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ABSTRACT

The Square Kilometre Array (SKA) will conduct the biggest spectroscopic galaxy
survey ever, by detecting the 21cm emission line of neutral hydrogen (HI) from around
a billion galaxies over 3/4 of the sky, out to a redshift of z ∼ 2. This will allow the
redshift-space matter power spectrum, and corresponding dark energy observables,
to be measured with unprecedented precision. In this paper, we present an improved
model of the HI galaxy number counts and bias from semi-analytic simulations, and use
it to calculate the expected yield of HI galaxies from surveys with a variety of Phase
1 and 2 SKA configurations. We illustrate the relative performance of the different
surveys by forecasting errors on the radial and transverse scales of the baryon acoustic
oscillation (BAO) feature, finding that the full “billion galaxy survey” with SKA2 will
deliver the largest dark energy figure of merit of any current or future large-scale
structure survey.
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1

INTRODUCTION

The Square Kilometre Array (SKA) is a giant radio telescope
array, to be constructed across two sites, in South Africa and
Western Australia. The first phase is due for completion in
2020, with a second phase (with about ten times the sensitivity and twenty times the field of view) planned for 2025.
One of the key science aims of the SKA is to probe the nature of dark energy by mapping out large-scale structure,
primarily using the 21cm emission line of neutral hydrogen
(HI) to detect galaxies and measure their redshifts with high
(spectroscopic) precision.
At present, HI galaxy surveys (e.g. HIPASS, Meyer
et al. 2004) are quite small compared to optical and nearinfrared counterparts like BOSS and WiggleZ, limiting their
use for precision cosmology. The unprecedented sensitivity
and field of view of the SKA will allow for dramatically faster
survey speeds, making it possible to map the galaxy distribution out to high redshifts over most of the sky. The end
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result will be sample variance-limited observations over a
truly gigantic survey volume, allowing HI surveys to outperform other methods in terms of precision cosmological constraints, and making it possible to probe ultra-large scales
and novel wide-angle effects (Abdalla et al. 2009; Camera
et al. 2015).
The current best cosmological constraints from largescale structure surveys come from observations of the baryon
acoustic oscillations (BAO). The BAO feature is a preferred clustering scale imprinted in the matter distribution
by acoustic oscillations in the coupled photon-baryon fluid
around the time of decoupling (Bassett & Hlozek 2010). The
radial and transverse BAO scales depend on the Hubble rate,
H(z), and the angular diameter distance, DA (z), as well as
the (comoving) sound horizon in the ‘baryon drag’ epoch,
rs (zd ). The comoving sizes of the BAO feature along and
across the line of sight are given by

sk (z) =

c∆z
,
H(z)

s⊥ (z) = (1 + z)DA (z)∆θ,

(1)
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where the redshift extent ∆z and angular size ∆θ of the
BAO feature in the galaxy correlation function are the
observables. In the absence of redshift-space distortions
(RSDs) and nonlinear effects, we have s⊥ = sk = rs (zd ),
which can be precisely estimated from (e.g.) CMB measurements. The BAO scale is therefore a ‘standard ruler’, with
which we can obtain precise constraints on DA and H, and
thus the dark energy equation of state, w(z) = p/ρ and other
quantities.
The expected performance of SKA HI galaxy surveys
in constraining dark energy was previously investigated by
Abdalla et al. (2009). In this paper we update those results,
using improved modelling of the number density and bias
of the HI galaxy distribution, as well as more recent specifications for the various SKA configurations (Braun et al.
2015). We provide the expected number counts and bias as a
function of redshift and raw flux sensitivity, and map these
on to specific SKA configurations. We then present Fisher
forecasts for the BAO for each configuration, and use these
to compare with the performance of other galaxy surveys.

2

TELESCOPE AND SURVEY
SPECIFICATIONS

In this section, we analyse the specifications and expected
flux sensitivities of surveys with various SKA configurations.
The SKA will be built in two phases. Phase 1 will consist
of three separate sub-arrays: SKA1-MID, SKA1-SUR and
SKA1-LOW (Dewdney et al. 2013). MID and SUR are dish
arrays equipped with the mid-frequency receivers (ν . 1.4
GHz) necessary to detect HI emission at low/intermediate
redshift, while LOW is an aperture array optimised for lower
frequencies (< 350 MHz) and thus higher redshifts. We will
concentrate on MID and SUR here, and their corresponding
‘precursor’ arrays, MeerKAT and ASKAP, which they will
be co-sited with, and which can be connected into the final
Phase 1 systems. LOW will be capable of detecting HI emission only for z > 3, which will presumably be done most efficiently using intensity mapping rather than a galaxy survey,
so we will not consider it here (although see e.g. VillaescusaNavarro et al. 2014).
The specifications of Phase 2 are less well-defined. While
its target sensitivity has been given – around 10× that of
MID or SUR at mid-frequency – the receiver technology,
field of view, and baseline distribution are not yet decided.
As such, we can only speculate on these details here. To
“future-proof” our results to some extent, in later sections
we will present results for the HI galaxy number counts and
bias as a function of raw flux sensitivity, as well as for individual experimental configurations. The former can easily
be rescaled for the actual specifications of Phase 2 when
they are announced, as well as for any other future radio
experiment that targets HI.
2.1

Flux sensitivity

We begin by reviewing the basic flux sensitivity equation.
The rms (root mean square) noise associated with the flux
measured by an interferometer is
Srms ≈

