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Active Galactic Nuclei (z = 0 to ~ 6)
Star Forming Galaxies (z = 0 to ~ 2) 

continuum surveys
HI galaxy surveys

HI: 21 cm transition 
from Dark Ages until Now

HI intensity maps 

What do we probe 
in the radio?

cosmic time



Testing fundamental cosmological 
assumptions

Cosmic reference frame: 
observed CMB dipole & proper motion hypothesis

Quantum origin of structure: 
vacuum initial conditions predict gaussianity of 
matter distribution with tiny deviation 
Φ = ΦG + fnl (ΦG)2

Both aspects can be tested by means of 
continuum radio galaxy surveys 



Cosmic Radio Dipole

CMB: z � 1100

us

SKA radio sky

z � 1
z � 1

dCMB
d radio

dcmb ⇔ dradio ?

kinetic dipole
Ellis & Baldwin 1984

mean z of radio galaxy 
catalogues > 1, but only 
distribution in z known

dN

dΩ
(> S) = aS−x[1 + d cos θ + ...]

d = [2 + x(α+ 1)]
v

c
, S ∝ ν−α



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)



CMB Dipole

hypothesis: cmb dipole is due to peculiar motion
                 v = (369 ± 0.9) km/s
prediction: 
Doppler shift and aberration
for all objects at cosmological distances and at any frequency

test with high l multipoles in CMB Planck 2013/2015 

test with radio sky



Planck Collaboration: Doppler boosting of the CMB: Eppur si muove

Fig. 3. Measured dipole direction β̂ in Galactic coordinates as a function of the maximum temperature multipole used in the

analysis, �max. We plot the results for the four data combinations discussed in Sect. 4: 143× 143 (� symbol); 217× 217 (� symbol);

143 × 217 (× symbol); and 143 + 217 (+ symbol). The CMB dipole direction β� has been highlighted with 14
◦

and 26
◦

radius

circles, which correspond roughly to our expected uncertainty on the dipole direction. The black cross in the lower hemisphere is

the modulation dipole anomaly direction found for WMAP at �max = 64 in Hoftuft et al. (2009), and which is discussed further in

Planck Collaboration XXIII (2013). Note that all four estimators are significantly correlated with one another, even the 143 × 143

and 217 × 217 results, which are based on maps with independent noise realizations. This is because a significant portion of the

dipole measurement uncertainty is from sample variance of the CMB fluctuations, which is common between channels.

four estimators, we see that the presence of velocity along β� is

strongly preferred over the null hypothesis. At 143 GHz this sig-

nal comes from both φ̂� and τ̂�. At 217 GHz it comes primarily

from τ̂�. Additionally, there is a somewhat unexpected signal at

217 GHz in the β× direction, again driven by the τ component.

Given the apparent frequency dependence, foreground contami-

nation seems a possible candidate for this anomalous signal. We

will discuss this possibility further in the next section.

In Table 1 we present χ2
values for the β measurements of

Fig. 4 under both the null hypothesis of no velocity effects, as

well as assuming the expected velocity direction and amplitude.

We can see that all of our measurements are in significant dis-

agreement with the “no velocity” hypothesis. The probability-

to-exceed (PTE) values for the “with velocity” case are much

more reasonable. Under the velocity hypothesis, 217 × 217 has

the lowest PTE of 11%, driven by the large β̂×.

In Table 2 we focus on our measurements of the velocity

amplitude along the expected direction β�, as well as perform-

ing null tests among our collection of estimates. For this table,

we have normalized the estimators, such that the average of β̂�
on boosted simulations is equal to the input value of 369 km s

−1
.

For all four of our estimators, we find that this normalization

factor is within 0.5% of that given by Nxβν f�,sky, as is already ap-

parent from the triangles along the horizontal axis of Fig. 4. We

can see here, as expected, that our estimators have a statistical

uncertainty on β� of between 20% and 25%. However, several

of our null tests, obtained by taking the differences of pairs of β�
estimates, fail at the level of two or three standard deviations. We

take the 143 × 217 GHz estimator as our fiducial measurement;

as it involves the cross-correlation of two maps with indepen-

dent noise realizations it should be robust to noise modelling.

