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The cold interstellar medium of galaxies
in the local universe

Resources:

Physics of the interstellar medium — Draine (book)

Optical astronomical spectroscopy — Kitchen (book)

The 3-phase ISM re-visited — Cox, 2005 ARA&A

Grad ISM course: http://www.tapir.caltech.edu/~chirata/ay102



There are usually considered to be 5 gas phases in the interstellar
medium:

 The hot ionized medium (HIM, e.g. X-rays)

e The warm ionized medium (WIM, e.g. H alpha)
 The warm neutral medium (WNM, e.g. HI)
 The cold neutral medium (CNM, e.g. Hl)
 The molecular medium (MM, e.g. H,)

MM CNM WNM WIM HIM
n (cm™2) | 10 —10° 4-80 0.1-0.6 ~02cm— 10—°-10—*
T (K) 10-50 50-200  5500-8500 ~ 8000 10107
h (pc) ~ 70 ~ 140 ~ 400 ~900 >1kpc
foolume <1% ~2-4% ~30% ~20% ~50%
fmass ~20% ~40% ~30% ~10% ~1%

Values for a typical star forming galaxy.



Why are there 2 neutral medium phases?

heating/cooling: | |
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ClI: heating by photoionization of Cl
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log T, nA (ergs s* H™)

Heating occurs if I >nA i.e. I > (P/k)(A/T)
Cooling occursif I < nA i.e. I < (P/k)(A/T) Recall P=nkT

Equilibrium therefore occurs when A/T crosses kI'/P.

If A/T is increasing we have stability: small increase in T leads to increased cooling rate:
equilibrium restored.

If A/T is decreasing we have instability: small increase/decrease in T leads to runaway
heating/cooling.
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Why are there 2 neutral medium phases?

log n (em™)

resulting pressure:
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dashed lines: heating rates

PE: photoelectric heating from
grains and PAHs

CR: cosmic ray heating

XR: soft X-ray heating

Cl: heating by photoionization of ClI

full lines: colling rates
fine structure lines
electron recombination lines
resonance and metastable lines

(e.g. Ly alpha)

pressure vs. density:

- only regions with d(log P)/d(log
n) >0 are stable

- assuming pressure equilibrium:
2 stable phases.

CNM: n=[4.2 80] cm-3
WNM: n=[0.1,0.59] cm-3

Wolfire et al. (1995)



resultin% density:
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Both phases contribute to emission and absorption of Hi



n=3

n=2

n=1

Observing the neutral medium — mostly Hl

Lyman series transitions in the UV:

* Hard to observe
* Easily extinguished (in emission)
» Easily scattered (in emisson)

... but readily observed in
absorption, especially when
redshifted at z>1.6 (more on
this in a future lecture).




n=3

n=2

n=1

Observing HI

Hyperfine splitting of the ground state

Electron spin S =%
Proton spinl=7%

Total spin F=S + =0, 1 (parallel/anti-parallel)

AE = kT = hc/A = hv=6x10° eV

e A=21cm

freq = 1.4 GHz

T=0.07K

Transition probability A, = 2.9 x 101> s-1
Decay half-life Ty, = 1/A, = 1.1 x 107 years




Single dish observations of HI 21cm

Workhorse telescopes for extragalactic surveys in the 2000-2020s.

T~ — ——

Arecibo telescope (RIP) D = 305 metres
* ALFALFA survey, Haynes et al. (2018)
31,500 galaxies z<0.06. Blind & shallow.
* GASS, Catinella et al. (2013)
800 galaxies at z<0.05. SDSS, deep.

Parkes telescope D = 64 metres
HIPASS survey, Barnes et al. (2001)
5000 galaxies z<0.04



Single dish observations of HI 21cm

Single dish telescopes suffer from
poor resolution, so most
measurements of Hl are ‘global’.

