GAS

The other baryonic component- sec 2.4 in S+G
Material scattered in sec 8-9 of MWB

See web page of Alyssa Goodman at harvard
Astronomy 201b : Interstellar Medium and
Star Formation
http://ay201b.wordpress.com/

I will be going thru material a bit too fast for
derivations and strongly recommend looking at
the above page for details 1

Gas- Big Picture

Dark matter halos grow by merging and accretion (e.g.
Galaxies can grow by accretion of gas, by merging with gas
rich galaxies and by merging with gas poor galaxies)

gas falls into these halos, cools and forms stars.

How does this occur- the physics of gas accretion,

- How and when did galaxies accrete their gas and what
do they do with it (e.g. form ISM, stars, expel the gas,
feed the supermassive black hole ....)

Once a galaxy has 'formed' the gas content of the galaxy is
related to its star formation rate.

- the interstellar medium (ISM) is the reservoir of
material lost by stars (supernova, stellar mass loss etc)



+ ‘cold’ gas: dominates in Spirals- G’AS‘ISM

many phases
- neutral hydrogen

- molecular gas-Dense molecular ' "" ¢
clouds, have most of the total 4B
mass of the interstellar gas and
are of key importance for star
formation, occupy a negligible
fraction of the total volume

- warm ionized gas-has persistent
transient states out of thermal
pressure balance

* Milky-Way-like galaxies cold gas
mass” 10% of the stars

* Forlower mass galaxies the
baryonic fraction in gas is larger; at
M,,,<10 M gas dominates the
baryonic content

* Hot gas (T~ 1067 k) dominant ISM
in elliptical galaxies

In spirals hot gas fills the volume but
low total mass 8

NGC 507 NGC 4472

NGC 4486 NGC 4552 S NGC 4636

NGC 4696 NGC 5846 NGC 6166

x-ray images of elliptical galaxies
emphasing structure

Gas R R EERRTERERRPERS
e Other than stars, the baryons in
galaxies lie in 3 forms
- gas
- rocks
- dust (0.1% of mass)

¢ the % mass in rocks and dust is
small

* There is an interplay between the s 90 95 100 105 11
stars and gas,with stars forming out | M /M
of the gas and with enriched gas og( ’/ °)
being ejected back into the
interstellar medium from evolved
stars.

* There exist a vast array of spectral
diagnostics for the gas in both
emission and absorption which can
reveal

- chemical composition+chemistry
- temperature
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forming galaxies
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Peeples and Shankar 2011

- velocities
- ionization mechanism




Atomic Lines

The energy levels and - E(eV)
transitions for hydrogen

0.00
Each element and ionization set ;
has a similar (but more 1 o
complex) set of lines 1 11 oss
The probability of emitting a. 3 7 YvYY s
given line depends on the Paschen
temperature and density of the ; series
as
& 2 ¢ - v -3.40
Balmer
series
Lyman
series

g1l

A Bit of Physics-Ionizing Photons

One can estimate the number of ionizing photons from a star using the
black body formula (e.q. 1.35 in S&G) and integrating over the
photons more energetic than the ionization potential of the ion of
interest (e.g. Hwith13.6 eV)

These photons ionize and heat the gas

The gas responds by emitting lines characteristic of the chemical
composition, temperature, ionization state, density etc ...



Physics of Emission from Gas

* Gas is heated/excited/ionized by photons (stars, AGN), shocks
(supernova) and gravity

* Atomic transitions reveal the ionization state, temmperature, density,
velocity structure and chemical composition of the gas.

