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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’)



The standard cosmology (in Europe)
~350 BC ➪ ~1600 AD

The Divine Com
edy,Dante Aligheri(1321)

Prescient discovery of the CMB

E' si distende in circular figura,
in tanto che la sua circunferenza

sarebbe al sol troppo larga cintura.

The shape which that light takes as it 
expands is circular, and its circumference

would be too great a girdle for the sun.

O isplendor di Dio, per cu' io vidi
l'alto triunfo del regno verace,
dammi virtù a dir com'io il vidi!

O radiance of God, through which I saw
the noble triumph of the true realm, give
to me the power to speak of what I saw!

…



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

We observe: 0.8Ωm - 0.6ΩL ≈ -0.2 (Supernovae),  Ωk ≈ 0.0 (CMB), Wm ~ 0.3 (Clusters)
➙infer universe is dominated by dark energy: WΛ = 1 - Wm - Wk ~ 0.7 ⇒ Λ ~ 2H0

2

So the Friedmann-Lemaitre equation ⇒ ‘cosmic sum rule’: W m +Wk +WL = 1

Rµ⌫ � 1

2
Rgµ⌫ + �gµ⌫

= 8⇡GNTµ⌫

Robertson-Walker
Friedmann-Lemaître

ds2 ⌘ gµ⌫dx
µdx⌫

= a2(⌘)
⇥
d⌘2 � dx̄2

⇤
Einstein
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After straightforward yet tedious calculations (which I relegate to homework), we obtain the com-
ponents of the Ricci tensor:

R0
0 = 3

ä

a
,

R0
i = 0,

Ri
j =

1

a2

(

aä + 2ȧ2 + 2k
)

δα
β .

(93)

The t − t component of the Einstein’s equation given in eq. (92) becomes

3ä

a
= 8πG

[

−(ρ + P ) +
1

2
(ρ − P )

]

, (94)

or

ä = −
4πG

3
(ρ + 3P ) a. (95)

The i − i component of the Einstein’s equation is

1

a2

(

aä + 2ȧ2 + 2k
)

= 8πG

[

1

2
(ρ − P )

]

, (96)

or
aä + 2ȧ2 + 2k = 4πG(ρ − P )a2, (97)

The eqs. (95)-(97) are the basic equations connecting the scale factor a to ρ and P . To obtain a
closed system of equations, we only need an equation of state P = P (ρ), which relates P and ρ.
The system then reduces to two equations for two unknowns a and ρ.

It is, however, beneficial to further massage these basic equations into a set that is more easily
solved. Solving the eq. (97) for ä, we obtain

ä = 4πG(ρ − P )a −
2ȧ2

a
+

2k

a
, (98)

which can be combined with eq. (95) to cancel out P dependence and yield

16πGρa

3
−

2k

a
−

2ȧ2

a
= 0, (99)

or

ȧ2 + k =
8πG

3
ρa2. (100)

When combined with the eq. (62) derived in the context of conservation of energy-momentum
tensor, and the equation of state, we obtain a closed system of Friedmann equations:

ȧ2 + k =
8πG

3
ρa2, (101a)

∂ρ

∂t
+ 3 (ρ + P )

ȧ

a
= 0, (101b)

P = P (ρ). (101c)
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To drive accelerated expansion requires the pressure to be negative (P < -r/3) so this is 
interpreted as vacuum energy at the scale (rL)1/4 = (H0

2/8pGN)1/4 ~ 10-12  GeV << GF
-1/2 ~ 102 GeV

Tµ⌫ = �h⇢ifields gµ⌫

This makes no physical sense … but is nevertheless the ‘standard model of cosmology’

The scale of Λ is set by the only dimensionful parameter in the model: H0 ~ 10-42 GeV

⌦m ⌘ ⇢m

(3H2
0/8⇡GN)

