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Simulation-based inference resolves
systematics.



The Kinematic Dipole

CMB temperature map (Planck satellite)



inematic Dipole

CMB as a sphere

3.1



inematic Dipole

CMB as a sphere (Earth inside)

3.2
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We're moving through the Universe!

3.3



The Kinematic Dipole

Kinematic dipole as a sphere (Earth inside)
3.4



Counting Galaxies

146

Number of galaxies

61
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Special Relativity

Aberration Doppler boosting
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Special Relativity

Aberration Doppler boosting

x*

Speed (c) 0.025
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Special Relativity

Aberration Doppler boosting

*

Speed (c) mm— 0.244
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Special Relativity

Aberration Doppler boosting

*

Speed (c) m—— 0.462
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Special Relativity

Aberration Doppler boosting

*

Speed (c) m———— 0.681
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Special Relativity

Aberration Doppler boosting

Speed (c) s | 0.9
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Special Relativity

Aberration

Speed (c) m——————————

Doppler boosting

. Rest frame . Observer frame

M Count in each flux bin
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Special Relativity

Aberration

Speed (c) m——————————

Doppler boosting

. Rest frame . Observer frame

M Count in each flux bin
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Special Relativity

Aberration

Doppler boosting

. Rest frame . Observer frame

M Count in each flux bin
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Special Relativity

Aberration

Doppler boosting

. Rest frame . Observer frame

M Count in each flux bin
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Special Relativity

Aberration

Doppler boosting

. Rest frame . Observer frame

M Count in each flux bin
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The Amplitude Excess

Joint radio

147 MHz

325 MHz

843 MHz

888 MHz

1.27 GHz

1.4 GHz

88.2 THz

445 THz

0123456 78 910111213141516
D/Dcms

The cosmic dipole should be consistent with the CMB dipole. 6
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The Amplitude Excess

Joint radio

147 MHz

325 MHz

Blake+-02

843 MHz

888 MHz

1.27 GHz

1.4 GHz

88.2 THz

445 THz

0123456 78 910111213141516
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All is well! 6.1



The Amplitude Excess
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The Amplitude Excess
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Focus: Secrest+21/22, CatWISE2020 6.3



The CatWISE Sample
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The CatWISE Sample
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Correcting for the Bias
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Correcting for the Bias
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Null hypothesis test for the dipole amplitude 8.2
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Is it good enough to make an ad hoc
correction after the fact?



WISE's Scanning Law




WISE's Scanning Law

Frames over 1 orbit

10.1



WISE's Scanning Law

Frames over 2 orbits



WISE's Scanning Law

Frames over 2 orbits 20 days apart

10.3



WISE's Scanning Law

Frames over 2 orbits 20 days apart

Obeys a scanning law over the survey’s lifetime

10.4
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Photometric Errors

101

W1 Coverage 859

WISE coverage in W1 band for the Secrest+21 sample

11



Photometric Errors

0.108 0.214

W1 Error (%)

Source photometric error (%) in W1 band for the Secrest+21 sample



Photometric Errors

54.7 58

Averaged source count (CatWISE)

CatWISE quasar map, no linear weighting



Eddington Bias

Sampled flux = True flux 4+ Noise
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Eddington Bias

Sampled flux = True flux 4+ Noise
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Eddington Bias

Sampled flux = True flux 4+ Noise
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Eddington Bias

Sampled flux = True flux 4+ Noise

Flux cut ee——— 2.06 NOISE e— 0.75
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Eddington Bias

Sampled flux = True flux 4+ Noise
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Eddington Bias

Sampled flux = True flux 4+ Noise
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Eddington Bias

Sampled flux = True flux 4+ Noise
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Eddington Bias

Sampled flux = True flux 4+ Noise

Flux cut ee——— 2.06 NoISE e ————— 1 5()

1 Count in each flux bin
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What If the noise varies over the sky? &

12.7



This is just something we can simulate!



