141 and
-147 nT, respectively), but the CMEs were superfast (2053km/s and 2257 km/s, re-
spectively). Interestingly, the seven storms caused by limb halos are included in the
75 intense storms of solar cycle 23 (see Zhang et al. 2007) indicating that ∼9% of
the intense storms are due to limb halos. Since Bs and V are the most important pa-
rameters that determine the strength of the geomagnetic storms, it is highly beneficial
to estimate these quantities near the Sun. Currently one can easily estimate the speed
of the CMEs near the Sun and the solar source location. For example, one can ob-
tain the earthward speed of CMEs from the sky-plane measurements using (i) a cone
model (Xie et al. 2006), (ii) flux-rope fitting (Thernisien et al. 2009), or (iii) the re-
lation between radial and expansion speeds (Dal Lago et al. 2003; Gopalswamy et
al. 2009c). However, determining Bs from solar observations is far from reality. By
examining the neutral line in the source active region at the Sun, one may be able
to qualitatively infer the internal structure of ICMEs, such as the inclination of the
flux rope, expected direction of rotation, and the portion of the flux rope where Bs
might occur (see e.g., Yurchyshyn, Hu & Abramenko 2005). In addition to deriving
kinematics of CMEs from flux rope fitting, it may be possible to obtain the magnetic
structure using a semi-analytic erupting flux-rope model (Kunkel & Chen 2010). The
close connection between flare structure and flux rope structure in CMEs needs to be
exploited (Qiu et al. 2007; Moore et al. 2007; Chen & Kunkel 2010) in arriving at a
quantitative estimate of the magnetic content of CMEs before they arrive at Earth.

6. Extreme events

The four largest spikes in the CME speed in Fig. 2 correspond to CMEs from some
super active regions on the Sun. Many of these CMEs may be regarded as extreme
events. An extreme event can be defined as an occurrence, which is singularly unique
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either in the occurrence itself or in terms of its consequences. The largest spike in
Fig. 2 corresponds to the October - November 2003 period studied extensively (see
Gopalswamy et al. 2005a for a list of 70 papers published on these events). The
violent solar eruptions can be regarded as extreme events in terms of their origin as
well as their heliospheric consequences. These eruptions involved the largest active
region area of the solar cycle, the largest X-ray flare, the highest concentration of
ultrafast (≥2000 km/s) CMEs, the largest SEP event, the fastest IP shock, the highest
concentration of IP radio bursts, and the highest solar wind speed. Two halo CMEs
resulted in shocks that arrived at Earth in <24 hours. Historically, there were only
15 such fast-transit events, including the Carrington event of 1859 September 1. The
two halos also resulted in super-intense geomagnetic storms (peak Dst index at - 363
and - 401 nT). This period also had the distinction of producing three ground level
enhancement (GLE) events from a single active region (AR 10486). The four speed
spikes in Fig. 2 in fact account for 8 of the 16 GLE events in cycle 23. The first three
spikes accounted for at least two GLEs each and the smallest spike in 2006 accounted
for just one GLE. Details on the super active regions of cycle 23 can be found in
Gopalswamy et al. (2006).

The severe heliospheric impact of CMEs was best demonstrated by a series of
eruptions from three active regions during October - November 2003, known as the
Halloween 2003 events (Gopalswamy et al. 2005a,b). CMEs from this period were
observed to arrive at Earth and progressively at Mars, Jupiter, Saturn, and all the way
to the edge of the solar system. (Lario et al. 2005; McKibben et al. 2005; Crider et
al. 2005; Intriligator et al. 2005). Some level of adverse effects was felt by 59% of
reporting spacecraft and 18% of their instrument groups (Barbieri & Mahmot 2004).
Ironically, the Martian Radiation Experiment (MARIE) experiment on board the Mars
Odyssey, which was supposed to measure the radiation environment of Mars, suc-
cumbed to the onslaught of radiation from these CMEs. The 2003 October 28 SEP
event resulted in significant ozone depletion (50-70%) between 50 and 80 km above
the ground (Jackman et al. 2005). The October 29 SEP event was observed on board
a commercial airplane from Los Angeles to New York. The observation demonstrated
that the crew and passengers on the plane were subject to an equivalent dosage that was
higher by ∼37% (Getley 2004). A ten-fold enhancement in the ionospheric total elec-
tron content over the US mainland occurred during 2003 October 30-31. Extraordi-
nary density enhancements in both the magnetosphere and ionosphere coinciding with
intervals of southward interplanetary magnetic field and high-speed solar wind were
observed. A single merged interaction region formed out of the October/November
2003 CMEs that reached Voyager 2 after ∼180 days and produced a large depression
in cosmic ray intensity, lasting more than 70 days. Fortunately, the large array of space
and ground based instruments helped us not to be taken by surprise by these events,
but to benchmark the extreme space weather events.

The cumulative distribution in Fig. 8 shows that the number of CMEs with speeds
> 3000 km/s is exceedingly small, probably due to the maximum amount of free en-
ergy available in source regions. Gopalswamy et al. (2010c) estimated an upper limit
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of 1036 erg for the potential energy in a hypothetical active region with the largest
reported active region area (5000 millionths of a solar hemisphere, msh) and the max-
imum measured sunspot magnetic field (6100 G). The maximum free energy that can
be stored in the active region is likely to be of the same order. If all the energy goes
into a single CME, say of mass 1018 g, the CME speed can exceed 14000 km/s. A
single CME may not exhaust all the free energy (the CME recurrence time in large
active regions is much smaller than the time taken to build up the free energy). For
the 2003 October 28 extreme events, Gopalswamy et al. (2005b) estimated that the
CME kinetic energy represented 5 to 26% of the potential energy. Taking the maxi-
mum value, one can estimate a maximum CME speed of ∼7200 km/s, which is about
two times the maximum observed speed. Such a CME would travel to Earth in ∼11.6
hours according to the empirical shock arrival model (Gopalswamy et al., 2005b).

7. Concluding remarks

Coronal mass ejections are a relatively new phenomenon compared to the solar ac-
tivity known for centuries. The preeminent role of CMEs in the solar terrestrial re-
lationship became clear only in the 1990s. Rapid progress in CME research became
possible only after the SOHO mission was launched in December 1995. We have
nearly continuous data on CMEs for the whole of solar cycle 23 and part of cycle 24.
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The importance of CMEs in longer time-scale phenomena such as the modulation of
galactic cosmic rays can be understood only after a magnetic cycle. Along with the
observations, significant effort has also gone into MHD modeling of the CMEs from
their initiation to interplanetary propagation. Despite the enormous progress, we do
not fully understand the CME initiation. We are still not able to tell with confidence
when and where a CME will take place in an active region or a filament region. We
have just begun to understand how the flux rope structure in a CME comes about, but
still there is debate as to whether they form during the eruption or exist before the
eruption. Finally, we must point out that the statistical results on CMEs presented
in this paper do not account for the fact that the leading edge of fast CMEs may be
a shock, rather than the frontal structure. This is a recent revelation, so the statisti-
cal results may have to be revised by separating shock-driving CMEs and non-shock
CMEs.
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Abstract. We show how the complement of white light and a suite of
Fe coronal forbidden line images taken during total solar eclipses since
2006 have yielded new insights into the physical properties of the coronal
plasma and the role of the magnetic field. The unique properties of these
spectral lines make them ideal diagnostic tools for exploring the first few
solar radii above the photosphere where the expansion of the corona and the
acceleration of the solar wind occur. In particular, these observations show
how: (1) localized enhancements of the ion densities relative to electrons
appear in some magnetic structures, (2) the transition between a collision-
dominated to a collisionless plasma occurs within a heliocentric distance
of 1.2 - 1.6 Rs, (3) the expanding corona is characterized by an electron
temperature of 106 K, and (4) prominences are enshrouded by hot 2 × 106

K coronal plasma. We discuss the implications of these observations for
the source and acceleration of the solar wind.

Keywords : Sun: corona – solar wind – eclipses

1. Introduction

The advent of white light and ultraviolet observations from SOHO, namely the C2
coronagraph on LASCO (see Brueckner et al. 1995), and UVCS (see Kohl et al.
1995), significantly enhanced our empirical capabilities for probing the acceleration
region of the solar wind. These were the first observations of the corona, outside of to-
tal solar eclipses, to span heliocentric distances (the distance standard used throughout
this paper) exceeding 2 solar radii (Rs). These observations showed that heavy ions
are probes of the processes that accelerate the solar wind. Most notable among these
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discoveries were the very high ionic temperatures exceeding 108 K in the fast solar
wind, with speeds larger than the bulk proton-electron solar wind speed below 10 Rs

(e.g. Li et al. 1998, Kohl et al. 1998). The white light LASCO images provided new
views of coronal structure and yielded an unexpectedly rich variety of coronal mass
ejections (CMEs) (St. Cyr et al. 2000). Missing from these space-based coronagraph
observations, however, was information from the coronal region obscured by the oc-
culters, and hence the link to the Sun. Although EUV images of the corona cover
the solar disk and the corona, and can, in principle, fill the coronagraph gap, they are
limited in their diagnostic capabilities to 1.25 Rs, because of the sharp decrease of the
intensity of the EUV lines with distance.

Ironically, at present, eclipse observations remain the only opportunities to ade-
quately fill the distance range of 1 - 3 Rs. Despite their short durations and the whims
of ground-based observing conditions, we show in this review how recent eclipse ob-
servations, which capitalized on the diagnostic properties of the coronal forbidden
lines, not only filled this important gap, but also yielded novel results regarding the
behavior of heavy ions. They led to new insights into the range of observed scales
in coronal structures and into the thermodynamic properties of the corona where the
magnetic field undergoes the most dramatic expansion and the solar wind is acceler-
ated.

2. Large scale coronal structures

Shown in Fig. 1 is a white light image of the corona taken during the total solar eclipse
of 2010 July 11. The image has been processed by the Adaptive Circular High-pass
Filter, or ACHF, developed by M. Drucküller, Rušin & Minarovjech (2006) to reveal
the finest details of coronal structures at the 1 arcsec limit of the spatial resolution of
the data. Most striking in this image is the bewildering variety of density structures,
which are assumed to trace the magnetic field lines in the corona. The solid and dashed
lines overlaid on the image trace some outstanding features. There is a preponderance
of small scale loop-like structures, labeled l all around the Sun with the exception of
the polar regions. These are in contrast to the large-scale loops labeled L. SB and SS
refer to a streamer boundary and streamer stalk, respectively. The Ray is a seemingly
lone field line that seems to cross other structures. The Hook is the envelope of a
prominence that erupted a few hours prior to the eclipse. The Ripple, Streak and Cone
pertain to large scale disturbances created by the passage of two CMEs through the
corona prior to the eclipse observations. WSB refers to a wavy streamer boundary also
created by the passage of the CME in the southwest. E refers to some enhancement
produced by the projection of material from the bulge of a streamer along the line of
sight, most likely in the foreground since it is very pronounced. The red structure off

the limb towards the south-west is a large-scale prominence emitting strongly in Hα,
within the bandpass of the white light. Filling the field of view is a plethora of open
field lines originating from all latitudes around the solar disk. These are described in
more detail in Habbal et al. (2011).
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Figure 1. White light image of the corona taken by M. Druckmüller during the total solar
eclipse of 2010 July 11. The image has been processed with the ACHF to bring out the small
scale structures in the corona. The line traces in solid and dash refer to distinct and uncommon
structures in the corona. (See Habbal et al. 2011 for details.)

White light images, which serve as a proxy for the magnetic field lines, however,
reflect only the distribution of electron densities along the line of sight. Imaging in
emission from ions covering a range of peak ionization temperatures, complements
the white light by yielding the distribution of ion densities and electron temperatures
along the line of sight. The suite of Fe coronal forbidden lines, namely Fe IX 435.9
nm, Fe X 637.4 nm, Fe XI 789.2 nm, Fe XIII 1074.7 nm, and Fe XIV 530.3 nm,
covers the temperature range of 0.8 - 2 ×106 K. Shown in Fig. 2 are overlays of
Fe XI, Fe XIV and white light taken during the eclipses of 2008, 2009 and 2010,
with Fe XI only in 2006. Fe XI has a peak ionization temperature of 1.18 ×106 K,
and Fe XIV of 2 ×106 K. Such composites associate coronal structures with distinct
temperatures. From these three years of observations, it is clear that the extended
corona, i.e. comprising open field lines, is dominated by the cooler Fe XI emission,
while the bulges of the streamers consist primarily of hot plasma emitting in Fe XIV.

Shown in Fig. 3 is the northwest quadrant of the 2008 eclipse image from Fig.
2a where a large prominence, as seen in the red Hα emission (panel b), was present.
The close-up views on the right (panels c) were produced with another image process-
ing tool, the Normalizing Radially Graded Filter, NRGF, developed by Morgan et al.
(2006). They include observations from Fe X, Fe XI, Fe XIII and Fe XIV taken at
the same time. The line plots in panels e are the spectral line intensities as a func-
tion of position angle at different heights. It is clear from the spectral lines (panels
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Figure 2. Overlay of white light, Fe XI 789.2 nm (red) and Fe XIV 530.3 nm (green) ACHF-
processed images, from the 2008, 2009 and 2010 eclipses eclipse observations. He II 30.4 nm
SOHO/EIT disk emission is shown for 2009 only. In 2006, only Fe XI with white light was
available.

c), and their overlay with white light (panel a), that the prominence is surrounded
by the hottest coronal material, as is also evident in the line plots (panels e) where
a peak in the intensity of Fe XIII and Fe XIV corresponds to a dip in the Fe X and
Fe XI emission. These multi-wavelength observations thus show that prominences, the
coolest and most complex magnetic structures suspended in the corona (see Tandberg-
Hanssen 1995), are enshrouded in hot plasmas of twisted magnetic structures, com-
monly known as ’coronal cavities’, which form the bulges of streamers and are so
named due to their dark appearance in white light images. The density within a cavity
is often low compared to surrounding structures. However, as shown in Fig. 3 the
material that is present is hot for reasons currently unknown.

3. Physics of the solar corona

One striking feature in the overlays in Fig. 2 is the extent of the emission from the Fe
lines, which is unexpected if one considers images from their EUV counterparts where
the emission cuts off beyond approximately 0.25 Rs. The extent of the emission can
be accounted for by considering the two main processes that contribute to the intensity
Iλ of a given spectral line λ, namely: (1) collisional excitation, IC , and (2) radiative
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Figure 3. Fe XI/Fe XIV/White light composite (a) and white light (b) of the northwest quad-
rant of the 2008 eclipse field of view. Rows (c) and (d): Close-up views of Fe X, Fe XI, Fe
XIII, Fe XIV, and 787.86 nm continuum emission processed with NRGF, and broad-band white
light with ACHF. The horizontal dashed lines correspond to the distances where the normalized
emission line intensities are plotted in (e) below. Row (e): Spectral line intensities normalized
to their corresponding maximum value (y-axis) versus position angle (x-axis), at 1.05, 1.15 and
1.3 Rs with Fe X (green), Fe XIII (red), Fe XIV (dashed-red), 787.86 nm continuum (black).
[From Habbal et al. (2010c).]

excitation, IR. To first approximation this can be simply written as:

Iλ = IC + IR ≈
∫

A Ne Ni ds +

∫
B Ni ds (1)

where Ni is the ion density, Ne the electron density, A and B are coefficients including
atomic data and incident disk radiation. The integration is along the line of sight over
a distance s. It is clear that very close to the Sun when the first term is dominant, the
intensity drops sharply because of the density squared dependence. Once this contri-
bution diminishes significantly, the radiative component (second term), produced by
the excitation and subsequent spontaneous de-excitation of coronal ions by light from
the solar disk, is still present. It is precisely this contribution that enables the emission
to persist much further away from the Sun than emission from EUV lines for which
only the collisional component (first term) exists.

The continuum, or white light, on the other hand, is due to scattering of the pho-
tospheric radiation by free coronal electrons. It can also be given in very simple terms
by:

IWL ≈
∫

C Ne ds (2)
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where C includes the photospheric radiation and geometrical factors. Both the white
light (Eqn. 2) and the radiative term IR in Eqn. 1 are very similar in that they are both
proportional to the line of sight integration of the product of density and the incident
disk radiation. Because of its linear dependence on density, the white light emission
can be detected to large distances, as demonstrated by numerous eclipse observations
(e.g. Fig. 1) and by the coronagraph images from LASCO/C2 and C3, as well as
STEREO.

Taking the ratio of the intensity of line to continuum using Eqns. 1 and 2 gives, to
first approximation:

Iλ
IWL
≈ A

C
Ni +

B
C

Ni

Ne
(3)

which leads to some interesting insights. The first term is dominant when collisions
are still important, and should decrease sharply with distance. The second term per-
sists when radiative excitation becomes the dominant process. It should be flat if both
ion and electron densities decrease in the same manner with distance.

An example of the validity of this simple concept is shown in Fig. 4a,b for two
sections of the 2006 eclipse image processed with the NRGF. We note that the NRGF
reveals the presence of enhanced Fe XI intensities in different regions of the corona.
The traces shown in the plots were calculated along different paths starting from the
solar surface outwards. In the example of panel b, the transition from a collision-
dominated excitation to a radiatively-dominated excitation is determined by the sharp
change in slope of the ratio, namely from a steep drop to a flattening, as expected from
Eqn. 3. In panel a, the peak in the ratio corresponds to the localized enhancements
in the Fe XI emission, which then translates into an enhancement of the ion relative
to the electron density, as seen from the second term in Eqn. 3. Given that such a
transition from collisional to radiatively-excited emission can actually be determined
empirically, one can then apply this technique to define the locus of this transition,
Rt, in the two-dimensional image, as shown in panels c for the 2008 eclipse. We note
that Rt, which ranges between 1.1 and 2 Rs, is a function of the underlying coronal
structures and their corresponding temperature. As is apparent from the ratio of line
to continuum in Fig. 4, the slope of the ratio decreases and becomes flat over a short
distance range, therefore Rt is not really an abrupt boundary but should rather be
considered as a transition zone spanning approximately 0.1 Rs.

By definition, Rt also determines the locus of the departure of the plasma from
ionization equilibrium as the plasma flows into low-density regions (Habbal et al.
2010a,c). Hence Rt effectively represents an important empirical threshold. For dis-
tances smaller than Rt, the plasma is dominated by collisions, hence it is meaningful
to consider a plasma electron temperature. Indeed a unique feature of the superpo-
sition of images from different wavelengths, as shown in the example of Fig. 2, is
that it yields a two-dimensional map of the electron temperature in the context of
density/magnetic structures. With these maps, the 2006 - 2009 eclipse observations
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Figure 4. Columns (a) and (b) are sections of the NRGF-processed Fe XI 789.2 nm 2006
eclipse image where evidences of ion density enhancements were observed (see Habbal et al.
2007a). The ratio of line to continuum intensities is given in the plots for the different traces
shown in the corresponding images above them. The localised enhancements in (a) are visible
in the ratio for all traces. The flattening of the ratio around 1.5 Rs in (b) indicates the locus of
the transition, Rt, to a predominantly radiatively excited emission. In (c), the contours of Rt are
overlaid over the NRGF-processed 2008 Fe XI and Fe XIV eclipse images.

indicate that the open field lines in the corona are characterized by cooler electron
temperatures averaging 106 K (Habbal et al. 2010a).

Beyond Rt where the plasma is practically collisionless, the emission then reflects
the distribution of the corresponding charge state. In the examples of 2006 - 2009,
the emission was dominated by Fe XI, implying the dominance of Fe+10 charge state
in the expanding corona. One relevant comparison is with in situ Fe+n charge state
measurements, with the most comprehensive one being the full solar cycle sequence
from 1998 to 2009 from the SWICS instrument on ACE. Shown in Fig. 5 is the
calculated distribution of the electron temperature that best reproduces the ACE data
(see details in Habbal et al. 2010b). It is found that the peak of the distribution is at
1.18 ×106 K, which matches remarkably well the peak ionization temperature of Fe
XI. Hence, the in situ measurements are a direct reflection of the distribution of Fe
charge states in the corona, which is reflected in the dominant emission beyond Rt as
shown in the example of Fig. 4. The persistence of this trend throughout the solar
cycle is therefore quite remarkable.
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4. Discussion and conclusions

At present, models remain the only tool to explore the physical processes that heat
the corona and drive and accelerate the solar wind. Prior to the SOHO era, in situ
measurements of solar wind plasma parameters, such as composition (e.g. von Steiger
et al. 2000), density, temperature and speed of the solar wind species (e.g. Marsch
1987) were the only data available to guide the development of single- and multi-fluid
solar wind models. In the inner corona, plasma properties were limited to the electron
density inferred from polarized white light measurements, and electron temperature
derived from the ratio of the intensities of some EUV lines (e.g. Habbal et al. 1993).
With the advent of SOHO, new empirical constraints became available, confirming
some model results (e.g. Habbal et al. 1995, Li et al. 1997), and steering them in
new directions (e.g. Esser and Edgar 2000). The most significant impact (e.g. Li et al.
1998) came from observations of emission from heavy ions in the extended corona,
i.e. out to 10 Rs, primarily from Lyα and the O VI doublet lines at 103.2 and 103.7 nm
with UVCS, as originally proposed by Noci et al. (1987). Inferences of the outflow
velocity of protons and heavy ions, together with the ion temperature in the inner
corona were possible for the first time. Also feasible for the first time were inferences
of the true 3D structure of the corona, as observations were routinely made with high
spatial and temporal resolution. These were accomplished by tomography (Morgan
and Habbal 2010) or by other empirical methods (Morgan & Habbal 2007a,b).

This review has focused on recent eclipse observations, starting from 2006, be-
cause of the new insights they have provided, enhancing and complementing the recent
findings from SOHO, STEREO and SDO. The eclipse observations also underline the
increased importance of exploring the behavior of heavy ions. The diagnostic poten-
tial of these observations became possible with the advent of new imaging technology
and the development of reliable image processing tools. The suite of Fe lines, such as
the Fe X, Fe XIII and Fe XIV lines, which had been extensively observed in the past,
was enhanced by the more recently exploited Fe XI line, when the corona was imaged
in this line for the first time in 2006 (Habbal et al. 2007a). Not only was a series of
lines from the same element with increasing ionization temperature readily available
for exploration, it was also realized that these lines had something special to offer due
to the importance of their radiatively excited component. This component enables
their emission to be observed out to large distances from the Sun, much further than
their EUV counterparts. These observations thus led to the following novel results:

The extent of the emission from the coronal forbidden lines, starting from the
solar surface out to a few solar radii, provides the only observational evidence for
the range of spatial scales of closed field lines in the corona, the evolution of density
structures commonly referred to as streamers, and the distribution of open field lines
throughout the corona which is clearly not limited to the polar regions. Hence the solar
wind flow cannot be limited to coronal holes. However, since these observations do
not have velocity diagnostics, they cannot provide the characteristics of the outflows
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Figure 5. Calculated distribution of Te that best reproduces the 12 hour averages of the
SWICS/ACE Fen+ (with n = 6 to 20) charge state measurements from 1998 to 2009. The
vertical axis is the percent of observations in each temperature bin. The peak of the distribution
is at 1.18 ×106 K, which matches remarkably well the peak ionization temperature of Fe XI.

along all open field lines. The extent of the emission also enabled, for the first time,
the empirical determination of the location, Rt, where the emission from each of these
spectral lines transitions from being dominated by collisions to being dominated by
radiative excitation. This is also the locus where the plasma is no longer dominated
by collisions.

These observations also yielded the first 2D distribution of the electron tempera-
ture and Fe charge states in the corona. They clearly tagged the closed versus open
magnetic field lines with distinct temperatures, a distinction that was not possible
with earlier observations. They yielded the surprising result that open field lines are
unequivocally dominated by plasma with an electron temperature of 106 K, in contrast
to the wide range of values inferred from earlier studies (see e.g. Habbal et al. 1993).
This new result is consistent with the dominance of the Fe+10 charge state in the corona
that matches remarkably well in situ charge state measurements over a full solar cy-
cle. This electron temperature also emerges from solar wind models incorporating
radiative losses and thermal conduction (e.g. Lie-Svendsen & Esser 2005).

One of the surprising discoveries to emerge from these observations was the exis-
tence of magnetic configurations conducive to the formation of localized ion density
enhancements relative to that of electrons, also referred to as abundances. Such en-
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hancements had been found earlier in model studies (e.g. Lie-Svendsen and Esser
2005). This phenomenon, which places several useful constraints on models, was ob-
served for the first time in the eclipse data. Indeed, the imaging of the corona in the
visible and near infrared (NIR) emission lines was the perfect observation to discover
such a phenomenon, since the intensity of the emission line could be directly com-
pared to the neighboring continuum, made with an identical observing system. Once
identified in the eclipse data, they can be shown to be present in EUV images (Habbal
2007a). The recent study by Byrhing et al. (2011) was able to reproduce the 2006
Fe XI observations of abundance enhancements in a slow solar wind flow by reducing
the heat input to heavy ions, thus leading to their decoupling from the protons, and
consequently lagging behind in the corona.

The eclipse observations also provide ample evidence of the intricate behavior of
the large scale density structures in response to the eruption of filaments or the passage
of CMEs. This behavior is further tagged with well-defined temperature characteris-
tics. Furthermore, the observed twisted helical structures associated with prominences
within the bulges of streamers (see also Fig. 1) provide the most direct evidence for
the emergence of helicity with prominences that is not limited to the prominences
themselves, but extends to their immediate surroundings. The existence of the com-
plex of prominence surrounded by a hot shroud should have implications for coronal
heating mechanisms in the neighborhood of magnetic polarity reversal regions.

In conclusion, eclipse observations continue to provide unique opportunities for
exploring the physics of the corona. The recent discoveries summarized here should
have an impact on future modeling efforts. Hopefully, they will also inspire a new
generation of space-based coronagraphs with the ability to image the corona in vis-
ible and NIR emission lines. Such observations would provide the constraints that
increasingly sophisticated coronal models need.
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Abstract. Solar transients and eruptive phenomena which are ubiqui-
tous in the solar atmosphere, can shed new light to the understanding of
the outstanding problems like coronal heating and the solar wind accel-
eration. Observations in the entire electromagnetic spectrum of such dy-
namical processes of large and small-scale transient/eruptive events, with
highly dynamic magnetic field configuration, and energetic particles, pro-
vide crucial information about the plasma processes at mega-Kelvin tem-
perature embedded in a complex magnetic field, and also energy build-
up/energy-release processes, taking place in such events. One of the most
important phenomenological aspects of solar eruptive phenomena is the in-
duced magnetohydrodynamic (MHD) waves generated during these ener-
getic processes, which carry a potential signature to probing the solar active
regions. In this paper, we briefly review the recent trends of the transient
(e.g., flares) induced quasi-periodic oscillations in the solar atmosphere and
discuss their implications in diagnosing the solar active regions, providing
the clue to understanding local plasma dynamics and heating.
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Figure 1. An example of flare associated QPOs : GOES soft X-ray flux, RHESSI hard X-ray
and radio flux profiles for the M7.9/1N flare event on 27 April, 2006. RHESSI night time period
is indicated by dotted line in the second panel. The decay phase is associated with quasi-periodic
oscillations both in HXR and radio fluxes (adapted from Kumar et al. 2010).

1. Introduction

Observations of the quasi-periodic oscillations (QPOs) in the solar and stellar at-
mospheres are very important phenomena, and have potential applications in diag-
nosing the local plasma conditions of the active/flaring regions to understand their
dynamics and heating. Recently, the QPOs have been observed associated with the
solar and stellar flares (Tsap et al. 2011; Nakariakov et al. 2010; Sych et al. 2009;
Nakariakov 2007; Stepanov et al. 2005; Mitra-Kraev et al. 2005, and references cited
there).

Mostly the quasi-periodic oscillations in the solar and stellar atmospheres are as-
sociated with the transients activities. The strong energy release in the solar and stellar
flares stored in sheared and twisted magnetic fields are the main drivers of such ob-
served QPOs in the emissions at various wavelength bands of the emitted electromag-
netic spectrum. It is discovered that QPOs associated with the solar flares can be ei-
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Figure 2. Left Panel : GOES SXI snapshot on 15:49 UT on 27 April 2006, shows the loop-loop
interaction during an M7.9/1N flare event. Right Panel :RHESSI hard X-ray loop-top sources
and their merging during their interaction is clearly evident on the flare time (adapted from
Kumar et al. 2010). This loop-loop interaction is found to be the most likely reason for the
generation of the observed QPOs.

ther generated by various magnetohydrodynamic waves (e.g., Nakariakov & Melnikov
2009, and references cited there), or due to the periodic changes of the magnetic field
configuration and thus periodic acceleration of the charged particles generated by re-
current magnetic reconnection in the flaring regions (e.g., Jakimiec & Tomczak 2010
and references cited there), or by oscillatory regimes of magnetic reconnection that can
be considered as MHD auto-oscillations (Nakariakov et al. 2010). The observations
of quasi-periodic MHD oscillations may be a unique tool to constrain and diagnose
the flaring/active region to understand its dynamics. However, the morphology of the
associated loop systems in the active region must be well known.

In this brief review paper, we briefly underline some important results related to
the observed QPOs associated with the large-scale solar transients (e.g., flares) in the
magnetically complex solar active regions, and discuss their potential role to diagnose
the local plasma conditions.

