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

No special positions or directions in the Universe.
“The universe presents the same general aspect at every point”
Edward Arthur Milne

Also the Copernican principle : we are ‘typical’ observers.
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The ‘Perfect’ version was abandoned following the 
discovery of the CMB in 1964 and the realization 
that the universe does have a beginning … but the 
cosmological principle lived on

Enables an enormous simplification in the equations

Einstein Field Equations - > Friedmann Equations

Scale factor a(t)
Ω𝑀 + Ω𝐾 + ΩΛ = 1
The cosmic sum rule
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The cosmological principle
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The Universe is sensibly isotropic and homogenous when averaged on large scales

No special positions or directions in the Universe.
“The universe presents the same general aspect at every point”
Edward Arthur Milne

Also the Copernican principle : we are ‘typical’ observers.
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The ‘Perfect’ version was abandoned following the 
discovery of the CMB in 1964 and the realization 
that the universe does have a beginning … but the 
cosmological principle lived on

Steven Weinberg, Gravitation and Cosmology (1972)

…

…



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

𝑇
~10−5

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

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

R.A = 168.0, DEC = -7.0

Δ𝑇

𝑇
~ 10-3

COBE Experiment, 1996
Planck 2015 What is the origin of this motion?

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

Observer, velocity v

Moving frameRest frame

𝜃
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tanϕ =
sin θ

γ ∗ 𝑐𝑜𝑠θ −
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Energy

𝜙 ∝ 𝐸−𝛼
negative power law

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

𝜎 𝜃 𝑜𝑏𝑠 = 𝜎𝑟𝑒𝑠𝑡[1 + 2 + 𝑥 1 + 𝛼
𝑣

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



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

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

Phys. Rev. D, 78, 043519

𝑥 from the Ellis & Baldwin expression

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

211050 radio sources. Similar sensitivity and resolution to 
NVSS

𝑥 from the Ellis & Baldwin formula
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The NVSUMSS-Combined All Sky catalog
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• Rescale SUMSS fluxes by (843/1400)-0.75

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

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

• Apply common threshold flux cut on both samples

• z~1

12



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

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

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

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

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

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

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

14



Rameez-TAPP IMSc Chennai 15

Dr af t ver sion Januar y 20, 2021

Typeset using LATEX t wocolum n style in AASTeX63

A Test of t he Cosmological Pr inciple wi t h Quasar s

Nat han J. Secr est ,1 Sebast ian von Hausegger ,2, 3, 4 M ohamed Rameez ,5 Roya M ohayaee ,3

Subir Sar kar ,4 and Jacques Col in 3

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

We study the large-scale anisot ropy of the Universe by measuring the dipole in the angular dist ri-

but ion of a flux-limited, all-sky sample of 1.36 million quasars observed by the Wide-field Infrared

Survey Explorer (WISE). This sample is derived from the new CatWISE2020 catalog, which contains

deep photometric measurements at 3.4 and 4.6 µm from the cryogenic, post-cryogenic, and react ivat ion

phases of the WISE mission. While the direct ion of the dipole in the quasar sky is similar to that of

the cosmic microwave background (CMB), its amplitude is over twice as large as expected, reject ing

the canonical, exclusively kinemat ic interpretat ion of the CMB dipole with a p-value of 5⇥10− 7 (4.9σ

for a normal dist ribut ion, one-sided), the highest significance achieved to date in such studies. Our

results are in conflict with the cosmological principle, a foundat ional assumpt ion of the concordance

⇤CDM model.

Keywords: cosmology: large-scale structure of universe— cosmology: cosmic background radiat ion —

cosmology: observat ions — quasars: general — galaxies: act ive

1. INTRODUCTION

The standard Friedmann-Lemâıt re-Robertson-Walker

(FLRW) cosmology isbased on the “ cosmological princi-

ple” , which posits that the universe is homogeneous and

isot ropic on large scales. This assumpt ion is supported

by the smoothness of the CMB, which has temperature

fluctuat ions of only ⇠ 1 part in 100,000 on small angu-

lar scales. These higher mult ipoles of the CMB angular

power spect rum are at t ributed to Gaussian density fluc-

tuat ionscreated in theearly universewith a nearly scale-

invariant spect rum, which have grown through gravita-

t ional instability to create the large-scale st ructure in

the present universe. The dipole anisot ropy of the CMB

ishowever much larger, being about 1 part in 1000 asob-

served in the heliocent ric rest frame. This is interpreted

as due to our mot ion with respect to the rest frame in

which the CMB is isot ropic, and is thus called the kine-

mat ic dipole. According to the most recent measure-

ments, the inferred velocity is 369.82 ± 0.11 km s− 1 to-

Corresponding author: Nathan J. Secrest

nathan.j .secrest .civ @mail.mil

wards l , b = 264.◦ 021, 48.◦ 253 (Planck Collaborat ion et al.

2020). This mot ion is usually at t ributed to the gravita-

t ional e↵ect of the inhomogeneous dist ribut ion of mat ter

on local scales, originally dubbed the “Great At t ractor”

(see, e.g., Dressler 1991).

A consistency check of the above kinemat ic interpre-

tat ion of the CMB dipole would be to measure the con-

comitant e↵ects on higher mult ipoles in the CMB angu-

lar power spectrum (Challinor & van Leeuwen 2002).

However, even the precise measurements of these by

Planck allow up to 40% of the observed dipole to be

due to e↵ects other than the Solar System’s mot ion

(see discussion in Schwarz et al. 2016). According to

galaxy counts in large-scale surveys, the universe is

sensibly homogeneous when averaged over scales larger

than & 100 Mpc, as is indeed expected from considera-

t ions of st ructure format ion in the concordance ⇤CDM

model. Hence the reference frame of mat ter at st ill

greater distances should converge to that of the CMB;

i.e. the dipole in the dist ribut ion of cosmologically dis-

tant sources, induced by our mot ion via special relat ivis-

t ic aberrat ion and Doppler shift ing e↵ects, should align

both in direct ion and in amplitudewith theCMB dipole.
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CatWISE AGN 1355352 sources

Astrophys.J.Lett. 908 (2021) 2, L51
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Results

p = 5 × 10−7 (4.9 𝜎)

Obtained by scrambling the data itself, 
frequentist null hypothesis testing,

17

Open Science https://zenodo.org/record/4448512
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Figur e 4. Left panel: Amplitude of the dipole D (solid vert ical line) in the CatWISE quasar sample, versus the expectat ion

assuming the kinemat ic interpretat ion of the CMB dipole; the dist ribut ion of D sim from simulat ions (Sect ion 3.2) is shown along

with it s median value (dashed vert ical line). Right panel: Dipole direct ion ~D in Galact ic coordinates (t riangle), with the null

hypothesis uncertainty region (2σ) in blue Sect ion 4. The probability under the null hypothesis of observing the dipole that we

find is 5⇥10− 7 , or 4.9σ for a normal dist ribut ion (one-sided).

CMB dipole may need to be interpreted in terms of new

physics, e.g. as a remnant of the pre-inflat ionary 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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Conservative Sample size weighted Z-scores : 5.1 𝜎

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

508144 sources 1.6 million sources

Also in a sample of z~0.2 galaxies 
Mon.Not.Roy.Astron.Soc. 477 (2018) 2, 1772-
1781 (backup slides)
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The response

Now known by the community as the
“Cosmic Dipole Anomaly”
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SO(3) → U(1), tilted Bianchi 𝑉/𝑉𝐼𝐼ℎ - 4 Friedmann like equations

Thursten Perelman theorem -> anisotropic Thursten geometries 
should be considered on par with Friedmann geometry

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

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

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

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

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

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

It may be tempting to say that we can use systematics to un-
derstand the discrepancy between the MALS measurement and
other radio dipole measurements. The systematic that was en-
countered in MALS had such a strong effect that it was easily
identifiable, while other such effects might bemoresubtle, espe-
cially if they align more closely with the expected dipole direc-
tion. While this may be a reasonable assumption for any given
catalogue, this is hard to sustain for the range of catalogues at
multiple wavelengths with which the dipole has now been mea-
sured (SeeFigure12), unless theeffect ispresent in theobserved
source population itself. In fact, a similar systematics argument
can be made against this MALS result, as a dipole with a lower
amplitude may be artificially created by having several compet-
ing effects pointing in different directions on the sky.

