TESTING THE COSMOLOGICAL PRINCIPLE
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We study the large-scale anisotropy of the Universe by measuring the
dipole in the angular distribution of a flux-limited, all-sky sample of 1.36
million quasars observed by the Wide-field Infrared Survey Explorer. This
sample is derived from the new CatWISE2020 catalogue, which contains
deep photometric measurements at 3.4 and 4.6 um from the cryogenic,
post-cryogenic, and reactivation phases of the WISE mission. While the
direction of the dipole in the quasar sky is similar to that of the cosmic
microwave background, its amplitude is over twice as large as expected,
rejecting the canonical, exclusively kinematic interpretation of the CMB
dipole with a p-value of 5x10-7(4.90), the highest significance achieved to
date in such studies. Our results are in conflict with the Cosmological
Principle, a foundational assumption of the concordance ACDM model
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Since 1998 (Riess et al.!, Perlmutter et al.?), surveys of cosmologically distant Type Ia super-
novae (SNe la) have indicated an acceleration of the expansion of the Universe, distant SNe Ia
being dimmer that expected in a decelerating Universe. With the assumption that the Uni-
verse can be described on average as isotropic and homogeneous, this acceleration implies either
the existence of a fluid with negative pressure usually called “Dark Energy”, a constant in the

equations of general relativity or modifications of gravity on cosmological scales.
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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




ALL WE CAN EVER LEARN ABOUT THE UNIVERSE IS CONTAINED
WITHIN OUR PAST LIGHT CONE
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We cannot move over cosmological distances and check if the universe looks
the same ... so must assume that our position is not special in any way

“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)



Philosophical Society BY D. E. LITTLEWOOD
Volume 51, Issue 4, October 1955 , pp. 678-683

Many models of the universe have been proposed, by de Sitter, Milne, Bondi and Gold,
Hoyle and others. The observed data being insufficient, the models are usually based
on some simple hypothesis. The simplest is the cosmological principle, namely, that
apart from local irregularities the universe presents the same general aspect at every
point. Milne (5) has used a restricted form of the principle, namely, that the aspect is
independent of spatial position but is dependent on the observed time from some fixed
epoch in the past. Bondi and Gold(1) have proposed the ‘perfect cosmological
principle’ that the aspect is completely independent of space and time.

THE ‘PERFECT’ VERSION WAS ABANDONED FOLLOWING THE DISCOVERY
IN 1964 oOF THE CMB AND THE REALIZATION THAT THE UNIVERSE DOES
HAVE A BEGINNING ... BUT THE COSMOLOGICAL PRINCIPLE LIVED ON

The real reason, though, for our adherence here to the Cosmological Principle
i1s not that it 1s surely correct, but rather, that it allows us to make use of the
extremely limited data provided to cosmology by observational astronomy. ..

If the data will not fit into this framework, we shall be able to
conclude that either the Cosmological Principle or the Principle of Equivalence is
wrong. Nothing could be more interesting.

Steven Weinberg, Gravitation and Cosmology (1972)



THE CMB IS IN FACT NOT ISOTROPIC
There is a dipole with AT/T ~ 1073 i.e. 100 times bigger than the small-scale anisotropy

Sciama 1967, Peebles & Wilkinson 1968

This is interpreted as due to our motion at 370 km/s wrt the frame in which the CMB is
truly isotropic = motion of the Local Group at 620 km/s towards /= 271.9°, b = 29.6°

This motion is presumed to be due to local inhomogeneity in the matter distribution
Its scale — beyond which we converge to the CMB frame —is supposedly of O(100) Mpc
(Counts of galaxies in the SDSS & WiggleZ surveys are said to scale as 73 on larger scales)



George Smoot, Nobel Lecture, 8 Dec 2006
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VELOCITY COMPONENTS OF THE OBSERVED CMB DIPOLE Peculiar Velocity of the Sun and

its Relation to the Cosmic
Microwave Background

J. M. Stewart & D. W. Sciama

If the microwave blackbody
radiation 1s both cosmological and
1sotropic, it will only be isotropic to
an observer who is at rest in the rest
frame of distant matter which last
scattered the radiation. In this article
an estimate is made of the velocity
of the Sun relative to distant matter,
from which a prediction can be
made of the anisotropy to be
expected in the microwave
radiation. It will soon be possible to
compare this prediction with
experimental results.

