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The cosmological principle
The Universe is (statistically) isotropic and homogenous (on large scales). 

No special positions or directions in the Universe.
“The universe presents the same general aspect at every point”
 Edward Arthur Milne
Also the Copernican principle : we are ‘typical’ observers.
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The ‘Perfect’ version was abandoned 
following the discovery of the CMB in 
1964 and the realization that the 
universe does have a beginning … but 
the cosmological principle lived on 

Enables an enormous simplification in the equations

Einstein Field Equations - > Friedmann Equations

Scale factor a(t)
Ω! + Ω" + Ω# = 1 
The cosmic sum rule
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The cosmological principle
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The Universe is sensibly isotropic and homogenous when averaged on large scales

No special positions or directions in the Universe.
“The universe presents the same general aspect at every point”
 Edward Arthur Milne
Also the Copernican principle : we are ‘typical’ observers.
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The ‘Perfect’ version was abandoned 
following the discovery of the CMB in 
1964 and the realization that the 
universe does have a beginning … but 
the cosmological principle lived on 

Steven Weinberg, Gravitation and Cosmology (1972)

…

…



“Data from the Planck satellite show the Universe 
to be highly isotropic”
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T =  2.725 K
Δ𝑇
𝑇 ~10$%

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

Planck 2015
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The CMB Dipole : Purely Kinematic?
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Net motion of the Solar System barycentre:
369 +/- 2 km/s w.r.t  ‘CMB rest frame’ 
towards

R.A = 168.0, DEC = -7.0

!"
"

 ~ 10-3

COBE Experiment, 1996
Planck 2015

T (✓) =
T0

p
1� �2

1� � cos ✓

What is the origin of this motion?

Is this 'Purely Kinematic’?
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A moving observer -  Kinematic Dipole
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Aberration Doppler boosting

Observer, velocity v

Moving frameRest frame

𝜃
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tanϕ =
sin θ
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Energy

𝜙 ∝ 𝐸!"
negative power law

+
Flux limited catalog -> more sources in 
direction of motion

𝜎 𝜃 9:; = 𝜎<=;>[1 + 2 + 𝑥 1 + 𝛼
𝑣
𝑐 cos(𝜃)]

Ellis & Baldwin (1984)
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Needs a million sources to detect the CMB dipole velocity
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The situation anticipated by Ellis and Baldwin in 1984 now confronts us!



Ellis & Baldwin tests : The Cosmic Dipole Anomaly
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The NRAO VLA Sky Survey (NVSS)
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1.4 GHz survey of the Northern sky, by the National Radio 
Astronomy Observatory. Down to dec = -40.4o

1,773,488 sources above 2.5 mJy. But ‘complete’ with 
uniform sky exposure only above 10 mJy

Phys. Rev. D, 78, 043519
𝑥 from the Ellis & Baldwin expression

First seen by Singal, A. K. 2011, ApJL, 742, L23,
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Sydney University Molonglo Sky Survey (SUMSS)
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843 MHz survey of the Southern sky, by the Molonglo 
Observatory Synthesis telescope. Dec < -30.0o

211050 radio sources. Similar sensitivity and resolution to 
NVSS𝑥 from the Ellis & Baldwin formula
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The NVSUMSS-Combined All Sky catalog
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• Rescale SUMSS fluxes by (843/1400)-0.75

• Remove Galactic Plane at +/-10 degree in NVSS

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

• Apply common threshold flux cut on both samples

• z~1
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Results
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Velocity ~ 1355 ± 351 km/s, Dir within 10° of CMB dipole direction.

Statistical significance, ~2.81 Sigma, with the 3D linear estimator, constrained mainly by the catalogue size

Bengaly et al 2018 JCAP 1804 (2018) no.04, 031 find a 5.1 sigma excess in TGSS !
SKA phase 1 measurement ~10%

Bengaly (et al) 2018 MNRAS, 486, Issue 1 (2019) 1350-1357
“We conclude that for all analysed surveys, the observed Cosmic Radio Dipole amplitudes exceed the expectation, 

derived from the CMB dipole.”
Siewert et al 2020, Astron.Astrophys. 653 (2021) A9
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The Widefield Infrared Survey Explorer
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All sky infrared survey over 10 months, in the bands 3.4, 4.6, 12 
and 22 𝜇m using a 40 cm diameter telescope 

Generated a catalog of 746 million+ objects, most of which are 
stars.

Directionally unbiased survey strategy, arc second angular 
resolution, multi band photometry.

14



Rameez-PPC Hyderabad 15

Draft version January 20, 2021

Typeset using LATEX twocolumn style in AASTeX63

A Test of the Cosmological Principle with Quasars

Nathan J. Secrest ,
1
Sebastian von Hausegger ,

2, 3, 4
Mohamed Rameez ,

5
Roya Mohayaee ,

3

Subir Sarkar ,
4
and Jacques Colin

3

1U.S. Naval Observatory, 3450 Massachusetts Ave NW, Washington, DC 20392-5420, USA
2INRIA, 615 Rue du Jardin-Botanique, 54600 Nancy Grand-Est, France
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ABSTRACT

We study the large-scale anisotropy of the Universe by measuring the dipole in the angular distri-
bution of a flux-limited, all-sky sample of 1.36 million quasars observed by the Wide-field Infrared
Survey Explorer (WISE). This sample is derived from the new CatWISE2020 catalog, which contains
deep photometric measurements at 3.4 and 4.6 µm from the cryogenic, post-cryogenic, and reactivation
phases of the WISE mission. While the direction of the dipole in the quasar sky is similar to that of
the cosmic microwave background (CMB), its amplitude is over twice as large as expected, rejecting
the canonical, exclusively kinematic interpretation of the CMB dipole with a p-value of 5⇥ 10�7 (4.9�
for a normal distribution, one-sided), the highest significance achieved to date in such studies. Our
results are in conflict with the cosmological principle, a foundational assumption of the concordance
⇤CDM model.

Keywords: cosmology: large-scale structure of universe — cosmology: cosmic background radiation —
cosmology: observations — quasars: general — galaxies: active

1. INTRODUCTION

The standard Friedmann-Lemâıtre-Robertson-Walker
(FLRW) cosmology is based on the “cosmological princi-
ple”, which posits that the universe is homogeneous and
isotropic on large scales. This assumption is supported
by the smoothness of the CMB, which has temperature
fluctuations of only ⇠ 1 part in 100,000 on small angu-
lar scales. These higher multipoles of the CMB angular
power spectrum are attributed to Gaussian density fluc-
tuations created in the early universe with a nearly scale-
invariant spectrum, which have grown through gravita-
tional instability to create the large-scale structure in
the present universe. The dipole anisotropy of the CMB
is however much larger, being about 1 part in 1000 as ob-
served in the heliocentric rest frame. This is interpreted
as due to our motion with respect to the rest frame in
which the CMB is isotropic, and is thus called the kine-
matic dipole. According to the most recent measure-
ments, the inferred velocity is 369.82 ± 0.11 km s�1 to-

Corresponding author: Nathan J. Secrest

nathan.j.secrest.civ@mail.mil

wards l, b = 264.�021, 48.�253 (Planck Collaboration et al.
2020). This motion is usually attributed to the gravita-
tional e↵ect of the inhomogeneous distribution of matter
on local scales, originally dubbed the “Great Attractor”
(see, e.g., Dressler 1991).

A consistency check of the above kinematic interpre-
tation of the CMB dipole would be to measure the con-
comitant e↵ects on higher multipoles in the CMB angu-
lar power spectrum (Challinor & van Leeuwen 2002).
However, even the precise measurements of these by
Planck allow up to 40% of the observed dipole to be
due to e↵ects other than the Solar System’s motion
(see discussion in Schwarz et al. 2016). According to
galaxy counts in large-scale surveys, the universe is
sensibly homogeneous when averaged over scales larger
than & 100 Mpc, as is indeed expected from considera-
tions of structure formation in the concordance ⇤CDM
model. Hence the reference frame of matter at still
greater distances should converge to that of the CMB;
i.e. the dipole in the distribution of cosmologically dis-
tant sources, induced by our motion via special relativis-
tic aberration and Doppler shifting e↵ects, should align
both in direction and in amplitude with the CMB dipole.
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CatWISE AGN 1355352  sources

Astrophys.J.Lett. 908 (2021) 2, L51
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30 90source deg�2 66.7 69.8source deg�2

Figure 1. Left: Mollweide density map of our CatWISE quasar sample, in Galactic coordinates. Right: density map smoothed
using a moving average on steradian scales, showing a dipole signal. Both maps have been corrected for the residual ecliptic
latitude bias (Section 2).

Figure 2. Distribution of flux densities S⌫ (/ ⌫�↵) and
spectral indices ↵ (W1 band) in our CatWISE quasar sample,
normalized as a probability density function (PDF).

Figure 3. Redshift distribution of our CatWISE quasar
sample.

We determine the dipole ~D of our sample using a least-
squares estimator:
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where np denotes the number density of sources in
sky pixel p, A0 is the mean density (monopole), A1j

are the amplitudes of the three orthogonal dipole tem-
plates dj,p, and the sum is taken over all unmasked
pixels. This expression’s analytical minimum with re-
spect to the monopole and dipole amplitudes Aj is
found by solving a simple linear equation, as imple-
mented in the fit dipole routine of healpy (Zonca
et al. 2019). Using this, the final dipole reads ~D =
(A1,p/A0, A2,p/A0, A3,p/A0). We have verified that this
estimator does not su↵er from bias in either direction
or amplitude for density maps simulated in the man-
ner as described below. Before computing the dipole of
the source distribution (Figure 1) the mild inverse lin-
ear trend with ecliptic latitude of the source density was
taken into account by correcting the latter as described
in Section 2.

