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21cm HI Maps– 38 –

Fig. 8.— NGC 628. Top left: integrated HI map (moment 0). Greyscale range from 0–218

Jy km s−1. Top right: Optical image from the digitized sky survey (DSS). Bottom left: Velocity

field (moment 1). Black contours (lighter greyscale) indicate approaching emission, white contours

(darker greyscale) receding emission. The thick black contour is the systemic velocity (vsys=659.1

km s−1), the iso–velocity contours are spaced by ∆ v=12.5 km s−1. Bottom right: Velocity dispersion

map (moment 2). Contours are plotted at 5, 10 and 20 km s−1.

THINGS: Walter et al. 2008
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Galactic ΣHI Profiles

• Analysis
‣ De-project by inclination
‣ Average over azimuth
‣ Plot

• Common characteristics
‣ HI ‘holes’ at the center
‣ Steep decline for R<R25

‣ Power-law (Metsel) beyond

Holwerda et al. (2005)
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f(NHI): Frequency Distribution

• Observations/Analysis
‣ High spatial resolution, 21cm 

maps of individual galaxies
‣ Recover one NHI value for each 

spatial resolution element
‣ No de-projection

• Extrapolate to “all galaxies”
‣ Convolve with Φ(L)
‣ Normalize by the co-moving 

volume of  Φ(L)
✦ Actually, normalize to the co-moving 

mass density of HI at z=0
20.5 21.0 21.5 22.0

log NHI

!26

!25

!24

!23

!22

!21

lo
g
 f

(N
H

I,
X

)

WHISP: Zwaan et al. (2005)



Zeroth Moment of f(NHI): l(X)
• Area under the f(NHI) curve
‣ Number of galaxies intersected 

per pathlength travelled
‣ Often denoted dN/dX or dn/dz

• z=0 result
‣ l(X) = 0.046 +/- 0.002
‣ One intersects a galaxy with         

NHI > 2x1020 cm-2 every 100 Gpc
• Covering fraction
‣ I view l(X) as how galaxies cover 

the sky, in projection

!(X) =
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Nmin

f (NHI) dNHI
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DLAs and the local galaxy population 1469

Figure 1. H I column density maps of six of the WHISP galaxies. The top three galaxies have total H I masses of 108 M!, the middle three have M H I ∼
109 M! and the bottom three have M H I ∼ 1010 M!. Contour levels are at column densities of 0.2, 0.5, 1, 2, 4, 8 and 16 × 1021 cm−2, where the lowest
contour corresponds to the DLA limit. The beam sizes are indicated in the lower left corners of each panel. The ellipses indicate the orientation parameters of
the optical images of these galaxies, and the extent corresponds to the diameter measured at the 25th B-magnitude isophote. The scale bar in the lower right
corner corresponds to 5 kpc at the distance of the galaxies.

major axis diameter more extended than 1.2 arcmin; (ii) declination
(B1950) north of +20◦ and (iii) the 21-cm flux density averaged
over the H I profile exceeds 100 mJy. For observations after the year
2000, the flux density criterion was relaxed to also include galaxies
with lower average flux densities. This enabled observation of a
reasonably large number of galaxies of Hubble type S0–Sb, which
typically have lower H I fluxes than galaxies of Hubble-type Sbc and
later. For the analysis presented in this paper, we made use of the
data of 355 galaxies out of the total of 391 in the WHISP sample,
which had been fully reduced at the time this analysis started. The
distribution over Hubble type and optical luminosity for the 355
galaxies in our sample is given in Table 1.

A total of about 4500 h of observing time (more than 1 yr of con-
tinuous data taking) was used over a period of 10 yr to observe 391
galaxies. Of these, 281 were observed with the old WSRT system
between 1992 and 1998. The remaining 110 galaxies were observed
with the upgraded, more sensitive system between 2000 and 2002.
The main difference between the two periods is the upgrade of the
WSRT with cooled receivers on all telescopes and a greatly im-

proved bandwidth and correlator capacity. In practice, this means
that the sensitivity of the observations made in 2000 and thereafter
is a factor of ∼4 better than before (e.g. a typical rms of 0.8 mJy
beam−1 as compared to 3 mJy beam−1). The velocity resolution for
most galaxies is 5 km s−1. The highly inclined galaxies in the sample
with inclinations typically above 60◦ have been observed at a lower
velocity resolution of 20 km s−1, while more face-on galaxies and
galaxies with narrow single-dish profiles (!v ! 60 km s−1) have
been observed with a velocity resolution of 2.5 km s−1.

The WSRT observations of the WHISP galaxies have been pro-
cessed following a well-described standard procedure consisting of
a (u,v) data-processing phase (data editing, calibration and Fourier
transformation) using the native WSRT reduction package NewStar
and an image processing phase (continuum subtraction, CLEANing,
determination of H I distributions and velocity fields using GIPSY.
The resulting data cubes and images have been archived, and a
summary is displayed on the web at http://www.astro.rug.
nl/∼whisp. A precise description of the reduction procedures can
also be found there.
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First Moment of f(NHI): ρHI

• Integrate: NHI f(NHI) dNHI
‣ Comoving HI mass density

• Actual measurement of ρHI     
at z=0 is from the HIMF
‣ All sky survey for HI galaxies
‣ Construct an HI mass function
‣ Integrate

• Value at z=0

‣ ρHI = (0.52 +/- 0.07) 108 Msun Mpc-3

HIPASS: Zwaan et al. 2005
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Cosmic Evolution of HI in Galaxies

• How does HI gas in galaxies 
evolve with time?

• Are galaxies smaller in the 
past, e.g. lower l(X)?

• Are galaxies more gas rich in 
the past, e.g. higher ρHI?

