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Solar Wind Source RegionSolar Wind Source Region

Blue regions are inside a coronal hole or open magnetic field reBlue regions are inside a coronal hole or open magnetic field region, wheregion, where
the highthe high--speed solar wind is accelerated. Superposed are the edges of speed solar wind is accelerated. Superposed are the edges of 
“honeycomb”“honeycomb”-- shaped patterns of magnetic fields at the surface of the Sun,shaped patterns of magnetic fields at the surface of the Sun,
where the strongest flows occur. where the strongest flows occur. 



The solar wind starts flowing out of the corona at heights aboveThe solar wind starts flowing out of the corona at heights above
photosphere between 5 Mm and 20 Mm in magnetic funnels. photosphere between 5 Mm and 20 Mm in magnetic funnels. 
((TuTu et al.,et al., 2005). 2005). 



Signature of MHD Waves in Polar Coronal HolesSignature of MHD Waves in Polar Coronal Holes

Moran (2003) Moran (2003) ------ Line widths from ions formed at coronal hole Line widths from ions formed at coronal hole 
temperatures increase with height up to 1.1 Rtemperatures increase with height up to 1.1 R ; & constant at > ; & constant at > 
1.1 R1.1 R .     .     
Line broadening Line broadening ------ AlfvAlfvéénn wave propagation. wave propagation. 
Waves are damped > 1.1 RWaves are damped > 1.1 R ..

OO’’Shea et al. (2005) Shea et al. (2005) ------ Evidence for a decrease in line widths at Evidence for a decrease in line widths at 
height above the limb ~ 1150height above the limb ~ 1150´´´´ (~1.2 R(~1.2 R ) in polar regions where ) in polar regions where 
Mg X 624/609 indicates a change Mg X 624/609 indicates a change from a from a collisionallycollisionally to a to a 
radiativelyradiatively dominant excitation mechanism.dominant excitation mechanism.

This decrement in the line widths above ~1150This decrement in the line widths above ~1150´´´´ (~1.2 R(~1.2 R )) is likelyis likely
due to a reduction in the nondue to a reduction in the non--thermal  component of the line widthsthermal  component of the line widths
caused by a damping of  upwardly propagating caused by a damping of  upwardly propagating AlfvAlfvéénn waves.waves.



EIT Fe IX and Fe X 171 EIT Fe IX and Fe X 171 ÅÅ observation (observation (DeForestDeForest and and 
GurmanGurman 1998) 1998) ------ propagating disturbances (periods propagating disturbances (periods 
1010--15 min) in plume regions 15 min) in plume regions ------ Signatures of quasiSignatures of quasi--
periodic periodic compressionalcompressional waves waves ------ slow slow magnetosonicmagnetosonic
waves (waves (OfmanOfman et alet al., 1999; ., 1999; OfmanOfman and Deforest, 2000). and Deforest, 2000). 

UVCS white light channel UVCS white light channel ((OfmanOfman et alet al., 2000)., 2000) ------
Evidence of periodic density fluctuations with Evidence of periodic density fluctuations with 
periods ~ 30 min in polar coronal holes periods ~ 30 min in polar coronal holes ------
consistent with propagating slow consistent with propagating slow magnetosonicmagnetosonic
waves at 1.9 Rwaves at 1.9 R ..



Signatures of long period (20Signatures of long period (20--60 min and above), 60 min and above), 
and very long period (170 min) periodic fluctuations and very long period (170 min) periodic fluctuations 
obtained obtained ((BanerjeeBanerjee et alet al., 2001; ., 2001; PopescuPopescu et alet al., 2005).., 2005).

OO’’Shea Shea et alet al. (2006). (2006) ------ EEvidence for fast vidence for fast 
magnetoacousticmagnetoacoustic waves at coronal temperatures, waves at coronal temperatures, 
while at transition region temperatures slow while at transition region temperatures slow 
magnetoacousticmagnetoacoustic waves are more common. waves are more common. 
Strong evidence for outwardly propagating slow Strong evidence for outwardly propagating slow 
magnetoacosticmagnetoacostic waves in offwaves in off--limb polar regions.limb polar regions.



