
Cosmology with the 
SKA Observatory

Stefano Camera

Department of Physics, Alma Felix University of Turin, Italy



St
ef

an
o 

C
am

er
a


C
os

m
ol

og
y 

w
ith

 th
e 

SK
A

 O
bs

er
va

to
ry



26

 • 
IX

 • 
20

22

The SKA Observatory

• The SKA Observatory (Inter-Governmental Organisation) was born on 15th Jan 2021!
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The SKA Project

• The SKA (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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The SKA Project

14 GHz50 MHz
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The SKA Project

14 GHz50 MHz
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SKAO Science

Cosmic Dawn & Reionisation Cosmology & Galaxy Evolution Pulsars Cosmic Magnetism Cradle of Life
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SKAO Science

Cosmic Dawn & Reionisation Cosmology & Galaxy Evolution Pulsars 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
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SKAO Science
[AASKA PoS(s), 2015]
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SKAO Science
[Credits: R. Braun]
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SKAO Cosmology
Publications of the Astronomical Society of Australia (2020), 37, e007, 31 pages
doi:10.1017/pasa.2019.51

Research Paper

Cosmology with Phase 1 of the Square Kilometre Array Red Book
2018: Technical specifications and performance forecasts
Square Kilometre Array Cosmology Science Working Group:David J. Bacon 1, Richard A. Battye 2 , Philip Bull 3,
Stefano Camera 2,4,5,6, Pedro G. Ferreira 7, Ian Harrison 2,7, David Parkinson 8, Alkistis Pourtsidou 3,
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Sambatra Andrianomena 9,10,17, Mario Ballardini 9,18, José Luis Bernal 19,20, Daniele Bertacca 21,22,
Carlos A. P. Bengaly 9, Anna Bonaldi 23, Camille Bonvin 24, Michael L. Brown 2, Emma Chapman 25, Song Chen 9,
Xuelei Chen 26, Steven Cunnington 1, Tamara M. Davis 27, Clive Dickinson 2, José Fonseca 9,22, Keith Grainge 2,
Stuart Harper 2, Matt J. Jarvis 7,9, Roy Maartens 1,9, Natasha Maddox 28, Hamsa Padmanabhan 29,
Jonathan R. Pritchard 25, Alvise Raccanelli 19, Marzia Rivi 13,18, Sambit Roychowdhury 2, Martin Sahlén 30,
Dominik J. Schwarz 31, Thilo M. Siewert 31, Matteo Viel 32, Francisco Villaescusa-Navarro 33, Yidong Xu 26,
Daisuke Yamauchi 34 and Joe Zuntz 35
1Institute of Cosmology and Gravitation, University of Portsmouth, Dennis Sciama Building, Portsmouth PO1 3FX, UK, 2Jodrell Bank Centre for Astrophysics, School of
Physics and Astronomy, The University of Manchester, Manchester M13 9PL, UK, 3School of Physics and Astronomy, Queen Mary University of London, 327 Mile End
Road, London E1 4NS, UK, 4Dipartimento di Fisica, Universitá degli Studi di Torino, Via P. Giuria 1, 10125 Torino, Italy, 5INFN – Istituto Nazionale di Fisica Nucleare,
Sezione di Torino, Via P. Giuria 1, 10125 Torino, Italy, 6INAF – Osservatorio Astrofisico di Torino, Strada Osservatorio 20, 10025 Pino Torinese, Italy, 7Department of
Physics, University of Oxford, Denys Wilkinson Building, Keble Road, Oxford OX1 3RH, UK, 8Korea Astronomy and Space Science Institute, Yuseong-gu,
Daedeokdae-ro 776, Daejeon 34055, Korea, 9Department of Physics and Astronomy, University of the Western Cape, Cape Town 7535, South Africa, 10SKA South
Africa, The Park, Cape Town 7405, South Africa, 11Instituto de Astrofisica e Ciencias do Espaco, Universidade de Lisboa, OAL, Tapada da Ajuda, PT1349-018 Lisboa,
Portugal, 12Astrophysics Group, School of Physics, The University of Melbourne, Parkville, VIC 3010, Australia, 13Department of Physics and Astronomy, University
College London, Gower Street, London, WC1E 6BT, UK, 14Department of Physics and Electronics, Rhodes University, PO Box 94, Grahamstown, 6140, South
Africa, 15Lorentz Institute for Theoretical Physics, Leiden University, P.O. Box 9506, 2300 RA Leiden, The Netherlands, 16Département de Physique, École Normale
Supérieure, PSL Research University, CNRS, 24 rue Lhomond, 75005 Paris, France, 17Department of Mathematics and Applied Mathematics, University of Cape Town,
Cape Town 7701, South Africa, 18INAF - Istituto di Radioastronomia, via Gobetti 101, 40129 Bologna, Italy, 19Institut de Ciències del Cosmos (ICCUB), Universitat de
Barcelona (IEEC-UB), Martí Franquès 1, E08028 Barcelona, Spain, 20Departament de Física Quàntica i Astrofísica, Universitat de Barcelona, Martí Franquès 1, E08028
Barcelona, Spain, 21Argelander-Institut für Astronomie, Auf dem Hügel 71, 53121 Bonn, Germany, 22Dipartimento di Fisica e Astronomia “G. Galilei”, Universitá degli
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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
the science that they will enable. We highlight three main surveys: a medium-deep continuum weak lensing and low-redshift spectroscopic
HI galaxy survey over 5 000 deg2; a wide and deep continuum galaxy and HI intensity mapping (IM) survey over 20 000 deg2 from z =
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SKAO Cosmology
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SKAO Cosmology

