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HI at high and low z

low redshift

• 21-cm 

• emission

• 21-cm emission weak:               
limited to local Universe

• 3D data cube

• study of galaxy easy

high redshift

• Lyα

• absorption

• only limited by brightness of 
background QSO

• only info along sightline to QSO

• study of host galaxy hard

FIG. 1.ÈSpectra for the 10 conÐrmed damped Lya systems with cm~2 and the z \ 2.8228 system toward Q0249[2212 in whichlog NH I
º 20.3

cm~2. Three Voigt proÐle Ðts are shown in order of increasing with the middle value representing the mean inferred from thelog NH I
\ 20.20 NH I

, NH Ioptimal Ðt, and the other two judged to be ^1 p from the mean. The results are summarized in Table 2.



local HI: The HI mass function

• measured from blind 21-cm surveys:

• AHISS: HI strip Survey (Zwaan et al 1997)

• AS: Arecibo Slice (Spitzak & Schneider 1998)

• ADBS: Arecibo Dual Beam Survey (Rosenberg 
& Schneider 2000)

• HIPASS: HI Parkes All Sky Survey (Zwaan, 
Meyer et al 2003/2004/2005) 

• ALFALFA: Arecibo Legacy Fast ALFA Survey 
(Giovanelli et al 2005)
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5300 detections
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~4300 galaxies

~66 galaxies
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Very local
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faint-end 
slope is 

‘flat’
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local HI: results from blind surveys

•The universe seen in 21-cm is similar to that seen in the optical

•No large population of dark or very LSB galaxies

•ΩHI dominated by L* galaxies
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Cosmic HI mass density evolves slowly

HIPASS

DLAsMgII
(contain 

85% of ΩHI) 
(tracers 
of DLAs) 



Cosmic HI mass density evolves slowly

HIPASS

DLAsMgII

(Zwaan et 
al 2005)

(Rao et al 
2005)

(Prochaska 
et al 2005)
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What can we learn from local galaxies to 
understand DLAs?

Treat local galaxies as if they were DLAs and 
calculate “DLA statistics”.



dN/dz = c/H0 × Area(HI) × Φ

QSO absorption line statistics from local galaxies:

redshift number 
density of absorbers

space density 
of galaxies



dN/dz = c/H0 × Area(HI) × Φ

QSO absorption line statistics from local galaxies:

redshift number 
density of absorbers

space density 
of galaxies

HI mass functionHI imaging



DLA measurements to explain: 



DLA measurements to explain: 

• f(N)

• dN/dz

• DLA galaxy properties

• impact parameters

• metallicities

• abundance of molecules

• kinematics
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z=0 surveys used for comparison with DLAs

WHISP: 
WSRT HI maps of 350 galaxies 

Resolution: 15’’
(van der Hulst et al)

THINGS: 
VLA HI maps of 35 galaxies

Resolution: 5”
(Walter et al)

SONG: 
BIMA CO maps of 44 galaxies

Resolution: 6”
(Helfer et al)

140,000 ‘DLAs’

800,000 ‘DLAs’



HI column density distribution evolves slowly
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HI column density distribution evolves slowly

• Shape of f(N) is constant in 
time

• HI distribution in galaxies at 
z=3 similar to that today?

• Star formation laws similar at 
higher z?

H2 
formation

ionization

Zwaan et al 2005



HI column density distribution evolves slowly

• Most of the HI atoms in 
column densities 
around 1021 cm-2



Local galaxies can explain incidence rate

• Local galaxies explain 
dN/dz of DLAs at z<1.5

THINGS
WHISP



Local galaxies can explain DLA galaxy properties 

• our analysis: 80% of DLA hosts in sub L* (35% in L< L*/10)

• from z<1 DLA surveys: 75% of DLA hosts in sub L* (15% in L< L*/10)

HI masses luminosities



Local galaxies can explain DLA impact parameters

from our analysis:   median b: 7.8 kpc
from literature:       median b: 8.3 kpc

implication for DLA host galaxies:   
34% should have b<1” at z=0.5
46% should have b<1” at z=1 
                    



Local galaxies can explain DLA metallicities

• Agreement in metallicities 
between local galaxies and 
DLAs                 

our results

Metallicity distribution asuming:

◆ Z-L relation (Garnett 2002)
◆ Z-gradients (Vila-Costas & Edmunds      
    1992, Ferguson et al 1998)
                    



What about the molecules?

