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Atomic Gas / Hydrogen Gas




Hydrogen Gas - 21 cm hyperfine line

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

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

- The Ly 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, Lya 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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Note that the magnetic moment is proportional to the charge, so the
electron and proton have opposite directions of the magnetic moments.



Difference between Lyax and 21 cm transitions

The excitation energy for Lya (E = 10.2 eV, E/k = 118,000 K) is much higher than the kinetic
temperature of the neutral ISM.
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- Collisional excitation is unimportant, and most hydrogen atoms are in the lower level of the Lya
transition.

) —1.7x 107 at T=1000K  (gu/ge = 3)

- The Lya has a higher energy by a factor of 1.7x106 than the 21 cm.

The excitation energy for 21 cm is ~ 5.9 peV, and its equivalent temperature E/k = 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 (7, ) 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.
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- 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.”




Typical Optical Depths of the 21-cm line

- Typical optical depths of the 21-cm line:
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- In the CNM, a typical spin temperature is Tipin ~ 50 — 100 K :

75 M 0.3 — 0.6
e ~ (.55 — 0.74

The CNM is in general optically thin, but show significant absorption.
- In the WNM, a typical spin temperature is T, ~ 5000 — 8000 K :

70 "™ 2 0.004 — 0.006
e” ™ = 0.995

The 21-cm absorption is negligible in the WNM.



Typical H | column density in our Galaxy

» Column density: an amount of matter per unit of area along a line-of-sight
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Neutral Hydrogen Ny = 10%° — 10?2 cm?
e in our Galaxy,

(except for the Lockman hole)

i The Lockman hole is an area of the sky
in which minimal amounts of neutral
i hydrogen gas are observed.

Column density in Lockman hole
Nup =~ 5 x 10! cm?

- . Coordinates:
6 9 (I, b) = (149.77, 52.03)

20 2 (RA, dec) = (10h45m, +58deq)
x 10~ HI per cm . Size: ~ 15 square degrees




21 cm emission & absorption lines

HI 21cm
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Galactic 21 cm H | line emission from the HI4PI
survey.

The inset shows the mean spectrum of this region
in units of brightness temperature versus velocity.

The vertical dotted line shows the velocity slice
shown in the image.

[Introduction to Interstellar Medium, J.P. Williams]
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Schematic of an absorption experiment to measure the
temperature of an atomic cloud.

The first line of sight measures the emission from the
cloud only.

The second line of sight contains a background source
with continuum (brightness) temperature 7.

The difference between the two lines of sight reveals a
dip in the continuum due to absorption by the cloud.



lonized Gas - lonization Equilibrium

* Photoionization Equilibrium:
» Balance between photo-ionization and the process of recombination.
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- Collisional lonization Equilibrium (CIE) or coronal equilibrium

» Balance at a given temperature between collisional ionization from the ground states of the
various atoms and ions, and the process of recombination from the higher ionization

stages.
» In this equilibrium, effectively, all ions are in their ground state.
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"‘Case Aand B (Radiative Recombination of Hydrogen)

- On-the-spot approximation:

- In optically thick regions, it is assumed that every photon produced by radiative
recombination to the ground state of hydrogen is immediately, then and there, destroyed
iIn photoionizing other hydrogen atom.

- In the on-the-spot approximation, recombination to the ground state has no net effect on the
ionization state of the hydrogen gas.

- Baker & Menzel (1938) proposed two limiting cases:

- Case A: Optically thin to ionizing radiation, so that every ionizing photon emitted during the
recombination process escapes. For this case, we sum the radiative capture rate coefficient
e over all levels n/.

- Case B: Optically thick to radiation just above Iu = 13.60eV so that ionizing photons
emitted during recombination are immediately reabsorbed, creating another ion and free
electron by photoionization. In this case, the recombinations directly to n = 1 do not reduce
the ionization of the gas: only recombinations to " > 2 act to reduce the ionization.

- Case B in photoionized gas: Photoionized nebulae around OB stars (H Il regions) usually
have large enough densities of neutral H. For this situation, case B is an excellent
approximation.

- Case A in collisionally ionized gas: Regions where the hydrogen is collisional ionized are
typically very hot (T > 106 K) and contain a very small density of neutral hydrogen. For these
shock-heated regions, case A is an excellent approximation.
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H Il regions: Photoionization and Recombination of Hydrogen

Interstellar medium (ISM), which is primarily composed of hydrogen, is transparent to hy
< 13.6 eV photons, but is very opaque to ionizing photons with hv > 13.6 eV.

- lonized atomic hydrogen regions, broadly termed “H Il regions”, are composed of gas
lonized by photons with energies above the hydrogen ionization energy of 13.6 eV.

H+hyr — H +e” + AFE

- Sources of ionizing photons include massive, hot young stars, hot white dwarfs, and
supernova remnant shocks.
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- The photoionization cross-section of H depends

strongly on frequency and is reasonably 8 I | | | .

