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The cosmological principle

Rameez-Vietnam

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

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 Kinema9c?
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Net moSon of the Solar System barycentre:
369 +/- 2 km/s w.r.t ‘CMB rest frame’ 
towards

R.A = 168.0, DEC = -7.0

• MoSon of the Sun around the Galaxy 
~225 +/- 18 km/s

• The moSon of the Local Group 627+/-22 
km/s  ApJ, 709, 483

!"
"

~ 10-3

COBE Experiment, 1996
Planck 2015

T (✓) =
T0

p
1� �2

1� � cos ✓

What is the origin of this motion?

Is this 'Purely KinemaSc’?
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A moving observer - Kinema9c Dipole
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Aberra*on Doppler boosting

Observer, velocity v

Moving frameRest frame

𝜃
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𝜙 ∝ 𝐸!"
negative power law

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

𝜎 𝜃 678 = 𝜎9:8;[1 + 2 + 𝑥 1 + 𝛼
𝑣
𝑐 cos(𝜃)]

Ellis & Baldwin (1984)
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The situation anticipated by Ellis and Baldwin in 1984 now confronts us!



The NRAO VLA Sky Survey (NVSS)
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1.4 GHz survey of the Northern sky, by the NaSonal 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 sensiSvity and resoluSon 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 GalacSc 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 direcSon.

StaSsScal significance, ~2.81 Sigma, with the 3D linear esSmator, 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
Siewert et al 2020, Astron.Astrophys. 653 (2021) A9

“We conclude that for all analysed surveys, the observed Cosmic Radio Dipole amplitudes exceed the expecta*on, 
derived from the CMB dipole.”
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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.

DirecSonally unbiased survey strategy, arc second angular 
resoluSon, mulS band photometry.
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CatWISE AGN 1355352 sources
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Astrophys.J.Le@. 908 (2021) 2, L51
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4 Secrest et al.

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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Results

p = 5 ×10!# (4.9 𝜎)

Obtained by scrambling the data itself, 
frequenSst null hypothesis tesSng,
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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
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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,

© 2022 The Authors
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Figure 3. The on-sky posterior distribution of the direction of the dipole
from the MCMC exploration, with the colour-coding corresponding to a
distribution normalised to unity. The contours are derived from smoothing the
underlying distribution with a Gaussian kernel with smoothing scale f = 3°,
with each contour encompassing 68%, 95.5%, 99.7% and 99.99% of the
probability. The yellow-filled circle indicates the point of the best-fit values,
whereas the red-filled circle denotes the direction of the dipole as determined
by Planck Collaboration et al. (2020a). The blue-filled circle represents the
dipole direction as determined by S21.

%(⇡ > ⇡CMB |⇤) = 0.9999999888, corresponding to a statistical
significance of 5.7f.

As for the direction of the dipole we find (;, 1) =
(237.�2+7.�9

�8.�0, 41.�8 ± 5.�0). The posterior distribution of the dipole
directions on the sky is presented in Fig. 3, with contours indicating
the 68%, 95.5%, 99.7% and 99.99% credible regions. The yellow-
filled circle indicates the point of the best-fit values, whereas the
red-filled circle denotes the direction of the dipole as determined by
Planck Collaboration et al. (2020a). The blue-filled circle represents
the dipole direction as determined by S21. As demonstrated by the
ratio of the Bayesian evidences for "5 and "6, this direction is
only mildly favoured over the quasar dipole being aligned with that
detected in the CMB.

It is important to note that Bayesian model selection calculations,
such as those presented in this paper, can be a�ected by the choice
of priors. Particularly, if we had used a narrower prior for the direc-
tion of the quasar dipole (i.e. if we had expected it to be close to
the CMB direction), we would have found stronger evidence for a
direction di�erence. On the other hand, if we had used a wider prior
for parameters like #̄ � that have the same meaning across models,
this would decrease the evidence values across the board, but leave
conclusions about the dipole unchanged. However, given that we
should not necessarily expect a priori the quasar and CMB dipole to
be aligned, we are justified in using the large prior range adopted.

3 A PRIORI PREDICTIONS FOR THE DIPOLE
AMPLITUDE

In light of renewed interest in dipole anomalies it is worth revisiting
the predictions of ⇤CDM, specifically without invoking the strin-
gent CMB prior (1), which assumes a purely kinematic origin of
the dipole. In theory, the likely values of the dipole amplitude is
well known to be distributed according to the Maxwellian. This is a
non-Gaussian distribution with a long tail, so that large values of ⇡
are not precluded from being realised. However, this is technically
only true for full-sky coverage; for partial-sky coverage the distribu-

tion is no longer strictly Maxwellian. As we show, in the partial-sky
case there are non-trivial covariances between di�erent multipole
moments (e.g. in the clustering statistics), leading generically to a
leakage of power from higher multiples (smaller angular scales) into
the dipole, changing the theoretical expectations of the amplitude.
With 50% of the sky removed, the impact of masking is sizeable. In
this section we will thus compare the posterior ?(⇡ |⇤), obtained
in the previous section, with the theoretical prior ?(⇡), the proba-
bility distribution of the total dipole amplitude ⇡ = |d| according
to ⇤CDM. Since the computation of ?(⇡) is somewhat involved
we present here only the main results, relegating to appendices the
technical details.

3.1 Dipole statistics

The dipole anisotropy has a direction and amplitude and it is conve-
nient to represent it as a three-dimensional Cartesian vector d such
that d · n̂ =

Õ1
<=�1 01<.1< (n̂), where .1< (n̂) are the ✓ = 1 spher-

ical harmonics (Copi, Huterer & Starkman 2004). Since the dipole
is estimated on the masked sky, in order to compare with theoretical
predictions we will need to take this into account. We will therefore
write the number-count fluctuations as

�# (n̂)/# = W(n̂)
�
dk · n̂ + XQ (n̂)

�
= W(n̂) (d · n̂ + · · · ), (10)

where W(n̂) is the mask and d = dk + dc. Here the ellipsis
represent higher multipoles (✓ � 2) of the intrinsic fluctuations
XQ (n̂) =

Õ
✓<

0
✓<

.
✓<

(n̂). For ⇤CDM these multipoles are sub-
dominant to the dipole and may therefore be ignored. The underlying
kinematic and clustering dipoles (on the unmasked sky) are uniquely
given in terms of their harmonic coe�cients by

dc =

r
3

4c

�
�

p

2<(011),
p

2=(011), 010
�|
, (11a)

dk =

r
3

4c

�
�

p

2<(111),
p

2=(111), 110
�|
, (11b)

with

0
✓<

=
π

d2n̂ .
⇤

✓<
(n̂) XQ (n̂), (12a)

1
✓<

=
π

d2n̂ .
⇤

✓<
(n̂) (dk · n̂). (12b)

Note that since dk · n̂ is a pure dipole we have that only for ✓ = 1 are
the 1

✓<
non-zero. This is not the case for XQ, however.

In general, the fluctuation XQ (n̂) results from a number of e�ects,
including redshift-space distortions (Kaiser 1987), Doppler e�ects,
gravitational lensing, gravitational redshift, and relativistic correc-
tions (Yoo, Fitzpatrick & Zaldarriaga 2009; Bonvin & Durrer 2011;
Challinor & Lewis 2011). The complete expression for XQ (n̂) can
be found in, e.g. appendix A of Di Dio et al. (2013); we compute it
using a version of ����� (Blas, Lesgourgues & Tram 2011) modified
to allow for output at ✓ = 1. For clustering, we use the Croom et al.
(2005) quasar bias model (note that 1Q ' 2 at the mean redshift
Ī = 1.2).