2. Some examples of the QPOs in the solar active regions

A number of observed Quasi-Periodic Oscillations (QPO) events in the solar atmos-
phere are summarized in the on-line archive (cf., http://www.warwick.ac.uk/go/cfsa/

people/valery/research/qpp/) that provides a list of convincingly detected solar QPOs.
Various significant case studies have been made related to the observations of the
QPOs in the solar atmosphere. Foullon et al. (2006) firstly observed the long-period
quasi-periodic oscillations of 8-12 min associated with the kink mode oscillations
of the flaring loops. Nakariakov et al. (2006) have proposed a new model for the
observed long period QPOs of 2-4 min that the fast magnetoacoustic oscillations of
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a non-flaring loop can interact with a nearby flaring active region, and the part of the
oscillation situated outside the loop reaches the regions of steep gradients in magnetic
field within an active region to produce periodic variations of electric current density.
The variations of the current can induce current-driven plasma micro-instabilities and
thus anomalous resistivity that can periodically trigger magnetic reconnection, and
hence acceleration of charged particles, producing quasi-periodic pulsations of X-ray,
optical and radio emission at the arcade footpoints. Likewise, reconnection can be
triggered by slow magnetoacoustic waves (Chen & Priest 2006). A phenomenological
relationship between oscillations in a sunspot and quasi-periodic oscillations (QPOs)
in flaring energy releases of an active region above the sunspot has been established
for the first time by Sych et al. (2009). They have found that the QPOs in the flaring
energy releases can be triggered by 3-min slow magnetoacoustic waves leaking from
the active region sunspots. In the flaring event of 2002 July 3 observed by Nobeyama
radioheliograph, Nobeyama radiopolarimeters, and the RHESSI satellite, Inglis et al.
(2009) have discovered the multiple oscillations (28-12 s) associated with the observed
QPOs in the spatially resolved emitting region. Nakariakov et al. (2003) have also
observed the quasi-periodic loop oscillations of 14-17 s as an important evidence of
the global sausage mode oscillations generated by the flare events. In addition to
the various observations of the QPOs in hard/soft X-rays, gamma rays, and radio
wavelengths (e.g., Nakariakov et al. 2010; Rao et al. 2010; Melnikov et al. 2005;
Kliem, Karlický & Benz, 2000), these types of oscillations have also been observed
in the white-light as a natural response of the transient phenomena in the lower solar
atmosphere (e.g., McAteer et al. 2005). The above mentioned examples and other
observed QPO events broadly reveal their origin through various physical processes
(e.g., MHD oscillation modes, interaction of the large-scale dynamical processes with
the compact flaring regions, periodic magnetic reconnections, and the newly proposed
Alfvénic vortex shedding effects (Gruszecki et al. 2010), etc.) occurred in the solar
active/flaring regions at the Sun. The range of these physical processes, therefore,
provide a unique tool to understand broadly the local physical conditions of the solar
atmosphere and solar eruptive regions. More accurate knowledge of the source region
of these QPOs must be known precisely to understand its connection with the various
physical processes.

Recently, Kumar et al. (2010) have reported a first detailed multiwavelength ob-
servations of an M-class flare triggered by loop-loop interaction in AR 10875 on 27th
April 2006. They have found that a loop coalescence instability may cause the in-
teraction of two multi-temperature loop systems, which triggers the solar flare. The
M7.9/1N flare occurred on 27 April 2006 in NOAA AR 10875 during 15:45 UT-
15:58 UT due to loop-loop interaction (Kumar et al., 2010). GOES soft X-ray fluxes,
RHESSI hard X-ray and radio flux profiles for this flare event are shown in Fig. 1.
The evidence of QPOs in 4995, 8800 MHz radio fluxes during ∼15:48-15:51 UT for
the duration of ≈3 minutes is most likely. The QPOs are also evident in the RHESSI
HXR emissions of 25-50 and 50-100 keV energy bands during ∼15:49:12-15:52:48
UT. Before 15:49 UT, RHESSI was encountered by its night-time phase. However,
these QPOs are well observed and evident in both HXR and radio frequencies in the
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post-flare phase of their heightened emissions. In the present discussion, we do not
aim to analyze in detail the observed quasi-periodic phenomena, and the main results
will be analyzed and published elsewhere. However, the most likely association of the
QPOs in HXR and radio bands, and also its association with the clear morphology of
the flaring region where the loop-loop interaction takes place, may shed new light on
the most possible generation mechanism of such QPOs and its diagnostic capability
(cf., Fig. 2). On the first instance, the origin of QPOs in the present case may be
associated with the coalescence instability and loop-loop interaction (Tajima, Brunel
& Sakai 1982; Smartt, Zhang & Smutko 1993; Kumar et al. 2010). However, the
possibility of the other mechanisms cannot be ruled out. The observed QPOs may be
due to the periodic change in the length of the interacting segments of two interacting
loops that can result in the periodic change of the efficiency of the particle accelera-
tion. In such a case, the observed QPOs will be essentially the non-thermal emissions.
However, there is not much evidence of it in the present observational base-line. The
observed QPO can also be caused by some periodic regime of magnetic reconnection,
e.g., periodic shedding of the plasmoids (Gruszecki et al. 2010). The reconnection
generated magnetohydrodynamic modes can also be responsible for the generation of
such oscillations during the flare event (see Nakariakov & Melnikov 2009 and refer-
ences cited there).

3. Discussions and conclusions

In conclusion, the observed parameters of the quasi-periodic oscillations (e.g. the pe-
riods, amplitude, spatial and morphological informations) must be associated with the
physical parameters of the flaring plasma in the solar active regions and hence can
be used for the diagnostic purposes through the method of coronal seismology (see
Zaitsev & Stepanov 2008; Nakariakov & Melnikov 2009 and references cited there).
The QPO seismology of the solar active regions has various advantages. The high
level of the emissions at various wavelenghts of the electromagnetic spectrum dur-
ing the solar eruptive events allows us to increase the time resolution of the observa-
tional instruments. The flare excites various kinds of magnetohydrodynamic (MHD)
waves and oscillations in the compressible, fully ionized, structured and magnetized
plasma, which can be detected in the modulation of the flaring emissions. Therefore,
such MHD modes can be useful for the study of crucial plasma parameters of the
flaring regions using the principle of MHD seismology (e.g., Andries et al. 2009;
Aschwanden 2009; Nakariakov & Melnikov 2009 and references cited there). More-
over, periodic and quasi-periodic oscillations are also observed in stellar flares, and
this opens up interesting perspectives for stellar coronal seismology and various com-
parative studies (e.g., Pandey & Srivastava 2009; Mathioudakis et al. 2006; Stepanov
et al. 2005). However, the solar QPOs must be observed with caution and using the
multi-instrument and multi-wavelength emissions because sometime these QPOs may
be detected due to the instrumental response (see, Inglis et al. 2011).

The modern space-based (e.g., SDO, Hinode) and ground-based (SST, Nobeyama)
observations are now providing the high spatio-temporal resolution observations of
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the solar atmosphere. The morphology of the solar active regions and associated erup-
tive phenomena are now comparatively well understood, as well as the instrumental
time resolution is now comparatively enough also to catch the short period changes
even in the associated emissions during flare processes at multiwavelength. The the-
ory of MHD seismology is also in the refined stage where by imposing the recent
multiwavelength observations of the QPOs over it, we can infer the crucial plasma
conditions of the flaring region e.g., scale heights, equilibrium conditions, density
contrast, magnetic field divergence factor, magnetic field etc to understand the local
plasma dynamics and heating conditions. Therefore, the observations of the transient
induced quasi-periodic oscillations are likely to play an important role in understand-
ing the complexity of the solar active regions and its plasma dynamics in the current
solar cycle and its anticipated intense maximum in 2012-2013.
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Abstract. Chromospheric evaporation implies the mass flow from chro-
mosphere to corona along the loop legs in the solar flares, indicating the
targets of hard X-ray emissions movement in the flare loops. From obser-
vations, hard X-rays tend to rise up the double footpoint sources along the
loop legs and finally merge together around the top at the same position
as the loop top source. After Reuven Ramaty High Energy Solar Spec-
troscopic Imager (RHESSI), the evidence of chromospheric evaporation in
hard X-rays are studied and analyzed in several events. The source motions
caused by the chromospheric evaporation are not observed at the whole
energy band of hard X-rays, but favorably seen at 10-30 keV. Hard X-ray
sources at the high energy (i.e. above 50 keV) would never show motions
and stay around the footpoint during the evaporation. The observational
results show that the typical velocity of hard X-ray source motions ranges
from 200 kms−1 to 500 kms−1, the typical timescale of source merger is
around 60 s (between 30 and 80 s).

Keywords : Sun flares – Sun: x-rays – Sun: chromosphere

1. Introduction

From the standard flare model, the magnetic reconnection is believed to be the pri-
mary energy release mechanism to heat the plasma and accelerate electrons high in
the corona. These electrons travel downward to the chromosphere and transfer their
energy into the thermal energy to heat the local material rapidly through the collisions
with the chromospheric plasma. The resulting overpressure drives a mass flow upward
along the legs, thus filling the loop or its constituent strands during the flare impulsive
phase. This process is well known as the “chromospheric evaporation” in solar flares
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(e.g. Fisher, Canfield & McClymont, 1985a,b,c; Liu et al. 2004; 2006; Ning et al.
2009). Observational evidence of chromospheric evaporation has been documented in
X-ray (e.g. Liu et al., 2006; 2008; Ning et al., 2009; Ning & Cao, 2010), EUV (i.e.
Fludra et al., 1989; Mariska, 1994; Milligan et al., 2006a; 2006b; Milligan & Dennis
2009; Brosius, 2001; 2003; 2009), and radio emission (Aschwanden & Benz, 1995;
Karlicky, 1998; Ning et al. 2009).

2. Observations

With its full disk solar imaging capability, wide energy coverage (3-17,000 keV), and
high sensitivity, RHESSI (Lin et al. 2002) provides unprecedented capabilities for
investigating the X-ray source motions at different energy bands with a high temporal
resolution after the chromospheric evaporation. In this paper, we present the hard
X-ray evidences of chromosphere evaporation detected in three solar flares.

Fig. 1 shows the evolution of the 2004 October 30 flare images in six differ-
ent energy bands, i.e. 6-9 keV, 9-12 keV, 12-15 keV, 15-20 keV, 20-30 keV, 30-50
keV. The front segments of detectors 3-8 excluding 7 are used for reconstructing these
RHESSI images with a 20 s integration window. Before 03:30:00 UT which corre-
sponds to the maximum of the light curve at 25-15 keV, the X-ray emission mainly
comes from the flare loop at lower energies from 6-15 keV. The hard X-ray footpoints
appear at a wide energy range from 12-50 keV at 03:30:00 UT, although the emission
from the loop top source also extends toward the legs at the low energy of 6-12 keV.
Subsequently, the two footpoints tend to move close to each other, and the projection
distance between them gradually decreases, finally merging into a single source. This
process is more clearly seen from the evolution of the 20-30 keV images. At 03:29:40
UT, the flare shows double footpoint sources, which moved closer after 20 s, and 20 s
later, they closed even more than before. And at 03:30:40 UT, they became an elon-
gated source. Then the length of the source decreased, and finally showed a curved
shape at 03:31:40 UT. The source was located at the same position as the thermal
loop top source. The merging timescale is dependent on energy. The higher energy
X-rays show a longer timescale, as the dashed line in Fig. 1 indicates. This shows that
the hard X-ray emissions are the result of continually accelerated electrons impinging
upon the increasingly dense loop, and that higher energy X-rays originate from the
deeper layers of the flaring legs. Until 03:31:40 UT, this flare exhibits a single source
at all energy bands from 6-50 keV. This is expected as a common feature of the flare
due to chromospheric evaporation, which increases the plasma density in the loop,
making the loop top source dominant at progressively higher energies.

Fig. 2 shows the spatial evolution of the RHESSI CLEAN images at 10-15 keV
for the 2004 December 1 flare. This flare displays two footpoint sources at the hard X-
rays, especially at 10-15 keV, while a looptop source at the soft X-rays of 6-10 keV at
07:04:20 UT. Left-top shows the MDI magnetic field with the RHESSI X-ray contours
at 6-10 keV and 10-15 keV. The south footpoint source (10-15 keV) is in the negative
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Figure 1. RHESSI PIXON images at different energies (rows) and different times (columns) for
the 2004 October 30 solar flare. Contour levels are set at 20%, 50% and 90% of the maximum
brightness of each image. The parallelogram is considered as the loop projection on the disk.
The footpoint sources at 30-50 keV are marked by two pluses.

polarity field area, while the north source does not overlap with the strongest positive
polarity at all (possibly due to the projection effect). The looptop source is located
between them. Such morphology displays the typical characteristics of solar flare in
the X-ray observations. And it is consistent with the standard flare model. The looptop
source is close to the north footpoint. Then, both footpoint sources shift their positions
at 07:04:20 UT, and move towards each other afterwards. Finally, they merge into a
single hard X-ray source at 07:05:20 UT. As shown in Fig. 2, the merger takes about
60 s, between 07:04:20–07:05:20 UT. However, the looptop source of 6-10 keV keeps
the same position during this interval. In order to describe the merger motion of the
hard X-ray sources, we measure the linear distance between the two footpoints at 10-
15 keV. As given in Fig. 2, the distance (L) is about 34.2 arcsec at 07:04:20 UT, then
L is shortened to about 15.8 arcsec at 07:05:00 UT. At 07:05:20 UT, the two sources
become one single source. The measured merger speed is about 428 km s−1. Note that
we do not consider the projection effect here. The previous observations show that
the different energies of the X-rays could be of different origin. The radiation of the
energy 10-15 keV may be considered as thermal emission from the evaporated plasma
or as non-thermal emission from the precipitating electrons, or, probably a mixture
of both kinds of the radiation. Subsequently, the flare just shows a single source, as
shown in Fig. 2 (right-bottom), in the looptop with a broad energy band from 6-15
keV until 07:07:40 UT.
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Figure 2. MDI map of magnetic field at 06:27:02 UT, showing the sunspots with positive
(white) and negative (black) polarities with RHESSI X-ray contours at 07:04:20 UT (a), or at
07:06:00 UT (h), and RHESSI CLEAN 10-15 keV images (b, c, d, e, f, g) at six different times
for the 2004 December 12 solar flare. All contour levels are set at 70%, 80%, and 90% of the
maximum brightness for 10-15 keV (thin lines) or 6-10 keV (thick lines) images. The plus
symbols represent the positions of maximum brightness at both footpoints, and the values of L
measure the distance (dashed lines) between them.

Figure 3 shows the GOES and RHESSI observations of the 2003 November 13
solar flare. The gray patch marks the time interval over which the X-ray source move-
ments have been studied in detail. Bottom panel shows the time evolution of the 20-22
keV brightness distribution along the flare loop from one footpoint of FP1 to another
(FP2). The looptop source could be located at the middle of the loop, while the double
footpoints are at two ends. The local maximum of the brightness are traced by two
lines (marked by asterisks and pluses) corresponding to the location changes of FP1
and FP2. At the flare beginning, there are two subpeaks of brightness along the loop,
while only one brightness peak in the later phase. The solid lines present the linear
fitting and their velocities are given. This flare shows double source at the beginning,
and then tends to move close and merges around 04:59 UT. However, after 05:00 UT,
this event displays double footpoint sources again.

3. Summary

We present the hard X-ray evidences of chromospheric evaporation in three exam-
ples of solar flares observed by RHESSI. As that is expected from the standard flare
model, the hard X-ray targets would display motions after the chromospheric evap-
oration. Observationally, the flare shows the double footpoint movement along the
loop legs upward. Such kinds of source motions are only seen at the middle energy
band, i.e., 10-30 keV. The flare does not move the footpoint sources at the high energy
(i.e., above 50 keV). The typical timescale of the motion is dependent on the energy,
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Figure 3. Top: RHESSI (solid) and GOES 1-8 Å (dot) light curves for the 2003 November 13
solar flare. RHESSI energy bands are 3-6 keV, 6-12 keV, 12-25 keV, 25-50 keV, and 50-100 keV,
with corresponding scaling factors 1, 1/2, 1/2, 1/5, and 1/10 respectively. RHESSI attenators
are showed with the thick line on the top. Middle: RHESSI 3-300 keV X-ray emissions as a
function of time, and the intensity jumps are due to RHESSI attenator effects. Bottom: time
evolution of 20-22 keV brightness along the flare loop from the FP1 to FP2 during the interval
with gray in top panel. Plus symbols correspond to FP2 and the asterisks correspond to FP1.
White solid lines represent the linear fitting of the associated points.
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between 30 and 80 s, and movement speed is several hundreds km s−1. This kind of
X-ray source motion is different from another one, which is observed as the separation
movement with three sub-types from both YOHKOH and RHESSI observations −−
perpendicular (Type I), parallel (Type II) or anti-parallel (Type III) to the magnetic
neutral line (Bogachev et al. 2005; Gan, Li & Miroshnichenkov, 2008; Yang et al.
2009; Liu et al. 2010). It must be understood that this kind of motion is not a ma-
terial motion, but shows the changing location of lower-atmosphere excitation. From
hard X-ray observations, this kind of motions are independent on the energy. In other
words, hard X-ray sources display the same motions on the whole energy band.
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Abstract. We investigated the latitudinal variation in the coronal rotation
by using observations taken with Nobeyama Radioheliograph (NoRH) at
17 GHz. The time series bins are formed on different latitude regions of
the solar full disc (SFD) radio image, which extend up to ±60◦ in both the
hemispheres. The sidereal rotation rate as a function of latitude for each
year during 1999-2005 are obtained. The analysis reveals that the equa-
torial rotation rate of the corona is comparable to the photosphere and the
chromosphere. However, at higher latitudes, the corona rotates less differ-
ently than the photosphere and the chromosphere. The differential rotation
obtained at the height of these emissions is quite variable throughout the
period of study. The equatorial rotation period and latitude dependent dif-
ferential rate seem to vary almost systematically with sunspot numbers.
This indicates its dependence on the phases of the solar activity cycle.

Keywords : Sun: corona – Sun: radio radiation – Sun: rotation

1. Introduction

The coronal rotation has been studied using different methods and various tracers
(Chandra & Vats 2011). But the estimate of latitudinal profiles of coronal rotation
and its dependence on the phases of the solar cycle is found to vary significantly. In
the last couple of decades, the coronal rotation has also been investigated using radio
emissions at different frequencies (Vats et al. 1998a,b; Kane, Vats & Sawant 2001;
Mouradian, Bocchia & Boston 2002; Chandra & Vats 2011). The differential rotation
as a function of altitude (Vats et al. 2001) and latitude (Chandra, Vats & Iyer 2009,
2010) and its correlation with the phases of the solar cycle (Mehta 2005) have been
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determined using radio flux data. The present study with Nobeyama Radioheliograph
(NoRH) at 17 GHz, for the period 1999-2005, gives very interesting information about
the differential rotation of the solar corona at the height of these emissions (Chandra,
Vats & Iyer 2009)).

2. Data analysis

The radio images obtained from the Nobeyama Radioheliograph (NoRH) at 17 GHz
during the years 1999-2005 were analyzed in the present work. Each radio images had
a pixels size of 512 by 512 pixels, on which thin latitude bins were superposed on the
solar full disc (SFD) at an interval of 10◦ along the heliocentric latitude. The average
flux of all the pixels in a particular bin (say, at equator) changes with next radio image.
If we take one radio image per day for the whole year then, an annual time series of
the average intensity variation in radio flux is generated for each latitude bin. In this
way total of a 17 time series could be obtained. Using flux the modulation method,
autocorrelation coefficient was calculated for each time series (up to the lag of 150
days) and plotted for each latitude bin. The radio images of the period 1999 to 2005
was found to be most suitable for the estimation of autocorrelation coefficient. The
autocorrelation curve obtained for these years showed clear rotational modulation up
to the latitudes of 60◦ in both the hemispheres.

The synodic rotation period can be obtained by locating the position of autocorre-
lation coefficient’s peak on the time lag axis of the curve. If curve shows smoothness
and cyclic nature then farthest peak’s position can be chosen to attain the maximum
possible accuracy. Choosing first peak will introduce an error of one day. The error
will decrease to 1/2, 1/3, 1/4 or 1/5 of a day, respectively, when second, third, forth
or fifth peak position is chosen. The synodic period is then converted to the sidereal
rotation period at each latitude (Chandra, Vats & Iyer 2010). In Figure 1, the sidereal
periods are plotted with respect to the latitude for each year. The error bar associated
with any value of sidereal rotation period depends on the selection of the peak and
therefore vary between ± 0.2 to ± 1 day.

To compare the sidereal rotation rate Ω(ψ), a curve based on least square method
can be fitted in to each year’s rotation profile using the standard polynomial expansion,
Ω(ψ) = A+ B sin2 ψ+C sin4 ψ, where ψ is the heliographic latitude. The term A repre-
sents the equatorial rotation rate. The B and C represents the differential rotation rate
at lower and higher latitudes, respectively. Since we have not used the data beyond
the ±60◦ latitude and using third term would require accurate data for higher latitudes
also. Hence, it is sufficient to use only the first two terms of the standard polynomial
expansion (Beck 2000; Badalyan 2010). Therefore, we use the traditional representa-
tion of the sidereal rotation rate Ω(ψ) given in two terms only, i.e., Ω(ψ) = A+B sin2 ψ.
The rotation rate Ω(ψ) is related to the rotation period T (ψ) as, T (ψ) = 360◦/Ω(ψ),
where T (ψ) is in day and Ω(ψ) in degree/day.
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Figure 1. Sidereal rotation periods as a function of latitude. These are obtained from the radio
images at 17 GHz of the years 1999-2005. The size of error bars depends on the selection of
the peak in determination of the rotation period. The least square curves fitted in the rotation
profiles of the sidereal period are also shown. The average rotation profile as a function of
latitude is also plotted separately (last plate).
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Figure 2. Comparison of sidereal rotation rate profiles obtained by various methods and solar
features.

3. Discussion

The mean rotation rate at the equator (derived through the coefficient A) matches well,
in the error limit, with most of the observations shown in Fig. 2. Interestingly, the
mean equatorial rotation rate (14.8 deg/day) is found to be almost the same, when
compared with the extreme ultraviolet (EUV) chromospheric results of Brajša, Wöhl
& Vršnak (2004); Karachik, Pevtsov & Sattarov (2006) and photospheric sunspot re-
sults of Balthasar, Vázquez & Wöhl (1986) (14.7, 14.9 and 14.6 deg/day, respectively).
The mean rotation rate suggests that near the equator the radio corona rotates almost
at a speed close to the speed of the photosphere and the chromosphere.

The enhanced electron density model suggested by Aschwanden & Benz (1995)
was used to estimate the average height of origin of the radio emissions. The height
adopted from Vats et al. (2001) suggests that the radio emissions at 17 GHz originate
approximately at the height of ∼ 1.2 × 104 km above the solar surface. It means that
such emissions originate almost at the interface of the chromosphere and the corona.
Hence the equatorial rotation rate matches more with the photospheric or the chro-
mospheric results.

The latitudinal rotation profiles obtained through the coefficient B seem to indicate
the fact that the corona displays a variety from almost rigid (Lewis et al. 1999) to
reasonably differential rotation. The coefficient B shows that the corona does rotate
differentially as in the photosphere and the chromosphere (Balthasar, Vázquez & Wöhl
1986; Brajša et al. 2004); but the latitude gradient of rotation rate is much lower (−3.1
and −2.8 deg/day, respectively). The value of coefficient B due to Weber et al. (1999)
(−0.0 deg/day) and Chandra, Vats & Iyer (2010) (−0.8 deg/day) is found to be the
closest to the present study (−2.1 deg/day), at the middle latitudes.



Differential coronal rotation and solar activity 289

Year
2000 2002 2004

C
oe

ff
ic

ie
nt

 A

14

15

16

Su
ns

po
t 

N
um

be
r

0

50

100

150
Coefficient A
Sunspot Number

Year
2000 2002 2004

C
oe

ff
ic

ie
nt

 B

-4

-3

-2

-1

0

Su
ns

po
t 

N
um

be
r

0

50

100

150
Coefficient B
Sunspot Number

Figure 3. Temporal variation of the coefficients A and B. For comparison annual sunspot
numbers are also plotted.

The coefficients A and B are compared with the annual sunspot numbers (see Fig.
3). This gives evidence of the dependence of the coronal rotation on the phases of
the solar cycle. Fig. 3 (left panel) shows that the coefficient A (continuous line with
error bars), which represents the coronal equatorial rotation rate, is neither in phase
nor anti-phase with the annual sunspot number (dashed line), but there seems to be a
time lag of ∼ 3 years between them. The error of A varies from ± 0.1 to ± 0.4. The
temporal variation of A is apparent. It means that the equatorial rotation of the corona
at this emission waxes and wanes in step with the Sun’s activity but it changes course
only after three years of the sunspot numbers.

The latitude dependent of differential gradient is found to be in phase with the
annual sunspot numbers. The coefficient B represents the coronal differential rotation
and this also seems to depend on the phases of the solar cycle. The error of B varies
from ± 0.3 to ± 0.9. Fig. 3 (right panel) shows that the temporal variation of coefficient
B (continuous line with error bars) derived from the present work seems to be in phase
with the annual mean sunspot number (dashed line) through out the period of study,
except in the year 2005. There are some data gaps at higher latitudes in the years
2004 and 2005 (as shown in Fig. 1). Therefore, there will be a comparatively higher
uncertainty in the determination of coefficient B in these years.

4. Conclusions

The equatorial rotation rate is found to be nearly the same, when compared with the
extreme ultraviolet chromospheric results (Brajša et al. 2004; Karachik et al. 2006)
and Greenwich results (Balthasar, Vázquez & Wöhl 1986). So we conclude that at
the equator the radio corona rotates almost at a speed close to the speed of its lower
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atmospheric layers. The differential rotation rate with respect to the latitude shows that
the corona rotates differentially as in the case of the photosphere and the chromosphere
(Balthasar, Vázquez & Wöhl 1986; Brajša et al. 2004); but the gradient of differential
rotation is much lower. The differential rotation gradient due to Weber et al. (1999) and
Chandra, Vats & Iyer (2010) are more close to the results at the middle latitudes. When
coefficients A and B (representing equatorial rotation rate and differential rotation rate,
respectively) are compared with the annual sunspot numbers. Both are found to be in
phase with the solar activity cycle, but with some lag.
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Abstract. Magnetic fields play an important role in eruptive phenomena
in the solar atmosphere. Observations show that magnetic shear, magnetic
null point, magnetic connectivity and topology are all important for the oc-
currence of solar eruptions. In this paper, I discuss magnetic configurations
that lead to eruptions on the Sun and the role of magnetic null points in
triggering solar eruptions by case study of active regions 10486 and 10808.
Studies show that not all flares require high shear, and magnetic complexity
and emergence of twisted flux ropes are more important to produce erup-
tions. Magnetic null points favor flare production, but are not a necessary
condition.

Keywords : Sun: magnetic topology – Sun: flares

1. Introduction

The source of energy released in solar flares is generally believed to be the free en-
ergy stored in nonpotential magnetic structures. The energy can suddenly be released
through magnetic reconnection leading to flares. Magnetic reconnections sometimes
require high magnetic shear and/or magnetic complexity. The required high shear can
result from shearing motions in the photosphere, flux emergence or cancelling. Such
high shear are easily found in active regions (ARs) with complex magnetic configu-
ration, such as the so-called δ AR (Schmieder & van Driel-Gesztelyi 2005), and with
flux-rope emergence (Li et al. 2007; Canou et al. 2009; Guo et al. 2010a,b).

It has been proposed that the presence of magnetic null points is related to flares.
Observations indicate there may exist magnetic null points in the corona (Filippov
1999). Magnetic null points show solar cycle variations (Cook, Mackay & Nandy
2009). The definition, classification and properties of the null-point have been theo-
retically described in Lau & Finn (1990). To explore three-dimensional (3D) magnetic
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null points in the corona and study their role in triggering solar eruptions, one needs
numerical approaches to compute the magnetic fields in the corona. If any current in a
region is confined to heights at or below the photosphere, the field above is a current-
free field (CFF); if not, a force-free field configuration ( ~J × ~B = 0, ~∇ × ~B = α~B) is
commonly assumed because of the low plasma β in the solar atmosphere, correspond-
ing to ~J parallel to ~B (Metcalf et al. 1995). If α is assumed to be constant in all the
AR, we get a linear force-free field (LFFF) configuration. So far, extrapolations using
CFF and LFFF configurations are commonly used because they are easy to compute
with respect to nonlinear force-free field (NLFFF) extrapolations. CFF and LFFF
extrapolations only need the longitudinal photospheric field, while NLFFF need the
magnetic field vector at each point in the photosphere for the boundary conditions. A
NLFFF can relax to an LFFF with the same magnetic helicity (Berger 1984; Taylor
1986; Parker 1989; Aly 1992; Nandy et al. 2003) during an eruptive MHD process.
For a complicate flare-productive δ region, NLFFF configuration may nevertheless be
a more reasonable, reliable, and promising approximation compared to CFF and LFFF
configurations (Song et al. 2006, 2007; Régnier & Priest 2007). It is observed that the
magnetic field is nearly force-free in the corona and far from force-free in the lower
photosphere (below about 400 km) (Metcalf et al. 1995; Moon et al. 2002).

In this paper, I discuss magnetic field configurations favoring flare production in
Section 2 and the relation between magnetic null points and flare occurrence in Section
3. The summary will be given in the last section (Section 4).

2. Magnetic configurations

The conditions favoring the production of big solar flares include (i) a high level of
shear, twist, or emerging flux, and (ii) complex magnetic configuration of the AR,
such as δ configuration in which two umbrae of opposite polarity share a common
penumbra (Schmieder & van Driel-Gesztelyi 2005).

The relation between magnetic shear and flare occurrence and flare-associated
shear changes have been extensively studied (e.g., Hagyard 1990; Wang et al. 1994;
Li et al. 2000a,b). Wang et al. (1994) studied five flares of GOES X-ray class X, and
found that they were related to high magnetic shear and the magnetic shear increased
dramatically along a substantial portion of the neutral line during the flares. After
studying eight >M1.0 flares, we found that only three of them were associated with
high shear and the others were related to flux emergence (Li et al. 2000a,b), indicating
that flux emergence is common in flares with low magnetic shear. The small flare-
related shear changes, both positive and negative, may be determined by the balance
of the energy carried by the emerging flux and that required to power the flare, and
its association with the flares was not conclusive. Therefore, the average shear in the
flaring areas may be a better parameter to characterize the flare-related shear changes
(Li et al. 2000b).



Magnetic field configurations leading to solar eruptions 293

Figure 1. (a) MDI LOS magnetogram for AR 10808. White stands for positive polarity and
black for negative one; (b) vector magnetogram of the AR from THEMIS observation in MTR
mode.

Magnetic flux emergence can occur on both a large scale and a small scale. Var-
ious methods have been developed to predict solar flares, including statistics or sys-
tematic detection of parameter changes such as shear, tilt, strength of the magnetic
field (e.g., Li et al. 2000a,b; Falconer 2001; Leka & Barnes 2003). Indirect methods
based on determining the magnetic configuration of an AR have been under devel-
opment for more than 40 years. Numerical simulations have shown that interactions
of the new emerging flux with pre-existing corona magnetic fields lead to the onset
of coronal mass ejections (CMEs), solar flares, and coronal X-ray jets (e.g., Chen &
Shibata 2000; Yokoyama & Shibata 2001).