Similarly to other dipole estimators, e.g. Blake & Wall
(2002); Bengaly et al. (2019), our estimator explicitly
seeks a dipolar pattern. However, it is neither compu-
tationally expensive as the minimization is done ana-
lytically, nor prone to leakage into higher multipoles,
as it does not force a spherical harmonic decomposition
on an incomplete sky.4 Estimators that are agnostic
with regard to the true underlying signal, such as the
linear estimator proposed in, e.g., Fisher et al. (1987);
Crawford (2009), exhibit biases that, while well under-

4 Influence from, e.g., a quadrupole on the estimated dipole was
found to be negligible.
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are the amplitudes of the three orthogonal dipole tem-
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pixels. This expression’s analytical minimum with re-
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et al. 2019). Using this, the final dipole reads ~D =
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Similarly to other dipole estimators, e.g. Blake & Wall
(2002); Bengaly et al. (2019), our estimator explicitly
seeks a dipolar pattern. However, it is neither compu-
tationally expensive as the minimization is done ana-
lytically, nor prone to leakage into higher multipoles,
as it does not force a spherical harmonic decomposition
on an incomplete sky.4 Estimators that are agnostic
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Results

p = 5	×10$& (4.9 𝜎)

Obtained by scrambling the data itself, 
frequentist null hypothesis testing,
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Figure 4. Left panel: Amplitude of the dipole D (solid vertical line) in the CatWISE quasar sample, versus the expectation
assuming the kinematic interpretation of the CMB dipole; the distribution of Dsim from simulations (Section 3.2) is shown along
with its median value (dashed vertical line). Right panel: Dipole direction ~D in Galactic coordinates (triangle), with the null
hypothesis uncertainty region (2�) in blue Section 4. The probability under the null hypothesis of observing the dipole that we
find is 5⇥ 10�7, or 4.9� for a normal distribution (one-sided).

CMB dipole may need to be interpreted in terms of new
physics, e.g. as a remnant of the pre-inflationary uni-
verse (Turner 1991). Gunn (1988) noted that this issue
is closely related to the bulk flow observed in the local
universe, which in fact extends out much further than is
expected in the concordance ⇤CDM model (e.g., Colin
et al. 2011; Feindt et al. 2013). Further work is needed
to clarify these important issues.

As Ellis & Baldwin (1984) emphasized, a serious dis-
agreement between the standards of rest defined by dis-
tant quasars and the CMB may require abandoning the
standard FLRW cosmology itself. The importance of
the test we have carried out can thus not be overstated.
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Figure 2. Distribution of CMB dipole offsets and kinematic dipole amplitudes of simulated null skies for the NVSS catalog (left) and WISE
(right). Contours of equal p-value (scale on right y-axis), translated to equivalent � are given (where the peak of the distribution corresponds to
0�), with the found dipoles marked with the + symbol and their p-value in the legends.

given precision. The values of x in the towards/away hemi-
spheres are 0.77/0.77 for NVSS, and 1.90/1.89 for WISE.
The small difference in x for WISE is consistent with fitting
error, and makes a negligible difference in the expected kine-
matic dipole amplitude.

As the dipoles in the large scale distribution of radio galax-
ies and of quasars independently reject the null hypothesis,
we can ask if these two dipoles are consistent with each
other and, if so, combine them to determine their common
or shared dipole. We repeated the kinematic expectation
test for a given input dipole amplitude and direction to de-
termine the distribution in amplitude and offset. Using 106

simulations, we find that the input dipole that is most con-
sistent with the NVSS and WISE dipoles is their vector
mean: D = (1.40 ± 0.13) ⇥ 10�2, pointed at (l, b) =
(233�

± 6�
, +34�

± 5�), 27� offset from the CMB dipole,
with a 14� positional uncertainty at the 95% CL. The corre-
sponding p-value is 0.72 for WISE and 0.09 for NVSS, indi-
cating that the NVSS and WISE dipoles are indeed consistent
with each other, albeit with some tension in the NVSS sam-
ple. If we additionally assume that the CMB dipole is fully
kinematic in origin, then the NVSS and WISE dipoles will
each have a different kinematic contribution (with amplitudes
D = 0.41⇥10�2 and D = 0.73⇥10�2, respectively), which
can be removed from the samples using Equation 4. Doing
this and repeating the above test yields a residual common
dipole with amplitude D = (0.86 ± 0.14) ⇥ 10�2, point-
ing towards (l, b) = (217�

± 10�
, +20�

± 7�), 48� from the
CMB dipole direction, with a 95% CL position uncertainty of
22�. The corresponding p-values are 0.94 for WISE and 0.30
for NVSS, improving consistency and alleviating the tension

with NVSS. This tantalizing result suggests that if the so-
lar system barycenter is indeed traveling in the direction of
the CMB dipole at 370 km s�1, then the space distribution
of cosmologically distant radio galaxies and quasars has an
intrinsic dipole anisotropy in that frame.

We reiterate that the two catalogs are completely indepen-
dent of each other, not only systematically but also in terms
of the objects they contain. The dipoles of radio galaxies and
quasars are thus both larger than the kinematic expectation
from the CMB dipole, but consistent with a common dipole
which points 27� away from the direction of the CMB dipole
as observed, or 48� away if the kinematic expectation is re-
moved. Note that, according to Murray (2022), the effect of
gravitational lensing by the structures responsible for the lo-
cal bulk flow is negligible for the dipole in cosmologically
distant source counts.

Finally, since the NVSS and WISE samples were acquired
at frequencies differing by nearly 5 orders of magnitude,
their consistency disfavors any frequency dependence of the
anomalous dipole as claimed by Siewert et al. (2021). We
discuss this claim in Appendix A.1 and show that it can be
attributed to known flux calibration issues in the 150 MHz
TIFR GMRT Sky Survey catalog (TGSS-ADR1 Intema et al.
2017).

4. CONCLUSIONS
We have explored the dipoles in the sky distributions

of two large, independent, samples of radio galaxies and
quasars, constructed from the NVSS and WISE catalogs. Our
principal conclusions are as follows:

Conservative Sample size weighted Z-scores : 5.1 𝜎

Astrophys.J.Lett. 937 (2022) L31
https://zenodo.org/record/6784602

508144 sources 1.6 million sources

Also in a sample of z~0.2 galaxies 
Mon.Not.Roy.Astron.Soc. 477 (2018) 2, 1772-
1781 (backup slides)
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ABSTRACT
The Cosmological Principle, that the Universe is homogeneous and isotropic on su�ciently large scales, underpins the standard
model of cosmology. However, a recent analysis of 1.36 million infrared-selected quasars has identified a significant tension in
the amplitude of the number-count dipole compared to that derived from the CMB, thus challenging the Cosmological Principle.
Here we present a Bayesian analysis of the same quasar sample, testing various hypotheses using the Bayesian evidence. We
find unambiguous evidence for the presence of a dipole in the distribution of quasars with a direction that is consistent with
the dipole identified in the CMB. However, the amplitude of the dipole is found to be 2.7 times larger than that expected from
the conventional kinematic explanation of the CMB dipole, with a statistical significance of 5.7f. To compare these results
with theoretical expectations, we sharpen the ⇤CDM predictions for the probability distribution of the amplitude, taking into
account a number of observational and theoretical systematics. In particular, we show that the presence of the galactic plane
mask causes a considerable loss of dipole signal due to a leakage of power into higher multipoles, exacerbating the discrepancy
in the amplitude. By contrast, we estimate using probabilistic arguments that the source evolution of quasars improves the
discrepancy, but only mildly so. These results support the original findings of an anomalously large quasar dipole, independent
of the statistical methodology used.

Key words: cosmology: large-scale structure of universe — cosmology: cosmic background radiation — cosmology: observa-
tions — quasars: general — galaxies: active

1 INTRODUCTION

The Cosmological Principle, the idea that the Universe is spatially ho-
mogeneous and isotropic when viewed at su�ciently large scales, un-
derlies the use of Friedmann–Lemaître–Robertson–Walker (FLRW)
world models in the standard concordance cosmology, ⇤CDM. In
these models there exist ideal observers for whom their view is an
isotropic universe (Maartens 2011), such that in this ‘cosmic rest
frame’ the CMB appears maximally isotropic. Any observer moving
with velocity v relative to this frame will observe a dipole anisotropy
in the CMB temperature, �)/) ' # · n̂, where # = v/2 and n̂ is
the direction of observation (Stewart & Sciama 1967; Peebles &
Wilkinson 1968). The fact that the CMB dipole as observed from in
the heliocentric frame (which is about a hundred times larger than
the primary anisotropies) is conventionally taken as evidence that
the solar system is moving with speed (Planck Collaboration et al.
2020a)

E = (369.825 ± 0.070) km s�1 (1)

¢ E-mail: lawrence.dam@unige.ch
† E-mail: geraint.lewis@sydney.edu.au (GFL)

towards

(;, 1) = (264.�021 ± 0.�009, 48.�253 ± 0.�004), (2)

relative to the CMB rest frame.
To test whether the CMB dipole has a genuine kinematic origin,

Ellis & Baldwin (1984) proposed a simple consistency test involving
the number counts of radio sources on the sky: Given an isotropic
distribution of sources, forming a background of uniform emission,
our putative velocity should induce in the number counts a dipole
anisotropy of the amplitude and direction expected by equation (1),
if the kinematic interpretation is correct. Supposing a population of
radio sources with identical flux density spectra ( / a

�U (where a

is the frequency and U the spectral index), and integral source count
above flux density threshold (⇤ given by d# (> (⇤)/d⌦ / (

�G
⇤ , Ellis

& Baldwin (1984) showed that the number counts across the sky
exhibits a dipole anisotropy �#/# = dk · n̂ with

dk = [2 + G(1 + U)]#. (3)

This is the kinematic dipole. Here # = v/2, where v is the velocity of
the heliocentric frame relative to the ‘matter rest frame’, the frame in
which the radio sources are observed at rest. Unless we have reason to
expect, as in the standard model, that the matter rest frame coincides
with the CMB rest frame, there is no a priori reason that the velocity
in equation (3) is the same as the velocity in equation (1). Conversely,
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Abstract

We introduce the dipole cosmological principle, the idea that the Universe is a maximally

Copernican cosmology, compatible with a cosmic flow. It serves as the most symmetric

paradigm that generalizes the FLRW ansatz, in light of the increasingly numerous (but still

tentative) hints that have emerged in the last two decades for a non-kinematic component in

the CMB dipole. Einstein equations in our “dipole cosmology” are still ordinary di↵erential

equations – but instead of the two Friedmann equations, now we have four. The two new

functions can be viewed as an anisotropic scale factor that breaks the isotropy group from

SO(3) to U(1), and a “tilt” that captures the cosmic flow velocity. The result is an axially

isotropic, tilted Bianchi V/VIIh cosmology. We assess the possibility of model building within

the dipole cosmology paradigm, and discuss the dynamics of expansion rate, anisotropic shear

and tilt, in various examples. A key observation is that the cosmic flow (tilt) can grow even

while the anisotropy (shear) dies down. Remarkably, this can happen even in an era of late

time acceleration.

