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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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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 Cosmology
Publications of the Astronomical Society of Australia (2020), 37, e007, 31 pages
doi:10.1017/pasa.2019.51

Research Paper
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2018: Technical specifications and performance forecasts
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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,
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Engineering, Kanagawa University, Kanagawa 221-8686, Japan and 35Institute for Astronomy, University of Edinburgh, Blackford Hill, Edinburgh EH9 3HJ, UK

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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[Weltman et al.  SC, 2020]⊃

[SKA Cosmology SWG  SC, 2020]⊃
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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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Cosmology at radio wavelengths

• 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: 21-cm emission line of HI (neutral hydrogen) 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)


• MIGHTEE-HI (20 sq. deg.; ~3k galaxies; z < 0.4)


• WALLABY (~30k sq. deg.; ~0.5M galaxies; z < 0.26)
[Koribalski et al. 2020]

[Maddox al. 2021]
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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

4 lesgourg.web.cern.ch/lesgourg/codes/chains_0606227.html
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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

4 lesgourg.web.cern.ch/lesgourg/codes/chains_0606227.html

MNRAS 445, 4267–4286 (2014)Downloaded from https://academic.oup.com/mnras/article-abstract/445/4/4267/1069770
by guest
on 24 May 2018

Fr
ac

tio
na

l e
rr

or
 o

n 
gr

ow
th

Maximum redshift, zmax

[Koda et al. 2004]

St
ef

an
o 

C
am

er
a


D
ar

k 
en

er
gy

 w
ith

 th
e 

SK
AO



12

 · 
IX

 · 
20

23



HI-line galaxies

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

See Martin’s talk about DE/MG!
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HI-line galaxies

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

Δ
χ2 (γ

)
Growth index, γ

∆𝜒2 a confronto

21

[Marazzina & SC (in prep.)]

See Martin’s talk about DE/MG!
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HI-line galaxies

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

Δ
χ2 (γ

)
Growth index, γ

∆𝜒2 a confronto

21

[Marazzina & SC (in prep.)]

∆𝜒2(𝛾, 𝑧)

16

•𝜒2 𝛾, 𝑧 = σ𝑖,𝑙(
𝑃𝐴𝐵 𝑘𝑖,𝜇𝑙,𝑧 −𝑃𝐴𝐵 𝑘𝑖,𝜇𝑙,𝑧,𝛾

𝜎𝐴𝐵(𝑘𝑖,𝜇𝑙,𝑧)
)2

•Il comportamento di 𝑃𝑢𝑢ad alti redshift può essere
dovuto al valore di α scelto e all’andamento del
rumore in funzione del redshift

[Marazzina & SC (in prep.)]
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HI-line galaxies

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

α

23

•α dipende dal campione misurato

•α piccolo corrisponde a maggiore precisione nella conoscenza delle velocità del campione, minore 
errore su 𝑃𝑢𝑢 e 𝑃𝑢𝑔, conseguente minore 𝑛𝑢 𝑧
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Fractional velocity error

[Marazzina & SC (in prep.)]
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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)


• RACS (~34k sq. deg.; 2.5M galaxies)


• LoTSS Deep Field DR1 (~26 sq. deg.; 80k galaxies)


• LoTSS DR2 (5600 sq. deg.; 4.4M galaxies)

[McConnel et al. 2020; Hale et al. 2021]

[Tessa et al. 2021, Sabater et al. 2021, Kondapally et al. 2021]

[Shimwell et al. 2022, Bhardwaj et al. (in prep.), Hale et al. (in prep.)] St
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Continuum galaxies
[Credits: W. Hu]
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Continuum galaxies
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Continuum galaxies
[Giannantonio et al. 2008]

2. Full Monte Carlo errors

In this case, in addition to 5000 new mock CMB maps,
we also generate 5000 mock density maps for each cata-
logue, correlated as expected theoretically, based on the
WMAP best cosmology and their redshift distributions. In
addition, the Poisson noise is added due to the expected
number of objects per pixel.

The result calculated in this way is shown in the bottom
panel of Fig. 3, and the relative full covariance matrix in

the bottom panel of Fig. 5. We can see that the errors
estimated in this way are generally consistent with their
MC1 counterparts.
The largest difference between the approaches is in the

covariance between the cross correlations measured with
different data sets (Fig. 5). Using the observed density
maps yields both positive and negative covariance, while
the covariance is only positive when all the maps are
simulated. In the first approach, the strongest correlations
are between the SDSS subsamples and 2MASS. In the

FIG. 3 (color online). Monte Carlo error estimation. Measurements of the cross-correlation functions between all the catalogues and
the WMAP CMB maps (black points), compared with the theory from WMAP best-fit cosmology and the galactic bias from the
literature (red solid lines). The best-fit amplitudes and their 1-! deviations are shown in dashed (blue) lines. In the top panel, the errors
are calculated with 5000 temperature-only Monte Carlos and, in the bottom panel, Monte Carlos for temperature and density including
expected correlations. We see that the errors are comparable for individual observations. Because of known contamination from the
Sunyaev-Zeldovich effect in the 2MASS data [11], the four smallest angle bins were excluded from the fits.