. He()
approximated by a power-law: -
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« The recombination rate coefficient Photoionization cross section for hydrogen(H?°),
. . . . . hydrogenic helium (Het), and neutral helium (He9).
(recombination to levels n > 2) is given in [Fig. 4.1 in Ryden]
an approximate power law form,
oo n—1
OB (T) — S: S: Cvng(T)
n=2 /=0

~ 2.59 x 10713 7 083370-038nTa ey 3571 for 0.3 < Ty = T/10°K < 3



The Stromgren Sphere: A Uniform, Pure Hydrogen Nebula

- Strémgren Sphere:

- Following Stromgren (1939), we consider the simple idealized problem of a fully ionized,
spherical region of uniform medium plus a central source of ionizing photons.

- The ionization is assumed to be maintained by absorption of the ionizing photons radiated
by a central hot star. The central source produces ionizing photons (Lyman continuum;

LyC), with energy v > vy = Iy/h ataconstantrate O, = N,

- O star temperatures, masses, and ionizing photon rates

onize LPHOtoONs s-1].

- The emission of the most massive (O-type) stars can be approximated as a blackbody
with a peak energy E ~ Shc/kT ~ 12.9 eV, very close to the hydrogen ionization

potential.

- O stars produce enough ionizing photons to create large ionized, or H Il, regions.

SpT T, (K) My (M) log,o(Ls+/Lo) logio(Nionize)
03 44600 58.3 5.83 49.63 ¥ ok

04 43400 46.2 5.68 4947 E<> 3 eay

05 41500 37.3 5.51 49.26 De ,
06 38200 31.7 5.30) 48.96 DU N
07 35500 26.5 5.10 48.63 QO_NPh(’1<912A)
08 33380 22.0 4.90 48.29

09 31500 18.0 4.72 47.90
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lonization and Recombination rates:

- lonization rate per neutral hydrogen atom at a radius r = 1 pc from an O star is

N- : Npyc =5 x 10%s7}
lonize -7 —1 B
Rionize = - oo~ 3 %X 10 [ < oo = 6.3 x 10718 cm?
mr r:1p6:3.1><1018cm

- This is much greater than the recombination rate per hydrogen ion,

Te
10cm—3

Rrccombine = apTle & 3 x 10712 ( ) sl oat T =10%K
- This implies a neutral hydrogen atom near the center of the nebula would survive a
few months before being ionized but then, once ionized, would have to wait about

ten thousand years before recombining with a free electron. We conclude that, at
1 pc, the nebula is almost fully ionized.

- As we move outwards in the nebular away from the O star the ionization rate
decreases as 1/r* and eventually will match the recombination rate. This define the
boundary of the H Il region.
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- The transition from ionized to neutral will occur at a length scale of the mean free
path of photoionization in the neutral gas.

1 NH —1 Opi —1
)\m — ~ D 10_4 ( ) p
P NHOpi 8 be 102 cm—3 (6.304 x 10~18 cm?

- This length scale is over a thousand times smaller than the observed size of the
nebula.

- Therefore, the gas is either fully ionized or neutral.

- This tells us that the transition from ionized gas to neutral gas at the boundary of the

H Il region will occur over a distance that is very small compared to the Stromgren
radius.
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- Assuming that the ionization is nearly complete (n, = n, = ny ) within R, and

nearly zero ( nyo = ny, n, = 0) outside R, we obtain the size of the ionized

region by simply equating the rate of ionization to the rate of recombination (over the
whole volume of the ionized region):

47

Qo = (n%{aB) ?RE «— Qo= Nyyc

This gives the Stromgren radius:

s — 2
4T apnig

- 00 1/3 ( - )_2/3 7028 "
- 1049 photons s—1 102 cn—3 104 K be

The physical meaning of this is that the total number of ionizing photons emitted
by the star balances the total number of recombinations within the ionized
volume (47/3)R]  often called the Strémgren sphere. It’s radius R is called the
Stromgren radius.
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H Il region - Rosette nebula

- For the Rosette, we find the theoretical size to be Ry = 40 pc which is
about a factor of 2 larger than its observed extent. The discrepancy
is because some of the ionizing photons are absorbed by dust.

Optical (DSS2 Red) image of the
Rosette nebula.

[Fig 6.1, J. P. Williams]
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Nebular Emission Lines

- In the figure, the continuum is a mixture of free-bound continuum (from
radiative recombination), free-free emission (thermal bremsstrahlung), and two-
photon emission.

- The collisionally excited emission lines are much stronger than the continuum
spectrum. The collisional emission lines are utilized to measure the temperature

and density of the medium.
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10 YWl Ll Z E S ; Hr Plo—23 | = {1 Figure 4.6 [Ryden]
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Properties of lonized Hydrogen Regions

 lonized atomic hydrogen regions, broadly termed “H Il regions”, are composed of gas ionized by
photons with energies above the hydrogen ionization energy of 13.6 eV.

- lonization Bounded: These objects include “classical H Il regions’ ionized by hot O or B stars (or
clusters of such stars) and associated with regions of recent massive-star formation, and “planetary
nebulae”, the ejected outer envelopes of AGB stars photoionized by the hot remnant stellar core.