• Surveys carried out at radio wavelengths:


• HI-line galaxy surveys


• Continuum galaxy surveys


• HI intensity mapping surveys


• Radio weak lensing surveys


• Multi-wavelength synergies
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HI-line galaxies

• Origin: HI (neutral hydrogen) emission line in galaxies


• Pros: spectroscopic redshift accuracy, peculiar velocities


• Cons: few galaxies (faint signal), threshold experiment


• Examples:


• HIPASS (4.5k galaxies; 5σ detection limit 5.6 Jy km s–1 @ 200 km s–1)


• ALFALFA (>20k galaxies; 5σ detection limit 0.72 Jy km s–1 @ 200 km s–1)
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HI-line galaxies

• HI-line galaxy surveys are ‘Tully-Fisher’ surveys


• The intrinsic luminosity of a galaxy (from 21cm line width) combined with its 
measured redshift, gives peculiar velocity of the galaxy.
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HI-line galaxies

• HI-line galaxy surveys are ‘Tully-Fisher’ surveys

Are peculiar velocity surveys competitive? 4275

Figure 5. Same as Fig. 4, but as a function of zmax instead of kmax. kmax is
fixed to 0.2 h Mpc−1.

Figure 6. Constraints on fσ 8 (upper panel) and β (lower panel) as a function
of galaxy number density (n̄ = ng = nu). See Fig. 4 for the description of
lines. The short-dashed lines are results from two fields using linear theory;
the one-loop RPT is used for other lines. Constraints on β from two fields
continue to decrease, while the constraint from RSD only is limited by
cosmic variance.

for k ! 0.1 h Mpc−1, where the non-linearity makes the difference.
In the figure, we plot the constraints using the linear power spectrum
with the blue short dashed lines.

3.2.2 Three free parameters: fσ 8, β, and rg

From galaxy density alone, the growth rate fσ 8 and galaxy corre-
lation coefficient rg are highly degenerate. BT04 pointed out that
peculiar velocity breaks this degeneracy and constrains rg extremely
well. Our result confirms this; the constraint on fσ 8 from the red-

shift survey weakens from 5 to 48 per cent, compared to the two-
parameter case (Section 3.2.1), while two-field data constrains rg

to 0.3 per cent, and fσ 8 to the same precision as the two-parameter
case. Peculiar velocity surveys can constrain growth rates, fσ 8 and
β, equally well even if we add rg as a free parameter.

3.2.3 Four free parameters: fσ 8, β, σ g, and σ u

Because the damping factor of the galaxy power spectrum, σ g, is
affected by complicated non-linear pairwise velocity (e.g. Scocci-
marro 2004), which depends on the galaxy population, σ g is often
treated as a nuisance parameter fitted against data. For the velocity
damping factor, σ u, we do not yet have a theoretical model. Without
knowing how it depends on cosmological parameters, we have to
treat it as a free parameter as well. We investigate the effects of
treating these damping factors as free parameters in this section.
Because we know the order of magnitude of these parameters and
know that they are positive, we add 100 per cent priors to the Fisher
matrix:

F σ prior
σgσg

= σ−2
g , F σ prior

σuσu
= σ−2

u . (20)

The constraints on fσ 8 and β weaken by about 20–30 per cent,
from 1.8 to 2.4 per cent on fσ 8, and from 2.0 to 2.4 per cent on
β, respectively. The constraint from redshift-distortion alone also
weakens from 5 to 10 per cent. We conclude that uncertainty in the
damping parameter has a moderate, but not severe, effect on the
forecast constraints.

