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Physical Cosmology 

any physical model/theory requires

1- equations of motion 
    ➜ general relativity & energy/matter content
        (or modification of GR)
     ➜ at large scales just GR (or modification) 
2- initial/boundary conditions 
    for the Universe ➜ ??? (inflation, QG???)
    or
    extra symmetry principles to avoid initial/boundary data                   
    ➜ cosmological principle(s) !!!



Cosmological principle(s)

Exact:     The Universe is spatially isotropic and homogeneous.
                   ruled out by the fact that we see cosmic structures, reasonable 1st approximation

Statistical:  The distribution of mass and light in the Universe is
             statistically isotropic and homogeneous. 

                   ➜ TEST the statistical cosmological principle



Cosmic microwave sky

Planck - ESAz ~ 1100
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predicts flatness, coherence, ~ scale invariance, Gaussianity 
Does it also predict a statistical cosmological principle?



Cosmological Inflation
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Why look at the largest scales?  
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Is the CMB statistically 
isotropic?  

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

test with high l multipoles in CMB Planck 2013/2015

test with radio sky



Cosmic Microwaves 
frequency bands

Planck - ESA



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.

6

Kinetic CMB dipole  

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



 

2 128 256 384 512 640

∗
•

⊗

+

+
2
4
0
◦

3
0
0
◦

0◦

0
◦

6
0
◦

1
2
0
◦

-45◦

45◦

CMB dipole

low-!

WMAP-9
SEP

NEP

!min

CMB proper motion test

Planck 2015

Bipolar Spherical Harmonics
allows for 40% non-kinetic contribution to CMB-dipole



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, unlike for 
optical or IR galaxies

dN

dΩ
(> S) = aS−x[1 + d cos θ + ...]

d = [2 + x(α+ 1)]
v

c
, S ∝ ν−α



(Jansky) Very Large Array, NRAO 



Isotropic radio sky (NVSS)

radio point sources per pixel

galactic sources

D configuration

DnC configuration

DnC configuration

no data

isotropic map, apart from some some 
survey artifacts
and foreground 



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



Statistical significance

Rubart & Schwarz 2013
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Is the CMB statistically 
isotropic?  

hypothesis: cmb dipole is due to peculiar motion

preliminary conclusion from 
CMB high l and radio sky: 

hypothesis is ok, but cmb dipole may include 
structure dipole of comparable order of 
magnitude
warning: systematic issues with radio surveys

study CMB multipoles l > 1



Cosmological Inflation

inflation
today

cmb



CMB anomalies (WMAP & Planck)
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lack of angular correlation at > 60 degrees

violation of 
scale invariance
and isotropy



CMB anomalies (WMAP & Planck)
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alignment of low-l multipoles



CMB anomalies (WMAP & Planck)

dipolar modulation of CMB angular power

ideas: cosmic structure, anisotropic cosmology, foreground, ...
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CMB anomalies (WMAP & Planck)

- low variance
- low 2-pt correlation
- low-l alignments
- parity asymmetry
- dipolar power modulation, extending to higher l
- cold spot

all indicate a violation of statistical isotropy at ~ 3 σ 

BUT no indication for non-Gaussianity or curvature
CQG special Planck issue: Schwarz et al. 2015



22 GHz

Planck uses 
Kelsall model based on 
COBE DIRBE, no dust 
dynamics

Divine model based on
meteorite size and flux 
measurements, dust 
dynamics 

IMEM model based on both,
used by ESA to predict 
hazard when launching 
spacecraft

Dikarev & Schwarz 2015
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initial conditions:
- isotropy and homogeneity
- curvature
- (almost) scale invariance
- gaussianity  

cosmic reference frame:
- kinetic vs. structure dipole

large scale structure:
- linear regime
- relativistic effects
- bias and cosmic variance

The largest observable scales

WHAT’S NEXT?



Cosmic History

Active Galactic Nuclei (z = 0 to ~ 6)

continuum radio sky
quasars 

according to inflationary ΛCDM model

HI: 21 cm transition 
from Dark Ages until Now

HI intensity maps 



Cosmological Inflation

inflation
today

cmb

AGNs:
- quasars
- radio galaxies 



50 stations in NL (38), D (6), PL (3), F, S, UKLOw Frequency ARray



International LOFAR Station DE609 Norderstedt
completed December 2014, funded by BMBF/HH/NRW

96 x 2 Low Band Antennas
30 - 80 MHz 

96 High Band Antenna tiles
each containing 16 x 2 dipoles

110 - 250 MHz

signal processing 
cabinet 

~ 3 Gb/s

10 GbE fiber connection (via JSC, FZ Jülich) to 
high performance computer in Groningen, NL data archives in Amsterdam, 

Groningen and Jülich (by now ~14 PB)



Radio continuum surveys 

Raccanelli et al. 2013


















































          

EMU: ASKAP @ 1.4 GHz
WODAN: Apertif @ 1.4 GHz
LOFAR:  LOFAR @ 150 MHz

Raccanelli et al. 2013



Chen & Schwarz 2015

NVSS surface density fluctuations

Number of objects per square degree 

S > 15 mJy
f = 1.4 GHz 



Chen & Schwarz 2015

systematic effects:
- direction dependent effects
- strong point sources
- foregrounds
- remove radio dipole

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



Cosmological Inflation

inflation
today

cmb

radio lss:
- continuum 
- HI intensity
- HI sources



SKA Square Kilometre Array, Early Science in 2020+
   will be biggest telescope for decades  

Science Goals:
- Cosmic Dawn  
- General Relativity
- Cosmology
- Cosmic Magnetism
- Craddle of Life

3 decades in frequency 
high resolution 
high sensitivity        

redshift for billions of galaxies

Africa & Australia; 2 Phases (construction phase 1: 2018 - 2023; II: 2025+)







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



Cosmic radio dipole
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Conclusion
largest observable scales reflect
initial conditions and symmetries of Universe

deviations from inflationary LCDM at largest scales:
high radio dipole & CMB anomalies

unclear how to explain (e.g. short or anisotropic inflation)

to improve systematics and statistics
new generation of radio surveys with 
SKA & pathfinders probe largest volumes ever

LOFAR MSSS will be out soon, LOFAR Tier1 started 



Support a German participation in the SKA:
GLOW SKA: www.glowconsortium.de

http://www.glowconsortium.de
http://www.glowconsortium.de


Dipole tomography
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Radio source counts

JVLA,  Vernstrom et al. 2013

SKA-Mid 
phase 1 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



Physics at large scales 
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Yoo 2009, Bonvin and Durrer 2011, 
Flender and Schwarz 2013, 
Chen and Schwarz 2014

Raccanelli et al. 2013

observations are 
gauge independent, 
P(k) is not an observable
at the largest scales

Hubble 
horizon

d2N
dΩdS (e, ν, S) are gauge independentand

d2N
dΩdz (e, ν, z)



SKA cosmology probes

• continuum survey (0.5’’, morphology resolved, all sky):       
dipole, autocorrelation, ISW, cosmic 
magnification, non-Gaussianity, ... 

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

• HI intensity mapping (interferometer and/or dish survey):         
BAO most powerfull  