- Density Bounded: Warm lonized Medium / Diffuse lonized Gas: lonized Gas in the diffuse ISM, far
away from OB associations.

(a) An ionization-bounded nebula whose radius is determined| (@) (b) Stromgren radius
by the ionization equilibrium. The LyC is entirely
consumed to ionized the surrounding H | gas.

(b) In a density-bounded nebula, the amount of the
surrounding H | gas is not enough to consume all LyC
photons. Some of the LyC escapes from the cloud, which
is called the LyC leakage.

¢¢==b’/

- Three processes govern the physics of H |l regions:

- Photoionization Equilibrium: the balance between photoionization and recombination. This determines
the spatial distribution of ionic states of the elements in the ionized zone.

- Thermal Balance between heating and cooling. Heating is dominated by photoelectrons ejected from
hydrogen and helium with thermal energies of a few eV. Cooling is mostly dominated by electron-ion
impact excitation of metal ion followed by emission of “forbidden” lines from low-lying fine structure levels.
It is these cooling lines that give H Il regions their characteristic spectra.

- Hydrodynamics, including shocks, ionization and photodissociation fronts, and outflows and winds from
the embedded stars.
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Observations of Metallic Absorption Lines Toward the CNM

- 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 most promment absorption lines at visible wavelengths are Ca Il K and H lines at
A =3933,3968 A, and Na | D; and D> doublet lines at A = 5890, 5896 A.

+ 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.

1.0

v A\Y
>
= 0.8 —
o
* ® . o :
E
S 0.4 —
3 .
r 02 AV E ]
v All1670.8 . . M HD142256
O_O—r|||||||||||||||"|.|||||||f|||:‘|--r--l-|:||||||||||||-|—
-60 -40 -20 0 20

Heliocentric velocity (km/s)

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

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 s (or AA/A ~ 107°) - often observed in cool clouds.

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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Line Broadening Mechanisms

« Atomic levels are not infinitely sharp, nor are the lines connecting them.
- (1) Doppler (Thermal) Broadening
- (2) Natural Broadening
- (3) Collisional Broadening
)

- (4) Thermal Doppler + Natural Broadening

 Voigt profile : Thermal + Natural broadening
- Atoms shows both a Lorentz profile plus the Doppler effect.

- In this case, we can write the profile as an average of the Lorentz profile over the
various velocity states of the atom:

- Voigt profile = convolution of a Lorentz function (natural broadening) and
Gaussian function (thermal broadening).
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Absorption & Emission Line Profile

- In the classical / quantum theory of

spectral lines,

we obtain a Lorentzian line profile:

! e’ yl4m?
O, = ’
© " me (v —1y)? + (y/4n)?
o0 72'62
Gvdy —Jon'
i m,c

m, = electron mass
e = electric charge

where f . is called the oscillator

strength or f-value for the transition
between states n and n’.

y = A is the damping constant (or
Einstein A-coefficient).

Note that the intrinsic line profiles of the
absorption and emission lines are the same.

Selected Resonance Lines® with A < 3000 A

Configurations ¢ u Eo/hc(em™)  Avac(A)  fou
CIV 1522s — 1s?2p ’S172 PP, 0 1550.772  0.0962
2S172 Pg, 0 1548.202  0.190
NV 1525 — 1s%2p 2S172 PP, 0 1242.804  0.0780
’S172 °P3), 0 1242.821  0.156
OVI 1522s — 1s%2p ’S172 °PP, 0 1037.613  0.066
’S172 ?Pg), 0 1037.921  0.133
cHI 252 — 252p 1S lpo 0 977.02 0.7586
cl 2522p — 252p? PP, D3, 0 1334.532  0.127
P39, °D2), 63.42 1335708 0.114
NIII 2522p — 252p? PPy, D3y 0 989.790  0.123
P9y °Dg), 174.4 991.577  0.110
CI 2522p2 — 2522p3s 3P 3pp 0 1656.928  0.140
Py 5pg 16.40 1656.267  0.0588
3Py 3pp 43.40 1657.008  0.104
NII 2522p? — 2s2p3 3Pg 3DP 0 1083.990  0.115
3Py DS 48.7 1084.580  0.0861
P,  8DY 130.8 1085.701  0.0957
NI 2s5%2p° —2s%2p%3s 4S9,  “Ps)p 0 1199.550  0.130
'S5, ‘P 0 1200223 0.0862
01  2s522p* —2522p33s 3P, 38y 0 1302.168  0.0520
5Py 5S¢ 158.265 1304.858  0.0518
3Py 35p 226.977 1306.029  0.0519
Mgll 2p03s — 2p%3p S1 /9 2P1°/2 0 2803.531  0.303
2S172 Pg, 0 2796.352  0.608
AlIIl 2p83s — 2pS3p S1 /2 21310/2 0 1862.790  0.277
’S172 P, 0 1854716 0.557

Table 9.4 in [Draine]
See also Table 9.3
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- The profile can be written using the Voigt function.

