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Why	cosmology?
• Dark	matter	and	energy	show	
that	our	understanding	of	
physics	is	incomplete

• Astronomy	can	provide	
fundamental	physical	insights	
into	quantum	theory,	gravity	
and	particle	physics

• We	are	working	in	a	
breakthrough	era	where	new	
data	might	be	revolutionary!



The	cosmic	expansion	is	accelerating!

• The	accelerating	cosmic	expansion	cannot	be	produced	by	
applying	General	Relativity	to	a	homogeneous	and	isotropic	
Universe	containing	matter	and	radiation
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The	cosmic	expansion	is	accelerating!

• Accelerating	expansion	can	be	
produced	by	adding	a	
cosmological	constant	term

• A	wide	range	of	data	is	
consistent	with	a	Universe	
where	the	current	energy	
density	is	~𝟕𝟎% cosmological	
constant	and	~𝟑𝟎%matter
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Why	is	this	a	problem?
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• Why	is	the	energy	density	in	the	cosmological	constant	
“unnaturally	low”?		[many	tens	of	orders	of	magnitude	lower	than	
expected	from	quantum	mechanical	processes	involving	standard	particles]	

• Why	are	the	energy	densities	in	cosmological	constant	and	
matter	roughly	equal	today? [“coincidence	problem”]

• Is	the	cosmological	constant	a	sign	of	new	physics?



Other	explanations?

• “Accelerating	cosmic	expansion	cannot	be	produced	applying	GR to	a	
homogeneous/isotropic Universe	containing	matter	and	radiation”

• Modify	gravitational	physics?		[e.g.	Einstein-Hilbert	action]

• Allow	for	effects	of	inhomogeneity?		[very	hard!]

• Add	extra	“source”?		[e.g.	dynamical	scalar	field]

Let’s	not	worry	about	
cosmological	constant	and	
seek	another	solution!



Cosmological	observations

Growth	of	perturbations	
within	the	expanding	

background

Homogeneous	expansion	
of	the	Universe



Cosmological	observations

0.1 1.00.2 0.5 2.0
z

10

20

30

di
st

an
ce

/r
d
p

z

DM(z)/rd
p

z

DV (z)/rd
p

z

zDH(z)/rd
p

z

6dFGS

MGS

SDSS � II

WiggleZ

LOWZ

CMASS

Ly↵ auto

Ly↵ cross

• The	cosmic	expansion	history	has	been	measured	with	~1%
accuracy	using	supernovae	and	baryon	acoustic	oscillations

• The	cosmic	growth	history	has	not	yet	been	measured	as	
accurately,	but	is	crucial	for	distinguishing	physics

Credit:	Aubourg et	al.	(2014)



Cosmological	observations
• There	are	a	rich	variety	
of	observable	
signatures	of	the	
clumpy	Universe	…

• Clustering	of	galaxies

• Velocities	of	objects

• Gravitational	lensing

• Abundance/properties	
of	objects

• Environmental	effects



What	is	the	SKA	project?
• An	international	effort	to	
build	the	world’s	largest	radio	
telescope,	with	(eventually)	
~1	𝑘𝑚D of	collecting	area

• Increased	resolution	and	
sensitivity,	and	vastly	
increased	survey	speed,	
compared	to	current	
instruments

• Can	detect	airport	radar	on	a	
planet	10	light	years	away,	
Milky	Way	at	𝑧~1!

SKA performance

Point-source sensitivity: 
~ 4 – 20 times state-of-the-art

Survey speed: 
~ 10 - 100 times state-of-the-art

SKA-TEL-SKO-0000818-01_SKA1_Science_Perform



Two	telescopes!

• 50-350	MHz
• ~130,000 antennae
• Collecting	area	~0.4	𝑘𝑚D

• Max.	baseline	~65	𝑘𝑚

SKA1	LOW	(Australia) SKA1	MID	(South	Africa)

• 350	MHz	– 14	GHz
• ~200 dishes
• Collecting	area	~33,000	𝑚D

• Max.	baseline	~150	𝑘𝑚



A	brief	timeline	…
• 1990s:	SKA	development	begins

• 2000:	International	SKA	steering	
committee	established

• 2011:	SKA	Organization	
established

• July	2018:	MeerKAT inaugurated

• 2018-2024:	SKA	Phase	1	(SKA1)	
construction	(650M	Euro)

• 2022:	SKA1	commissioning

• 2025-:	SKA1	Key	Science	Projects

• mid-2020:	Phase	2	upgrades	(?)



