Components of Galaxies — Gas
The Importance of Gas

* Fuel for star formation (H,)
* Tracer of galaxy kinematics/mass (HI)

» Tracer of dynamical history of interaction between
galaxies (HI)



The Two-Level Atom

Consider an atom comprised of only two levels, 1 & 2

n, atoms m-3

n, atoms m-3

When the atoms jumps from 2 to 1, it emits a photon of

frequency v,, & energy hv,,, where h is the Planck
constant (6.63x10-34 J-s).



Spontaneous Transition Probability

from 2 to 1 is expressed in terms of the Einstein coefficient
A,, (s per atom). The energy released per second per
cubic meter through spontaneous decay is thus

hvo1 Ag1mo (W mﬁg).

Stimulated Transition Probability

Is expressed in terms of the Einstein coefficient B, & the
energy density U,, (= 1,/ c) such that the energy released
per second per cubic meter per atom is,

Bo1U9q (W m 3 atom_l).

Similarly, B,, represents the stimulated up transition
probability.



The net number of absorptions per unit volume per second
IS then

(n1B1a — ngBs1)Us1 (W m™),

And thus the energy absorbed per unit volume per second
IS,

(n1B1o — n9oBg1)Usihig = /ﬁ:L,IL,dI/ (W m 3 s_l),

Where k, is the absorption coefficient. Note that the source
Function, S, is simply the ratio of the emission coefficient
& the absorption coefficient j,,

5=
Ry



Given,
(n1B1o — n9oBg1)Usihig = /ﬁ:L,IL,dI/ (W m™3 s71),

[,/ ¢ can be substituted for U,, to get

hv
/!ﬁ:ydb’ = (n1812 — nngl)?ﬂ".

Balancing the absorption rate with the emission rate,

/ 35 = L / il

In terms of Einstein coefficients,

h s
LA (n1B1a — ngBay)—,
47 C

where the factor 41 comes from integrating over 4x
steradian solid angle.



Rearranging the terms in

'6\21}“1]%1%2 = (n1B12 — 7?/2321)]—”:
s C
And solving for [,
[ (/kn/fb1ﬁ3_
(R -

In Thermodynamic equilibrium,

2hv? 1
2 ohw/kT _ 1

B, =
Thus, given that the levels are populated as

@ _ gge—hu/k'l”

1 g1
where g, & g, are statistical weights & T is the excitation
temperature,



The Einstein coefficients are equal to.

A21 87ThL/3

Bgl C3 ’

Bi12g1 = B219s.



Phases of the ISM

Phase Acronym State Approx Kinetic Approx Density Exponential Scale Mass

of H Temp. (K) n (cm™3) Height (pc) (Mg)
Molecular Gas MNM H, 15 >300 60 2.5 x 107
Cold HI CNM HI 80 40 130 2.5 x 10°
Warm HI WNM HI 8000 0.4 350 1 x 108
HII Regions WIM HII 8000 > 1 750 1 x 108
Coronal Gas  HIM HII 106 0.003 3000 ~ 1 x 10°




Neutral Hydrogen
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Energy level diagram for the hyperfine splitting of the ground state of the hydrogen
atom. The state in which the electron and proton spins are aligned has a slightly higher energy.

* A source of strong emission in galaxies is the 21
cm neutral hydrogen emission line.

* The line arises from the flip in the spin state of an
electron in the ground state of neutral hydrogen.



Neutral Hydrogen, cont.

Forbidden transition, with A,, = 2.9x10-1> s
Transition rate lifetime is t,; = 1.1x107 years

Why is the signal strong? High HI column density (i.e.,
N, = 1021 cm-2).

l.e., if n, Lis large, where { is the length along the line of
sight containing HI, then h v, n, {is large.



In galaxies, collisions dominate 21 cm transitions

e |.e., emitting clouds are in thermodynamic equilibrium.