13

Fig. 7.— The redshift distributions predicted for our z and
J-dropout selections (shown as the magenta and black lines, re-
spectively) using our derived LFs and the simulation results pre-
sented at the beginning of §4. The z-dropout predictions assume
MUV,AB = −19.8 and α = −1.74 (Table 4) while the J-dropout
prediction assume MUV,AB = −19.1 and α = −1.74 (derived from
the extrapolations derived in §5.3). The mean redshifts expected
for our z-dropout and J-dropout selections are 7.3 and 9.0, re-
spectively. These mean redshifts are somewhat lower than that of
previous selections we had considered (e.g., Bouwens et al. 2004c;
Bouwens et al. 2005; Bouwens & Illingworth 2006) because of our
use of slightly more inclusive selection criteria in this work.

of the uncertain faint-end slope on our quoted constraints
for both M∗

UV and φ∗.
To put the LF fit results and dropout selections in

context, it seems helpful to use our best-fit LFs to cal-
culate an expected redshift distribution for our z and
J dropout selections. We can take advantage of the
same simulations described at the beginning of §4 to
calculate these redshift distributions. For concreteness,
M∗

UV,AB = −19.1 and α = −1.74 are assumed for the
UV LF at z ∼ 9 for our J-dropout selection (using the
extrapolations from §5.3). The redshift distributions are
presented in Figure 7. The mean redshifts expected for
our z-dropout and J-dropout selections are 7.3 and 9.0,
respectively. The mean redshifts estimated for both se-
lections are smaller than what we had considered in pre-
vious works (e.g., Bouwens et al. 2004c; Bouwens et al.
2005; Bouwens & Illingworth 2006) because of our adop-
tion of a slightly more inclusive dropout criterion in this
work. Note that including the likely evolution across the
redshift range of these selections would likely lower the
mean redshifts even more (Muñoz & Loeb 2008).

4.3. Luminosity / SFR density

We can use the present LF results to refine our con-
straints of the rest-frame UV luminosity densities at
z ! 7. Previously, we set constraints on these quantities
based upon a sample of four z ∼ 7 z-dropout candidates
found over the GOODS fields (Bouwens & Illingworth
2006) and a sample of three possible J-dropout candi-
dates over the deep NICMOS parallels to the HUDF
(Bouwens et al. 2005).

Here we are able to make modest but significant im-
provements in our measurement of the UV luminosity
density at z ∼ 7 − 10. We make these estimates based
upon our best-fit LFs at z ∼ 7 and z ∼ 9. We shall
consider integrations to a limiting luminosity of 0.2 L∗

z=3
because this corresponds to the approximate flux limit
for our z and J-dropout searches (i.e., H160,AB ∼ 28).

Fig. 8.— The present constraints on the UV luminosity density
at z ! 7. At z ∼ 7, this constraint is shown as a large solid red
circle while at z ∼ 9, it is shown as a 1σ upper limit (red downward
arrow). These determinations are integrated to 0.2L∗

z=3 to match
the approximate faint limits on our z ! 7 galaxy searches. Also
shown are the determinations of Schiminovich et al. (2005: open
black squares), Steidel et al. (1999: green crosses), and Bouwens
et al. (2007: solid red squares) integrated to the same flux limit.

Fig. 9.— Estimated star formation rate density as a function of
redshift (integrated down to 0.2 L∗

z=3 as in Figure 8). The lower
set of points give the SFR density without a correction for dust
extinction, and the upper set of points give the SFR density with
such a correction. This is also indicated with the shaded blue and
red regions, respectively, where the width of these regions show the
approximate uncertainties estimated by Schiminovich et al. (2005).
At lower redshift (z " 3), we adopt the dust correction suggested by
Schiminovich et al. (2005). At z ! 6, we adopt the dust correction
obtained by Bouwens et al. (2006: see also Stark et al. 2007a and
Stanway et al. 2005) at z ∼ 6 from the UV -continuum of i-dropouts
and the Meurer et al. (1999) IRX-β prescription. At z ∼ 4 and
z ∼ 5, we interpolate between the estimated dust extinctions at
z ∼ 3 and z ∼ 6. The symbols are the same as in Figure 8.

We present these luminosity densities in Figure 8 and Ta-
ble 6. As is conventional, we also present the equivalent
star formation rate on this same figure using the Madau
et al. (1998) and adopting a Salpeter IMF. To show how
this situation changes when a plausible account of dust is
included, we plot the equivalent dust-corrected and un-
corrected SFR densities in Figure 9. We employ the dust
corrections adopted by Bouwens et al. (2007), which are
1.4 mag, 1.1 mag, 0.6 mag, and 0.4 mag at z " 3, z ∼ 4,
z ∼ 5, and z ! 6, respectively. Our use of an evolving
dust correction from z ! 6 to z ∼ 3 is motivated by the
apparent evolution in the UV -continuum slope over this
redshift range (e.g., Stanway et al. 2005; Bouwens et al.
2006) and the correlation of UV -continuum slope with
dust extinction (e.g., Meurer et al. 1999; Reddy et al.

Bouwens et al. 2008



Probing HI Gas at High z

• 21cm?
‣ Not with today’s telescopes
‣ Limit is z~0.2
‣ EVLA?

• Hα, Lyα emission
‣ Difficult observations
‣ Traces ‘special’ galactic regions
‣ Tough to convert to HI mass

• Lyα absorption
‣ Simple counting of atoms
‣ Need a background source

1362 P. Lah et al.

in the image plane, and hence decreases the signal-to-noise ratio for
unresolved sources. However, the measured H I flux increases for
galaxies that are now unresolved in the smoothed data.