Other	major	facilities	on	the	way!

Large	Synoptic	
Survey	
Telescope	
(LSST)

Dark	Energy	Spectroscopic	
Instrument	(DESI)

Euclid	satellite



What	is	the	SKA	cosmology	case?
Publications of the Astronomical Society of Australia (PASA)
doi: 10.1017/pas.2018.xxx.

Cosmology with Phase 1 of the Square Kilometre Array
Red Book 2018: Technical specifications and performance forecasts

Square Kilometre Array Cosmology Science Working Group: David J. Bacon1, Richard A. Battye2,§, Philip
Bull3, Stefano Camera4,5,6,2, Pedro G. Ferreira7, Ian Harrison2,7, David Parkinson8, Alkistis Pourtsidou3,
Mário G. Santos9,10,11, Laura Wolz12,§, Filipe Abdalla13,14, Yashar Akrami15,16, David Alonso7, Sambatra
Andrianomena9,10,17, Mario Ballardini9,18, José Luis Bernal19,20, Daniele Bertacca21,36, Carlos A.P. Bengaly9,
Anna Bonaldi22, Camille Bonvin23, Michael L. Brown2, Emma Chapman24, Song Chen9, Xuelei Chen25,
Steven Cunnington1, Tamara M. Davis27, Clive Dickinson2, José Fonseca9,36, Keith Grainge2, Stuart
Harper2, Matt J. Jarvis7,9, Roy Maartens1,9, Natasha Maddox28, Hamsa Padmanabhan29, Jonathan R.
Pritchard24, Alvise Raccanelli19, Marzia Rivi13,18, Sambit Roychowdhury2, Martin Sahlén30, Dominik J.
Schwarz31, Thilo M. Siewert31, Matteo Viel32, Francisco Villaescusa-Navarro33, Yidong Xu25, Daisuke
Yamauchi34, Joe Zuntz35

Affiliations listed after references

§ Corresponding Authors: richard.battye@manchester.ac.uk and laura.wolz@unimelb.edu.au

Abstract
We present a detailed overview of the cosmological surveys that will be carried 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 survey over 20,000 deg2 from z = 0.35°3; and a deep, high-redshift
HI intensity mapping survey over 100 deg2 from z = 3°6. Taken together, these surveys will achieve an array
of important scientific goals: measuring the equation of state of dark energy out to z ª 3 with percent-level
precision measurements of the cosmic expansion rate; constraining possible deviations from General Relativity
on cosmological scales by measuring the growth rate of structure through multiple independent methods;
mapping the structure of the Universe on the largest accessible scales, thus constraining fundamental properties
such as isotropy, homogeneity, and non-Gaussianity; and measuring the HI density and bias out to z = 6.
These surveys will also provide highly complementary clustering and weak lensing measurements that have
independent systematic uncertainties to those of optical surveys like LSST and Euclid, leading to a multitude of
synergies that can improve constraints significantly beyond what optical or radio surveys can achieve on their
own. This document, the 2018 Red Book, provides reference technical specifications, cosmological parameter
forecasts, and an overview of relevant systematic effects for the three key surveys, and will be regularly updated
by the Cosmology Science Working Group in the run up to start of operations and the Key Science Programme of
SKA1.
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See	https://arxiv.org/pdf/1811.02743.pdf

(For	the	purposes	of	this	talk	I’ll	exclude	
studies	of	the	Epoch	of	Reionization,	
although	it’s	also	a	key	SKA	science	goal.)
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• Medium-deep	~1	GHz	continuum	weak	lensing	survey	and	
low-z	spectroscopic	HI	galaxy	survey	over	5000	sq deg

• Deep	continuum	/	HI	intensity	mapping	survey	(350	MHz	– 1	
GHz,	0.35	<	z	<	3)	over	20,000	sq deg

• High-z	(3	<	z	<	6)	intensity	mapping	survey	over	100	sq deg

See	https://arxiv.org/pdf/1811.02743.pdf



HI	intensity	mapping

• 21	cm	surveys	which	do	not	resolve	individual	galaxies,	but	
the	integrated	emission	in	each	pixel	of	a	datacube

Credit:	Kovetz et	al.,	arXiv:1709.09066



HI	intensity	mapping

• 21	cm	surveys	which	do	not	resolve	individual	galaxies,	but	
the	integrated	emission	in	each	pixel	of	a	datacube

• Enables	mapping	of	large	cosmological	volumes,	potential	
accurate	measurement	of	large-scale	features	such	as	
baryon	acoustic	oscillations,	non-Gaussianity,	etc.16

Figure 10. Forecast constraints on the cosmic expansion rate, H , (left panel) and angular diameter distance, D A(z), (right panel) for several different
experiments, following the forecasting methodology described in Bull (2016). The SKA1 Medium-Deep Band 2 Survey for HI galaxy redshifts is shown in
light blue, HI intensity mapping are shown in red/pink (see Sec. 5 for details), and optical/NIR spectroscopic galaxy surveys are shown in black/grey.

