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• The Square Kilometre Array (SKA) will be the largest radio-
telescope on Earth and will be built in two locations
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SKA Key Science Drivers: 
The history of the Universe

Cosmic Dawn

(First Stars and Galaxies)

Galaxy Evolution

(Normal Galaxies z~2-3)

Cosmology

(Dark Energy, Large Scale Structure)Cosmic Magnetism


(Origin, Evolution)

Cradle of Life

(Planets, Molecules, SETI)

Testing General Relativity

(Strong Regime, Gravitational Waves)

Exploration of the Unknown

Broadest range of 
science of any facility, 
worldwide

[Courtesy of A. Bonaldi]



Inflation

Dark energy

Dark matter
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‘Within a forest dark’
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Abstract
We present the status of the science that will be enabled by Phase 1 of the Square Kilometre Array (SKA1). This
2018 Red Book will be regularly updated by the Cosmology Science Working Group in the lead up to start of
operations and Key Science Program. The advent of the SKA1 will allow significant increases in survey power
when compared to present radio telescopes, making it possible to perform large area surveys in continuum
and spectral line modes. These will be competitive in terms of statistical power with the optical surveys that
will be available on similar timescales. This will allow radio-optical comparisons, but more importantly cross-
correlations that may allow the removal of the subtle observational systematics likely to prevent individual
surveys from achieving their full potential.

Keywords: Radio Telescopes, Cosmology, Galaxy Redshift Surveys, Weak Lensing, Intensity Mapping.
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Abstract
The Square Kilometre Array (SKA) is a planned large radio interferometer designed to operate over a wide range
of frequencies, and with an order of magnitude greater sensitivity and survey speed than any current radio
telescope. The SKA will address many important topics in astronomy, ranging from planet formation to distant
galaxies. However, in this work, we consider the perspective of the SKA as a facility for studying physics. We
review four areas in which the SKA is expected to make major contributions to our understanding of fundamental
physics: cosmic dawn and reionisation; gravity and gravitational radiation; cosmology and dark energy; and
dark matter and astroparticle physics. These discussions demonstrate that the SKA will be a spectacular physics
machine, which will provide many new breakthroughs and novel insights on matter, energy and spacetime.
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Correlations
• Cosmological perturbations 

[temperature anisotropies, density fluctuations…] 

• Correlation function 

• Fourier-space power spectrum 

• E.g. #1: Matter 2-pt correlation function and power spectrum
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Planck Collaboration: The cosmological legacy of Planck

Fig. 19. The (linear theory) matter power spectrum (at z = 0) inferred from di↵erent cosmological probes. The broad agreement
of the model (black line) with such a disparate compilation of data, spanning 14 Gyr in time and three decades in scale is an
impressive testament to the explanatory power of ⇤CDM. Earlier versions of similar plots can be found in, for example, White et al.
(1994), Scott et al. (1995), Tegmark & Zaldarriaga (2002), and Tegmark et al. (2004). A comparison with those papers shows that
the evolution of the field in the last two decades has been dramatic, with ⇤CDM continuing to provide a good fit on these scales.

Palanque-Delabrouille et al. (2015); the latter was obtained by
di↵erentiating the corresponding 1D power spectrum using the
method of Chartrand (2011). The measurements of Ly↵ are at
higher redshift (2 < z < 3) than galaxy clustering and probe
smaller scales, but are more model-dependent.

Intermediate in redshift between the galaxy clustering and
Ly↵ forest data are cosmic shear measurements and redshift-
space distortions (Hamilton 1998; Weinberg et al. 2013). Here
we plot the results from the The Dark Energy Survey Y1 mea-
surements (Troxel et al. 2017) which are currently the most con-
straining cosmic shear measurements. They show good agree-
ment with the matter power spectrum inferred from ⇤CDM
constrained to Planck. These points depend upon the nonlin-
ear matter power spectrum, and we have used the method of
Tegmark & Zaldarriaga (2002) based on the fitting function of
Peacock & Dodds (1996) to deconvolve the nonlinear e↵ects,
which yields constraints sensitive to larger scales than would
it would otherwise appear. The nuisance parameters have been
fixed for the purposes of this plot. (More detail of the calcula-
tions involved in producing Fig. 19 can be found in Chabanier et
al. in prep.). Bearing in mind all of these caveats the good agree-

ment across more than three decades in wavenumber in Fig. 19
is quite remarkable.

Figure 20 shows the rate23 of growth, f�8, determined from
redshift-space distortions over the range 0 < z < 1.6, compared
to the predictions of ⇤CDM fit to Planck. Though the current
constraints from redshift surveys have limited statistical power,
the agreement is quite good over the entire redshift range. In par-
ticular, there is little evidence that the amplitude of fluctuations
in the late Universe determined from these measurements is sys-
tematically lower than predicted.

We shall discuss in Sect. 6 cross-correlations of CMB lens-
ing with other tracers and the distance scale inferred from baryon
acoustic oscillations (BAO). In general there is very good agree-
ment between the predictions of the ⇤CDM model and the mea-
surements. If there is new physics beyond base ⇤CDM, then
its signatures are very weak on large scales and at early times,
where the calculations are best understood.