2kB Tsys
p
,
Ae 2δν tp

(2)

for a telescope with system temperature Tsys , total effective
collecting area Ae , frequency resolution δν, and observation
time per pointing tp (kB is the Boltzmann constant). We
have √
assumed that the noise is Gaussian. The extra factor
of 1/ 2 comes from assuming a dual-polarisation receiver
system. For a dish reflector, the effective collecting area is
typically about 70% of its total geometrical area.
The expression above gives the flux sensitivity for the
telescope psf (point spread function); that is, the noise rms
for an “angular” pixel set by the resolution of the interferometer (not to be confused with its field of view or primary
beam). This calculation corresponds to the so called “natural array” sensitivity. If angular resolution is an issue, then
some uniform weighting plus Gaussian tapering of the visibilities might be required in order to improve the psf. In that
case, sensitivities will be reduced with respect to the target
values quoted. This is mostly an issue for continuum surveys, where angular resolution is crucial for separating the
galaxies, but not as much for a HI survey since galaxies can
in principle be detected along the frequency direction too by
resolving their HI line. Nevertheless, we will consider a range
of values when analysing the cosmological performance to
allow for differences in the final line-processed sensitivity.
The total system temperature is given by Tsys =
Tinst + Tsky , where the contribution from the sky is Tsky ≈
60 (300 MHz/ν)2.55 K, and Tinst is the instrument temperature (which is usually higher than the sky temperature for
ν  300 MHz). For typical instrumental specifications, the
noise rms for the array can be written as


 
1/2
Tsys
25, 000 m2
10 kHz 1hr
Srms = 260 µJy
×
·
.
20 K
Ae
δν
tp
We will assume that the interferometer, in a single pointing,
can observe the following sky area, corresponding to the
primary beam or field of view of a dish:

2
π 1.3λ
2
[sr],
(3)
θB
≈
8
D
where any efficiency factor has already been taken into account. This is valid for dishes with single feeds (single pixels)
like MeerKAT and SKA1-MID. The ASKAP and SKA1SUR dishes are equipped with Phased Array Feeds (PAFs),
however, for which the situation is slightly more complicated. PAF systems are able to observe a total of Nb beams,
depending on the number of feeds, so that the total field
2
2
of view should be Nb × θB
. While θB
increases with wavelength, the total effective PAF beam will remain constant
above a certain critical wavelength, corresponding to where
the individual sub-beams begin to overlap with one another.
The specifications for each SKA configuration are summarised in Table 1, along with the expected flux rms for a
one hour integration in a single pointing with a frequency
resolution of 10 kHz. For SKA1-MID/SUR and their combination with MeerKAT/ASKAP, only Band 2 is considered,
as the lower-frequency Band 1 will provide insufficient sensitivity for a HI galaxy survey. For the combined telescopes,
only the overlapping band is given. Note however that the
SKA1 baseline specifications suggest that the ASKAP PAFs
should be replaced to match the SKA1-SUR band and instrumental temperature (taken to be 30 K).
For SKA2, as mentioned above, we just assume 10 times
the sensitivity of the Phase 1 configurations, leaving other
© 2014 RAS, MNRAS 000, 1–11
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Telescope

Band

Target freq.(a)

Tinst (b)

Ndish (c)

Ddish (d)

Ae (e)

[m]

[m2 ]

15

26,189

Nb (f )

3

Beam(g)

Srms (h)

[deg2 ]

[µJy]

1

0.48

247

[MHz]

[MHz]

[K]

950 – 1670

1355

20

190

MID+MeerKAT

950 – 1670

1310

20

254

–

32,144

1

0.51

202

SKA1-SUR

650 – 1670(i)

1300

30

60

15

8,482

36

18

1151

SUR+ASKAP

650 – 1670

1300

38/30(j)

96

–

11,740

36

18

1050/830(j)

SKA2(l)

480 – 1290

–

–

–

–

–

–

30

16

SKA1-MID

Table 1. Specifications for the various SKA telescope configurations (see text and notes below for explanation). Values quoted at the
middle of the band in order to compare directly to the SKA baseline design document (Dewdney et al. 2013).
Notes: (a) This is the frequency at which frequency-dependent quantities are calculated. For PAFs this is taken to be the critical
frequency (below which the beam is constant). (b) Instrument temperature. (c) Number of dishes. (d) Dish diameter. (e) Total effective
collecting area of the interferometer. (f ) Total number of beams (feeds). (g) Total FOV (primary beam, for one pointing), calculated at
the target frequency. For combined telescopes, the smaller beam of the two is used. For PAFs, it is multiplied by the number of beams
above the critical frequency. (h) Flux rms for a frequency interval of 10 kHz and 1 hour integration using Eq. (3). (i) Only 500 MHz
instantaneous bandwidth assumed. (j) The first value takes a weighted average of the SUR+ASKAP temperature, while the second
assumes that the ASKAP PAFs are replaced to match SUR system temperature. (l) Values here are only indicative (see text).

10
8
6

FoM

aspects of the specification (e.g. system temperature, number of dishes) undefined. We must still choose a field of view
(FOV) and bandwidth, however; reasonable estimates are a
FOV about 20 times that of the Phase 1 configurations,
and a bandwidth sufficient to cover 0.1 6 z 6 2.0 (i.e.
1290 > ν > 480 MHz). The significantly larger FOV can
be supported by various proposed technologies for Phase 2,
e.g. MFAA,1 while the Phase 1 dish arrays will already possess the technology required to cover the specified frequency
range (albeit with lower sensitivity, limiting the useful minimum frequency for HI galaxy surveys).