, ⌦k ⌘ k

(3H2
0a

2
0)
, ⌦⇤ ⌘ ⇤

(3H2
0
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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 

work on testing its foundational assumptions

WL ≡ L/3H0
2

rL ≃ H0
2MP 

2

~ (10-12 GeV)4



“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



The Cosmological Principle, By D. E. Littlewood 
51 (1955) 678

Steven Weinberg, Gravitation and Cosmology (1972)

The ‘Perfect’ version was abandoned following the discovery of 
the CMB in 1964 … but the cosmological principle lived on 



“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 ~10-5 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 are said to scale as r3 on larger scales)
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Peculiar Velocity of the Sun and its 
Relation to the Cosmic Microwave 

Background

J. M. Stewart & D. W. Sciama

If the microwave blackbody
radiation is both cosmological and
isotropic, it will only be isotropic to
an observer who is at rest in the
rest frame of distant matter which
last scattered the radiation. In this
article an estimate is made of the
velocity of the Sun relative to
distant matter, from which a
prediction can be made of the
anisotropy to be expected in the
microwave radiation. It will soon be
possible to compare this prediction
with experimental results.

“Cosmologists neglecting the motion of the Solar System are crackpots” - L Motl
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NATURE 216, 748 (1967) 





Tully, Courtois, Hoffman, Pomarede, Nature 513:71,2014

Structure within a cube extending ~200 Mpc
from our position (at the origin - Supergal. coordinates) 



Theory of peculiar velocity fields

In linear perturbation theory, the growth of the density contrast                
is governed by the continuity, Euler’s & Poisson’s equations … for pressureless ‘dust’:

@
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, 𝜹H(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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Growth rate

~insensitive to shape of 
matter power spectrum

Power spectrum of matter fluctuations
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~insensitive to shape of 
matter power spectrum

… at 300 Mpc the peculiar velocity should have fallen below ~100 km/s



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

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



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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Need attractor mass of >1017 MSun at 
~300 Mpc to account for the flow

Nearby Supernova Factory survey

Feindt et al, A&A 560:A90,2013
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Further confirmation by the 6-degree Field Galaxy Survey (6dFGSv)

LCDM expectation for Gaussian window (90% CL)

Largest single sample of 11,000 galaxy peculiar 
velocity measurements … using the 

‘Fundamental Plane’ to make distance estimates
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In the ‘Dark Sky’ LCDM simulations, less than 1% of Milky Way–like observers 
experience a bulk flow as large as is observed and extending out as far as is seen …

