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Outline
1. What can we study with FIR lines? —> 

warm & cold neutral gas (WNM & CNM)  

2. How is cold ISM distributed in high-z gal? 

3. Damped Lyα Systems (DLAs) 
★ DLA-LBG connection, feedback effects 

4. Can we detect high-z DLA gas directly?  
★ [CII] 158 µm emission 
★ predictions for ALMA & Reaching z≳6 
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Local Galaxies in [CII]
Contursi+ ‘02 

flux in the 5–10 lm band, !f!(5–10 lm), by multiplying the
ISOCAM LW2 (5–8.5 lm) flux by a scale factor of 1.7 (see
Helou et al. 2000; 2001).

Figure 4 shows that the [C ii]/FIR ratio decreases as the
radiation field increases (Malhotra et al. 2001). On the other

hand the [C ii]/!f!(5–10 lm) ratio is quite constant for a
large range of radiation fields (Helou et al. 2001; Fig. 4,
stars). The behavior of the C ii/FIR ratio has been inter-
preted as principally due to an increase of the positive
charge of grains as the incident stellar flux increases, which

Fig. 3.—NGC 1313 (top) and NGC 6946 (bottom) [C ii] contours superposed on the LW2 (6.75 lm) ISOCAM images (Dale et al. 2000). Only the [C ii] flux
values higher than 5 " after background subtraction have been considered for the interpolation. The contour levels for NGC 6946 go from 1.6 to 20 ! 10"6

ergs s"1 cm"2 sr"1 with 0.8 ! 10"6 ergs s"1 cm"2 sr"1 spacing. For NGC 1313 they go from 1.8 to 9.5 ! 10"6 ergs s"1 cm"2 sr"1 with a 0.4 ! 10"6 ergs s"1 cm"2

sr"1 step.

No. 2, 2002 OBSERVATIONS OF NGC 6946 AND NGC 1313 759

Contour: [CII] 158 µm line emission 
Image: 5-8 micron ISOCAM

ISO

e.g., also
Madden+ ‘93

Malhotra+ ‘97, ‘01
Leech+ ‘99

• Dominant coolant of 
late-type gals. 

• Neutral ISM in PDRs 
• [Cii]: 1% of total FIR 

emission 
• [Cii]: 40% in diffuse 

galactic disk
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PDRs (photo-dissociation regions)

• Regions in which the chemical and 
heating processes are dominated or 
induced by interaction with FUV 
photons  

• [O i] 63µm and [C ii] 158µm emission 
from the neutral ISM arises in PDRs 

Gorti & Hollenbach ‘02

Draine book
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Why [CII]?
• Dominant coolant of MW-like late-type gals.    

• Complementary to opt-IR (cf. LBG@z~3) 

• A new window for high-z SF using DLAs      
—> use [Cii] to infer SFR  

• Cosmological galaxy formation study with 
ALMA 

2121)IH(
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(Pottasch+’79;  Wolfe+ ‘03)

C+ 
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DLAs: 

NHI > 2 × 10
20

cm
−2

☀ quasar

28 Jul 2005 16:32 AR AR251-AA43-20.tex XMLPublishSM(2004/02/24) P1: KUV

DAMPED Lyα SYSTEMS 873

Figure 5 Neutral gas mass density versus z from Prochaska et al. (2005). H I data at
(a) z > 2.2 from SDSS-DR3 4 survey, (b) 0 < z < 1.6 from the MgII survey of S.M. Rao,
D.A. Turnshek & D.B. Nestor (private communication), and (c) at z = 0 (red diamond) from
Fukugita et al. (1998). Stellar mass density at z = 0 (red star) from Cole et al. (2001) and
stellar mass density of Irr galaxies (red plus sign) from Fukugita et al. (1998). Theoretical
curves from Cen et al. (2003) (green), Somerville et al. (2001) (yellow), and Nagamine et al.
(2004a) (blue; dotted is D5 model and solid is Q5 model).

redshift. Specifically, "g(z) decreases from 1 × 10−3 at z = 3.5 to 0.5 × 10−3 at
z = 2.3, which mirrors the decline in dN /dx discussed in Section 2.3. The same
mechanism is likely to cause the decline in both quantities, i.e., a decrease in H I
cross section due to feedback. But at z < 2.3 the picture is somewhat confusing.
Figure 5 shows an increase of "g(z) by z ∼ 2, which is consistent with the values
of "g(z) in the two lower redshift bins at 0 < z < 2. Indeed, the data are consistent
with no evolution, if one ignores the redshift interval centered at z = 2.3. However,
Prochaska, Herbert-Fort and Wolfe (2005) emphasize that the uncertainties in the
data at 0 < z < 2.3 are much larger than at z > 2.3, and thus such conclusions
should be treated with caution.

