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None of us can understand why there is a Universe      
at all, why anything should exist; that’s the ultimate 
question. But while we cannot answer this question, 
we can at least make progress with the next simpler 

one, of what the Universe as a whole is like.

Dennis Sciama (1978)



All we can ever learn about the universe is 
contained within our past light cone

We cannot move over cosmological distances and check if the universe 
looks the same from ‘over there’ as it does from here … so there are

limits to what we can know (‘cosmic variance’)



Standard cosmological model
The universe is isotropic  +  homogeneous (when averaged on ‘large’ scales)
⇒ Maximally-symmetric space-time + ideal fluid energy-momentum tensor

�infer universe is dominated by dark energy with: WΛ = 1 - Wm - Wk ~ 0.7 ⇒ Λ ~ 2H0
2

So the Friedmann-Lemaitre equation ⇒ cosmic sum rule: W matter +Wcurvature +WL = 1
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… the Universe must appear to be the same to all observers wherever they are. 
This ‘cosmological principle’ …

Edward Arthur Milne (1896-1950) 

Rouse Ball Professor of Mathematics & Fellow of Wadham College, Oxford, 1928-



There has been substantial investment in major 
satellites and telescopes to measure the 

parameters of the ‘standard cosmological model’ 
with increasing ‘precision’… but surprisingly little 
interest in testing its foundational assumptions

WL ≡ L/3H0
2

rL ≃ H0
2MP 

2

~ (10-12 GeV)4

But is this simplest possible model 
(still) fit for purpose?



“Data from the Planck satellite show the universe to be highly isotropic” (Wikipedia) 

We observe a statistically isotropic Gaussian random field of small temperature 
fluctuations (fully quantified by the 2-point correlations � angular power spectrum)



Standard model of structure formation

The tiny CMB temperature fluctuations are understood as due to scalar density perturbations 
with an ~scale-invariant spectrum which were generated during an early de Sitter phase of 
inflationary expansion … these perturbations have subsequently grown into the large-scale 
structure of galaxies observed today through gravitational instability in a sea of dark matter



But the CMB sky is in fact quite anisotropic 
There is a ~100 times bigger anisotropy in the form of a dipole with DT/T ~ 10-3

This is interpreted as due to our motion at 370 km/s wrt the frame in which the CMB is 
truly isotropic ⇒ motion of the Local Group at 620 km/s towards l=271.9o, b=29.6o 

This motion is presumed to be due to local inhomogeneity in the matter distribution
Its scale – beyond which we converge to the CMB frame – is supposedly of O(100) Mpc
(Counts of galaxies in the SDSS & WiggleZ surveys said to scale as ~r3 on larger scales)
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100 Mpc

This is what our universe actually looks like locally (out to ~300 Mpc)
We are moving towards the Shapley supercluster supposedly due to a ‘Great Attractor’  

We are not comoving (‘Copernican’) observers .. as is generally assumed 



Theory of peculiar velocity fields

In linear perturbation theory, the growth of the density contrast                
as  a function of commoving coordinates and time is governed by:

@
2
�

@t2
+ 2H(t)

@�

@t
= 4⇡GN⇢̄�
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We are interested in the ‘growing mode’ solution – the density contrast grows self-
similarly  and so does the perturbation potential and its gradient … so the direction 
of  the acceleration (and its integral – the peculiar velocity) remains unchanged.

The peculiar velocity field is related to the density contrast as:

v(x) =
2

3H0

Z
d3y

x� y

|x� y|3 �(y),
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where HL(x) is the local value of the Hubble parameter and W (x – y) is the ‘window 
function’ (e.g. q(R - |x – y|) (4pR3/3)-1 for a volume-limited survey, out to distance R)

�H(x) =

Z
d3y v(y) · x� y

|x� y|2W (x� y),
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So the peculiar Hubble flow, !H(x) = HL(x) – H0 (⇒ trace of the shear tensor), is:

�(x) = [⇢(x)� ⇢̄]/⇢̄
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Theory of peculiar velocity fields (cont.)