Rameez, Mohayaee, S.S. & Colin, MNRAS 477:1722,2018



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 expect a dipole asymmetry in the inferred deceleration parameter in 
the same direction – i.e. aligned with 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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#̇ ? 0
<latexit sha1_base64="M3FU+sUrNPleOlAiJsEPE8DnJww=">AAACBnicbVC7SgNBFJ31GddX1FKEwSBYhV0RtAzaWEYwD0iWMDu5mwyZnV1m7gbCksrGX7GxUMTWb7Dzb5w8Ck08MHA45z7mnjCVwqDnfTsrq2vrG5uFLXd7Z3dvv3hwWDdJpjnUeCIT3QyZASkU1FCghGaqgcWhhEY4uJ34jSFoIxL1gKMUgpj1lIgEZ2ilTvGk3U0wbw+Zxj4gG9N2D7UEY6jnum6nWPLK3hR0mfhzUiJzVDvFLzuPZzEo5JIZ0/K9FIPcThdcwthtZwZSxgesBy1LFYvBBPn0jDE9s0qXRom2TyGdqr87chYbM4pDWxkz7JtFbyL+57UyjK6DXKg0Q1B8tijKJMWETjKhXaGBoxxZwrgW9q+U95lmHG1ykxD8xZOXSf2i7Htl//6yVLmZx1Egx+SUnBOfXJEKuSNVUiOcPJJn8krenCfnxXl3PmalK86854j8gfP5A+lymBE=</latexit><latexit sha1_base64="M3FU+sUrNPleOlAiJsEPE8DnJww=">AAACBnicbVC7SgNBFJ31GddX1FKEwSBYhV0RtAzaWEYwD0iWMDu5mwyZnV1m7gbCksrGX7GxUMTWb7Dzb5w8Ck08MHA45z7mnjCVwqDnfTsrq2vrG5uFLXd7Z3dvv3hwWDdJpjnUeCIT3QyZASkU1FCghGaqgcWhhEY4uJ34jSFoIxL1gKMUgpj1lIgEZ2ilTvGk3U0wbw+Zxj4gG9N2D7UEY6jnum6nWPLK3hR0mfhzUiJzVDvFLzuPZzEo5JIZ0/K9FIPcThdcwthtZwZSxgesBy1LFYvBBPn0jDE9s0qXRom2TyGdqr87chYbM4pDWxkz7JtFbyL+57UyjK6DXKg0Q1B8tijKJMWETjKhXaGBoxxZwrgW9q+U95lmHG1ykxD8xZOXSf2i7Htl//6yVLmZx1Egx+SUnBOfXJEKuSNVUiOcPJJn8krenCfnxXl3PmalK86854j8gfP5A+lymBE=</latexit><latexit sha1_base64="M3FU+sUrNPleOlAiJsEPE8DnJww=">AAACBnicbVC7SgNBFJ31GddX1FKEwSBYhV0RtAzaWEYwD0iWMDu5mwyZnV1m7gbCksrGX7GxUMTWb7Dzb5w8Ck08MHA45z7mnjCVwqDnfTsrq2vrG5uFLXd7Z3dvv3hwWDdJpjnUeCIT3QyZASkU1FCghGaqgcWhhEY4uJ34jSFoIxL1gKMUgpj1lIgEZ2ilTvGk3U0wbw+Zxj4gG9N2D7UEY6jnum6nWPLK3hR0mfhzUiJzVDvFLzuPZzEo5JIZ0/K9FIPcThdcwthtZwZSxgesBy1LFYvBBPn0jDE9s0qXRom2TyGdqr87chYbM4pDWxkz7JtFbyL+57UyjK6DXKg0Q1B8tijKJMWETjKhXaGBoxxZwrgW9q+U95lmHG1ykxD8xZOXSf2i7Htl//6yVLmZx1Egx+SUnBOfXJEKuSNVUiOcPJJn8krenCfnxXl3PmalK86854j8gfP5A+lymBE=</latexit><latexit sha1_base64="M3FU+sUrNPleOlAiJsEPE8DnJww=">AAACBnicbVC7SgNBFJ31GddX1FKEwSBYhV0RtAzaWEYwD0iWMDu5mwyZnV1m7gbCksrGX7GxUMTWb7Dzb5w8Ck08MHA45z7mnjCVwqDnfTsrq2vrG5uFLXd7Z3dvv3hwWDdJpjnUeCIT3QyZASkU1FCghGaqgcWhhEY4uJ34jSFoIxL1gKMUgpj1lIgEZ2ilTvGk3U0wbw+Zxj4gG9N2D7UEY6jnum6nWPLK3hR0mfhzUiJzVDvFLzuPZzEo5JIZ0/K9FIPcThdcwthtZwZSxgesBy1LFYvBBPn0jDE9s0qXRom2TyGdqr87chYbM4pDWxkz7JtFbyL+57UyjK6DXKg0Q1B8tijKJMWETjKhXaGBoxxZwrgW9q+U95lmHG1ykxD8xZOXSf2i7Htl//6yVLmZx1Egx+SUnBOfXJEKuSNVUiOcPJJn8krenCfnxXl3PmalK86854j8gfP5A+lymBE=</latexit>