6.2. The sub-mJy source population

Alternatively, we may consider a physical cause of the differ-
ence between the MALS dipole and other radio dipoles. As the
MALS catalogue goes far deeper in terms of flux density than
other radio catalogues on which a dipole measurement has been
made, we expect to probe into the population of SFGs. This is
a region of parameter space never before explored by dipole
studies, and therefore may have had an influence on our re-
sults. The redshift distribution of sources in the SKADS cata-
logue (Wilman et al. 2008) above a flux density of 350 µJy in
Figure 13 shows that a significant fraction of these SFGs are at
lower redshifts (z < 0.5). In the kinematic interpretation of the
dipole, lower redshift sources serve as a contaminant, especially
those at z ↭ 0.1 (Bengaly et al. 2019). However, the amount
of SFGs present at these flux densities is a contested quantity,
with different simulations providing different answers. Figure14
showsboth thefraction of SFGsaswell asthefraction of sources
at z < 0.5 at different flux densities, both for SKADS and for
the Tiered Radio Extragalactic Continuum Simulation (T-RECS
Bonaldi et al. 2019). T-RECS shows a significantly higher frac-
tion of SFGsthan SKADSat theflux densities probed by MALS,

Article number, page 15 of 25

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

Watch out for upcoming RevModPhys review.

SKA, Euclid, SphereX
Wagenveld et al 2023

Wagenveld et al 2024
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Citations to Ellis & Baldwin 1984



Bulk flows and a tilted Universe in SNe 1a

24
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Where is the cosmic ‘rest frame’?

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

•Astrophys.J. 709 (2010) 483-498
26
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The tilted Friedmann Universe

Rameez-TAPP IMSc Chennai

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)

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

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

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

This implies that observers
experiencing locally 
accelerated expansion, as a 
result of their own drift 
motion, may also find that 
the acceleration is maximised 
in one direction and 
minimised in the opposite. 
We argue that, typically, such 
a dipole anisotropy should be 
relatively small and the axis 
should probably lie fairly 
close to the one seen in the 
spectrum of the Cosmic 
Microwave Background. 
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Using the SDSS-II/SNLS-3 
Joint Lightcurve Analysis 
(JLA) compilation of 740 SNe

Ensuing debate

Rubin & Heitlauf 2019
Rahman et al 2021

2
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The discovery of dark energy

50 supernovae

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

3
0

Also: Riess et al. 1998

Perlmutter et al. 1999

London, 15-16 Apr 2024



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

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

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

B-band

31London - April 2024



The ingredients of the fit

• 𝐻 =
ሶ𝑎

𝑎

• 𝑞 ≝ −
ሷ𝑎𝑎
ሶ𝑎2

(defined with a minus to be positive for a decelerating universe)

• 𝑗 =
ഺ𝑎

𝑎𝐻3

𝑑𝐿 𝑧 =
𝑐𝑧

𝐻0
1 +

1

2
1 − 𝑞0 𝑧 −

1

6
1 − 𝑞0 − 3𝑞0

2 + 𝑗0 +
𝑘𝑐2

𝐻0
2𝑎0

2 𝑧2 + 𝑂(𝑧3)

Visser 2004

𝑞 =
Ω𝑀

2
− ΩΛ (in Λ𝐶𝐷𝑀)

Exact

Kinematic

−𝒄𝟐𝒅𝝉𝟐 = = 𝒄𝟐𝒅𝒕𝟐 + 𝒂 𝒕 𝟐 𝐝𝚺𝟐

= 25 + 5 log10
𝑑𝐿
𝑀𝑝𝑐

Concordance cosmology is given by

𝛀𝑴~𝟎. 𝟑, 𝛀𝚲~𝟎. 𝟕
𝛀𝐤~𝟎

𝑯~𝟕𝟎 𝒌𝒎 𝒔−𝟏𝑴𝒑𝒄−𝟏

32



The statistical significance of the Universe accelerating isotropically is  <1.4𝝈!

Cosmic acceleration, (and dark energy) may simply be an artefact of our being located inside a ‘bulk flow’  
… in accordance with the prediction of Tsagas (2011)

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

𝒒𝒅 >> 𝒒𝒎

Scale dependent Dipole in the deceleration parameter
Tilt: 𝑞0→ 𝑞𝑚 + 𝑞𝑑 cos 𝜃 𝑐𝑚𝑏−𝑆𝑁 𝑒−𝑧/𝑆

33



Contentious Issue : We used the heliocentric redshifts.

1 + 𝑧ℎ𝑒𝑙 = 1 + 𝑧𝑝𝑒𝑐
ℎ𝑒𝑙 × 1 + ҧ𝑧 × 1 + 𝑧𝑝𝑒𝑐

𝑆𝑁

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

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

𝑧ℎ𝑒𝑙 → 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
𝑧𝑐𝑚𝑏 ( ҧ𝑧) → 𝑖𝑛𝑓𝑒𝑟𝑟𝑒𝑑 𝑢𝑠𝑖𝑛𝑔 𝑎 𝑓𝑙𝑜𝑤 𝑚𝑜𝑑𝑒𝑙

34

𝐶 = 1 + 𝑧ℎ𝑒𝑙 − 1 + 𝑧𝑐𝑚𝑏 1 + 𝑧𝑝𝑒𝑐
ℎ𝑒𝑙 × 𝑐



35

Various changes in 
terminology
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F ig. 8 qd evaluated in 17 shel ls each containing around 100 supernovae, with all other parameters

held fixed, plot ted against the median redshift of the shells. T he analyses are done in heliocent ric,

Local Group, CMB frames and Bulk Flow frames, with the direct ion fixed t o CMB dipole direct ion.

T he gray shaded region corresponds to z < 0.0667 which corresponds a to distance of 200h→1Mpc.

Error bars are 1ω. T he parameterisat ion employed is scale-independent , i.e. q = qm + qd · n̂ within

each shell. T he left panel corresponds to analysis C1 while the right panel corresponds to analysis

C2, i.e. with and without the Phillips-Tripp magnitude correct ions. T his dipole in the decelerat ion

parameter, decaying in size with redshift is explained in § 4.

derivat ive operator. According to Eq.(14b), the peculiar flux (qa) implies, even in the

absence of pressure, a non-zero ‘peculiar 4-accelerat ion’ given by the spat ial gradient

of Eq.(14a):

Aa = →
1

3H
Daω→

1

3aH
˙! a + Z a , (15)

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

inhomogeneit ies in the density and in the universal expansion respect ively [40, 41].

4.2 Expansion and decelerat ion t ensors

The peculiar 4-accelerat ion can a” ect the way relat ively moving observers interpret

data; in part icular it can switch the sign of the inferred decelerat ion parameter q0. The

range of the e” ect is determined by the speed and the extent of the bulk flow, but since

our local flow extends out to several hundred Mpc, this can create the illusion of recent

global accelerat ion [37, 38]. Observers should then see the characterist ic signature of

peculiar mot ion in the data, namely a (Doppler-like) dipole in q0 [17, 18]. To the

‘t ilted observer’ in the bulk flow, the expansion rate appears to accelerate faster along

a certain direct ion in the sky and equally slower in the ant ipodal direct ion. This is

indeed what we observe in the data (see Fig. 8).

To see why this is a local e” ect which should fade away on larger scales, consider

the familiar expansion tensor [40, 41]

# ab =
1

3
# hab + ε ab , (16)

14

Preliminary

In preparation, Sah et. al. 2024



In preparation, Sah et. al. 2024

37

F ig. 3 H d evaluated in 17 shells (each containing around 100 supernovae) plot ted against the

median redshift of the shells, with all other parameters held fixed. T he analyses are carried out in

the heliocent ric, LG, CM B and HD frames. T he paramet ric form of dipole used for fit t ing is scale-

independent i.e. H = H m + H d ·n̂ , wit h the direct ion point ing towards the CM B dipole. T he error bars

denote ± 1ω uncertaint ies. T he gray shaded region corresponds to the redshift range z = 0.023→0.15,

with it s vert ical width indicat ing the ± 1 km s→1 Mpc→1 precision on H 0 claimed by the SH0ES

team [14]. T he left panel is analysis C1, while the right panel is analysis C2 — i.e. with and without

the Phillips-Tripps correct ions to the SNe Ia peak magnitudes.

3.2 A nisot ropy in D ecelerat ion paramet er

We look for a scale-dependent dipolar modulat ion in the decelerat ion parameter q0,

employing the same funct ional form mot ivated previously [16], i.e.

q0 = qm + qd · n̂e→z/ S , (12)

with S being the scale determining how the dipole anisot ropy decays exponent ially

with redshift . First , we fix the direct ion of qd to the CMB dipole direct ion. We pro-

gressively remove the lower redshift supernovae incrementally in steps of about 50

supernovae in each subsequent analysis to check the dependence of the inferred cosmo-

logical parameterson theredshift rangeof thesupernovae for theheliocent ric redshift .3

Note that the inclusion of lower redshift supernovae makes the dipole more negat ive,

as seen in Fig. 5.

