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Topics	

• Why study neutral gas?

• Nearby HI surveys

• Cold gas at higher z: QSO absorption lines

• Comparing absorption - emission

• Possible SKA HI surveys at high z

• Possible SKA HI surveys at low z 



Who cares about neutral gas?

Cold gas takes up only 1% of baryon mass

but:

• H is the most abundant element...

• Fuel for star formation (via H2 ...)

• Tracer of galaxy dynamics

• Search tool for missing satellites

• Indicator of galaxy interactions



Figure 62: The NGC 5713/5719 System. 
HI: VLA C-array, 30'' resolution, contours= cm. 
 Optical: DSS, FOV=. 
 Reference: Langston & Teuben, these proceedings, p. 8

HI rogues gallery
(Hibbard)



Figure 143: The NGC4532 System. 
HI: Dotted contours: Arecibo single dish mapping, contours at  cm. Solid contours: VLA C+D-array,  resolution, contours= cm. 
 Optical: DSS, FOV=. 
 Reference: Hoffman, G. L., Lu, N. Y., Salpeter, E. E., & Connell, B. M. 1999, AJ, 117, 811.



What do we know about cold gas evolution?

Not much...

Shockingly little is know about the evolution of cold gas

• How much? (mass function, f(NH))

• Role of gas content in galaxy evolution

• Infall, blow-out? 

Understanding galaxy evolution requires knowledge of 

Ωgas(z,NH,Mhalo,Type,ρgal,...)



We like the physics of the HI 21-cm line

because it’s simple

• Level population determined by collisions

• 21-cm emission independent of temperature  and density

• 21-cm flux → column density or mass







The telescopes today...

Interferometers:

• large f.o.v. (0.5 degree)

• high spatial resolution (1-60 arcsec)

• not sensitive to extended emission

• R≈10.000, Δz=0.02-0.1

single dish:

• small f.o.v. (3-15 arcmin)

• high sensitivity

• R≈100.000, Δz=0.1
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HI surveys today

Singe dish surveys with Parkes and Arecibo

• ‘blind’ surveys (now with ‘multibeams’)

• Good surface brightness sensitivity

• column density limits of ~1018 cm-2                           
(for gas that fills the beam!)

• Detect thousand of galaxies

• Get HI masses, velocity widths and 
redshifts

• Appraise completeness of optical surveys

• Good for measuring ΩHI at z=0



Blind HI surveys coming of age

• 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) ONGOING...

66

75

265

5317

15000?



The data



The data

Flux and distance 
simultaneously



HIPASS

• HI Parkes All Sky Survey

• blind 21-cm survey of southern sky 
south of dec=25o

• 5317 galaxies (Meyer et al 2004, Zwaan 
et al 2004, Wong et al 2006)

• Catalogue publically available

• best measurement of HI mass 
function to date





HIPASS results

• MHI∝ Sint D2

• MHI=108 Mo out to ~12 Mpc

• peak at ~25 Mpc

• No sharp flux limit → 
complicated completeness 
corrections
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HIPASS results

• MHI∝ Sint D2

• MHI=108 Mo out to ~12 Mpc

• peak at ~25 Mpc

• No sharp flux limit → 
complicated completeness 
corrections

IC10

‘complete’



The HI mass function

is the cold gas equivalent of the optical luminosity function

Relevance:

• Theories of galaxy 
formation and evolution

• Luminosity density

• ...

luminosity function
SDDS, Blanton et al 2005
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Why need an HI mass function (HIMF)?

nearby

• constraints on models: 

• low-mass end of mass function

• missing satellites

• local cosmic cold gas mass density 

at higher z

• constraints on models:

• evolution of gas fractions, gas in blue cloud vs 
red sequence, etc

• evolution of cosmic cold gas mass density



Why need an HI mass function (HIMF)?

nearby

• constraints on models: 

• low-mass end of mass function

• missing satellites

• local cosmic cold gas mass density 

at higher z

• constraints on models:

• evolution of gas fractions, gas in blue cloud vs 
red sequence, etc

• evolution of cosmic cold gas mass density

SKA goal:

measure HIMF down 
to lowest HI masses

SKA goal:

measure HIMF at 
highest redshift 
possible



Evolution of stellar mass and cold gas mass

Star formation and the growth of stellar mass 3

FIG. 1.— The basic ingredients of this analysis. Top panels: the evolution of galaxy colors and stellar masses over the interval 0.2 < z ! 1.0. In each panel,
the mass limit below which the stellar masses become incomplete is denoted by a thick grey line (the limit is calculated at the highest redshift in each redshift
shell). The solid black line shows the cut used to separate red sequence and blue cloud galaxies. Central panels: The evolution of the stellar mass function. The
stellar mass function in the red sequence (diamonds and solid line) and blue cloud (asterisks and dotted line) is shown at each redshift interval of interest. The
z = 0 color-split stellar mass functions are shown in each panel in gray. Uncertainties from counting statistics are shown in black; uncertainties from field-to-field
variations are shown in gray. Lower panels: The evolution of the SFR function. Filled circles and solid lines denote the SFR function for all galaxies, asterisks
and dotted lines blue cloud galaxies, and diamonds/dashed lines red-sequence galaxies (the blue cloud and red sequence galaxies are offset horizontally by a small
amount for clarity). The vertical grey line shows the SFR limit, and the z = 0 IR-derived SFR function is shown in gray in each panel for reference. Uncertainties
are determined from the difference between our two fields with 24µm data, and our best estimate is the average of the two fields.