MHD equations for viscous and resistive 
plasma :
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Linearized equations :
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Assuming plane wave solutions

( )[ ]ti ω−⋅= rkvv expmax1

and

( )[ ]ti ω−⋅= rkBB expmax1

we get the dispersion relation :
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If we consider the effect of viscosity only, we get
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If we consider the effect of magnetic diffusivity only, 
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115.216100045.1 −−−×= scmgRTνρ

125.11310144.1 −−×= scmRTη

(Spitzer, 1962)

(Priest, 1982).



Density profile in a polar coronal hole as a function of 
radial height (Doyle et al. , 1999) : 
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The empirical relation for temperature profile is given by Pekünlü
et al. (2002) in coronal holes, using David et al. (1998) 
temperature measurements:
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Energy flux density of Alfvén wave

k
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NTρ , where k∂
∂ω

is group velocity

)(RvNTand is velocity equivalent of the non-thermal 
component of relevant spectral line at 
FWHM.

We use the empirical relation as a function of radial 
height, given by Pekünlü et al. (2002) using Banerjee
et al. (1998) measurements for Si VIII ion :

)(5.578616882181912.86383.1522)( 1234 −−+−+−= skmNT RRRRRv



We consider the coronal hole region in two parts. The 
lower part below 25 Mm is coronal funnel, having open 
magnetic field lines with complex bipolar magnetic 
structures (Tu et al., 2005). The magnetic structure of the 
upper part of coronal funnel (above 25 Mm) is quite 
homogeneous (Banaszkiewicz et al. 1998; Hackenberg et al.
2000). We then derive an empirical relation for the 
magnetic field in the inner coronal hole as : 
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We take 1.05 R as a reference height and make all 
the physical quantities dimensionless, by dividing the 
respective values

i.e., NTA vBvT  and ,,,,, ρνη

at R = 1.05 R , for example,
oRR

R
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T
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We also consider the shortest period

s01.0=
refAτ

as a reference time to make the time periods 
dimensionless, i.e., 

refref AAAAAA ττττττ /,/ 3322 →→ etc



We use these dimensionless physical quantities in 
the dispersion relation  and calculate the wave 
number, which is actually
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Spatial Variation of Damping Length Scale
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Spatial Variation of Energy Flux Density and Non-thermal Velocity
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Spatial Variation of Group Velocity
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Alfvén Waves Propagating at Different Angles

More general dispersion relation for the obliquely 
propagating Alfvén waves : 

0224 =−+ ωkQkP

where ,cos 4θην=P ( )[ ] θη+νω−= 22
A cosivQ

and
µρ

=
BvA Alfvén velocity.



Spatial variation of damping length scale,  energy flux density & 
group velocity of Alfvén waves, propagating at different angles
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ResultsResults
The outward propagating Alfvén wave propagation 
and dissipation in magnetic funnels through viscous 
and resistive plasma --- Alfvén waves  are one of 
the primary energy sources in the innermost part of 
coronal holes where the solar wind outflow starts.

Spectroscopic signature of Alfvén wave dissipation in 
the off-limb coronal hole plasma --- Alfvén waves 
with period 0.0 01 s  fit the data best.



Long Period Slow MHD Waves in  Long Period Slow MHD Waves in  
Solar Wind Source RegionSolar Wind Source Region



Doppler line widths ofDoppler line widths of radiallyradially outward propagating outward propagating AlfvénAlfvén
waves, and slow longitudinal MHD waves are : waves, and slow longitudinal MHD waves are : (e.g.,  (e.g.,  ErdélyiErdélyi et alet al. 1998). 1998)
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We take 10103×=c cm s-1 , 161038.1 −×=k ergs K-1 , 2410008.4 −×=iM

g for Mg X ion, 78.609=λ Å, proton mass 241067.1 −×=pm g. 