Figure 3

Airy Discs
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Intensity Distributions

Diffraction limit equation:
AO (rad) = 1.22 A/d

Five hundred-metre Aperture Spherical ~ several arcmin
Telescope (FAST; China)

5 D, in Mpc
Mui[Mg] = 2. 3156 x 10 DL / S, dv S,inly; 1Jy=102 erg/s/cm2/Hz
(1+2 vin km/s



Energy

Observing the molecular medium

“ EXcited electronic
state

“»~ Ground state
Vibrational energy level

Rotational level

Y

Internuclear separation

Molecules not only have
atomic, but also rotational
and vibrational transitions.

Electronic transitions in

UV.

Vibrational transitions in
the mid-IR.

Rotational transitions in
the mm/radio

Of these, the rotational
transitions are those most
readily accessible from
the ground (and
brightest).



Rotational spectroscopy

S Diatomic molecules usually modelled as
7 chmase “dumb bell” rigid rotators. Schrodinger’s
"""\mg equation for this simple model leads to
angular momentum, p, being quantized as

R o R/ P=5 ViU +1)

The energy of the corresponding J level uses the classical formula for rotational energy
(recalling that p = Iw where | is the moment of inertia and w is the angular velocity):

FE = 10)2/2 :h21(1+1)

8 w21

2

. . . : h
Sometimes written in terms of rotational constant B= gy

ie.E=BJJ+1)

2 mlma2

For a diatomic molecule the moment of inertiais/ = R
ml+m?2



Rotational spectroscopy

Rotational dipole selection rules:

J=3
1) Must have dipole moment
2) Al=+/-1
AE
From the equation for E and the selection rule
J +/- 1 we derive
2
J=2 AE = h*(J+1)
4 2]
Note that energy levels increase with J, which
J=1 is opposite to the structure for the atomic

case (e.g. Bohr atom with energy proportional
to 1/n2).




Energy/k (K)

Rotational spectroscopy — problems with H,

No dipole moment — rotational dipole transitions are forbidden.

This issue aside, the lowest energy state for H, is 175K — most of the CNM is colder.
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Rotational quadrupole transitions (AJ =
+- 2) are allowed but ...

the lowest energy transition is very
weak due to long spontaneous decay
time (~100 years).

Inconvenient wavelength (28 microns)
in far-IR

Requires excitation temperature of
510K (most molecular clouds are not
this warm).



Vibrational and Rotational-vibrational emission
Both v and (usually) J change (within the same electronic state).

Dipole transitions (AJ=+-1) still forbidden for H, due to lacking a dipole moment, but
guadrupole (AJ =0, +-2) allowed.

“ EXcited electronic
state

Energy

“ Ground state
Vibrational energy level

Rotational level

\J

Internuclear separation



Vibrational and Rotational-vibrational emission
Both v and (usually) J change (within the same electronic state).

Dipole transitions (AJ=+-1) still forbidden for H, due to lacking a dipole moment, but
guadrupole (AJ =0, +-2) allowed.

Notation: J=1 i v=1
(Vup i VIow) O/P/Q/R/S (Jlow) J=4 -
Where:
(1-0)S(0) — =3
O branch is for AJ = +2 L v=0
P branch is for Al = +1 — =2
Q branch is for AJ=0
R branch is for AJ =-1 -— =1
S branch is for AJ = -2 ——— =0 -

Lowest vibrational state for H, is (1-0)S(0) at 2.2 microns requiring E/k ~ 6500 K -> very warm



CO as an alternative to H,

Benefits of CO

 Has a permanent dipole moment
(rotational dipole transitions allowed)

- h%(J + 1)
472



CO as an alternative to H,

Benefits of CO

 Has a permanent dipole moment
(rotational dipole transitions allowed)

 Lowest energy level corresponds to
E/k ~ 5K (easily excited)
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CO as an alternative to H,

3 Benefits of CO

 Has a permanent dipole moment
(rotational dipole transitions allowed)

 Lowest energy level corresponds to
E/k ~ 5K (easily excited)

* Lowest energy level in a convenient
atmospheric window.
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CO as an alternative to H,

Benefits of CO

 Has a permanent dipole moment
(rotational dipole transitions allowed)

* Lowest energy level in a convenient
atmospheric window.