∗chethan.krishnan@gmail.com
†ranjinim@iisc.ac.in
‡jabbari@theory.ipm.ac.ir
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SO(3) → U(1), tilted Bianchi 𝑉/𝑉𝐼𝐼' - 4 Friedmann like equationsDate: December 1, 2022

Large-scale geometry of the Universe

Yassir Awwad˝ and Tomislav Prokopec˚

˚ Institute for Theoretical Physics, Spinoza Institute & EMME�
Utrecht University, Princetonplein 5, 3584 CC Utrecht, The Netherlands

Abstract

The large scale geometry of the late Universe can be decomposed as R◊ �3, where R stands for cosmic time and �3
is the three dimensional spatial manifold. We conjecture that the spatial geometry of the Universe’s spatial section
�3 conforms with the Thurston-Perelman theorem, according to which the geometry of �3 is either one of the eight
geometries from the Thurston geometrization conjecture, or a combination of Thurston geometries smoothly sewn
together. We assume that topology of individual geometries plays no observational role, i.e. the size of individual
geometries is much larger than the Hubble radius today. We investigate the dynamics of each of the individual
geometries by making use of the simplifying assumption that our local Hubble patch consists of only one such geometry,
which is approximately homogeneous on very large scales, but spatial isotropy is generally violated.

Spatial anisotropies grow in time in decelerating universes, but they decay in accelerating universes. The thus-
created anisotropy problem can be solved by a period of primordial inflation, akin to how the flatness problem is solved.
Therefore, as regards Universe’s large scale geometry, any of the Thurston’s geometries should be considered on a par
with Friedmann’s geometries.

We consider two observational methods that can be used to test our conjecture: one based on luminosity distance
and one on angular diameter distance measurements, but leave for the future their detailed forecasting implementations.

˝ e-mail: Yassir@Awwad.nl
˚ e-mail: T.Prokopec@uu.nl
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Thursten Perelman theorem -> anisotropic Thursten geometries 
should be considered on par with Friedmann geometry

Spatially Homogeneous Universes with Late-Time Anisotropy

Andrei Constantin ,1, ⇤ Thomas R. Harvey ,1, † Sebastian von Hausegger ,2, ‡ and Andre Lukas 1, §

1
Rudolf Peierls Centre for Theoretical Physics, University of Oxford, Parks Road, Oxford, UK

2
Astrophysics, University of Oxford, Denys Wilkinson Building, Keble Road, Oxford, UK

The Cosmological Principle asserts that on sufficiently large scales the universe is homogeneous
and isotropic on spatial slices. Challenging this principle requires a departure from the FLRW
ansatz. In this paper we analyse the cosmological evolution of spatially homogeneous but anisotropic
universes in which only two of the three space dimensions are maximally symmetric, namely the
closed Kantowski-Sachs universe and the open axisymmetric Bianchi type III universe. These models
are characterised by two scale factors and we study their evolution in universes with radiation, matter
and a cosmological constant. In all cases, the two scale factors evolve differently and this anisotropy
leads to a lensing effect in the propagation of light. We derive explicit formulae for computing
redshifts, angular diameter distances and luminosity distances and discuss the predictions of these
models in relation to observations for type Ia supernovae and the CMB.

I. INTRODUCTION

The picture painted by the standard ⇤CDM model
about the universe is built on the assumptions of spa-
tial homogeneity and isotropy on very large scales and
throughout the entire cosmological evolution. These as-
sumptions are validated a posteriori by the success of
the model in explaining the accelerated expansion of the
universe, the structure of the CMB, the abundances of
the light elements and the large-scale structure. On the
other hand, the ⇤CDM model, which is essentially a six-
parameter fit to current observations [1], relies on ingre-
dients that still lack solid theoretical understanding such
as dark matter [2] and dark energy [3, 4]. Moreover, the
Hubble and the S8 tensions [5, 6] between early-universe
and late-universe measurements, as well as the presence
of large angle anomalies in the CMB data [7] add more
pressure onto the model.

There are also a number of observations that directly
challenge the two pillar assumptions of homogeneity and
isotropy. These include the discovery of structures [8]
larger than the homogeneous scale predicted by ⇤CDM
simulations [9], as well as evidence from galaxy clus-
ters [10], quasars [11, 12], and type Ia supernovae [13]
suggesting that isotropy is violated on large scales. Faced
with a plethora of challenges [14], the ⇤CDM model
retains its unquestionable advantage of computational
simplicity; the relatively simple picture provided by the
model is to a large degree consistent with observations,
while any departure from homogeneity and isotropy nec-
essarily complicates the analysis, making it difficult to
infer and test observational consequences of non-FLRW
models. Nevertheless, pursuing such an analysis seems
worthwhile in the attempt to resolve the current ten-
sions between astrophysical data and ⇤CDM-predictions.

⇤ andrei.constantin@physics.ox.ac.uk
† thomas.harvey@physics.ox.ac.uk
‡ sebastian.vonhausegger@physics.ox.ac.uk
§ andre.lukas@physics.ox.ac.uk

Since FLRW models provide a good first approximation
to current observations, it makes sense to consider only
those models that include an FLRW limit, either param-
eterically or for a range of their cosmological evolution.

In the present study we concentrate exclusively on ho-
mogeneous, non-isotropic models, relaxing the cosmo-
logical principle but retaining the Copernican princi-
ple [15, 16]. For a review of inhomogeneous cosmologi-
cal models generalising the FLRW universe see Ref. [17].
Homogeneous cosmologies fall into two classes. The first
class consists of the Bianchi models, for which the isom-
etry group admits a 3-dimensional simply transitive sub-
group. There are 9 Bianchi-type models, two of which
form uncountable classes. Out of these, types I, V, VIIh,
and IX admit an isotropic limit [18] and can be studied
as homogeneous linear perturbations on the top of an
isotropic universe. The potential use of Bianchi models
in explaining the large-angle anomalies in the CMB has
been known for a while, for instance in Refs. [19, 20] it has
been shown that the quadrupole-octopole alignment and
the low quadrupole moment are simultaneously reduced
by a significant amount in the Bianchi type VIIh model.
However, the Planck data turned out to be inconsistent
with this model [21]. CMB constraints on Bianchi I mod-
els [22, 23], Bianchi V models and Bianchi IX models [24]
have also been obtained.

The second class of homogeneous non-isotropic cos-
mologies corresponds to the Kantowski-Sachs (KS) mod-
els [25, 26], for which the isometry group is neither sim-
ply transitive nor does it admit a simply transitive sub-
group [27, 28]. Concretely, these can be found among
those space-times where the topology of the space-like
hypersurface is of the form X1 ⇥ X2 = R ⇥ S

2 or other
topologies derived from this by identifications of points
under translations in the X1-direction or identifications
of antipodal points in S

2 or a combination of these. A
particular case is S

1
⇥ S

2. If X2 is replaced by a flat
2-dimensional maximally symmetric space, one recovers
the axisymmetric Bianchi type I model. If X2 is replaced
by a closed 2-dimensional maximally symmetric space,
the result is an axisymmetric Bianchi type III model.
In this paper we will focus on the closed and the open
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QCD axion dark matter and the cosmic dipole anomaly

Chengcheng Han1, ⇤

1School of Physics, Sun Yat-Sen University, Guangzhou 510275, China
(Dated: November 29, 2022)

There is growing evidence that the cosmic dipole measured from the distant galaxy number-count
is not consistent with that of CMB. We find that the QCD axion, a hypothetical particle originating
from the spontaneous breaking of the Peccei-Quinn symmetry, could explain this dipole anomaly
if it constitutes the dark matter of our universe. This model requires that the Hubble parameter
during inflation should be lower than 107 GeV which indicates low scale inflation.

I. INTRODUCTION

One of the mysteries is the existence of dark matter in
our universe. It not only contributes to most of the mat-
ter component of our observed universe but also evolves
with the initial stochastic density fluctuations and leads
to the large-scale structure formation of our universe.
However, the nature of dark matter is still unclear except
for its gravitational interaction with normal matter. One
of the most popular dark matter candidates is the weakly
interacting massive particle(WIMP) where the dark mat-
ter relic originates from the freeze-out process during the
early universe. Numerous experiments dedicate to look-
ing for the particle nature of dark matter but there is
no compelling evidence yet. Therefore it is intriguing to
look for the other properties of dark matter which may
provide clues about its origin.

On the other hand, it has been a long time since
people try to test the cosmological principle by com-
paring the cosmic dipole measured from the distant
galaxy number-count with that of cosmic microwave
background(CMB) [1–8]1. Recently one group finds that
these two dipoles are not consistent at a confidence level
around 5� [11, 12], bringing the suspicion on the cos-
mological principle that on large enough scale the uni-
verse should be homogenous and isotropic. A replace-
ment of this fundamental principle has been considered
recently [13]. However, before abandoning this funda-
mental assumption, it is intriguing to investigate whether
this dipole anomaly can be explained under the standard
framework of cosmic perturbation theory. It has been
found that if there exists large isocurvature perturbation
at the super horizon scale [14], the inconsistency of these
two dipoles can be relieved.