Figure 11. Forecast constraints on the linear growth rate of large-scale
structure, f æ8, for the same surveys as in Fig. 10. Open circles show a
compilation of current constraints on f æ8 from Macaulay et al. (2013).

sound horizon during the baryon drag epoch, rs (zd )). The
radial BAO scale is sensitive to the expansion rate, H(z),
while the transverse BAO scale is sensitive to the angular
diameter distance, D A(z).

The HI galaxy Medium-Deep Band 2 Survey will be able
to detect and measure the BAO feature at low redshift
(Yahya et al., 2015; Abdalla et al., 2015; Bull, 2016). This
measurement has already been performed by optical spec-
troscopic experiments, such as BOSS and WiggleZ (Alam
et al., 2017; Kazin et al., 2014), but over different redshift
ranges and patches of the sky. An SKA1 HI galaxy redshift
survey will add independent data points at low redshift,
z . 0.3, which will help to better constrain the time evo-
lution of the energy density of the various components
of the Universe – particularly dark energy. The expected

constraints on H(z) and D A(z) are shown in Fig. 10, and
are typically a few percent for the HI galaxy survey. While
this is not competitive with the precision of forthcoming
optical/near-IR spectroscopic surveys such as DESI and
Euclid, it will be at lower redshift than these experiments
can access, and so is complementary to them.

Another feature that is present in the clustering pattern
of galaxies are Redshift Space Distortions (RSDs), a charac-
teristic squashing of the 2D correlation function caused by
the peculiar motions of galaxies (Kaiser, 1987; Scoccimarro,
2004; Percival et al., 2011). Galaxies with a component of
motion in the radial direction have their spectral line emis-
sion Doppler shifted, making them appear closer or further
away than they actually are according to their observed
redshifts. This results in an anisotropic clustering pattern
as seen in redshift space. The degree of anisotropy is con-
trolled by several factors, including the linear growth rate of
structure, f (z), and the clustering bias of the galaxies with
respect to the underlying cold dark matter distribution,
b(z). The growth rate in particular is valuable for testing
alternative theories of gravity, which tend to enhance or
suppress galaxy peculiar velocities with respect to the GR
prediction (Jain & Zhang, 2008; Baker et al., 2014). RSDs
occur on smaller scales than the BAO feature, but can also
be detected by an HI galaxy redshift survey as long as the
shot noise level is sufficiently low. The SKA1 HI galaxy sur-
vey will be able to measure the normalised linear growth
rate, f æ8, to ª 3% at z º 0.3 (see Fig. 11). This is roughly in
line with what existing optical experiments can achieve at
similar redshifts (see Macaulay et al. (2013) for a summary).

Fig. 12 shows results for when the growth rate constraints
are mapped onto the phenomenological modified grav-
ity parametrisation defined in Eqs. (3) and (4).12 The con-

12The results in Fig. 12 used the forecasting code and Planck prior de-
scribed in Raveri et al. (2016a,b).

(Forecast	from	Red	Book)



HI	intensity	mapping

• Main	issue	is	subtracting	the	foreground	emission, which	
is	orders	of	magnitude	larger	than	the	HI	signal
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Figure 1. This plot illustrates the process of foreground removal on simulations of the radio sky. The top row of plots
shows sky maps of the individual components: unpolarized foregrounds, polarized foregrounds (showing Stokes Q only),
and the 21 cm signal. On the bottom row we show the maps we would make after foreground cleaning visibilities from the
CHIME Pathfinder. In each, the upper panel shows a frequency slice at 400 MHz, and the lower panel a slice through the
galactic plane from 400 to 500 MHz. Both the polarized and unpolarized foregrounds become substantially suppressed,
whereas the 21 cm signal is largely una↵ected. This leaves a clear correspondence between the original signal simulation
and the foreground subtracted signal, while leaving the foreground residuals over 10 times smaller in amplitude than the
signal. Figure from Shaw et. al. 2014.15

In Figure 2 we illustrate the forecast constraints that the CHIME Pathfinder could place on the expansion
history though measuring the BAO. The figure illustrates the forecast Pathfinder statistical limit of DV (z) =h
DM (z)2 cz

H(z)

i1/3
with two years observation time in comparison to current measurements.

