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[Bahcall, et al. 2008]
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[Perlmutter & Schmidt 2003]
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Fig. 4. Upper panel: The Hubble diagram for high redshift SNIa from both the HZSNS
[83] and the SCP [77]. Lower panel: The residual of the distances relative to a ΩM = 0.3,
ΩΛ = 0.7 Universe. The z < 0.15 objects for both teams are drawn from CTSS sample
[32], so many of these objects are in common between the analyses of the two teams.
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Fig. 5. The confidence regions for both HZSNS [83] and SCP [77] for ΩM , ΩΛ. The two
experiments show, with remarkable consistency, that ΩΛ > 0 is required to reconcile
observations and theory. The SCP result is based on measurements of 42 distant SNIa.
(The analysis shown here is uncorrected for host galaxy extinction;see [77] for the
alternative analyses with host extinction correction, which is shown to make little
difference in this data set.) The HZSNS result is based on measurements of 16 SNIa,
including 6 snapshot distances [80], of which two are SCP SNe from the 42 SN sample.
The z < 0.15 objects used to constrain the fit for both teams are drawn from the CTSS
sample [32], so many of these objects are common between the analyses by the two
teams.
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Fig. 5. The confidence regions for both HZSNS [83] and SCP [77] for ΩM , ΩΛ. The two
experiments show, with remarkable consistency, that ΩΛ > 0 is required to reconcile
observations and theory. The SCP result is based on measurements of 42 distant SNIa.
(The analysis shown here is uncorrected for host galaxy extinction;see [77] for the
alternative analyses with host extinction correction, which is shown to make little
difference in this data set.) The HZSNS result is based on measurements of 16 SNIa,
including 6 snapshot distances [80], of which two are SCP SNe from the 42 SN sample.
The z < 0.15 objects used to constrain the fit for both teams are drawn from the CTSS
sample [32], so many of these objects are common between the analyses by the two
teams.

DES to PS1 and find good agreement (see Section3.1.2, Figure3
of B18).

3.2. Photometry

To measure the SNIa flux for each observation, we employ
a scene modeling photometry (SMP) approach (Brout et al.
2018a) based on previous efforts used in SDSS-II (Holtzman
et al. 2008) and SNLS (Astier et al. 2013). SMP simultaneously
forward models a variable SN flux on top of a temporally
constant host galaxy. We test the precision by analyzing images
that include artificial SNeIa, and find that photometric biases
are limited to <0.3%. Each CCD exposure is calibrated to the
native photometric system of DECam, and zero points are
determined from the standard star catalogs (Section 3.1).

3.3. Spectroscopy: Typing and Redshifts

Spectral classification was performed using both the Super-
Nova IDentification (Blondin & Tonry 2007) and Superfit
(Howell et al. 2005) software, as described in D’Andrea et al.
(2018). All 207 events are spectroscopically classified as
SNeIa. Redshifts are obtained from host-galaxy spectra where
available, because their sharp spectral lines give more accurate
redshifts (σz∼ 5× 10−4; Yuan et al. 2015) than the broad
SNIa spectroscopic features (σz∼ 5× 10−3). While 158 of the
DES-SN events have host galaxy redshifts, the rest have
redshifts from the SNIa spectra. For the low-z sample, we use
the published redshifts with a 250 km s−1 uncertainty from
Scolnic et al. (2018). Peculiar-velocity corrections are com-
puted from Carrick et al. (2015).

3.4. Light Curve Fitting

To measure the SN parameters (m x, ,B 1 �), the light curves
were fit with SNANA78 (Kessler et al. 2009) using the SALT2
model (Guy et al. 2010) and the training parameters from
Betoule et al. (2014).

3.5. Host Galaxy Stellar Masses

For the Ghostg term in Equation (4), we first identify the host
galaxy using catalogs from Science Verification DECam
images (Bonnett et al. 2016), and the directional light radius
method (Sullivan et al. 2006; Gupta et al. 2016). Mhost is
derived from fitting galaxy model SEDs to griz broadband
fluxes with ZPEG (Le Borgne & Rocca-Volmerange 2002).
The SEDs are generated with Projet d’Etude des GAlaxies par
Synthese Evolutive (PEGASE; Fioc & Rocca-Volmerange
1997). In the DES-SN subset, 116 out of 207 hosts have
M M10host

10< :. The low-z host galaxy stellar masses are
taken from Scolnic et al. (2018).

3.6. μ-bias Corrections

We use a simulation-based method (Kessler et al. 2018) to
correct for distance biases arising from survey and spectro-
scopic selection efficiencies, and also from the analysis and
light curve fitting. For each SNIa we calculate the bias
correction in Equation (4), bias truem m mD º á - ñ, where áñ is
the average in bins of measured redshift, color, and stretch. The
distance μ is determined by analyzing the simulated data in the
same way as the real data (but with 0biasmD = ), and truem is the

true distance modulus used to generate each simulated event.
The correction increases with redshift, and for individual SNe
Ia it can be as large as 0.4 mag (Section9 of Kessler et al.
2018).
The simulation accurately models DES-SN3YR selection

effects. For each generated event it picks a random redshift,
color, and stretch from known distributions (Perrett et al. 2012;
Scolnic & Kessler 2016). Next, it computes true SNIa
magnitudes at all epochs using the SALT2 SED model,
intrinsic scatter model (Section 3.7), telescope+atmosphere
transmission functions for each filter band, and cosmological
effects such as dimming, redshifting, gravitational lensing, and
galactic extinction. Using the survey cadence and observing
conditions (point-spread function, sky noise, zero-point),
instrumental noise is added. Finally, our simulation models
the efficiencies of DiffImg and spectroscopic confirmation.
The quality of the simulation is illustrated by the good
agreement between the predicted and observed distribution of
many observables including redshift, stretch, and color
(Figures 6 and 7 in Kessler et al. 2018, and Figure5 in B18).

3.7. Intrinsic Scatter Model

We simulate bias corrections with two different models of
intrinsic scatter that span the range of possibilities in current
data samples. First is the “G10” model, based on Guy et al.
(2010), in which the scatter is primarily achromatic. Second is
the “C11” model, based on Chotard et al. (2011), which has
stronger scatter in color. For use in simulations, Kessler et al.
(2013) converted each of these broadband scatter models into
an SED-variation model.

3.8. Generating the Bias-corrected Hubble Diagram

We use the “BEAMS with Bias Corrections” (BBC) method
(Kessler & Scolnic 2017) to fit for {α, β, γ, M0} and to fit for a
weighted-average bias-corrected μ in 18 redshift bins. In
addition to propagating the uncertainty from each term in
Equation (4), the BBC fit adds an empirically determined
μ-uncertainty ( ints ) to each event so that the best-fit

N 12
dofc = . This redshift-binned Hubble diagram is used for

cosmology fitting as described in Section 3.9. Figure 1 shows
the binned Hubble diagram, and also the unbinned Hubble

Figure 1. Hubble diagram for the DES-SN3YR sample. Top: distance modulus
(μ) from BBC fit (black bars, which are used for cosmology fits) and for each
SN (red, orange circles). The dashed gray line shows our best-fit model, while
the green and blue dotted lines show models with no dark energy and matter
densities 0.3mW = and 1.0 respectively. Bottom: residuals to the best-fit
model; 1σ error bars show 68% confidence.
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in w has nearly equal contributions from statistical and
systematic uncertainties, the latter of which is broken into four
groups in Table 1.

