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The SKA Observatory
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The SKA Observatory

• The SKA Observatory (formerly known as ‘Square Kilometre Array’) will be the largest 
radio-telescope on Earth and will be built in two locations
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SKAO Science

Cosmic Dawn & Reionisation Cosmology &  
Galaxy Evolution

Cosmic Magnetism Cradle of LifePulsars
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SKAO Science

Cosmic Dawn & Reionisation Cosmic Magnetism Cradle of Life

50-350 MHz

0.35-1.05 GHz

Band 1

0.95-1.76 GHz

Band 2

1.65-3.05 GHz

Band 3

SKAO’s Mid telescope

SKAO’s Low telescope

4.6-24 GHz

Band 5

Cosmology &  
Galaxy Evolution

Pulsars
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SKAO Science
[AASKA PoS(s), 2015]
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SKAO Cosmology

[SKA Cosmology SWG  SC 2020]⊃

Publications of the Astronomical Society of Australia (2020), 37, e007, 31 pages
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Abstract
We present a detailed overview of the cosmological surveys that we aim to carry out with Phase 1 of the Square Kilometre Array (SKA1) and
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Cosmology at radio wavelengths

• Surveys carried out at radio wavelengths: 

• HI-line galaxy surveys 

• Continuum galaxy surveys 

• Radio weak lensing surveys 

• HI intensity mapping surveys 

• Multi-wavelength synergies
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HI intensity mapping

• Origin: integrated emission of 21-cm photons in galaxies (after the EoR ends) 

• Pros: no photon lost, better than spectroscopic redshift accuracy 

• Cons: poor angular resolution, huge foreground contamination 

• Examples: 

• GBT (~1 sq. deg. in cross-correlation w/ WiggleZ @ 0.53 < z < 1.12) 
GBT (~100 sq. deg. in cross-correlation w/ eBOSS & WiggleZ @ 0.6 < z < 1.0) 

• Parkes (1.3k sq. deg. in cross-correlation w/ 2dFGRS @ 0.057 < z < 0.098) 

• MeerKAT (~200 sq. deg. in cross-correlation w/ WiggleZ @ 0.400 < z < 0.459) 

• CHIME (three fields stacked against eBOSS LRGs, ELGs, QSOs @ 0.78 < z < 1.43)
[Andeson et al. 2018]

[Chang et al. 2010]

[Wolz et al. 2021]

[MeerKLASS Collaboration 2022]

[CHIME Collaboration 2022] St
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SKAO HI intensity mapping cosmology
[Santos  SC et al. 2015]⊃

PoS(AASKA14)019

Cosmology with SKA HI IM surveys Mario G. Santos

Figure 5: Left: Constraints (noise over signal) from SKA HI IM surveys for BAO scales (k ⇠ 0.074 Mpc�1)
as a function of redshift. Dashed line shows the BAO detection threshold. Assumptions: 10,000 hours
observation, 25,000 deg2 survey and bins of dz = 0.1, except for SKA1-MID in interferometer mode and
SKA-LOW where 1,000 deg2 and dz = 0.3 was taken. The results for SKA0 band 2 (low z), where only
50% of the dishes are used, was not shown as the results are very similar to SKA1. The lower green curve
shows what would be expected from a SKA2 IM survey (in interferometer mode) optimised for high-z. The
grey curve shows what can be expected for a two-year Ha galaxy survey with similar depth as Euclid but
over a smaller sky area. Right: Constraints (noise over signal) from SKA HI IM surveys for large scales,
past the equality peak (k ⇠ 0.01 Mpc�1) as a function of redshift. A value below 1 would imply a detection.
For SKA1-SUR band 2, the available 500 MHz bandwidth was chosen at the low end of the band in order to
probe higher redshifts. SKA1-MID band 2 is not shown as it is constrained to low redshifts (z < 0.5) with
the current band specs. Dashed line indicates what can be achieved with SKA0 (50% of SKA1) which is
quite similar to SKA1. Note that, in order to be as generic as possible, we did not include the foreground
contamination in this analysis since the results will depend on the cleaning method adopted. The foreground
residuals should degrade these constraints, specially on scales of the order of the frequency band.

Figure 6: Left: Predicted constraints from SKA on dynamical dark energy parameters. We show predicted
constraints from SKA1 IM and SKA2 galaxy, compared with predictions for Euclid. Right: Predicted
constraints from SKA on the unparameterized growth function f s8 from the SKA1 (galaxy and IM) and
the SKA2 galaxy survey, compared with predicted constraints coming from the Euclid galaxy survey. Both
constraints include Planck+BOSS priors.
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Cosmology with SKA HI IM surveys Mario G. Santos
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probe higher redshifts. SKA1-MID band 2 is not shown as it is constrained to low redshifts (z < 0.5) with
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quite similar to SKA1. Note that, in order to be as generic as possible, we did not include the foreground
contamination in this analysis since the results will depend on the cleaning method adopted. The foreground
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Fig. 4.— Fractional constraints on P (k) for the set of reference
experiments, combined over the whole redshift range of each ex-
periment, with 20 bins per decade in k.