shift estimates from COMBO-17. In both the CDFS and A901
fields, we adopt a 1!! matching radius. In the areas of the CDFS
(A901) fields where there is overlap between the COMBO-
17 redshift data and the full-depth MIPS mosaic, there are a
total of 3255 (4251) 24µm sources with fluxes in excess of
83µJy. In both fields, 70% of the 24µm sources with fluxes
> 83µJy are detected by COMBO-17 in at least the deep R-
band, with mR ! 26. Some 35% of the 24µm sources have
bright mR,ap < 24 and have photometric redshift z < 1; these
35% of sources contain nearly half of the total 24µm flux in ob-
jects brighter than 83µJy. Sources fainter than mR " 24 contain
the other half of the f24 > 83µJy 24µm sources; investigation of
COMBO-17 lower confidence photometric redshifts, their op-
tical colors, and results from other studies lends weight to the
argument that essentially all of these sources are at z> 0.8, with
the bulk lying at z > 1 (e.g., Le Floc’h et al. 2004; Papovich et
al. 2004; see Le Floc’h et al. 2005 for a further discussion of the
completeness of redshift information in the CDFS COMBO-17

data). Given the low-confidence COMBO-17 redshifts in hand,
we estimate at! 0.2 dex incompleteness in this 0.8< z< 1 bin,
and negligible incompleteness in the z< 0.8 bins.
The goal of our analysis of the 24µm data is to obtain es-

timates of SFR which account for both unobscured (via the
UV) and dust-obscured star formation (via the thermal IR). Ide-
ally, we would have a measure of the total thermal IR flux
from 8–1000µm; instead, we have an estimate of IR lumi-
nosity at one wavelength, 24µm, corresponding to rest-frame
20–12µm at the redshifts of interest z = 0.2 ! 1. Yet, local
IR-luminous galaxies show a surprisingly tight correlation be-
tween rest-frame 12–15µm luminosity and total IR luminosity
(e.g., Spinoglio et al. 1995; Chary & Elbaz 2001; Roussel et al.
2001; Papovich & Bell 2002), with a scatter of! 0.15 dex. Fol-
lowing Papovich & Bell (2002), we choose to construct total
IR luminosity from the observed-frame 24µm data. We use
the Sbc template from the Devriendt et al. (1999) SED library
to translate observed-frame 24µm flux into the 8–1000µm to-

z=0.3 z=0.5 z=0.7 z=0.9
stars

B
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shift estimates from COMBO-17. In both the CDFS and A901
fields, we adopt a 1!! matching radius. In the areas of the CDFS
(A901) fields where there is overlap between the COMBO-
17 redshift data and the full-depth MIPS mosaic, there are a
total of 3255 (4251) 24µm sources with fluxes in excess of
83µJy. In both fields, 70% of the 24µm sources with fluxes
> 83µJy are detected by COMBO-17 in at least the deep R-
band, with mR ! 26. Some 35% of the 24µm sources have
bright mR,ap < 24 and have photometric redshift z < 1; these
35% of sources contain nearly half of the total 24µm flux in ob-
jects brighter than 83µJy. Sources fainter than mR " 24 contain
the other half of the f24 > 83µJy 24µm sources; investigation of
COMBO-17 lower confidence photometric redshifts, their op-
tical colors, and results from other studies lends weight to the
argument that essentially all of these sources are at z> 0.8, with
the bulk lying at z > 1 (e.g., Le Floc’h et al. 2004; Papovich et
al. 2004; see Le Floc’h et al. 2005 for a further discussion of the
completeness of redshift information in the CDFS COMBO-17

data). Given the low-confidence COMBO-17 redshifts in hand,
we estimate at! 0.2 dex incompleteness in this 0.8< z< 1 bin,
and negligible incompleteness in the z< 0.8 bins.
The goal of our analysis of the 24µm data is to obtain es-

timates of SFR which account for both unobscured (via the
UV) and dust-obscured star formation (via the thermal IR). Ide-
ally, we would have a measure of the total thermal IR flux
from 8–1000µm; instead, we have an estimate of IR lumi-
nosity at one wavelength, 24µm, corresponding to rest-frame
20–12µm at the redshifts of interest z = 0.2 ! 1. Yet, local
IR-luminous galaxies show a surprisingly tight correlation be-
tween rest-frame 12–15µm luminosity and total IR luminosity
(e.g., Spinoglio et al. 1995; Chary & Elbaz 2001; Roussel et al.
2001; Papovich & Bell 2002), with a scatter of! 0.15 dex. Fol-
lowing Papovich & Bell (2002), we choose to construct total
IR luminosity from the observed-frame 24µm data. We use
the Sbc template from the Devriendt et al. (1999) SED library
to translate observed-frame 24µm flux into the 8–1000µm to-
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The HI mass function at z=0

(Zwaan et al 2005)
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AHISS                  
(Zwaan et al 1997)

~4300 galaxies

~66 galaxies
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The HI mass function at z=0

(Zwaan et al 2005)

MHI*
IC10

Very local

SMC

faint-end 
slope is 

‘flat’
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No  dark galaxies  in HI surveys...

• Is there a population of free-floating gas rich ‘dark’ galaxies?

• No evidence in HIPASS, AHISS, etc

• If galaxies have HI (>3×107 Mo) then

‣ they contain stars (Zwaan et al 1997, Doyle et al 2005...)

‣ they have recently (<10 Myr) formed stars (Meurer et al 2006)                                                            

• Mass(dark galaxies)/Mass(luminous galaxies)  < 0.03 %

• Virgo HI21? (Minchin et al 2007)...







Kent et al 2007

VirgoHI21 is not a galaxy after all...



HIMF dependence on galaxy type

• Low mass end of HIMF 
dominated by Sm-Irr

• High mass end of HIMF 
dominated by Sbc-Sc

• Trend consistent with optical 
luminosity function

• What happens at higher z?

zwaan et al 2003



Environmental effects on HIMF?

• Steeper toward higher 
densities?

• Density contrast lower in HI 
samples than in optical 
samples

• Opposite effect seen by 
Springob et al (2004), based 
on optically selected 
galaxies

• Better constraints expected 
from ALFALFA

zwaan et al 2005



• Survey for Ionization in Neutral Gas 
Galaxies (PI: Meurer)

• Hα mapping of 468 galaxies from 
HIPASS

• GALEX NUV and FUV observations 
of ~170 SINGG sources 

• Estimates of star formation rate density 
normally plagued by selection effects:

• UV-selection, optical selection, FIR-
selection,...