l I I I I I I I
1 N E
1 H0,0) ~ 1 ]
Qb(V) — H(U’a a) 1 Gaussian core
Avp/T b =0) ~ 0.1 L -
Avp\/7 : 3
Here, Voigt function is defined as 0.01 & N
o0 —y2d - :
a (& - ]
SCOREY I e
ITOO Y - J\\ Lorentzian wing ]
= A 0.0001 \ T E
T VD ' - J,‘l." 3
vV — 1 N :'\\\ ]
AVD 10-° £ . E
_ ST B 2 U B R B
Thermal Doppler broadening parameter: 0 2 4 6 8 10
frequency
A o Vth . 140 2T o Uth
DT TN T T Including the turbulent motion, the Doppler parameter is

. : . : v b b

Here, a is a ratio of the intrinsic broadening Avp = 1p—2 = Avp = 1p- = -

[ to the thermal broadening Avyp, ¢ S

2kT
_ where b = \/v3 + V2 ., Uth =\ —
u is @ measure of how far you are from the m
line center, in units of thermal broadening Dyt IS the rms velocity of the turbulent motion.

parameter. Thermal velocity depends on the atom’s mass.

However, turbulent velocity is independent of the mass.
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Absorption Line & Equivalent Width

F,=F,0)e ™ LY
PO ——cmmm o - - - - - -

F.(0) F.(s) il
| A
I
I
- ™~
I I
Y

7, = ToH (u, a)
Here, 7, is the optical depth at the line center.
ﬁ e’ Atu N, is the column density of the atoms in the lower (ground) level.
T0 — fﬁu_NE
MeC b
, . e’ e’ gy
cross section at line center : oy = fopv =0) = Jeu
m,c m,c \/7_zb
wavelength) equivalent width F
( gth) eq W,\E/d)\ll— ’\]:/d)\(l—e“)
- Equivalent width £(0)

- The spectrograph often lack 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 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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Variation of Line Profiles & Curve of growth

. The absorption line profiles for b = 10 km ™1

- When 75 < 1, F, /F,/(0) = 1 — 7, and thus the shape of an absorption line resembles and upside-down
Voigt function.

- When 17, >> 1, the absorption line saturates at its center and becomes increasingly “box-shaped.”

0.2

1 ¢ A 7
05 [ To= 1X10° % / :
"~ Saturated, with | : - _
:DampingWingS : : i PN T T T T T T A T YT TN T T T O O Y T T
0 ' l ' — L1 ! ' ' 1215.5 1215.6 1215.7 1215.8

]_ : T | T T W T T T : 1.0 | 11T 17T 1T 1T 1T°1 T 1T 17 17 T1 I 1T 1T 1T 1T 11 1T 1T 1T T 1

L 17,=0.5 ) - -

0.5 F Optically Thin \F F . i :
B v 0 7

. N 08 a

O 1 | 1 1 1 | 1 1 1 | 1 B |

0.9998 1 1.0002 s d

| 2(b/c)[In(7,/1n2)]1/? = i

r ’4/ | 1 R0 i

0.5 L 20 1th0§ “ 105 ]

: aturate | | ; S04l -

O i 1 | 1 |: :I 1 | 1 ] B -1

0.9998 1 1.0002 - 1

R[(b/c)(,/V)To/(4m3/21n2)]1/2 B i

0.0
0.998 U}yo 1.002 A (Angstroms)
Figure 9.1 in [Draine] Lyman o absorption lines for b =10 km s1.
Note the different abscissa in the lowest panel. Figure 2.6 in [Ryden]

- 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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Molecular Clouds
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* In dense regions (away from energetic sources of radiation), atoms can combine
to form molecules.

- Electronic states: The electrons share orbitals around two or more nuclei with
transitions that produce UV and optical lines analogous to those in atoms.

- Vibrational and rotational states: In addition, the interactions of the nuclei
themselves have quantized vibrational and rotational states, though at much lower
energies. The corresponding lines lie in the IR and mm wavelength regime.

o Schematic of the vibrational and rotational
P modes of a diatomic molecule, with
quantum numbers v and J respectively.

C---o--->

- Classically, the vibration and rotation can be viewed as an accelerating charge.

- Observations reveal a rich spectrum from multiple species that tells us about the
physical and chemical properties of the molecular ISM, which is the coldest parts of
the Universe and the sites of stellar birth.
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Molecular Structure: Bohn-Oppenheimer Approximation

- Bohn-Oppenheimer approximation:

- The motions of the electrons and nuclei could be treated separately.

This come about because of the great difference between the masses of the electron and a
typical nuclel.

- The slowly moving nuclei only sense the electrons as a kind of smoothed-out cloud. As the
nuclei move, the electrons have sufficient time to adjust to adiabatically the new nuclear
positions. The nuclei then feel only an equivalent potential that depends on the internuclear
distance and on the particular electronic state.