A rough estimate of the H I size of each individual galaxy was
made using a correlation between optical and H I size found by
Broeils & Rhee (1997). From their data, we derive a relationship
between the diameter of the optical isophote corresponding to a
surface brightness of 25 mag arcsec−2 in B (Db,i

25) and the diameter
within which half the H I mass of the galaxy is contained (Deff). This
relationship is

log(Deff) = (0.978 ± 0.035) log(Db,i
25 ) + (0.041 ± 0.046), (1)

where Db,i
25 and Deff are measured in kpc.

The IRAF task ellipse was used to measure the 25 mag arcsec−2

isophotal level in the Subaru B images, taking into account the cos-
mological surface brightness dimming and a k-correction taken from
Norberg et al. (2002). From this an estimate of the H I diameter is
made.

If a galaxy has 2 Deff < Dmid, where Dmid is the midpoint between
two beam smoothing levels, then it was assumed to be unresolved in
the smaller beam data. Fig. 6 shows the distribution of the estimated
effective H I diameter and the grouping of the galaxies into the three
different beam sized radio data sets.

When making the final data cube, a linear fit to the spectrum
through each sky pixel was subtracted to remove the residues left
from the continuum sources (see discussion on IMLIN previously).
Any spectral line features are included in the calculation of this linear
fit across frequency. Such features would create an overestimation
of the continuum, creating a bias in the measured H I spectrum. To
correct for this effect, each galaxy H I spectrum has a new linear
fit made across all channels except those channels corresponding
to a 500 km s−1 velocity width around the galaxy at its redshift
(these should be the channels that contain any H I signal). This new

Figure 6. This figure shows the histogram of the estimated effective H I

diameter of the Fujita galaxies. This was derived from the diameter of the
galaxy at the optical B magnitude 25 mag arcsec−2 isophote and the corre-
lation from Broeils & Rhee (1997). The histogram shaded with the dashed
line shows the distribution for all 348 Fujita galaxies; the histogram shaded
with the solid line shows the distribution for galaxies with measured opti-
cal redshifts. The vertical dashed lines show the boundaries used in sorting
galaxies into the three different synthesized beam subsamples with beam
FWHM of 2.9 arcsec (11 kpc), 5.3 arcsec (15 kpc) and 8.0 arcsec (20 kpc).

Figure 7. The average H I galaxy spectrum created from co-adding the signal
of all 121 galaxies with known optical redshifts. The top spectrum has no
smoothing or binning and has a velocity step size of 32.6 km s−1. The bottom
spectrum has been binned to ∼500 km s−1. This is the velocity width that
the combined H I signal of the galaxies is expected to span. For both spectra
the 1σ error is shown as dashed lines above and below zero.

fit is then subtracted from the data, correcting for any bias created
by IMLIN. This correction to the H I flux for the combined galaxy
spectrum increases the measured flux by ∼25 per cent.

When co-adding the separate H I spectra, each measured flux
value carries a statistical weight that is inversely proportional to
the square of its uncertainty (the rms noise level). This noise value
is calculated from the known rms per frequency channel in the radio
data cube, factoring in the increase in the noise from the beam cor-
rection for galaxies away from the centre of the GMRT beam. As
we are probing far from the GMRT beam centre, uncertainties in the
beam shape could be a significant factor. However, as the co-added
H I signal from individual galaxies is weighted by their noise, any
errors in the assumed Gaussian shape in the outskirts of the beam
are heavily attenuated by the weight factor.

The weighted average H I spectrum from co-adding all 121 galax-
ies can be seen in Fig. 7. To measure the error in the H I spectrum, a
series of artificial galaxies with random positions and H I redshifts
were used to create co-added spectra. From many such artificial
spectra a good estimate of the noise level in our final real spectrum
can be determined. As seen in Fig. 7, the noise level increases with
increasing velocity offset from the centre of the co-added spectrum.
This is because some galaxies lie at redshifts near the edges of the
data cube and when adding the spectra of these galaxies to the total,
there is no data for channels that lie off the edge of the data cube.
These channels with no data are given zero weight in the co-added
sum resulting in a higher noise level at these velocities in the final
co-added spectrum.

In Fig. 7 the total H I flux density within a central velocity
width of 500 km s−1 is 8.9 ± 3.4 mJy km s−1, a signal-to-noise
ratio of 2.6. The level of this flux is not highly dependent on the
choice of the velocity width; choosing various velocity widths from
∼400 to ∼600 km s−1 gives total fluxes that are similar within the
errors.

C© 2007 The Authors. Journal compilation C© 2007 RAS, MNRAS 376, 1357–1366
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Probing HI Gas at High z

• 21cm?
‣ Not with today’s telescopes
‣ Limit is z~0.2
‣ EVLA?

• Hα, Lyα emission
‣ Difficult observations
‣ Traces ‘special’ galactic regions
‣ Tough to convert to HI mass

• Lyα absorption
‣ Simple counting of atoms
‣ Need a background source
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Fig. 3.— short spectra for the single line emitters. The coordinates are in pixel units (0.252′′ ×
0.67Å). The sections of the spectra shown here are 15.12” or 116 proper kpc wide in the spatial

direction and about 2266 kms−1 long in the spectral direction (i.e., horizontally). The spectra have

been heavily smoothed with a 7x7 pixel boxcar filter. The areas within the light grey contours

(turqoise in the color version) have a flux density greater than approximately 1.5× 10−20 erg cm−2

s−1 Å. The numbers refer to the column entry ’ID’ in table 2. The spectra are grouped together

such that the first 12 of them (top box) appear to have a single central peak; the next six (IDs