The first three systematic groups have nearly equal
contributions: (1) photometry and calibration ( 0.021ws = ),
which includes uncertainties from the DES-SN and low-z
subsets, data used to train the SALT2 light curve model, and
the HST Calspec standard; (2) μ-bias corrections from the
survey ( 0.023ws = ), which includes uncertainties from reject-
ing Hubble residual outliers in the low-z subset, magnitude
versus volume limited selection for low-z, DES-SN spectro-
scopic selection efficiency, and determination of DES-SN flux
uncertainties; and (3) μ-bias corrections from astrophysical
effects ( 0.026ws = ), which includes uncertainties from
intrinsic scatter modeling (G10 versus C11, and two ints ,
parent populations of stretch and color, choice of w and mW in
the simulation, and Galactic extinction. The fourth systematics
group, redshift ( 0.012ws = ), includes a global shift in the
redshift and peculiar velocity corrections.

Finally, the Table 1 systematics marked with a dagger (†)
have not been included in previous analyses, and the combined
uncertainty is 0.024ws = . Most of this new uncertainty is
related to the low-z subset, which is almost 40% of the DES-
SN3YR sample. For previous analyses with a smaller fraction
of low-z events (e.g., Pantheon, JLA) we do not recommend
adding the full 0.024 w-uncertainty to their results.

4.3. Cosmology Results

4.3.1. ΛCDM

Using DES-SN3YR and assuming a flat ΛCDM model, we
find 0.331 0.038mW = o . Assuming a ΛCDM model with
curvature ( kW ) added as a free parameter in Equation (3) (e.g.,
see Section3.1 of Davis & Parkinson 2017) we find the
constraints shown in Figure 2 and Table 2 (row 2). Solid
contours show our result with both statistical and systematic
uncertainties included, while dashed contours show the

statistical-only uncertainties for comparison. Figure 2 also
shows that the CMB data provide strong flatness constraints,
consistent with zero curvature; the impact of using this CMB
prior is shown in row3. The impact from adding a BAO prior
is shown in row4, where the evidence ratio R 110= shows
consistency between the SN+CMB and BAO posteriors.

4.3.2. Flat wCDM

For our primary result, we use DES-SN3YR with the
CMB prior and a flat wCDM model ( 0kW = ) and

Table 2
Cosmological Resultsa

Row SN Sample + Prior (ΛCDM) mW WL

1 DES-SN3YRb+flatness 0.331±0.038 0.669±0.038
2 DES-SN3YR 0.332±0.122 0.671±0.163
3 DES-SN3YR+CMBc 0.335±0.042 0.670±0.032
4 DES-SN3YR+CMB+BAOd 0.308±0.007 0.690±0.008

Row SN Sample + Prior (Flat wCDM) mW w

5 DES-SN3YR+CMB R 0.321±0.018 −0.978±0.059
6 DES-SNe+CMB 0.341±0.027 −0.911±0.087
7 DES-SN3YR+CMB+BAO 0.311±0.009 −0.977±0.047
8 DES-SN+CMB+BAO 0.315±0.010 −0.959±0.054
9 CMB+BAO 0.310±0.013 −0.988±0.072

Row SN Sample + Prior (Flat w w CDMa0 ) mW w0 wa

10 DES-SN3YR+CMB+BAOR 0.316±0.011 −0.885±0.114 −0.387±0.430
11 CMB+BAO 0.332±0.022 −0.714±0.232 −0.714±0.692

Notes.
a Samples in bold font are primary results given in the abstract.
b DES-SN3YR: DES-SN + low-z samples.
c CMB: Planck TT + lowP likelihood (Planck Collaboration et al. 2016).
d BAO: SDSS DR12 (Alam et al. 2017); SDSS MGS (Ross et al. 2015); 6dFGS (Beutler et al. 2011).
e DES-SN alone (no low-z).

Figure 2. Constraints on mW WL– for ΛCDM model (68% and 95% confidence
intervals). SN contours are shown with statistical uncertainty only (white
dashed), and with total uncertainty (green shaded). Constraints from CMB
(brown) and DES-SN3YR+CMB combined (red) are also shown.
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Cosmic microwave background
[COBE Collaboration 1990; 
WMAP Collaboration 2013;

Planck Collaboration 2018]
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Cosmic microwave background
[Planck Collaboration 2018]
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Cosmic microwave background
[Planck Collaboration 2018]
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https://youtu.be/jpXuYc-wzk4
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Baryon acoustic oscillationsBaryon Acoustic Oscillations 5

Fig. 2.— The large-scale redshift-space correlation function of the
SDSS LRG sample. The error bars are from the diagonal elements
of the mock-catalog covariance matrix; however, the points are cor-
related. Note that the vertical axis mixes logarithmic and linear
scalings. The inset shows an expanded view with a linear vertical
axis. The models are Ωmh2 = 0.12 (top, green), 0.13 (red), and
0.14 (bottom with peak, blue), all with Ωbh2 = 0.024 and n = 0.98
and with a mild non-linear prescription folded in. The magenta
line shows a pure CDM model (Ωmh2 = 0.105), which lacks the
acoustic peak. It is interesting to note that although the data ap-
pears higher than the models, the covariance between the points is
soft as regards overall shifts in ξ(s). Subtracting 0.002 from ξ(s)
at all scales makes the plot look cosmetically perfect, but changes
the best-fit χ2 by only 1.3. The bump at 100h−1 Mpc scale, on the
other hand, is statistically significant.

two samples on large scales is modest, only 15%. We make
a simple parameterization of the bias as a function of red-
shift and then compute b2 averaged as a function of scale
over the pair counts in the random catalog. The bias varies
by less than 0.5% as a function of scale, and so we conclude
that there is no effect of a possible correlation of scale with
redshift. This test also shows that the mean redshift as a
function of scale changes so little that variations in the
clustering amplitude at fixed luminosity as a function of
redshift are negligible.

3.2. Tests for systematic errors

We have performed a number of tests searching for po-
tential systematic errors in our correlation function. First,
we have tested that the radial selection function is not in-
troducing features into the correlation function. Our selec-
tion function involves smoothing the observed histogram
with a box-car smoothing of width ∆z = 0.07. This cor-
responds to reducing power in the purely radial mode at
k = 0.03h Mpc−1 by 50%. Purely radial power at k = 0.04
(0.02)h Mpc−1 is reduced by 13% (86%). The effect of this
suppression is negligible, only 5× 10−4 (10−4) on the cor-
relation function at the 30 (100) h−1 Mpc scale. Simply
put, purely radial modes are a small fraction of the total
at these wavelengths. We find that an alternative radial
selection function, in which the redshifts of the random

Fig. 3.— As Figure 2, but plotting the correlation function times
s2. This shows the variation of the peak at 20h−1 Mpc scales that is
controlled by the redshift of equality (and hence by Ωmh2). Vary-
ing Ωmh2 alters the amount of large-to-small scale correlation, but
boosting the large-scale correlations too much causes an inconsis-
tency at 30h−1 Mpc. The pure CDM model (magenta) is actually
close to the best-fit due to the data points on intermediate scales.

catalog are simply picked randomly from the observed red-
shifts, produces a negligible change in the correlation func-
tion. This of course corresponds to complete suppression
of purely radial modes.