23Conventionally one defines f as the logarithmic growth rate of the
density perturbation �, i.e., f = d ln �/d ln a. Multiplying this by the
normalization, �8, converts it to a growth rate per ln a.
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Correlations
• Cosmological perturbations 

[temperature anisotropies, density fluctuations…] 

• Correlation function 

• Fourier-space power spectrum 

• Harmonic-space power spectrum 

• E.g. #2: CMB temperature anisotropies
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[Planck Collaboration, 2015]
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Correlations
• Cosmological perturbations 

[temperature anisotropies, density fluctuations…] 

• Correlation function 

• Fourier-space power spectrum 

• Harmonic-space power spectrum
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Cross-correlations
• Cosmological perturbations 

[temperature anisotropies, density fluctuations…] 

• Correlation function 

• Fourier-space power spectrum 

• Harmonic-space power spectrum
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Radio cosmology

• Radio surveys and observables 

• Continuum galaxy surveys 

• HI-line galaxy surveys 

• HI intensity mapping 

• Radio weak lensing 

• Multi-wavelength synergies
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Radio continuum

• Origin: synchrotron emission of charged particles 

• Pros: large number of galaxies (strong signal) 

• Cons: no redshift information 

• Examples: 

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

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

UNIVERSITÀ 
DEGLI STUDI 
DI TORINO 

ALMA UNIVERSITAS 
TAURINENSIS

UNIVERSITÀ 
DEGLI STUDI 

DI TORINO 
ALMA UNIVERSITAS 

TAURINENSIS

UNIVERSITÀ 
DEGLI STUDI 
DI TORINO 
ALMA UNIVERSITAS 
TAURINENSIS

Stefano Camera Cosmology at radio frequencies with the SKA 2 · VII · 2019 | Saclay



Radio continuum Cosmological Measurements with Radio Surveys 17

WODAN

LOFAR

EMU

DES

EUCLID (imaging)

EMU+WODAN

LSST

Pan-STARRS1

sk
y 

co
ve

ra
ge

 (s
q.

 d
eg

.)

0

5000

10000

15000

20000

25000

30000

35000

40000

45000

median z
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3

Figure 15. Comparison of median redshift and sky coverage of selected
future imaging surveys.

are already collecting data or are being actively prepared for. The
radio surveys discussed in this paper are complementary to these
surveys, because of the difference in area, redshift and number den-
sity covered, and so they will be able to provide useful information
using some specific probes (i.e. ISW and Cosmic Magnification, as
their constraining power is increased for larger sky coverage and
higher redshifts). In the period before SKA, 3D redshift surveys
such as BOSS will provide more information on the power spec-
trum on intermediate scales and at low redshifts; photometric sur-
veys such as Pan-STARRS19 and DES will also span a different
part of the parameter space, as they will observe a larger number
of objects, but at a lower median redshift and, in some cases, a
smaller region of the sky. Radio surveys cover larger volumes, and
so provide more large-scale information; thus they will be comple-
mentary to these other surveys. Next generation experiments such
as Euclid and LSST will improve the quality of available data, but
for some aspects the radio surveys of the current generation are
still competitive, as can be seen from Fig. 15. In the radio, NVSS
has been used to perform cosmological analyses (e.g. Raccanelli
et al. 2008, Xia et al. (2010)), and the surveys we considered here
will have higher median redshift and number of objects observed,
so they should improve the precision of the cosmological measure-
ments available.

Our results show that the unprecedented combination of sky
coverage, redshift range and sensitivity will enable high-precision
measurements, competitive with current surveys in a conservative
scenario. Examining Fig. 16 and Table 2, it is clear that the mea-
surements that LOFAR, EMU and WODAN could provide are po-
tentially decisive in ruling out a large part of the cosmological pa-
rameter space for dark energy and modified gravity models.
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Probe σw0
σwa ση0

σµ0

CMB + SNe 0.14 0.64 0.66 0.24
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CMB + SNe + LOFAR MS3 ACF 0.12 0.51 0.64 0.23
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CMB + SNe + LOFAR Tier1 ALL 0.07 0.28 0.32 0.14
CMB + SNe + EMU ISW 0.07 0.25 0.22 0.11
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of an RCUK fellowship. WJP is grateful for support from the Eu-
ropean Research Council, the Leverhulme Trust and STFC. DJS
acknowleges financial support from Deutsche Forschungsgemein-
schaft (DFG). We thank Daniele Bertacca, Emma Beynon, Annal-
isa Bonafede, Rob Crittenden, Olivier Doré, Tommaso Giannan-
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Radio continuum
• Various populations of radio galaxies (e.g. SFGs and AGNs) 

• Radio galaxy populations related to dark matter halo mass
[Wilman et al. 2008]
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Radio continuum
2516 L. D. Ferramacho et al.

Figure 2. Bias redshift evolution for the different source combinations con-
sidered in this paper, considering a Gaussian distribution for the halo masses
of each population type around the central values presented in Section 3.2
( using equations 3 and 7). When combining populations, the bias is obtained
through equation (12).