Inside region B, the r.h.s. of the expression

ṽa
<latexit sha1_base64="WZDapCsTc1Y7jKfVgIGkj7LXd9w=">AAAB83icbVBNS8NAEN3Ur1q/qh69BIvgqSQi6LHoxWMF+wFNKJvNpF262YTdSaGE/g0vHhTx6p/x5r9x0+agrQ8GHu/NMDMvSAXX6DjfVmVjc2t7p7pb29s/ODyqH590dZIpBh2WiET1A6pBcAkd5CignyqgcSCgF0zuC783BaV5Ip9wloIf05HkEWcUjeR5yEUI+XQ+pLVhveE0nQXsdeKWpEFKtIf1Ly9MWBaDRCao1gPXSdHPqULOBMxrXqYhpWxCRzAwVNIYtJ8vbp7bF0YJ7ShRpiTaC/X3RE5jrWdxYDpjimO96hXif94gw+jWz7lMMwTJlouiTNiY2EUAdsgVMBQzQyhT3NxqszFVlKGJqQjBXX15nXSvmq7TdB+vG627Mo4qOSPn5JK45Ia0yANpkw5hJCXP5JW8WZn1Yr1bH8vWilXOnJI/sD5/AO4fkZg=</latexit><latexit sha1_base64="WZDapCsTc1Y7jKfVgIGkj7LXd9w=">AAAB83icbVBNS8NAEN3Ur1q/qh69BIvgqSQi6LHoxWMF+wFNKJvNpF262YTdSaGE/g0vHhTx6p/x5r9x0+agrQ8GHu/NMDMvSAXX6DjfVmVjc2t7p7pb29s/ODyqH590dZIpBh2WiET1A6pBcAkd5CignyqgcSCgF0zuC783BaV5Ip9wloIf05HkEWcUjeR5yEUI+XQ+pLVhveE0nQXsdeKWpEFKtIf1Ly9MWBaDRCao1gPXSdHPqULOBMxrXqYhpWxCRzAwVNIYtJ8vbp7bF0YJ7ShRpiTaC/X3RE5jrWdxYDpjimO96hXif94gw+jWz7lMMwTJlouiTNiY2EUAdsgVMBQzQyhT3NxqszFVlKGJqQjBXX15nXSvmq7TdB+vG627Mo4qOSPn5JK45Ia0yANpkw5hJCXP5JW8WZn1Yr1bH8vWilXOnJI/sD5/AO4fkZg=</latexit><latexit sha1_base64="WZDapCsTc1Y7jKfVgIGkj7LXd9w=">AAAB83icbVBNS8NAEN3Ur1q/qh69BIvgqSQi6LHoxWMF+wFNKJvNpF262YTdSaGE/g0vHhTx6p/x5r9x0+agrQ8GHu/NMDMvSAXX6DjfVmVjc2t7p7pb29s/ODyqH590dZIpBh2WiET1A6pBcAkd5CignyqgcSCgF0zuC783BaV5Ip9wloIf05HkEWcUjeR5yEUI+XQ+pLVhveE0nQXsdeKWpEFKtIf1Ly9MWBaDRCao1gPXSdHPqULOBMxrXqYhpWxCRzAwVNIYtJ8vbp7bF0YJ7ShRpiTaC/X3RE5jrWdxYDpjimO96hXif94gw+jWz7lMMwTJlouiTNiY2EUAdsgVMBQzQyhT3NxqszFVlKGJqQjBXX15nXSvmq7TdB+vG627Mo4qOSPn5JK45Ia0yANpkw5hJCXP5JW8WZn1Yr1bH8vWilXOnJI/sD5/AO4fkZg=</latexit><latexit sha1_base64="WZDapCsTc1Y7jKfVgIGkj7LXd9w=">AAAB83icbVBNS8NAEN3Ur1q/qh69BIvgqSQi6LHoxWMF+wFNKJvNpF262YTdSaGE/g0vHhTx6p/x5r9x0+agrQ8GHu/NMDMvSAXX6DjfVmVjc2t7p7pb29s/ODyqH590dZIpBh2WiET1A6pBcAkd5CignyqgcSCgF0zuC783BaV5Ip9wloIf05HkEWcUjeR5yEUI+XQ+pLVhveE0nQXsdeKWpEFKtIf1Ly9MWBaDRCao1gPXSdHPqULOBMxrXqYhpWxCRzAwVNIYtJ8vbp7bF0YJ7ShRpiTaC/X3RE5jrWdxYDpjimO96hXif94gw+jWz7lMMwTJlouiTNiY2EUAdsgVMBQzQyhT3NxqszFVlKGJqQjBXX15nXSvmq7TdB+vG627Mo4qOSPn5JK45Ia0yANpkw5hJCXP5JW8WZn1Yr1bH8vWilXOnJI/sD5/AO4fkZg=</latexit>