The selection of LRGs is highly sensitive to errors in the
photometric calibration of the g, r, and i bands (Eisenstein
et al. 2001). We assess these by making a detailed model
of the distribution in color and luminosity of the sample,
including photometric errors, and then computing the vari-
ation of the number of galaxies accepted at each redshift
with small variations in the LRG sample cuts. A 1% shift
in the r − i color makes a 8-10% change in number den-
sity; a 1% shift in the g − r color makes a 5% changes in
number density out to z = 0.41, dropping thereafter; and
a 1% change in all magnitudes together changes the num-
ber density by 2% out to z = 0.36, increasing to 3.6% at
z = 0.47. These variations are consistent with the changes
in the observed redshift distribution when we move the
selection boundaries to restrict the sample. Such photo-
metric calibration errors would cause anomalies in the cor-
relation function as the square of the number density vari-
ations, as this noise source is uncorrelated with the true
sky distribution of LRGs.

Assessments of calibration errors based on the color of
the stellar locus find only 1% scatter in g, r, and i (Ivezić
et al. 2004), which would translate to about 0.02 in the
correlation function. However, the situation is more favor-
able, because the coherence scale of the calibration errors
is limited by the fact that the SDSS is calibrated in regions
about 0.6◦ wide and up to 15◦ long. This means that there
are 20 independent calibrations being applied to a given
6◦ (100h−1 Mpc) radius circular region. Moreover, some
of the calibration errors are even more localized, being
caused by small mischaracterizations of the point spread
function and errors in the flat field vectors early in the
survey (Stoughton et al. 2002). Such errors will average
down on larger scales even more quickly.

The photometric calibration of the SDSS has evolved

Ωm,0 h2 = 0.12
Ωm,0 h2 = 0.13
Ωm,0 h2 = 0.14
Ωm,0 h2 = 0.105 (DM only, no baryons)

[Eisenstein et al. 2005]
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Dark matter (for particle physicists)

[C
re

di
ts

: T
. T

ai
t]

mSUGRA

R-parity
Conserving

Supersymmetry

pMSSM

R-parity
violating

Gravitino DM

MSSM NMSSM

Dirac
DM

Extra Dimensions

UED DM

Warped Extra 
Dimensions

Little Higgs

T-odd DM

5d

6d

Axion-like Particles

QCD Axions

Axion DM

Sterile Neutrinos

Light
Force Carriers

Dark Photon

Asymmetric DM

RS DM

Warm DM

?

Hidden
Sector DM

WIMPless DM

Littlest Higgs

Self-Interacting
DM

Q-balls

T Tait

Solitonic DM

Quark
Nuggets

Techni-
baryons

Dynamical 
 DM

Theories of 
Dark Matter

mSUGRA

R-parity
Conserving

Supersymmetry

pMSSM

R-parity
violating

Gravitino DM

MSSM NMSSM

Dirac
DM

Extra Dimensions

UED DM

Warped Extra 
Dimensions

Little Higgs

T-odd DM

5d

6d

Axion-like Particles

QCD Axions

Axion DM

Sterile Neutrinos

Light
Force Carriers

Dark Photon

Asymmetric DM

RS DM

Warm DM

?

Hidden
Sector DM

WIMPless DM

Littlest Higgs

Self-Interacting
DM

Q-balls

T Tait

Solitonic DM

Quark
Nuggets

Techni-
baryons

Dynamical 
 DM



St
ef

an
o 

C
am

er
a


In
te

rn
at

io
na

l S
ch

oo
l i

n 
Sp

ac
e 

Sc
ie

nc
e


7 
• I

V 
• 2

0
23

Dark matter (for cosmologists)
11

FIG. 1. Estimates for the range of particle physics and astrophysics figures of merit (⇤�1 and Mhalo) for

a variety of dark matter models. The range of Mhalo covered by “evolutionary” and “primordial” self-

interacting dark matter models (SIDM) are overlapping. The former covers the range 106 � 1015 M�, and

the latter the range below 1011 M�. See text for further details.

approaches: laboratory-based particle physics searches for interactions with the Standard Model,

and the astronomical searches for interactions within a dark sector and also (as we will see) with

the Standard Model. To organize these searches, we need a compact space in which to classify

models in terms of their observability in the laboratory and in the sky. Our goal with this section

is to motivate a specific choice for this space, and to show how particle dark matter models inhabit

it. The space is designed to be well-matched to the ways particle physicists and astronomers think

about dark matter, making the mapping between the particle and astronomical spaces transparent

and straight-forward, and compact but informative enough so that one might define “figures of

merit” to quantify how well future experiments and observations will constrain dark matter models.

We classify dark matter models by their interaction strength with the Standard Model, ⇤�1,

Interaction strength with SM [GeV–1]
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Dark energy (for astronomers)

gravitational physics community. Furthermore, making plain
the remit of existing constraints will allow us to sensibly ask
the question: is there still “room” for departures from GR in the
present state of affairs? Are there untested gravitational
environments that might provide the most fruitful directions
for future research?

We stress from the outset that this paper does not address
issues of experimental difficulty involved in performing a
precision test of gravity. In many of the situations we will
discuss, astrophysical systematics dominate the relativistic
effects by orders of magnitude. However, our optimistic
attitude is motivated by recent examples in which such
systematics have been successfully modelled and subtracted.
For example, in a test of gravity using radio links with the
Cassini spacecraft, successful removal of dominating noise

from the solar coronal plasma resulted in systematic errors four
orders of magnitude smaller than the relativistic signal (Bertotti
et al. 2003). Similarly, the incredible precision of current pulsar
constraints is obtained using detailed modeling of a series of
gravitational interaction terms and orbital delays. On the
cosmological front, N-body simulations are used to model
nonlinear and baryonic effects. There are clear goals set for the
improvements needed to deal with data from the next
generation of cosmological experiments (approximately a

Figure 1. A parameter space for gravitational fields, showing the regimes probed by a wide range of astrophysical and cosmological systems. The axes variables are
explained in Section 2 and individual curves are detailed in Section 3. Some of the label abbreviations are: SS—planets of the Solar System, MS—Main Sequence
stars, WD—white dwarfs, PSRs—binary pulsars, NS—individual neutron stars, BH—stellar mass black holes, MW—the Milky Way, SMBH—supermassive black
holes, BBN—Big Bang Nucleosynthesis.

Table 2
Interpretations of the Curvature Desert

ξ Density k Mass at 1AU Dist. from
(cm−2) (kg m−3) (h Mpc−1) (kg) :M1 (AU)

10−37 ´ -4.6 10 8 ´1.4 106 ´6.5 1026 14.5
10−50 ´ -4.6 10 21 0.44 ´6.5 1013 ´3.1 105

Note. Column 2 is the density needed for a uniform sphere to have the
curvature in column 1 on its surface (the radius of the sphere is not needed).
Column 3 is obtained by straightforwardly interpreting x as an inverse length,
with appropriate unit conversions. Columns 4 and 5 are obtained using
Equation (2) and solving for the appropriate quantity.