COMBINED ANALYSIS OF THE INTEGRATED SACHS-. . . PHYSICAL REVIEW D 77, 123520 (2008)

123520-9
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Continuum galaxies
[Giannantonio et al. 2008]

2. Full Monte Carlo errors

In this case, in addition to 5000 new mock CMB maps,
we also generate 5000 mock density maps for each cata-
logue, correlated as expected theoretically, based on the
WMAP best cosmology and their redshift distributions. In
addition, the Poisson noise is added due to the expected
number of objects per pixel.

The result calculated in this way is shown in the bottom
panel of Fig. 3, and the relative full covariance matrix in

the bottom panel of Fig. 5. We can see that the errors
estimated in this way are generally consistent with their
MC1 counterparts.
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are between the SDSS subsamples and 2MASS. In the

FIG. 3 (color online). Monte Carlo error estimation. Measurements of the cross-correlation functions between all the catalogues and
the WMAP CMB maps (black points), compared with the theory from WMAP best-fit cosmology and the galactic bias from the
literature (red solid lines). The best-fit amplitudes and their 1-! deviations are shown in dashed (blue) lines. In the top panel, the errors
are calculated with 5000 temperature-only Monte Carlos and, in the bottom panel, Monte Carlos for temperature and density including
expected correlations. We see that the errors are comparable for individual observations. Because of known contamination from the
Sunyaev-Zeldovich effect in the 2MASS data [11], the four smallest angle bins were excluded from the fits.

COMBINED ANALYSIS OF THE INTEGRATED SACHS-. . . PHYSICAL REVIEW D 77, 123520 (2008)

123520-9

[Ho et al. 2008]
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• The Rapid ASKAP Continuum Survey (RACS)


• Deepest radio survey of the Southern sky to date (central frequency 887.5 MHz)


• Large instantaneous field of view ~31 deg2 (~900 pointings with 15 min observations)


• About 2.1M galaxies (cutting Galactic plane at ±5º)
Publications of the Astronomical Society of Australia (2021), 38, e058, 25 pages
doi:10.1017/pasa.2021.47

Research Paper

The Rapid ASKAP Continuum Survey Paper II: First Stokes I Source
Catalogue Data Release
Catherine L. Hale1,2 , D. McConnell3 , A. J. M. Thomson1 , E. Lenc3 ,G. H. Heald1 , A. W. Hotan1 ,
J. K. Leung3,4 , V. A. Moss3 , T. Murphy4 , J. Pritchard4,3 , E. M. Sadler3,4 , A. J. Stewart4 and M. T. Whiting3
1CSIRO Space and Astronomy, PO Box 1130, Bentley WA 6102, Australia,2School of Physics and Astronomy, University of Edinburgh, Institute for Astronomy, Royal
Observatory Edinburgh, Blackford Hill, Edinburgh EH9 3HJ, UK,3CSIRO Space and Astronomy, PO Box 76, Epping, NSW, 1710, Australia and 4Sydney Institute for
Astronomy, School of Physics, University of Sydney, NSW 2006, Australia

Abstract
The Rapid ASKAP Continuum Survey (RACS) is the first large sky survey using the Australian Square Kilometre Array Pathfinder (ASKAP),
covering the sky south of +41◦ declination. With ASKAP’s large, instantaneous field of view, ∼31 deg2, RACS observed the entire sky at a
central frequency of 887.5 MHz using 903 individual pointings with 15 minute observations. This has resulted in the deepest radio survey
of the full Southern sky to date at these frequencies. In this paper, we present the first Stokes I catalogue derived from the RACS survey.
This catalogue was assembled from 799 tiles that could be convolved to a common resolution of 25′′, covering a large contiguous region in
the declination range δ = −80◦ to +30◦. The catalogue provides an important tool for both the preparation of future ASKAP surveys and
for scientific research. It consists of ∼2.1 million sources and excludes the |b| < 5◦ region around the Galactic plane. This provides a first
extragalactic catalogue with ASKAP covering the majority of the sky (δ < +30◦). We describe the methods to obtain this catalogue from the
initial RACS observations and discuss the verification of the data, to highlight its quality. Using simulations, we find this catalogue detects
95% of point sources at an integrated flux density of ∼5 mJy. Assuming a typical sky source distribution model, this suggests an overall 95%
point source completeness at an integrated flux density ∼3 mJy. The catalogue will be available through the CSIRO ASKAP Science Data
Archive (CASDA).
Keywords:Catalogues – Radio continuum: galaxies, general – Surveys

