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

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

Keywords: astroparticle physics — cosmology — gravitation — pulsars:general — reionization — telescopes
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•  SKA Cosmology SWG (R. Battye & L. Wolz) 

• Continuum Focus Group (M. Jarvis & D. Parkinson) 

• HI galaxy surveys Focus Group (P. Bull & N. Maddox) 

• HI intensity mapping Focus Group (M. Santos & L. Wolz) 

• Simulations Focus Group (D. Alonso & F. Villaescusa-Navarro) 

• SKA1-LOW cosmology Focus Group (A. Pourtsidou & J. Pritchard) 

• Synergies Focus Group (D. Bacon & S. Camera) 

• Weak lensing Focus Group (M. Brown & I. Harrison)



• Main scientific goals 

• Dark energy equation of state up to z = 3 from geometry (BAOs) 

• Measurements of the growth of perturbations in linear and nonlinear regimes 

• Accessing the largest cosmic scales (isotropy, homogeneity, non-Gaussianity, GR) 

• Measuring the HI density and bias up to z = 6 to high accuracy
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        3 surveys proposed

1) a medium deep band2 SKA1-MID  5000 deg2(z<0.5) with weak lensing and low 
redshift spetroscopy, t=10000 hrs.

2)  a wide band1 SKA1 MID  20000 deg2 continuum galaxy and intensity mapping at 
z=0.35-3, t=10000 hrs.

3) a deep SKA1-LOW survey HI Intensity Mapping over 100deg2 at z=3-6, t=5000 hrs 

Modelling of the continuum sky is crucial.
Source of systematics is the bias of the radio galaxy populations.
Still some binning in redshift will be possible (photometric or statistical)
Cross identifications from optical surveys like DES for medium deep, while for wide poor
optical/IR information.

Medium deep will be significantly oversampled at z<0.2 (multi tracing techniques)
        N_gal=2-3,5x1.e6 - number density of about 3 gal/sq. arcmin for WL measurement

        Wide band good for angular clustering and CMB cross-correlations



Cross-correlations will be 
c r u c i a l t o g e t r i d o f 
wavelength dependent 
systematics (multiplicative 
and additive biases will be 
removed - Camera+17), 
while constraining power 
will be preserved

Medium deep survey with DES 5yrs - WEAK 
LENSING 

Weak lensing sinergies - I 

GOAL: measure galaxy 
shapes requirements that 
have to be  obtained in the 
radio are similar to those of 
present optical surveys. 
Ell ipt icit ies measured to 
O(1.e-4).



Weak lensing sinergies - II 

Still Planck and CMB experiments will be  driving the 
constraints, but cross-correlation important
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[SC et al., 2017]
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•  

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

• Redshift-space distortions 

• Lensing (convergence + magnification bias) 

• Relativist effects (e.g. gravitational redshift, SW/ISW, time delay)
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[Bharadwaj et al., 2001; Battye et al., 2004; Loeb & Whyte, 2008]
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• HI intensity mapping and galaxy Med-Deep Band 2 surveys
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Simulating intensity mapping signal: small scales 

• Shot noise level in HI quite different from the standard case of galaxies and haloes
good amount of HI substructure within each DM halo

• Note further that numerical convergence of all quantities not fully achieved.

HI  put by hand 
at the center of the haloes

Illustris TNG

Villaescusa-Navarro+18



Simulating intensity mapping signal: WDM 

Carucci, Villaescusa, MV, Lapi 15

Probably able to rule out a 4 keV WDM model with 5000 hours of observations 
at  z  >  3,  while  a  smaller  mass  of  3  keV,  comparable  to  present  day 
constraints, can be ruled out at more than 2  confidence level with 1000 
hours of observations at z > 5 - Note that density inside haloes poorly 
modelled.
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ABSTRACT
The late-time integrated Sachs-Wolfe (ISW) signal in the CMB temperature
anisotropies is an important probe of dark energy when it can be detected by cross-
correlation with large-scale structure surveys. Because of their huge volume, surveys
in the radio are well-suited to ISW detection. We show that 21cm intensity mapping
and radio continuum surveys with the SKA in Phase 1 promise a ⇠ 5� detection, with
a similar forecast for the precursor EMU survey. In SKA2, the 21cm galaxy redshift
survey could deliver a ⇠ 6� detection, which is probably the maximum achievable
level. Our analysis includes the observational e↵ects on the radio surveys of lensing
magnification, Doppler and other relativistic corrections. These e↵ects alter the shape
of the measured ISW signal, especially at high redshift. The cross-correlation between
lensing magnification and CMB temperature at high redshift is not a direct probe of
dark energy and could bias the ISW reconstruction. We find that cross-correlation
between di↵erent redshift bins compensates the shift due to adding the relativistic
corrections in the ISW detection and improves the quality of the ISW reconstruction.