• DLAs contain the reservoir for star formation

• Star formation occurs in molecular clouds

➔ DLAs should contain molecules

• surveys for millimetre molecular absorption have been 
unsuccessful (Curran et al 2004, Wiklind & Combes,...)

• optical/UV surveys for H2 have low success rate and find very 
low H2 fractions (10-3 - 10-2)  (e.g., Ledoux et al 2003)



f(N) for molecular gas

• Use CO maps from BIMA-
SONG (Helfer et al 2003) to 
derive f(NH2)

•  dN/dz (NH2>1021) = 3×10−4

•  >100 times lower than that 
for HI in DLAs

•  ➞ molecular surveys in DLAs 
unsuccessful
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Zwaan et al. (2005b):

f(NH2
) =

c

H0

∑
i
Φ(MBi)w(MBi)Ai(log NH2

)

NH2
ln 10 ∆ logNH2

. (1)

Here, Φ(MBi) is the space density of galaxy i measured
through the optical luminosity function as measured by
Norberg et al. (2002), with Schechter parameters: M∗

B
−

5 logh70 = −20.43, α = −1.21, and Φ∗ = 5.5 ×

10−3h3
70Mpc−3. The function w(MBi) is a weighting func-

tion that takes into account the varying number of galaxies
across the full stretch of MB , and is calculated by taking the
reciprocal of the number of galaxies in the rangeMBi −∆/2
to MBi + ∆/2, where ∆ is taken to be 0.25. Ai(log NH2

) is
the area function that describes for galaxy i the area inMpc2

corresponding to a column density in the range log NH2
to

log NH2
+ ∆ log NH2

. In practice, this is simply calculated
by summing for each galaxy the number of pixels in a certain
log NH2

range multiplied by the physical area of a pixel. Fi-
nally, c/H0 converts the number of systems per Mpc to that
per unit redshift.
The BIMA SONG galaxies are selected to be less inclined

than 70◦. In order to achieve a f(N) measurement for ran-
domly oriented galaxies, we de-projected all galaxies to face-
on assuming that the H2 gas is optically thin, and subse-
quently recalculated the column density distribution function
for ten inclinations i evenly spaced in cos(i) between 0 and 1.
The final f(NH) was taken to be the average of these ten dis-
tribution functions. This procedure only makes a small mod-
ification to the f(NH) calculated from the H2 distributions
uncorrected for inclination effects.
Figure 1 shows the resulting column density distribution

function f(NH2
), together with f(NHI) from Zwaan et al.

(2005b). We note that the horizontal axis represents the atom
surface density, which in the case of H2 is equal to 2NH2

. The
errorbars are 1σ uncertainties and include counting statistics
and the uncertainty in the optical luminosity function. The un-
certainty in the CO/H2 conversion factor could introduce the
largest error in our f(NH2

). The horizontal errorbar indicates
the uncertainty in f(NH2

) if this conversion factor is uncer-
tain by 50%. The f(NH2

) can be fitted very well with a log-
normal distribution: f(N) = f∗ exp−[(log N − σ)/µ]2/2
, where µ = 20.6, σ = 0.65 and the normalization f∗ is
1.1×10−25 cm2. The distribution function of H2 column den-
sities seems to follow a natural extension of the H I distribu-
tion function, in such a way that the summed f(NH) roughly
follows a power-law distribution N−2.5