Figure 3. Redshift distribution of sources per steradian for SKA phase 1
(flux cut detection at 5 µJy). The source types are star-forming galaxies
(SFG), SB galaxies, RQQ and FR I. We omit the distribution for FR II
galaxies since their number is much lower (of the order of 100) and would
not be visible in this figure. All distributions were obtained from the S3

catalogues down to a sensitivity limit of 1 µJy and applying a cut at 5σ .

each population considered in this paper is presented in Fig. 3. We
used these to determine the shot noise contribution to the covariance
matrix for each population and fitted them in order to obtain the
dn /dz used to compute both the Fisher and covariance matrices.

4.5 Results

Given the large sky coverage of the considered surveys, we con-
sidered ℓmin = 2 and ℓmax = 200 to compute the Fisher matrix,
assuming that these scales contain most of the information on non-
Gaussianity. The results of the forecasts on fnl for different flux
detection limits are presented in Table 1. As discussed in Sec-
tion 2, we note that all the constraints on fnl presented below can
be scaled by a factor of 1/q , where q is a fudge factor of order
unity to be derived from numerical simulations. The improvement
of these constraints when using all the galaxy multitracer infor-
mation compared to the undifferentiated whole galaxy sample is
remarkable. For example, for a 5 µJy cut, corresponding to the ex-
pected detection limit of SKA phase 1, we obtain σfnl ≈ 23 for the

Table 1. Forecasts on fnl 1σ errors using the angular power spectra of
different galaxy populations for different detection flux limits. We present the
results obtained using the full sample of objects with an averaged effective
bias and those obtained using the combination of three populations of radio
galaxies (where SFG, SB and RQQ correspond to one population group),
using four populations (where only SFG and SB are undifferentiated) and
with a selection of five populations for z < 1 and four populations for z >

1 (again with undifferentiated SFG and SB). We also show the result for the
ideal case where all five populations could be differentiated over the entire
redshift range of the survey.

σfnl

Flux detection Full samplea 3 bins 4 bins 4+5 bins 5 bins
threshold

1 µJy 12 (9.6) 2.8 2.7 2.2 0.7
3 µJy 25 (17) 2.7 2.7 2.6 1.2
5 µJy 32 (23) 3.3 3.2 2.9 1.5
10 µJy 48 (35) 3.7 3.7 3.6 1.9

Note: a Values in parentheses were obtained assuming a constant and single
mass for each sub-population.

Table 2. Same as Table 1, but assuming a 20 per cent variation on the
fiducial central mass for SB and FR I galaxy haloes.

σfnl

Change in fiducial mass 3 bins 4 bins 5 bins

SB −20% 3.2 3.2 1.6
SB +20% 3.3 3.2 1.4
FR I −20% 3.5 3.5 1.5
FR I +20% 3.1 3.0 1.5
SB −20%, FR I −20% 3.6 3.4 1.6
SB −20%, FR I +20% 3.1 2.9 1.6
SB +20%, FR I −20% 3.6 3.5 1.5
SB +20%, FR I +20% 3.1 3.1 1.5

latter and σfnl ≈ 1.5 for the former using five multitracer galaxy
populations. However, since the differentiation of SB and SFG
galaxies is problematic (as discussed in Section 4.3), a more re-
alistic case would consider five distinguishable populations up to z

< 1 (where SB and SFG’s would be distinguished using a deep op-
tical survey) and merged populations of SB and SFG for z > 1. For
this case, the improvement is still quite significant, with σfnl ≈ 2.9.
We also checked for this particular case that imposing lmax = 400
does not affect the result, which takes exactly the same value.

The impact of allowing the central mass for each population as
a free parameter is somehow small, except when combining all
the populations, because this introduces a large uncertainty on the
bias evolution. To limit such uncertainty, we considered two other
ways to compute the bias for this case (where all populations are
combined): fixing the mass of each population to their fiducial val-
ues and thus taking equations (7) and (12) with f i(M, Mcent) =
δ(M − Mcent) and also using equation (6) within the mass range of
Mmin = 1 × 1011 h−1 M⊙ to Mmax = 1 × 1014 h−1 M⊙ (equiva-
lent to the usual effective bias based on the halo model). Both of
these approaches yield almost the same results, and improve the
constraints on fnl by around 25 per cent. (see Table 2 and Fig. 5)
Another important result is the fact that the variance assumed for
the Gaussian distributions of the halo masses for each population
does not significantly affect the results for the multitracer analysis.
We tested using smaller values such as 1 per cent and larger values
such as 40 per cent and the differences obtained in fnl and Mcent did
not exceed 2 per cent.

MNRAS 442, 2511–2518 (2014)
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Radio continuum

Radio galaxies and the multitracer technique 2517

Figure 4. Left: 1σ forecasts on fnl and central mass for SB population. Larger contour is for combination of SFG, SB and RQQ in one population (3 bins),
slightly smaller contour assumes only the combination of SFG and SB (4 bins). The lighter inner contour corresponds to the constraints using the whole
differentiated five galaxy populations for z < 1 and 4 bins with SFG and SB undifferentiated for z > 1 (4+5 bins). The dark inner ellipse shows the ideal case
where all five populations could be differentiated over the entire redshift range. Right: 1σ forecasts on fnl and primordial fluctuation amplitude. Here, the larger
ellipse represents the constraints for the whole sample of galaxies, the two dark ellipses (almost overlapped) for the cases with 3 and 4 bins. The contour for
the 4+5 bins case is light coloured and larger in the y-axis direction. Finally, the central darker ellipse is the ideal case with all five populations differentiated.
Both plots assume for a flux cut for detection at 5 µJy.