Table 1
Galaxy Survey Parameters

Experiment klow (h Mpc−1) khigh (h Mpc−1) zlow zhigh

DETF4 0.006 0.2 0.65 2.05
Facility 0.004 0.5 0.42 7.0
BAO K 0.1 K 0.57

2
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Correlations 101

• Cosmological perturbation 
[temperature fluctuations, density perturbations, …]


• Two-point correlation function


• Example no. 1: Galaxy correlation function

<latexit sha1_base64="lTL4g1Oxno6eBTvCE0ED555K0ak=">AAACAnicdVBNSwMxEJ2tX3X9qnr0EhShBVmyilZvBS96U7Ct2JaSTbNtMMkuSVYspTd/glf9Ad7Eq3/Es3/EtFVQ0QcDj/dmmJkXpYIbi/Gbl5uanpmdy8/7C4tLyyuF1bWaSTJNWZUmItGXETFMcMWqllvBLlPNiIwEq0fXxyO/fsO04Ym6sP2UtSTpKh5zSqyTruKi3WlGEt2W2oUtHBzul49CjHCAx3Ak3MNlfIDCT2WrUoIxztqF92YnoZlkylJBjGmEOLWtAdGWU8GGfjMzLCX0mnRZw1FFJDOtwfjiIdp2SgfFiXalLBqr3ycGRBrTl5HrlMT2zG9vJP7lNTIbH7YGXKWZZYpOFsWZQDZBo/dRh2tGreg7Qqjm7lZEe0QTal1IP7ZEcuj7LpWv19H/pLYbhAfB/rmL53QSD+RhAzahCCGUoQIncAZVoKDgHh7g0bvznrxn72XSmvM+Z9bhB7zXDwUfl1M=</latexit>

f(t,x)

<latexit sha1_base64="JBNKTZY7K40oDHX6s71UU2fLdQE="></latexit>

〈f(z,x) f(z,y)〉 = ξff (z, |x− y|)

<latexit sha1_base64="smMpliFBLHc/IERss9Makb2I1ow="></latexit>

f(t,x) → ∆(z,x) ≡ ng(z,x)− n̄g(z)

n̄g(z)
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Correlations 101 Baryon Acoustic Oscillations 5

Fig. 2.— The large-scale redshift-space correlation function of the
SDSS LRG sample. The error bars are from the diagonal elements
of the mock-catalog covariance matrix; however, the points are cor-
related. Note that the vertical axis mixes logarithmic and linear
scalings. The inset shows an expanded view with a linear vertical
axis. The models are Ωmh2 = 0.12 (top, green), 0.13 (red), and
0.14 (bottom with peak, blue), all with Ωbh2 = 0.024 and n = 0.98
and with a mild non-linear prescription folded in. The magenta
line shows a pure CDM model (Ωmh2 = 0.105), which lacks the
acoustic peak. It is interesting to note that although the data ap-
pears higher than the models, the covariance between the points is
soft as regards overall shifts in ξ(s). Subtracting 0.002 from ξ(s)
at all scales makes the plot look cosmetically perfect, but changes
the best-fit χ2 by only 1.3. The bump at 100h−1 Mpc scale, on the
other hand, is statistically significant.

two samples on large scales is modest, only 15%. We make
a simple parameterization of the bias as a function of red-
shift and then compute b2 averaged as a function of scale
over the pair counts in the random catalog. The bias varies
by less than 0.5% as a function of scale, and so we conclude
that there is no effect of a possible correlation of scale with
redshift. This test also shows that the mean redshift as a
function of scale changes so little that variations in the
clustering amplitude at fixed luminosity as a function of
redshift are negligible.

3.2. Tests for systematic errors

We have performed a number of tests searching for po-
tential systematic errors in our correlation function. First,
we have tested that the radial selection function is not in-
troducing features into the correlation function. Our selec-
tion function involves smoothing the observed histogram
with a box-car smoothing of width ∆z = 0.07. This cor-
responds to reducing power in the purely radial mode at
k = 0.03h Mpc−1 by 50%. Purely radial power at k = 0.04
(0.02)h Mpc−1 is reduced by 13% (86%). The effect of this
suppression is negligible, only 5× 10−4 (10−4) on the cor-
relation function at the 30 (100) h−1 Mpc scale. Simply
put, purely radial modes are a small fraction of the total
at these wavelengths. We find that an alternative radial
selection function, in which the redshifts of the random

Fig. 3.— As Figure 2, but plotting the correlation function times
s2. This shows the variation of the peak at 20h−1 Mpc scales that is
controlled by the redshift of equality (and hence by Ωmh2). Vary-
ing Ωmh2 alters the amount of large-to-small scale correlation, but
boosting the large-scale correlations too much causes an inconsis-
tency at 30h−1 Mpc. The pure CDM model (magenta) is actually
close to the best-fit due to the data points on intermediate scales.

catalog are simply picked randomly from the observed red-
shifts, produces a negligible change in the correlation func-
tion. This of course corresponds to complete suppression
of purely radial modes.

The selection of LRGs is highly sensitive to errors in the
photometric calibration of the g, r, and i bands (Eisenstein
et al. 2001). We assess these by making a detailed model
of the distribution in color and luminosity of the sample,
including photometric errors, and then computing the vari-
ation of the number of galaxies accepted at each redshift
with small variations in the LRG sample cuts. A 1% shift
in the r − i color makes a 8-10% change in number den-
sity; a 1% shift in the g − r color makes a 5% changes in
number density out to z = 0.41, dropping thereafter; and
a 1% change in all magnitudes together changes the num-
ber density by 2% out to z = 0.36, increasing to 3.6% at
z = 0.47. These variations are consistent with the changes
in the observed redshift distribution when we move the
selection boundaries to restrict the sample. Such photo-
metric calibration errors would cause anomalies in the cor-
relation function as the square of the number density vari-
ations, as this noise source is uncorrelated with the true
sky distribution of LRGs.

Assessments of calibration errors based on the color of
the stellar locus find only 1% scatter in g, r, and i (Ivezić
et al. 2004), which would translate to about 0.02 in the
correlation function. However, the situation is more favor-
able, because the coherence scale of the calibration errors
is limited by the fact that the SDSS is calibrated in regions
about 0.6◦ wide and up to 15◦ long. This means that there
are 20 independent calibrations being applied to a given
6◦ (100h−1 Mpc) radius circular region. Moreover, some
of the calibration errors are even more localized, being
caused by small mischaracterizations of the point spread
function and errors in the flat field vectors early in the
survey (Stoughton et al. 2002). Such errors will average
down on larger scales even more quickly.