3.2.4 Free cosmological parameters

Finally, we vary cosmological parameters, cold dark matter density
#ch

2, baryon density #bh
2, Hubble constant h, and spectral index

ns in addition to fσ 8 and β. We take the derivative with respect to
cosmological parameters numerically by generating power spectra
with cosmological parameters changed by ±1 per cent:

∂P

∂θi

≈ P (θi + %θi) − P (θi − %θi)
2%θi

, (21)

where %θ i = 0.01θ i. The constraint on β is unaffected, because
the relation between δg and u only depends on β, not on other
cosmological parameters in the linear order. The constraint on fσ 8

weakens from 1.8 to 2.2 per cent.
Since cosmological parameters are well constrained by the CMB,

we add the prior expected from the Planck observation (Planck Col-
laboration 2013). We use the forecast for the full Planck mission by
Perotto et al. (2006); we calculate the covariance matrix of #ch

2,
#bh

2, h, and ns, marginalized over the other parameters, using their
publicly available Markov chain Monte Carlo data.4 We add the
inverse of the covariance matrix to the Fisher matrix as an indepen-
dent prior from Planck. We do not add a prior on f or σ 8 from the
CMB, because model-dependent extrapolation to z = 0 is necessary
for such constraints. The Planck priors marginalized for each pa-
rameter are %#bh

2 = 0.00022, %#ch
2 = 0.0024, %h = 0.017, and

%ns = 0.0074.
After adding the Planck prior, the constraints on fσ 8 and β recover

the two-parameter constraint. We also vary all nine parameters,
θ = (f σ8,β, rg, σg, σu, #ch

2,#bh
2, h, ns), with the Planck prior.

The result is same as the four-parameter constraint with fσ 8, β, σ g,
and σ u. With the precise measurement from the CMB, the shape
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Figure 5. Same as Fig. 4, but as a function of zmax instead of kmax. kmax is
fixed to 0.2 h Mpc−1.

Figure 6. Constraints on fσ 8 (upper panel) and β (lower panel) as a function
of galaxy number density (n̄ = ng = nu). See Fig. 4 for the description of
lines. The short-dashed lines are results from two fields using linear theory;
the one-loop RPT is used for other lines. Constraints on β from two fields
continue to decrease, while the constraint from RSD only is limited by
cosmic variance.

for k ! 0.1 h Mpc−1, where the non-linearity makes the difference.
In the figure, we plot the constraints using the linear power spectrum
with the blue short dashed lines.

3.2.2 Three free parameters: fσ 8, β, and rg

From galaxy density alone, the growth rate fσ 8 and galaxy corre-
lation coefficient rg are highly degenerate. BT04 pointed out that
peculiar velocity breaks this degeneracy and constrains rg extremely
well. Our result confirms this; the constraint on fσ 8 from the red-

shift survey weakens from 5 to 48 per cent, compared to the two-
parameter case (Section 3.2.1), while two-field data constrains rg

to 0.3 per cent, and fσ 8 to the same precision as the two-parameter
case. Peculiar velocity surveys can constrain growth rates, fσ 8 and
β, equally well even if we add rg as a free parameter.

3.2.3 Four free parameters: fσ 8, β, σ g, and σ u

Because the damping factor of the galaxy power spectrum, σ g, is
affected by complicated non-linear pairwise velocity (e.g. Scocci-
marro 2004), which depends on the galaxy population, σ g is often
treated as a nuisance parameter fitted against data. For the velocity
damping factor, σ u, we do not yet have a theoretical model. Without
knowing how it depends on cosmological parameters, we have to
treat it as a free parameter as well. We investigate the effects of
treating these damping factors as free parameters in this section.
Because we know the order of magnitude of these parameters and
know that they are positive, we add 100 per cent priors to the Fisher
matrix:

F σ prior
σgσg

= σ−2
g , F σ prior

σuσu
= σ−2

u . (20)

The constraints on fσ 8 and β weaken by about 20–30 per cent,
from 1.8 to 2.4 per cent on fσ 8, and from 2.0 to 2.4 per cent on
β, respectively. The constraint from redshift-distortion alone also
weakens from 5 to 10 per cent. We conclude that uncertainty in the
damping parameter has a moderate, but not severe, effect on the
forecast constraints.

3.2.4 Free cosmological parameters

Finally, we vary cosmological parameters, cold dark matter density
#ch

2, baryon density #bh
2, Hubble constant h, and spectral index

ns in addition to fσ 8 and β. We take the derivative with respect to
cosmological parameters numerically by generating power spectra
with cosmological parameters changed by ±1 per cent:

∂P

∂θi

≈ P (θi + %θi) − P (θi − %θi)
2%θi

, (21)

where %θ i = 0.01θ i. The constraint on β is unaffected, because
the relation between δg and u only depends on β, not on other
cosmological parameters in the linear order. The constraint on fσ 8

weakens from 1.8 to 2.2 per cent.
Since cosmological parameters are well constrained by the CMB,

we add the prior expected from the Planck observation (Planck Col-
laboration 2013). We use the forecast for the full Planck mission by
Perotto et al. (2006); we calculate the covariance matrix of #ch

2,
#bh

2, h, and ns, marginalized over the other parameters, using their
publicly available Markov chain Monte Carlo data.4 We add the
inverse of the covariance matrix to the Fisher matrix as an indepen-
dent prior from Planck. We do not add a prior on f or σ 8 from the
CMB, because model-dependent extrapolation to z = 0 is necessary
for such constraints. The Planck priors marginalized for each pa-
rameter are %#bh

2 = 0.00022, %#ch
2 = 0.0024, %h = 0.017, and

%ns = 0.0074.
After adding the Planck prior, the constraints on fσ 8 and β recover

the two-parameter constraint. We also vary all nine parameters,
θ = (f σ8,β, rg, σg, σu, #ch

2,#bh
2, h, ns), with the Planck prior.