(Received 1 April 2021; revised 1 September 2021; accepted 2 September 2021)

1. Introduction

Radio surveys provide unique views into the Galactic and extra-
galactic skies. At the frequency of the Rapid ASKAP Continuum
Survey (RACS, at 887.5 MHz; McConnell et al. 2020), and more
generally below a few GHz, radio emission is dominated by syn-
chrotron radiation; the emission from relativistic electrons spi-
ralling within magnetic fields (Condon 1992). This traces two
main extragalactic populations: Active Galactic Nuclei (AGN) and
Star Forming Galaxies (SFGs). For SFGs, it provides a method of
obtaining unbiased star formation rates (SFR; e.g. Bell 2003; Garn
et al. 2009; Davies et al. 2017; Gürkan et al. 2018), as radio emission
is un-attenuated by dust. Observing synchrotron emission from
AGN is important for understanding galaxy evolution, as their
feedback is thought to limit the size to which galaxies can grow
(see e.g. Bower et al. 2006; Fabian 2012; Harrison 2017). Within
the Galaxy, radio emission is often observed from supernova rem-
nants (see e.g. Whiteoak & Green 1996; Anderson et al. 2017), as
Galactic synchrotron emission within the Galactic plane (see e.g.
Haslam et al. 1982; Green et al. 1999; Murphy et al. 2007; Wang

Corresponding author: Catherine L. Hale, email: Catherine.Hale@ed.ac.uk
Cite this article: Hale CL, McConnell D, Thomson AJM, Lenc E, Heald GH,

Hotan AW, Leung JK, Moss VA, Murphy T, Pritchard J, Sadler EM, Stewart AJ and
Whiting MT. (2021) The Rapid ASKAP Continuum Survey Paper II: First Stokes I Source
Catalogue Data Release. Publications of the Astronomical Society of Australia 38, e058,
1–25. https://doi.org/10.1017/pasa.2021.47

et al. 2018) as well as from transient and variable sources (see
e.g. Thyagarajan et al. 2011; Bhandari et al. 2018). This variety of
objects motivates radio surveys for advancing our understanding
of the Universe.

For catalogues of extragalactic radio sources, it is important to
have both large area as well as deep observations. Deeper, smaller
area surveys provide observations of fainter radio populations
(e.g. radio quiet quasars and SFGs, see e.g. Wilman et al. 2008;
Padovani et al. 2015; Smolčić et al. 2017b) and allow galaxy evo-
lution to be investigated to earlier times in the age of the Universe.
Large area surveys, on the other hand, allow extreme and rare
AGN to be observed as well as large samples of resolved nearby
SFGs. They are also crucial in providing information for radio sky
models. Moreover, observations at multiple epochs of large sky
areas are useful for detecting transient or variable sources (see e.g.
Thyagarajan et al. 2011; Mooley et al. 2016; Nyland et al. 2020).

At∼1 GHz, radio surveys which have observed large regions of
the southern skies (δ < 0◦) have been dominated by the combina-
tion of Sydney University Molonglo Sky Survey (SUMSS; Mauch
et al. 2003), the Molongolo Galactic Plane Survey (MGPS; Green
et al. 1999), and the updated MGPS-2 survey (Murphy et al. 2007)
as well as the NRAO VLA Sky Survey (NVSS; Condon et al. 1998),
complemented in the smaller overlap regions by Faint Images of
the Radio Sky at Twenty-Centimeters (FIRST; Becker et al. 1995;
Helfand et al. 2015). SUMSS surveyed the southern sky up to a
northern-most δ = −30◦ (excluding the Galactic plane |b| < 10◦)

c© The Author(s), 2021. Published by CambridgeUniversity Press on behalf of the Astronomical Society of Australia.
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• Cross-correlation between RACS galaxies and CMB temperature

A measurement of the ISW with RACS 11
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Figure 7. The angular auto-power spectra ⇠̃gg
✓ measured from the RACS

island catalogue (crosses, top) and the RACS-Planck cross-power spectrum
⇠̃gT
✓ (bottom). The magenta line shows the median⇠✓ of the flask realisations

and the shaded regions show the 68-, 95- and 99.75-percentile regions. In the
top plot, we mark ✓ = 40 as the upper bound of the distrusted multipole range
that we do not include in our analyses of ⇠gg
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If 5✓< is an observational systematic, e.g. a terrestrial or Galactic
foreground, than it is uncorrelated with the true cosmological signal,
i.e. h 5✓< 0