What are Type Ia supernovae?
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Type Ia supernovae as ‘standardisable candles’ 

Use a standard template (e.g. SALT 2) to make ‘stretch’ and ‘colour’ corrections  …



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)q0 ⌘ �(äa)/ȧ2 𝑗! ≡ (𝑎/a)(𝑎̇/𝑎)"#



Joint Lightcurve Analysis data (740 Sne Ia)

Betoule et al, A&A 568:A22,2014

NB: Previous supernova analyses used the ‘constrained chi-squared’ method …
wherein sint is adjusted to get c2 of 1/d.o.f. for the fit to the assumed LCDM model!

we employ a Maximal Likelihood Estimator  … and obtain rather different results
Nielsen, Guffanti & S.S., Sci.Rep. 6:35596,2016

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

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


Construct a Maximum Likelihood Estimator
N

ielsen, G
uffanti&

 S.S., Sci.Rep. 6:35596,2016
Well-approximated as Gaussian

‘Stretch’ corrections ‘Colour’ corrections

cosmology SALT2

intrinsic 
distributions



MLE, best fit
Profile Likelihood
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NB: We show the result in the Wm- WL plane for comparison with previous results (JLA) 
simply to emphasise that the statistical analysis has not been done correctly earlier

JLA

0.4

0.2

We find the data is consistent with an uniform rate of expansion (⇒r + 3p = 0) at 2.8s

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



Rubin & Hayden (ApJ 833:L30,2016) say that 
our model for the distribution of the JLA 

light curve parameters should have 
included a dependence on redshift - which 

no previous analysis had allowed for
... they add 12 more parameters to our 
(10 parameter) model to describe this 

individually for each data sample

In any case this raises the 
significance with which a 

non-accelerating universe is 
rejected to only 3.7s … still 

inadequate to claim a 
‘discovery’ (even though the 
dataset has increased from 
~100 to 740 SNe Ia in 20 yrs)

Nielsen et al Rubin & Hayden

Such a posteriori modification is not justified 
by the Bayesian information criterion



Sky distribution of the 4 sub-samples of the JLA catalogue in Galactic coordinates: 
SDSS (red dots), SNLS (blue dots), low redshift (green dots) and HST (black dots). 
CMB dipole (star), SMAC bulk flow (triangle), 2M++ bulk flow (inverted triangle)

Subsequently we realised that the 
peculiar velocity `corrections' applied 
to the JLA catalogue are suspect … the 
bulk flow had been assumed to drop 
to zero at ~150 Mpc - although it is 
observed to continue to > 300 Mpc!

So we undid the corrections to recover 
the original data in the heliocentric 
frame … with some surprising findings 

Jacques Colin et al.: Evidence for anisotropy of cosmic acceleration

Fig. 1. The sky distribution of the 4 sub-samples of the JLA catalogue in Galactic coordinates: SDSS (red
dots), SNLS (blue dots), low redshift (green dots) and HST (black dots). Note that the 4 big blue dots are
clusters of many individual SNe Ia. The directions of the CMB dipole (star), the SMAC bulk flow (triangle),
and the 2M++ bulk flow (inverted triangle) are also shown.

Figure 1 is a Mollewide projection of the directions of the 740 SNe Ia in Galactic coordinates.