As for the individual statistics of dk and dc these are given by
trivariate Gaussians. The joint distribution is also a Gaussian, con-
taining non-trivial correlations between dk and dc. This is because
the kinematic dipole is in part sourced from our being pulled by the
surrounding matter distribution, implying that there is necessarily
a clustering contribution. Since these two contributions arise from
the same large-scale structure, and are linearly related to the matter
distribution X(x), their joint statistics must also be Gaussian. We will
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of mass " (Sheth & Diaferio 2001). Then, by the virial theorem,
f

2
vir / "/'vir / "

2/3, and by isotropy hvvirv
|
viri = f

2
vir I3. We

will compute the present-time velocity dispersion using the fitting
formula (Bryan & Norman 1998)

fvir (") =
1
p

3
4766

f
�1/6

vir

✓
"

1015
⌘
�1

"�

◆1/3
km s�1

, (19)

where 6f = 0.9, and �vir = 18c2
+ 60H � 32H2, with H = ⌦

<0 � 1.
In summary, the dispersions f

2
kGkG

, f2
kGcG

, f2
cGcG , etc, are given

in terms of linear combinations of the full-sky dispersions f2
kk, f2

kc,

and f
2
cc, (see Appendix D3 for full expressions), which in terms of

the angular power read

f
2
kk =

3
4c

⇠
kk
1 + �

2
k
�
fvir/2

�2
, (20a)

f
2
cc =

3
4c

�
⇠

cc
1 + 1/#̄

�
, (20b)

f
2
kc =

3
4c

⇠
kc
1 , (20c)

where ⇠ kk
1 , ⇠ cc

1 , and ⇠
kc
1 are evaluated using equation (17) and the

appropriate transfer functions. For the clustering dispersion we have
also taken into account that number counts are Poisson distributed,
thus generating in f

2
cc a shot-noise contribution ⇠

shot
1 = 1/#̄ , where

#̄ = #tot/(4c 5sky) is the mean number-count density. In this work
#tot = 1, 355, 352 and here 5sky = 0.5, giving #̄ = 215, 711 (about
69 sources per square degree). Note that with the kinematic trans-
fer function (A10) the kinematic dispersion may also be written as
f

2
kk = �

2
k (f

2
'
+ f

2
vir)/2

2, with the usual (one-dimensional) velocity
dispersion

f
2
'
=

1
3

π
1

0

:
2d:

2c2

✓
�0 50

:

◆2
,

2
(:')%(:), (21)

where %(:) is the matter power spectrum. The velocity dispersions
considered in this work are given in Table 2. For each velocity dis-
persion we show in Fig. 4 the corresponding PDF presented earlier
[equation (15)]. Note that in all PDFs the dispersions corresponding
to shot noise and clustering are fixed to the same values (they are
independent of '). However, the covariance between clustering and
kinematics (e.g. f2

kGcG
) varies depending on ', as with the purely

kinematic dispersion.

3.3 E�ect of source evolution on dk

The kinematic dipole as given by equation (3) is idealised if one
considers that the source population likely evolves over time (Dalang
& Bonvin 2022). Recall that this equation is based on a uniform sam-
ple of radio sources, each with identical spectral index U, producing
an integral source count with constant slope G at the flux density
limit (Ellis & Baldwin 1984). In practice, there will be some amount
of population variance among the measured U (as found by S21 in
their CatWISE sample). Although this may be due to some intrinsic
variation in AGN emission, it is also possible that it is in part due to
U having some dependence on redshift. Moreover, in a flux-limited
survey, the magnification bias B = 2G/5 generally depends on red-
shift: for a fixed flux threshold, the number of unobserved sources
grows as the luminosity threshold is increased (i.e. the slope G is an
increasing function of redshift).

Revisiting the derivation of equation (3) in a more general context,
Dalang & Bonvin (2022) showed that when allowing G = G(I) and

Figure 4. Comparison of the theoretical prior (red) with the recovered poste-
rior (blue; as shown in Fig. 2) of the dipole amplitude. Note that the posterior
is based on a uniform prior on ⇡. In each subplot – corresponding to a
di�erent smoothing length, or velocity dispersion – we show the theoretical
prior with contributions from clustering (solid curve) and without them (dot-
ted curve); the dashed curve indicates the distribution when both clustering
and the maximal source-evolution correction are included (d = 1; see equa-
tion (24)). The vertical lines indicate the means of the respective probability
densities. Here we have taken G = 1.7 (corresponding to a magnification
bias of B = 2G/5 = 0.68), and adopted the Planck 2018 best-fit spatially-flat
⇤CDM cosmology (Planck Collaboration et al. 2020b).

U = U(I) the kinematic dipole becomes

dk = �̄k #, with �̄k ⌘

π
dI ?I (I)

⇥
2 + G(I) (1 + U(I))

⇤
, (22)

i.e. the prefactor in the standard formula (3) is replaced by its average
over the source redshift distribution.5 (Note that the velocity # is still
given at the observer’s position.) This integrated dipole generalises
the standard form, which is recovered when either G or U are redshift
independent, or one observes at fixed redshift.

Evaluating the integrated dipole requires knowledge of G(I), which
we here do not have without a measurement of the quasar luminosity
function (Wang et al. 2020; Guandalin et al. 2022). Since �̄k is
given as the expectation over the sample we will instead consider an
equivalent but more suggestive form:

�̄k =
π

dG
π

dU ?(G, U)
⇥
2 + G(1 + U)

⇤
, (23)

where ?(G, U) is the joint distribution, for which we have from S21

5 Here we integrate along redshift instead of comoving distance, as done in
Dalang & Bonvin (2022); both expressions of dk, however, are equivalent
at linear order. Alternatively, instead of U(I) , the integrated dipole can be
expressed in terms of the evolution bias 5evo (I) , which parametrises how a
tracer’s population number evolves over time (Maartens et al. 2018; Nadolny
et al. 2021; Dalang & Bonvin 2022).
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AllWISE-Galaxies
following from MNRAS448,1305–1313 (2015)

• Magnitude cuts in different bands, Galac*c plane cut at +/-15 degrees
• Sample of 2.46 million Galaxies, 76% complete, with 1.8% star contaminaJon

Rameez-Vietnam

in agreement with MNRAS 445 (2014) L60-L64

Cross correlate with deep surveys over a very narrow sky 
(SDSS, GAMA) to determine how many are stars and how 
many are Galaxies

The maximum is in the direction (AllWISE) 
237.4° RA, -46.6 ° Dec 
331.9° l 6.02° b 

110 degrees from the CMB direction

Dipole magnitude ~0.049 

Fully kinematic interpretation ~6000 km/s
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Ge>ng rid of the stars

Apparent motion = parallax + proper motion

Stars in the Galaxy have higher apparent 
motions 400 mas/yr up to many arc seconds/ 
year

Cuts on apparent motion can bring star 
contamination down to 0.1%, while still 
keeping ~1.8 millin galaxies.

182.9° RA, -55.6° DEC, 50.1° from the CMB

Dipole magnitude reduces to 0.014

Star galaxy identification by cross correlating 
with SDSS
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Suppressing local anisotropies

Rameez-Vietnam

6.1’’ PSF

~200 Mpc

Remove extended 
sources and the 
supergalactic plane.

Further reduce z<0.03 
sources by cross 
correlating with 2MRS 
and removing the 
correlated sources.
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1192182 - AllWISE Galaxies
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d = 0.0124  >  3600 km/s if fully kinemaSc

4.6𝜎 staSsScally significant.
172.6° RA, -6.6° Dec (~4.5° from CMB dipole)

The dipole anisotropy of AllWISE galaxies 5

Figure 4. Redshift distribution for 5400 sources of AllWISE that

are matched to those of GAMA survey. The median redshift is

0.137-0.164 depending on the masks.

it is desirable to remove as many sources as possible at low
redshifts, in a directionally unbiased manner. The various
steps in the process of suppressing the clustering dipole are
described in the following subsections.

WISE being a photometric instrument, the AllWISE
catalogue does not provide redshift measurements. We esti-
mate the redshift distribution of these data by cross match-
ing with the Galaxy and Mass Assembly (GAMA) catalogue
(Liske et al. 2015). The GAMA is a spectroscopic survey of
about 300,000 galaxies down to r < 19.8 magnitude over
about 286�2. The GAMA survey builds on the previous spec-
troscopic surveys such as the SDSS which we have already
used to estimate the star contamination.

Of the 5620 AllWISE sources at this stage that fall
within the solid angle scanned by GAMA, 5491 have cross-
matched counterparts. The redshift distribution of these
sources is shown in Figure 4 which also indicates how it
evolves in the later stages of this analysis.

6.1 Removing the supergalactic plane and sources
correlating with 2MRS at z < 0.03.

A large fraction of the mass in the nearby universe, out to
z = 0.03, is known to be clustered along a planar structure
known as the supergalactic plane. In order to exclude this,
we add a supergalactic latitude cut of ±5� which ensures
that most of the local superclusters that lie on this plane
are removed. Since both the galactic and the supergalactic
planes form great circles in the celestial sphere, removing
an area centered on them leaves the direction of the dipole
estimators unbiased.

