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Collisionally-Excited Emission Line

 Emission line flux

» In the low density limit, the collisional rate between atoms and electrons is much slower than the
(spontaneous) radiative de-excitation rate of the excited level. Thus, we can balance the collisional
feeding into level u by the rate of radiative transition back down to level ¢. The level population is

determined by "
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where Au¢ is the Einstein coefficient for spontaneous emission. The line emissivity is given by
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For low temperature, the exponential term dominates because few
i i electrons have energy above the threshold for collisional excitation, so that
0.1 1 the line rapidly fades with decreasing temperature.
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At high temperature, the 1T term controls the cooling rate, so the line

0 10 20 30 40 50 fades slowly with increasing temperature.
Tr = T/(Eug/k?B)




» In high-density limit, the level population are set by the Boltzmann equilibrium, and the line

emissivity is
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Here, the line flux scales as n, rather than nez, but the line flux tends to be a constant
value at high temperature.

» Critical density is defined as the density where the radiative depopulation rate matches the
collisional de-excitation for the excited state.

&u 1/2
Auﬁnu — nenukug — Nerit = Aueﬁ <ng>T /
Aue 1/2
Fut = 12 10° T (1O4K) —

» At densities higher than the critical density, collisional de-excitation becomes significant, and the
forbidden lines will be weaker as the density increases.

At around the critical density, the ‘line emissivity vs density” plotted in log-log scale changes
slope from +2 to +1.



 Collision Strength

Quantum mechanical calculations
show that (1) the resonance structure
in the collision strengths is important
and (2) the collision strength increases
with energy for neutral species.

- Effective Collision Strength

The effective collision strength has a
value in a range of
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- As can be seen in the Tables and the formula, collisional de-excitation is negligible

for resonance and most forbidden lines in the ISM.

Collision strengths at T = 104 K

Table 4.1 in The Interstellar Medium [Lequeux]

NH,crit (u)
E¢/k  Eu/k w T=100K T =5000K

Ion 14 u (K) (K) (pm) (cm™3) (cm™3)
cm  ?pp,  °Pg, 0 9121  157.74 2.0 x 10° 1.5 x 103
CI 3Py 3P, 0 23.60  609.7 620 160

3P, 3Py 23.60 62.44  370.37 720 150
o) 3P, 3P, 0 22771 63.185 2.5 x 10° 4.9 x 10*

3P, 3Py 22771 326.57 14553 2.3 x 104 8.4 x 103
Sill QPf/Q 2P§/2 0 41328 34.814 1.0 x 10° 1.1 x 10%
Sil 3Py 3P, 0 11095 129.68 4.8 x 10* 2.7 x 10*

3P, 3Py 11095 321.07 68473 9.9 x 104 3.5 x 10%

Table 17.1 in [Draine]

* However, it is not true for the 21 cm
hyperfine structure line of hydrogen.

- The critical density for 21cm line is
Nerit ~ 1073 (T/100K) ™2 [em ™3]
Ay =2.88 x 1071 [s71]

- The hyperfine levels are thus essentially
in collisional equilibrium in the CNM.

The collisional strengths and other atomic data are available in
the CHIANTI atomic database (https://www.chiantidatabase.org/).

Ion Transition A Ayl 2.1 Nerit
I—u pm g1 cm™

C1 3Py—3P; 609.1354 7.93 x 1078 - (500)
3p,—3p, 370.4151 2.65 x 1077 - (3000)

Cu Pip—2P3n  157.741 2.4 x107° 1.80 47 (3000)

N1 3py—3P; 205.3 2.07 x 107° 0.41 41
3p,—3p, 121.889 7.46 x 1076 1.38 256
’p,—1D, 0.65834 2.73 x 1073 2.99 7700
3p—'D, 0.65481 9.20 x 10~* 2.99 7700

N 2P p—2P3n  57.317 4.8 x 1073 1.2 1880

O1 3p,—3P; 63.184 8.95 x 107 - 2.3 x 10* (5 x10°)
3p, 3P 145.525 1.7 x 107 - 3400 (1 x 107)
3p,—1Dy 0.63003 6.3 x 1073 - 1.8 x 106

O 4S30—2Ds;  0.37288 3.6 x 107° 0.88 1160
4S320—2D3n  0.37260 1.8 x 107* 0.59 3890

O 3py—3P 88.356 2.62 x 1077 0.39 461
3P, 3P, 51.815 9.76 x 1077 0.95 3250
’p,—1D, 0.50069 1.81 x 1072 2.50 6.4 x 10°
’p—1D, 0.49589 6.21 x 1073 2.50 6.4 x 10°
'D,—18g 0.43632 1.70 0.40 2.4 x 107

Nen P p—P3  12.8136 8.6 x 1073 037  59x10°

Ne 111 3p,—3p; 15.5551 3.1 x 1072 0.60 1.27 x 10°
3P =3P 36.0135 5.2 %1073 0.21 1.82 x 10*

Sin 2P1p—2P3n  34.8152 2.17 x 1074 7.7 (3.4 x 107)

St 4S30—2Ds;n  0.67164 260 x 107% 4.7 1240
4S32—2D3n  0.67308 8.82 x 107* 3.1 3270

St 3py—3P; 33.4810 472 x 1074 4.0 1780
3p,—3p, 18.7130 2.07 x 1073 7.9 1.4 x 10%

S1v 2P1p—2P3;,  10.5105 7.1 x 1073 8.5 5.0 x 10*

Ar1l 2P1—2P3n 69853 53 x 1072 2.9 1.72 x 106

Ar1i 3p,—3p, 8.9914 3.08 x 1072 3.1 2.75 x 10°
3P, 3P 21.8293 5.17 x 1073 1.3 3.0 x 10*

