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Dipole and the Cosmological Principle

Planck - 2018

 The most perfect Black Body observed in nature.
 T=2.725K (after expansion, ~3000K on release)
 Very isotropic (1/100000) → Evidence of cosmological principle.

Hot and cold 
regions due to 
acoustic 
oscillations and 
SW effect



  

Dipole and the Cosmological Principle
 The most perfect Black Body observed in nature.
 T=2.725K (after expansion, ~3000K on release)
 Very isotropic (1/100000) + Dipole (1/1000)
 This is after remove the Dipole modulation due to our peculiar velocity (assuming isotropy). 



  

The CMB Dipole
 The most perfect Black Body observed in nature.
 T=2.725K (after expansion, ~3000K on release)
 Very isotropic (1/100000) + Dipole (1/1000)
 This is after remove the Dipole modulation due to our peculiar velocity

 → Just due to our movement? 

If you expand in multipoles a temperature map with Doppler 
modulation:

√(1−β2)

T(θ)=T0 (1−βcosθ)Planck Collaboration, 2018 (Adapted)

Experiment VelocityAmplitude



  

The CMB Dipole
But part of the Dipole could be intrinsic!

We need another way to measure our     (in relation to CMB), independently 
from the dipole. If it’s different from Dipole we have a intrinsic Dipole.

β

Anomalies and expected Dipole
The standard cosmological model expect a 10-5 intrinsic dipole. 
However, the CMB has some anomalies, like:

→Cold spot
→Low multipole alignments
→Hemispherical & Parity Asymmetry

So, it’s important to test it largest possible scale, the intrinsic dipole!

→Cold spot
→Low multipole alignments
→Hemispherical & Parity Asymmetry



  

The CMB intrinsic Dipole – Important feature
An intrinsic Dipole could give important information about the very 
primordial universe and large structure.

 Tilted universe (Could occur if inflation takes ∼10 e-foldings longer than required 
to solve the horizon problem and is related to superhorizon isocurvature perturbati-
ons. Leads to a cosmic “bulk flow” of galaxies and clusters) 

 Large scale dipolar gravitational potential
 Privileged direction of universe 
 Void effects
 Improve redshift measurements (                          ) 
 Comparison with other observables dipoles and velocities

 Primordial non-Gaussianity (by measuring Doppler modulation)

zObserved→ zCosmological

 Important test of the cosmological principle



  

Boosting the CMB – Different signatures of the effects 
Healpix Boost (modified version) – Signature on Pixel space

Doppler

Aberration Aberration+Doppler



  

Signature in the harmonic space - Spherical Harmonics (SH)

Non-diagonal correlations → independent from the dipole

Aberration and Doppler effects on harmonic space. 

Spherical Harmonics: like Fourier but over the sphere



  

Signature in the harmonic space - Spherical Harmonics (SH)

Amendola et al., 2010, find an estimator using non-diagonal correlations effect 
over the 2-point function:

It works for 
temperature and 
polarization, and 
it’s possible to 
measure aberration 
and Doppler 
independently.

Expected 2-point correlation
Observed 2-point correlation

Starting with ℓ > 2
To avoid dipole



  

Expected error – with Planck PR3-2018 data

ℓmax < 2000 ℓmax < 1200

TE+ET is hard to use due to difficulties in how to reproduce one  systematic (DD) and has strong correlation 
between Ab and Dopp. Will be left for future works. 

Noise and mask (considering Master Matrix) is considered on the estimator as an isotropic 
effect→This will introduce bias that will be removed using mock simulations  (including 
mask, realistic noise, realistic beaming and Planck systematical errors) training (simple 
linear bias by angular scale). Also, we remove the correlation between Ab. and Dopp. 
using such simulations.

Statistical 

Systematical due to isotropic approximation



  

Dipole Distortions (DD) – Systematical effects on data
Included on simulations and bias fitting, 
considering ℓ dependence.

Degenerate with Doppler but don’t give any new information 
(only leakage of the dipole), should be removed.

for ℓ>2



  

Boost or intrinsic Dipole? - Degenerated effects
Dipole vs off-diagonal couplings:

Non-Gaussianity factor

Lensing Dipole

Without NG Doppler is completely 
degenerated with the Dipole!

Absolute value can be estimated using Planck 
cosmological parameters (17% of Dipole va-
lue). Can be measured using large scale struc-
ture.

Measuring Aberration and Doppler independently, and estimating Ld, we can solve this 
system and measure the intrinsic dipole!

December 2021



  

Final combined TT+EE results
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Strongly Favors kinematic hypothesis



  

The CMB Intrinsic Dipole

Experiment

Consistent with zero, here is the absolute value upper bound. Not a very strong cons-
traint, but the first physical constraint, and helps constraints results on other sour-
ces like galaxies dipoles. 



  

Comparing with dipole measurements on other observables
Comparing with dipole measurements in other observables
Using high-z data like radio galaxies, quasars, SNe, galaxies on optical... should give the same 
v. Some of the newest measurements using quasars and radio measure v in the same direction 
but with absolute value of 800~1000 km/s.

Why this difference? Is it a systematical? Is it due somehow to universe evolution? Or a 
problem with the methodology? The mystery remains.

Comparing with CMB results we have ~5σ tension.

A very fine tuned scenario where the intrinsic dipole is in the opposite direction and we have a higher 
velocity (compatible with radio and quasars results) summing a smaller total dipole (that would be 
wrongly interpreted as a incompatible velocity) is not more possible.



  

Both Doppler and aberration effects should be present in all cosmological observables. 
● The SKA telescope is predicted to measure our velocity with 10% precision [52]. 
● Both secular extragalactic parallax measurements using GAIA and future CMB 

experiments are expected to provide a similar precision (10%). 
● Other proposed ways to measure the intrinsic CMB dipole includes the spectral distortions 

of the monopole and quadrupole in future spectrometric CMB instruments and the induced 
effect on the lensing of the CMB for  ℓ>3000.
In the near future will be possible to exclude exotic scenarios with ~1 mK intrinsic 
dipole with this method.

Perspectives

As very important feature 
of the universe we should 
try to measure it with 
several methods to avoid 
any bias or systematic 
and compare with diffe-
rent observables.

~3x improvement on intrinsic 
dipole constraint and Boost 
measurement.



  

● For the first time we put an upper bound in the intrinsic dipole and 
measure aberration and Doppler independently from the dipole using 
temperature and polarization data, considering the lensing dipole 
and non-gaussianity (degenerated with Aberration and Doppler). 

● The results are consistent with the peculiar velocity hypothesis of 
the dipole.

● These findings exclude for instance the possibility of a 800 1000 ∼
km/s value (in the same direction) obtained in many Cosmic Radio 
dipole measurements. Why this difference? 

Conclusions
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Questions are welcome!

pferreira@ov.ufrj.br
pdsf.ufrj@gmail.com



  

Previous Measurements and our improvements
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Not complete removal of DD, only boost (Doppler=Aberration), not complete treatment of 
degeneracy of aberration and Doppler with other effects, and only for temperature. Just 
consider velocity on dipole direction.

A&A 2020

A&A 2013



  

        Bias and Correlation
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Correlated vectors
calculated using 
the sum of the 
unbiased bins.



  

Comparision between pipelines
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Very robust



  

Forecasts - Statistical error (Simons, CMB-S4 vs Ideal)



  

Statistical error (Planck vs. Ideal)



  

Expected error by ℓ 
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Expected error by ℓ 
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Dipole Distortions (DD)
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