• HIPASS selects galaxies by their fuel for 
star formation (Kennicutt-Schmidt law)

SINGG - local star formation rate density424 Hopkins

Figure 1. Evolution of SFR density with redshift (scaled assuming the SalA
IMF). Circles are from the compilation of Hopkins (2004). The hatched region
is the 24µm SFH from Le Floc’h et al. (2005). Triangles are 24µm data from
Pérez-González et al. (2005). The open star at z = 0.05 is based on 1.4 GHz
data from Mauch (2005). The filled circle at z = 0.01 is the H! estimate from
Hanish et al. (2006). Squares are UV data from Baldry et al. (2005); Wolf et
al. (2003); Arnouts et al. (2005); Bouwens et al. (2003a,b, 2006); Bunker et al.
(2004); Ouchi et al. (2004). Crosses are the UDF estimates from Thompson
et al. (2006).

Heavens et al. 2004), and the reasons underlying the decline in the SFH to low
redshifts (e.g., Bell et al. 2005).

The analysis of the constraints on the SFH normalisation are detailed in
Hopkins & Beacom (2006), and here the main arguments are summarised. Since
optical SNII can be hidden from observations by dust obscuration, the present
SNII rate density measurements may merely be lower limits, and serve as a
lower bound on the allowable SFH normalisation. In contrast, since neutrinos
are una!ected by dust, the DSNB provides an absolute upper limit on the true
SNII rate. We assume H0 = 70 km s−1 Mpc−1, "M = 0.3, "! = 0.7.

2. The Data

The compilation of Hopkins (2004) was taken as the starting point for this
analysis, and uses their “common” obscuration correction where necessary. Ad-
ditional measurements are indicated in Figure 1, and are detailed in Hopkins &
Beacom (2006).

2.1. Dust Obscuration Corrections

To implement e!ective obscuration corrections for the UV measurements at
z !< 1, we take advantage of the well-established FIR SFR densities up to z = 1
from Le Floc’h et al. (2005). The UV data at z " 1 are “obscuration corrected”
by adding the FIR SFR density from Le Floc’h et al. (2005) to each point.

Hopkins 2007

SINGG: 
Hanish et al 2006

• SFRD(z=0) based 
on UV will follow 
shortly



• Test how star formation rate density is distributed over galaxies of different mass

SINGG - local star formation rate density

Hanish et al 2007

SFRD • Low mass 
galaxies 
contribute more 
to SFRD than to 
luminosity 
density: 
“Downsizing”

Fig. 5.—Fraction of the total luminosity density, l, as a function of various quantities. Red lines correspond to H! luminosity, while blue lines correspond to
R-band luminosity. Cumulative values, as well as binned histograms, are given for each.

R-band 
luminosity



Weak clustering of gas-rich galaxies

• 2-pt correlation function

• measures excess number of galaxy pairs at given separation

• Well-studied in the optical (2dFGRS, SDSS)

• bright vs faint (Norberg et al., 2002, 2001)

•  by spectral type (Norberg et al., 2002)

•  by colour (Zehavi et al.,2002)

•  by star-formation activity (Madgwick et al. 2003)

• What is the HI story?

(Meyer, Zwaan, et al, 2007)



2-pt correlation function

• “finger-of-God” effect

• line-of-sight velocity 
dispersion

• Large scale flattening

• coherent infall of galaxies



2-pt correlation function

• Projected two-point 
correlation function

• Gas-rich galaxies clearly 
more weakly clustered

• R0=3.2 Mpc

• This can be done at high-
z with the SKA



2-pt correlation function

• Gas-selected galaxies are the most weakly clustered galaxies known 

• Clustering strength depends on luminosity and rotational velocity (halo 
mass), not on HI mass

• Nature or nurture?

• Environmental effects (tidal stripping, ram pressure stripping, 
strangulation,... )



C
hung et al 2008



2-pt correlation function

• Gas-selected galaxies are the most weakly clustered galaxies known 

• Clustering strength depends on luminosity and rotational velocity (halo 
mass), not on HI mass

• Nature or nurture?

• Environmental effects (tidal stripping, ram pressure stripping, 
strangulation,... )

• Or, gas-rich galaxies form in intrinsically less clustered dark matter halos.

• CDM simulations: the brightest galaxies form in the most clustered and massive 
dark matter halos

• HI–rich galaxies only forming in the low-medium peaks of the initial density field



Tully-Fisher relation for HI-selected galaxies

• HI-selected galaxy sample unique. No pre-selection of candidates. All velocity 
widths derived from survey data.

• Cross-correlate HIPASS with 2MASS (J, H, K magnitudes), and ESO-LV (B)

• Use all standard corrections for 

• inclination

• velocity widths

• extinction



Tully-Fisher relation for HI-selected galaxies

• Minimize observational errors by applying cuts:

• inclination > 75o

• size > 30”

• angle from CMB dipole equator < 20o

• velocity > 1000 km/s
16 M.J. Meyer et al.

Band Fit Method Slope1 σobs σint χ2
red #2

(α, a) (dex, mag) (dex, mag)

B bivariate 3.45 ± 0.08 , -8.59 ± 0.19 0.14, 0.34 0.11, 0.28 5.35 45
K bivariate 3.95 ± 0.06 , -9.87 ± 0.16 0.12, 0.31 0.09, 0.23 2.86 61

1L ∝ v!, M ∝ a log(v)
2Number of galaxies in sample

Figure 12. B (left) and K (right) Tully-Fisher plots for the sample with observational errors minimized: inclination > 75!, size > 30""

(optical major axis), angle from the CMB dipole equator θcmb < 20!, velocity > 1000 km s#1.

of galaxy formation. The semi-analytic models of van den
Bosch (2000) also predict a K-band scatter of 0.2 mag only,
again close to the current observed limits.

8 STELLAR MASS AND BARYONIC
TULLY-FISHER RELATIONS

Along with the standard luminosity Tully-Fisher relation,
recent work in this area has also focused on the measure-
ment of the stellar and baryonic mass Tully-Fisher relations
(Bell & de Jong 2001; McGaugh et al. 2000; Verheijen 2001).
Using galaxies from the low observed scatter luminosity re-
lations in the previous section, we examine these mass-based
relations below.