Note that the degeneracy between the non-Gaussianity param-
eter and central mass is almost absent, as shown in Fig. 4. The
cosmological parameters can show a more significant correlation
with fnl, such as in the case of the primordial fluctuations amplitude
AS. The left-hand panel of Fig. 4 also shows that the constraint on
AS is worse when considering the 4+5 bins analysis. At first, this
seems a bit counter-intuitive, but the fact that we are using two pop-
ulations with different mean redshifts implies that the information
that can be obtained on the amplitude of fluctuations is either re-
duced or at least more degenerate with other parameters, such as the
central mass values, which seems to be the cause for the observed
degradation. We note, however, that the overall constraint on all
the forecasted parameters (without marginalization), is better than
assuming only the 4 bins over the entire redshift range.

It is also important to note that some populations contribute more
to the constraint on fnl than others. The overall contribution from
a single galaxy population depends mainly on the combination of
their bias and measured shot noise, and to lesser extent, on their
redshift distribution. We noted in our simulation that the SB and
FR I galaxies had the most important contribution, even when using
the 3 bins and 4 bins, where the SB population dominates the
contribution to the total dn

dz
bh. Although the inclusion of Mcent as a

free parameter is important to access the impact of the uncertainty
in these values, the fiducial value we take to perform the constraints
can also have a significant importance. We tested this considering
both populations that contribute more to the constraints and varying
their central mass values by 20 per cent (both larger and smaller).
The results on σfnl are summarized in Table 2. FR I fiducial masses
seem to contribute the most to the results, but overall the constraints
are stable up to 17 per cent.

We also addressed the effect of imposing a redshift cut (constant
bias after a given redshift) on the linear bias for each population.
Although we argue that there are no theoretical reasons to introduce
such a cut, we checked what would be the impact on the constraints
if we take bias cut at redshift of 1.5 (for FR I, FR II and SB) and
3 (for SFG and RQQ), as in Raccanelli et al. (2012). This caused a
minor degradation in the results. For instance, for a flux detection
cut at 5 µJy, we obtained σfnl ∼ 37 using one data set and σfnl ∼ 5
for our 4+5 bin analysis.

Figure 5. Forecasted constraints on fnl obtained with the multitracer method
as a function of the flux cut used to detect galaxies. The horizontal line
represents the best constraint obtained by the Planck collaboration [Ade
et al. (Planck collaboration) 2013b] normalized to the convention we are
using here.

Finally, we tested what would happen if somehow one could have
even better detection sensitivities. This was done with the purpose of
identifying the absolute limit in precision that can be achieved with
the multitracer technique. In Fig. 5, we present the results for all
the considered data combinations, where one can see that for most
cases, the 1 µJy detection limit represents a sort of a plateau, with
the best possible result (again, in the more difficult observational
configuration) being an impressive σfnl ≈ 0.4 at 0.001 µJy.

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

In this paper, we studied the impact of using future radio surveys to
constrain local primordial non-Gaussianity which is connected to
fundamental physics during the period of inflation. Specifically, we
investigated the potential of using observational features of galaxies
to differentiate them in terms of the mass of their host halo and thus

MNRAS 442, 2511–2518 (2014)
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!  Tests of isotropy (CMB 
anomalies?) 

!  Test if the cosmological dipole 
(with radio-galaxies) is the 
same as the CMB one 

!  Reach a few degrees precision 
with SKA1  

D. J. Schwarz, et al., PoS(AASKA15), 
SKA chapters, 2015  

Mario Santos, UWC, Bologna 2015 

Radio continuum
• Testing the cosmological and the Copernican principles 

• SKA galaxy survey angular  
correlation function will be  
able to detect dipole: 

• Within 5º (SKA1) 

• Within 1º (SKA2)
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HI galaxies
• Origin: HI (neutral hydrogen) emission line in galaxies 

• Pros: spectroscopic redshift accuracy, peculiar velocities 

• Cons: fewer galaxies, 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 galaxies
• HI 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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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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HI galaxies
• Doppler magnification 

• A galaxy moving away from us will maintain fixed angular size while 
appearing to be further away than it really is (and thus ‘bigger’).

Cosmology with Doppler lensing 1901

Figure 1. Three spherical galaxies of the same physical size and same
observed redshift. A is at the centre of a spherical overdensity while B and
C are falling towards the centre.

Doppler lensing causes a slight apparent change in size and mag-
nitude for objects at a given observed redshift (throughout we will
use the term ‘size’ to mean angular size). However, since these
objects have an intrinsic range of sizes and magnitudes, to mea-
sure the effect it is necessary to measure size/magnitude for many
objects in order to overcome this intrinsic noise. In addition, it is
highly desirable to obtain spectroscopic redshifts for the sources,
as Doppler lensing between two objects is present over relatively
short separations in redshift (!z ≃ 0.02), in contrast to gravitational
lensing – which is integrated along the entire line of sight.