» Photoionization: photon from source ejects an electron from ion- to do
this photon needs to have energy greater than ionization potential
(e.g. 13.6 eV for Hydrogen,; O,B stars, AGN)

* Collisional ionization: gas is excited by collisions with 'hot' electrons
(again electron energy has to be above threshold). Electrons have
Maxwell-Boltzman energy distribution in equilibrium

* wide range of types of transitions: 2 'basic' types

- permitted: fast transition rate, line is emitted before ions state is
altered

- forbidden: violate Quantum transition rule, ion can be collisionally
de-excited when density exceeds critical density; presence of line
thus places constraint on gas density. - jargon forbidden lines are
indicated by [OII] (OII is the ionization state of the gas, once
ionized oxygen). v

A Bit of Physics-Relevant Velocities

Sound speed in gas c,;=0P/op; P and p are the pressure and
density

For isothermal gas P=pkyT/umy

where kg is Boltzmann's constant and u is the mean
molecular weight of the gas and myis the mass of the
hydrogen atom.

c,=sqrt(k;T/w)
Many astrophysical situations in the ISM are close to being
isothermal, thus the isothermal sound speed is often used

Reason: if the sound crossing time is much larger than
the (radiative) cooling time of the gas, an increase in
temperature due to compression will be immediately
followed by radiative cooling to the original equilibrium
temperature.

8



ISM- Relevant Velocities

Some characteristic values
» galactic rotation gradient 18km/sec/kpc

 Thermal sound speed ideal gas for H, is 0.3, 1, and 3 km/s
at 10K, 100 K, and 1000 K

A Bit of Physics-TimeScales

In gas at temperature T, the mean particle velocity is given by the 3-d
kinetic energy: 3/@mv? = kT,

collision timescale 1~ 1/v; [ “no; n is the NUMBER density of the gas and
o is a typical cross section (hard sphere approx for ions nr? ~10-13
cm3); [is a typical length and v a typical velocity

and thust™ {2/3} {kTm}/?/(no) = 4.5 103n1T-1/? years

for a typical place in the ISM (n,T) = (1lem, 10%) the collision time is 45
years

For a sphere of gas, where thermal pressure is balanced by self-gravity
the timescale to collapse (the Jeans time) is t;~ 1/sqrt(4nGp) which is
similar to the free falltime

T=(31/3Gp)/2 =4.4x 10* yr /sqrt{n,/10%)

10



LMC

Big Questions

What is the volume filling factor
of the hot ISM?

What is the distribution of the
temperature, density, and
velocity
What are typical scales in the
ISM and why?

What is the effect of turbulence ,
magnetic fields and cosmic rays

What causes density and
pressure inhomogeneities in the
evolution of the ISM
How is the ISM related to star
formation
Why is the ISM in spirals and
ellipticals so different in density
and temperature?

S LMCS  SGSLMC1

Physics of Emission from Gas

Lines have enormous range of energies/wavelengths

- molecular and fine structure lines in IR/radio band

- atomic lines in the IR, optical, UV and x-ray
Ionized gas also emits a continuum via thermal bremmstrahlung*-
shape of which is a measure of temperature, intensity goes as density
squared.
Observed line energies give velocity information: redshift, velocity
field

Relative strength of lines determines ionization temperature,
abundance of given element (corrected for ionization balance )

*Breminstrahlung (also called free-free) is radiation
due to the acceleration of a charge in the Coulomb

field of another 12



Thermal Bremmstrahlung- Often Called Free-
Free

* FKlectrons have a Maxwell-
Boltzmann distribution

* electromagnetic radiation E
produced by the deceleration of
a charged particle when
deflected by another charged B WeEEaiadl
particle, typically an electron by £ '
an atomic nucleus (wikipedia)

* Bremsstrahlung has a .
continuous spectrum, whose
shape depends on temperature

© @
f
’

roughly E04 exp(-E/KT)
« Main non-line coolant- ¢ @E;
important at high temperatures lvz
or in gas with very low
metallicity
13
Importance of the ISM
Despite its low mass, the ISM is  its emission & absorption provides
very important enormous diagnostic information
crucial role in the star-gas cycle
in spirals and irregulars, * Doppler motions reveal galaxy

dynamics
* Abundance measurements allow
study of chemical evolution
*physical conditions: density; temp;
pressure; turbulence; gas column
density; mass,
e can all be derived from
observations of emission/

- it facilitates ongoing (&
current) star formation

- it is a repository for elements
created in SNR and stars
and therefore is a key to
measure chemical evolution

Because it can cool, its collapse

is dissipational absorption lines
- stars can form !! hot gas => *lines are bright and can be
cold gas=> stars: seen (relatively) easily at
- galaxies are smaller than cosmological distances.

dark matter halos !