Key words: cosmology: observations – cosmic background radiation – large-scale
structure of Universe.

1 INTRODUCTION

The late-time integrated Sachs-Wolfe (ISW) e↵ect in the
cosmic microwave background (CMB) arises from the time
variation of the gravitational potentials along the line of
sight (Sachs & Wolfe 1967). CMB photons are gravitational
redshifted while travelling through potential wells and hills
connected to matter over- and under-densities. In a matter-
dominated universe the local gravitational potentials are
constant and the net e↵ect of a photon falling into a gravity
well and coming out is zero. By contrast, gravitational po-
tentials decay during the ⇤-dominated phase, leading to a
net change in photon temperature and in the observed CMB
temperature anisotropies. These potential fluctuations are
induced by density perturbations at relatively low redshifts
and generate a non-vanishing cross-correlation component
between CMB temperature anisotropies and CMB lensing,
and between CMB temperature anisotropies and number
count fluctuations.

Many measurements of the ISW signal based on cross-
correlating the CMB with large-scale structure tracers have
been performed (Crittenden & Turok 1996; Nolta et al.
2004; Fosalba & Gaztanaga 2004; Boughn & Crittenden
2004; Afshordi et al. 2004; Vielva et al. 2006; McEwen et al.

? Contact e-mail: mario.ballardini@gmail.com

2007; Ho et al. 2008; Giannantonio et al. 2008; Hernandez-
Monteagudo 2010; Taburet et al. 2011; Ilic et al. 2011; Schi-
avon et al. 2012; Barreiro et al. 2013; Ade et al. 2014; Fer-
raro et al. 2015; Manzotti & Dodelson 2014; Ade et al.
2016; Shajib & Wright 2016; Bianchini et al. 2016; Stölzner
et al. 2018). Measurements have used di↵erent matter trac-
ers: radio source catalogues, spectroscopic and photomet-
ric galaxy surveys, photometric quasars, thermal Sunyaev-
Zeldovich, cosmic infrared background, and CMB lensing.
Alternatively, the stacking of CMB data in correspondence
with superclusters and supervoids has also been used for
ISW detection (Granett et al. 2008; Papai et al. 2011; Ilic
et al. 2011; Ade et al. 2014, 2016).

ISW fluctuations contribute mainly to large angular
scales, ` . 100, of the CMB temperature angular power
spectrum, since there is little power in the potentials at late
times on scales that entered the Hubble radius during ra-
diation domination (Kofman & Starobinsky 1985). For this
reason, wide surveys are optimal to tackle ISW detection.
Such surveys can probe the large-scale structure on ultra-
large (super-equality) scales, facilitating measurements of
not only the ISW, but also primordial non-Gaussianity, the
primordial power spectrum and relativistic observational ef-
fects on number counts and intensity (Raccanelli et al. 2012;
Maartens et al. 2013; Raccanelli et al. 2015; Camera et al.
2015; Raccanelli et al. 2016; Alonso et al. 2015; Fonseca et al.

c� 2018 The Authors
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â
IS

W
`m

=
X i

R
i `
a
i `m

,
(3
0)

w
h
er
e
i
2

[1
,n

]
an

d
th
e
re
co
n
st
ru
ct
io
n

fi
lt
er

d
er
iv
ed

fr
om

th
e
co
va
ri
an

ce
m
at
ri
x
is
:

R
i `
=

�N
`

� D
�
1

`

� 1
,i
.

(3
1)

T
h
e
co
va
ri
an

ce
m
at
ri
x
is
:

D
`
=

0 B B B B B B @

C
IS

W
`

C
IS

W
�

1

`
..
.

..
.

C
IS

W
`

C
�

1

IS
W

`
C̄

�
1

`
..
.

..
.

C
�

1

IS
W

`
. . .

. . .
. .
.

. . .
. . .

C
�

n
IS

W
`

..
.

..
.

C̄
�

n
`

C
�

n
IS

W
`

C
IS

W
`

C
IS

W
�

1

`
..
.

..
.