Feu °D7/,—%Ds;n  35.3491 1.57 x 1073 - (3.3 x 10%)
®Dy/;, D7/, 25.9882 2.13 x 1073 - (2.2 x 109



https://www.chiantidatabase.org/

6 Overall Properties of the Cold Neutral Medium (CNM)

« QOverall properties of the CNM
- Temperature 7T ~ 100K
- Mean kinetic energy per particle (E) = (3/2)kT ~ 0.013eV
- Number density

y N ~30cm™> for atoms

atom
y n, ~0.04cm™ for free electrons

- Thermal velocity
» v (H) ~ 1.6km sl for hydrogen atoms
» vg(e) ~67kms™! for free electrons

- Mean free path
y A (HH) ~ 0.74 AU for atom-atom collisions

y A (eH) ~ 1700 AU for atom-electron collisions

) /lmfp(ee) ~1.9%x 1073 AU for electron-electron collisions

mfp

mfp

- Collisional time scale
y 1., y(HH) ~2.2yr  for atom-atom collisions
y 1(eH) ~120yr  for atom-electron collisions
y I.(ee) ~ 1.2hr for electron-electron collision

See reference - collisional time scale.pdf
for the detailed calculations of the numerical values



https://seoncafe.github.io/Teaching_files/2025a_ISM/reference%20-%20collisional%20time%20scale.pdf

Observations of Absorption Lines Toward the CNM

- The CNM gives rise to a number of absorption features in the spectra of hot background stars
(and quasars).

- The most prominent absorption lines at visible wavelengths are Ca Il K and H lines at
A =3933,3968 A and Na | Dy and D2 doublet lines at A = 5890, 5896 A.

T T : . ) T T 1 I l T T T T T T T T |' T T LI j T T T T
| (| 1 I [} [} 1 LI} 1 I | 1 [
= Mg I ) A1240
-~ o o ".. L = .'.'... Semeegoagy ..A... . e * =

| 1 i t i T | t ] S V)

-
(=]
hD
[
o

Sk-69° 215

Normalized Counts
Normalized Ceounts

—
[=}
v
[
L=

Sk-69° 224 58 vns
1.0 =i

1
-100 -50 0 50

B0 B2h e Helioce;ﬁh(?ic Velocityo(km s7) >0 Heliocentric Velocity (km s71)
T " : : :
heliocentric velocity km/sec UV interstellar absorption lines toward an O-type star

: o HD93521. (Spitzer & Fitzpatrick 1993)
Na | D2 interstellar absorption line seen along 3

lines of Sight to stars in LMC (Molaro et al. 1993) [Note] (1) muItlpIe VGlOCity Components and (2) line
_ saturation on Si Il and Fe II.
[Note] The cold gas is ~100 pc away from Earth, The multiple velocities are due primarily to the differential

meaning that 5 arcmin corresponds to ~ 0.15 pc. rotation of our galaxy. (clouds at different distances)



L/1,

1,5
broad stellar absorption
+ narrow ISM absorption
1,0 dﬁw&ﬁ\
cH* He
05
K Call
3934A
H Call
3968A
0,0 | | | |
3930 3940 3950 3960 3970 3980
A (R)

Interstellar absorption lines in the spectrum of { Oph
(09.5V).

Note that the Ca Il H line occurs inside the He

hydrogen line, which is much broader and of stellar
origin.

Figure 4.6 in Astrophysics of the Interstellar Medium [Maciel]
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Figure 5.5 in Physics and Chemistry of the Interstellar Medium [Kwok]



- The alkali metals (Li, K, and Na) and alkaline earth metals (Ca) produces absorption

lines at visible wavelengths (4000A <A<7300A,1.7eV <E<3.1 eV); these
elements have loosely bound outer electrons.

- Most other elements produce UV absorption lines (4 < 4000 A, E > 3.1eV).

- Therefore, the study of the CNM was extensively made by the launch of orbiting UV
telescopes (Corpernicus, IUE, etc).

- In particular, Lya (4 = 1215.67 A E =102 eV) from hydrogen.

* Interstellar absorption lines at visible wavelengths were also found from neutral atoms
such as Ca |, K|, Li |, ions such as Ti ll, and diatomic molecules such as CH, NH, CN,
CH+ and Co.

- [Note] The first discovery of intgrstellar molecules was made by the detection of CH
absorption at 4 ~ 4300 (4315)A (Swings & Rosenfeld 1937, ApJ), not at radio wavelengths.

- CH, NH, and CN are referred to as “radicals”, in chemistry, meaning molecules that contain
at least one unpaired electron. They quickly combine with one another, or with single atoms
in laboratory. But, in the low density of the ISM, they have long lifetimes.



https://ui.adsabs.harvard.edu/abs/1937ApJ....86..483S/abstract

10

The composition and excitation of interstellar gas can be studied using absorption lines that
appear in the spectra of background stars (or other sources).

The interstellar lines are typically narrow compared to spectral features produced by
absorption in stellar photospheres, and in practice can be readily distinguished.

- For instance, consider the Fraunhofer lines in the Sun’s spectrum. The Ca H and K lines, with
equivalent widths of 14A and 19A respectively, are the strongest absorption lines. The Na | D1
and D2 lines have equivalent widths of 0.6A and 0.8A.