Specifically, with a redshift cut z > 0.00937 (the minimum redshift in JLA),

we examined the 1, 2, . . . 5ω contours around the best -fit parameters, qd and qm ,

when all the other parameters are profiled over. These contours are obtained using

Wilk’s theorem, assuming 2 d.o.f. In Fig. 6, it is evident that the standard ! CDM

values lie just outside 5ωcontour for both analysis C1 (using magnitudes already con-

taining Phillips-Tripp correct ions) and analysis C2 (incorporat ing the Phillips-Tripp

magnitude correct ions as part of the fit ).

For the same redshift cut of z > 0.00937, we evaluate the dipole in the LG and

CMB frames as well (Table 5). We also extend our analysis to evaluate the dipole

direct ion (with a redshift cut z > 0.00937), in the heliocent ric frame, CMB frame,

3 T here are 150 dupl icat e ent r ies in t he Pant heon+ cat alogue at z < 0.1. W hen redshi ft cut s are appl ied,
t his can a! ect t he count of supernovae e.g. i f we apply a cut z > 0.01826, t hen due t o a SNe Ia wi t h exact ly
t hat redshi ft which has been recorded twice, only 249 SNe Ia are excluded inst ead of 250.

9

Preliminary

2

F igur e 1. Left : Posteriors on H 0 from the SNe Ia in JLA which have zJLA − zPantheon > 0.0025, using JLA redshift s (blue)

and Pantheon redshift s (pink). Since the Pantheon magnitudes are also discrepant (Scolnic 2019), the posterior using both

Pantheon redshift s and magnitudes are also shown (in green). Right : The same with zJLA − zPantheon > 0.0005.
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The ‘fitting problem’ in cosmology 

38

The Earth is a Sphere to a precision of 
50 kms on the radius, but not to a 
precision of 5 kms

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

It is tilted



𝜎 vs N

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

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

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

Probes working group

Ongoing : Develop rest 
frame independent 
template fitting and 
calibration pipelines
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Conclusion
The Universe is anisotropic and the Cosmic Rest Frame is a myth

• Ellis & Baldwin tests performed on 4 
independent Radio galaxy catalogues and 
CatWISE Quasars conclusively reject the 
exclusively kinematic interpretation of the CMB 
dipole at > 5 𝜎 . CMB rest frame and matter rest 
frame are different. Cosmological principle 
stands falsified.

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

• Strong hint towards the inhomogeneous 
cosmological models.

A new cosmological tension!
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Reviews
Mohayaee, Rameez & Sarkar
Eur.Phys.J.ST 230 (2021) 9, 2067-2076

Subir Sarkar
“Heart of Darkness”
Inference: International Review of Science 6 (2022) 4

Three projects in LSST DESC
All who have data access are welcome to join



• Rubin & Heitlauf (2019) 
demonstrate that

• If the correction for the 
motion of the observer w.r.t. 
the CMB rest frame is 
introduced, the direction of 
the dipole in q reverses

• Only when further correction 
for peculiar velocities is 
introduced, does the dipole in 
q effectively disappear

The peculiar velocities question

41



𝐶 = 1 + 𝑧ℎ𝑒𝑙 − 1 + 𝑧𝑐𝑚𝑏 1 + 𝑧𝑝𝑒𝑐
ℎ𝑒𝑙 × 𝑐

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

Flow model (Streaming Motions of Abell 
Clusters, Hudson 2004) has a ~687 ± 203 
km/s residual bulk flow

About ~half the evidence (relative 
dimming of high-z SNe has to be put into 
the data), in the process introducing an 
arbitrary discontinuity!

A ‘shell crossing singularity’ inserted into data

’Untilting’ the Universe
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Δ𝜇pv =
5

log 10

𝑣

𝑧𝑐

=
5

log 10

687

0.067×𝑐
= 0.074
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F igur e 1. Left : The profi le likelihood for the FLRW analysis, following Betoule et al. (2014) for the colour c and st retch x1

correct ions (corresponding to Table 1). Right : The same for the kinemat ic analysis (corresponding to Table 2).

F igur e 2. The profi le likelihood for the 22 parameter kinemat ic analysis of Rubin & Heit lauf (2019), employing the sample-

and redshift -dependent t reatment of c0 and x1,0 advocated by Rubin & Hayden (2016) (corresponding to Table 3).

where z can be the measured heliocent ric redshift , boosted to the CMB frame, or boosted to the CMB frame with

further peculiar velocity “ correct ions” 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, respect ively for the kinemat ic 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. zCM B with PV corr.: This employs the data exact ly as in Nielsen et al. (2016). The CMB frame redshifts are

used, with further correct ions made for the peculiar velocit ies of the SNe Ia w.r.t . the CMB frame, and the

peculiar velocity covariance matrix is included.

2. zCM B without PV corr.: Now CMB frame redshifts are used without correct ing 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 t ransforming

from heliocent ric to CMB frame redshifts st ill requires assuming that the CMB dipole is kinemat ic in origin.

3. zhel : Finally heliocent ric redshifts are used, no correct ions are employed and the peculiar velocity component of

the covariance matrix is excluded. This is just what was done by Perlmut ter et al. (1999) and Riess et al. (1998),

as well as in all supernova cosmology papers unt il Conley et al. (2011).

Our results in Tables 1 and 2 illust rate that the peculiar velocity correct ions serve to bias the data towards higher

accelerat ion (more negat ive q0). Using heliocent ric observables, as employed by Perlmut ter 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 accelerat ion is only 3.3, indicat ing that the preference for accelerat ion is < 1.4σ.
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F igur e 1. Left : The profi le likelihood for the FLRW analysis, following Betoule et al. (2014) for the colour c and st retch x1

correct ions (corresponding to Table 1). Right : The same for the kinemat ic analysis (corresponding to Table 2).

F igur e 2. The profi le likelihood for the 22 parameter kinemat ic analysis of Rubin & Heit lauf (2019), employing the sample-

and redshift -dependent t reatment of c0 and x1,0 advocated by Rubin & Hayden (2016) (corresponding to Table 3).

where z can be the measured heliocent ric redshift , boosted to the CMB frame, or boosted to the CMB frame with

further peculiar velocity “ correct ions” 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, respect ively for the kinemat ic 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. zCM B with PV corr.: This employs the data exact ly as in Nielsen et al. (2016). The CMB frame redshifts are

used, with further correct ions made for the peculiar velocit ies of the SNe Ia w.r.t . the CMB frame, and the

peculiar velocity covariance matrix is included.

2. zCM B without PV corr.: Now CMB frame redshifts are used without correct ing 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 t ransforming

from heliocentric to CMB frame redshifts st ill requires assuming that the CMB dipole is kinemat ic in origin.

3. zhel : Finally heliocentric redshifts are used, no correct ions are employed and the peculiar velocity component of

the covariance matrix is excluded. This is just what was done by Perlmut ter et al. (1999) and Riess et al. (1998),

as well as in all supernova cosmology papers unt il Conley et al. (2011).

Our results in Tables 1 and 2 illust rate that the peculiar velocity correct ions serve to bias the data towards higher

accelerat ion (more negat ive q0). Using heliocent ric observables, as employed by Perlmut ter 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 accelerat ion is only 3.3, indicat ing that the preference for accelerat ion is < 1.4σ.

About ~half the evidence 
(relative dimming of 
high-z SNe has to be put 
into the data), in the 
process introducing an 
arbitrary discontinuity!

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

in a Λ = 0 universe)

43

Mohayaee et al 2021 Eur.Phys.J.ST 230 (2021) 9



12 Anthony Carr et al.

− 500 0 500

PV 2M + +
This work [km s− 1]

− 200

− 100

0

100

200

P
V

2
M

+
+

T
h
is

w
o
rk
−

P
V

2
M

+
+

co
sm

ic
fl
o
w

s.
ia

p
.f

r
[k

m
s−

1
]

Figure 8. The predicted peculiar velocity for a sample of 851 host galaxies
using two di erent approaches. Eachvp has an uncertainty of 250 km s–1.
We use the 2M++ velocity field converted from real-space to redshi -space
whereas the method associated with Carrick et al. (2015) (previously used
for Pantheon), integrates over real-spacealong the line of sight for each host
galaxy. There are only negligible systematic di erences between the results
of these techniques, and all scatter is within 1σ .