Here, we suppose that well-calibrated estimates of size and mag-
nitude are available for a catalogue of galaxy images in a survey,
which can then be used to obtain noisy estimators of the magnifi-
cation for each object. Most weak lensing studies so far have used
galaxy ellipticities rather than sizes for probing the lensing field.
However, size–magnitude estimators have been demonstrated as
feasible, and the signal to noise for magnification measurements
with these estimators is about half that of shear (Schmidt et al.
2012). Once such estimates of magnification have been obtained
for a survey, it will be possible to apply the statistics and techniques
we develop in this paper in order to measure and use the Doppler
lensing effect.

This paper is organized as follows. In Section 2, we review
the relevant theory for Doppler lensing, showing the redshift and
wavenumber range over which the effect dominates over gravita-
tional lensing. Section 3 describes the simulated data sets that we
use to confirm our ability to make measurements of Doppler lensing.
In Section 4, we introduce the survey configurations which we con-
sider for our predictions. We then proceed to describe several appli-
cations of Doppler lensing. In Section 5, we examine the prospects
for detecting the signal around stacked over/underdensities. In Sec-
tion 6, we calculate suitable power spectra and correlation functions
for Doppler lensing, showing that cross-correlation statistics can be
measured with high signal to noise in future surveys. We consider
the impact of intrinsic size correlations and gravitational lensing
on these statistics. Section 7 shows how to use Doppler lensing
measurements to make 3D maps of a particular potential, related
to the gravitational potential but including geometrical factors. We
present our conclusions in Section 8.

2 D O P P L E R L E N S I N G : TH E O RY

2.1 The perturbed !CDM model

The perturbed metric for a "colddarkmatter("CDM) model is

ds2 = a2(η)[−(1 + 2$)dη2 + (1 − 2$)dx2], (1)

where $(η, x) is the gravitational potential, a is the scale factor, η is
conformal time and xi are comoving coordinates. At late times, the
potential may be written as $ = g(η)$0(x), where the growth sup-
pression factor g(η) is determined from g′ ′ + 3aHg′ + a2"g = 0 (H
is the Hubble parameter, and a prime is a conformal time derivative:
′=∂η) with initial conditions at the end of the radiation era then
giving $0(x), such that g0 = 1. (To compute the power spectrum
of $, we use the linear transfer function given in Eisenstein & Hu
1998 and to capture non-linear features we use HALOFIT Smith
et al. 2003.)

Once $ is known, we can find the matter density contrast, δ, and
the peculiar velocity vi. The general relativistic Poisson equation
gives δ:

δ = 2a

3H 2
0 &m

[∇2$ − 3aH ($′ + aH$)] , (2)

where &m is the present day matter density parameter. On small
scales, the second term in square brackets may be neglected, giving
the usual Newtonian expression. The peculiar velocity (of total
matter and of galaxies, assuming no velocity bias) is related to $

by

vi = − 2a

3H 2
0 &m

∂i($′ + aH$). (3)

2.2 Convergence

The Jacobian relating lensed image positions to unlensed positions
is given by (e.g. Bartelmann & Schneider 2001)

A =
(

1 − κ − γ1 −γ2

−γ2 1 − κ + γ1

)
, (4)

where κ is the lensing convergence, and γ is the lensing shear. The
convergence κ includes both gravitational and Doppler lensing, as
well as further terms (see equation 17 below); it causes an expansion
or reduction of apparent size of an object. The shear γ arises prin-
cipally from gravitational lensing; it causes a change in ellipticity
of an object. The distorted apparent angular size of an object rl is
related to its undistorted angular size ru by

rl ≃ (1 + κ)ru, (5)

while the lensed apparent magnitude of an object ml is related to
the unlensed apparent magnitude mu by

ml ≃ mu + 5 log10 (1 − κ). (6)

A simple estimator for the convergence can be derived from an
object’s measured angular size r, which could be derived from fitted
parameters (e.g. the square root of area, Heavens, Alsing & Jaffe
2013) or measured using a quadrupole-moment method (e.g. Kaiser,
Squires & Broadhurst 1995). We can then obtain the mean log size
⟨ln r⟩ at redshift z, after which a suitable estimator for convergence
on a galaxy at redshift z will be

κ̂ = ln r − ⟨ln r⟩z. (7)

A more sophisticated estimator, combining size and magnitude, is
provided by Schmidt et al. (2012). This estimator is able to take
into account the lensing bias, where magnification can bring new
faint, small galaxies into the sample. Since galaxies intrinsically
have a range of size and brightness, they find (their fig. 1) that the
estimator has an intrinsic noise σκ ≃ 0.3, which is the value we
adopt throughout this paper.
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HI intensity mapping
• Origin: brightness temperature of 21cm sky (after EoR ends) 

• Pros: no photon lost, better-than-spectro-z accuracy 

• Cons: poor angular resolution, (huge) foregrounds 

• Examples: 