2.1 Ancillary Science

The CHIME Pathfinder is an excellent platform to pursue ancillary science goals due to its design and operating
parameters. Some of those potential goals are listed below:

Credit:	Bandura	et	al.	(CHIME),	arXiv:1406.2288	



HI	intensity	mapping

• Even	in	the	presence	of	foregrounds,	cross-correlations	
between	HI	maps	and	optical	datasets allow	the	neutral	
hydrogen	content	of	galaxies	to	be	mapped	over	redshift

Credit:	Chang	et	al.,	arXiv:1007.3709	



Continuum	surveys:	cross-correlations

• Radio	continuum	surveys	trace	the	high-z	density	field

• Expect	correlations	with	the	CMB	(late-time	ISW	effect,	
lensing)	and	low-redshift	galaxies	(cosmic	magnification)

Credit:	Planck	collaboration	
2018	(lensing	map)



Continuum	surveys:	cross-correlations

• The	integrated	Sachs-Wolfe	
effect	is	physical	evidence	of	
dark	energy,	but	not	a	precise	
probe	of	its	properties	6 McEwen et al.

(a) WMAP

(b) NVSS

Figure 3.WMAP co-added three-year and NVSS maps (Mollweide projec-
tion) after application of the joint mask. The maps are downsampled to a
pixel size of ∼55′. The WMAP temperature data are reported in mK, while
the NVSS data are reported in number-of-counts per pixel.

details of the data preprocessing. Not all of the sky is sufficiently
observed in the NVSS catalogue. We construct a joint mask to ex-
clude from our subsequent analysis those regions of the sky not
observed in the catalogue, in addition to the regions excluded by
the WMAP Kp0 mask. The WMAP and NVSS data analysed sub-
sequently, with the joint mask applied, are illustrated in Fig. 3.

In order to constrain the statistical significance of any detec-
tion of correlation between the WMAP and NVSS data we perform
Monte Carlo simulations. 1000 simulations of theWMAP co-added
map are constructed, modelling carefully the beam and anisotropic
noise properties of each of the WMAP channels and mimicking
the co-added map construction procedure (including the downsam-
pling stage). The analyses subsequently performed on the data are
repeated on the simulations and compared.

3.2 Generic procedure

Two different analysis procedures are applied to test the data for
correlation. The first procedure correlates the local morphological
measures of signed-intensity, orientation and elongation, extracted
independently from the two data sets. This procedure does not
rely on any assumption about the correlation in the data. The sec-
ond procedure correlates local features in the WMAP data that are
matched in orientation to local features extracted from the NVSS
data. This approach explicitly assumes that local features of the
LSS are somehow included in the CMB. In the absence of any ISW
effect one would not expect to detect any significant correlation in
either of these analyses. The analysis procedures are described in
more detail in the following subsections. Firstly, we describe the
generic part of the procedure common to both techniques.

We consider only those scales where the ISW effect
is expected to be significant (Afshordi 2004), i.e. scales

approximately corresponding to wavelet half-widths θhw of
{100′, 150′, 200′, 250′ , 300′, 400′ , 500′ , 600′}. The local morpho-
logical measures defined in section 2.3 are computed for the
WMAP and NVSS data and are used to compute various correlation
statistics (see the following subsections for more detail). Identical
statistics are computed for the Monte Carlo simulations in order
to measure the statistical significance of any correlation detected
in the data. A statistically significant correlation in the data appar-
ent from any of these statistics is an indication of the ISW effect,
provided it is not due to foreground contributions or systematics.

The procedure described previously would be sufficient for
data with full-sky coverage. Unfortunately this is not the case and
the application of the joint mask must be taken into account. The
application of the mask distorts those morphological quantities
constructed from wavelets with support that overlaps the mask ex-
clusion regions. The associated local morphological measures must
be excluded from the analysis. An extended mask is computed
for each scale to remove all contaminated values. The extended
masks are constructed by extending the central masked region by
the wavelet half-width, whilst maintaining the size of point source
regions in the mask. We use identical masks to those applied by
McEwen et al. (2007b) and refer the interested reader to this work
for more details.

