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Some Resources

» http://ipag.osug.fr/~philybla/teaching/phy553b.html

http://www.astro.princeton.edu/~draine/book/index.html

»http://www.physics.sfsu.edu/~lea/

» http://spiff.rit.edu/classes/

> http://home.strw.leidenuniv.nl/~emr/stralingsprocessen/
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The nterstellar medium (ISM) 1s a fascinating place
to spend one's life. There 1s ample beauty in the
images, abundant challenge 1n the observations, good
company 1n the fellow travelers, and a high sense of
importance attached to the work as a foundation for
understanding how galaxies work, along with the
ways they may have influenced one another and the
intergalactic medium. There 1s also sufficient
uncertainty about what 1s happening that 1t presents a
huge canvas for the joyous exercise of imagination.



Magnitude Scale

Greeks classified stars by brightness to eye.
Eye responds 1n a logarithmic scale.
- Brightest stars classified as 0" magnitude.

Each magnitude corresponds to a factor of 2.5 1n
brightness.

Faintest observable stars about 6" magnitude.

brightest faintest
Sun Moon Venus Vega quasar object

! ! | | ! g

-25 20 -15 -10 -5 WU +51 +10 +15 +20 +25

very bright Sirius  faintest very faint
naked eye
star
Apparent brightnesses of some objects in the magnitude system.




Modern magnitude
scale:

Defined by Vega —
zeroth magnitude A0
star.

m = -2.5log(t,p¢/10)
Breaks down for UV.

AQ stars have no flux
below 2000 A.

Zombeck:

Magnitude Scale

Standard photometric systems
Standard U, B, V, R, I and long wavelength systems
Absolute spectral irradiance for mag = 0.0

Filter (FWHM)
bane ; (um)  (um)

=

B
v
R
I
J
H
K
L
M

cein Wm iHz !,
The relationships : [ t the top of the Earth’s

where f{m

X

http://ads.harvard.edu/cgi-bin/bbrowse?book=hsaa&page=100



Magnitude Scale

Standard photometric systems
Standard U, B, V, R, I and long wavelength systems

Better to use SI units:

solute spectral irradiance fo

Filter

ergs cm™2 57! 471 -

Apparent magnitude
observed from Earth.

' From
!B

Absolute magnitude -
intrinsic to the star. s ey e b o e 24 A o

x filter band at the mean wavelength

where f,(m,) is the spec cein Wm *Hz L.

The relationships above are for the irradiance at the top of the Earth’s

191 1969.)




F = L/4nd?

my - my=

Apparent/Absolute Magnitude

Absolute magnitude 1s
brightness of star at 10

pC.

- Apparent magnitude 1s
observed brightness.

m, - m = -2.5log(F /F)

-2.5log(d,/d,)* =
-Slog(d,/d )



F = L/4nd?
m-M=5=F/f=100.

Distance Modulus:

Apparent/Absolute Magnitude

Absolute magnitude 1s
brightness of star at 10

pC.

- Apparent magnitude 1s
observed brightness.

d =10D

m-—-M=>5logd->5



Measure B and V

magnitudes.

B: 4400 + 500 A.
V: 5500 + 500 A.

Star has intrinsic (B-V)

(B—V), =0 for A0 stars.

Reddening

EB-V)=(B-V), -

(B-V),.

A,=3.1EB-V)=

1.0867

Distance Modulus:

(m,—-A,)—-M,=5logd-5



Grating Diffracii
Jnrmal 1o Normal Iraction
Normal to Radiation

4« Groove Face }_ )
'I '-.I. I- "'-.;:-‘ |:|:|:: ::I rdE'F
\ / Radiation

Incident
Radiation ™

M otiochrotmatic
lizht

Spectrographs




Solar Spectrum
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Solar Spectrum

Solar Radiation Spectrum

Infrared —

Sunlight at Top of the Atmosphere

5250 C Blackbody Spectrum

/

Radiation at Sea Level
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Spectroscopy

# Bohr model of Hydrogen atom.

— -0).85 eV

v J5f v

n=23 -

B LBy
Ny [ ) ! The emited
Paschen
photon
n=2 . -3.40
afpyo...
Balmer
The absorbed
photon
n=1 Yy Y 136
afpyo..
Lyman

The electron emits or absorbhs the energy changing
the orbits.