4
2

2.2

Survey specifications

To maximise its effectiveness, a balance must be found between the sensitivity of a survey and its area. In principle,
wide surveys can probe larger volumes and thus sample a
greater number of Fourier modes, but this comes at the cost
of reducing sensitivity per pointing (for a fixed total survey
time), thus increasing shot noise and reducing the maximum
redshift that can be reached.
For a 10,000 hour survey, and the sensitivities given in
Table 1, SKA2 will essentially be able to achieve a sample
variance-limited “full sky” survey, so we set its survey area
to 30,000 deg2 . For SKA1, however, the situation is less obvious. Using the Fisher matrix analysis described in the following sections, we searched for the optimal SKA1 survey area
for our target science – in this case, whatever maximises the
dark energy figure of merit (FOM). We also considered two
possible frequency intervals: the current SKA1 MID specification (950-1670 MHz) and a slightly “deeper” band (8001300 MHz) with a maximum redshift of ∼ 0.8. The results
of the optimisation procedure are shown in Fig. 1.
For the lower frequency range, Fig. 1 shows that the
FOM is maximised for a survey area of around 5,000 deg2 .
This where a balance between depth and width is reached
– the information gain from detecting the BAO at higher
redshifts is traded-off against the larger sample variance due
to the smaller area. Conversely, the higher frequency band
1

https://www.skatelescope.org/mfaa/
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Figure 1. Dark energy figure of merit versus survey area for
SKA1, with different frequency ranges. A Planck CMB prior has
been included in the FOM calculation, but the optimal survey
areas are the same even if this is not included.

is restricted to lower redshifts, limiting the maximum depth
that can be achieved. This leads to a preference for larger
areas (∼ 25, 000 deg2 ), although note that this survey would
not be sample variance-limited as in the SKA2 case.
These results are specific to the figure of merit that we
are optimising for. If we instead required a strong detection
of the BAO at the highest redshift for the 950-1670 MHz
band, for example, the optimal area would again be around
5,000 deg2 . Other issues can also be considered. For instance,
we might want to “piggy-back” the HI galaxy survey on
top of other surveys to optimise the overall observing time,
which could drive us to use the 10,000 hours over ∼ 25, 000
deg2 . A “full sky” survey would also have the advantage of
probing wide-angle effects.
In this work, we have opted to assume a 5,000 deg2
area for SKA1 using the 800-1300 MHz band. Although the
current specifications for, say, SKA1-MID Band 2, specify a
minimum frequency of 950 MHz, the numbers are still under
review, so that it is acceptable to assume that such a change
could happen. Using a smaller 5,000 deg2 area for SKA1 al-
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23µJy

104

3µJy
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100

10µJy

2

5µJy

102

23µJy

3

10µJy

103

100µJy

b(z)

per unit z]

4

100µJy

105

dN (z) [deg−2
dz

200µJy

200µJy

5µJy
3µJy

1

1µJy

1µJy
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redshift(z)

1.5

2.0

0

0µJy

0.5

1.0

redshift(z)

1.5

2.0
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Figure 2. HI galaxy redshift distribution, dN/dz, calculated from
simulations (solid circles) and the corresponding fitting function,
Eq. (5). From top to bottom, the curves shown correspond to flux
sensitivities Srms = (0, 1, 3, 5, 10, 23, 100, 200) µJy (colour-coded
according to the panel on the right).

Figure 3. HI galaxy bias for different Srms . Note that bias values
for high flux rms are uncertain. This has little impact, however,
as shot noise will dominate at these sensitivities.

lows the survey to be sample variance-limited in every redshift bin, which also brings advantages in terms of dealing
with possible systematics (e.g. it will be easier to deal with
a 5-sigma detection threshold). The final specifications that
we assumed are summarised in Table 2.
For a given survey area, Sarea we will need approximately Sarea /(θB )2 pointings. The time per pointing tp is
then related to the total integration time ttot through

used the S3 -SAX simulation.2 This simulation consists of a
galaxy catalogue containing the position and several astrophysical properties for objects in a mock observing cone.
It was produced by Obreschkow et al. (2009) by adding HI
and CO properties to the galaxies obtained by De Lucia &
Blaizot (2007) through the post-processing of the Millennium dark matter simulation (Springel et al. 2005). Since
each galaxy in the simulation has associated with it a HI luminosity and line profile, as well as a redshift, we can proceed
to calculate the number of galaxies that one could expect to
detect with a given survey.

tp = ttot

(θB )2
.
Sarea

(4)

Since (θB )2 goes as 1/ν 2 , this will increase the available integration time per pointing at lower frequencies; the flux rms
is therefore proportional to the frequency, and so decreases
for lower frequencies. The flux rms will remain constant below the critical frequency for PAFs, however, as explained
above. In order to cover the required survey area, we assume
that the mosaicking (how we pack the pointings/beams) is
done at the highest frequency used for the HI survey; that is,
the telescope pointings are packed side by side at the highest
frequency. This ensures that the full survey area is covered
at the highest frequency, but means that the beams will
overlap at lower frequency, reducing the survey efficiency.

3

HI GALAXY SIMULATIONS

Crucial ingredients to any cosmological calculation using
galaxy surveys are the galaxy number density as a function
of redshift and detection threshold, and the corresponding
bias with respect to the underlying dark matter distribution. Analytical calculations, though possible, would have
to rely on some relation between the HI luminosity for a
given galaxy and its host dark matter halo. As such, they
might fail to emulate the actual distribution unless properly calibrated to full simulations, as the HI luminosity can
depend on other factors besides the halo mass.
Instead, to calculate the HI galaxy number density and
bias as a function of the survey rms sensitivity Srms we have