• GBT (˜1 sq. deg. in X-corr. w/ WiggleZ @ 0.53 < z < 1.12) 

• Parkes (1.3k sq. deg. in X-corr. w/ 2dFGRS @ 0.057 < z < 0.098)
[Anderson et al. 2018]

[Chang et al., Nature 2010; Masui et al. 2012; Switzer et al. 2013]
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•  

• Redshift for free: vobs = 1420 MHz / (1+z)

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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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]

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

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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Noise-to-signal at BAO scales 
k ≈ 0.074 Mpc–1

[Santos, SC et al. 2015]
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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

[Bull et al. 2015]
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HI intensity mapping

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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Noise-to-signal at large scales 
k ≈ 0.01 Mpc–1

[Santos, SC et al. 2015]
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constraints on fNL will be obtained for largerN! (that is for
larger and deeper surveys), but also (ii) the further away the
bias bGX is from unity, the better. For fiducial values of the
cosmological parameters and bias evolution, we find that
"fNL ! 1 may only be achievable if the survey depth is
greater than z! 3:5. Intensity mapping surveys seem
ideally suited for this goal (for proposals for doing so in
the epoch of reionization, see Refs. [25– 29]).

When line-of-sight scattering and self-absorption phe-
nomena are neglected, the HI line radiation discussed
above can be related to the differential number counts of
halo objects (e.g., Ref. [10]), from which we can estimate
the HI bias bHI [30]. The mean HI temperature from
galaxies, assuming that the signal is seen in emission, is
then !Tg

bðzÞ $ 566h½H0=HðzÞ&½"HIðzÞ=0:003&ð1þ zÞ2 #K,
where HðzÞ is the Hubble parameter, whose present-day
value isH0 ¼ 100h km s) 1 Mpc) 1,"HIðzÞ * $HIðzÞ=$c is
the comoving neutral hydrogen energy density in units of
$c, the critical density today.

If we assume that, after reionization, the neutral hydro-
gen is mostly contained within galaxies, we calculate $HI

by integrating the Sheth and Tormen mass function [31],
assuming the HI mass to be proportional to the halo mass.
Setting the minimum and maximummass in the integration
by using a cutoff for the circular velocity [32], we can fix the
constant of proportionality with the constraint on"HIðzÞ +
bHIðzÞ from Ref. [8]. Finally, we have that bHIðzÞ is
the appropriately weighted halo bias [31]. Thus, the HI
clustering power spectrum takes the form PHIðk; zÞ ¼
½ !Tg

bðzÞbHIðk; zÞ&2P%ðk; zÞ, with P%ðk; zÞ the total matter
power spectrum. The goal is then to target PHIðk; zÞ. In
Fig. 1, we plot P%ðk; zÞ and b2HIðzÞP%ðk; zÞ for jfNLj ¼ 10
(in synchronous gauge). We see that HI structures at low
redshifts are underbiased with respect to dark matter, while
at earlier times neutral hydrogen is highly biased.
Moreover, the non-Gaussian effects we are looking for
only come into play on extremely large scales.

To tackle the problem of forecasting"fNL more carefully,
it is appropriate to work with the Fourier-Bessel transform
on the sky and the HI angular power spectrum CHI

‘ ð&i;&jÞ,

where &i is the frequency of shell i. To calculate this
quantity, we use the CAMB_sources code [10], and include
the redshift space distortion but discard subdominant
terms. Since, for an intensity mapping experiment, the
frequency range can be (almost) arbitrarily small, the
window function we adopt is thus a simple top-hat
function. As a reference cosmology, we adopt a #CDM
flat universe with cosmological parameters "m ¼ 0:28,
"b¼0:045, Hubble constant h¼0:7 in units of
100 km s) 1 Mpc) 1, spectral index of the primordial power
spectrum ns ¼ 0:96, normalization of the present-day
power spectrum "8 ¼ 0:8, and fNL ¼ 0.
With these definitions in hand, we can proceed to per-

form a Fisher matrix analysis [33,34]. Thus, the marginal
error "fNL obeys

1

"fNL

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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‘¼‘min

ð2‘þ 1Þfsky
@½CHI

‘ &ij
@fNL

½$HI
‘ &) 1

ij;mn
@½CHI

‘ &mn

@fNL

s
;

where ½CHI
‘ &ij is a shorthand notation for CHI

‘ ð&i;&jÞ,
and ½$HI

‘ &ij;mn ¼ ½CHI
‘ þN HI

‘ &im½CHI
‘ þN HI

‘ &jn þ ½CHI
‘ þ

N HI
‘ &in½CHI

‘ þN HI
‘ &jm is the covariance of the signal,

given N HI
‘ the angular power spectrum of experimental

noise (shot noise is assumed to be negligible). In this
analysis we are focusing on fNL as the single parameter,
a valid approximation on ultralarge scales.
Again, let us first focus on a zero-noise experiment. In

the top panel of Fig. 2, we show how "fNL changes with
frequency range, for ‘max ¼ 60 (red diamonds) and 300
(blue squares). Each point in the panel refers to the central
redshift of a 200 MHz band with bin width%& ¼ 10 MHz.
As we saw before, it is essential for the bias to move away
from 1 (usually at z! 1) in order to obtain strong con-
straints. Moreover, it is the volume of the survey that

FIG. 1 (color online). P%ðk; zÞ (solid lines) and b2HIP
%ðk; zÞ

(dashed lines) for jfNLj ¼ 10 at z ¼ 0:4 (top blue pair) and
z ¼ 2:5 (bottom red pair).

