Molecular Gas in the ISM

e Formation of H,
® Molecular Gas Mass
e Properties of Molecular Clouds

e See Draine’s book:

- Ch 5 (energy levels)

- Ch 20.1, 31 (H,)

- Ch 19.3, 19.6, 32 CO

- Ch 33 (chemistry)

- arXiv:1210.6990 [Scoville]

e PDR’s
o Chlé6 & 31.7
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Electronic, Vibrational, and Rotational
Energy Levels in Molecules

Internuclear Potential
CO Rotational Levels
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Electronic, Vibrational, and Rotational
Energy Levels in Molecules

J=3

J=2

v=l }:(1)

J=3

J=2

v=0 )

E=0

Shape dictated by
distribution of molecules
over rotational states

i

P-branch Q R-branch  frequency

Ad=-1 AJ=0 AJ=+1
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Molecular Gas in Galaxies

e About 22% of the ISM is in molecular
clouds, where the bulk of the H atoms
are in molecules.

e Nearly 100% of the H in the centers
of many starburst galaxies is
molecular.

e Some low metallicity (i.e., low mass)
galaxies have a tiny molecular gas
fraction.
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Cloud Complexes and Their Components

Categories Size nH Mass  Linewidth Ay  Examples

(pc) (cm—3) (Mp) (kms™') (mag) B
GMC Complex 25 —-200 50—300 105-10%8 4-17 3-10 MI17, W3, W51
Dark Cloud Complex 4 —25 102 —10% 108—-10*% 15—-5 4—12 Taurus, Sco-Oph
GMC 2-20 10%—10% 108-10%3 2—-9 9—25 OrionA, Orion B
Dark Cloud 0.3—-6 10°2—-10* 5—-500 04-—-2 3-—15 BS5,B227
Star-forming Clump 0.2—2 10*—10° 10—-10® 05-3 4-90 OMC-1,2,3,4
Core 0.02—0.4 104 -10% 0.3—-10% 0.3—2 30-200 B335,L1535

10% £
* Magnetic field strength
10° | . measured from Zeeman
| Le splitting in OH, CN, HL.
oF T 5 Rl  Magnetic pressure becomes
o R | increasing important in
e [ smaller, denser clouds.

10 ( 104 108 108 107

ny (cm-2)
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Observations of Molecular Clouds
‘Moleculur Hydrogen 115 GHz Columbia-GISS

+20°}k

Galactic Latitude

Mok gt -3
_200: ﬁf’arom
Tau-Per-Aur
I Complex
180° ’ ' 120° . ' 50° =
Galactic ..,.: A Long!tude
GMC Complex Giant Molecular Cloud
(e g., Orion, M17, W3, W51) (e.g., Orion A, Orion B)
25-200 pc e 2-20pc
e n(H) = 50 - 300 cm3 e n(H) =103 - 104 cm3
° 105 —_ 106.8 MO ° 103 —_ 105.3 MO
O AV = 3-10 mag O AV = 9_25 m(.lg
e Linewidth ~ 4 - 17 km/s e Linewidth ~2-9 km/s
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Orion Star-Forming Complex

IRAS infrared
12-100pm

Orion B GMC &

Oricn A GMC

Fig. 8.3. The star-forming complex in Orion provides a close view of the complexity
of both the ISM and the star formation activity. The left panel shows a very large-
scale image of the FIR emission as imaged by the IR astronomical satellite (IRAS)
(Courtesy NASA /JPL-Caltech). The upper-right panel shows the integrated CO
(1-0) line emission from the two Orion GMCs (Ripple et al. 2012). A Hubble
Heritage image of the visible Hir region M 42 is shown at the lower right — the
visible Hi1 region occupies a very small area of the Orion complex, as outlined in
the TRAS image.
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Size-Linewidth Relation in
Molecular Clouds

log o (km/s)

o

~ 1.10 (km/s) L'(pc), where y = 0.38 for 0.1 < L(pc) < 100
[Larsons Law]

More recent measurements suggest y ~ 0.5 - 0.6

All find 0~ 1 km/s when L ~ 1 pc.
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~= " B LIN o = L' expected for a turbulent cascade in an

incompressible fluid.
The internal motions are due to turbulence,
thermal motion, rotation, and MHD waves.
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Size-Linewidth Relation for GMCs

oy km/s

o

2t

L)

DY LS | I 1 Nie =P

e CLOUDS w/o0 HII REGIONS i
A CLOUDS w/ HII REGIONS

/ o, = (0.31£005)0>>%*0%

o i 1 [ T AT WY DN Y 08 | A

5 10 20 50 100
Diameter (pc)

20C

For a D740 pc cloud,
hydrostatic
equilibrium implies a
mass of 4 X 10> M,,.
The cloud mass
distribution function
is N(M) propto M-1-6.
D™40 pc is the scale
for which half the
Galactic H, mass is in
larger/smaller clouds.

