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f(NHI) Defined
•NHI frequency 

distribution
✦ Akin to a luminosity or 

mass function 

•Definition f(NHI,X)
✦ Number of lines within  

(N, N+dN) and (X, X+dX)
✦ X is defined to give a 

constant line density 
with redshift
‣ If n and σ are constant
‣ Cosmology dependent

•Moments
✦ Zeroth: Line density l(X)
✦ First:    Mass density Ω

f (N, X) =
mDLA(N, N + ∆N)

∆X
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λ0
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λ− λ0 =
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The Experiment

•Observe a quasar
✦ typically bright (V<19)
✦ Generally z>2

•Study the gas between 
us and the QSO
✦ Properties of the QSO are 

largely unimportant
✦ Absorption-line 

spectroscopy
‣ Akin to Galactic ISM studies 

using O and B stars
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QAL Systems: Classify by NHI

•Lyα forest
✦ NHI < 1017 cm-2

✦ δρ/ρ < 10
✦ Lots o’ science

•Lyman Limit Sys
✦ NHI > 1017 cm-2

✦ δρ/ρ ~ 100
✦ Unexplored

•Damped Lyα Sys
✦ NHI > 2 1020 cm-2

✦ δρ/ρ >> 100
‣ Galaxies
‣ Neutral ISM 3500 4000 4500 5000
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QAL Technique and HI Studies

•Advantages
✦ Sensitivity to very low 

column densities
‣ NHI < 1012 cm-2

✦ Probes HI directly at 
high redshift

✦ Excellent statistics

•Disadvantages
✦ Restricted to z > 1.6 

when using the optical
✦ Difficult to connect gas 

with galaxies, filaments
‣ QSO glare

✦ Subject to biases 
related to QSO samples
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Damped Lyα System Defined

•NHI > 2 x 1020 cm-2

✦ Dominant reservoir of 
neutral gas

✦ Large NHI => δρ/ρ >> 100
✦ ISM of the Progenitors 

of modern galaxies
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SDSS DLA Sample

•Homogenous dataset
✦ Color selected QSOs
✦ Complete to i = 19.5
✦ Uniform spectra
‣ R~2000

‣ λ = 3800 to 9200A

•Current data release
✦ >1000 DLAs
✦ z>2.2

•Auto DLA search
✦ Simple algorithm
✦ Visual verification
✦ By-hand Lyα analysis
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fHI: NHI Frequency  Distribution

•f(NHI) of DLAs
✦ ‘faint’ end: α ~ -2
✦ Break at NHI ~ 21.5
✦ ‘Bright’ end
‣ Steeper than -3
‣ Conversion to H2?

‣ Ωg converges!!

•Redshift evolution
✦ Shape is invariant
✦ Normalization 

increases with z
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The Break: Significance

•Single-power law
✦ α ~ -2 from low NHI

✦ Ruled out at >99% c.l.
✦ Overpredicts the 

incidence of DLAs 
with  NHI > 21.7 
substantially

•Slope at large NHI

✦ Steeper than -2
✦ Best fit is -6
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The Break: Dust?
•Extinction
✦ Magnitude limited QSO 

sample
✦ Large NHI

‣ Large dust column

•Tests for dust
✦ Radio surveys
‣ CORALS, UCSD

‣ Reproduce α=-2 at        
low NHI

‣ Small sample implies 
wiggle room for the 
break

✦ Minimal Reddening
‣ Murphy et al.
‣ Vladilo et al.
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The Break: H2

•Molecular phase
✦ At large surface 

density, HI -> H2

‣ Extinction facilitates H2 
cloud formation
‣ e.g. Schaye (2001)

•Local f(N)
✦ HI: Break at NHI ~ 21.5
‣ Transition to H2?

✦ CO maps
‣ BIMA survey of local 

galaxies
‣ Weight by luminosity 

✦ f(NH2) extends off the 
HI distribution
‣ Plausible explanation
‣ Incidence of large N(H2) 

clouds is very small

– 12 –

Fig. 1.— The column density distribution function of H I and H2 at z = 0. The H I curve is

adopted from Zwaan et al. (2005b), the H2 curve is measured from the CO emission line maps

from the BIMA SONG sample. Column densities are expressed in atoms per cm2, also for H2.