Rewrite in terms of the Fourier transform �(k) ⌘ (2⇡)3/2

Z
d3x �(x)eik·x :
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Then the RMS fluctuation in the local Hubble constant                                              is:�H ⌘ h(�H/H0)
2i1/2
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Similarly the variance of  the peculiar velocity is: hv2iR =
f

2
H

2
0

2⇡2

Z 1

0
dkP (k)W2(kR)

<latexit sha1_base64="6ODmQhsCygV/h4jmtWxCJJKTwKI="></latexit><latexit sha1_base64="6ODmQhsCygV/h4jmtWxCJJKTwKI="></latexit><latexit sha1_base64="6ODmQhsCygV/h4jmtWxCJJKTwKI="></latexit>

�H

H0
=

R
d3

k

(2⇡)3/2
�(k)WH(kR)eik.x,

<latexit sha1_base64="KDynHdiiXQfxu2U0VDN1gc9COhE="></latexit><latexit sha1_base64="Knah55qkwW5GKe+3YENfg1pKQ58="></latexit><latexit sha1_base64="Knah55qkwW5GKe+3YENfg1pKQ58="></latexit>

WH(x) = 3
x3

⇣
sinx�

R
x

o
dy sin y

y

⌘

<latexit sha1_base64="l0jYbzxFfA3iPV87aoruqYYjbt0="></latexit><latexit sha1_base64="NQPKDThR+A53110DyLm9Fg5Lgms="></latexit><latexit sha1_base64="NQPKDThR+A53110DyLm9Fg5Lgms="></latexit>Window function

�2
H

=
f2

2⇡2

Z 1

0
k2dk P (k)W2(kR), P (k) ⌘ |�(k)2|, f ' ⌦4/7

m +
⌦⇤

70
(1 +

⌦m

2
)

