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Outline for Today

Building Blocks - Gas:
Multiphase medium

Observing gas via
emission and
absorption

Heating / Cooling

NGC 6240 (Credit: Hiroshima University / NAQOJ)



Building Blocks - Gas

“ Often describe gas in galaxies in terms of distinct phases

* In a simple picture, can consider phases to be in rough
pressure balance (in reality turbulence, magnetic fields,
etc., also play a role)

Component Temperature (K)  Density (cm™°)  Fractional ionization
Molecular gas 10-20 > 10° <107°
Cold neutral medium (CNM) 50-100 20-50 ~1074
Warm neutral medium (WNM) 6000—-10000 0.2-0.5 ~0.1
Warm ionized medium (WIM) ~ 8000 0.2-0.5 1.0
Hot ionized medium (HIM) ~ 10° ~ 1077 1.0

Adapted from]Ferriére\ (IZOOlD, ]Caselli et al.\ (11998D, Wolfire et al.\ Q2003D, and\Jenkins\
(2013).

Klessen & Glover 2014



Building Blocks - Gas

In disks:

Majority of the volume filled with
ionized gas (25% of the mass)

Majority of the mass in dense
clouds of atomic and molecular
gas (1-2% of the volume)

Metallicity of gas in galaxy disks
correlated with stellar mass

In halos (CGM), low density but very
large volume: potentially dominates
baryonic mass!

NGC 6240 (Credit: Hiroshima University / NAQOJ)



Building Blocks - Gas

Observing gas in galaxies

Two general methods: emission and absorption (of
light from a background source)

Hot blackbody




Building Blocks - Gas
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Building Blocks - Gas

< Emission — Molecular Lines:

+ vibrational transitions,
typically in IR

R/
0.0

rotational transitions,
typically in millimeter

“ only strong for non-
symmetric molecules
(i.e., not H»!)

+ CO most prominent
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Building Blocks - Gas

+ Example: IR spectrum of the Orion Nebula:
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Figure 1.2: Observed IR spectrum (left) and model calculations (right) for Orion, a dense,
. j star-forming region (Hollenbach & Tielens 1999). The most prominent emission lines are
M42 (Credit: ESO) those of CO, C1, C11, and O1, responsible for the cooling of the neutral atomic and molec-

ular ISM.




Building Blocks - Gas

= For emission, something needs to excite/ionize the gas:
. photoionization: atoms are excited by incident photons
. collisional: atoms are excited by collisions with free electrons or other
atoms
- can also get collisional deexcitation
- leads to concept of critical density for a transition; if density is higher
than critical, atoms will more likely collisionally de-excite than emit
photon
- shock excitation

» If excitation is collisional, emission typically proportional to square of

density (requires two particales

» Flux o« Emission Measure (pc cm-6): EM = (n2 dl
= This makes it hard to estimate total mass of gas that is collisionally

excited



Building Blocks - Gas

Absorption

A STIS absorption spectrum

A beam of light coming 1o Earth from a distant quasar passes through % '

Atomic Lines — ground State numerous imMervening gas clouds in galaxies and in intergalactic space.

These deuds ol primeval hydrogen subtract spedlic colors from the beam.
The resulting ‘sosorption spectrum, recordad by Hubtie's Spaca Telescope
Imaging Spectragreph {STIS), I used 1o determne the distances and

tranSitionS in Optical, high chemical composjtion of ths nvisitls clowds,
ionization absorbers in UV '

Molecular Lines — mostly in
UV, e.g. H2 absorption

More sensitive than emission (because of

but need bright background sources

(e.g., quasars)

Absorption o« Column Density (cm=2): N « [ n dl
proportional to total mass



Thought Question

< In absorption, you measure column density : [ n dl

< In many cases in emission, you measure emission measure : | n? dl

% Are these always related to each other in the same way?
Consider a certain number of atoms spread uniformly in distance, and the
same number of atoms, but in two clumps? How does the column density
change? How does the emission measure change?

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
distance



Building Blocks - Gas Pl A

”
Atomic Gas — Cold/Warm Neutral . /$
Medium (CNM/WNM): 21 cm emission R -7
HI 21 cm emission from spin-flip transition: Fo— {t:) - ']2~]1'3((_’]]f]\‘HZ
very rare but HI very prevalent! Relative P L R 7
number in two energy states set by g A' “,Spm'F“pCé"[\:
collisional equilibrium and proportional to AN | -7

statistical weights of two levels (3:1)

Because this is not a collisionally-excited, ‘ e o [
radiatively de_excited transition, HI fluX at SN : v F. Walter, E. Brinks, E. de Blok, F. Bigiel, M. Thomley, R. Kennicutt

a given location gives column density
(atoms/surface area): 5‘} /fj
Column densities in is s typically NHI 8 2 4 : &
~ 1020 cm il
Total mass in HI can be a significant
fraction of total stellar mass

-—




Building Blocks - Gas

+» Atomic gas — Cold Neutral Medium (CNM): HI in absorption

+ HI observed in absorption down to very low column densities (NHI~1013 cm-2)
— Hydrogen Lyman series lines