5. All three IM surveys are capable of strongly detecting
the BAO feature when the constraints are combined over
their full redshift ranges. Facility approaches the cosmic
variance limit (represented by the DETF Stage IV sur-
vey out to k ⇠ 0.1Mpc�1) over a substantial fraction of
the scales relevant to the BAO, mostly due to the sen-
sitivity of its single-dish component. This also helps to
put sub-10% level constraints on the power spectrum on
scales slightly larger than the matter-radiation equality
peak, keq ⇡ 10�2 Mpc�1. Its interferometric component
provides constraints on smaller scales, achieving ⇠ 10%
errors on P (k) out to k ⇡ 1Mpc�1.
The interferometric Stage II survey is sensitive to gen-

erally smaller scales, but still achieves good constraints
on the BAO thanks to its coverage out to intermediate
redshifts (z ⇠ 1.4). The Stage I survey can comfortably
detect the BAO despite its significantly lower sensitivity
than Facility, but leaves smaller scales unconstrained.
Alternatively, one can look at the detectability of the

BAO feature as a whole. We follow a similar approach to
(Blake & Glazebrook 2003) and split the matter power
spectrum, P (k), into a ‘smooth’ part, Psmooth(k), and an
oscillatory part,

fbao(k) =
P (k)� Psmooth(k)

Psmooth(k)
. (13)

We then introduce an amplitude parameter, A, such that

P (k) = [1 +Afbao(k)]Psmooth(k). (14)

Constraints on A therefore give a measure of the de-
tectability of the BAO feature.
The splitting of P (k) between smooth and oscillatory

parts is somewhat arbitrary. We attempt to construct a
‘purely oscillatory’ fbao(k) – i.e. one that lacks a smooth
overall trend in k – as follows. First, we use CAMB to
calculate P (k) for the fiducial cosmological model over
a range of sample points in k. We then choose two ref-
erence values of k that bound the region in which the
oscillations are significant (k ⇡ 0.02 and 0.45 Mpc�1

for our fiducial cosmology), and construct a cubic spline
for logP (k) as a function of log k using all points out-
side that region. Next, we construct a preliminary os-

Fig. 5.— Forecast constraints on the BAO wiggles, combined
over the whole redshift range for each of the reference surveys.

cillatory function by dividing the sampled P (k) by the
splined function (not its logarithm), then fit another cu-
bic spline to the result and find the zeros of its second
derivative with respect to k. These are the points at
which the first derivatives of the oscillatory function are
maximal/minimal, and in some sense define ‘mid-points’
of the function – its overall trend. We construct a cubic
spline through these too, and then divide the prelimi-
nary oscillatory function by it to ‘de-trend’. This leaves
fbao(k) as the final result (Fig. 5). Unlike other methods,
which look at ratios of the form P (k,⌦b 6=0)/P (k,⌦b=0)
to pick out oscillations (Rassat et al. 2008), this method
is essentially model-independent for a given fiducial P (k).
The constraint on the overall amplitude of the BAO

feature, A, is plotted as a function of redshift for the
reference surveys in Fig. 6. Facility is capable of > 3�
detections of the BAO feature out to z ⇡ 1.5, but makes
progressively weaker detections at higher redshift, pre-
dominantly due to its limited angular resolution in single-
dish mode. In comparison, the Stage II survey’s con-
straints degrade much less rapidly with redshift, owing
to its greater sensitivity to smaller angular scales (which
translate to intermediate physical scales at higher z).
Fig. 7 plots the errors on P (k) for Facility as a function

of both scale and redshift. For k & 0.1Mpc�1, most
of the information comes from low redshifts, where the
amplitude of the power spectrum is largest. At smaller k,
however, the volume of the redshift bin begins to matter,
as the increase in bin volume with z allows progressively
larger scales to be probed. For Facility, the constraints

E.g. BINGO

E.g. MeerKAT

E.g. SKAO

E.g. Euclid
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[Bull  et al. 2015]⊃

[Santos  SC et al. 2015]⊃

SKAO HI intensity mapping cosmology
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S. Casas, I.P. Carucci, V. Pettorino et al. Physics of the Dark Universe 39 (2023) 101151

Table 1
Cosmological parameters and their fiducial values in the MG parametrization
used for the Fisher analysis in this work.
Parameters ⌦m,0 ⌦b,0 h ns �8 E11 E22
Fiducial 0.32 0.05 0.67 0.96 0.822 0.1007 0.8293

GR which are compatible with currently available data; moreover,
this choice allows us to easily use the Planck results as a CMB
prior for the Fisher matrices we will compute.