Li et al. (2006) studied the magnetic field evolution of AR 10486 and showed that
this AR was characterized by continuous flux emergence, sunspot motion and rotation,
leading to the formation of its δ configuration. The magnetic shear increases along the
neutral line (Fig.1(a) in Li et al. (2006)) to a value for getting flares. The 1N/M1.9
flare occurred in the δ region AR 10484 on 20 October 2003 was associated with
fast sunspot rotation and flux emergence (Li, Berlicki & Schmieder 2005). During
the flaring process, magnetic reconnection took place near magnetic separatrices or
quasi-separatrices, which are locations where magnetic reconnections are possible.

The flare-productive AR 10808 produced many large flares during its passage, of
which two X-class flares occurred on 13 September 2005. This AR was characterized
by continuous emergence of sheared and twisted magnetic field (Li et al. 2007). Fig.1
gives examples of magnetograms from MDI and THEMIS observations. Study of
magnetic configuration associated with these two flares showed that there were short
sheared magnetic field lines before the eruption and less sheared ones after the re-
connection, and the connectivity of the field lines involved in the flaring activity was
modified after the reconnection process (see Fig.2(d) in Li et al. (2007)). The evolution
of the photospheric magnetic field over a few days shows the continuous emergence
of a large-scale magnetic flux tube, the tongue-shape of the two main polarities of the
active region being the signature of such an emergence. After the previous X1.5 flare,
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the emergence of the tube continues and favors new magnetic energy storage and the
onset of the X1.7 flare. This postulation was later confirmed by Canou et al. (2009).
Through NLFFF extrapolation, they found clear evidence for the twist flux rope emer-
gence (refer to Figure 3 in their paper). Of course, this is not the only possible type of
configuration that may lead to an eruption.

Emergence of flux ropes, which are frequently associated with large solar flares,
has been found for other AR (Guo et al. 2010a,b). NLFFF extrapolation of the ob-
served photospheric magnetic fields showed that a pre-eruptive magnetic flux rope
along the polarity inversion line (PIL) in AR 10767 led to a confined M1.1 flare on 27
May 2005. The observed strong writhing motion of the erupting structure also sug-
gested the presence of a flux rope (Guo et al. 2010a). The magnetic flux rope along the
PIL co-existed with a magnetic dip (sheared arcade), which supports the Hα filament
(Guo et al. 2010b).

3. Magnetic null points

Magnetic null points in 3D coronal structure favor the formation of current sheet
(Pontin et al. 2007), which is a signature of magnetic reconnection. Magnetic re-
connection leads to changes in the topology of the magnetic field, and energy being
released as heat, kinetic energy and acceleration of particles. Reconnections at/near
null points have been widely studied in the literature (e.g., Priest & Forbes 1992; Priest
& Démoulin 1995; Antiochos, Karpen & DeVore 2002; Al-Hachami & Pontin 2010;
Galsgaard & Pontin 2011). Zhao et al. (2005) proposed a method to identify magnetic
null points in 3D coronal magnetic field data cube. Applying this method to magnetic
field data derived from extrapolations, we identified magnetic null points in the corona
above AR NOAA 10486 in different phases of its evolution (26 and 28 October 2003)
with both CFF (Li et al. 2006) and LFFF (Schmieder et al. 2007) assumptions and
studied their role in triggering solar eruptions.

We found two null points above the AR using the data cube extrapolated from
MDI and THEMIS observations of line-of-sight field (Li et al. 2006). TRACE obser-
vations show brightenings about 10 min before the onset of the main flare in both 1600
Å and 195 Å in several regions located around the intersections of the fan surface and
the spine structure of the low-altitude null point with the planes of the photosphere
and the chromosphere, suggesting energy deposition in these regions and providing
evidence for the magnetic reconnection near the low-altitude null point. However, this
reconnection and brightness enhancement have no direct relation to the main flare.
Brightenings corresponding to the high-altitude null point were observed just after the
main flare, suggesting magnetic reconnection associated with this null. Therefore, the
existence of the two null points has no crucial role in triggering the main flare. Other
authors also showed that large flares were produced independent of the presence of
the null points (Mandrini et al. 2006).
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Figure 2. Magnetic null points found above AR 10486 on 26 (left) and 28 (right) October 2003.
The data cube is extrapolating results from MDI observation with an LFFF assumption (Figure
3 in Schmieder et al. (2007)).

Using extrapolated data with LFFF assumption, Schmieder et al. (2007) also iden-
tified two null points above this AR on 26 and 28 October 2003, respectively (Fig.2).
They found that the presence of magnetic null points does not always lead to the oc-
currence of flares, consistent with the results of Aulanier et al. (2006) from 3D MHD
simulations.

4. Summary

Magnetic complexity and emergence of twisted flux are more important to produce
flares (eruptions). Magnetic configurations with high shear are in favor of large flares,
but not all flares require high shear. The presence of magnetic null points favors mag-
netic reconnection and flare production, but it is not a necessary condition to get a
big flare. However, the spatial properties of the magnetic null points in coronal field
determine the location where reconnection takes place (Démoulin, Hénoux & Man-
drini 1994). Our works indicate that all the above properties (magnetic complexity,
twisted flux emergence, high shear, null points, etc.) can be used as a predictor of
solar eruptions with a certain confidence.
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Abstract. In order to study the origin of precursor phase emission in
solar flares and its relation to main phase energy release, we employ X-
ray and EUV wavebands observations in 13 flare events observed during
the years 2003-2004. The X-ray spectral mode observations are taken
from “Solar X-ray Spectrometer (SOXS)” as well as RHESSI missions
and EUV observations from TRACE mission. The X-ray emission spectral
mode analysis revealed that, during precursor phase emission, the plasma
temperature (T) and emission measure (EM) vary between 7-20 MK and
0.002 − 0.08 × 1049cm−3 respectively. We report two major conclusions:
(1) The precursor phase emission is originated from low-temperature and
moderately dense plasma. (2) the precursor phase emission corresponds
to low-altitude coronal loops, however, in co-spatial with the main phase
energy release site. Further, during the study, we have also found some pre-
liminary conclusions viz. (1) Isothermal plasma behavior in precursor phase
and (2) Absence of high energy emission during precursor phase emission.

Keywords : Sun: flares – Sun: corona – Sun: x-rays

1. Introduction

Solar flares are sudden bursts in the atmosphere of the Sun releasing typically, 1032

ergs of energy. Theoretical and in some extent observational established process ex-
plaining this enormous amount of energy release start with the acceleration of charged
particles following the reconnection of overlying magnetic field lines. These acceler-
ated particles (majorly electrons) interact with both ambient electrons and ions, but
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lose most of their energy through coulomb collisions when they hit the chromosphere
and emit thick-target also known as hard X-rays (HXR). These electrons via coulomb
collision heat the chromosphere, which enhances the local pressure and thereby drives
the heated plasma material up into the coronal loops which appear in form of soft X-
rays (SXR) as a result of thin-target bremsstrahlung. Such a model, despite its overall
elegancy and self-consistency, does lead to important considerations concerning the
importance of various auxiliary processes of the energy transport. For instance, it hap-
pens quite often that the SXR emission in flares starts a few minutes earlier than the
HXR emission (termed as precursor phase), the maximum of the SXR emission occurs
much later after the end of the HXR event (Veronig et al. 2002). The anomaly between
theoretical models and observational evidences related to this precursor phase further
enhanced in context to recent investigations by Battaglia, Fletcher & Benz (2009);
Rudawy, Siarkowski & Falewicz (2010); Falewicz, Siarkowski & Rudawy (2011).
Falewicz et al. (2011), in their study concluded that energy delivered by Non-Thermal
electrons (NTEs) was fully sufficient to fulfill the energy budgets of the plasma during
the pre-heating and impulsive phases of both flares as well as during the decay phase
of one of them. They therefore concluded that there was no need to use any additional
ad hoc heating mechanisms other than heating by NTEs. On the other hand, Battaglia
et al. (2009), concluded by the study of the precursor phase of four solar flares ob-
served by RHESSI mission to be consistent with chromospheric evaporation driven
by a saturated heat flux. They added continuous heating in the corona to be necessary
for sustaining the observed temperature.

In this regard, we study qualitative and quantitative parameters of solar flare
plasma in the precursor phase of emission to explore the origin of this emission and
their role in triggering the main phase emission.

2. Data analysis and results

2.1 X-ray emission in precursor phase

We employ the high resolution observation of 13 Solar flare events observed by SOXS
mission which was launched onboard the GSAT-2 Indian spacecraft in 2003 (Jain et
al. 2005). The Si detector of SOXS mission provides unprecedented resolution (0.7
keV) in the 4-25 keV energy range. We estimate the flare plasma’s parameters during
the precursor phase emission viz. temperature (T) and emission measure (EM) by
employing the X-ray emission in solar flare in 4-12 keV energy band. The precur-
sor phase is termed as a SXR excrescence, predominamtly in ≤ 12 keV energy band
before the flare main phase emission commencement. The data employed for the cur-
rent investigation is obtained from URL http://www.prl.res.in/∼soxs-data/
DataHome.php. The observed spectra are analyzed by forward fitting the isother-
mal function provided under Object Spectral Executive (OSPEX) package in SOLAR-
SOFT (SSW) distribution. The OSPEX is an object-oriented interface for X-ray spec-
tral analysis of solar data. Through OSPEX, the user reads and displays the input data,
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(a) (b)

Figure 1. Left panel: The temporal evolution of the flare event which occurred on March 22,
2004. Right panel: The spectral evolution of the March 22, 2004 flare event in the energy range
of 4-12 keV as observed by the Si detector onboard the SOXS mission (shown by black line).
The model photon flux generated by employing isothermal function is shown by red line.

selects and subtracts background, selects time intervals of interest, selects a combina-
tion of photon flux model components to describe the data, and fits those components
to the spectrum in each time interval selected. For the current study, we analyzed the
spectra of 1-min time integration. During the fitting process, the response matrix is
used to convert the photon model to the model counts to compare with the input count
data. The resulting time-ordered fit parameters are stored and can be displayed and
analyzed with OSPEX. The entire OSPEX session can be saved in the form of a script
and the fit results stored in the form of a FITS file. The OSPEX enables us to look
at the temporal evolution, spectrogram and spectral evolution. It also enables us to fit
energy spectra using CHIANTI codes (Dere et al. 1997) for flare plasma diagnostics
with the application of various thermal, line emission, multi-thermal, and non-thermal
functions. Thus to calculate flare plasma temperature, emission measure (EM) and
power law index (δ) etc., we have employed the least χ2 fitting to the SOXS X-ray
emisssion spectra in the OSPEX as described earlier by Jain, Aggarwal & Sharma
(2008). In general, as the flare plasma is reported to be multi-thermal in nature (Jain
et al. 2011), the observed flare photon spectra, therefore, should be best fitted by multi-
thermal photon model. However, the photon flux during the precursor phase was best
fitted with the help of isothermal function and therefore suggests an isothermal plasma
content at precursor phase site. Left panel of Fig. 1 shows the temporal evolution of
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the flare event occurred on March 22, 2004. A small bump in the evolution curve
peaking at 05:54:00 UT is the precursor phase emission. The precursor phase leveled
off at 06:05:00 UT. Later at 06:08:00 UT, the main phase emission in the event has
taken place which peaks around 06:15:00 UT. Right panel of Fig. 1 shows the spectral
evolution of the March 22, 2004 flare event in the energy range of 4-12 keV (shown
by black line) during 05:54:00 - 05:55:00 UT. The observed spectra (red line) is fitted
with the isothermal model (red line) with the goodness of fit represented by χ2=1.04.
The estimated temperature and emission measures are 9.65 MK and 0.0324 × 1049

cm−3 respectively. The fitting parameters thus enable us to obtain the flare plasma
parameters viz. temperature and emission measure as listed in Table 1.

The plasma parameters (c.f. Table 1) reveal low-temperature and moderate emis-
sion measure in the precursor phase. Further, in order to establish spatial relation
between the precursor phase to the main phase emission, we employ the observations
from RHESSI mission (Lin et al. 2002). RHESSI has nine coaxial germanium detec-
tors, which record an X-ray emission from the full solar disk in a wide energy range (3
keV-17 MeV) with high temporal and energy resolutions as well as with a high signal
sensitivity. Such characteristics allow a restoration of the 2D images and spectra in
the X-ray band and provide very valuable data for investigation of the non-thermal
emission of the solar flares. The images during the precursor and main phase emis-
sion of flare events under consideration are obtained using RHESSI data collected
with sub-collimators 2F, 3F, 4F, 5F, 6F, 8F and 9F, with spatial resolution of 1 pixel,
integrated over 30s duration, in the energy band of 6-7, 7-8, 8-9, 9-10, 10-12, 12-14,
. . . 48-50 keV energy band employing the CLEAN imaging algorithm. The recon-
structed images thus enabled us to visualize the location of the precursor and main
phase emission. Fig. 2 shows the series of images at the time of peak of precursor
phase i.e. at 05:54:00 - 05:54:30 UT in different energy bands viz. 6-7, 7-8, 8-9, 9-10,
10-12 and 12-14 keV. Fig. 3 shows the series of images at main phase emission i.e.
at 06:44:00 - 06:44:30 UT in the energy band same as above. The images at the pre-
cursor and main phase reveal the co-spatiality of the emission. In addition, we note
the emission in precursor phase is visible only in low-energy band i.e. between 6-12
keV in contrast to the main phase emission which reaches the value of 20-22 keV
energy band. The same analysis performed on the events under current investigation
reveals the co-spatial origin of precursor phase emission in all flares except one. Table
1 shows the statistics of the results revealed by the reconstructed images.

2.2 EUV emission in precursor phase

In view of the low-temperature plasma giving rise to precursor phase emission, we fur-
ther explore the plasma characteristics by employing EUV observations from TRACE
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Figure 2. Series of images at the peak time of precursor phase i.e. at 05:54:00 - 05:54:30 UT
in different energy bands viz. 6-7, 7-8, 8-9, 9-10, 10-12 and 12-14 keV

mission in 171 Å and 195 Å. We apply the standard routines provided in SSW and
described at http://www.mssl.ucl.ac.uk/surf/guides/tag/tag top.html to
process TRACE observations. The processed images are then subtracted from a back-
ground image to observe the changes at the time of preflare and main flare emission
where background image is considered as the image taken prior to the precursor phase
emission commencement. Fig.4 shows the times series of images for the event oc-
curred on March 22, 2004, observed in 171 Å. In this case, the image at 05:45:00 UT
is considered as the background image. We then subtracted the observed time series of
images at the precursor and main phase of emission with the background. Left panel
of Fig.3 shows the difference image at the peak of precursor phase emission i.e. at
05:54 UT on March 22, 2004, middle panel shows the difference image at the leveled
off time of precursor phase emission i.e. at 06:06 UT and right panel shows the dif-
ference image at peak of the main phase emission i.e. at 06:15:00 UT (c.f. Left panel
- Fig.1). It may be noted from Fig.3 that the emission in precursor phase is co-spatial
to the main phase, however, originated from low altitude loops.

3. Discussion and conclusion

The current investigation, focused on the origin of precursor phase emission and its
relationship with the main phase emission, reveals the co-spatial nature. In addition,
we report the low-temperature and moderately dense plasma at the time of precursor
phase. We discuss some open issues encountered during the study.
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Figure 3. Series of images at the peak time of main phase i.e. at 05:54:00 - 05:54:30 UT in
different energy bands viz. 6-7, 7-8, 8-9, 9-10, 10-12 and 12-14 keV

3.1 Isothermal versus multi-thermal plasma in the precursor phase

We employed the 1-1 min integrated spectra at the time of precursor phase emission
employing the isothermal function to estimate the flare plasma temperature. How-
ever, for comparision, we have also made the forward fitting of the photon spectra of
the same time employing the multi-thermal function provided in OSPEX/SSW. The
flare plasma temperature after best fitting with multi-thermal model is estimated to be
30-50 MK. This high temperature in the chromosphere (density 1012cm−3) is only pos-
sible when the chromospheric evaporation is driven by non-thermal electrons (NTEs)
energized by the magnetic reconnection and therefore the SXR emission even at the
precursor phase must accompany HXR. In this regard, the unavailability of HXR emis-
sion indirectly suggests the unphysical solution in form of temperature estimation by
multi-thermal function. Therefore we can consider the flare plasma in the precursor
phase of emission to be isothermal in nature.

3.2 Beam-driven versus conduction-driven chromospheric evaporation

Rephrasing the debate on the precursor phase emission, two kind of physical processes
are made responsible viz. the beam-driven heating of chromosphere (Falewicz et al.
2011) and conduction-driven chromosphere heating (Battaglia et al. 2009). In our
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Figure 4. Time series of difference images in 171 Å from TRACE observation for the flare event
of 22 March 2004 . Left panel: Difference image @ 05:54UT, the peak time of precursor phase
emission. Middle panel: Difference image @ 06:06 UT, the quiet time between precursor phase
and main phase energy release. Right panel: Difference image @ 06:15 UT, corresponding to
main flare peak time.

investigation, at the precursor phase, the plasma appears to be emitting only in the low
energy. Therefore the preliminary inferences we may draw are as follows:

• This emission is originated by the chromospheric plasma heated by conduction
driven coronal electrons which do not have sufficient energy to produce HXR.

• This emission is originated by the chromospheric plasma heated by beam-driven
coronal electrons but the limited sensitivity of the instruments in the regime of
high energy due to inevitably low signal-to-noise ratio might have supressed the
HXR in the precursor phase.

• This emission is originated in low-altitude reconnection given by destabilizing
filament or prominence as also found by in few events by Chifor et al. (2007)
showing precursor phase. The Hα observation therefore may shed light on this
possibility and is the future scope of current study.
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Abstract. We find a magnetic flux rope before the M1.1 flare in active
region 10767 on 2005 May 27 by a nonlinear force-free field extrapola-
tion. TRACE observations of the filament eruption show that the erupting
structure performed a writhing deformation and stopped rising at a certain
height, suggesting that the flux rope converted some of its twist into writhe
and was confined in the corona. After calculating the twist of the flux rope,
we find that it was comparable to thresholds of the helical kink instability
found in numerical simulations. We conclude that the activation and rise of
the flux rope were triggered and initially driven by the kink instability. The
decay index of the external magnetic field stays below the threshold for the
torus instability within a long height range. The confinement of the erup-
tion could be explained by the failure of the torus instability. Hard X-ray
sources at the peak of the M1.1 flare coincided with the footpoints of the
erupting helical structure, which indicates a high possibility that hard X-ray
sources were produced more efficiently in the flux rope.
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1. Introduction

Flux rope eruptions play a key role in various activities on the Sun, such as filament
eruptions, coronal mass ejections (CMEs), and flares. The free energy for a flux rope
eruption comes from the electric currents contained in the twisted magnetic field lines.
The kink instability is the most unstable mode in such a field configuration. An flux
rope eruption due to the kink instability displays a writhing deformation of its axis.
Since many erupting prominences perform such a deformation, the kink instability
has been proposed as the mechanism to trigger and initially drive the eruption (Saku-
rai 1976; Török & Kliem 2005). The onset condition of the kink instability mainly
depends on the total twist of a flux rope. By considering arched flux rope models
that are line-tied on the photosphere, Fan & Gibson (2003) and Török, Kliem & Titov
(2004) found critical twist values of 3.0π and 3.5π, respectively. Additionally, the crit-
ical twist depends on the twist profile along the flux rope radius and the ratio between
the radius and the axis pitch length (Baty 2001).

Although the kink instability can drive an eruption initially, there is no evidence
showing that it could drive a full eruption, namely a CME. Theoretical models for
accelerating a CME focus on the loss of equilibrium (Forbes & Isenberg 1991) or the
torus instability (Kliem & Török 2006). In the loss of equilibrium model, a line current
is inserted in the corona, which is constrained by the magnetic tension of the external
background field. An image current is introduced below the photosphere to simulate
the rigid boundary of the photosphere due to its high inertia. Thus, the repulsion
force generated by the two line currents balances the magnetic tension downward.
The equilibrium can be broken down by either the increase of electric current or the
decrease of magnetic tension. The loss of equilibrium ejects the flux rope upwards
and stretches the overlying field lines, which forms a current sheet just below the line
current.

When the current path in the corona is deformed to shapes other than a straight
line, especially to a semicircle, a Lorentz self force will be present due to the poloidal
magnetic field generated by the electric current. This force points from the inner center
of the current ring to the outside. Kliem & Török (2006) studied the expansion insta-
bility of a toroidal current ring. It is found that if the external poloidal magnetic field
Bex decreases fast enough along its major radius R, such as −∂ ln Bex/∂ ln R > 3/2,
an instability occurs, which is termed as the torus instability. Démoulin & Aulanier
(2010) pointed out that the loss of equilibrium and the stability analysis are two differ-
ent views of the same physical mechanism and the repulsion forces working in both
the straight line current and the circular current have the same origin.

Sometimes, a flux rope eruption could be confined in the corona and does not
lead to a CME, which is termed as a failed eruption (e.g., Ji et al. 2003). Guo et al.
(2010a) found a magnetic flux rope coexisting with magnetic arcades about two hours
before the M1.1 flare in active region 10767 on 2005 May 27. Guo et al. (2010b)
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Figure 1. (a) TRACE 1600 Å image at 12:14 UT on 2005 May 27 (the scale is reversed). Solid,
dashed, and dash-dotted contours denote positive polarity, negative polarity, and the polarity
inversion line, respectively. The magnetic field was observed by THEMIS/MTR. (b) TRACE
1600 Å image at 12:27 UT. Contours denote the hard X-ray source observed by RHESSI. (c)
Magnetic flux rope by nonlinear force-free field extrapolation overlaid on an Hα filament. (d)
The Hα filament was observed by THEMIS/MTR in a time range centered at 10:17 UT.

found that the flux rope erupted finally to generate the M1.1 flare, but the eruption
was confined in the corona. In this paper, we will summarize the previous results
briefly and study the hard X-ray emissions of this flare. Especially, we have given a
more detailed analysis on the twist computation with more extrapolations in different
grid resolutions.

2. Analysis and results

The M1.1 flare that peaked at about 12:30 UT on 2005 May 27 in the active region
NOAA 10767 was fully covered by TRACE (Handy et al. 1999) in the 1600 Å band
with a cadence of about 30 s. Two TRACE 1600 Å images close to the onset time and
the peak time are plotted in Fig. 1(a) and (b), respectively. We find that the flare started
from the eastern part of the filament, which coincided with the flux rope as shown in
Fig. 1(c). However, the final eruption corresponded to the whole filament (Figs 1(b)
and 1(d)). These findings suggest that a tether-cutting type magnetic reconnection
occurred during the flux rope eruption to form the larger erupting structure at the peak
time. The structure showed a helical deformation during the eruption, which is a
typical evolution behavior in the kink instability. The apex of the erupting structure
stopped ascending at a certain height. It does not evolve into a CME. We have checked
other observations, such as SOHO/LASCO (Brueckner et al. 1995). However, this
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eruption happened close to the solar disk center, a halo CME could be missed by
LASCO C2. Within the limited available data, we found no obvious evidence showing
that a CME was associated with this event.

We overlay the contours of the hard X-ray (25–50 keV) source observed by RHESSI
(Lin et al. 2002) at its peak time (12:27:20–12:27:40 UT) on the TRACE 1600 Å im-
age as shown in Fig. 1(b). Due to the Neupert effect, the peak time of the soft X-ray
flux (12:30 UT) was more than two minutes later than the peak time of the hard X-ray
flux. Fig. 1(b) shows that the hard X-ray sources at the peak of the M1.1 flare coin-
cided with the footpoints of the erupting helical structure. Since the helical structure
indicates the existence of a larger flux rope during the eruption, the hard X-ray sources
should be generated by high energy electrons accelerated in the flux rope. Only in this
way, the electrons could propagate along the field lines to precipitate at the footpoints
of the flux rope.

The flux rope as shown in Fig. 1(c) is extrapolated by the nonlinear force-free field
model (Wiegelmann 2004) using the vector magnetic field observed by THEMIS/MTR
(Bommier et al. 2007) as the bottom boundary. In order to check if the kink instability
could trigger the eruption, we have computed the twist in the flux rope. Please refer
to Guo et al. (2010b) for details in determining the axis of the flux rope and the for-
mula for computing the twist of two curves with arbitrary geometries. We define the
average twist of some selected field lines as the twist of the whole flux rope. With this
requirement, the boundary of the flux rope is also determined, which is approximately
those field lines that are tangent with the bottom boundary.

To further test the validity of computing the flux rope twist, we have performed
additional extrapolations with different grid resolutions in the z-direction (∆z = ∆x =

∆y, ∆z = 1
2 ∆x = 1

2 ∆y, and ∆z = 1
4 ∆x = 1

4 ∆y). The resolution on the bottom boundary
always keeps the same. The results show that there are no more grid points to resolve
the flux rope when the resolution along the z-direction is increased. This problem
seems to be caused by the boundary conditions. However, all the three extrapolated
results reveal the existence of the flux rope. We have also computed the twist of
the sample field lines around the axis curve. The twists of field lines that are longer
than the axis are plotted in Fig. 2. All the twist values are between about 2.6π–4.0π
in radian (or 1.3–2.0 turns). The average twists of the three cases are 3.6π, 3.8π, and
3.0π, respectively, which are comparable to the thresholds of the kink instability found
in numerical simulations (Fan & Gibson 2003; Török et al. 2004).

We also estimate the height distribution of the decay index of the external mag-
netic field before the eruption with a potential field. The decay indices stayed below
the threshold for the torus instability for a significant height range above the erupting
flux rope. The torus instability that accounts for a full eruption was most probably not
triggered. The flux rope eruption was constrained in the corona, which explains why
there was no CME associated with this event. We should take this explanation with
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Figure 2. Twist numbers of the flux rope computed by extrapolation results with different grid
resolutions in the z-direction. The resolution on the bottom boundary always keeps the same.
(a) ∆z = ∆x = ∆y. (b) ∆z = 1

2 ∆x = 1
2 ∆y. (c) ∆z = 1

4 ∆x = 1
4 ∆y.

caution, since both the external field used in our analysis and the threshold derived
from analytical solutions or numerical simulations have appropriate approximations.

3. Summary and discussions

We have found a flux rope corresponding to the eastern part of an Hα filament by the
nonlinear force-free field extrapolation, and the western part was associated with mag-
netic arcades (Guo et al. 2010a). The whole filament erupted about two hours after
the time of the extrapolated flux rope. Since the erupting helical structure displayed
a writhing deformation, we conclude that the kink instability triggered and initially
drove the eruption (Guo et al. 2010b). The twists of the extrapolated flux rope in
different grid resolutions were comparable to the threshold found by numerical simu-
lations. which supports the idea that the kink instability triggered and initially drove
the eruption. However, a full eruption needs the onset of the torus instability, which
did not occur in the event, since the external magnetic field did not decay fast enough
along the height.
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We find that hard X-ray sources at the peak of the M1.1 flare coincided with
the footpoints of the erupting helical structure, which suggests that the high energy
electrons are mostly accelerated in the flux rope. Török et al. (2004) found that the
erupting flux rope due to kink instability could form two current systems, one is a
helical current sheet at the interface of flux rope with the surrounding magnetic fluid,
and the other is vertical current sheet below it. In our case, the magnetic reconnection
in the former current sheets seems to accelerate particles more efficiently.

With cylindrical flux ropes, Baty (2001) pointed out that the critical twist for the
kink instability is close to 2.5π if r0/l0 � 1 (r0 and l0 are the radius and axis pitch
length of a flux rope, respectively), however, the critical twist sharply increases as
r0/l0 ≤ 1. The axis pitch length l0 = L/Φ(0), where Φ(r) = (LBθ)/(rBz), L is the flux
rope length, Bθ and Bz are the azimuthal and axial components of the magnetic field.
If the twist density does not change along the radius r, r0/l0 ≈ Bθ(r0)/Bz(r0). We
have found that Bθ(r0) < Bz(r0) in Guo et al. (2010a), therefore, r0/l0 < 1 in our case
and the critical twist should be much higher than 2.5π. Two reasons may account for
the occurrence of the kink instability. First, the flare started about two hours after the
time of the extrapolated flux rope. During this period, the flux rope might have grown
larger via magnetic reconnection. Secondly, the surrounding magnetic field of the flux
rope is not potential, but becomes slowly less sheared with the radius. Therefore, the
kink instability could occur even though we only get the twist numbers of 3.6π, 3.8π,
and 3.0π in the extrapolations with different grid resolutions.
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Abstract. We present multiwavelength analysis of an M7.9 /1N solar flare
which occurred on 27 April 2006 in AR NOAA 10875. The flare was trig-
gered due to the interaction of two loop systems. GOES soft X-ray and
TRACE 195 Å image sequences show the observational evidences of 3-D
X-type loop-loop interaction with converging motion at the interaction site.
We found the following characteristics during the loop-loop interaction: (i)
a short duration/impulsive flare obeying the Neupart effect, (ii) double peak
structure in radio flux profiles (in 4.9 and 8.8 GHz), (iii) quasi-periodic
oscillations in the radio flux profiles for the duration of ∼3 min, (iv) ab-
sence of CME and type III radio burst. The above characteristics observed
during the flare are in agreement with the theory and simulation of current
loop coalescence by Sakai et al. (1986). These are unique multiwavelength
observations, which provide the evidences of loop-loop interaction and as-
sociated triggering of solar flare without CME.
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1. Introduction

The reconnection between magnetic flux tube is important to explain the solar flare.
The pioneering work in this direction was done by Gold & Hoyle (1960), who pro-
posed a model of current loop interaction in solar flare. Later on, Sweet (1969) in-
cluded in the modelling the importance of current sheet formed in between the region
of interacting loops with antiparallel field directions. The process of loop coales-
cence may be different depending on the geometry of the interaction region (Sakai
& de Jager 1991). There are three possible configurations on the basis of loop ra-
dius (R) and length of interaction region (L), (i) if L>>R, 1-dimensional current sheet
is induced in between the quasi-parallel loops (known as 1-D, I-type coalescence).
(ii) L>R, 2-D Y-type coalescence. (iii) L≈R, 3-D X-type coalescence. The trigger-
ing of solar flare needs an initial instability (i.e. footpoint rotation or shear motion),
causing the approach of two or more flux tubes. However, YOHKOH Soft X-ray
images have shown some observational evidences of above current-loop coalescence
(Shimizu et al. 1992). High resolution multiwavelength observations can provide a
better understanding about the processes/mechanism of current-loop coalescence. In
this paper, we present a rare multiwavelength observations of 3-D X-type current-loop
coalescence, which is in agreement with the earlier proposed theories and models of
interacting loops proposed by Sakai et al. (1986).