The result is same as the four-parameter constraint with fσ 8, β, σ g,
and σ u. With the precise measurement from the CMB, the shape
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Continuum galaxies

• Origin: synchrotron emission of charged particles within galaxies


• Pros: large number of galaxies (strong signal)


• Cons: (almost) no redshift information


• Examples:


• VLA FIRST (10k sq. deg.; 900k galaxies)


• NVSS (>34k sq. deg.; 2M galaxies; I, Q and U polarisation maps)
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Continuum galaxies

• Testing the cosmological and the Copernican principles


• SKAO continuum galaxy angular 
correlation function will be 
able to detect dipole:


• Within 5º (SKAO)


• Within 1º (Futuristic SKAO)

[Schwarz et al. (2015, 2018); Bengaly et al. (2017); Pant et al. (2019); Bengaly, Larena & Maartens (2019)]

[Courtesy of R. Maartens]
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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. (Nature 2010)]

[Wolz et al. (2021)]

[Cunnington et al. (2022)]
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HI intensity mapping

• Hi bias 

• Redshift-space distortions 

• Lensing (convergence + magnification bias) 

• Relativist effects (e.g. gravitational redshift, SW/ISW, time delay)

Cg
` =

Z
d�


W g(�)

�

�2
P �


`

�
, z(�)

�

Hi Intensity Mapping

Inflation

Stefano Camera               Cosmology with Multi-Wavelength Synergies for Hi Surveys            12th Jan 2017

[See P. Bull’s talk]
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HI intensity mapping

• Hi bias 

• Redshift-space distortions 

• Lensing (convergence + magnification bias) 

• Relativist effects (e.g. gravitational redshift, SW/ISW, time delay)

Cg
` =

Z
d�


W g(�)

�

�2
P �


`

�
, z(�)

�

Hi Intensity Mapping

Inflation

Stefano Camera               Cosmology with Multi-Wavelength Synergies for Hi Surveys            12th Jan 2017

[See P. Bull’s talk]

• Hi bias 

• Redshift-space distortions 

• Lensing (convergence + magnification bias) 

• Relativist effects (e.g. gravitational redshift, SW/ISW, time delay)

Cg
` =

Z
d�


W g(�)

�

�2
P �


`

�
, z(�)

�

Hi Intensity Mapping

Stefano Camera               Cosmology with Multi-Wavelength Synergies for Hi Surveys            12th Jan 2017

[See P. Bull’s talk]
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HI intensity mapping

[Bharadwaj et al. (2001); 
Battye et al. (2004); 
Loeb & Whyte (2008)]

Redshift for free:


vobs = 1420 MHz / (1+z)

• Hi bias 

• Redshift-space distortions 

• Lensing (convergence + magnification bias) 

• Relativist effects (e.g. gravitational redshift, SW/ISW, time delay)

Cg
` =

Z
d�


W g(�)

�

�2
P �


`

�
, z(�)

�

Hi Intensity Mapping

Stefano Camera               Cosmology with Multi-Wavelength Synergies for Hi Surveys            12th Jan 2017

[See P. Bull’s talk]
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HI intensity mapping
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Table 11. Forecast fractional uncertainties on HI parameters for
IM with the Deep SKA1-LOW Survey, following the methodology
in Pourtsidou et al. (2017).

z σ ("HIbHI)/("HIbHI) σ ("HI)/"HI

3.15 0.010 0.08

3.45 0.011 0.09

3.75 0.012 0.10

4.05 0.014 0.12

4.35 0.015 0.14

4.65 0.018 0.17

4.95 0.021 0.21

5.25 0.024 0.26

5.55 0.029 0.33

5.85 0.035 0.42

0 2 4 6
z

0.0

0.5

1.0

1.5

2.0
10

3
Ω

H
I
SKA-IM

Zwaan

Martin

Rhee

Lah

Rao

Noterdaeme

Crighton

Figure 19. Forecasts for the HI density, "HI, using the Wide Band 1 Survey and Deep
SKA1-LOW Survey (black points), and comparison with measurements (see Crighton
et al. 2015 and references therein), following the methodology in Pourtsidou et al.
(2017). Note that we have used a very conservative non-linear kmax cutoff for these
results.

to constrain dark energy models and the curvature of the Universe
(Bull et al. 2015b; Bull et al. 2015a; Witzemann et al. 2018). The
same is true for RSDs, which canmeasure the growth rate, a crucial
ingredient for instance in constrainingmodified gravitymodels. In
this section, we focus on what can be achieved with theWide Band
1 Survey. Exploring the same for Deep SKA1-LOW Survey is the
subject of ongoing work.