H between log NH =
21 and log NH = 24. The two distribution functions cross at
log NH ≈ 22, which is the approximate column density asso-
ciated with the conversion from H I to H2 (e.g. Schaye 2001).
By taking the integral over f(NH2

) multiplied by NH2
,

we find the total H2 mass density at z = 0 to be ρH2
=

1.1 × 107M$ Mpc−3, which is approximately one quarter of
ρHI(z = 0) (Zwaan et al. 2005a). Keres et al. (2003) found
ρH2

= (2.0 ± 0.7) × 107M$ Mpc−3, where we converted
their value to H0 = 70 km s−1 Mpc−1 and used the same
CO/H2 conversion factor as we used. This difference might
be partly due to the fact that the BIMA SONG sample does
not include many dwarf galaxies, although judging from the
Keres et al. (2003) CO mass function, these galaxies con-
tribute only very little to ρH2

. Another reason could be that
the BIMA SONG sample is optically selected, whereas Keres’
sample (Young & Knezek 1989) predominantly consists of
FIR-selected galaxies, which can cause a bias toward CO-
rich galaxies (see e.g., Solomon & Sage 1988). Casoli et al.

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 mea-
sured from the CO emission line maps from the BIMA SONG sample. Col-
umn 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.

(1998) used a larger sample than Young & Knezek (1989),
and took into account CO non-detections, to find much lower
values of MH2

/MHI, which are fully consistent with our de-
rived value of ρH2

/ρHI.
What fraction of the cosmic H2 mass density do wemiss be-

low theNH2
detection limit of 8.5×1020cm−2? The f(NH2

)
appears to flatten off at the lowest column densities, which
implies that the contribution of low NH2

is low, unless the
f(NH2

) rises steeply below our detection limit. To test this,
we make use of the H2 absorption line survey in DLAs by
Ledoux et al. (2003). These authors report a detection rate of
13 to 20%, with H2 column densities typically in the range
log NH2

= 17 to 18.5. Based on their statistics and the mea-
sured f(NHI) of DLAs at z = 0 from Zwaan et al. (2005b),
we estimate that log f(NH2

= 1018cm−2) = −23.5 at z = 0,
conservatively assuming that the detection statistics of H2 ab-
sorption has not evolved since z ≈ 2. Extrapolating our mea-
sured f(NH2

) to this value, we find that f(NH2
) ∝ NH2

−0.5

(see Figure 2). Now, by integrating
∫

NH2
f(NH2

)dNH2
we

find the total H2 mass as a function of NH2
. From this we

derive that the mass contained in systems log NH2
< 21 is

only 3% of the total H2 mass density. This implies that our
results presented in this paper apply to roughly 97% of the
total number of H2 molecules in the universe.
Beam smearing might lead to an overestimation of the

cross-sections at low NH2
and an underestimte of f(NH2

) at
large NH2

. Because a main result of the next section is that
the H2 cross-sections are small, we have ignored these effects
for now.

3. WHERE TO FIND THE MOLECULES

The redshift number density dN/dz of H2 above the NH2

limit of 1021 cm−2 can be calculated from f(NH2
) by sum-

ming over all column densities larger than this limit. We find

Zw
aan &

 P
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• 90% of H2 mass within 
impact parameters of 
6.5 kpc

WHERE IS THE MOLECULAR HYDROGEN IN DLAS? 3

FIG. 2.— Top: The column density distribution function of H2, where the
circles show f(NH2

) at z = 0 derived from the BIMA SONG COmaps, and
the grey square indicates the value at much lower column densities, estimated
from the H2 absorption data from Ledoux et al. (2003). These latter data are
from systems at redshifts z ≈ 2, which implies that the derived f(NH2

)
point is probably an upper limit. Bottom: The cumulative H2 mass distri-

bution in column densities > NH2
. Here, we have includes the NH2

−0.5

extension as shown in the top panel. Approximately 97% of the H2 molecules
are in column densities NH2

