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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 interstellar medium (ISM) is a fascinating place 
to spend one's life. There is ample beauty in the 
images, abundant challenge in the observations, good 
company in 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 is also sufficient 
uncertainty about what is happening that it presents a 
huge canvas for the joyous exercise of imagination.



 

Magnitude Scale

Greeks classified stars by brightness to eye.

Eye responds in a logarithmic scale.

Brightest stars classified as 0th magnitude.

Each magnitude corresponds to a factor of 2.5 in 
brightness.

Faintest observable stars about 6th magnitude.



 

Magnitude Scale

Modern magnitude 
scale:

Defined by Vega – 
zeroth magnitude A0 
star.

m = -2.5log(fobs/f0)

Breaks down for UV.

A0 stars have no flux 
below 2000 Å.

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



 

Magnitude Scale

Better to use SI units:

ergs cm-2 s-1 Å -1

Apparent magnitude 
observed from Earth.

Absolute magnitude 
intrinsic to the star.



 

Apparent/Absolute Magnitude

Absolute magnitude is 
brightness of star at 10 
pc.

Apparent magnitude is 
observed brightness.

F = L/4πd2
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Apparent/Absolute Magnitude

Absolute magnitude is 
brightness of star at 10 
pc.

Apparent magnitude is 
observed brightness.

F = L/4πd2

m – M = 5 => F/f = 100.

d  = 10D

Distance Modulus: 

m – M = 5 logd - 5    



 

Reddening

Measure B and V 
magnitudes.

B: 4400 ± 500 Å.

V: 5500 ± 500 Å.

Star has intrinsic (B-V)

(B – V)
I
 = 0 for A0 stars.

E(B – V) = (B – V)
O
 – 

(B – V)
I
.

A
V
 = 3.1 E(B – V) = 

1.086τ

Distance Modulus:
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V
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) – M

V
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Spectrographs

nλ = d (sin(i) + sin(l))



 

Solar Spectrum



 

Solar Spectrum



 

Spectroscopy

Bohr model of Hydrogen atom.



 

Grotrian Diagram (Oxygen)



 

Atomic Basics

H I is atomic hydrogen.

H II is ionized hydrogen – not to be confused with 
H

2
.

O VI is O+5 – five times ionized oxygen.

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

n: energy; l: angular momentum

s, p, d, f for l = 0, 1, 2, 3



 

Atomic Basics

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

n: energy; l: angular momentum

s, p, d, f for l = 0, 1, 2, 3

Degenerate quantum numbers

m
z
: projection of angular momentum onto z axis.

spin of electron.

Pauli Exclusion Principle.

Degeneracy: 2(2l + 1).

C: 1s22s22p2.



 

Periodic Table



 

Selection rules

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

orbital angular momentum: ∆l = ±1

parity must change between states.

magnetic quantum number: ∆m = 0, ±1

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

 total angular momentum: ∆ j = 0, ±1

Forbidden transitions violate a selection rule.



 

Allowed HI Transitions

Note Selection Rules.



 

Line Broadening

Uncertainty relationship 
between E and t.

Lorentzian: 2γ is 
Einstein A coefficient for 
spontaneous transition.

1/A is the lifetime of the 
state.



 

Line Broadening

Thermal broadening.

Gaussian.

FWHM is 2.3548σ.

σ is dependent on the 
Temperature and on 
turbulence.



 

Line Broadening

Uncertainty relationship 
between E and t.

Lorentzian.

Thermal broadening.

Gaussian.

Convolution.

Voigt function.



 

Voigt Profile



 

Emission Lines

http://www.thespectroscopynet.com/Index.html?/Lineshapes_1.html

Instrumental 
broadening.

Typically gaussian.

Limits information from 
lines.



 

Real Data

http://www.etsu.edu/physics/mwc/interest.htm#Molecular%20Oxygen%20in
%20the%20Interstellar%20Medium



 

Spectral Resolution

Resolution = λ/Δλ.

IUE: Resolution was 0.2 Å at 2000 Å => R = 10,000.

FUSE: R = 20,000.

For small velocities: Δλ = Δv/c λ.

IUE: Δv = 30 km s-1.

Typical interstellar lines may be < 10 km s-1.