C
T
T

`

1 C C C C C C A
(3
2)

H
er
e
th
e
es
ti
m
at
ed

va
ri
an

ce
of

th
e
re
co
n
st
ru
ct
io
n
is
:

N
`
=

⇥ (D
�
1

`
) 1

,1

⇤ �
1
.

(3
3)

W
e
re
co
n
st
ru
ct

th
e
IS
W

u
si
n
g
th
e
C
M
B

te
m
p
er
at
u
re

an
d
n

L
S
S
m
ap

s.
A
n

ex
am

p
le

of
th
e
re
co
n
st
ru
ct
ed

IS
W

m
ap

is
sh
ow

n
in

fi
gu

re
5.

T
h
e
re
co
n
st
ru
ct
io
n

u
si
n
g
si
m
u
la
te
d

d
at
a
of

a
S
K
A
1-
M
ID

B
an

d
1
ra
d
io

co
n
ti
n
u
u
m

su
rv
ey

w
it
h
S
c
u
t
=

22
µ
Jy

w
it
h
5
z-
b
in
s
(c
or
re
sp

on
d
in
g
to

a
S
N
R

⇠
5.
0)

(c
en
tr
al

p
an

el
),

sh
ar
es

a
n
u
m
b
er

of
th
e
v
is
u
al

fe
at
u
re
s
in

co
m
m
on

w
it
h

th
e
in
p
u
t
IS
W

m
ap

(t
op

p
an

el
).

F
or

co
m
p
ar
is
on

,
w
e

sh
ow

in
th
e
b
ot
to
m

p
an

el
th
e
IS
W

re
co
n
st
ru
ct
io
n
ob

ta
in
ed

w
it
h
th
e
C
M
B

te
m
p
er
at
u
re

m
ap

al
on

e,
w
h
er
e
on

ly
a
ve
ry

la
rg
e
sc
al
e
fe
at
u
re

is
ca
p
tu
re
d
.

6
.1

R
e
co

n
st
ru

ct
io
n

v
a
li
d
a
ti
o
n

T
o
q
u
an

ti
fy

th
e
ac
cu

ra
cy

of
a
gi
ve
n
re
co
n
st
ru
ct
io
n
,
w
e
u
se

th
e
co
rr
el
at
io
n
co
e�

ci
en
t
b
et
w
ee
n
th
e
tr
u
e
IS
W

m
ap

T
IS

W

an
d
th
e
re
co
n
st
ru
ct
ed

IS
W

m
ap

T̂
IS

W
:

⇢
=

hT
IS

W
T̂

IS
W
i pi

x

�
IS

W
�
re

c
,

(3
4)

F
ig
u
re

5
.
E
x
am

p
le

o
f
th

e
re
co

n
st
ru

ct
io
n

p
ro
ce
d
u
re

a
p
p
li
ed

to
si
m
u
la
ti
o
n
s
d
a
ta

a
s
d
es
cr
ib
ed

in
(3
0
).

T
h
e
to
p

p
a
n
el

sh
ow

s
th

e
in
p
u
t
IS
W

m
a
p
,
th

e
ce
n
tr
a
l
p
a
n
el

sh
ow

s
th

e
re
co
v
er
ed

IS
W

es
-

ti
m
a
te

u
si
n
g
C
M
B

te
m
p
er
at
u
re

in
co

m
b
in
at
io
n
w
it
h
S
K
A
1
co

n
-

ti
n
u
u
m

su
rv
ey

(S
c
u
t
=

2
2
µ
J
y
),

a
n
d
th

e
b
o
tt
o
m

p
a
n
el

sh
ow

s
th

e
re
co
v
er
ed

IS
W

es
ti
m
a
te

u
si
n
g
C
M
B

te
m
p
er
a
tu

re
a
lo
n
e.

A
ll

th
e

m
ap

s
h
av

e
a
re
so
lu
ti
o
n
N

S
ID

E
=

3
2
.

w
h
er
e
�
IS

W
(�

re
c
)
is
th
e
va
ri
an

ce
of

th
e
tr
u
e
(r
ec
on

st
ru
ct
ed

)
IS
W

m
ap

.
W
e
co
n
si
d
er

al
so

a
se
co
n
d
st
at
is
ti
ca
l
es
ti
m
at
or
,

b
ec
au

se
th
e
es
ti
m
at
or

(3
4)

is
in
se
n
si
ti
ve

to
ch
an

ge
s
in

th
e

ov
er
al
l
am

p
li
tu
d
e
of

th
e
re
co
n
st
ru
ct
ed

IS
W

m
ap

.
T
h
e
re
co
n
-

M
N
R
A
S
0
0
0
,
1
–1

1
(2
0
18

)

Example of the reconstruction 
procedure applied to simulations 
data. The left panel shows the 
input ISW map, the central panel 
shows the recovered ISW 
estimate using CMB temperature 
in combination with SKA1 
continuum survey (Scut = 22 
µJy), and the right panel shows 
the recovered ISW estimate using 
CMB temperature alone.



