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HI mass function

HIPASS, Zwaan et al 2005

Relevance:

• Theories of galaxy 
formation and evolution

• Neutral hydrogen gas 
mass density

• Missing satellites

• Baryon mass functions



First HI mass functions

• Based on optical catalogues and assumptions on gas richness (Briggs 1990)

Compare with 
observations:
Is the Universe filled 
with dark galaxies? 
Low surface 
brightness galaxies?



Schechter functions

exponential 
decline

power law 
slope

‘flat’

power lawpower law

HI mass density 
divergent



HI mass function from blind HI Surveys

• HIMF measured from blind 21-cm surveys:

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

• AS: Arecibo Slice (Spitzak & Schneider 1998)

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

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

• ALFALFA: Arecibo Legacy Fast ALFA Survey 
(Giovanelli et al 2005)

• SKA pathfinders...
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• HIMF measured from blind 21-cm surveys:

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

• AS: Arecibo Slice (Spitzak & Schneider 1998)

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

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

• ALFALFA: Arecibo Legacy Fast ALFA Survey 
(Giovanelli et al 2005)

• SKA pathfinders... Blind survey covering whole 
southern sky up to dec=+25°.

5300 detections



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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AHISS                  
(Zwaan et al 1997)

~4300 galaxies

~66 galaxies
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The HI mass function

(Zwaan et al 2005)

MHI*

Very local

SMC

faint-end 
slope is 

‘flat’



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

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

zwaan et al 2005



HIMF variations

From Schneider et al 2008

Different surveys probe 
different depths

Large scale structure 
causes variations in 
HIMF?

Or is it differences in 
analysis?
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Do larger surveys help?

• Uncertainties in HI mass function 
dominated by systematic errors

• Compare optical luminosity 
function →

Driver et al 2005



Analysis techniques

• Most detection very close to the noise...

• Put fake sources in your data!

Completeness Reliability



The HIMF and cosmic variance

HIPASS 1000 
brightest galaxies

four different 
quadrants of the 
southern sky
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Future challenges for HI mass function

evolutionenvironment

low mass end

wide deep

deep & wide



How to measure space densities

• Traditionally: 1/Vmax method (Schmidt 1968)

• Summing volumes accessible to objects

• Sensitive to large scale structure

• Maximum likelihood methods (Efstathiou et al 1988, Sandage et al 1979)

• Find θ that yields maximal joint probability of detecting all sources in 
sample
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How to measure space densities

• Traditionally: 1/Vmax method (Schmidt 1968)

• Summing volumes accessible to objects

• Sensitive to large scale structure

• Maximum likelihood methods (Efstathiou et al 1988, Sandage et al 1979)

• Find θ that yields maximal joint probability of detecting all sources in 
sample

minimal detectable HI 
mass at distance Di

generally not defined for HI 
selected samples



How to measure space densities

• solution: multi-dimensional stepwise maximum 
likelihood methods

• Find θ(MHI,W)

• Collapse to find HIMF

• Or, find ML-based effective volume accessible 
to each galaxy individually 

Σ1/Vmax 



Biases in HI mass determination



Biases in HI mass determination

noise bias

Eddington effect

inclination bias

confusion

HI self-absorption

cosmic variance

resolve large galaxies



Simulations to test HIMF recovery

• Millennium Simulation (Springel et al 2005)

• 9 million galaxies in the full simulation box   
(500 Mpc/h on a side)

• Stich several cubes together

• Assume a HIPASS HI mass function

• Low mass (log MHI<8.5) cluster around larger 
ones



Simulations

• Rotational velocity - HI mass relation from Obreschkow & Rawlings (2009)

• Random inclinations -> velocity widths 

• Realistic scatter on all parameters

• Select galaxies from simulated boxes, assuming ‘optimal smoothing’

input catalogue selection method simulated sky



Simulated HI skies

“Wallaby”
all sky shallow

“Dingo”
30deg2 deep



Simulated HI catalogues

~600,000 galaxies 
in one year

~45,000 galaxies in 
1000 hours



Wide field HIMFs

Four different realizations 
of Wallaby:
huge variations in HIMF 
based on 1/Vmax method

factor 3 
variation!



