
A challenge to the standard cosmological model

Subir Sarkar

None of us can understand why there is a Universe at all, 
why anything should exist; that’s the ultimate question. 

But while we cannot answer this question, we can at 
least make progress with the next simpler one of

what the Universe as a whole is like.

Dennis Sciama (1978)

Christmas Theory Meeting, Durham, 13-15 Dec 2022



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

We cannot move over cosmological distances and check if the universe looks 
the same from ‘over there’ … so must assume that our position is not special

“The Universe must appear to be the same to all observers 
wherever they are. This ‘cosmological principle’ …”

Edward Arthur Milne, in ’Kinematics, Dynamics & the Scale of Time’ (1936)
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THE COSMOLOGICAL PRINCIPLE 
BY D. E. LITTLEWOOD 

Volume 51, Issue 4, October 1955 , pp. 678-683 

The ‘Perfect’ CP was abandoned following the discovery of the CMB

but the (spatial) cosmological principle lived on! 
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After straightforward yet tedious calculations (which I relegate to homework), we obtain the com-
ponents of the Ricci tensor:

R0
0 = 3

ä

a
,

R0
i = 0,

Ri
j =

1

a2

(

aä + 2ȧ2 + 2k
)

δα
β .

(93)

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

3ä

a
= 8πG
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(ρ − P )

]

, (94)

or

ä = −
4πG

3
(ρ + 3P ) a. (95)

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

1

a2

(
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)

= 8πG
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, (96)

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

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

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

ä = 4πG(ρ − P )a −
2ȧ2

a
+

2k

a
, (98)

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

16πGρa

3
−

2k

a
−

2ȧ2

a
= 0, (99)

or

ȧ2 + k =
8πG

3
ρa2. (100)

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

ȧ2 + k =
8πG

3
ρa2, (101a)

∂ρ

∂t
+ 3 (ρ + P )

ȧ

a
= 0, (101b)

P = P (ρ). (101c)
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Tµ⌫ = �h⇢ifields gµ⌫

WΛ = 1 - Wm - Wk ~ 0.7 ⇒ Λ ~ 2H02

0.8Ωm - 0.6ΩL ≈ -0.2 (SNe Ia),  
Ωk ≈ 0.0 (CMB), Wm ~ 0.3 (Clusters, BAO)

(rL)1/4 = (2H0
2/8pGN)1/4 ~ 10-12  GeV 

Ωm ≡ 𝜌m/ 3𝐻!"/8𝜋𝐺N ), Ω# ≡ −𝑘/3𝐻!"𝑎!", Ω$ ≡ Λ/3𝐻!"

The CP is the key assumption of the 
standard cosmological model: 
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⌦m + ⌦k + ⌦⇤ = 1



The CP is the basis of the new ‘standard LCDM model’ of the 
universe, dominated by L and undergoing accelerated expansion

It too is ‘simple’ (if we count 
L as just 1 parameter) and 

fits the data (with just a few 
‘anomalies’) … but lacks a 

physical foundation

There has been substantial investment in major satellites and telescopes to measure 
the parameters of this ‘standard cosmological model’ with increasing precision

… but surprisingly little work on testing its foundational assumptions

rL ~ H0
2 MPl

2 ~ (10-3 eV)4

is interpreted as the energy 
density of the quantum 
field theoretic vacuum



What do we know about L from the  Standard SU(3)c x SU(2)L x U(1)Y Model 
(viewed as an effective field theory up to some high energy cut-off scale M)?

renormalisable

super-renormalisable

However there are two ‘super-renormalisable’ operators … 
which become increasingly important as the cut-off M is raised 

m2
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t
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4 (�
†�)2,m2

H
= �v2/2

1st SR term couples to gravity, so the expectation (strictly speaking not calculable) is:
rΛ ~ (1 TeV)4 ⇒ 1060 x (1 meV)4

i.e. the universe should have been inflating since (or collapsed at): t ~ 10-12 s after BB
There must be a very good reason why this did not happen!