The solid line is the summed f(NH). The horizontal errorbar indicates the uncertainty in f(NH2
)

if the CO/NH2
conversion factor is uncertain by 50%. The f(NH2

) can be fitted very well with a

log-normal distribution, where µ = 20.6, σ = 0.65 and the normalization is 1.1 × 10−25 cm2, as

indicated by the dashed line.

Zwaan & Prochaska (2006)
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The Break: GRBs!
•GRB afterglow
✦ Generally exhibit a 

large DLA at z=zGRB

‣ Includes NHI > 22 !!
✦ Measure metallicity, 

depletion, H2 content

•Extinction?
✦ AV = 0.05 to 0.2 mag
‣ QSO surveys would 

include most GRB 
sightlines

•H2?
✦ Very low molecular 

fraction in GRB DLAs
✦ f(H2) < 10-5

‣ Destroyed by local SF?
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Comparison with z=0
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Comparison with z=0

•Coincidence?
✦ z~3 Galaxies
‣ Lower average DM mass
‣ Lower metallicity
‣ Higher HI fraction?
‣ Disks?  Clumps??

•Statement about   
galaxy formation?
✦ SF regulate the HI  

surface density profile
‣ Consumption of gas
‣ H2 formation
‣ Feedback

✦ Similar average ‘disk’ mass?
‣ MHI ~ 2π NHI Rd2 ~ 4x109 Msun
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Comparison with z=1
•z=1 ‘DLA’ Survey
✦ MgII Survey (SDSS)
✦ HST bootstrap
‣ Rao et al. (2006)
‣ Average NHI of MgII absorbers

•f(NHI) Results
✦ f(NHI) contradicts 

measurements at z=0 and 2
‣ Only the NHI ~ 21.7 bin

✦ z=1 f(NHI) is non-physical
‣ More cross-section in HI disks 

at NHI = 21.7 than 21.35
‣ Find one galaxy (real world or 

simulation) where this holds
✦ Explanations
‣ Small number stats?
‣ Lensing?
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HI Mass Density from DLA

•Ωg
✦ Mass density of the 

universe in atomic gas
✦ Units of ρc

•Redshift evolution
✦ z>2  (SDSS)
‣ Decline by ~2 from z=4 to 2
‣ Coincidence of z=0 and z=2
‣ HI mass density is far larger 

than dwarf galaxies at z=0
✦ z=0 (21cm)
‣ Reasonable agreement with 

z=2
✦ z=1 (MgII)
‣ Total disconnect
‣ Reasonable with 0.666 scaling
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f(NHI) of the Lya Forest

•Lya Forest
✦ Even a single sightline 

can suffice
✦ e.g. 
‣ Kirkman & Tytler (1997)
‣ Kim et al. (2002)

•Result
✦ f(NHI) ~ NHI-1.5

‣ NHI ~ 1012.5 to 1014.5

‣ Incomplete at <1012.5?
✦ Perhaps, this is a very 

limited description
‣ Or even, incorrect

•Big ‘gap’
✦ LLS
‣ 4+ orders of magnitude in NHI

‣ Observational challenge

No. 2, 1997 KECK SPECTRA OF HS 1946]7658 687

FIG. 2.ÈExamples of the nonuniqueness of the line-Ðtting process.
Panels (a) and (b) show the same region of spectra Ðtted by di†erent sets of
Voigt proÐles ; panels (c) and (d) show a di†erent region of spectra. The
paired Ðts were started with slightly di†erent parameters, which led to a
di†erent local minima. The line near 4768.7 is an Fe II (z \ 1.12) lineÓ
constrained by other transitions and was not varied during the Ðtting
process. The reduced s2 for each region are as follows : (a) 0.83, (b) 1.15,
(c) 1.04, (d) 1.16.

the mean drop below the continuum level due to Lya
absorption, from lines below N(H I) \ 1012.1 cm~2 would
be less than 2%.

It is physically reasonable for the N(H I) distribution to
extend to N(H I) \ 1012.1 cm~2. If the distribution of
column densities is given by the mean properequation (2),
distance between a Lya forest cloud and its nearest neigh-
bor with N(H is given by (in a ) \ 1,I) º N0 q0 \ 0.5

FIG. 3.ÈObserved N(H I) distribution toward HS 1946]7658. The
lines have been binned into intervals of 0.36 in Log N(H I), starting from
11.75. The vertical bars represent 1 p errors. The Ðrst bin has eight lines.