In order to further suppress any local super-structures
that lie outside the supergalactic plane, we cross-correlate
our AllWISE galaxy catalogue with the 2MRS catalogue
(Huchra et al. 2012) and remove all objects that are com-
mon to the two catalogues. This is done by identifying all
AllWISE sources that are within 100 of 2MRS sources out to
z = 0.03, beyond which 2MRS is not complete. Of the 24,648
2MRS sources below redshift z = 0.03, only 2392 have All-
WISE counterparts at this stage (in contrast to § 5.1, when

Figure 5. The hemispherical count map of the AllWISE-galaxy

selection as described in § 6.2.

all 24,648 sources did have counterparts). Consequently, the
impact of removing these sources is small.

Subsequent to these cuts we are left with ⇠ 1.71 million
objects. The median redshift at this stage was found to be
⇠ 0.137 and the 3D linear estimator of Eq. 5 finds the di-
rection and the magnitude of the dipole to be RA=177.4�,
DEC=�49.9� (l = 292.9�, b= 11.7�) and 0.017 respectively.
The dipole direction is now 43.7� away from the CMB dipole.
Evidently the removal of local structures slightly reduces
the amplitude of the dipole (previous value was 0.018) and
brings its direction closer to that of the CMB.

6.2 Discarding extended sources

The WISE satellite has an angular resolution of ⇠ 6.100 in
the 3.4 µm band, which corresponds to ⇠ 2.96⇥ 10�5 radi-
ans. Galaxies, which are typically a few tens of kpc across,
are resolved as extended sources at distances less than a few
hundred Mpcs. Galaxies of similar size at larger distances
are contained within the angular beam size of the detec-
tor and appear to be point sources. Discarding extended
sources at this stage can significantly suppress the fraction of
nearby objects. The AllWISE catalogue provides a variable
’ext_flg’, which has a value of zero if the morphology of the
source is consistent with the WISE point spread function,
and not associated with a known 2MASS extended source.
Higher values of the variable indicate high goodness of fits
for extended source profiles.

Consequently, we select only sources with ’ext_flg=0’,
which leaves us with a sample of ⇠ 1.23 million sources.
The median redshift at this stage is found to have increased
to 0.164, indicating the suppression of low redshift sources.
Applying the 3D linear estimator (5) to this sample, we find
the dipole to be in the direction RA=166.2�, DEC=�15.7�

(l = 269.17�, b = 40.17�), i.e. only 8.8� away from the CMB
dipole , with a magnitude of 0.0124, a significant reduction
from the previous value of 0.017 (see § 6.1).

If we further widen the Galactic plane cut to ±20�,
then the dipole direction swings to RA=172.6�, DEC=�6.6�

(l = 269.7�, b = 51.0�), whch is merely 4.5� away from the
CMB dipole, with a magnitude of 0.011 according to the 3D
estimator). The hemispheric-count estimator (4) finds the
dipole to lie towards RA=151.9�, DEC=�15.7� (l = 255.1�,
b = 31.5�) which is 18.0� away from the CMB dipole, with

c� 0000 RAS, MNRAS 000, 000–000

By cross correlating with Galaxy and Mass Assembly
V = 1260 ± 629 km/s within 6 degrees of CMB dipole

Low redshift

Equatorial coordinates
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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 1! fluctuation
relative to the expectation given by the model. To compute these
curves, we used the WMAP5 parameters: the density of cold dark
matter !c = 0.212, the density of baryons !b = 0.044, h = 0.719,
!8 = 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 !CDM 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 e"ect. 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 "CDM 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 "CDM 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 e"ect of changing !8.

Its principal e"ect 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 !8, whereas a growth
with a lot of independent fluctuations favors a high !8.
Its impact on the expectation of the amplitude of the
velocity field is more complicated. Indeed, cosmologies
with high !8 tends to have stronger fluctuations relative
to the expected velocity, which yields an higher expected
amplitude. Thus higher !8 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 !8, though more
marginally than on the shape of the power spectrum
#mh. The impact of !8 is however dominant concern-
ing the fluctuations of the direction of the velocity of the
Local Group. Only universes with a high !8 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.
#m represents the true dynamical content of the uni-

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

22



Rameez-Vietnam 23

Astronomy & Astrophysics manuscript no. CF4_gravity ©ESO 2022
December 6, 2022

Letter to the Editor

Gravity in the Local Universe: density and velocity fields using
CosmicFlows-4

H.M. Courtois?1, A. Dupuy2, D. Guinet1, G. Baulieu1, and F. Ruppin1

1 Université Claude Bernard Lyon 1, IUF, IP2I Lyon, 69622 Villeurbanne, France

2 Korea Institute for Advanced Study, 85, Hoegi-ro, Dongdaemun-gu, Seoul 02455, Republic of Korea

Received A&A Oct 31, 2022 - AA/2022/45331; Accepted date

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.

Key words. Cosmology: large-scale structure of Universe

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-

? helene.courtois@univ-lyon1.fr

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

Article number, page 1 of 5
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Where is the cosmic ‘rest frame’?
Constraints from 2M++ 13

Figure 9. Volume-weighted mean of predicted velocity field for
Gaussian window of increasing scale centered on the Local Group.
The inferred values from 2M++ with and without the residual bulk
flow are shown by the dashed grey line with 68% uncertainties
in blue hatch, and a dashed black line, with uncertainties in solid
green, respectively. The predicted root-mean-square velocity for a
⇤CDM WMAP9 cosmology is shown as the red solid line, the cos-
mic scatter in the velocity amplitude distribution are shown as red
dot-dash lines. Bulk flows in Gaussian-weighted spheres of radius
40 h�1Mpc and 50 h�1Mpc are shown for the results of Hong
et al. (2014, 2MTF), Turnbull et al. (2012, THF) and Watkins et al.
(2009, WFH) . The LG motion is also shown, plotted at a radius of
3 h�1Mpc.

5.3.3 The residual bulk flow

We find that the amplitudes and directions of Vext fit to each
of the SFI++ and A1 SNe datasets separately are consistent
with one another. Furthermore, comparing A1 with PSCz (of
comparable depth to 2M++), Turnbull et al. (2012) found a
residual flow of Vx = 144 ± 44 km s�1, Vy = �38 ± 51
km s�1, Vz = 20 ± 35 km s�1, in reasonable agreement
with the values found here of Vx = 89 ± 21 km s�1, Vy =
�131±23 km s�1, Vz = 17±26 km s�1. This suggests that
the residual bulk flow is not an artifact of either the analysis
or redshift-catalogue and is sourced by structures outside the
2M++ and PSCz volumes.

We can also use the 2M++ density field to predict the
BF and compare this to the BF expected in a ⇤CDM uni-
verse in Figure 9. We have plotted this comparison for the
Gaussian-weighted mean of the 2M++ velocity field. It is
apparent from this figure that the resulting bulk flow from
our analysis is in agreement with that expected for a ⇤CDM
universe. Combining the cosmic variance in quadrature with
observational errors, comparison of the measured bulk flow
of a 100 h

�1Mpc Gaussian with predictions from ⇤CDM
yield a �

2 of 1.4 for 3 degrees of freedom; clearly the mea-
sured value agrees well with the predicted value from the
standard cosmological model.

5.3.4 A large-scale underdensity?

There have been recent claims that the Local Universe
(⇠150–200 h

�1Mpc) is under-dense (Whitbourn & Shanks
2013, Keenan et al. 2013). Such a phenomenon might ac-
count for the discrepancy between the larger value for the

Hubble parameter when measured locally (z ⇡ 0) and that
obtained from studies of the CMB temperature anisotropies.

Although the majority of 2M++ lies within the sug-
gested underdensity, we have nonetheless explored the
possibility of a under-dense volume within 2M++. The
luminosity-weighted density contrast of 2M++ in shells is
shown in Figure 10. We have not observed any global sys-
tematic rise in density towards the periphery of the survey.

