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Figure 6. The HI-halo mass relation across redshifts, with the best-fit halo
model parameters. For comparison, the dashed line shows the relation with
logarithmic slope unity, illustrating the effect of negative �.

Figure 7. The predicted evolution of the HI density profile ⇢HI(r) across
redshifts, from the best-fit halo model. The figure shows the ⇢HI(r) for a
halo of virial mass M = 1012h�1

M� at the different redshifts.
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Table 4. Summary of the best-fitting HI halo model and the free parameters.
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APPENDIX A: MODIFIED NFW PROFILE

In this Appendix, we consider the modifications to the analysis
when an altered NFW profile (e.g. Barnes & Haehnelt (2014, Paper
I) is used, instead of the exponential profile considered in the main
text. This form is found to be a good fit to multiphase halo gas in
simulations at high redshifts (Maller & Bullock 2004):
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The form of the HI- halo mass relation remains the same as in
the main text. For quantifying clustering, we used the normalized
Fourier transform of the profile, given by:
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Repeating the MCMC analysis in the main text for this form of the
profile with the same set of data, we find the parameter space of
the results as shown in Fig. A1. As in the main text, the best-fitting
values and their 1� errors are summarized in Table A1.

The model predictions with this form of the profile are com-
pared to the observations in Figs. A2, A3, and A4 respectively. We
find that the model reproduces the high-redshift data reasonably
well but leads to a tension between the column density distribution
and the HI mass function at z ⇠ 0 (also noticed in previous work,
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when an altered NFW profile (e.g. Barnes & Haehnelt (2014, Paper
I) is used, instead of the exponential profile considered in the main
text. This form is found to be a good fit to multiphase halo gas in
simulations at high redshifts (Maller & Bullock 2004):
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Repeating the MCMC analysis in the main text for this form of the
profile with the same set of data, we find the parameter space of
the results as shown in Fig. A1. As in the main text, the best-fitting
values and their 1� errors are summarized in Table A1.

The model predictions with this form of the profile are com-
pared to the observations in Figs. A2, A3, and A4 respectively. We
find that the model reproduces the high-redshift data reasonably
well but leads to a tension between the column density distribution
and the HI mass function at z ⇠ 0 (also noticed in previous work,
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Figure 2. Data and model predictions at z ⇠ 0. From top to bottom: (a)
the column density distribution fHI as measured from the WHISP (Zwaan
et al. 2005b) and the Braun (2012) surveys, (b) the HI mass function �HI

from the results of the HIPASS (Zwaan et al. 2005a) survey, and (c) the
correlation function of HI-selected galaxies, ⇠HI(r) from the ALFALFA
survey (Martin et al. 2012). The results from using the best-fit parameters
in Paper I are shown in orange on each panel.

resenting the associated error. At low MHI values, the model pre-
dictions tend to slightly underestimate the HI mass function, with
the opposite effect seen at high masses. This may indicate a possi-
ble tension between the HI mass function and the column density
distribution at z ⇠ 0, though the effect is smaller compared to the
case with an altered NFW profile, as seen from the results of Pa-
per I (see also Appendix A). This may also point to evidence for
the exponential profile to be favoured at low redshifts to describe
the abundance and clustering of HI galaxies (also indicated in, e.g.,
Obreschkow et al. 2009; Wang et al. 2014). We elaborate on this
further in Sec. 6.