14



The ISM in Spirals is DYNAMIC

* There is strong . . .
interaction Complex interaction between different phases

between the

different phases of Fabian Walter HIM
the ISM and

C |
feedback between wi—mj
star formation and %Ilzlst WIM
the rest of the ISM

HII
Radiative
ecombinatio
2 formatlo Photo-
on dust dissociatio
d|ffuse Hz

* There is lots of
complex non-
linear effects (and

Fast winds WNM

lots of jargon) Cloud CNM
Cool winds,
iplanetary nebulae
i >
At low redshift ISM in
Its not so clear if ISM in spirals not affected much by AGN

ellipticals is dynamic in the
same way; AGN seem to be more important in affecting the ISh

How Does One Observe the ISM Ho Emission from MW
(sec 5.2 in S&G)

» Because of the wide range in temperatures and
densities a wide variety of techniques are needed |

¢ Radio:
- free-free emission and 21cm for HI

- high freq radio-far IR (CARMA ,ALMA ,
Herschel) wide variety of molecular ling

e IR spectral lines [01]63,145um and [C#]158 R b i M
and [CI]370,609um A soe

. ~——— N e
* Optical/UV | \_/ °

LA P, W

- wide variety of emissiog/And absorption N S W s amitiiadil
lines from ionized metals (C,N,0O etc) - gﬁ'h\ _ R A 1862

photoionized 2 NS~ |

* Soft x-ray B IR R e~ ]

» continuum and emission lines from "w““’*-auv\yﬁwatr”“

T~ 10%-107k gas (spirals and ellipticals) | et Vo ooty

- gas is collisionally ionized S vwgz\v

y-ray B i

* interaction of cosmic rays with gas ' »wlvvwr»vﬂn—\wm

R CR

20 O 20



Spiral ISM 'States'- fis the filling factor

Molecular Medium (MM): T"20 K, n> 10% cm=3, £< 1%. The MM is
mostly cold dense molecular clouds which are gravitationally bound.
this phase contains ~as much mass as the atomic hydrogen, but
occupies only a very small fraction of the ISM.

Cold Neutral Medium (CNM; T”100 K, n"20 cm™, f=2 - 4%). The CNM
is distributed in rather dense filaments or sheets, occupying a minor
fraction of the ISM. The CNM is most readily traced by HI measured in
absorption.

Warm Neutral Medium (WNM; T"6000 K, n~ 0.3 cm3, f~30%). This
phase provides the bulk of the HI seen in emission line surveys.
Warm Ionized Medium (WIM; T 8000 K,n ~0.3 cm™® £~ 15%).
associated with HII regions, but a considerable fraction of the ISM
outside of HII regions is also filled with ionized gas.

Hot Ionized Medium (HIM; T"10°K,n~ 103 cm3, f"50%). The hot gas
produced by supernova explosions and their after effects (in spirals,
other physics in ellipticals( - long cooling time , a large fraction of the
ISM is filled with this component.

http://ned.ipac.caltech.edu/level5/March01/Brinks/Brinks4.htiil

ISM- Phases

Hot ionized medium (e.g. X-rays)

Warm ionized medium HII region(e.g. Ha)
Warm neutral medium (e.g. HI emission)
Cold neutral medium (e.g. HI absorption)
Molecular medium (e.g. CO)

These phases have different distributions perpendicular to the plane-

scale height
TABLE 2.1— The different phases of the ISM.
MM CNM WNM WIM HIM

n(ecm™) | 104 —10° 480 0.1-0.6 ~02cm™ 107°-10~<
T (K) 10-50 50-200  5500-8500 ~~ 8000 16-107

[ (po) ~ 70 ~ 140 ~ 400 ~900 >T1kpe |
foolume < 1% ~2-4% ~30% ~20% ~50%

[Tmass =20% ~40% ~30% =~10% =~1% |

Note: the quoted numbers for each of the phases are only rough estimates. n
is the particle density in em™, T the temperature in K, h the scale height in
PCS fyolume is the volume filling factors, and fmass the mass fraction.