39, 27, 3, 23, 28, and 29, second box from top) show a clearly asymmetric red peak with a much

weaker blue counter-peak; the following three (third box to the left) either have a stronger blue

than red peak (ID 15) or emission features blueward of an absorption line (36, 37); the remaining

six are unclassifiable, sometimes amorphous objects.
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Fig. 1.— From left to right: Continuum intensity in rest-frame R-band, intensity of the Hα line emission, and velocity and velocity
dispersion of the Hα-emitting component, for a simulated ideal disk (top) and for the high-redshift galaxy BzK-6004 observed as part of
the SINS program (bottom). In the ideal disk, the star formation (Hα intensity) follows the mass distribution (Continuum), whereas in
the observed z ∼ 2 system, a significant off-center star-forming region is seen. Overplotted on the velocity maps are isovelocity contours,
whose concave curvature on either side of the rotation axis displays the so-called “spider diagram” structure characteristic of rotational
motion (van der Kruit & Allen 1978). Also overplotted on the velocity and dispersion maps are sample ellipses from the expansion with
kinemetry. Along a kinemetry ellipse in the velocity map, the velocity varies as the cosine of the azimuthal angle. Along an ellipse in the
velocity dispersion map, the dispersion is approximately constant with angle.

2. METHOD

To determine whether a particular observed system is a
disk or a merger, we use two main criteria: the symmetry
of the velocity field of the warm gas, and the symmetry
of the velocity dispersion field of the warm gas. An ideal
rotating disk in equilibrium is expected to have an or-
dered velocity field, described by the so-called “spider
diagram” structure, and a centrally-peaked velocity dis-
persion field (Figure 1, see also van der Kruit & Allen
1978).

Likewise, such a disk is also expected to have the reg-
ular and centrally-peaked continuum distribution char-
acteristic of exponential disks. Indeed, this feature is
the basis for low-redshift morphological classification
schemes (e.g. Conselice 2003; Lotz et al. 2004; Cresci
et al. 2006). However, in our IFS observations, the high-
est S/N is usually obtained from the Hα emission from
the warm, star-forming gas, rather than from the un-
derlying stellar continuum whose light is dispersed over
many more spectral pixels. In Förster Schreiber et al.
(2006), for example, the emission features have a typical
S/N of ∼ 25, whereas the stellar continuum is often only
detected in a small part of a given system, with typical
S/N ≤ 10 in the brightest region. We therefore perform
only the simplest analysis of the distribution of the stel-
lar component in these systems, using this information
to supplement and inform the detailed analysis possible
with the high-S/N emission line velocity and velocity dis-
persion data.

In our analysis, we do not include constraints based
on the intensity distribution of the emission lines. This
tracer of the location and power of star-forming regions

is often clumpy and asymmetric in even the most kine-
matically regular disks (Figure 1; see also Daigle et al.
2006 for local examples) and, consequently, reveals lit-
tle about the mass distribution and dynamical state of
the system. Rather, it is the kinematics of this gas, and
not its spatial distribution, that reflects the dynamical
state of the system and therefore forms the basis for our
analysis.

2.1. Quantifying Symmetries with Kinemetry

The symmetries in kinematic fields can be measured
via the kinemetry method developed and described in
detail by Krajnović et al. (2006). Briefly, kinemetry is
an extension of surface photometry to the higher-order
moments of the velocity distribution. The procedure op-
erates by first describing the data by a series of concen-
tric ellipses of increasing major axis length, as defined by
the system center, position angle, and inclination. The
latter two parameters can either be determined a pri-
ori and used as inputs or can be measured functions of
semi-major axis length as a first step in the kinemetric
analysis. Along each ellipse, the moment as a function of
angle is then extracted and decomposed into the Fourier
series

K(ψ) = A0 + A1 sin(ψ) + B1 cos(ψ)

+ A2 sin(2ψ) + B2 cos(2ψ) + . . . , (1)

where the radial dependence of all An’s and Bn’s is im-
plicit, since the above expression is for a single kinemetry
ellipse. Here, ψ is the azimuthal angle in the plane of
the galaxy, measured from the major axis; points along

Rauch et al. 2008

Shapiro et al. 2008



• ΣHI=1 Msun/pc2 is NHI=1020 cm-2

‣ Optical depth: 

‣ Damped absorption (Wolfe et al. 1986)

• Experiment: QSO spectroscopy
‣ Single shot through one galaxy
‣ Repeat experiment to build a sample
‣ GRBs work too (e.g. Chen et al. 2005)

• Survey DLAs: SDSS
‣ NHI >= 2 x 1020 cm-2

✦ DR5 --  1000 DLAs surveyed
✦ z=2.2 to 5

‣ Hand-fitted Lyα profiles

Damped Lyα Absorption!(X) =
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Non-Evolution in the Shape of f(NHI)
• z= 2 to 4
‣ KS test gives PKS > 10%
‣ Over these few Gyr, HI gas is 

distributed in a self-similar fashion
✦ Especially at low NHI values

‣ l(X) and ρHI must evolve together
• z=2 vs. z=0
‣ Nearly identical distributions!
‣ HI gas in galaxies at z>2 has the 

same projected NHI as z=0 disks
✦ Is HI at high z in similar disks with 

similar surface density profiles?