3.1

HI galaxy number densities

Detection of a HI galaxy relies on the measurement of its corresponding HI line profile. This is usually set by the galaxy
rotation curve and the inclination angle at which the galaxy
is observed. The largest line width will be obtained if we
observe the spiral galaxy edge-on and the smallest when it
is observed face-on. The choice of detection algorithm is crucial to the success of any large HI galaxy survey campaign,
as it will determine the total number of galaxies detected
and how clean that detection is, i.e. how well spurious detections (due to RFI, for instance), can be rejected. As such,
the expected galaxy number density for a given survey is not
simply a function of the flux sensitivity.
In this paper, we take the simple approach that at least
two points on the HI line are required to be measured in
order for a galaxy to be detected. That is, the width of
the line has to be larger than twice the assumed frequency
resolution of the survey. The idea is to obtain information on
the typical line double peak (double horn) expected from HI
galaxies due to their rotation. This will remove any galaxy
that is seen face-on since it would just show as a narrow
peak, which could be confused with RFI. Typical line profiles
have widths of tens of kilometres per second, which is fine
for the radio telescopes we are considering, as resolutions of
2

http://s-cubed.physics.ox.ac.uk/s3_sax
© 2014 RAS, MNRAS 000, 1–11

Cosmological performance of future SKA HI galaxy surveys
Telescope

Redshift

Target freq.

Beam [deg2 ]

Sarea [deg2 ]

tp [hours]

Sref
rms [µJy]

MID+MeerKAT(a)

0.0 – 0.78

1.0 GHz

0.88

5,000

1.76

152

SUR+ASKAP(b)

0.0 – 1.19

1.3 GHz

18

5,000

36

175/140(c)

SKA2(d)

0.1 – 2.0

1.0 GHz

30

30,000

10

5.14

5

Table 2. Survey specifications. We assume a total observation time of 10,000 hours. For MID+MeerKAT, a modification of band 2 is
assumed (800-1300 MHz) in order to achieve the target redshift range. Flux rms is calculated for a frequency interval of 10 kHz. Values
for the beam and flux sensitivity are quoted at the target frequency.
Notes: (a) Beam and time per pointing (tp ) are assumed to change as (1 GHz/ν)2 across the band, and the flux rms is assumed to
change as ν/(1 GHz). (b) Values calculated at the PAF critical frequency. Below that frequency, the values are assumed constant. Above
it, the beam and tp are assumed to go as 1/ν 2 , and the flux rms as ν. (c) The first value takes a weighted average of the SUR+ASKAP
temperature while the second value assumes that the ASKAP PAFs are replaced to match SUR system temperature. (d) Indicative; the
beam and flux rms are assumed constant across the band.

10 kHz are easily achievable (corresponding to ∼ 2 km/s in
the rest frame).
Using the S3 -SAX database, we applied the following
“detection” pipeline:
(i) Take zA (the apparent redshift, including Doppler correction) from the database.
(ii) Set the spectral resolution to δV = 2.1(1 + zA ) km/s,
corresponding to a frequency resolution of 10 kHz (which
was assumed for the sensitivity calculations).
(iii) Take wP (the line width between the two horns of
the HI line profile, corrected for galaxy inclination) from
the database, and select only galaxies with wP > 2δV .
(iv) Take vHI (the velocity-integrated line flux of the HI
line) from the database and select
only galaxies where the
p
flux = vHI /wP > Ncut × Srms / (wP /δV ). This corresponds
to a detection threshold of Ncut × 1σ for the HI line.
Note that Srms is only the flux sensitivity – the survey flux
cut will be a factor of several above that (usually five or
ten, depending on the chosen threshold), although the actual
value is not straightforward to specify since it depends on
the detection algorithm.
In order to be as general as possible, we give results for
a range of Srms values so that a simple interpolation can be
used if there is a change in the survey specifications. We use
the formula of Obreschkow et al. (2009) to fit the dN/dz
data points from S3 -SAX:
dN (z)/dz
= 10c1 z c2 exp (−c3 z) ,
1 deg2

(5)

where ci are free parameters. Note that dN
is the number of
dz
galaxies per square degree and per redshift interval. Figure 2
shows the fitted curves and the simulated data points, and
the fitted parameters are given in Table 3.

3.2

HI galaxy bias

To calculate the galaxy bias using the SAX simulation, two
approaches were considered. The most direct was to put the
extracted HI galaxies in a box according to their redshift
and position, and to then calculate the galaxy power spectrum. The bias squared is then the ratio of this power spectrum to the dark matter one at a given scale k. Ideally we
would target large scales, to avoid non-linearities and shot
noise contamination. The initial box for the simulation was
500h−1 Mpc, but this was further reduced along the line of
© 2014 RAS, MNRAS 000, 1–11

sight to avoid cosmic evolution, which raises a problem for
the bias extraction since linear modes with k . 0.1h/ Mpc
will be affected by cosmic variance.
The other option was to calculate the HI galaxy bias
using the dark matter halo bias. To that end, we need to
extract from the simulation box, at a given redshift, the
dark matter halo hosting each HI galaxy above the target
flux cut. The HI bias can then be calculated using a weighted
sum of the dark matter halo bias,
X
Ni
bHI (z, Srms ) ≈
b(z, Mi )
,
(6)
N
tot
i
where b(z, Mi ) is the halo bias for mass Mi (Sheth & Tormen 1999), Ni is the number of halos in the box with mass
Mi hosting
P HI galaxies above the detection threshold, and
Ntot =
i Ni . This method is less affected by shot noise
and does not suffer from the cosmic variance issues of the
previous method. As such, in this paper we opted to calculate the bias following this second prescription. The data
points obtained from the simulation are shown in Fig. 3 as
a function of redshift for different Srms sensitivities, and numerical values are given in Table A1 in the appendix. We fit
the simulated data using
bHI (z) = c4 exp(c5 z),