To compare our results with others in more detail, note
that Whitbourn & Shanks (2013) use redshift data from
three large regions: 6dF-SGC, 6dF-NGC & SDSS-NGC.
Within z < 0.05, they quote mean density contrast of
�̄g = �0.40 ± 0.05, 0.04 ± 0.10 and �0.14 ± 0.05, re-
spectively. For the same z < 0.05 volumes, we find den-
sity contrasts of �̄⇤ = �0.17, 0.01 and 0.03 respectively,
where the density is normalized with respect to the mean
density within 200 h

�1Mpc (z ⇠ 0.067). Boehringer et al.
(2014) studied the large-scale densities of X-ray clusters. For
the 6dF-SGC and 6dF-NGC regions, they find mean cluster

density contrast of �̄cl = �0.55 ± 0.10 and 0.02 ± 0.17
within z < 0.05. However, as they point out, galaxy clus-
ters are highly biased (bcl ⇠ 2.7) and so the corresponding
mean matter density contrasts are �̄m = �0.20 ± 0.04 and
0.01 ± 0.06. These latter numbers are in good agreement
with our nearly-unbiased galaxy luminosity results. We con-
clude that, while the 6dF-SGC region may be mildly under-
dense within z ⇠< 0.05, there is no evidence for a large-scale
void.

5.3.5 Prospects for the future

There are several upcoming peculiar velocity surveys which
should dramatically improve the constraints on both �

⇤ and
f�8. Among these is the survey dubbed “Transforming As-
tronomical Imaging surveys through Polychromatic Anal-
ysis of Nebulae” (TAIPAN). Using the UK Schmidt tele-
scope, it is estimated that TAIPAN will acquire ⇠45,000
Fundamental-Plane velocity measurements out to a redshift
of 0.2 (Koda et al. 2013). The next generation of Tully-
Fisher (TF) peculiar velocity surveys include the Wide-
field ASKAP L-band Legacy All-sky Blind surveY (WAL-
LABY, Koribalski & Staveley-Smith 2009), and the West-
erbork Northern Sky HI Survey (WNSHS)1. An HI sur-
vey acquired using the Australian Square Kilometer Ar-
ray Pathfinder (ASKAP), WALLABY is planned to cover
3⇡ steradian of sky. Its Northern Hemisphere counterpart,
WNSHS, is planned to cover remaining ⇡ steradian of the
sky using the Westerbork Synthesis Radio. It is estimated
that these surveys will obtain a total of ⇠32,000 velocity
measurements, and along with TAIPAN will not only en-
able k-dependent measurements of f�8 but will improve
constraints on this parameter combination at low-redshift
(z 6 0.05) to within 3% (Koda et al. 2013). Clearly con-
straints on cosmology through peculiar velocities has a very
promising future.

1 http://www.astron.nl/⇠jozsa/wnshs/
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“We find that an external bulk flow is preferred at the 5.1σ 
level, and the best fit has a velocity of 159 ± 23  km s− 1

towards l = 304° ± 11°, b = 6° ± 13°” [beyond 200 ℎ!$ Mpc
radius]

This is the model using which Pantheon and Pantheon+ compilations 
correct for peculiar velocities
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Infers the peculiar velocity field from a density contrast field 
derived from data – 2M++ compilation, using linear Newtonian 
perturbation theory.

2 Hollinger and Hudson

amount of scatter generated in velocity – density cross-correlations.
Section 6 investigates how uncertainties corresponding to 0.1 and
0.2 dex in halo mass measurements influence the predictions of V/ 5
and f8,h. In section 7 we instead explore how using either the stellar
to halo mass relation or galaxy observables to weight the density
field impacts these cosmological estimates. Section 8 focuses on
how these estimates are a�ected by volume limited surveys. Finally,
Section 9 presents our conclusions.

2 PECULIAR VELOCITIES FROM LINEAR
PERTURBATION THEORY

In linear perturbation theory, it is possible to relate the density field
to the peculiar velocities of the galaxies at low redshift using

E(r) = �0 5 (⌦<)
4c

π
X(r 0) (r

0 � r)
|r 0 � r |3

3
3r 0 , (2)

where E(r) is the peculiar velocity field and X(r) is the matter
density fluctuation field given by

X(r) = d(r) � d̄

d̄

, (3)

where d(r) is the matter density field and d̄ is its cosmic average.
This calculation is only valid in the linear regime, where X . 1,
allowing higher order terms to be ignored (Peebles 1993). For ex-
ample, it does not predict the transverse components of a galaxy
within a galaxy group. In ⇤CDM, the rms matter density in spheres
increases with decreasing sphere radius, so we expect linear theory
to break down on small scales. In practice then, to apply equation 4
one needs to smooth X(A).

In the linear regime, the density modes in Fourier space grow
independently of one another. As a result it is easier to write equation
2 in Fourier space as follows

vk = 8�0 5
k

|k |2
X
:
, (4)

where � is the Hubble constant (� = 100 ⌘ km s�1Mpc�1). The
smoothing is also simpler in Fourier space, because a convolution
is a multiplication in Fourier space.

The density fluctuation field used in the previous equations is
that of the underlying matter density field. Because it is dominated
by dark matter, this cannot not be measured empirically. Instead, an
assumption must be made as to how the observed galaxies trace the
underlying total matter. If one assumes linear biasing, the relation
is

X6 = 16X, (5)

where 16 is the linear bias and X6 is the density fluctuation field of
the galaxies. Under this assumption equation 2 can be written as

E(r) = �0 5 (⌦<)
4c16

π
X6 (r 0)

(r 0 � r)
|r 0 � r |3

3
3r 0. (6)

Note that if we express distances r in units of ⌘�1 Mpc (or km/s),
as are naturally obtained from redshift surveys, then one must set
� = 100 km s�1Mpc�1 (or 1, respectively) in the above expression.
Thus when applying this equation to density fields derived from
redshift surveys, the predictions are independent of the true value
of �. The other two values outside the integral can be compacted
into the parameter combination

V6 ⌘ 5

16

. (7)

If linear biasing holds, then f8,6 = 16f8. Putting this into equa-
tion 7, we find that the product of the observables to be V6f8,6,
as in equation 1, and so we can set constraints on cosmological
parameters.

In reality, the assumptions of linearity, both in the context of
perturbation theory and in the context of biasing, will not hold
exactly. Fortunately, peculiar velocities are primarily generated by
large scale waves, where linearity will be a good approximation.
Nevertheless, they also have a contribution from smaller, less linear
scales. For these reasons, simulations are needed to calibrate any
biases arising from non-linearities.

3 SIMULATION DATA

We use two publicly available simulations: Bolshoi and MultiDark
Planck 2 (MDPL2) (Klypin et al. 2011, 2016), along with two sim-
ulated semi-analytic catalogues, SAG (Cora et al. 2018) and SAGE
(Croton et al. 2016) which populate the DM haloes of MDPL2. We
use the snapshots at I = 0. The halo and galaxy catalogues were
obtained from the COSMOSIM database 1.

The high-resolution Bolshoi simulation (Klypin et al. 2011)
follows 20483 particles in a comoving, periodic cube of length 250
⌘
�1 Mpc from I = 80 to today. It has a mass and force resolution of

1.35 ⇥ 108
⌘
�1

"� and 1 ⌘
�1 kpc respectively, and the DM haloes

range from the masses of MW satellites (1010
"�) to the largest

of clusters (1015
"�). It was run as a collisionless DM simulation

with the Adaptive Refinement Tree Code (ART; Kravtsov et al.
(1997)) and assumes a flat, WMAP5 cosmology with parameters
⌦< = 0.27, ⌦⇤ = 0.73, ⌘ = 0.7, (linear) f8 = 0.82 and =B = 0.95.
Haloes in Bolshoi were identified using Rockstar (Behroozi et al.
2013a). The (non-linear)f8,<, measured from the particles is 0.897.

The MultiDark project consists of a suite of cosmologi-
cal hydrodynamical simulations (Klypin et al. 2016), all assume
a flat ⇤CDM cosmology with cosmological parameters: ⌦" =
0.307115, ⌦⇤ = 0.692885, ⌘ = 0.6777, linear f8 = 0.8228, and
=B = 0.96, which is consistent with Planck results (Planck Collab-
oration 2018). We focus on the MDPL2 simulation which has a
periodic box of length 1000 h�1 Mpc evolved from a redshift of 120
to 0 with a varying physical force resolution level from 13-5 ⌘

�1

kpc and various implemented physics. The simulation uses 38403

dark matter particles of mass 1.51⇥ 109
⌘
�1

"� , and has identified
more that 108 haloes using Rockstar (Behroozi et al. 2013a), with
merger trees that were generated using ConsistentTrees (Behroozi
et al. 2013b). The (non-linear) f8,<, measured from the particles is
0.95.