<latexit sha1_base64="+x9Z3wXEA2giPbqhHwr/Vy/kKX8="></latexit><latexit sha1_base64="J/Emwcej2OXd8AcKn5E59drp1Ls="></latexit><latexit sha1_base64="J/Emwcej2OXd8AcKn5E59drp1Ls="></latexit><latexit sha1_base64="C39OhB+IczRcjLNINXH29e9lt8M=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCpTN+pOcOOygmML7VAymTttaCYzJHeEMvQFXLhRfDB3vo3pz0KtBwIf5yTk3hMXSloKgi+vtrW9s7tX3/cPGv7h0XGz8WTz0ggMRa5y04+5RSU1hiRJYb8wyLNYYS+e3i3y3jMaK3P9SLMCo4yPtUyl4OSs7qjZCtrBUmwTOmtowVqj5ucwyUWZoSahuLWDTlBQVHFDUiic+8PSYsHFlI9x4FDzDG1ULcecs3PnJCzNjTua2NL9+aLimbWzLHY3M04T+zdbmP9lg5LS66iSuigJtVh9lJaKUc4WO7NEGhSkZg64MNLNysSEGy7INeO7Djp/N96E8LJ90w4eAqjDKZzBBXTgCm7hHroQgoAEXuDNm3iv3vuqqpq37uwEfsn7+Aap5IoM</latexit><latexit sha1_base64="FcaHp0I4OyZHGLaInvdG7P/amTI="></latexit><latexit sha1_base64="FcaHp0I4OyZHGLaInvdG7P/amTI="></latexit><latexit sha1_base64="zLZX1rJcLBxcEDMsbzPLElDNI+4="></latexit><latexit sha1_base64="zLZX1rJcLBxcEDMsbzPLElDNI+4="></latexit><latexit sha1_base64="J/Emwcej2OXd8AcKn5E59drp1Ls="></latexit><latexit sha1_base64="J/Emwcej2OXd8AcKn5E59drp1Ls="></latexit><latexit sha1_base64="J/Emwcej2OXd8AcKn5E59drp1Ls="></latexit><latexit sha1_base64="J/Emwcej2OXd8AcKn5E59drp1Ls="></latexit><latexit sha1_base64="C39OhB+IczRcjLNINXH29e9lt8M=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCpTN+pOcOOygmML7VAymTttaCYzJHeEMvQFXLhRfDB3vo3pz0KtBwIf5yTk3hMXSloKgi+vtrW9s7tX3/cPGv7h0XGz8WTz0ggMRa5y04+5RSU1hiRJYb8wyLNYYS+e3i3y3jMaK3P9SLMCo4yPtUyl4OSs7qjZCtrBUmwTOmtowVqj5ucwyUWZoSahuLWDTlBQVHFDUiic+8PSYsHFlI9x4FDzDG1ULcecs3PnJCzNjTua2NL9+aLimbWzLHY3M04T+zdbmP9lg5LS66iSuigJtVh9lJaKUc4WO7NEGhSkZg64MNLNysSEGy7INeO7Djp/N96E8LJ90w4eAqjDKZzBBXTgCm7hHroQgoAEXuDNm3iv3vuqqpq37uwEfsn7+Aap5IoM</latexit><latexit sha1_base64="FcaHp0I4OyZHGLaInvdG7P/amTI="></latexit><latexit sha1_base64="FcaHp0I4OyZHGLaInvdG7P/amTI="></latexit><latexit sha1_base64="zLZX1rJcLBxcEDMsbzPLElDNI+4="></latexit><latexit sha1_base64="zLZX1rJcLBxcEDMsbzPLElDNI+4="></latexit><latexit sha1_base64="J/Emwcej2OXd8AcKn5E59drp1Ls="></latexit><latexit sha1_base64="J/Emwcej2OXd8AcKn5E59drp1Ls="></latexit><latexit sha1_base64="J/Emwcej2OXd8AcKn5E59drp1Ls="></latexit><latexit sha1_base64="J/Emwcej2OXd8AcKn5E59drp1Ls="></latexit><latexit sha1_base64="C39OhB+IczRcjLNINXH29e9lt8M=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCpTN+pOcOOygmML7VAymTttaCYzJHeEMvQFXLhRfDB3vo3pz0KtBwIf5yTk3hMXSloKgi+vtrW9s7tX3/cPGv7h0XGz8WTz0ggMRa5y04+5RSU1hiRJYb8wyLNYYS+e3i3y3jMaK3P9SLMCo4yPtUyl4OSs7qjZCtrBUmwTOmtowVqj5ucwyUWZoSahuLWDTlBQVHFDUiic+8PSYsHFlI9x4FDzDG1ULcecs3PnJCzNjTua2NL9+aLimbWzLHY3M04T+zdbmP9lg5LS66iSuigJtVh9lJaKUc4WO7NEGhSkZg64MNLNysSEGy7INeO7Djp/N96E8LJ90w4eAqjDKZzBBXTgCm7hHroQgoAEXuDNm3iv3vuqqpq37uwEfsn7+Aap5IoM</latexit><latexit sha1_base64="FcaHp0I4OyZHGLaInvdG7P/amTI="></latexit><latexit sha1_base64="FcaHp0I4OyZHGLaInvdG7P/amTI="></latexit><latexit sha1_base64="zLZX1rJcLBxcEDMsbzPLElDNI+4="></latexit><latexit sha1_base64="zLZX1rJcLBxcEDMsbzPLElDNI+4="></latexit><latexit sha1_base64="J/Emwcej2OXd8AcKn5E59drp1Ls="></latexit><latexit sha1_base64="J/Emwcej2OXd8AcKn5E59drp1Ls="></latexit><latexit sha1_base64="J/Emwcej2OXd8AcKn5E59drp1Ls="></latexit><latexit sha1_base64="J/Emwcej2OXd8AcKn5E59drp1Ls="></latexit>

Growth rate

Note ~insensitivity to the matter power spectrum

Power spectrum of matter fluctuations
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Aitoff-Hammer plot, Galactic coordinates