• Inference
‣ HI has been distributed in a self-

similar fashion over all cosmic time
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Moments of f(NHI): z=2 vs. 0
• Comparison 
‣  l(X) and ρHI match the z=0 values
‣ This suggests that the values have 

not evolved for 10 Gyr!
• But, we know stars form..
‣ HI gas in galaxies is a necessary 

but insufficient condition for SF
✦ HI gas acts as a “bias level”
✦ Accretion of new gas drives the SFR

• Don’t galaxies evolve?
‣ Yes, but in LCDM galactic-sized 

halos are ‘frozen in’ by z=2
‣ Galaxies as a population maintain 

the same HI gas distribution
✦ In shape and absolute value

3

TABLE 1
DR5 SUMMARY

z ∆X ∆z mDLA z̄a k3 log(Nd/ cm−2) α3 α4 "(X)b ρHI
c

(108M" Mpc−3)

[2.2,5.5] 10872.8 3082.5 739 3.05 −23.95+0.02
−0.02 21.55+0.04

−0.03 −2.01+0.05
−0.05 −6.34+1.06

−1.60 0.068+0.003
−0.003 0.851+0.046

−0.045

[2.2,2.4] 1652.7 514.4 79 2.31 −24.68+0.05
−0.05 21.70+0.12

−0.07 −2.27+0.16
−0.18 −10.00+4.69

−0.00 0.048+0.006
−0.005 0.555+0.095

−0.096

[2.4,2.7] 2405.8 717.5 132 2.57 −23.54+0.04
−0.04 21.40+0.07

−0.03 −1.73+0.12
−0.13 −7.18+1.79

−1.79 0.055+0.005
−0.005 0.736+0.083

−0.087

[2.7,3.0] 2539.7 723.7 169 2.86 −24.17+0.03
−0.03 21.60+0.10

−0.06 −2.12+0.11
−0.12 −10.00+3.39

−0.00 0.067+0.006
−0.005 0.743+0.077

−0.078

[3.0,3.5] 2702.5 732.2 227 3.22 −23.85+0.03
−0.03 21.55+0.09

−0.05 −2.00+0.09
−0.10 −8.62+2.56

−0.93 0.084+0.006
−0.006 1.029+0.086

−0.090

[3.5,4.0] 1139.2 291.3 86 3.70 −24.16+0.05
−0.05 21.75+0.08

−0.06 −1.86+0.13
−0.14 −10.00+3.85

−0.00 0.075+0.009
−0.008 1.213+0.210

−0.211

[4.0,5.5] 432.8 103.6 46 4.39 −23.76+0.07
−0.07 21.50+0.22

−0.07 −2.13+0.21
−0.24 −10.00+4.43

−0.00 0.106+0.018
−0.016 1.179+0.251

−0.222

aMean absorption redshift of the DLA sample.
bLine density of DLAs per absorption length dX. Also written as dN/dX in the literature.
cNote that we recover the same estimate for ρHI whether we sum the discrete NHI values or integrate the best fitting double power-law

(see also PHW05).

In Figure 1b, we also present the cumulative f(NHI, X)
function for H I disks in the local universe, as estimated
from 21cm observations (Zwaan et al. 2005b). Remark-
ably, the z ∼ 0 distribution function is a near perfect
match to the high z universe. This is a stunning result
noted first and independently by Zwaan et al. (2005b)
and PHW05. Although the universe and the galaxies
within it have evolved substantially over the ≈ 10Gyr in-
terval from z = 3 to today, the combined distribution of
H I surface densities is invariant. Stated differently, the
population of galaxies at any epoch shows a self-similar
projected H I surface density distribution.

Although the shape of f(NHI, X) is invariant, its nor-
malization decreases with time. This is revealed in Fig-
ure 2 where we present !(X) and ρHI from z = 5 to
2. Both the co-moving covering fraction and the mass
density of H I disks decreases by 50% in this ≈ 2 Gyr
interval. This sharp decline in both !(X) and ρHI is
a surprising and profound result. Before discussing its
origin, we emphasize that the evolution must occur at
all column densities of the DLAs such that the shape of
f(NHI, X) remains invariant. Therefore, one should fo-
cus on processes that affect the inner and outer regions
of H I disks together.

3. DISCUSSION

The results of the previous section have far reaching
implications for the nature and role of H I disks and for
the processes of galaxy formation. Let us begin with
the invariance in the shape of f(NHI, X). In terms of
statistical power, the shape of f(NHI, X) is dominated
by systems with low NHI values and the primary result
is that the ‘faint-end slope’ of f(NHI, X) is invariant. In
the local universe, low NHI sightlines correspond to the
outer regions of H I disks. We draw the inference that
galaxies have self-similar surface density profiles in the
outer disk at all cosmic times.

In the most straightforward, analytic models of galaxy
formation (e.g. Mo et al. 1998), f(NHI, X) is determined
by the radial H I surface density profiles, which in turn
are set by the total mass of the system, the angular mo-
mentum distribution of the galaxy, the gas mass frac-
tion, etc. This simple picture is modified by spiral den-
sity waves, warps, galaxy mergers, the detailed nature
of ISM clumping, molecular cloud formation, and feed-
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Fig. 2.— Upper: Comoving H I mass density ρHI of galaxies
at z > 2 assuming a ΛCDM cosmology. The H I mass density
is observed to decline by ≈ 50% from z = 4 to 2.2, an interval
spanning less than 2Gyr. The red band shows the estimate of ρHI

at z ∼ 0 from 21cm surveys of local H I disks (Zwaan et al. 2005a).
Lower: The line density of DLAs per comoving absorption length
dX. This quantity can be visualized as the integrated covering
fraction per comoving pathlength for H I disks. Folowing the mass
density ρHI, the covering fraction decreases by 50% from z ≈ 4 to 2
where it reaches the present-day value (red band) as estimated from
21cm observations (Ryan-Weber et al. 2003; Zwaan et al. 2005a).
Taken together, the results argue that H I disks have not evolved
significantly over the past ≈ 10 Gyr.

back from supernovae and/or AGN activity. All of these
processes are expected to vary with time, especially the
characteristic mass of galaxies. The results presented in
Figure 1b suggest that the outer regions of H I disks are
not especially sensitive to these processes nor to the un-
derlying dark matter halo mass. We note that this is
actually a prediction of viscous models of galactic disk
formation (Lin & Pringle 1987; Olivier et al. 1991). We
await explorations of this topic witin the context of cos-
mological simulations of galaxy formation (e.g. Nagamine
et al. 2004; Razoumov et al. 2006; Pontzen et al. 2008).

z=0
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(see also PHW05).

