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Abstract: Standard model of cosmology is based on the cosmological principle. The cosmological principle states that the Universe is stati
homogeneous and isotropic on large scales. Is this hypothesis supported by the observations ? After a historical survey of the field, I shall
high redshift data from radio galaxies and quasars to show that the early Universe does not seem to be isotropic and the rest frame o
microwave background radiation does not coincide with the rest frame of distant sources. | shall also demonstrate that the cosmological prir
violated at a statistical significance of over 5-sigma.

Zoom link: https://pitp.zoom.us/j/94290315794?pwd=STFpalNNbINNUHNPNWcvZIkre WNpZz09
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Cosmological principle

The Universe is homogeneous and isotropic

Translation and Rotation invariance
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Cosmological principle

The Universe is homogeneous and isotropic

ds® = —c*dt* + a*(t)(dz* + dy* + dz*) FLRW

Homogeneous but anisotropic - AXis

ds? = —dr? + a,()2dx? + a,()2dy? + a,(H?dz%. Bianchi
Inhomogeneous & isotropic =3 Centre
ds®* = —dt* + X?*(r, t)dr® + A%(r,t) (rf(J2 + sin® Ur[;.“)) LTB

Inhomogeneous & anisotropic

ds* = df — (A"3sin®0 + A% cos?0)dr?

5 9 9, 9 2 0 2 (A2 ey AT S DN aad
ds® = dt* — A°dr* — B_((]U + dz ) - (Ajcos”@ + Asin”)d0
— (A} — A?') sin O cos Odrd0 + —Alsin?0dg?.

(eg Szekeres
models)
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The Cosmological principle
1915 Ruv = 5 Rw = BTG

1917

1922-1935

1932

149615

The Cosmological principle
Milne
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A new basis for cosmology

By P. A. M. Dirac, F.R.S.
St John’s College, Cambridge

(Received 29 December 1937)

We now feel the need for some new assumptions on which to build up
a theory of cosmology. This need is partially satisfied by the assumptions,
which Milne calls the Cosmological Principle, that, apart from local
irregularities, the universe is everywhere uniform and has spherical
symmetry (in three dimensions)

these assumptions are fairly

plausible and have a great simplifying effect on the subject, and until
there is more definite evidence of their inadequacy it does not seem worth
while to try more complicated schemes.
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The cosmological principle
were, I fear, dogmas that should
not have been proposed

Sir Karl Popper

The scientific status of a theory is its falsifiability, refutability,

testability
Logik der Forschung , 1934
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inciple

Observational evidence for the cosmological pr

background
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Cosmic microwave background
Dipole —-Anisotropy

CMB dipole
103

—3354 mEE—— oo 3354 uK_CMB
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The origin of the CMB dipole ?

CME dipole

Dipole is purely Kinematic
Universe is anisotropic
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Comment on the Anisotropy of the Primeval Fireball*

P. J. E. PEEBLEST AND Davip T. WiLKINSONT
Palmer Physical Laboratory, Princeton University, Princeton, New Jersey 08540
(Received 17 June 1968)

7' (¢)=T(1—2*/c)Y?[1— (v/c) cost’ ]
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The origin of CMB dipole
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The origin of the CMB dipole r '

NATURE, VOL. 216, NOVEMBER 25, 1967

Peculiar Velocity of the Sun and its Relation "
to the Cosmic Microwave Background

by
J. M. STEWART
D. W. SCIAMA
VELOCITY OF
SUN RELATIVE ~

TO LSR
s ygiofITY OF SUN RELATIVE
70 SUPERCLUSTER.

7@ TANGENTIAL
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The origin of the CMB dipole

THE ASTROPHYSICAL JOURNAL, 294:81-95, 1985 July 1

THE INFALL VELOCITY TOWARD VIRGO, THE HUBBLE CONSTANT, AND A SEARCH FOR
MOTION TOWARD THE MICROWAVE BACKGROUND

G. A. TAMMANN!

Astronomisches Institut der Universitit Basel; and
European Southern Observatory

AND

ALLAN SANDAGE
Mount Wilson and Las Campanas Observatories of the Carnegie Institution of Washington

The best estimate of the infall of the Local Group toward Virgo of v,, = 220 km s~ ! is too small and is in
the wrong direction to explain the observed motion toward the MWB of 630 km s~ ! toward [ = 275° b = 30°
as seen from the centroid of the Local Group. A search for the motion of the Virgo Cluster frame itself of 500
km s~ ! toward [ = 274°, b = 12° (a direction found by subtracting our Virgocentric infall from the observed
MWB dipole), which is required to explain the data, neither confirms nor denies the existence of such a
motion of the Virgo complex carrying the Local Group with it. The presently known distance ratios to galaxies
in the shell between V = 2500 and V = 5000 km s~ ! are just sufficiently inaccurate for a definitive test.

Tammann
& Sandage (1985) also suggested the gravity of the Hydra-Centaurus super-
cluster as the cause of the Local Group’s motion relative to the CMB.
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The origin of the CMB dipole

Presidential Address of 1987 February 13: Light, Gravity and
Galaxy Streaming

D.Lynden-Bell
Institute of Astronomy, The Observatories, Madingley Road, Cambridge, CB3 oHA

(Received 1987 February 25)

Tammann
& Sandage (1985) also suggested the gravity of the Hydra-Centaurus super-
cluster as the cause of the Local Group’s motion relative to the CMB.