Left panel: The red spots represent the data points for z < 0.06 with distance moduli μdata bigger

than the values μCDM predicted by LCDM, and the green spots are those with μdata less than μCDM; 
the spot size is a relative measure of the discrepancy. A dipole anisotropy is visible around the 

direction b = −30�, l = 96� (red points) and its opposite direction b = 30�, l = 276� (small green 
points), which is the direction of the CMB dipole.                        Right panel: Same plot for z > 0.06

Colin, Mohayaee, S.S. & Shafieloo, MNRAS 414:264,2011

Union 2 compilation of 557 Sne Ia

Can do tomography of the Hubble flow by testing if the supernovae are at the 
expected Hubble distances: Residuals ⇒ ‘peculiar velocity’ flow in local universe



Method of Residuals and Smoothing

Calculation of Residuals

2D smoothing on unit sphere

Window function

Statistical measure

Calculate for the data (as well as for Monte Carlo simulations of isotropic distribution, 
in order to  obtain p-value) using a ratio method to minimise systematic uncertainties 

Colin, Mohayaee, S.S. & Shafieloo, MNRAS 414:264,2011



Left panel: P-value for the consistency of the isotropic universe with the data 

versus redshift. At z ≈ 0.05 (~200 Mpc) the P-value drops to 0.014 showing that 

isotropy is excluded at 3σ … i.e. we have not converged to the CMB rest frame.

Right panel: Cumulative analysis shows that at low redshift, 0.015 < z < 0.06,

isotropy is excluded at 2–3 σ with P = 0.054; at higher redshift, 0.15 < z < 1.4 

the data is consistent with isotropy within 1σ (P = 0.594).

Colin, Mohayaee, S.S. & Shafieloo, MNRAS 414:264,2011

is the universe isotropic? 



Right panel: Cumulative analysis 
shows that at low redshift, 0.015 < z 
< 0.06, isotropy is excluded at 2–3 σ 
with P = 0.054; but at higher redshift, 
0.15 < z < 1.4 the data is consistent 
with isotropy within 1σ (P = 0.594).
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is the universe isotropic? 

Left panel: P-value for the consistency of 
the isotropic universe with the data versus 
redshift. At z ≈ 0.05 (~200 Mpc) the P-value 
drops to 0.014 showing that isotropy is 
excluded at 3σ … i.e. we have not
converged to the CMB rest frame.

Maximum likelihood analysis can now be used to estimate the bulk flow at low 
redshifts where the velocities are not yet dominated by the cosmic expansion 



0.015 < z < 0.045, v = 270 km/s, l = 291, b = 15 0.015 < z < 0.06, v = 260 km/s, l = 298, b = 8

This is ≿1s higher than expected for 
the standard ΛCDM model … and  

extends beyond Shapley at 260 Mpc

(… consistent with Watkins et al (2009) 
who found a bulk flow of 416�78 km/s

towards b = 60�60, l = 282�110

extending up to ~100 h−1 Mpc)

No convergence to CMB frame,even
well beyond ‘scale of homogeneity’

dipole in the SN Ia velocity field Aligned with the CMB Dipole 
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Our result is confirmed by the 6-degree Field Galaxy Survey (6dFGSv)

LCDM expectation for ‘top hat’ window (90% CL)

LCDM expectation for Gaussian window (90% CL)

Largest single sample (11,000 galaxies) of 
galaxy peculiar velocity measurements

M
ag

ou
la

s, 
Sp

rin
gb

ob
, C

ol
le

ss
, M

ou
ld

, e
t a

l (
20

16
)

According to the ‘Dark Sky’ LCDM Hubble Volume simulations,  less than 1% of Milky Way–like 
observers should experience a bulk flow as large as is observed, extending out as far as is seen 



Do we infer acceleration even though the expansion is actually 
decelerating … because we are inside a local ‘bulk flow’? 
(Tsagas 2010, 2011, 2012; Tsagas & Kadiltzoglou 2015) 

… if so there should be a dipole asymmetry in the inferred deceleration 
parameter in the same direction – i.e. towards the CMB dipole

drops below 1 and the comoving observer ‘measures’ negative deceleration parameter

The patch A has mean peculiar velocity with and  
(the sign depending on whether the bulk flow is faster or slower than the surroundings)