In addition to the set ✓cosmo, our analysis also includes the set
of free nuisance parameters ✓nuis that enters in the theoretical
expressions of the probes we consider. For GCsp we include the
values of galaxy bias bg(z) and the shot noise Pshot(z) in each of
the Nb redshift bin we consider, while for IM we do the same
with the HI bias bHI(z), an effective bias that incorporates also the
mean brightness temperature T̄ 2

b (z). For the angular probes we
again include the galaxy bias in each bin bi, together with the IA
nuisance parameters for WL, i.e. AIA, �IA and ⌘IA. Therefore, the full
set of free parameters ⇥ that enters in the Fisher matrix analysis
of Eq. (10) is ⇥ = {✓cosmo, ✓nuis}.

3.5.1. Non-linear settings
To conclude our analysis settings, we specify our choices for

the small-scales limits of our theoretical predictions. For the
angular probes, we choose `max = 5000. The choice of this scale
relies on a modelling of the non-linear matter power spectrum
and other associated systematics at small scales, based on the
one used for instance in [43]. While N-body simulations of the
non-linear evolution of perturbations are available in ⇤CDM and
can be used to reach such scales in the prediction of the matter
power spectrum, this is not the case when dealing with the
modified gravity parameterisations we use in this work. However,
in order to reach `max = 5000, we assume here the validity of
the parameterized post-Friedmann (PPF) framework, developed
in [84] and used extensively in [14], which allows to reach the
scales under examination also within our analysis.

For GCsp and IM instead, we cut the scales beyond kmax =

0.3 h/Mpc out of our analysis. The choice of this cut is based on
the optimistic settings of [43] for the spectroscopic probe and in
the case of IM based on previous results by [36].

3.5.2. Radio surveys: SKAO
Our goal is to investigate the constraints that SKAO will

achieve on the models of interest. We consider two kinds of
galaxy surveys (in spectroscopy and radio-continuum), a weak
lensing survey and the IM survey, all of them performed with
the South-African mid-frequency array of the SKAO (see details
in [36]).

The spectroscopic survey uses the 21-cm line from hydrogen
observed in radio interferometry to detect and locate Hi-rich
galaxies. The specifications we adopt for this survey are shown
in Table A.5 and we show the redshift distribution of sources and
the fiducial galaxy bias for each bin in Table A.8. In the top panel
of Fig. 2 we show the inverse noise term for the this survey in red,
also highlighting the five redshift bins we consider in our analysis.

The continuum survey identifies instead radio-emitting galax-
ies (e.g. star-forming or with an active radio galactic nucleus)
from the reconstructed images from the interferometric data;
their z determination is poor, which make this survey the radio
counterpart of photometric optical surveys. The reconstructed
images of this survey are then used to obtain the weak lensing
measurements. We report the specifications assumed for the
continuum survey in Table C.10. In the lower panel of Fig. 2 we
plot in a solid line the expected n(z) for the continuum galaxy
population of SKAO [36] as a function of z, and in shaded pink

Fig. 2. Top: Inverse noise terms (1/Pnoise in units of [Mpc3]) for SKAO GC with
spectroscopic Hi galaxies (red, 5 bins), IM with Hi temperature (yellow, 11 bins),
DESI H↵ BGS galaxies (light blue, 5 bins) and DESI H↵ ELG galaxies (green,
11 bins). Bottom: Normalised galaxy number density for continuum galaxies
in SKAO as a function of redshift. The shaded regions correspond to the 10
photometric redshift bins.
Source: Taken from [83].

rectangles we mark the boundaries of the continuum redshift bins
used in our 3 ⇥ 2pt analysis.

While SKAO will perform the previous surveys exploiting radio
interferomentry, IM is the only survey that runs in single-dish
mode, i.e. considering each dish as an independent telescope
and co-adding the maps. In Table B.9 we report the assumed
specifications to describe the IM signal as expected from SKAO.
In the top panel of Fig. 2 we show the inverse noise term for the
this survey and the division into eleven redshift bins in yellow.

3.5.3. Optical surveys: DESI and VRO
While the focus of this paper is primarily on SKAO, we also

compare and combine this with upcoming optical surveys, for
which we take as an example the Dark Energy Spectroscopic
Survey and the Vera C. Rubin Legacy Survey of Space and Time.