The DLA column density distribution for higher redshifts is
shown in the panels of Fig. 3 along with the model predictions.
The observations fitted are shown in black, from the measurements
of Rao et al. (2006); Noterdaeme et al. (2012) and Crighton et al.
(2015) at redshifts 1, 2.3 and 5 respectively. In the third panel, the
results from Noterdaeme et al. (2012) are also plotted in a lighter
shade, which are roughly consistent with the z ⇠ 5 measurements
but indicate evolution around column densities of logNHI ⇠ 21.2
(Crighton et al. 2015). The overall similarity in the figures indicates
that the column density distribution of DLA systems evolves only
weakly from low to high redshifts. This is consistent with a series of
results from the Sloan Digital Sky Survey (Prochaska et al. 2005;
Prochaska & Wolfe 2009; Noterdaeme et al. 2009, 2012) which
find evidence only for weak evolution in the mass density of HI
over z ⇠ 0 � 3. This is in contrast to the strong evolution of the
star-formation rate density over these epochs (e.g., Madau & Dick-
inson 2014). These two effects may be reconciled by the contin-
uous replenishment of galactic HI consumed in star-formation by
gas accreted from the IGM (e.g., Prochaska et al. 2005; Crighton
et al. 2015).

Figure 4 shows the comparison of the model predictions to the
integrated DLA and 21-cm observables. The top panel shows the
evolution of the neutral density parameter of DLAs, ⌦DLA over
z ⇠ 1� 5 from the results of Rao et al. (2006); Zafar et al. (2013)
and Prochaska & Wolfe (2009). The second panel shows the 21-
cm intensity mapping measurement (Switzer et al. 2013) of the
product ⌦HIbHI at z ⇠ 1 from combining the results of the auto-
power spectrum from the Green Bank Telescope (GBT) with the
21cm - galaxy cross-correlation from the WiggleZ survey (Masui
et al. 2013). The third panel shows the clustering, the HI galaxy
bias bHI at z ⇠ 0 from the ALFALFA survey, Martin et al. (2012)
and the clustering bias of DLAs, bDLA at z ⇠ 2.3 measured from
the cross-correlation of the Lyman-alpha forest with DLAs in the
BOSS survey (Font-Ribera et al. 2012). The last panel shows the
incidence of DLAs, dN/dX over z ⇠ 0 � 5 from the results of
Zwaan et al. (2005b); Braun (2012); Rao et al. (2006) and Zafar
et al. (2013). The model predictions are shown in red in each of the
panels. Again, all the observations are fairly well fit by the model
predictions, though there is some difficulty in fitting the measured
bias of DLAs at z ⇠ 2.3.

In all the three Figures 2, 3 and 4, the orange lines indicate
the mean relation from the best-fit parameters of Paper I, showing
that the results of Paper I are broadly consistent with the extended
dataset including the clustering at low redshifts. Fig. 2 indicates that
the tension between the low-redshift column density distribution
and the HI mass function can be reduced on using the exponential
HI profile.

The Keck Baryonic Spectroscopic Survey at redshifts 2-3
(KBSS; Rudie et al. 2012) provides measurements of the cover-
ing fraction of DLAs located at one and two virial radii from their
host dark matter haloes. These measurements may provide useful
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Figure 3. The DLA column density distribution at redshifts z > 0, compared to the model predictions. From left to right: the column density distribution for
DLAS at z ⇠ 1, z ⇠ 2.3, and z ⇠ 5 compared with the observations of Rao et al. (2006); Noterdaeme et al. (2012); Crighton et al. (2015) respectively. The
results from using the Paper I best-fit parameters are indicated in orange.

constraints on the geometry of the HI distribution in high-density
absorbers. We plot the predicted covering fraction of DLA systems
at redshift 2.5 as a function of impact parameter b from the DLA in
Fig. 5, along with the observations. The covering fraction is com-
puted for three representative host halo masses of 1011.5, 1012.1

and 1012.5h�1M� respectively. Also plotted are the results from
the cosmological zoom-in simulations with galactic winds from Fu-
magalli et al. (2011, pink crosses) at the same redshift. We see that
the model predictions are in good agreement with the results of the
observations and simulations. The model predictions also favour an
anti-correlation between the impact parameter and the column den-
sity distribution of high-redshift DLAs, as seen in several recent
studies (e.g. Peroux et al. 2013; Krogager et al. 2012; Rao et al.
2011).