8.1 Stellar Mass Tully-Fisher Relation

A di!culty in analysing the Tully-Fisher relation and ap-
plying it to models of galaxy formation is the dependence
of relation slope on the waveband in which it is observed
(Bell & de Jong 2001). For instance, in the final low-scatter
relations measured in this work, the slope steepens from -
8.59 to -9.87 from B to K. Potential causes of this e"ect are
the correlations between extinction and luminosity, as well
as between stellar population and luminosity. In the first
relation, brighter galaxies have been found to su"er greater
extinction. This acts to increasingly dim the brightest galax-
ies in bluer passbands. If improperly corrected for, the e"ect
of this is to flatten the observed relation at shorter wave-
lengths. Observing the Tully-Fisher relation in the near-

infrared thus yields the best estimate of the true Tully-Fisher
relation, with the e"ects of dust extinction minimized. Con-
sidering the second correlation, brighter galaxies trend to-
ward redder colours. Thus, when observing at longer wave-
lengths, bright galaxies appear more luminous compared the
rest of the sample than when observing at short wavelengths.
The e"ect of this is once more to steepen the observed rela-
tion in redder passbands.

The method suggested by Bell & de Jong (2001) to
counter this problem is to plot the Tully-Fisher relation as
a function of stellar mass rather than luminosity. This re-
moves the colour dependence of the relation and establishes
a consistent way in which to compare Tully-Fisher relation
slope with galaxy formation scenarios. Using optical colours
from ESO-LV, the relations of Bell & de Jong are used to
determine stellar mass-to-light ratios for each galaxy:

B: M/LK = 10#1.224+1.251(B#R) (30)

K: M/LK = 10#0.776+0.452(B#R) (31)

Taking the absolute B-band magnitude of the sun to be
5.46 and that in K as 3.39, the mass-to-light ratios can thus
be converted into stellar masses. The stellar mass Tully-
Fisher relations using the above conversions are shown in
Figure 13. With slopes of 4.07 and 4.83 for B and K respec-
tively, these relations are steeper than the standard lumi-
nosity relations of the previous section. This steepening is
consistent with the trends found by Bell & de Jong (2001),
and similar to their measured values of 4.3 and 4.5. The
slight slope disagreement between the B and K results here
is likely due to di"erences in slope fitting, particularly in

c© 0000 RAS, MNRAS 000, 1–??
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0.23 mag

• with SKA do this at redshifts 
z=1 to z=2



back to evolution of gas...



Keres, Yun, Young, 2003,
 AJ, 582, 659

ΩH2=0.5 ΩHI

‘H2’ mass function of galaxies



• We need to find at least L* galaxies at high redshift to constrain Ωgas

HI
H2

Zwaan et al 2003

Keres et al 2003

L* galaxies dominate the gas mass density



...but 21-cm line is very weak

• highest redshift 21-cm emission 
detection at z=0.2

•  HI mass: 2.3 x 109 Mo detected in ~200 
hours with Westerbork

•  Need SKA for 21-cm emission line 
surveys at z>0.2

Zwaan, van Dokkum, Verheijen 
2001, Science, 293, 1800



...and CO at high z only detected in very massive 
galaxies

• highest redshift CO emission 
detection at z=6.4

•  H2 mass: ~2 x 1010 Mo detected 
in ~60 hours with the VLA

•  Need ALMA to map CO in regular 
galaxies at z~3

Walter et al. 2004, ApJ, 615, L17



Image courtesy of  J. Webb

HI at high redshift: absorption



HI at high (z>0) redshift

• Highest HI column density absorbers: Damped Lyman-α Absorbers (DLAs)

• Column densities similar to those observed in local galaxies in 21cm 

• Rarest of all HI absorbing systems at all z (~600 known)

• But contain most of the HI atoms in the universe



HI at high (z>0) redshift

• Highest HI column density absorbers: Damped Lyman-α Absorbers (DLAs)

• Column densities similar to those observed in local galaxies in 21cm 

• Rarest of all HI absorbing systems at all z (~600 known)

• But contain most of the HI atoms in the universe

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.



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
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140,000 ‘DLAs’ at z=0
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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?

Zwaan et al 2005

H2 
formationionization

local galaxies



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?

local galaxies

DLAs at z=2.25



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

HI column density distribution evolves slowly



Local galaxies can explain incidence rate

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

THINGS
WHISP

solid line: no evolution in ‘number
density times cross section’



The HI mass function

(Zwaan et al 2005)



The HI mass function

(Zwaan et al 2005)

ΩHI



Cosmic HI mass density evolves slowly

HIPASS

DLAsMgII

m
is

si
ng

 g
as

?

(contain 
85% of ΩHI) 

(tracers 
of DLAs) 

• DLAs are a 
“phase” not a 
“reservoir” 

• Where is the 
“missing” gas?

• Is HI interesting 
at all?



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
!(MBi)w(MBi)Ai(log NH2

)

NH2
ln 10 " logNH2

. (1)

Here, !(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, ! = !1.21, and !! = 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 1" 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 ! ")/µ]2/2
, where µ = 20.6, " = 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 #H2
=

1.1 " 107M$ Mpc"3, which is approximately one quarter of
#HI(z = 0) (Zwaan et al. 2005a). Keres et al. (2003) found
#H2

= (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 #H2

. 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,
! = 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 #H2

/#HI.
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
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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 Ly!, 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



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 density!HI+!H2

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 H! and

[OII] measurements ["̇"(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 "̇" 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 "̇"(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 "̇"(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
"̇"(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 "̇" 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 "̇". [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 "̇", the f(NH2

)
is probably a more reliable estimator, whereas f(NHI) only
gives an upper limit to that fraction of "̇" 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



Molecular mass density at high z

• Need ΩH2 at z>0

•  to reconcile SFRD with DLAs

•  solve ‘missing gas’ problem

•  help to solve ‘missing metals problem’

• Most of ΩH2 is in ‘normal’ galaxies, not in supermassive galaxies

• Need ‘blind’ mm absorption line surveys or very deep emission line 
surveys



Molecular mass density at high z

• Need ΩH2 at z>0

•  to reconcile SFRD with DLAs

•  solve ‘missing gas’ problem

•  help to solve ‘missing metals problem’

• Most of ΩH2 is in ‘normal’ galaxies, not in supermassive galaxies

• Need ‘blind’ mm absorption line surveys or very deep emission line 
surveys

→ALMA & SKA



Observing CO with ALMA



Measure ΩH2 with ALMA

• CO(3–2) line at z=2 to 3 in ALMA band 3

• CO absorption corresponding to log NH2 > 21 detectable in 
±one minute against a 50 mJy background source.