We note that there isa slight difference between V ext and

thebulkflowof the 200h–1Mpc sphere. The bulk flow of the

sphere is the average of the internal velocities (which issmall

but non-zero), plus the external velocity. We calculate the

bulk flow at the 2M++ maximum radiusof 200h–1Mpc to be

182 ± 23 km s–1 in the direction of (l,b) = (302◦ ± 10◦ , 2◦ ±

9◦ ). At this large radius, the bulk flow is dominated by the

external bulk flow (Vext ⇡ 170 km s–1: Said et al. 2020; Boruah

et al. 2020) plusa small contribution from the mean internal

velocities.

Contrary to common expectations, the bulk flow should

notnecessarily converge on the direction of the CMB dipole.

The observed CMB dipole is particular to our own motion,

and is removed with the correction from the heliocentric to

the CMB frame. Dramatic changes to the the magnitude

and direction of bulk flow direction become unlikely as we

average over spheres that approach the scale of homogeneity.

Therefore, we fix the direction of the decaying bulk flow in

the direction of the 200 h–1Mpc sphere’sbulk flow.

T he Pantheon sample peculiar velocitiesoutside the veloc-

ity reconstruction suffered three main issueswhich can be seen

in Figure 9. The most apparent issue is the increasing vp with

redshift. We show that this artefact is caused by the low-z

approximation of the heliocentric correction by plotting the

error term (i.e. the difference between Equations1 and 2) for

the four SN LSfields, asthese stretch to high-z. Thisparticular

error also occurs for PS1MD and SDSS but is lessvisible since

these surveysdo not extend as far in redshift. Also visible in

Figure 9. Top: Pantheon (original) peculiar velocities converted to redshi .
The expected decay of peculiar velocity amplitude according to ⇤CDM is
over-plotted (grey dashed), outside the limit of the reconstruction at 200
h–1Mpc (z⇡ 0.067). The spurious increase in peculiar velocities as redshi
increases is driven by the erroneous use of the low-redshi approximation
(Equation 1). The error term is plotted (red dashed) only for the four SNLS
fields. Bottom: Pantheon+ (this work) peculiar velocities, converted to red-
shi , which are now well-behaved beyond low-redshi .

Figure 9 are the HST SNe with vp = 0, and the somewhat

random scatter aroundz⇡ 0.15 which may have been due to

assigning 2M++ peculiar velocitiesoutside the 2M++ sphere.

We show in the bottom panel of Figure 9 that these issuesare

now resolved.

7. Impact on cosmological parameters

To test the impact of these redshift updates on cosmological

parameters we fit for H0, and (separately) the dark energy

equation of statew, in a flat-wCDM model for variousdiffer-

ent combinationsof updatesas listed in Table 4 and described

below. We only report thechangesin these parameters, rela-

tive to the nominal ‘Final’ set that includesall of the updates

(updated zhel , exact formula for combining redshifts, and new

peculiar velocities). The full Pantheon+ cosmology analysis is

reported in Brout et al. (2022).

In addition to combinationsof redshift updates, weconsider

other redshift/sample variations for a total of 14 variations.

Each variation isnumbered, as listed in Table 4, and the same

numbering isalso included in each figure for easy reference.

The variationswe consider are:

Things get weirder in later SNe Ia datasets

E.g. Carr et al 2022 on Pantheon+ peculiar velocities

44London, 14-15 Apr 2024



Circular reasoning in search of the cosmic rest frame?

Carrick, Turnbull, Lavaux, Hudson MNRAS, 450 (2015) 317 
“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−1 Mpc radius]

This is the model using which Pantheon and Pantheon+ compilations correct for peculiar velocities

Infers the peculiar velocity field from a density contrast field 
derived from data (2M++ compilation) using linear Newtonian 
perturbation theory.

45London, 14-15 Apr 2024



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

Also in the intermediate Pantheon compilation

1905.00221

46London, 14-15 Apr 2024



Δ𝜇𝑝𝑣 =
5

log 10

𝑣

𝑧𝑐

How to sculpt an elephant?

Each one of the 
supernovae now has to be 
corrected

The corrections applied to 
the low z ones are far 
larger than the 0.15 mag 
relative dimming between 
low z and high z SNe

47London, 14-15 Apr 2024
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SO(3) → U(1), tilted Bianchi 𝑉/𝑉𝐼𝐼ℎ - 4 Friedmann equations

Thursten Perelman theorem -> anisotropic Thursten geometries 
should be considered on par with Friedmann geometry



The discovery of dark energy
Red  z<0.1
Green z>0.1

~50 supernovae

Local Group observables

‘high redshift 

supernovae were 

found to be dimmer 

(15% in flux) than the 

low redshift 

supernovae 

(compared to what 

would be expected in 

a Λ = 0 universe)’
49London, 14-15 Apr 2024



A&A 631, L13 (2019)

Appendix A: Redshift-dependence of light-curve

fitting parameters

In this work we have used a statistical approach as well as the
treatment of light-curve parameters espoused by Nielsen et al.
(2016). These authors were criticised by Rubin & Hayden
(2016) for using redshift-independent distributions for x1 and c.
In this respect we note the following:

1. TheJLA analysis determined the relationship between the
luminosity distance and redshift for SNe Ia. To inspect aposteri-
ori the distribution of two (x1 and c) out of the three ingredients
that go into standardising SNe Ia and then add empirical terms
in thefit to describe their sampledependence and redshift evolu-
tion, is fundamentally against the principles of blind hypothesis
testing, especially sinceno such dependence had been suggested
by Betoule et al. (2014).

2. Nevertheless we carry out the same 22-parameter
fit (Rubin & Hayden 2016) for comparison and present the
results in Table A.1. While the log maximum likelihood ratio
does improve for these fits, this parameterisation increases the
significance of the dipole in q0 to 4.7σ (likelihood ratio of 18.3)
and reduces further thesignificance of amonopole.

3. The addition of parameters to improve the quality of a fit
and obtain a desired outcome have to be justified by physical
and/or information theoretic arguments. The additional param-
eters of Rubin & Hayden (2016) can be justified by the Akaike
information criterion but not by the stricter Bayesian informa-
tion criterion. This also applies to the two additional parameters
we introduce (qd and S) but these are physically motivated for a
tilted observer (Tsagas 2011; Tsagas & Kadiltzoglou 2015).

4. If the light-curve parameters x1 and c are allowed to
be sample- or redshift-dependent we can ask why the absolute
magnitude of SNe Ia should also not be sample- or redshift-
dependent. Allowing this of course undermines their use as
standard candles and the data is then unsurprisingly consis-
tent with no acceleration (Tutusaus et al. 2017), as seen in
Table A.1.

TableA.1. Fits to the JLA catalogue allowing for sample- and redshift-dependence of SNe Ia parameters.

−2 log L max qm qd S j0 −⌦k ↵ β M0 σM0

R & H (22 parameters) with peculiar velocity

corrections and no dipole (qd = 0)

−331.6 −0.457 0 – 0.146 0.135 3.07 −19.074 0.107

– as above, with no acceleration (qm = 0) −315.6 0 0 – −1.35 0.132 3.05 −19.013 0.109

R & H (22 parameters) withno peculiar velocity

corrections and no dipole (qd = 0)

−306.70 −0.333 0 – −0.397 0.133 3.00 −19.050 0.116

– as above, with no acceleration (qm = 0) −298.15 0 0 – −1.37 0.132 2.98 −19.011 0.117

R & H (24 parameters) withno peculiar velocity

corrections and dipole / e−z/ S

−325.00 −0.310 −8.09 0.0256 −0.471 0.135 3.01 −19.053 0.113

– as above with no dipole (qd = 0) −306.70 −0.333 0 0 −0.400 0.134 3.00 −19.054 0.116

– as above, with no acceleration (qm = 0) −318.14 0 −6.19 0.0344 −1.32 0.133 3.00 −19.012 0.114

Notes. The first row corresponds to the 22-parameter fit of Rubin & Hayden (2016) with the full JLA covariances. In the second row, the peculiar

velocity corrections they made are undone (and the corresponding arbitrary uncertainties imposed are excluded). The third row demonstrates the

dramatic improvement in thefit when a scale-dependent exponentially falling dipole (with 2 additional parameters) is allowed for in q0.

Appendix B: Uncertainties

Fig. B.1. Di↵erent sources of intrinsic dispersion in magnitudeσm that
enter cosmological fits of JLA data. On top of the global σ int, SNe Ia
are given a dispersion σ lens proportional to redshift to account for lens-
ing, while low redshift SNe Ia are selectively more dispersed by σz to
account for peculiar velocity e↵ects.