The model predictions at z ⇠ 0 can also be related to recent
observational results which constrain the profile parameters of gas-
rich galaxies at low redshifts. In Bigiel & Blitz (2012), an anal-
ysis of 17 disk galaxies reveals a “universal” exponential surface
density profile for low-redshift HI-rich disks. The present model
predictions are found to be in good agreement with these findings.
For host halo masses of ⇠ 1011M�, corresponding to the turnover
scale in the HI-halo mass relation, the HI surface density at the
characteristic optical radius is found to be about 6.9 M�pc

�2,
close to the typical values in the observations. This lends further
support to the radial exponential profile parameters at low redshifts.

6 SUMMARY AND CONCLUSIONS

In this work, we have constructed a halo model formalism to de-
scribe the abundance and clustering of neutral hydrogen in the post-
reionization universe (z < 6). In so doing, we have extended the
results of previous analyses to incorporate small-scale clustering
at z ⇠ 0, as well as higher redshift data beyond z ⇠ 4. We can
summarize our main conclusions as follows:

(i) The best-fitting model as predicted by Paper I is an overall

good fit the extended dataset including the clustering at low red-
shifts. 3

(ii) The observational data at high- and low-redshifts favour
an MHI � M relation with an overall amplitude, slope and low-
velocity cutoff, with the best-fitting parameters for these values
summarized in Table 4.

(iii) The combined set of low-redshift observations likely
favours an exponential profile for the HI distribution, with evidence
for evolution in the concentration parameter with increasing red-
shift, as summarized in Table 4. This form of the profile signifi-
cantly reduces the tension (see Fig. 2) between the low-redshift col-
umn density distribution and the HI mass function observed (e.g.,
Paper I and Padmanabhan & Kulkarni (2016)) with the modified
NFW profile. Further, this form of the profile is also found to be a
good fit to the high-redshift DLA data.

(iv) This is consistent with the picture of DLAs arising in large
gaseous disks which were progenitors of present-day spiral galax-
ies (e.g., Wolfe et al. 1986). Analysis of the kinematics and metal
lines from DLAs (e.g., Prochaska & Wolfe 1997) also supports the
morphology of thick, rapidly rotating disks. 4 Observations of local
spiral galaxies indicate the radial surface brightness distribution to
be well modelled by exponential disk profiles (e.g., Freeman 1970),
and models of star formation are consistent with the assumption
that cold gas does not change its distribution as it is converted into
stars (e.g., Maller et al. 2000). As also mentioned previously, the
observed surface density profiles of HI galaxies at low redshifts are
well fit by the exponential form (e.g., Wang et al. 2014; Bigiel &
Blitz 2012).

(v) We note that the low redshift HIHM relation is completely
constrained by the form of the HI mass function, which strongly
prefers a non-unity slope of the HIHM (Padmanabhan & Refregier

3 This is also evidenced by the fact that the best-fitting parameters for the
HI-halo mass relation with the modified NFW profile change very little even
when the full dataset is taken into account, see Appendix A.
4 However, there are arguments to show that the velocity profiles could
alternatively be consistent with DLAs arising as protogalactic clumps ag-
gregating on haloes (e.g., Haehnelt et al. 1998).

MNRAS 000, 000–000 (0000)

8 Padmanabhan, Refregier and Amara

0.0004

0.0006

0.0008

0.0010

�
D

L
A

This work
Paper I
Rao+ (2006)
Zafar+ (2013)
Prochaska & Wolfe (2009)

0.0006

0.0008

0.0010

0.0012

�
H

Ib
H

I

Switzer+ (2013)

0.5

1.0

1.5

2.0

b H
I,

b D
L
A

Martin+ (2012) - HI
Font-Ribera+ (2012) - DLA

0 1 2 3 4 5
z

0.00

0.05

0.10

0.15

0.20

dN
/d

X

Braun (2012)
WHISP - Zwaan+ (2005)
Rao + (2006)
Zafar+ (2013)

Figure 4. From top to bottom: The observables ⌦DLA, ⌦HIbHI from inten-
sity mapping experiments, the bias measurements bHI and bDLA, and the
DLA incidence dN/dX . Also shown are the model predictions (red) at the
corresponding redshifts, and the results from Paper I which are indicated in
orange.