• 8 GHz bandwidth: Δz~0.08

• Assuming no evolution in ΩH2, ±5 days are required to measure 
f(NH2). In reality, a few days should be sufficient.

• Need follow-up to find other lines  



HI at higher redshifts...?

• Deepest blind HI survey: 50 μJy rms, 1000 hours are allocated

• 0.36 degree2 out to z=0.16

• Two fields in SDSS regions, no bright 20-cm sources

• Precursor observations:

• 53 hours of ‘drift-and 
chase’ resulted in 14 
detections between 
z=0.07 and z=0.15

• Detections confirmed 
with WSRT

Arecibo Ultra-Deep Survey (AUDS)  (Freudling et al)



HI at higher redshifts...?

• Westerbork:
2

Fig. 1.— SDSS pie-diagram along a great circle passing through
both clusters studied here. The grey area indicates the local volume
in which clusters have been studied in H I so far. Boxes indicate
the volumes surveyed by us in H I with the WSRT.

fraction (19%) of blue galaxies (Butcher et al 1983). This
lensing X-ray cluster is unusually relaxed with less than
5% substructure (Smith et al 2005). Abell 2192, at
z=0.188, has a velocity dispersion of 650 km/s and is
much more di!use. So far, it has not been detected in
X-rays and the fraction of blue galaxies in this cluster
has not yet been determined. Both clusters are observed
by the Sloan Digital Sky Survey (SDSS). In Figure 1
we show a pie-diagram taken from the SDSS along a
great circle passing through both clusters. The boxes
indicate the volumes probed by the WSRT. Clearly, the
clusters only occupy a tiny fraction of the volume. We
also obtained deeper B- and R-band images for both clus-
ters (Figure 2, Plate 1) and some optical redshifts for
Abell 2192 with Hydra on WIYN at Kitt Peak. The
box in Figure 2 indicates the area of A963 observed by
Butcher et al (1983).

2. OBSERVATIONS

To prove the feasibility of observing the H I content
of galaxies in and around these clusters with the WSRT,
Abell 963 was observed for 20!12 hrs in February 2005,
and Abell 2192 was observed for 15!12 hrs in July 2005.
Each cluster was observed with a single pointing. The
correlator was configured to give eight, partially over-
lapping, 10 MHz bands (IVC’s) with 256 channels per
band and 2 polarizations per channel. The frequency
range covered is 1220"1160 MHz or 0.164<z<0.224. Af-
ter standard data reduction procedures, the data from
all 8 IVCs were combined for each cluster into a single
datacube comprising 1600 channel maps. The achieved
typical rms noise levels per frequency channel are 68
µJy/beam at 1178 MHz for A963, and 91 µJy/beam at
1196 MHz for A2192. After Hanning smoothing, the rest-
frame velocity resolution is 19.7 km/s while the synthe-
sized beam is 17!27 arcsec2 or 54!86 kpc2 at 1190 MHz
("M=0.27, "!=0.73, H0=71 km/s/Mpc).

In search of H I emission, we further smoothed the data
to a velocity resolution of 40 km/s and visually inspected
both datacubes. Based solely on the H I datacubes, we
identified 20 H I detections in the field of A963, and 30 in
that of A2192. Subsequently, we queried the SDSS im-
ages for optical counterparts within the synthesized beam
and found 19 objects for A963 and 23 for A2192. We con-
sider these 42 H I detections as secure and the remaining
8 as tentative, given the shallowness of the SDSS. Un-
fortunately, SDSS spectroscopy, as an additional check,

Fig. 3.— One example of our H I detections; a spatially resolved
galaxy at the same redshift as Abell 963. Upper left: HI spectrum
over the full velocity range. Arrows indicate the redshift (top)
and observed frequency (bottom) of the H I emission. Lower left:
position-velocity diagram extracted from the H I datacube, taken
along the major axis of the galaxy. The horizontal white line indi-
cates the systemic velocity. The vertical white line coincides with
the spatial center of the galaxy. Upper right: integrated H I map
in countours overlayed on an R-band image in grayscales. Lower
right: blow-up of the optical image, showing the morphology of a
normal spiral galaxy.

is only available for one of our H I detections. Assuming
that the surveyed volume (Figure 1) is representative of
the local Universe at large, in terms of galaxy density
distributions, allows us to compare our H I detection
rate with those obtained in blind H I surveys at lower
redshifts. Given the local H I mass function (Zwaan et
al 2003), the surveyed volume, the achieved noise levels,
and an equivalent detection threshold of 4 sigma in 3
resolution elements, the predicted number of detectable
galaxies is 22 for A963 and 17 for A2192. The detection
rate in our pilot data is roughly as expected.

3. RESULTS

The quality of the data is exquisite. In Figure 3 we
show typical data on an individual galaxy in the out-
skirts of Abell 963. The upper panel shows the double
peaked profile. Although the total H I image, shown
in the bottom left panel, seems barely resolved, the posi-
tion velocity diagram taken along the photometric major
axis shows that the kinematics helps to spatially resolve
the galaxy. Its rudimentary rotation curve looks promis-
ing for future Tully-Fisher studies of galaxy samples in
di!erent environments at this redshift. Individual H I
detections have H I masses between 5!109 M!, close to
our detection limit, and 4!1010 M!.