If the isocurvature perturbation is from density fluc-
tuation of the dark matter, obviously the WIMP can
not generate it because it thermalizes with the photon
in the early universe and all the initial isocurvature per-
turbation would disappear [15, 16]. One of the interest-
ing candidates might be the QCD axion [17–28], which

1
For a summary of the dipole measurement in the past, one can

refer to [9, 10].

is the hypothetical particle ordinating from the sponta-
neous breaking of the Peccei-Quinn symmetry to explain
the strong CP problem [29, 30]. It has been known for
a long time that the axion dark matter would generate
an isocurvature perturbation around H

⇡fa
where H is the

Hubble parameter during inflation and fa is the decay
constant of the axion. Unfortunately, we do not observe
the isocurvature perturbation from CMB [31], setting a
strong limit on the ratio of the Hubble parameter and
the axion decay constant H/fa . 10�5. In addition,
for a moderate initial displacement angle of the axion
✓ ⇠ O(1), the axion decay constant should be around
109�12 GeV to explain the dark matter relic abundance,
then the Hubble parameter should be less than 104�7

GeV and the low scale inflation model is preferred 2.

On the other hand, if we want to solve the dipole
anomaly, we need a pretty large isocurvature perturba-
tion, but a large isocurvature perturbation is excluded by
the current observation of CMB. However, explaining the
dipole anomaly requires a large isocurvature perturbation
at super horizon scale, if we can manage a large isocur-
vature perturbation at a large(super-horizon) scale but
small enough at the length scale of photon decoupling,
we could recoil this contradiction. In the following, we
will present an axion model satisfying this requirement.

The paper is organized as follows. In Sec. II we will
briefly overview the dipole anomaly and present the con-
dition to explain it. In Sec. III we show an axion model
which could explain the dipole anomaly and the numeri-
cal calculation is shown in Sec. IV. We draw our conclu-
sion in V.

II. DIPOLE ANOMALY

Besides an average temperature of around 2.7 K, the
anisotropy is also a typical feature of the CMB observa-
tion. The anisotropy can be decomposed into spherical

2
There are also many models trying to evade this limit, see [32–

35].
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Highlighted by PDG 2022 as one of the principal 
anomalies in Cosmology. 

Cosmic Dipole Anomaly, right beside the Hubble 
tension
Peebles 2022, 2024

"Standard cosmology would then need a drastic revision, with implications for DM.”  
Cirelli, Strumia and Zupan 2024
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J. D. Wagenveld et al.: MALS DR2: Wideband continuum catalogues and a measurement of the cosmic radio dipole
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Fig. 12: Posterior distributions of the MALS measurement at
400 µJy (green), compared several dipole measurements from
the literature. NVSS (blue), RACS (red), and NVSS+RACS
(purple) measurements are from Wagenveld et al. (2023b). The
CatWISE (yellow) measurement is from Secrest et al. (2022),
and the Quaia (turquoise) measurement is from Mittal et al.
(2024b). The CMB dipole amplitude is indicated with the black
line.

faint source population to reach the required number counts
for a dipole measurement, this is one of the first works to ac-
tively tackle such a systematic. The declination effect seen in the
MALS data dominates the dipole signal and introduces an artifi-
cial dipole effect which points towards the south pole with high
amplitude.

Though different parameters could be used to trace this ef-
fect, it was ultimately an additional linear fit to the major axis
of the restoring beam, ωB,ma j, of the pointings that yielded a so-
lution. Though this can indicate that the systematic is directly
related or even caused by the variation in ωB,ma j, we can only
conclusively say that the two are correlated. It is however not
unreasonable to assume that a variation in the size of the restor-
ing beam can cause a systematic variation in observed source
density. One way to lift the ambiguity is to reprocess the data to
remove this effect, by making all images have a common reso-
lution. During imaging this can be achieved by tapering in the
(u, v) plane, or post imaging by smoothing of the existing im-
ages. Whether these solutions can mitigate the anisotropy how-
ever remains to be seen. NVSS, being smoothed to a common
resolution, has a well studied anisotropy introduced by the use of
different array configurations at different declinations (e.g. Blake
& Wall 2002; Wagenveld et al. 2023b). In RACS-low, the source
density can be seen to peak at a declination of -75 while being at
its lowest at a declination of zero (Hale et al. 2021), showing a
variation remarkably similar to the relation between declination
and fuv shown in Figure 8. This effect, and perhaps a similar one
in VLASS affect the dipole measurements performed by Singal
(2023), with both estimates being biased towards the pole of the
hemisphere they predominantly cover. These instances are worth
mentioning, as these effects are still present in these catalogues
despite them being imaged and smoothed properly. In fact, some
of these effects similarly persist far above the completeness limit
of these catalogues. We can conclude that even with great care
taken in data processing and analysis, such systematics can be
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Fig. 13: Redshift distribution for sources in SKADS above
350 µJy, showing the potential redshift distribution of sources
used for the MALS dipole estimates. In this sample there is al-
ready a significant population of nearby SFGs present, which can
influence a dipole measurement.

extremely persistent, and the best approach is to mitigate any
systematics as much as to allow a unbiased dipole estimate.

It may be tempting to say that we can use systematics to un-
derstand the discrepancy between the MALS measurement and
other radio dipole measurements. The systematic that was en-
countered in MALS had such a strong effect that it was easily
identifiable, while other such effects might be more subtle, espe-
cially if they align more closely with the expected dipole direc-
tion. While this may be a reasonable assumption for any given
catalogue, this is hard to sustain for the range of catalogues at
multiple wavelengths with which the dipole has now been mea-
sured (See Figure 12), unless the effect is present in the observed
source population itself. In fact, a similar systematics argument
can be made against this MALS result, as a dipole with a lower
amplitude may be artificially created by having several compet-
ing effects pointing in different directions on the sky.

6.2. The sub-mJy source population

Alternatively, we may consider a physical cause of the differ-
ence between the MALS dipole and other radio dipoles. As the
MALS catalogue goes far deeper in terms of flux density than
other radio catalogues on which a dipole measurement has been
made, we expect to probe into the population of SFGs. This is
a region of parameter space never before explored by dipole
studies, and therefore may have had an influence on our re-
sults. The redshift distribution of sources in the SKADS cata-
logue (Wilman et al. 2008) above a flux density of 350 µJy in
Figure 13 shows that a significant fraction of these SFGs are at
lower redshifts (z < 0.5). In the kinematic interpretation of the
dipole, lower redshift sources serve as a contaminant, especially
those at z ↭ 0.1 (Bengaly et al. 2019). However, the amount
of SFGs present at these flux densities is a contested quantity,
with different simulations providing different answers. Figure 14
shows both the fraction of SFGs as well as the fraction of sources
at z < 0.5 at different flux densities, both for SKADS and for
the Tiered Radio Extragalactic Continuum Simulation (T-RECS
Bonaldi et al. 2019). T-RECS shows a significantly higher frac-
tion of SFGs than SKADS at the flux densities probed by MALS,

Article number, page 15 of 25

10+ papers that claim consistency with the 
kinematic expectation in other datasts.

Watch out for upcoming RevModPhys review.

SKA, Euclid, SphereX 
Wagenveld et al 2023

Wagenveld et al 2024
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Where is the cosmic ‘rest frame’?7

Observed VLG/CMB
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Fig. 4.— Velocity of the Local Group in progressively larger rest
frames,VLG: The observed amplitude and direction of the CMB
dipole motion are shown by the horizontal cyan band in the lower
panel and the solid cyan large square in the top panel, respectively.
The lower panel shows the amplitude of the velocity of the Local
Group in successively larger rest frames as the velocity field of
2MRS is reconstructed at increasing radii. Incompleteness is illus-
trated by the black error bar on data points beyond 120h−1 Mpc in
the bottom panel. The top panel shows how the direction changes
as the radius increases. The red curves in the bottom panel indi-
cate the prediction of growth of the velocity of the Local Group
for a WMAP5 cosmology. The solid curve gives the expectation of
the reconstructed velocity for a survey whose radius is indicated
by the X axis. The two dashed curve indicates the 1σ fluctuation
relative to the expectation given by the model. To compute these
curves, we used the WMAP5 parameters: the density of cold dark
matter Ωc = 0.212, the density of baryons Ωb = 0.044, h = 0.719,
σ8 = 0.77 and a Eisenstein & Hu (1998) power spectrum (without
baryonic wiggles).

universes whose cosmological parameters are selected by
the likelihood analysis.
We use a ΛCDM power spectrum as given by

Eisenstein & Hu (1998) but without incorporating bary-
onic wiggles. We have checked that introducing wig-
gles does not change the prediction much though the
introduction of baryons does decrease the expectation
of the reconstructed Local Group velocity for distances
!60h−1 Mpc. This behavior is expected as baryons tend
to suppress density fluctuations below the sound hori-
zon while they are linked to photons by the mean of
the Compton effect. The size of the horizon at the mo-
ment when baryons separate from photons is typically
∼ 45h−1 Mpc (Eisenstein & Hu 1998), which is the same
scale at which we observe a change due to the introduc-
tion of baryons. In the presence of baryons the density
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Fig. 5.— Misalignment angle of the reconstructed Local Group
velocity – We have plotted here the misalignment angle between the
reconstructed Local Group velocity and the direction indicated by
the CMB dipole. The symbols and colors that are used here are
the same as in Fig. 4. The red curve represents the 95% probability
limit of the misalignment for a ΛCDM universe whose parameters
have been chosen as estimated by WMAP5. The horizontal black
thick line gives the expected misalignment, at 95% of probability,
between the reconstructed velocity and the observed motion of the
Local Group. It has been estimated by applying the reconstruction
to one ΛCDM simulation.

field has less power on smaller scales, so it is more dif-
ficult for the Local Group to acquire its velocity using
only small scale fluctuations. Fully computing the ex-
pected value of the Local Group velocity for a given sur-
vey depth, we indeed observe that it decreases by 5-15%
when we take into account baryons in the power spec-
trum.
Now, we may also consider the effect of changing σ8.