» Also primary tool for studying circumgalactic medium
(CGM) and intergalactic medium (IGM)

+ typical column densities range from 10 to 10°! cm™ : in increasing column
density: Lyman-alpha absorbers to Lyman limit systems, to damped Lyman
alpha systems

+ Other heavier element absorbers can also be observed
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Building Blocks - Gas

+» Molecular Gas:

» Dominant molecule is H2 — symmetric, so no
strong rotational transitions

+» H?2 and CO interact via collisions, so can
trace H2 using CO emission

» X(CO) factor relates observed CO to H?2
column density:

N(Hy)/em™

I CO / Kkms—1

X = ~ 2 x 10%

» Many uncertainties and likely depends on
metallicity (e.g. Liszt et al. 2010, Leroy et

NASA, ESA, STSc], J. Hester and P. Scowen

aL 2011) (Arizona State University)
- cHe a Yy €Cen o 50 ot an a -mic -as
® ass cla e 1 e 1S 'So a1 1

e less mass than in atomic gas?



Building Blocks - Gas

Wisconsin H—Alpha Mopper Northern Sky Survey

Wa rm IO ni Z e d M e diu m Integrated Intensity Map (=80 < v < +80 km s7')
(WIM):

Primarily heated via
photoionization y e
sasy n sasan

e esas

Visible in recombination
lines like Ha




° ° Wisconsin H—Alpha Maopper Northern Sky Survey .
Integrated Intensity Map (=80 < v < +80 km s™)
ulding blocks - (as z

Warm Ionized Medium
(WIM):

Hard to estimate mass —
recombination is a two-body
process so depends on gas

clumpiness

J1909-3744 1909.ar
Freq: 840.233 MHz BW: 15.625 Length: 4989.999 S/N: 60.25

Sdt IS e sl nimeas ¢
Se€ c iy s
e eney - se el e
€ Ml cncl n

B Frequency

a mass probably less
than neutral gas

" Pulse 'de,lla I‘time,




Building Blocks - Gas

Denser Ionized Gas (e.g.,
HII regions, central
regions)

Easiest gas to observe in
galaxies

Ionized by star-forming

regions, shocks, Active
Galactic Nuclei (AGN)

Often used to measure
star formation rates and
gas-phase metallicities of
galaxies

| M33 (Cl‘eit: L ll 4 evat r ' or=
(more next time!) / G



Building Blocks - Gas

Hot Ionized Medium (HIM):
ROSAT PSPC ALL-SKY SURVEY Soft X-ray Background
T~1O6 K ST free_free Gal3.cti?illlo<!oj:]cj:1[;::18-5.'stem

emission (thermal
bremsstrahlung) in X-rays

T~10°> K — more difficult
to detect — use absorption
of high ionized metals,

e.g., OVL, CIV, NV

J-colour image:

Hard to determine total red: D.1 G4 ke green: 0.5 0.8 ke bluc: 0.8 2.0 ke

mass but likely very
significant



Thought question

Overall baryon budget

% Standard cosmological model roughly has:
» dark energy: Omega_lambda=0.7
« cold dark matter: Omega_CDM = 0.25
» baryons : Omega_baryons =0.05
+ If someone gave you the total mass of a galaxy, what would you expect the
baryonic mass to be?
< What would the implication be if the baryonic mass was larger or smaller
than your expectation?



Building Blocks - Gas

Overall baryon budget

<+ Historically, it has been a challenge
to detect all baryons expected from
cosmology (“missing baryons”

problem)

+ Increasing detections of hot gas in
galaxy halos and between galaxies

(e.g., Gupta et al. 2012, COS Halos
project)
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Building Blocks - Gas

Current picture of
gas around
galaxies is
complex!

il

h. Tumlinson J, et al. 2017.
A&l Annu. Rev. Astron. Astrophys. 55:389-432

mins ne a



Building Blocks - Gas

asin da lesisimam 1 -aseme 1 m
» What determines the gas temperature?
+ Heating:
» gravitational heating
» radiative heating (ionization, heating of dust)
» mechanical heating (shocks, jets, etc.)
» COSMIC rays
» Cooling:

» bremsstrahlung (free-free)
» line emission, particularly from heavier elements and molecules

Gas cooling is very important for galaxy formation!
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Building Blocks - Gas

Cooling rate C = Voo e st
30 60 100 200 1000

energy radiated away b T ey

per volume per time % Fal B
9-215 |- N -
« Typically two § et :
particle interaction el E
so C o ny? < b E
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A(T)ZC/HHZZ —28.5_41|1.511,,6,11171111;3

log,,(T/K)

“cooling function”:

Figure 9. The cooling rate plotted as a function of the virial temperature of the hot
halo gas. The equivalent circular velocity of the halo is indicated on the top axis. The
different curves show how the cooling rate depends upon the metallicity of the gas, as

* UnitSI er gS Cm3 S_]‘ indicated by the key. Baugh 2006



Building Blocks - Gas

* Shape of the cooling
function determined
by the processes and
species involved at a
given temperature

“ Metals are very
important for cooling!

+ At low metallicities,
cooling from H+He

log( A, )ergs em’s’

log( Ay )ergs ¢ I
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