⇤g
✓<i = h 5✓< 0

⇤T
✓<i = 0. Hence, h⇠̃gT

✓ i = ⇠
gT
✓ is una�ected

by the systematic, whereas ⇠̃gg
✓ is biased by the auto-power spectrum

of 5✓<. On the other hand, if the observed excess is due to a theoret-
ical systematic, i.e. it is not predicted well by our modelling of the
density field, we will see unexpected behaviour in the gT cross-power
spectrum as well. In the latter case, we will see values of j2 that ex-
ceed the number of degrees of freedom by far. We therefore proceed
including the full available multipole range in the gT analysis and
will present a simple j

2 test later to justify this.
Our first step in analysing the significance of the ISW signal in the

gT cross-power spectrum is to compare the values of

j
2 =

’
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, (38)

for the two hypotheses of existence and non-existence of gT cross-
correlations due to the ISW e�ect. In the former case ⇠

gT
✓ is as

Figure 8. The top panel shows the ⇠̃gg
✓ measured in declination (DEC) bands

with widths of 6 degrees. The bottom panel shows the ⇠̃gg
✓ at ✓ = 24 as

a function of DEC. The marker colours and shapes coincide in both plots.
The magenta line and shaded regions show the median and 68-, 95- and
99.75-percentile regions of the flask realisations, as in Figure 7.

defined in Equation 6, while in the latter, we just have ⇠
gT
✓ = 0.

Using the sample covariance matrix of 3000 mock catalogues, we
obtain j

2 = 17.7 for the null hypothesis (⇠gT
✓ = 0) and j

2 = 10.9

for the ⇠gT
✓ -model given in Equation 6. If we use instead a precision

matrix estimated from the same set of mock catalogues using the
graphical lasso method, we find j

2 = 17.8 for the null hypothesis
and j

2 = 11.0 for ISW hypothesis. So in both cases, adopting an ISW
model reduces j2 by 6.8. We can further describe the significance of
this finding in terms of the signal-to-noise ratio (Becker et al. 2016)
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We evaluate Eq. (39) again using both covariance matrices and an
✓-binning with �✓ = 20 which yields

(

#

= 2.8 . (40)

MNRAS 000, 1–18 (2022)

[Bahr-Kalus  SC et al. (2022)]⊃
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• Cross-correlation between RACS galaxies and CMB temperature

A measurement of the ISW with RACS 11
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Figure 7. The angular auto-power spectra ⇠̃gg
✓ measured from the RACS

island catalogue (crosses, top) and the RACS-Planck cross-power spectrum
⇠̃gT
✓ (bottom). The magenta line shows the median⇠✓ of the flask realisations

and the shaded regions show the 68-, 95- and 99.75-percentile regions. In the
top plot, we mark ✓ = 40 as the upper bound of the distrusted multipole range
that we do not include in our analyses of ⇠gg
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If 5✓< is an observational systematic, e.g. a terrestrial or Galactic
foreground, than it is uncorrelated with the true cosmological signal,
i.e. h 5✓< 0

⇤g
✓<i = h 5✓< 0

⇤T
✓<i = 0. Hence, h⇠̃gT

✓ i = ⇠
gT
✓ is una�ected

by the systematic, whereas ⇠̃gg
✓ is biased by the auto-power spectrum

of 5✓<. On the other hand, if the observed excess is due to a theoret-
ical systematic, i.e. it is not predicted well by our modelling of the
density field, we will see unexpected behaviour in the gT cross-power
spectrum as well. In the latter case, we will see values of j2 that ex-
ceed the number of degrees of freedom by far. We therefore proceed
including the full available multipole range in the gT analysis and
will present a simple j

2 test later to justify this.
Our first step in analysing the significance of the ISW signal in the

gT cross-power spectrum is to compare the values of
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for the two hypotheses of existence and non-existence of gT cross-
correlations due to the ISW e�ect. In the former case ⇠
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Figure 8. The top panel shows the ⇠̃gg
✓ measured in declination (DEC) bands

with widths of 6 degrees. The bottom panel shows the ⇠̃gg
✓ at ✓ = 24 as

a function of DEC. The marker colours and shapes coincide in both plots.
The magenta line and shaded regions show the median and 68-, 95- and
99.75-percentile regions of the flask realisations, as in Figure 7.

defined in Equation 6, while in the latter, we just have ⇠
gT
✓ = 0.