(7)

and give the values of the best-fit parameters in Table 3.
The galaxies used in the bias calculation are contained
in small volumes between ∼ (60/h)3 Mpc3 (for z ≈ 0) and
(175/h)3 Mpc3 (for z ≈ 2) due to the size of the redshift bins
considered. Given the much larger volumes probed by an
experiment like the SKA, one would expect to find a number
of halos larger than those contained in the simulation boxes.
However, this should only have an impact for large flux cuts,
which are dominated by shot noise anyway and so will have
little consequence in terms of cosmological constraints.
For halos of a given mass, there is significant variation
in the HI mass of the galaxies residing within them. This implies that some galaxies with considerably higher HI masses
than the average will be found. The number of halos rapidly
decreases with halo mass and redshift, however, and so the
majority of galaxies with high HI masses will be found in
modest halos with modest bias. The fraction MHI /Mhalo has
also been shown to rapidly decrease with increasing halo
mass for halos with masses above 1012 M (Popping et al.
2014), so even very massive halos are likely to have modest
HI masses of the order of 109 M on average. This has the

6
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106

c2

c3

c4

0.0

6.21

1.72

0.79

0.5874

0.3577

1.0

6.55

2.02

3.81

0.4968

0.7206

3.0

6.53

1.93

5.22

0.5302

0.7809

5.0

6.55

1.93

6.22

0.5504

0.8015

6.0

6.58

1.95

6.69

0.5466

0.8294

7.3

6.55

1.92

7.08

0.5623

0.8233

10

6.44

1.83

7.59

0.5928

0.8072

23

6.02

1.43

9.03

0.6069

0.8521

40

5.74

1.22

10.58

0.6280

0.8442

70

5.62

1.11

13.03

0.6094

0.9293

100

5.63

1.41

15.49

0.6052

1.0859

150

5.48

1.33

16.62

0.6365

0.9650

200

5.00

1.04

17.52

—

—

Table 3. Best-fit parameters for the number density and bias
fitting functions, Eqs. (5) and (7), for different flux limits. Srms
is measured in µJy.

effect of introducing an effective upper limit to the bias at
each redshift, which we estimated to be only slightly higher
than the maximum values we were able to obtain from the
simulation. As such, at each redshift one can assume that
the bias remains constant for values of Srms higher than the
maximum that could be extracted from the simulation.
For HI masses below 109 M , locally-measured HI luminosity functions seem to imply many more galaxies than
predicted by the simulation, suggesting that low mass galaxies are more HI rich than previously thought (Popping et al.
2014). If this is the case, the bias will be smaller than predicted here for small values of Srms (e.g. . 1 µJy). This
result is subject to completeness uncertainty and cosmic
variance, however, and is yet to be confirmed (Obreschkow
et al. 2013). Conversely, DLA observations (though modeldependent, and suffering from several uncertainties) are so
far consistent with our predictions for the HI bias (FontRibera et al. 2012).
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SKA1 Opt
SKA1
SKA1 Pess

c5

COSMOLOGICAL PERFORMANCE

In this section, we use Fisher forecasts to compare the ability
of the proposed SKA HI galaxy surveys to constrain various
cosmological quantities. Our focus is on the detection of the
BAO feature, which we use as a figure of merit owing to its
status as arguably the cleanest (Seo et al. 2010; Mehta et al.
2011) and most ‘standard’ observable targeted by cosmological large-scale structure surveys. Constraints on the dark
energy equation of state parameters, w0 and wa , are also
presented. We take the Planck best-fit flat ΛCDM model
(Planck Collaboration XVI 2013) as our fiducial cosmology,
with h = 0.67, Ωcdm = 0.267, Ωb = 0.049, ns = 0.962, and
σ8 = 0.834.

105

per unit z]

c1

dN (z) [deg−2
dz
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SKA2
SKA2 Pess

104
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Figure 4. Number densities for the optimistic, reference,
and pessimistic cases of SKA1 and 2, compared with Euclid. Dashed-dotted lines show the number density at which
n(z)b2 (z)P (z, kmax ) = 1 for the various surveys, with kmax ≈
0.2 h/Mpc. When dN/dz is above this line, sample variance dominates the shot noise for all k < kmax ; the point at which it dips
below the line is effectively the maximum redshift of the survey.

4.1

SKA assumed sensitivities

Our forecasts follow the specifications given in Table 2, with
the sensitivities obtained for a total observation time of
10,000 hours, and a survey area of 5,000 deg2 for SKA1 and
30,000 deg2 for SKA2. For each configuration we also considered ‘optimistic’ and ‘pessimistic’ variations, which are
intended to bracket the possible range of flux sensitivities
once HI modelling uncertainties and possible changes to the
instrumental design are taken into account.
For SKA1, we take the flux rms at the target frequency
ref
of 1 GHz to be Srms
= 70/150/200 µJy (opt./ref./pess.).
The optimistic scenario is roughly equivalent to taking the
reference flux for SKA1-MID+MeerKAT (152 µJy), but assuming that the detection threshold would be set at the 5σ
level. For SKA2, in lieu of any other information about its
design we take the flux rms to be constant across the band,
ref
with Srms
= 3.0/5.4/23 µJy (opt./ref./pess.).
The frequency/redshift interval for SKA1 is taken to be
compatible with SKA1-SUR + ASKAP Band 2 or a modification of SKA1-MID + MeerKAT Band 2 as explained
in section 2.2, e.g. 800-1300 MHz. We ignore Band 1, since
above z ∼ 0.8 one cannot detect enough galaxies for cosmological purposes with SKA1 sensitivities anyway. Note
that both MID and SUR have similar sensitivities for the
HI galaxy survey we are describing, although the current
SUR band 2 definition is more optimal for this. For SKA2,
we take the z range given in Table 2.
The number density and bias scale with frequency/redshift, as explained in Section 2.1. We take this
into account by interpolating between the best-fit sensitivity curves shown in Figs. 2 and 3, as a function of redshift.
The interpolation also allows us to factor in possible changes
to the flux cut (galaxy detection threshold). For a given survey, the flux rms therefore scales as
ref
Srms = Srms

Ncut ν21
(1 + z)−1 ,
10 νc

(8)
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ref
Srms

SKA1

SKA2

c1

c2

c3

c4

c5

5.253

0.901

7.536

0.628

0.819

opt.