In Figure 1b, we also present the cumulative f(NHI, X)
function for H I disks in the local universe, as estimated
from 21cm observations (Zwaan et al. 2005b). Remark-
ably, the z ∼ 0 distribution function is a near perfect
match to the high z universe. This is a stunning result
noted first and independently by Zwaan et al. (2005b)
and PHW05. Although the universe and the galaxies
within it have evolved substantially over the ≈ 10Gyr in-
terval from z = 3 to today, the combined distribution of
H I surface densities is invariant. Stated differently, the
population of galaxies at any epoch shows a self-similar
projected H I surface density distribution.

Although the shape of f(NHI, X) is invariant, its nor-
malization decreases with time. This is revealed in Fig-
ure 2 where we present !(X) and ρHI from z = 5 to
2. Both the co-moving covering fraction and the mass
density of H I disks decreases by 50% in this ≈ 2 Gyr
interval. This sharp decline in both !(X) and ρHI is
a surprising and profound result. Before discussing its
origin, we emphasize that the evolution must occur at
all column densities of the DLAs such that the shape of
f(NHI, X) remains invariant. Therefore, one should fo-
cus on processes that affect the inner and outer regions
of H I disks together.

3. DISCUSSION

The results of the previous section have far reaching
implications for the nature and role of H I disks and for
the processes of galaxy formation. Let us begin with
the invariance in the shape of f(NHI, X). In terms of
statistical power, the shape of f(NHI, X) is dominated
by systems with low NHI values and the primary result
is that the ‘faint-end slope’ of f(NHI, X) is invariant. In
the local universe, low NHI sightlines correspond to the
outer regions of H I disks. We draw the inference that
galaxies have self-similar surface density profiles in the
outer disk at all cosmic times.

In the most straightforward, analytic models of galaxy
formation (e.g. Mo et al. 1998), f(NHI, X) is determined
by the radial H I surface density profiles, which in turn
are set by the total mass of the system, the angular mo-
mentum distribution of the galaxy, the gas mass frac-
tion, etc. This simple picture is modified by spiral den-
sity waves, warps, galaxy mergers, the detailed nature
of ISM clumping, molecular cloud formation, and feed-
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Fig. 2.— Upper: Comoving H I mass density ρHI of galaxies
at z > 2 assuming a ΛCDM cosmology. The H I mass density
is observed to decline by ≈ 50% from z = 4 to 2.2, an interval
spanning less than 2Gyr. The red band shows the estimate of ρHI

at z ∼ 0 from 21cm surveys of local H I disks (Zwaan et al. 2005a).
Lower: The line density of DLAs per comoving absorption length
dX. This quantity can be visualized as the integrated covering
fraction per comoving pathlength for H I disks. Folowing the mass
density ρHI, the covering fraction decreases by 50% from z ≈ 4 to 2
where it reaches the present-day value (red band) as estimated from
21cm observations (Ryan-Weber et al. 2003; Zwaan et al. 2005a).
Taken together, the results argue that H I disks have not evolved
significantly over the past ≈ 10 Gyr.

back from supernovae and/or AGN activity. All of these
processes are expected to vary with time, especially the
characteristic mass of galaxies. The results presented in
Figure 1b suggest that the outer regions of H I disks are
not especially sensitive to these processes nor to the un-
derlying dark matter halo mass. We note that this is
actually a prediction of viscous models of galactic disk
formation (Lin & Pringle 1987; Olivier et al. 1991). We
await explorations of this topic witin the context of cos-
mological simulations of galaxy formation (e.g. Nagamine
et al. 2004; Razoumov et al. 2006; Pontzen et al. 2008).

z=0

z=0



Moments of f(NHI): z=4 to 2
• Evolution 
‣  l(X) and ρHI drop by 50%

✦ Both the mass density and the 
covering fraction

✦ Over an interval of ~2 Gyr time
‣ What is driving this?

• Failed hypotheses
‣ In-situ star formation

✦ Rates are too low
✦ f(NHI) would evolve markedly

‣ Conversion to H2
✦ Same problems as in-situ SF

‣ Secular processes
✦ Could reduce l(X), but why ρHI?

3

TABLE 1
DR5 SUMMARY

z ∆X ∆z mDLA z̄a k3 log(Nd/ cm−2) α3 α4 "(X)b ρHI
c

(108M" Mpc−3)