Next, we compare the high-z values of "g(z) with various mass densities at z =
0. First, comparison with the current density of visible stars, "∗, reveals that "g(z)
at z ≈ 3.5 is a factor of 2 to 3 lower than "∗: If the census of visible stars were
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868 WOLFE ! GAWISER ! PROCHASKA

the damped Lyα system population to approach this number when all QSO spectra
from the Sloan database become available.

1.3. The Significance of the N(H I) ≥ 2 × 1020 cm−2

Survey Threshold

The survey statistics cited above refer only to systems with N(H I) ≥ 2 ×
1020 cm−2, which is a historical threshold set by the H I properties of nearby
spiral galaxies (see Section 1.1). Because the nature of damped Lyα systems is
still not understood, their H I properties may differ from those of nearby H I disks:
for example, CDM cosmogonies envisage damped Lyα systems as merging proto-
galactic clumps (Haehnelt, Steinmetz & Rauch 1998). As a result, it is reasonable
to ask whether the 2×1020 cm−2 threshold is the appropriate one. Indeed, since the
empirically determined frequency distribution of H I column densities increases
with decreasing N(H I) (see Figure 3), lower H I thresholds would be advantageous
because they would result in larger samples.

Figure 3 The N (HI) frequency distribution f (N , X ) determined by Prochaska, Herbert-
Fort & Wolfe (2005) for all damped Lyα systems in the SDSS-DR3 4 sample. Overplotted
on the data points are a single power-law, "-function, and a double power-law. Only the
latter two are acceptable fits to the data. Plot taken from Prochaska, Herbert-Fort & Wolfe
(2005).
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HI column density distribution

Prochaska+ ‘05  SDSS DR3 
>500 DLAs 

Wolfe+ ‘05  ARA&A

DLA Statistics

Strong constraint for 
structure formation sims

Prochaska+’14

7



NHI

DLAs

Mstar

SFR

MZ

metallicity

~100kpc phys

KN04a,b

z=3

DLAs in Cosmological Simulations

UVB local stellar radiation
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The `New’ Picture of DLAs @ high-z

★
LBG

UV background
DLAs

Jν

Mhalo ∼ 10
12−13

M⊙

Σν

Σν ∝ ψ̇∗

(cf.  solves Z-problem too.)

(vs. the `old’ picture of simple massive galactic disk)

(cf. Brisbin+’14)
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Rubin+ ‘14
• Probing CGM (circum-galactic medium) around DLAs using QSO pair 

sight-lines 

• 40 DLAs at 1.6<z<3.6  

• the second quasar sightline probes Lyα, Cii, Si II, and Civ absorption in 
the CGM transverse to the DLA to projected distances R⊥ < 300 
kpc.  

• Covering fraction of optically thick Hi (NHI > 1017.2 cm−2) ≈  30% within 
R⊥ < 200 kpc of DLAs. 

• DLAs arise close to the centers of their host halos rather than on their 
outskirts.  

• So maybe our clumpy CNM picture for DLA is not so bad after all…

☀ quasar

☀ quasarCGM(Hennawi+)

@ high-z

(cf. Brisbin+’14)
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How can we compute [Cii] 
emission in cosmological 

hydrodynamic simulations?
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Multi-phase ISM model

CNM

WNM

T~100 K

T~8000 K

ρ0, V0

fM , fV

ρw

ρc★
ψ̇⋆

McKee & Ostriker ‘77 
Wolfire+ ‘95 

     Wolfe+ ‘03

Σν

Jν

FUV radiation

background

( n ∼ 0.1 cm−3 )