In Figure 4 we show the redshift distributions of the
H I detected galaxies compared to those of optically se-
lected galaxies with optical redshifts. We identify the
clusters with a velocity range of ± 3! around the cluster
mean velocity, where ! is the cluster velocity dispersion.
This corresponds to 0.1897 < z < 0.2223 for A963 and
0.1803 < z < 0.1957 for A2192, as indicated by the hor-
izontal bars. For A2192, half of the H I detections are
outside this velocity range (dashed histogram) and are
located at large projected distances from the cluster cen-
ter. These are likely fore- and background galaxies. For
A963, most of the H I detections are within the cluster
velocity range but as we shall discuss below, many of
those are likely to be background galaxies. Galaxies that

HI at z=0.202

Verheijen et al. 2007

Zwaan et al in prep.
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• Westerbork:
2

Fig. 1.— SDSS pie-diagram along a great circle passing through
both clusters studied here. The grey area indicates the local volume
in which clusters have been studied in H I so far. Boxes indicate
the volumes surveyed by us in H I with the WSRT.

fraction (19%) of blue galaxies (Butcher et al 1983). This
lensing X-ray cluster is unusually relaxed with less than
5% substructure (Smith et al 2005). Abell 2192, at
z=0.188, has a velocity dispersion of 650 km/s and is
much more di!use. So far, it has not been detected in
X-rays and the fraction of blue galaxies in this cluster
has not yet been determined. Both clusters are observed
by the Sloan Digital Sky Survey (SDSS). In Figure 1
we show a pie-diagram taken from the SDSS along a
great circle passing through both clusters. The boxes
indicate the volumes probed by the WSRT. Clearly, the
clusters only occupy a tiny fraction of the volume. We
also obtained deeper B- and R-band images for both clus-
ters (Figure 2, Plate 1) and some optical redshifts for
Abell 2192 with Hydra on WIYN at Kitt Peak. The
box in Figure 2 indicates the area of A963 observed by
Butcher et al (1983).

2. OBSERVATIONS

To prove the feasibility of observing the H I content
of galaxies in and around these clusters with the WSRT,
Abell 963 was observed for 20!12 hrs in February 2005,
and Abell 2192 was observed for 15!12 hrs in July 2005.
Each cluster was observed with a single pointing. The
correlator was configured to give eight, partially over-
lapping, 10 MHz bands (IVC’s) with 256 channels per
band and 2 polarizations per channel. The frequency
range covered is 1220"1160 MHz or 0.164<z<0.224. Af-
ter standard data reduction procedures, the data from
all 8 IVCs were combined for each cluster into a single
datacube comprising 1600 channel maps. The achieved
typical rms noise levels per frequency channel are 68
µJy/beam at 1178 MHz for A963, and 91 µJy/beam at
1196 MHz for A2192. After Hanning smoothing, the rest-
frame velocity resolution is 19.7 km/s while the synthe-
sized beam is 17!27 arcsec2 or 54!86 kpc2 at 1190 MHz
("M=0.27, "!=0.73, H0=71 km/s/Mpc).

In search of H I emission, we further smoothed the data
to a velocity resolution of 40 km/s and visually inspected
both datacubes. Based solely on the H I datacubes, we
identified 20 H I detections in the field of A963, and 30 in
that of A2192. Subsequently, we queried the SDSS im-
ages for optical counterparts within the synthesized beam
and found 19 objects for A963 and 23 for A2192. We con-
sider these 42 H I detections as secure and the remaining
8 as tentative, given the shallowness of the SDSS. Un-
fortunately, SDSS spectroscopy, as an additional check,

Fig. 3.— One example of our H I detections; a spatially resolved
galaxy at the same redshift as Abell 963. Upper left: HI spectrum
over the full velocity range. Arrows indicate the redshift (top)
and observed frequency (bottom) of the H I emission. Lower left:
position-velocity diagram extracted from the H I datacube, taken
along the major axis of the galaxy. The horizontal white line indi-
cates the systemic velocity. The vertical white line coincides with
the spatial center of the galaxy. Upper right: integrated H I map
in countours overlayed on an R-band image in grayscales. Lower
right: blow-up of the optical image, showing the morphology of a
normal spiral galaxy.

is only available for one of our H I detections. Assuming
that the surveyed volume (Figure 1) is representative of
the local Universe at large, in terms of galaxy density
distributions, allows us to compare our H I detection
rate with those obtained in blind H I surveys at lower
redshifts. Given the local H I mass function (Zwaan et
al 2003), the surveyed volume, the achieved noise levels,
and an equivalent detection threshold of 4 sigma in 3
resolution elements, the predicted number of detectable
galaxies is 22 for A963 and 17 for A2192. The detection
rate in our pilot data is roughly as expected.

3. RESULTS

The quality of the data is exquisite. In Figure 3 we
show typical data on an individual galaxy in the out-
skirts of Abell 963. The upper panel shows the double
peaked profile. Although the total H I image, shown
in the bottom left panel, seems barely resolved, the posi-
tion velocity diagram taken along the photometric major
axis shows that the kinematics helps to spatially resolve
the galaxy. Its rudimentary rotation curve looks promis-
ing for future Tully-Fisher studies of galaxy samples in
di!erent environments at this redshift. Individual H I
detections have H I masses between 5!109 M!, close to
our detection limit, and 4!1010 M!.

In Figure 4 we show the redshift distributions of the
H I detected galaxies compared to those of optically se-
lected galaxies with optical redshifts. We identify the
clusters with a velocity range of ± 3! around the cluster
mean velocity, where ! is the cluster velocity dispersion.
This corresponds to 0.1897 < z < 0.2223 for A963 and
0.1803 < z < 0.1957 for A2192, as indicated by the hor-
izontal bars. For A2192, half of the H I detections are
outside this velocity range (dashed histogram) and are
located at large projected distances from the cluster cen-
ter. These are likely fore- and background galaxies. For
A963, most of the H I detections are within the cluster
velocity range but as we shall discuss below, many of
those are likely to be background galaxies. Galaxies that

HI at z=0.202

Verheijen et al. 2007

Zwaan et al in prep.

z=0.2-0.3 is the limit



SKA capabilities for deep HI surveys at high z

• Expected statistics for 8 Msec deep field with 100% SKA (Staveley-Smith 2007)

• Based on Schilizzi’s (2007) “preliminary specifications”

• Using inner 75% baselines

• Assuming non-evolving HIPASS HI mass function

freq range 
(MHz)

redshift A/T
(m2/K)

Ω
(deg2)

N

200-500 z=1.8-6.1 7500 200 6.6×106

500-1000 z=0.4-1.8 9000 2.0 4.4×105

1000-1420 z=0-0.4 9000 0.4 2.1×106



8 Msec SKA ‘pencil beam’ detection statistics
Gas Evolution Lister Staveley-Smith

x10

Figure 1: Solid (red) histogram: the number of galaxies expected to be detected in HI in different redshift

bins from 0 to 7 in a deep SKA ‘pencil beam’ survey of integration time 8 Msec; open (green) histogram:

the number of galaxies expected below z = 1 in the proposed ASKAP deep survey (Johnston et al. 2007).