Simulations

[ Draw sources on isotropic sky ]

& sample magnitudes

14



Simulations

Draw sources on isotropic sky
& sample magnitudes

y

Do special relativity

141



Simulations

4 )
Draw sources on isotropic sky Median W1 error
o 0.012 0.02 0.03 0.04 0.05 0.06
& sample magnitudes
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Do special relativity

Add photometric errors
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W1 magnitude
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Simulations

Draw sources on isotropic sky
& sample magnitudes

y

Do special relativity

4

Add photometric errors

Make magnitude cuts & mask

14.3



Simulations

Draw sources on isotropic sky
& sample magnitudes

/

Do special relativity

A4

Add photometric errors

4

Make magnitude cuts & mask

G J
_ ) . B ]
. i Averaged source count (CatSIM) >8
Output: CatSIM density map
N J Simulated quasar map
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Simulations

Draw sources on isotropic sky
& sample magnitudes

/

Do special relativity

A4

Add photometric errors

4

Make magnitude cuts & mask

) B ]

i b 5 58
Averaged source count (CatWISE)

Output: CatSIM density map

-
\_

Actual quasar map
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Thing Left To Do...
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One Thing Left To Do
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One Thing Left To Do...

Prior X Likelihood
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One Thing Left To Do...
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One Thing Left To Do...

e Don't know £? No problem!

— « far: parameters — data.

- o Use a neural network to learn L. |8
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One Thing Left To Do...

e Don't know £? No problem!

— « far: parameters — data.

- o Use a neural network to learn L. |8

e This Is SBI.
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Normalising Flows



Normalising Flows

e Goal: describe the distribution L(x | @) for data @ and parameters 0

16.1
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Normalising Flows

e Goal: describe the distribution L(x | @) for data @ and parameters 0

e We use a series of Masked Autoregressive Flows (MAFs).

16.2
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Normalising Flows

e Goal: describe the distribution L(x | @) for data @ and parameters 8
e We use a series of Masked Autoregressive Flows (MAFs).

e Aflow transforms a simple distribution into a complex one.

16.3
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Normalising Flows

e Goal: describe the distribution L(x | @) for data @ and parameters 0

e We use a series of Masked Autoregressive Flows (MAFs).

e Aflow transforms a simple distribution into a complex one.

) — T1

15

'

log | det Jr, (zo0)| + log|detJp,(z1)] + -

'

Tk

'

+ log|detJr, (zx-1)| = log|detJr(zo)]

Composing individual bijections, adapted from Papamakarios et al. (2019).

16.4
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Normalising Flows

e Goal: describe the distribution L(x | @) for data @ and parameters 0
e We use a series of Masked Autoregressive Flows (MAFs).

e Aflow transforms a simple distribution into a complex one.

Composing individual bijections, adapted from Papamakarios et al. (2019).

16.5
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The Nuts & Bolts

Algorithm: Sequential Neural Likelihood Estimator (SNLE)

Input: observation &g, prior 7, simulator fas PO | o) m(6) x - J (20, 0)
Output: posterior P, evidence Z 0

17



The Nuts & Bolts

Algorithm: Sequential Neural Likelihood Estimator (SNLE)

Input: observation &g, prior 7, simulator fas -
Output: posterior P, evidence Z2 Z(xo)

Let proposal = prior

17.1



The Nuts & Bolts

Algorithm: Sequential Neural Likelihood Estimator (SNLE)

Input: observation &g, prior 7, simulator fas
Output: posterior P, evidence Z2

for each training round:

17.2



The Nuts & Bolts

Algorithm: Sequential Neural Likelihood Estimator (SNLE)

Input: observation &g, prior 7, simulator fas
Output: posterior P, evidence Z2

for each training round:

for each simulation this round:

17.3



The Nuts & Bolts

Algorithm: Sequential Neural Likelihood Estimator (SNLE)

Input: observation &g, prior 7, simulator fas
Output: posterior P, evidence Z2

for each training round:
for each simulation this round:

‘ sample @ < proposal

17.4



The Nuts & Bolts

Algorithm: Sequential Neural Likelihood Estimator (SNLE)

Input: observation &g, prior 7, simulator fas
Output: posterior P, evidence Z2

for each training round:

for each simulation this round:

simulate & = f7(0)

17.5



The Nuts & Bolts

Algorithm: Sequential Neural Likelihood Estimator (SNLE)

Input: observation &g, prior 7, simulator fas
Output: posterior P, evidence Z2

for each training round:

‘ for each simulation this round:

‘ ’ append the (@, @) pair

17.6



The Nuts & Bolts

Algorithm: Sequential Neural Likelihood Estimator (SNLE)

Input: observation &g, prior 7, simulator fas ’P(G | - ) . 71'(9) X - j(wan)
Output: posterior P, evidence Z 2 Z(xp) - Z
1 N
for each training round: Loss(¢) = N Zln
i=1
~ —Ej [11’1 ]
= E, [Dgy (L || L4)] + const.