Using the sample covariance matrix of 3000 mock catalogues, we
obtain j

2 = 17.7 for the null hypothesis (⇠gT
✓ = 0) and j

2 = 10.9

for the ⇠gT
✓ -model given in Equation 6. If we use instead a precision

matrix estimated from the same set of mock catalogues using the
graphical lasso method, we find j

2 = 17.8 for the null hypothesis
and j

2 = 11.0 for ISW hypothesis. So in both cases, adopting an ISW
model reduces j2 by 6.8. We can further describe the significance of
this finding in terms of the signal-to-noise ratio (Becker et al. 2016)
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We evaluate Eq. (39) again using both covariance matrices and an
✓-binning with �✓ = 20 which yields
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= 2.8 . (40)

MNRAS 000, 1–18 (2022)

[Bahr-Kalus  SC et al. (2022)]⊃

A measurement of the ISW with RACS 19

Figure C1. Boxplot summarising the �ISW results obtained using di�erent
=(I) , ✓ ranges and bias parameterisations. Including all of the data, including
the ⇠̃gg

✓ for ✓  40 (the solid circles) lowers the mean value of �ISW by
approximately 0.5f, in comparison to estimates where this data is left out
(empty circle). This potential systematic bias is lessened when the di�erent
models are combined using the BACCUS approach (black line).
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Figure C2. The posterior on �ISW after combining the measurements pre-
sented in Figure C1 in a BACCUS-like (Bernal & Peacock 2018) fashion.
The shaded area shows the 68 per cent credible interval.
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Continuum galaxies

[Bahr-Kalus  SC et al. (2022)]⊃
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• Synergies between radio-continuum and optical/near-IR galaxy surveys

Continuum galaxies

[SC et al. (2012)]
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• Synergies between radio-continuum and optical/near-IR galaxy surveys

Continuum galaxies

[SC et al. (2012)]

See Melita’s talk about Euclid!
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• Synergies between radio-continuum and optical/near-IR galaxy surveys

Continuum galaxies

[SC et al. (2012)]

Impact of z information on cosmology with radio surveys 2087

Table 6. Summary of the errors on w0, wp and wa, and the FoMs for
the unbinned, idealistic and realistic cases without (or with) Planck
and Union2.

No binning Idealistic case Realistic case

σw0 2.47 (0.11) 0.022 (0.012) 0.063 (0.041)
σwp 0.29 (0.018) 0.0090 (0.0057) 0.020 (0.013)
σwa 9.60 (0.40) 0.058 (0.033) 0.195 (0.13)
FoM 0.40 (140) 1909 (5378) 260 (603)

Figure 6. FoMs with or without the inclusion of Planck and Union2 (red
circles or black diamonds, respectively) versus the binning strategy adopted:
‘unbinned’ pertains to the case with no redshift information, ‘X-IDs’ to the
EMU/WODAN sources cross-identified by SkyMapper/SDSS and ‘TOT’ to
the inclusion of all the effective surveys. Solid lines refer to the main case,
whilst dashed lines to the case with an additional linear parametrization for
the bias.

w0–wa ellipse is broader than in the realistic case. Nevertheless, we
want to demonstrate that, even in this pessimistic case, our approach
gives interesting results.

Therefore, to conclude, Fig. 6 summarizes the primary results of
this work. It depicts the FoM versus the binning strategy adopted,
thus showing the impact of our proposed pipeline. The labels of the
horizontal axis refer to the unbinned case (unbinned), the case with
cross-identified sources alone (X-IDs) and the case resulting from
the combination of all the effective surveys (TOT) – (i)+(ii)+(iii) as
explained in Section 4. Black diamonds refer to the use of only EMU
and WODAN galaxies and their cross-identifications with SkyMap-
per and SDSS, whilst red circles point to the results obtained by the
inclusion of the Fisher matrices for Planck and Union2. Solid lines
refer to the main result for the realistic case, as highlighted in the
previous section; dashed lines instead show what happens in the
case just described of a two-parameter bias. It is clear that the inclu-
sion of cross-identifications and, furthermore, the high-z radio tail
still yields a significant enhancement.

9 SU M M A RY A N D C O N C L U S I O N S

In this paper, we have explored the impact that redshift informa-
tion could have on the cosmological potential of the forthcoming
generation of large-scale, radio continuum surveys. Specifically, we
have investigated how the possibility of binning the redshift distri-
bution of the radio sources would improve the constraining power
of these surveys. For this purpose, as a fiducial model we adopted
a dynamical DE model whose fiducial values have been fitted by

Zhao & Zhang (2010) as {w0, wa} = { − 0.9, − 0.24}. We have
focused on two forthcoming wide-field radio surveys: EMU and
WODAN. Thanks to their sensitivity and the specifics outlined in
Table 1, they could be combined thus yielding a full-sky survey.
This is extremely important, since it leads to larger sample size and
allows us to lessen the impact of cosmic variance.