NATURE 216:748,1967

The predicted CMB dipole was found soon afterwards ... in broad agreement with expectations



STANDARD MODEL OF STRUCTURE FORMATION
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The ~10~> 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




STRUCTURE WITHIN A CUBE EXTENDING ~200 MPC FROM OUR POSITION (SUPERGAL. COORD.)

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

We appear to be moving towards the Shapley supercluster due to a ‘Great Attractor’
... if so, our local ‘peculiar velocity’ should fall off as ~1/r as we converge to the CMB
frame - in which the universe supposedly looks Friedmann-Lemaitre-Robertson-Walker



THEORY OF PECULIAR VELOCITY FIELDS

In linear perturbation theory, the growth of the density contrast d(z) = [p(x) — p|/p
is governed by the continuity, Euler’s & Poisson’s equations ... for pressureless ‘dust’:
049 0(5

We are interested in the ‘growing mode’ solution — the density contrast grows self-
similarly and so does the perturbation potential and its gradient ... so the direction
of the acceleration (and its integral — the peculiar velocity) remains unchanged.

The peculiar velocity field is related to the density contrast as:

2 X—Yy
v(x d>y 0(y),
(%) = 3H0/ | —yl° ¥)

So the peculiar Hubble flow, 6 H(x) = H(x) — H, (= trace of the shear tensor), is:
X—Yy

(0 = [y viy) 2=

where H;(x) is the local value of the Hubble parameter and 7 (x —y) is the ‘window
function’ (e.g. O(R - |x —y|) (4nR3/3) ! for a volume-limited survey, out to distance R)

W(x-y),



THEORY OF PECULIAR VELOCITY FIELDS (CONT.)

Rewrite in terms of the Fourier transform §(k) = (27)3/2 /de o(x)e™ >

M | %5(1«))/\/1{%}2)&’“% Wi () = & (sinz — [7 dy=)

Yy

Window function

Then the RMS fluctuation in the local Hubble constant 8 = ((6H/Hg)?)/? is:

2 [ () Q)
6% = f—2/ k2dk P(k)W?2(kR), P(k) = |8(k)?|, f ~ QY7 + 22 (1 + 22
2% Jo  Power spectrum of matter fluctuations Growth rate (0 2
2772 o0
Similarly the variance of the peculiar velocity is: (7)2>R — f2 h;O / dkP(k)WQ(kR)
n 0
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Bulk Flow Analysis (Colin et al, MNRAS 414:264,2011)

Dipole fit: 0.015 < z < 0.035

‘ Full dataset: 279 SNe (z < 0.1) from SNfactory & Union2 compilation |

Bulk flow modeled as
velocity dipole:

() = du(e) + G-

Best fit direction
consistent with
direction to Shapley

Bulk flow:
243 £ 88 kmls

128 SNe :
p = 0.027 l

2 Amplitude matches
previous studies

Simplest model: -200
Infall into spherical mass concentration
Mot = %‘;l RBQMpcrit ( 1+9) 4%
-400 -200 0 200 400
X [Mpc]

= 10055 [ ij— - 13
v(¥) = T [ o (H)d’y

No convergence to the CMB frame out to ~260 Mpc

Dipole fit: 0.045 < z < 0.06

No backside infall
behind Shapley

+ Contradicts Shapley
as the main source
of the bulk flow

+ Results in this shell
are driven by
SNfactory data

Bulk flow:
650 * 398 km/s

38 SNe
p=0.244 l

Need attractor mass of ~10'” M, at
~300 Mpc to account for the flow
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6-DEGREE FIELD GALAXY SURVEY CONFIRMS BULK FLOW H/IGHER THAN EXPECTED
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In the ‘Dark Sky’ simulations, <1% of Milky Way—like observers experience a bulk flow
as large as is observed and extending out as far as is seen ... so the usually employed
covariance (Hui & Greene 2006) is not applicable (Mohayaee et al, arXiv:2003.10420)



IF THE DIPOLE IN THE CMB IS DUE TO OUR MOTION WRT THE ‘CMB FRAME’
THEN WE SHOULD SEE S/M/LAR DIPOLE IN THE DISTRIBUTION OF DISTANT SOURCES