Alfφ is energy flux density for Alfvén waves. 

Lonφ is energy flux density for slow MHD waves. 



Using density, temperature profilesUsing density, temperature profiles
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Dispersion RelationDispersion Relation
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where the two parameters are :where the two parameters are :
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Linearized equations (DeMoortel and Hood, 2003)  
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to obtain the dispersion relation. We solve these equations simultaneously, 
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One-dimensional MHD equations (DeMoortel and Hood, 2003)

2

2v
3
4pvvv

zzzt o ∂
∂

+
∂
∂

−=
∂
∂

+
∂
∂ ηρρ  

( )vρρ
zt ∂

∂
−=

∂
∂









∂
∂

∂
∂

−+
∂
∂

−=
∂
∂

+
∂
∂

z
T

zzzt ||)1(vppvp κγγ

TRp
µ
ρ

= ~



1.00 1.05 1.10 1.15 1.20 1.25 1.30 1.35101

102

103

104

105

106

 

 

E
ne

rg
y 

flu
x 

de
ns

ity
 (e

rg
s 

cm
-2

 s
-1

)

Radial distance in units of Ro

(c)  τ = 30 min

1.05 1.10 1.15 1.20 1.25 1.30 1.350.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

 

 

D
op

pl
er

 W
id

th
 (Å

)

Radial distance in units of Ro

τ
 Α

 = 0.001 s

τ = 10 min

τ = 20 min

τ = 30 min

observed line width

VRvW )(2
NTρ= (energy flux density)



1.00 1.05 1.10 1.15 1.20 1.25 1.30 1.35102

103

104

105

106

 

 
E

ne
rg

y 
flu

x 
de

ns
ity

 (e
rg

s 
cm

-2
 s

-1
)

Radial distance in units of Ro

(a)  τ = 10 min

1.00 1.05 1.10 1.15 1.20 1.25 1.30 1.35102

103

104

105

106

 

 

E
ne

rg
y 

flu
x 

de
ns

ity
 (e

rg
s 

cm
-2

  s
-1

)

Radial distance in units of Ro

t

(b)  τ = 20 min



1.00 1.05 1.10 1.15 1.20 1.25 1.30 1.35
105

106

107

108

109

 

 
D

am
pi

ng
 le

ng
th

 s
ca

le
 (c

m
)

Radial distance in units of Ro

(b) = 20 min

1.00 1.05 1.10 1.15 1.20 1.25 1.30 1.35
105

106

107

108

109

 

 

D
am

pi
ng

 le
ng

th
 s

ca
le

 (c
m

)

Radial distance in units of Ro

(b) = 20 min

1.05 1.10 1.15 1.20 1.25 1.30 1.35105

106

107

108

109

 

 
D

am
pi

ng
 le

ng
th

 s
ca

le
 (c

m
)

Radial distance in units of Ro

(c) τ = 30 min



1.00 1.05 1.10 1.15 1.20 1.25 1.30 1.35106

107

108

109

1010

 

 
W

av
el

en
gt

h 
(c

m
)

Radial distance in units of Ro

(a) τ = 10 min

1.00 1.05 1.10 1.15 1.20 1.25 1.30 1.35106

107

108

109

1010

 

 

W
av

el
en

gt
h 

(c
m

)

Radial distance in units of Ro

(b)  τ = 20 min

1.00 1.05 1.10 1.15 1.20 1.25 1.30 1.35106

107

108

109

1010

 

 
W

av
el

en
gt

h 
(c

m
)

Radial distance in units of Ro

(c)  τ = 30 min



Results

Slow longitudinal MHD waves also contribute to the
observed line profile narrowing. The wave with
period 30 min fits the data best.

In solar wind source region (1.0058 R - 1.03 R ) ---
only Alfvén waves are likely candidates. 

Slow longitudinal waves are important in upper part
of solar wind source region (1.03 R - 1.35 R ),
providing a fraction of the required energy ---
dissipation of both types of waves in coronal holes.
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