FIG. 2 (color online). Top panel: Forecasted 68.3%error onfNL
as a function of the mean redshift (or frequency) with a frequency
interval of %& ¼ 200 MHz. Middle panel: Redshift dependence
of the bias. Bottom panel: Effective volume of the survey.
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HI intensity mapping

[see also works by C. Dickinson; M. Santos; L. Wolz; F. Villaescusa-Navarro; D. Alonso]

[Credits: R. Shaw]
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Radio weak lensing
• Origin: weak lensing shearing of galaxy images’ ellipticities 

• Pros: complementary to clustering, not biased 

• Cons: difficult to measure, 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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Cosmic shear

convergence shear + shear × 
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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

6

[Brown, SC et al. 2015]
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Radio weak lensing
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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

6

[Brown, SC et al. 2015]
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Radio weak lensing

Dark energy
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Dark Energy

Harrison et al. (2016) 

1 May 2017

Camera et al. (2016) 
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[SC et al. 2017]

                  >1 billion years



[SC et al. 2017]

Radio weak lensing

Dark energy
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• Continuum galaxy surveys 

• Evolutionary Map of the Universe (EMU) 

• HI intensity mapping 

• MeerKAT Large Area Synoptic Survey (MeerKLASS) 

• Radio weak lensing 

• Super CLuster Assisted Shear Survey (SuperCLASS)
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• The Evolutionary Map of the Universe (EMU) 

• All-sky radio survey w/ ASKAP 

• 1100-1400 MHz in radio continuum 

• 40x deeper than NVSS (10 µJy rms) 

• 5x ang. resolution of NVSS (10 arcsec) 

• ~70 million galaxies 

• Images, catalogues, cross-IDs: public! 

• Survey starts end-2019 

• Early science observations taken 
with ASKAP-12 in 2018 

• Total integration time: ~1.5 years

[Courtesy of D. Parkinson]



EMU
[SC et al. 2012]

2080 S. Camera et al.

which are successfully cross-identified with optical surveys con-
taining photometric or spectroscopic redshifts. We examine the im-
pact of this partial redshift knowledge on cosmological constraints
with forthcoming radio surveys. The underlying effect of this multi-
wavelength information is reasonably simple to understand: shallow
optical surveys should be able to identify most of the low-redshift
galaxies from these large radio surveys, allowing us to ‘extract’ the
high-redshift tail expected for the radio distribution of sources.

Although the detailed analysis is more involved, basically the
combination of these two ‘macro’ redshift bins will give us a pow-
erful constraint on the redshift evolution of cosmological models
as an approximate alternative to demanding redshift surveys. For
the purpose of this work and in order to clarify the improvements
achieved with this redshift information, we will focus on the radio-
galaxy two-point correlation function as the cosmological observ-
able; there are several other available probes such as the integrated
Sachs–Wolfe effect and cosmic magnification – as discussed in
Raccanelli et al. (2012) – which will merit further investigation in
the context of specific modified matter and gravity theories (Camera
et al., in preparation).

This paper is structured as follows. We briefly present the EMU
and WODAN surveys and their main characteristics in Section 2,
while the surveys used for cross-identifications, providing redshift
information, are described in Section 3. Section 4 outlines the data
analysis procedure which we will consider for obtaining cosmolog-
ical constraints. In Section 5, we give the most important formulae
for the galaxy clustering angular power spectrum and its statistics. In
Section 6, we introduce the fiducial dark energy (DE) model used in
our analyses and in Section 7 we describe our method. In Section 8,
we present the analysis of the combined radio and optical surveys for
constraining the DE equation of state. First, we present the cosmo-
logical constraints available when there is no redshift information
at all; secondly, we show what would be obtained in the idealized
case of full knowledge of every radio-source redshift. Finally, we
describe the realistic scenario expected to be available in the recent
future, where we cross-identify as many EMU/WODAN galaxies
as possible with optical redshift surveys, in particular SkyMapper
and Sloan Digital Sky Survey (SDSS). For this last case, we scru-
tinize a simple one-parameter model for the radio-galaxy bias, as
well as a two-parameter model which accounts for a further redshift
dependence. Conclusions are drawn in Section 9.

2 FO RT H C O M I N G R A D I O SU RV E Y S

Here, we present the two survey designs we use in our calculations.
A summary of their properties is given in Table 1, where Ng repre-
sents the total number of detected radio galaxies at 10σ and zm the
median redshift (see Raccanelli et al. 2012 for details). It is worth
noticing that these two surveys have the same redshift distribution
of sources, shown in Fig. 1 (black histogram). Furthermore, they
will cover the entire sky, if their data are combined. This is one of
the major strengths of the present analysis, providing a homoge-

Table 1. Specifics of the EMU and WODAN surveys, where Ng
is the total number of detected sources at 10σ , and zm the median
redshift.