FIG. 4.ÈObserved b distribution toward HS 1946]7658. The lines
have been binned into intervals of 4 km s~1 in b. The vertical bars rep-
resent 1 p errors. The curve is our best estimate of the intrinsic b
distributionÈa Gaussian with mean 23 km s~1, km s~1, andp

b
\ 14 b&given by We believe that most of the lines with b \ 14 km s~1 areeq. (4).

not part of the intrinsic b distribution. The lines with b [ 60 km s~1 are
probably real, but some must be blends and some may be continuum
errors. The sum of all line frequencies is 1.

cosmology)

d \ 100 h100~1 A N&
1012.07

B1@2
kpc . (3)

If the size of the all of the Lya forest clouds is 100 h~1 kpc,
the Ðlling factor of the Lya forest approaches unity when

cm~2.N& B 1012.1

FIG. 5.ÈThe observed N(H I)-b distribution of Lya lines toward HS
1946]7658. The position of each line is indicated by a cross. Errors have
not been displayed. They are listed in The solid line is the lowerTable 1.
cuto† in the b distribution described in The three lines below° 3.6 (eq. [4]).
this cuto† with N(H I) [ 1012.5 are all real. They may be metals (° 3.7).
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Super LLS

•NHI > 1019 cm-2
✦ a.k.a. “sub-DLA”
✦ But more LLS than DLA
‣ Ionized gas

✦ Damping wings of Lya
‣ Require high-res spectra

• First survey
✦ UVES
‣ Dessauges-zavadsky et al.
‣ Peroux et al.

• Keck/Magellan Survey
✦ MIKE, ESI
✦ 50 SLLS at z>2
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Super LLS

•SLLS f(NHI)
✦ f(NHI) ~ NHI-1.4 

✦ Shallower power-law  
slope than the DLAs
‣ Phase-transition, i.e. Zheng 

& Miralda-Escude (2002)
‣ Neutral to ionized

✦ Akin to HI edges in 
local galaxies

•Shallow but not 
shallow enough
✦ Still too many LLS
✦ α=-1 is likely at        

NHI <~ 1019 cm-2

•Closing the gap...

O’MEARA ET AL. 13

should flatten at NHI ≈ 1020 cm−2, consistent with our
results.

There are a few cautionary remarks to make regard-
ing Figure 8. First, the shape of the selection functions
g(z) for the SLLS and DLA samples do not exactly match
because the SLLS database includes a somewhat higher
fraction of z > 3 quasars, and thus a fractionally larger
g(z) at those redshifts. Although the mean differs by only
δz = 0.3, we note that the comparison is not perfect as
we have not considered any evolution in the normaliza-
tion of fHI(N, X) for the SLLS or DLA but have simply
plotted the full samples. Another systematic effect is that
the SDSS-DLA sample may suffer from a Malmquist bias.
Specifically, the statistical and systematic errors (e.g. the
effects of line blending) in the NHI values of the DLA are
significant and will drive the observed fHI(N, X) distribu-
tion to a steeper slope. It is possible that this effect ex-
plains the marked drop in fHI(N, X) at NHI = 1020.7 cm−2

in Figure 8. We intend to address this issue directly with
follow-up, higher resolution observations of a large sam-
ple of SDSS-DLA with NHI ≈ 1020.3 cm−2. If there is a
substantial Malmquist bias in the DLA sample, then the
decrease in the slope of fHI(N, X) would be more gradual
than that suggested by Figure 8.

4.4. Is There an Inflection in fHI(N, X) within the SLLS
Range?

While the mismatch between the DLA and the Lyα for-
est in the power-law description of their fHI(N, X) dis-
tributions suggests that fHI(N, X) for the LLS will show
intermediate values (α ≈ −1.7), the observed incidence
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Fig. 8.— Values for the H I frequency distribution for both the
SLLS and the DLA sample of PHW2005. Overplotted are the results
for the single power-law for the SLLS from this work (dot-dashed
line, power-law index α = −1.19 and α = −1.40 for the upper and
lower plots, respectively), and the low column density end of the
double power-law fits to fHI(N, X) for the DLA from PHW2005
(dashed line, power law index alpha = −2.0). Neither fit describes
the full range well, and the fHI(N, X) shows a flattening near the
canonical DLA definition of log NHI= 20.3cm−2.