- On the other hand, for many interstellar lines, the equivalent width is sufficiently small that the
mA is a convenient unit.

It is normally possible to detect absorption only by the ground state (and perhaps the
excited fine-structure levels of the ground electronic state) - the populations in the excited
electronic states are too small to be detected in absorption.

The widths of absorption lines are usually determined by Doppler broadening, with line
widths of a few km s1 (or AX/\ ~ 10~°) - often observed in cool clouds.

Absorption lines (and emission lines) contains a lots of information about number density,
temperature, chemical abundances, ionization states, and excitation states.

However, interpreting the information requires understanding the ways in which light
Interacts with baryonic matter, radiative transfer.

We need to know the line profile to analyze absorption lines.
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Optical Depth

» The optical depth in an absorption line can be written

2

e N/, e
T, = feu <1 _ /8 ) Nep, ~ feulNed,
MeC ne/gy MeC

Here, N, = /ngdS IS the column density of the absorbers.

1
. G o H(u. . . .
The line profile is given by ¢ Y. (u,a), and its value at the line center is
. L 1 V=V V=V
Qv (V= vpy) = ygu(b/c)ﬁH(O’a) YT A vea(ble)
- ]_ _ % (’U _ V — Vypy c, b — \/ﬁvrms _ 2]€BT>
~o 1 m
veu(b/c)\/T

The correction factor for stimulated emission is negligible for the optical lines.
Then, dropping the correction factor, the optical depth can be written

T, = ToH (u, a) Here, 17, is the optical depth at the line center.

e’ 1 NS
mecfe Ve (b/c)\/T T mec Je b "

TO —
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- The central optical depth for Ly«x is

N, féu )\Eu 10kms—!
= 0.75
0 30 (1013 cm2) (0.4164) (1215.67A) ( b )

- Inthe WNM (b =~ 10 km s™1), Lya will be optically thin (7, < 1) when N, < 103 cm ™2
and optically thick (7o > 1) when Ny > 10" cm ™7 .

- Inthe CNM (b =~ 1 km s 1), Lya will be optically thin when N, < 10'2cm™2 and
optically thick when N, > 102 cm™2 .

- In Milky Way, the total column density of hydrogen atom is N; ~ 10°° — 10** cm ™2,

I ' f ! f

10 —

The percentage of the sky
covered by H | at a given Ni.

Percent
[&)]
I
|

Figure 4 in Dickey & Lockman
(1990, ARA&A)

| ! il ! |
20 21 22

logyg (Nyy) cm ™2

- As areference, the column density of the Earth’s atmosphere, looking upward from
sealevel,is N ~2x 10*® cm™2.



https://ui.adsabs.harvard.edu/abs/1990ARA&A..28..215D/abstract
https://ui.adsabs.harvard.edu/abs/1990ARA&A..28..215D/abstract
https://ui.adsabs.harvard.edu/abs/1990ARA&A..28..215D/abstract
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Absorption Line Shapes

» Lyman «a absorption line profiles for » = 10kms™
F,//FV(O) _ e—ToH(u,a,)

- When 70 <1, F,/F,(0) =~ 1—7, and thus the shape of an absorption line
resembles the upside-down Voight function.

- When 70 > 1, the absorption line saturates at its center and becomes increasingly
“box-shaped.”

]-: ! [ ! 'W' T T : 10|||l|||||||||||||||||||1[||||||||||||
: ’T = 05 : — -
05 F A% : T~ - I J
- Optically Th .
E ptically mn FV/FO ]
O i 1 | 1 1 1 | 1 1 1 | 1
0.9998 1.000%
2(b/c)[ln(‘r /1n2)]1/2
T — S
. ¢ 12
05 To= 1x103 E ﬁ
"~ Saturated : i 1 £ T =1
O : 1 | 1 |: :I 1 | 1 :
0.9998 1.000%
{ R[(b/c)(y /1/)70/(47T3/2 In2)]1/2
05 [ To= 1X108 E
"~ 1 Saturated, with 00‘ 10/ 100 1000 1
DampllnnggS i ‘_|1|1|||||||7||1||||||||||11||1||||||||1|_
| | | | | | | | 1215.5 1215.6 1215.7 1215.8
0.998 U}yo 1.002 A (Angstroms)
Figure 9.1 in [Draine] Lyman « absorption lines for b= 10 km s-1.

Note the different abscissa in the lowest panel. Figure 2.6 in [Ryden]
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Equivalent Width & Curve of growth

- Equivalent width

- The spectrograph often lacks the spectral resolution to resolve the profiles of narrow
lines, but can measure the total amount of “missing power” resulting from a narrow
absorption line.

- The equivalent width is a measure of the strength of an absorption line, in terms of
“missing power” in the unresolved absorption line.

F0) F.(s)

F,=F,0)e ™

-« Curve of growth

- The curve of growth refers to the numerical relation between the observed equivalent
width and the underlying optical depth (or the column density) of the absorber.
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Equivalent Width

- Suppose that we measure the energy flux density F, using an aperture of solid

angle AQ. Then, we obtain the flux density at the observer:
F,=F,(0)e™ + By (Toxe) AQ(1 — ™ ™)

Here, F,(0) is the flux density of the background light source.

At optical frequencies and in the neutral medium, nearly all atoms are in their
ground state. Thus, we normally have n./n¢ <1 and B, (Texe)AQ < F,(0).