Fig. 8.4. The internal velocity dispersions of GMCs are shown as a function
of diameter for clouds with and without giant HIl regions, i.e., HII regions

more luminous than M 42 (Scoville et al.

1987). This illustrates the empirical

correlation found between cloud size and linewidth (the so-called size-linewidth
The HII region clouds depart from this size-linewidth at low
masses /sizes presumably due to feedback effects from massive star formation.

correlation).
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Gas Surface Density vs.

Galactocentric Radius

30

HIT+HI+H,

M(HII+HI+H,+He)=6.7x10° M,

T I' T T T T I Ll i Ll T

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

5. exp[—(R—12kpe)/3.5kpc]

Winter 2014
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The ISM is mostly H,
near the center of the
Milky Way.

At RO ~ 8.5 kpc, most of
the surface density is in
neutral H.

Beyond ~11 kpc, the toftal
gas surface density
declines exponentially,
with a 3.5 Kpc scale
length.
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Ground: MPG/ESO 2.2m/WFI

By 1 HST WFC3/UVIS

. Spiral Galaxy M83
Winter 2014 Hubble Space Telescope = WFC3/UVIS

NASA, ESA, R. O'Connell (University of Virginia), the WFC3 Science Oversight Committee, and ESO STScl-PRCO9-29




Formation of H,

No electric dipole moment when two free H atoms approach.
In principle, electric quadrupole radiation can remove energy from
the system and leave the 2 H atoms in a bound H, state.
- The rate coefficient for H + H > H, + hv is so small that this Rx can
be ignored.
Gas phase

- In a 3-body reaction, a third H atom can carry off the energy
released when H, is formed: 3 H > H, + H + KE

- These 3-body reactions are extremely slow and are only important at
high densities in protostars and their disks.

- Forms by radiative association (H + e- > H-+ hv) and associative
detachment (H- + H > H, + e- + KE) in the absence of dust (e.qg., first
stars and galaxies).

- Rate limited by density of H- which is destroyed by reactions with
protons (or other positive ions) and is consequently very low.
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Formation of H, by Grain Catalysis

e First H atom binds to grain surface. It diffuses
some distance on the grain surface before it
becomes trapped (i.e., thermal fluctuations at the
grain temperature are unable to free it).

e When two H atoms meet in the same trap, they
react to form molecular hydgrogen.

e The 4.5 eV of energy released frees the H, from
the grain surface.

e The measured rate coefficient (for diffuse clouds)
is Ry = 3 x 10777 cm? s, where [dn(H,)/dt],. = R . n,
n(H).

e Simple estimate in [D] 31.2 is consistent if roughly
10-50% of the grain - atom collisions produce H,.
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Destruction of H,

Ionization threshold for H, is

15.43 eV. H, is generally not

L. 14
ionized.
Photodissociation occurs via 12}

line rather than continuum
radiation. 10 f

- AB+hv>AB*>A+8B =

- For H,, photodissociation rate [3 LF

is 74.2 x 101 s 6k

H, absorbs over a limited range - - H+H
of photon energies ol ———4
Photodissociation rate depends N ==
mainly on the intensity of the f :

radiation field in the 1100 - 5 e ity

-}
(3=

912 A bandpass
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Destruction of H, (Cont'd)

e Inside GMCs, self-shielding reduces photodissociation rate by 3 to
5 orders of magnitude.

- Radiative transfer calculation are required.

— Overlap of strong H2 lines with transitions in other molecules
partially shields them.

e Additional reactions include
- Neutral-neutral exchange reactions: AB + C 2> AC + B

- Ion-neutral exchange reactions: AB* + C > AC* + B
- Radiative association reactions: A + B € > (AB)* > AB + hv
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Electric Quadrupole H, Lines (AJ = 2)

Pure rotational transitions

are hard to observe due to
emission and absorption of
the Earths atmosphere.