Before proceeding with our morphological analyses it is im-
portant to check that the WMAP and NVSS data do not contain pre-
dominantly axisymmetric features, corresponding to local elonga-
tion trivially equal to zero and for which no local orientation might
be defined. To do this we examine the distribution of our morpho-
logical measure of elongation defined in section 2.3. In Fig. 4 we
plot the histograms of the elongation measures computed from the
data (outside of the extended exclusion masks). These histograms
are built from all scales but the distributions obtained for each indi-
vidual scale also exhibit similar structure. Many elongation values
computed from both data sets lie far from zero, thereby justifying
the morphological analyses that we propose.

In order to give some intuition on the magnitude of various
statistics computed in the remainder of this paper, we also quote the
orders of magnitude for the means and standard deviations of the
different local morphological measures, as estimated from the two
data sets. Firstly, the mean and standard deviation of the elonga-
tion in the WMAP data are respectively µ̂TE = 0.61 and σ̂TE = 0.27,
when data from all scales are gathered. The corresponding values
for the NVSS data are µ̂NE = 0.62 and σ̂

N
E = 0.26. Secondly, re-

call that the galaxy density and CMB random fields on the sphere
are assumed to be homogeneous and isotropic. The local orienta-
tions computed from the data sets should therefore reflect a uni-
form distribution in the range [π/2, 3π/2). Consistently, the mean
and standard deviation of the orientation in the WMAP data are re-
spectively µ̂TD = 3.10 and σ̂TD = 0.93, again gathering data from all
scales. The corresponding values for the NVSS data are µ̂ND = 3.10
and σ̂ND = 0.90. Finally, notice that the local signed-intensity of a
signal is expressed, a priori on the whole real line, in the same units
as the signal itself. The signed-intensity of the WMAP temperature
fluctuation data is given in mK, while the signed-intensity of the
NVSS galaxy source count fluctuation data is given in number-
of-counts per pixel (see Fig. 3). The mean and standard devia-
tion of the signed-intensity in the WMAP data are respectively
µ̂TI = −2×10−4 and σ̂TI = 6×10−3, still accounting for data from all
scales. The corresponding values for the NVSS data are µ̂NI = 0.001
and σ̂NI = 0.01.

c⃝ 2007 RAS, MNRAS 000, 1–12

McEwen	et	al.,	
arXiv:0704.0626	
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Figure 2. The redshift distribution of NVSS and its effect on the ISW corre-
lation. In the top panel we show three normalised selection functions which
have been used widely in the literature, and in the bottom panel the result-
ing theoretical cross-correlation functions, compared with our data, for the
fiducial ΛCDM model. The bias is constant, and set to b = 1.8 for the first
two models as this gives good agreement with the ACF. It is b = 1.98 for
the last model, as fitted by Ho et al. (2008). We can see that the differences
are small compared with the measurement error bars. We use the model by
De Zotti et al. (2010) in the main analysis.

keep the same mean density n̄ over the whole map. As in G08, we
use 13 angular bins linearly spaced between 0 and 12 degrees.

We estimate the full covariance matrix C using the ‘MC2’
Monte Carlo method described in G08; specifically, based on the
fiducial flat ΛCDM cosmology, we generate Gaussian random
maps of the CMB and of all the galaxy catalogues, using their
known redshift distributions, number densities, and including all

the expected correlations between the catalogues. We also add the
expected level of Poisson noise based on the surface densities of
each catalogue on top of all realisation of the Gaussian maps. For
each of 5000 realisations of these maps, we measure the correla-
tion functions, and calculate the covariance of them. (See the Ap-
pendix of G08 for more details.) We have confirmed that 5000 re-
alisations are enough for convergence of the signal-to-noise. As the
cross-correlations are in agreement with the fiducial ΛCDM cos-
mology used in the mocks, we expect this modelling of the covari-
ance should be reasonably accurate. See below Section 5.1.1 for
more details and a comparison with the analytic covariance. Most
catalogues are significantly covariant; the samples which are less
covariant with the others are the LRGs and the QSOs, because of
their unique redshift coverage, which is more peaked in the former
case, and deeper in the latter.