 Lowest energy level corresponds to

E/k ~ 5K (easily excited)

* Low critical density of ~ 2000 cm3




Jargon alert: critical density

In addition to an E/k threshold (e.g. 5K for CO(1-0)), there is also a critical density which
essentially requires sufficient collisions (with H,) compared with the spontaneous decay
rate to keep the J+1 level populated.

Where Ay, is the spontaneous emission coefficient (s1), o

A : - ) . i
Nepip = —b is the collision cross section (cm?2) and v is the velocity
24 (cm/s).
" Where u is the mean electric dipole. Notice
647 that Ay, is proportional to the frequency

3 2
0] P 3he3 I/UL I“L’L' cubed so higher J transitions have higher
T critical densities.

Species Transition ¢ (GHz) Einstein A(s™") n_ (cm Y
CO J=1-0 115.27 7.2 %1078 2.1 x10°
J=2-1 230.54 6.9 x 1077 1.1 x 10

J=3-2 345.80 2.5x10-6 3.6x10°

J=4-3 461.04 6.1 x10-6 8.7 x 10*

J=5-4 576.27 1.2 x10-5 1.7 x10°

J=6-5 691.47 2.1 x10-5 2.9 x10°



Aside: critical density

Other molecules other than CO used if you want to trace the truly dense gas

e Bk Ay Al 9(T,) cm?
Molecule 1=k (GHz) (K) (s i (T oms) 10 K 20K S0K 100 K
HCO™ 1-0 89.189 428 43E-5 0.264 6.8E+4 | 45E+4 29E+4 2.3E+4
2—1 178.375 1284 <41E4 0.046 S6E+5 | 42E+5  28E+3 2.2E+5
3-2 267.558 25.68 1.5E-3 0.009 1.6E+6 1.4E+6 1.OE+6 8.1E+5
4-3 356.734 4280 3.6E-3 0.002 36E+6 | 32E+6 25E+6  2.0E+6
H™CO* 1-0 86.754 416 39E-5 0.279 6.2E+4 | 4.1E+4 27E+4 2.0E+4
2-1 173.507 1249 37E4 0.050 SOAE+5 | 38E+5  2.6E+0 2.0E+5
3-2 260.255 24 98 1.3E-3 0.011 1.5E+6 1.3E+6  9.5E+3 7.3E+3
4-3 346.998 41.63 33E3 0.002 34E+6 | 29E+6  23E+6 1.8E+6
N.H’ 1-0 93.174 447  3.6E-5 0.242 6.1E+4 | 4.1E+4  2.6E+4 2.0E+4
2—-1 186.345 13.41] 3.5E4 0.040 SOE+5 | 3.7E+5  2.6E+3 1.9E+5
3-2 279.512 26.83 1.3E-3 0.007 1.4E+6 1.2E+6  9.2E+5 T.1E+5
4-3 372.673 4471 3.1E-3 0.001 32E+6 | 28E+6  2.2E+6 1.7E+6
HCN 1-0 88.632 4.25 2.4E-5 0.268 47E+5 ]| 3.0E+5 1.7E+5 LL1E+5
2-1 177.261 1276  2.3E4 0.047 4 1E+6 | 28E+6 1.6E+6 1.1E+6
3-2 265.886 25.52 8.4E-4 0.010 1.4E+7 1.OE+7  35.7E+6 3.8E+6
4-3 354.505 4253 2.1E3 0.002 3.0E+7 | 23E+7 1.4E+7 9.1E+6

Shirley (2015)



Measuring the molecular mass
The CO line luminosity is usually seen expressed in one of two ways:

Lo =1.04 x 103 Sy Vs D2 in units of L

Where Sc is the velocity integrated line flux in Jy km/s, D, is the luminosity distance in
Mpc and vy, = Viest /(1+2) is the observed frequency in GHz.

Perhaps more commonly, the line luminosity is often written as a product of the source
brightness (radio astronomers like to use temperature units for this) per area:

Leo =3.25x107 S Vo2 D2 (142)3 in units of K km/s pc?