We have performed a Fisher matrix analysis to forecast how the
combination of EMU and WODAN will be able to constrain the
cosmological parameters of the DE model, particularly focusing on
its extra parameters, w0 and wa, and using the angular power spec-
trum of radio sources as the cosmological probe. We have examined
the impact of including redshifts for sources cross-identified with
optical redshift surveys. We have described results when there is no
knowledge of redshifts, summarized in Table 3; in this case the DE
equation of state is poorly determined. We have also presented the
most idealistic case where all the EMU and WODAN redshifts are
known, in which case we have unsurprisingly obtained extremely
tight constraints on all the model parameters, with marginal er-
rors on the DE equation-of-state parameters σw0 = 0.012 and
σwa = 0.033, when combined with Planck and Union2.

Next, we moved to a more realistic scenario. We have in-
cluded forthcoming optical surveys as cross-identifiers for the
EMU/WODAN sources; specifically, we have used SkyMapper for
the southern sky, while SDSS provides redshifts in the north. It
is clear that not all of the radio galaxies that will be detected by
EMU and WODAN will be cross-identified by other surveys, as
these radio surveys cover the whole sky and reach very high red-
shift. To take this into account, we have developed a model of
the future practical analysis, using three ‘effective surveys’ as de-
scribed in Section 4. For these sub-surveys, the redshift distribution
of sources will be those of: (i) all the EMU/WODAN galaxies
cross-identified by SkyMapper/SDSS, suitably redshift binned; (ii)
all the EMU/WODAN galaxies which are in the same patch of
sky as SkyMapper/SDSS but which are not cross-matched and (iii)
an EMU/WODAN survey probing only the sky left uncovered by
SkyMapper/SDSS. With this approach we have obtained an FoM of
603 and 260 for the radio sources with and without CMB and SNeIa
priors, respectively. These results are very competitive when com-
pared with other surveys that will also be available in the near future.
The improvement obtained by this cosmological analysis with radio
surveys stems from the fact that by cross-correlating with shallow
‘redshift surveys’ we can make use of the long high-redshift tail of
the non-identified radio galaxies to provide an extra handle on the
evolution of DE. This effect can be clearly seen in Fig. 6, where
the jump from the second to the third point is only due to the extra
information from the radio surveys.

We want to emphasize that we have accounted for the source
bias amplitude Ab by using a nuisance parameter which was al-
lowed to vary freely. However, reality might be more complicated
with effects on the bias such as scale dependence and a change in
the relative amplitudes of the bias for each finer redshift bin. We
leave a deeper analysis for future work. It is worth noting that the
radio source bias could be constrained as a function of redshift by
deep cross-correlation studies with optical data over smaller areas,
but any remaining uncertainty requiring more bias parameters will
worsen the FoMs. To simply test whether our approach is robust
even in the presence of a more complex bias, we have also studied
a slightly more complex scenario, in which we have added a linear
correction to the bias amplitude. This means that we deal with one
more nuisance parameter. Nevertheless, Fig. 6 shows that the main
results of this work still hold, though the constraints get broader, as
expected. On the other hand, if we parametrized the functional form

C© 2012 The Authors, MNRAS 427, 2079–2088
Monthly Notices of the Royal Astronomical Society C© 2012 RAS

[SC et al. (2012)]
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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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HI intensity mapping

• Examples:


• MeerKAT (96 obs. hrs; 2 sq. deg. @ 986 MHz | z ≈ 0.44 and @ 1077.5 MHz | z ≈ 0.32)
[Sourabh et al. 2022]
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HI intensity mapping

• Examples:


• MeerKAT (96 obs. hrs; 2 sq. deg. @ 986 MHz | z ≈ 0.44 and @ 1077.5 MHz | z ≈ 0.32)

7

z = 0.32 z = 0.44

k[Mpc�1] P (k)[mK2Mpc3] �P [mK2Mpc3] P (k)/�P k[Mpc�1] P (k)[mK2Mpc3] �P [mK2Mpc3] P (k)/�P

0.43 36.48 19.03 1.92 0.34 53.43 27.80 1.92

0.74 0.12 3.04 0.04 0.61 0.60 4.13 0.14

1.25 2.26 0.57 3.98 1.01 4.34 0.85 5.12

2.04 0.96 0.19 4.96 1.68 1.51 0.27 5.62

3.30 0.19 0.09 2.12 2.81 0.96 0.13 7.54

5.19 0.33 0.09 3.80 4.31 0.56 0.15 3.80

7.96 0.21 0.20 1.07 7.04 0.28 0.41 0.69

Table 1. Table summarizing the HI power spectrum constraints at z = 0.32 and z = 0.44. From left to right, the columns show
the centre of each k-bin, the value of the measured HI power spectrum in the units of mK2Mpc3, the measurement uncertainties
in the units of mK2Mpc3, and the significance of the detection in each k-bin.