70

ref.

150

5.438

1.332

11.837

0.625

0.881

pess.

200

5.385

1.278

14.409

0.646

0.896

opt.

3.0

6.532

1.932

5.224

0.530

0.781

ref.

5.4

6.555

1.932

6.378

0.549

0.812

23.0

6.020

1.430

9.028

0.607

0.852

pess.

Table 4. Fitted parameters for the galaxy number density and
bias, for the frequency-corrected Srms of the various experiments.
ref , is in µJy, while the
The flux rms at the reference frequency, Srms
fitted coefficients are dimensionless.
ref
where ν21 is the rest frame frequency of the 21 cm line, Srms
is the reference flux sensitivity quoted in the tables, Ncut is
the threshold above which galaxies are taken to be detected,
in multiples of the noise rms, and νc is the target/critical
ref
frequency at which Srms
was calculated (1.0 GHz for MID
and 1.3 GHz for SUR). Note that for SUR (PAFs), the flux
Srms will remain constant for frequencies below νc .
As mentioned above, we assume that the reference experiment for SKA1 has non-PAF receivers (i.e. SKA1-MID
+ MeerKAT). For SKA2 we take the flux to be constant
with redshift, also as discussed above. Then we correct for
number density and bias by interpolating Eqs. (5) and (7)
using the values in Table 3. The resulting best-fit parameters for the number density and bias functions are given in
Table 4. The redshift distribution for the target surveys is
shown in Fig. 4, and compared to the limit below which the
survey becomes shot noise-dominated.

4.2

Fisher forecasts

We use the Fisher forecasting technique to estimate how
well the SKA surveys will be able to measure the BAO scale,
and thus the various cosmological parameters. The first step
is to construct the Fisher matrix, which is derived from a
Gaussian approximation of the likelihood, evaluated for a set
of fiducial parameters. For a spectroscopic galaxy redshift
survey, the Fisher matrix in a single redshift bin is
Z
1
d3 k ∂ log C T ∂ log C T
Fij = Vsur
,
(9)
2
(2π)3 ∂θi
∂θj
where {θi } are the cosmological parameters of interest, Vsur
is the comoving volume of the redshift bin, and we have
neglected redshift evolution within the bin. The total variance of the measured fluctuations in the galaxy distribution
is C T = P (k, z) + 1/n(z), where P (k, z) is the redshiftspace galaxy power spectrum, and 1/n(z) is the inverse of
the galaxy number density, which acts as a shot noise term.
Only the power spectrum depends on the cosmological parameters, so we can write

2
Z
Z kmax
Vsur 1
nP
∂ log P ∂ log P
2
dµ
k
dk
,
Fij =
8π 2 −1
1 + nP
∂θi
∂θj
kmin
where µ = cos θ is the cosine of the angle between the line of
sight and the Fourier mode k. We fix the lower integration
limit to kmin = 10−3 h Mpc−1 , and discard all information
from modes beyond a non-linear cutoff scale,
kmax = kNL,0 (1 + z)2/(2+ns ) ,
© 2014 RAS, MNRAS 000, 1–11

(10)

7

where kNL,0 ' 0.2h Mpc−1 (Smith et al. 2003).
We adopt a simplified ‘wiggles-only’ approach to deriving BAO constraints, where only derivatives of the (Fourierspace) BAO feature are included in the Fisher matrix calculation. We first calculate the full (isotropic) power spectrum,
P (k, z), for the fiducial cosmology using CAMB (Lewis et al.
2000), and then separate it into smooth and wiggles-only
components such that (Bull et al. 2014)
P (k, z) = [1 + fBAO (k)] Psmooth (k, z).

(11)

If the actual cosmology differs from the fiducial cosmology,
the observed wavenumber, k, of a feature in the isotropic
power spectrum will be shifted according to (Blake & Glazebrook 2003)
q
(fid.)
2
k = k⊥
(DA /DA )2 + kk2 (H/H (fid.) )2 .
(12)
Since our aim is to provide a consistent comparison of
the performance of various surveys, rather than to give highprecision forecasts on a large set of parameters, we make a
number of simplifying assumptions: we ignore redshift-space
distortions, non-linear effects, and uncertainty in both the
bias and acoustic scale, and assume that the cosmological information encoded by the BAO feature comes entirely from
the shift in k. We can then write
dfBAO dk
∂ log P
≈ [1 + fBAO (k)]−1
(13)
∂θ
dk dθ
where, following Seo & Eisenstein (2007), we work in terms
of the parameters θ ∈ {log DA , log H}, so that the Fisher
integral factorises into a simple 2 × 2 matrix of analytic angular integrals multiplied by the (scalar) k integral. This
calculation includes the cross-correlation between DA and
H. Because we are neglecting a number of nuisance parameters and other effects, our forecasts could be interpreted as
somewhat optimistic – although note that we are using only
the information encoded in the BAO wiggles, which is quite
insensitive to such effects (e.g. Anderson et al. (2012)).
It is useful to project the constraints on DA and H to
various basic cosmological parameters. We first write the
expansion rate and angular diameter distance as
1
H(z) = H0 Ωm (1 + z)3 + ΩK (1 + z)2 + ΩDE (z) 2