The relatively poor angular resolution of SKA1-MID in single-
dish mode at high redshifts/low frequencies will partially smear
out the shape of the BAO peak along the angular direction.
Nevertheless, SKA1-MID can still provide competitive constraints
on BAO measurements and its derived quantities using the HI
IM technique. Following the Fisher matrix forecasting method
described in Bull et al. (2015b), Bull (2016), Figure 11 shows the
expected constraints as a function of redshift on the angular diam-
eter distance DA and Hubble rate H, while Figure 12 shows the
same for the growth rate fσ8. We see that the constraints are
still quite competitive when comparing to concurrent surveys (e.g.
Euclid like). The high redshift resolution of the HI IM survey
makes it particularly fit for line of sight measurements, such as
H(z) and the growth rate.

However, at frequencies ν ! 800 MHz, the angular smoothing
is so large that the BAO feature might be hard to extract from the
angular direction. This depends on how well we can deconvolve

the beam given the signal to noise. Even in this worst case sce-
nario, the frequency resolution will be good enough to allow for a
detection of the radial BAO. By means of numerical simulations
incorporating the cosmological signal, instrumental effects, and
the presence of foregrounds, Villaescusa-Navarro, Alonso, & Viel
(2017) demonstrated that the position of the radial BAO peak can
be measured with percent precision accuracy through single-dish
observations in the Band 1 of SKA1-MID.

5.2.2. Ultra-large-scale effects

One of the ‘transformational’ measurements expected fromHI IM
with theWide Band 1 Survey is the constraints on the power spec-
trum on ultra-large scales (past the equality peak). This is an area
where a single dish survey with SKA1-MID can excel given its low
resolution, but large survey speed (Alonso et al. 2015b). Such mea-
surements can provide hints on new physics that only materialise
on this ultra-large scales.

One example of such an effect is PNG. In particular, PNG of the
local type fNL introduces a scale-dependent correction to clustering
bias (Dalal et al. 2008; Matarrese & Verde 2008) such that bHI ∝
fNL/k2. The 1/k2 term makes this effect particularly relevant on
very large scales (small k) where statistical detectability is severely
limited due to cosmic variance and large-scale systematic effects.
Using HI IM only we forecast σ ( fNL)= 2.8, assuming Band 1 for
SKA dishes and UHF band for the MeerKAT dishes. Note that our
calculations take into account the telescope beams andmarginalise
over the biases as well as any other large-scale effects. Currently,
the best measurements on PNG come from the Planck satellite
(Planck Collaboration et al. 2016b) with σ ( fNL)= 5.0 using the
bispectrum. Current bounds from galaxy surveys are roughly one
order of magnitude worse than Planck (see e.g. Ross et al. 2013;
Ho et al. 2015). The proposed SKA survey should improve cur-
rent bounds from galaxy surveys and Planck. The ultimate goal
would be to achieve σ ( fNL)< 1 such that we can start distinguish-
ing between simple inflationarymodels (see e.g. de Putter, Gleyzes,
& Doré 2017).

Another type of very large-scale signatures are the so-called
General Relativistic (GR) effects. These GR effects introduce cor-
rections to the tracers’ transfer function as leading to a set of
terms which are usually gathered together as a single contribu-
tion. They are an important prediction of GR over the very largest
distances that it is possible to probe observationally, and so con-
stitute a valuable test of alternative gravitational theories (Hall,
Bonvin, & Challinor 2013; Lombriser, Yoo, & Koyama 2013; Baker
& Bull 2015). Alonso et al. (2015c) have shown that these effects
are not detectable in the single tracer case due to cosmic variance.
However, it will be crucial to correctly model these relativistic cor-
rections in future LSS surveys, in order not to bias the estimation
of other ultra-large-scale effects such as PNG (Camera, Maartens,
& Santos 2015b). In fact these contributions can mimic in some
ways the effect of PNG in the bias (see e.g. Bruni et al. 2012; Jeong,
Schmidt, & Hirata 2012) so have to be considered in any realistic
forecast. Here, we marginalise over them to safely take the effect
into account.