Its principal effect is to change the amount of fluctua-
tion of the velocity field around its expected value. A
growth of convergence that is slow and regular corre-
sponds most likely to a low local σ8, whereas a growth
with a lot of independent fluctuations favors a high σ8.
Its impact on the expectation of the amplitude of the
velocity field is more complicated. Indeed, cosmologies
with high σ8 tends to have stronger fluctuations relative
to the expected velocity, which yields an higher expected
amplitude. Thus higher σ8 should increase slightly the
expectation of the amplitude. This means that even if
we use only the evolution of the amplitude of the Lo-
cal Group we should be sensitive to σ8, though more
marginally than on the shape of the power spectrum
Ωmh. The impact of σ8 is however dominant concern-
ing the fluctuations of the direction of the velocity of the
Local Group. Only universes with a high σ8 allow this
direction to depart significantly from the one given by
the CMB dipole at scales larger than 60h−1 Mpc as we
will see in the section 6.1.
Ωm represents the true dynamical content of the uni-

verse. For a given realization of density fluctuations, the
dynamics is faster for a high Ωm than for a low Ωm. Thus

G. Lavaux, R.Brent Tully, R. Mohayaee, S. Colombi

•Astrophys.J. 709 (2010) 483-498

convergence to the ‘CMB frame’ is not seen even out to ~200/h Mpc

Q
in

 e
t a

l, 
As

tr
op

hy
s.

 J.
92

2:
59

,2
02

1

According to LCDM Hubble Volume simulations (e.g. ‘Dark Sky’),  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.

So we are not typical ‘Copernican’ observers (Mohayaee, Rameez & S.S., arXiv: 2003.10420)

Bulk flow measurements from different surveys. The pink curve is the ΛCDM prediction for a 
spherical top-hat window function. The shaded areas indicate the 1σ and 2σ cosmic variance. 
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ABSTRACT

This article publicly releases three-dimensional reconstructions of the local Universe gravitational field below z=0.8 that were com-
puted using the full catalogue CosmicFlows-4 of 56,000 galaxy distances and its sub-sample of 1,008 type Ia supernovae distances.
The article also provides some first CF4 measurements of the growth rate of structure using the pairwise correlation of peculiar
velocities f�8 = 0.44(±0.01) and of the bulk flow in the Local Universe of 200 ± 88 kms

1 at distance 300 h�1
100 Mpc.
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1. Introduction

Peculiar (i.e gravitational) velocities of galaxies are a robust
probe for the search for dark matter on large scales in the Uni-
verse. Their radial component can be computed in a basic way
directly from galaxy distances. This method is immensely prone
to a variety of Malmquist biases. In order to map the local dark
matter distribution and to measure various cosmological param-
eters, the modern cosmologist would rather use a full reconstruc-
tion in three dimensions of the peculiar velocities. Such recon-
structions are based on Wiener Filter algorithm, or forward mod-
eling of the data-set and likelihoods depending on the observa-
tional data used : galaxy distances or galaxy redshifts. Tragically,
very few public releases of 3D peculiar velocity reconstructions
are available to date, the largest one being the reconstruction
from the redshift survey 2MASS by Lavaux & Hudson (2011).
In this article, about 56,000 galaxy distances and 1,000 type Ia
supernovae distances (SNIa) from the catalogue CosmicFlows-
4 (CF4) are used to publicly release 3D reconstructions of the
local Universe gravitational field.

The interest of producing 3D reconstructions does not all lie
in deriving maps and cosmography of the nearby large scale
structures. The grids can be used to test some cosmological
hypothesis like the general relativity model for gravity via the
growth rate of large-scale structures (see for example Hudson &
Turnbull (2012), Dupuy et al. (2019)) and the homogeneity scale
of the Universe via a test of the mean of all gravitational veloci-
ties enclosed in a sphere, the bulk flow. Both of these cosmology
measurements are very sensitive to the number density and to the
robustness of the distance moduli used.

Since more than a decade, measurement of distances of Type
I a supernovae promises to the cosmologist more accuracy on
distance moduli at large distance than the classic galaxy distance
relations. Already some literature exists that used up to a few
hundred supernovae distances to compute their peculiar veloc-
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ities (without reconstruction) and derive a measurement of the
Local universe bulk Flow, see for example : Dai et al. (2011),
Turnbull et al. (2012), Feindt et al. (2013), Boruah et al. (2020),
Mohayaee et al. (2021), Peterson et al. (2021).

In this article we study galaxy and SNIa distances to deliver
a new measurement of the growth rate of structure f�8 and an
analysis at large distance of the bulk flow.

2. Data and 3D reconstruction

The fourth release of the CosmicFlows catalog (Tully et al. 2022)
provides about 56,000 measurements of galaxy distances and
about 1,000 Supernovae Ia distance moduli measurements. Such
composite catalogs of distances deliver the raw material to com-
pute peculiar velocities. Since the first Cosmic-Flows catalog,
our peculiar velocity computational tools have evolved from di-
rect analysis of Malmquist biased radial peculiar velocities (CF1
1,600 galaxies), to Wiener Filter linear 3D reconstructed data-
set (CF2 : 8,000 galaxies) that allowed to build some modern
cosmography of our Local universe (Courtois et al. 2013), to a
forward modeling iterative procedure for the third much larger
data-set (CF3: 18,000 galaxies). CF3 was reaching greater dis-
tances and was used to uncover distant features like for example
the Cold Spot Repeller (Courtois et al. 2017) and the Vela Super-
cluster (Courtois et al. 2019). The current CF4 data-set is three
times larger in number of galaxies than CF3 and is doubling its
reach in the northern hemisphere. To be able to handle its 3D
reconstruction we are using an iterative forward modelling pro-
cedure with a Hamiltonian Monte-Carlo (HMC) algorithm in or-
der to explore some free parameters values (i.e. ⌦m, bias, scatter
component of the non-linearity in the velocity field solution�NL,
...). This procedure is an extension of the procedure used for CF3
catalog and described in Graziani et al. (2019).

The over-density field of full matter (dark +luminous) �m is
obtained at the position and time (x, t) through the reconstructed
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ABSTRACT
We present an estimate of the bulk flow in a volume of radii 150�200h�1Mpc
using the minimum variance (MV) method with data from the CosmicFlows-
4 (CF4) catalog. The addition of new data in the CF4 has resulted in an
increase in the estimate of the bulk flow in a sphere of radius 150h�1Mpc
relative to the CosmicFlows-3 (CF3). This bulk flow has less than a 0.03%
chance of occurring in the Standard Cosmological Model (⇤CDM) with cos-
mic microwave background derived parameters. Given that the CF4 is deeper
than the CF3, we were able to use the CF4 to accurately estimate the bulk
flow on scales of 200h�1Mpc (equivalent to 266 Mpc for Hubble constant
Ho = 75 km/s/Mpc) for the first time. This bulk flow is in even greater
tension with the Standard Model, having less than 0.003% probability of oc-
curring. To estimate the bulk flow accurately, we introduce a novel method
to calculate distances and velocities from distance moduli that is unbiased
and accurate at all distances. Our results are completely independent of the
value of Ho.

1 INTRODUCTION

In an expanding universe, the observed redshift of an
object at cosmological distances arises from two sep-
arate and independent e↵ects. The first is due to the
expansion of the universe and is proportional to the
distance to the object (Hubble 1929). The other is due
to the local (peculiar) velocity that is determined only
by the mass distribution around the object. Peculiar
velocities (Andernach & Zwicky 2017; Rubin & Ford
1970; Zeldovich & Sunyaev 1980) have been used as
a probe of large-scale structure, as they provide in-
formation about density perturbations, and hence the
mass distribution, on scales of and larger than the e↵ec-
tive depths of surveys. To study the mass distribution,
one must take into account redshift distortions (RSD
Hamilton 1998) that arise from peculiar velocities and
thus bias results from redshift surveys. Furthermore,
peculiar velocity studies provide a mechanism to iden-
tify the possible sources of gravitation attraction in

large volumes (e.g. Jacoby et al. 1992; Willick 1994;
Strauss & Willick 1995). Many groups have surveyed
(e.g. Rubin & Ford 1970; Rubin et al. 1976; Dressler
et al. 1987; Lauer & Postman 1994; Riess et al. 1995;
Zaroubi et al. 2001; Kashlinsky et al. 2008; Springob
et al. 2014; Tully et al. 2013, 2016) and analyzed (e.g.
Feldman & Watkins 1994; Watkins & Feldman 1995;
Nusser & Davis 1995; Feldman & Watkins 1998; Feld-
man et al. 2003; Hui & Greene 2006; Sarkar et al. 2007;
Watkins & Feldman 2007; Feldman & Watkins 2008;
Tully et al. 2008; Abate & Erdoğdu 2009; Watkins et al.
2009; Feldman et al. 2010; Rathaus et al. 2013; Davis
et al. 2011; Nusser & Davis 2011; Nusser et al. 2011;
Agarwal et al. 2012; Macaulay et al. 2012; Turnbull
et al. 2012; Nusser 2014; Carrick et al. 2015; Watkins
& Feldman 2015a,b; Nusser 2016; Hellwing et al. 2017;
Peery et al. 2018; Wang et al. 2018) peculiar velocity
catalogs in the last half a century.