The JLA covariance matrix includes uncertainties from, for
example the light-curve template fitting process, calibration
uncertainties, and dust extinction in the Galaxy, together with
theexpected dispersion resulting from peculiar velocities (which
mainly a↵ects low redshift SNe) and lensing (which mainly
a↵ects high redshift SNe Ia) and the propagated uncertainties
from the flow model from which the SN by SN peculiar veloc-
ity corrections are performed. In addition it is also necessary
to fit for a global intrinsic dispersion as in previous analy-
ses (March et al. 2011). We use heliocentric redshifts in this
analysisand thusdo not includeuncertainties related to thepecu-
liar velocity corrections based on the flow model. The redshift
dependence of the dispersions in thefit are shown in Fig. B.1.

L13, page 6 of 6

50London, 14-15 Apr 2024

Newest : Union 3, data not 
properly public yet

Mohayaee et al 2021 Eur.Phys.J.ST 230 (2021) 9



Some worry about the scale of Λ
General Relativity

𝑅𝜇𝜈 −
1

2
𝑅𝑔𝜇𝜈 + Λ𝑔𝜇𝜈 =

8𝜋𝐺

𝑐4
𝑇𝜇𝜈

“Space tells matter how to move
Matter tells space how to curve”: Wheeler

No special (inertial or accelerating) frames

A problem in Riemannian geometry.

FLRW Exact Solution
Exact isotropy and homogeneity at all scales:

−𝒄𝟐𝒅𝝉𝟐 == 𝒄𝟐𝒅𝒕𝟐 + 𝒂 𝒕 𝟐 𝐝𝚺𝟐

Synchronized clocks, a constant time 
hypersurface

𝐻2 =
ሶ𝑎

𝑎

2

𝐻2 = 𝐻0
2[ Ω𝑀 1 + 𝑧 3 + Ω𝐾 1 + 𝑧 2 + ΩΛ]

Ω𝑀 + Ω𝐾 + ΩΛ = 1
The cosmic sum rule

Λ, if it’s a vacuum energy appears to be about 
10120 below its ‘natural’ value from QFT
”there is nonzero vacuum energy of just the 
right order of magnitude to be detectable 
today” Is the evidence for dark energy secure?

Sarkar, Gen.Rel.Grav.40:269-284,2008
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Rubin & Heitlauf 2019
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F igur e 1. Left : The profi le likelihood for the FLRW analysis, following Betoule et al. (2014) for the colour c and st retch x1

correct ions (corresponding to Table 1). Right : The same for the kinemat ic analysis (corresponding to Table 2).

F igur e 2. The profi le likelihood for the 22 parameter kinemat ic analysis of Rubin & Heit lauf (2019), employing the sample-

and redshift -dependent t reatment of c0 and x1,0 advocated by Rubin & Hayden (2016) (corresponding to Table 3).

where z can be the measured heliocent ric redshift , boosted to the CMB frame, or boosted to the CMB frame with

further peculiar velocity “ correct ions” 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, respect ively for the kinemat ic 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. zCM B with PV corr.: This employs the data exact ly as in Nielsen et al. (2016). The CMB frame redshifts are

used, with further correct ions made for the peculiar velocit ies of the SNe Ia w.r.t . the CMB frame, and the

peculiar velocity covariance matrix is included.

2. zCM B without PV corr.: Now CMB frame redshifts are used without correct ing 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 t ransforming

from heliocent ric to CMB frame redshifts st ill requires assuming that the CMB dipole is kinemat ic in origin.

3. zhel : Finally heliocent ric redshifts are used, no correct ions are employed and the peculiar velocity component of

the covariance matrix is excluded. This is just what was done by Perlmut ter et al. (1999) and Riess et al. (1998),

as well as in all supernova cosmology papers unt il Conley et al. (2011).

Our results in Tables 1 and 2 illust rate that the peculiar velocity correct ions serve to bias the data towards higher

accelerat ion (more negat ive q0). Using heliocent ric observables, as employed by Perlmut ter 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 accelerat ion is only 3.3, indicat ing that the preference for accelerat ion is < 1.4σ.

4 Col in, M ohayaee, Rameez, Sar kar

F igur e 1. Left : The profi le likelihood for the FLRW analysis, following Betoule et al. (2014) for the colour c and st retch x1

correct ions (corresponding to Table 1). Right : The same for the kinemat ic analysis (corresponding to Table 2).

F igur e 2. The profi le likelihood for the 22 parameter kinemat ic analysis of Rubin & Heit lauf (2019), employing the sample-

and redshift -dependent t reatment of c0 and x1,0 advocated by Rubin & Hayden (2016) (corresponding to Table 3).

where z can be the measured heliocent ric redshift , boosted to the CMB frame, or boosted to the CMB frame with

further peculiar velocity “ correct ions” 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, respect ively for the kinemat ic 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. zCM B with PV corr.: This employs the data exact ly as in Nielsen et al. (2016). The CMB frame redshifts are

used, with further correct ions made for the peculiar velocit ies of the SNe Ia w.r.t . the CMB frame, and the

peculiar velocity covariance matrix is included.

2. zCM B without PV corr.: Now CMB frame redshifts are used without correct ing 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 t ransforming
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3. zhel : Finally heliocentric redshifts are used, no correct ions are employed and the peculiar velocity component of

the covariance matrix is excluded. This is just what was done by Perlmut ter et al. (1999) and Riess et al. (1998),

as well as in all supernova cosmology papers unt il Conley et al. (2011).

Our results in Tables 1 and 2 illust rate that the peculiar velocity correct ions serve to bias the data towards higher

accelerat ion (more negat ive q0). Using heliocent ric observables, as employed by Perlmut ter 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 accelerat ion is only 3.3, indicat ing that the preference for accelerat ion is < 1.4σ.

“plus corrections for known
peculiar velocities (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 + 𝑧ℎ𝑒𝑙 − 1 + 𝑧𝑐𝑚𝑏 1 + 𝑧𝑑 × 𝑐

𝑧ℎ𝑒𝑙 → 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
𝑧𝑐𝑚𝑏 → 𝑖𝑛𝑓𝑒𝑟𝑟𝑒𝑑 𝑢𝑠𝑖𝑛𝑔 𝑎 𝑓𝑙𝑜𝑤 𝑚𝑜𝑑𝑒𝑙

1 + 𝑧 = 1 + ҧ𝑧 1 + 𝑧𝑝𝑒𝑐
ℎ𝑒𝑙 1 + 𝑧𝑝𝑒𝑐

𝑆𝑁

𝑑𝐿 𝑧 = ҧ𝑑𝐿 ҧ𝑧 1 + 𝑧𝑝𝑒𝑐
ℎ𝑒𝑙 1 + 𝑧𝑝𝑒𝑐

𝑆𝑁 2

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 𝑧ℎ𝑒𝑙 and subtract out the corrections to 𝑚𝐵 53
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ℎ𝑒𝑙 1 + 𝑧𝑝𝑒𝑐

𝑆𝑁 2

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 𝑧ℎ𝑒𝑙 and subtract out the corrections to 𝑚𝐵 54



There is an arbitrary discontinuity within the data.

Also in the subsequent Pantheon compilation
Key Hubble tension papers rely on 
these corrections or directly on 
the Pantheon compilation (for eg
Kenworthy et al 2019)

https://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 Matter
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-TAPP IMSc Chennai

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.

Ω𝑀 + Ω𝐾 + ΩΛ = 1
The cosmic sum rule

Maximal symmetry forbids peculiar velocities

ሶ
ሶΘ = −

𝜃2

3
− 2𝜎2 + 2𝜔2 − 𝐸 𝑋

𝑎

𝑎
+ ሶ𝑋 ;𝑎

𝑎 + Λ

Ellis, “On the Raychaudhury Equation” 
Pramana–J.Phys.,Vol. 69, No. 1, July 2007

Everything has a peculiar velocity of ~10−3, they should be 
viewed as differences in the expansion rate of the Universe

𝑅𝜇𝜈 −
1

2
𝑅𝑔𝜇𝜈 + Λ𝑔𝜇𝜈 =

8𝜋𝐺

𝑐4
𝑇𝜇𝜈

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. 57



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

A statistically significant difference in expansion rate 
of 9 km s−1 Mpc−1 is found to occur across the sky. Migkas et al 2020

Also see Wiltshire et al 2012
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Conclusions

• Number counts of flux limited catalogues in radio and infrared all indicate somewhat 
significant (up to ~3.9𝜎) tensions with the ‘purely kinematic’ interpretation of the CMB 
dipole.

• Hopeful that SKA and EUCLID can set this to rest by testing.
• Convergence to the CMB rest frame has not been demonstrated.

• There is a case for precision testing 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 ‘corrections’ and are being continuously adjusted. The Hubble 
tension is manufactured using these corrections.