DESI (Dark Energy Spectroscopic Survey) [85,86] is a stage-IV
spectroscopic galaxy redshift survey conducted with a ground-
based telescope installed in Arizona. While DESI will study four
populations of tracers, in this work we will concentrate only

7

[Casas  SC et al. 2024]⊃

SKAO HI intensity mapping synergies
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Fig. 3. Fisher-matrix-marginalised forecasts on the late-time parameterisation model for SKAO. In green the GCsp probe from HI galaxies, in orange the IM probe
from 21 cm Intensity mapping and in violet the combination of GCsp and IM.

on Emission Line Galaxies (ELG) between redshifts 0.7 and 1.7
and the Bright Galaxy Survey (BGS) which will cover galaxies
in the range 0. < z < 0.5. In Tables A.6 and A.7 we detail
the specifications used for our forecasts, including the N(z) in
units of inverse volume, Mpc�3, and the expected galaxy bias at
each redshift bin. In the upper panel of Fig. 2 we show these
redshift bins and the N̄i, which corresponds to the inverse of the
shot noise, for the DESI probes considered here. BGS contains 5
redshift bins, while for ELG we consider 11 redshift bins. For more
information about the galaxy populations and the survey strategy
see [86] and for an overview of forecasts and the science possible
with DESI, see [85,87,88].

For our photometric analysis we consider the Vera C. Rubin
Legacy Survey of Space and Time [89–91] (herafter VRO), which is
a Stage IV galaxy survey using a ground-based telescope installed
in Cerro Pachón in northern Chile. In this work we will consider
VRO for the photometric weak lensing (WLph) and clustering
probes, together with their cross-correlation, i.e. the 3 ⇥ 2pt
combination (see [92]). For this survey, we model the expected
galaxy number density as [89,90]

n(z) / z� exp

�

✓
z
z0

◆� �
, (41)

with � = 2.00, � = 1.25 and z0 = 0.156/
p
2.

In Table C.10 we list the rest of the specifications of the VRO
photometric survey used for the forecasts in this work. For more
details on the survey strategy, specifications and the anticipated
data products see [89].

4. Results

4.1. SKAO forecasts

For SKAO, we start from considering the two probes that
are linked to the 3-dimensional matter power spectrum, namely
spectroscopic Galaxy Clustering (GCsp) and 21-cm Intensity Map-
ping (IM). In Fig. 3 we show the forecasted 1-� and 2-� con-
fidence level contours for GCsp in green and for IM in orange,
together with the combination of both in blue. Both these probes
are tracing the underlying clustering of structures; therefore, we
expect them to be sensitive to the MG parameter µ that affects
the trajectories of massive particles. In addition, they are also
sensitive to redshift space distortions and the Alcock–Paczynski
effect, and therefore to parameters like h and ⌦b,0. These two
separate SKAO probes can be combined since, as shown in the
top panel of Fig. 2, GCsp probes low redshifts from 0 < z < 0.4
and IM probes higher redshifts 0.6 < z < 1.7, such that a
simple addition of their Fisher matrices is enough and we do
not need to calculate their cross-correlation. We can see in Fig. 3
that IM dominates the constraining power for most parameters:
this is due to the fact that IM probes a much larger area and

a higher number of redshift bins, which allows to capture time
and scale-dependent variations of the power spectrum. In Table 2
we show fully marginalised constraints on different parameters,
and for different probe combinations. As said, probes based on
the matter power spectrum are particularly suited to constrain
µ(z) and its present amplitude µ ⌘ µ(z = 0), as this parameter
is the one affecting the growth rate of matter perturbations
(see Eq. (2)); we indeed find that GCsp alone can constrain its
value with approximately a 31% accuracy, which is similar to
the constraining power that IM alone is able to provide (29%).
Moreover, their combination can constrain µ at the 14% level, a
factor 2 improvement. The above holds for SKAO alone, without
any priors from other experiments. As expected, the parameter
⌃ ⌘ ⌃(z = 0), which mainly affects lensing, is instead not well
constrained by these probes and the relative error bars amount
to more than 100% in all these cases.

On the other hand, for the angular probes of SKAO, which
have a low redshift resolution but a good angular resolution, we
observe that the parameter ⌃ is much better estimated, since it
affects WLco and also the galaxy-galaxy-lensing cross-correlation
(XCco). While WLco from SKAO alone can constrain this param-
eter only up to about 60% accuracy [cf. 83,93,94], due to its
small area coverage and large shape measurement errors, the
combination of WLco with continuum Galaxy Clustering (GCco)
and their cross-correlation (XCco) can already constrain ⌃ at the
⇡ 3.6% level. As can be seen in Fig. 4, the large degeneracy
between ⌃ and ⌦m,0 coming from WLco alone (in pink contours)
is broken by the robust determination of ⌦m,0 by GCco (in green);
therefore, the full combination GCco+WLco+XCco (yellow con-
tours) is powerful in constraining ⌃ . Also, as we see in Table 2,
WLco+GCco+XCco is much better at constraining both µ and ⌃
than GCsp+IM alone can do. When combining the GCsp and IM
probes with WLco only, we obtain already a determination of
⇡ 10% on µ and ⇡ 5.2% on ⌃ . An overview bar plot of how
different probe combinations perform on different parameters is
also shown in Fig. 6.