“Also, as is obvious from experience, the [zero-point energy] 
does not produce any gravitational field” - Wolfgang Pauli

Die allgemeinen Prinzipien der Wellenmechanik, Handbuch der Physik, Vol. XXIV, 1933

Vacuum energy  Higgs mass correction  

The second term gives rise to the notorious quadratic divergence of the Higgs mass 
(attempted solutions: supersymmetry, compositeness …)

Is Λ forbidden in S-matrix formulation of quantum gravity? (e.g. Dvali, Symmetry 13:3,2021)



Interpreting Λ as vacuum energy raises the ‘coincidence problem’: 

why is ΩΛ~ Ωm today?
An evolving ultralight scalar field (‘quintessence’) can display ‘tracking’ behaviour: this 

requires V(φ)1/4 ~ 10-12 GeV but √d2V/dφ2 ~ H0 ~10-42 GeV to ensure slow-roll 
… i.e. just as much fine-tuning as a bare cosmological constant 

A similar comment applies to models (e.g. ‘DGP brane-world’) wherein gravity is 
modified on the scale of the present Hubble radius H0

-1 so as to mimic vacuum energy  
… this scale is absent in any fundamental theory so must be put in by hand!

Similar fine-tuning in every proposal to explain DE, e.g. massive gravity, chameleon fields, …

The only natural option is if Λ ~ H2 always, but this is just a renormalisation of GN! 
(recall: H2 = 8πGN/3 + Λ/3) ➙ this is ruled out by Big Bang nucleosynthesis (requires 
GN to be within 5% of lab value) and in any case will not yield accelerated expansion

There is no physical explanation for the ‘coincidence problem’

Do we infer Λ ~ H0
2 because that is just the observational sensitivity (in the FLRW 

framework) to the arbitrary parameter Λ … in terms of H0  the only dimensionful
observable in the model – which enters into every cosmological measurement? 



The growth of structure is indeed well-explained by LCDM 
extended with initial conditions set by an epoch of inflation

The ~10-5 CMB temperature fluctuations are understood as due to scalar density perturbations 
with an ~scale-invariant spectrum which were generated during an early de Sitter phase of 
inflationary expansion … these perturbations have subsequently grown into the large-scale 
structure of galaxies observed today through gravitational instability in a sea of dark matter
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This is what our Universe 
looks like on the biggest 

scales (~ 600 Mpc) mapped

Is it justified to approximate it 
as homogeneous?  

… To assume that we are a 
‘typical’ observer? 

… To assume that all observed 
directions are equivalent? Tu
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On large scales LCDM + inflation reproduces the observed `cosmic Web’

Locally (out to ~200 Mpc) 
it is very inhomogeneous

https://doi.org/10.1038/nature13674


the universe is not isotropic around us

We interpret this as due to our motion at 
370 km/s wrt the frame in which the CMB is 
truly isotropic ⇒ motion of the Local Group 

at 620 km/s towards 𝑙 = 271.9o, 𝑏 = 29.6o 
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The cosmic microwave background exhibits a dipole anisotropy with DT/T ~ 10-3

So all data is ‘corrected’ by transforming to 
the CMB frame - in which FLRW should hold Smoot, Rev.Mod.Phys.79:349,2007 

This motion is presumed to be due to local
inhomogeneity in the matter distribution

… according to structure formation in LCDM 
we should converge to the ‘CMB frame’ by 

averaging on scales larger than O (100) Mpc

https://doi.org/10.1038/216748a0
https://doi.org/10.1103/PhysRev.174.2168
https://doi.org/10.1103/RevModPhys.79.1349


convergence to the ‘CMB frame’ is not seen even out to ~300h-1 Mpc
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According to LCDM Hubble Volume simulations (e.g. ‘Dark Sky’),  <1% (0.1%) 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

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. 