Each redshift bin is of width !z = 0.08 and the total numbers of galaxies in different redshift intervals is
listed in the previous table. The histogram is truncated due to the large numbers of galaxies near z= 2.

the much larger cosmic volume surveyed. M! galaxies are seen to redshifts of about 3.4, beyond

which the number of detected galaxies drops off dramatically.

For each redshift interval, the HI density integral
!
MH"(MH)dMH is calculated for the de-

tected galaxies and shown in Figure 2. The ‘detected’ density remains within a factor of a few of

the input density at redshift up to " 2, but drops to 10% at a redshift of " 3.5 as the bulk of the

mass-bearing galaxies are too faint to detect. Nevertheless, using an assumption that the shape of

the mass function is constant, it is possible to recover the input mass density even at redshift 5

(Figure 2) before shot noise errors become large. In practice, the shape of the mass function will

change with redshift in an unknown manner, so it will be hard to reliably recover the cosmic HI

mass density much beyond a redshift of 3 from emission measurements alone.

4. Discussion

This simulation has demonstrated the large numbers of high-redshift galaxies that can be de-

tected by the SKA in a significant, but feasible, HI survey of galaxies, and has demonstrated the

high accuracy with which the cosmic HI density can be measured. Whilst galaxy numbers are

low at redshifts below 1.8, this is largely due to the small field of view available to single pixel

technology. Adoption of widefield detection technology has the potential to greatly increase num-

4

Staveley-Smith (2007)

ASKAP 
survey



Recovery of HI mass density

Staveley-Smith (2007)

Gas Evolution Lister Staveley-Smith

Recovered density

Detected density

M>M*M<M*

Figure 2: A simulation which shows how well the cosmic HI density can be recovered at various redshifts

using the simulated galaxy catalogue of the previous figure. The upper (black) points show the recovered

density, after correction for galaxies below the detection threshold; the lower (red) points show the measured

density of directly detected galaxies only.

bers. Although the subsequent reduction of errors associated with shot noise and cosmic variance

is important for many science goals, greater gains in the field of galaxy evolution study are likely

to be made with better instantaneous sensitivity at lower frequencies. This will increase the ability

to detect changes in the HI mass function and reduce the density extrapolation required to account

for low-mass galaxies at redshifts approaching 3. An appropriate goal of A/T > 2!104 m2 K"1 is

therefore suggested for frequencies below 500 MHz.
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HI at the very highest redshifts

• Even with deep surveys with the SKA, it will remain difficult to determine HI 
masses of L* galaxies beyond z=3

• Solution: stacking of HI spectra

• Demonstrated by Zwaan (2000), Verheijen et al (2007), Lah et al (2007) at 
redshifts z~0.2 The HI content of star-forming galaxies at z = 0.24 7

Figure 7. The average HI galaxy spectrum created from coadding
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 HI
signal of the galaxies is expected to span. For both spectra the
1! error is shown as dashed lines above and below zero.

shows the distribution of the estimated e!ective HI diame-
ter and the grouping of the galaxies into the three di!erent
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 in-
cluded in the calculation of this linear fit across frequency.
Such features would create an over-estimation of the con-
tinuum, creating a bias in the measured HI spectrum. To
correct for this e!ect, each galaxy HI spectrum has a new
linear fit made across all channels except those channels cor-
responding to a 500 kms!1 velocity width around the galaxy
at its redshift (these should be the channels that contain any
HI signal). This new fit is then subtracted from the data,
correcting for any bias created by IMLIN. This correction
to the HI flux for the combined galaxy spectrum increases
the measured flux by !25%.

When coadding the separate HI spectra, each measured
flux value carries a statistical weight that is inversely pro-
portional 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 correction 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 coadded
HI 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 HI spectrum from coadding all
121 galaxies can be seen in Figure 7. To measure the error

in the HI spectrum, a series of artificial galaxies with ran-
dom positions and HI redshifts were used to create coadded
spectra. From many such artificial spectra a good estimate of
the noise level in our final real spectrum can be determined.
As seen in Figure 7, the noise level increases with increasing
velocity o!set from the centre of the coadded 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 o! the edge
of the data cube. These channels with no data are given zero
weight in the coadded sum resulting in a higher noise level
at these velocities in the final coadded spectrum.

In Figure 7 the total HI flux density within a central
velocity width of 500 kms!1 is 8.9 ± 3.4 mJykm s!1, a sig-
nal to noise ratio of 2.6. The level of this flux is not highly
dependent on the choice of the velocity width; choosing var-
ious velocity widths from !400 to !600 kms!1 gives total
fluxes that are similar within the errors.

HI emission flux can be converted to the mass of atomic
hydrogen that produced the signal by the following relation:

MHI =
236

( 1 + z )

!

Sv

mJy

"!

dL

Mpc

"2
#

"V
kms!1

$

(2)

where Sv is the HI emission flux averaged across the velocity
width "V and dL is the luminosity distance to the source.
This equation assumes that the cloud of atomic hydrogen gas
has a spin temperature well above the cosmic background
temperature, that collisional excitation is the dominant pro-
cess, and that the cloud is optically thin (Wieringa et al.
1992). No correction for HI self absorption has been made.
HI self-absorption may cause an underestimation of the HI
flux by as much as 15%. However this value is extremely un-
certain (Zwaan et al. 1997). For our HI mass calculation we
used "V = 500 km s!1, mean z = 0.235 and dL = 1177 Mpc.
This gives an average HI galaxy mass for all 121 galaxies of
(2.26±0.90)"109 M" (Note: M#

HI = 6.3"109 M" at z = 0,
Zwaan et al. 2005).