Null tests against the individual 143 and 217 GHz estimates are

in tension at a level of two standard deviations for this estima-

tor. We take this tension as a measure of the systematic differ-

ences between these two channels, and conservatively choose

the largest discrepancy with the 143×217 GHz estimate, namely

0.31, as our systematic error. We therefore report a measurement

of v̂� = 384 km s
−1 ± 78 km s

−1
(stat.) ± 115 km s

−1
(syst.), a sig-

nificant confirmation of the expected velocity amplitude.

6. Potential contaminants

There are several potential sources of contamination for our es-

timates above which we discuss briefly here, although we have

not attempted an exhaustive study of potential contaminants for

our estimator.
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Kinetic CMB Dipole

Planck 2013v = 384 km/s ± 78 km/s (stat.) ± 115 km/s (sys.) 



NVSS @ 1.4 GHz 

 Condon et al. 2002 S > 25 mJy



WENSS @ 325 MHz 

 Rengelink et al. 1997  S > 25 mJy



aTGSS @ 150 MHz

 Intema et al. 2016



aTGSS (alternative DR1 TIFR GMRT SS)
90% of sky @ 150 MHz

 Rubart, Schwarz & Siewert, in prep. S > 100 mJy



Cosmic dipole @ 3 freq.
Smin
[mJy]

N α
[deg]

δ 
[deg]

d
(0.01)

est.

NVSS

NVSS
NVSS
NVSS

WENSS

aTGSS

aTGSS

expect.

25 197,998 153±30 -4±34 1.1±0.3 **quad. 
harm.

25 185,649 158±21 -2±21 1.6±0.6 lin.

25 220,237 143±12 -11±15 1.8±0.5 *quad.

15 298,289 149±19 17±19 1.4±0.5 lin.

25 92,600 117±40 2.9±1.9 lin.

150 162,331 135±? 75±? 2.4±? *quad.

100 229,235 123±? 72±? 2.2±? *quad.

- - 168 -7 0.4
*preliminary **Blake & Wall 2002      Rubart & Schwarz 2013 & in prep.



NVSS Dipole

Rubart & Schwarz 2013
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simulation

100,000 simulations: 
observed dN/dS plus kinetic radio dipole, 
shot noise and mask effects
p-value: 0.004 

NVSS
linear estimator

<z> ~ 1.2 



Cosmic radio dipole

CMB: z � 1100

us

SKA radio sky

z � 1
z � 1

dCMB
d radio

dcmb ⇔ dradio ?

NVSS (1.4 GHz) 
& WENSS (345 MHz):
directions consistent,
amplitude 2 - 4 times 
too large
Blake & Wall 2002
Rubart & Schwarz 2013

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

local structure dipole?
Rubart, Bacon & Schwarz 2014
Nusser & Tiwari 2016



Primordial Non-Gaussianity 
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Raccanelli et al. 2013

EMU@ ASKAP angular band power



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



Chen & Schwarz 2015

NVSS angular power spectrum

Planck best-fit cosmology
➔ consistent but noisy



Braun



Cosmic Radio Sources

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



Cosmic radio dipole

104 105 106 107 108 109 1010
0

5

10

15

20

25

30

number of observed radio point sources

90
�
C
L,
95
�
C
L
an
d
99
�
C
L
in
de
gr
ee
s

precission of radio dipole direction; efficiency 50�

dradio ⇔ dcmb

dradio ⇔ 4 dcmb

N
V

S
S

S
K

A
 1

S
K

A
 2

S
K

A
 E

S

LO
FA

R
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Camera et al., 2015, SKA Science Book

Constraints on non-Gaussianity with SKA
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



Conclusion

LOFAR (MSSS, Tier1),  ASKAP (EMU), MeerKAT and SKA
will open new windows for cosmological tests

the radio sky still hides more unexplored cosmic 
structure modes than any other waveband