CF-4
(preliminary)

*

https://doi.org/10.3847/1538-4357/ac249d


4. Conclusion
If the standards of rest determined by the MBR and the number counts were to 
be in serious disagreement, one would have to abandon 
...
c) The standard FRW universe models 

A test of the kinematic interpretation of the CMB dipole was proposed 
after radio sources were observed at cosmological distances

Steven Weinberg, Gravitation and Cosmology (1972)

…

…

it seems to have been forgotten that we need to thus test the CP …



Textbooks say that the distribution of distant radio sources
demonstrates the isotropy of the Universe

But if we are moving w.r.t. the cosmic rest frame, then distant sources cannot be isotropic!
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If the dipole in the CMB is due to our motion wrt the ‘CMB frame’ 
then we should see a similar dipole in the distribution of distant sources

Aberration
(Bradley 1727)

Doppler boosting
(Doppler 1842)

Observer, velocity 𝒗

Moving frame

Rest frame

𝜃𝜙
tan𝜙 =

sin 𝜃

γ(cos 𝜃 + 𝑣𝑐)
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Frequency 𝜈

S ∝ 𝜈-𝛼
+

Flux-limited catalogue ➙more sources in direction of motion

𝜎 𝜃 !"# = 𝜎$%#&[1 + 2 + 𝑥 1 + 𝛼
𝑣
𝑐
cos(𝜃)]

Ellis & Baldwin, MNRAS 206:377,1984

N (>S) ∝ S-xIntegral flux distribution:

Power-law 
spectrum

https://doi.org/10.1093/mnras/206.2.377




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

redshift

N(z)

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

𝓚 → The ‘kinematic dipole’: independent
of source distance, but depends on 
observer velocity, source spectrum, 
and source flux distribution

𝓡 → The ‘random dipole’ ∝ 1/√𝑁𝑡𝑜𝑡
isotropically distributed

𝓢 → The ‘clustering dipole’ due to the  
anisotropy in the source distribution
(significant only for shallow surveys) 

NVSS  + SUMSS: 600,000 radio sources <z> ~ 1 (est.), 𝓢 (N(z)) → 0 (est.)
Colin, Mohayaee, Rameez & S.S., MNRAS 471:1045,2017

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

1
I

Wide Field Infrared Survey Explorer: 1,360,000 quasars, <z> ~ 1.2, 𝓢 (N(z)) ~ 1%
Secrest, Rameez, von Hausegger, Mohayaee, S.S. & Colin, ApJ Lett.908:L51,2021

https://doi.org/10.1093/mnras/stx1631
https://doi.org/10.1093/mnras/sty619
https://doi.org/10.3847/2041-8213/abdd40


The NRAO VLA Sky Survey (NVSS) + Sydney University Molonglo Sky Survey (SUMSS) 

To get rid of any ‘clustering dipole’:

• Remove Galactic plane ±10o

(also Supergalactic plane)

• Remove nearby sources which are 
in common with 2MRS/LRS surveys

(1.4 GHz survey down to Dec = -40.4o) (843 MHz survey at Dec < -30o)

[Rescale the SUMSS fluxes by (843 MHz/1.4 GHz)-0.75 = 1.46 to match with NVSS]

The direction is within 10° of CMB dipole, but velocity is ~ 1355± 174 km/s 

Confirms claim by Singal (ApJ 742:L23,2011)  … however source redshifts are not 
directly measured (also the statistical significance is only 2.8𝛔 – by Monte Carlo)
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10.1088/2041-8205/742/2/L23
https://doi.org/10.1093/mnras/stx1631


30 90source deg°2 66.7 69.8source deg°2

The CatWISE quasar catalogue

We now have a catalogue of ~1.5 million quasars, with 99% at redshift > 0.1
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Our peculiar velocity wrt quasars ≠ peculiar velocity wrt the CMB

The kinematic interpretation of the CMB dipole is rejected with p = 5 x 10-7 ⇒ 4.9𝛔
(Data & code available on: https://doi.org/10.5281/zenodo.4431089)
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0±
b
=
30
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60