# = D̃ava ? 0
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Inside region B, the r.h.s. of the expression
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Betoule et al, A&A 568:A22,2014
http://supernovae.in2p3.fr/sdss_snls_jla/

Joint Lightcurve Analysis data (740 Sne Ia)

In contrast to previous analyses (which 
assumed LCDM and adjusted the errors 
to get a good fit) we apply a principled
statistical analysis: Maximal Likelihood
Nielsen, Guffanti & S.S., Sci.Rep. 6:35596,2016

http://supernovae.in2p3.fr/sdss_snls_jla/


What are Type Ia supernovae?
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http://arxiv.org/abs/arXiv:1102.1431
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But they can be ‘standardised’ using the observed correlation between their peak 

magnitude and light-curve width (NB: this correlation is not understood theoretically)

They are certainly not ‘standard candles’

https://arxiv.org/abs/1311.5099
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Corrected 
data

Type Ia supernovae as ‘standardisable candles’ 

Use a standard template (e.g. SALT 2) to make ‘stretch’ and ‘colour’ corrections  …
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Betoule et al., A&A 568:A22,2014SALT 2 parameters

Spectral Adaptive Lightcurve Template
(For making ‘stretch’ and ’colour’ corrections to the observed lightcurves)

There may well be other variables that the magnitude correlates with …

B-band



Cosmology

Distance 
modulus

Acceleration is a kinematic quantity so the data can be analysed without assuming any 
dynamical model, by expanding the time variation of the scale factor in a Taylor series 

(e.g. Visser, CQG 21:2603,2004)



Construct a Maximum Likelihood Estimator

Nielsen, Guffanti & S.S., Sci.Rep. 6:35596,2016

Well-approximated as Gaussian

JLA data
‘Stretch’

corrections

JLA data
‘Colour’

corrections



cosmology SALT2

intrinsic 
distributions

Likelihood

Confidence regions

1,2,3-sigma solve for Likelihood value

Nielsen, Guffanti & S.S., Sci.Rep. 6:35596,2016



MLE, best fit

Profile Likelihood

Data consistent with uniform rate of expansion @3s (⇒r+3p = 0)!
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NB: We show the result in the Wm-WL plane for comparison with the usual result … 
simply to emphasise that the statistical analysis has previously not been done correctly

(Other constraints e.g. WM  ≳ 0.2 or WM +WL ≃1 are relevant only to the LCDM model)



Our result has been confirmed by a subsequent Bayesian analysis
(Contours are ragged because of numerical issues in MCMC scan) 
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… it is clear that previous analyses have overestimated the significance of acceleration 



Rubin & Hayden (ApJ 833:L30,2016) say 

that our model for the distribution of the 

JLA light curve fit parameters should have 

included a dependence on redshift (to 

allow for ‘Malmqvist bias’ which in fact 

the JLA collab. had already corrected for)

... they add 12 more parameters to our 

(10 parameter) model to describe this!

Even if this is justified, the 

significance with which a 

non-accelerating universe is 

rejected rises only to ≲4s … 

still inadequate to claim a 

‘discovery’ (even though the 

dataset has increased from 

50 to 740 SNe Ia in 20 yrs)

Nielsen et al

Rubin & Hayden



The data can be analysed by expanding the time variation of the scale 
factor in a Taylor series, without reference to the LCDM model

This yields 2.8s evidence for acceleration in our approach … increasing to 3.7s
when an ad-hoc redshift-dependence is allowed in the light-curve parameters
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Nielsen et al Rubin & 
Hayden

Deceleration parameter

Moreover allowing z-dependence in the lightcurve fitting parameters raises the spectre 
of whether the absolute magnitude of SNe Ia might also be z-dependent?

… such luminosity evolution would totally undermine their use as ‘standard candles’!

q0 ⌘ �(äa)/ȧ2



When we analyse the JLA catalogue allowing for a dipole, we find that there is one 
…. of comparable magnitude to the monopole (albeit with smaller significance)

The significance of qo being negative has now decreased to only 2s
This implies that cosmic acceleration may simply be an artefact of our being located 

inside a ‘bulk flow’ which includes ~3/4 of the observed SNe Ia
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What about the evidence from BAO, H(z), growth of structure, …?