Fabian Walter
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120

80

40

The ISM

The 5 'states' are in dynamic interaction.

the coldest and the densest clouds are molecular (hydrogen molecules, CO, NH; and other
molecules)- this is where stars form .

The dust is composed of 'refractory' elements and molecules mainly carbon, silicon, iron
and is responsible for most of the absorption of optical light in the galactic plane - the
energy absorbed by the dust heats it and the dust re-radiates in the IR

The ISM is threaded by magnetic fields. At ~ SuG, these fields provide a pressure
comparable to the pressure of the gas. The magnetic fields therefore affects the dynamics
of the ISM

Book on the subject Bruce Draine ' Physics of the
Interstellar and Intergalactic Medium' Princeton
series on Astrophysics

19

Far IR Lines

More than 145 lines , most of them rotationally excited lines from abundant
molecules:

38 lines '*CO, 37 lines -H,0,16 OH lines., 12 '*CO lines and several HCN and HCO*
lines Goicoechea et al 2012: brightest line is T0I1 at 63u

T
EFlux (Jy)

= S

=
E <

F U

1, 19 B3g3000100)

=]

98 %

= T T T T ~ 5 T LI I I 3 §

5 = 3 z 3 IEox ]z

T

':' T T il =4 e - =

E S F s L L L T ig

- 52 94 S

o = 1 =

g

110 120 130 140 150 160 170 180 5

Feal T T T ST 1 LI B B B ELEE B L B B B B L I I R I I I I I I R R A A B4 R R R R A 5 0 54 1 i a0 15 -

L nd - L Ze S_.) e s €O () Hz0 Uxx) | B

C T -0 o« : TP T Z

FL 2 = m =

- s s S -

h" I i & A ’r -
200 250 300 350 400 450 500 550 600 %%0
Wavelength (zem)



Molecular Lines

Molecular clouds are very rich in spectral features from a wide
variety of molecules- lots of information

Some of the lines (CO) are so strong that they can be seen at high
redshift

14k 5 : 37 Indented Features
2 Zyuris et al. 2006 e it
A -§ lines per 100 k's
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Millimeter Band Spectrum of Molecular
Cloud
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Optical spectrum of HII Region

NGC 3413 - Im
16‘14 T I TTrTT 'l T ] rrr I T I LA A I T T Trrr ] L
(O/H)=008 (O/H)So!a’ Ha )
8e-15 — —
1 = S ]
—~ 6e-15 - —
w L 4
= | J
= 4
WL de15 —
Q. ~
T =
| = J
2e-15 — g = = —
*el 2 . 1 S
L TF I l > > T §
L s Joird ES P - X b,
0 1 l‘rl L1 I 1 1 1 A 1 1 1 L ‘I 1 I‘ ' 1 1 r 1 1 1 IT 1 1 el | 1 1

3500 4000 4500 5000 5500 6000 6500 7000
Wavelength (A)

* Optical spectrum show lines due to [OII]. [OIII],Ha, [NII], etc

* the [...] symbol indicates 'forbidden'lines which come from low
density gas
24



Gas Cooling

Collisional excitation: free electron impact knocks a bound
electron to an excited state; it decays, emitting a photon.

Collisional ionization: free electron impact ionizes a formerly
bound electron, taking energy from the free electron.

Recombination: free electron recombines with an ion; the
binding energy and the free electron's kinetic energy are
radiated away

Free-free emission: free electron is accelerated by an ion,
emitting a photon. (A.k.a. Bremsstrahlung)

Cooling via molecular vibrational and rotational lines and dust

emission
25

Gas Cooling L=n?A(T) et e e

MWB sec 8.4, R R TR
S&Gsec24.2 pg105 | /.
T>107k thermal _

bremmstrahlung L™ n?T 1/2
107>kT>1063k Fe L lines
1045>kT>10%%k K and L

N
>
=

log( A~ ) ergs cm’s™

lines of 'metals' 23,0}
104>kT>10%%k Hydrogen
At lower temperatures fine 240k . o]

40 50 60 70 80
log T

Cooling curve as a function

of KT and metallicity-for gas

in collisional equilibrium

Sutherland and Dopita

table 2.5 in S&G o6

structure and molecular
lines lines dominate




Gas Cooling

As the
temperature
changes the ions
responsible for
cooling

change as do the
vhysical
rrocesses

As the gas gets
hotter the
dominant
elements/ions
change

log( AN)ergs om's!

log(A,) ergs om's’

-20.0
-21.0
-22.0
-23.0

-24.0].