28.18 um 1« 150K

2-0  H, S(0)
3-1  H, S(1)
4-2  H, S(2)
5-3  H, S(3)
6-4  H, S(4)
Winter 2014

to excite

17.03 um J=2 by

12.28 um
9.66 um
8.03 um
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collisions.

v, J', J'
0,2-0,0
0,3-0.1
0,4-0,2
0,503
0,604
etcetera

1,2-0.0

1,3-0.1

1,4-0,2
etcetera

1,1-0.1
1,2-0,2
1,3-0,3

etcetera

1,0-0,2
1,1-0.3
1,2-04

etcetera

2,2-1,0
2,3-1,1

efcetera

Notation
Hs 0-0 §(
H, 0-0 S(
H, 0-0 S(
H, 0-0 S(
H, 0-0 §(
(
(
(

H, 1-08S
H, 1-08S
H, 1-08

H, 1-0 Q)
Hs 1-0 Q)
Hy 1-0 Q(

0
1
2
3
4
0
1
2

S S B i e

H,; 2-1 S(0)
Ha 2-1 S(1)

Ro-vibrational spectrum

Wavelength
28.18 pym
17.03 pm
12.28 pm
9.66 pm
8.03 pum

2.22 pm S: AJ = 2

2.12 pym
2.03 un

241 pum Q: AJ = O

241 pm

2.42 pm
: AJ = -2

2.63 pm O°
2.80 pm
3.00 pm

2.36 pm
2.25 pm



Dust Mass from FIR Emission

e At A > 300 um, the dust emission is generally optically thin. Note
that this is well into the RJ tail, so B,(T) propto T.

e Radiative transfer corrections are unnecessary, and the dust
mass is easily measured --

F, = (Mpyst/Area) Qx, B, .

e The dust opacity is the absorption cross section per unit mass of
dust at frequency v. It is well measured in HI clouds but could
change with composition and grain temperature.

e Example: Scoville et al. 2014 ApJ, 783, 84

kism(v) = Kism(Vgso um WA /850 pem) 7. (5)

- B =1.8 +/- 0.1 from 7 bands of Planck data with no
difference between HI and H2 regions
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Dust Mass from FIR Emission

e Measured depletions of C, Mg,
Si, and Fe from the gas show
that HI clouds and H, clouds
have very similar dust/gas mass

ratios.

® Measuring dust mass from the
RJ tail of the emission spectrum
IS a reasonable way to estimate
the total gas mass.

e Notice that this approach does
not depend on the X ., factor.

Wintep 2014

Low z Galaxies

102|’ - T T
Mrk231
<> NGC4631
> NGC7331 Arp220
-
© NGC1667
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2]
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3 100k AAA A average |
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S ! A
~ A
g Arp148
8 Mrk273
NGC7
@© aallics 12112+0305
—?
1ZW107
NGC1614
10‘9 A aal A A A 3+ 2 3321
10% 10%
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Electric Dipole Emission CO

e The rotational lines of CO are frequently used to
trace molecular gas.
- n(CO)/n(H) = 7 X 10-5 (about 25% of the C is in CO)
-J=1>0atv=115GHZ (A= 2.60 mm)

e Fundamental rotation frequency = 2B,/h; the rotation
constant, B, (from ch. 5), scales inversely with reduced mass.

® Ap,=7 X108 s
-J=2>1v=230GHZ (A=1.30 mm)
-J=322v =345 GHZ (.= 0.67 mm)

e Relate the CO J =1 = O luminosity to H, mass.
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The X, Factor

Relates the CO J =1 = O luminosity to H, mass.
CO J =1 - 0 is usually quite optically thick. [BB]

At least the J =1 level is expected to be
thermalized in molecular clouds. [BB]

How is it that the CO 1-0 emission can be used to
estimate the total mass of H, in galaxies? [BB]
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Theoretical X, Factor

® The luminosity per unit mass depends on the cloud
density and the excitation temperature
characterizing the population ratio n,/n,.

e Theoretical value of X., = N(H,) / Integral(T, dv)
excitation temperature.
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The Empirical X, Factor