Aberration

Power-law
spectrum

Sy

Rest fram Moving frame

sin 6 I

v
Yy * cosf <

tan¢ =

Differential flux S

Frequency v

Integral flux distribution: X
Observer, velocity v & N (>S) x S

o . . , Ellis & Baldwin,
Flux-limited catalog =» more sources in direction of motion MNRAS 206:377.1984




Mon. Not, R. astr. Soc. (1984) 206, 377381
On the expected anisotropy of radio source counts

G. F R Ellls* and J E Baldme Orthodox Academy of Crete, Kolymbari, Crete
Received 1983 May 31; in original form 1983 March 31

Summary. If the standard interpretation of the dipole anisotropy in the
microwave background radiation as being due to our peculiar velocity in a
homogeneous isotropic universe is correct, then radio-source number counts
must show a similar anisotropy. Conversely, determination of a dipole aniso-
tropy in those counts determines our velocity relative to their rest frame;
this velocity must agree with that determined from the microwave back-
ground radiation anisotropy. Present limits show reasonable agreement
between these velocities.

4 Conclusion

Anisotropies in radio-source number counts can be used to determine a cosmological
standard of rest. Current observations determine it to about +500 km s™!, but accurate
counts of fainter sources will reduce the error to a level comparable to that set by obser-
vations of the microwave background radiation. If the standards of rest determined by the
MBR and the number counts were to be in serious disagreement, one would have to abandon

either

(a) the idea that the radio sources are at cosmological distances, or

(b) the interpretation of the cosmic microwave radiation as relic radiation from the big
bang, or

(c) the standard FRW Universe models.

Thus comparison of these standards of rest provides a powerful consistency test of our
understanding of the Universe.
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Consider an all-sky catalogue of N 5§ =% (Vgps, X, O) + R (N) + S (D(z))

sources with redshift distribution D(z)

from a directionally unbiased survey 3¢ = The ‘kinematic dipole’: independent
of source distance, but depends on

observer velocity, source spectrum,
and source flux distribution

D(z) = :
R — The ‘random dipole’ « 1/VN

isotropically distributed

| S > The ‘clustering dipole’ due to the
redshift ar?lsc?t.ropy in the source distribution
(significant for shallow surveys)

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

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

Wide Field Infrared Survey Explorer: 1,360,000 quasars, <z>~ 1.2, S (D(2)) ~ 1%
Secrest, Rameez, von Hausegger, Mohayaee, S.S. & Colin, ApJ Lett.908:1.51,2021



ESTIMATORS FOR THE DIPOLE

Statistical error ~1/vN

— Nyg — Ny n 1 o
DH — ZA * DC — _Z Tl
Nyw + Nip N &
Vary the direction of the Add up unit vectors
hemispheres until maximum corresponding to directions in
asymmetry is observed the sky for every source
. ¢=2m ,O0=m |COSH| . ¢=2m (O0=m
Dy =— j o(0) sinfd6d¢ D, = — J o(6)cosOsinfdOd¢
N 6=0 cos6 N 0=0

However these estimators are biased (Rubart & Schwarz, A&A 555:A117,2013)

Secrest et al, ApJL 908:L51,2021
= (A1,p/Ao, A2,p/ Ao, A3,p/Ao)

where n, denotes the number density of sources in sky pixel p, 4, is the mean
density (monopole), 4;;are the amplitudes of the three orthogonal dipole

templates d; ,, and the sum is to be taken over all unmasked pixels

)} 2l New: Unbiased Least-Squares Estimator

3
Z |:TL1, = (A() + Z Aljdj,p

p J=1




THE NRAO VLA SKY SURVEY (NVSS) + SYDNEY UNIVERSITY MOLONGLO SKY SURVEY (SUMSS)
(1.4 GHz survey down to Dec =-40.4°) (843 MHz survey at Dec < -30°)

[Rescale the SUMSS fluxes by (843 MHz/1.4 GHz)?°-7> = 1.46 to match with NVSS]

 Remove Galactic plane =10°
(also Supergalactic plane)
 Remove NVSS sources below (and
SUMSS sources above) Dec = -30°
 Remove any nearby sources - in
common with 2MRS & LRS surveys
e Adopt common flux threshold