Due to the diverse survey strategies of the sub-samples that make up the JLA catalogue, its sky

coverage is patchy and anisotropic. While the low redshift objects are spread out unevenly across

the sky, the intermediate redshift ones from SDSS are mainly confined to a narrow disk at low

declination, while the high redshift ones from SNLS are clustered along 4 specific directions.

The JLA analysis (Betoule et al. 2014) corrects the observed redshifts zhel in the heliocentric

frame in order to obtain the cosmological redshifts zCMB after accounting for peculiar motions in

the local Universe. These corrections are carried over unchanged from an earlier analysis (Conley

et al. 2011), which in turn cites an earlier method (Neill et al. 2007) and the peculiar velocity

model of Hudson et al. (Hudson et al. 2004). It is stated that the inclusion of these corrections

allow SNe Ia with redshifts down to 0.01 to be included in the cosmological analysis, in contrast to

earlier analyses (Riess et al. 2006) which employed only SNe Ia down to z = 0.023.

In Figure 2 we scrutinise these corrections by exhibiting the velocity parameter C, defined as

C = [(1 + zhel) � (1 + zCMB)(1 + zd)] ⇥ c (3)

where zhel and zCMB are as tabulated by JLA, while zd is given by (Davis et al. 2011)

zd =

s
1 � uCMB��.n̂/c

1 + uCMB��.n̂/c
� 1, (4)

where uCMB�� is 369 km s�1 in the direction of the CMB dipole,(Kogut et al. 1993) and n̂ is the

unit vector in the direction of the supernova. It can be seen in Figure 2 that SNe Ia beyond z ⇠ 0.06

have been assumed to be stationary w.r.t. the CMB rest frame, and corrections applied only to those

at lower redshifts. It is not clear how these corrections were made beyond z ⇠ 0.04, which is the

maximum extent to which the Streaming Motions of Abell Clusters (SMAC) sample (Hudson et al.
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coverage is patchy and anisotropic. While the low redshift objects are spread out unevenly across

the sky, the intermediate redshift ones from SDSS are mainly confined to a narrow disk at low

declination, while the high redshift ones from SNLS are clustered along 4 specific directions.

The JLA analysis (Betoule et al. 2014) corrects the observed redshifts zhel in the heliocentric

frame in order to obtain the cosmological redshifts zCMB after accounting for peculiar motions in

the local Universe. These corrections are carried over unchanged from an earlier analysis (Conley

et al. 2011), which in turn cites an earlier method (Neill et al. 2007) and the peculiar velocity

model of Hudson et al. (Hudson et al. 2004). It is stated that the inclusion of these corrections

allow SNe Ia with redshifts down to 0.01 to be included in the cosmological analysis, in contrast to

earlier analyses (Riess et al. 2006) which employed only SNe Ia down to z = 0.023.

In Figure 2 we scrutinise these corrections by exhibiting the velocity parameter C, defined as
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where zhel and zCMB are as tabulated by JLA, while zd is given by (Davis et al. 2011)

zd =
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1 � uCMB��.n̂/c

1 + uCMB��.n̂/c
� 1, (4)

where uCMB�� is 369 km s�1 in the direction of the CMB dipole,(Kogut et al. 1993) and n̂ is the

unit vector in the direction of the supernova. It can be seen in Figure 2 that SNe Ia beyond z ⇠ 0.06

have been assumed to be stationary w.r.t. the CMB rest frame, and corrections applied only to those

at lower redshifts. It is not clear how these corrections were made beyond z ⇠ 0.04, which is the

maximum extent to which the Streaming Motions of Abell Clusters (SMAC) sample (Hudson et al.
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Colin et al, A&A 631:L13,2019



When the data is now analysed allowing for a dipole, we find the MLE prefers one 
(~50 times bigger than the monopole) … in ~the same direction as the CMB dipole

