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Introduction



A refresher...



The Kinematic Dipole

e Imprinted on the CMB is a dipole (AT /T ~ 1073).

Figure 1: CMB temperature map (dipole included; BeyondPlanck).



The Kinematic Dipole

e This is thought to be kinematic in origin.

vems & 370 km s !

Figure 1: CMB temperature map (dipole included; BeyondPlanck). %: dipole
direction.
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The Ellis & Baldwin (1984) Dipole

Based on special relatavistic
arguments, our motion induces a
dipole in source density.
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The Ellis & Baldwin (1984) Dipole

Based on special relatavistic
arguments, our motion induces a
dipole in source density.

The anticipated dipole
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The Ellis & Baldwin (1984) Dipole

Based on special relatavistic
arguments, our motion induces a
dipole in source density.

The anticipated dipole

[ | _
Redshift Blueshift amplitude:

: VcMB

N(> S) : Deve = 2+ x (L+0)] =2~

N(>S) xS,
Typical values are 0.004 — 0.007.

This is a 0.5% effect!
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The Dipole Tension

D Measurements The cosmic dipole in the Quaia sample of quasars: a Bayesian analysis
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Figure 2: Top: Literature values for D (10); our
studies in red. Right: Dipole direction results 1=0° 330° 300° 270° 240° 210°
from our studies.
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What is going on here? Is this a genuine
tension or are there systematics?



CatWISE2020 and Multipoles

CatWISE2020 has a known ecliptic bias
— quadrupole (¢ = 2).
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CatWISE2020 and Multipoles

CatWISE2020 has a known ecliptic bias
— quadrupole (¢ = 2).

But what if there are additional, higher
order multipoles on a masked sky?
Mode coupling; power leakage.

Figure 3: Plots from Abghari et al. (2024). Right:
Smoothed CatWISE density map & scanning law.
Bottom: Effect of additional multipoles on D.
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Let’s investigate...



Method




Defining a Dipole

We can use the explicit spherical
harmonics functions... But is there a
better way?
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Defining a Dipole

We can use the explicit spherical
harmonics functions... But is there a
better way?

What does it take to define a
dipole?

We need three parameters: an
amplitude and two for the direction.

E[N]] = N(1+d-p)
= N(1+ Dcosb;)




Counting Above /=1

MONOPOLE

¢ = 0: monopole,
1 parameter




Counting Above /=1

DIPOLE

e

¢ =1: dipole,
3 parameters




Counting Above /=1

QUADRUPOLE
i | < QUADRUPOLE

¢ = 2: quadrupole,
5 parameters




Counting Above /=1

OCTUPOLE

-

OCTUPOLE
OCTUPOLE

¢ = 3: octupole,
7 parameters




Counting Above /=1

HEXADECAPOLE

-

HEXADECAPOLE

HEXADECAPOLE

HEXADECAPOLE

¢ = 4: hexadecapole,
9 parameters




We can combine multipoles!

\ —® - Angular Power C;

-0.0234392 0.0242784 0 T T T

Figure 4: Left: Multipole signal f,,;. made by summing contributions from the £ =1,
{=2,4=3,¢=6, ¢ =7 and £ =8 multipoles. Right: Power spectrum computed
from the map above (Oayda et al., submitted).
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For an /-pole, we need ¢ unit vectors.
We have 2¢ + 1 parameters (1 amplitude; 2¢ direction).

Dipole = dipole vector.

d="Dd
faip. = cljﬁ’ = Dcosl

Multipole = rank-{ tensor.

tracefree & symmetric component
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For an /-pole, we need ¢ unit vectors.
We have 2¢ + 1 parameters (1 amplitude; 2¢ direction).

Dipole = dipole vector.

d="Dd
faip. = clJ/SJ = Dcosl

Multipole = rank-{ tensor.

tracefree & symmetric component

~

My iy = MO [(A1)i(A2)y - .- (Ae)i,] = M(K)Miliz...;[
fenute. = M(K)Milfz-..igﬁilp\ij T ﬁi"'.

This technique (‘traceless symmetric tensor method’) has some pedigree.



Using Simulations

1: Dipole Sy: Quadrupole S3: Dipole & Quad.  Sy: Dipole & Oct.
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Figure 5: Sample templates constructed and tested (Oayda et al., submitted).



Question: can we disentangle dipoles & higher
order multipoles on masked skies?



Results




Dipole & Quadrupole

Figure 6: Results from the fit to sample S3 (Oayda et al., submitted).
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The dipole & quadrupole are disentangled from each other!



Dipole & Octupole

Figure 7: Results from the fit to sample S; (Oayda et al., submitted).
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Discussion & Conclusions
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approach is robust against power leakage.
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Discussion & Conclusions

1. We can separate dipoles and multipoles on masked skies; our
approach is robust against power leakage.

2. We can use this approach as a diagnostic tool. For example...
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Figure 8:

10 mJy < Sipe. < 1000 mJy.
Smoothed RACS-mid maps
(Galactic coordinates). Top:
RACS-mid. Bottom: RACS-mid
convolved to 25" common
resolution.
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Conclusion

This will help us asses the ro-
bustness of the dipole tension.

In so doing, we interrogate
the basis of the cosmological
principle.



Any questions?
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