[2.2,5.5] 10872.8 3082.5 739 3.05 −23.95+0.02
−0.02 21.55+0.04

−0.03 −2.01+0.05
−0.05 −6.34+1.06

−1.60 0.068+0.003
−0.003 0.851+0.046

−0.045

[2.2,2.4] 1652.7 514.4 79 2.31 −24.68+0.05
−0.05 21.70+0.12

−0.07 −2.27+0.16
−0.18 −10.00+4.69

−0.00 0.048+0.006
−0.005 0.555+0.095

−0.096

[2.4,2.7] 2405.8 717.5 132 2.57 −23.54+0.04
−0.04 21.40+0.07

−0.03 −1.73+0.12
−0.13 −7.18+1.79

−1.79 0.055+0.005
−0.005 0.736+0.083

−0.087

[2.7,3.0] 2539.7 723.7 169 2.86 −24.17+0.03
−0.03 21.60+0.10

−0.06 −2.12+0.11
−0.12 −10.00+3.39

−0.00 0.067+0.006
−0.005 0.743+0.077

−0.078

[3.0,3.5] 2702.5 732.2 227 3.22 −23.85+0.03
−0.03 21.55+0.09

−0.05 −2.00+0.09
−0.10 −8.62+2.56

−0.93 0.084+0.006
−0.006 1.029+0.086

−0.090

[3.5,4.0] 1139.2 291.3 86 3.70 −24.16+0.05
−0.05 21.75+0.08

−0.06 −1.86+0.13
−0.14 −10.00+3.85

−0.00 0.075+0.009
−0.008 1.213+0.210

−0.211

[4.0,5.5] 432.8 103.6 46 4.39 −23.76+0.07
−0.07 21.50+0.22

−0.07 −2.13+0.21
−0.24 −10.00+4.43

−0.00 0.106+0.018
−0.016 1.179+0.251

−0.222

aMean absorption redshift of the DLA sample.
bLine density of DLAs per absorption length dX. Also written as dN/dX in the literature.
cNote that we recover the same estimate for ρHI whether we sum the discrete NHI values or integrate the best fitting double power-law

(see also PHW05).

In Figure 1b, we also present the cumulative f(NHI, X)
function for H I disks in the local universe, as estimated
from 21cm observations (Zwaan et al. 2005b). Remark-
ably, the z ∼ 0 distribution function is a near perfect
match to the high z universe. This is a stunning result
noted first and independently by Zwaan et al. (2005b)
and PHW05. Although the universe and the galaxies
within it have evolved substantially over the ≈ 10Gyr in-
terval from z = 3 to today, the combined distribution of
H I surface densities is invariant. Stated differently, the
population of galaxies at any epoch shows a self-similar
projected H I surface density distribution.

Although the shape of f(NHI, X) is invariant, its nor-
malization decreases with time. This is revealed in Fig-
ure 2 where we present !(X) and ρHI from z = 5 to
2. Both the co-moving covering fraction and the mass
density of H I disks decreases by 50% in this ≈ 2 Gyr
interval. This sharp decline in both !(X) and ρHI is
a surprising and profound result. Before discussing its
origin, we emphasize that the evolution must occur at
all column densities of the DLAs such that the shape of
f(NHI, X) remains invariant. Therefore, one should fo-
cus on processes that affect the inner and outer regions
of H I disks together.

3. DISCUSSION

The results of the previous section have far reaching
implications for the nature and role of H I disks and for
the processes of galaxy formation. Let us begin with
the invariance in the shape of f(NHI, X). In terms of
statistical power, the shape of f(NHI, X) is dominated
by systems with low NHI values and the primary result
is that the ‘faint-end slope’ of f(NHI, X) is invariant. In
the local universe, low NHI sightlines correspond to the
outer regions of H I disks. We draw the inference that
galaxies have self-similar surface density profiles in the
outer disk at all cosmic times.

In the most straightforward, analytic models of galaxy
formation (e.g. Mo et al. 1998), f(NHI, X) is determined
by the radial H I surface density profiles, which in turn
are set by the total mass of the system, the angular mo-
mentum distribution of the galaxy, the gas mass frac-
tion, etc. This simple picture is modified by spiral den-
sity waves, warps, galaxy mergers, the detailed nature
of ISM clumping, molecular cloud formation, and feed-
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Fig. 2.— Upper: Comoving H I mass density ρHI of galaxies
at z > 2 assuming a ΛCDM cosmology. The H I mass density
is observed to decline by ≈ 50% from z = 4 to 2.2, an interval
spanning less than 2Gyr. The red band shows the estimate of ρHI

at z ∼ 0 from 21cm surveys of local H I disks (Zwaan et al. 2005a).
Lower: The line density of DLAs per comoving absorption length
dX. This quantity can be visualized as the integrated covering
fraction per comoving pathlength for H I disks. Folowing the mass
density ρHI, the covering fraction decreases by 50% from z ≈ 4 to 2
where it reaches the present-day value (red band) as estimated from
21cm observations (Ryan-Weber et al. 2003; Zwaan et al. 2005a).
Taken together, the results argue that H I disks have not evolved
significantly over the past ≈ 10 Gyr.

back from supernovae and/or AGN activity. All of these
processes are expected to vary with time, especially the
characteristic mass of galaxies. The results presented in
Figure 1b suggest that the outer regions of H I disks are
not especially sensitive to these processes nor to the un-
derlying dark matter halo mass. We note that this is
actually a prediction of viscous models of galactic disk
formation (Lin & Pringle 1987; Olivier et al. 1991). We
await explorations of this topic witin the context of cos-
mological simulations of galaxy formation (e.g. Nagamine
et al. 2004; Razoumov et al. 2006; Pontzen et al. 2008).

z=0

z=0



Moments of f(NHI): z=4 to 2
• “Violent” removal 
‣ Remove gas entirely from ~1/2 

of the galaxies
✦ l(X) and ρHI will decline in tandem

‣ Options (usual suspects)
✦ AGN, Galactic winds, mergers

• End state
‣ Half of the galaxies have no HI

✦ SF halts 
✦ Progenitors of red+dead galaxies

‣ Infer:  z~3 is the formation 
epoch of early-type galaxies
✦ Stars are ~10 Gyr old
✦ Such populations are observed 
➡ (DRGs, EROs)

3

TABLE 1
DR5 SUMMARY

z ∆X ∆z mDLA z̄a k3 log(Nd/ cm−2) α3 α4 "(X)b ρHI
c

(108M" Mpc−3)

