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The Cosmological Principle and FLRW

LCDM cosmological standard model based on FLRW metric

J

Relies on Cosmological Principle Milne (1937)

deSitter (1934)

“All physical
quantities measured
by a comoving
observer are spatially
homogeneous and

Homogeneous [sotropic
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If all comoving observers see an isotropic CMB

then we must live In a Friedman Universe
Tauber&Weinberg (1961)

Ehlers et al. (1968)



The Cosmological Principle and FLRW

LCDM cosmological standard model based on FLRW metric

J

Relies on Cosmological Principle Milne (1937)

deSitter (1934)

“All physical
quantities measured
by a comoving
observer are spatially
homogeneous and

Homogeneous

1sotropic.” Not isotropic

Schwarz (2009) 3mK 0 +3mK

We are not comoving observers:

At least check for consistency CMB rest frame and matter rest frame




The kinematic matter dipole anomaly

letters to nature

A velocity dipole in the distribution
of radio galaxies

Chris Blake & Jasper Wall

=24+x(1+a)]-p

Astrophysics, Nuclear and Astrophysics Laboratory, University of Oxford,

For radio sources we find x ~ 1 and a ~ 0.75 Keble Road, Oxford OX1 3RH, UK

&
Our (sun’s) velocity wrt the CMB 1s 369km /s

The motion of our Galaxy through the Universe is reflected in a Z=
systematic shift in the temperature of the cosmic microwave
background' —because of the Doppler effect, the temperature of | -
the background is about 0.1 per cent higher in the direction of wo
motion, with a correspondingly lower temperature in the oppo-
site direction. This effect is known as dipole anisotropy. If our
standard cosmological model is correct, a related dipole effect
should also be present as an enhancement in the surface density of
distant galaxies in the direction of motion®. The main obstacle to
finding this signal is the uneven distribution of galaxies in the
local supercluster, which drowns out the small cosmological
signal. Here we report a detection of the expected cosmological
dipole anisotropy in the distribution of galaxies. We use a survey

— 2 of radio galaxies that are mainly located at cosmological distances,
1 1 X 1 O so the contamination from nearby clusters is small. When local
radio galaxies are removed from the sample, the resulting dipole is
in the same direction as the temperature anisotropy of the
microwave background, and close to the expected amplitude.
The result therefore confirms the standard cosmological inter-
pretation of the microwave background.

——

= Px~46%x107°

But Blake&Wall measure & 5, X

(at S>25 m]y, with ~large uncertainties, and with ~200,000 sources)




The kinematic matter dipole anomaly
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The kinematic matter dipole

Average spectral index

EHlS & Baldwm <1984~) Of source spectra

D= 2+x1+a)|p

Related to
magnification bias

“Tilde” quantities refer
to what we measure
(without redshifts!)
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The kinematic matter dipole

Average spectral index

EHlS & Baldwm <1984~) Of source spectra

D= 2+x1+a)|p

Related to
magnification bias

“Tilde” quantities refer
to what we measure
(without redshifts!)
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Redshift dependence

Average spectral index

Ellis & Baldwin (1984 / of source spectra

D= 2+X1+a)|p

Related to

rer  ne : “Tilde” quantities refer
magnification bias

to what we measure
(without redshifts!)

D = J dz (2)=2(2)

0



Redshift dependence

Average spectral index

Ellis & Baldwin (1984 / of source spectra

D= 2+x1+a)|p

Related to

rer  ne : “Tilde" quantities refer
magnification bias

to what we measure
(without redshifts!)

ﬁ kinematic dipole
(normalised) & J d per redshift

. 2 f(2)2(2)
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Redshift dependence

Ellis & Baldwin (1984 Maartens et al. (2017)
~ ~ _ H(2) 21 —x(2))
= |2 | D(z) = |24 + b,
D= 2+x1+a)|p @ o T o |
Are the observed quantities
enough to predict the dipole See also, Dalang & Bonvin (2022)
correctly?
ﬁ kinematic dipole
(normalised) & dz f(Z)QZ (Z) per redshift
redshift 0 ~_ _—

distribution



Redshift dependence

Ellis & Baldwin (1984 Nadolny et al. (2021)
D =[2+%1 +a)|p D@ = |3 +20)(1 + a(@) + 2
dlog(1 + z)
Are the observed quantities
enough to predict the dipole See also, Dalang & Bonvin (2022)
correctly?
ﬁ kinematic dipole
(normalised) & dz f(Z)QZ (Z) per redshift
redshift 0 ~_ _—

distribution



Redshift dependence

Ellis & Baldwin (1984)
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The expected kinematic matter dipole is robust against source evolution
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ﬁ kinematic dipole
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Redshift dependence