L CIE: AN(T) Principal Processes.

bremms

-20.0
-21.0
-22.0

-23.0

Molecular Cooling- Function of Density
as well as T (not just n®)

Log,, Cooling Fower per H2 Molecule {erg s

—34 P R

2 5

7
Log,q Hy Density (cr3

Log, H, Density (cm™




by definition the cooling rate is n?A(T) sot

The functions are very
different for
photoionized gas which
is not in collisional
equilibrium

This depends on the
shape of the photon
spectrum and its
intensity

This is very important
for studies of active
galaxies and the
intergalactic medium

Things are of course
more complex in a non-
equilibrium system see
Apd Letters, 756:L3
2012 Avillez and
Breitschwerdt

Gas Cooling

heating or cooling (erg cm*s™)

102!

77

102 |

10! 102 102 104 10°

Temperature (K)

Physics of Photoionized Plasmas
G. Ferland
ARAA. 2003. 41:517
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Cooling Time

Dimensional analysis gives cooling time t,..,~ ¢/(de/dt) where ¢ is the
thermal energy in the gas (L=de/dt)

teool € P/A; since energy release goes as p= ;t..,, " €/p

Alternatively (MWB e.q. 8.94)
energy in gas per particle is pE and cooling rate is ©; t,.,.,,~ pE/®
for an ideal gas pE,” 3/2nkT and

~ 3/2nkT/n? A (T)

'cool

e Ingeneral ~ 3.3x10° (T/108K) /(n/103)A_,,
A_,; is the value of the cooling function in units of 10?3 ergem?/sec

t

cool

For bremmstrahlung

~3.3x 1010 (ncm™®) 1 (T/108K)'/? yrs

30
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Gas Heating Mechanisms in ISM

heating by low-energy cosmic
rays (dense MM)

photoelectric heating by grains
(CNM to MM)

photoelectric heating by
photoionization of atoms and
molecules (HII regions)
interstellar shocks (WNM,
CNM, MM) due to supernova

X-ray image of Cas-A
youngest SNR in MW-
color is energy of photons

31
: . AN
Hot
ISM in Spirals N @ S
ges
The ISM is energized primarily by g 51 e .

. v x=01 x=1 e
stg,rs (starlight (dust), stellar 4 e T Exonded Sampat gm&m
winds, supernovae) ;

\ H I reqh

UV starlight photoionizes atoms & 3 »Q;’i reglons
dissociates molecules; photo-gjected E 2 m )
electrons heat gas } U R IGCTE com Gy
SN shocks heat/ionize/accelerate I o
gas & are largely responsible for the — T T T T T T T T T
ISM's complexity in spirals. € 4 -2 0 2 4 6 8

log Density (cm-3)
The interstellar medium near the
Sun has large scale structures of Qee lecture notes by
bubble walls, sheets, and filaments ]
of warm gas. Fabian Walter for
The remainder of the volume is in lots more detail (on class
bubble interiors, cavities, and web page)

tunnels of much lower density, hot
enough to be observable via their X-

ray emission (Cox ARA&A)
32



Spiral Galaxies in THINGS — The HI Nearby Galaxy Survey

NGC 5055 (M 63) NGC 628 (M 74) THINGS

fy ~

NGC 3031 (M 81)
. scale:
15,000 light years

N

/oA

Image credits:

VLA THINGS: Walter = al. 08

Spitzer SINGS: Kennicutt et al. 03
GALEX NGS: Gil de Paz et al. 07

Galaxy Dynamics in THINGS — The HI Nearby Galaxy Survey
THINGS

\
|
»