2016; Padmanabhan & Kulkarni 2016). This leaves freedom only
the form of the profile to jointly match the HIHM and the z ⇠ 0 col-
umn density distribution. An altered NFW profile, though a good
match to high redshift DLA data (Padmanabhan et al. 2016; Barnes
& Haehnelt 2014), leads to some tension between the observed col-
umn density distribution and the HIHM at z ⇠ 0, which is reduced
on using the exponential form of the profile.

Fig. 6 shows the derived MHI �M relation based on the best-fit
parameters. The evolution of the profile ⇢(r) as a function of z is
shown in Fig. 7 for a fixed halo mass M = 1012h�1M�.

(vi) The model predictions are also in good agreement with
the general trends in the covering fraction and impact parameter-
column density relations of high-redshift DLA absorbers, as well
as the surface mass densities observed in low-redshift exponential
disks.

(vii) Although the model has some difficulty fitting the observed
bias measurement at z ⇠ 2.3, the model predictions are consistent
with results from imaging and other DLA surveys that favour DLAs
at high-redshift to be hosted by faint dwarf galaxies (e.g., Cooke
et al. 2015; Fumagalli et al. 2014, 2015), and the results of hydro-
dynamical simulations (e.g., Davé et al. 2013; Rahmati & Schaye
2014) and cross-correlations (e.g., Bouché et al. 2005).

(viii) The evolution in the present HIHM relation is passive
and corresponds to the implicit redshift evolution of halo mass
for a fixed cutoff virial velocity. From the approximate relation
connecting the virial velocity to host halo mass M at redshift z,
vc(M, z) / M1/3(1 + z)1/2, we see that at fixed virial veloc-

Figure 5. The covering fraction as a function of impact parameter at z ⇠
2.5, as predicted by the HI halo model, along with the observations from
the Keck Baryonic Spectroscopic Survey (KBSS; Rudie et al. 2012, blue
circles) and the cosmological zoom-in simulations of Fumagalli et al. (2011,
pink crosses). Results for three representative host halo masses are shown.

ity, the effective cutoff halo mass evolves roughly as Mcuto↵ /
(1+ z)�3/2. This is shown in Fig. 6 which indicates that the cutoff
mass decreases with increasing redshift, and is also consistent with
previous work (Padmanabhan & Refregier 2016).

(ix) We also note that evolving HIHM scenarios, i.e. modified
functional forms of the MHI � M relation with evolution in one,
two, or all of the free parameters ↵, � and vc,0, are not found to be
statistically favoured over the base non-evolving scenario when the
complete set of observations is taken into account (although they
may be favoured by particular subsets of the data). Examples of this
include fits to the z ⇠ 2.3 data only (e.g., Castorina & Villaescusa-
Navarro 2016; Barnes & Haehnelt 2014) or using a subset of high-
redshift (z ⇠ 1 � 4) DLA data alone, as done in an abundance
matching analysis where we do not have access to the HI mass
functions at redshifts z > 0 (e.g., Padmanabhan & Kulkarni 2016).

In future work, it will be useful to use the model results
to build forecasts for upcoming 21-cm observations, to be mea-
sured by current and future experiments. The inclusion of small-
scale clustering enables the calculation of the k-dependence of the
HI power spectra and its evolution as a function of redshift. The
present framework is found to be in good agreement with the HI
surface density profiles at low redshifts and DLA covering fractions
and impact parameter observations at higher redshifts. It would be
worthwhile to explore these relationships in greater detail in fu-
ture analyses, by connecting the present model to stellar-halo mass
relations. This would also be useful for comparing to the results of
hydrodynamical simulations, especially for constraining the stellar-
cold gas evolution with redshift.
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Figure 4. Left panel: Asymptotic (best) constraints on the cosmological parameters, (i) without the astrophysical prior, (ii) with fixed astrophysics, and (iii)
with the astrophysical prior coming from the present data, for the case of `max = 1000. Right panel: Astrophysical forecasts for SKA I MID for the case of
`max = 1000, (i) without cosmological priors, and (ii) with fixed cosmology.