Then, we can neglect the emission from the:ISM.

oy, 6000A 2.4 X 10*K

k B Texc B A Texc

F,=F,(0)e ™

If the background spectrum is smooth, we can define the dimensionless
equivalent width and the wavelength equivalent width as follows:

v JE ] [0 e [

- The equivalent width is the width of a straight-sided, perfectly black absorption line
that has the same integrated flux deficit as the actual absorption line.
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Overall Shape of the Curve of Growth

The Curve of Growth
= the relation between optical depth at line center and equivalent width

0.01

Curve of Growth for Lya

10-3

/A

ﬁ? 0-4

10-°

Curves of Growth
(for 7, \,,=7616 cm s™1)

10-¢

108

10° 1010 1011 10t 1013 1014 101%°
Nf A(cm™)

107 108

Figure 9.2 in [Draine]
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Curve of Growth for Lya
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Figure 2.10 in Chap. 2 [Prochaska]
Lyman-alpha as An Astrophysical and Cosmological Tool
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Detailed Analysis of The Curve of Growth

- Equivalent width: 00 o0
A W:/ %(1—6_7’/)29/ du (1 —e"™)
— 00 0

C — o0

- Optically Thin Absorption, t, < 1 (linear regime)

b o0 7_3 b o0 2 6—2u2
W:C/mdu(ﬂ,—2—|—--->%C/Oodu<7'oe — 75 5 —|—>
b T 2
— 77270(1_—0"‘"’) T— 7, =710H (u,a) = 1ge™ " if a1

2v/2
RV — < | —om
c1+ 10/(2v/2) R
me? 1
— Ny foureu 2 Atw,
MeC? efenie 1+ 79/(2v2) < To = \T/jec f@u%NK

2

_ N€ fﬁu )\Bu
W = 4.48 x 107
. (1012 Cm2) (0.4164) (1215.67A)
MeC 1

0.4164\ /1215.67A\° / W, o Ne=wie o
Ny =1.84 x 10*2 cm ™2 : me? frueu
‘ : o ( feu )( Aew ) (0.012&) it 7051 W W

>\£u
The measurement of W allows us to determine N,, provided that the line is optical thin.
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. Flat Portion of the Curve of Growth, | < 7, <

Tdamp

Now consider what happens when an absorption line is optically thick, but not so optically
thick that the the broad Lorentz wing v =2 provides a significant contribution to the absorption.

The optical depth at which the wing becomes important is called the damping optical depth

b [ 2
W = - / du [1 — exp (—7’06_“ )}
cJ_

@)

Tdamp :

The absorption line shape is almost “box-shaped.” We assume that the term in square
brackets equals “1” until a certain value U« and then, suddenly drops to “0”.

We define Ux to be the location at half maximum of the square brackets:

1 Wy, = 2u’ e T = at u = u*
exp (—T()G_ui> =5 uw? =1In(19/1In2) 1 — o . |1/2 —
P, $ 2 —— E
Then, we have OE | o L N
—u* 0 u*
b [ b 2h
W%E/ duzz(Zu*) — W= =Zy/In(1p/In2)
— U C

Note that W is very insensitive to 70 (and thus Ny ) in this regime. Because W increases so
slowly with increasing V¢, this is referred to as the flat portion of the curve of growth.



20

- Inverting the above equation, we obtain

wm e | (5)

In2mec b W\
Ng’&"n MeC exp{(c )}

ﬁ e féu)\ﬁu 2_b

N, ~ 9.15 x 1012 cm=2 <0.4164> (1215.67A> ( b 1)
feu Atu 10kms™

1215.67 AN /10kms I\° / Wy >
0152
X exp [O 015 ( o ) ( ; ) (0.0lA)

- The column density at a given equivalent width depends on the temperature, and thus
on the thermal broadening.

- Any error in evaluating W), (from misestimating the continuum flux, for instance) will
propagate exponentially into an error in Ny.

- Therefore, it is advised not to use the above equation unless you have a very good idea of
what the equivalent width 1/, and the thermal broadening b are for the sightline in question.
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. Damped Portion of the Curve of Growth, 7, 2

7:damp

(square-root regime)

In this regime, the Doppler core of the line is totally saturated, but the “damping wing”
of the Voigt profile start to contribute significantly to the equivalent width.

W b [~ du |1 - (_

change of variables: Let ¢ ! o4
. T = S U=

J O mu T a2 NG

e ) =00 g o> d u<
if 70 2 Tdamp and u S u.

) =0

1/2
) .

W= Z (T\/L;)m /OO do [1— exp (—1/22)] = g (%)1/2 27

— OO

Therefore, we have

S

o

Yeu 1 L Yeu )\Eu

a =

b Yeu )\Eu

_ 4\/_7-0a) / A4m vpu(b/c)  4Am b

— \/b ™ wmu Y=L

W2
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- Approximation of the absorption profile as a boxy shape (square brackets)

» B.T. Draine (2011) defines u. to be the location at half maximum (FWHM = 2u*), and
calculates the EW.

X — T -z > U, =
P 0 /Tu 2 © mIn2

a_"}/gu 1 _’7€u>\€u
b [ b T Am v (b/c) 4w b
W%—/ du = —(2uy) ——> WzZ_b o d / ™ veu(bfe) A
CJ—u, c ¢\ v/mIn2
1 b To YeuAeu
Valn2\ cym ¢

He note that this value is smaller than by a factor of v/ 7 1n2 = 1.476. Multiplying by this
factor, he obtain the same result as ours.