of LLS reveals a different result. As PHW2005 discussed,
a simple spline interpolation of the DLA and Lyα forest
fHI(N, X) distributions through the LLS regimes predicts
over an order of magnitude more LLS than observed per
∆X . PHW2005 argued, therefore, that the fHI(N, X) dis-
tribution for the LLS must exhibit an inflection as ev-
idenced by d log f/d logN > −1.5. Zheng & Miralda-
Escudé (2002) have also predicted that there should be
an inflection in fHI(N, X) in the SLLS regime for galaxies
exposed to an ionizing radiation field. It is worth investi-
gating with our data-set whether evidence exists for just
such an inflection.

The simplest approach is to examine whether d log f/d logN >
−1.5 in the LLS regime. Regarding our results on the
SLLS, we find that d log f/d log N > −1.5 for both the
log N lim

HI = 19.0 cm−2and log N lim
HI = 19.3 cm−2groups

(Table 5). The differences, however, have less than 2σ
significance. Using only the current data-set and the dis-
tribution of DLAs, we do not report the existence of an
inflection in fHI(N, X) within the SLLS regime.

4.4.1. Constraints from lower NHI LLS

In order to pursue the question further, we introduce two
new observational constraints on the LLS. The statistical
significance for the SLLS alone is limited by the combi-
nation of sample size and observed baseline in log NHI .
We cannot arbitrarily increase the sample size, but we are
able to introduce new constraints which are sensitive to
lower column density LLS. The number density of opti-
cally thick LLS has been well constrained by many stud-
ies. For our purposes here, we apply the constraint at
redshift z = 3 of $(X)LLS = 0.7 ± 0.1 (Sargent, Steidel
& Boksenberg 1989; Storrie-Lombardi et al. 1994; Péroux
et al. 2003). We also use a measure of the incidence of
optically thin partial Lyman Limit Systems (PLLS) from
Burles (1997), who found 12 systems with mean redshift
at z = 3 with 17.2 cm−2< log NHI < 17.8 cm−2 over a
redshift path of ∆zPLLS = 59.07 and absorption path of
∆XPLLS = 16.63. This gives $(X)PLLS = 0.20 ± 0.06.

4.4.2. The observable distribution function O(N, X)

In order to facilitate the analysis and interpretation of
the distribution over the full range of LLS and DLAs,
we introduce a function called the observable distribution
function of H I:

O(N, X) =
m

∆ log N∆X
=

$(X)

∆ log N
, (5)

where m is the number of systems observed over an ab-
sorption path, ∆X , and a column density range ∆ log N .
This is simply the frequency distribution function in log-
arithmic column density bins and is related to the classic
distribution by:
O(N, X) dlogN = f(N, X)dN ,O(N, X) = f(N, X)N ln(10) .

(6)
The observable distribution has a few nice features. It is

unitless, and gives the direct number of systems observed
over a specified bin in logarithmic column density (almost
all studies of H I absorption show and analyze the data
in bins of constant width in log NHI). It also removes
one factor of column density from the steep slope in the
frequency distribution, which enables better assessments
of change in slopes, as well as smaller effects from the
rapid change in the distribution over bins of large size.
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Fig. 1.—Neutral fraction profile as a function of radius for four halo masses. As explained in the text, these profiles depend only on the variable X, whichxH i

is the neutral fraction at the self-shielding radius . Radius is in physical units for the left panel and is normalized by for the right panel.r rss ss

Fig. 2.—Probability distribution of the neutral hydrogen column density for
different halo masses. Each curve is normalized so that the total probability
of intersecting the halo within the virial radius is unity. Data points are from
Storrie-Lombardi & Wolfe (2000) with a vertical shift.

shielding clouds ionized by the cosmic background can be simply
understood as follows: the cloud becomes self-shielding at the
radius where the total rate of recombination balances the rate at
which photons come into the cloud. Therefore, once a radius of
∼rss is reached, where most photons with frequencies near nL
have been absorbed, the cloud becomes mostly neutral over a
small range in radius because the rate of recombinations required
to balance the absorption of all the higher frequency photons is
not much higher. The effect has been demonstrated before by
Murakami & Ikeuchi (1990) and Petitjean et al. (1992) and is

analogous to the sharp edges of H i disks produced by self-
shielding (Corbelli & Salpeter 1993). Since , wea ! a /644n nL L

conclude that for , some of the highest frequency pho-X 1 1/64
tons will penetrate into the atomic region of the cloud (causing
a residual ionization inside the atomic region), while for X !