Determination of collision time:
1) collisional cross section ¢ = © (2x10-8 cm)? = 1x10-1° cm?
2) atomic density N =1 cm3

The mean free path is

1
| = -—"— =1x10'" cm.
No

Atomic gas in galaxies has T = 100K, thus the velocity v is,

LT\ /2
V= (—) = 1.6 x 10° ¢cm s~ L.
T

Thus, the time between collisions is

[
teollision = — & 200 years.



e Most of the electrons in neutral hydrogen are in the F=1
state.

—————————— F=1 1 i
|
n=11=0———— I (v = 1420 MHz)
|
—————————— F=0 ¢ !

Nuclear Electron
Spin Spin

e This can be shown by comparing
AE=hv/k  T,=100K (Typical HI T)

Thus, zz,_l B ﬂe—hu/kTex
1o go

~ 3,

where g = 2F + 1. Since n, ~ 3n,,
then ny, = n, + ny=4n,



Optical Depth
e ForHlat T=100K, hv <<k T.

e Thus, the spin states are populated

M _ o —hw/kTex _ hv )
Bl _ s —3(1-
no ’ ( kTex j

where g, / g, = 3. Similarly,

Bo1 = 3B1o.
HI absorption occuring from transitions are proportional to
hv B()l hv
Bo1 — n1B1g = ngBoi — 3 1 — = 9B :
noLo1 — N1O10 = NpO01 ’f’lo( kT) 3 T OlkTex

Making the substitution ny = %4 n
hv
4T

0. ¢ ?’LHB(H



The optical depth, 1, is thus,

_ ' hv —20tH
e NHf(U)BOléikT = 5.489 x 10 Texf('v),
Where
1) N = H column density
2) f(v) is a function that accounts for the contribution of
21 cm emission occuring at velocity v.

f(v) is normalized such that,

/_O:Of(v)dv = 1.

A useful form is

1 2
_ ~(2v/b)

h
WHere b= (2kT/m)'/2.



Hydrogen Column Density

The above expression can be rewritten & solved for hydrogen
column density

Ny = 1.82 X 1022/ T7(v)dv [atoms m 2]
—00

Or for t << 1,

O
Ny = 1.82 x 10% / Tgdv [atoms m™?].
— 00



In terms of HI Mass,

>0
My = 2.356 X 105012/ S(v)dv,
— 00

where,
1) d is in units of Mpc
2) S(v) dv is in units of Jy km s,



HI in Emission & Absorption

Hl is seen in both emission & absorption, depending on the
optical depth & presence of background continuum source.

Consider the equation of radiative transfer,
dly
T,

Multiplying through by e & rearranging the terms,

= Fy = Sys

a1
T,

v Leg L, =g "8,

€

ol,e ™
0T,

= @



For an isothermal cloud in LTE, Sv = Bv = constant.
Integrating yields,

L(r,) = L0)e ™ + (1 —e™)8,.

For this equation,
1) I, (0) is the intensity of the background source

A%

2) S, is the intensity generated within the cloud.

Typically, radio astronomers use temperatures instead of
fluxes, where temperature is simply that given by the
Planck function in the Rayleigh-Jean regime.

Thus, for [, & S,,

2kTpv?
o = fl/ Haly s R
C C

where Ty = brightness temperature & T ,,4 =
cloud temperature

: 2
2kT clouqV
9 )




Thus,
L(r) =010 ™ +(1—-e™)8,.

Tp (Ty) — TB(O)B—T" ~+ (1 = eﬁT”)Tdoud.

e How does the temperature measured change with t?
Consider a cloud observed in front of a background source

of temperature Ty ( <Q>
telescope Backgrou nd
Cloud Source

Fort — 0, T — Tg(0)(1—7)+Taowar — Tr(0).

and

forr — o0, T — Tgoud-



Molecular Gas

Molecular hydrogen clouds are the sites of star formation
Dust grain surfaces are the catalyst for H, formation

The ratio of the number densities of dust grains to
hydrogen atoms is n, / n; = 1012,