In Fig. 5 we compare SKAO GCsp+IM (blue), SKAO angular
probes (WLco+GCco+XCco, in yellow) and their combination (pur-
ple). We observe an excellent complementarity between probes
in the planes of µ � ⌦m,0 and µ � h; as discussed above, the
combination of all angular probes constrains very well the µ
parameter, but GCsp+IM are better at constraining ⌦m,0 and h
on their own. The same complementarity appears with ⌃ �⌦m,0
for which there are no constraints on the first parameter coming
from GCsp+IM; the angular probes are nearly perpendicular to
GCsp+IM contours. Overall, the combination of angular probes
and GCsp+IM indicated as SKAOall in Table 2 further improves
the relative error on the ⌦m,0 parameter by a factor 2 and the
one on ⌦b,0 by a factor 3, with respect to angular probes alone.
A small gain for the MG parameters is also present: for ⌃ the
error is reduced from ⇠3.6% to ⇠1.8%; however, for µ the effect
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Fig. 8. Fisher-matrix-marginalised forecasts on the late-time parameterisation model. We show DESI (the GCsp probe of the DESI ELG + BGS samples) in red, VRO
(GCph+WLph+XCph) in blue, in purple all SKAO probes combined together and in green the combination of the photometric VRO + the IM and GCsp surveys of
SKAO.

Fig. 9. Fisher-matrix-marginalised forecasts on the late-time parameterisation model for the combination of different observables with SKAO and DESI. In blue the
21 cm IM probe from SKAO combined with the HI GCsp probe of the same experiment, in red GCsp from the combination of two DESI surveys, ELG and BGS,
labelled as DESI[E+B] here. Finally, in bright green, the combination of DESI ELG spectroscopic galaxies with SKAO 21 cm IM, including its cross-correlation in the
redshift range 0.65 < z < 1.75, as detailed in Eq. (18) plus the SKAO HI GCsp, which probes low redshifts z < 0.5.The use of cross-correlation between IM and GCsp
improves considerably the constraints as opposed to a GCsp survey alone, especially for the parameters h and �8.

will reach a new status, becoming as competitive as the more
traditional observational approaches (e.g. optical galaxy surveys,
Lyman-alpha forest transmission measurements, and the Cosmic
Microwave Background). In this work, we focused on what such
novel radio surveys can tell us about modifications of gravity
and on how their synergy and cross-correlation with optical sur-
veys can improve constraints. With a Fisher formalism approach,
we derived the constraints on beyond-⇤CDM gravity theories
that we will achieve with the specifications of the SKAO Mid

radio telescope. In particular, we considered the µ and ⌃ func-
tions, whose departure from unity are signs of deviations from
Einstein’s General Relativity: µ measures a modification in the
growth of perturbations, while ⌃ measures a modification in
the lensing amplitude. We considered four probes carried out
with SKAO surveys: (1) a clustering GCco and (2) weak lensing
WLco survey performed with galaxies detected in the radio-
continuum —whose angular information outperforms the radial;
(3) a spectroscopic galaxy clustering survey GCsp via Hi galaxies
and (4) Hi intensity mapping, IM. The spectroscopic Hi galaxies
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Fig. 3. Fisher-matrix-marginalised forecasts on the late-time parameterisation model for SKAO. In green the GCsp probe from HI galaxies, in orange the IM probe
from 21 cm Intensity mapping and in violet the combination of GCsp and IM.

on Emission Line Galaxies (ELG) between redshifts 0.7 and 1.7
and the Bright Galaxy Survey (BGS) which will cover galaxies
in the range 0. < z < 0.5. In Tables A.6 and A.7 we detail
the specifications used for our forecasts, including the N(z) in
units of inverse volume, Mpc�3, and the expected galaxy bias at
each redshift bin. In the upper panel of Fig. 2 we show these
redshift bins and the N̄i, which corresponds to the inverse of the
shot noise, for the DESI probes considered here. BGS contains 5
redshift bins, while for ELG we consider 11 redshift bins. For more
information about the galaxy populations and the survey strategy
see [86] and for an overview of forecasts and the science possible
with DESI, see [85,87,88].

For our photometric analysis we consider the Vera C. Rubin
Legacy Survey of Space and Time [89–91] (herafter VRO), which is
a Stage IV galaxy survey using a ground-based telescope installed
in Cerro Pachón in northern Chile. In this work we will consider
VRO for the photometric weak lensing (WLph) and clustering
probes, together with their cross-correlation, i.e. the 3 ⇥ 2pt
combination (see [92]). For this survey, we model the expected
galaxy number density as [89,90]

n(z) / z� exp

�

✓
z
z0

◆� �
, (41)

with � = 2.00, � = 1.25 and z0 = 0.156/
p
2.