[2.2,5.5] 10872.8 3082.5 739 3.05 −23.95+0.02
−0.02 21.55+0.04

−0.03 −2.01+0.05
−0.05 −6.34+1.06

−1.60 0.068+0.003
−0.003 0.851+0.046

−0.045

[2.2,2.4] 1652.7 514.4 79 2.31 −24.68+0.05
−0.05 21.70+0.12

−0.07 −2.27+0.16
−0.18 −10.00+4.69

−0.00 0.048+0.006
−0.005 0.555+0.095

−0.096

[2.4,2.7] 2405.8 717.5 132 2.57 −23.54+0.04
−0.04 21.40+0.07

−0.03 −1.73+0.12
−0.13 −7.18+1.79

−1.79 0.055+0.005
−0.005 0.736+0.083

−0.087

[2.7,3.0] 2539.7 723.7 169 2.86 −24.17+0.03
−0.03 21.60+0.10

−0.06 −2.12+0.11
−0.12 −10.00+3.39

−0.00 0.067+0.006
−0.005 0.743+0.077

−0.078

[3.0,3.5] 2702.5 732.2 227 3.22 −23.85+0.03
−0.03 21.55+0.09

−0.05 −2.00+0.09
−0.10 −8.62+2.56

−0.93 0.084+0.006
−0.006 1.029+0.086

−0.090

[3.5,4.0] 1139.2 291.3 86 3.70 −24.16+0.05
−0.05 21.75+0.08

−0.06 −1.86+0.13
−0.14 −10.00+3.85

−0.00 0.075+0.009
−0.008 1.213+0.210

−0.211

[4.0,5.5] 432.8 103.6 46 4.39 −23.76+0.07
−0.07 21.50+0.22

−0.07 −2.13+0.21
−0.24 −10.00+4.43

−0.00 0.106+0.018
−0.016 1.179+0.251

−0.222

aMean absorption redshift of the DLA sample.
bLine density of DLAs per absorption length dX. Also written as dN/dX in the literature.
cNote that we recover the same estimate for ρHI whether we sum the discrete NHI values or integrate the best fitting double power-law

(see also PHW05).

In Figure 1b, we also present the cumulative f(NHI, X)
function for H I disks in the local universe, as estimated
from 21cm observations (Zwaan et al. 2005b). Remark-
ably, the z ∼ 0 distribution function is a near perfect
match to the high z universe. This is a stunning result
noted first and independently by Zwaan et al. (2005b)
and PHW05. Although the universe and the galaxies
within it have evolved substantially over the ≈ 10Gyr in-
terval from z = 3 to today, the combined distribution of
H I surface densities is invariant. Stated differently, the
population of galaxies at any epoch shows a self-similar
projected H I surface density distribution.

Although the shape of f(NHI, X) is invariant, its nor-
malization decreases with time. This is revealed in Fig-
ure 2 where we present !(X) and ρHI from z = 5 to
2. Both the co-moving covering fraction and the mass
density of H I disks decreases by 50% in this ≈ 2 Gyr
interval. This sharp decline in both !(X) and ρHI is
a surprising and profound result. Before discussing its
origin, we emphasize that the evolution must occur at
all column densities of the DLAs such that the shape of
f(NHI, X) remains invariant. Therefore, one should fo-
cus on processes that affect the inner and outer regions
of H I disks together.

3. DISCUSSION

The results of the previous section have far reaching
implications for the nature and role of H I disks and for
the processes of galaxy formation. Let us begin with
the invariance in the shape of f(NHI, X). In terms of
statistical power, the shape of f(NHI, X) is dominated
by systems with low NHI values and the primary result
is that the ‘faint-end slope’ of f(NHI, X) is invariant. In
the local universe, low NHI sightlines correspond to the
outer regions of H I disks. We draw the inference that
galaxies have self-similar surface density profiles in the
outer disk at all cosmic times.

In the most straightforward, analytic models of galaxy
formation (e.g. Mo et al. 1998), f(NHI, X) is determined
by the radial H I surface density profiles, which in turn
are set by the total mass of the system, the angular mo-
mentum distribution of the galaxy, the gas mass frac-
tion, etc. This simple picture is modified by spiral den-
sity waves, warps, galaxy mergers, the detailed nature
of ISM clumping, molecular cloud formation, and feed-
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Fig. 2.— Upper: Comoving H I mass density ρHI of galaxies
at z > 2 assuming a ΛCDM cosmology. The H I mass density
is observed to decline by ≈ 50% from z = 4 to 2.2, an interval
spanning less than 2Gyr. The red band shows the estimate of ρHI

at z ∼ 0 from 21cm surveys of local H I disks (Zwaan et al. 2005a).
Lower: The line density of DLAs per comoving absorption length
dX. This quantity can be visualized as the integrated covering
fraction per comoving pathlength for H I disks. Folowing the mass
density ρHI, the covering fraction decreases by 50% from z ≈ 4 to 2
where it reaches the present-day value (red band) as estimated from
21cm observations (Ryan-Weber et al. 2003; Zwaan et al. 2005a).
Taken together, the results argue that H I disks have not evolved
significantly over the past ≈ 10 Gyr.

back from supernovae and/or AGN activity. All of these
processes are expected to vary with time, especially the
characteristic mass of galaxies. The results presented in
Figure 1b suggest that the outer regions of H I disks are
not especially sensitive to these processes nor to the un-
derlying dark matter halo mass. We note that this is
actually a prediction of viscous models of galactic disk
formation (Lin & Pringle 1987; Olivier et al. 1991). We
await explorations of this topic witin the context of cos-
mological simulations of galaxy formation (e.g. Nagamine
et al. 2004; Razoumov et al. 2006; Pontzen et al. 2008).
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Open Questions (for the EVLA)
• What is the HIMF at z=0.2 or 

even z=1?
‣ We predict no evolution from z=0

• Have we observed enough faint 
galaxies at z=0?

• What happens below columns 
of NHI = 1020 cm-2?

• Does the beam difference 
between 21cm and Lyα matter?
‣ Higher spatial resolution 21cm

• Why do the kinematics evolve 
significantly?
‣ Are winds playing a role?