The SAG (Cora et al. 2018) and SAGE (Croton et al. 2016)
semi-analytic models include the most relevant physical processes
in galaxy formation and evolution, such as radiative cooling, star
formation, chemical enrichment, supernova feedback and winds,
disc instabilities, starbursts, and galaxy mergers. These model were
calibrated to generate galaxy catalogues using the MDPL2 simula-
tion. A comprehensive review of the models can be found in Knebe
et al. (2017).

4 TESTING METHODS WITH N-BODY SIMULATIONS

Our goal is to test equation (6) using data from N-body simulations.
Specifically, we will calculate the predicted peculiar velocities by

1 www.cosmosim.org

MNRAS 000, 1–10 (2020)
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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)
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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
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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 dri8 
mo9on, may also find that 
the accelera9on is maximised 
in one direc9on and 
minimised in the opposite. 
We argue that, typically, such 
a dipole anisotropy should be 
rela9vely 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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The significance of qo being nega/ve is  <1.4𝝈!
Dipole StaJsJcally significant at  3.9 𝜎 level 
In agreement with the predicJons by Tsagas, 

Cosmic accelera,on may simply be an artefact of our being located inside a ‘bulk flow’!

The dipolar component of q is larger than the monopole, and dominates out to z>0.1, closely aligned to the CMB dipole 

𝒒𝒅 >> 𝒒𝒎

26

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.

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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Kicked off a debate with mainstream 
supernova cosmologists, about the data 
being corrected for ‘peculiar velocities’

htps://github.com/rameez3333/Dipole_JLA

Testing this on a sample of 740 SN1e, JLA



𝐶 = 1 + 𝑧%&' − 1 + 𝑧()* 1 + 𝑧+ × 𝑐

𝑧%&' → 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
𝑧()* → 𝑖𝑛𝑓𝑒𝑟𝑟𝑒𝑑 𝑢𝑠𝑖𝑛𝑔 𝑎 𝑓𝑙𝑜𝑤 𝑚𝑜𝑑𝑒𝑙

1 + 𝑧 = 1 + ̅𝑧 1 + 𝑧V:WX:Y 1 + 𝑧V:WZ[

𝑑\ 𝑧 = �̅�\ ̅𝑧 1 + 𝑧V:WX:Y 1 + 𝑧V:WZ[ ]

Davis et. al. Astrophys.J. 741 (2011) 67
Ellis & Stoeger 1987

JLA (and Pantheon) redshifts and magnitudes have been 
‘corrected’ to account for the local bulk flow.

SN1a at z>0.06 are assumed (arbitrarily) to be in the CMB 
rest frame. (only uncorrelated 150 km/s in error budget)

Flow model – SMAC has a ~600 km/s residual bulk flow

Consequently, we use only 𝑧%&' and subtract out the correcSons to 𝑚, 27

The ques9on of peculiar velocity ‘correc9ons’



28

Prepared for submission to JCAP

The Dipole of the Pantheon+SH0ES

Data

Francesco Sorrenti, Ruth Durrer and Martin Kunz

Département de Physique Théorique and Center for Astroparticle Physics,
Université de Genève, 24 quai Ernest Ansermet, 1211 Genève 4, Switzerland

E-mail: francesco.sorrenti@unige.ch, ruth.durrer@unige.ch, martin.kunz@unige.ch

Abstract. In this paper we determine the dipole in the Pantheon+ data. We find that, while its amplitude
roughly agrees with the dipole found in the cosmic microwave background which is attributed to the motion
of the solar system with respect to the cosmic rest frame, the direction is di↵erent at very high significance.
While the amplitude depends on the lower redshift cuto↵, the direction is quite stable. For redshift cuts of
order zcut ' 0.05 and higher, the dipole is no longer detected with high statistical significant. An important
rôle seems to be played by the redshift corrections for peculiar velocities.
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Département de Physique Théorique and Center for Astroparticle Physics,
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Figure 3: Contour plots for the Pantheon+ data set with lower cut in redshift z=0.01 and the Pantheon
data set as provided by Horstman.

For zcut  0.025 The inferred amplitude of the dipole is still smaller than the Planck value with more
then 68% confidence for zcut = 0.025 and more than 95% for smaller cuts, see Fig. 4. For larger redshift
cuts, the dipole amplitude roughly agrees with the Planck value but for zcut � 0.05, the dipole is just
marginally detected, at 95% confidence.

4.4 The peculiar velocities in the Pantheon+ analysis

An important di↵erence between our treatment and the Pantheon+ analysis [18], lies in the peculiar ve-
locities of the SNe which we neglect in our analysis. The main reason we do this is that they should not
contribute significantly to the dipole which is the main aim of this work. We also consider it problematic
that the peculiar velocities inferred in [18] come purely from linear gravitational infall [24, 29], even though
it is known from numerical simulations that at late times vorticity is as relevant as (if not larger than) the

– 9 –

8 Rahman et al.

Figure 2. Colour-based selection function in binned JLA data, with redshift bins boundaries indicated by the vertical black lines.The blue circles are the
individual SNe, the blue errorbars represent the data mean and standard deviation within each top-hat bin, while the orange errorbars give the mean and standard
deviation of simulated data from the model using the reconstructed selection function in that bin (shifted horizontally for ease of comparison).

field. The latter approach has a long history, originally having been
used to predict the peculiar velocities of FP and TF samples (Hudson
1993; Strauss & Willick 1995; Davis et al. 1996) but more recently
applied to peculiar velocity data that include SNe type Ia. (Riess et al.
1997; Radburn-Smith et al. 2004; Pike & Hudson 2005; Neill et al.
2007; Turnbull et al. 2012; Carrick et al. 2015; Boruah et al. 2020b;
Lilow & Nusser 2021; Stahl et al. 2021).

While the peculiar velocity of the SNIa becomes rapidly negligi-
ble for I & 0.1, it is important for local objects (I ⌧ 0.1), where
it can be significant w.r.t. the expansion velocity (up to ⇠ 30%) and
where it leads to much larger changes in the apparent magnitude,
due to the steeper gradient of the distance modulus at low redshift.
For example, at I = 0.01 an uncorrected SNIa peculiar velocity
E

SN
pec induces a redshift systematic error XI = E

SN
pec/2, which corre-

sponds to a significant change in the theoretical distance modulus
X` ⇡ 3`

3I
XI ⇡ 5/ln(10)(XE/(2I)) = 0.14 mag for ESN

pec = 200 km/s.
To avoid di�culties with peculiar velocities, earlier SNIa cosmolog-
ical analyses routinely adopted a lower redshift cuto� Icut, removing
SNe below Icut; for example, Kessler et al. (2009) used Icut = 0.02;
Riess et al. (2007) used Icut = 0.023. Recently, Huterer (2020) esti-
mated the impact of uncorrected peculiar velocities on the Pantheon
sample from numerical N-body simulations, and recommended a
cuto� Icut = 0.02 to protect against significant bias to cosmological
parameters. However, a better way that does not discard useful data
at low redshift is to assign uncertainties that scale with distance, as
we do here.

The JLA sample contains 37 SNe with Ihel < 0.02, and 110 with

Ihel < 0.05, for which an appropriate treatment of peculiar velocities
is required if they are to be used in the cosmological analysis –
particularly in our case, where we wish to use them to constrain a
local dipole in the expansion. To first order in redshift Eq. (2) gives

Ī = Ihel � I
�
pec � I

SN
pec, (34)

meaning that the redshift of a comoving observer, Ī, is obtained from
the measured heliocentric redshift by subtracting our local dipole
(I�pec) and the redshift due to the SNIa peculiar velocity, ISN

pec.

The model used in Betoule et al. (2014) to estimate I
SN
pec has been

criticised by C19, who highlighted potential bulk flow velocity dis-
continuities at I = 0.04, pointed out that peculiar velocity corrections
arbitrarily disappear beyond 200/⌘ Mpc (I ⇠ 0.067, the limit of the
galaxy density field measurements from which the peculiar velocities
were derived) and that the residual uncorrelated velocity dispersion
of fE = 150 km/s might be underestimated. While RH20 pointed
out technical flaws with the analysis of C19, it is important in the
light of this valid criticism to revisit the issue of low-redshift peculiar
velocity corrections here.