All data are equally consistent with non-accelerated expansion
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The ’independent’ lines of evidence are usually obtained using LCDM templates! 



A moving observer → kinematic dipole

Aberration Doppler boosting

Observer, velocity v

Moving frameRest frame

!
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tan" = sin !
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Energy

" ∝ 123 -ve power law

+
Flux limited catalog �more 

sources in direction of motion

4 ! 567 = 4897:[1 + 2 + ? 1 + @ /
+ cos(!)]

Ellis & Baldwin (1984)



Dipoles in a catalogue of galaxies
All-sky catalogue with N sources 

with redshift distribution D(z) from 

a directionally unbiased survey

redshift

D(z)

"⃗ = $ (%⃗&'(, *, α) + , (N) + - (D(z))

$ → The kinematic dipole: independent
of source distance, but depends on 

source spectrum, source flux 

function, observer velocity

, → The random dipole: ∝ 1/√3
isotropically distributed

- → The dipole component of an actual 

anisotropy in the distribution of 

sources in the cosmic rest frame 

(significant for shallow surveys) 

Radio sources: NVSS  + SUMSS, 600,000 galaxies z ~ 1, - (D(z)) → 0

Colin, Mohayaee, Rameez & Sarkar, MNRAS 471:1045,2017

Wide Field Infrared Survey Explorer, 2,400,000 galaxies, z ~ 0.14, - (D(z)) significant

Rameez, Mohayaee, Sarkar & Colin MNRAS 477:1722,2018  

1

I



Estimators for the Dipole

!" =
%̂
&'()*

()+,
'
-)*

-),
. / cos/

cos/ sin/d/d6

!7 =
%̂
&'()*

()+,
'
-)*

-),
. / cos/sin/d/d6

!7 =
1
&9:);

<
=̂:!" = %̂ ∗ &?" − &A"&?" + &A"

&?"

&A"

Add up unit vectors 
corresponding to directions 
in the sky for every source

Relatively lower bias and 
statistical error 1/√&

(Rubart & Schwarz 2013)

Vary the direction of the 
hemispheres until 
maximum asymmetry is 
observed

Easy visualisation

High bias and statistical 
error ~1/√&



The NRAO VLA Sky Survey 
(NVSS)

1.4 GHz survey (down to Dec = -40.4o) 
National Radio Astronomy Observatory

1,773,488 sources >2.5 mJy
(complete above 10 mJy)

Most are believed to be at z ≳ 1

Sydney University Molonglo
Sky Survey (SUMSS)

843 MHz survey (Dec < -30.0o)
Molonglo Observatory Synthesis telescope

211,050 sources (with similar sensitivity and 
resolution to NVSS catalogue)

… Similar expected redshift distribution



The NVSUMSS-Combined All Sky catalog

• Rescale SUMSS fluxes by 
(843/1400)-0.75 ~ 1.46 to match 
with NVSS (works within ~1%)

• Remove Galactic Plane at �10o

(also Supergalactic plane)

• Remove NVSS sources below, 
and SUMSS sources above, dec
-30 (or -40)

• Apply common threshold flux 
cut to  both samples

• Remove any nearby sources 
(common with 2MRS & LRS) 
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Our Peculiar velocity wrt radio sources

Velocity ~ 1355� 174 km/s 
(with the 3D linear estimator)

Direction within 10° of CMB 
dipole (but 4 times faster)!

Statistical significance: 99.75%  
⇒ 2.81# (by Monte Carlo)

Confirms claim by Singal (2011) 
which was criticized subsequently 

(Gibelyou & Huterer 2012, Rubart & 
Schwarz 2013, Nusser & Tiwari 2015)

We have addressed all the concerns 
but this strange anomaly remains!
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Coherent oscillations in photon-baryon 
plasma, excited by density 

perturbations on super-horizon scales …

(Hubble radius at trec)

q ~1800/l



The lack of power on large angular scales is most striking, although it is claimed to be 

not unlikely taking cosmic variance and foreground subtraction uncertainties into account 

� chance probability of O(1%)?