The direction is within 10° of CMB dipole, but velocity is ~ 1355 £ 174 km/s
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Colin, Mohayaee, Rameez & S.S., MNRAS 471:1045,2017

Confirms claim by Singal (ApJ 742:L23,2011) ... however source redshifts are not
directly measured and the statistical significance is only 2.80 (by Monte Carlo)



&)
~ 04

0.3
0.2
0.1

30 source deg—?2 90 09

0.8F
0.7F
0.6
. 051

THE CATWISE QUASAR CATALOGUE (NEW)
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~10% eBoss redshifts -

7 _
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-- by cross-correlation |
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We now have a catalogue of ~1.36 million quasars, with 99% at redshift > 0.1

_— ——
66.7 source deg > 69.8

Secrest, Rameez, Von Hausegger, Mohayaee, S.S. & Colin, ApJL 908:1.51,2021

The dipole can be compared to that expected, knowing the spectrum & flux distribution



Secrest, Rameez, Von Hausegger, Mohayaee, S.S. & Colin, ApJL 908:1.51,2021

OUR PECULIAR VELOCITY WRT QUASARS
# PECULIAR VELOCITY WRT THE CMB

60°

Galactic

b= 30°

o

0—330°  300°  270°  240°
A CatWISE % CMB dipole

210°

The direction of the quasar dipole is consistent with the CMB dipole - but not the amplitude

0.3
o
= (.2
am

0.1

0.0

T CMB|

atWISE

(‘v

4 6 8 10 19
D [1079]

14

16

The kinematic interpretation of the CMB dipole is rejected with p=5x 107 = 4.90
(All data and code available on: https://doi.org/10.5281/zenodo0.4431089)



Planck 2013 results. XXVII. Doppler boosting of the CMB:
Eppur si muove*

Planck attempted to measure the aberration effect on the CMB fluctuations, finding a
velocity in the dipole direction of 384 = 78 (stat) &= 115 (syst) km/s = <3c detection

((l) Tl'llL‘-lHlllDl.\L

1 1
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Planck collab., A&A 571:A27,2014
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Planck has also tried to measure the effect in tSZ (A&A 644:A100,2020) ... however this
does not test the physical origin of the dipole (Notari & Quartin, PRD 94:043006,2016)



SN count

WHAT IMPACT DOES THIS HAVE ON USUAL COSMOLOGICAL ANALYSES?

Joint Lightcurve Analysis catalogue (740 SNe Ia)

SN positions
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Betoule et al. A&A 568:A22.2014

Spectral Adaptive Lightcurve Template (SALT2) used to make
‘stretch” and ‘colour’ corrections to the observed peak magnitude)

e =mi — M+ aX; — BC

B-band —~ N 7 \
X ¥ |

Name  |(zZemp) mp X C

03Dlar | 0.002 23941 +0.033 -0.945+0.209 0.266 + 0.035
03Dlau | 0.503 23.002+0.088 1.273+0.150 -0.012 +0.030

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



COSMOLOGY

Distance nw=25+5 109,‘10 dr,/Mpc), where: Luminosity

modulus H qu’ distance
\/Q,smn (\/ / ) ;

dg = c¢/Ho, Ho=100h kms™ 1Mpc ‘
H = Ho/Qm(1 + 2)3 + Qr(1 + 2)2 + Qa,

di; = (1-1®)

sinn — sinh for Q; > 0 and sinn — sin for Qr < 0

So the u-z data enables extraction of the parameter combination: ~ 0.8 Q,—0.6 QO
(NB: to determine H, requires knowing the absolute magnitude M > “distance ladder”)

COSMOGRAPHY

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)

Qo = —(da)/a? jo = (d@la)(a/a)3
C 2 1+1[1\ ] 1 ! 9.2 e kc? 2—}—0( 3)
— |1 —qgpglz — — == gn — g — | 2 s

dr(z) =



NB: Previous supernova analyses used the ‘constrained chi-squared method ...
wherein o is adjusted to get 2 of 1/d.o.f. for the fit to the assumed ACDM model!