2. Observations and results

Active Region NOAA 10875 was located at ∼S10E20 on 27 April 2006 with magnetic
field configuration of βγδ. Fig. 1 displays the flux profiles in GOES soft X-rays (top),
RHESSI hard X-rays (middle) and radio (bottom) frequencies. The top panel shows
the soft X-ray flux profile (in 1-8 Å) along with its derivative (red). According to
GOES soft X-ray flux profile, an M7.9 flare was started at ∼15:45 UT, peaked at
∼15:52 UT and ended at ∼15:58 UT. This was a short duration and impulsive flare.
The middle-panel shows the hard X-ray flux profiles in 12-25 (black), 25-50 (blue)
and 50-100 keV (red) energy bands. The soft X-ray flux derivative matches well with
the hard X-ray flux. It means that the accelerated electrons, which produces the hard
X-ray emission also heat-up the plasma and generate the soft X-ray emission. This
flare satisfies the Neupart effect. The bottom-panel shows the RSTN 1 sec cadence
radio flux profiles in 2.6, 4.9, 8.8 and 15 GHz frequencies observed at Sagamore Hill.
These profiles show significant variations during the flare. The double peak structure
and quasi-periodic oscillations (QPO) are evident in 4.9 and 8.8 GHz frequencies
(indicated by arrows).

Figure 2 displays the selected images from GOES Soft X-ray Imager (SXI) in
6-60 Å (∼2 MK). It observes 512×512 pixels images (5′′ per pixel resolution) with
∼1 min cadence. The top-left image at 15:43 UT shows the coronal view of the active
region site before the flare activity. This image shows the two loops (loop 1 and loop
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Double peak QPO

Figure 1. GOES soft X-ray flux, soft X-ray flux derivative, RHESSI hard X-ray fluxes in three
different energy bands and RSTN radio flux profiles on 27 April 2006. Radio flux profiles in
4.9 and 8.8 GHz show the double peak structure and quasi-periodic oscillations (QPO).

2) oriented in different directions (indicated by red and blue curved lines). Before the
flare activity, loop 1 seems to be more brighter in comparison to loop 2. Top-right
image displays the image at 15:47 UT during the flare impulsive phase. Four bright
foot-points of the associated loop systems are observed in this image (indicated by
arrows for loop 1 and loop 2). The bottom-left image shows the picture of interact-
ing bright loops before the flare maximum. Loop 1 shows some orientation change
(‘S’ shape) during the interaction. This image clearly shows the crossing/touching
loop systems as a result of ‘chromosphric evaporation’ as predicted by Somov. The
relaxed loops are shown in the bottom-right image during the decay phase of the flare.
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Loop 1

Loop 2

Footpoint 1 (L1)

Footpoint

   2 (L1)

Footpoint 1 (L2)

Footpoint 2 (L2)

Figure 2. GOES soft X-ray images (6-60 Å) showing the interacting loops and associated flare
on 27 April 2006. Red and blue curves indicate the interacting loop 1 (L1) and loop 2 (L2)
respectively.

It should be noted that the orientation of loop 1 is changed during the flare activity,
whereas loop 2 orientation is not changed. The loop 1 shows ‘S’ shaped configuration
during the flare, which is the signature of helicity in this loop. Therefore, loop 1 seems
to be responsible for the flare triggering. Another important point is that four bright
footpoints (i.e. kernels) during the impulsive phase of the flare are most likely gen-
erated during the nonthermal particle acceleration from the interaction region in the
corona. Therefore, the soft X-ray images show a unique and rare view of interacting
loop system.

Figure 3 displays the TRACE EUV images in 1600 Å and 195 Å wavelength
bands for the chromospheric and coronal views, respectively. The top-left image
shows the TRACE 1600 Å image overlaid by SOHO/MDI magnetogram contours.
Red contours show the positive polarity, whereas blue ones show the negative polar-
ity. Two bright ribbons are observed on the both sides of neutral line(indicated by
green line) during the flare initiation. The top-right image displays the TRACE 195 Å
(Fe XII) image during the flare impulsive phase. It shows the interacting loops indi-
cated by L1 and L2. Four footpoints of the interacting flux tubes can be identified in
this image. The careful comparison of this image with the previous one reveals that
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Neutral line

+

+

footpoint 1

     (L1)

footpoint 2

       (L1)

footpoint 1

     (L2)

footpoint 2

     (L2)

loop 1

loop 2

Figure 3. (i) Top-left: TRACE 1600 Å image overlaid by SOHO/MDI magnetogram contours
of positive (red) and negative (blue) polarities. The contour levels are ±500, ±1000, ±2000,
±3000 G (gauss). Neutral line is drawn by green line. (ii) Top-right and bottom-left: TRACE
195 Å EUV images overlaid by RHESSI hard X-ray contours (12-25 keV) showing the picture
of interacting flux-tubes. RHESSI contour levels are 20%, 40%, 60%, 80% of maximum inten-
sity level. (iii) Bottom-right: TRACE 195 Å image during the flare decay phase showing the
relaxed loop-system drawn by red and blue lines.

the 2 footpoints of the interacting loops were anchored in negative polarities (right
side of neutral line) whereas 2 footpoints are anchored in the positive polarities (left
side of neutral line). The footpoints polarity of both loops (L1 and L2) is marked by
‘+’ and ‘-’ symbols. The bottom-right image shows the relaxed loop-systems during
the flare decay phase and is in agreement with SXI image at 16:31 UT. In addition, to
see the evolution of hard X-ray sources, we have overlaid RHESSI hard X-ray sources
contours (blue) over TRACE images (top-right and bottom left) during the flare and
associated interaction of loop-systems. Initially, we see 2 loop-top sources (top-right)
of 2 current loops and later these 2 sources are merged into a single loop-top source
(bottom-left). The merging of 2 loop-top sources into single one also confirms the
interaction of two loops. The soft X-ray image of the flare clearly reveals the two
large solar loops crossing to each other and exhibit the X-type interaction. We illus-
trate these features of the interacting loop-systems in terms of the topological models
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footpoint 1 

  (L1)  (+)

footpoint 2 

  (L1)  (-)

Figure 4. TRACE White-light images of the active region NOAA 10875 on 27 April, 2006.
Blue contours indicate the negative polarity spot corresponding to footpoint 2 of loop 1 (L1),
which showed the shear motion before triggering the solar flare.

(see ch. 3 in Somov (2007)). The radio flux profiles in 4.9 and 8.8 GHz exhibit
double peak structures associated with interacting loop-systems (see bottom panel of
Figure 1). The second double peak is stronger in comparison to the first one, which
shows that the more superthermal electrons accelerated from a higher amount of pre-
accelerated electrons generated the last double peak (Karlický & Jiřička 2003). After
this burst, we observe quasi-periodic oscillations specially in 4.9, 8.8 and 15 GHz fre-
quencies for the duration of ∼3 minutes, which may be attributed to modulations by
MHD oscillations or nonlinear relaxational oscillations of wave particle interactions.
Therefore, MHD waves can modulate the emissions from the trapped electrons (As-
chwanden 2004). We analyzed the TRACE White-light (WL) images to investigate
the cause of loop coalescence. For this purpose, we check the footpoint motion of the
corresponding loop systems. Figure 4 displays the selected TRACE WL images of
the active region NOAA 10875 on 27 April, 2006. Blue contours indicate the nega-
tive polarity spot corresponding to footpoint 2 of loop 1 (L1), which showed the shear
motion before triggering the solar flare. Therefore, the footpoint shear motion helped
in the build-up of magnetic energy and generate instability in the lower-loop system,
which collides with the higher loop system to trigger the solar flare.

3. Discussion

We have presented the rare multiwavelength obervations of loop-loop interaction and
associated triggering of M-class flare. These are unique observations which show 3-
D X-type coalescence of loop system. Moreover, especially from the radio signature
the observation shows the double peak structure. Sakai et al. (1986) presented the
physical characteristics of the explosive coalescence of current loops through com-
puter simulation and theory and mentioned canonical characteristics of the explosive
coalescence as (i) impulsive increase of kinetic energy of electrons and ions (ii) si-
multaneous heating and acceleration of particles in high and low energy spectra (i.e.
Neupert effect) (iii) quasi-periodic amplitude oscillations in field and particle quanti-
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ties (iv) a double peak (or triple peak) structure in these profiles. These observations
clearly matches with all the above mentioned characteristics of the explosive coales-
cence. These observations confirms the theoretical predictions of loop-loop interac-
tion. An initial instability is required for the approach of loop-systems. In this case,
the shear motion of footpoint 2 (right, negative polarity) of loop 1 (red) helped in gen-
erating the instability, forming ‘S’ shaped and colliding with the higher loop system
(blue) and trigger the solar flare (Kumar et al. 2010). The absence of type III burst1

during flare energy release confirms no opening of field lines. Moreover, no CME
was observed during the flare event. Only the connectivity change took place during
loop-loop interaction. In addition, merging of 2 hard X-ray loop-top sources into a
single source also confirms the loop-loop interaction. Such type of events should be
investigated/analyzed using high resolution data from SDO to shed more light on the
mechanism and consequences of loop-loop interaction.
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acknowledges M. Kéray for patient encouragement and is also grateful to NSF, Hun-
gary (OTKA, Ref. No. K83133) for financial support received. This work is partially
supported by CAWSES-India Phase II program, which is sponsored by ISRO.

References

Aschwanden M. J. 2004, Physics of the Solar Corona. An Introduction (Chichester,
UK: Praxis Publishing Ltd)

Gold T., Hoyle F. 1960, MNRAS, 120, 89
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Abstract. We analyze the observations of two flares from NOAA AR
10501 on 20 November, 2003. The flares are homologous, exhibit four
ribbons and are located in a quadrupolar magnetic configuration. The evo-
lution of the ribbons suggests that the first eruption is triggered by “tether
cutting” (with subsequent quadrupolar reconnection as in the “magnetic
breakout” model), whereas the second one is consistent with the “magnetic
breakout” model. Another interesting feature of our observations is the in-
teraction of two filaments elongated in the north-south direction. The fila-
ments merge at their central parts and afterwards change their orientation to
the east-west direction. This merging and splitting is closely related to the
evolution found in an MHD simulation as a result of reconnection between
two flux ropes.

Keywords : Sun: filaments – Sun: flares

1. Introduction

Solar flares are produced by the sudden release of energy stored in the stressed mag-
netic field. Magnetic reconnection is believed to be responsible for this energy re-
lease. Sometimes, a series of flares can occur in the same active region within some

∗email: rchandra.ntl@gmail.com
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Figure 1. Hα images (left panel) at the flare onset, MDI magnetogram (middle panel) overlaid
by Hα brightening (white contour) (adapted from Chandra et al. 2011) and the sketch (adapted
from Moore et al. 2001, right panel), which resembles our observations. The field-of view of
the images is 270′′ × 270′′

time interval. If these flares have similar morphology, such as similar shapes and lo-
cations of flare ribbons, they are termed as homologous flares. The “standard model”
for eruptive flares in a single-bipolar configuration was proposed and developed by
Carmichael (1964), Sturrock (1966), Hirayama (1974), and Kopp & Pneuman (1976)
(the CSHKP model). This model suggests that outwardly stretched magnetic field
lines successively reconnect in the corona. This model can basically explain various
flare related properties, such as the filament eruption, the formation and evolution of
the ribbons, and the associated CME. Later on, Moore et al. (2001) extended this
model for the eruptive and also confined flares. This is known as the “tether cutting”
model. In this model, converging photospheric flows induce magnetic reconnection
at a low height above the photospheric inversion line, then the sheared arcade field
lines are progressively transformed to a twisted field configuration. When the down-
ward magnetic tension of the overlying arcade becomes too weak, an ejective eruption
is followed. The eruption stays confined if the downward tension of the upwardly
stretched magnetic field gets strong enough during the eruption.

Another model for flare initiation is the “breakout model”, which is based on a
quadrupolar magnetic configuration (Antiochos 1998; Antiochos, DeVore & Klim-
chuk 1999). In the “breakout model” an eruption is initiated by reconnection at the
magnetic null point located in the corona above the magnetic field which will erupt.
The reconnection at the null point progressively decreases the magnetic tension above
the sheared central arcade. An eruption starts when the tension becomes too weak to
compensate the outward magnetic pressure gradient.

Occasionally filaments interact and merge. Filament merging is not uncommon
but it is a rarely reported phenomenon. There are a few cases reported in the literature
about filament merging, as follows. In the Martin, Bilimoria & Tracadas (1994) and
Schmieder et al. (2004) cases the merging of the filaments was end-to-end and, after
merging, they formed a single filament which did not erupt. The cases of Bone et
al. (2009) was also an end-to-end merging but the merged filament erupted. In the
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Figure 2. Hα images of first (left) and second (right) flare overlaid by the MDI magnetogram
closest in time. solid/dash contours represent positive/negative polarities respectively. The field
of view of the images is same as in Fig. 1.

cases of Su et al. (2007) the merging was between the center of one filament and the
end of the other filament. These filaments erupted the day after the merging. On 20
November 2003, we observed the center-to-center merging of two filaments. After
merging, they immediately split and moved away from each other. Comparing our
observations with the cases discussed above we find an entirely different and unique
case of merging.

In this paper we describe and model the filament merging/splitting apart which
originated in active region NOAA AR 10501 on 20 November 2003. We also study
the evolution of two homologous flares (M1.4 and M9.6, hereafter referred to as the
first and second flare, respectively). On that day the active region was located at N03
W05 on the solar disc, so that projection effects are negligible.

2. Observations, results and discussions

For our current study we analyze the Hα data from Aryabhatta Research Institute
of Observational Sciences (ARIES), Nainital, India, that uses a 15-cm f/15 Coudé
télescope (pixel size 1′′). To study the magnetic complexity of the active region we
use the data from the Solar and Heliospheric Observatory / Michelson Doppler Imager
(SOHO/MDI, pixel size 1.98′′, Scherrer et al. 1995).

Figure 1 (left panel) presents an Hα image of the pre-flare phase of the M1.4 first
flare. The Hα data reveal four small brightenings, numbered as 1-4 in Fig. 1. Com-
paring the locations of these brightenings with the MDI line-of-sight magnetogram
(Fig. 1, middle panel) brightenings 1 and 2 are located in positive polarities and 3 and
4 are located in negative polarities. The location of the brightenings, the large motion
of the negative polarities associated with ribbon 3, together with the presence of highly
sheared magnetic field, suggest that the flare and subsequent CME were triggered by
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Figure 3. Hα images showing the evolution of filaments interaction before, during and after the
merging. The field-of view of the images is 320′′ × 320′′.

a mechanism as proposed by the “tether cutting” model (Chandra et al. 2011). A
similar observation has been recently reported by Xu et al. (2010). The presence of
quadrupolar configuration in the active region may have made the “cutting” easier.

The chromospheric images of the first and second flare in Hα during their main
phases are shown in Fig. 2. We observed four ribbons. Two central inner ribbons,
F1R2 and F1R3, are located at the main flare site, while the outer ribbons, F1R1 and
F1R4, are surrounding the main flare ribbons. Comparing the locations of flare rib-
bons with MDI magnetograms (see Fig. 2), ribbons F1R1, F1R2 and R1R3, F1R4
are located two-by-two pair in opposite polarity zones. The ribbons F1R1, F1R4 are
fainter than the ribbons F1R2 and F1R3. The later inner ribbons appear before the
outer ones. During the first flare, we did not notice any filament eruption. However,
at 02:48 UT LASCO we observed a CME, temporally associated with the flare. Ex-
trapolating backward on the LASCO height-time plot we found that the initial event
producing the CME starts around 01:40 UT.

Around 07:35 UT the northern filament started to erupt. Later on, the southern
filament also started to erupt. Finally both filaments erupted and did not reappear. It
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Figure 4. MHD simulations of reconnection between two flux ropes. The simulated magne-
togram is shown in grayscale with strong positive (negative) flux in white (black). Left panels:
3D view along the flux ropes, showing their cores and ambient field lines. Middle panels: top
view. Right panels: top view, showing field line dips in black (adapted from Török et al. (2011)).

seems that the eruption of the northern filament initiated the onset of the second M9.6
flare. The flare starts to brighten first in the left part of F2R1 ribbon and, afterwards
the brightening propagates along the right part. This propagation can be explained by
slip-running reconnection as proposed by Aulanier et al. (2007). The ribbon locations
almost coincide with the first flare ribbon site but they are brighter and more extended.
The central two F2R2 and F2R3 ribbons clearly separate with time as seen in typical
two ribbon flares. Schmieder et al. (2011) associated the eruption of 20 November
2003 with the weak signature of a magnetic cloud due to the trajectory of the cloud
with respect of ACE position. However, in the three dimensional reconstruction of
interplanetary scintillation data a clear ICME was found.

The Hα morphological evolution of two filaments before, during and after their
merging on 20 November, 2003 is presented in Fig. 3. On 19 November they ap-
pear as two separate filaments. At the beginning of 20 November around 01:27 UT,
the filaments were separated and elongated along the north-south direction, which are
clearly visible at 01:43 UT (see Fig. 3). Afterwards, they came closer at their central
location and merged around 01:58 UT (Fig. 3, bottom left panel). After merging, the
two filaments restructured and elongated in the East-West direction (Fig. 3, bottom
right panel). Kumar, Manoharan & Uddin (2010) and Chandra et al. (2011) proposed
that the merging of the filaments at their central locations is due to reconnection be-
tween the two magnetic configurations supporting the filaments. Török et al. (2011)
tested this proposition using a three-dimensional (3D) magnetohydrodynamic (MHD)
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simulation with an initial condition for the magnetic field based on a modified version
of the coronal flux rope model of Titov & Démoulin (1999). Indeed, the photospheric
evolution imposed in the simulations induced the approach, then reconnection of the
two flux ropes (Fig. 4). They interchange their photospheric connections and two
new flux ropes are formed. Assuming that dense plasma is caught in the magnetic
dips (Fig. 4, right panels), this MHD simulation reproduces the main features of the
observed filaments (Fig. 3).

3. Conclusions

In summary, the morphological structure of the flare ribbons and of the magnetic con-
figuration shows that the flares are homologous. Based on the pre-flare brightenings
appearance and evolution, we concluded that the first flare is triggered by the “tether
cutting” as well as the “magnetic breakout” mechanism, while the second flare was
triggered by the “magnetic breakout” mechanism. However, the quadrupolar recon-
nection was occurring in the reverse way in the two flares (see Chandra et al. 2011).

The observed two filaments approached each other in their central part, then re-
connected and reformed two new filaments. We found a comparable evolution in the
MHD simulation of two flux ropes. This result extends the study of Linton (2006)
and Linton, Dahlburg & Antiochos (2001) on reconnection of flux ropes in convec-
tion zone, by showing that slingshot reconnection can occur between two coronal flux
ropes too.
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Abstract. Images from the Hinode satellite have led to the discovery
of dark upflows that propagate from the base of prominences developing
highly turbulent profiles. The magnetic Rayleigh-Taylor instability has
been hypothesized as the mechanism to create these plumes. To study the
physics behind this phenomena we use 3D magnetohydrodynamic simula-
tions to investigate the nonlinear stability of the Kippenhahn-Shlüter promi-
nence model to the magnetic Rayleigh-Taylor instability. The model sim-
ulates the rise of a buoyant tube inside a quiescent prominence, where the
upper boundary between the tube and prominence model is perturbed to ex-
cite the interchange of magnetic field lines. We find upflows of constant ve-
locity (maximum found 6 km s−1) and a maximum plume width ≈ 1500 km
which propagate through a height of approximately 6 Mm, in general agree-
ment with the Hinode observations.

Keywords : Sun: prominences – MHD – Methods: numerical

1. Introduction

There is a long history of flows inside the cool (10000 K, Tandberg-Hanssen 1995),
dense (∼ 1011 cm−3, Hirayama 1986) plasma of quiescent prominences. Observations
of quiescent prominences have shown downflows (Engvold 1981), vortices of approx-
imately 105 km ×105 km in size (Liggett & Zirin 1984) and a bubble of size 2800 km
forming a keyhole shape with a bright center (de Toma et al. 2008) with velocities of
10-30 km s−1. Using a characteristic gas pressure of 0.6 dyn cm−2 (Hirayama 1986)
and magnetic field of 3 ∼ 30 G (Leroy 1989), gives a plasma β ∼ 0.01-1. For a review
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of the current understanding of quiescent prominences see, for example, Tandberg-
Hanssen (1995), Labrosse et al. (2010) and Mackay et al. (2010).

Observations by the Solar Optical Telescope (SOT) (Tsuneta et al. 2007) on the
Hinode satellite (Kosugi et al. 2007) have shown that on a small scale quiescent promi-
nences are highly dynamic and unstable phenomena. Berger et al. (2008) and Berger
et al. (2010) reported dark plumes that propagated from large bubbles (approximately
10 Mm in size with column density less than 20 % of the prominence density, Heinzel
et al. 2008) that form at the base of some quiescent prominences . The plumes flow
through a height of approximately 10 Mm at a velocity of approximately 20 km s−1

before dispersing into the background prominence material (see Fig. 1). Berger et al.
(2011) presents observations of prominence bubbles using the Atmospheric Imaging
Assembly on the Solar Dynamics Observatory that show the temperature of the mate-
rial inside the bubble to be > 250, 000 K. The observed upflows are hypothesized to
be created by the magnetic Rayleigh-Taylor instability.

The growth rate (ω) of the magnetic Rayleigh-Taylor instability for a uniform
magnetic field parallel to the interface isω2 = kg/(ρ++ρ−)

[
(ρ+ − ρ−) − (B2k2

‖ )/(2πkg)
]

where B is the magnetic field strength and k‖ is the perturbation in the direction of the
magnetic field (Chandrasekhar 1961). Stone & Gardiner (2007) investigated the im-
pact of shear in the magnetic field across the contact discontinuity, finding that this
suppressed the small wavenumbers creating wider filamentary structures. Ryutova et
al. (2010) described how the theoretical growth rate and behavior for the magnetic
Rayleigh-Taylor instability well match the observations of the plumes.

The model that we use in this work is the Kippenhahn-Schlüter prominence model
(Kippenhahn & Schlüter 1957; Priest 1982). This model describes the local structure
of the prominence useing the Lorentz force of a curved magnetic field to support
plasma against gravity (see Fig. 2). The model is uniform in the vertical direction and
there is no corona. This model has been shown to be linearly stable to ideal MHD
perturbations (Kippenhahn & Schlüter 1957; Anzer 1969). A full description of this
study of the magnetic Rayleigh-Taylor instability in the Kippenhahn-Schlüter model
is given in Hillier et al. (2011). A brief dscription of the results are given in this paper.

2. Numerical Method

In this study, we use the 3D conservative ideal MHD equations. Constant gravita-
tional acceleration is assumed, but viscosity, diffusion, heat conduction and radiative
cooling terms are neglected and we assume an ideal gas. The equations are non-
dimentionalized using the sound speed (Cs = 13.2 km s−1), the pressure scale height
(Λ = Cs/(γg) = RgT/(µg) = 6.1×107 cm), the density at the centre of the prominence
(ρ(x = 0) = 10−13 g cm−3) and the temperature (T0 = 104 K), giving a characteristic
timescale of τ = Λ/Cs = 47 s. We take γ = 1.05 and β = 0.5.
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Figure 1. Panels a & b are observations showing the formation of dark plumes propagating
from a bubble that forms below a quiescent prominence observed on 8 August 2007 20:01 UT
taken in the 656.3 nm Hα spectral line. Panels c & d show the simulated evolution of upflows
at t = 719 & 2453 s (normalized units t = 15.3 & 52.2) taken in the x = 0 plane.

The initial model is as follows Bx(x) = Bx0 and Bz(x) = Bz∞tanh
[
(Bz∞x)/(2Bx0Λ)

]
where p(x) and ρ(x) are calculated respectively from the horizontal and vertical hy-
drostactic equilibrium. Bx0 is the value of Bx at x = 0 and Bz∞ is the value Bz as
x → ∞. A low density tube is placed in the centre of the model, with density at
x = z = 0 of 0.3ρ(0) (temperature of 3.3T0) of width 2Λ and height 8Λ. The initial
conditions are shown in Fig. 2. The grayscale represents the mass density, the lines
represent the magnetic field lines. To excite the instability a velocity perturbation in
vy (given as a sum of sinusoidal curves) with maximum amplitude less than 0.01Cs is
given.

We assume a reflective symmetry boundary at x = 0 and a free boundary at x = Lx
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Figure 2. Contour plots of the initial density distribution for the standard model for (a) the x− z
plane at y = 0 (with magnetic field lines), (b) the y− z plane at x = 0 & (c) the 3D visualisation.
All physical quantities are initially constant in the y direction. The initial velocity perturbation
is applied to the upper contact discontinuity in along the y direction.

with a damping zone (damping time τ = 4.4) for the hydromagnetic variables and
Bz (to maintain the angle of the magnetic field at the boundary). For the top and
bottom boundary, a periodic boundary is assumed and a reflective symmetry boundary
is imposed at y = 0, Ly. The scheme used is a two step Lax-Wendroff scheme. In the
y-direction there are 150 grid points with dy = 0.05, and in the x-z plane there are
75 × 400 grid points, giving an area of 3.5Λ × 85Λ with a fine mesh in the area of the
contact discontinuity to resolve the plumes.

3. Evolution of the upflows

Fig. 1 panels c and d show the evolution of the upflows for the simulation presented
in this paper. Upflows of size ∼ 3Λ in width with velocities ∼ 0.39Cs can be seen in
panel d of the figure. First the buoyant tube rises, then the interchange of magnetic
field lines is excited by the small perturbation given at the start of the simulation.

As the upflows grow they interact with each other to create larger plumes. This
interaction results from the slight difference in plume size created by the random per-
turbation. The result of this interaction is the formation of the large plumes. This is
known as the inverse cascade process and is a common feature of the Rayleigh-Taylor
instability (see, for example, Youngs 1984 or Isobe et al. 2006). In this case the density
difference and magnetic field suppress the Kelvin-Helmhotz instability.

The 3D structure of the magnetic field evolution caused by the upflows and down-
flows is displayed in Fig. 3. The figure shows the density isosurface at ρ = 0.85 and
the magnetic field lines at t = 15.3 & 52.2. The figure shows that the upflows form



Simulations of quiescent prominences ppflows 335

Figure 3. The 3D visualisation of the evolution of upflows for t = 719 & 2453 s (normalized
units t = 15.3 & 52.2).

field aligned filamentary structures inside the prominence. The field lines move by
gliding past each other in an interchange process.

4. Discussion

In this paper, results of the nonlinear evolution of the magnetic Rayleigh-Taylor in-
stability in the Kippenhahn-Schlüter model are presented. We found that nonlinear
mode coupling was important for forming large upflows. The plumes are field aligned
structures created by the interchange of magentic field lines.

Fig.1 is used for the comparison between the simulations and oservations (the
magnetic field assumed to be along the line of sight). In both the simulation and
the observations, the bubble-prominence boundary becomes unstable creating rising
plumes that have similar morphology. The simulated plume temperature is determined
by the initial conditions, in this case giving plumes of T = 3.3 × 104 K. The observed
upflows have a constant velocity of approximately 20 km s−1, whereas the simulated
plumes have an average velocity of 5.1 km s−1 which is a factor of 4 smaller than the
upflows observed. The observed plumes propagate through a height of approximately
10 Mm and have a characteristic width of ∼ 300 km−2 Mm. The simulations produced
upflows that have an initial width of ∼ 200km, but through nonlinear processes pro-
duced upflows of ∼ 600 km−1.8 Mm in width and at the end of the simulation had
propagated through a height of 6 Mm.

The paper presents the first efforts to simulate the formation of upflows in a solar
prominence. A wider parameter survey is required to fully understand the upflow
dynamics in this model.
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Special Section

Growth of solar physics
in the Asia-Pacific region



Introductory remarks

Arnab Rai Choudhuri

The Asia-Pacific region is the region of the world where solar physics is growing at the
fastest rate at the present time. The papers in this very special Section of our Proceed-
ings volume will constitute a unique document of great historical value surveying the
growth of solar physics in our region. Takashi Sakurai first suggested to me that there
should be some session in APSPM focusing on historical development of solar physics
in this region. We had an evening session in which Professors Cheng Fang, Eijiro Hiei
and Siraj Hasan spoke on solar physics respectively in China, Japan and India — the
three countries in the Asia-Pacific region having the largest solar physics communi-
ties. Jingxiu Wang chaired this session. This evening session was highly appreciated
and several persons told me that there should have been talks on solar physics in the
other Asia-Pacific countries as well. The day before the end of the conference, I asked
Leonid Kitchatinov, Kyung-Sok Cho, Michael Wheatland and Chia-Hsien Lin if they
could make brief presentations on solar physics in Siberian Russia, Korea, Australia
and Taiwan in the concluding session next day! They all accepted the challenge, must
have made their preparations around midnight after the conference banquet and made
excellent presentations next day. We regret that we could not obtain a paper on solar
physics in Siberian Russia in this Section, but the papers by Kitchatinov and Demi-
dov in this Proceedings volume will give some idea of the outstanding research being
done in Siberian Russia. Although we did not have any participants from Uzbekistan
in APSPM, I am happy that colleagues from the Ulugh Beg Astronomical Institute
have contributed a paper on their solar physics activities.

During the middle ages before the European Renaissance, the Asia-Pacific region
and the Islamic civilization stretching from the Central Asia to Spain were the most
advanced centres of science. Joseph Needham, the great Cambridge scholar who stud-
ied the history of science in China, wondered why the scientific revolution took place
in Europe rather than in China or India — a question since then known as the Needham
question to historians of science. However, after the Renaissance, Europeans quickly
outpaced the rest of the world in science and, only from the beginning of the twentieth
century, there have been serious efforts in the Asia-Pacific region to catch up.