• Evidence 3.9 𝜎 for a tilt in the local Universe. Isotropic acceleration compatible with 0 
at < 1.4 sigma

• Since Λ𝐶𝐷𝑀 cosmology is dying, time to move to an anisotropic cosmology.
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The ‘fitting problem’ in cosmology 

Section 4.3 and 4.4 give a detailed discussion of 
how to correct for peculiar velocities, isotropize
data, fit it to an idealized model, judge goodness 
of fit and what it means for fundamental physics
Read this along with Conley et al 2011, Rubin & 
Heitlauf 2019 and Davis et al 2011
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Results

The significance of qo being negative is  <1.4𝝈!

Cosmic acceleration 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
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Results

The significance of qo being negative is  <1.4𝝈!

Cosmic acceleration 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

𝒒𝒅 >> 𝒒𝒎
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A trivial solution to the Hubble tension? 
2

F igur e 1. Left : Posteriors on H 0 from the SNe Ia in JLA which have zJLA − zPantheon > 0.0025, using JLA redshift s (blue)

and Pantheon redshift s (pink). Since the Pantheon magnitudes are also discrepant (Scolnic 2019), the posterior using both

Pantheon redshift s and magnitudes are also shown (in green). Right : The same with zJLA − zPantheon > 0.0005.
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What is Λ𝐶𝐷𝑀 cosmology?

The naive fitting of data from the real Lumpy Universe, to a smooth toy 
model, treating all scatter as statistical, when it could be cosmological

Such as this H0licow measuement

Note : This is very honestly communicated 
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Where is the cosmic ‘rest frame’?

Colin J., Mohayaee R., Sarkar S. & Shafieloo A., 
2011, MNRAS, 414, 264

Confirmed by Feindt et al
G. Lavaux, R.Brent Tully, R. Mohayaee, S. Colombi

•Astrophys.J. 709 (2010) 483-498
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Where is the cosmic ‘rest frame’?

Magoulas et al, 2014
Springbob et al 2014 

Carrick, Turnbull, Lavaux, Hudson MNRAS, 450, 1, 11 2015, 
317–332
“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 300 Mpc radius]
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But the real Universe has structure on all scales
The FLRW universe The Real Universe

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

Maximal symmetry forbids peculiar velocities

ሶ
ሶΘ = −

𝜃2

3
− 2𝜎2 + 2𝜔2 − 𝐸 𝑋

𝑎

𝑎
+ ሶ𝑋 ;𝑎

𝑎 + Λ

Ellis, “On the Raychaudhury Equation” 
Pramana–J.Phys.,Vol. 69, No. 1, July 2007

Everything has a peculiar velocity of 10−3

We can observe only one. 

The Real Universe has structure on much smaller scales than our 
representations of it 67



Standard Cosmology Inhomogeneous Cosmology

N body simulations assume the existence of a 
background FLRW metric and use Newtonian gravity 
(which is the zero velocity weak field of GR).

Linearizations, perturbation theory, initial conditions 
from inflation

Peculiar velocities are things moving w.r.t. a FLRW 
background

Defended by authors of GR textbooks such as Robert 
Wald, using heuristic arguments.

Real Universe can only be represented by an FLRW metric. 
Large scale dynamics obtained from the ‘coarse graining’ of 
small scale dynamics. 

Is a complex system with nonlinear dynamics.

Peculiar velocities are differences in the expansion rate of 
the Universe

Has a true metric that is everywhere far from FLRW

Talks about almost flat, almost isotropic, almost FLRW 
cosmologies

Leading cosmologists, authors of textbooks such as Ellis 
and Kolb take this view.

There is an averaging problem, a fitting problem and 
backreactions. Clarkson et al 2011 Rept.Prog.Phys. 74 
(2011) 112901
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The ‘fitting problem’ in cosmology 

Section 4.3 and 4.4 give a detailed discussion of 
how to correct for peculiar velocities, isotropize
data, fit it to an idealized model, judge goodness 
of fit and what it means for fundamental physics
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The significance of qo being negative is  <1.4𝝈!

Cosmic acceleration may simply be an artefact of our being located inside a ‘bulk flow’! : Non 
Copernican obserers

The dipolar component of q is larger than the monopole, and dominates out to z~0.1 𝒒𝒅 >> 𝒒𝒎

Test this with a sample of 740 Type 1a Supernovae
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Rubin & Hayden (ApJ 833:L30,2016) verify the results of Nielsen et al
but then argue that the light-curve fit parameters may be redshift-dependent

Two out of 3 parameters that go into the distance 
modulus have been examined by eye and made 

sample and redshift dependent.
Against the principles of blinded data analysis.
20 hyperparameters to standardize 740 SN1e

Even if this is justified, the significance with which a non-accelerating 
universe is rejected rises only to ≲4s  still inadequate to claim a 

‘discovery’ (even though the dataset has increased from 
~50 to 740 SNe Ia in 20 yrs)!

Nielsen et al

Rameez-TAPP IMSc Chennai
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𝑣 𝒙 =
2

3𝐻0
න𝑑3𝑦

𝒙 − 𝒚

𝒙 − 𝒚 3
𝛿(𝐲)

The real local Universe

astro-ph/0206052
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Estimators for the Dipole

Rameez-TAPP IMSc Chennai

𝐷𝐻 =
Ƹ𝑧

𝑁
න
𝜙=0

𝜙=2𝜋

න
𝜃=0

𝜃=𝜋

𝜎 𝜃
𝑐𝑜𝑠𝜃

𝑐𝑜𝑠𝜃
𝑠𝑖𝑛𝜃𝑑𝜃𝑑𝜙 𝐷𝐶 =

Ƹ𝑧

𝑁
න
𝜙=0

𝜙=2𝜋

න
𝜃=0

𝜃=𝜋

𝜎 𝜃 𝑐𝑜𝑠𝜃𝑠𝑖𝑛𝜃𝑑𝜃𝑑𝜙

𝐷3𝐷 =
1

𝑁


𝑖=1

𝑁

Ƹ𝑟𝑖𝐷𝐻 = Ƹ𝑧 ∗
𝑁𝑈𝐻 − 𝑁𝐿𝐻
𝑁𝑈𝐻 + 𝑁𝐿𝐻

𝑁𝑈𝐻

𝑁𝐿𝐻

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

Relatively lower bias and statistical 

error 1/√𝑁

Rubart and Schwarz 2013

Vary the direction of the 
hemispheres until maximum 
asymmetry is observed

Easy visualization

High Bias and statistical error 

2.6/√𝑁
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Local Sources contamination?

Rameez-TAPP IMSc Chennai

Remove the Supergalactic plane. Disk like 
structure containing the majority of clusters at 
z<0.03

Remove sources within 1 arcsecond of 2MRS 
z<0.03 sources

No significant impact on the velocity/direction of the dipole
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Even with the sample and redshift dependent treatment for 𝑥1,0 and 𝑐0 proposed by R&H,𝑞𝑚=0 is disfavoured only at 
2.4 sigma and allows for a  large 𝑞𝑑 extending to 𝑧~0.18

If 𝑥1,0 and 𝑐0 can be sample or redshift dependent, why not 𝑀0? Undermines the use of SN1a as standard candles 
but justified by AIC.
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Planck 2015

Rameez-TAPP IMSc Chennai

https://arxiv.org/pdf/1706.09309.pdf

https://arxiv.org/pdf/1505.07800.pdf
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The Pantheon compilation

JLA +  additional SN1a from Pan Starrs and HST
1048 SN1a, redshifts corrected for peculiar velocities using the 2M++ 
flow field
890 are in the hemisphere opposite the 2M++ bulk flow

Scolnic et al. Astrophys.J. 859 (2018) no.2, 101

However, we use only JLA!
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Redshift distribution of the removed sources

Rameez-TAPP IMSc Chennai

d = 0.0124  >1200 km/s if fully kinematic

Total dipole is at least 4.2𝜎 statistically significant.