» Our result is the same as that obtained using the following u:

1
exp (—7’0 \/;u2> = exp (—;) = 0.7274

70 0O b
_ o — ~1n?2 _ _
uy ﬁ(ﬂa) 7 In (ﬁan) e C(QU*)

QS

(4\/%7'0&) t/2
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m.c> 1 m.c> 1
Ny = — W? = — w3
‘ e? ffu’}/fu)\%u e? fEufYEu)\Zlu A
0.4164\ /6.265 x 10851\ /1215.67T A\ " /Wy 2
N, = 1.867 x 108 cm 2 ( ) ( a > ) ( ) (—A>
fﬁu You >\€u 1A

- The equivalent width is proportional to the square-root of the optical depth. The

column density (optical depth) is proportional to the square of the measured
equivalent width.

- Furthermore, the column density is independent of the thermal broadening.

- The damping optical depth at which the transition from the flat to the damped
portion of the curve of growth occurs are obtained by setting yyflat — yj/sa-—root

. An approximate solution for (when g > 1)

2—b\/h’l (7_ /1112) _ éTdamp fyeu)\ﬁu y=qln(y/In2) - set z =y/In2 and C' = ¢q/In2
C damp C ﬁ C — z=Cln(x)
We use the fixed point iteration method.
(0) _
: T =€
N b (1) C1 (0) C 33(3) = (C'In :E(Z)
Tdamp — 4ﬁ In (Tda,m /1112) voT A= =ClnC+Cln(InC)
p A\ p : 5 1 .
QIZTRAVEY t? =Clnz® =ClnC |

b 4ﬁ b Then, we obtain an approximate solution:

r~2? =ClnC — y=~qln(¢/In2)

This solution is found to underestimate z,,,, by a factor of ~1.4 (~1.3)
for b =1 (10) km s-1.
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Approximate Formulae for W

- Rodgers & Williams (1974, JQSRT, 14, 319) give a simple approximation.

1/2
W =~ [Wl% -+ le) — (WLWD/Ww)2] /

W, = EW of the Lorentz-broadened line (damped portion)
Wy, = EW of the Doppler-broadened line (flat portion)
Wy, =7, is the weak limit for a line of any shape

- B. T. Draine (2011) provides a simple approximation that is continuous and
accurate to a few percent for all 7, when applied to H | Lya with b = 10 km/s.

b T
T e 150/ (2V3)

for 7o < 1.25393

[(Zb)z In (&) 4 b Yeurew (10—1.25393)

1/2
C C VT }

for 7o > 1.25393

2b
Note that W, ~ = /In (79/In?2)
C

b T0 Veéu )\Eu

Wp =~ /-
L c\m ¢



https://ui.adsabs.harvard.edu/abs/1974JQSRT..14..319R/abstract
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Observations: H and D Ly«

+ The study of Lya absorption line is useful to

studying the cold clouds in our galaxy. However,

Lya tends to be optically thick.

. a Cen A and B (d = 1.34 pc) have broad Ly«
“emission” lines from their hot chromospheres.

- Superposed on the emission lines are optically

thick absorption lines by the ISM.
. For both a CenAand B, W, = 0.3 A.

7o = 68,000, b=11.8kms~"' (T = 8300K)

N, =1.1x10"®cm™?

- This represents the regime where the flat part of
the curve of growth gives way to the square-root
part. Hence, the column density is independent

of the thermal broadening.

- The stars are within our Local “Hot” Bubble so

1.0 7

0.8

0.5_—

0.4
0.2

0.0 ph

1.0}
0.8}

0.8F

Flux (107 ergs em 2 s™' A7)

04f

0.2}

0.0 s
1214.5 1215.0 1215.5 1218.0 1216.5
Wavelength

Lya lines toward a Cen A (above) and «

that the temperature is high. The column density Cen B (below).

imply that a density of 0.27 cm-3.

nyg = Ny/d = 1.1 x 108 cm™2/1.34 pc

Figure 2.8 in [Ryden], (Linsky & Wood 1996)
(1 pc =3.1x10'8 cm)
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- On the left-hand slope of the Lya emission lines, there is an optically thin absorption
line. This is the absorption line of deuterium Ly«.

» The deuterium Ly« lines are slightly blueshifted. wavelength for H Lya = 1215.67A,
wavelength for deuterium Lya is 1215.24A.

» The deuterium Ly« lines are optical thin, with 7y = 0.68, and thus easier to interpret than
the H Lya from ordinary hydrogen. The column density of deuterium toward a« Cen A and B,

is Ny = 6.1 x 10*2 cm ™2, giving a deuterium to hydrogen ratio D/H = 6 x 10~ °. This is
lower than the usual D/H ~ 1.6 x 10~° in the Local Bubble, and is much less than the
primordial value of D/H ~ 2.5 x 107°.

. For stars outside the Local Bubble, at d ~ 100 pc, Ly« lines are in the square-root
part of the curve of growth, with W) ~ 10A, N; ~2 x 10*°cm™2, ny ~ 0.6cm™*

- We observe in the visible and UV spectrum of many stars a substantial number of
atomic interstellar absorption lines.