The photometric calibration of the SDSS has evolved

[Eisenstein et al. 2005]
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Correlations 101

• Cosmological perturbation 
[temperature fluctuations, density perturbations, …]


• Two-point correlation function


• Fourier-space power spectrum


• Example no. 2: Matter power spectrum

<latexit sha1_base64="lTL4g1Oxno6eBTvCE0ED555K0ak=">AAACAnicdVBNSwMxEJ2tX3X9qnr0EhShBVmyilZvBS96U7Ct2JaSTbNtMMkuSVYspTd/glf9Ad7Eq3/Es3/EtFVQ0QcDj/dmmJkXpYIbi/Gbl5uanpmdy8/7C4tLyyuF1bWaSTJNWZUmItGXETFMcMWqllvBLlPNiIwEq0fXxyO/fsO04Ym6sP2UtSTpKh5zSqyTruKi3WlGEt2W2oUtHBzul49CjHCAx3Ak3MNlfIDCT2WrUoIxztqF92YnoZlkylJBjGmEOLWtAdGWU8GGfjMzLCX0mnRZw1FFJDOtwfjiIdp2SgfFiXalLBqr3ycGRBrTl5HrlMT2zG9vJP7lNTIbH7YGXKWZZYpOFsWZQDZBo/dRh2tGreg7Qqjm7lZEe0QTal1IP7ZEcuj7LpWv19H/pLYbhAfB/rmL53QSD+RhAzahCCGUoQIncAZVoKDgHh7g0bvznrxn72XSmvM+Z9bhB7zXDwUfl1M=</latexit>

f(t,x)

<latexit sha1_base64="JBNKTZY7K40oDHX6s71UU2fLdQE="></latexit>

〈f(z,x) f(z,y)〉 = ξff (z, |x− y|)
<latexit sha1_base64="0wWM0eTabnrILsys7d4TrQwyut8="></latexit>

〈f̂(z,k) f̂(z,k′)〉 = (2π)3 δ(D)(k + k′)Pff (z, k)

<latexit sha1_base64="w9IWfd1flnyx4aOQiZtMfd43QlA="></latexit>

f(t,x) → δ(z,x) ≡ ρ(z,x)− ρ̄(z)

ρ̄(z)
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Correlations 101Planck 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 101

• Cosmological perturbation 
[temperature fluctuations, density perturbations, …]


• Two-point correlation function


• Fourier-space power spectrum


• Harmonic-space power spectrum


• Example no. 3: CMB temperature power spectrum

<latexit sha1_base64="lTL4g1Oxno6eBTvCE0ED555K0ak=">AAACAnicdVBNSwMxEJ2tX3X9qnr0EhShBVmyilZvBS96U7Ct2JaSTbNtMMkuSVYspTd/glf9Ad7Eq3/Es3/EtFVQ0QcDj/dmmJkXpYIbi/Gbl5uanpmdy8/7C4tLyyuF1bWaSTJNWZUmItGXETFMcMWqllvBLlPNiIwEq0fXxyO/fsO04Ym6sP2UtSTpKh5zSqyTruKi3WlGEt2W2oUtHBzul49CjHCAx3Ak3MNlfIDCT2WrUoIxztqF92YnoZlkylJBjGmEOLWtAdGWU8GGfjMzLCX0mnRZw1FFJDOtwfjiIdp2SgfFiXalLBqr3ycGRBrTl5HrlMT2zG9vJP7lNTIbH7YGXKWZZYpOFsWZQDZBo/dRh2tGreg7Qqjm7lZEe0QTal1IP7ZEcuj7LpWv19H/pLYbhAfB/rmL53QSD+RhAzahCCGUoQIncAZVoKDgHh7g0bvznrxn72XSmvM+Z9bhB7zXDwUfl1M=</latexit>

f(t,x)

<latexit sha1_base64="JBNKTZY7K40oDHX6s71UU2fLdQE="></latexit>

〈f(z,x) f(z,y)〉 = ξff (z, |x− y|)
<latexit sha1_base64="0wWM0eTabnrILsys7d4TrQwyut8="></latexit>

〈f̂(z,k) f̂(z,k′)〉 = (2π)3 δ(D)(k + k′)Pff (z, k)

<latexit sha1_base64="ihnFcbc5QDPWREJqXV7l4Qeei2w="></latexit>

f(t,x) → Θ(n̂) ≡ T (t0, n̂)− T̄ (t0)

T̄ (t0)

<latexit sha1_base64="bSVvxl1ytQSmnOGCfnJ8Spg01mI="></latexit>

〈f̃!m(z) f̃!′m′(z′)〉 = δ!!
′

(K) δ
mm′

(K) Cff
! (z, z′)
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[Planck Collaboration 2018]
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Correlations 101

• Cosmological perturbation 
[temperature fluctuations, density perturbations, …]


• Two-point correlation function


• Fourier-space power spectrum


• Harmonic-space power spectrum


• Example no. 4: galaxy-CMB temperature power spectrum
<latexit sha1_base64="ihnFcbc5QDPWREJqXV7l4Qeei2w="></latexit>

f(t,x) → Θ(n̂) ≡ T (t0, n̂)− T̄ (t0)

T̄ (t0)

<latexit sha1_base64="f1cpB3TQlU2sZ8NOaGCCESErBkA="></latexit>

〈f̃!m(z) g̃!′m′(z′)〉 = δ!!
′

(K) δ
mm′

(K) Cfg
! (z, z′)

<latexit sha1_base64="uMRUFxEjNUf1dqM3u9soyg3oKrA="></latexit>

〈f̂(z,k) ĝ(z,k′)〉 = (2π)3 δ(D)(k + k′)Pfg(z, k)

<latexit sha1_base64="fi9C0TscWKIC3YDpLWsexIg7pH4="></latexit>

〈f(z,x) g(z,y)〉 = ξfg(z, |x− y|)

<latexit sha1_base64="maeYI+HG1wsxiM7B+QFOmMDzRaQ=">AAACD3icdVDLSgNBEOyN7/haFU9eBkVIIIRZxSTeBC96UzAmkIQwO5lNBmd2l5lZMS75CD/Bq36AN/HqJ3j2R5wkKka0oKGo6qa7y48F1wbjNyczNT0zOze/kF1cWl5ZddfWL3WUKMqqNBKRqvtEM8FDVjXcCFaPFSPSF6zmXx0P/do1U5pH4YXpx6wlSTfkAafEWKntbga520LTl+gmX+h+07a7g4uVg/KhhxEu4hEs8fZxGZeQ96nsHOVhhLO2+97sRDSRLDRUEK0bHo5NKyXKcCrYINtMNIsJvSJd1rA0JJLpVjo6f4B2rdJBQaRshQaN1J8TKZFa96VvOyUxPf3bG4p/eY3EBJVWysM4MSyk40VBIpCJ0DAL1OGKUSP6lhCquL0V0R5RhBqb2MQWXw6yWZvK1+vof3K5V/RKxYNzG8/pOB6Yhy3Yhhx4UIYjOIEzqAKFFO7hAR6dO+fJeXZexq0Z53NmAybgvH4AjOKbRQ==</latexit>

f(z,x), g(z,x)

<latexit sha1_base64="7JbvmWsANnsWHj+OsLGEqiYu7VY="></latexit>

g(t,x) → ∆(z,x) ≡ ng(z,x)− n̄g(z)

n̄g(z)
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[Giannantonio et al. 2006]
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Present and future data



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

St
ef

an
o 

C
am

er
a


In
te

rn
at

io
na

l S
ch

oo
l i

n 
Sp

ac
e 

Sc
ie

nc
e


7 
• I

V 
• 2

0
23



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

Are peculiar velocity surveys competitive? 4275

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

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

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

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

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

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

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

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

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

F σ prior
σgσg

= σ−2
g , F σ prior

σuσu
= σ−2

u . (20)

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

3.2.4 Free cosmological parameters

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

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

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

∂P

∂θi

≈ P (θi + %θi) − P (θi − %θi)
2%θi

, (21)

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

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

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

2,
#bh

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

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

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

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

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

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

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

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

σuσu
= σ−2

u . (20)
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the relation between δg and u only depends on β, not on other
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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
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CMB, because model-dependent extrapolation to z = 0 is necessary
for such constraints. The Planck priors marginalized for each pa-
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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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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

• Testing the cosmological and the Copernican principles


• Assumptions:

1. Preferred rest frame and comoving observers

2. Same at different redshifts

3. Same for all probes


• Questions:

• Is the CMB dipole kinematic?