See Solomon & vanden Bout (2005) for more details



Measuring the molecular mass

Next we need to convert the CO line luminosity to an H, mass by using a “conversion
factor” that is expressed in one of two ways, with conversion factors of different units

and assigned either acg or Xco to distinguish them.
1). Most commonly we want the total mass of molecular gas so use

M(H;) = atco Leo

Where oo has units of Mg (K km/s pc2)1 and M(H,) has units of Me. “Galactic” value
of (accounts for 36% correction for He and metals;
otherwise aco = 3.2 Mg (K km/s pc2)1).

2) Alternatively, for column densities we can use

N(H;) = Xco lco

Where |l is the integrated intensity in units of K km/s (compared with a the L
luminosity that has units of K km/s pc2), Xco has units of (K km/s)lcm-2 and N(H,) has

units of cm2. “Galactic” value of

See Bolatto et al. (2013) for a whole review on conversion factors



Single dish observations of CO

Five College Radio Astronomy Observatory
(RIP) 14-metre dish located in
Massachusetts. FCRAO survey of 300
nearby galaxies: Young et al. (1985).

Resolution ~ 45 arcsec

IRAM 30-metre Pico Veleta (Spain).
CO Legacy Database for GASS
(COLDGASS): Saintonge et al. (2017)

Resolution ~ 22 arcsec

Larger dishes start to require
aperture corrections.



Complementary optical spectroscopic observations

The Sloan Digital Sky Survey (SDSS) has been the
workhorse spectroscopic survey of the 215t century.

2.5-metre telescope at Apache Point in New Mexico.

Observations begin in 2000. Currently SDSS is in its 5t generation of surveys.
Imaging (ugriz) and fibre fed spectroscopy for ~ 1 million galaxies.

2.5” fibre covers 2.5 kpc for galaxy at z=0.05. Aperture corrections needed for global values.
(useful to remember: at z=0.05 1” ~ 1 kpc)

All data become public.
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Star formation rate from optical spectroscopy

RA=179.38161, DEC=32.33945, MID=53474, Plate=2095, Fiber=352
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Step 1: Correct spectrum for
Galactic extinction.

Step 2: Correct spectrum for
internal extinction.

Step 3: Correct Balmer emission
line fluxes for stellar absorption.

Step 4: LHa = FHa * 4mt D2
Step 5: For a Kroupa IMF

Log SFR (Mg/yr) = Log LH«
(erg/s) —41.27

Star forming galaxy dominated by strong emission lines
(from HIl regions) and blue continuum due to the
presence of hot young stars.

See Kennicutt & Evans
(2012) ARA&A for a
review on SFR indicators




Jargon alert: The initial mass function (IMF) describes the distribution of stellar
masses in a stellar population at birth. The choice of IMF impacts conversion
of observed guantities to SFR and stellar mass.
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Star formation rate from optical spectroscopy

Two main situations when Ha can’t be used: 1) Low SFR galaxies (emission lines are
weak), 2) AGN — the Ha line is contaminated

Survey: sdss Program: legacy Target: GALAXY_RED GALAXY

1.5 L L L L ] RA=238.97301, Dec=25.34113, Plate=2163, Fiber=597, MID=563823
’ 2=0.03448+0.00007 Class=GALAXY BROADLINE

No warnings.
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Also measured/derived from optical spectrum:

» Stellar mass in units of Mg via modelling of stellar populations (see review by
Courteau et al 2014). SPS fitting (many public codes available) yields a M/L ratio, which
can then be multiplied by the observed luminosity to yield a stellar mass.

» Stellar population fitting also gives stellar ages....
e ... and stellar metallicities.
* Gas phase metallicity quoted as 12 + log(O/H) where solar metallicity = 8.69 (more on

measuring metallicities in a future lecture). Measured on a log scale, e.g.
12 +log(O/H) = 7.69 is 1/10 solar.

Table 2

SPS Grid Parameters Example stellar population grid
Parameter Description Range of values from Mendel et al. (2013)
T e-folding time 8 < log(r/yr) < 10 in 16 steps
Z stellar metallicity —1.8 <log(Z/Zy) <0.21in 11 steps
E(B-V) color excess 0 < E(B-V) < 1 in 21 steps See Conroy et al. (2013) for a
t population age 8 < log(t/yr) < 10.1 in 43 steps . .
IMF stellar IMF Chabrier 2003 detailed review of stellar
k() extinction law Calzetti et al. 2000

population fitting.