However, there is something not quite right
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Comment on the Anisotropy of the Primeval Fireball*

P. J. E. PEEBLEST AND Davip T. WiLKINSONT
Palmer Physical Laboratory, Princeton University, Princeton, New Jersey 08540
(Received 17 June 1968)

7' (¢)=T(1—2*/c)Y?[1— (v/c) cost’ ]

Pirsa: 23100099 Page 16/63



Pirsa: 23100099

Convergence to CMB dipole at great-attractor
Confirmed by Aaronson et al 1987, etc....
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The origin of the CMB dipole

Alan Dressler, Sandy Faber, David Burstein, Roger David, Donal Lynden-Bell, Terlevich, Gary Wagner
Seven Samurai , 1987
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Our data show that if the microwave dipole anisotropy is due to a motion of the Local Group of ~ 600
km s !, as conventionally interpreted, this motion is nor primarily the result of gravitational acceleration by
local (V¥ < 5000 km s~ !) mass concentrations.
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What does the Data say ?

Observational Probes:
(I) @, @, Z, d (distance catalogues)
(”) O, Q, Z (redshift surveys)

(”]) @, @ (Imaging surveys)
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Bulk flow of increasingly volume

Local Supercluster
z = 0.01

Virgo
Cluster

: CMB rest frame ?

Fornaz
Cluster
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Bulk flow of increasingly larger volume: CMB rest frame ?
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Real Data

¥ Galaxy

&
$
'
<&

Observer

Observational Probes:
(I) @, W, d (distance catalogues)
(”) @, @, Z (spectro surveys)

(I”) @, ) (imaging surveys)
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Bulk flow of increasingly larger volume: CMB rest frame ?
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|Bulk flow| from SNe Ia data
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Bulk flow direction from data
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Real Data

Observational Probes:
(l) O, @D, Z, d (sNela - catalogues)
(”) © , P, Z (redshift catalogues)

(”]) 9, @ (photometric catalogues)
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Test of cosmological principle : CMB rest frame

/00 [‘ T T T T T T T T Y T T —1
i :
| CMB dipole
600 |
500 |
@ 400 l y
£ L Shapley
= } —_ Hercules
o [ 1
S 300 ' + + Coma
=]
_- Per-Pis
200 Norma
: GA
100}
0 L it | S (NS | 1 S | 1 L 1 l 1 | E—
0 50 100 150
r (Mpc/h)

Cosmological principle:
rest-frame of high redshift “sources” = CMB rest frame
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2MRS redshift survey

(Huchra etal 2005,...)

Based upon the 2MASS photometric galaxy catalog , Full sky
~25000 galaxies, selected with Ks<11.25

~250 Mpc/h (z~0.08) deep , Distribution peaks at ~90 Mpc/h (z~0.03)

2MASS 2 Universe

L ——
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Velocity field of 2ZMRS: from great attractor to Shapley infall
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Test of cosmological principle : CMB rest frame
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Cosmological principle:
rest-frame of high redshift “sources” = CMB rest frame
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Test of cosmological principle : CMB rest frame

Vig (km/s)
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Cosmological principle:
rest-frame of high redshift “sources” = CMB rest frame
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Can we measure velocities from positions ?

Gaspard Monge (1781) Remblais

inf Jc(x, T(x))du(x)

r \ THu=n
/ Ny
>3

b

- B
det(V,, V, O(x)) = py(x).
Ve Fp s =N
‘ - a'.,I. i .
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Fluid dynamics in an expanding background

Mass Conservation :

p(x)dx = po(q)dg,

(3.1'j

_ px)
po(q)

x(g.1) =V,0(q.1)

Legendre transform

O(x) = m‘?x [qg-x—D(q)] ; ©g) = max [x-g—0O(x)]

o(x)dx
g(x) = V,O(x) |
I(92®(x, Nl p(x) TR
det = \
Oxi0x; Lo : .

Solve using the Optimal Transport theory
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Test of cosmological principle : CMB rest frame

/00 [‘ T T T T T T T T Y T T —1
i :
| CMB dipole
600 |
500 |
@ 400 l y
£ L Shapley
= } —_ Hercules
o [ 1
S 300 ' + + Coma
=]
_- Per-Pis
200 Norma
: GA
100}
0 L it | S (NS | 1 S | 1 L 1 l 1 | E—
0 50 100 150
r (Mpc/h)

Cosmological principle:
rest-frame of high redshift “sources” = CMB rest frame
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Test of cosmological principle : CMB rest frame
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Cosmological principle:
rest-frame of high redshift “sources” = CMB rest frame
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odF galaxy survey: bulk flow
2016
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Wide-field Infrared Survey Explorer

WISE :(Wright et al. 2010) & NEOWISE (Mainzer et al. 2011)

CatWISE : Eisenhardt et al 2020

positions and the four-band photometry for 747,634,026 objects

Full-sky mid-infrared survey in:

3.4um (W1)
4.6um (W2)
12um (W3)
22um (W4)

(2009 — present)
(2009 - present)
(2009 - 2010)
(2009 - 2010)
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The Dipole

Quasar Dipole = 0.01554, (1, b) = (238°. 2, 28° 8).

CMB dipole. =0.007, (1,b)=(276°, 30%)

| — —

Vi ) ~
66.7 source deg™* 69.8
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