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• global research facility with sites on three 
continents (Australia, Africa, Europe)

• two interferometers that observe southern 
radio sky across three decades in frequency

• top radio facility in the combination of 
sensitivity, resolution and survey speed

• science cases go well beyond classical field 
of radio astronomy, e.g. the origin of Life

Square Kilometre Array



Principle of a 
Radio Interferometer

Condon & Ransom 2016

signals from two
antennas (1,2) on
baseline b are
correlated (multiplied 
and averaged) and show
oscillations as Earth 
or antennas move

N antennas provide
N(N-1)/2 
independent 
baselines

The averaged products of 
voltages are called visibilities. 
They are Fourier components 
of the image folded by the 
antenna beams. 

2-element interferometer



SKA1-low 
SKA Low Frequency Aperture Array 

location: Western Australia 

frequency: 50 - 350 MHz

number of stations: 
476 (512)

number of antennas:
140,000 (150,000)

max. baseline: 40 (65) km

raw data rate: 146 (157) TB/s

deployment (baseline) design
Image credit: SKA 



SKA1-mid
SKA Mid Frequency Aperture Array 

location: South Africa

frequency: 350 MHz — 14 GHz

available bands: 1, 2,  half of 5 

number of dishes: 
130 (133)

max. baseline: 120 (150) km

raw data rate: 2 TB/s

deployment (baseline) design

Image credit: SKA 



SKA Observatory 
SKAO will be 
founded as IGO 
(plan: IGO 2018, 
construction 
approval 2019)

Germany plans to 
become an 
associated member

SKA HQ: 
Jodrell Bank, UK

SKA1-mid: 
Karoo, ZA

SKA1-low: 
Murchison, Aus

Interested countries: France, Germany, Japan, Korea, Malta, Portugal, 
Spain, Switzerland, USA; Contacts: Brasil, Mexico, Ireland, Russia

investment cost cap: 674 M€ (basis 2016)



SKA1 High Priority Science

• Cosmic Dawn/EoR: imaging & P(k)

• Pulsars: galactic population & test gravity 

• HI: galaxy formation, ISM studies 

• Transients: missing baryon problem

• Cradle of Life: planet formation at 100 pc

• Magnetism: interstellar and intergalactic

• Cosmology: gravity, initial conditions & matter 
dipole

• Continuum: star formation history

More in:  Advancing Astrophysics with the SKA, PoS 2015  
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Physical Cosmology

• based on physical theories, experiments 
and observations

• standard model of cosmology is based on 
general relativity (dynamics of space-time) 
and standard model of particle physics 
(matter content of the Universe),

• but also postulates several dark 
components and initial conditions, which 
must be tested by experiment/observation



History of the Universe 

quantum fluctuations
cosmological inflation 

geometry & fluctuations             

3 min
nucleosynthesis
light element 
abundance

300.000 yrs
atom formation

cosmic microwave
background

after 7 million yrs
structure formation
large scale structure

14 billion yrs
today

cosmic clocks

according to inflationary ΛCDM model



Composition of the 
Universe

atoms

dark matter

dark energy

Higgs

Λ

CDM



What is established?

• expansion of the Universe (Hubble rate > 0)

• hot primeval epoch (25% He, T = 2.7 K)

• isotropy of the Universe (radio, CMB, …, GRBs, ..)

• spatial flatness of the Universe (CMB fluctuations)

• only 4%-5% of known matter (BBN & CMB)

• large scale structure grows from small seeds via 
gravitational instability 



Very Large Array, NRAO



Isotropic radio sky (NVSS)

radio point sources per pixel



COBE COsmic Background Explorer
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Why is the CMB so important? 

Halpern & Scott 1999 

diffuse all sky spectrum
(don’t look into LED/Sun/Moon/MW) 



Intensity Maps of Mikrowave Sky  
9 frequency channels

Planck - ESA



Temperature anisotropies

Planck - ESA SMICA map 



Band power 
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Cosmological Parameters 
Planck Collaboration: Cosmological parameters

Table 3. Parameters of the base ⇤CDM cosmology computed from the 2015 baseline Planck likelihoods illustrating the consistency
of parameters determined from the temperature and polarization spectra at high multipoles. Column [1] uses the TT spectra at
low and high multipoles and is the same as column [6] of Table 1. Columns [2] and [3] use only the T E and EE spectra at high
multipoles, and only polarization at low multipoles. Column [4] uses the full likelihood. The last column lists the deviations of the
cosmological parameters determined from the TT+lowP and TT,TE,EE+lowP likelihoods.