X2 _ Z (up—3S1og,,(dL(6, Z)/IOPC‘))2
o (ug) + 0';-7',,,

ob jects

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

Well-approximated as Gaussian L = probability density(datajmodel)

- B R L = p|(imp, &1,¢)|0]

. ‘:;; — [ Pl 1, O/ (M, 21,€), B
NEEIORI R RETEITRT, X p[(M, x1, c)|Osn]dMdz,dc
‘Stretch’ corrections ‘Colour’ corrections

pl(M, x;, ¢)|0] = p(M|0)p(x,|0)p(c|@), where:

1 B B welifB 2
L= 27 (5 £ ATS, A)] intrinsic distributions pM|0) = (2may,) eXP{—[(M - MO)/UMO] /2},
2T\ &d 14

2
1 . . . . — 2 172 _ | - :
X exp (—3(2 Yo A)E4+ AT A (2 = Y A)" ) p(x,|0) = 2moy, ) exP{ |6, — x| /2}

/" \\ /, p(clf) = @ma?)y exp{—[(c = co)/o%r/2}.
cosmology SALT2



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

1.0
Profile Likelihood
= MLE, best fit
N
0.8} 18
a QM 0.341
(08 QA 0.569
| _ § o 0.134
- 3z 0.038
// m 2
Y |2 oZy 0931
£ 5] 3.058
, | 8 C()2 -0.016
) § O'CO 0.071
[
L 2 My 1905
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0']2\/_[0 0.108
O |

NB: We show the result in the Q_- €, plane for comparison with previous results (JLA)
simply to emphasise that the statistical analysis has not been done correctly earlier

(Other constraints e.g. 2., = 0.2 or Q, +€Q, =1 are relevant only to the ACDM model)



Rubin & Hayden (ApJ 833:L30,2016) say that morre i
our model for the distribution of the JLA :2 | N |
light curve parameters should have z" Hi 1’ (‘ H go,o I{M } 1 H? *”U |
included a dependence on redshift - which  é- ”| ” { 1“[ ’ S oaf } { Hm } *{ {’
no previous analysis had allowed for A2 0 '

.. they add 12 more parameters to our —i" ;.:’d'sm :i" L i
(10 parameter) model to describe this o] e I
individually for each data sample W | “ l *‘**W N o J ‘ i
ik ml * } B

Such a posteriori modification is not justified ‘°’2’ | I
by the Bayesian information criterion L Redsbi i St
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If the CMB dipole is due to our motion w.r.t. the CMB frame in which the universe
(supposedly) looks F-L-R-W, then the measured redshift z,, is related to zqyz = z as:

1+ zhel = (1 +20) X (1 +2zsN) X (1 + 2)

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

We find that the peculiar velocity ‘corrections’ applied to the JLA catalogue have
assumed that we converge to the CMB frame at ~150 Mpc (contrary to observations)
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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




If we now do a cosmographic analysis allowing for a dipole in q,, we find the MLE
prefers one (x50 times the monopole!) ... in the same direction as the CMB dipole

cZ 1 . : .
d; (z) = H—’l * S (1 —qo)z+ ] go = —(da)/d* = gm + qa.nF(z,5)
0
20.00
I15.00

411.80

—2log[L/L_..]

230

0.10

qm (QO)
The significance of g, being negative has now decreased to only 1.4c

This strongly suggests that cosmic acceleration is an artefact of our being located in
deep bulk flow (which includes most of the observed SNe 1a) ... and not due to A

© Colin, Mohayaee, Rameez & S.S., A&A 631:113,2019
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The best-fit direction of g4is
within 239 of the CMB dipole.

The log-likelihood changes very
little between the two
directions i.e. the inferred
acceleration is consistent with
being due to the bulk flow.
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The 60 SNe la studied by Riess et al. (1998) and the 45 by Perlmutter et al. (1999)

were mainly in the direction where the apparent acceleration peaks
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DO WE INFER ACCELERATION ALTHOUGH THE EXPANSION IS ACTUALLY DECELERATING

... because we are embedded in a local ‘bulk flow’?
(Tsagas 2010, 2011, 2012; Tsagas & Kadiltzoglou 2013, 2015)

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

Il,.‘

.4 u.

et
o e ¢ T

The patch A has mean peculiar velocity @a with 9 = f)ava 2 0 and 9 = 0
(the sign depending on whether the bulk flow is faster or slower than the surroundings)