172.6° RA, -6.6° Dec (~4.5° from CMB)

By cross correlating with Galaxy and Mass Assembly

81



The standard model and structure formation

Rameez-TAPP IMSc Chennai

𝛿 𝑥 =
𝜌 𝑥 − ҧ𝜌

ҧ𝜌

𝜕2𝛿

𝜕𝑡2
+ 2𝐻 𝑡

𝜕𝛿

𝜕𝑡
= 4𝜋𝐺𝑁 ҧ𝜌𝛿

𝐺𝜇𝜈 + Λ𝑔𝜇𝜈 =
8𝜋𝐺

𝑐4
𝑇𝜇𝜈

Assume isotropy and homogeneity of 𝑇𝜇𝜈

→ The FLRW metric with Friedmann 
equations describing the time evolution of 
the scale factor a
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Residual clustering dipole

• For a Copernican observer:

• 𝐷𝑐𝑙𝑠 =
9

4𝜋
𝐶1

• 𝐶𝑙 = 𝑏2
2

𝜋
0
∞
𝑓𝑙 𝑘

2𝑃 𝑘 𝑘2𝑑𝑘

• 𝑓𝑙 𝑘 = 0
∞
𝑗𝑙 𝑘𝑟 𝑓 𝑟 𝑑𝑟

• 𝑓 𝑟 =
𝐻 𝑧

𝐻0𝑟0

𝑑𝑁

𝑑𝑧

Rameez-TAPP IMSc Chennai

Using Planck 2015 cosmological 
parameters and astropy, using the 
the redshift distribution as dN/dz

𝐷𝑐𝑙𝑠 <  0.0018
In the final sample

𝐷𝑘𝑖𝑛 = 0.0106

Velocity of ~3000 km/s
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8 M. Rameez, R. Mohayaee, S. Sarkar, J. Colin

F igur e 8. Left : Int rinsic clust ering dipoles observed in 500 realizat ions of A llW ISE galaxy select ion like catalogues from Milky Way-like

halos (green) and Milky Way-like halos in an environment as found in 2M RS by Lavaux et al. (2010), corresponding to a bulk flow

velocity of t he z= 0.03 sphere in the range 240 to 280 km s− 1 (blue). Right : T he observed angle between the observer velocity and the

observed clust ering dipole direct ion. T he dist ribut ion of angles expected between two isot ropic random dipoles is denoted in yellow for

comparison.

8 R ESU LT S A N D D I SCU SSI ON

Subtract ing the best est imate of the residual clustering

dipole, |Dcl s| = 0.0076 ± 0.0022 (§ 7.1) from the total ob-

served dipole |D| = 0.0124 (§ 6.2), we obtain D − Dcls| =

0.0048± 0.0022. A catalogue of this size (1.2 million sources)

is also expected to have a random dipole of size⇠ 0.001, im-

plying |Dk in | = 0.0048± 0.0024 if we do a scalar subt ract ion.

While this subt ract ion ought to be done vectorially, the pre-

cise direct ion of the st ructure dipole in the local Universe

is unknown. However the close alignment of the total dipole

observed in data with the CMB dipole, despite |Dcls| be-

ing significant ly larger than |Dk in |, suggests that the two

are closely parallel. Hence the vector subt ract ion can be ap-

proximated with a scalar subt ract ion of the magnitudes.

It is st raight forward to evaluate the flux power-law in-

dex x in eq.(2) for a given catalogue in a single frequency

band. However for WISE and AllWISE, the init ial cuts and

the cuts applied for star-galaxy separat ion depend on mag-

nitudes in different bands, hence the index changes between

the different bands (Griffith et al. 2015). Since our galaxy

select ion is driven primarily by a W 1 magnitude cut , we

confine ourselves to the W 1 band.

The index of the flux funct ion can be fit ted from the

data (Colin et al. 2017). The Doppler shift is more impor-

tant for faint galaxies, hence the value of x near the thresh-

old is most relevant and is found to be 0.75 as shown in

Figure 9. The spect ral index ↵ (3) for galaxies in infrared

depends on the classificat ion of the galaxy. However, in the

W1 band range, for most galaxy types, the spect ral index

varies between 0.8 and 1.0 (Griffi t h et al. 2015). Using these

values in eq.(1) yields a velocity of 430± 213 km s− 1 for the

Solar system barycenter.

9 SU M M A RY

The total observed dipole in the final AllWISE galaxy selec-

t ion aft er suppressing star contaminat ion and local source

cont ribut ion is 0.0124 corresponding to a velocity of 1110

km s− 1 if interpreted as purely kinemat ic in origin.

F igur e 9. T he variat ion of t he A llW ISE galaxy select ion source

number count wit h the lower cut in flux in the W 1 band which

we use to determine the power x in eq.(2). At the lower flux

t hreshold, t he best fi t value (red line) is 0.75.

While this seems anomalously high, theoret ical expecta-

t ions for a ⇤CDM universe suggest s that a clustering dipole

of ⇠ 0.006 is expected in a sample with the same redshift

dist ribut ion as our final select ion. These est imates do not

however take into account special features of our local en-

vironment . To do so, we examine mock AllWISE galaxy

select ion-like catalogues generated from a state-of-the-art

⇤CDM Hubble volume simulat ion. We search for haloes with

velocit ies similar to that of the Milky Way embedded in an

environment as observed in 2MRS with a bulk velocity of

⇠ 240 km s− 1 extending beyond z = 0.03. We find that an

int rinsic clustering dipole of size 0.0071± 0.0022 can arise for

theseobservers . This lowers the inferred velocity of theSolar

system barycenter to 430± 213 km s− 1 , compat ible with the

value inferred from the CMB dipole. However, the est imate

of the residual clustering dipole from theory is model depen-

dent , and in this case assumed a ⇤CDM model wit h param-

eters fit ted to Planck data. Consequent ly the final value of

c 0000 RAS, MNRAS 000, 000–000

Dark Sky N Body Simulations

Rameez-TAPP IMSc Chennai

First trillion particle simulation of the Λ𝐶𝐷𝑀 universe.

Only ~<1% of halos with MW-like mass and velocity are inside bulk flows > 240 km/s on scales exceeding 260 Mpcs

𝐷𝑐𝑙𝑠 = 0.0076 +/- 0.0022

𝐷𝑘𝑖𝑛 = 0.0048 +/- 0.0024

MW mass halo
Virgo Mass halo within 
16-18 Mpc
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Getting rid of the stars
following from MNRAS448,1305–1313 (2015)

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

Rameez-TAPP IMSc Chennai

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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How approximate? Cosmological Backreaction

Exact but closer to reality than FLRW -> Swiss Cheese Universes.
Underdensities always expand a little faster than overdensities.
They come to dominate the volume
Thus any inhomogeneity should lead to faster expansion.
Marra, Kolb, Matarrese 2007 , Rasanen 2012, Rasanen 2015 
Can explain most of of observed dark energy
Backreaction even within perturbative gravity : Adamek, Class. Quantum Grav. 36, 014001 (2019)
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2014 : The Joint Lightcurve Analysis ( JLA ) Sample

The SDSSII/SNLSIII Joint Lightcurve Analysis (JLA) catalogue of SN1a
740 SN1a , 551 of which are in the hemisphere opp to the CMB motion
Redshifts corrected using SMAC, which has a bulk flow (gray triangle)
631 are in the opp hemisphere to SMAC BF

Betoule et. al. Astron.Astrophys. 568 (2014) A22

SNe down to z= 0.01 reintroduced
CMB frame observables:
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Betoule et al., A&A 568:A22,2014SALT 2 parameters

Spectral Adaptive Lightcurve Template

(For making ‘stretch’ and ’colour’ corrections to the observed lightcurves)

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

B-band
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Nielsen, Guffanti & Sarkar, Sci.Rep. 6:35596,2016

Well-approximated as Gaussian

JLA data
‘Stretch’

corrections

JLA data
‘Colour’

corrections
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cosmology SALT2

intrinsic 
distributions

Likelihood

Confidence regions

1,2,3-sigma solve for Likelihood value

Simultaneously 
fit for

ΩM
ΩΛ
𝑞𝑑
𝑆
𝛼
𝑥1,0
𝜎𝑥1,0
𝛽
𝑐0
𝜎𝑐0
𝑀0

𝜎𝑀0
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MLE, best fit

profile likelihood

Data consistent with uniform expansion @<3s!

2𝛔

1𝛔

3𝛔

0.341

0.569

0.134

0.038

0.931

3.058

-0.016

0.071

-19.05

0.108

Nielsen, Guffanti
& Sarkar., 

Sci.Rep.6:35596,2
016

Rubin & Hayden 2016
Added 12 parameters to this 
10 parameter fit, to claim 
significance > 4sigma
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Rubin & Hayden 2016
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Peculiar velocity impact on SN1a magnitude

𝑧ℎ𝑒𝑙 → 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
𝑧𝑐𝑚𝑏 → 𝑖𝑛𝑓𝑒𝑟𝑟𝑒𝑑 𝑢𝑠𝑖𝑛𝑔 𝑎 𝑓𝑙𝑜𝑤 𝑚𝑜𝑑𝑒𝑙

1 + 𝑧 = 1 + ҧ𝑧 1 + 𝑧𝑝𝑒𝑐
ℎ𝑒𝑙 1 + 𝑧𝑝𝑒𝑐

𝑆𝑁

𝑑𝐿 𝑧 = ҧ𝑑𝐿 ҧ𝑧 1 + 𝑧𝑝𝑒𝑐
ℎ𝑒𝑙 1 + 𝑧𝑝𝑒𝑐

𝑆𝑁 2

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). 