It is possible to overcome cosmic variance with the MT tech-
nique (Seljak 2009), where one combines two differently biased
dark matter tracers in such a way that the fundamental statisti-
cal uncertainty coming from cosmic variance can be bypassed.
We updated the forecasts of Alonso & Ferreira (2015) and

�%%"$
��((( 31�2#9�75 !#7�3!#5�%5#�$ ��%%"$
���!9 !#7��� �����"1$1 ���� 	�
,!( �!1�5��6#!���%%"$
��((( 31�2#9�75 !#7�3!#5 �/�5�0 9D5#$9%)�!6�.1 3�5$%5#��92#1#)��! ����.1#������1%��

��
����$C2:53%�%!�%�5��1�2#9�75��!#5�%5#�$�!6�C$5��1D19�12�5�1%

[Bacon, SC et al. (2020)]
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[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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HI intensity mapping
[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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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

M
at

te
r p

ow
er

 s
pe

ct
ru

m
 B

AO
 ‘w

ig
gl

es
’

Wavenumber, k [h/Mpc]

[Bull et al. (2015)]
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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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HI intensity mapping
[Santos, SC et al. (2015)]

N
oi

se
-t

o-
si

gn
al

 ra
tio

 (@
 k

 ≈
 0

.0
1 1

/M
pc

)

Redshift, z

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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• Sensitivity to ultra-large 
scale effects


• Primordial non-
Gaussianity 
(for inflation)


• Relativistic, light-cone 
projection effects 
(for modified gravity)
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[Courtesy of R. Shaw]
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Radio weak lensing

• Origin: weak lensing shearing of imaged galaxy ellipticities


• Pros: complementary to clustering, insensitive to galaxy bias


• Cons: low signal to noise, needs (?) imaging


• Examples:


• VLA FIRST (~90 sources per sq. deg. vs to ~10 per sq. arcmin. in opt.)


• VLA+MERLIN (also in cross-correlation w/ optical shear estimates)
[Patel et al. (2010)]

[Chang et al. (Nature 2004)]
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Radio weak lensing

PoS(AASKA14)023

Weak lensing with the Square Kilometre Array M. L. Brown

Figure 1: Left panel: The redshift distribution of source galaxies for a 1000 deg2 weak lensing survey
requiring 2 years observing time on the SKA1-early facility. Also shown is the redshift distribution for the
1500 deg2 VST-KiDS optical lensing survey. The n(z) extends to higher redshifts in the radio survey and
probes a greater range of cosmic history. Right panel: The corresponding constraints on a 5-bin tomographic
power spectrum analysis. For both experiments, we assumed an RMS dispersion in ellipticity measurements
of grms = 0.3 and the tomographic bins have been chosen such that the bins are populated with equal numbers
of galaxies. Note how the radio survey extends to higher redshifts where the lensing signal is stronger and
therefore easier to measure. Open triangles denote 1s upper limits on a bandpower. Note that only the auto
power spectra in each bin are displayed though much cosmological information will also be encoded in the
cross-correlation spectra between the different z-bins.

Figure 2: As Fig. 1 but for a 5000 deg2 weak lensing survey requiring 2 years observing time on the
full SKA1 facility. Also shown for comparison are the n(z) distribution and forecasted power spectrum
constraints for the 5000 deg2 Dark Energy Survey.

ing photometric and spectroscopic redshift estimates for the background galaxy population. For
SKA1-early, we have assumed that we have no spectroscopic redshift information and that we have
photo-z estimates from overlapping optical surveys with errors sz = 0.05(1+ z) up to a limiting
redshift of 1.5. To model the much larger uncertainties expected for the high-z radio galaxies, we
adopt sz = 0.3(1+ z) so that a z = 2 galaxy has a redshift uncertainty of ± ⇠ 1. For SKA1, we
additionally assume that we will have spectroscopic redshifts from overlapping HI observations
for 15% of the z < 0.6 population. Finally for SKA2, we assume we have spectroscopic redshifts
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[Brown, SC et al. (2015)]
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Radio weak lensing
[Brown, SC et al. (2015)]

PoS(AASKA14)023

Weak lensing with the Square Kilometre Array M. L. Brown

Figure 1: Left panel: The redshift distribution of source galaxies for a 1000 deg2 weak lensing survey
requiring 2 years observing time on the SKA1-early facility. Also shown is the redshift distribution for the
1500 deg2 VST-KiDS optical lensing survey. The n(z) extends to higher redshifts in the radio survey and
probes a greater range of cosmic history. Right panel: The corresponding constraints on a 5-bin tomographic
power spectrum analysis. For both experiments, we assumed an RMS dispersion in ellipticity measurements
of grms = 0.3 and the tomographic bins have been chosen such that the bins are populated with equal numbers
of galaxies. Note how the radio survey extends to higher redshifts where the lensing signal is stronger and
therefore easier to measure. Open triangles denote 1s upper limits on a bandpower. Note that only the auto
power spectra in each bin are displayed though much cosmological information will also be encoded in the
cross-correlation spectra between the different z-bins.