NGC 2403 — Gas and Stars

Color Coding:

15,000 light years

2 Color coding:
NGC 2403 — Rotation > THINGS HiI distribution:

~ Rotation Curve

I
/ oA\

Image credits:

VLA THINGS: Walter et al. 08
Spitzer SINGS: Kennicutt et al. 03
GALEX NGS: Gil de Paz ei . 07
Rotation Curve: de Blok et al. 08




Warm lonized Medium Fabian Walter

mainly traced by Ha

most likely source: photoionization from OB stars

scale height: I kpc

minimum energy rate: 3x10° kpc? s”! (equiv. of | O4 star kpc?)
- total energy requirement: 3x10® Lgyn

All-sky composite of Milky Way in H

H spectrum

From: Finkbeiner 2003

35

Most important tracer for warm/cold neutral medium:
HI 21cm line pg 30 in S&G

From H. Rix and F. Walter

® H atom consists of | proton + | electron
® Electron:spin S=1/2
® Proton: nuclear spin /=1/2

ZI'XL F=

Parallel spies: higher-cnergy configuration ® TOtal spin: F - S’ -+ I —_ 0, l
® Hyperfine interaction leads to splitting of ground
level:
o F=| g,=2F+|=3 E=587xI0%eV
e F=0 g=2F+l=1 E=0eV

'Spin flip' The 'flip' occurs
® Transition between F =0and F = I: Spontaneously

o v=1420MHz,A=2l.11 cm http://hyperphysics.phy-astr.gsu.edu/hbase/quantum/h21. html
o AFE/k=0.0682K
o A,=2869x10-"5s"' = 1/(1.1x107 yr) (very small!)

H atoms excited by collisions to slightly higher
energy level -- once per ~ 108 years per H atom

o oy tl&f'[\”" Average lifetime in excited state ~107 years...
s~ ls.g x10 Cev , ...followed by spontaneous decay back to ground
/F; t U state, emitting radiation at A =21 cm
i But 7 10 %6 H atoms in MW plane ... hence obs&vable

line emission



HI emission vs. absorption

1714-397 L:347.7 B:-1)
—— T T T T T T T T
1.0 T -

. hy 3nyg
g o= TAlo‘D(V),
5 L 1 (l/l/)2 ngBo
2 .5 b= - v = (I)
0 ] Ky ¢ 4kTe @)

100 . + t t ———]
emission and absorption coefficient of ¢~ 2-evel system:

50

Tg (K)

o T T
-100 -50 0 50 100

Vi sg (kms™)
Dickey et al. 1983 Lo

Spectra taken towards same direction within our galaxy

Suggested that ISM consisted of 2 phases
From H. Rix and F. Walter

Cosmic Rays — scattered in Sec 2.1-2.4 in S&G

Cosmic rays, which are atomic nuclei electrons and protons which have been
accelerated to nearly the speed of light- thought to be created in SNR shocks

Gyroradius=r,=p/qB

(p 1s the momentum of the particle, B the magnetic field, q the charge)

In handier units r=3.3x107y/B(gauss)cm ; y is the relativistic factor sqrt(1/(1-v?/c?))

With B~5uG the gyroradius of a proton with y~10* (a typical value) is ~10* pc.

so cosmic rays are trapped within the Galaxy by magnetic fields .

Energy density in cosmic rays comparable to other components of ISM

Thermal IR from dust

Starlight

Thermal kinetic energy (3/2 nkT)
Turbulent kinetic energy
Magnetic fields (B?/8xn )

Cosmic rays

38



The ISM can dominate a galaxy's integrated SED -in the far IR and radio

e Mid-IR to Sub-mm is dominated by emission from dust, molecular lines
and fine structure lines

* radio comes either from HII regions or a relativistic plasma radiating
via synchrotron radiation

certain emission lines (eg Lya ; [CII] 158w) can be major coolants

39

ISM in Spirals
* The phases of the gas are b
distributed differently total ,ga‘s density in MW
- cold (molecular) gas is vs height above the
confined to a thin disk disk (blue)

p(z)” 0.8 exp[-(z/81 pc)?] warm gas in red

and has a mean T~ 15k
- 'warm' gas has a density
distribution ook
p(z)~ 0.87 * 0.18 exp[-(z/318 pc)?] __
where z is the distance abov% 0.1 &