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

) 9\ 2 39 9\ =
1+Q—(1+C])<1+6) —@(l—l—@) ) G‘):@‘i‘ﬁ

drops below 1 and the comoving observer ‘measures’ negative deceleration parameter
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SIMILAR ANISOTROPY FOUND IN A SAMPLE OF 313 X-RAY CLUSTERS

. 100 = %5 315 clusters N
REdShIft LX_T relatlon . ‘ u=0.005, 10=0.263

. ) Luminosit
distribution 10 o .y
distributio

50

~~~~ w
_ S e 2 a
% @ 40
s o
- TR a
= o
= ™ 30
% o
i g
Ot 313 clusters 20
This work (Chandra) ——
This work (XMM-Newton)
Lovisari+15 10

Z 88 3 Eckmiliers11

001~ Chen+07 - — -

3 1 2 4 10 20
, O 04 0.5 o 5 ; -0.4 0 0.4
T (keV) Total log scatter

-3 : +90° iy
I Migkas et al, A&A 636:A15,2020, ° .
0 amplitude arXiv:2103.13904 g n
1.3 z o° b
11 N vl Une Tl T g o
0.9 AL IR ST 1 45°
- slope )

o° 90° 180° 270° E0° 3602 65

Galactic longitude

15°

-15°

oo
Galactic longitude

o Y CMB Dipole

30°
®

*
®A

Hudson et al 2004 (SMAC Bulk Flow) 0 330 00 4o 230 20
Magoulas et al 2014 (6dFGSv Bulk Flow)

Carrick et al 2015 (2M++ Bulk Flow) |

Colin et. al. 2011 (Union 2) @
Feindt et. al. 2013 (Nearby Supernova Factory)

Colin et al 2017 (NVSUMSS)

Colin et. al. 2019 (JLA)

Migkas et. al. 2020 (ROSAT)

® Secrest et al 2020 (CatWISE Quasars)

Bengaly et al 2018 (TGSS)
-75°

L N o N 2

o *

Courtesey: Kostas Migkas

(odywsiuny) O



Our finding was criticised by Rubin & Heitlauf - who say that we should have:

» Allowed light-curve parameters to be z-dependent (doubles the # of parameters!)
» Used CMB frame rather than heliocentric redshifts

» R&H then reinstate the peculiar velocity ‘corrections’ (we have questioned earlier)

10 | Colin et al, A&A 631:L13,2019

const. pop.: —8.92%323
zhelio: —8.65%322
zcmb: 4.00%237
zcmbpecvel: —1.837132

-10 4

Dipole (goq)

-20 4

Correction: x; & c are z-dependent
+ Correction: e > Zcvs

—O'.75 —0'.50 —0'. 5 O.E)O
Monopole|(qGom)
<C19: zhelio, no cov;

const. pop.: —0.193+9199

zhelio: —0.344+9114
zcmb: —0.369+3118
zcmbpecvel: —0.422+3112

+ Correction: SNe peculiar velocities

Rubin & Heitlauf, ApJ 894:68,2020
(rebuttal by Colin et al, 1912.04257)

Without JLA peculiar velocity covariance

All this assumes that the CMB frame is the ‘correct’ frame ... which is now in question!

Prima facie the cosmic acceleration inferred from supernova data is anisotropic (qyy)
so cannot be interpreted as due to A - which would cause isotropic acceleration (qg,)



A ‘TILTED’ UNIVERSE?

»There is a dipole in the recession velocities of host galaxies of supernovae
= we are in a ‘bulk flow’ stretching out well beyond the scale at which the
universe supposedly becomes statistically homogeneous

» The inference that the Hubble expansion rate is accelerating may be an
artefact of this bulk flow - the acceleration is mainly a dipole alighed with

the flow, and the monopole drops in significance to be consistent with zero

» The rest frame in which distant quasars are isotropic # rest frame of the CMB

Could this be an indication of new horizon-scale physics (Gunn 1988, Turner 1991)?

[‘Cosmological fitting problem’ (Ellis & Stoeger 1987): use of heliocentric vs. CMB frame
= different choices of corresponding 2-spheres in the ‘null fitting” procedure]

The standard assumptions of isotropy and homogeneity are questionable
... and so is the inference that the universe is dominated by dark energy