We fit the amplitudes assuming the cross-correlation functions
are Gaussianly distributed; this is approximate, as even if the maps
themselves are Gaussian, as assumed in our Monte Carlos, two
point statistics of those maps will not be Gaussian. However, this
appears to be a reasonable approximation for correlation functions
(and particularly cross-correlations), where each bin represents an
average of many products of pixels and the central limit theorem
should apply. This is confirmed in our Monte Carlos, where we
find the skewness in the covariance to be relatively small, with di-
mensionless skewness measure of 0.1 − 0.2. However, it may be
worth further investigating any residual bias which this level of
non-Gaussianity might cause in future work. Non-Gaussianity is
likely to be a more significant concern for power spectrum estima-
tors, particularly for auto-spectrum measurements which must be
positive-definite.

3.7 Results and public release

The results of the new cross-correlation analysis are shown in
Fig. 3, and are in general agreement with G08 given the measure-
ment errors. We can see that all the measurements lie close to the
ΛCDM prediction; however the LRGs do show an excess signal at
the > 1σ level. See Section 4 for a discussion of possible system-
atic effects.

The only CCFs for which we see a non-negligible change in
Fig. 3 compared to the earlier analysis by G08 are the LRGs and
the NVSS, where the signal has somewhat increased. This appears
to be primarily due to changes in the WMAP data rather than in the
LSS surveys; in Fig. 4 we show the CCFs resulting when the cur-
rent LSS maps are correlated with different WMAP data releases.
With the exception of the LRGs, the changes tend to bring the data
into better agreement with the ΛCDM theory. We have found that
similar changes appear if the single-frequency, cleaner maps (V and
W) are used instead of the ILC. Further, we found that a significant
part of these changes is induced by the change in the WMAP mask
between the different releases rather than the change in the data
themselves, suggesting that the differences may be due to a better
foreground cleaning.

To provide a global estimate of the combined significance, we
use a theory template w̄Tg(ϑi) = Ag(ϑi), where g(ϑi) ≡ gi is the
theoretical prediction of the WMAP7 best fit model and A is the fit
amplitude for each catalogue; further details can be found in G08.

c⃝ 2012 RAS, MNRAS 000, 1–19
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Continuum	surveys:	weak	lensing
• Weak	lensing	refers	to	the	tiny,	correlated	distortions	
imprinted	in	the	shapes	of	distant	galaxies,	as	their	light	
travels	to	us	through	the	cosmic	web	of	large-scale	structure

• It	probes	the	mass	distribution,	geometry	and	gravity

Credit:	E.Grocutt,	Edinburgh

Credit:	S.Colombi,	IAP



Continuum	surveys:	weak	lensing

• Radio	surveys	probe	the	high-z	Universe	and	could	allow	
galaxy	shapes	to	be	measured	with	independent	systematics	

9

Weak lensing Asky n zm ∞ fspec-z zspec-max æphoto-z zphoto-max æno-z

experiment [deg2] [arcmin°2]
SKA1 Medium-Deep 5,000 2.7 1.1 1.25 0.15 0.6 0.05 2.0 0.3
DES 5,000 12 0.6 1.5 0.0 N/A 0.05 2.0 0.3

Table 4 Parameters used in the creation of simulated weak lensing data sets for SKA1 Medium-Deep Band 2 Survey and DES 5-year
survey considered in this section.

Figure 3. Forecast constraints for weak lensing with the SKA1 Medium-
Deep Band 2 Survey as specified in the text, compared to the Stage III
optical weak lensing DES and including cross-correlation constraints.

Figure 4. The effect of including a prior from the Planck satellite (Planck
2015 CMB + BAO + lensing as described in section 2.6) on the forecast
Dark Energy constraints for the specified cross-correlation weak lensing
experiment (note that constraints in the other two parameter spaces on
not significantly affected).

Dark Energy parameter space including priors from the
Planck CMB experiment, specifically a Gaussian approxi-
mation to the Planck 2015 CMB + BAO + lensing likelihood
as described in section 2.6 with constraints on the other
parameters considered not significantly affected by appli-
cation of the Planck prior. We also display tabulated sum-
maries of the one dimensional marginalised uncertainties
on these parameters in Table 5.