± Galactic

CatWISE CMB dipole

The direction of the quasar dipole is consistent with the CMB dipole - but not its amplitude
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We have further cleaned the NVSS & WISE AGN catalogues of a variety of systematics

The two dipoles are consistent with each other; their vector mean is: 
D = (1.40 ± 0.13)×10-2 towards (l, b) = (233.0,+34.4) 

1 39source deg−2 16.6 17.1source deg−2

40 144source deg−2 79.4 81.5source deg−2
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The agreement improves if we subtract out the CMB dipole (assumed kinematic) from both

https://doi.org/10.3847/2041-8213/ac88c0


Distribution of CMB dipole offsets & kinematic dipole amplitudes of simulated 
null skies for NVSS (left) and WISE (right). Contours of equal p-value and 
equivalent σ are given (where the peak of the distribution corresponds to 0σ), 
with the found dipoles marked with + and their p-values are in the legends.

The NVSS & WISE AGN catalogues are independent so we can 
combine the p-values by which each rejects the null hypothesis

Combined significance ⇒ standard cosmology expectation is rejected at 5.1𝛔
Secrest, Rameez, Von Hausegger, Mohayaee, S.S., Astrophys. J. Lett. 937 (2022) L31
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This anomaly is about as well established as the Hubble
Tension, yet the literature on the kinematic effect is
much smaller than the 344 papers with the phrase
“Hubble Tension” in the abstract in the SAO/NASA
Astrophysics Data System. (I expect the difference is
an inevitable consequence of the way we behave.)

Anomalies in Physical Cosmology [arXiv:2208.05018]

P. J. E. Peebles

Joseph Henry Laboratories, Princeton University, Princeton, NJ 08544, USA

11 August 2022

https://arxiv.org/abs/2208.05018


Cosmology with Type Ia supernovae
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Identify by multiple exposure of  sky (+ spectroscopy) ➙measure peak magnitude and redshift

https://doi.org/10.1146/annurev-nucl-102010-130434
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… using the observed correlation 
between peak magnitude and 

light curve width
(NB: this is empirical and not

understood theoretically)
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But they are ‘standardisable’Sn Ia are not ‘standard candles’

https://doi.org/10.1086/186970
https://arxiv.org/abs/1311.5099


cosmological analysis with Type Ia supernovae
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Spectral Adaptive Lightcurve Template (SALT2) used to make 
‘stretch’ and ’colour’ corrections to the observed peak magnitude)

B-band

NB: The measured redshifts (in the heliocentric frame) have been ‘corrected’ to zCMB

Joint Lightcurve Analysis catalogue (740 SNe Ia)

https://doi.org/10.1051/0004-6361/201423413


Cosmology
Distance 
modulus

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

series (e.g. Visser, CQG 21:2603,2004) ➙ good to <6% for JLA (extends to z ~ 1.2)

q0 ⌘ �(äa)/ȧ2 𝑗' ≡ (𝑎/a)(�̇�/𝑎)()

Luminosity
distance

Cosmography

So the µ-z data enables extraction of the parameter combination: ~ 0.8 WL – 0.6 Wm

(NB: to determine H0 requires knowing the absolute magnitude M ➛ “distance ladder”)

https://doi.org/10.1088/0264-9381/21/11/006


… well-approximated as Gaussian

‘Stretch’ corrections ‘Colour’ corrections

cosmology SALT2

intrinsic distributions

Supernova analyses use the ‘adjusted chi-squared’ method … wherein sint is 
adjusted to get c2 of 1/d.o.f. for the fit to the assumed LCDM model

We employ a Maximum Likelihood Estimator … and get rather different results
Nielsen, Guffanti & S.S., Sci.Rep. 6:35596,2016

https://doi.org/10.1038/srep35596


Profile Likelihood
MLE, best fit

2𝛔

1𝛔

3𝛔

0.341

0.569

0.134

0.038

0.931

3.058

-0.016

0.071

-19.05

0.108

NB: We show the result in the Wm- WL plane for comparison with previous results (JLA) 
to emphasise that their statistical analysis was not principled