4.2 The Cosmic Neutral Gas Density, !gas

The conversion of the HI mass of the galaxies to the cosmic
density of neutral gas requires a measure of the number den-
sity of the galaxies. This information is available from the
Fujita et al. (2003) H! luminosity function at z = 0.24.

The narrow-band filter used to select the Fujita galax-
ies is not square but has an almost Gaussian-like profile (see
Figure 5). This means that galaxies with strong H! emission
can be detected in the wings of the filter but will have their
measured H! luminosity underestimated. There is a strong
luminosity bias in the spectroscopic redshifts we obtained
due to this e!ect. Bright galaxies that have H! emission
lines in the wings of the filter will be easier to obtain red-
shifts for than faint galaxies at the centre of the filter. The
distribution of redshifts appears to be slightly bias towards
lower redshifts. This small bias is probably caused by the
[NII]6584 emission line contributing more to the narrow-
band flux at the lower redshifts, giving rise to more detec-
tions. Near z ! 0.225, the emission from the [NII]6584 line
and the [SII] doublet both come through simultaneously at
opposite ends of the narrow-band filter. This could explain
the tail at low redshift seen in the redshift distribution.

c" 2006 RAS, MNRAS 000, 1–11

Lah et al: Statistical detection 
of HI emission of Hα-selected 
galaxies at z=0.24 with GMRT



Choose SKA deep survey in optical deep field

(Preferably with spectroscopic follow-up...)

• Allows stacking at highest redshifts

• Allows construction of morphological type-
specific HI mass functions

• Allows study of HI dependence on galaxy density

• Allows Tully-Fisher

• Allows SFR measurements from SKA continuum

(get for free, but need high spatial resolution)



From an HI survey to an HI mass function...

• Finding weak signals in the noise...

• Confusion from RFI and radio continuum...

• What is the reliability? (false positives)

• What is the completeness? (false negatives)

• Are we surveying a representative volume?

• Need multi-variate maximum likelihood methods to 
calculate space densities



Understand your selection function...



Understand your selection function...

• Uncertainties in HI mass function 
dominated by systematic errors

• varying profile shape

• extended sources

• RFI

• distance uncertainties



Understand your selection function...

• Uncertainties in HI mass function 
dominated by systematic errors

• varying profile shape

• extended sources

• RFI

• distance uncertainties

• Compare optical luminosity 
function →

Driver et al 2005



Resolving the high-z galaxies

• For the study of galaxy formation and evolution, resolved images would help

• Need ~100σ detections, at least 10 beams across gas disk

• The 8 Msec pencil-beam survey should find >104 galaxies between z=1 and 2

do this at z=1, z=2?

galaxy formation in 
action

rotation curves

Yun et al



Resolving the high-z galaxies

• rotation curves...

• Synergies with ALMA do this at 
z=1, z=2?

Swaters et al



SKA HI surveys at low z

• Galaxy groups, missing satellites

• Low column densities - the “cosmic web”

• High spatial resolution, deep imaging of nearby galaxies

• gas accretion

• star-formation law on sub-Jeans scales



HI surveys in groups

• Looking for HI clouds in groups

• Low mass dwarfs

• HVCs as building blocks? (Blitz et al 
1999)

• CDM missing satellites?

• Arecibo pointed observations in groups 

• Sensitive to MHI=6×106 Mo

• A few new detections of HI dwarfs, no HI 
clouds

• Similar surveys by Pisano et al, de Blok                                                   
et al, etc

Zwaan 2001



HI mass function in groups

• Very nearby groups

• WSRT CVn survey (Kovac in prep)

• 86 deg2

• 70 detections

• HIMF ‘flat’

• Similar results by Verheijen et al in UMa group



The lowest HI masses

• Thilker et al 2004 found HI clouds near M31

• 20 clouds within 50 kpc of M31

• Equivalents of Milky Way HVCs?

• HI masses ~106 Mo

• sizes ~1 kpc
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• tidal?
• cooling of coronal gas?
• low mass DM halos?
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The lowest HI masses
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Small HI clouds with the SKA	

• 5” beam, 10 km/s:

• 5 x 103 Mo in 12 h in M81 (90 pc beam)

• 1.5 x 105 Mo in 12 h in Virgo cluster (500 
pc beam)

• This is much below what you can see 
now in nearby galaxies

8 Renzo Sancisi et al.

Fig. 2 Top left: WSRT total H I map for M101 (contours) overlaid on a DSS
image. Top right: high-velocity gas complex (contours) overlaid on the optical im-
age. Bottom left: global H I profile. Bottom right: Position-velocity diagram (45!!

beam) at constant declination (see horizontal line in top right panel) showing the
high-velocity H I complex. The H I data are from [61] (see also [133]).

2.2.1 M101

In M 101 an H I complex of about 2 ! 108 M! (Fig. 2, top right panel) has
been found moving with velocities of up to 150 km s"1 with respect to the
local disk and in correspondence with a large trough in the H I layer (Fig. 2,
bottom right). It has been suggested that this is the result of a collision with
a dwarf companion (not visible) or with a gas cloud complex which has gone
through the H I layer of M101 and has created the observed trough [133; 61].
The high-velocity gas will eventually rain back down onto the M 101 disk. It
is interesting to note that M 101 is a prototype lopsided galaxy [3] (Fig. 2,
top left; see Section 5). The lopsidedness is also manifested by the global H I
profile (Fig. 2, bottom left).

2.2.2 NGC210

NGC 210 is a good example of a galaxy that shows no indications of accretion
or interaction in the optical, but where the H I data give clear evidence for
a recent merging event. Fig. 1 (middle left panel) shows that NGC 210 is a



Low column densities

• Lyman limit systems

• crossing the ‘HI desert’

• from few times 1019 to 1018 cm-2

• What is distribution and kinematics of 
this gas?

• With SKA can reach 1017 cm-2 over 10 
km/s per 150” beam in 12h

DLAs

Lyman limit
 systems



SKA HI goals

• To higher redshifts

• evolution of HI mass density, gas fractions of galaxies, galaxy formation in action...

• To lower column densities

• image the ‘cosmic web’, Lyman-limit systems, gas accretion/fountain

• To lower HI masses

• missing satellites, HVCs, gas accretion