The significance of qo being negative has now decreased to only 1.4s
This strongly suggests that cosmic acceleration is just an artefact of our being located 

inside a bulk flow (which includes ~3/4 of the observed SNe Ia) and not due to Λ
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2 Cosmological analysis

We nowcompare the distance modulus (eq.1) obtained from the JLA sample with the apparent

magnitude (eq.2) using the Maximum Likelihood Estimator 25. For the luminosity distance we

use its kinematic Taylor series expansion up to the third term 40 since we wish to analyse the data

without making assumptions about the matter content or the dynamics:

dL(z) =
cz

H0

⇢
1 +

1

2
[1� q0]z �

1

6
[1� q0 � 3q20 + j0 +

kc
2

H
2
0a

2
0

]z2
�

(5)

where q ⌘ �äa/ȧ
2 is the cosmic deceleration parameter in the Hubble flow frame, defined in terms

of the scale factor of the universe a and its derivatives w.r.t. proper time, j0 is the cosmic ‘jerk’

j = ˙̈a/aH3, and �kc
2
/(H2

0a
2
0) is just ⌦k. Note that the last two appear together in the coefficient

of the z
3 term so cannot be determined separately. In the ⇤CDM model: q0 ⌘ ⌦M/2� ⌦⇤.

To look for a dipole in the deceleration parameter, we allow it to have a direction dependence:

q = qm + ~qd.n̂F(z, S) (6)

where qm and qd are the monopole and dipole components, while n̂ is the direction of the dipole

and F(z, S) describes its scale dependence. We consider four representative functional forms:

(a) No scale dependence: F(z, S) = 1 independent of z,

(b) ‘Top hat’: F(z, S) = 1 for z < S, and 0 otherwise,

(c) Linear: F(z, S) = 1� z/S, and

(d) Exponential: F(z, S) = exp(�z/S).

9

standard LCDM⤳
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There is not enough 
data to do an a priori 
scan of the best-fit 
direction of qd … but if 
done a posteriori it is 
found to be within 230 

of the CMB dipole
(ℓ = 254.40, b = 25.50)

The log-likelihood 
changes by just 3.2 
between the two 
directions i.e. the 
inferred acceleration is 
consistent with being 
due to the bulk flow 
(rather than due to Λ)



Similar anisotropy found in a sample of 313 X-ray clusters

Redshift 
distribution

Migkas et al, A&A  636:A15,2020

Luminosity 
distribution
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Rubin & Heitlauf (ApJ 894:68,2020) confirm our findings (C19), but criticise us for: 
1. “Incorrectly” not allowing redshift-dependence of light-curve parameters (BIC?)
2. “Shockingly” using heliocentric redshifts (but is the CMB frame the correct frame?)
(3. Not using data from southern sky surveys … which are in fact not fully public)
(4. Using a “pathological” model of the dipole anisotropy … it is actually well behaved)

Without JLA peculiar 
velocity covariance 

With JLA peculiar 
velocity covariance 

This illustrates just how many “corrections” need to be made to extract evidence for 
isotropic acceleration q0m, when the data in fact indicate anisotropic acceleration q0d!

… we believe therefore that their criticism is not justified (arXiv:1912:04257)

Correction: x1 & c z-dep.
+ Correction: zhel➛ zCMB

+ Correction: SNe pec. vel.



If the dipole in the CMB is due to our motion wrt the ‘CMB frame’ 
then we should see same dipole in the distribution of all distant sources

Aberration Doppler boosting

Observer, velocity v

Moving frameRest frame

𝜃
𝜙

tan𝜙 =
sin 𝜃

γ ∗ 𝑐𝑜𝑠𝜃 − 𝑣𝑐 Di
ffe

re
nt

ia
l f

lu
x

Energy

𝜙 ∝ 𝐸#$ -ve power law

+

Flux limited catalog ➙more 
sources in direction of motion

𝜎 𝜃 %&' = 𝜎()'*[1 + 2 + 𝑥 1 + 𝛼
𝑣
𝑐
cos(𝜃)]