Solar physicists of my generation working in the Asia-Pacific region have the
great personal satisfaction of witnessing an extraordinary blossoming of solar physics
in our region within our professional careers. When I was a graduate student of Gene
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Parker at University of Chicago in the early 1980s, there was very little solar physics
research done in the Asia-Pacific region. I knew that Japan had a great tradition of
solar research and seminal contributions to solar physics were made by Unno, Uchida
and others. I also read the classic monograph Sunspots by Bray and Loughhead, who
worked in Australia. But, as a graduate student, I did not hear much of solar research
done in the rest of the Asia-Pacific region. China was just coming out of the Cultural
Revolution at that time. In India I knew that Kumar Chitre was initiating research in
theoretical solar physics and a solar observatory was established in Udaipur. I was
thrilled when Gene came to my room one day, put down a couple of papers on my
desk and said: “Somebody in your country has written very interesting papers on
convective collapse. You must read these papers.” The author’s name was S.S. Hasan.
That was the first time I came across this name.

When I was growing up, India was a desperately poor country, but we had an enor-
mous respect for our first two Prime Ministers — Jawaharlal Nehru and Lal Bahadur
Shastri — which educated Indians never had for any of their successors. Mahatma
Gandhi was my childhood hero and I grew up with the idealism that we have to build
up our newly independent nation. When I was working in USA, I was continuously
bothered by the question whether I would be able to get a suitable job in India (acad-
emic jobs were few and far between in India in those days) that would enable me to
carry on my research. I was a postdoctoral fellow in High Altitude Observatory when
I was offered a lecturer’s position in the newly-formed astrophysics group in Indian
Institute of Science. On the day I was going to post my acceptance letter (those were
the days before e-mail), I met BC Low in the corridor and told him about my decision.
BC is from Singapore and did his PhD with Gene Parker a few years before me. BC
took me to his office, told me various things about his experience with Singapore and
then said strongly: “Things are going well with you in USA. Surely Gene Parker will
help you in getting a good job. We shall all help you. You should give up this crazy
idea of going back to India at less than one-tenth of the salary you are getting here.
If you go back to India, that will be the end of your scientific career.” Since I always
look up to BC like my elder brother and I knew that he was my genuine well-wisher,
I was very disturbed by this conversation. I returned to my office and started thinking
what to do. Then I decided to telephone Gene Parker and told him about my conver-
sation with BC. Gene listened to me patiently and then asked: “Do you really — I
mean really — want to return to India?” I said that I had the dream of building up a
research group in India, but I was totally unsure if I had the intellectual capability of
thinking up good research problems completely on my own in an isolated place. I was
only 30 and had limited research experience. After I explained everything, there was
a silence on the telephone line. I wondered if Gene was still there at the other end.
Then I heard Gene utter three short sentences slowly and clearly — three sentences
which determined the course of my life and which still ring in my ears: “Arnab, we
each have only one life to live. Go, chase your dream. I have confidence in you.” I
thanked Gene, put down the telephone and posted my acceptance letter.

After I returned to India, I found the research facilities and conditions so inad-
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equate that for a year I was sure that BC’s prediction would come true. The only
redeeming feature was that I was in a physics department with extremely brilliant col-
leagues and students. After my first PhD student Sydney D’Silva started working me,
things looked a little brighter. There was a long 8-year period when I never attended
a conference outside India because there was no travel fund. One could still work
without attending an international conference, but one needed a computer to do the
things I wanted to do. I had no funds even to buy a good PC. The condensed matter
theory group in our department had a Vax computer and I asked them if I could use
their computer. In those days computers were not inter-linked. To use a computer, one
had to physically sit in front of one of the 4 or 5 terminals kept next to the computer
in the ‘computer room’. The condensed matter colleagues were very sympathetic, but
they also had limited facilities and their terminals were always occupied by their stu-
dents during office hours. They told me that my students could use their computer
after 10 p.m. at night. Luckily Sydney was a night bird. He would come to work in
the computer room after 10 p.m., work till the wee hours in the morning and go to
bed when light appeared in the eastern sky. I rarely saw him during the office hours.
Working this way, he succeeded in coming up with the first theoretical model of Joy’s
law which was discovered by Joy three-quarters of a century earlier and till that time
lacked a quantitative theoretical explanation.

The papers in this Section tell the readers what research was done in solar physics
in different Asia-Pacific countries when solar research got initiated. But they do not
tell the human stories of the persons who initiated that research. That is why I have
taken the liberty of recounting my story here for the younger generation who may not
be aware how we did our research in those years. I believe that my story is by no
means unique and many other pioneers of solar research in the different Asia-Pacific
countries can tell similar stories. Especially many of my Chinese friends who had
their formative years disrupted by the Cultural Revolution can tell stories much richer
in human drama than my story. I had the good fortune of knowing some of the pioneers
of solar research in the Asia-Pacific region from the very beginnings of their scientific
careers. Dean Chou, who initiated solar research in Taiwan, did his PhD with Hal
Zirin in Caltech at exactly the same time when I did my PhD with Gene Parker in
Chicago. We got to know each other in USA and became good friends, although we
have met only twice after that! In a pedagogical workshop on solar physics in Crieff

(Scotland) in 1991, I met two very young and charming Korean boys: Jongchul Chae
and Yong-Jae Moon. They had started working for their PhD in Korea and that was
their first trip outside their country. Although their English communication skills were
severely limited at that time and our conversations could not go very deep, we became
friends. I had also met a young Kazunari Shibata in High Altitude Observatory (during
what was probably his first trip to USA) when his English was far from fluent. But
my scientific discussion with him was almost a turning point in my career. Discussing
with him, I got the idea how to tackle a scientific problem in which I was unable to
make any headway for weeks. This led to some of my best works.

As economic prosperity came to our region in the last few decades and sizes of
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solar physics communities in different Asia-Pacific countries grew, younger people
working in our region no longer face the hurdles which people of our generation faced.
Since Western Europe and North America had a historical advantage over us, many
of us in our region have always looked towards those regions for appreciation, col-
laboration, visiting positions, etc. But, if we want to compete with those regions, we
must have more scientific interactions amongst the solar physics communities of the
Asia-Pacific. Although I felt this way for many years, I personally did not do any-
thing till 2004 when I was attending an IAU Symposium in St. Petersburg and had
prolonged discussions with a kindred soul: Jingxiu Wang. Both Jingxiu and I were
staying in the Pulkovo Observatory guest rooms which, as the organizers had warned
us, were in very dilapidated condition, but we were both travelling on a shoestring
budget and could not afford the hotels. That was the time of white nights in Russia,
when the sky became dark only for a short while around the midnight. After the con-
ference in the city centre, Jingxiu and I would return to our rooms in the evening in
very crowded subway trains and often chatted about various things during the long
twilight hours. Jingxiu and I planned that we should organize some meetings to bring
together the Chinese and Indian solar physics communities, and then these meetings
will be broadened to cover the entire Asia-Pacific region in future. We also dreamt of
having an astrophysics journal, managed by astrophysicists of our region, which may
one day compete with ApJ, A&A and MNRAS. We knew that some other persons like
the eminent Korean astrophysicist Hyung Mok Lee were also passionately arguing for
this. Some of the things we thought up in 2004 had become realities by now. We
now have the journal Research in Astronomy and Astrophysics (RAA), but it is still
very, very far from becoming a serious competitor of the world’s leading astrophysics
journals. That can only happen if astrophysicists from our region send some of their
best papers to RAA.

I am optimistic that the younger generation of solar physicists in different Asia-
Pacific countries will achieve much more than what our generation had achieved. The
papers in this Section may give them a good idea of their shared inheritance on which
they have to build up.
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Abstract. After a brief introduction of ancient Chinese records on the Sun,
we describe the beginnings of modern solar research in China in the 20th
century. The main contents are focused on the progress of solar research in
China after the 1950s, including the development of solar research in Pur-
ple Mountain Observatory, National Astronomical Observatories, Yunnan
Astronomical Observatory, and some astronomy departments in the univer-
sities. In particular, the constructions of solar observational facilities, the
increase of the numbers of solar researchers and students, as well as the
main topics of solar research since 1980s are described in details. Some
issues and prospects are being discussed.

Keywords : Sun: general – History and philosophy of astronomy

1. Chinese observed the Sun in ancient times

In ancient times, the Emperors of various Dynasties nominated some special officers
to observe the Sun. For instance, astronomers Xi and He received commissions from
Emperor Yao to observe stars and make calendar. Fig. 1 shows an ancient nomination
ceremony before the Emperor.

1.1 Why did the Chinese observe the Sun in ancient times

The main purpose of the ancient Chinese astronomy was to study the correction be-
tween man and universe (Sun 2011). This made ancient Chinese astronomy the highly
regarded science by the Emperors. The Sun being the closest star had certainly caught

∗email: fangc@nju.edu.cn
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Figure 1. Ancient Chinese astronomers were nominated by emperors.

the attention of people. There were mainly two reasons for observing the Sun: (1)
The astrological and political reasons. The eclipse observation is a good example.
People used to believe that during the eclipses, the Sun is devoured by a celestial dog,
an omen portending all kinds of disasters. So the Emperors and people would like to
know when and how the eclipse would appear. (2) To make a good astronomical sys-
tem. For instance, every dynasty needs astronomical chronology for making calendar
etc.

1.2 Historical eclipse records in China

Solar eclipses have already been mentioned in oracle bone inscriptions since Shang
Dynasty (1600 B.C - 1046 B.C), as seen in the left in Fig. 2. For instance, some
records on oracle bones indicate that solar eclipses occurred on October 21, 1198 B.C,
June 7, 1172 B.C, and October 31, 1161 B.C. Generally the recorded data include the
position of the Sun at the time of eclipse, the beginning and the end of the eclipse, the
magnitude of the eclipse, and the point of the first contact on the disc of the Sun etc.

The ancient records of solar eclipses have been used to study the secular change
of the Earth’s rotation. A decreasing rotation rate was found to be -22 - -26 sec-
onds/century. The records can also be used for astronomical chronology. For example,
the Bamboo Chronicles say: “During the first year of King Yi of the Zhou Dynasty,
two daybreaks occurred.” According to the eclipse that occurred in 899 B.C, people
could exactly tell the day of the year. By using these records, the periodicity of eclipses
have been discovered. For instance, in 100 B.C, one knew the 135 synodic months.
In 762 AD, a period of 458 months was obtained, which was discovered by Newcomb
1100 years later. In 1199 AD, the Saros Cycle (223 months) was discovered.
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Figure 2. Solar eclipses recorded in oracle bones (left) and sunspot recorded as a gold bird
(right).

Figure 3. First Chinese astronomer delegation which visited Kitt Peak Observatory in 1976
(left). First USA astronomer delegation which visited China at PMO in 1977 (right).

1.3 Ancient sunspot records

The first well-recognized sunspot record was made back in 28 B.C, Han Dynasty,
which was described as “dark air like coin on the Sun”. From Han to Ming Dynasty
there have been more than 100 sunspot records (Xu & Jiang 1986). Sunspots were
depicted “like bird”, “like coin” or “like chestnut”, while the records of “disappeared
in several months” and “disappeared in three days” indicate the evolution of sunspots.
During Han Dynasty there was a record of sunspot as a “Gold bird” (right in Fig. 2),
which was discovered in a famous tomb in Hunan province. In fact, sunspots were
already recorded in the book of I Ching about 800 B.C.

2. Beginning of modern solar research in China

Chinese modern solar observations started in 1925 at Qingdao observatory, which
was a former German establishment taken over and renamed by the Chinese Govern-
ment. There were regular sunspot drawings based on the naked eye. In 1936, the first
eclipse observation was organized. One delegation went to Hokkaido of Japan, and
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Figure 4. First international meeting on solar physics in Kunming in 1983.

Figure 5. Bird’s eye view of the Purple Mountain Observatory.

another one went to Khabarovsk of Soviet Union. During the period of 1939-1945,
the first spectroheliograph with the naked eye was in operation. In 1956, the first
Hα image was obtained at Purple Mountain Observatory (PMO). In 1958, the first
spectrograph and solar radio telescope were constructed and used to observe the solar
annular eclipse on Hainan island.

Just after the so-called “great cultural revolution”, people realized that the inter-
national collaborations were important for development of astronomy in China. Thus
the first Chinese astronomer delegation was organized and visited Kitt Peak Observa-
tory in 1976 (left in Fig. 3). In succession, the first USA astronomer delegation visited
PMO in 1977 (right in Fig. 3). Six years later, the first international workshop on solar
physics was successfully organized in Kunming in 1983 (Fig. 4).

In 1928, a National Astronomical Institute was established. As the cradle of as-
tronomy research in China, PMO was established in 1934 in Nanjing by National
Astronomical Institute. Solar research at PMO started in 1930s. Fig. 5 depicts a bird’s
eye view of PMO.

In 1940, National Astronomical Institute established an observatory in Kunming,
which became a station of PMO in 1950, later became Yunnan Astronomical Obser-
vatory. At that time, a small telescope was used to observe sunspots, a spectroheli-
ograph for Hα observation by the naked eye and a 13 cm chromospheric telescope
for Hα image survey were also in operation. Later, a 40 cm horizontal spectrograph
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was constructed and put in operation in 1975, and later it was developed to a solar
spectroheliograph (SSHG) to observe 2D spectra (Zhong & Xuan 1989). A 18 cm
chromospheric telescope was built in 1981 which can obtain full-disc solar images at
Hα.

In 1958, Beijing Astronomical Observatory was established. Besides the sunspot
observation with a small telescope, a 60 cm solar telescope was built in 1960s. It was
used to observe solar spectra. After the total annular eclipse observation in April 1958,
a 3.2 cm radio telescope was put on operation at Sharhe. A 21 cm radio telescope was
built to observe the 1968 total eclipse in Xinjiang. With about 20 years’s effort, a solar
magnetic field telescope was finally established in 1984 at Huairou station (Ai 1986).

3. Current main organizations

Since the 1980s, solar physics research has been quickly developed in China. At
present, about 50 scientists (professors or researchers), 16% of the total number of
astronomers in China, are engaged in solar physics. There are more than 80 graduate
students in different solar research groups. The budget on solar physics from NSFC is
about 2M USD/year with an increasing rate of about 15-20% per year.

3.1 Purple Mountain Observatory (PMO)

Now the main topics of study at PMO include X-ray and γ-ray emission and parti-
cle acceleration, high temporal resolution observations of solar flares, multi-spectral
study of solar flares, sunspot magnetic structures, filament eruptions and eclipse ob-
servations (e.g. 1980 February 16, 1983 June 11, 1988 March 18, 1991 July 11, 1997
March 7, 2008 August 1, and 2009 July 22).

The main facilities for solar observation at PMO include a multi-channel near-
infrared spectrograph (Li et al. 1999)(upper left in Fig. 6), which is used to observe
2D solar spectra at Hα and HeI 10830Å, and a 26 cm fine structure telescope (lower
left and right in Fig. 6) with FOV of 4′×6′ for observing solar images at Hα and white
light. Fig. 6 also shows an example of the 2D flare spectra at 10830Å (upper right in
Fig. 6).

3.2 National Astronomical Observatories of China (NAOC, Beijing)

In 2001, the name of Beijing Astronomical Observatory was changed to National As-
tronomical Observatories of China (NAOC). The main topics of study include mag-
netic field observations and analysis, CME source regions and triggering, radio spectra
and analysis, fine structures of solar activities and solar activity prediction etc.. The
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Figure 6. The 2D spectrograph at PMO (upper left) and its 2D spectra at 10830Å(upper right).
Ganyu 26cm telescope (lower left) and its dome (lower right).

solar observations are concentrated at Huairou Solar Observing Station (HSOS). The
key instruments at HSOS are as follows:

(1) A Solar Multi-Channel Telescope (SMCT) (Zhang, Ai & Ming 1991) includes
: a 60 cm Solar Nine-Channel Telescope, a 35 cm solar magnetic field telescope, a 14
cm full-disc and partial Hα image telescope, and a 20 cm full-disk Hα telescope. The
SMCT can simultaneously measure the solar magnetic field and velocity field with
different spectral lines (Ming et al. 1988). Fig. 7 gives the overview of SMCT and an
example of its magnetogram.

(2) A Broadband Solar Radio Spectrograph (BSRS) (Fu et al. 2000) composed
of five spectrometers at different frequencies: 0.7-1.4 GHz (at YAO), 1.0-2.0 GHz,
2.6-3.8 GHz, 4.0-5.2 GHz (at PMO) and 5.2-7.6 GHz. Fig. 8 depicts the BSRS (left)
and one example of its record with some interesting fine structures (right).

(3) A full disc solar telescope gives solar Hα images regularly. It is suitable for
monitoring the solar activity.

Recently a Chinese Spectral Radio Heliograph (CSRH) has been constructed at
Zheng xiang bai qi, inner Mongolia. The frequency coverage is 0.4-15 GHz (75-2
cm) with resolution of 64 or 128 channels in 0.4-2 GHz, and 32 or 64 channels in 2
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Figure 7. The solar magnetograph telescope (left) and an example of magnetogram obtained
by the telescope (right).

Figure 8. The Broadband Solar Radio Spectrograph (BSRS) (left) and a recorded radio fine
structure as an example (right).

- 15 GHz. The spatial resolution is 1.3′′-50′′, depending on frequency. The temporal
resolution is < 100 ms at 0.4-15 GHz and the dynamic range is 30 db (snapshot).
CSRH has an array with 40 × 4.5 m plus 60 × 2 m parabolic antennas. The largest
base line is 3 km and the field of view is 0.5 - 7 degree. The detailed description can
be found in Yan et al. (2009).

3.3 Yunnan Astronomical Observatory (YAO, NAOC)

Since 2001, Yunnan Astronomical Observatory (YAO) has become a subordinate of
NAOC. The main topics of study include spectroscopy and spectral analysis, CME
current sheet and modeling, sunspot structures, filament eruptions, radio spectra and
analysis, and solar activity prediction etc. A series of telescopes are in operation: a
full disk Hα monitor, a 26 cm fine structure telescope (Fig. 9) (Wu et al. 1990) with
FOV of 4’×6’, a 11 m radio telescope working at 70 –700 MHz since 2008, a 10 m
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Figure 9. The 26 cm telescope at YAO (left) and a Hα image (right).

radio telescope working since 1999 at 625 –1500 MHz with high temporal resolution,
and three antenna with a diameter of about 3-4 meters at 1.42, 2.00, 2.84, 4.00 MHz,
which started to work at the end of 1980s (Xia et al. 1999).

Recently, a new 1m solar vacuum telescope has been installed near the Fuxian
lake. A detail description can be found in Liu et al. (2011).

3.4 Solar research in universities

In recent years, more than 20 universities have established astronomy education and
research work. Among them, five universities have solar programs. A complete series
of educational programs of undergraduate, master, doctoral and post-doctoral levels
have been formed.

There are astronomy departments in five key universities, including Nanjing Uni-
versity (NJU, established in 1952), Beijing University (BJU, 1960), Beijing Normal
University (BNU, 1960), University of Science and Technology of China (USTC,
1978), and Shandong University at Weihai (2008).

The solar tower of Nanjing University was put in operation in 1980 (Fang &
Huang 1983). It has a multi-channel spectrograph which can be used to obtain 2D
spectra in Hα, 8542Å and 10830Å wavebands simultaneously (Huang et al. 1995).
Fig. 10 depicts the full view of the solar tower (left) and an example of its 2D flare
spectra at Hα band (right). The main topics to study of NJU solar group include
spectroscopy and spectral diagnostics (e.g. Fang, Henoux & Guan 1993), MHD sim-
ulations (e.g. Chen et al. 1999; Jiang et al. 2010), CMEs and related phenomena
(e.g. Chen & Shibata 2000; Chen, Fan & Ding 2005), multi-wavelength study of solar
activities (e.g. Guo et al. 2010) etc.

Recently, a new telescope called ONSET (Optical and NIR Solar Eruption Tracer)



Solar research in China 351

Figure 10. The solar tower of Nanjing University (left) and its 2D flare spectra at Hα band
(right).

Figure 11. ONSET at Fuxian lake (left) and its Hα image(right).

has been established near the Fuxian lake at the observational base of YAO, which is
60 km away from Kunming. At present it is the best seeing place in China. ONSET
can provide three images of full or partial disc (10 arcmin.) of the Sun at different
wavelengths of Hα 6563Å, FWHM 0.25Å± 1.5Å, 10830 Å FWHM 0.5Å± 1.5Å,
3600Å or 4250Å. Fig. 11 shows an overview of ONSET and an example of a Hα
image recorded on 18 April this year.

4. International collaboration

International collaboration has been greatly developed in recent years. We have close
collaborations with scientists in United Stats, France, Germany, Japan, India, Russia,
Korea and many other countries. Besides exchange of scientists, Chinese students
are often sent to other countries to study and learn from foreign scientists. Some of
them have obtained their Ph.D degrees abroad. Besides, we have established several
bilateral meetings on solar physics during the past twenty years. Three Japan-China
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meetings have been organized since 1990. Three France-China meetings have been
held since 1999, and the fourth one will be held in Nice this year. Two Korea-China
meetings and three Indo-China meetings have been also organized since 2005. The
first Asia-Pacific solar physics meeting, which was successfully held in March at Ban-
galore this year was well supported by all colleagues. The second one will be orga-
nized in 2013 in China. All these meetings have greatly promoted the collaborations
between nearby countries.

5. Issues and prospects

Besides the universities, Chinese Academy of Sciences has also established M.S. and
Ph.D programs. So we have plenty of well-educated students. One problem is the
lack of solar space facilities, even though we have many ground-based telescopes.
Fortunately, China has now started several space projects dedicated to solar physics.
Moreover, we have started the site survey to select the best site for future solar obser-
vations. If successful, then we are hoping to construct some large solar telescopes in
the future.
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The early years of solar research in Japan
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Abstract. The early years of solar research in Japan are described in the
order from the solar core to the corona. The contents are as follows; solar
neutrino problem, helioseismology, solar dynamo, photosphere, sunspots,
chromosphere, flares, prominence, corona, total solar eclipses, radio obser-
vations, space observations, observatories, archival solar data, and prospect.

Keywords : Sun: general – History and philosophy of astronomy

1. Introduction

The Sun is a rotating self-gravitational plasma sphere with a fusion reactor in its core.
The Sun has two faces of the quiet and dynamic states. All living beings on earth are
keeping their lives by the favour of the quiet Sun like “the Sun as a mother”, but recent
solar satellites show many scale sizes of dynamic activities like “the Sun as youth”.
The Sun has revolved about 23 times around the centre of our Galaxy, and thus we
may call the solar age to be 23 if we count it like a person. In the earlier phase of
the 20th century, the solar problems were mainly on the quiet Sun, but nowadays the
central problems of the research have shifted to its dynamic activity.

2. Solar neutrino problem

Measured solar neutrino fluxes at neutrino observatories are found to be about a third
or half of the expected value from the standard solar model, and it had been one of
the unsolved problems late in the 20th century. It was proposed that neutrinos could
change from one type to another if they had mass. The definitive evidence of neutrino
oscillation came in 2001 from Super-Kamiokande collaboration (Fukuda et al. 2001)
and Sudbury Neutrino Observatory collaboration (Ahmad et al. 2001). However, there
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might occur another problem of the solar chemical composition involving the helium
abundance (Nakahata 2011)

3. Helioseismology

Oscillatory motions in the solar atmosphere have revealed the superposition of many
modes with discrete eigenfrequencies of the acoustic mode. Ando & Osaki (1975) had
theoretically studied the spectra of eigenfrequencies, which were in good agreement
with the observation (Deubner, Ulrich & Rhodes 1979). Non-radial oscillation of the
solar atmosphere and convection were extensively studied by Unno and his colleagues
(Unno et al. 1979; Osaki & Shibahashi 1986; Sakurai Takeo 1966).

4. Solar dynamo

The behaviour and phenomena occurring inside the Sun were vigorously studied by
Yoshimura (1972, 1975a,b, 1981, 1983, 1993), who made a lot of simulations by solv-
ing the dynamo equation under a working hypothesis of global convection and pro-
vided theoretical models of such things as the 11-year sunspot cycle, the butterfly
diagram of sunspots, the reversal of magnetic field, 55 years’ cycle, Maunder mini-
mum type variation, variability of solar constant, dynamo wave propagation. Recent
dynamo models have been constructed (Choudhuri et al. 1995; Hotta & Yokoyama
2010), taking into account the results of helioseismic observations.

5. Photosphere

Radiative transfer on line formation and continuum had been extensively studied in
1950s for understanding the underlying mechanism and for deriving physical quanti-
ties of the photosphere . One example of very important research is “Line Formation
of a Normal Zeeman Triplet” (Unno 1956), which has provided a useful method for
estimating the magnetic field in the solar atmosphere.

The angular diameter of the Sun observed with a meridian circle (Yoshizawa
1996) or derived from an eclipse observation (Kubo 1993) have been reported and
should be compared with the measurements made in future for studying the change of
solar diameter with time.

6. Sunspots

The oldest record on sunspots, which appeared in AD 851, is reported in a historical
book (Montoku-Jitsuroku) in Japan. Goryu Asada (1734-1799), an astronomer in
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the Edo period, observed sunspots by a telescope in 1769 and found that the solar
rotation period was about 30 days and sunspots did not appear near polar regions.
Tobei Kunitomo (1778-1840), an artisan for making guns, observed the Sun in 1835
for 157 days by his hand-made Gregory-type reflector. His mirror is still shining and
is nearly parabolic (Tomita et al. 1998). Continuous observations of sunspots were
made in 1888 by Prof. S. Hirayama. From the recorded data of sunspot sketches made
at NAOJ, including Greenwich sunspot data, Yohimura & Kambry (1993) derived
differential rotations for more than 100 years from solar cycle 12 to cycle 22 in order
to study a periodic long-term modulation of the surface rotation.

Makita (1963) derived a sunspot model in which the temperature distribution is
lower than Michard’s because his measurements seem to be less affected by scintilla-
tion. Ichimoto (1998) studied the Evershed flow using 85 lines. The magnetic field
of sunspots was measured at Solar Tower Telescope of NAOJ (Tanaka et al. 1939a,b),
at 65-cm coudé-type solar telescope at Okayama Observatory of NAOJ, and at So-
lar Flare Telescope. Hagino & Sakurai (2004) studied the helicity deduced from the
observations with Solar Flare Telescope and confirmed a rule of negative (positive)
helicity in northern (southern) hemisphere. Their measurements suggest the process
generating helicity to be of random/turbulent nature involving convective motions.

7. Chromosphere

A close relation between Hα fine structure and its evolution due to magnetic field
change was studied by Tanaka (1974) and Kurokawa et al. (1986). Kitai (1983)
showed the “Ellerman bomb”, seen also as “moustache”, to be locally heated
(∆T=1500K) and condensed atmosphere with upward mass motion of 6 km s−1. Sue-
moto, Hiei & Nakagawa (1990) observed K line profiles and detected chromospheric
bright regions, corresponding to the upper region of central dark parts of the granula-
tion, which is seen in Hinode images. A chromospheric model (Hiei 1963; Tanaka &
Hiei 1972; Makita 1972; Kurokawa et al. 1974) and the turbulent velocity in the chro-
mosphere (Suemoto 1963) were derived from flash spectra, and the temperature struc-
ture in the transition region of chromosphere-corona was studied by Kanno, Tsubaki
& Kurokawa (1971) and Suemoto & Moriyama (1964).

Nagasawa (1955) derived electrical conductivity at the low chromosphere and
umbra. Theoretical models of spicule were studied by i) Unno & Kawabata (1955)
as a direct manifestation of the passage of a hydrodynamic shock wave, ii) Uchida
(1961) as a shock wave propagating into the corona, and iii) Suematsu et al. (1982)
as phenomena occurring as a result of sudden pressure enhancement at their roots.
Propagation and dissipation of waves in the chromosphere were studied by i) Ono,
Sakashita & Ohyama (1961) as an initially non-uniform medium in the presence of
a gravitational field, ii) Saito (1964) as transport of mechanical energy, and iii) Kato
(1966) as isothermal medium with no magnetic field.
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8. Flares

A method of precise determination of electron density from the Stark effect of higher
Balmer lines was studied by Suemoto & Hiei (1959), who found that a flare is com-
posed of many filamentary structures of sizes a few times 10 km. From Hα filter-
grams with high spatial/time resolution and magnetic field measurements, Tanaka &
Zirin (1985) found that flares occurred near a magnetic shear region, which is later
confirmed by data of Yohkoh and Hinode satellites. Ichimoto & Kurokawa (1984) re-
ported that chromospheric brightening and a red asymmetry of Hα line occurred at the
onset of a flare due to the downflow of high energy electrons. Kurokawa, Takakura &
Ohki (1988) found a close relation between Hα brightening and X-ray emission, and
concluded that the fast electron beam is the main heating mechanism of Hα flare in
the impulsive phase.

Spectroscopic studies of white light flares (WLF) were made by Hiei (1982),
Fang, Hiei & Okamoto (1991), Ding, Fang & Okamoto (1994), Hu et al. (1995).
There are three types of WLF brightenings: i) impulsive, ii) gradual, and iii) wave-
like brightenings, which correspond to downflow of high energy electrons, energy
supply from high temperature plasma, and X-ray irradiation of flare loops.

Tanaka et al. (1982) observed X-ray lines of Fe  and Fe  in a X-2.2 class
flare with Hinotori satellite and derived time profiles of line intensities, line widths,
and plasma parameters, and reported that Fe  intensity reached maximum 1 minute
earlier than Fe  line, Te became 4×107K, and line width was 250 km s−1 at the
onset. Nakajima et al. (1983) detected a flare which shows 7 pulses of peak intensities
in microwave, hard X-ray, and γ-ray line emissions with a little time difference each,
and found that the association of particle acceleration took place successively within a
few seconds. Kai, Kosugi & Naitta (1985) studied flux relations between hard X-rays
and 17-GHz microwaves for impulsive/extended flares for placing a strong constraint
for flare models.

Nagai (1980) derived a model of hot loops associated with a flare from gas dy-
namics in the loop. An evaporating X-ray loop at a flare was detected from data of
SKYLAB (Hiei & Widing 1979). Uchida (1968) studied Moreton waves as propaga-
tion of hydromagnetic disturbances in the solar corona. Suzuki, Sakurai & Ichimoto
(2006) studied structure of magnetic fields before CMEs, and Hiei, Hundhausen &
Sime (1993) studied the largest CME observed with Yohkoh.