Parameter [1] Planck TT+lowP [2] Planck TE+lowP [3] Planck EE+lowP [4] Planck TT,TE,EE+lowP ([1] � [4])/�[1]

⌦bh2 . . . . . . . . . . 0.02222 ± 0.00023 0.02228 ± 0.00025 0.0240 ± 0.0013 0.02225 ± 0.00016 �0.1
⌦ch2 . . . . . . . . . . 0.1197 ± 0.0022 0.1187 ± 0.0021 0.1150+0.0048

�0.0055 0.1198 ± 0.0015 0.0
100✓MC . . . . . . . . 1.04085 ± 0.00047 1.04094 ± 0.00051 1.03988 ± 0.00094 1.04077 ± 0.00032 0.2
⌧ . . . . . . . . . . . . . 0.078 ± 0.019 0.053 ± 0.019 0.059+0.022

�0.019 0.079 ± 0.017 �0.1
ln(1010As) . . . . . . 3.089 ± 0.036 3.031 ± 0.041 3.066+0.046

�0.041 3.094 ± 0.034 �0.1
ns . . . . . . . . . . . . 0.9655 ± 0.0062 0.965 ± 0.012 0.973 ± 0.016 0.9645 ± 0.0049 0.2
H0 . . . . . . . . . . . 67.31 ± 0.96 67.73 ± 0.92 70.2 ± 3.0 67.27 ± 0.66 0.0
⌦m . . . . . . . . . . . 0.315 ± 0.013 0.300 ± 0.012 0.286+0.027

�0.038 0.3156 ± 0.0091 0.0
�8 . . . . . . . . . . . . 0.829 ± 0.014 0.802 ± 0.018 0.796 ± 0.024 0.831 ± 0.013 0.0
109Ase�2⌧ . . . . . . 1.880 ± 0.014 1.865 ± 0.019 1.907 ± 0.027 1.882 ± 0.012 �0.1

variance matrix of this vector can be partitioned as

M̂ =

0
BBBBBB@

MT MT P

MT
T P MP

1
CCCCCCA . (14)

The expected value of the polarization vector, given the observed
temperature vector X̂T is

X̂cond
P = X̂theory

P + MT
T P M�1

T (X̂T � X̂theory
T ), (15)

with covariance

⌃̂P = MP �MT
T PM�1

T MT P. (16)

In Eq. (15), Xtheory
T and Xtheory

P are the theoretical temperature
and polarization spectra deduced from minimizing the Planck
TT+lowP likelihood. Equations (15) and (16) give the expecta-
tion values and distributions of the polarization spectra condi-
tional on the observed temperature spectra. These are shown in
Fig. 4. Almost all of the data points sit within the ±2� bands
and in the case of the T E spectra, the data points track the fluc-
tuations expected from the TT spectra at multipoles ` <⇠ 1000.
Figure 4 therefore provides an important additional check of the
consistency of the T E and EE spectra with the base ⇤CDM cos-
mology.

(4) Likelihood implementation. Section 3.1 showed good con-
sistency between the independently written CamSpec and Plik
codes in temperature. The methodology used for the tempera-
ture likelihoods are very similar, but the treatment of the polar-
ization spectra in the two codes di↵ers substantially. CamSpec
uses low resolution CMB-subtracted 353 GHz polarization maps
thresholded by P = (Q2 + U2)1/2 to define di↵use Galactic po-
larization masks. The same apodized polarization mask, with an
e↵ective sky fraction f e↵

sky = 48.8 % as defined by Eq. (10), is
used for 100, 143, and 217 GHz Q and U maps. Since there are
no unresolved extragalactic foregrounds detected in the T E and
EE spectra, all of the di↵erent frequency combinations of T E
and EE spectra are compressed into single T E and EE spectra
(weighted by the inverse of the diagonals of the appropriate co-
variance matrices) after foreground cleaning using the 353 GHz

maps11 (generalizing the map cleaning technique described in
Sect. 3.2 to polarization). This allows the construction of a full
TT,T E, EE likelihood with no binning of the spectra and with
no additional nuisance parameters in polarization. As noted in
Sect. 3.1 the consistency of results from the polarization blocks
of the CamSpec and Plik likelihoods is not as good as in tem-
perature. Cosmological parameters from fits to the T E and EE
CamSpec and Plik likelihoods can di↵er by up to about 1.5�,
although no major science conclusions would change had we
chosen to use the CamSpec likelihood as the baseline in this pa-
per. We will, however, sometimes quote results from CamSpec in
addition to those from Plik to give the reader an indication of
the uncertainties in polarization associated with di↵erent likeli-
hood implementations. Figure 5 shows the CamSpec T E and EE
residuals and error ranges conditional on the best-fit base⇤CDM
and foreground model fitted to the CamSpec temperature+lowP
likelihood. The residuals in both T E and EE are similar to those
from Plik. The main di↵erence can be seen at low multipoles
in the EE spectrum, where CamSpec shows a higher dispersion
consistent with the error model, though there are several high
points at ` ⇡ 200 corresponding to the minimum in the EE spec-
trum, which may be caused by small errors in the subtraction
of polarized Galactic emission using 353 GHz as a foreground
template. (There are also di↵erences in the covariance matrices
at high multipoles caused by di↵erences in the methods used
in CamSpec and Plik to estimate noise.) Generally, cosmolog-
ical parameters determined from the CamSpec likelihood have
smaller formal errors than those from Plik because there are no
nuisance parameters describing polarized Galactic foregrounds
in CamSpec.