3.2.3 Results from radio-optical cosmic shear
cross-correlations

A key consideration in weak lensing surveys are the sys-
tematics induced by the instrument on galaxy shape mea-
surements, which must be controlled to high levels in order
to ensure unbiased constraints on cosmological parame-
ters. In contrast with the optical weak lensing surveys con-
ducted to date, radio weak lensing surveys will measure
galaxy shapes from uv-data, allowing for direct Fourier
plane measurement, as well as measurement in images
reconstructed by deconvolving the interferometer PSF. The
systematics from these shape measurements will be very
different, and uncorrelated with, those from measuring
shapes from CCD images. In Rivi & Miller (2018), the au-
thors adapted the optical method lensfit to shape measure-
ment on Fourier-domain interferometer data which is ca-
pable of satisfying the requirements for the SKA1 Medium-

Credit:	http://radiogreat.jb.man.ac.uk
14 Chang, Refregier & Helfand

Fig. 13.— Map statistics as a function of aperture radius θ. The
top panel shows the E-mode variance ⟨M2

ap⟩, while the bottom

panel shows the B-mode variance ⟨M2
⊥
⟩. The curves indicate pre-

dictions from the Ωm = 0.3 ΛCDMmodel, with σ8 = 0.9, Γ = 0.21,
and several source median redshifts zm.

In order to test for the presence of a lensing signal on
scales larger than 50′, we removed FIRST sources for
which an optical counterpart could be identified in the
APM catalog (McMahon & Irwin 1992), which amounts
to 10% of the FIRST sample. Excluding quasars, which
are both rare and mostly point sources (all of which are
excluded from our source sample), the redshifts of the
APM sources peak at around z ∼ 0.15 and are for the
most part bounded by z ! 0.3 (McMahon et al. 2002).
By excluding them, we increase the median redshift of
the source sample and thus expect the lensing signal to
increase. Fig. 15 shows the Map statistics for this new
sample. The E-mode signal has a significance of 3.6σ, as
measured at the θ ∼ 450′ scale. Compared to Fig. 13, the
E-mode signal on scales 300′ ! θ ! 700′ is indeed larger
by 10-20%. This confirms the presence of the lensing
signal on these scales.
As an interesting exercise, we calculate the median red-

shift derived from the DP redshift models (see §3.2) by
excluding the z < 0.3 region; the various median red-
shifts shown in Fig. 1 increase by about 10-15%. Since
the Map lensing signal increases roughly as z2m to first or-
der, the changes in the measured lensing signal wrought
by the exclusion of the low-redshift sources is consistent
with that expected from the consequent change in the
estimated zm from the models.

7.2. Cosmological Implications

Using the Map statistics from the sample without opti-
cal counterparts, we fit cosmological models to our data
by computing the χ2 values:

χ2 = (d−m)TW−1(d−m), (35)

where d is the Map data vector, m is the ΛCDM model
vector and W the covariance matrix. For d we use the

Fig. 14.— Same as the previous figure, but the Map statistics
are computed using the simulations, which serve as a null test.

Fig. 15.— Same as Fig. 13, but this time for only those sources
lacking optical counterparts in the APM catalog.

Map values with θ > 200′, thus avoiding sub-pointing
scales which have unreliable systematics correction (see
discussion above). The covariance matrix is computed
from the field-to-field variations as described in §6.3 and
is given by

Wij =
Σn(din − ⟨di⟩)(djn − ⟨dj⟩)

N(N − 1)
, (36)

where the sum is over different subsamples n, andN = 12
is the total number of subsamples. The di’s are the Map

E-mode values at different scales, and ⟨di⟩ is their av-
erage over all 12 fields. Since the B-modes quantify the
contamination from systematics and are consistent with

(Forecast	from	
Red	Book)

Detection	from	Chang	et	al.	(astro-ph/0408548)



Continuum	surveys:	dipoles!

• Faint	source	counts	over	the	sky	allow	cosmological	tests	
of	isotropy	and	homogeneity,	such	as	the	velocity	dipole

The dark energy puzzleContinuum surveys : homogeneity and isotropy

Foundations of modern cosmology Dominik J. Schwarz
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Figure 1: Left: All-sky (3p) SKA surveys (yellow and orange) will measure the cosmic radio dipole of
differential source counts. Selecting AGNs will result in a sample with median redshift z > 1 (orange) and
thus allow us to measure the peculiar velocity of the solar system with respect to the large scale structure
on superhorizon scales. These measurements will be compared to the CMB dipole and thus test for the
existence of a bulk flow of our Hubble volume compared to the CMB rest frame. Right: Angular accuracy
at 90, 95 and 99 % C.L. of the measurement of the cosmic radio dipole as a function of observed point
sources. The blue set of curves assumes dradio = 4dcmb, the red set assumes dradio = dcmb. It is assumed that
only 50% of all detected radio sources survive all quality cuts (e.g. masking fields that contain very bright
sources). Combined with Table 1 we find that SKA Early Science allows detection of a possible deviation
from the CMB expectation at high significance. SKA1 will constrain the cosmic radio dipole direction with
an accuracy better than 5 degrees, SKA2 within a degree (at 99% C.L.).
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Figure 2: Left: Accuracy (in per cent) of the measurement of the dipole amplitude as function of fractional
error on flux density calibration on individual point sources. All points are based on 100 simulations. Right:
Accuracy (in degrees) of the measurement of the dipole direction. The horizontal lines denote the error due
to shot noise for a dipole estimate based on 107 sources (SKA Early Science).