In Table C.10 we list the rest of the specifications of the VRO
photometric survey used for the forecasts in this work. For more
details on the survey strategy, specifications and the anticipated
data products see [89].

4. Results

4.1. SKAO forecasts

For SKAO, we start from considering the two probes that
are linked to the 3-dimensional matter power spectrum, namely
spectroscopic Galaxy Clustering (GCsp) and 21-cm Intensity Map-
ping (IM). In Fig. 3 we show the forecasted 1-� and 2-� con-
fidence level contours for GCsp in green and for IM in orange,
together with the combination of both in blue. Both these probes
are tracing the underlying clustering of structures; therefore, we
expect them to be sensitive to the MG parameter µ that affects
the trajectories of massive particles. In addition, they are also
sensitive to redshift space distortions and the Alcock–Paczynski
effect, and therefore to parameters like h and ⌦b,0. These two
separate SKAO probes can be combined since, as shown in the
top panel of Fig. 2, GCsp probes low redshifts from 0 < z < 0.4
and IM probes higher redshifts 0.6 < z < 1.7, such that a
simple addition of their Fisher matrices is enough and we do
not need to calculate their cross-correlation. We can see in Fig. 3
that IM dominates the constraining power for most parameters:
this is due to the fact that IM probes a much larger area and

a higher number of redshift bins, which allows to capture time
and scale-dependent variations of the power spectrum. In Table 2
we show fully marginalised constraints on different parameters,
and for different probe combinations. As said, probes based on
the matter power spectrum are particularly suited to constrain
µ(z) and its present amplitude µ ⌘ µ(z = 0), as this parameter
is the one affecting the growth rate of matter perturbations
(see Eq. (2)); we indeed find that GCsp alone can constrain its
value with approximately a 31% accuracy, which is similar to
the constraining power that IM alone is able to provide (29%).
Moreover, their combination can constrain µ at the 14% level, a
factor 2 improvement. The above holds for SKAO alone, without
any priors from other experiments. As expected, the parameter
⌃ ⌘ ⌃(z = 0), which mainly affects lensing, is instead not well
constrained by these probes and the relative error bars amount
to more than 100% in all these cases.

On the other hand, for the angular probes of SKAO, which
have a low redshift resolution but a good angular resolution, we
observe that the parameter ⌃ is much better estimated, since it
affects WLco and also the galaxy-galaxy-lensing cross-correlation
(XCco). While WLco from SKAO alone can constrain this param-
eter only up to about 60% accuracy [cf. 83,93,94], due to its
small area coverage and large shape measurement errors, the
combination of WLco with continuum Galaxy Clustering (GCco)
and their cross-correlation (XCco) can already constrain ⌃ at the
⇡ 3.6% level. As can be seen in Fig. 4, the large degeneracy
between ⌃ and ⌦m,0 coming from WLco alone (in pink contours)
is broken by the robust determination of ⌦m,0 by GCco (in green);
therefore, the full combination GCco+WLco+XCco (yellow con-
tours) is powerful in constraining ⌃ . Also, as we see in Table 2,
WLco+GCco+XCco is much better at constraining both µ and ⌃
than GCsp+IM alone can do. When combining the GCsp and IM
probes with WLco only, we obtain already a determination of
⇡ 10% on µ and ⇡ 5.2% on ⌃ . An overview bar plot of how
different probe combinations perform on different parameters is
also shown in Fig. 6.

In Fig. 5 we compare SKAO GCsp+IM (blue), SKAO angular
probes (WLco+GCco+XCco, in yellow) and their combination (pur-
ple). We observe an excellent complementarity between probes
in the planes of µ � ⌦m,0 and µ � h; as discussed above, the
combination of all angular probes constrains very well the µ
parameter, but GCsp+IM are better at constraining ⌦m,0 and h
on their own. The same complementarity appears with ⌃ �⌦m,0
for which there are no constraints on the first parameter coming
from GCsp+IM; the angular probes are nearly perpendicular to
GCsp+IM contours. Overall, the combination of angular probes
and GCsp+IM indicated as SKAOall in Table 2 further improves
the relative error on the ⌦m,0 parameter by a factor 2 and the
one on ⌦b,0 by a factor 3, with respect to angular probes alone.
A small gain for the MG parameters is also present: for ⌃ the
error is reduced from ⇠3.6% to ⇠1.8%; however, for µ the effect
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PNG with SKAO HI intensity mapping
determines the ability to probe below fNL of 10: for such a
method to be successful, we need a deep survey with a
large bandwidth accessing frequencies of 400 MHz and
below. Crucially, given our fundamental ignorance about
the redshift evolution of the bias, we need to span a wide
range of redshifts to capture bHIðk; zÞ ! 1.