The formation rate of H, is thus,

dnmu,

-3 -1
dt 5

= Yong (ﬂ'ag)ngvg [m

7

where na? is the grain cross section (a = 1x10-” m) and
vy = (3kT/2ump)2.
For gas at a temperature of 100 K, v, = 1000 m s'. Thus,

d?;? = 1.5 x 107%n% [m™3 s7 1.




e The destruction rate of H, is 10-10 s-1. Specifically,
1) 10-1% 51 for N, < 1078 m-2
2) & 10 s for Ny, = 1024 m=2.

e Thus, the destruction rate is equal to the formation rate
when,

107y, [m™2 571 = 1.5 x 107%n%, [m™2 s~

2

nE, [m 0] = 1.5 x 107 %ng [m™.

The cross section for photodissociation is cpp = 10-18 m2.

Thus,

il = —— = 10" .

OPD

where [ is the path length.



Thus, the condition required for significant shielding of
dissociating radiation is,
1.5 x 107 %n%1 [m™?] >> 10" [m™2).

Thus, for a cloud with moderate hydrogen number density
of n, ~ 108 m-3, the core can be molecular if the shell
thickness is on the order of / ~ 1 pc.



J=

CO as a Tracer of Molecular Hydrogen

E/k

.2 K

A=0.87 mm (345 GHz)

16.6 °K

A=1.3 mm (230 GHz)

8.5 °K

A=2.6mm(1I5GHz)  A,=6xI0°sec

|

* H, has no easily observed
transitions

e 28 um — from space

¢« 2& 12 um — only warm
(T=100K) H,

« CO — caollisionally excited by
H,.



Collisional Excitation of CO

e The collisional coefficient is given by

C = vp,0c0Nco,

where
1) viy» IS the velocity of H, molecules
2) ocp Is the collisional cross section of CO
3) N¢g is the number density of CO

e For significant emission from collisions, C=A, , 4,
where A, ; is the Einstein coefficient for spontaneous
emission. Thus,




The CO lines are optically thick, T >> 1, thus N_;, must be
divided by the number of steps, N, it takes for a
photon to random walk out of the molecular cloud,

Az 31

NechHggCO .
e Thus, for CO(1—0), N > 3000 cm= (for t << 1), and

few 100 cm3 (for T >> 1).

N, et =



The Mass of Molecular Hydrogen Clouds

e CO luminosity can be used to calculate the H, mass.

The CO luminosity, L., of a molecular cloud is,
LCO = ’ITRQTC()AU,

where,
1) R = radius of the cloud
2) Tco A v = flux of the CO emission line

e For a cloud in virial equilibrium, twice the time averaged
kinetic energy KE is equal to the negative of the
time-averaged potential energy W

GMcloud

OKE = — Av? =
W — v 7




Substituting in for A v in the luminosity equation,

G Maoua \ */?
Lco = TR*Tco ( Rl d) = 1Tco (G Mgua) /2 R3/2.
Because,
R3 _ (3Mc10ud>
drp )’
then,
1
Mc ou 1/2 /2
Lco = 7TTco(C?I\Jcle)l/2 (3 : d) = Teo (-?llq) M 04
A7 p 4p
Solving for M4 Yields,
4p 42
M. = I e —
cloud CO (371'@) TCO



It turns out that

1/2

P
Tco

l.e., high density clouds are hot, low density clouds are cold.

Thus,

~~ constant,

M aoud o< Lco-

The proportionality constant is a.



What is o?

CO LUMINOSITY vs. VIRIAL MASS
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Figure 2. The CO luminosity is closely correlated with the virial
masses ¢f the clouds both with and without massive OB star formation
(Scoville et al 1986). This linear proportionality justifies the
use of CO as a tracer of the galactic Hy mass. The best fit is
equivalent to a constant of proportionality of 3.6x1020 Ho cm™2

(K km s~1)-1,

Lo vs. dynamical mass in molecular clouds
So,a =4 M, (Kkm s pc?)?
Note the scatter!



Dynamical Mass Determinations

In external galaxies, the virial theorem can be used to
calculate the dynamical mass of a CO disk, & thus

determine an upper limit on o.