Ellis & Baldwin (1984)



All-sky catalogue with N sources 
with redshift distribution D(z) from 
a directionally unbiased survey

redshift

D(z)

𝛿 = 𝓚 (𝑣⃗!"#, 𝑥, α) + 𝓡 (N) + 𝓢 (D(z))

𝓚 → The kinematic dipole: independent
of source distance, but depends on 
source spectrum, source flux 
function, observer velocity

𝓡 → The random dipole: ∝ 1/√𝑁
isotropically distributed

𝓢 → 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 sources z ~ 1, 𝓢 (D(z)) → 0
Colin, Mohayaee, Rameez & S.S., MNRAS 471:1045,2017

Wide Field Infrared Survey Explorer, 1,200,000 galaxies, z ~ 0.14, 𝓢 (D(z)) significant
Rameez, Mohayaee, S.S. & Colin, MNRAS 477:1722,2018  

1
I

Wide Field Infrared Survey Explorer, 1,500,000 quasars, z ~ 1, 𝓢 (D(z)) ~ 1%
Secrest, Rameez, von Hausegger, Mohayaee, S.S. & Colin, arXiv:2009.14826 



Estimators for the Dipole

𝐷$ =
𝑧̂
𝑁
?
%&!

%&'(
?
)&!

)&(
𝜎 𝜃

cos𝜃
cos𝜃

sin𝜃d𝜃d𝜙

𝐷* =
𝑧̂
𝑁
?
%&!

%&'(
?
)&!

)&(
𝜎 𝜃 cos𝜃sin𝜃d𝜃d𝜙

𝐷" =
1
𝑁
%
#$%

&

𝑟̂#𝐷' = 𝑧̂ ∗
𝑁(' − 𝑁)'
𝑁(' + 𝑁)'

𝑁!"

𝑁#"

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

Unbiased
Statistical error 1/√𝑁

Rubart & Schwarz, 
A&A 555 (2013) A117

Vary the direction of the 
hemispheres until maximum 
asymmetry is observed

High bias 
statistical error ~1/√𝑁

Linear Quadratic



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 of -30

• Apply common threshold flux cut 
to  both samples

• Remove any nearby sources 
(common with 2MRS & LRS) 

None of the above makes a difference!
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Our Peculiar velocity wrt radio galaxies
≠ peculiar velocity wrt the CMB

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

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

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

Confirms claim by Singal (2011) 
which was criticized subsequently 

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

We have addressed most concerns 
but this strange anomaly remains … 

and casts doubt on the kinematic 
interpretation of the CMB dipoleCo
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Our Peculiar velocity wrt quasars
≠ peculiar velocity wrt the CMB

We now have a catalogue of ~1.5 million quasars, with 99% at redshift > 0.1

Update:  The kinematic interpretation of the CMB dipole is rejected with p=10-5 ⇒ 4.4𝛔
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Final sample — CatWISE AGN

30 90⇠# sources per deg2

Inferred from cross-
correlating with 

SDSS DR16 Stripe 82: 
~104 eBoss redshifts

Low-z AGNs excluded 
by cross-correlation 

with2MASS XSC

3.4 μm (W1) 4.6 μm (W2)

W1 − W2 ≥ 0.8 9 > W1 > 16.4



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 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 strong dipole in q0 aligned with the 
bulk flow, and the monopole drops in significance to be consistent with zero 

• The rest frame in which distant quasars are isotropic ≠ rest frame of the CMB

Could all this be an indication of new horizon-scale physics? 
e.g. super-horizon isocurvature perturbation (Gunn 1988, Turner 1991)

The ‘standard’ assumptions of isotropy and homogeneity are questionable

… forthcoming surveys (Euclid, LSST, SKA …) will enable definitive tests

Meanwhile the inference in the standard cosmology that the universe 
is dominated by ‘dark energy’ is open to question