Ellis & Baldwin (1984)
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Redshift dependence

(1+2)=U+2)( —pfcosh)

(normalised)
redshift
distribution

ﬁ kinematic dipole
@) J d per redshift

0 \/



Redshift dependence

(1+2)=U+2)( —pfcosh)

(normalised)
redshift
distribution
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ﬁ kinematic dipole
@) [ d per redshift



Redshift dependence

(1+2)=U+2)( —pfcosh)

(normalised)
redshift
distribution
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ﬁ kinematic dipole
@) J d per redshift



Redshift tomography

Redshift tomography of the kinematic matter dipole

vy Sebastian von Hausegger!:*| and Charles Dalang®3-[|

~ I Department of Physics, University of Oxford, Parks Road, Oxford OXI 3PU, United Kingdom
2School of Mathematical Sciences, Queen Mary University of London,
Mile End Road, London EI 4NS, United Kingdom

3 Institute of Cosmology and Gravitation, University of Portsmouth,
Burnaby Road, Portsmouth PO1 3FX, United Kingdom

arXiv:241 1 .xxxx

[

6) kinematic dipole
(normalised) Y = dz 1,(2)D(2) per redshift
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Redshift tomography

Additional
“boundary termﬁ

D= 24+%1+a)+ (1 + 2k Zzﬁ
<]
= B(z, 2p)
ﬁ kinematic dipole
(normalised) Y = J dz fb(z)@(z) per redshift
redshift Z1 \/

distribution



Redshift tomography

Additional
“boundary termﬁ
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Redshift tomography

Additional
“boundary termﬁ

D = 2+ %1+ a) + (1 + 2f(2)
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Z
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Gaussian redshift
distributions




Redshift tomography

NVSS redshift
distribution

D =24+ %1+a)+ (1 + 2k
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Redshift tomography — Selection functions

2 Top-hat in phot-Z
W, (2) = [ dz’ P(7,z) 9ives selection

2 ; W, in spec-Z
) 1

Redshift _
distribution np(2) = () Wy(2)

g - > dlog W(z)
D =12 1 _
[ + X(1 + @) L deb(Z)dlog(l +Z)] i

General

Q\ “boundary term”



Redshift tomography with SKA
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Harrison et al. (2016) Ellis&Baldwin signal adds boundary terms



Some requirements for Science Book Chapter

Number counts — Which number densities can AA4 provide?

(Shot noise, sky coverage,
contaminants/systematics...)

Redshift tomography — Which accuracy for redshift distributions?

(cross-matched spec-z sample,
estimate biases...)



Future directions (also for Science Book Chapter)

Flux cut dependence of the kinematic matter dipole
Also dependent on

D(Sx) = [2 + X(5:)(1 + &(S*))] p luminosity function
— but projected

V\COU/MS sufficient
—x log Sy + const.
o \ SVH (2024) [arXiv:2404.07929)]

/

log [AN/dS2(S > S,)]




Future directions (also for Science Book Chapter)

Flux cut dependence of the Redshift cut dependence of the
kinematic matter dipole kinematic matter dipole
s g-f‘ﬁﬁ'z - 2502— IIIIIIIIIIIIIIIIIIIIIIIII
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lower flux density limit [uly]

from Science Book and Red Book



Future directions (also for Science Book Chapter)

Kinematic matter dipole in Hi

H
Dy = [3"'__1%],5

Dependent on H

luminosity func\tiy
Maartens et al. (2017)



Specific take aways

SvH & Dalang (2024) [arXiv:241 [ .xxxx]

The matter dipole in redshift bins is not the same as expected
from Ellis&Baldwin alone

Strong dependency on redshift distribution (at edges of bins)

Photometric measurements require modelling of W(z)

SKA but also Euclid, SPHEREX, and LSST will leverage this