Dynamical mass is

where,
1) A v, = line of sight velocity Vs

2) R is the radius of the disk )
3) i is the inclination angle. .

Note that

A{Utrue — Avlos/ Si]:l?:.




Properties of HI & H, in Galaxies

* The HI extent > optical extent of
galaxies (2 -3 R, atn=10%°
cm-?, where Ry, is the Holmberg
Radius — the radius at which £
= 26.5 mags arcsec?)

* HI extent has a sharp cutoff (at
ny, ~ 1019 cm-2)

 Many galaxies have HI holes in
the central regions which
correspond to the location of the

stellar bulge.

(Gilmore et al., pg 203)



Distribution vs. R
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Figure 6. Comparison of gas surface densities in the Milky Way disk.
Values for Hy (Clemens, Sanders, and Scoville 1986) and HI (Burton and
Gorden 1978) include. a 1.36 correction factor for He and they have been
scaled to Ry=8.5 kpc.

 HI Holes
« Some (like the Milky Way) have Molecular Rings

(Scoville & Sanders 1987, in Interstellar Processes, pg 21)



HI, H,, & Dust in the Milky Way

Radial Emissivity Distributions
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Radial distributions of Hi, CO, and dust. (From Burton 1988.)

(Gilmore et al., pg 68)



Counter-Example

NGC8946 Radial Distributions
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Figure 9 Comparison of the radial distributions of CO (H.), HI, Ha, blue and radio
continuum in NGC 6946 from Tacconi & Young (1986). References are given in Tacconi &
Young (1986).

 No HI hole
* Nomolecularring v qng & Scoville 1991, ARAA, 29, 608)



Properties of HI & H, in Galaxies, cont.

H,, & not HI follows the distribution of dust & Ha
emission in galaxies

This is because dust is a catalyst for H, formation

and stars form in molecular clouds
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HI Profile — HI Disk

NGC 5507 o Inner part — thin (half
. height ~ 500 pc)

Outer part — thick &
warped (i.e., beyond the
optical light)

Figure 8.30 The warped neutral hydrogen disk of the nearly edge-
on galaxy NGC 5907. Emission by gas that is moving near the sys-
temic velocity of the galaxy has been suppressed for clarity. NGC
5907 has no nearby neighbors that could have recently disturbed it

tidally. [After Sancisi (1976) courtesy of R. Sancisi| (B&M pg 504)



 Hi Rotation Curves

' Sab

0f t + + +
Sbc

Scd

e
1 LIFE
%—‘nm
20 30 40

R (kpe)

2030 <0

R (kpc)
Figure 3.5 (b) HI rotation curves for several types of spiral galaxy, confirming the flatness
of the optical rotation curves at far greater distances still from the centre. (From Bosma 1981.)

. 10

Useful tracer of mass in the galaxy halo
(Galaxies & Cosmology, Combes et al., pg 71)



36° 5T 36557

51’
51

Figure 8.16 Map of the HI col-
umn density in the Sc galaxy NGC
5033 superposed on a photograph 45
of the system. Notice that the gas
appears to cover a much larger
area than the optical galaxy. [Af-
ter Bosma (1978)]

13" 1™ 30" b = 5 10™ 45
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HI Intensity & Spider Diagrams

Figure 8.17 Contours of con-
stant HI velocity in NGC 5033.
Notice the curvature of the kine-
matic principal axes. [After Bosma
(1978)]

(B&M, pg. 490 & 491)



HI Spider Diagram
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ol L .L b tl e "1 By Figure 8.31 A typical galactic
r circular-speed curve.

'

Figure 8.32 The spider diagram

generated by the circular-speed curve

of Figure 8.31 when the system is
viewed at inclination 7 = 30° with
the apparent major axis horizontal.
The area contoured is a square 10

| distance units on a side.

(B&M, pg 506) /’@

The observer only sees the line of sight velocities.