1. X.=1.8(0.3) X 102 cm-2/K km s!

- Used infrared emission from dust in the Milky Way as the mass
tracer (Dame + 2001)

2. X.o=1.56 (0.05) X 10%° cm=2/K km s

- Used diffuse gamma ray emission to effectively count the
number of H nuclei (Hunter + 1997)

- Updated to 1.76(0.04) X 10%° cm=2/K km s™! more recently by
Okumura + 2009 for Orion A GMC

3. Xgo ™ 4 X 10% cm-2/K km s

- Local Group galaxies (Blitz + 2007)

- Attributed to outer layers of molecular (H,) clouds lacking CO
due to dissociation of CO. Thickness of transition layer depends
on the dust abundance (and hence galaxy metallicity).

4. Xcpis 5 to 6 times lower in ULIRGS

— Downes et al 1993 ApJ 414, L13
Winter 2014 Diffuse Universe -- C. L. Martin



Dynamical Masses of Clouds

T
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Fig. 8.5. The CO luminosities of GMCs are shown as a function of their virial
masses for clouds with and without giant Hii regions (Scoville et al. 1987).
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Rotational Level Populations in H,

e Vibrationally excited levels have radiative lifetimes of just

~10® s, and deexcitation by collisions with H, H,, or He s
unlikely at densities n, < 10 cm=

e The lifetimes of the lowest rotational levels in the ground
vibrational state are long enough, however, that collisional
effects can play a role in depopulating the lowest J levels.

e The populations of the lowest J levels are, therefore,
sensitive to the H density and temperature of the gas.

- Self-shielding affects the pumping rate of these J levels

- To discuss the rotational excitation of H,, we need to
Know
e The UV intensity in the absence of self-shielding
e The amount H2 between the point of interest and the UV source
e The amount of H2 in each rotational level
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Theoretical CO SLED
(Narayanan & Krumholz 2014)

10° [
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s+ Coverioat
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8
. Eyslash
10° 4
0 2 4 6 8 10
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Figure 1. CO Spectral Line Energy Distnbutions (SLEDs) for all known
high-z Submillimeter Galaxies with a CO J = 1—0 detection. A significant
diversity in CO excitations exists, even for a given class of high-z galaxies,
and it 1s evident that no universal line ratios are applicable. For a given
line, roughly an order of magnitude uncertainty exists in the conversion
ratio from high-J lines to the ground state. The blue line denotes J2, the
scaling of intensities expected if the lines are all in the Rayleigh-Jeans limit
and 1n local thermodynamic equilibrium (LTE). The red and purple lines
denote the Cloverleaf quasar and SMG SMM 163650 - two galaxies that
have similar star formation rates, but starkly different SLEDs.
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wem =100, T =10
mm 1 =400, T =42
e =2 x10*T =130
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Figure 2. Model CO SLED:s for snapshots in a model galaxy merger with
differing gas temperatures and densities. The blue line shows J2 scaling,
the expected scaling of mtensities for levels in L'TE and in the Rayleigh-
Jeans limit. As densities and temperatures mise, so does the SLED. It is
important to note that an individual large velocity gradient or escape proba-
bility solution with the quoted temperatures and densities may not give the
same simulated SLED as shown here for our model galaxies. Our model
galaxy SLEDs result from the the superposition of numerous clouds of vary-
ing density and temperature.
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Rotational Excitation H, in Diffuse Clouds

stein A Coefficients and Critical Densities for Ha (v =

* For low levels of self-shielding [N(H,) < 10" F=T70K
cm-2], UV pumping determines the excitation
OF J .GE. 2. J Arsy2? Nerit,H b Nerit,Hy N

(sh) (em™®)  (ecm™)
2.94 x 107 15x10®° 4.1 x 10

2
3 476x107° 1.2x10* 9.2x10°
4 276x107° 68x10* 2.0x10*
5

* The rotational distribution function fo J > 2 is
relatively insensitive to the gas temperature.