> 1021 cm−2.

that dN/dz = 3 × 10−4, which is approximately 150 times
lower than the corresponding value for H I above the DLA
limit (Zwaan et al. 2005b). Taking this result at face value,
this would imply that at z = 0 only one in every∼ 150 DLAs
is expected to show strong CO absorption lines.
In Figure 3 we show how close to the centre of galaxies

high column density H2 is to be found. This figure shows
the normalized cumulative distribution function of impact pa-
rameters between the centers of galaxies and the positions
where the H2 absorption is measured. We constructed this di-
agram from the BIMA SONG CO maps, and using a weight-
ing scheme similar as discussed for the evaluation of f(NH2

).
Apparently, the median impact parameter at which anNH2

>
1021 cm−2 absorber is expected is only 2.5 kpc and 90% of
the cross-section is at impact parameters smaller than 6.5 kpc.
For higher H2 column densities, these impact parameters are
even smaller. Applying these findings to the DLA popula-
tion, millimeter CO observers need to select those DLAs that
arise within 2.5 kpc of the centers of galaxies to have a 50%
probability of identifying an absorption line corresponding to
NH2

> 1021 cm−2. None of the identified DLA host galaxies
have such small impact parameters, except perhaps two cases
studied by Rao et al. (2003) for which only upper limits to the
impact parameters could be given due to blending with the
background quasar light.
Our conclusions are qualitatively supported by observations

of redshifted molecular lines. To date, only four redshifted
molecular absorbers have been identified (Wiklind & Combes
1999, and references therein), two of which arise in gravita-
tionally lensed intervening galaxies and two originate in the
galaxy that also hosts the radio source against which the ab-

FIG. 3.— The normalized z = 0 cumulative distribution function of impact
parameters of H2 cross-section selected systems above different H2 column
density limits. The solid is the distribution for impact parameters < b, the
dotted line for > b.

sorption is seen. In all cases the sightline through the high H2

column passes through the galaxies at small impact parame-
ters.
These cross-section arguments already explain the very low

detection rate of molecules in DLAs, but there are additional
effects that hinder the detection of molecules. Molecular hy-
drogen forms on the surface of dust grains. The regions in
galaxies containing most of the universe’s H2 molecules are
therefore likely to be dusty, causing a higher optical extinc-
tion of the background sources, which, in turn, might lead to
them dropping out of magnitude-limited surveys. Obviously,
radio-selected quasars do not suffer from this bias and are po-
tentially good candidates against which to find high NH2

ab-
sorbers. However, dN/dz(NH2

) is so low that identifying
such an absorber is highly unlikely in current radio-selected
quasars samples. For example, the redshift interval covered
by the CORALS survey (Ellison et al. 2001) of radio-loud
quasars is only∆z = 55 for Lyα, corresponding to∆z ≈ 100
for H2. The redshift interval required for identifying a high
NH2

absorber should be on the order of (dN/dz)−1 = 3300
at z = 0, or approximately 600 at z = 2 − 3, taking into
account the cosmological variation of the absorption distance
interval dX . Using this method to obtain sufficient statistics
to measure the molecular mass density at intermediate and
high redshifts, would require radio source samples larger than
currently available.
Finally, we address the question whether there might ex-

ist a significant amount of H2 gas not associated with DLAs.
CO mapping of nearby galaxies has shown that many galaxies
show a depression in the H I distribution where the H2 col-
umn densities are highest (see e.g. Wong & Blitz 2002). Pre-
sumably, in regions where the molecular densities are highest,
most of the H I has been converted to H2. We use the H I and
CO maps of seven nearby galaxies studied by Wong & Blitz
(2002) to test how much H2 exists below the H I DLA limit.
We compare the H I and CO maps smoothed to the same spa-
tial resolution of 13′′ to 23′′, and find that the mass fraction
of H2 in regions where NHI < 2 × 1020 cm−2 ranges from 0
to 40%. Averaged over all pixels from the total sample, this
fraction is 6%. In many cases the fraction is underestimated