To this end, in this work we replace the peculiar velocity correc-
tions used by Betoule et al. (2014) – which rested on the IRAS PSCz
catalogue from Branchini et al. (1999) – with the more recent ones
obtained by Carrick et al. (2015). We follow Boruah et al. (2020a);
Boruah et al. (2020b), who carried out a thorough comparison be-
tween density reconstruction from galaxy redshift surveys and kernel
smoothing of peculiar velocity data methods. We adopt here their pe-
culiar velocity field inferred from 69,160 galaxies from the 2M++

MNRAS 000, 1–23 (2021)

MNRAS 000, 1–23 (2021) Preprint 29 April 2022 Compiled using MNRAS LATEX style file v3.0

New Constraints on Anisotropic Expansion from Supernovae Type Ia

W. Rahman1¢, R. Trotta1,2,3, S. S. Boruah4, M. J. Hudson5,6,7, and D. A. van Dyk2,8
1Astrophysics Group, Physics Department, Blackett Laboratory, Imperial College London, Prince Consort Rd, London SW7 2AZ
2Data Science Institute, William Penney Laboratory, Imperial College London, London SW7 2AZ
3International School for Advanced Studies (SISSA), Theoretical and Scientific Data Science Group, Physics Department, Via Bonomea 265, 34136 Trieste, Italy
4Department of Astronomy and Steward Observatory, University of Arizona, 933 N Cherry Ave, Tucson, AZ 85719, USA
5Department of Physics and Astronomy, University of Waterloo, Waterloo, ON, N2L 3G1, Canada
6Waterloo Centre for Astrophysics, Waterloo, ON, N2L 3G1, Canada
7Perimeter Institute for Theoretical Physics, 31 Caroline St. N., Waterloo, ON, N2L 2Y5, Canada
8Statistics Section, Mathematics Department, Huxley Building, Imperial College London, Queen’s Gate, London SW7 2AZ

Accepted 2022 April 22. Received Received 2022 April 22; in original form 2021 August 16

ABSTRACT
We re-examine the contentious question of constraints on anisotropic expansion from Type Ia supernovae (SNIa) in the light
of a novel determination of peculiar velocities, which are crucial to test isotropy with SNe out to distances ⇠

< 200/⌘ Mpc.
We re-analyze the Joint Light-Curve Analysis (JLA) Supernovae (SNe) data, improving on previous treatments of peculiar
velocity corrections and their uncertainties (both statistical and systematic) by adopting state-of-the-art flow models constrained
independently via the 2M++ galaxy redshift compilation. We also introduce a novel procedure to account for colour-based
selection e�ects, and adjust the redshift of low-I SNe self-consistently in the light of our improved peculiar velocity model.

We adopt the Bayesian hierarchical model BAHAMAS to constrain a dipole in the distance modulus in the context of the
⇤CDM model and the deceleration parameter in a phenomenological Cosmographic expansion. We do not find any evidence for
anisotropic expansion, and place a tight upper bound on the amplitude of a dipole, |⇡` |< 5.93 ⇥ 10�4 (95% credible interval)
in a ⇤CDM setting, and |⇡@0 |< 6.29 ⇥ 10�2 in the Cosmographic expansion approach. Using Bayesian model comparison, we
obtain posterior odds in excess of 900:1 (640:1) against a constant-in-redshift dipole for ⇤CDM (the Cosmographic expansion).
In the isotropic case, an accelerating universe is favoured with odds of ⇠ 1100 : 1 with respect to a decelerating one.

Key words: supernovae: general, methods: statistical, (cosmology:) dark energy, cosmology: observations, (cosmology:)
cosmological parameters

1 INTRODUCTION

A fundamental assumption underpinning the cosmological concor-
dance model is the cosmological principle, namely that the universe
is homogeneous and isotropic on su�ciently large scales. Given the
ubiquity of the cosmological principle, an observational test of this
assumption is an important step towards validating our best descrip-
tion of the large scale universe. Testing of homogeneity is ham-
pered by the need of surveying extremely large scales (see Maartens
(2011)), although recent studies have found the transition to homo-
geneity at high (I ⇠ 2) redshift consistent with expectations from the
⇤CDM cosmological concordance model (Gonçalves et al. 2018,
2020).

The assumption of isotropy has been tested over a range of redshifts
and with many di�erent probes, from the relatively local universe
out to the redshift of recombination. Analyses of Cosmic Microwave
Background (CMB) anisotropies data obtained by the Wilkinson Mi-
crowave Anisotropy Probe (WMAP) and the Planck satellite found
up to ⇠ 3f evidence of breaches of statistical isotropy in the form
of power asymmetry between hemispheres, multipole alignments,

¢ E-mail: w.rahman17@imperial.ac.uk

anomalous clustering of directions, although the significance of these
results is di�cult to assess, partially because of issues of a posteriori
testing (Bennett et al. 2013; Akrami et al. 2014; Schwarz et al. 2016;
Planck Collaboration et al. 2016). Quasar polarization directions also
appear to be aligned along anomalous directions in the CMB (Hut-
semékers et al. 2005) and with coherence scales in excess of 500
Mpc (Hutsemékers, D. et al. 2014), in potential disagreement with
the cosmological principle. Investigating the distribution of galaxies
on large scales, Sarkar et al. (2019) found however good agreement
between the predictions of ⇤CDM and the Sloan Digital Sky Survey
data, with a transition to isotropy observed beyond a length scale of
200⌘�1 Mpc (where ⌘ is the dimensionless Hubble-Lemaître param-
eter). More recently, Secrest et al. (2020) reported a one-sided 4.9-f
rejection of the hypothesis that the dipole in a sample of 1.3 million
quasars is purely due to our motion with respect to the CMB.

Supernovae Type Ia (SNIa) can be used to test the second ex-
pression of the cosmological principle, namely that the expansion of
the universe is isotropic. SNIa are a sub-class of supernovae (SNe),
resulting from the thermonuclear explosion of CO white dwarfs ac-
creting mass near the Chandrasekhar limit, whose spectra exhibit
no hydrogen lines but strong silicon lines. A series of corrections
can be applied to account for correlations of absolute peak magni-

© 2021 The Authors
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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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Fig. 1. Examples of directional anisotropy reported in studies of the local bulk flow [14,15,
36,38,39], X-ray clusters [53,54], SNe Ia [21], high redshift radio sources [49,50] and quasars
[52]. These are all close to the CMB dipole direction [43] which is also marked.

makes SNe Ia ‘standardisable’ candles, i.e. the intrinsic magnitude can be inferred
with relatively low scatter (0.1–0.2 mag) by measuring the lightcurves in di↵erent
(colour) bands [56]. Further assuming that the intrinsic properties themselves do not
evolve with redshift, observations of SNe Ia can be used to measure the cosmological
evolution of the luminosity distance (i.e. of the scale factor) as a function of redshift.

In detail however the di↵erent empirical techniques for implementing the Phillips
corrections [55], viz. the Multi Colour Lightcurve Shape (MLCS) strategy [10], the
‘stretch factor’ corrections [9] and the template fitting or�m15 method [57,58], do not
agree with each other — see Figure 4 of Ref. [56]. As the sample of SNe Ia has grown,
the tension between the methods has in fact increased [59]. The MLCS strategy was
to simultaneously infer the Phillips corrections and the cosmological parameters using
Bayesian inference. However a two-step process — the ‘Spectral Adaptive Lightcurve
Template’ (SALT) — is now adopted, wherein the shape as well as the colour [60]
parameters required for the Phillips corrections are first derived from the lightcurve
data, and the cosmological parameters are then extracted in a separate step [61]. The
current incarnation of this method is SALT2, employed in analysis of recent public
SNe Ia data sets [11,62], in which every SNe Ia is assigned three parameters, m⇤

B ,
x1 and c — respectively the apparent magnitude at maximum (in the rest frame ‘B-
band’), the lightcurve shape, and the lightcurve colour correction. This can be used
to construct the distance modulus using the Tripp formula [60]:

µSN = m
⇤
B �M

0
B + ↵x1 � �c, (1)

where M0
B is the absolute magnitude (degenerate with the absolute distance scale i.e.

the value of H0) while ↵ and � are parameters which are assumed to be constants for
all SNe Ia. (Further parameters can be added, e.g. a ‘mass step correction’ according
to the mass of the SNe Ia host galaxy, but this turns out to be irrelevant in the fitting
exercise, whereas the stretch and colour corrections above are both important and
uncorrelated with each other [12].) This is related to the luminosity distance dL as

µ = 25 + 5log10(dL/Mpc), (2)

where dL is a function of the ⇤CDM model parameters:
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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.
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SO(3) → U(1), tilted Bianchi 𝑉/𝑉𝐼𝐼% - 4 Friedmann 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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Spatially Homogeneous Universes with Late-Time Anisotropy
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2
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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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This talk:

Rameez-Vietnam

• Is the CMB dipole really ‘purely kinemaSc’? Dipoles in number counts of flux limited catalogues:
• High redshi} Radio Galaxies (NVSS + SUMSS)                                                 MNRAS 471 (2017) no.1, 1045-1055
• Low redshi} infrared galaxies (AllWISE) MNRAS 477 (2018) no.2, 1772-1781
• High Redshi} Quasars (CatWISE) arXiv: 2009.14826
• Gaia UnWISE in preparaSon

• The bulk flow of the local Universe. Where is the cosmic rest frame?