Moreover there is an unexpected alignment of low multipoles, a ‘cold spot’, 

and an asymmetry between the North and South ecliptic hemispheres
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Curious alignment of  quadrupole
and octupole (along the ecliptic)

Power concentrated in plane tilted  
by ~30˚ from the Galactic plane 

(m= � l in suitable coord. system)

Co
pi

, S
ch

w
ar

z,
 S

ta
rk

m
an

(2
00

4)

Probability of low quadrupole
+ alignment + �planarity�:
~ 4 x 10-5 (Tegmark et al 2004)



Data III

WiggleZ

Galaxy clusters
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Data IV

Weak lensing

Lyman-α
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The primordial spectrum of perturbations can be deconvoluted from CMB & LSS data 
non-parametrically, using ‘Tikhonov regularisation’ (Hunt & S.S., JCAP 12:052,2015)   

Comparison with Monte Carlo simulations shows ~2σ deviations from a power-law spectrum

This is the 
assumed

power-law 
spectrum 

which is 
supposedly 
the best-fit 

to data: 
ns = 0.969 

Data I

Planck

WMAP polarisation
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ACT

SPT

Data II
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Reconstruction of a direction-dependent primordial power 
spectrum from Planck CMB data

We consider a  direction-dependent component of the power spectrum of the CMB 
fluctuations, which is moreover allowed to vary with the scale (wave number):

... and focus on the quadrupole modulation (NB: density field is real, hence symmetry 
requires L to be even – see Hajian & Souradeep 2005, Pullen & Kamionkowski 2007)  

We compute these ‘bipolar spherical harmonics’ for the Planck DR2-2015 SMICA 
map, and estimate the noise covariance from Planck Full Focal Plane 9 simulations

Durakovic, Hunt, Mukherjee, S.S. & Souradeep, JCAP 02:012,2018

Previous work by: Groeneboom & Eriksen (2009), Kim & Komatsu (2013)
Theoretical models by: Ford (1989), Chibisov (1989), Ackerman et al (2007), Pitrou et al 
(2008), Himmetoglu et al (2009), Watanabe et al (2009), Bartolo et al (2013, 2018), …



When a constant quadrupolar modulation is fitted to Planck data in the range
0.005 ≤ k/Mpc-1 ≤ 0.008, its preferred directions are found to be related to the 

cosmic hemispherical asymmetry, and the CMB dipole 

The significance is 2.1s with a test statistic sensitive only to the amplitude of the 
modulation … but with a statistic sensitive also to the direction, it rises to 6.9s!
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Eriksen et al (2004) found that the CMB fluctuations are stronger in one hemisphere of 
the sky than in the other (@3s) … as if the perturbations are modulated by a dipole
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: What does this imply for initial conditions?  



A ‘tilted’ Universe?
• There is a dipole in the recession velocities of host galaxies of supernovae                 
⇒ we are in a ‘bulk flow’ stretching out well beyond the scale (~100 Mpc)  at 

which the universe supposedly becomes statistically homogeneous.

• The inference that the Hubble expansion rate is accelerating may be an 
artefact of the local bulk flow (there is a dipole in q0 aligned with the bulk 

flow, and the monopole drops in significance to be consistent with zero at 2")

• The distribution of radio galaxies at z  ≿ 1 has a dipole in the same direction –
but 4 times bigger than that in the CMB – so is at 2.8" tension with it 

• There is a scale-dependent quadrupolar modulation of CMB anisotropy   … 
the direction is ~orthogonal to the CMB dipole

Could all this be an indication of new horizon-scale physics? 

The ‘standard’ assumptions of isotropy and homogeneity are questionable –
data from forthcoming surveys (Euclid, LSST, SKA) will provide large enough 

datasets  to enable definitive tests … meanwhile: ‘Caveat Emptor’!