3.3.3. Consistency of cosmological parameters from the TT ,
T E, and EE spectra

The consistency between parameters of the base ⇤CDM model
determined from the Plik temperature and polarization spectra
are summarized in Table 3 and in Fig. 6. As pointed out by ?
and ?, precision measurements of the CMB polarization spec-
tra have the potential to constrain cosmological parameters to

11To reduce the impact of noise at 353 GHz, the map based cleaning
of the T E and EE spectra is applied at `  300. At higher multipoles,
the polarized dust corrections are small and are subtracted as power-
laws fitted to the Galactic dust spectra at lower multipoles.
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Planck 2016

6-parameter fit to flat ΛCDM model with primordial power-law 
spectrum of density perturbations: 
Ωm = Ωb+Ωc; Ωm+ΩΛ = 1; H0 = 100 h km/s/Mpc; P(k) = A kn-1; τ 
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Large Scale Structure
Observation of galaxy distribution Simulation of mass distribution



Cosmology questions

• initial conditions: isotropy, gaussianity, 
curvature, ...  

• constituents: dark matter, dark energy, 
role of neutrinos in cosmology, ... 

• laws of physics: modified gravity, time 
varying fundamental constants, ...  
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Electromagnetic Spectrum



Transparency of 
Atmosphere/Ionosphere

CMB

CMB



Emission of radio waves
spectrum of the 
starburst galaxy M82
(10 x SFR of Milky Way)

synchrotron

free-free

thermal
dust

radio window

Condon 1992

• synchrotron radiation 
from electrons in 
magnetic field

• free-free emission from 
electrons in ionised 
regions (HII)

galaxies are sources of radio continuum emission



Types of extragalactic 
radio sources

Faranoff-Riley (FR) type I and type II images from Kharb et al. 2015

1. Active 
Galactic 
Nuclei 
(AGNs)

brightest radio sources
visible throughout the 
universe

supermassive galactic 
black holes emit jets 
which are dumped in 
the intergalactic 
material 

3C 98

3C 449  



Types of extragalactic 
radio sources

2. Starforming 
Galaxies

not as bright, but 
majority of radio sources

image from Muxlow et al.  1996

M 82

Hubble image



Diffuse emission — radio relics

LOFAR 120 - 180 MHz: van Weeren et al.  2016

image credit: NASA
combinded from radio (green), 
X-ray (purple), IR (white), 
gravitational lensing (blue)

believed to be a relic of a 
past merger of two galaxy clusters

Toothbrush cluster



Cosmic Radio Source Counts

JVLA,  Vernstrom et al. 2013

SKA MID  
two populations: 

* AGNs (FRI-II, RQQ)

* galaxies (SFG, SBG)

AGNs dominate at large fluxes

star forming galaxies 
dominate below ~ 1 mJy

identification of morphology
for angular resolution 0.5’’

NVSS



Emission of radio waves

galaxies are sources of line emission

M 82

images from Yun et al. 1994

M 81

NGC 3077

optical 21 cm line emission

all galaxies contain 
atoms and molecules

neutral hydrogen (HI) is 
visible due to its 
hyperfine structure at 
21 cm

other important lines 
are
recombination lines 
and molecular lines 
(e.g. CO)
 
an important aspect are 
masers, which serve as 
standard rulers (Hubble 
constant)
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3 Types of Targets

• Discoveries: Epoch of Reionisation, Cosmic 
Dawn, Dark Ages; direct observation of 
acceleration via redshift drift

• Precision cosmology: BAO, P(k), weak 
lensing, etc. 

• Fundamental tests: radio dipole, isotropy, 
non-Gaussianity, etc. 



Probe cosmology across 
times and scales
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times and scales



Galaxy redshift surveys
quasars

(inhomogeneously sampled; 
shot noise limited!)