- The coexistence of Ca® and Ca+ lines also allows us to obtain the degree of
ionization of the corresponding cloud. We observe that Ca+ is much more abundant
than Cao‘ (ionization potential of Ca is 6.11 eV).
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8
Observations: Absorption lines from fine-structure levels

» We also observe several absorption lines with
wavelength close to each other, which comes from
fine-structure levels of the fundamental ground ‘D 2—x

. 5/2 Y
state of the same atom or ion.
1334.5A 1335.7A

Clland C II

- We can then directly obtain the relative populations
of these levels. This gives valuable information on
those physical parameters that determine their
excitation, essentially the electron density. ‘pe 32 v 158um

1/2
- For examine, C 11 1334.57A and C II* 1335.70A
lines, which unfortunately are often saturated.

- Morton (1975)'s observations of the C Il and C II* ratio showed a significant
population of atoms in QPSO/2 . This suggested that [C Il] 157.7 um line could be a
strong cooling line in H | regions. It was not until the 1980s that the Kuiper Airborne
Observatory detected Far-IR [C II] emission from the ISM, as predicted by Morton.

- We may determine the cooling rate of the diffuse CNM due to [C I] 157.7 um by
observing the C II" 1335.70A absorption line.

- This observation gave a cooling rate of ~ 3.5 x 10~ *° ergs™' per hydrogen nucleus
(Pottasch et al. 1979; Gry et al. 1992), which is in agreement with the more direct
determination of Bennett et al. (1994) using [C Il] 157.7 um.
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« Observed curve of growth for the ISM in front of the star { Oph (Morton1975, ApJ)

l ' ! : I ' 1 ] X
/\\/3 \7’ 1‘3“’,,‘, '_'L""N-‘, \
- \\/- 6\ ﬁ 0 < _,-d
5‘?‘/ - \«\Q 1 20 -
P e :;-:—"”':ffA 2 “ 1 \20
“r  Kaop TR e =

/ O Sill
/ 0O SI
- / A Arl =
// X Fell
6L . Z" 3 ] 1 | L | 1 | 3 | 1 | 1 |
I" 12 13 14 1S 16 17 18

ALOG (NfA) (em 2A)

- As can be seen in the above figure, most observed absorption lines lie on the Doppler
plateau.

- Therefore, a better reduction technique than the use of curves of growth would be to

adopt a fitting technique for the line profiles. This technique is the only one that can be
used for complex line profiles.

« S0, optical and UV absorption lines provide us useful information about the cold
regions in the ISM. How much of each element and isotope is present? How hot is
the gas? What are the integrated densities along the line of sight?
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Observations: The Gas Phase Abundances

- The gas phase abundances of many elements relative to hydrogen have been determined on
many different sightlines using interstellar absorption lines.

- The observed gas-phase abundances vary from one sightline to another, which is presumed to reflect
primarily variations in the amounts of various elements trapped in dust grains. Such removal of
elements from the gas is known as interstellar depletion.

- Some elements, like Fe, are extremely under abundant in the gas phase, with gas-phase abundances
that are typically only a few percent of the solar abundance.

Element Solar system Stars H1 TC] ¢ Oph cold ¢ Oph warm
12 4 log(X/H) K [X/H]
H 12.00 12.00 12.00 - - -
D 7.53 - - - -033?
He 10.99 - 1095 - - -
Li 3.31 — - 1225 —1.58 -
B 2.88 — — 650 —0.93 —
C 8.55 833 8.60 75 —0.41 -
N 7.97 7.82 7.89 120 —0.07 -
O 8.87 8.66 877 180 —0.39 0.00
Ne — - 803 - — —
Na 6.31 — - 970 —0.95 -
Mg 7.58 740 - 1340 -1.55 —0.89
Si 7.55 727 - 1311 —1.31 —0.53
P 5.57 — - 1151 —0.50 —0.23
S 7.27 7.09 731 648 +0.18 -
Ar 6.56 — - 25 —0.48 -
K 5.13 — - 1000 -1.09 —
Ca 6.34 620 - 1518 -3.73 -
Ti 4.93 4.81 - 1549 -3.02 —-1.31
Fe 7.50 743 6.59 1336  -2.27 —-1.25

I Condensation temperature at thermal and chemical equilibrium, appropriate
for the Solar nebula with an initial gas pressure of 10~ bar. (1 bar = 10¢ dyn cm™2)

2 For lines of sight other than that of ¢ Oph: Linsky et al. (1995) .

The gas phase abundances along two lines of
sight, compared to abundances in the Solar
system.

Abundances are given as 12 + log(X/H), X
being the chemical symbol for the element and
H that of hydrogen.

The deficiencies in columns 6 and 7 are
expressed as:

[X/H] = log (X/H) —log (X/H),,

The data come mainly from Savage &
Sembach (1996) and from Snow & Witt (1996).

Table 4.2 in The Interstellar Medium [Lequeux]



Gas-phase abundance vs. Condensation Temperature

© A/Ay o
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[ Abundances toward ¢Oph

[ (vy=—15 km/s component)

- Morton 1975
- Savage, Cardelli & Sophia 1992

I Cardelli et al. 1993
Federman et al. 1994

| Crinklaw, Federman & Joseph 1994
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Figure 23.1 in [Draine]

Gas-phase abundances (relative to solar) in the diffuse cloud toward ¢ Ophiuchi (09.5V star, 138 pc), plotted

versus “condensation temperature”. Solid symbols: major grain constituents C, Mg, Si, Fe. The apparent
overabundance of S may be due to observational error, but may be arise because of S Il absorption in the H
Il region around ¢ Oph. There’s a strong tendency for elements with high condensation temperature (7cond) tO

be under abundant in the gas phase, presumably because most of the atoms are in solid grains.