- Due to very different energies of the electronic, vibrational, and rotational states, these
interactions can be assumed to be decoupled. The separation of wavefunctions is referred to
as the Born-Oppenheimer approximation. Under the Born-Oppenheimer approximation, the
total wavefunction is a product of the nuclear, electronic, vibrational, and rotational
wavefunctions.

wtot — ¢nuc welwvib ¢r0t
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Order of magnitude of energy levels

Energy Levels

Me 1/2 Me
Eelect : Evib . Erot:1 : (M) . (_)

- Since M ~ 1O4me (mp/me = 1836), the relative strengths of electronic, vibrational,
and rotational transitions are

Eoeet : Bvi, @ Eeot ~ 1 : 1072 . 1074

- Typical values are

EFaeet © Eviy, @ Frot ~ 10eV : 0.1eV : 0.001eV
Uuv IR IR or radio

- Typical wavelengths are
>\elect . )\Vib . >\rot ~ 100nm : 10,wm : 1 mm

- That is, electronic transitions are in the optical/ultraviolet, vibrational in the near/mid-
iInfrared, and rotational in the (sub-)millimeter.
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[Energy Levels, Pure rotational & ro-vibrational transitions]

- Energy Levels

1
E,(v,J) = V,(ro) + hvg (v + 5) + B, J(J + 1)

wo hQ
= — DB,=—
0= on 21

Here, g denotes an electronic state.

- Pure rotational spectrum: In the lowest vibrational
and electronic states, it is possible to have transitions
solely among the rotational states. Such transitions
give rise to a pure rotational spectrum.

- Rotational-vibration spectrum: Because the
energies required to excite vibrational modes are
much larger than those required to excite rotation, it
IS unlikely to have a pure vibrational spectrum.

The transitions then yield a rotation-vibrational
spectrum, in which both the vibrational state and the
rotational state can change together.

V)

v=0,1,2, -

J=0,1,2,

I = wr2 = moment of inertia of the molecule.

\ Vho(R)
|“‘ \ ”,'
. V(R)
e — s
\ --------------------- , : [: 2
(A
v=20
R, R
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[Selection Rules]

 Electric-dipole selection rule for the ro-virational transitions:

Av = any
AJ=0, £1 not J=0+0

- But, note that H2 has no permanent electric-dipole moment.

The electric-quadrupole are allowed for AJ = % 2 within the ground electronic state.
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[Energy levels of Molecular Hydrogen]

« The short horizontal lines in each of the
20 bound states indicate the vibrational levels.

150,000 | =D+p 1+
TTTTT T T T AT T 7] « The transition from the ground state X 2
Uy to the excited states B'X and C'II, are
called Lyman and Werner bands.
H(ls)+ H(2l) 15
100,000 |~ (eV)
Werner band: C 'TT, - X 12; at about 1100 A;
el 10 Lyman band: B 'E; - X X! at about 1010 A.
In principle, states are labelled
50,000 [~ alphabetically in ascending energy order.

H(ls)+ H(ls) =5 However, there are many exceptions.
4.48 eV The lowest triplet state of Hz is the 3y
with the s lying somewhat higher.

Pt
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[Energy levels of COJ]

» The rotational and vibrational energy
levels for carbon monoxide.

0.541eV T 2
e CO _

5.036 T+
X107 3eV

0.324eV T 1
2518 T

0.839 Tt

AE =0+

E =0.108eV + v=20

[J. P. Williams]

The left side shows the vibrational
energy for each level v.

The rotational transitions are
illustrated by the gray shading at each
level.

The rotational energies are about 100
times smaller than the vibrational.

The inset on the right hand side shows
a zoomed-in region of J-ladder.
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[Energy levels of COJ]

1.0 i | | | | | | | o
R branch P branch [J. P. Williams]
o J—=J-1 J—J+1
£ 0.8} .
n
-
3
c 0.6 .
Q Designation (J, —J;) Note
._E 0.4} . O(Jp) —2  Electric quadrupole transition
O P(Jy) —1 Electric dipole transition
O Q(Je) 0 Electric dipole or electric quadrupole; QQ(0) is forbidden
oC o2tk _ R(Jy) +1  Electric dipole transition
S(Je) +2  Electric quadrupole transition
0.0 ...mllHHH[ lx l”“lll
4.50 4.55 4.60 4.65 4 70 4.75 80 4.85

A (Hm)
« Model spectrum of ro-vibrational lines for CO v = 1— 0, illustrating the two branches corresponding to a
positive or negative change in J and a central gap at AJ = 0.

- The symmetry comes from the sign of the AJ = +1 jump and produces two branches in the spectrum.

- The R branch corresponds to a higher energy jump, J — J — 1, and lies at shorter wavelengths.
- The P branch is a smaller jump, J — J + 1, and is at longer wavelengths.

- The envelope shape arises from the population level distribution that is small at low levels due to the
degeneracy g; = 2J + 1, and at high levels due to the Boltzmann exponential e/ T ex

- The difference between the relative intensity of the P and R branches is due to different values in the
Einstein A coefficient.
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The invisibility of Hz in the Cold ISM

- Hydrogen is, by far, the most common element in the Universe and molecular hydrogen
is the most common molecule in the ISM.