BOSS galaxies SDSS I/II

credit: M. Blanton 2011



Cosmic volumes probed

SKA z<4
30.000 sqd

redshift

Euclid z<2
15.000 sqd

BOSS z<0.7
10.000 sqd

Key advantages of radio continuum and HI surveys:
* more independent modes that optical/ir/cmb
* different systematics from optical/ir

SKA

comoving distance

Euclid

dHubble

BOSS

with continuum and HI galaxy surveys
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times and scales



SKA’s unique 
cosmology potential

* access super-horizon scales at z = 1 to ~ 20 (H1 intensity 
mapping)

* see “all” H1 in the Universe
* huge number of independent modes (more than CMB!)
* different systematics as optical/infra-red/cmb
* morphology identification (continuum survey) breaks bias 

degeneracies and reduces cosmic variance at largest scales



SKA phase 1

• epoch of reionisation and cosmic dawn: images 
and P(k,z) at z = 5 to ~ 20 (a statistical detection might 

happen before SKA1 starts with MWA or LOFAR) 

• continuum survey (650 - 1100 MHz,  0.5’’, all sky at >2 μJy):  
isotropy, autocorrelation, integrated Sachs-
Wolfe, cosmic magnification 

• HI galaxy survey (0.2 < z < 4, all sky):                                
P(k), bao, f(z), weak lensing, …

• HI intensity mapping: bao most powerful  



Physics at large scales 
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radio point sources per pixel

galactic sources

D configuration

DnC configuration

DnC configuration

no data

NVSS

NVSS = NRAO VLA Sky Survey, Condon et al. 2002

Radio continuum survey 
(NVSS, f = 1.4 GHz, S > 2 mJy)



Chen & Schwarz 2015

2pt correlation:
consistent with 
Planck best-fit 
model and 
CENSOR redshift 
distribution
claims on Non-Gaussianity (Xia et al.) can be 
explained by systematic effects of NVSS data

S > 15 mJy
f = 1.4 GHz 

NVSS map of 
surface density

NVSS65 mask: 
cut Milky Way, pixels containing 
bright sources and 
noisy regions,
increase flux threshold 



Cosmic Radio Source Counts

JVLA,  Vernstrom et al. 2013

SKA MID  
two populations: 

* AGNs (FRI-II, RQQ)

* galaxies (SFG, SBG)

AGNs dominate at large fluxes

star forming galaxies 
dominate below ~ 1 mJy

identification of morphology
for angular resolution 0.5’’

NVSS



Camera et al., 2015, SKA Science Book

Constraints on non-Gaussianity with SKA (continuum)
Cosmology on the Largest Scales Stefano Camera

Figure 3: Constraints on f loc
NL obtained with the multi-tracer method as a function of the flux cut used to

detect galaxies (from Ferramacho et al. 2014). The horizontal line represents the best constrain obtained by
the Planck collaboration.

ment obtained through the multi-tracer analysis is indeed significant, as the whole galaxy cata-
logue without any galaxy type differentiation only allows for constraints on fNL with an error of
σ( f loc

NL) = 32 in the realistic scenario. Fig. 3 resumes the forecast constraints as a function of flux
cut limit (see Ferramacho et al. 2014, for details).

3.4 Systematics Occurring on the Largest Scales

The SKA should be able to provide a statistical detection of large scale effects due to its
high sensitivity and large volumes probed, it will thus be crucial to control the systematics which
will occur on these same scales. For the measurements we have been discussing, the following
contaminants will need to be considered:

• Masks – Several systematic effects related to partial sky coverage can result in biases and
spurious large-scale signals. This is an issue for both galaxy surveys as well as IM. This
effect can in principle be dealt with by means of inversion methods, as has been done by the
CMB community for instance to address the masking of our own galaxy.

• Foreground subtraction – For IM experiments, most foreground removal algorithms subtract
out modes that are smoothly-varying in frequency, since this is how most galactic and extra-
galactic foregrounds behave. In the process, some fraction of large scale cosmological modes
along the line of sight will also be subtracted. The effect should be most important for scales
around the total bandwidth, but there will be a contamination on smaller scales too (Alonso
et al. 2014).

measurements from other experiments to constrain σ( f loc
NL)∼ 1.
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Planck

SKA1-mid  



Non-Gaussianity (HI intensity)

Camera et al. 2013



Measuring BAO with future SKA surveys Philip Bull

Figure 3: BAO-only fractional constraints (68% CL) on the expansion rate (top panel) and angular diameter
distance (bottom panel) for SKA IM and galaxy redshift surveys. The bias has been marginalised as a free
parameter in each redshift bin. The degradation of the DA constraints at higher z for the IM experiments is
caused by their falling angular resolution (c.f. Fig. 2).

are combined over the full redshift range. A galaxy survey with SKA2 will far surpass both of
these (subject to various systematic effects).