kk. For both redshifts, second k-bins of the power spectrum is lower than expected. This is due to the systematics
at short baselines u ⇡ 0 as we show in Appendix A. While the systematics are largely removed, some weak e↵ects
may not be picked up by the 5� � flagging. It does not impact the robustness of our detection, because the expected
amplitude of the power spectrum is still well within the 3 � � region of our measurements. Furthermore, since we
use the sampling variance for calculating the measurement errors, the impact of the systematics is incorporated and
results in larger error bars. As a result of the low power spectrum amplitude at the second k-bin, when we perform
the model fitting in section 4, the median fitting results are biased towards lower values for the first k-bin as seen in
Figure 5 and Figure 6.
To validate our results, we perform a null test by cross-correlating the data of the two frequency sub-bands used in

the detection. The individual sub-bands have no overlap and each of them is split into two time blocks of even and
odd scans. When calculating the cross-power, only k-points that are above the kk = 0.3k? wedge and not flagged by
the 5�� criterion are used. Therefore, the cross-power should give results consistent with zero. As shown in Figure 4,
we detect no significant correlation in these tests which shows that no obvious frequency correlated signals remain in
the Fourier window used in the analysis. The null test suggests that the observation window we choose does not have
sizeable foreground leakage, and residual systematics have been largely mitigated.

Figure 3. 1-d power spectrum from the analysis of the MeerKAT DEEP2 data. a, at z = 0.32 and b, z = 0.44. The
measurement is denoted as “MeerKAT DEEP2” and the expected level of signal denoted as “Model” is calculated following the
best fit results of the “No Prior” case in section 4.

To further quantify the amplitude of the HI fluctuations measured, we use the 3-d power from our data to compute
the variance of the fluctuation at a given scale R

�
2

HI
=

3

4⇡R3

R
kwindow

d
3
k

(2⇡)3
W

2(kR)PD(k)w(k)
R
kwindow

d3k

(2⇡)3
W 2(kR)w(k)

, (7)

[Sourabh 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)
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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]

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

[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 (in cross-correlation w/ optical shear) 
VLA+SDSS (in cross-correlation w/ optical galaxy and cluster clustering) 
VLA+COSMOS (in cross-correlation w/ optical shear)

[Patel et al. (2010); Demetroullas & Brown (2018); Hillier et al. (2019)]

[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

<latexit sha1_base64="qlK2QlXlIHOOE6sv/nV5mdbHJiM="></latexit>

✏(z, n̂) = �(z, n̂) + ✏sys(z, n̂)

See Vincenzo’s talk about weak lensing!
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Radio weak lensing
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Radio weak lensing
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Radio weak lensing

<latexit sha1_base64="qlK2QlXlIHOOE6sv/nV5mdbHJiM="></latexit>

✏(z, n̂) = �(z, n̂) + ✏sys(z, n̂)

<latexit sha1_base64="TIHYQkr4kc75f4bKKW/bynjNzU8="></latexit>

h✏ ✏i = h� �i+ 2 h� ✏sysi+ h✏sys ✏sysi

<latexit sha1_base64="H4ge9l0Q/rQu0XNudrpUag+U/cc="></latexit>

h✏(o) ✏(r)i = h� �i+ h� ✏sys(r) i+ h� ✏sys(r) i+ h✏sys(o) ✏
sys
(r) i

St
ef

an
o 

C
am

er
a


D
ar

k 
en

er
gy

 w
ith

 th
e 

SK
AO



12

 · 
IX

 · 
20

23



Radio weak lensing
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Radio-optical cosmic shear
[SC et al. 2015; Bacon  SC et al. 2020]⊃
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Radio-optical cosmic shear

Dark-energy EoS present-day value, w0

[SC et al. 2015; Bacon  SC et al. 2020]⊃
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Radio-optical cosmic shear
[SC et al. 2015; Bacon  SC et al. 2020]⊃

SKA weak lensing III: mitigating systematics 4751

Figure 3. Marginal joint 1σ error contours in the dark energy equation-of-state parameter plane. The black cross indicates the "CDM fiducial values for dark
energy parameters, namely {w0, wa} = {−1, 0}. Blue, red and green ellipses are for radio and optical/near-IR surveys and their cross-correlation, respectively.
The left-hand (right-hand) panel is for Stage III(IV) DETF cosmic shear surveys. Dashed, dot–dashed and dotted contours refer to amplitudes of the residual
systematic power spectrum with variance σ 2

sys = 10−7, 10−6 and 5 × 10−5, respectively. All contours but those for the cross-correlation are biased (i.e. they
are not centred on the black cross) due to the presence of residual, additive experimental systematics (Section 3.1).