To construct a peculiar velocity catalog, one must
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The tilted Friedmann Universe

Rameez-PPC Hyderabad

drops below 1 and the observer ‘measures’ negative deceleration parameter 
in one direction of the sky - – i.e. towards the CMB dipole

The patch A has mean peculiar velocity    with                                 and                 
(the sign depending on whether the bulk flow is accelerating or decelerating)

# = D̃ava ? 0
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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>

If we are inside a large local ‘bulk flow’. 

(Tsagas 2010, 2011, 2012; Tsagas & Kadiltzoglou 
2015, Tsagas 2019, 2021) 

This implies that observers 
experiencing locally 
accelerated expansion, as a 
result of their own drift 
motion, may also find that 
the acceleration is maximised 
in one direction and 
minimised in the opposite. 
We argue that, typically, such 
a dipole anisotropy should be 
relatively small and the axis 
should probably lie fairly 
close to the one seen in the 
spectrum of the Cosmic 
Microwave Background. 
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ABSTRACT

Observations reveal a “bulk flow” in the local Universe which is faster and extends to much larger scales than are expected around a
typical observer in the standard ⇤CDM cosmology. This is expected to result in a scale-dependent dipolar modulation of the accel-
eration of the expansion rate inferred from observations of objects within the bulk flow. From a maximum-likelihood analysis of the
Joint Light-curve Analysis catalogue of Type Ia supernovae, we find that the deceleration parameter, in addition to a small monopole,
indeed has a much bigger dipole component aligned with the cosmic microwave background dipole, which falls exponentially with
redshift z: q0 = qm + qd.n̂ exp(�z/S ). The best fit to data yields qd = �8.03 and S = 0.0262 () d ⇠ 100 Mpc), rejecting isotropy
(qd = 0) with 3.9� statistical significance, while qm = �0.157 and consistent with no acceleration (qm = 0) at 1.4�. Thus the cosmic
acceleration deduced from supernovae may be an artefact of our being non-Copernican observers, rather than evidence for a dominant
component of “dark energy” in the Universe.

Key words. cosmology: observations – dark energy – large-scale structure of Universe

1. Introduction

The foundations of the current standard model of cosmol-
ogy date back nearly a century to when essentially no data
were available. In particular the Universe was assumed to be
exactly isotropic and homogeneous, with space-time described
by the maximally symmetric Friedmann–Lemaître–Robertson–
Walker metric, and occupied by ideal fluids with purely diago-
nal energy-momentum tensors (Peebles 1994). Subsequently it
has been recognised that the distribution of galaxies, which is a
biased tracer of the underlying distribution of the dominant dark
matter, is rather inhomogeneous. Counts-in-spheres of galaxy
catalogues have suggested that there is a transition to (statis-
tical) homogeneity on scales exceeding ⇠100 Mpc (Hogg et al.
2005; Scrimgeour et al. 2012), although su�ciently large vol-
umes have not yet been surveyed to establish this defini-
tively. This is however the expectation in the current stan-
dard cosmological model if the observed large-scale struc-
ture has grown under gravity in the sea of dark matter, start-
ing with an initially Gaussian random field of small den-
sity perturbations with an approximately scale-invariant spec-
trum. Detailed observations of the temperature fluctuations in
the cosmic microwave background (CMB) have broadly con-
firmed this model (Planck Collaboration I 2019). However sev-
eral anomalies have been noted such as the lack of correlations
on large angular scales, the quadrupole-octupole alignment, and
the hemispherical power asymmetry, which seem to imply a vio-
lation of statistical isotropy and scale-invariance of primordial

? The code used here is available at: https://github.com/
rameez3333/Dipole_JLA

perturbations; nevertheless there is no consensus yet on either
their physical nature or their origin (Schwarz et al. 2016).

In our real Universe there are “peculiar motions” due to
the local inhomogeneity and anisotropy of surrounding struc-
ture. These are non-negligible, for example our Local Group of
galaxies moves with respect to the universal expansion at 620 ±
15 ⇠ km s�1 towards ` = 271.9 ± 2�, b = 29.6 ± 1.4�, as
is inferred from the observed dipolar modulation of the CMB
temperature (Kogut et al. 1993; Planck Collaboration I 2019).
Moreover diverse observations reaching out as far as ⇠300 Mpc,
for example, by Lauer & Postman (1994), Hudson et al. (2004),
Watkins et al. (2009), Lavaux et al. (2010), Feldman et al. (2010),
Colin et al. (2011), Feindt et al. (2013), and Magoulas et al.
(2016), have not seen the expected ⇠1/r fall-o↵ of the peculiar
velocity in the standard ⇤cold dark matter (CDM) cosmology.
The odds of this happening by chance in that framework can
be estimated by querying Hubble volume simulations of large-
scale structure formation, for example, Dark Sky (Skillman et al.
2014). Less than 1% of Milky Way-like observers should observe
the bulk flow (>250 km s�1 extending to z > 0.03) that
we observe (Rameez et al. 2018). Thus we are not comov-
ing observers but are “tilted” relative to the idealised Hubble
flow (Tsagas 2010). The implications of this have been discussed
for measurements of the Hubble parameter H0 (Hess & Kitaura
2014), but not for the inference of cosmic acceleration.

Since cosmological observables are formulated in the “CMB
frame” in which the Universe is supposedly perfectly isotropic,
it is in any case always necessary to correct what we mea-
sure from our relative moving frame. For example the observed
redshifts of the Type Ia supernovae (SNe Ia) in catalogues
like Joint Light-curve Analysis (JLA; Betoule et al. 2014)

Article published by EDP Sciences L13, page 1 of 6

Using the SDSS-II/SNLS-3 
Joint Lightcurve Analysis 
(JLA) compilation of 740 SNe

Ensuing debate

Rubin & Heitlauf 2019
Rahman et al 2021
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The discovery of dark energy
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50 supernovae

“… high redshift supernovae appear 
almost 0.15 mag (~15% in flux) fainter 
than the low redshift supernovae” 
(compared to expectation for Λ = 0  universe)

3
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Also: Riess et al. 1998

Perlmutter et al. 1999
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Betoule et al., A&A 568:A22,2014SALT 2 parameters

SDSS-II/SNLS 3 Joint Lightcurve Analysis, 2014
(SALT 2 For making ‘stretch’ and ’colour’ corrections to the observed lightcurves) 

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

B-band
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The ingredients of the fit

• 𝐻 = )̇
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̇)!
	(defined	with	a	minus	to	be	positive	for	a	decelerating	universe)
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Marginal evidence for cosmic acceleration from Type Ia supernovae

J. T. Nielsen1, A. Gu↵anti2, and S. Sarkar1,3
1
Niels Bohr International Academy, Blegdamsvej 17, Copenhagen 2100, Denmark
2
Universit degli Studi di Torino, via P. Giuria 1, I-10125 Torino, Italy and

3
Rudolf Peierls Centre for Theoretical Physics, 1 Keble Road, Oxford OX1 3NP, UK

The ‘standard’ model of cosmology is founded on the basis that the expansion rate of the universe is
accelerating at present — as was inferred originally from the Hubble diagram of Type Ia supernovae.
There exists now a much bigger database of supernovae so we can perform rigorous statistical tests
to check whether these ‘standardisable candles’ indeed indicate cosmic acceleration. Taking account
of the empirical procedure by which corrections are made to their absolute magnitudes to allow for
the varying shape of the light curve and extinction by dust, we find, rather surprisingly, that the
data are still quite consistent with a constant rate of expansion.

I. INTRODUCTION

In the late 1990’s, studies of Type Ia supernovae (SN
Ia) showed that the expansion rate of the universe ap-
pears to be accelerating as if dominated by a cosmolog-
ical constant1–3. Since then supernova cosmology has
developed rapidly as an important probe of ‘dark en-
ergy’. Empirical corrections are made to reduce the scat-
ter in the observed magnitudes by exploiting the observed
(anti)correlation between the peak luminosity and the
light curve width4,5. Other such correlations have since
been found e.g. with the host galaxy mass6 and metallic-
ity7. Cosmological parameters are then fitted, along with
the parameters determining the light curves, by simple
�
2 minimisation1,8–11. This method has a number of pit-

falls as has been emphasised earlier12,13.
With ever increasing precision and size of SN Ia

datasets, it is important to also improve the statistical
analysis of the data. To accomodate model comparison,
previous work14–16 has introduced likelihood maximisa-
tion. In this work we present an improved maximum
likelihood analysis, finding rather di↵erent results.

II. SUPERNOVA COSMOLOGY

There are several approaches to making SN Ia ‘stan-
dardiseable candles’. The di↵erent philosophies lead to
mildly di↵erent results but the overall picture seems
consistent17. In this paper we adopt the transparent
approach of ‘Spectral Adaptive Lightcurve Template 2’
(SALT2)18,19 wherein the SN Ia are standardised by fit-
ting their light curve to an empirical template, and the
parameters of this fit are used in the cosmological analy-
sis. Every SN Ia is assigned three parameters, one being
m

⇤
B , the apparent magnitude at maximum (in the rest

frame ‘B-band’), while the other two describe the light
curve shape and colour corrections: x1 and c. The dis-
tance modulus is then taken to be:

µSN = m
⇤
B �M + ↵x1 � �c, (1)

where M is the absolute magnitude, and ↵ and � are
assumed to be constants for all SN Ia. These global

constants are fitted along with the cosmological param-
eters. The physical mechanism(s) which give rise to the
correlations that underlie these corrections remain uncer-
tain20,21. The SN Ia distance modulus is then compared
to the expectation in the standard ⇤CDM cosmological
model:

µ ⌘ 25 + 5 log
10
(dL/Mpc), where:

dL = (1 + z)
dHp
⌦k

sinh

✓p
⌦k

Z z

0

H0dz0

H(z0)

◆
,

dH = c/H0, H0 ⌘ 100h km s�1Mpc�1
,

H = H0

p
⌦m(1 + z)3 + ⌦k(1 + z)2 + ⌦⇤, (2)

where dL, dH, H are the luminosity distance, Hub-
ble distance and Hubble parameter respectively, and
⌦m,⌦⇤,⌦k are the matter, cosmological constant and
curvature density in units of the critical density3. There
is a degeneracy between H0 and M0 so we fix the value
of the Hubble parameter today to h = 0.7 which is con-
sistent with independent measurements.