Fig. 3 shows forecast constraints on the expansion rate and angular diameter distance for the
proposed SKA surveys, in bins of width Dz = 0.1 (galaxy surveys) or Dn = 60 MHz (IM surveys).
Forecasts for a Euclid galaxy survey are also shown for comparison, based on the predicted number
counts and bias in Amendola et al. (2013). For Phase 1, a galaxy survey will not be competitive with
other BAO measurements owing to insufficient sensitivity. An IM autocorrelation survey will be
significantly more powerful, providing constraints on H(z) that are similar to the (sample variance-
limited) Euclid experiment, but over a significantly wider redshift range – Band 2 of both SUR and
MID will yield sub-2/3% constraints beyond z ' 2. Constraints on the angular diameter distance
will be considerably worse at higher redshift due to the limited angular resolution in autocorrelation
mode, however (c.f. Fig. 2). A galaxy survey with SKA2 will be sample variance-limited over
30,000 deg2 for 0.4 . z . 1.3, surpassing all other planned surveys over that range.1

1An IM survey on a Phase 2 dense mid-frequency aperture array operating from 450 MHz upwards could provide
similarly tight constraints on DA and H all the way out to z = 2 if a large enough collecting area could be built.
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Baryon Acoustic Oscillations with SKA
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Cosmic Radio Dipole
dradio = dkin + dmatter 

radio galaxies: mean z > 1

dmatter expected to be small

kinetic dipole
Ellis & Baldwin 1984

dN
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(> S) = aS�x[1 + d cos � + ...]

d = [2 + x(�+ 1)]
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c
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aberration  & Doppler shift



Redshift distribution of 
radio sources

Tiwari et al. 2016

LOFAR MS3
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Raccanelli et al. 2012

distribution of measured redshifts to 
NVSS radio sources and models

forecasted redshift distribution of radio sources
in LOFAR MSSS

in isoptropic and homogeneous cosmologies coherent peculiar velocities
are expected to vanish on distance scales larger than the matter-radiation equality scale
our Hubble patch is expected to be at rest wrt the cmb 



The Challenge

Simulated pixelated sky map of 100,000 sources 
including expected kinetic dipole:

shot noise dominated 
➔ need huge catalogues (> 106 sources)
and large sky coverage (> 20.000 sqdeg)



TGSS 151 MHz NVSS 1.4 GHz expected kinetic 
radio dipole 
same color scale

expected kinetic 
radio dipole 
adjusted scale 
factor 14



Cosmic radio dipole
dcmb ⇔ dradio ?
NVSS (1.4 GHz),  
WENSS (345 MHz), 
aTGSS (150 MHz):

directions consistent,
amplitudes 2 - 10 times 
too large
Blake & Wall 2002
Rubart & Schwarz 2013

local bulk flows?
Watkins & Feldman 2014
Atrio-Barandela et al. 2014

local structure dipole?
Rubart, Bacon & Schwarz 2014
Nusser & Tiwari 2016
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Cosmic radio dipole
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51 stations in NL (38), D (6), PL (3), F, IR, S, UKLOw Frequency ARray
2019-2025: LOFAR2.0 complementary to SKA1; new stations in Latvia and Italy, cover frequencies 
below 50 MHz, cover large baselines, northern sky



Shimwell et al. 2017

LOFAR Two-metre Sky Survey (LoTSS)
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Figure 16: The western half of the HETDEX Spring Field.
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LOFAR Two-metre Sky Survey (LoTSS)



Shimwell et al. 2017

LOFAR Two-metre Sky Survey (LoTSS)

direction independent             vs       direction dependent calibration 



Structure of lecture

• What is the SKA?

• Short introduction to cosmology

• The extragalactic radio sky

• Cosmology opportunities with the SKA

• Summary







Cosmology Opportunities 
of the SKA

• Discoveries: Epoch of Recombination, 
Cosmic Dawn, Dark Ages; direct 
observation of acceleration via redshift drift

• Precision cosmology: BAO, P(k), weak 
lensing, etc. 

• Fundamental tests: radio dipole, isotropy, 
non-Gaussianity, etc. 



Why should we invest in SKA?
largest scales test fundamental assuptions of 
modern cosmology:
- initial conditions and symmetries
- relativistic effects
- evolution

radio surveys will probe largest volumes
- in solid angle 
- in redshift
- frequency range
- complementary systematics to optical/ir

JVLA, LOFAR, ASKAP, MeerKAT, and SKA 