- However, its symmetry prevent pure rotational transitions. From a quantum
standpoint, the two hydrogen atoms are identical so there is no change in state in a
180 degree rotation. Because there is not separation of charge from the center of
the system, it is also said to have zero dipole moment.

- In cold regions, it will not radiate and is effectively invisible.

. Tracers of Cold Molecular Gas

- To diagnose the properties of these regions requires observations of other
constituents: dust and molecules such as CO.

- The offset between the charge distribution and center of mass in asymmetric
molecules such as CO produces a dipole moment and a series of rotational energy
levels that can be populated through collisions in cold gas.

- Although the abundances of these molecules are very low relative to Ho, they
provide the only means for the gas to radiate and result in a rich line spectrum
at millimeter wavelengths.
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- A sample of molecular rotational transitions

- The following table shows a small set of commonly observed, low-lying, rotation
transitions, J + 1 — J, in the ground vibrational level, v = 0.

- The Einstein A coefficients are extremely small compared to (permitted) vibrational
and electronic transitions.

- Higher transitions are excited by slightly warmer and denser gas.

- The table includes the isotopologue, Molecule Transition v (GHz) E,/k(K) A
13CO of CO. —
CO 1-0 115.271 55 720 x 10
- Isotopologues are molecules that differ 2-1 230.538 166 6.91 x 107/
only in their isotopic composition. At . 3-2 345796 332 2.50 x 10:2
least one atom has a different number O 20 110200 5.5 6295 107
f neutrons that the parent ol 22099 159 60310
O P ' 32 330588 317 2.18 x 10
“ye —6
- They have the same transitions at €S 1-0 48.991 24 17510
nearby frequencies with similar decay 2-1 07981 /1 1.68 > 1077
g - t 3-2 146.969 14.1 6.07 x 107>
anad excitation rates. HCN 1-0 88.633 43 241 x 1075
. . 4
- Observations of these rare species g—; ;Zgégé ;ig égé X 18_ )
: " : — : : 36 x
help dlagr;]ose ?OndI]’EIOHS '2 dense HCO 1-0 89.188 43  425x 1075
regions where lines from the primary o 178375 120 4.08 x 10~
species are optically thick. 32 267558 257 148 x 1073
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Gas-Phase Formation of H»

 Direct Radiative Association

- When two free H atoms collide with each other, they create an excited hydrogen molecule
that is unbound.

H+H — H; — Hy + hv

- It must emit a photon carrying away enough energy to leave it a bound state, or it will break
apart again. There is no electric dipole moment. As a result, there is no dipole radiation
that could remove energy from the system and leave the two H atoms in a bound
state. Electric quadrupole transitions are possible, but the rates are very low.

- As a consequence, the rate coefficient for direct radiative association of Hz is so small that
this reaction can be ignored in astrochemistry.

- Three-body reaction
3H — Hy + H+ KE

- The reaction can occur, when the third body carrying off the energy released when Ha is
formed, but the rate for this three-body reaction is negligible at interstellar or intergalactic
densities.

- At the high densities of a protostar or protoplanetary disk, the three-body reaction is able to
convert H to Ho.
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- Formation of negative hydrogen ion by radiative association followed by
formation of H> by associative detachment.

- First step:
H' +e” = H +hv
- Second step:
H +H - Hy, +e +KE
This is an exothermic ion-molecule reaction.

- The density of negative H ion is very low because the formation rate of H™ (first step)
IS slow while there are many, rapid processes that destroy H™.

- In the absence of dust (e.q., in the early universe), H~ +H—H> +e" js the
dominant channel for forming H-.
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Grain Catalysis of Ho

- The dominant process of H> formation in the Milky Way and
other galaxies is via grain catalysis.

- The surface of a dust grain acts as a lab of chemical activity.

- Adsorption:

» A H atom colliding with a dust grain has some probability of sticking
(bounding) to the grain.

» Sticking probability: ps ~ 0.3 for grains with a ~ 0.1pm

- Diffusion & Reaction:

» Initially, the binding may be weak enough that the H atom is able to
diffuse (i.e., random-walk) some distance on the grain surface, until
it happens to arrive at a site where it is bound strongly enough that it
becomes “trapped.”

» Subsequent H atoms arrive at random locations on the grain surface
and undergoes their own random walks until they also become
trapped, but eventually one of the newly arrived H atoms encounters
a previously bound H atom before itself becoming trapped.

» When the two H atoms encounter one another, they react to form Ho.

- Desorption:

» The energy released when two free H atoms react to form Hz in the
ground state is AE = 4.5 eV. This energy is large enough to
overcome the forces that were binding the two H atoms to the grain,
and the H> molecule is ejected from the grain surface.

