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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
!21

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
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WHISP: Zwaan et al. (2005)
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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
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f (NHI) dNHI

Nmin

•

z=0 result
‣ l(X) = 0.046 +/- 0.002
‣ One intersects a galaxy with
NHI > 2x1020 cm-2 every 100 Gpc
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Covering fraction
‣ I view l(X) as how galaxies cover
the sky, in projection
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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.

proved bandwidth and correlator capacity. In practice, this means
major axis diameter more extended than 1.2 arcmin; (ii) declination
that the sensitivity of the observations made in 2000 and thereafter
(B1950) north of +20◦ and (iii) the 21-cm flux density averaged
is a factor of ∼4 better than before (e.g. a typical rms of 0.8 mJy
over the H I profile exceeds 100 mJy. For observations after the year
beam−1 as compared to 3 mJy beam−1 ). The velocity resolution for
2000, the flux density criterion was relaxed to also include galaxies
with lower average flux densities. This enabled observation of a
most galaxies is 5 km s−1 . The highly inclined galaxies in the sample
reasonably large number of galaxies of Hubble type S0–Sb, which
with inclinations typically above 60◦ have been observed at a lower
typically have lower H I fluxes than galaxies of Hubble-type Sbc and
velocity resolution of 20 km s−1 , while more face-on galaxies and
later. For the analysis presented in this paper, we made use of the
galaxies with narrow single-dish profiles (!v ! 60 km s−1 ) have
data of 355 galaxies out of the total of 391 in the WHISP sample,
been observed with a velocity resolution of 2.5 km s−1 .
which had been fully reduced at the time this analysis started. The
The WSRT observations of the WHISP galaxies have been prodistribution over Hubble type and optical luminosity for the 355
cessed following a well-described standard procedure consisting of
galaxies in our sample is given in Table 1.
a (u,v) data-processing phase (data editing, calibration and Fourier
A total of about 4500 h of observing time (more than 1 yr of contransformation) using the native WSRT reduction package NewStar
tinuous data taking) was used over a period of 10 yr to observe 391
and an image processing phase (continuum subtraction, CLEANing,
galaxies. Of these, 281 were observed with the old WSRT system
determination of H I distributions and velocity fields using GIPSY.
between 1992 and 1998. The remaining 110 galaxies were observed
The resulting data cubes and images have been archived, and a
8 M , the middle three have M
Figuresystem
1. H I column
density maps
of sixand
of the2002.
WHISP galaxies. The
top three galaxies
total H I masses
of 10the
with the upgraded, more sensitive
between
2000
summary
is have
displayed
on
H ∼
! web at http://www.astro.rug.
109 M! and the bottom three have M H ∼ 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
The main difference between the
two
periods
isDLA
thelimit.
upgrade
A ofprecise
ofthethe
reduction
can
contour
corresponds
to the
The beam of
sizesthe
are indicated innl/∼whisp.
the lower left corners
each panel.description
The ellipses indicate
orientation
parametersprocedures
of
the optical
images of these galaxies,
the extent corresponds
to thealso
diameter
the 25th B-magnitude isophote. The scale bar in the lower right
WSRT with cooled receivers on
all telescopes
and aandgreatly
imbemeasured
foundatthere.
I

I

corner corresponds to 5 kpc at the distance of the galaxies.

&
C

•

1469

major axis diameter more extended than 1.2 arcmin; (ii) declination

&
C
2005 The Authors. Journal compilation
MNRAS
1467–1487
◦
(B1950) northRAS,
of +20
and (iii) 364,
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 continuous 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&
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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
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a (u,v) data-processing phase (data editing, calibration and Fourier
transformation) using the native WSRT reduction package NewStar
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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 th
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 ,
contour corresponds to the DLA limit. The beam sizes are indicated in the lower left corners of each panel. The ellipses indicate the orientati
the optical images of these galaxies, and the extent corresponds to the diameter measured at the 25th B-magnitude isophote. The scale bar i
corner corresponds to 5 kpc at the distance of the galaxies.
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First Moment of f(NHI): ρHI
Integrate:
f(N
!(X) = NHI
f (N
dN)HIdNHI
HI )HI
‣ ComovingNHI
min mass density
ρHI

m p H0
=
c
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Nmin

•

NHIf (NHI)dNHI

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

Fig. 8.— The present constraints on the U V 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.