Figure 5. Left panel: Asymptotic (best) constraints on the cosmological parameters, (i) without the astrophysical prior, (ii) with fixed astrophysics, and (iii)
with the astrophysical prior coming from the present data, for the case of the extended `-range, up to `max = 2000. Right panel: Astrophysical forecasts for
SKA I MID for the case of `max = 2000, (i) without cosmological priors, and (ii) with fixed cosmology.

possible to constrain more parameters of this relation. In this sec-
tion, we investigate whether (and how) a different (and extended)
parametrization of the HIHM affects the results on the forecasts
obtained.

We use, for this purpose, a HIHM relation of the form:

MHI(M, z) = ↵fH,cM

✓
M

1011h�1M�

◆
�(z)

⇥ exp

"
�
✓

vc0(z)

vc(M, z)

◆
3
#

(17)

where

�(z) = �1 + �2

z

z + 1
(18)

and

vc0(z) = vc,0 + vc,1
z

z + 1
(19)

which is a superset of the fiducial HIHM considered in the previous
sections. This function reduces to Eq. (1) when �2 = vc,1 = 0,
with �1 reducing to the original �. Thus, the above form of the
HIHM introduces two more free parameters, vc,1 and �2 into the
formalism.

We proceed as in the previous section for the Fisher matrix
analysis. The asymptotic (best) relative constraints on the cosmo-
logical parameters with this new parametrization are shown in the
left panel of Fig. 6. We also indicate, as before, the cosmological
constraints with the astrophysical parameters fixed to their fiducial
values (denoted by ‘Fixed astrophysics’). Since the current data do
not constrain the values of vc,1 and �2 (Padmanabhan et al. 2017),
we do not consider the effects of astrophysical priors on these two
parameters.

We also address the complementary case, i.e. the best con-
straints on the four astrophysical parameters, in the right panel of
Fig. 6. We also indicate the constraints with the cosmological pa-
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Figure 1. Angular power spectrum C` from Eq. (10) at redshift 0.35, using
the fiducial astrophysical and cosmological parameters from Table 1. The
error bars shown in red represent the standard deviation �Cl, calculated
following Eq. (12) for the SKA 1 MID configuration.

Astrophysical Cosmological

log vc,0 1.56 h 0.71
� -0.58 ⌦m 0.28
↵ 0.09 ⌦b 0.0462
cHI 28.65 �8 0.81
� 1.45 ns 0.963

Table 1. Fiducial values of astrophysical and cosmological parameters con-
sidered.

spectrum. For forecasting the magnitude of the constraints, we
adopt a Fisher matrix formalism considering both the mean and
variance of the C`. For the comparisons between the various ex-
periments, the following parameters go into the computation of the
power spectrum of HI:

(i) The astrophysical parameters include vc,0, ↵, and � used in
estimating MHI(M), and the normalization c0 and the evolution
parameter � used in the HI profile.

(ii) The cosmological parameters are the Hubble parameter h,
the baryon density ⌦b, the spectral index ns, the power spectrum
normalization parameter �8 and the matter density of the universe,
⌦m.

Throughout, the cosmology adopted is flat, so that we assume that
⌦⇤ = 1 � ⌦m. The fiducial values of the parameters are listed in
Table 1.