Molecules are at small impact parameters
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ist a significant amount of H2 gas not associated with DLAs.
CO mapping of nearby galaxies has shown that many galaxies
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sumably, in regions where the molecular densities are highest,
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CO maps of seven nearby galaxies studied by Wong & Blitz
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Molecules are at small impact parameters

GBT program looking for 
OH in systems with small 

impact parameters
(Zwaan, Peroux, Murphy, 

Zych, Curran, Liske, Bouche):
No detections...



Implications for cosmic SFR density 
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because the highest NH2
is smoothed over larger regions. Of

course, this small sample may not be representative of the to-
tal galaxy population at z = 0, but at least this exercise shows
that a small fraction of the cosmic H2 density must be found
in sub-DLAs. One might identify such absorbers by searching
for a sub-DLAs with abnormally high metallicities, i.e. this
could indicate absorbers where the hydrogen is not predomi-
nantly atomic. An example of a high metallicity sub-DLA has
recently been found by Péroux et al. (2006).

4. IMPLICATIONS FOR THE STAR FORMATION RATE DENSITY

Lanzetta et al. (2002) and Hopkins et al. (2005) recently
estimated the star formation rate density (SFRD) in DLA
systems by applying the ‘Schmidt law’ of star formation to
the H I column density distribution function f(NHI). The
Schmidt law is defined in local galaxies and states that the star
formation rate correlates very well with total neutral gas sur-
face densityΣHI+ΣH2

to the power 1.4, as was demonstrated
by Kennicutt (1998). Here, we wish to investigate whether
the SFRD measurements based on H I alone give meaning-
ful results, or whether H2 should be taken into account for a
reliable SFRD measurement. Since presently we only know
f(NH2

) at z = 0, we cannot improve the measurements of
Hopkins et al. (2005) at high redshift by including H2. Our
aim is simply to test the validity of the method and discuss
the implications of including molecules.
We start with estimating what fraction of the SFRD is ac-

tually contributed by those regions where the H2 column is
higher than the H I column. To this end, we make use of
Equation 4 from Hopkins et al. (2005) that relates the SFRD
to the f(NH), and apply it to our measurement of f(NH2

),
and f(NHI) from Zwaan et al. (2005b). We make one im-
portant modification in that we convert our z = 0 gas den-
sities to those that would be observed if the gas disks were
observed ‘face-on’, assuming that the H I and H2 layers are
optically thin. At z = 0 the f(NH) is a result of a randomly
oriented population of galaxies and it is easy to see that the
highest column densities are mostly the result of highly in-
clined disks. However, the Schmidt law is valid for face-on
gas densities. De-projecting the disk implies that the sur-
face area increases but the column densities decrease. The
net result is that that the f(NH) as it is normally defined will
overestimate the SFRD. At z = 0, we find that the SFRD
is overestimated by ∼ 40% if the regular f(NH) is used, in-
stead of the de-projected f(NH) for face-on disks. The de-
projected f(NH) follows a nearly exponential behaviour be-
tween log NH = 20.5 and log NH = 23.5, and can be fitted
with the simple equation f(NH) = 2 × 1029N−2.5

H .
Our results are presented in Fig. 4, which shows the im-

plied SFRD as a function of H I and H2 face-on column
density. We see that the H I and H2 column densities con-
tribute approximately equally to the total SFRD. The other
conclusion from this exercise is that the total derived SFRD
at z = 0 is much higher than that derived from Hα and

[OII] measurements [ρ̇∗(z = 0) ≈ 0.02M# yr−1 Mpc−3,
Hopkins 2004]. This contradicts the findings of Hopkins et al.
(2005) who conclude that at z = 0 the SFRD ρ̇∗ derived
from the Schmidt law and the measured f(NHI) agrees well
with the direct measurements. The origin of this contra-
diction is that Hopkins et al. (2005) used the f(NHI) mea-
surements of Ryan-Weber et al. (2003), which were later
corrected upwards with a factor 3. If we use the cor-
rected values (Ryan-Weber et al. 2005) or the measurement
from Zwaan et al. (2005b), we find that ρ̇∗(z = 0) =

FIG. 4.— The implied star formation rate density as a function of face-on
H I and H2 column density as derived from the Kennicutt (1998) star forma-
tion law. Grey areas indicate approximate uncertainties.