If we are to access the cosmic variance regime, we need
to explore different experimental strategies. We focus on a
bandwidth BW 2 ½250; 1000$ MHz, which corresponds to
0:5 & z & 4:5, subdivided into 75 frequency bins of
width!! ¼ 10 MHz. This implies a 75& 75 tomographic
½CHI

‘ $ij matrix, that we approximate by considering block-
diagonal 20& 20 tomographic submatrices and correct for
the overlap. For a survey using dishes, the expected noise
can be expressed via N HI

‘ ¼ T2
systSarea=ðNdttot!!Þ, with

Tsyst the system temperature, Sarea the total surveyed area,
Nd the number of dishes, and ttot the total observation time.
For interferometers we will assume that it will not be
possible to mosaic. Thus, we fix the largest scale probed
as the one probed by one single pointing which is set by the
field of view (FOV). Hence, FOV ¼ 4"fsky, and we have
that N HI

‘ ¼ T2
systð2"Þ3=½f2ð‘Þ‘2maxtobs!!$, with fð‘Þ the

so-called filling factor, which we fix to unity (e.g., we
take a dense array). If we perform several pointing,
Np, such that Sarea ¼ NpFOV, we can replace tobs with

tobs=Np and divide the total CHI
‘ þN HI

‘ by
ffiffiffiffiffiffiffi
Np

p
. In both

experimental scenarios, we adopt Tsyst ¼ ½30þ 60&
ð300 MHz=!Þ2:55$ K, which takes the galactic synchrotron
contribution at low frequencies into account.

While foreground cleaning will remove some informa-
tion, in these experiments we will have access to a very
large bandwidth. Hence, we could perform the cleaning on
scales much larger than the frequency ‘‘chunks’’ used for
the cosmological analysis. For instance, in the case of
reionization, Chapman et al. [35] have shown that the
foreground cleaning will have impact only on the scales
related to the size of the bandwidth used for the foreground
removal—for the higher frequency range of interest to us
we expect less of an effect from the foreground removal
given that the amplitude of galactic synchrotron emission
will be smaller.

Figure 3 depicts these results—we plot #fNL contours in
the plane of the surveyed area and total observation time.
Abscissas roughly cover from a 15& 15 deg2 survey to
half-sky. The three top panels stand for the dish survey
case, where the y axis actually shows ttot multiplied by
the number of dishes Nd. We show three maximum angular
modes, namely, ‘max ¼ 25, 60, and 300 (corresponding to
dish diameters of 5, 15, and 80 m at redshift (3).
Constraints should improve as we increase the surveyed
area, since ‘min decreases, thus accessing the scales which
are themost affected by non-Gaussianity; on the other hand,
since noise is proportional to Sarea, there will be an optimal
value for it, above which errors will increase again (clearly
visible for large #fNL contours).

For higher angular resolution, interferometers may be a
better option. In the lower panels of Fig. 3 we show#fNL for
1, 10, and 100 pointings. Choosing Da ( 80 m as the
diameter for the array, the resolution is set at ‘max ’ 300.
The main design parameter is the field of view, which sets
‘min ¼ 2"=

ffiffiffiffiffiffiffiffiffiffiffi
FOV

p
and is fixed by the effective size of each

element, deff ( $=
ffiffiffiffiffiffiffiffiffiffiffi
FOV

p
. With a filling factor of 1, this is

related to the number of elements, Ne (D2
a=d

2
eff . Given

that the maximum angular scale is set by the FOV, by
adding more pointings, we simply diminish the variance
"HI
‘ by Np, though the noise increases too, because

tobs ! tobs=Np.
There are several telescopes in development or deployed

that should be able to probe this HI intensity signal and in
turn help to constrain primordial non-Gaussianity. Note
that in principle any interferometer can also be used as a
dish experiment, as long as the autocorrelation data from
each dish are saved. Moreover, the required survey can be
done concurrently with any other large survey, which
should increase the available observation time. It is unre-
alistic to expect more than(10 000 h of total time, requir-
ing a minimum of 100 elements for a dish survey to go
beyond Planck constraints. Telescopes such as MeerKAT
[36] will be in this range, with its 64 13.5 m dishes. It will
improve for SKA phase 1 with an extra 190 15 m dishes,
also to be assembled at the same site. The minimum
frequency for MeerKAT is (580 MHz. According to
Fig. 2, it means that a survey using MeerKAT will be
limited to #fNL ( 10. On the other hand, the SKA phase
1 dish array (middle frequencies) should probe down to
(350 MHz, thus allowing us to push below Planck con-
straints (using it just as a set of single dishes). Instruments
such as APERTIF [37] or ASKAP [38] will achieve large
survey speeds thanks to the ‘‘phased array feed’’ system.
Unfortunately, their minimum frequency is set at 1 GHz
and 700 MHz, respectively. This will render them unusable
for probing HI at high z’s. Contrarily, GMRT [39] can