• And the other dipoles?

• Can we establish a cosmic rest frame?

• Can we link dipoles to local structure(s)?

• Can we measure non-kinematic contributions?

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

[Courtesy of R. Maartens]
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Continuum galaxies

• Testing the cosmological and the Copernican principles


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


• Within 5º (SKAO)


• Within 1º (Futuristic SKAO)

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

[Courtesy of R. Maartens]
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HI intensity mapping

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


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


• Cons: poor angular resolution, huge foreground contamination


• Examples:


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


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


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


• CHIME (three fields stacked against eBOSS LRGs, ELGs, QSOs @ 0.78 < z < 1.43)

[Andeson et al. 2018]

[Chang et al. 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)

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]

St
ef

an
o 

C
am

er
a


In
te

rn
at

io
na

l S
ch

oo
l i

n 
Sp

ac
e 

Sc
ie

nc
e


7 
• I

V 
• 2

0
23



HI intensity mapping

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

Redshift for free:


vobs = 1420 MHz / (1+z)

• Hi bias 

• Redshift-space distortions 

• Lensing (convergence + magnification bias) 

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

Cg
` =

Z
d�


W g(�)

�

�2
P �


`

�
, z(�)

�

Hi Intensity Mapping

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

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

z σ ("HIbHI)/("HIbHI) σ ("HI)/"HI

3.15 0.010 0.08

3.45 0.011 0.09

3.75 0.012 0.10

4.05 0.014 0.12

4.35 0.015 0.14

4.65 0.018 0.17

4.95 0.021 0.21

5.25 0.024 0.26

5.55 0.029 0.33

5.85 0.035 0.42

0 2 4 6
z

0.0

0.5

1.0

1.5

2.0
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Ω

H
I
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Zwaan

Martin

Rhee

Lah

Rao

Noterdaeme

Crighton

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

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

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

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

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

5.2.2. Ultra-large-scale effects

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

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

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

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

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

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

[Bacon, SC et al. (2020)]
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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.

19

N
oi

se
-t

o-
si

gn
al

 ra
tio

 (@
 k

 ≈
 0

.0
74

 1/
M

pc
)

Redshift, z

10

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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HI intensity mapping
[Santos, SC et al. (2015)]
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Cosmology with SKA HI IM surveys Mario G. Santos

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

Figure 6: Left: Predicted constraints from SKA on dynamical dark energy parameters. We show predicted
constraints from SKA1 IM and SKA2 galaxy, compared with predictions for Euclid. Right: Predicted
constraints from SKA on the unparameterized growth function f s8 from the SKA1 (galaxy and IM) and
the SKA2 galaxy survey, compared with predicted constraints coming from the Euclid galaxy survey. Both
constraints include Planck+BOSS priors.

19

• Sensitivity to ultra-large 
scale effects


• Primordial non-
Gaussianity 
(for inflation)


• Relativistic, light-cone 
projection effects 
(for modified gravity)

[Fonseca, SC et al. (2015); 
Alonso & Ferreira (2015)]

[SC et al. (PRL 2013)]
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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)

<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
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Radio weak lensing
10 David J. Bacon et al.

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

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

3.3. Angular correlation function and integrated
Sachs–Wolfe effect

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

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

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

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

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

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

3.3.1. Forecasting

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

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

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

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

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

Ti
m

e 
ev

ol
ut

io
n 

of
 d

ar
k 

en
er

gy
, w

a

Equation-of-state parameter of dark energy, w0

[SC et al. (2015); Bacon, SC et al. (2020)]

St
ef

an
o 

C
am

er
a


In
te

rn
at

io
na

l S
ch

oo
l i

n 
Sp

ac
e 

Sc
ie

nc
e


7 
• I

V 
• 2

0
23



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

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

3.3. Angular correlation function and integrated
Sachs–Wolfe effect

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

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

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

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

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

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

3.3.1. Forecasting

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

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

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

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

14 GHz50 MHz
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SKAO Science

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

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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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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Towards the SKAO
[Credits: R. Braun]
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Towards the SKAO
[Courtesy of A. Bonaldi]
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LOFAR

• The LOFAR Two-metre Sky Survey (LoTSS)

• LoTSS-Deep DR1:


• Boötes, Lockman & Elias N1 fields w/ 
~80 µJy/beam rms


• Multi-frequency coverage leading to 
~80k radio sources (~0.9/arcmin2)


• LoTSS DR2:

• Core and remote station HBA obs: 

@ 144 MHz, 841 pointings, 5600 sq. deg.


• Direction dependent calibration: 
6” resolution, ~80 µJy/beam rms 


• 4.4M radio sources (~0.2/arcmin2) St
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Credit: ESA and Planck Collaboration

cosmic web (dark and baryonic matter)

CMB

radio sources pr(z), br(z)

optical sources po(z), bo(z)

lensing

Works in preparation:

• Redshift distribution Bhardwaj et al.

• Counts-in-cell Pashamourahmadabadi et al. 

• Radio dipole Böhme et al.

• Radio-radio correlation Hale et al.

• Radio-CMB correlation Nakoneczny et al.

• Radio-optical correlation Zheng et al.

• Cosmological parameters Heneka et al. 

[Courtesy of D. Schwarz]



ASKAP

• 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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ASKAP

• Cross-correlation between RACS galaxies and CMB temperature

A measurement of the ISW with RACS 11

�

10�6

10�5

C
g
g

�

flask (no ISW)

data

101 102

�

�0.0002

0.0000

0.0002

0.0004

0.0006

0.0008

0.0010

C
g
T

�
[µ

K
]

flask (no ISW)

data

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

✓ .

spectra

h⇠̃
gg
✓ i = h0̃

g
✓< 0̃

⇤g
✓<i = ⇠

gg
✓ +

⇣
h 5✓< 0

⇤g
✓<i + c.c.