• The Slted Friedmann Universe.
• “Evidence for anisotropy of Cosmic AcceleraSon” : A&A 631, L13 (2019)

An amusing debate: arXiv:1912.04257

The issue of peculiar velociSes and correcSons.
• The Hubble tension makes no sense arXiv : 1911.06456
• What exactly is going on in cosmology now.
• Backup

A historical review of Supernova cosmology and fi�ng.

The situaSon that Ellis & Baldwin anScipated in 1984 has arrived.
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Figure 1. Left: The profile likelihood for the FLRW analysis, following Betoule et al. (2014) for the colour c and stretch x1

corrections (corresponding to Table 1). Right: The same for the kinematic analysis (corresponding to Table 2).

Figure 2. The profile likelihood for the 22 parameter kinematic analysis of Rubin & Heitlauf (2019), employing the sample-
and redshift-dependent treatment of c0 and x1,0 advocated by Rubin & Hayden (2016) (corresponding to Table 3).

where z can be the measured heliocentric redshift, boosted to the CMB frame, or boosted to the CMB frame with
further peculiar velocity “corrections” applied.
We redo the analysis of Nielsen et al. (2016) in three di↵erent ways and present the results in Figures 1 and 2, and

in Tables 2 and 1, respectively for the kinematic Taylor expansion (eq. 3) and the standard ⇤CDM model (eq. 2).
For each case we also show the fit quality when q0 is held at zero (“No accn.”).

1. zCMB with PV corr.: This employs the data exactly as in Nielsen et al. (2016). The CMB frame redshifts are
used, with further corrections made for the peculiar velocities of the SNe Ia w.r.t. the CMB frame, and the
peculiar velocity covariance matrix is included.

2. zCMB without PV corr.: Now CMB frame redshifts are used without correcting for the flow of the SNe Ia w.r.t.
this frame and the peculiar velocity component of the covariance matrix is excluded. Note that transforming
from heliocentric to CMB frame redshifts still requires assuming that the CMB dipole is kinematic in origin.

3. zhel: Finally heliocentric redshifts are used, no corrections are employed and the peculiar velocity component of
the covariance matrix is excluded. This is just what was done by Perlmutter et al. (1999) and Riess et al. (1998),
as well as in all supernova cosmology papers until Conley et al. (2011).

Our results in Tables 1 and 2 illustrate that the peculiar velocity corrections serve to bias the data towards higher
acceleration (more negative q0). Using heliocentric observables, as employed by Perlmutter et al. (1999) and Riess
et al. (1998) as well as all supernova cosmology analyses before Conley et al. (2011), the change in 2logL between the
best-fit model and the one with zero acceleration is only 3.3, indicating that the preference for acceleration is < 1.4�.
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et al. (1998) as well as all supernova cosmology analyses before Conley et al. (2011), the change in 2logL between the
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“plus correcSons for known
peculiar velociSes (as the JLA analysis did)” 

About ~half the 
evidence (relative 
dimming of high z SNe
has to be put into the 
data) !!
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Peculiar velocity impact on SN1a magnitude
𝐶 = 1 + 𝑧%&' − 1 + 𝑧()* 1 + 𝑧+ × 𝑐

𝑧%&' → 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
𝑧()* → 𝑖𝑛𝑓𝑒𝑟𝑟𝑒𝑑 𝑢𝑠𝑖𝑛𝑔 𝑎 𝑓𝑙𝑜𝑤 𝑚𝑜𝑑𝑒𝑙

1 + 𝑧 = 1 + ̅𝑧 1 + 𝑧V:WX:Y 1 + 𝑧V:WZ[

𝑑\ 𝑧 = �̅�\ ̅𝑧 1 + 𝑧V:WX:Y 1 + 𝑧V:WZ[ ]

Davis et. al. Astrophys.J. 741 (2011) 67

JLA (and Pantheon) redshifts and magnitudes have been 
‘corrected’ to account for the local bulk flow.

SN1a at z>0.06 are assumed (arbitrarily) to be in the CMB 
rest frame. (only uncorrelated 150 km/s in error budget)

Flow model – SMAC has a ~600 km/s residual bulk flow

Consequently, we use only 𝑧%&' and subtract out the corrections to 𝑚, 35
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𝑑\ 𝑧 = �̅�\ ̅𝑧 1 + 𝑧V:WX:Y 1 + 𝑧V:WZ[ ]

Davis et. al. Astrophys.J. 741 (2011) 67

JLA (and Pantheon) redshifts and magnitudes have been 
‘corrected’ to account for the local bulk flow.

SN1a at z>0.06 are assumed (arbitrarily) to be in the CMB 
rest frame. (only uncorrelated 150 km/s in error budget)
Wrong ‘correction’ to SDSS2308 in JLA. Many such 
mistakes in Pantheon (eg : SN2246). 
Flow model – SMAC has a ~600 km/s residual bulk flow

Consequently, we use only 𝑧%&' and subtract out the correcSons to 𝑚,

Figure 1: Bulk Flow measurements. Upper panel: the symbols show the amplitude of

the measured bulk flow (with its error) from the following surveys: Surface Brightness

Fluctuations (SBF), SFI , ENEAR (EN), Shellflow (SF), Supernovae type Ia (SNIa),
SMAC, EFAR, LP10, SCII and LP (see table for explanation) as a function of radius.

The CMB dipole COBE measurement and bulk flow from the PSCz redshift catalog
are also shown. The solid line shows the expected rms bulk velocity of a sphere of

radius R for standard !CDM model; the dashed lines represent 1-! cosmic scatter

about the rms. Lower panel: the symbols show the direction of some of the measured
bulk flow vectors, note that the catalogs that correspond to R ! 60h!1Mpc have

consistent directions while measurements that correspond to large distances do not.

4
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There is an arbitrary discontinuity within the data.
Also in the subsequent Pantheon compilaSon

Key Hubble tension papers rely on 
these correcSons or directly on 
the Pantheon compilaSon (for eg
Kenworthy et al 2019)

htps://github.com/dscolnic/Pantheon/issues/2

This is because in the absence of demonstrable 
convergence between the bulk flow of the local Universe 
and the ‘CMB rest frame’, there is no way to correct for it 
completely (one could fit it as a nuisance parameter).

Dark Matter
27%

Ordinary Ma<er
5%

Dark Energy
32%

Basic lack of respect for 
smoothness and 

continuity
36%

Dark Matter Ordinary Matter Dark Energy Basic lack of respect for smoothness and continuity
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Rameez-Vietnam

Also Migkas and Rieprich 2017
Migkas et al 2020.
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What we mean by ‘non Copernican observers’ 

The FLRW universe The Real Universe

Can be described by one scale factor a(t) and 
Friedmann equations exactly.

Ω- + Ω. + Ω/ = 1
The cosmic sum rule

Maximal symmetry forbids peculiar velocities

̇
Θ̇ = −

𝜃]

3 − 2𝜎] + 2𝜔] − 𝐸 𝑋 b
b
+ �̇� ;b

b + Λ
Ellis, “On the Raychaudhury EquaSon” 

Pramana–J.Phys.,Vol. 69, No. 1, July 2007

Everything has a peculiar velocity of ~10!0, they should be 
viewed as differences in the expansion rate of the Universe

𝑅!" −
1
2
𝑅𝑔!" + Λ𝑔!" =

8𝜋𝐺
𝑐#

𝑇!"