Survey Area Frequency Sensitivity Ng zm

EMU 3π 1400 MHz 10 µJy 2.2 × 107 1.1
WODAN π 1400 MHz 10 µJy 7.3 × 106 1.1

Figure 1. Redshift distribution of sources dN/dz(z) for the EMU/WODAN
surveys. The area is normalized to the mean galaxy number density. The
red histogram shows the distribution of radio objects which have optical
counterparts in SkyMapper and SDSS.

neous all-sky catalogue, since the two surveys have basically the
same sensitivity, galaxy number density and redshift distribution.

2.1 EMU

Evolutionary Map of the Universe (EMU; Norris et al. 2011) is
an all-sky continuum survey planned for the new Australian SKA
Pathfinder (ASKAP; Johnston et al. 2008) telescope under construc-
tion on the Australian candidate SKA site in Western Australia. The
primary goal of EMU is to make a deep 10 µJy beam−1 radio con-
tinuum survey of the entire Southern Sky, extending as far north
as +30◦ at a resolution of ∼ 10 arcsec; it will also have sensitivity to
extended structures. The EMU survey is expected to begin in 2013.

2.2 WODAN

Westerbork Observations of the Deep APERTIF Northern sky
(WODAN) survey is planned to chart the entire northern sky
above +30◦ down to a proposed rms flux density at 1.4 GHz of
10 µJy per beam with a resolution of ∼ 15 arcsec (Rottgering et al.
2011). It will be able to do this because of the new phased array
feeds (APERTIF) being put on the WSRT (Oosterloo, Verheijen &
van Cappellen 2010). The current schedule for the commencement
of APERTIF surveys is 2013.

LOFAR is another experiment which merits comment. This is
a multi-national telescope with stations spanning Europe; the core
of LOFAR is situated in the north-east of the Netherlands, with
stations on longer baselines both within the Netherlands and across
Germany, UK, France and Sweden. Other stations may also be added
throughout the rest of Europe in the coming years. LOFAR large-
area continuum surveys probe to similar depth and source densities
as EMU and WODAN (Rottgering 2003; Rottgering et al. 2011; van
Haarlem et al., in preparation), and can therefore be used on their
own or in conjunction with EMU and WODAN for cosmological
studies. This is because the lower frequency of LOFAR makes
it sensitive to different source populations and provides spectral
information. However, for the rest of this paper we concentrate on
only the EMU and WODAN surveys, noting that LOFAR could also
be used in the Northern hemisphere.

C⃝ 2012 The Authors, MNRAS 427, 2079–2088
Monthly Notices of the Royal Astronomical Society C⃝ 2012 RAS
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• Constraining power on dark energy (FoM): 
[EMU+SNeIa+CMB] 

• EMU sources (no redshift): <100 

• EMU cross-ID sources (opt. redshift): ~300 

• EMU cross-IDs + high-redshift tail: >500

Dark energy

[SC et al. 2012]
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[Sevilla-Noarbe et al., in prep.]
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• The MeerKAT Large Area Synoptic Survey (MeerKLASS) 

• Aiming at HI intensity mapping and continuum cosmology, but 
commensal with lots of other science cases 

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

• L-band: 900-1670 MHz (z < 0.58)

The near future: an SKA cosmology 
survey precursor?

• MeerKLASS: MeerKAT Large Area Synoptic Survey: http://
arxiv.org/abs/1709.06099  


• Aim: Cosmology (HI intensity mapping and continuum) but 
commensal with lots of other science


• Focus on sky patches with multi-wavelength data for cross-
correlation (DES, etc)


• L-band: 900-1670 MHz (z<0.58)


• Use on-the-fly scanning

It’s going to be a great great 
survey. It’s gonna be fantastic. 
MeerKATs do the best surveys, 
really.

https://github.com/meerklass



• Detection of Baryon Acoustic Oscillations using HI
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[Santos, SC et al. 2017]

z = 0.28
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• 18 hours 

• 200 deg2 over WIGGLEZ
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• The Super CLuster Assisted Shear Survey (SuperCLASS) 

• Aiming for the first solid 
detection of cosmic shear 
in the radio band 

• ~1 gal. arcmin–2  

(detected, resolved, 
and at high redshift) 

• ~1.77 deg2 

• Multi-wavelength

[Credits: C. Casey]
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[Credits: I. Harrison]

Stage I

Stage II

Stage III

Stage IV
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[Harrison, SC et al. 2019, in prep.]
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• The VLA Deep Extragalactic Cosmology Survey (V-DECS) 

• ~3 gal. arcmin–2  

(detected, resolved, 
and at high redshift) 

• ~10 deg2
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[Courtesy of I. Harrison]
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Radio cosmology

• Radio cosmology era is nigh! 

• Great time for cosmological synergies at various wavelengths 

• Cross-correlations crucial for: 

• Cross-checking validity of cosmological results 

• Accessing signal buried in noise or cosmic variance  
[e.g. particle dark matter, multi-tracing for non-Gaussianity] 

• Removing/alleviating contamination from systematic effects  
[e.g. radio-optical cosmic shear]
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