⌘
+ h 5✓< 5

⇤

✓<i, and

h⇠̃
gT
✓ i = h0̃

g
✓< 0̃

⇤T
✓<i = ⇠

gT
✓ + h 5✓< 0

⇤T
✓<i. (37)

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 =

’
✓ ,✓0

⇣
⇠̃

gT
✓ � ⇠

gT
✓

⌘
KgTgT
✓✓0

⇣
⇠̃

gT
✓0 � ⇠

gT
✓0

⌘
, (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)

(

#

=

Õ
✓ ,✓0 ⇠̃

gT
✓ K✓✓0⇠

gT
✓0qÕ

✓ ,✓0 ⇠
gT
✓ K✓✓0⇠

gT
✓0

. (39)

We evaluate Eq. (39) again using both covariance matrices and an
✓-binning with �✓ = 20 which yields

(

#

= 2.8 . (40)
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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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MeerKAT

• The MeerKAT Large Area Synoptic Survey (MeerKLASS)


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


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


• L-band: 900-1670 MHz (  < 0.58)z

PoS(MeerKAT2016)032

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

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

⇤Speaker.

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

[Santos, SC et al. (2016)]
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MeerKAT

• Detection of baryon acoustic oscillations using HI

PoS(MeerKAT2016)032

MeerKLASS Mário G. Santos

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

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

2.1.3 Multi-tracer constraints on primordial non-Gaussianity

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

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

4

[Santos, SC et al. (2016)]

z = 0.28

• 18 hours


• 200 deg2 over WiggleZ
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MeerKAT

[Wang et al. (2021)]
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• Detection in cross-correlation with WiggleZ galaxies @ 0.400 < z < 0.459

MeerKAT

8 Cunnington, Li et al.

[htb]

Figure 4. Cross power spectrum between WiggleZ galaxies and MeerKAT
H� intensity maps cleaned by removing #fg = 30 PCA modes at
0.400< I < 0.459, with 1f error-bars (top panel). Hollow markers indicate
a negative correlation. The black-dotted line represents a theoretical model
(see Equation 17), fitted with an amplitude parameter ⌦H�1H�A given in the
top-right. Calculating the �j2 relative to a null-model (%H�,g = 0) evaluates
this as a 7.7f cross-correlation detection. The middle panel shows the ratio
between data and error. The bottom panel shows a null test where the Wig-
gleZ galaxy maps have had been shu�ed along redshift. The thin grey lines
show 100 di�erent shu�es. The average (red squares) and standard deviation
(red error bars) across the shu�ed samples are shown relative to the origi-
nal (blue-dots). In both cases in the bottom panel, no scaling by the transfer
function has been applied.

ing that a lot of signal is present in the modes with 30< #fg < 40,
which explains the deterioration in j2

dof beyond #fg = 30, where these
modes are gradually removed.

Figure 5 highlights the sensitivity of results to the foreground
clean, and is further evidence that residual foregrounds and sys-
tematics are spread throughout the principal components. The ratio
between systematics and signal varies among the various components
thus some will be more influential on the cross-correlation than oth-
ers. This causes a variation in the derived parameter ⌦H�1H�A , shown
by the bottom panel of Figure 5. We estimate a contribution to the
error budget of ⌦H�1H�A caused by the variance across the di�erent
#fg, discussed further in the following section.

Figure 5. Sensitivity of results to foreground cleaning. Top panel, left-axis and
black-dot data show the reduced j2 for each foreground cleaned cross-power
spectra relative to its best-fit model. Top panel, right-axis and red-square data
show the detection significance for the cross-power spectra relative to a null
model. Bottom panel shows the variation in the best-fit ⌦H�1H�A for each #fg
case, from a least-squares fit to the cross-power spectrum amplitude.

5.4 Constraints on ⌦H�

Fitting the amplitude of the H�-galaxy cross-power spectrum provides
a constraint on ⌦H�1H�A as a function of redshift. From our results in
Figure 4, we find ⌦H�1H�A = [0.86± 0.10 (stat) ± 0.12 (sys)] ⇥ 10�3.
The systematic error accounts for uncertainty from the map calibra-
tion and variance in results from the choice of #fg. Firstly, uncer-
tainty from the map calibration could cause a bias to the overall
amplitude of the power spectrum. We address this by studying the
residuals relative to the model in our calibration study (Wang et al.
2021). We are able to estimate that gain uncertainties should be at a
level of ⇠ 2%. Secondly, we account for the variance in results from
the di�erent number of PCA modes removed, indicative of resid-
ual systematics. We do this by evaluating the standard deviation on
all ⌦H�1H�A fits (see Figure 5, bottom panel) from each reasonable
choice of #fg (10< #fg < 40), which we find to be ⇠ 0.115, equating
to a ⇠ 13% error on ⌦H�1H�A. The combination of these two error
components added in quadrature yields the systematic error in our
final constraint.

The H� bias is not yet well understood but is expected to have
some scale dependence when entering non-linear scales (high-:)
(Villaescusa-Navarro et al. 2018; Spinelli et al. 2020). Furthermore,
the cross-correlation coe�cient A, included to account for stochastic-
ity between the two fields, will also have some scale dependence. We
therefore examined how the constraint on ⌦H�1H�A changed as we
varied the scales at which it was measured. By cutting small-: data
points, we change the e�ective scale of the measurement, calculated
by :e� =

Õ
8 :8 ((/#)28 /

Õ
8 ((/#)28 , where ((/#)8 is the signal-to-

noise ratio in each :8 bin, i.e. %̂H�,g (:8)/f̂H�,g (:8). The scale de-
pendence on the measurements of ⌦H�1H�A is shown in Figure 6
(red-star points) for #fg = 30. The other coloured data points show
previous intensity mapping constraints from GBT cross-correlation
with galaxy surveys at I ⇠ 0.8 (Wolz et al. 2022). The GBT inten-
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e-MERLIN

• The Super Cluster Assisted Shear Survey (SuperCLASS)


• Paving the road to detecting cosmic shear in the radio band


• 0.06 gal/arcmin2 (detected, resolved, and at high redshift)


• ~0.26 deg2

MNRAS 495, 1706–1723 (2020) doi:10.1093/mnras/staa709
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ABSTRACT
The SuperCLuster Assisted Shear Survey (SuperCLASS) is a legacy programme using the
e-MERLIN interferometric array. The aim is to observe the sky at L-band (1.4 GHz) to a
r.m.s. of 7 µJy beam−1 over an area of ∼ 1 deg2 centred on the Abell 981 supercluster. The
main scientific objectives of the project are: (i) to detect the effects of weak lensing in the
radio in preparation for similar measurements with the Square Kilometre Array (SKA); (ii)
an extinction free census of star formation and AGN activity out to z ∼ 1. In this paper we
give an overview of the project including the science goals and multiwavelength coverage
before presenting the first data release. We have analysed around 400 h of e-MERLIN data
allowing us to create a Data Release 1 (DR1) mosaic of ∼ 0.26 deg2 to the full depth. These
observations have been supplemented with complementary radio observations from the Karl
G. Jansky Very Large Array (VLA) and optical/near infrared observations taken with the
Subaru, Canada-France-Hawaii, and Spitzer Telescopes. The main data product is a catalogue
of 887 sources detected by the VLA, of which 395 are detected by e-MERLIN and 197 of
these are resolved. We have investigated the size, flux, and spectral index properties of these
sources finding them compatible with previous studies. Preliminary photometric redshifts, and
an assessment of galaxy shapes measured in the radio data, combined with a radio-optical
cross-correlation technique probing cosmic shear in a supercluster environment, are presented
in companion papers.