FIG. 3. Forecasted 68.3% error contours on fNL as a function
of surveyed area and total observation time, for a dish survey
with Nd dishes (upper panels) and an interferometer making Np

pointings (lower panels).
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PNG with SKAO HI intensity mapping
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SKA (single dish)

HIRAX (interferometer)

SKA + HIRAX

SKA × HIRAX

PNG with SKAO HI intensity mapping
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Towards the SKAO
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Towards the SKAO
[Credits: R. Braun]
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Towards the SKAO
[Courtesy of A. Bonaldi]
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Towards the SKAO
[Courtesy of A. Bonaldi]
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MeerKAT

• The MeerKAT Large Area Synoptic Survey (MeerKLASS) 

• Aiming at HI intensity mapping and continuum cosmology (lots of commensality) 

• Focus of sky patches with multi-wavelength data for cross-correlations 

• L-band: 900-1670 MHz (  < 0.58)z

PoS(MeerKAT2016)032

A Large Sky Survey with MeerKAT
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We discuss the ground-breaking science that will be possible with a wide area survey, using
the MeerKAT telescope, known as MeerKLASS (MeerKAT Large Area Synoptic Survey). The
current specifications of MeerKAT make it a great fit for cosmological applications, which require
large volumes. In particular, a large survey over ⇠ 4,000deg2 for ⇠ 4,000 hours will potentially
provide the first ever measurements of the baryon acoustic oscillations using the 21cm intensity
mapping technique, with enough accuracy to impose constraints on the nature of dark energy. The
combination with multi-wavelength data will give unique additional information, such as the first
constraints on primordial non-Gaussianity using the multi-tracer technique, as well as a better
handle on foregrounds and systematics. The survey will also produce a large continuum galaxy
sample down to a depth of 5 µJy in L-band, unmatched by any other concurrent telescope, which
will allow to study the large-scale structure of the Universe out to high redshifts. Finally, the same
survey will supply unique information for a range of other science applications, including a large
statistical investigation of galaxy clusters, and the discovery of rare high-redshift AGN that can be
used to probe the epoch of reionization as well as produce a rotation measure map across a huge
swathe of the sky. The MeerKLASS survey will be a crucial step on the road to using SKA1-MID
for cosmological applications, as described in the top priority SKA key science projects.

MeerKAT Science: On the Pathway to the SKA,
25-27 May, 2016,
Stellenbosch, South Africa

⇤Speaker.

c� Copyright owned by the author(s) under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND 4.0). http://pos.sissa.it/
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MeerKAT

• Detection of baryon acoustic oscillations using HI

PoS(MeerKAT2016)032

MeerKLASS Mário G. Santos

Figure 1: HI detection with MeerKLASS, showing the expected signal power spectrum (black
solid) and measurement errors (cyan). Top left: HI auto-correlation. Top right: Cross-correlation
with BOSS DR12-like sample. Bottom left: Angle-averaged cross-correlation with DES-like sur-
vey. Bottom right: DES galaxies (at zb = 1) as background sources to detect the cross-correlation
between the HI density field (at z f = 0.3) and lensing.

to use sky areas with good multi-wavelength coverage, which will essentially set the maximum
available area to about 6,000 deg2 for the next six years. The upper right panel in Fig. 2 shows that
detection of the growth rate with MeerKLASS will be possible with a signal to noise of almost 40
in the L-band.

2.1.3 Multi-tracer constraints on primordial non-Gaussianity

Measuring primordial non-Gaussianity (PNG) provides a powerful probe of inflation models.
The local type of PNG is parametrized by an amplitude fNL and current state of the art constraints
on PNG are delivered by the Planck experiment, s( fNL) = 6.5, using measurements of the bispec-
trum. PNG also leaves a ‘frozen’ imprint in the power spectrum on very large scales by introducing
a scale-dependent clustering bias [15, 16]. For a single tracer of the dark matter distribution, this
signal is eroded by cosmic variance, and even the next-generation ultra-large survey volumes are
unable to achieve s( fNL)< 1 [17].

Cosmic variance can be beaten down using multiple tracers, and this is applied to MeerKAT
and DES in [18]. It is shown that the multi-tracer technique can achieve errors on fNL better than
those of Planck, even with a conservative assumption on the overlap sky area between MeerKAT
and DES (3,000 or 4000 deg2), and with a maximum of 4000 hr integration time (s( fNL) ⇠ 3.6
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