Z z
√
c (1 + z)−1
dz 0
√
−ΩK
,
DA (z) =
sin
0
H0
−ΩK
0 E(z )
where Ωm = Ωcdm + Ωb is the total matter density, ΩK =
1 − Ωm − ΩDE,0 , is the spatial curvature, E(z) = H(z)/H0
is the dimensionless expansion rate, and the dark energy
evolution is given by
Z z

3[1 + w(z 0 )] 0
ΩDE (z) = ΩDE,0 exp
dz
.
(14)
1 + z0
0
We also define H0 = 100h km/s/Mpc, and adopt the commonly used parametrisation of the dark energy equation of
state, w(z) ≈ w0 + wa z/(1 + z). The full set of parameters that we consider is then θ0 = {w0 , wa , Ωcdm , Ωb , ΩK , h},
with the Fisher matrix found by projecting from the original
2 × 2 matrix and summing over redshift bins,
0
Fαβ
=

X ∂θi ∂θj
0 ∂θ 0
∂θα
β
ij,n

Fij (zn ).

(15)

zn

Finally, we add the Planck CMB prior Fisher matrix from
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Figure 5. Forecast fractional errors on the expansion rate, H(z), and angular diameter distance, DA (z), from BAO measurements with
the various surveys. The redshift binning is fixed at ∆z = 0.1 for all experiments.

Amendola et al. (2013) to represent the high-z constraints
that will be available.
4.3

Comparison with previous results and future
experiments

The results of our Fisher forecasts are shown in Figs. 5 – 7
and Table 5. For comparison, we have also included forecasts
for (a) a future optical/near-infrared Hα galaxy survey with
similar specifications to Euclid, using the number counts
and bias model for the reference case described in Amendola
et al. (2013), and (b) the BOSS LRG galaxy survey, using
the specifications in Dawson et al. (2013), with a total of 1.5
million galaxies out to z . 0.75, and with a bias of b ≈ 2.
As can be seen from Fig. 5, an SKA1 galaxy survey
will offer – at best – only slight improvements over existing
experiments at low redshift (z . 0.7). Indeed, from Table 5
it can be seen that BOSS outperforms SKA1, although this
is predominantly due to the larger assumed bias.
SKA1 should still significantly improve the cosmological
constraints at low redshift, however, for the simple reason
that it will cover a mostly independent survey area to existing experiments like BOSS and WiggleZ, thus increasing
the total volume surveyed overall.
The picture is considerably more interesting for SKA2,
which will be capable of performing a sample variancelimited survey over 3/4 of the sky from 0.3 . z . 1.5 in the
reference case (increasing to z ≈ 2.0 in the optimistic case).
This will constitute the final word in spectroscopic redshift
surveys in this redshift range, as there is little prospect of
covering a greater survey area in the future. As shown in
Fig. 5, the SKA2 reference case is forecast to provide measurements of H(z) and DA (z) to better than 0.5% and 0.3%
precision respectively, out to z ≈ 1.3. This significantly outperforms future Hα surveys such as Euclid, which has half
the survey area (and approximately double the errors) over
the same range. This is contingent on performing at least
as well as the reference case, however; the pessimistic case
would only be competitive with Euclid out to z ' 0.8.

Even in the reference case, measurements above z ∼ 1.5
would be difficult, as the HI source density falls too low
(contrary to what has been forecast for Euclid, for instance).
Note that the HI source density at z > 1 flattens as Srms → 0
however (Fig. 2), suggesting that a sufficiently deep HI survey could produce precision constraints out to substantially
higher redshift, at least in principle.
Figs. 6 and 7 show forecasts for the equation of state
and spatial curvature parameters for the reference cases
of the various surveys. These were derived by projecting
the (H, DA ) Fisher matrices, including the cross-correlation
terms, to the parameter set described in Sect. 4.2, and then
adding a Planck CMB Fisher matrix prior. Corresponding
marginal errors are given in Table 5 for the same parameters, for all cases. As before, SKA2 outperforms Euclid by
a factor of around 2, reflecting its having double the survey
area, as well as a further improvement due to its 4 additional
redshift bins below Euclid’s minimum redshift. In terms of
the dark energy figure of merit, defined as (Bassett et al.
2011; Coe 2009)
q
(16)
FOM = 1/ det( F −1 |w0 ,wa )
(equivalent to the inverse of the area of the 1σ (w0 , wa )
ellipse), the SKA2 reference case performs around 4× better
than Euclid, and some 60× better than SKA1 (opt. case).
Note that our forecasts are only intended for comparison of the various surveys. In reality, systematic effects (radio interference, the efficiency of source extraction algorithms, contamination by foreground emission, nonlinearities, modelling errors etc.) should further affect the
survey performance. We have concentrated exclusively on
the BAO wiggles in our forecasts, however, which are hoped
to give constraints more insensitive to such systematics. On
the other hand, other observables (e.g. redshift space distortions) can also be measured, significantly improving the
constraints on some parameters.
Leaving these issues aside, our calculations predict that
the SKA2 (reference case) survey will be sample variance© 2014 RAS, MNRAS 000, 1–11
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Figure 6. Forecast constraints (1 and 2σ contours) on the dark
energy equation of state parameters, w0 and wa , for the reference
cases of both SKA1 (purple, largest) and SKA2 (green, smallest), compared to a Euclid-like Hα galaxy survey (yellow, intermediate). A Planck CMB prior has been included for all three
experiments.

limited over a significant fraction of the redshift range that
is important for dark energy (i.e. z . 2). As a result, it can
come remarkably close to what would be possible with a
‘perfect’ noise-free HI survey over the same area (represented
by the Srms = 0 entry in Table 5); the 1σ errors on w0 and
wa are only ∼ 1.5× larger than their ‘noise-free’ values, for
example, and even in the pessimistic case they are still only
∼ 3× larger.
Abdalla et al. (2009) also investigated how well the SKA
can measure the BAO scale and dark energy parameters.
Our work differs from theirs in various aspects. They used
an analytical HI evolution model relying on prior knowledge
of the star formation rate (SFR) and overall mass density
of neutral hydrogen at a specific redshift, functions which
depend on fitting formulas. We use a more realistic simulation to estimate the number counts, which we consider to
be an improvement as our simulation relies on more physical properties, making our predictions more reliable. The
difference between the two sets of results can be seen by
comparing the number counts (Fig. 2). For example, while
they have a sharp curve as a function of redshift, ours decreases more gradually.3 The second important difference
is that while they assumed b = 1, the bias in our simulation was a function of redshift, and was dependant on the
frequency-corrected Srms value (see Fig. 3).