( n ∼ 10 cm−3 )

(LBG)

CNM preferred for DLAs 
(Wolfe+ ‘03b; Howk+ ‘05)
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CNM mass fraction
ρCVC + ρW VW = ρ0V0 (mass conservation)

VC + VW = V0 (volume conservation)

=
1 − (ρW /ρ0)

1 − (ρW /ρC)

(CNM mass fraction)

(CNM) (WNM)

Given ρ0, ρC , ρW , fM

fM ≡

ρCVC

ρ0V0

KN+ ’06
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Phase Diagram

techniques and iterative procedures outlined in W95. We
checked our technique by computing solutions for ISM con-
ditions. In that case we assumed G0 ¼ 1:7, ½Si=H#int ¼ 0,
log10 ! ¼ ½Fe=H#, and the same density-dependent depletion
formulae advocated by W95. The results are in good,
although not exact, agreement. Most importantly, the lcr
versus n curves are in excellent agreement with the W95
results except at log10 n < $0:5 cm$3 where optical pumping
effects ignored by these authors cause lcr to deviate
significantly above n!C ii.

To illustrate the behavior of two-phase media with
DLA conditions, we let ½Si=H#int ¼ $1:3, the mean Si
abundance found for DLAs (PW02). We assume the
‘‘Gal ’’ model and use maximum depletion to find
log10 ! ¼ $1:5. We assume an ISM radiation field,
G0 ¼ 1:7, and adopt the mean redshift of the DLA
sample, z ¼ 2:8, to compute the CMB temperature. We
compute the cosmic-ray and X-ray heating rates from
equation (9) by assuming the ISM SFR log10 _ % % ¼ $2:4
M& kpc$2 yr$1. The resulting equilibrium curves shown
in Figure 3 exhibit the same two-phase equilibria found
by W95 for the ISM. In a plot of pressure, P/k, versus
density, n (see Fig. 3a), the regions of thermal stability
occur where @ðlogPÞ=@ðlog nÞ > 0 (in the case of constant
C). Thus, a two-phase medium in which a WNM can

remain in pressure equilibrium with a CNM can be main-
tained between Pmin=k ) 460 K cm$3 and Pmax=k ) 1750
K cm$3. An example in which P ¼ ðPminPmaxÞ1=2 is
shown as the horizontal line connecting the WNM and
CNM. The intercepts with the P(n) curve in the WNM
and CNM correspond to thermally stable states: a WNM
with T ) 7600 K and log10 n ) $1 cm$3 in pressure equi-
librium with a CNM with T ) 80 K and log10 n ) þ1
cm$3. Gas with densities $0:6 cm$3 < log10 n < 0:0 cm$3

is thermally unstable and evolves to either WNM or
CNM states. Figure 3b shows the fractional ionization as
a function of density.

Figure 3c plots the heating rates, C (magenta curves),
cooling rates, n! (green curves and dotted blue curve in
the case of C ii), and the spontaneous emission rate lcr
(solid blue curve). It is evident that grain photoelectric
heating dominates in the CNM while cosmic ray heating
dominates in the WNM (see W95). By contrast to the
ISM, cosmic rays dominate X-ray heating in DLAs for
all densities, as a result of the higher X-ray opacity of
the H i column density assumed for DLAs. The domi-
nant coolant in the CNM is [C ii] 158 lm radiation,
which is insensitive to density at 0:5 cm$3 < log10 n < 4:0
cm$3. This breaks down at log10 n > 4:5 cm$3 (not
shown) where C i photoionization dominates the heating

Fig. 3.—Two-phase diagrams for gas heated by grain photoelectric emission plus cosmic rays and soft X-rays, where the SFR per unit area log10 _ % % ¼ $2:4
M& yr$1 kpc$2, metallicity ½C=H# ¼ $1:5, and dust-to-gas ratio log10 ! ¼ $1:7. (a) Pressure vs. density. The S-shaped curve is indicative of a two-phase
medium. Labels and horizontal line in the (n, P)-plane are explained in the text. (b) Fractional ionization vs. density. Magenta curves in (c) show grain
photoelectric heating (PE), cosmic-ray heating (CR), X-ray heating (XR), and C i photoionization heating rate vs. density. The dotted blue curve is the [C ii]
158 lm cooling rate, and green curves are [O i], [Si ii], Ly", and grain recombination cooling rates. The solid blue curve is the [C ii] 158 lm spontaneous energy
emission rate. The black curve (C) is the total heating rate. (d ) Temperature vs. density.