III. MAXIMUM LIKELIHOOD ESTIMATORS

To find the maximum likelihood estimator (MLE) from
the data, we must define the appropriate likelihood:

L = probability density(data|model),

i.e. we have to first specify our model of the data. For
a given SN Ia, the true data (m⇤

B , x1, c) are drawn from
some global distribution. These values are contaminated
by various sources of noise, yielding the observed values
(m̂⇤

B , x̂1, ĉ). Assuming the SALT2 model is correct, only
the true values obey equation (1). However when the
experimental uncertainty is of the same order as the in-
trinsic variance as in the present case, the observed value
is not a good estimate of the true value. Parameterising
the cosmological model by ✓, the likelihood function can
be written as:

L= p[(m̂⇤
B , x̂1, ĉ)|✓] (3)

=

Z
p[(m̂⇤

B , x̂1, ĉ)|(M,x1, c), ✓] p[(M,x1, c)|✓]dMdx1dc,
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The statistical significance of the Universe accelerating isotropically is  <1.4𝝈!
Cosmic acceleration, (and dark energy) may simply be an artefact of our being located inside a ‘bulk flow’  

… in accordance with the prediction of Tsagas (2011)

The dipolar component of acceleration is larger than the monopole, 
and dominates out to z ~ 0.1. Statistically significant @ 3.9 σ

𝒒𝒅 >> 𝒒𝒎

A&A 631, L13 (2019)

Table 1. Tilted local universe, with �z set to zero, fitted to data with the constrained �2 method.

qm qd S j0 �⌦k ↵ � M0 �int

Tilted universe �0.268 �6.54 0.0297 �0.517 0.135 3.04 �19.053 0.124
No tilt (qd = 0) �0.307 0 – �0.523 0.133 3.03 �19.047 0.133

Table 2. Tilted local universe, with �z set to zero, fitted to data with the MLE.

�2 log Lmax qm qd S j0 �⌦k ↵ x1,0 �x1,0 � c0 �c0 M0 �M0

Tilted universe �208.28 �0.157 �8.03 0.0262 �0.489 0.135 0.0394 0.931 3.00 �0.0155 0.071 �19.027 0.114
No tilt (qd = 0) �189.52 �0.166 0 – �0.460 0.133 0.0396 0.931 2.99 �0.014 0.071 �19.028 0.117
No accn. (qm = 0) �205.98 0 �6.84 0.0384 �0.836 0.134 0.0365 0.931 2.99 �0.014 0.071 �19.002 0.115

Notes. The BIC for the models above is �129.00, �123.45, and �133.31, providing strong evidence for the last model.

Table 3. Tilted local universe, with �z left floating, fitted to data with the MLE.

�2 log Lmax qm qd S j0 �⌦k ↵ x1,0 �x1,0 � c0 �c0 M0 �M0 c�z [km s�1]

Tilted universe �216.90 �0.154 �6.33 0.0305 �0.497 0.134 0.0395 0.932 3.04 �0.0158 0.071 �19.022 0.106 241
No tilt (qd = 0) �203.23 �0.187 0 – �0.425 0.133 0.0398 0.932 3.05 �0.0151 0.071 �19.032 0.106 274
No accn. (qm = 0) �214.74 0 �5.60 0.0350 �0.833 0.133 0.0368 0.932 3.04 �0.0145 0.071 �19.000 0.106 243

Notes. The BIC for the models above is �131.01, �130.55, and �135.46, providing positive evidence for the last model.

Fig. 3. Monopole and dipole components of the cosmological deceler-
ation parameter (inferred from the JLA catalogue of 740 SNe Ia). The
1, 2, and 3� contours (corresponding to �2 log L/Lmax = 2.3, 6.18,
and 11.8, respectively) are shown, profiling over all other parameters.
The vertical scale for the magnitude of the dipole is compressed by ⇥10
relative to the horizontal scale for the monopole. The value of q0 for the
standard ⇤CDM model is shown as a blue star.

and its scale parameter is S = 0.0262, indicating that the impact
of the bulk flow dominates over any isotropic acceleration out to
z ⇠ 0.1. Since�BIC between the model with qd = 0 and the model
with qm = 0 is 9.86, this constitutes strong evidence against a
universe that is accelerating isotropically. In the presence of this
dipole, qm = 0 is disfavoured at only 1.4�. In other words, in a
universe in which we have theoretical reasons to expect a dipolar
modulation in the deceleration parameter in the direction of our
motion through the CMB, there is no significant evidence for a
non-zero value of its monopole component. Figure 4 shows the
1, 2, and 3� contours in the likelihood around the maximum as a
function of qd and qm, profiling over all other parameters.

Fig. 4. Results of an a posteriori grid scan (left panel) varying the
direction of the scale-dependent dipolar modulation of the form q0 =
qm + qd.n̂ exp(�z/S ) in galactic coordinates. The best-fit direction is
within 23� of the CMB dipole (indicated by a star) and �2 log L (right

panel) changes by just 3.22 between these two directions.

We also study the e↵ect of allowing an additional uncorre-
lated velocity dispersion c�z in the fit, rather than fixing it to
be 150 km s�1 as in the JLA analysis (Betoule et al. 2014). As
shown in Table 3 this improves the overall fit even further for
c�z = 241 km s�1; the best-fit dipole drops a little to qd = �6.33,
while the monopole is nearly unchanged at qm = �0.154. The
�BIC between the model with qd = 0 and that with qm = 0
is 4.91, providing positive evidence against a universe that is
accelerating isotropically. Our main result is thus robust in that
the maximum likelihood estimator prefers to interpret the data
as evidence of a dipole in the deceleration parameter aligned
with the CMB dipole, rather than as an isotropic acceleration of
the universe, which may indicate the presence of a cosmological
constant.

As an a posteriori test, we examine the direction depen-
dence of this scale-dependent dipolar modulation in q0, by
scanning the direction of qd on a grid corresponding to a
HEALpix (Gorski et al. 2005) map of nside=8. The best-fit
direction is 23 degrees away from the CMB dipole, where qd
increases to �9.851 but �2 log L improves by only 3.22. This
demonstrates that the direction of the anisotropy we find is also
robust.
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Table 1. Tilted local universe, with �z set to zero, fitted to data with the constrained �2 method.
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No tilt (qd = 0) �0.307 0 – �0.523 0.133 3.03 �19.047 0.133

Table 2. Tilted local universe, with �z set to zero, fitted to data with the MLE.

�2 log Lmax qm qd S j0 �⌦k ↵ x1,0 �x1,0 � c0 �c0 M0 �M0
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No accn. (qm = 0) �205.98 0 �6.84 0.0384 �0.836 0.134 0.0365 0.931 2.99 �0.014 0.071 �19.002 0.115

Notes. The BIC for the models above is �129.00, �123.45, and �133.31, providing strong evidence for the last model.
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1, 2, and 3� contours (corresponding to �2 log L/Lmax = 2.3, 6.18,
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The vertical scale for the magnitude of the dipole is compressed by ⇥10
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standard ⇤CDM model is shown as a blue star.

and its scale parameter is S = 0.0262, indicating that the impact
of the bulk flow dominates over any isotropic acceleration out to
z ⇠ 0.1. Since�BIC between the model with qd = 0 and the model
with qm = 0 is 9.86, this constitutes strong evidence against a
universe that is accelerating isotropically. In the presence of this
dipole, qm = 0 is disfavoured at only 1.4�. In other words, in a
universe in which we have theoretical reasons to expect a dipolar
modulation in the deceleration parameter in the direction of our
motion through the CMB, there is no significant evidence for a
non-zero value of its monopole component. Figure 4 shows the
1, 2, and 3� contours in the likelihood around the maximum as a
function of qd and qm, profiling over all other parameters.

Fig. 4. Results of an a posteriori grid scan (left panel) varying the
direction of the scale-dependent dipolar modulation of the form q0 =
qm + qd.n̂ exp(�z/S ) in galactic coordinates. The best-fit direction is
within 23� of the CMB dipole (indicated by a star) and �2 log L (right

panel) changes by just 3.22 between these two directions.

We also study the e↵ect of allowing an additional uncorre-
lated velocity dispersion c�z in the fit, rather than fixing it to
be 150 km s�1 as in the JLA analysis (Betoule et al. 2014). As
shown in Table 3 this improves the overall fit even further for
c�z = 241 km s�1; the best-fit dipole drops a little to qd = �6.33,
while the monopole is nearly unchanged at qm = �0.154. The
�BIC between the model with qd = 0 and that with qm = 0
is 4.91, providing positive evidence against a universe that is
accelerating isotropically. Our main result is thus robust in that
the maximum likelihood estimator prefers to interpret the data
as evidence of a dipole in the deceleration parameter aligned
with the CMB dipole, rather than as an isotropic acceleration of
the universe, which may indicate the presence of a cosmological
constant.

As an a posteriori test, we examine the direction depen-
dence of this scale-dependent dipolar modulation in q0, by
scanning the direction of qd on a grid corresponding to a
HEALpix (Gorski et al. 2005) map of nside=8. The best-fit
direction is 23 degrees away from the CMB dipole, where qd
increases to �9.851 but �2 log L improves by only 3.22. This
demonstrates that the direction of the anisotropy we find is also
robust.
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Contentious Issue : We used the heliocentric redshifts.