the latitude of the SKA site and |d � d⇤| < 70 deg. For two cases we find negligible influence of
calibration errors: If the flux calibration error is completely isotropic or if the slope x of the number
counts [N(> S) µ S�x] is equal to one. It turns out that x = 1 is a special value, where calibration
errors at the lower flux density limit have no influence on the dipole estimator. We conclude that
direction dependent calibration effects must not exceed certain limits as shown figure 2.

Another significant contaminant of the kinetic radio dipole is the local structure dipole. We can
turn a disadvantage of continuum surveys, namely that we observe several source populations, into
an advantage as follows: The lower mean redshift of SFGs compared to AGNs allows us to change

5

• Are CMB “anomalies” cosmologically interesting?

Test with radio
galaxy dipole

Rubart & Schwarz (2013)

Blake & Wall (2002)

Flux range (mJy) A

PN

SNR DB

100 < S

TGSS

< 5000 0.00427 0.9340 2.4503

20 < S

NVSS

< 1000 0.00386 1.0371 2.3222

Table 1. Flux range, Poisson noise dipole contribution (3.17), SNR (3.14) and dipole bias (3.15). The
kinematic dipole amplitude is assumed to be given by (3.5) and (3.6).

Here A

kin

is given by (3.5) and (3.6), while A

LSS

is obtained from the average C

1

of the 1,000 flask

realisations, but excluding Poisson noise and the dipole modulation A

kin

, so that the only expected
contribution to this average C

1

is from galaxy clustering. We find that

A

LSS

=

3

2

r
C

1

⇡

' 0.00230 . (3.16)

The Poisson noise contribution to the dipole is given by

A

PN

=

3

2

r
f

sky

⇡

¯

N

, (3.17)

where ¯

N is the average number of sources per steradian.
The results of the SNR and DB estimates are displayed in Table 1. We note that the Poisson

noise contribution A

PN

is comparable to the amplitude of the kinematic dipole A

kin

, for all cases
analysed. The large-scale structure contribution A

LSS

is roughly half of the Poisson noise, and so we
obtain SNR ' 1.0 and DB > 2.0 for all cases. This means that a kinematic dipole is barely detectable,
given the properties of present radio catalogues, and also that the dipole we expect to obtain from
the data should be 2.3 � 2.5 times larger than the purely kinematic signal. Because of this, we only
consider the largest flux ranges available, in order to minimise the effects from the large shot noise
A

PN

.

4 Measured dipoles: real data

Figure 5. Dipole anisotropy of NVSS (left) and TGSS (right) source counts from applying the delta-map
(3.1) to the data shown in Fig. 1.

Figure 5 and Table 2 show the delta-map results for the TGSS and NVSS dipoles. The histograms
in Fig. 6 provide the dipole amplitude distribution when performing the realisations with flux errors

– 7 –
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Challenges

• The	data	challenges! (e.g.	data	output	of	SKA1	LOW	is	5	
zettabytes	per	year,	or	35,000	DVDs	per	second!)

• The	systematics	challenges! (all	measurements	in	
cosmology	will	be	limited	by	systematics,	not	statistics)

• The	sociological	challenges!		(science	in	huge	teams)



• Some	important	cosmological	mysteries	remain	to	be	
uncovered,	such	as	the	physics	represented	by	dark	energy

• We	are	entering	the	era	of	large	cosmological	surveys

• SKA1	will	be	operational	from	the	mid-2020s,	performing	
cosmology	over	0 < 𝑧 < 6 with	two	telescope	arrays

• This	will	bring	unique	capabilities	(e.g.	intensity	mapping)	
and	complementarity	with	optical	surveys

• Multiple	pathfinders	are	already	operational	(e.g.	
MeerKAT,	CHIME,	ASKAP,	LOFAR,	MWA,	etc.)

Summary