previous case of residual (or additive) systematics. First, a calibra-
tion error term will be also present in the cross-correlation power
spectrum. This is because this multiplicative systematic term, be-
ing attached to the cosmological signal in the fashion of an overall
amplitude, will not cancel out when correlating data sets obtained
in different bands of the electromagnetic spectrum – opposite to
what will happen for the residual (additive) systematic effect dis-
cussed in Section 3.1. Secondly, such a term will most likely present
a redshift-bin dependence, inherited from γ mul(z). Nevertheless, it
is important to emphasize that the multiplicative calibration er-
ror γ mul(z) will be different for radio and optical/near-IR, and the
cross-correlation of the measurements will bear a combination of
the two. Therefore, in the worst case scenario where the calibration
error is so severe as to seriously threaten the precision of parame-
ter estimation, the confidence regions for radio or optical/near-IR
autocorrelations (shown for instance in Fig. 3) will be scattered
around the parameter space with no apparent correlation, whereas
the cross-correlation of the two will contain information on both
calibration errors. Hence, an a posteriori reconstruction can be per-
formed, where we could iteratively try to remove two multiplicative
systematic effects, i.e. for radio and optical/near-IR data, by using
three variables, namely the two autocorrelation cosmic shear power
spectra and their cross-correlation.

To illustrate this, we generate 20 random calibration errors
γ mul

X,i , 10 for the 10 radio redshift bins and 10 for the 10
optical/near-IR bins, (uniformly) randomly picked in the range
0 per cent, 10 per cent. By doing so, we construct a matrix M, with
entries

Mij = Amul

(
γ mul

Xi
+ γ mul

Yj

)
, (11)

Figure 4. Same as the right-hand panels of Fig. 3, but for calibration errors
(Section 3.2). Note that, in this case, the contours obtained via the cross-
correlation of DES and SKA1 too is biased. Conversely, the self-calibrated
combination of all auto- and cross-correlations, with the inclusion of nui-
sance parameters for calibration errors, is not (black ellipse).

and overall amplitude parameter Amul, which we marginalize over.
This matrix multiplies the cosmic shear tomographic matrix CXY

$ .
The results are presented in Fig. 4, where, as opposed to Fig. 3, the
green ellipse of the cross-correlation of radio and optical/near-IR

MNRAS 464, 4747–4760 (2017)
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Radio-optical cosmic shear

Dark matter abundance, ΩDM

[Ingrao, SC et al.  (in prep.)]

PRELIMINARY!
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Radio-optical cosmic shear

Dark matter abundance, ΩDM

[Ingrao, SC et al.  (in prep.)]

PRELIMINARY!
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Radio-optical cosmic shear

Dark matter abundance, ΩDM

[Ingrao, SC et al.  (in prep.)]

PRELIMINARY!

St
ef

an
o 

C
am

er
a


D
ar

k 
en

er
gy

 w
ith

 th
e 

SK
AO



12

 · 
IX

 · 
20

23



Conclusions

• The SKA Observatory and its precursors/pathfinders are ushering in the era of 
cosmology at radio wavelengths
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Conclusions

• The SKA Observatory and its precursors/pathfinders are ushering in the era of 
cosmology at radio wavelengths


• Conventional cosmological probes (galaxy clustering and cosmic shear) available to 
cross-validate results from e.g. Euclid, DESI, DES 
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Conclusions
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cosmology at radio wavelengths


• Conventional cosmological probes (galaxy clustering and cosmic shear) available to 
cross-validate results from e.g. Euclid, DESI, DES 
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Conclusions

• The SKA Observatory and its precursors/pathfinders are ushering in the era of 
cosmology at radio wavelengths


• Conventional cosmological probes (galaxy clustering and cosmic shear) available to 
cross-validate results from e.g. Euclid, DESI, DES


• Cross-correlations and other synergies will allow us to remove/alleviate 
observational and theoretical systematic effects
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Conclusions

• The SKA Observatory and its precursors/pathfinders are ushering in the era of 
cosmology at radio wavelengths


• Conventional cosmological probes (galaxy clustering and cosmic shear) available to 
cross-validate results from e.g. Euclid, DESI, DES


• Cross-correlations and other synergies will allow us to remove/alleviate 
observational and theoretical systematic effects


• Data from precursors and pathfinders already available (e.g. LOFAR, CHIME, 
ASKAP [RACS, EMU], MeerKAT [MeerKLASS, MIGHTEE-HI])
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