The Fisher matrix for forecasts on the parameters is computed
as follows:

Fij =

X

`

1

(�C`)
2

@C`

@pi

@C`

@pj
(11)

where the sum is over the range of `’s probed, and

(�C`)
2
=

2(C` +N`)
2

(2`+ 1)fsky
(12)

where the noise term is denoted by N` and depends on the partic-
ulars of the experiment. If the observing wavelength is denoted by
�obs, the number of dishes by Ndish and the diameter of the dish

by Ddish, the expression for N` can be written as (e.g., Battye et al.
2012; Bull et al. 2015):

N` =

⇣
�pix

T̄

⌘
2
✓
⌦pix

W`

◆
(13)

with W` = e
�`

2
�
2
beam/2, �beam = ✓beam/

p
8 ln 2 and ✓beam =

�obs/(NdishDdish), and the T̄ (z̃) is the mean brightness tempera-
ture at redshift z defined by:

T̄ (z) ' 44 µK

✓
⌦HI(z)h

2.45⇥ 10�4

◆
(1 + z)

2

E(z)
(14)

where E(z) = H(z)/H0 is the normalized Hubble parameter at
that redshift. The ⌦pix is defined through ⌦pix = ✓

2

beam, and the
�pix is defined by:

�pix =
Tsysp
tpix�f

(15)

where Tsys is the system temperature, calculated following Tsys =

Tinst + 60 K (⌫/350 MHz)
�2.5 where Tinst is the instrument

temperature and ⌫ is the observing frequency. The integration time
per beam is tpix (taken to be 1 year for all the surveys considered
here) and the �⌫ denotes the frequency band channel width, which
is connected to the tomographic redshift bin separation �z. For the
purposes of the noise calculation, we assume ⌦HI(z)h = 2.45 ⇥
10

�4, independent of redshift. The fraction of sky probed by the
survey, fsky is given by:

fsky =
SA

4⇡ (180/⇡)
2

(16)

where the survey area SA is in square degrees. Thus, given an ex-
perimental configuration specifying the values of Ndish, Ddish, the
survey area, redshift coverage and instrument temperature, it is pos-
sible to compute the Fisher information matrix for a set of cosmo-
logical and astrophysical parameters. We now apply this to the var-
ious experiments. For completeness, we also study the comparison
between the forecasts derived using the Fisher matrix framework
and from a Markov Chain Monte Carlo (MCMC) approach for a
few cases in Appendix A.

We consider six of the forthcoming experiments in the present
work: (i) The Canadian Hydrogen Intensity Mapping Experiment
(CHIME)2, (ii) BAO In Neutral Gas Observations (BINGO; Battye
et al. 2012), (iii) TianLai (Chen 2012), (iv) the Five hundred me-
tre Aperture Spherical Telescope (FAST; Smoot & Debono 2017),
(v) the Meer-Karoo Array Telescope (MeerKAT; Jonas 2009) and
(vi) the Square Kilometre Array (SKA) Phase I MID 3 (using both
bands, B1 + B2). Table 2 gives the configurations used [for more
details on the experiments, see Bull et al. (2015)]. More details of
the configurations of the BINGO and SKA as regards the noise
properties etc. are provided in Olivari et al. (2018).

3 FIDUCIAL CONFIGURATION: SKA - I MID: B1 + B2

In this section, we analyze the effects of the astrophysical uncer-
tainties on the cosmological forecasts in some detail for a particular
configuration, namely the SKA I MID, with both Bands 1 and 24.

We compute the noise term as defined by Eq. (13) in the
preceding section. We consider equal sized redshift bins of width

2 https://chime-experiment.ca/
3 http://www.ska.ac.za/
4 This leads to the effective redshift range 0 to 3.06.

MNRAS 000, 000–000 (0000)

4 Padmanabhan, Refregier and Amara

Configuration Tinst (K) Dishes (Nd ⇥Nb) Ddish (m.) SA (sq. deg.) zmin zmax

BINGO 50 50 25 5000 0.1 0.5
CHIME 50 1280 20 25000 0.8 2.5
FAST 20 20 500 2000 0.5 2.5

TianLai 50 2048 15 25000 0.5 1.55
MeerKAT 29 64 13.5 25000 0.5 1.5

SKA I MID 28 190 15 25000 0.0 3.06

Table 2. Various experimental configurations considered in this work.
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Figure 2. Cosmological forecasts for SKA I MID, (i) with the effects of astrophysical uncertainties (‘Without astrophysical prior’), (ii) without the effects of
astrophysical uncertainties (‘Fixed astrophysics’), and (iii) with the effects of astrophysical uncertainties but also an astrophysical prior added, coming from
current knowledge (‘With astrophysical prior’).
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Drone Calibration of the Bleien Radio Telescope
Chang et al.  2015
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Application to HIRAX Newburgh et al. 2016  