Grotrian Diagram
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Atomic Basics

H I 1s atomic hydrogen.

H 1I 1s 10n1zed hydrogen — not to be confused with
H.

O VIis O™ — five times 1onized oxygen.

Atomic energy levels: n, 1l where 0 <1 <n.

n: energy; l: angular momentum
s,p,d, ffor1=0,1, 2,3
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Atomic Basics

Atomic energy levels: n, 1 where 0 <1 <n.
n: energy; l: angular momentum
*s,p,d, fforl=0,1, 2,3

Degenerate quantum numbers

- m_: projection of angular momentum onto z axis.

spin of electron.

Pauli Exclusion Principle.
Degeneracy: 2(21 + 1).

C: 1s*2s?2p°.




Periodic Table

Abridged Periodic Table of the Elements
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Selection rules

The selection rules that apply to one-electron systems
are:

orbital angular momentum: Al = %1

parity must change between states.

magnetic quantum number: Am = 0, =1

spin does not change: As = 0 (always true for the H atom)

» total angular momentum: A j =0, 1

Forbidden transitions violate a selection rule.



Allowed HI Transitions

Note SelectionBiailERygmm:

| Figure 1. Some H atom transitions.




Uncertainty relationship
between E and t.

Lorentzian: 2vy 1s
Einstein A coefficient for
spontaneous transition.

1/A 1s the lifetime of the
state.

Line Broadening

| _ 1
v)=1 T
W) =10y vy




- FWHM 1s 2.35480.

Line Broadening

Thermal broadening. —
V=—VYmn )~

Gaussian. Pmn (V) = J— exXp(——_5-)

7172T
g¢ =2 ]"+V2)

o 1s dependent on the
Temperature and on
turbulence.




Uncertainty relationship
between E and t.

Lorentzian.
Thermal broadening.

= (Gaussian.
Convolution.

Voigt function.

Line Broadening

y _ 24In?2 ~
) = H [ Z

gp(] ) A /7T A]_.-’ D (a > )
a=vIn2Avr/(2Avp)

bh=2VIn?2 (1; — V0 )/ Avp

(a,0) =7 I B -2 + a2

Avp FWHM — Doppler
Avy FWHM — Lorentzian



Lorentzian

a5/ .8k7 357 .8ha GlaFislal= 357870 327871

Wavelength {nm)




Emission Lines

™

Instrumental
broadening.

™

Typically gaussian.

L]

[imits information from
lines.

http://www.thespectroscopynet.com/Index.html?/Lineshapes 1.html



Real Data

MOLECULAR OXYGEN IN THE INTERSTELLAR MEDIUM

Spectrum of Zeta Oph from 1760 to 1810 Angstroms

HD 149757 (& Oph)

f "«M Wkw i ;

1=

Relative Flux

(16,0X15,0)(14,03 (13,0} F12 0 (11.03
Center of Bandheads

1770 1780 1790 1800 1810

Wavelength (Angstroms)

A new interest of mine is the search for molecular oxygen (O2) in the interstellar medium. The fractional abundance of O2 is

1 important, but as yet unknown, parameter for models of interstellar clouds. This species likely plays a central role in
as-phase interstellar chemistry. If present in significant abundance, O2 may also function as an important coolant of interstellar
louds and therefore play a role in cloud contraction and star formation.

)xygen is the third-most abundant nucleon in the universe yet its form in much of the interstellar medium remains a mystery.

he presence of ionized oxygen has long been known in HII regions, while [OI] lines hav n observed in some photon--
Hominated regions. In the denser, better-shielded repions where molecules exist, O2 is predicted to be one of the most important

http://www.etsu.edu/physics/mwc/interest.htm#Molecular%200xygen%201in
%20the%?20Interstellar%20Medium




Spectral Resolution

Resolution = A/AA.