SKA2 should be able to detect the non-standard Doppler contribution to galaxy clustering.

Probing GR at the largest scales 



Multi-tracing techniques 



Non-Gaussianity  

17

Figure 8. The e↵ect of theoretical errors on the bias parameters and on the three fNL parameters per redshift bin (i.e. two times
the value of �z in Table 1) for the 1 µJy radio continuum survey. The dashed lines represent our “idealised model”, using a simplified
monopole statistic for the bispectrum (see item iv in Sec. 5), without theoretical or redshift errors (i.e. the starting step of our analysis,
as explained in the main text); for the power spectrum we used the linear predictions with PNG [Eq. (31)], while for the bispectrum of
galaxies we used Eq. (32). The non-linear evolution is treated within the formalism of MPTbreeze. The solid lines represent the same
model, but including theoretical errors, as described in Sec. 4.2. Forecasts for the power spectrum are plotted in blue, for the bispectrum
in green and for both power spectrum and bispectrum in red, without taking into account their cross term in the covariance. The dotted
grey line indicates the best constraints on the PNG amplitude, as given by Planck Collaboration et al. (2016b).

are related to the local-in-matter bias coe�cients, i.e.
b1, b2, b3, etc.

(vi) The e↵ect of the theoretical errors on forecasts is
shown as a function of redshift in Fig. 8 and 9 for
the two radio continuum surveys considered here. The
e↵ect on the forecasts coming from the summed signal
over all redshift bins is shown in Tables 4 and 9 for the
radio and optical surveys respectively.

(vii) The third step is to move to redshift space and in-
clude the full RSD treatment up to second order. The
galaxy power spectrum and bispectrum model in red-
shift space are given by Eqs. (26) and (27) respectively.
Note that the trispectrum term in Eq. (27) is still ex-
cluded for now. Only the diagonal part of the theo-
retical error covariance is used in the redshift space
models. As also mentioned just above, we argue in Sec.
6.1.1 that the e↵ect of the o↵-diagonal part on the fi-
nal fNL forecasts is small. Note, finally, that we are still
not including redshift errors. Therefore our forecast up
to this point are still unrealistic for optical photomet-
ric and for radio surveys, for which these errors are
important. The goal, up to here, remains that of as-
sessing the impact of each ingredient added at each
new step of the analysis. Moreover, forecasts with no
redshift errors included provide upper limits to the per-

formance of realistic radio continuum surveys, eventu-
ally approachable by improving current techniques for
redshift determination.

(viii) In addition to the RSD e↵ect, we consider redshift
uncertainties, which are modelled like Eqs. (29) and
(30) for the power spectrum and bispectrum respec-
tively (see Sec. 2.3.2 for a discussion). The e↵ect of
RSD, theoretical errors and redshift uncertainties to
the fNL forecasts is shown in Tables 5, 6 and 11 for
the radio and optical surveys respectively.

(ix) Finally, we take into account the trispectrum term in
the galaxy bispectrum for both the idealised and the
full RSD models (see Eqs. (22) and (27)). The e↵ect of
this trispectrum correction to the final PNG forecasts
is shown, for the idealised case, in Tables 7 and 10 for
the radio and optical surveys respectively. For the fi-
nal “full” model (i.e. RSD+theoretical errors+redshift
errors+trispectrum), the fNL forecast are shown in Ta-
bles 8 and 11 for the radio continuum and optical sur-
veys respectively.

(x) We summarize our final forecast results on the ampli-
tude of PNG coming from future LSS surveys in Table
12.

MNRAS 000, 000–000 (0000)



Particle DM searches 

radio data is expected to 
correlate with the gamma-ray 
sky and can be exploited to filter 
out the information concerning 
the composition of the gamma-
ray background contained in 
maps of the unresolved gamma-
ray emission.

SKA HI galaxies are at low-z 
and with low shot-noise  level, in 
a regime heavily dominated by 
astrophysics (spectroscopy is 
important to get a precise 
window/filter function).