Cosmic Evolution of HI in Galaxies

— The redshift distributions predicted for our z and
selections (shown as the magenta and black lines, re) using our derived LFs and the simulation results prethe beginning of §4. The z-dropout predictions assume
= −19.8 and α = −1.74 (Table 4) while the J-dropout
assume MU V,AB = −19.1 and α = −1.74 (derived from
olations derived in §5.3). The mean redshifts expected
dropout and J-dropout selections are 7.3 and 9.0, reThese mean redshifts are somewhat lower than that of
elections we had considered (e.g., Bouwens et al. 2004c;
et al. 2005; Bouwens & Illingworth 2006) because of our
htly more inclusive selection criteria in this work.

•

How does HI gas in galaxies
evolve with time?

certain faint-end slope on our quoted constraints
∗
MUV
and φ∗ .
t the LF fit results and dropout selections in
it seems helpful to use our best-fit LFs to caln expected redshift distribution for our z and
ut selections. We can take advantage of the
mulations described at the beginning of §4 to
these redshift distributions. For concreteness,
= −19.1 and α = −1.74 are assumed for the
at z ∼ 9 for our J-dropout selection (using the
ations from §5.3). The redshift distributions are
d in Figure 7. The mean redshifts expectedHI
for
opout and J-dropout selections are 7.3 and 9.0,
ely. The mean redshifts estimated for both seare smaller than what we had considered in prerks (e.g., Bouwens et al. 2004c; Bouwens et al.
uwens & Illingworth 2006) because of our adopslightly more inclusive dropout criterion in this
ote that including the likely evolution across the
range of these selections would likely lower the

•

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

•

Are galaxies more gas rich in
the past, e.g. higher ρ ?
Fig. 9.— Estimated star formation rate density as a function of
Bouwens et al. 2008

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 U V -continuum of i-dropouts

Probing HI Gas at High z
1362

•

Lah et al. 2007

P. Lah et al.

21cm?

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

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

•

Hα, Lyα emission

(1)
‣ Diﬃcult observations
where D and D are measured in kpc.
‘special’ galactic regions
‣ IRAFTraces
The
task ellipse was used to measure the 25 mag arcsec
isophotal level in the Subaru B images, taking into account the cos‣ Tough to convert to HI mass
mological surface brightness dimming and a k-correction taken from
b,i
log(Deff ) = (0.978 ± 0.035) log(D25
) + (0.041 ± 0.046),
b,i
25

eff

−2

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

•

Lyα absorption

‣ Simple counting of atoms
‣ Need a background source

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.

Probing HI Gas at High
z
Kinemetry of High-Redshift
– 44 –
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21cm?

Continuum

H! Intensity

H

arcsec

1.0
‣ Not with today’s telescopes
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‣ Limit is z~0.2
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‣ EVLA?
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Experiment: QSO spectroscopy
‣ Single shot through one galaxy
‣ Repeat experiment to build a sample
‣ GRBs work too (e.g. Chen et al. 2005)
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Non-Evolution in the Shape of f(NHI)
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z= 2 to 4!21
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Double Power!Law

‣ KS test gives PKS > 10%
‣ Over these
!22 few Gyr, HI gas is
distributed in a self-similar fashion
Especially at low NHI values
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ρHI must evolve together
‣ l(X) and!23

z=2 vs. z=0
distributions!
‣ Nearly identical
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‣ HI gas in galaxies at z>2 has the
same projected NHI as z=0 disks
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density of DLAs per absorption length dX. Also written as dN/dX in the literature.
that we recover the same estimate for ρHI whether we sum the discrete NHI values or integrate the best fitting double power-law
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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 2 Gyr. The red band shows the estimate of ρHI
at z ∼ 0 from 21cm surveys of local H I disks (Zwaan et al. 2005a).
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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 2 Gyr. The red band shows the estimate of ρHI
at z ∼ 0 from 21cm surveys of local H I disks (Zwaan et al. 2005a).

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?

