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Evidence of dark matter at different length scales(kpc-Gpc)
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Dark matter is important for structure formation 
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We may know dark matter 
properties from the perturbations
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Cosmological principles

Modern cosmology is based on the cosmological principle:

On a large enough scale, the Universe is 
homogeneous and isotropic

Friedmann-Robertson-Walker (FRW) metric
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Cosmological principles
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Observations support cosmological principle
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Cosmological principles

cosmic microwave background
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Dipole from CMB

Minus 370 km/s

plus inpainting

�T = 3.35mK

�T = 18µK
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We are not the “rest” observer

Dipole in radio sources(distant galaxies)

Dipole from CMB
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Testing the cosmological principle

We should observe the dipole anisotropy of discrete objects (galaxies, quasars)

Ellis & Baldwin (1984): for sources in a flux-limited catalog

Typical values  x= 0.7 to 1.1, alpha= - 0.9 to -0.7  

+ aberration & Doppler boosting
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d

NVSS - NRAO VLA Sky Survey Catalog

Dipole ~ 2-3 times larger than expectation (0.0046)

Testing the cosmological principle

Similar direction to the CMB dipole.
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systematically independent quasar catalog

Wide-field Infrared Survey Explorer (WISE)

Testing the cosmological principle

d

4.9 sigma deviation

Similar direction

Much faster than expected
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How to explain the inconsistence?

Or dipole cosmology?

Are we living in a large void?
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How to explain the inconsistence?

Before giving up the cosmological principle, can we explain it 

from the perturbed FRW?

Anisotropies at CMB (commonly believed from the inflation)

�� ⇠ H/2⇡
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Perturbations at super horizon scale 

Inflation Perturbations at super horizon scale 

If we are living in a large super horizon mode, there may be a dipole 

Our observed universe
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1996’

Perturbations at super horizon scale 

We can not observe this dipole from CMB if the perturbation is adiabatic 

However, if there is entropy(isocurvature) mode at super horizon scale, 
an intrinsic dipole appears in CMB
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Adiabatic/curvature vs entropy/isocurvature perturbation
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Single field inflation only generates 

adiabatic perturbation

Thermal(for example, WIMP) dark matter only 
generates very tiny entropy perturbation

dark matter and radiation share same fluctuation

dark matter and radiation have different fluctuations

For radiation dominated universe
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Adiabatic/curvature vs entropy/isocurvature perturbation

The contribution of galaxy number counts, seems complicated 

They all cancel at an order krdec

Minimal contribution at an order of (krdec)
3

For krdec ⌧ 1 no effect on galaxy number count dipole
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One solution to the cosmic dipole problem

CMB dipole

Galaxy number count dipole

If there is intrinsic dipole in CMB, it cancels part of kinematic dipole

a rather large S is needed

DCMB
1 ⇠ 0.18krdecS,1 > 8⇥ 10�4

For single super-horizon mode k, 



QCD axion dark matter and the cosmic dipole problem 19

 Obviously thermal dark matter can not work

What is the origin of the isocurvature/entropy mode?

Axion dark matter is one of the candidate
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Axion dark matter

During inflation

Limit on the large isocurvature from CMB for theta O(1)

H/fa < 10�5
S ⇠ H
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It is too small to explain the dipole problem by axion
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Axion dark matter

If the radial mode vary in the early universe(during inflation)

' from a small value around H  to a large value f
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The model

Potential

initial phi should around H�⇢/⇢ =
H

⇡'

f
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A model of large isocurvature

Small lambda, longer stay at small value

f
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Axion model to explain dipole problem 
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Isocurvature limit
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rdec= 14.1 Gpc z=1(3.4 Gpc)

7⇥ 10�10 < � < 6.6⇥ 10�5

Only two parameters

(1) when to start?(super horizon size)

(2) how long it takes?(lambda)
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Summary

• Recently a cosmic dipole problem is reported

• The dipole may point the first evidence of axion

• If it origins from dark matter isocurvature, thermal 
dark matter is not favored
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Steven Weinberg, Gravitation and Cosmology (1972)
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Statistics in CMB

l=0,1,2,3…  monopole, dipole, quadrupole…
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Aberration & Doppler boosting

Aberration: object positions compressed 
in direction of motion

Doppler boosting: too-faint objects 
boosted into catalog flux limit

Galaxies / quasars in CMB “rest frame”

From Nathan Secrest
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One solution to the dipole problem

JCAP 10 (2022) 019

The isocurvature mode should be large O(0.1-1)
Considering a single mode of isocurvature to avoid multipole limit
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Perturbations at super horizon scale 

Adiabatic perturbation 

Our observed universe

us

v

CMB：T < Taverage

Pulling us, we see T > Taverage

Two effect just cancel exactly!

Our observed universe

v

us

Entropy perturbation 

Intrinsic dipole in CMBCancelation also happen for galaxy number count!

No effect on galaxy number count 

Can not cancel exactly in CMB
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What is the origin of the isocurvature mode?

For theta around O(0.1-1) and axion be the dark matter fa ⇠ 1011�14 GeV

The landscape of QCD axion models, L. Luzio, 
M. Giannotti, E. Nardi, L. Visinelli
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Axion model to explain dipole problem 