Distortions in HI Spider Diagrams
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Figure 8.37 The observed spider
diagram of M83. [After Rogstad,
Min of arc Lockhart & Wright (1974)]

-20
Figure 8.36 A tilted ring model of M83 (right) and the spider diagram predicted by this
model (left). [After Rogstad, Lockhart & Wright (1974)]

Figure 8.38 When a strongly
warped disk is viewed nearly edge-
on, some lines of sight cut the
warped disk twice, and the line-
profile is liable to be multi-peaked.

(B&M, pg 511)



HIl as an Interaction Tracer

(Yun, Ho, & Lo 1993, Nature, 372, 530)
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TWO EXTREMELY RED GALAXIES

E. M. HU' AND S. E. RIDGWAY

¥ ity of Hawaii, 2680 Woodlawn Dr., Honolulu, Hawaii 96822

Electronic mail: hu@uhifa.ifa hawaii.cdu, ridgway@uhifa.ifa hawaii.cdu
Received 1993 September 29; revised 1993 December 20

ABSTRACT

We report the discovery of two galaxies with (7 — K)~6.5 lying near the line of sight to the z=3.790 quasar
PC 1643+4631 A. Based on the spectral energy distributions and angular extents of the objects we suggest

universe.

were already fully formed at 2>6,
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Fie. 2. Multicolor plots in 8, I, J, H, and K' of the quasar and the two
anomalously red objects. The quasar is well fit by a flat [, distribution abave
its Lyman break (dotted line). The i bands ure wlly free of
strong emission lines at the quasar redshift over these colors, with some
slight contamination at the edge of the K* band from HB. In contrast, the
ultrared objects show strong color drops hetween K and [. Using an ellipti-
cal SED (from Coleman ef al. 1980) to characterize the light distribution,
we obtain the best fit for a redshift of z~2.4, where (/- K) is maximized.
The range in elliptical SED redshift fits from z=1.8 (dotted) to z2=3
{dashed) is shown bracketing the best fil redshill valucs.

Color-color diagram Wi.th redshifted elliptical

that the most likely interpretation is that they are elliptj A
evolved objects at this redshift would imply a current age of the universe substantially in excess of 1.0X10
yr for o=0.02, and 1.9x10' yr for g=0.5. It would also imply that at Jeast some large luminous galaxies

alaxics Iying at z—2.4 The existence of such

T T T T T

Fia. 4. Color—color plots showing constraints of (/—J) colors. Measured
colors in (1=J) and (J=K) of the two vlitrared objects are shown with
heavy (overlapping) crosses. Colors of Sb (dotted) and elliptical (solid) gal-
axies are shown as a function of redshift, from blue (z=0) to red (z=5)
values. The heavy solid line shows the color range of z=2-3 ellipticals,
with the reddest (/—J) values for z=2.4. Color values for flat (f—J) and
flat (J = K) objects are shown with dashed lines, and flat spectrum objects
should have colors near the intersection of these curves. The amow shows
the cffect of reddening on the measured colors using the colors of an Sb with
3<z<4 as an origin. The intrinsic J—K colors of an Sb in this redshift
range (e.g., coincident with the quasar's redshift [z=3.790] or that of the
system [z~3.14]) are already too high for

pti
deq fit to the observed colors of the ultrared

Ad.

galaxy model
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ABSTRACT
Infrared surveys have discovered a significant population of bright (K <5 19) extremely red (R—K 2 6)
objects. Little is known about the propcmes of these objects on account of their optical faintness (R =
24). Here we report deep infrared imaging and spectroscopy of one of the extremely red objects (EROs)
discovered by Hu & Ridgway in the field of the z = 3.79 quasar PC 1643 +4631A. The infrared images
were obtained in 075 seeing and show that the ohject (denoted HR 10) is not a dynamically relaxed