Consequently, we use only 𝑧ℎ𝑒𝑙 and subtract out the corrections to 𝑚𝐵

Velocity profiles around LU 
like environments in DarkSky
N-body simulations

94



Luminosity distance in the FLRW Universe

• 𝐻 =
ሶ𝑎

𝑎

• 𝑞 ≝ −
ሷ𝑎𝑎
ሶ𝑎2

(defined with a minus to be positive for a decelerating universe)

• 𝑗 =
ഺ𝑎

𝑎𝐻3

𝑑𝐿 𝑧 =
𝑐𝑧

𝐻0
1 +

1

2
1 − 𝑞0 𝑧 −

1

6
1 − 𝑞0 − 3𝑞0

2 + 𝑗0 +
𝑘𝑐2

𝐻0
2𝑎0

2 𝑧2 + 𝑂(𝑧3)

What we mean by tilt : 𝑞0→ 𝑞𝑚 + 𝑞𝑑 cos 𝜃 𝑐𝑚𝑏−𝑆𝑁 𝑒−𝑧/𝑆

Rameez-TAPP IMSc Chennai

Matt Visser 2004

𝑞 =
Ω𝑀

2
− ΩΛ (in Λ𝐶𝐷𝑀)

Exact

Kinematic

95



Rameez-TAPP IMSc Chennai 96



AllWISE-Galaxies 
Star galaxy separation following from MNRAS448,1305–1313 (2015)

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

Rameez-TAPP IMSc Chennai

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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Rameez-TAPP IMSc Chennai

Getting 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-TAPP IMSc Chennai

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.

99



1192182 - AllWISE Galaxies

Rameez-TAPP IMSc Chennai

d = 0.0124  >  3600 km/s if fully kinematic

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

The dipole anisotropy of AllWISE galaxies 5

F igur e 4. Redshift dist ribut ion for 5400 sources of A llW ISE that

are matched to those of GAMA survey. T he median redshift is

0.137-0.164 depending on the masks.

it is desirable to remove as many sources as possible at low

redshift s, in a direct ionally unbiased manner. The various

steps in the process of suppressing the clustering dipole are

described in the following subsect ions.

WISE being a photometric inst rument , the AllWISE

catalogue does not provide redshift measurements. We est i-

mate the redshift dist ribut ion of these data by cross match-

ing with the Galaxy and Mass Assembly (GAMA) catalogue

(Liske et al. 2015). The GAMA is a spect roscopic survey of

about 300,000 galaxies down to r < 19.8 magnitude over

about 286◦ 2. TheGAMA survey buildson thepreviousspec-

t roscopic surveys such as the SDSS which we have already

used to est imate the star contaminat ion.

Of the 5620 AllWISE sources at this stage that fall

wit hin the solid angle scanned by GAMA, 5491 have cross-

matched counterparts. The redshift dist ribut ion of these

sources is shown in Figure 4 which also indicates how it

evolves in the later stages of this analysis.

6.1 R em ov ing t he sup er galact ic plane and sour ces

cor r elat ing w i t h 2M R S at z < 0.03.

A large fract ion of the mass in the nearby universe, out to

z = 0.03, is known to be clustered along a planar st ructure

known as the supergalact ic plane. In order to exclude this,

we add a supergalact ic lat itude cut of ± 5◦ which ensures

that most of the local superclusters that lie on this plane

are removed. Since both the galact ic and the supergalact ic

planes form great circles in the celest ial sphere, removing

an area centered on them leaves the direct ion of the dipole

est imators unbiased.

In order to further suppress any local super-st ructures

that lie outside the supergalact ic 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 ident ifying 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 cont rast to § 5.1, when

F igur e 5. T he hemispherical count map of the A llW ISE-galaxy

select ion as described in § 6.2.

all 24,648 sources did have counterparts). Consequent ly, 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 est imator of Eq. 5 finds the di-

rect ion and the magnitude of the dipole to be RA= 177.4◦ ,

DEC= − 49.9◦ ( l = 292.9◦ , b= 11.7◦ ) and 0.017 respect ively.

The dipole direct ion isnow 43.7◦ away from theCMB dipole.

Evident ly the removal of local st ructures slight ly reduces

the amplitude of the dipole (previous value was 0.018) and

brings its direct ion closer to that of the CMB.

6.2 D iscar ding ex t ended sour ces

The WISE satellit e has an angular resolut ion 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 significant ly suppress the fract ion 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 funct ion,

and not associated with a known 2MASS extended source.

Higher values of the variable indicate high goodness of fit s

for extended source profi les.

Consequent ly, we select only sources with ’ext_ flg= 0’,

which leaves us wit h a sample of ⇠ 1.23 million sources.

The median redshift at this stage is found to have increased

to 0.164, indicat ing the suppression of low redshift sources.

Applying the 3D linear est imator (5) to this sample, we find

the dipole to be in the direct ion 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 reduct ion

from the previous value of 0.017 (see § 6.1).

I f we further widen the Galact ic plane cut to ± 20◦ ,

then the dipole direct ion swings to RA= 172.6◦ , DEC= − 6.6◦

( l = 269.7◦ , b = 51.0◦ ), whch is merely 4.5◦ away from the

CMB dipole, wit h a magnit ude of 0.011 according to the 3D

est imator). The hemispheric-count est imator (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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Dipoles in a catalogue of galaxies

Rameez-TAPP IMSc Chennai

In an all-sky catalogue with sources of redshift 
distribution D(z) from directionally unbiased survey 
with N sources

redshift

D(z)

Ԧ𝛿 = 𝓚 ( Ԧ𝑣𝑜𝑏𝑠, 𝑥, α) +𝓡 (N) + 𝐷𝑐𝑙𝑠 (D(z)) +𝓕

𝓚 → The Kinematic dipole, depends on source spectrum, 
source flux function, observer velocity

𝓡 → The shot noise dipole, ∝ 1/√𝑁, isotropic

𝐷𝑐𝑙𝑠 → The clustering dipole, local anisotropy due to structure

𝓕 → Foregrounds, mainly stars and other Galactic 
contamination

101



Estimators for the Dipole

Rameez-TAPP IMSc Chennai

𝐷𝐻 =
Ƹ𝑧

𝑁
න
𝜙=0

𝜙=2𝜋

න
𝜃=0

𝜃=𝜋

𝜎 𝜃
𝑐𝑜𝑠𝜃

𝑐𝑜𝑠𝜃
𝑠𝑖𝑛𝜃𝑑𝜃𝑑𝜙 𝐷𝐶 =

Ƹ𝑧

𝑁
න
𝜙=0

𝜙=2𝜋

න
𝜃=0

𝜃=𝜋

𝜎 𝜃 𝑐𝑜𝑠𝜃𝑠𝑖𝑛𝜃𝑑𝜃𝑑𝜙

𝐷3𝐷 =
1

𝑁


𝑖=1

𝑁

Ƹ𝑟𝑖𝐷𝐻 = Ƹ𝑧 ∗
𝑁𝑈𝐻 − 𝑁𝐿𝐻
𝑁𝑈𝐻 + 𝑁𝐿𝐻

𝑁𝑈𝐻

𝑁𝐿𝐻

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

Relatively lower bias and statistical 

error 1/√𝑁

Rubart and Schwarz 2013

Vary the direction of the 
hemispheres until maximum 
asymmetry is observed

Easy visualization

High Bias and statistical error 

2.6/√𝑁

𝑛𝑝 − ത𝑛 1 + 𝐷𝑞 . Ƹ𝑟𝑝
2

ത𝑛 1 + 𝐷𝑞 . Ƹ𝑟𝑝

Minimize the 
above term, even 
less bias than the 
linear estimator
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What are Type Ia supernovae?
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A white dwarf accreting 
matter from a binary 
companion, reignites 
when crossing ~1.44 
Solar Masses
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But they can be ‘standardised’ using the observed correlation between their peak 
magnitude and light-curve width (NB: this is not understood theoretically)

They are certainly not ‘standard candles’
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Corrected 
data

Type Ia supernovae as ‘standardisable candles’ 

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

Distance modulus = 25 + 5 log10
𝑑𝐿
𝑀𝑝𝑐
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Issue 1: Rubin & Heitlauf 2019, Rubin & Hayden 2016

Dam et al

Rahman et al

But if 𝑥1 and 𝑐
are z-dependent, 
SNe Ia are not 
standardizeable

See also works 
by Young-Wook 
Lee
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