Without large scale structure...

but with scatter in M-W 
relation



The magic of stepwise maximum likelihood

Solid: 1/Vmax method
Open: 2DSWML

(ran 2DSWML only on 
galaxies MHI < 108 Mo)

108 Mo out 
to ~70 Mpc



Wallaby-type survey: HIMF expectations

• ~600,000 galaxies (depending on selection technique)

• Can see MHI = 107 Mo out to ~30 Mpc

• Can measure HIMF down to MHI ~ 106 Mo

• Excellent for measuring HI as function of environment



Dingo HI mass functions

Ten different realizations 
of Dingo ultradeep:
huge variations in HIMF 
based on 1/Vmax method



The magic of stepwise maximum likelihood

Solid: 1/Vmax method
Open: 2DSWML



with Dingo to higher redshifts 

z=0-0.05

z=0.05-0.1

z=0.1-
0.15

z=0.25-0.3
Can reliably measure 
HIMF above MHI* out 
to z=0.3



Use Dingo to study HIMF as function of redshift 

Maximum likelihood does 
not help much

For HIMF evolution, one 
deep field is dangerous

1/Vmax

Maximum likelihood

MHI* out to z=0.3



Dingo-type survey: HIMF expectations

• ~45,000 galaxies per 30o ultradeep field (depending on selection technique)

• ~12,000 galaxies per 30o deep field 

• Can see MHI = 108 Mo out to z~0.07

• Can measure HIMF out to z~0.3

• Can measure evolution of ΩHI out to higher z using some assumptions/tricks



ΩHI: the cosmic HI mass density



ΩHI: the cosmic HI mass density

ΩHI



HIPASS

DLAsMgII
(contain 

85% of ΩHI) 
(tracers 
of DLAs) 

Number of HI atoms does not evolve much 

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



HIPASS

DLAsMgII

(Zwaan et 
al 2005)

(Rao et al 
2005)

(Prochaska 
et al 2005)
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mass in stars
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?Number of HI atoms does not evolve much 

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

• Where is the 
missing gas?



HI column density distribution evolves slowly

local galaxies

DLAs at z=2.25



HI column density distribution evolves slowly

• 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



Should we be looking at HI or H2?

• Obreschkow & Rawlings (2009): 
pressure-based models predict that 
H2 mass density rises quickly 

• See also Zwaan & Prochaska (2006)

• Need to follow up part of a deep 
HIfield with ALMA

Obreschkow & Rawlings 2009



• ALFALFA finished~ 2011/2012

• 2 times smaller error bars on HIMF, but 
uncertainty determined by systematics...

What’s next? (Before SKA pathfinders?)

Predicted 
detections in 
ALFALFA
(Giovanelli et al 2005)

HIPASS ALFALFA

sensitivity 13 mJy 1.7 mJy

beam 15’ 3.5’

area 30000 deg2 7000 deg2

detections 5300 ~18000?



Conclusions

• HI mass function fairly flat (α=-1.3) 

‣ but we worry about cosmic variance

• More sophisticated techniques are essential for volume 
corrections

‣ but don’t help much with deep field evolution

• Need to know HIMF as function of environment

‣ also to understand ‘the’ local HIMF 

• Need to know how HI mass function evolves 

‣ but all the action is in the molecules? 





Implications for cosmic SFR density 

4 ZWAAN & PROCHASKA

because the highest NH2
is smoothed over larger regions. Of

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

4. IMPLICATIONS FOR THE STAR FORMATION RATE DENSITY

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

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

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

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

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

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

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

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

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

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

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

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

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

SFRs are often mostly molecular, and in some cases NHI

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

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

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

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

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

Even though H2 has very small cross section, it contributes 
significantly to Ωgas and the SFRD

Zw
aan &

 P
rochaska 2006



HI at high and low z

low redshift

• 21-cm emission

high redshift

• Lyα absorption

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.
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dN/dz = c/H0 × Area(HI) × Φ

QSO absorption line statistics from local galaxies:

redshift number 
density of absorbers

space density 
of galaxies
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