ACCRETION

DIFFUSION

00000008B0000000000 REACTION

Neo

EJECTION

A schematic of the formation of molecules
on grain surfaces. [Fig 4.1, Tielens]

Chemical desorption (3)0

Accretion (1)

-
Surface diffusi» n (2)

Sketch that illustrates the chemical
desorption process.
[Fig 1, Dulieu, 2003, Scietific Reports]
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Photodissociation of H»

Photodissociation: Hz +hv — H+ H + KE

Energy V(1) [eV]

Photodissociation is the principal process destroying interstellar Ho.

16
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| % ?:OO _
= v=14 H(1s)+H(1s)
R — ]
: — X Zg
| \ o ]
\ e
\\ ”
| N vEl) _
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0.0 0.5 1.0 1.5 2.0 25 3.0
r [A]

Schematic drawing of the potential energy curves of
molecular hydrogen [Figure 7.4, Ryden]

» The first step is absorption of a resonance

line photon (A = 912-1108A), raising the H2
from an initial level X(v,J) to a level
B@’,J") or C(v’,J’) of the first and second
electronic states. This photoexcitation is via
a permitted absorption line, and therefore
the newly excited level is guarranteed to
have electric dipole-allowed decay
channels, with a large transition probability.

The excited level is most likely to decay to
vibrationally excited bound levels

of the ground electronic state, and such
decays occur ~85% of the time. However, a
fraction of ~15% of the time, the downward
spontaneous transition will be to the
vibrational continuum (v > 14) of the
ground electronic state: The two hydrogen
atoms will then fly away from each other
and the hydrogen molecule is dissociated.
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PhotoDissociation Regions (PDRs)

- The edge of a molecular region, where molecules turn to atoms, is termed a
photodissociation region or interchangeably a photon dominated region,
both with the same PDR abbreviation.

- Far-ultraviolet (FUV) radiation (91.2nm-200nm) can dissociate molecular hydrogen,
lonize carbon, and broadly affect the physical properties and chemical composition of
the gas.

The structure of a PDR. The
FUV radiation enters from the
left hand side into a neutral
atomic cloud and is attenuated
by dust to the point where
molecular hydrogen begins to
form in sufficient numbers to
self-shield. Deeper in, carbon
becomes neutral and then reacts
with oxygen to form CO. Very
little radiation penetrates further
and more molecules form in the
cold, dark interior.

FUV

HI H,
Cll Cll

10%10T(K> 3 2

Ay (m | I |
v(mag) 0.5 1 : [Fig. 7.11. J. P. Williams]
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Molecular Clouds: Observations

Cloud Structure

The clouds are very clumpy, with the dense cores having typical sizes of <1 pc or
smaller, and densities > 106 cm?-3.

The overall cloud extends for 3—20 pc on average, with a mean density of 1034 cm?-3.

Most molecular clouds show a number of discernible cores. These are often detected
as sources of molecular lines with high critical densities (e.g., CS), while the general
cloud is mapped using lines of lower critical density (mainly CO).

Within the galaxies, molecular clouds are most often seen organized into complexes
with sizes from 20 pc to 100 pc, and overall H> masses of 104-6 Msun. The distinction
between “clouds” and “complexes” in terms of sizes and masses is somewhat
artificial.

A more precise statement would be that we see a wide range of structures, from
single small clouds to large complexes of clouds, with many complexes arrayed along
the spiral arms of the Galaxy.
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Molecular Clouds: Cloud Categories

- Cloud Categories (based on the total surface density)

- Individual clouds are separated into categories based on their optical appearance:
diffuse, translucent, or dark, depending on the visual extinction Ay through the

cloud.
Category Ay (mag) Examples
Diffuse Molecular Cloud <1 ¢ Oph cloud, Ay =0.84“
Translucent Cloud l1to5 HD 24534 cloud, Ay =1.56°
Dark Cloud 5 to 20 B68 ¢, B335 ¢
Infrared Dark Cloud IRDC) 20to < 100 IRDC G028.53-00.25°¢
% van Dishoeck & Black (1986). d Doty et al. (2010).
® Rachford et al. (2002). © Rathborne et al. (2010). [Table 32.1, Draine]

“ Lai et al. (2003).

- Diffuse and translucent clouds have sufficient UV radiation to keep gas-phase
carbon mainly photo-ionized throughout the cloud.

» Such clouds are usually pressure-confined, although self-gravity may be significant in some
cases.

- The typical dark clouds have Ay ~ 10 mag, and is self-gravitating. Some dark clouds
contain dense regions that are extremely opaque, with Ay > 20 mag.

- Infrared Dark Clouds are opaque even at 8 um, and can be seen in silhouette
against a background of diffuse 8 um emission from PAHSs in the ISM.
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- Terminology for Cloud Complexes and Their Components

Categories Size ny Mass Linewidth Ay,  Examples

(pe)  (em™®)  (Mg) (kms™') (mag)
GMC Complex 25 —200 50 — 300 10°—10%% 4—17 3 —10 MI17, W3, W5l
Dark Cloud Complex 4 —25 102 —103 103—10%*° 1.5—5 4 — 12 Taurus, Sco-Oph
GMC 2—-20 103 —10* 103—-10°3 2—9 9 —25 OrionA, Orion B
Dark Cloud 0.3—6 102 —-10* 5—-500 04—2 3—15 B5, B227
Star-forming Clump 0.2 —2 10* —10° 10-103 0.5—3 4—90 OMC-1,2,3,4
Core 0.02—0.4 10* —10% 0.3 —10%2 0.3—2 30—200 B335,L1535

[Table 32.2, Draine]

- The giant molecular cloud (GMC) and dark cloud categories are distinguished

mainly by total mass.