Note. — Metallicities are computed adopting Zy = 0.019. See Sec-
tion 3.1 for details of the SPS grid construction.



Scaling relations: The Kennicutt-Schmidt relation
Schmidt (1959).

The expected relation between the gas and SFR rate can be derived simplistically by
arguing that

1) stars form with a characteristic timescale equal to the free—fall time in the gas disk
Pgas
i

PSFR

2) The freefall time depends inversely on the square root of the gas volume density
Trr PQ&S Psrr X ,05,1]'55

Observationally, we measure the surface density, not volume density and aspire to
measure directly the value of the exponent N:

N
Z:SFR X Z:gas

Some works argue for a “modified” KS relation, e.g. Shi et al. (2011)

D 04 DB
L gas Jargon alert: X for surface density



Log Zsm (Mo yr ' kpc )

Scaling relations: The Kennicutt-Schmidt relation

Seminal assessment of the KS
relation made by Kennicutt (1998) for
60 nearby galaxies with measured HI
and CO.

Kennicutt (1998) determined a value
of N= 1.4. Remarkably close to the
value of 1.5 determined from basic
arguments.

The empirical KS relation is still used
in many simulations as a “sub-grid
recipe”, as star formation can not be
directly modelled unless at extremely
high resolution.



Scaling relations: The Kennicutt-Schmidt relation

Jargon alert: depletion time and star formation efficiency
Normalization of KS relation often quoted as either:

1). Depletion time, i.e. time required to use up the current gas reservoir given the
current SFR, in units of inverse time.

__Zgas
Tdep B Z:SFR

2) Star formation efficiency (SFE), which is the inverse of depletion time

)
SFE = 1/Tgep = ——
Zgas

Many star formation folks don’t like SFE because, having units of time, it is not truly an
efficiency (which should be dimensionless). Purists will quote a SFE per freefall time, but
this timescale is difficult to measure observationally and usually requires some assumptions.



Scaling relations: The Kennicutt-Schmidt relation
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Major step forwards by HERACLES + THINGS surveys. Clearly not a single power law.



Scaling relations: The Kennicutt-Schmidt relation
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HERACLES + THINGS revealed
several important conclusions:

» At low gas surface densities, 2
dominates. At high gas surface
densities 2,;, dominates.

* The HI surface density saturates
at 2y~ 9 Mo pC_z.

 The surface density of SFR is
unrelated to Z,.

* Instead, it is the molecular gas
that drives the relation
between 2g,; and Zggp.

* The typical depletion time in
the local universe is ~ 2 Gyr.



Scaling relations: The Kennicutt-Schmidt relation
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Lada et al. (2012)

12

Some studies have suggested
that the “fundamental” scaling
between gas and star
formation is actually with the
dense gas, as traced by HCN,
not with CO.

Lada et al. (2012) showed that
the same “law” connects
individual clouds and whole
galaxies for HCN (solid
symbols).



Scaling relations: The star forming main sequence
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Scaling relations: The star forming main sequence
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Scaling relations: The mass-metallicity relation
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An extra dimension to the mass-metallicity relation (MZR)

Jargon alert: the fundamental metallicity relation (FMR)
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Summary

There are 5 phases in the ISM — this review focuses on the molecular and
atomic (CNM+WNM)

HI primarily observed (at low z) via 21cm hyperfine transition.

H, not directly observable due to lack of dipole moment and high
excitation temperature

CO (1-0) is a standard substitute, but requires a conversion factor.
Denser gas can be traced with either higher J lines or different molecules
(ncrit X MZVS)

Single dish radio/mm telescopes have large beams (confusion risk) but
not always big enough to avoid aperture corrections.

Optical spectroscopy provides a vital complement, allowing us to
measure SFR, stellar mass and metallicity

The Kennicutt-Schmidt relation is Z,;, — Z¢g

The star-forming main sequence is M« - SFR

The mass metallicity relation is M« - O/H