WWWM”W The infrared spectrum of
HR 10 shows & single, possibly broad emission feature at 1.60 um, which wé identify as Ha + [N n] at
2=144 The luminosity and width of this emission line indicates either intense star formation (~20
h=2 Mg yr~?) or the presence of an active nucleus, Based on the rest frame UV-optical spectral energy
distribution, the luminosity of HR 10 is estimated to be 3-8 I*. The colors of HR 10 are unusually red
for o galaxy (at 2 = 144 the aks.of HR 10 i ot most 2-8 Gyr depending on comology) and indicat
that HR 10 is dusty. HR 10 is detected weakly at o wavelengths; 1s consistent with either the
starburst or active galactic 1_:mc_l=|.ts hypothesis. If HR 10 is a typical representative of its class, EROs are
numerous and represent a significant component of the luminous objects in the universe at z = 1.5,
Subject headings: galaxies: evolution — galaxies: photometry — galaxies: stellar content —
galaxies: structure — infrared: galaxies

* Images of HR 10: very
asymmetric 2r

*3
I+
™

as("
o
I.

» Conclusion: HR 10 cannot * | . &
be a dynamically relaxed gf et B P T

1 1 il PR NPT A . :
system (i.e., like an R B
. . aa(")
eI I I ptl Cal g a I axy) Fa. 2.—{a) Contour plot of the Keck K-band image of HR losh.owi.ng_the asymmetric structure to the northeast of the galaxy. The solid contours are
drawn at levels (2, 3,4, 5,6,7,8,9,10) x 0,,,, whereo,, = 22.28 mag arcsec™ 2. The dotted line reg the —20,,, level (b) Lucy deconvolution of

the K-band image using a point-spread function constructed from the QSO PC 1643 +4631A. The contour levels are drawn asin (), but with,,,, equivalent
1o 21.38 mag arcsec ~ %, The deconvolved image has a resolution FWHM of =028,



Ho+[N II] Confirms redshift of z =1.44
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FiG. 3.—Keck IR spectrum of HR 10 showing a broad emission fcature Wavelength (um)

at 1.6 pm (indicated by the arrow). The most likely identiﬁcat.iocxl: for tge
emission feature is Ha + [N 1] at z & 144, The ordinate is in relative F, )
units. The atmospheric tra[;:mi]ssion spectrum extracted from the National Fic. 4—Broadband photometry of HR 10 compared with the best-fit

Solar Observatory IR Solar Atlas (Livingston & Wallace 1991)isshownas  model Sb galaxy SED (solid line) at z = 1.44 (4y = 1.8). The dotted line is
the light line at the top of the plot. The atmospheric curve has been shifted the best-fit unreddened elliptical galaxy SED atz = 1.44.
such that the transmission is unity at the top of the plot, and zero where the

ordinate has a value of 5. - /

SED of HR10 plus model of
(Graham & Dey) a z=1.44 Sb Spiral Galaxy.



Vigorous star formation hidden by dust in a galaxy at z = 1.4
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Abstract. COJ =5 4and J=2 |1 emission lines  blueshifted by 430 km s ! from the Ha line. These CO
were detected towards the extremely red galaxy (ERG) detections confirm the previous results that HRI10 is a
HR10 (J164502+4626.4) at = = 1.44. highly obscured object with a large thermal far-infrared

JThe CO intensitjes
ecular gas mass M(Ha) of 1.6 x 10" he' Mg, luminosity and a high star-formation rate. The overall

and, combined with the intensity of the dust conhinuum, a  , properties of HR10 (CO detection, Lrir to Liq ratio, and
gas-to-dust mass ratio around 200-400 (assuming galactic ) FIR to radio flux ratio) clearly favour the hypothesis that
values for the conversion factors). The peak of the CO  !its extreme characteristics are related to star-formation
lines are at the same redshift as the [On|3727 line, but processes rather than to a hidden AGN.
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Fig. 1. (a) CO(2-1) integrated intensity map; the contours are at 0.25 Jy beam ' km s . (b) CO(2-1) spectrum
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meer of the souree. () CO[5-1) integrated invangity-yeane the-conteis arn at 0.7 4.\-\]'. heam.. ! km s 1 (d)

CO[5-d} spectrum at the center of the source. The contribution from the continumn is not subtracted from the lisé .

(Andreani et al. 2000, A&A, 354, 1) '