Masuda et al. (1994) found a loop-top hard X-ray source in a compact solar flare
as an evidence for magnetic reconnection. Tsuneta (1996, 1997) discussed structure
and dynamics of magnetic reconnection regions and proposed a new MHD image of
heating/acceleration of a flare. Shibata et al. (1992) detected the new phenomenon of
X-ray jets caused by magnetic reconnection, and Yokoyama & Shibata (1998) stud-
ied the reconnection model of X-ray jets. An interesting flare theory of high-β dis-
ruption was proposed by Shibasaki (2001). A model of flares known as the CSHKP
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(Carmichael; Sturrock; Hirayama; Kopp-Pneuman) model was proposed by Hirayama
(1974). Tajima & Shibata (1997) wrote a book on plasma astrophysics.

9. Prominence

Hirayama (1985) reviewed observational studies of prominences (emphasizing topol-
ogy of magnetic fields measured by Hanle and Zeeman effects), spectroscopic char-
acteristics of quiescent prominences, flow patterns at prominence-corona interface,
prominence evolution, prominence activities, and surges. Tsubaki, Ohnishi & Sue-
matsu (1987) found a periodic oscillation of a period of 160 s and an amplitude of
around 1km s−1 in a quiescent prominence. Bright soft X-ray arcades and coronal
holes associated with the disappearance of prominences (DB) were studied by Watan-
abe et al. (1992) and Hiei et al. (1998), who suggest that magnetic reconnection oc-
curred near DB and coronal matter moved up with DB.

Sakurai (1976) discussed the screw-mode instability for the onset of ascending
motions of three types of arch-, loop-, and gigantic arch-prominences, and concluded
that the motions of all types of eruptions were reproduced by perturbing a model
sequence with decreasing pitch angles of the helical magnetic field lines. Sakai &
Koide (1992) discussed filament eruptions moving up with X-point before impulsive
phase of flares. A beautiful prominence is studied with Hinode satellite, and Okamoto
et al. (2007) found Alfvén waves propagating in the prominence.

10. Corona

The ionization theory of the solar corona was first studied by Miyamoto, whose paper
was published in Japanese (1943) and later translated in English (1949).

From the coronal images taken at total solar eclipses, Notsuki (1936) derived fine
structures of streamers and polar plumes, Saito & Hata (1964) reported 3-dimensional
structure of streamers, and Takeda et al. (1994) discussed spatial distribution of loops
of Fe  6374Å, Fe  5303Å, Ca  5694Å.

From the coronagraph data observed at Norikura observatory, i) Nagasawa (1961)
studied a relation between 5303 line intensity and sunspot groups, ii) Singh et al.
(1999) and Minarovjech et al. (2003) studied coronal intensity oscillations of 5-minute
period, iii) Sakurai et al. (2002) found coronal waves of 1-3 mHz range and the exis-
tence of possibly sound waves of 100 km s−1, although the existence of Alfvén waves
is inconclusive.

Magnetic field configurations in the corona (Sakurai & Uchida 1977; Sakurai
1981) and magnetic helicity injection into the corona (Kusano et al. 2002) have been
studied. Coronal heating (Uchida 1963; Yamazaki, Hashimoto & Ono 1969) and
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Table 1. Japan expeditions of solar eclipses
T:total solar eclipse, A:annular eclipse, P; partial eclipse

1883/10/31 A Miyagi, Japan 1962/2/5 T Lae, New Guinea
1887/8/19 T Niigata,Tochigi, Japan 1963/7/21 T Hokkaido, Japan
1896/8/9 T Hokkaido, Japan 1965/5/30 T Manue, South Pacific
1898/1/22 T near Bombay, India 1966/11/12 T Arequipa, Peru
1901/5/18 T Sumatora 1970/3/7 T Mexico
1915/8/11 A Ogasawara, Japan 1973/6/30 T Mauritania
1918/6/9 T Izu islands, Japan 1974/6/20 T New guinea
1929/5/9 T Mallay, Sumatra 1976/10/23 T Australia
1932/8/31 T USA 1980/2/16 T Kennya
1934/2/14 T Rosop island 1983/6/11 T Indonesia
1936/6/19 T Hokkaido, Japan 1988/3/18 T Ogasawara, Japan
1941/9/21 T Okinawa, Japan 1991/7/11 T Hawaii and Mexico
1943/2/5 T Hokkaido, Japan 1994/11/3 T Chili and Paraguay
1948/5/9 A Rebun island, Japan 1995/10/24 T India
1950/9/12 P Hokkaido, Japan 1997/3/9 T Caribbean sea
1955/6/20 T Ceylon 1999/8/11 T Turkey
1958/4/19 A Tanegashima, Japan 2006/3/29 T Turkey
1958/10/12 T Suwarrow, South Pacific 2009/7/22 T Iwo Island, Japan

heating due to small X-ray intensity fluctuations and nano-flares (Shimizu 1995; Kat-
sukawa & Tsuneta 2001) were reported.

11. Total solar eclipses

Observations at total solar eclipses were carried out as shown in Table1. “Grazing in-
cidence method” for taking flash spectra is unique. Suemoto & Hiei (1962), applying
the magnifying power of a prism/grating (Wood 1934), took the chromospheric lines
not affected by chromospheric scale height by using this method. Another unique ob-
servation is to detect velocity of solar wind by taking continuous spectrum of K-corona
from 360 nm to 470 nm, which shows a little dip near 385 nm and 430 nm. If solar
wind moves upward, the continuous spectrum of K-corona shifted due to Doppler ef-
fect. Ichimoto et al. (1994) observed solar wind velocity of 80 km s−1 by using this
method. Infrared brightness of F-corona was successfully observed from a balloon at
an altitude of 30.5 km at the Indonesia total solar eclipse in June 1983 (Isobe et al.
1985). An excess in infrared brightness had been found, but the results are debatable.

12. Radio observations

Radio emission from the Sun was first detected in Japan in 1938, and the early history
of radio observations was reported by Tanaka (1984). Tanaka et al. (1951) had mea-
sured microwave sky-background temperature to be 0-5 K. It would have been a great
discovery if he stressed the existence of the background radiation. In 1965 Wilson and
Penzias discovered the 3 K microwave background radiation, which led to the Nobel
prize of 1978 to them.
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Akabane & Hatanaka (1957) observed the polarization of solar radio outbursts
related to optical flares. Kakinuma & Swarup (1962) derived a model for the radio
sources of microwave. Kai (1962, 1986) studied the characteristic of spectral Type
I-IV radio bursts and a relation of microwave flux/hard X-ray. Enomé & Tanaka
(1970) inferred coronal magnetic fields from the microwave data. Kosugi, Ishiguro
& Shibasaki (1986) reported the polar cap brightening observed at millimeter wave-
lengths.

Theory of solar bursts (Takakura & Kai 1961), transfer of the gyroresonance radi-
ation (Kawabata 1964), and excitations of Type II/III solar radio bursts (Uchida 1960)
have been discussed. Scientific results and instruments of Nobeyama Radio Observa-
tory are discussed in Proc. of Nobeyama Symp. 1998 and Proc. of Nobeyama Symp.
2004.

13. Space observations

Solar space observations in Japan started from rockets (Nishi & Suemoto 1971) and
balloons (Hirayama 1972) in 1971. Solar satellites Hinotori (P.I.: Y. Tanaka and
K. Tanaka, size: 1m×1m×0.8m, weight: 188 kg, M-3S rocket) was launched in
1981, Yohkoh (P.I.: Ogawara and Uchida, size: 1m×1m×2m, weight: 390 kg, M-
3SII rocket) in 1991, and Hinode (P.I.: Kosugi/Sakao and Tsuneta, size: 1.6m×
1.6m×4.0m, weight: 900 kg, M-V rocket) in 2006. They were launched from Uchi-
noura, in southern part of Japan. Yohkoh and Hinode projects involved Japan-U.S.-
UK. collaborations. Scientific results and details of instruments are published in spe-
cial issues of journals and conference proceedings. Hinotori: 1983, Sol. Phys., 86.
Yohkoh: (i) 1991, Sol. Phys., 136, No.1; (ii) 1991, The Yohkoh (Solar-A) Mission,
eds. Z. Svestak, Y. Uchida Y.; (iii) 1992, PASJ, 44, No.5; (iv) 2002, Proc. COSPAR
Colloq. Series Vol.13. Hinode: (i) 2007, PASJ, 59, No. SP3; (ii) 2007, Sol. Phys.,
243; (iii) 2007, Science 318, no. 5856, p. 1571 (iv) 2008, Sol. Phys., 249; (v) 2008,
The Hinode Mission, ed. T. Sakurai.

14. Observatories and solar observing facilities

National Astronomical Observatory of Japan (NAOJ) was founded in 1878. Observing
instruments now are i) Solar Flare Telescope for measuring vector magnetic field and
observing Hα flare, ii) A 10 cm aperture telescope for automatic recording of sunspots
and faculae. At Norikura Corona Observatory, a 10 cm aperture coronagraph was
installed at a height of 2876 m (Notsuki 1951) in 1949 for visual measurement of
Fe  5303Å line intensity, and was modified in 1997 for automatic observation. In
1971, a 25 cm Coudé-type coronagraph was set up for spectroscopic and polarimetric
observations of corona, prominences and limb flares. The observatory was closed in
2010.
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Nobeyama Solar Radio Observatory of NAOJ, established in 1968, has i) Radio
Heliograph at 17GHz and 34GHz, and ii) antenna for measuring flux/polarization at
1, 2, 3.75, 9.4, 17, 35, 80 GHz. Toyokawa Solar Radio Observatory was opened at
1949 and joined NAOJ in 1988.

Kwasan Observatory, University of Kyoto, was opened in 1929 and moved to
Hida Observatory in 1968, where there are i) 60 cm Domeless Solar Telescope and ii)
Flare Monitor Telescope.

15. Archival solar data

At NAOJ
· sunspots sketch and white light images; 1923∼now
· Ca K-line spectroheliograms (full sun); 1913∼1974
· Hα spectrohelioscope; 1947∼1967
· Hα filtergrams; 1957∼now
· Intensity of Fe  5303Å emission line; 1949 ∼2009

At Kwasan Observatory
· photographic plates of whole Sun(not regular); 1957∼1962
· Hα filtergrams of whole sun; 1992∼2010
· high resolution Hα filtergrams of whole sun; 2003∼now
· Ca K-line spectroheliograms (not regular); 1937∼1968

Radio data
- Observing frequencies (TYKW: Toyokawa, NBYM: Nobeyama)
· 1GHz: TYKW/NBYM 1957.3∼
· 2GHz: TYKW/NBYM 1957.6∼
· 3.75GHz: TYKW/NBYM 1950.11∼
· 9.4GHz: TYKW/NBYM 1956.5∼
· 17GHz: NBYM 1978.1∼
· 35GHz: NBYM (no daily flux values)
· 80GHz: NBYM (no daily flux values)
- Data acquisition
· digital data: (0.1 sec) 1987.11∼
· daily total flux values: 1950.11∼

16. Prospect

The Sun deepens our knowledge of the characteristics of Nature. The Sun always
gives us new information when the observation is carried out with higher quality. The
unsolved solar problems confronting us today can be divided into two classes: those
which are expected to be solved within 10–100 years, and the others which are hoped
to be solved within 100–1000 years. The coronal heating, and the heating/particle
acceleration of a flare/solar wind, and the prediction of occurrences of such activities
belong to the former group. During the last 4.6 billion years, the Sun has displayed
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unexplained activities such as Maunder minimum type variations, which belong to
the latter. It is therefore important to accumulate some data for more than 100–1000
years in order to make clear the solar variability and generation of magnetic field.
Fortunately the sunspot sketches drawn by Galilei are preserved. The data on sunspots
sketches and numbers at least should be preserved. Also, the data of absolute solar
constant, magnetic field, and reliable solar radio fluxes should also be kept for many
years. What data should we leave for the future?
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1. Solar research during the pre-independence era

Within the Asia-Pacific region, it was in India where modern research in solar physics
began. Until 1947 India was a part of the British Empire. This section briefly high-
lights the major developments during the pre-independence period — a more detailed
account can be found in Hasan et al. (2010).

Solar research in India grew out of an already well established tradition of astro-
nomical observations from the Madras Observatory by its several generations of Gov-
ernment Astronomers and, importantly, from the studies of Norman Pogson during
his tenure (1861–1891). His observations during the total solar eclipse on 18 August
1868 represents an important landmark associated with the birth of solar physics in In-
dia. An impressive line of discoveries of new phenomena in the solar chromosphere,
including the discovery of helium, chromospheric flash spectra and red prominences,
was made during this eclipse. Pogson successfully recorded the unknown spectral line
close to the D2 line of sodium through his observations during this eclipse (Fig. 1),
which the visiting astronomers Janssen (France) and Norman Lockyer (England) too
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Figure 1. Hand coloured sketch of the solar spectrum recorded during the total solar eclipse at
Masulipatnam, India on 18 August 1868 (from IIA archives).

observed and successfully identified with the new element helium. It was the first time
when spectroscopes were used during an eclipse event.

Regular and systematic studies of the Sun in India followed the setting up in 1899
of the Kodaikanal Solar Physics Observatory. The British Government, following the
death of Pogson in 1891, through a series of initiatives, with Michie Smith as the
Government Astronomer, identified Kodaikanal and authorized construction of build-
ings and procurement of a combination of instruments, including a photoheliograph,
a spectrograph, a 6 in Cooke Equatorial, a transit telescope, and a chronograph. The
Observatory was formally opened in 1899. Further addition of instruments followed
promptly, especially a Ca II K spectroheliograph, whose design for Kodaikanal was as
per the specifications of George Ellery Hale, the inventor of the instrument. Soon John
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Figure 2. Top: Solar spectra of a sunspot region recorded by Evershed on 5 January, 1909
at Kodaikanal. Bottom: Line sketch of the spectrum showing the shift of the absorption line
penumbra around the sunspot (from IIA archives).

Evershed arrived at Kodaikanal in 1907, after visiting the Mount Wilson Observatory
in California. In 1909, using a high dispersion spectrograph that he designed and built,
Evershed discovered the characteristic Doppler shifts of photospheric spectral absorp-
tion (Fraunhofer) lines observed over the penumbrae of sunspots – the well known
Evershed effect (Evershed 1909) (see Fig. 2). He also interpreted it accurately as the
radial outflow, parallel to the solar surface, of gaseous material in sunspot penumbrae.
This discovery and that by Hale, just a year earlier of magnetic field in sunspots, ar-
guably stand as two important contributions that seeded the development of a whole
new subject, viz., magnetohydrodynamics (MHD).

Following the retirement of John Evershed in 1922, activity in solar physics con-
tinued on the lines of the earlier years. The Directors at the Observatory until 1960
were T. Ryods (1922–1937), A.L. Narayan (1937–1946), and A.K. Das (1946–1960).
The scientific highlights of this era are, (a) discovery of oxygen emission lines in the
chromosphere, without the aid of an eclipse, (b) centre to limb variations of Hydro-
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Figure 3. The Kodaikanal solar tower tunnel telescope.

gen lines and their use to study the solar atmosphere, and (c) detailed study of the
properties of dark markings, the filaments, seen in Hα. A committee appointed by
the Government of India, with M.N. Saha as chairman, examined in 1945 a plan for
the development of astronomical research and teaching at the existing observatories
and universities. One of the main recommendations of the Saha committee was aimed
at improving the facilities for solar observations, especially during the first five-year
plan following India’s independence in 1947. The construction of Solar Tower Tele-
scope, a coronagraph, and a laboratory for solar-terrestrial studies at Kodaikanal was
implemented by 1960.

2. Beginning of the modern era and development of facilities

There had been a relative lull of solar research in India around the middle of the
twentieth century. To a large extent, the credit for revitalizing solar research in India
goes to Vainu Bappu. As a postdoctoral researcher at the Mount Wilson Observatory,
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Bappu had discovered the Wilson–Bappu Effect (Wilson & Bappu 1957). Bappu first
returned to India in 1954 as the Chief Astronomer of the Uttar Pradesh State Obser-
vatory, which was located in Varanasi at that time. He took the initiative of shifting
the Observatory to the much better observing site near Nainital. Then in 1960 Bappu
took over as Director of the Kodaikanal Observatory and established the Bangalore
headquarters of the Indian Institute of Astrophysics (IIA), of which the Kodaikanal
Observatory is now a part. Bappu continued as Director of IIA till his untimely death
in 1982. Bappu trained several students in solar research—K. R. Sivaraman, A. Bhat-
nagar, Jagdev Singh, B. N. Dwivedi among others — who played key roles in the
revival of solar research in India. Apart from these people who were trained in India,
several solar physicists who had been trained abroad returned to work in India. S. M.
Chitre, S. S. Hasan and A. R. Choudhuri came back to India with doctoral degrees
respectively from Cambridge (supervisor: Fred Hoyle), Oxford (supervisor: D. ter
Haar) and Chicago (supervisor: E. N. Parker). There has been a reverse flow also. N.
Gopalswamy, S. Basu and M. Dikpati, leading solar researchers working in the United
States, received their doctoral degrees and initial training in India.

2.1 Optical facilities

The main optical solar facilities are located in Kodaikanal Observatory (operated by
the Indian Institute of Astrophysics), the Udaipur Solar Observatory (operated by
Physical Research Laboratory) and the Aryabhatta Institute of Observational Sciences
(ARIES) in Nainital (Uttarakhand).

2.1.1 Kodaikanal Observatory

The first modern instrument to be set up at the Kodaikanal Observatory was the Solar
Tower Telescope, installed in 1960. By the end of 1965 a high dispersion spectrograph
and a Babcock type magnetograph were operational, which were used primarily for
measuring magnetic and velocity fields on the Sun. The Solar Tower Telescope con-
sists of a Grubb Parson 60 cm diameter two-mirror fused quartz coelostat mounted on
a 11 m tower platform that directs sunlight via a flat mirror into a 60 m long under-
ground horizontal ‘tunnel’. The telescope is primarily used for high spatial and spec-
tral resolution work. The main areas of investigation include high resolution studies of
(a) the solar chromosphere, (b) the Evershed effect, and (c) 5-minute oscillations in the
solar photosphere. A significant contribution using this instrument was the identifica-
tion that bright fine mottling in the chromosphere is responsible for the Wilson–Bappu
effect that relates the Ca II K line-widths to the luminosity of stars.

A Littrow-type spectrograph and a spectroheliograph are the main focal plane
instruments. Recently an in-house built dual beam spectropolarimeter was installed as
a back-end instrument to the Littrow spectrograph on the tower telescope that is used
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mainly for studying sunspots. Additionally, the Observatory has a photoheliograph
(15 cm, operational since 1898), a 6 cm diameter twin spectroheliograph (for Ca II
K and Hα spectroheliograms) and a Ca K spectrograph with a 15 cm Zeiss achromat
objective which provides an f/15 beam and a 2 cm image. A prefilter and a daystar Ca
K narrow band filter are used to record the Ca K filtergrams.

Current programmes include measurements of magnetic fields at different heights
in the solar atmosphere, using Kodaikanal white light images to determine the solar
diameter and its variation with the solar cycle, dynamics of sunspots, solar irradiance
variability, solar rotation and synoptic studies. In addition, investigations of explosive
events, activity and solar cycle effects are also being carried out.

One of the prized possessions of this Observatory is a collection of plates contain-
ing solar images obtained on a regular basis by the 15 cm photoheliograph telescope
since 1904. Robert Howard, who had done extensive studies of these plates, used to
refer to the plate vault in Kodaikanal as ‘a gold mine’. These plates are now being
digitized. From the positions of filaments on these plates, a classic study of the pole-
ward migration of the Sun’s global magnetic field was carried out (Makarov, Fatianov
& Sivaraman 1983; Makarov & Sivaraman 1989a,b). Another important study was an
investigation of the size variation of Ca networks with the solar cycle (Singh & Bappu
1981).

2.1.2 Udaipur Solar Observatory

Udaipur Solar Observatory (USO) was established in 1975 by A. Bhatnagar, who had
earlier worked in the Big Bear Solar Observatory (BBSO) and set up this observatory
in the middle of the Fatehsagar Lake in Udaipur following the model of BBSO. This
observatory, which began with a 12 foot spar telescope obtained from CSIRO Aus-
tralia, started initially under the aegis of the Vedhshala Trust and afterwards became a
part of the Physical Research Laboratory (PRL).

Udaipur Solar Observatory has (a) a full disk Hα telescope (6 foot Razdow tele-
scope with a 15-cm aperture lens), (b) a 25 cm aperture Hα Spar telescope with a
12-foot solar spar for observing high resolution chromospheric structures, (c) a solar
vector magnetograph, which is basically an imaging spectropolarimeter consisting of
a Schmidt-Cassegrain telescope of 20 cm aperture and a state-of-the-art tunable filter,
and (d) a Coude telescope (15 cm Zeiss) with adaptive optics (AO) system.

An important milestone for Udaipur Solar Observatory came in 1995, when it
became one of the sites of the Global Oscillation Network Group or GONG (Harvey
et al. 1996). Apart from the facilities mentioned above, one of the GONG telescopes
is an important facility of this observatory. Amongst works based on GONG data
carried out in Udaipur, one may mention a study of p-mode frequency changes with
solar activity (Bhatnagar, Jain & Tripathy 1999).
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Figure 4. The Udaipur Solar Observatory, located on an island in Lake Fatehsagar, Udaipur.

This Observatory has a strong record of training students in observational solar
astronomy, beginning with Bhatnagar whose students included Rajmal Jain, Nandita
Srivastava, Shibu Mathew. The present Head of the Observatory, P. Venkatakrishnan,
moved there from IIA after Bhatnagar’s retirement and trained several students in
instrumentation and magnetic field measurement including K. Sankarasubramanian
(student in IIA), B. Ravindra, S. Gosain, S.K. Tiwari.

2.1.3 Aryabhatta Institute of Observational Sciences (ARIES)

Formerly known as the Uttar Pradesh State Observatory, it formally came into exis-
tence at Varanasi in 1954 and was re-located in 1965 to its current site at Manora Peak
(elevation 1950 m), just south of Nainital. Presently operated by ARIES, its main
focus was on flare patrol observations, which started during the early 1970s. Later
atomic and molecular spectroscopic investigations started, and in 1988 and 1991 ob-
servations in Calcium K and CN bands were taken up. The facility consists of a 15 cm
solar tower telescope with an Hα filter, which is primarily used for flare studies and
the study of oscillations in post-flare loops.

2.2 Radio facilities

The important solar facilities in the radio wavelengths are Ooty Radio Telescope (op-
erated by Tata Institute of Fundamental Research or TIFR) and Gauribidanur Radiohe-
liograph (operated by Indian Institute of Astrophysics or IIA). The Giant Metrewave
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Radio Telescope (GMRT) near Pune, which has 30 dishes of 45 m diameter, and is the
world’s largest telescope in the metre wavelengths, is also used for solar studies.

Figure 5. The Ooty Radio Telescope is a cylindrical paraboloid of reflecting surface, 530 m long
and 30 m wide, placed on a hill whose slope of about 11 degree (in the north-south direction),
which is the same as the latitude of the location.

2.2.1 Ooty Radio Telescope (ORT)

The Ooty Radio Telescope, completed in 1969 and operated by TIFR, was built on a
hillside with such a slope that its long axis is parallel to the Earth’s rotation axis. It is a
cylindrical paraboloid of reflecting surface, 530 m long and 30 m wide. The reflecting
surface is made up of 1100 thin stainless steel wires, each 530 m long. The telescope
is operated at 327 MHz (a wavelength of 0.92 m) with 15 MHz usable bandwidth. The
large size of the telescope makes it highly sensitive.

Although this telescope was initially primarily used for extragalactic astronomy
and other non-solar studies, it is being used most extensively in the last few years
for studying interplanetary scintillations (IPS). P. K. Manoharan initiated a unique
programme of using IPS data to determine the 3-dimensional structure of the solar
wind and its variations with the solar cycle (Manoharan & Ananthakrishnan 1990;
Manoharan 1993, 2006).

2.2.2 Gauribidanur

Since 1976, IIA operates a decametre wave radio telescope jointly with the Raman
Research Institute at Gauribidanur, about 100 km north of Bangalore. The telescope
consists of 1000 dipoles arranged in a ‘T’ configuration, with a 1.4 km east-west arm
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and a 0.5 km south arm. It has been engaged in the study of radio waves at 34.5 MHz
emanating from the Sun and various other diverse objects in the sky. Additionally,
there is a radioheliograph, a high-resolution radio spectrograph, and a polarization
interferometer. The radioheliograph is used regularly to obtain 2-dimensional images
of the solar corona (Ramesh et al. 1998).

Figure 6. A decametre wave radio telescope (GEETEE) at the Gauribidanur radio observatory.

2.3 Space observations

Solar X-ray Spectrometer (SOXS), a low energy detector payload of Physical Re-
search Laboratory (PRL) onboard GSAT-2 launched in 2003, was used for studies of
high spectral and temporal resolution X-ray spectra of solar flares. The instrument
consists of two types of detector modules: a low energy detector (SLD) module con-
sisting of two semiconductor devices viz. a silicon P-intrinsic-N (PIN) detector to
measure the low energy X-rays (4–25 keV) and a cadmium-zinc-telluride (CZT) de-
tector for soft to medium hard X-rays in the energy range 4–60 keV (Jain et al. 2005).

2.4 Eclipse observations

Teams from India have regularly taken part in observations of total solar eclipses from
different parts of the world. A team from Indian Institute of Astrophysics reported the
detection of short-period coronal oscillations (Singh et al. 1997).
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2.5 Proposed future facilities

Some of the future facilities coming up are described by other authors in this proceed-
ings volume—the Multi Application Solar Telescope (MAST) in Udaipur; the space
coronagraph Aditya; the National Large Solar Telescope to be set up in the Himalayas.

3. Theoretical research

Constraint of space forces us to restrict our discussion to only a few areas of theoretical
solar physics in which Indians have made significant contributions.

3.1 Helioseismology

We have already mentioned that the Udaipur Solar Observatory is one of the GONG
sites. India also has a strong tradition of theoretical research in helioseismology initi-
ated by S. M. Chitre in Tata Institute of Fundamental Research (TIFR) and continued
by H. M. Antia, S. Basu (during her postdoctoral stint with this group). Amongst
the many important results which this group obtained, one may mention the work on
constraining the solar abundances using helioseismology (Basu & Antia 1995, 2004;
Antia & Basu 2005). Their other important contributions include the use of helioseis-
mic measurements to accurately determine the depth of the convection zone (Basu &
Antia 1997) and the extent of overshoot below its bottom (Basu, Antia & Narasimha
1999). They have also developed techniques for mapping the differential rotation in
the solar interior from helioseismic mode splittings and studied its temporal evolution
in the form of torsional oscillations (Antia, Basu & Chitre 1998; Antia & Basu 2000;
Basu & Antia 2003). Currently, several groups around the country have started work-
ing on helioseismology, including local helioseismology of active regions aiming at
deciphering the structure and flows beneath sunspots (Rajaguru et al. 2007).

3.2 Solar dynamo theory

A central role in the development of the flux transport dynamo model was played by
A. R. Choudhuri at Indian Institute of Science (IISc) and his students that included
S. D’Silva, M. Dikpati, D. Nandy, P. Chatterjee and J. Jiang (who did a part of her
thesis with Choudhuri). Early research by this group on the rise of magnetic flux
through the convection zone (Choudhuri 1989; D’Silva & Choudhuri 1993), which
provided the first theoretical explanation of Joy’s law, showed that the magnetic field
at the bottom of the convection zone has to be as strong as 105 G. Since such a strong
field would quench the traditional α-effect, this result provided an impetus for the
development of the flux transport dynamo model, in which the Babcock–Leighton
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mechanism replaces the α-effect and the meridional circulation plays a crucial role.
Choudhuri, Schüssler & Dikpati (1995) wrote an important paper demonstrating the
feasibility of the flux transport dynamo. Further details of the flux transport dynamo
model were worked out by Nandy & Choudhuri (2001, 2002) and Chatterjee, Nandy
& Choudhuri (2004). This model has been used to predict that the next cycle 24
will be a weak cycle (Choudhuri, Chatterjee & Jiang 2007). Recently Nandy, Muñoz-
Jaramillo & Martens (2011) have proposed a theory for the last unusually long sunspot
minimum.

3.3 Flux tubes and the magnetic network

Magnetic field in the photosphere exists in the form of a network of flux tubes. Sev-
eral dynamical studies of flux tubes were undertaken by S. S. Hasan and his students
that included D. Banerjee, S. P. Rajaguru and G. Vigeesh. Important studies on the
formation of flux tubes due to convective collapse were carried out by Hasan (1985)
and Venkatakrishnan (1986). Buffeting by granules of the photospheric footpoints of
the magnetic flux tubes which extend into the corona can excite waves in these flux
tubes—a physical process studied by Choudhuri, Auffret & Priest (1993) and Hasan
& Kalkofen (1999). The dynamics and energy transport of waves through the mag-
netic network has been investigated in quantitative detail by Hasan et al. (2005) and
Hasan & van Ballegooijen (2008). Using 2-D numerical simulations, the contribution
of various MHD modes to chromospheric heating was assessed.

4. Miscellaneous activities

4.1 Research with international facilities

Several Indian solar physicists have been involved in analyzing data coming out of
the space missions such as SOHO, Hinode and STEREO. B. N. Dwivedi was in the
team which used SUMER on SOHO to study polar coronal holes (Wilhelm et al.
1998) and to prepare a spectral atlas of solar-disk features (Curdt et al. 2001). He has
also been involved now in the observations of active region loops using Hinode/EUV
Imaging Spectrometer (Tripathi et al. 2009). We may mention that several groups
around India are now working with Hinode data. P. Subramanian has been in a team to
detect shock waves associated with CMEs using LASCO on board SOHO (Vourlidas
et al. 2003). N. Srivastava has taken part in developing a method for estimating the
propagation direction of CMEs from STEREO images (Mierla et al. 2008). Srivastava
& Venkatakrishnan (2004) have also studied the solar and interplanetary sources of
major geomagnetic storms. D. Banerjee and co-workers have used EIS/Hinode and
SUMER/SoHO to study waves in polar coronal holes (Banerjee et al. 2009).