5

CONCLUSIONS

In this paper, we analysed the potential for producing precision cosmological constraints with future HI galaxy surveys
3

See Fig. 3 of Abdalla et al. (2009).
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Figure 7. Forecast constraints (1 and 2σ) on w0 and ΩK for
the references cases of SKA1 (purple, largest) and SKA2 (green,
smallest), compared with a Euclid-like Hα galaxy survey (yellow, intermediate). A Planck CMB prior has been included for all
experiments.

using the SKA telescope. Neutral hydrogen (HI) is abundant in the late Universe, making it a prime candidate for
detecting large numbers of galaxies which can then be used
to trace the underlying dark matter distribution. In particular, modern radio receivers have the high sensitivity and
bandwidth to detect the HI emission over an extremely wide
redshift range, making it possible to trace the cosmological
matter distribution over unprecedentedly large volumes.
Our analysis uses up-to-date simulations to calculate
the expected galaxy number density and bias as a function
of redshift and flux sensitivity. We have also provided a set
of fitting formulas, Eqs. (5) and (7), that can be used to
convert these results into number density and bias functions
for specific experiments, such as the SKA or any other array.
One of our main conclusions is that although SKA1 will
already detect a large number of HI galaxies, it will only be
useful for cosmological applications up to z ∼ 0.7 due to
the sharp decline of the detected HI galaxy number density
with redshift. This means that first, for a cosmological HI
galaxy survey with SKA Phase 1, frequencies above ∼ 1
GHz should be enough (i.e. Band 2). Moreover, these arrays
will lack the sensitivity to detect enough galaxies to produce
constraints that are competitive with contemporary optical
and near-infrared galaxy surveys in the early 2020s.
On the other hand, the full SKA will push the HI galaxy
detection limit up to z ∼ 2.0 (requiring a larger band down
to 500 MHz), and over the full visible sky, making it a prime
cosmological survey instrument. Its sensitivity will allow us
to produce an immense galaxy redshift survey over almost 3⁄4
of the sky, surpassing all other planned surveys in terms of
precision measurements of the BAO. This should allow it to
pin down the equation of state of dark energy with unprecedented precision. Note that, while we have concentrated on
the BAO as the most robust large-scale structure observ-
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σw0

σwa

σΩcdm

70

0.258

0.972

0.00796

0.0476

0.00941

0.00943

28

150

0.414

1.76

0.0115

0.0861

0.0109

0.0109

9

Srms [µJy]

SKA1 (5,000

deg2 )

SKA2 (30,000 deg2 )

σΩb

σΩK

σh

FOM

200

0.582

2.66

0.0188

0.130

0.0122

0.0122

4

3.0

0.0328

0.116

0.00328

0.000158

0.00338

0.0034

547

5.4

0.0407

0.137

0.00357

0.000169

0.00365

0.0040

426

23.0

0.0912

0.322

0.00464

0.000224

0.00432

0.0070

160

0.100

0.00288

0.000148

0.00299

0.0029

699

0.0

0.0273

Euclid (15,000 deg2 )

—

0.114

0.299

0.00907

0.000442

0.00944

0.0130

106

BOSS (10,000 deg2 )

—

0.2416

0.9429

0.00810

0.0003958

0.0069091

0.01564

30

Table 5. Forecast 1σ marginal errors and dark energy FOM for the various SKA1 and 2 reference experiments. A Euclid-like Hα survey,
BOSS forecasts, and a noise-free SKA2 configuration, are shown for comparison. (Planck CMB priors have been included in all cases.)

able, redshift space distortions and even the overall shape of
the power spectrum contain a great deal of extra information
that can also be used to constrain dark energy. In this sense,
the forecasts in this paper represent conservative estimates
of the cosmological constraints that can be achieved with
the SKA (although recall that we optimistically neglected
several nuisance parameters in our forecasts).

cil grant StG2010-257080. RM acknowledges support from
the UK Science & Technology Facilities Council (grant
ST/K0090X/1). MS and MGS acknowledges support from
FCT-Portugal under grant PTDC/FIS-AST/2194/2012.

Note that the SKA will also be able to produce competitive cosmological constraints using the HI intensity mapping
(IM) technique (Bull et al. 2014). IM surveys are sensitive
to large-scale fluctuations in the HI brightness temperature,
which can be used to recover information about the cosmological matter distribution without requiring high signal-tonoise detections of many individual sources. This means that
the flux sensitivity of a telescope is used more efficiently in
IM mode, as none of the detected signal need be discarded
due to thresholding. Indeed, an IM survey with Phase 1 of
the SKA will produce a dark energy figure of merit of at
least half that of Euclid+BOSS (Bull et al. 2015), in stark
contrast to the underwhelming performance predicted for a
Phase 1 HI galaxy survey (Section 4.3).
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–
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–
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–
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–
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Table A1. Bias values calculated in each redshift bin of the simulation, as a function of flux rms.
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