Figure 2: As Fig. 1 but for a 5000 deg2 weak lensing survey requiring 2 years observing time on the
full SKA1 facility. Also shown for comparison are the n(z) distribution and forecasted power spectrum
constraints for the 5000 deg2 Dark Energy Survey.

ing photometric and spectroscopic redshift estimates for the background galaxy population. For
SKA1-early, we have assumed that we have no spectroscopic redshift information and that we have
photo-z estimates from overlapping optical surveys with errors sz = 0.05(1+ z) up to a limiting
redshift of 1.5. To model the much larger uncertainties expected for the high-z radio galaxies, we
adopt sz = 0.3(1+ z) so that a z = 2 galaxy has a redshift uncertainty of ± ⇠ 1. For SKA1, we
additionally assume that we will have spectroscopic redshifts from overlapping HI observations
for 15% of the z < 0.6 population. Finally for SKA2, we assume we have spectroscopic redshifts
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Radio weak lensing

�obs(z, ~✓) = �(z, ~✓) + �sys(z, ~✓)
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�obs(z, ~✓) = �(z, ~✓) + �sys(z, ~✓)

h�obs�obsi = h��i+ 2h�sys�i+ h�sys�sysi
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Radio weak lensing
10 David J. Bacon et al.

Figure 6. Weak lensing marginal joint 1σ error contours in the dark energy equation-
of-state parameter plane with additive (top) and multiplicative (bottom) systematics
on the shear power spectrummeasurement. The black cross indicates the"CDM fidu-
cial values for dark energy parameters. Blue, red, and green ellipses are for radio and
optical/near-IR surveys and their cross-correlation, respectively. (Details in the text.)

varying amplitudes (see Camera et al. 2017, for a full description
of both this and the multiplicative power spectrum systemat-
ics models). As can be seen, such systematics significantly bias
the recovered values of {w0,wa} away from the input cosmology
shown by the dashed cross. By construction, additive systematics
are removed for the Radio × Optical combination and the correct
input cosmology is recovered. The lower panel shows the effect of
systematics which are multiplicative in the power spectrum (i.e.
are calibration systematics). Here, whilst the combined Radio ×
Optical contour remains biased away from the input cosmology,
the three separate contours available allow a self-calibration pro-
cedure to be applied; each contour has different systematics, but
all are measuring the same cosmology, meaning a correction can
be found which makes all three consistent with each other, and the
input cosmology. Mitigation of such multiplicative systematics is
expected to be extremely important even at the level of Stage III
surveys and represents a powerful argument for performing weak
lensing in the radio band.

3.3. Angular correlation function and integrated
Sachs–Wolfe effect

The angular distribution of galaxies and the cross-correlation of
the galaxy positions with other tracers can yield important cosmo-
logical tests. The two-point distribution of radio galaxy positions
in angle space can be represented by the angular correlation power
spectrum Ci,j

# , where # is the multipole number and i, j label red-
shift bins with the galaxies distributed across these bins defined
by window functions,Wi(z). This statistic encodes the density dis-
tribution projected on to the sphere of the sky, and so smooths
over structure along the line of sight. This can dampen the effect of
RSDs on the angular power spectrum for broad redshift distribu-
tions, but these can become important as the distributions narrow
(Padmanabhan et al. 2007).

When two non-overlapping redshift bins are considered, the
cross-correlation of density perturbations between these two bins
measured through Ci,j

# will be negligible in the absence of lens-
ing. However, the observed galaxy distribution is also affected by
gravitational lensing through magnification, which can induce a
correlation between the two bins, creating an observed correla-
tion between the positions of some high redshift galaxies and the
distribution of matter at low redshift.

The distribution of matter in the Universe can also be mea-
sured by the effect on the CMB temperature anisotropies, through
the Integrated Sachs–Wolfe effect (ISW), where the redshifting
and blueshifting of CMB photons by the intervening gravitational
potentials generate an apparent change in temperature (Sachs &
Wolfe 1967). Since the distribution of matter (which generates the
gravitational potentials) can be mapped through the distribution
of tracer particles, such as galaxies, the effect is detected by cross-
correlating the positions of galaxies and temperature anisotropies
on the sky. For a more detailed description of the use of the ISW
with SKA continuum surveys, see Raccanelli et al. (2015).

Here, we demonstrate the capabilities of SKA for using the
angular correlation function and relevant cross-correlations as a
cosmological probe.

3.3.1. Forecasting

In order to estimate the effectiveness of the surveys and make pre-
dictions for the constraints on the cosmological parameters, we
simulate the auto- and cross-correlation galaxy clustering angu-
lar power spectra, including the effects of cosmic magnification
and the ISW. As only the observed galaxy distributions (which are
affected by gravitational lensing) can be measured, it is impossible
to measure the galaxy angular power spectrum decoupled from
magnification. Hence, the galaxy clustering angular power spec-
trum contains both the density and magnification perturbations.

We use the simulated source count and galaxy bias model
from Section 3.1 to simulate the angular correlation and cross-
correlation functions C#, and the relevant measurement covari-
ancematrices, for theWide Band 1 Survey andMedium-Deep Band
2 Survey. In the case of galaxy clustering and ISW, we limit the
analysis to the multipoles #min ≤ # ≤ 200, where #min = π/(2fsky)
and fsky is the fraction of sky surveyed.