We now come to Indian solar physicists who have used ground-based facilities
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outside India to do important studies. Sivaraman & Livingston (1982) used the Kitt
Peak Vacuum Tower Telescope to study the relation between small-scale bright points
and magnetic fields in the photosphere. As an example of a successful collabora-
tion within the Asia-Pacific region, Jagdev Singh has collaborated with researchers
at the Norikura Observatory in Japan to study the height variation of the green and
red iron lines in the corona (Singh et al. 1997). This group also used the green-line
spectrum to detect coronal waves (Sakurai et al. 2002). Several Indian solar physicists
have worked with groups outside India to study different aspects of flares (Hagyard,
Venkatakrishnan & Smith 1990; Ambastha & Hagyard 1993; Manoharan et al. 1996;
Hagyard, Stark & Venkatakrishnan 1999). S. Mathew has been involved in a collabo-
rative study of the statistics of sunspots in cycle 23 (Mathew et al. 2007). Bharti, Jain
& Jaaffrey (2007) have used observations in NSO to study convection inside umbral
dots.

4.2 Reviews and science popularization

Apart from research papers, several Indian solar physicists have written impact-making
reviews. Early examples include two very comprehensive reviews by Narain & Ulm-
schneider (1990, 1996) on chromospheric and coronal heating mechanisms. More
recently Banerjee et al. (2007) have written a review on observing trends in the field
of magnetoseismology of the solar atmosphere, whereas Basu & Antia (2008) have
reviewed the subject of helioseismology and solar abundances.

A. Bhatnagar and B. N. Dwivedi have taken special interests in popularizing solar
physics amongst the general public and amongst students. Bhatnagar wrote a textbook
on solar astronomy with Livingston (Bhatnagar & Livingston 2005) shortly before his
death in 2006. Dwivedi took the initiative to bring out a volume containing pedagogi-
cal chapters on different aspects of solar physics by several leading solar physicists of
the world (Dwivedi 2003). Another useful pedagogical volume on different aspects of
solar physics is the volume edited by Hasan & Banerjee (2007) based on the lecture
courses given in a winter school in Kodaikanal, which was attended by several stu-
dents from outside India. We may also mention that a popular article by Dwivedi &
Phillips (2001) was chosen as the cover article by Scientific American.

4.3 International conferences

Several important international conferences dealing with different aspects of solar
physics have taken place in India during the last few decades. Here we list some of
the conferences which led to major proceedings volumes: IAU Symposium 142: Basic
Plasma Processes in the Sun, Eds. E. Priest & V. Krishan (1990); Windows on the
Sun’s Interior, Eds. H. M. Antia & S. M. Chitre (1996); IAU Colloquium 179: Cycli-
cal Evolution of Solar Magnetic Fields, Eds. P. Venkatakrishnan, O. Engvold & A. R.
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Choudhuri (2000); Transient Phenomena on the Sun and Interplanetary Medium, Ed.
W. Uddin (2006); Solar Influence on the Heliosphere and Earth’s Environment: Re-
cent Progress and Prospects, Eds. N. Gopalswamy & A. Bhattacharyya, Challenges
for Solar Cycle–24, Eds. R. Jain, P. Venkatakrishnan & J. Karpen (2008); Heliophys-
ical Processes, Eds. N. Gopalswamy, S. S. Hasan & A. Ambastha (2010), Magnetic
Coupling between the Interior and Atmosphere of the Sun, Eds. S. S. Hasan & R. J.
Rutten (2010).

5. Summary and future perspective

We have tried to give an overview of how solar physics developed in India from the
nineteenth century to the present time. While Indian scientists have made significant
contributions in certain areas of solar physics, these activities definitely need to grow
significantly to a level that will realize the country’s potential. Currently there are
about 40 faculty members and about 10 students working in solar physics all over
India. These numbers certainly have to be enhanced considerably in order for India to
be a major international player in solar physics as well as to better utilize the upcoming
solar facilities such as the Solar Coronagraph ADITYA and the National Large Solar
Telescope.

Recently, five Indian Institutes of Science Education and Research (IISERs) have
been set up to impart quality undergraduate education in basic sciences. In addition,
many of the national institutes have initiated integrated Ph.D. programmes in physical
sciences and astronomy instrumentation. There are already indications that many stu-
dents coming out of high school are again considering basic science as a career option.
The future of solar physics in India will crucially depend on whether we can channel
some of these bright students to a research career in solar physics.
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Abstract. At present, about twenty PhDs are carrying out education,
research, and observation in the field of solar astronomy in Korea. The
history and recent activities of the Korean solar community are briefly re-
viewed in this paper. We expect that the current efforts of Korean solar
astronomers contribute to the promotion of cooperative solar research in
the Asian-Pacific countries.

Keywords : Sun: general – History and philosophy of astronomy

1. Introduction

Modern solar physics in Korea was initiated by Prof. Hong Sik Yun as he joined the
Department of Astronomy at Seoul National University in 1976. He carried out so-
lar research on umbral chromospheric models until the early 1980s and supervised
several Korean solar astronomers who are leading the Korean solar physics society in
these days. In 2003, upon retirement, he wrote a review paper on the growth of solar
physics in Korea and expected that the future of solar astronomy in Korea is bright
and promising (Yun 2003). His expectation has come from the outstanding achieve-
ment of research paper publications of the Korean solar physicists in major journals.
In this paper, we mainly describe recent activities of solar physics in Korea after the
first growth phase that was reviewed by him.

At present, two universities, Seoul National University (SNU) and Kyung Hee
University (KHU) offer graduate programs for solar physics. Korea Astronomy and
Space Science Institute (KASI) is the only national institute for solar astronomy. Over

∗email: kscho@kasi.re.kr
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(a) (b)
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Figure 1. Representative solar observational systems and data in Korea. (a) Solar Flare Tele-
scope (SOFT), (b) Korean Solar Radio Burst Locator (KSRBL), (c) e-CALLISTO, (d) Hα flare
observed by SOFT on 15 Feb. 2011, (e) Solar radio burst observed on 24 Feb. 2011 by KSRBL,
and (f) type II radio burst observed on 31 Dec. 2007 by e-CALLISTO.

thirty graduate students are pursuing their domestic PhD studies and around twenty
PhDs are studying in diverse fields of solar astronomy.

2. Instruments

Most of solar observation systems in Korea have been operated by KASI. Fig. 1 shows
the representative ground observation systems in Korea such as Solar Flare Telescope
(SOFT, Park et al. 1997), Korean Solar Radio Burst Locator (KSRBL, Dou et al.
2007), and e-CALLISTO (Bong et al. 2009). SOFT is the first research-oriented so-
lar observing facility in Korea that was installed at the top of the Bohyun Mountain
in 1995. The SOFT was originally designed for the observations of solar active re-
gions as a 4-channel instrument including white light and Hα observing systems, a
vector magnetogram (VMG) and a longitudinal magnetogram (LMG). In 2006, an Hα
full-disk monitoring system for the observations of the chromosphere was added to
the SOFT. KASI has two solar radio observation systems. One is the Korean Solar
Radio Burst Locator (KSRBL), a single dish radio spectrograph with broadband fre-
quency range (0.5 ∼ 18GHz). The KSRBL was developed in collaboration with New
Jersey Institute of Technology (NJIT) and was installed at KASI in August, 2009. It
has a unique capability to locate the position of a burst within 2 arcmin and record
the spectra of solar microwave bursts with high time (1 sec) and frequency resolution
(1MHz). In lower frequency range, there is the e-CALLISTO (Earth-wide, Compact
Astronomical Low-frequency, Low-cost Instrument for Spectroscopy in Transportable



Recent activities of solar astronomers in Korea 385

Observatories), which is a global network of frequency-agile radio spectrometers that
was constructed in a collaboration between ETHZ of Switzerland and KASI as a part
of IHY 2007 (International Heliophysical Year) activity. The e-CALLISTO is moni-
toring the solar radio bursts in frequency range between 45MHz and 870MHz and is
usually used for studying type II solar radio bursts. The e-CALLISTO and KSRBL
will be used for studying solar eruptions and monitoring solar radio bursts which can
disturb many kinds of high-tech radio instruments such as cellular phone, GPS, and
radar.

The SNU group has made efforts in solar instrumentation as well. The first ex-
perience was to operate a fast CCD camera on the old telescopes at Big Bear Solar
Observatory to observe filaments. The next one is the development of Fast Imaging
Solar Spectrograph (FISS, Ahn et al. 2008). It is an Echelle spectrograph that can do
fast imaging based on the slit scan, and that can record two spectral bands simultane-
ously. The basic idea and optical design originated from J. Chae, and the development
was carried out by the collaboration between the SNU solar group and the KASI so-
lar group. The instrument is installed in the Coude room of the 1.6 meter off-axis
New Solar Telescope (NST) at Big Bear Solar Observatory, and is currently the major
observing facility of the SNU solar group.

Solar observing facilities of KHU are partly located on the housetop of the Col-
lege of Applied Science Building and partly in Kyung Hee Astronomical Observa-
tory. These comprise a 6′′ refractor with diverse filters and cameras, a spectrograph
developed internally for the sole purpose of solar observation, and a space weather
monitoring and demonstration facility.

3. Research activities

3.1 Korea Astronomy and Space Science Institute

3.1.1 History

KASI has done sunspot observations since 1987 using the Sunspot Telescope (Sim
et al. 1990). However, there was no solar astronomer at that time. Dr. YoungDeuk
Park joined the KASI in 1990 and led the solar group. His first achievement was the
construction of the SOFT on Bohyun mountain. SOFT was the first research-oriented
solar instrument. After installing the SOFT, Dr. Young-Jae Moon (now at KHU)
was employed as a research scientist and worked from 1995 to 2007. In 2002, Dr.
Kyung-Suk Cho joined the KASI after the group was chosen as Solar Activity Re-
search Laboratory by the Ministry of Science and Technology (MOST). After that the
KASI initiated a project in 2004 which comprises the development of Korean Solar
Radio Burst Locator (KSRBL) and participation in the construction of 1.6 m New
Solar Telescope (NST) with NJIT. For this project, Drs. Yeon-Han Kim and Su-Chan
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Bong were added as faculty members. The group started a new project in the year 2007
to establish a Korean Space Weather Prediction Center (KSWPC). Scope of the project
includes extension of ground observation system, construction of space weather data-
base and networking, development of prediction models, and space weather studies.
Currently, Drs. Sung-Hong Park, Soyoung Park, and Pankaj Kumar are working with
the staff as post-doctoral researchers, and there are seven PhD candidates working for
solar physics in KASI.

3.1.2 Current Research and Prospect

Their research includes studies of CME and type II radio burst shock kinematics (Cho
et al., 2008), magnetic reconnection of flare-associated CMEs (Bong et al., 2006),
small-scale X-ray/EUV jets (Kim et al., 2005), vector magnetic fields in the photo-
sphere, and Hα spectral properties of quiescent filaments. To improve capability of
space weather forecast, they have studied geo-effective CMEs since the CME is one
of the most important events that can trigger a geomagnetic storm. Their main goal
is to forecast geomagnetic storms (Dst < -50nT) based on initially observed CME pa-
rameters at the Sun. This forecast is very meaningful because it allows us to make
an earlier warning, two or three days in advance. For this, they examined geoeffec-
tiveness of CMEs and developed an empirical geomagnetic storm prediction model
based on solar information (Kim et al., 2008). Recently Dr. Kyung-Suk Cho, one fac-
ulty member of the group, investigated an empirical relationship between CME initial
speed and solar wind dynamic pressure and proposed an empirical model based on
CME initial speed for prediction of solar wind dynamic pressure change triggered by
high speed CMEs (Cho et al. 2010). These activities of KASI may help a satellite
operator to make preparations for an upcoming space weather disturbance caused by
solar eruption, such as attitude and angular momentum control.

In 2010, KASI turned its main scientific focus to space observations. As a part of
the activity, KASI made an agreement with NASA and started initial setup of the data
system to store, use, and disseminate the Solar Dynamics Observatory (SDO) data.
The SDO data center has four subsystems. The first is data transfer system (DTS)
to transfer SDO data from Stanford University to KASI. It will be connected through
10 Gbps GLORIAD network. The second is data archiving system (DAS) to archive
and manage SDO/AIA (650 TB/year) and SDO/HMI data files (180 TB/year), which
was designed in consideration of a compatibility and scalability of the system so that
we can extend its capacity and performance at any time by adding more storage and
clustered gateway, respectively. The third is cluster system (CS) to compute data for
researches and applications. The last one is data service system (DSS) to provide SDO
data to users. The users can access SDO data through DSS system via FTP, HTTP, and
etc. In 2011, we are going to construct DTS and initial small part of DAS and then we
will gradually extend its archiving capacity by 2015. It is hoped to provide free and
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unfettered access for scientists from 2012 after developing of various applications for
data query and analysis.

3.2 Kyung Hee University

3.2.1 History

Solar physics studies at Kyung Hee University (hereafter KHU) earnestly began in
1988 when Prof. Kap-Sung Kim assumed professorship at the Department of Astron-
omy and Space Science (hereafter DASS), which was established in 1985. Prof. K.-S.
Kim had earned his PhD degree from Kyoto University, Japan, with a thesis on sodium
lines in solar prominences. At KHU, he continued to work on non-LTE radiative trans-
fer calculations in the solar atmosphere, and later also worked on solar wind models.
As a lonely solar astronomer in the Department for some ten years, he strived hard
to establish solar observing facilities in KHU and bring up students to be major solar
astronomers in the future Korean solar physics community. Among his students were
Dr. Kyung-Suk Cho and Dr. Yeon-Han Kim, who are now at KASI.

In 2002, Prof. Minhwan Jang, whose research field had been extragalactic astron-
omy till then, entered the solar physics community, when his proposal of the Lyman
alpha Solar Telescope (LIST) onboard the Korea Science and Technology Satellite-
2 was granted by the Korean government. In 2006, the Department added another
faculty member Prof. Gwangson Choe, who had worked on theories and numerical
computations of solar activities at the Princeton Plasma Physics Laboratory. One year
after, Prof. Yong-Jae Moon, who had acquired reputation in solar observations and
space weather at KASI, joined the DASS faculty.

In 2008, the already grown solar physics group and the space physics group of
the Department joined forces to land a big grant of the Korean government, the World
Class University Program (WCU). Within this program, the School of Space Research
(hereafter SSR) was established in KHU in 2009 and two world-renowned solar physi-
cists were invited to join its new faculty. They were Prof. Sami K. Solanki of Max
Planck Institute for Solar System Research, Germany and Prof. Robert P. Lin of the
Space Science Laboratory in University of California Berkeley. In the same year,
Prof. Tetsuya Magara, who is famous for solar numerical simulations, also joined the
DASS-SSR faculty. Now the solar physics-related groups of the DASS and SSR have
seven tenured and tenure-track professors, three research scientists (Dr. Junho Shin,
Dr. V. Pandey and Dr. Jin-Yi Lee), and about 15 graduate students. At present, the
Department of Astronomy and Space Science is responsible for undergraduate pro-
grams and administrative relations while the School of Space Research is in charge of
graduate programs and research.
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3.2.2 Facilities and Current Research

Prof. Kap-Sung Kim, who is the president of the Korean Astronomical Society and
Dean of College of Applied Science in KHU, is engaged in non-LTE line transfer
calculations in collaboration with Prof. Ichimoto of Kyoto University, working part
time on multi-fluid solar wind models.

Prof. Gwangson Choe, the current Department chairman of DASS/KHU, is work-
ing on energetics of multiple flux systems in relation to coronal mass ejections, in-
cremental growth of magnetic flux systems, ballooning instability in the solar at-
mosphere, and interaction of emerging flux ropes and overlying fields (Choe 2009).

Prof. Minhwan Jang, the former director of Kyung Hee Observatory, is investigat-
ing coronal magnetic field measurement by observed plasmoid dynamics (Jang et al.
2009), morphological evolution of coronal holes in relation to solar wind dynamics,
geometry of observed features in coronal mass ejections, characteristics of EIT and
Moreton waves.

Prof. Yong-Jae Moon and his students are studying solar activity and space weather
prediction with the following scientific subjects : (1) solar eruptions (Kim et al. 2007,
2008) and solar EUV spectroscopy (Lee et al. 2011), (2) solar proton events (Park et
al. 2010), (3) automatic solar data analysis and flare prediction, (4) flux rope and cone
models for CMEs, and (5) the prediction of geomagnetic storms (Ji et al. 2010) and
geoeffective CME parameters (Choi et al. 2009, Moon et al. 2009).

Prof. Tetsuya Magara is leading the solar dynamics laboratory. An important goal
of this research group is to understand the nature of the Sun by clarifying the dynamic
behaviour of solar magnetic field, which provides the origin of activity affecting the
solar-terrestrial environment. Toward this end, they use the theoretical modeling based
on numerical simulations and data analysis of space and ground-based observations
(Magara & Tsuneta 2008; Magara 2009; Magara 2010; Magara 2011a, b). They
also collaborate closely with a space weather group at NiCT (National Institute of
Information and Communications Technology) in Japan to develop a realistic space
weather model.

3.3 Seoul National University

3.3.1 History

In 2003, Prof. Jongchul Chae succeeded Prof. Hong Sik Yun by taking up a professor
position in the Astronomy Program, Department of Physics and Astronomy in this
university. He is currently the only day-time astronomer among twelve professors in
the Astronomy Program, five of whom are in the field of cosmology and extragalactic
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astronomy, three in our Galaxy (stars and interstellar medium), two in astrophysical
theory, and one in the solar system. From 2008 to 2011, under the supervision of
J. Chae, five (Hyewon Jeong, Kwangsu Ahn, Eun Kyung Lim, Ryun-Young Kwon,
Soyoung Park) got their doctorates in Seoul National University, and one (Hyung-
Min Park) in Chungnam National University. H. Jeong and R.-Y. Kwon are working
as post-doctoral researchers at Goddard Space Flight Center of NASA, USA, and K.
Ahn and E. K. Lim are post-doctoral researchers at Big Bear Solar Observatory. S.
Park and H.-M. Park are post-doctoral researchers at KASI and SNU, respectively.
The solar astronomy group in SNU now consists of one professor (J. Chae), one post-
doctoral researcher (H. Park), two PhD candidates (Donguk Song and Heesu Yang),
and two MS candidates (Gyuhyun Cho and Miryo Han).

3.3.2 Current research

The SNU solar astronomy group has kept several international connections/ collabo-
rations. The first is with Japanese colleagues in the solar physics division of NAOJ.
As mentioned by Yun (2003), the development of solar physics in Korea was greatly
aided by Japanese colleagues. J. Chae also got much help from Professors Takashi
Sakurai, Kiyoshi Ichimoto, and Yoshinori Suematsu when he was a graduate student.
After Chae began to lead the SNU solar astronomy group, the group has kept close
collaborations with Japanese colleagues as represented by T. Sakurai focusing on the
analysis of data that came out of the Hinode mission. Recently, the group is also col-
laborating with the group led by Professor Saku Tsuneta in the development of the
sounding rocket experiment called Chromospheric Lyman-Alpha SpectroPolarimeter
(CLASP). The next connection is with Big Bear Solar Observatory. This connection
is a consequence of J. Chae’s experience as a post-doctoral researcher in the obser-
vatory under the supervision of Professors Philip Goode and Haimin Wang. After
Chae came back to Korea, Big Bear Solar Observatory has become the main provider
of ground-based observations for his group. The observatory also provided a nat-
ural link to Chinese colleagues who visited there, including Hongqi Zhang, Jingxiu
Wang, Mingde Ding and Haiseng Ji. Connection to other Chinese colleagues such
as Chen Fang came from their early connections to and collaborations with Professor
Yun. Finally, the SNU solar group has worked with Yuri Litvinenko at University of
Waikato, New Zealand. Since they have many common research interests like promi-
nences/filaments and cancelling magnetic features, and Litvinenko is good at MHD
theory while the SNU group is good at observations and data analysis, the collabora-
tion has been mutually beneficial and quite productive.

The SNU solar group has focussed on understanding the nature of magnetohydro-
dynamic phenomena in the solar atmosphere. The major topics include 1) the struc-
ture, formation and eruption of prominences/filaments (Chae et al. 2005, 2008; Lim
& Chae 2009), 2) small-scale events of magnetic reconnection in the photosphere and
chromosphere as represented by canceling magnetic features (Park et al. 2009; Chae
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et al. 2010), 3) helical structures and measurements of magnetic helicity (Chae 2001;
Jeong & Chae 2007; Lim et al. 2007), and 4) coronal loops (Chae & Moon 2005;
Kwon & Chae 2008). The basic approach is to carry out ground-based observations,
and analyze the data in combination with the space-borne observations. A number of
papers on these topics were published by the group in major journals, some of which
are cited above.

4. Concluding remarks

KASI has been developing and operating solar instruments, and universities are carry-
ing out education and bringing up human resources in Korea solar astronomy society.
They are pursuing international collaborates for cutting-edge science in solar physics
and extending their research scope to the world. In this situation, the collaboration
among solar astronomers in the Asian and Pacific regions started by the APSPM 2011
could give impetus to extend current activities of Korean solar astronomers. In this re-
spect, we expect that Korean experience through the construction of SDO Asian data
center, development of FISS, and education in the WCU program will contribute to
Asia-Pacific solar physics community.
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Abstract. Taiwan has a small but growing solar physics community. The
current research interests are mainly in the following three fields: helio-
seismology, solar atmosphere dynamics, and Sun–Earth connection/space
plasma. Here, we give an overview of the solar research in Taiwan.
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1. Overview

The solar physics research in Taiwan is mainly focused in the following fields: helio-
seismology (NTHU and NCU), solar atmosphere dynamics (NCU and PSSC/NCKU),
Sun–Earth connection and space plasma (NCU and PSSC/NCKU). The following is a
compilation of the research projects in each field.

2. Helioseismology

There are currently two groups working on helioseismology in Taiwan: one at Na-
tional Tsing Hua University (NTHU), led by Dean-Yi Chou, another at National Cen-
tral University (NCU), led by Chia-Hsien Lin. The NTHU group has been working on
helioseismology since early 90’s. The group currently has one postdoctor, two PhD
students, and one Master student. The NTHU group built a ground-based global ob-
serving network (Taiwan Oscillation Network, TON) in 90’s to observe high-degree
solar p-mode oscillations. The TON consists of four telescopes at Teide Observa-
tory (Spain), Huairou Solar Observing Station (China), Big Bear Solar Observatory
(USA), and Ulugh Beg Observatory (Uzbekistan). Beside the TON data, the NTHU
group also uses the MDI/SOHO and HMI/SDO data to study helioseismology. The
scientific topics currently carried out in the NTHU group include:

∗email: chlin@jupiter.ss.ncu.edu.tw
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• solar-cycle variations of subsurface meridional flows

• absorption, emission and suppression of solar acoustic waves in magnetic re-
gions

• acoustic waves scattered by sunspots

• lifetime of high-degree solar p modes

• signature of solar-cycle variations near the base of the convection zone

C-H Lin’s group, started in 2010, currently has only one Master student, but is
expecting to have more students and one to two postdoctors in the coming year. The
research interests of the group include subsurface magnetic structures of solar active
regions, solar chemical compositions and equations of state.

3. Solar atmosphere dynamics

In addition to helioseismology, CHL group is also interested in solar atmosphere dy-
namics. The current research project is to study the physical mechanisms that would
trigger and drive coronal mass ejections and also to examine possible connections
between the subsurface magnetic structures and the eruptive events in the atmosphere.

Ya-Hui Yang and C. Z. Frank Cheng at the National Cheng-Kung University
(NCKU) have worked on various topics associated with solar flares, including nu-
merical modelling, hard X-ray emissions, and reconnection currents.

4. Sun–Earth connection and space plasma

The research in this field is currently carried out at NCU and NCKU. NCU is also plan-
ning to develop an international collaboration with scientists at the Center for Space
Plasma and Aeronomy, University of Alabama Huntsville (CSPAR/UAH); Max-Planck
Institute for Solar System Research (MPS); and Stanford University.

The following is a compilation of the on-going research projects from several
NCU researchers.

• Heliospheric plasma and magnetic fields:

The main scientist working on this topic is Alexei Dmitriev. The latest work
of Dmitriev and his colleague is titled “Statistical characteristics of the he-
liospheric plasma and magnetic field at the Earth’s orbit during four solar cycles
20-23”
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In this study, they analyzed the variability of key heliospheric parameters mea-
sured at the Earth’s orbit during four solar cycles from 1964 to 2007. Specif-
ically, they studied statistical characteristics of solar wind proton number den-
sity, temperature, bulk velocity, interplanetary magnetic field vector and com-
ponents as well as dimensionless parameters in connection with variation of
sunspot number. From harmonic analysis, they found basic periods which cor-
respond to the rotational harmonics of Sun and Earth as well as to specific solar
periodicities, including solar cycle. They also found that the heliospheric para-
meters are transitional and characterized by log-normal distributions.

• High-speed streamers and coronal holes:

Keh-Wei Pi and J.-H. Shu are studying the relation between coronal holes and
high-speed streamers. The following is a brief description about their latest
work:

High Speed Stream (HSS) can affect the dynamics of the magnetosphere when
it reaches the earth. There are two types of HSS: fast-solar-wind related and
coronal-mass-ejection related. Fast solar wind has been thought to be originated
from coronal hole regions and the wind speed can be influenced by the ambi-
ent magnetic field structure. The objective of Pi and Shu is to understand the
characteristics of a HSS generated by a coronal hole. They use solar ultraviolet
images from the SOHO and STEREO satellites and in-situ plasma data from the
ACE and STEREO satellites. They also apply an image processing technique,
phase-based optimal image thresholding, for automatically classifying coronal
holes. By using these data, they are able to investigate how the coronal holes
change the characteristics of HSS.

• Magnetohydrodynamics (MHD) simulations:
Hsiou-Shan Yu and Ling-Hsiao Lyu have worked on this subject. Their recent
studies include the following:

- The causes of plasma acceleration and changes of magnetic flux in a resistive
MHD plasma;

- Dynamical evolution of ”X” and ”O” point in the Harris Field-Reversal layer

Besides the MHD simulations, Yu and Lyu had also worked on helioseismology
in the past. One example of their work is “Solar latitudinal differential rotational
pattern deduced from traces of supergranulations or plages observed by Taiwan
Oscillation Network”

At NCKU, Plasma and Space Science Center (PSSC) was established in 2006, and has
been headed by C. Z. Frank Cheng. The research projects of the center include basic
plasma sciences, plasma diagnostics, controlled thermonuclear fusion, space sciences,
and satellite scientific payload development.



396 C.-H. Lin and Dean-Yi Chou

Acknowledgments

We thank Alexei Dmitriev and Keh-Wei Pi for providing the description of their work
for the paper. CHL is supported by the NSC of ROC under grant NSC99-2112-M-
008-019-MY3. DYC is supported by the NSC of ROC under grant NSC-99-2112-M-
007-011-MY3.



First Asia-Pacific Solar Physics Meeting
ASI Conference Series, 2011, Vol. 2, pp 397–403
Edited by Arnab Rai Choudhuri & Dipankar Banerjee

Solar physics research in Australia

P. S. Cally,1∗M. S. Wheatland,2 I. H. Cairns2 and D. B. Melrose2

1Monash Centre for Astrophysics, School of Mathematical Sciences, Monash University,
Victoria 3800, Australia
2Sydney Institute for Astronomy, School of Physics, The University of Sydney,
NSW 2006, Australia

Abstract. Australia has a small but world-class solar physics research
community, with strong international ties, working in areas of particular
strength defined by the research interests of individuals and small groups.
Most research occurs at the major universities, and a small number of Ph.D.
students are trained in the field each year. This paper surveys Australia’s
current contribution to solar physics research, and the prospects for future
development of the field.
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1. Introduction

Historically Australia has made major contributions to research in solar physics. Early
observational work was at the Commonwealth Solar Observatory, which became the
Mount Stromlo Observatory near Canberra, and the solar observational work was in-
corporated into what became the Commonwealth Scientific and Industrial Research
Organisation (CSIRO). The CSIRO group was led by Ron Giovanelli, who built a
solar optical observatory at Culgoora in New South Wales. A second group in the
CSIRO led by Paul Wild built a solar radioheliograph at Culgoora. Australia was a
world leader in the early decades of radio astronomy, in particular in solar radio as-
tronomy. There was a golden era for Australian solar astronomy in the 1970s, when
the IAU General Assembly was held in Sydney in 1973, and two associated IAU Col-
loquia were organized by the two CSIRO groups. During this early period, with few
exceptions, observational solar astronomy was carried out in the CSIRO (an exception
being Bill Ellis’ group at the University of Tasmania), and supporting theoretical work

∗email: paul.cally@monash.edu
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was based in the universities (an exception being Jack Piddington in the CSIRO). The
early research in solar physics is well documented in books (Bray & Loughhead 1964;
Bray et al. 1991; McLean & Labrum 1985) and review articles (Wild, Smerd & Weiss
1963; Wild & Smerd 1971; Wild 1987).

Today Australia does not have a major solar observing facility. Routine solar
observations are still made at Culgoora in New South Wales and Learmonth in West-
ern Australia for space weather and ionospheric prediction purposes. Learmonth also
hosts one of the six Global Oscillations Network Group (GONG) instruments pro-
viding high resolution helioseismic Doppler data as well as magnetograms and Hα
images. Solar radio observations in Australia are currently restricted to routine mon-
itoring (e.g., the radiospectrograph at the Culgoora Observatory monitors solar radio
bursts), but there is the prospect of a new era with the introduction of the Murchison
Widefield Array (see Section 3). The observational situation may be contrasted with
the wider field of astronomy, in which Australia has major ground-based observato-
ries, in particular for observational radio astronomy. Australia’s privileged position in
the southern hemisphere and vast radio-quiet outback has naturally favoured funding
and development in areas of astronomy other than solar.

The major groups in the CSIRO were closed down in the 1980s, and the em-
phasis in solar physics research shifted to the universities with a focus on theory and
computation. There was a thriving Solar Physics Association of Australia (SPAA) in
the 1980s. The early theoretical groups at Monash University led by René van der
Borght, and at Sydney University led by Peter Wilson, plus a second group led by
Don Melrose, have evolved into the present-day centres for solar-physics research in
the universities. The current state of the field in the country is that a small number of
researchers work in specific areas defined by the research interests of the individuals
and their international collaborations. The work is funded by the universities and by
the Australian Research Council.