[UE: Resolution was 0.2 A at 2000 A => R = 10,000.
« FUSE: R =20,000.

For small velocities: AL = Av/c A.
IUE: Av =30 km s'.

Typical interstellar lines may be < 10 km s™'.



Equivalent Width

Equivalent width.

s = | (1 B/R

Same area as line. %
- r:r'.!. ¢ ontinuum level
Independent of E<CTTTTOT
1 . line profile
instrumental
broadening.

wavelength (1)



Voigt Protiles

FIGURE XA.2

The equivalent width (equation 11.A.1) is the area above these curves, and it can be seen
again that determining the upper limit for x' is a problem.




Curve of Growth

Equivalent width more
robust than model-
fitting.

« Easier to measure.

' litiear J..w"".i ]

{ e logaithmic (saturatec)



Curve of Growth

b 1s the velocity
dispersion

Dimensional check:
(m* kg s* K'kg!' K+
m?s~)m=s>.

7””)
Pmn(L) = ‘/%a U ; )

0.2 — ‘/nm 21\T/\ 4 V2)




Radiative Transfer

Intensity defined such
that:

dE =1 dA dt dQ dv

where dE 1s the energy
crossing dA 1n time dt in
the frequency range dv

I units are ergs s cm™
sr! Hz'!



Definitions

If LTE then 2h3 1

c? err —1

i

Brightness temperature

- T, (v) 1s temperature at which a blackbody would have the
same specific intensity.



Definitions

Antenna temperature:

Linear with intensity and
~ T, for kKT, >> hv

Excitation temperature
of u relative to 1.

* where n 1s number, g 1s
degeneracy and E 1s
energy of upper and
lower states.



Radiative Transfer

dE =1 dA dt dQ dv =
[ dA dt dQ di

[ dv = L dA
v =c/h=>dv=c/A*dA
c/\? I =1

dimensional check:
(m s')(m?)(ergs s' m? sr! Hz') =

ergss' m?sr' m' @



Radiative Transfer

Spontaneous emission
coefficient j.

j 1s energy emitted per
unit time per unit solid
angle per unit volume.

dE =5 dV dQ dt
dl =j ds




Radiative Transfer

Absorption coefficient:
o, = NG

dl = -0, I ds

v




Equation of radiative
transfer:

dl /ds=-a 1 +j.

Define:
optical depth: dt = a

source function: S_ =1/
A% A% A%

dl/dt, =-1 + S

Radiative Transfer




Kirchoff's Law

Intinite uniform slab: I =B (T)

dl =0=-Bdt +Sdt.

- Kirchotf's Law: S =j /a_= B (T)

I, =1,00e" ™ + fg“’ e_(T“_’T“")Sy(TL)dTL



Limiting Cases

Optical/UV Radio
All atoms 1n ground Upper levels are
state so spontaneous populated and
emission may be spontaneous emission
neglected. important.
* In ground state because * If population inversion,

no collisional excitation. maser occurs.



Transitions

Spontaneous emission: Energy drops from upper
state to lower state.

Einstein A coefficient A_ : transition probability per unit
time.

Random process independent of radiation field.



Transitions

Absorption dependent on the number of absorbers
and the strength of the radiation field:

- where n, 1s the number 1n upper state; u_1is the
radiation density and B, 1s the Einstein B coetticient.

For stimulated emission replace B, with B, .



Relation between Einstein coefficients

* In thermodynamic equilibrium:
B(T)=nA_ B(T)

221

112

- butn /n, =g /g e(hv/kT) where g 1s the degeneracy

factor. B(T) — Aa1/Ba
- After algebra: (91 812/92Bor Jeap(hv/ET) —
« But for this to be true for all T:

* gD~ ngzi

. A, =2 B,



Einstein Coefficients

o, = (hv/4n) (n B, —n B, )o(v) where ¢(v) 1s the

2721

absorption profile
j, = (hv/dn) n A
emission profile 1s the same as the absorption profile.

with the assumption that the

oscillator strength: B | = (4n°¢*)/(hv, m ¢)f |
’ glflz B 'ngzl



Curve of Growth

INTERSTELLAR ABSORPTION LINES IN { OPH

| |
4 IS

ALOG (NTX)  (em™2A)

Fig. 5.—Empirical curve of growth for the dominant ion states expected in H 1 clouds. The solid lines were drawn for a Max-
wellian velocity distribution with & = 6.5 km 5~! and the damping constants appropriate for the lines labeled in the upper right
corner. The horizontal scale was labeled to give log M{cm~%) for Fe 11 A2382.