Some existing debates in literature (inhomogeneous cosmology/backreactions) suggest that problems 
such as Dark Matter and Dark Energy can also be tackled be critically examining the tools and framework 
with which we do cosmology. 39
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Solving the curvature and Hubble parameter inconsistencies 5

universe models that the FLRW curvature conservation equation is violated at the onset

of structure formation [17, 18]. Furthermore, the exactly zero-curvature FLRW model

forms a measure zero set within the FLRW class of models. The FLRWmodels have been

shown to be globally gravitationally unstable in the directions of the dark energy and

dark matter sectors, i.e. the average model is driven away from the FLRW solution,

which forms a repeller within a dynamical systems analysis in the cases where QD

mimics the dark components [16]. We also note that it is a generic feature of relativistic

spacetimes that average spatial curvature !R"D can change sign over cosmic epochs

which is impossible in the FLRW class of models.

Table 1 shows a summary of important properties related to spatial curvature in

the FLRW class of spacetimes and how these properties generalize within full GR. The

FLRW class of GR spacetimes are contained in the full GR case, but constitute a
measure zero set within the full set of GR solutions.

Table 1: Comparison of curvature properties within the FLRW class of cosmological

models and for generic averaged globally hyperbolic spacetime models.

FLRW Average within generic GR

Topology sign(R) determines the spatial topol-
ogy for simply-connected domains

!R"
D

does not in general allow con-
clusions on topological properties

Integral constraint local ‘Newtonian’ energy conserva-
tion: (Ra2 )· = 0

general-relativistic coupling of !R"
D

to structure:
1

a6

D

(QD a6
D
)·+ 1

a2

D

( !R"
D
a2
D
)· = 0

Sign of curvature sign(R) is preserved throughout the
evolution of the Universe and on all
scales

sign(!R"
D
) can change in response

to structure in the spacetime and
may vary on di!erent scales

Copernican principle satisfied in its most strict interpreta-
tion. All fundamental observers are
subject to the same local curvature

can be satisfied in a weaker sense
than for FLRW. ‘Distributional
equivalence’ between observers

The complexities introduced when considering full GR, which is a priori a

background-free theory, carries over to perturbative settings. In FLRW-based

perturbative frameworks physical geometric and matter fields are defined with respect
to an FLRW background spacetime, relative to which they must be assumed to be small

(and of similar order of magnitude). A generic spacetime is of course not restricted by

such smallness assumptions relative to a global background.

When there is not necessarily a global spacetime solution obeying exact symmetries

constituting a background of all cosmological matter fields, perturbation theory becomes

hard to handle and even ill-defined. Examples of di!culties are the identification of a
good background spacetime (as the average over inhomogeneities), the interpretation

and uniqueness in definitions of the ‘fields’ living on the background, and the break-down

of standard Fourier analysis when the identified background is curved. Perturbations

are often treated as if they propagate on a flat background spacetime, while in reality

Buchert and Heinesen 2020

40



There is no Hubble constant, let alone a tension
McClure and Dyer 2007, moJvated 
by the Raychoudhury EquaJon

Fig. 1. Hubble constant contour maps (in Galactic co-ordinates for a sinusoidal pro-
jection of the sky) for (a) the 76 HST Key Project H0 values and (b) 57 comparison
H0 values. Positions of the actual data points are indicated by triangles, and the
contours range from low (dark) to high (light) values of H0 (in km s!1 Mpc!1) as
indicated.

3.2 Magnitude of variation

As was previously discussed in Sect. 3.1, the Gaussian smearing lessens the
range of any real variation. Using Gaussians with successively smaller standard
deviations of 20", 15", and 10", as the standard deviation gets smaller, the
extrema are picked out with less smearing, but errors in the data also start
to have a greater impact. At 10", the range of variation is greater than 30 km
s!1 Mpc!1, but the grid values are mostly being determined by individual H0

values so the errors in the grid values approach those of the H0 determinations.

13

A statistically significant difference in expansion rate 
of 9 km s−1 Mpc−1 is found to occur across the sky. Fig. 22: Top: Best-fit H0 value as a function of the position in the extragalactic sky for ✓ = 75� cones for ACC (left) and XCS-DR1

(right). Bottom: Significance map of the anisotropy between every sky region and the rest of the sky for ACC (left) and XCS-DR1
(right).

do not share any common clusters. While at first sight it might
seem that the H0 maps of ACC and XCS-DR1 look di↵erent, the
location of their most extreme regions is still consistent within
⇠ 40� � 55�.

In total, they contain 842 di↵erent galaxy clusters. Conse-
quently, any constraints on the fitted parameters would be much
stronger if we combined them. While, the normalization values
of the three samples are quite di↵erent (cluster populations, used
energy range for LX, T constrain method etc. vary significantly),
H0 is a global parameter that should not depend on specific sam-
ples or even cosmological probes. The normalization and slope
values of the three di↵erent samples can be set in such way so
the best-fit H0 value considering the entire sample is H0 = 70
km/s/Mpc. Nevertheless, we see that the three samples return a
di↵erent H0 range. As shown before ACC and XCS-DR1 show
a larger variation of H0 (± ⇠ 20%) than our sample (± ⇠ 9%).
This correlates with the larger scatter of the other two samples
and it can be attributed to randomness (since the H0 uncertain-
ties of ACC and XCS-DR1 are ⇠ 2�3 times larger than the ones
of our sample), reasons that we have not yet identified or a com-
bination of the above (the significance however remains similar
for the three samples).

By performing the H0 scanning analysis, one obtains three
di↵erent and independent estimations of the likelihood of the H0
parameter for every region. Multiplying these three likelihoods
gives us the combined most likely H0 value for every region in
the sky. In order to consistently use the three samples, we use the
smallest possible cone radius (75�) for which we have enough
data for all three catalogs in any cone, and we use the same pa-
rameter fitting range (H0 2 [50, 90] km/s/Mpc) as well. There-
fore, the H0 map displayed in the left panel of Fig. 23 is obtained,
while the significance map is shown in the bottom panel of the

same figure (we also overplot the results of other studies, as dis-
cussed in Sect. 9.1 and Table 3).

From the combined H0 results, the lowest value H0 = 65.20±
1.48 km/s/Mpc occurs toward (l, b) = (303�,�27�) (237 clusters)
while the highest value H0 = 76.64 ± 1.41 km/s/Mpc is found at
(l, b) = (34�,+26�) (302 clusters). Therefore, the null isotropy
hypothesis between these two regions is rejected with a remark-
able significance of 5.59� (16 ± 3%). The angular separation
of these two regions is 103�. On the other hand, the strongest
dipole occurs toward (l, b) = (265�,�20�) (57� away from the
CMB dipole) with a significance of 4.06�.

We repeat the joint analysis considering the obtained H0 re-
sults from every sample when B was left free to vary as a nui-
sance parameter. As expected, the overall behavior of H0 per-
sists with some limited changes. The statistical significance of
the maximum anisotropy drops to 4.55� (from 5.59�), and is
found between (l, b) ⇠ (312�,�21�) and (l, b) ⇠ (45�,+21�).
Consequently, the choice of keeping B fixed slightly overesti-
mates the exact statistical significance of our findings but does
not a↵ect the general conclusion.

All these results demonstrate clearly that the similar
anisotropies in all three independent samples are extremely un-
likely to be random and that there is an underlying reason caus-
ing the LX � T relation to show a strong directionally depended
behavior.

9. Discussion

The significance of cosmic isotropy for the standard cosmolog-
ical paradigm is undisputed. Designing scrutinizing methods to
test this hypothesis is vital since much new information about
the Universe can be revealed through such tests.

24

Migkas et al 2020

Also see Wiltshire et al 2012

41



Conclusions

• Number counts of flux limited catalogues in radio and infrared all indicate somewhat 
significant (up to ~3.9𝜎) tensions with the ‘purely kinemaJc’ interpretaJon of the CMB 
dipole.
• Hopeful that SKA and EUCLID can set this to rest by tesYng.

• Convergence to the CMB rest frame has not been demonstrated.
• There is a case for precision tesYng the CMB dipole.
• The local Universe has a bulk flow out to ~400 Mpc. 

McClure and Dyer 2007
The CMB rest frame does not exist

• SN1a data pre ship with ‘correcJons’ and are being conJnuously adjusted. The Hubble 
tension is manufactured using these correcJons.

• Evidence 3.9 𝜎 for a Jlt in the local Universe. Isotropic acceleraJon compaJble with 0 at 
< 1.4 sigma

• Since Λ𝐶𝐷𝑀 cosmology is dying, Jme to move to an anisotropic cosmology.
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