When making our forecasts, we also compare to and combine
with current constraints from Planck CMB 2015, BAO, and RSD
observations, as described in Section 2.6 (with additional relevant
information for the extension parameters under consideration).
We also assume that the overall bias for a particular redshift bin to
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Figure 6. Weak lensing marginal joint 1σ error contours in the dark energy equation-
of-state parameter plane with additive (top) and multiplicative (bottom) systematics
on the shear power spectrummeasurement. The black cross indicates the"CDM fidu-
cial values for dark energy parameters. Blue, red, and green ellipses are for radio and
optical/near-IR surveys and their cross-correlation, respectively. (Details in the text.)

varying amplitudes (see Camera et al. 2017, for a full description
of both this and the multiplicative power spectrum systemat-
ics models). As can be seen, such systematics significantly bias
the recovered values of {w0,wa} away from the input cosmology
shown by the dashed cross. By construction, additive systematics
are removed for the Radio × Optical combination and the correct
input cosmology is recovered. The lower panel shows the effect of
systematics which are multiplicative in the power spectrum (i.e.
are calibration systematics). Here, whilst the combined Radio ×
Optical contour remains biased away from the input cosmology,
the three separate contours available allow a self-calibration pro-
cedure to be applied; each contour has different systematics, but
all are measuring the same cosmology, meaning a correction can
be found which makes all three consistent with each other, and the
input cosmology. Mitigation of such multiplicative systematics is
expected to be extremely important even at the level of Stage III
surveys and represents a powerful argument for performing weak
lensing in the radio band.

3.3. Angular correlation function and integrated
Sachs–Wolfe effect

The angular distribution of galaxies and the cross-correlation of
the galaxy positions with other tracers can yield important cosmo-
logical tests. The two-point distribution of radio galaxy positions
in angle space can be represented by the angular correlation power
spectrum Ci,j

# , where # is the multipole number and i, j label red-
shift bins with the galaxies distributed across these bins defined
by window functions,Wi(z). This statistic encodes the density dis-
tribution projected on to the sphere of the sky, and so smooths
over structure along the line of sight. This can dampen the effect of
RSDs on the angular power spectrum for broad redshift distribu-
tions, but these can become important as the distributions narrow
(Padmanabhan et al. 2007).

When two non-overlapping redshift bins are considered, the
cross-correlation of density perturbations between these two bins
measured through Ci,j

# will be negligible in the absence of lens-
ing. However, the observed galaxy distribution is also affected by
gravitational lensing through magnification, which can induce a
correlation between the two bins, creating an observed correla-
tion between the positions of some high redshift galaxies and the
distribution of matter at low redshift.

The distribution of matter in the Universe can also be mea-
sured by the effect on the CMB temperature anisotropies, through
the Integrated Sachs–Wolfe effect (ISW), where the redshifting
and blueshifting of CMB photons by the intervening gravitational
potentials generate an apparent change in temperature (Sachs &
Wolfe 1967). Since the distribution of matter (which generates the
gravitational potentials) can be mapped through the distribution
of tracer particles, such as galaxies, the effect is detected by cross-
correlating the positions of galaxies and temperature anisotropies
on the sky. For a more detailed description of the use of the ISW
with SKA continuum surveys, see Raccanelli et al. (2015).

Here, we demonstrate the capabilities of SKA for using the
angular correlation function and relevant cross-correlations as a
cosmological probe.

3.3.1. Forecasting

In order to estimate the effectiveness of the surveys and make pre-
dictions for the constraints on the cosmological parameters, we
simulate the auto- and cross-correlation galaxy clustering angu-
lar power spectra, including the effects of cosmic magnification
and the ISW. As only the observed galaxy distributions (which are
affected by gravitational lensing) can be measured, it is impossible
to measure the galaxy angular power spectrum decoupled from
magnification. Hence, the galaxy clustering angular power spec-
trum contains both the density and magnification perturbations.

We use the simulated source count and galaxy bias model
from Section 3.1 to simulate the angular correlation and cross-
correlation functions C#, and the relevant measurement covari-
ancematrices, for theWide Band 1 Survey andMedium-Deep Band
2 Survey. In the case of galaxy clustering and ISW, we limit the
analysis to the multipoles #min ≤ # ≤ 200, where #min = π/(2fsky)
and fsky is the fraction of sky surveyed.

When making our forecasts, we also compare to and combine
with current constraints from Planck CMB 2015, BAO, and RSD
observations, as described in Section 2.6 (with additional relevant
information for the extension parameters under consideration).
We also assume that the overall bias for a particular redshift bin to
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Towards the SKAO
[Courtesy of A. Bonaldi]
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