Absorption Line Data

Two components 1n Fe
II line of a Tr1.

MWiormalizesd Flux

FiG. 4—Fe 1 42599 region of z Tri showing the observed spectra, the
-fit model ater convolution, and the residuals of the best fit. Two
mponents are seen in the opacity profile. The continuum is normalized
unity, and the rest wavelength for Fe 1 is shown by the labeled tick

rk,



Absorption Line Data

Two components 1n Fe
II line of a Tr1.

Fit Ly a line with two
components. A |

’—; 0.0912

-

Flux (10" ergsem®s™ A™)

- D Inextto HI line.
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Absorption Line Data

Two components 1n Fe
IT line of a Tri. - S

DRING ET AL.

Fit Ly a line with two
components.

« D Inextto HI line.

Stellar confusion. e
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Ov1 IN THE LOCAL INTERSTELLAR MEDIUM
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ABSTRACT
We report the results of a search for O v1 absorption in the spectra of 80 hot DA white dwarfs observed by
the FUSE satellite. We have carried out a detailed analysis of the radial velocities of interstellar and (where
present) stellar absorption lines for the entire sample of stars. In approximately 35% of cases (where photospheric
material is detected), the velocity differences between the interstellar and photospheric components were beneath
the resolution of the FUSE spectrographs. Therefore, in 65% of these stars the interstellar and photospheric
contributions could be separated and the nature of the O v1 component unambiguously determined. Furthermore,
in other examples, where the spectra were of a high signal-to-noise, no photospheric material was found and
any Ov1 detected was assumed to be interstellar. Building on the earlier work of Oegerle et al. and Savage &
Lehner, we have increased the number of detections of interstellar O v1 and, for the first time, compared their
locations with both the soft X-ray background emission and new detailed maps of the distribution of neutral gas
within the local interstellar medium. We find no strong evidence to support a spatial correlation between O vi
and SXRB emission. In all but a few cases, the interstellar Ovi was located at or beyond the boundaries of
the local cavity. Hence, any T ~ 300,000 K gas responsible for the O v1 absorption may reside at the interface
between the cavity and surrounding medium or in that medium itself. Consequently, it appears that there is
much less O vi-bearing gas than previously stated within the inner rarefied regions of the local interstellar cavity.
Key words: ISM: clouds — ISM: general — ISM: structure — ultraviolet: ISM — ultraviolet: stars — white dwarfs

Online-only material: color figures

1. INTRODUCTION ergy input of 114 eV. Since the local interstellar radiation field

declines steeply at energies above this value (Vallerga 1998), it

The existence of the diffuse soft X-ray background (SXRB; is very difficult to account for the presence of O v1 with a pho-
Bowyer et al. 1968) implies that a substantial fraction of the toionization model. Therefore, the best explanation is that the
Galactic disk, at least near the Sun, is filled with low-density O w1 arises from collisional ionization in gas at a temperature
hot gas (McCammon et al. 1983). This discovery has important in excess of 2 x 10° K. This proposition is supported by the
implications for our understanding of the structure and ioniza- relative breadth of the O v absorption line profiles, compared
tion of the interstellar medium (ISM) and in subsequent decades to those of lower ionization potential, which are consistent with
further studies have been made of the diffuse background, thermal broadening at this temperature. In this paper, we refer
with a full sky survey being conducted by the ROSAT mission to the T" ~ 300,000 K material which may be responsible for
(Snowden et al. 1995, 1998). The total soft X-ray emission has O v1 absorption as “transition temperature” gas to differentiate
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