- Groups of distinct clouds are referred to as cloud complexes.

» Molecular clouds are sometimes found in isolation, but in many cases molecular clouds
are grouped together into complexes.

» Since large clouds generally have substructure, the distinction between “cloud” and “cloud

complex” is somewhat arbitrary.

» Delineation of structure in cloud complexes is guided by the intensities and radial velocities
of molecular lines (e.g., CO J = 1-0) as well as maps of thermal emission from dust at

submm wavelengths.
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Categories Size nNH Mass Linewidth Ay Examples

(pc)  (cm™®) (M) (kms™!) (mag)
GMC Complex 25 —200 50 — 300 10°—109% 4 —17 3—10 M17, W3, W51
Dark Cloud Complex 4 —25 102 —103 103—10*° 1.5—5 4 — 12 Taurus, Sco-Oph
GMC 2—-20 103 —10* 10°—10°>3 2—9 9 —25 Orion A, Orion B
Dark Cloud 0.3—6 102 -10* 5—-500 0.4—2 3—15 B5,B227
Star-forming Clump 0.2 -2 10*—10° 10—103 05—3 4—90 OMC-1,2,3,4
Core 0.02—0.4 10* —10% 0.3 —-10%2 0.3—2 30—200 B335,L1535

[Table 32.2, Draine]

Structures within a cloud (self-gravitating entities) are described as clumps.

» Clumps may or may not be forming stars; in the former case they are termed star-forming
clumps. Cores are density peaks within star-forming clumps that will form a single star or
a binary star.
R > R

clump core

GMC and GMC complex

» Much of the molecular mass is found in large clouds known as “giant molecular clouds”,
with masses ranging from ~ 10° Mg to ~ 2.5 x 10° M. Theses have reasonably well-
defined boundaries.

» A GMC complex is a gravitationally bound group of GMCs (and smaller clouds) with a total
mass > 10°3 M.
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Galactic Latitude
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Locations of prominent molecular clouds along the Milky Way

[Fig 32.2, Draine, Dame et al. (2001)]
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Gas Surface Density in the Milky Way

- The most common way to study molecular gas is through molecular line emission,
and the primary line used is the J = 1-0 transition (2.6 mm) of CO.

» This transition is often optically thick, but the CO 1-0 luminosity of a cloud is approximately

proportional to the total mass.

» Velocity-resolved mapping of CO 1-0 together with an assumed rotation curve and
an adopted value of the “CO to H-> conversion factor” Xco have been used to infer

the surface density of H> over the Milky Way disk.

Gas surface densities as a function of
galactocentric radius. The Sun is assumed to
be at R = 8.5 kpc.

- Surface density of Hz estimated from CO
1-0 observations (Nakanishi & Sofue
2006), assuming

Xco = 1.8 x 10*Hyem™?/K kms™?

- Surface density of H Il derived from pulsar
dispersion measures (Cordes & Lazio
2003).

- Surface density of H | from 21-cm studies
(Nakanishi & Sofue 2003)

[Fig 32.4, Draine]

30

HII+HI+H,

M(HII+HI+H,+He)=6.7x10° M

M(HI)=2.9x10° M,
M(HII)=1.1x109 M
M(H,)=8.4x 108 M,

5. exp[—(R—12kpc)/3.5kpc]

25
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Homework (due date: 10/07)

* [Q3]

- Suppose that we observe a radio-bright QSO and detect absorption lines from Milky

Way gas in its spectra. The 21 cm line is seen in optically-thin absorption with a
profile with FWHM(H |) = 10 km s-1. We also have high-resolution observations of the
Na | doublet lines referred to as D1 (5898A) and D2 (5892A) in absorption. The Na |
D2 5892A line width is FWHM(Na | D2) = 5 km s-1. The line profiles are the result of a
combination of thermal broadening plus turbulence with a Gaussian velocity
distribution with one-dimensional velocity dispersion oy, turb .

You will want to employ the following theorem: If the turbulence has a Gaussian
velocity distribution, the overall velocity distribution function of atoms of mass M will
be Gaussian, with one-dimensional velocity dispersion:

5 5 5 2kT

v — 0y = Ov,turb + M

rms

If the Na | D2 line is optically thin, estimate the kinetic temperature Tand 0w, turb.
Note that for a Gaussian function, FWHM = 2v/21n 20 .
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[Q4]
Look up (google) the absolute magnitude of the Sun at V band. What

would the apparent magnitude be for a solar twin at the Galactic center?
What would it be with dust assuming that the extinction along the

Galactic plane is 1 mag/kpc?