10

the disk midplane c \\
has a mean T~ 5000k 0.01 ~— ]
\
\\
Roughly magnetic ("5uG), 0.001
cosmic ray, and dynamical o 05 1 15 2 25 3
pressures are equal ~ 1013 z (kpc)

dyne mid-plane Cox Ann Rev A&A



X-ray ISM in M101

* Hot phase of ISM in M101-
dominated by ionized oxygen OVII/
OVIII and T~ 2x10°%k is the
temperature of the dominant
component.

e The emission is centrally
concentrated

e Such data exists for only a few

objects

X-ray

surface -
brightness

R/(De/2)
1.0

0.0 0.5

2.0x107°

1.5x107°

1.0x107° -

5.0x107"°

Flux (photons/cm®/s/arcsec®)

R (arcmin)

ISM In Ellipicals-pg
_72 in S+G

* Predominately hot
KT~ 108-107K and thus
visible only in the x-ray

the temperature is set,
predominantly by the
depth of the potential
well of the galaxy (if it
were hotter it would
escape, if colder fall)

The metallicity of the
gas is roughly solar

X-ray image ®

NG 54680 BNGC 5461°
e =
* . EINGC 5449
BNGC 5453 - +* %
WINGC 5456 2

“. 'NGC 54810

NGC 5447
BNGC 5450

@NGC 5455, *

GC 4636

nnnnnnn




Hot Gas and Metallicity

Energy (keV)

In elliptical galaxies,

B

0a o7 0 o5
\H‘IHHHII'HHIIIII'\II\||\I\ ‘ TTTTT

=B
==
=s

o MgXillya —8 &

12100 MgKIHs-2p(yMOX! 182000 B =

= B

clusters of galaxies and
star forming galaxies the
ISM is hot and emits
primaprily via thermal
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strong emission lines frons
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The lines are fairly easy tc
measure and the amount
of hydrogen is measured
by the strength in the
continuum.

Problem is x-ray sources
are weak and telescopes
are small so not so many
objects (T100's)

gas in a star forming

Image of x-ray source
determines

X-ray Spectra of NGC1399

At certain temperatures
(T4-16x10°Kk) the spectrum is
dominated by Fe lines from the
L shell whose energy is very
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X-ray spectrum of hot

galaxy

the gas density since L™~ A(T)H?

sensitive to temperature.

Thus x-ray images and spectra
(obtained simultaneously with
CCDs) get the density and
temperature and estimates of
the chemical composition of the
ISM in ellipticals
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log [OIII}/[OII],

Metallicity in Gas

For star forming galaxies it is easier to
measure the metallicity in the gas
phase than in the stars-strong
emission lines-but one measures
different elements

How does one do it ?- Use HII region
spectra (ionized gas around hot young
stars) : measure oxygen lines.

O is an a-process element made in
short-lived massive stars and is™50%
of all the heavy elements by mass -
representative of all the heavy
elements made in type II SN

- need to measure line strengths,
electron temperature, density to
get ionization structure of the gas

More massive galaxies tend to be more
metal rich

There are several methods
to do this- but error of factor

of 2
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Metallicity Issues for Distant Galaxies

Fundamental problem is that the ionization structure of the gas is
unknown and the line strengths and hence the abundances depend on

both

chemical abundances,

Free parameter is the ionization parameter ( U) which is the ratio of
ionizing photons density to gas density for photoionized gas
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ionization parameter

each line corresponds to the
predicted [OIII]/[OII] ratio for a
different abundance (0.05-3x
solar) and ionization parameter

A fixed line ratio can correspond
to a factor of 20 range in
abundance if ionization parameter
if not constrained.
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Metallicity Issues for Distant Galaxies

Since the electron temperature ,density and nature of stellar ionization
field vary quite a bit over the galaxy these are 'irreducible' errors.