This short paper summaries the current situation, listing the institutes and indi-
viduals involved in solar physics research in Australia. Here we broadly define solar
physics research to be work on physical processes occurring at, or directly related to
those occurring at, the Sun, consistent with the focus of the Asia-Pacific Solar Physics
Meeting. The main solar physics research groups in Australia and their areas of in-
terest are identified, and then prospects for the future of the field are discussed, with
emphasis on the Murchison Widefield Array (MWA) being built in Western Australia.

2. Research groups in solar physics in Australia

Australian solar researchers are currently located at the University of Sydney, Monash
University in Melbourne, and at James Cook University in north Queensland. Beyond
solar physics per se, there is also strong interest in the heliosphere and solar-terrestrial
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physics, as well as work in related fields, including upper atmospheric physics, mag-
netospheric physics, and cosmic ray physics.

2.1 Sydney

Solar physics research at the University of Sydney is carried out in two groups based
in the School of Physics.

One group including Don Melrose, Dave Galloway, and Mike Wheatland has par-
ticular interests in the theory and modelling of solar magnetic fields and solar activ-
ity, as well as broader interests in theoretical astrophysics and fundamental plasma
physics. Don Melrose’s main research interests are now non-solar, although he main-
tains an active interest in the theory of solar flares (Melrose 2009). Mike Wheatland
works on modelling coronal magnetic fields (Wheatland 2011) and on understanding
solar flare statistics (Wheatland 2000), as well as having broader research interests
e.g. in Bayesian probability (Wheatland 2010). He currently has two PhD students
working on projects in solar physics. Dave Galloway has a particular interest in the
solar dynamo, as part of a wider interest in MHD modelling (Galloway & Weiss 1981).
The international solar physics collaborations of the group include collaborations with
Lockheed Martin Space and Astrophysics Laboratory in Palo Alto, NorthWest Re-
search Associates in Boulder, and with Ian Craig and Yuri Litvinenko at the University
of Waikato in New Zealand.

The second group at the University of Sydney, led by Iver Cairns and Peter Robin-
son, has particular interests in solar physics as part of a wider interest in space plasma
physics and solar system phenomena. This research focuses on the growth and propa-
gation of plasma waves and radio emissions associated with electron beams and shock
waves in sources that range from the Sun’s corona and solar wind to Earth’s ionosphere
and the boundaries of the solar system. The group includes postdoctoral fellows Bo
Li, Vasili Lobzin, Joachim Schmidt, and Kunwar Singh plus 7 current postgraduate
students, with another 2 PhD students graduated in the first half of 2011.

Recent solar physics research includes the following, in addition to work on MWA
discussed in Section 3 (Oberoi et al. 2011). First, robustly detecting type II and III so-
lar radio bursts in near real-time Culgoora and Learmonth data using ARBIS, the new
Automatic Radio Burst Identification System (Lobzin et al. 2010) for prediction of
future space weather events at Earth with partner IPS Radio and Space Services. Sec-
ond, using novel techniques to infer the density profiles deep in the corona from the
frequency-time profiles of type II and III bursts, so as to address the origin, heating,
and acceleration of the coronal plasma and solar wind (Cairns et al. 2009; Lobzin
et al. 2010). Third, developing quantitative theoretical models for type II solar ra-
dio bursts (Cairns 2011), that combine detailed models of plasma physical processes
(such as electron acceleration at shocks) with detailed models for the spatially vary-
ing coronal and solar wind plasma and the propagation of shocks. Fourth, developing
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detailed simulation-based theoretical models for type III bursts that allow the effects
of localized spatial structures in temperature (and soon the density) on the plasma
microphysics and remotely-observed radio spectrum to be predicted and compared
with observations (Li, Cairns & Robinson 2010). These show promise for explaining
fine structures in type III bursts. Fifth, examining the effects of spatial variations in
density turbulence and the background density profile on the angular scattering, prop-
agation, and escape of radiation from the source plasma, with applications to both type
II and III bursts (Subramanian & Cairns 2011). Finally, developing new understand-
ings of plasma microphysics, such as radio emission from eigenstates of Langmuir
waves trapped in density wells (Malaspina, Cairns & Ergun 2010) or from Langmuir
waves undergoing linear mode conversion in density gradients (Kim, Cairns & Robin-
son 2007). The above research includes collaborations with colleagues in Australia
(Curtin U. and IPS Radio and Space Services), China (National Astronomical Obser-
vatories China), Germany (Potsdam Astrophysikalishe Institut), India (IISER Pune),
and the USA (Harvard Smithsonian CfA, MIT, Princeton, U Colorado Boulder).

2.2 Monash

The Monash Centre for Astrophysics (MoCA) is a top-rated astrophysics research
centre, scoring a maximum 5 in the 2010 Excellence in Research for Australia (ERA)
government research assessment exercise. It has wide interests in stellar, galactic,
and solar astrophysics. MoCA’s solar group, Clique du Soleil, consists of permanent
staff Paul Cally and Alina Donea and a changing cast of postdocs and students. Jesse
Andries (Leuven, Belgium), who works in coronal seismology and wave theory, re-
cently spent two years at Monash on an EU Marie Curie Fellowship. The group has
a major focus on practical and theoretical local helioseismology, associated with both
quiet and active regions, and wider interests in MHD wave theory, tachocline stabil-
ity, and flares (studies of populations of particles accelerated from flares, simulations
of impact of flares on the chromosphere and photosphere). Data from SOHO/MDI,
SDO/HMI, RHESSI, GONG, and other instruments are extensively used by the group.
Research highlights from the Clique include an extensive development of the theory of
MHD mode conversion, and the discovery of many new sunquakes. Papers of central
importance include Cally, Crouch & Braun (2003), Schunker & Cally (2006), Donea
& Lindsey (2005), and Donea et al. (2006), with many subsequent developments. Re-
search partners include the High Altitude Observatory (HAO) and Colorado Research
Associates (CoRA) in Boulder Colorado, the Space Sciences Laboratory (SSL) Berke-
ley, the Max Planck Institute for Solar System Research (MPS) in Germany, the In-
stituto de Astrofı́sica de Canarias (IAC) in Spain, the Institute of Geodynamics of the
Romanian Academy, and the University of Hawaii.

Monash doctoral graduates since 2003 currently working in solar physics include
Ashley Crouch (CoRA), Hannah Schunker, Ray Burston, and Hamed Moradi (MPS),
Diana Beşliu-Ionescu (Romanian Academy), and Juan Carlos Martinez-Oliveros (SSL
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Berkeley). Hamed Moradi will return to Monash as a postdoctoral researcher in Sep-
tember 2011.

2.3 James Cook

Dr Aimee Norton, previously of HAO and the National Solar Observatory (NSO), is
now a lecturer and researcher with the Centre for Astronomy at James Cook Univer-
sity in Townsville, Queensland. Her interests include the sunspot cycle and the solar
dynamo, magnetohydrodynamic waves in the solar atmosphere, the development of
instruments to observe solar magnetic fields, and the Sun-Earth connection. Aimee
maintains collaborations with Stanford University and NSO, and is currently super-
vising three PhD students.

3. Murchison widefield array

Australia is currently undertaking a huge investment in radio astronomy that will be
multiplied manyfold if it is chosen in 2012 as the site of the Square Kilometre Array
(SKA). Amongst this new generation of instruments is the Murchison Widefield Array
(MWA), co-located with the Australian Square Kilometre Array Pathfinder (ASKAP)
at the Murchison Radioastronomy Observatory (MRO), 315 km north east of Ger-
aldton in Western Australia. MWA is an international project led by MIT Haystack
Observatory, with strong collaboration from a large array of other institutions from
the U.S., Australia, and India. The major research foci of MWA are the Epoch of
Reionization; Galactic/Extragalactic; Transients; and Solar-Heliospheric-Ionospheric
(SHI). Recent Australian leaders of the SHI collaboration include Iver Cairns (U. Syd-
ney) and Merv Lynch (Curtin U. Technology).

The characteristics of MWA that make it very suitable for SHI research include
its low frequency range (80–240 MHz), wide field of view (15◦–50◦), very good an-
gular resolution, rapid imaging cadence, great frequency and pointing agility, wide
bandwidths, polarization measurements, and considerable signal processing capabili-
ties. Its low frequency range (80–300 MHz) makes it particularly useful for studies of
metric type II and III bursts and of radio waves propagating through the magnetized
coronal, solar wind, and ionospheric plasmas from astrophysical sources or spacecraft
radio beacons. Coronal mass ejections (CMEs) will be imaged using interplanetary
scintillation (IPS) techniques and their complex magnetic structures probed remotely
using Faraday rotation. These techniques should be crucial in predicting the paths
and space weather implications (since these are crucially dependent on the magnetic
field direction and strength just upstream of Earth’s magnetopause) of CMEs headed
for the Earth. MWA’s high temporal and frequency resolution and novel imaging and
polarization capabilities should be ideally suited to studying thermal and non-thermal
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coronal emission associated with CMEs and solar flares within 5 solar radii of the Sun,
in particular metric type II and III radio bursts.

MWA has been developing its systems using a 32 tile (32-T) array with 16 dipole
antennas per tile for about two years, and completion of a 128-T array is expected by
the end of 2012. Oberoi et al. (2011) recently reported the first spectroscopic images of
solar radio transients from the 32-T instrument at 171–202 MHz, revealing the spatial,
spectral, and temporal evolution of events simultaneously and in unprecedented detail.
In summary, MWA will offer a powerful new tool allowing us to probe the solar-
terrestrial link more completely than ever before.

4. Conclusions

It is likely that Australia will retain important niche capabilities in international solar
research, but a return to the major solar focus of the 1950s to 1970s is unlikely. This
is because solar physics is only one part (albeit a vital part) of space science and be-
cause the country’s astronomical focus lies in areas served by the natural advantages
of southern vista and huge empty spaces. Nevertheless, Australia sees itself as the
“sunburnt country” (to quote a famous poem by Dorothea MacKellar), and there is
always an underlying fascination with our star. A new generation of Australian solar
physicists is emerging, and though currently largely based overseas, it has the ambi-
tions and the talent to carry on the country’s proud traditions in solar research. It is to
be hoped that they will manage to do so in their own country.
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Abstract. We outline the history of solar physics research which has
been conducted in Ulugh Beg Astronomical Institute of Uzbek Academy
of Sciences for more than 120 years. We also highlight the most prominent
achievements of our team in the past 20 years, especially using helioseismic
methods.
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1. Introduction

In the history of Tashkent Astronomical Observatory (TAO, since 1873), organized
later in 1966 as the Astronomical Institute, solar physics research was always one of
the major activities. During more than 100 years, scientific research in the institute
was concentrated on different aspects of solar physics, including almost continuous
monitoring of sunspots and other features of solar atmosphere. In the past 20 years,
solar physics research in the institute has been mainly concentrated in the field of
global and local helioseismology where we were able to achieve many interesting and
important results.

2. History of Solar Physics Research in UBAI

Solar observations started at TAO in 1884 with the help of the Merz 6-inch refrac-
tor telescope and observational data were sent to Zurich (Slonim & Korobova 1974;

∗email: shuhrat@astrin.uz
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Slonim 1974). In 1932 the Soviet Solar Watch was organized with headquarters lo-
cated at the Pulkovo observatory. At the beginning it consisted of only three stations,
Pulkovo, Kharkov observatories and TAO. Since then, solar observations have been
carried out at TAO in a regular way. In the autumn of 1932 TAO was equipped with
a Zeiss solar spectroscope provided by Pulkovo. Since then regular observations of
prominences in the hydrogen Hα-line have been carried out as well. The spectroscope
was attached to the Merz refractor and provided with a micrometer which allowed
the height of prominences to be measured. These visual observations continued until
1952.

Since 1936 TAO has taken part in the International Flare Patrol, organized on G.E.
Hale’s initiative. Visual observations were carried out with the Zeiss spectroscope
and since 1957 with the Hale-type spectrohelioscope. In 1958 a new chromospheric
telescope with Hα-filter was installed, which allowed to perform cinematographic
survey of the chromosphere and flares.

The next important step in the development of observational facilities at TAO was
the installation of the horizontal solar telescope AZU-5 in 1967. The AZU-5 was
equipped with a spectrograph with a grating, which allowed operation in the second
order with a dispersion of about 1 Å/mm.

A new era in solar research at TAO started in 1987 when a spectrophotometer of
the helioseismological IRIS (International Research on the Interior of the Sun) project,
with headquarters at the University of Nice (France), was installed at Kumbel moun-
tain, located at 75 km north-east of Tashkent (Egamberdiev & Fossat 1991; Baiju-
manov et al. 1991). The IRIS project, which consists of six identical instruments in-
stalled around the Earth, aimed to obtain an uninterrupted, long duration time series of
global solar oscillations of the Sun. The Kumbel station of the IRIS network appeared
to be one of the best and provided the IRIS data bank with about 40% of its observa-
tional data. Along with other members of the IRIS project, Uzbek astronomers have
contributed to obtaining important scientific results. These include measurements of
the p-mode amplitude modulation rate (related to the excitation and damping of the
solar acoustic oscillations) (Egamberdiev et al. 1992)), the determination of the solar
atmospheric acoustic cutoff frequency (Fossat et al. 1992), and studies of the acoustic
flux propagating upwards to the chromosphere, which could explain the temperature
rise in this upper part of the solar atmosphere. And the most important result obtained
with the IRIS network is the measurement of the solar core rotation rate up to 0.2 so-
lar radii (Gizon et al. 1997). On the basis of analyses of about 10,000 hours of nearly
continuous time series of solar global oscillations, it was shown that the solar core is
rotating as fast as the envelope. This experimental result was in contradiction with
the previously existing opinion that the core rotated at least ten times faster than solar
surface (Lazrek et al. 1996).

In the summer of 1996, UBAI became involved in the Taiwan Oscillation Network
(TON) project. The TON is a global ground network, dedicated to study the solar inte-
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riors with high-spatial-resolution and high-duty-cycle K-line data (Chou et al. 1995).
It consists of four identical telescopes at appropriate longitudes around the globe. One
of the TON telescopes was installed in Tashkent in 1996. The TON data can provide
information of solar p-modes up to ` = 1000. With this wide range of mode degree,
the TON data can be used to study the local properties as well as the global prop-
erties of the solar interiors. In particular, the data taken with the TON telescope in
Tashkent together with the data taken at other TON telescopes were used to construct
three-dimensional intensity and phase maps of the solar interior with a newly devel-
oped method, acoustic imaging (Chang et al. 1997; Chen et al. 1997, 1998; Chou et
al. 1999; Chou 2000). Another example of the important studies using the TON data
taken in Tashkent is the solar-cycle variations of meridional flows: discovering the
new divergent component of meridional flows associated with solar activities (Chou
& Dai 2001; Chou & Ladenkov 2005).

Today, together with traditional TAO solar investigations, new fields of research,
such as X-ray bright point sources (Egamberdiev 1983; Sattarov et al. 2005a,b) and
earthshine monitoring for the study of global warming mechanisms (Chou et al. 2006,
2010) are being carried out.

3. Local helioseismology study and results

In this section, we briefly discuss some of our major studies and results on local he-
lioseismology.

3.1 Life-Time of High-degree Solar p-modes

The lifetime of high-` mode is difficult to measure with the conventional method, the
width of mode line profile, because of mode blending. We are the first to use the time-
distance technique to measure the lifetime of the wave packet of high ` (Chou et al.
2001; Chou & Ladenkov 2007; Burtseva et al. 2007).

3.2 Searching for Magnetic Fields near the Base of the Solar Convection Zone

The dynamo is the central issue in solar physics. It is generally believed that solar
magnetic fields are generated near the base of the convection zone (BCZ). The detec-
tion of the solar-cycle variations of physical parameters near the BCZ could serve as
an evidence of existence of magnetic fields near the BCZ. We apply the time-distance
technique to measure the solar-cycle variations of the travel time around the Sun for
particular p-modes to show the signature of magnetic fields near the BCZ (Chou &
Serebryanskiy 2002; Chou, Serebryanskiy & Sun 2003). We also use the solar-cycle
variations of p-mode frequencies, normalized by mode mass, as a function of phase
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speed to infer a strength of 1.7 − 2.9 × 105G for magnetic fields near the BCZ (Chou
& Serebryanskiy 2005; Serebryanskiy & Chou 2005). These results were cited as one
of the most interesting astrophysical results in 2005 and 2006 (Trimble, Aschwanden
& Hansen 2006, 2007).

3.3 Meridional Circulation Study With Time-Distance Analysis

Using the TON data from 1994 to 2003, we have found that the additional divergent
meridional flows deep in the solar convection zone correlate with magnetic fields of
11-year cycle. This divergent flow extends down to 0.8 of solar radius and peaks at
a depth of 0.9 solar radius. Its amplitude correlates with the sunspot number (Chou
& Ladenkov 2005). This phenomenon is confirmed by other authors and our recent
study (Serebryanskiy et al. 2011). Our recent study using GONG++ data shows the
meridional flow speed increasing with depth, although the flow absolute speed may
be suffered from systematic effects. This work was made in close collaboration be-
tween UBAI, Astrophysical Laboratory of Tsing Hua University (Hsinchu, Taiwan),
National Solar Observatory (Tucson, AZ) and NMSU (Las Cruces, NM).

Acknowledgments

We would like to express our sincere appreciation to Prof. Arnab Choudhuri for his
warm invitation to present our paper in this proceedings.

References

Baijumanov A., et al., 1991, Solar Phys., 133, 51
Burtseva O., Kholikov S., Serebryanskiy A., Chou D.-Y., 2007, Solar Phys., 241, 17
Chang H.-K., Chou D.-Y., Labonte B., The TON Team, 1997, Natur, 389, 825
Chen H.-R., Chou D.-Y., the TON Team, 1997, ApJ, 490, 452
Chen H.-R., Chou D.-Y., Chang H.-K., Sun M.-T., Yeh S.-J., LaBonte B., the TON

Team, 1998, ApJ, 501, L139
Chou D.-Y., et al., 1995, Solar Phys., 160, 237
Chou D.-Y., Chang H.-K., Sun M.-T., LaBonte B., Chen H.-R., Yeh S.-J. & the TON

Team, 1999, ApJ, 514, 979
Chou D.-Y., Solar Phys., 192, 241
Chou D.-Y., Dai D.-C., 2001, ApJ, 559, L175
Chou D.-Y., Ladenkov O., 2005, ApJ, 630, 1206
Chou D.-Y., Ladenkov O., 2007, Solar Phys., 241, 7
Chou D.-Y., Serebryanskiy A., Ye Y.-J., Dai D.-C., Khalikov S., 2001, ApJ, 554, L229
Chou D.-Y., Serebryanskiy A., 2002, ApJ, 578, L157
Chou D.-Y., Serebryanskiy A., 2005, ApJ, 624, 420
Chou D.-Y., Serebryanskiy A., Sun M.-T., 2003, Space Science Review, 107, 35



History of solar research in UBAI 409

Chou D.-Y., Sun, M.-T., Yang M.-H., 2006, Space Science Review, 122, 221
Chou D.-Y., Sun M.-T., Fernandez Fernandez J., Wang L.-H., Jimenez A., Serebryan-

skiy A., Ehgamberdiev S., 2010, AdAst, 2010
Egamberdiev S. A., 1983, SvAL, 9, 385
Egamberdiev S., Fossat E., 1991, Solar Phys., 133,
Egamberdiev S., Khalikov S., Lazrek M., Fossat E., 1992, A&A, 253, 252
Fossat E., et al., 1992, A&A, 266, 532
Gizon L., et al., 1997, A&A, 317, L71
Lazrek M., et al., 1996, Solar Phys., 166, 1
Sattarov I., Pevtsov A. A., Karachik N. V., Sattarova B. J., 2005a, ASPC, 346, 395
Sattarov I., Pevtsov A. A., Karachik N. V., Sattarova B. J., 2005b, ASPC, 346, 363
Serebryanskiy A., et al., 2001, NewA, 6, 189
Serebryanskiy A., Chou D.-Y., 2005, ApJ, 633, 1187
Serebryanskiy A., Kholikov S., Hill F., Jackiewicz J., 2011, SPD, 1614
Slonim Y. M., Korobova Z. B., 1974, AZh, 51, 1258
Slonim Y. M., 1974, aiu..conf, 88
Trimble V., Aschwanden M. J., Hansen C. J., 2006, PASP, 118, 947
Trimble V., Aschwanden M. J., Hansen C. J., 2007, SSRv, 132, 1



First Asia-Pacific Solar Physics Meeting
ASI Conference Series, 2011, Vol. 2, pp 411–417
Edited by Arnab Rai Choudhuri & Dipankar Banerjee

Conference summary: Asia-Pacific region in the world
and in astronomy

T. Sakurai1∗
1National Astronomical Observatory of Japan, Mitaka, Tokyo

Abstract. I will discuss how the Asia-Pacific region is represented in the
world by using some statistical data which are population, GDP, IAU mem-
bership, and Solar Physics authorship. Although the Asia-Pacific region is
under-represented in solar physics and astronomy in general, the situation
is improving with the economical rise of China and India.

Keywords : Sun: general – History and philosophy of astronomy – Publica-
tions, bibliography

1. Introduction

There are AAS SPD and AGU meetings in the US, and European Solar Physics and
EGU meetings in Europe. The Asia-Pacific region has AOGS, but solar physics in
the framework of AOGS has more weight in space weather and solar-interplanetary
physics. The Asia-Pacific Regional Meeting of IAU can in principle be a host for solar
physics meeting in our region, but the activity has so far remained rather low. The idea
of initiating the first Asia-Pacific Solar Physics Meeting is to establish an equivalent
of AAS SPD and European Solar Physics meetings.

Scientific research proceeds both with cooperation and competition. There is no
doubt that Europe, the Americas, Africa, and Asia-Pacific region should cooperate
to advance knowledge in science. However, it is an unfortunate situation that sci-
entific researches done in Africa, South America, and Asia-Pacific region are under-
represented in Europe and North America. This is partly because scientists in the
former regions are not easily able to attend the conferences in the latter regions and
present their research results. The obstacles are not only in the distance to travel, but in
funding, language, and visa problems. The aim of Asia-Pacific Solar Physics Meeting

∗email: sakurai.takashi@nao.ac.jp
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is not only in increasing mutual acquaintance and cooperation among the scientists in
the region, but to raise the power of Asia-Pacific solar physics community to let the
other world recognize properly the solar physics research undertaken in our region.

In the following I will briefly touch on statistical data that show contributions
from the Asia-Pacific region in various aspects.

Figure 1. Population of the world (data from ‘World Population Prospects: The 2010 Revi-
sion’, http://esa.un.org/unpd/wpp/index.htm). Nations/regions with population exceeding one
hundred million are shown. The Asia-Pacific regions are indicated with gray.

2. Population and economy

Fig. 1 shows the pie chart of population of nations (greater than hundred millions,
as of 2010). China and India, combined, constitute more than one-third of world’s
population. More than 60% of world’s population is in Asia. Fig. 2 shows the pie chart
of GDP. In 2010 China surpassed Japan and has become the second largest economy
in the world, Japan becoming the third. Asia contributes to about 29% of world’s
GDP. Significant growth in GDP is found in China, India, Singapore, and Taiwan in
the Asia-Pacific region.

3. IAU Members

Fig. 3 shows the nation-wise distribution of IAU members (more than 100, as of 2010).
As one can see, the number of IAU members is not proportional to population, and
a large fraction of members are from the US and European countries. Fig. 3 may be
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Figure 2. GDP (gross domestic products) of the world (data from ‘IMF World
Economic Outlook Database April 2011’, http://www.imf.org/external/pubs/ft/weo/2011/01/

weodata/index.aspx2010). Nations/regions with GDP exceeding one thousand billion US Dol-
lars are shown. The Asia-Pacific regions are indicated with gray.

regarded as representing the sizes of astronomical communities in terms of nations and
regions. If the number of IAU members is under-representing the actual number of
(active) astronomers in some nations/regions, which may be the case, then the situation
has to be improved by recruiting new members from those nations/regions.

Table 1. Top 10 Supercomputers (http://www.top500.org/)

Rank Site Country Computer Year Vendor Tflops
1 RIKEN Japan K-Computer 2011 Fujitsu 8162
2 Natl. Supercomp. Ctr., Tianjin China Tianhe-1A 2010 NUDT 2566
3 Oak Ridge Natl. Lab. USA Jaguar 2009 Cray 1759
4 Natl. Supercomp. Ctr., Shenzhen China Nebulae 2010 Dawning 1271
5 Tokyo Tech. Japan Tsubame 2.0 2010 NEC/HP 1192
6 Los Alamos USA Cielo 2011 Cray 1110
7 NASA Ames USA Pleiades 2011 SGI 1088
8 Lawrence Livermore USA Hopper 2010 Cray 1054
9 CEA France Tera-100 2010 Cray 1050

10 Los Alamos USA Roadrunner 2009 IBM 1042

4. Supercomputers

Numerical simulations are powerful tool in solar physics, and of course in scientific
research in general. Astrophysics is considered to be one of the important topics
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Figure 3. Distribution of IAU members (data from http://www.iau.org/administration/

membership/individual/distribution/). Nations/regions with members exceeding 100 are shown.
The Asia-Pacific regions are indicated with gray.

to be pursued by supercomputers, among other fields like plasma physics and fusion
research, material science, atmospheric science and climate studies, biochemistry, and
so on. Table 1 shows the top ten supercomputers as of 2011 July. Half of them are
from Asia, and the K-Computer of RIKEN has become number one in 2011. K (kei)
is the name of number unit for 1016 in Japan, and meant to be a 10 petaflops computer.
Astrophysics and elementary particle physics is one of five strategic research targets
of the K-Computer.

5. Journal impact factors

The impact factor is a measure of how many times on average the papers appearing in
a journal are cited. The impact factor of a journal for the year 2010 is calculated by
citations in that year to the papers published in 2008 and 2009 divided by the number
of papers published in 2008 and 2009 in the journal. The impact factors are compiled
by Thomson Reuters and published yearly as Journal Citation Reports.

Fig. 4 shows the six-year trend of impact factors of major astronomy journals.
Review journals (Annual Reviews of Astronomy and Astrophysics, Space Science Re-
views, etc.) tend to have higher impact factors, but they are not included in this graph.
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Figure 4. Impact factors of major astronomical journals (Journal Citation Reports, Thomson
Reuters).

The Astrophysical Journal maintains the impact factor of 6–8, followed by Monthly
Notices of the Royal Astronomical Society (' 5), The Astronomical Journal (4–5), and
Astronomy and Astrophysics (' 4).

Solar Physics shows an impact factor of about 3. Icarus, a journal on the solar
system, shows a slightly higher impact factor.

In the Asia-Pacific region, Publications of the Astronomical Society of Japan has
shown on an average an impact factor of around 2–3, but performed better in 2008-
2009 by the success of Hinode and Suzaku satellites. Publications of the Astronomical
Society of Australia shows an impact factor of around 2. Publications of the Astronom-
ical Society of the Pacific is based on California and is not included in the Asia-Pacific
region. Research in Astronomy and Astrophysics, a new journal launched in 2009 by
astronomers in China, India and other Asia-Pacific countries, was created by trans-
forming Chinese Journal of Astronomy and Astrophysics into an international journal
with an editorial board consisting of astrophysicists from different Asia-Pacific coun-
tries. Its impact factor for 2012 is estimated to be in the range of 1.1–1.2 based on
the citation records so far (generally the impact factor is low when a new journal is
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initiated, because of lower popularity of the name of the journal), but will crank up in
the future.

Figure 5. Distribution of lead authors of Solar Physics journal in terms of their nationality (data
by courtesy of Springer Verlag). The Asia-Pacific regions are indicated with gray.

6. Nation-wise distribution of authors in Solar Physics journal

Fig. 5 shows how the lead authors of papers in Solar Physics are distributed in different
nations. About 1/4 each of total papers come from Asia and North America, and 45%
from Europe. As one of the three managing editors of Solar Physics, I noticed a
significant increase in papers contributed from China, India, and Russia in recent five
years. Submission from Korea and Japan might be more encouraged.

The ten highest-cited papers in the period of 2004–2009 are (the numbers in
brackets indicate citations):

1. Kosugi et al., “The Hinode (Solar-B) Mission: An Overview”, 2007 [350]
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2. Tsuneta et al., “The Solar Optical Telescope for the Hinode Mission: An
Overview”, 2008 [223]

3. Culhane et al., “The EUV Imaging Spectrometer for Hinode”, 2007 [176]

4. Golub et al., “The X-ray Telescope (XRT) for the Hinode Mission”, 2007 [144]

5. Klimchuk, “On Solving the Coronal Heating Problem”, 2006 [141]

6. Verwichte et al., “Characteristics of Transverse Oscillations in a Coronal Loop
Arcade”, 2004 [97]

7. Schrijver et al., “Nonlinear Force-Free Modeling of Coronal Magnetic Fields I.:
A Quantitative Comparison of Methods”, 2006 [83]

8. Suematsu et al., “The Solar Optical Telescope of Solar-B (Hinode): The Optical
Telescope Assembly”, 2008 [82]

9. Ichimoto et al., “Polarization Calibration of the Solar Optical Telescope onboard
Hinode”, 2008 [77]

10. Wiegelmann, “Optimization Code with Weighting Function for the Reconstruc-
tion of Coronal Magnetic Fields”, 2004 [73]

The contributions from the Hinode mission are very prominent.

Table 2. Summary of statistics in percentage.

Asia-Pacific North America South America Europe Africa
Population 61 8 6 10 15
GDP 29 28 8 32 3
IAU members 23 29 4 42 2
Solar Physics papers 26 26 3 44 0.5

7. Concluding remarks

Table 2 shows the summary of statistics presented above. IAU members and Solar
Physics authors are nearly equal in distribution and it means that solar physics shares
a fixed fraction (probably roughly 10%) among all astronomy regardless of regions in
the world. On the other hand, the Asia-Pacific region and Africa are the largest in pop-
ulation, while their contributions to GDP are lower. It is clear that under-developed
economy in Africa and most of the Asia-Pacific regions is the main reason for their
under-representation in science. The situation, however, is changing by the econom-
ical rise of China and India. Efforts of stimulating science activities and spreading
research results to the world outside the Asia-Pacific region, like our Asia-Pacific So-
lar Physics Meeting, will assist, with relatively low costs, a movement toward proper
representation of our region in the world.
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