, all the photons have mean free paths that are small com-1/64
pared to once the cloud is mostly atomic, so the intensity ofrss
ionizing photons suddenly drops to zero and there is a sharp
transition to a completely atomic gas.
Figure 2 shows the predicted distribution of H i column

densities, , when random lines of sight intersect the fourf (N )H i

model gas clouds [obtained by requiring ,f (N ) dN ∝ r drH i H i

where is found by integrating the hydrogen density timesN (r)H i

the neutral fraction in Fig. 1 over lines of sight at impact
parameter r]. The transition to atomic gas causes a feature in
the distribution, with a hump appearing at the column density

.!1N ∼ N XH i H i, 0

Superposed on our curves, we reproduce a recent compi-
lation of the column density distribution of known DLAs, from
Storrie-Lombardi & Wolfe (2000). The points seem to fit best
the curve for the 1010 halo (note that the points can beM,

arbitrarily shifted vertically). In particular, the point at the low-
est column density suggests a shallower slope of the distri-
bution. This is a marginal indication that the feature predicted
by the self-shielding effect may have been detected. If so, the
value of X that is inferred is , which for our!3X ! 1.1# 10
adopted value of the photoionization rate G corresponds to

. We caution, however, that the predicted shaper ! 3.6 kpcss

depends on the assumed total gas density profile, which we
have taken to be singular isothermal.

4. DISCUSSION

We have shown that self-shielding should cause a sharp tran-
sition from an ionized to an atomic medium in any gas cloud
photoionized by the external cosmic background. The expected
absence of photons above frequency due to He ii absorption4nL

Zheng & Miralda-
Escude (2002)
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LLS

•LLS
✦ Echelle spectra of full 

Lyman series
✦ z>2.7
‣ Blue spectra
‣ MIKE, HIRES upgrade

•Keck/Magellan survey
✦ ~100 LLS
✦ Selected on the basis of 

Lyman limit only
✦ Primarily SDSS quasars

•Challenging analysis
✦ Ongoing work
✦ See Prochter et al. (2007)
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z~3 Summary of f(NHI)
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Where is the HI Gas?

•Census of HI atoms
✦ Integrate f(N)NdN
✦ DLAs dominate the census
‣ SLLS contribute ~15%

•predominantly (x < 0.5)   
neutral gas
✦ Lya forest = 0%
✦ LLS ~ 5% (estimate)
✦ DLAs ~ 95%
‣ Expect >90% of this gas to 

occur in star-forming galaxies
‣ i.e. same as z=0 (Briggs et al.)
‣ Remains to be shown
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Where is the H Gas?
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Where is the H Gas?
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Where is the H Gas?
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Where are the Metals?

•Metallicities
✦ DLAs:  ~1/10 solar
✦ LLS: 
‣ SLLS: 1/10 to 1/3 solar
‣ LLS: ??

✦ Lya Forest
‣ < 10-2 solar
‣ Schaye et al:  [C/H] = -3.5 + 

0.65*log(δ-0.5) + [O/C]

•Distribution
✦ Near flat
✦ Bounded
‣ See next talk

• Integral (Sum)
✦ Lower than metal budget 

expected from SFR
✦ How about the LLS?
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Summary and Parting Questions
• f(NHI) for DLAs
✦ -1.8 faint-end slope
✦ Break at log NHI ~ 21.5
‣ H2 formation?

• f(NHI) for LLS
✦ Flattening for log NHI ~ 19
✦ Signature of photoionized ‘disk’ ?

•Baryon budgets
✦ DLA:  HI mass (i.e. galaxies)
✦ Lya forest:  Baryonic mass
✦ Metals: Evenly distrubuted?

•What is f(NHI) from 1015 to 1019 cm-2?
✦ What is the redshift evolution, e.g. due 

to the EUVB radiation field?
•What are the physical origins of the 

wiggles in f(NHI)?
•What is f(NH2)?
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