JLA

0.4

0.2

the data is consistent with an uniform rate of expansion
(Averaged over the sky)

(Other constraints e.g. Wm ≳ 0.2 or Wm +WL ≃1 are relevant only to the LCDM model)
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So we undid the corrections to recover the original data in the heliocentric frame
… to check if the inferred acceleration of the expansion rate is indeed isotropic

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

zd =

s
1 � uCMB��.n̂/c

1 + uCMB��.n̂/c
� 1, (4)

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

zd =

s
1 � uCMB��.n̂/c

1 + uCMB��.n̂/c
� 1, (4)

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

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

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

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

maximum extent to which the Streaming Motions of Abell Clusters (SMAC) sample (Hudson et al.
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The measured redshift zhel is converted to zCMB (≡ z) assuming the CMB dipole is due to 
our motion w.r.t. the cosmic rest frame in which the universe is supposedly isotropic:

where z⊙ is the redshift induced by our motion w.r.t. the CMB and zSN is the redshift 
due to the peculiar motion of supernova host galaxy in the CMB frame 

Moreover the peculiar velocity ‘corrections’ applied to the JLA catalogue have assumed 
that we have converged to the CMB frame at 180/h Mpc (contrary to observations)

https://doi.org/10.1051/0004-6361/201936373


a cosmographic analysis of SNe Ia luminosity distances shows that 
the inferred acceleration is indeed aligned with the local bulk flow

The significance of qo being negative has now decreased to only 1.4s

This strongly suggests that cosmic acceleration is an artefact of our being located in 
a deep bulk flow (which includes most of the observed SNe Ia) … and not due to Λ

Colin, Mohayaee, Rameez & S.S., 
A&A  631:L13,2019

acceleration
deceleration

2 Cosmological analysis

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

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

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

without making assumptions about the matter content or the dynamics:

dL(z) =
cz

H0

⇢
1 +

1

2
[1� q0]z �

1

6
[1� q0 � 3q20 + j0 +

kc
2

H
2
0a

2
0

]z2
�

(5)

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

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

j = ˙̈a/aH3, and �kc
2
/(H2

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

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

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

q = qm + ~qd.n̂F(z, S) (6)

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

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

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

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

(c) Linear: F(z, S) = 1� z/S, and

(d) Exponential: F(z, S) = exp(�z/S).

9

standard 

LCDM

q0 ⌘ �(äa)/ȧ2𝑑𝐿 𝑧 =
𝑐𝑧
𝐻0

1 +
1
2

1 − 𝑞0 𝑧 + … , ⟾

⤤ CMB dipole
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Do we infer acceleration although the expansion is actually 
decelerating … because we are ‘tilted observers’ in a bulk flow?

(Tsagas, Phys.Rev.D84:063503,2011, Tsagas & Kadiltzoglou, PR D92:043515,2015) 

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

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

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

# = D̃ava ? 0
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Inside region B, the r.h.s. of the expression

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

Ø The ‘standard model’ of cosmology was established before there was any 
data … and its assumptions (homogeneity, isotropy) have not been tested.        

Now that we have data, it should be a priority to test the cosmological model 
assumptions – not simply measure the model parameters with `precision‘

Ø The rest frame of distant quasars & radio sources ≠ CMB rest frame
... This is a challenge to the assumption of a FLRW metric

Ø The standard procedure of boosting measured redshifts and magnitudes 
of SNe Ia to the ‘cosmic rest frame’, and making corrections for the 

peculiar velocities of their host galaxies in order to infer cosmic 
acceleration (which is then interpreted as due to L), is unjustified

The measurements made in the heliocentric rest frame reveal a dipole 
asymmetry in the recession velocities and in the inferred acceleration                
⇒ cosmic acceleration may be just an artefact of our local bulk flow

We must construct a new standard model of cosmology from observations
(Ellis & Stoeger: ‘The fitting problem‘, CQG 4:1697,1987)
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