Key words: galaxies: evolution – large-scale structure of Universe – cosmology: observa-
tions – radio continuum: galaxies.

1 IN T RO D U C T I O N

The extragalactic radio source population is a powerful tool to
probe a range of astrophysical processes and a number of large
scale surveys have been performed covering a wide range of radio
frequencies. The two largest (in terms of area) radio source surveys
performed at L-band (around 1.4 GHz) are the Faint Images of

! E-mail: richard.battye@manchester.ac.uk

the Radio Sky at Twenty centimeters (FIRST) (Becker, White &
Helfand 1995) and the NRAO-VLA Sky Survey (NVSS) (Condon
et al. 1998) which have each detected ∼106 sources and probed the
source population to ∼ 1 mJy over significant (> 104 deg2) areas of
the sky. A significant fraction of these sources are AGN/jet-driven
sources, but as one goes lower in flux density it is expected that the
radio source population will become dominated by lower luminosity
star-forming galaxies (SFGs). This has been confirmed by a number
of deeper but much smaller area surveys that have been used to probe
the source counts down to flux densities ∼ 20 µJy, for example,

C© 2020 The Author(s)
Published by Oxford University Press on behalf of the Royal Astronomical Society
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e-MERLIN

• Fully multi-wavelength!

[Courtesy of C. Casey]

SuperCLASS – I. Project overview 1709

Figure 1. An illustration of the complementarity of VLA baselines up
to 36 km and e-MERLIN baselines up to 217 km. The bars represent the
square root of the number of baselines of a given length, whilst the dashed
line is the shear signal expected on these Fourier scales when observing
at 1.4 GHz. The shear signal is constructed as the difference between sky
models of T-RECS sources (see Bonaldi et al. 2019) with and without shape
changes due to the simulated effect of weak gravitational lensing expected
for a typical supercluster of galaxies.

necessitating significant amounts of integration time. Based on
these considerations, and also intending to complement other legacy
programs, it was decided to aim for an r.m.s. sensitivity of ∼ 6 µJy
over an area of ∼ 1 deg2 which it was calculated would require 832 h
of e-MERLIN time including that needed for calibration and using
the Lovell Telescope (LT) whose 76 m diameter collecting area
enables this high level of sensitivity. This should allow high signal-
to-noise for detection of sources with flux densities S > 40 µJy
where we can expect a source density ∼ 1 arcmin−2. Unfortunately,
the inclusion of the LT brings with it an extra complication in that
the primary beam of baselines including the LT is much smaller
(∼10 arcmin) than the primary beams of baselines formed from
correlating the other 25 m diameter telescopes within e-MERLIN,
which are typically ∼30 arcmin.

As with the survey of the HDF-N presented in Muxlow et al.
(2005) it is necessary to complement the e-MERLIN data with data
from the VLA which covers a wider-range of short baselines, but
does not have sufficient long baselines to measure ellipticities in
relatively small sources. This point is illustrated in Fig. 1 where
we have compared the lensing signal, computed by differencing a
typical source simulated with and without a shear signal added, to
the baseline distribution. Note that the primary beam of the VLA
telescopes is similar to the non-LT telescopes of e-MERLIN and
hence it is possible to construct an observing strategy compatible
with both arrays.

2.2 Target field selection

In order to search for possible candidate fields, we performed an all
sky search for clusters in the NASA Extragalactic Database (NED)
with declinations >45◦, z > 0.15 and which had previously been
studied in order to focus only on actively studied clusters. This
list was cross-matched against itself using a matching radius of

0.75 deg. This process turned up a list of five fields containing more
than three clusters. We then excluded regions containing strong
sources from NVSS (with flux density > 100 mJy) and where there
is a very strong source > 1 Jy within 5 deg. From those which
were left, we selected a region at RA ∼ 10.5 h and Dec ∼ 68◦ N
containing five clusters (A968, A981, A998, A1005, and A1006,
see Table 1) which have z ≈ 0.2 – we will henceforth call this region
the SuperCLASS field, since this appears to be the largest of the
currently detected clusters in the field. This region has a typical dust
extinction of AV ≈ 0.2 which is within the range that will allow high
fidelity optical observations.

The five clusters in the region have been detected by ROSAT with
luminosities in the range (0.3 − 1.7) × 1044 erg sec−1 over the 0.1 to
2.4 keV energy band as tabulated in Table 1. Under the assumption
of hydrostatic equilibrium, corresponding masses were calculated
in Peters et al. (2016) which suggest that this region of diameter ∼
1.5 deg contains at least 8 × 1014 M& across the five clusters. Using
a flat cosmology with Hubble constant H0 = 70 km sec−1 Mpc−1

and matter density relative to critical !m = 0.3, the angular diameter
distance to the cluster is ≈ 680 Mpc whereas that to typical radio
sources with z ≈ 1 is ≈ 1650 Mpc. Therefore, the region diameter
corresponds to 18 Mpc in the supercluster with resolution elements
(≈ 200 mas) corresponding to 0.6 kpc whereas the resolution at
typical source redshift is ≈ 1.6 kpc.

By choosing a supercluster region it will be possible to study
the environmental influences on SF/AGN galaxies as well as in the
background population as in the STAGES project (Heymans et al.
2008; Gray et al. 2009).

We have already pointed out that the inclusion of the LT
complicates our observations since its primary beam is about a
factor of 3 smaller than the other telescopes in the e-MERLIN
array and those which are part of the VLA. In order to cover the
SuperCLASS field with approximately uniform noise coverage, it is
necessary to use a hexagonally orientated mosaicing strategy whose
pointing centres are separated by 5.7 arcmin. The radio pointings
observed as part of the project are illustrated in the left-hand panel
of Fig. 2 where the coloured circles are indicative of the primary
beam of the LT and the grey circles are the equivalent for the smaller
e-MERLIN telescopes and those in the VLA. The observations of
the DR1 region presented in this paper are coloured in green. The
red circles indicate the additional SuperCLASS pointings for which
the observations are now complete and the data are currently being
analysed. The full field covers ≈ 1 deg2, made up of a total of 112
pointings. This region includes four of the clusters (A968, A981,
A998, and A1005) which comprise most of the known mass in the
region. We have also included in Fig. 2 a proposed extension to the
south which would double the area and include the other cluster
(A1006). It may be possible to observe this region in a fraction of
the time using the phased array feed that will soon be installed on
the LT.

3 O B S E RVAT I O N S

The field we have chosen to observe with e-MERLIN and the
VLA is not one of the commonly observed extragalactic fields and
therefore, in addition to the radio observations, we have embarked
on an extensive programme of optical/NIR observations. These are
necessary to obtain photometric redshifts for the detected radio
sources. Estimated redshifts are absolutely essential for both of
the main science goals of the project: for the lensing observations
they are necessary to separate the background and foreground
galaxies and to estimate the expected signal from theory, while
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e-MERLIN

[Harrison, SC et al. (2020)]
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e-MERLIN
[Courtesy of I. Harrison]
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