0.035M# yr−1 Mpc−3, a factor two higher than the me-
dian of the directly measured values at z = 0. Us-
ing the more realistic face-on f(NH), and including both
H I and H2 in the analysis, we find that ρ̇∗(z = 0) =
0.044M# yr−1 Mpc−3, also higher than the nominal value
at z = 0. Based on the face-on f(NH2

) only, we find
ρ̇∗(z = 0) = 0.022M# yr−1 Mpc−3, in good agreement with
the direct measurements (see also Wong & Blitz 2002).
Why is the value of ρ̇∗ at z = 0 overestimated by a factor

2 − 3 when derived using the f(NH) and the Schmidt law?
The answer lies in the fact that the Schmidt law is defined
for the ‘star-forming disks’, and not for the regions of the H I

layer outside this area. It was shown by Kennicutt (1989) that
star formation only occurs when the gas density exceeds the
critical threshold density, which depends on the velocity dis-
persion of the gas and the galaxy’s rotation curve shape and
amplitude. From the f(NH) alone it is impossible to deter-
mine what the critical threshold gas density is, because this
density varies between galaxies and within galaxies. There-
fore, applying the Schmidt law to all regions in the local uni-
verse where the NHI exceeds∼ 1020 cm−2 will grossly over-
estimate ρ̇∗. [As an extreme example, consider NGC 2915,
(Meurer et al. 1996) where the HI disk is many times larger
than the optical disk.]
Furthermore, within galaxies the areas with the highest

SFRs are often mostly molecular, and in some cases NHI

declines in regions of high SFR (Martin & Kennicutt 2001;
Rownd & Young 1999; Wong & Blitz 2002). In regions
where log NH2

> 21 the critical density is typically exceeded.
Consequently, for the purpose of estimating ρ̇∗, the f(NH2

)
is probably a more reliable estimator, whereas f(NHI) only
gives an upper limit to that fraction of ρ̇∗ contributed by re-
gions that are mostly atomic.
In our analysis we treat the H I and H2 independently. Ide-

ally, we would use H I and H2 measurements from the same
large galaxy sample, but unfortunately such a sample is not
available. Our analysis probably slightly underestimates the
total SFRD: in regions where the H I and H2 columns are
equal, the SFR would be 21.4/2 = 1.3 times higher if it were
derived from the summed gas density instead of from the in-

SFRD as function of HI and H2  (at z=0):

Even though H2 has very small cross section, it contributes 
significantly to Ωgas and the SFRD
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Can local galaxies explain DLA kinematics?

• Velocity spread of DLA characterized by ΔV90 of low-ions: Fe+, Si+, Ni+

• Calculate ΔV90 maps from THINGS data:

• Not the same spatial resolution for DLAs                              and nearby 
galaxies...

• Is THINGS a fair sample?



Can local galaxies explain DLA kinematics?

• At higher z larger contribution 
from:

• Superwinds? (see also Schaye 
2001, Nulsen et al 1998, Bouche et al 
2007)

• Mergers? (tidal tales etc)

Local galaxies

DLAs



Conclusions

• Most HI atoms in L* galaxies and around log NHI=21

• Local galaxies explain most low z DLA properties

• We understand why we don’t see H2 in DLAs... but it’s there

• SF probably associated with this high NH gas

• High z DLA kinematics cannot be explained with disks