1okl 2 837 T T T T Ty T T g T T ] 0.83x 107° 1.1x10® 3.4 x10°
\ . | | | 3 7° Wolniewicz ct al. (1998)
" shielding diffuse gas, y=1.23 i ? Forrey et al. (1997)
- \ N(H,) n,=100cm2 , T=70K 3 © Le Bourlot et al. (1999)
&0 % (em™2) i b=(5 )km 51 3
~ Y. 7 I 3C273: N(H,)=5.2x10%cm=2 - - -
- Q4 5 nae7469: NiH)-47x10vem= ] * The branching ratios in
o {075 & 1 . . )
>0.01 e . the vibration-rotation
< ‘0, Lo g § cascade determine the
=~y & . q
26107 NS E relative populations of the
2 104 N\ 00 3 J .GE. 3 levels.
Z Aok a3 * They can be
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Wi Q2p & :
~Z, = .
= S ] characterized by
10"6 ‘7:& o ~ H
\ b L NN Ty, S rotational temperature
0 1000 ~ )
QSE)O?J)/L( (I?)OOO 4000 T..+ 400 K indepdendently

of the actual kinetic
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Rotational Excitation H, in Diffuse Clouds

* When the shielding 101‘ PR T S RN B o
column increases, the UV N | | | ‘
. . AN . . . _
pumping rates decline, LE \&:: Shlileél}}jl)ng ol {%%ecrgna—sﬁ’ X"F—}*zgoSK
. . — - - 2 H ’ -
and the fraction of H, in SOV _(cm™2) b=5 km s-!
. ~ 0.1 e 5 3C273: N(H,)=5.2x10%cm~2 -
the J > 3 levels declines. ; : ]gj” Y¥ nge7469: NQ(H2)=4_7x10190m-2
« For N(H,) > 108 cm=2, the S0.01 £ N ]
UV pumping rates do no < 204, N og
ciably raise th 55107% £ 200
appreciably raise the X . Ok
population of J=2, and 20 L ~J0s :
the relative populations of = {0755 8
J=0 and J=2 can be used 10- s A
3 Vy 2 3
as a thermometer to : T g
. 10—6 = ‘7‘\“ ™~
estimate the gas ‘ L T TSR LA
1000 2000 3000 4000
temperature. E(0.4) /k (K) |
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Predominantly Neutral Regions:
Ionization

1. Diffuse HI regions (CNM @100K and WNM @ 5000 K)

- Metals (e.g., C) photoionized by starlight
- CR's slightly ionized H and He

2. Diffuse molecular cloud (0.3 < A, < 2)

- Metals still photoionized by starlight
- CR's produce H,* which leads to Hj*

3. Dark molecular clouds (A, > 3)

- Insufficient UV radiation to photoionize metals (e.g., C and S)
- CR’s maintain x =n_, / n, ~ 1077 (10* cm=3/n,)/2
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Photodissociation Regions (PDRs):
The HII Region — Molecular Cloud Interface

Ionization front Photodissociation front where the H is 50%
where the H is 50% atomic and 50% molecular (mass)..
ionized Front Front =
| E L O
| | I |
| | [ |~
H* | H H HiH, | 8
: : I 1D
: C* : C*iCiCo =
: : L S
oo 0 b of,
— ] i 3 s E
—_—_u¥ radiafion N |
/—\.__,/“\,\NN/"\_/:“\/”\}\_J( %’;

| o |
T, =10*Ki6x10%K 10%K  300Ki102K | | ~20K |
1 i | | |

* In reference frame where PD front is at rest, the molecular gas will flow
toward the PD front where it is dissociated..

* The atomic gas flows away from the photodissociation front toward the
ionization front.
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Photodissociation Regions (PDRs):
Plane-parallel Model for Milky Way PDR
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——————— Thermal & chemical equilibrium

Heating = cooling
Ionization = recombination
H2 destruction rate = formation rate

* Radiation entering the slab (from
the left here) is attenuated by
dust.

* The gas temperature makes a
transition from the warm to the
cold phase.

* The H2 abundance rises in the
CNM where the self-shielding is
growing.

* The radiative decay after each
excitation by UV pumping results
in H2 destruction 15% of the
time and excitation of rotational
lines 85% of the time.
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Photodissociation Regions (PDRs):

UV Spectroscopy of AGN behind Diffuse Clouds

* AGN shows absorption from H, lines in MW
* The solid curves show the simple plane
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parallel slab model.

For N(H,) < 107 cm2, the
model describes the
observed column
densities of rotationally
excited H,.

For N(H,) < 10'8 cm2, the
model underpredicts the
amount of rotationally
excited molecular gas.
Locally heated regions
(turbulent decay or
shocks)?
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