1024 6m dishes 
400-800 MHz or z=0.8-2.5 
SKA site in South Africa 
HI intensity mapping over 15000 deg2

Figure 1: Expected baryon acoustic oscillations measurements with HIRAX, assuming a total sky area of 2,000
square degrees, 50K system noise, 1024 6m dishes, and 10,000 hours of integrated time, with Planck priors. We
have divided by a fiducial model to make the power spectrum features more apparent. No systematics have been
assumed.

sensitivity on the large scales of interest to trace redshift evolution without resolving individual galaxies.678

Currently, 21 cm intensity mapping has been measured only in the cross-correlation between radio surveys and
galaxy surveys at redshift z ⇠ 0.8: a ⇠4� detection with the DEEP2 galaxy survey,9 and at higher significance
with WiggleZ.10 Only upper bounds have been placed on the BAO contribution to the 21 cm auto-correlation
power spectrum.11

The Hydrogen Intensity and Real-time Analysis eXperiment (HIRAX)⇤ is a radio interferometer being devel-
oped for observations in South Africa operating in the frequency range 400-800MHz. HIRAX will map large-scale
structure in a redshift range of 0.8 < z < 2.5 with 1024 sixmeter dishes. HIRAX will observe ⇠15,000 square
degrees in the Southern Hemisphere, complementing CHIME12 in the Northern Hemisphere. The resulting maps
of large-scale structure will measure the first four peaks in the BAO matter power spectrum, reaching sample
variance limits, as shown in Figure 1, and improve constraints on cosmological parameters relating to structure at
late times (the amplitude of the matter power spectrum, �8; total baryon density, ⌦b; total Dark Energy density
⌦DE ; and the power spectrum spectral index, ns) to less than 1% (Figure 2). Observations from experiments
that span a wide range of redshifts, like HIRAX, allow us to measure both geometry and growth, provide a
probe of dynamical Dark Energy, constrain modified gravity models, measure the isotropy of the Universe, and
improve limits on deviations from Gaussianity of the initial density perturbations (See for example discussion
in Ref.7). Constraints on cosmological parameters require end-to-end simulations linking the underlying dark
matter distribution with HI emission. In addition, these simulations will use combinations of analytical models,
hydrodynamical N-body code (See Ref.13) and treatment of instrumental e↵ects and of polarized foregrounds
(See Ref.14).

We will take advantage of the Southern location to overlap with many surveys at other wavelengths for cross-
correlation science, including both ongoing surveys (ACTPol,15 SPTpol,16 SDSS BOSS,17DES,18 HST19) and
future surveys (Advanced ACT,20 SPT-3G,16DESI,21 LSST,22 Euclid,23 WFIRST24). Cross-correlations with
optical galaxy redshift surveys and cosmic shear surveys will provide measurements of the redshift-dependent
neutral hydrogen fraction (⌦HI) and bias (bHI), both of which are poorly constrained at these redshifts, and

⇤http://www.acru.ukzn.ac.za/⇠hirax

Miniaturised drone transmitter
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BINGO experiment

Single dish 40m telescope with 50 horns 
960-1260 MHz or z=0.12-0.48 
HI intensity mapping over 3000 deg2 

2% precision on BAO scale 
Collaboration: UK, Brazil, Uruguay, CH, Saudi Arabia

Battye et al. 2013 
Dickinson et al. 2014
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Interest in SKA

• Science: High precision cosmology, HI intensity mapping, 
Large Scale Structure, gravitational lensing, survey 
optimisation, cross-correlations with visible surveys 

• Software: Simulations of HI maps, forward modeling, pipeline 
development, high performance algorithm development 

• Hardware: electronics, calibration 