No. 1, 2003 C ii* ABSORPTION IN DAMPED Ly" SYSTEMS. I. 223

Γ = nΛ

Equilibrium:

[CII] cooling rate per H atom
(dotted line)

ℓCII

Wolfe+ ‘03

: spontaneous [Cii] 
energy emission rate

14



[CII] Flux Density vs. Halo mass

(no wind)

(strong wind)

Sν ≈ C2

(

Mhalo

1012h−1M⊙

)2/3

mJy,

Sν =
(1 + z)Lν

4πd2

L

,

vc =

(

GM

r200

)1/2

Lν =
LCII

ν158

(

vc

c

)

0.6
∝ M

2/3

halo

(strong feedback)

(no feedback)

circular velocity

– 35 –

Fig. 10.— [C ii] flux density of each dark matter halo as a function of halo mass at z =
3. The 3 contour levels are for (1, 10, 100) data points in each 2-dimensional bin of size

(∆ log Mhalo, ∆ log Sν) = (0.11, 0.13) from low to high. The long-dashed line in the top left
panel and the short-dashed line in other panels show the relationship log Sν = 2

3
(log Mhalo −

12) + C2, where C2 = −0.2 and −1.2, respectively.

C2 = 0.6 mJy

C2 = 0.06 mJy

KN+ ’06
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Cumulative [Cii] Flux Density PDF

30%

3%

(no feedback)

(strong feedback)

– 37 –

Fig. 12.— Cumulative probability distribution of [C ii] sources as a function of flux density
Sν for the same models shown in Figure 11. It is seen that the majority of the sources are

faint objects with Sν < 0.1mJy. This suggests that one has to aim at very bright LBGs in
order to have a detection even with ALMA and SPICA.

KN+ ’06

(Gadget-3 cosmological SPH simulations)
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Estimates for Actual DLA galaxies

ALMA 20 hr integration  
1-sigma sensitivity

redshift desert

Band 8

Band 7

Redshift
(atmospheric window)

(Moller+ ‘02)

(Waiting for Cycle 2 obs)
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Vallini+ ‘13
• Cosmo sim (Gadget-2) + 

postprocess RT (LICORICE) + 
subgrid multi-phase ISM model 

• But no metal-cooling, SF & feedback 
in the original sim —> gas dist 
unreliable. 

• z=6 gal (≈Himiko-like LAE) 

• [Cii] peak offset from galaxy by ~100 
km/s;  f~185 mJy km/s (for Z=Z⦿);  
95% from CNM, 5% from WNM 

• [Oi] 63µm, [Nii] 122µm much weaker 
than [Cii]
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Towards z>6
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Yajima+ ‘14

• Gadget-3 cosmo sim w/ full 
physics + dust model + 
postprocess RT 

• Constrained realization of 5-𝜎 
density peak ≈ quasar 
environment at z>6 

• 30 pc (phys) resol. @ z=9
1Mpc/h z=6.3

2 kpc

(Romano-diaz+’13 sim.)
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Large amount of 
dust in massive gals

Sub-solar metallicity

Very high SFR
The most massive galaxy: 

Mstar ∼ 8.4 × 1010 M⊙ , 

Mdust ∼ 4.1 × 108 M⊙,  

SFR ∼ 745 M⊙ yr−1  (z = 6.3)

Yajima+ ‘14
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Yajima+ ‘14

UV: 1600 A rest-frame

IR: 106 µm rest (850 µm obs)
surface brightness in the log scale in units 
of erg s−1 cm−2 Hz−1 arcsec−2 . 
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Conclusions
• [Cii] emission & DLAs give us useful insights 

on ISM in high-z gals.  
• DLAs could be clumpy CNM gas. 
• Dominance of faint galaxies for DLAs: a 

generic prediction of a CDM model 
• Most massive gals at z≳6 can be observed 

with ALMA if we know where to look.
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