Condensation temperature : temperature at which 50% of the element in question would be incorporated into
solid material in a gas of solar abundances, at LTE at a pressure p = 102 dyn cm-2 (Lodders 2003).
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21 cm hyperfine line

- The CNM and WNM, taken together, provide over half the mass of the ISM.

- His the most abundant element in the universe. In the CNM and WNM, most of the
hydrogen is in the form of neutral atoms.

- The Lya line of H provides a useful probe of the properties of the CNM and WNM.

However, at its wavelength the Earth’s atmosphere is highly opaque, and thus
observing Lya absorption requires orbiting UV satellites. In addition, Ly can be seen

in absorption only along those lines of sight toward sources with a high UV flux.

- To do a global survey of atomic hydrogen in the galaxy, we need some way of easily
detecting radiation from hydrogen, regardless of its kinetic temperature or number

density.
- Such a way was first found in 1944, by Henk van de Hulst.

» He attempted to find emission lines at the wavelengths ~ 1 cm to 20 m, at which the
Earth’s atmosphere is transparent. He then realized that the hyperfine structure line
resulting from a flip of the electron spin within a hydrogen atom should have a wavelength

of 21 cm.

» This was confirmed by Harold Ewen and Edward Purcell in 1951, when they first detected
21 cm emission from the Milky Way.
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Hyperfine splitting of the 1s ground state of atomic H

spin-parallel

Q})é} magnetic-moment antiparallel

F=1 g, =3 E,=587x10%eV

1s 251/2 .
—(0
. Ayp = 2.8843 x 10 s~ = (11.0 Myr) ™!
v = 1420.4 MHz
A = 21.106 cm

AE [k = 0.06816 K

spin-antiparallel
magnetic-moment parallel

Note that the magnetic moment is proportional to the charge, so the
electron and proton have opposite directions of the magnetic moments.
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Difference between Lyax and 21 cm transitions

. The excitation energy for Lya (E = 10.2 eV, E/kg = 118,000 K) is much higher than the kinetic
temperature of the neutral ISM.

Ny &, (_ 118,000 K

— = == exp
Ny %y, T

- Collisional excitation is unimportant, and most hydrogen atoms are in the lower level of the Lya
transition.
- The Lya has a higher energy by a factor of 1.7x106 than the 21 cm.

) —1.7x 107 at T = 1000 K

. The excitation energy for 21 cm is ~ 5.9 peV, and its equivalent temperature E/kg = 0.068 K
is much lower than the temperature of the cosmic microwave background.

- Even the CMB is able to populate the upper level.

- If collisions are frequent, then the spin temperature will be solely determined by collisions,
and thus will be a good tracer of the gas kinetic temperature.

- Thus, there is ample opportunity to populate the upper energy level of the 21 cm hyperfine
transition. The level populations for the 21 cm levels, since T... > 0.068 K in all circumstances

of the ISM will be:

4y v —hv/kT —0.068K/T 3 1
_:_ue V/ eXC:36 / exc:3 nu:_nH’ ng’:—nH

Ny %y, 4 4

- However, in many cases (in particular in WNM), the hyperfine levels may not be in excitation
equilibrium. Radio astronomers use the term spin temperature for 21 cm rather than the “excitation

temperature.”
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Emissivity and Optical Depth of H 121 cm

- Emissivity:.

- The upper level contains ~ 75% of the H | under all conditions of interest, and thus
the 21-cm emissivity is effectively independent of the spin temperature.

Jv = nuEhVu€¢V = m—ﬂAuEhVuﬁnH¢V (nu ~ ZnH>

- Optical depth
Ry = NMgOpy — Ny Oyl = TpO ¢y (1 — e_hyue/kTSpin)

Because hvy,e/kTsin < 1 for all conditions of interest, the correction for stimulated
emission is very important!

hVug

Ky = NyOyy, <K NyOyy — e_hyue/kTSpin ~ 1 — kVuE/kTspin
kTspin

1 g c? W, 1

Kk, ~ | —n L Avdy ) ~
<4 H> (ge 8717, 0 ) k1 spin (W - 4nH>
- 3 hc )\ug § Ju 3
v = 3ol kT ypin nHPy g The absorption coefficient is inversely
proportional to the spin temperature.
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- The damping constant of the 21 cm line profile is extremely small, and thus we can
assume that the line profile is a Gaussian.

Al lkms™!
21.106 cm b

(’LL = ’U/b7 b = \/§’Urms = \/QkTgaS/mH>

Ny = / nuds is the column density of HI.

~ 10%' em™?! toward the Galactic disk.

Yl Aue 90 Yl
= = 4.844 x 1
O gy el (2.8843><1015sl><
« Hence,
1 C 2
v — H ) = —
¢ VTAVD (u,0) ﬁygube
3 hC)\ug
T R T kT 1o
3 1 AN, h 2
_ 124 C NHIG_U
327Tﬁ b kTspin
NHI 100 K 1kms_1 2
, = 3.111 v
! (1021 Cm2> ( TSpin ) ( b > ‘
Nyt 100K\ /1kms '\ o
, = 2.201 u
T (1021 m> <T> ( b/ 2 )

Some lines of sight through our
galaxy (at high galactic latitude)
are optically thin and other lines
of sight (at low galactic latitude)
are optically thick at 21 cm.

- Self-absorption in the 21-cm line can be important in many sightlines in the ISM.