1 + 𝑧y=z = 1 + 𝑧{=|y=z × 1 + ̅𝑧 × 1 + 𝑧{=|}~

A choice described as 
‘shocking’ by Rubin & 
Heitlauf 2019

Davis et al. Astrophys.J. 741 (2011) 67
Ellis & Stoeger (1987) 
“The fitting problem in cosmology”

𝑧+,- → 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
𝑧$"%	 ( ̅𝑧) → 𝑖𝑛𝑓𝑒𝑟𝑟𝑒𝑑	𝑢𝑠𝑖𝑛𝑔	𝑎	𝑓𝑙𝑜𝑤	𝑚𝑜𝑑𝑒𝑙

34

𝐶 = 1 + 𝑧+,- − 1 + 𝑧$"% 1 + 𝑧/,$+,- 	×	𝑐  
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Various changes in 
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Fig. 8 qd evaluated in 17 shells each containing around 100 supernovae, with all other parameters
held fixed, plotted against the median redshift of the shells. The analyses are done in heliocentric,
Local Group, CMB frames and Bulk Flow frames, with the direction fixed to CMB dipole direction.
The gray shaded region corresponds to z < 0.0667 which corresponds a to distance of 200h→1Mpc.
Error bars are 1ω. The parameterisation employed is scale-independent, i.e. q = qm + qd · n̂ within
each shell. The left panel corresponds to analysis C1 while the right panel corresponds to analysis
C2, i.e. with and without the Phillips-Tripp magnitude corrections. This dipole in the deceleration
parameter, decaying in size with redshift is explained in § 4.

derivative operator. According to Eq.(14b), the peculiar flux (qa) implies, even in the
absence of pressure, a non-zero ‘peculiar 4-acceleration’ given by the spatial gradient
of Eq.(14a):

Aa = → 1

3H
Daω→ 1

3aH

(
!̇a + Za

)
, (15)

where ω = Da
va and a = a(t) is the scale factor [37–39]. Here, !a and Za describe

inhomogeneities in the density and in the universal expansion respectively [40, 41].

4.2 Expansion and deceleration tensors

The peculiar 4-acceleration can a”ect the way relatively moving observers interpret
data; in particular it can switch the sign of the inferred deceleration parameter q0. The
range of the e”ect is determined by the speed and the extent of the bulk flow, but since
our local flow extends out to several hundred Mpc, this can create the illusion of recent
global acceleration [37, 38]. Observers should then see the characteristic signature of
peculiar motion in the data, namely a (Doppler-like) dipole in q0 [17, 18]. To the
‘tilted observer’ in the bulk flow, the expansion rate appears to accelerate faster along
a certain direction in the sky and equally slower in the antipodal direction. This is
indeed what we observe in the data (see Fig. 8).

To see why this is a local e”ect which should fade away on larger scales, consider
the familiar expansion tensor [40, 41]

#ab =
1

3
#hab + εab , (16)

14

Preliminary

In preparation, Sah et. al. 2024
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Fig. 3 Hd evaluated in 17 shells (each containing around 100 supernovae) plotted against the
median redshift of the shells, with all other parameters held fixed. The analyses are carried out in
the heliocentric, LG, CMB and HD frames. The parametric form of dipole used for fitting is scale-
independent i.e. H = Hm+Hd ·n̂, with the direction pointing towards the CMB dipole. The error bars
denote ±1ω uncertainties. The gray shaded region corresponds to the redshift range z = 0.023→0.15,
with its vertical width indicating the ±1 km s→1 Mpc→1 precision on H0 claimed by the SH0ES
team [14]. The left panel is analysis C1, while the right panel is analysis C2 — i.e. with and without
the Phillips-Tripps corrections to the SNe Ia peak magnitudes.

3.2 Anisotropy in Deceleration parameter

We look for a scale-dependent dipolar modulation in the deceleration parameter q0,
employing the same functional form motivated previously [16], i.e.

q0 = qm + qd · n̂e→z/S
, (12)

with S being the scale determining how the dipole anisotropy decays exponentially
with redshift. First, we fix the direction of qd to the CMB dipole direction. We pro-
gressively remove the lower redshift supernovae incrementally in steps of about 50
supernovae in each subsequent analysis to check the dependence of the inferred cosmo-
logical parameters on the redshift range of the supernovae for the heliocentric redshift.3

Note that the inclusion of lower redshift supernovae makes the dipole more negative,
as seen in Fig. 5.

Specifically, with a redshift cut z > 0.00937 (the minimum redshift in JLA),
we examined the 1, 2, . . . 5ω contours around the best-fit parameters, qd and qm,
when all the other parameters are profiled over. These contours are obtained using
Wilk’s theorem, assuming 2 d.o.f. In Fig. 6, it is evident that the standard !CDM
values lie just outside 5ω contour for both analysis C1 (using magnitudes already con-
taining Phillips-Tripp corrections) and analysis C2 (incorporating the Phillips-Tripp
magnitude corrections as part of the fit).

For the same redshift cut of z > 0.00937, we evaluate the dipole in the LG and
CMB frames as well (Table 5). We also extend our analysis to evaluate the dipole
direction (with a redshift cut z > 0.00937), in the heliocentric frame, CMB frame,

3There are 150 duplicate entries in the Pantheon+ catalogue at z < 0.1. When redshift cuts are applied,
this can a!ect the count of supernovae e.g. if we apply a cut z > 0.01826, then due to a SNe Ia with exactly
that redshift which has been recorded twice, only 249 SNe Ia are excluded instead of 250.

9

Preliminary

2

Figure 1. Left: Posteriors on H0 from the SNe Ia in JLA which have zJLA � zPantheon > 0.0025, using JLA redshifts (blue)
and Pantheon redshifts (pink). Since the Pantheon magnitudes are also discrepant (Scolnic 2019), the posterior using both
Pantheon redshifts and magnitudes are also shown (in green). Right: The same with zJLA � zPantheon > 0.0005.
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Abstract, This paper considers the best way to fit an idealised exactly homogeneous and 
isotropic universe model to a realistic (‘lumpy’) universe; whether made explicit or not, 
some such approach of necessity underlies the use of the standard Robertson-Walker 
models as models of the real universe. Approaches based on averaging, normal coordinates 
and null data are presented, the latter offering the best opportunity to relate the fitting 
procedure to data obtainable by astronomical observations. 

1. Introduction 

Modern cosmology aims at finding the large-scale matter distribution and spacetime 
structure of the universe from astronomical observations. There are broadly speaking 
two distinct approaches that have been applied to this problem. 

1 . l .  Approaches to observational cosmology 

The standard approach is to make some a priori assumption about the geometry of 
the universe, based either on philosophical or pragmatic grounds; usually this assump- 
tion is that the universe is spatially homogeneous and isotropic on a large scale (this 
is the cosmological principle; Bondi (1960), Weinberg (1972)). It then follows that the 
universe is accurately represented by a Friedmann-Lemiiitre-Robertson- Walker 
( FLRW) model, and the primary objective of observational cosmology is to determine 
the two or three free parameters characteristic of such universe models (Sandage 1968). 

An alternative is to attempt as far as possible to determine spacetime geometry 
directly from astronomical observations without making such a priori assumptions 
(Kristian and Sachs 1966, Ellis et a1 1985). However difficulties arise in actually 
determining the geometry of spacetime in this way when realistic observational limita- 
tions are taken into account (Ellis 1980). 

These approaches are both to some extent unsatisfactory-the first because the 
universe is manifestly not a FLRW universe on at least some scales, and the approach 
does not provide any guidance as to on what scales such models are supposed to be 
applicable, nor seriously consider the issues arising when we consider the relation 
between descriptions of the universe at different scales of inhomogeneity (Ellis 1984); 
and the second because of the practical difficulties in implementation (theoretically 
determinable quantities are very difficult to determine in practice). Alternative analyses 
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Figure 1. ( a )  An exactly uniform and spherically symmetrical FLRW universe U’ mapped 
i,nto the lumpy universe U so as to give the best fit possible. ( b )  An exactly spherical 
sphere fitted to the lumpy world to give the best fit possible. 

1.3. Averaging 

One important way of thinking of the use of a smoothed-out model is that it represents 
the average properties of the lumpy model. Let the smoothed-out description U* be 
obtained from a lumpy spacetime U by a suitable averaging procedure; it then represents 
the nature of U when described over some averaging scale L. If indeed it is sensible 
to describe the large-scale nature of U by some Robertson-Walker spacetime, then the 
best-fit FLRW model U’ should be the same as the averaged model U*. A suitable 
fitting procedure would hopefully include this way of looking at the relation between 
U and U’. In particular it should determine the appropriate averaging scale associated 
with the smoothed-out model: that is, it should lead to a statement that the universe 
U can reasonably be regarded as a FLRW universe U‘ if averaged out over a specified 
length scale L. 
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The Earth is a Sphere to a precision of 
50 kms on the radius, but not to a 
precision of 5 kms

Similarly the Universe is FLRW to a 
precision of 10 km s$3	Mpc$3 but 
not to a precision of 1 km s$3	Mpc$3 

It is tilted



𝜎 vs N

Median significance at which 𝑞4 = 0	 can be rejected, from 100 simulations of N SNe, using the method of CMRS19

With ~5000 SNe, the null hypothesis can be rejected at more than 6 sigma

LSST DESC Project No 254
“testing tilted cosmology”
Modelling and Combined 

Probes working group

Ongoing : Develop rest 
frame independent 
template fitting and 
calibration pipelines
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Conclusion
The Universe is anisotropic and the Cosmic Rest Frame is a myth
• Ellis & Baldwin tests performed on 4 

independent Radio galaxy catalogues and 
CatWISE Quasars conclusively reject the 
exclusively kinematic interpretation of the CMB 
dipole at > 5	𝜎 . CMB rest frame and matter rest 
frame are different. Cosmological principle 
stands falsified.

• SN1a data are better fit by a “tilted Friedmann 
model”. Ensuing debate stultifies dark energy 
evidence. 

• Strong hint towards the inhomogeneous 
cosmological models.

A new cosmological tension!
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