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The Cosmological Principle and FLRW

“All physical 
quantities measured 

by a comoving 
observer are spatially 

homogeneous and 
isotropic.”

LCDM cosmological standard model based on FLRW metric

Relies on Cosmological Principle

If all comoving observers see an isotropic CMB  
then we must live in a Friedman Universe

Tauber&Weinberg (1961) 
Ehlers et al. (1968)

Schwarz (2009)

Milne (1937)  
deSitter (1934)
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The Cosmological Principle and FLRW

“All physical 
quantities measured 

by a comoving 
observer are spatially 

homogeneous and 
isotropic.”

LCDM cosmological standard model based on FLRW metric

Relies on Cosmological Principle

We are not comoving observers:

Schwarz (2009)

Milne (1937)  
deSitter (1934)

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



𝒟 = [2 + x(1 + α)] ⋅ β

For radio sources we find  and  
& 

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

x ≈ 1 α ≈ 0.75

⇒ 𝒟 ≈ 4.6 × 10−3

But Blake&Wall measure  
(at S>25 mJy, with ~large uncertainties, and with ~200,000 sources)

𝒟BW ≈ 1.1 × 10−2

National Radio Astronomy 
Observatory 

The kinematic matter dipole anomaly



The kinematic matter dipole anomaly

Wagenveld et al. (2024)



The kinematic matter dipole

Ellis & Baldwin (1984)

�̃� = [2 + x̃(1 + α̃)] β

Related to 
magnification bias

Average spectral index 
of source spectra

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



Redshift dependence

Ellis & Baldwin (1984)

�̃� = [2 + x̃(1 + α̃)] β

Related to 
magnification bias

Average spectral index 
of source spectra

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

𝒟 = ∫
∞

0
dz f(z)𝒟(z)



Ellis & Baldwin (1984)

�̃� = [2 + x̃(1 + α̃)] β

Related to 
magnification bias

Average spectral index 
of source spectra

“Tilde" quantities refer 
to what we measure 
(without redshifts!)

𝒟 = ∫
∞

0
dz f(z)𝒟(z)

kinematic dipole 
per redshift (normalised) 

redshift 
distribution

Redshift dependence



Maartens et al. (2017)

𝒟(z) = [2 +
·ℋ(z)

ℋ2(z) + 2(1 − x(z))
r(z)ℋ(z) − be(z)] β�̃� = [2 + x̃(1 + α̃)] β

Are the observed quantities 
enough to predict the dipole 
correctly?

See also, Dalang & Bonvin (2022)

Ellis & Baldwin (1984)

𝒟 = ∫
∞

0
dz f(z)𝒟(z)

kinematic dipole 
per redshift (normalised) 

redshift 
distribution

Redshift dependence



Nadolny et al. (2021)

𝒟(z) = [3 + x(z)(1 + α(z)) + d log n(z)
d log(1 + z) ] β

𝒟 = ∫
∞

0
dz f(z)𝒟(z)

kinematic dipole 
per redshift (normalised) 

redshift 
distribution

�̃� = [2 + x̃(1 + α̃)] β

Are the observed quantities 
enough to predict the dipole 
correctly?

See also, Dalang & Bonvin (2022)

Ellis & Baldwin (1984)

Redshift dependence



𝒟 = ∫
∞

0
dz f(z)𝒟(z)

kinematic dipole 
per redshift (normalised) 

redshift 
distribution

�̃� = [2 + x̃(1 + α̃)] β

Are the observed quantities 
enough to predict the dipole 
correctly?

Yes!

Ellis & Baldwin (1984)

Redshift dependence

arXiv:2404.07929



𝒟 = ∫
∞

0
dz f(z)𝒟(z)

kinematic dipole 
per redshift (normalised) 

redshift 
distribution

�̃� = [2 + x̃(1 + α̃)] β

Are the observed quantities 
enough to predict the dipole 
correctly?

Yes!

Ellis & Baldwin (1984)

Redshift dependence

arXiv:2404.07929



𝒟 = ∫
∞

0
dz f(z)𝒟(z)

kinematic dipole 
per redshift (normalised) 

redshift 
distribution

Redshift dependence

(1 + z̃) = (1 + z)(1 − β cos θ)



𝒟 = ∫
z2

z1

dz fb(z)𝒟(z)
kinematic dipole 

per redshift (normalised) 
redshift 
distribution

Redshift dependence

(1 + z̃) = (1 + z)(1 − β cos θ)



𝒟 = ∫
z2

z1

dz fb(z)𝒟(z)
kinematic dipole 

per redshift (normalised) 
redshift 
distribution

Redshift dependence

(1 + z̃) = (1 + z)(1 − β cos θ)



𝒟 = ∫
z2

z1

dz fb(z)𝒟(z)
kinematic dipole 

per redshift (normalised) 
redshift 
distribution

Redshift tomography

arXiv:2411.xxxx



𝒟 = ∫
z2

z1

dz fb(z)𝒟(z)
kinematic dipole 

per redshift (normalised) 
redshift 
distribution

Redshift tomography

𝒟 = [2 + x̃(1 + α̃) + (1 + z)fb(z)
z2

z1
β

≡ B(z1, z2)

Additional 
“boundary term”



Redshift tomography

𝒟 = [2 + x̃(1 + α̃) + (1 + z)fb(z)
z2

z1
β
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Redshift tomography

𝒟 = [2 + x̃(1 + α̃) + (1 + z)fb(z)
z2

z1
β

Gaussian redshift 
distributions

Additional 
“boundary term”
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𝒟 = [2 + x̃(1 + α̃) + (1 + z)fb(z)
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β

NVSS redshift 
distribution 

Additional 
“boundary term”



𝒟 = [2 + x̃(1 + α̃) − ∫
∞

0
dz fb(z) d log W(z)

d log(1 + z) ] β

Redshift tomography — Selection functions

Wb(z) = ∫
z2

z1

dz′ P(z′ , z)

nb(z) = n(z)Wb(z)

Top-hat in phot-  
gives selection 

 in spec-

z

Wb z

Redshift 
distribution

General 
“boundary term”



Redshift tomography with SKA
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Boundary terms’ size 
comparable to 

Ellis&Baldwin signal

Redshift cuts to 
remove contamination 
adds boundary terms



Some requirements for Science Book Chapter

Number counts — Which number densities can AA4 provide?

Redshift tomography — Which accuracy for redshift distributions?

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

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



 

Future directions (also for Science Book Chapter)

Flux cut dependence of the kinematic matter dipole

𝒟(S*) = [2 + x̃(S*)(1 + α̃(S*))] β Also dependent on  
luminosity function 

— but projected 
counts sufficient

log S§

lo
g

[ d
N

/d
≠

(S
>

S
§)

]

Strue
§

°x̃ log S§ + const.

SvH (2024) [arXiv:2404.07929]



Future directions (also for Science Book Chapter)

Flux cut dependence of the 
kinematic matter dipole

Redshift cut dependence of the 
kinematic matter dipole

from Science Book and Red Book



 
 
 
 
 

Maartens et al. (2017) 

Future directions (also for Science Book Chapter)

Kinematic matter dipole in HI
𝒟IM = [3 +

·H
H

− be] β
Dependent on  

luminosity function



Specific take aways

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

Photometric measurements require modelling of W(z)

Strong dependency on redshift distribution (at edges of bins)

SvH & Dalang (2024) [arXiv:2411.xxxx]

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