- The optical depth is inversely proportional to the spin temperature.
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- Typical optical depths of the 21-cm line:

B Nui 100K\ /10kms™"
=03 (s (7 ) (55

- Inthe CNM, a typical spin temperature is Ty, ~ 50 — 100 K :

s "M 2~ 0.3-0.6
e ~ 0.55 — 0.74

The CNM is in general optically thin, but show significant absorption.
- In the WNM, a typical spin temperature is Zspin ~ 5000 — 3000 K :

70 "™ 2 0.004 — 0.006
e”™ = 0.995

The 21-cm absorption is negligible in the WNM.

A typo in page 59 of Ryden’s book: For thermal broadening b values typical of the swarm- neutral medium and
| excitation temperatures Texc ~ 100 K, lines of sight with Nyg; > 102! cm~2 show
significant absorption. (Remember from Section 2.3 that Lyman « becomes !



[1] Column Density Determination - Emission

- Radio astronomers express the line profile as a function of radial velocity
rather than of frequency. This is logical because line broadening is only caused by
the Doppler effect, and its natural width being extremely narrow since the lifetime of
the upper level is only limited by collisions which are rare in the diffuse medium.

- We first define the column density per velocity interval.

- The column density can be written:

3 he Ay 3 hc )‘ie d Ny

v — _Au N v — _AU
2 kT H1y —> 7(v) = oo KTopin(v) dv
dNHI 327 k
— Ts in
do 3 Augherz, en()T(0) N / AN
Topin(v)7(v) [ cm™? dv
= 1.813 x 10'® =222
813 x 10 K —

- This indicates that we need to know not only the optical depth but also the spin
temperature to evaluate the column density. However, in an optically thin limit, we

will show that the dependency on the spin temperature is removed.
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- Optically thin case: Suppose we are looking through an optically thin layer of neutral hydrogen
toward a “dark sky”, which is fainter than the hydrogen cloud, with an antenna temperature 7y .

- In the optically thin limit, the RT equation becomes

Ta(v) =Taye ™ 4 Tspin(v) (1 — e_T”)
— Lgky + (Tspin</U) T TSkY) (]‘ o e_TU)

~ sky + TSpin (U)T'U < 17 Tsky < Tspin(v)
) (’U) — Tsky T'A (’U)
T(U) N Tspin (?}) - Tspin (U) TSky > TSky

- The column density per unit velocity interval is We measure the antenna temperature

of the dark sky (7%xy ) from the

dNy1r 327 k continuum at frequencies well above
dv 3 Ayehe)?, T4 (v) = Toy| and below the 21-cm emission feature.
- Ta(v)
TA (2}) — Tsk Cc1n 2 A
= 1.813 x 10'® Y N
K [km s—1
dN
NHI — /d?} Hi
dv Ty
>» U

- Therefore, the intensity integrated over the line profile gives us the total H | column density without
need to know T, , provided that self-absorption is not important.
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- Alternative approach:

- If we now neglect absorption, then

dl, — '
ds — 3
X Ju = 1,(0 —— Ahvyed, N
J ()+167r ehvye®y N
- Now suppose that 7,(0) is known independently. We can then integrate the intensity
over the line

3
/[IV — IV(O)] dv = m—WAughVugNHI

- This can be expressed in terms of antenna temperature 14 and relative velocity
v =V = vue)/vu] ¢

32T k
2 Ch =
/[TA — T4 (0)] dv = / ¢ 1, — 1,(0)] v "7 3 hedZ, Ay
2kv? Ut =2
3 = 1.813 x 10" [ - ]

C 3 Kkms—1
~ 3 AuEhVuENHI |
2kvy, 16T Kkms—17
-1 _ —19
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- We, then, obtain the same equation as before:

Ny %C’O/[TA — T4(0)] dv

TA — TA(O) _
18 2
= 1.813 x 10 / T—— dv [Cm }

- Here, we did not use the relation between the optical depth and column density.
» In the first method, we assumed that 7, < 1 and [,(0) < S, :

1y

I,(0)e™™ +5, (1 —e™ ™)
L,(0) +[S, — L(0)] (L —e™™)
I,(0)+ S,

Q

» In the second method, we completely ignored the absorption.

dl,
ds

— _KJ'I/IV _|—.71/ ~ jz/
Integrating the above equation, we obtain the same result as in the first method.

I, =~ I,(0) —I—j,//ds =1,(0) 4+ S, 7,
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Homework (due date: 04/21)

[Q6]
- Measurements of the equivalent width of the absorption Na I D lines at 4 = 5890A in the
direction of star HD 190066 (type B1I) give the result W ~ 400 mA.

(1) Assume this 1s a weak line and calculate the column density of neutral Na atoms 1n the
direction of the star. Show that in this case, the following relation is valid:

v M3 (Wx/mA)

 (Mem)? fue -

[cm

Here, use f,» = 0.65.

(2) Analysis of the line saturation suggests a correction factor of 6 for the column density. Apply
this factor to the above result and estimate the Na total column density, assuming that 99% of
the sodium atoms are 10nized.
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[Q7]

A dwarf galaxy at a distance D = 15 Mpc 1s emitting in the 21-cm line of atomic
hydrogen. The observed 21-cm line flux is F =1 x 10" ®ergecm s~ 1t .

If the emitting gas is assumed to be optically thin, and there 1s no absorption by

intervening gas, estimate the mass of H I in the dwarf galaxy. Express your answer in
solar mass M.

The Einstein 4 coefficient for the 21-cm lineis A, = 2.88 x 1071 g7 1