 

Equivalent Width

Equivalent width.

Same area as line.

Independent of 
instrumental 
broadening. 



 

Voigt Profiles



 

Curve of Growth

Equivalent width more 
robust than model-
fitting.

Easier to measure.



 

Curve of Growth

b is the velocity 
dispersion

Dimensional check:
(m2 kg s-2 K-1 kg-1 K + 
m2s-2)m-2s2.



 

Radiative Transfer

Intensity defined such 
that:

 dE = I
ν
 dA dt dΩ dν 

where dE is the energy 
crossing dA in time dt in 
the frequency range dν

I
ν
 units are ergs s-1 cm-2 

sr-1 Hz-1



 

Definitions

If LTE then 

Brightness temperature

T
B
(ν) is temperature at which a blackbody would have the 

same specific intensity. 



 

Definitions

Antenna temperature:

Linear with intensity and 
~ T

B
 for kT

A
 >> hν

Excitation temperature 
of u relative to l.

where n is number, g is 
degeneracy and E is 
energy of upper and 
lower states.



 

Radiative Transfer

dE = I
ν
 dA dt dΩ dν =

         I
λ
 dA dt dΩ dλ

I
ν
 dν = I

λ
 dλ

ν = c/λ => dν = c/λ2 dλ

c/λ2 I
ν
  = I

λ

dimensional check:

(m s-1)(m-2)(ergs s-1 m-2 sr-1 Hz-1) = 

ergs s-1 m-2 sr-1 m-1 



 

Radiative Transfer

Spontaneous emission 
coefficient j.

j is energy  emitted per 
unit time  per unit solid 
angle per unit volume.

dE = j dV dΩ dt

dI
ν
 = j

ν
 ds



 

Radiative Transfer

Absorption coefficient:
α

ν
 = nσ

ν

dI
ν
 = -α

ν
 I

ν
 ds



 

Radiative Transfer

Equation of radiative 
transfer:
dI

ν
/ds = -α

ν
 I

ν
 + j

ν

Define:
optical depth: dτ

ν
 = α

ν

source function: S
ν
 = j

ν
/α

ν

dI
ν
/dτ

ν
 = -I

ν
 + S

ν



 

Kirchoff's Law

Infinite uniform slab: I
ν
 = B

ν
(T)

dI
ν
 = 0 = -B

ν
dτ

ν
 + S

ν
dτ

ν
.

Kirchoff's Law: S
ν
 = j

ν
/α

ν
 = B

ν
(T)



 

Limiting Cases

Optical/UV

All atoms in ground 
state so spontaneous 
emission may be 
neglected.

In ground state because 
no collisional excitation.

Radio

Upper levels are 
populated and 
spontaneous emission 
important.

If population inversion, 
maser occurs.



 

Transitions

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

Einstein A coefficient A
21

: 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
2
 is the number in upper state; u

ν 
is the 

radiation density and B
12

 is the Einstein B coefficient.

For stimulated emission replace B
12

 with B
21

.



 

Relation between Einstein coefficients

In thermodynamic equilibrium:

n
1
B

12
B(T) = n

2
A

21
 + n

2
B

21
B(T)

but n
1
/n

2
 = g

1
/g

2
 e(hν/kT) where g is the degeneracy 

factor.

After algebra:

But for this to be true for all T:

g
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A
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Einstein Coefficients

α
ν
 = (hν/4π) (n

1
B

12
 – n

2
B

21
)φ(ν) where φ(ν) is the 

absorption profile

j
ν
 = (hν/4π) n

2
A

21
 with the assumption that the 

emission profile is the same as the absorption profile.

oscillator strength: B
12

 = (4π2e2)/(hν
21

m
e
c)f
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g
1
f
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 = -g

2
f

21



 

Curve of Growth



 

Absorption Line Data

Two components in Fe 
II line of α Tri.



 

Absorption Line Data

Two components in Fe 
II line of α Tri.

Fit Ly α line with two 
components.

D I next to H I line.



 

Absorption Line Data

Two components in Fe 
II line of α Tri.

Fit Ly α line with two 
components.

D I next to H I line.

Stellar confusion.



 

OVI



 

OVI



 

VLISM
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