One resorts to calibrating the lower quality galaxy data against the
excellent data for HII regions in the MW and some other nearby
galaxies

Gas phase abundances are 'ok' for O,N and S (but not Fe)

Abundances determined in stars mainly measure 'Fe' via absorption lines
in stellar spectra (Worthy et al 1994)- very very messy.
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Why Metals are Important

¢ metals account for 1%
of the baryonic mass,

but they Mattsson et al.
most of the important
chemistry, ionization, 9.5F
and heating/cooling oof
processes. L

e Comparison of the 65

metal content of gas

log(0/H) + 12

8.0F ]
and stars compared to [ ]
] - % Stars
- what is expected 7.5 3 . }}?ilalln?'gagli‘gnge(be%ap%rical) ]
from stellar 2ok ]
evolution 0 10 20 30 40 50
- cosmic star R (kpe)
formation rates

indicates whether

galaxies expel . .
metals and/or M31 metallicity vs galacto-centric

accrete gas. radius- Mattsson et al 2014 *°



Next Lecture — Dust

e Discussion of dust is in
many places in S&G.

e Discussed in MBW pg
478-483
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A Bit of Physics

e Saha equation describes the
ionization balance of the gas which
depends on the temperature, ;
quantum mechanical transition
probabilities and densities

* An atom with multiple energy states

in thermal equilibrium with a J

radiation field will find itself in one or
another of these energy states.

e Frequent transitions to and from
other states will occur as photons
interact with the atoms.

* transitions from the upper of the
states of figure take place by photo
deexcitation and by induced
deexcitation. Transition in the
upward direction is by
photoexcitation or collisional
excitation

il i

--+-- Ground state

For lots of details
see MBW appendix B
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A Bit of Physics

The rates of ionization and
recombination are important (see eqs
2.21,2..22 in §+G); e.8. X*+e P X+y
the rate at which ions recombine thus
clearly depends on the ion density . X
*and the electron density and the
recombination coefficient o, which
depends on the ion, (e.g. the number
of electrons it has and its atomic
number)

Thus recombination rate of electrons

for a given ion X*+ is
dn,/dt=n,,na(T,);

the recombination time is the #of

electrons/ the rate :n,/dn./dt

a few thousand years in a HII region -
a the recombination rate depends on
QM and Boltzmann's law

In steady state # of
ionizations= # of
recombinations

Ionization is from
e collisions with hot

electrons
* photoionization from stars
* shocks 51

Cooling function
including 108 g - T —y
hydrogen, helium, on | 1
metals lines, H2
and HD molecules 102 r . 3
as function of —
temperature- —l0® el
(appropriate for w O} 5
early universe) but "';E”"‘ ] ;
not including CO ° 1 ]
and other ? o E 1
molecules (CO g F ;
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i - 108~
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rotational state Ll S )
about 5 K above S Maio e al 2007 3
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How do Molecules Emit Radiation

* Emission is primarily
from rotational and
vibrational levels

e Millineter emission:
rotational transitions

e Infrared absorption:

vibrational transitions z
-]

Limitation: need
background IR source => 2
only info along line of d=0
sight

e Earth’satmosphere
prevents observations of
key

* molecules from ground:
H,0, 05, CO,

Ewine F. van Dishoeck

Gas Cooling
As the temperature
changes the ions
responsible for cooling

E=E¢! + Evb 4 prot

excited.
& electronic
stade

electronic absorption

ot VIS /uv
== Ve,
vibrakiena) ¥
obs.at IR % Qround elechon
= VE0 = o e SE&I:Q

rotational emission
ok (sub)millimeber
MM emission:Limitation: molecule must
have permanent dipolemoment => cannot
observe H2, C2, N2, CH4, CRHR, ...
Advantage: many molecules down to low
abundances; 53

Major Molecular Coolants

FRACTIONAL CONTRIBUTION BY MAJOR COOLANTS

change as do the physical
processes
log T
3
2
l HYDRIDES

http://www.cfa.harvard.edu/swas
swasscience/fig? . html

3
2
2
2
H
a
E
5
=
o
S
S

Log,q H, Den