learn approx. using all pairs

17.7



The Nuts & Bolts

Algorithm: Sequential Neural Likelihood Estimator (SNLE)

Input: observation &g, prior 7, simulator fas ’P(H | 330) 7"(0) X

Output: posterior P, evidence Z

for each training round:

—1011.5 +
—1012.0 +
—1012.5 +
N
£ —1013.0 +
—1013.5 +

—1014.0

compute posterior P and evidence Z 101454

InZ = —-1012.87 £0.81

T T T
10 15 20
Round

17.8



The Nuts & Bolts

Algorithm: Sequential Neural Likelihood Estimator (SNLE)

Input: observation &g, prior 7, simulator fas
Output: posterior P, evidence Z2

for each training round:

S 20
2

260 [
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60 |
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set proposal = posterior

5 +0.25
Vobs. = 200,0,23

0 =221711
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40 F
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1 1 1
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Uobs.

1 1 1 1 1
180 200 220 240 260
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30 40 50 60 70
b
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The Nuts & Bolts

Algorithm: Sequential Neural Likelihood Estimator (SNLE)

Input: observation &g, prior 7, simulator fas
Output: posterior P, evidence Z2

S 20
2

260 |
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180
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40 F
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return final posterior & evidence estimate
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Dobs. = 2.007¢75¢
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Results



(atSIM Results



(atSIM Results

Uobs. = 2.

Vobs.



(atSIM Results

0.34
Tlextra = 3'99t0,35
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Vobs.

19.2



(atSIM Results

0.34
Tlextra = 3-99t0'35

~ _ +0.25
Dops. = 2.0079:25
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(atSIM Results

0.34
Tlextra = 3-99t0'35

60°

S 40.25
Uobs. = 2.007 555

>
e
2.5 | g
B0l
S
1.5 F o : : : : :
¢ = 330° 300° 270° 240° 210°
3 4 5 1.5 20 25

Tlextra Vobs.

Confirms cosmic dipole tension.
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Bayes Factors

Model In B

Bayes factors with respect to the fiducial model,

20


http://127.0.0.1:53996/.alert

Bayes Factors

Model In B

Dipole with free parameters 0.0 £ 0.0

Bayes factors with respect to the fiducial model,

20.1
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Bayes Factors

Model In B

Dipole from Secrest+21 2.8 + 0.9
Dipole from Dam+23 1.9 + 0.8
Dipole with free parameters 0.0 £ 0.0

Bayes factors with respect to the fiducial model,

20.2
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Bayes Factors

Model In B

Dipole from Secrest+21 2.8 + 0.9
Dipole from Dam+23 1.9 + 0.8
Dipole with free parameters 0.0 £ 0.0
CMB velocity & direction —-8.3 + 0.9

Bayes factors with respect to the fiducial model,

20.3
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Bayes Factors

Model In B

Dipole from Secrest+21 2.8 + 0.9
Dipole from Dam+23 1.9 + 0.8
Dipole with free parameters 0.0 £ 0.0
CMB direction, free velocity —2.4 + 0.9
CMB velocity & direction —-8.3 + 0.9

Bayes factors with respect to the fiducial model,

20.4
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Bayes Factors

Model In B

Dipole from Secrest+21 2.8 + 0.9
Dipole from Dam+23 1.9 + 0.8
Dipole with free parameters 0.0 £ 0.0
CMB direction, free velocity —2.4 + 0.9
CMB velocity & direction —-8.3 + 0.9
Free dipole but no extra error —113.6 = 6.4

Bayes factors with respect to the fiducial model,

20.5
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Bayes Factors

Model In B

Dipole from Secrest+21 2.8 + 0.9
Dipole from Dam+23 1.9 + 0.8
Dipole with free parameters 0.0 £ 0.0
CMB direction, free velocity —2.4 + 0.9
CMB velocity & direction —-8.3 + 0.9
Free dipole but no extra error —113.6 = 6.4

Bayes factors with respect to the fiducial model,

e We need an extra error term to explain the data.

e CMB dipole Is ruled out convincingly.

20.6
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We've got to be careful of our instruments!



Cracking into RACS?




Cracking into RACS?

45 ,
PAF temperatures
—— Mean PAF temperature

5 40 1 Ambient temperature
R Scan start
o
5 35 -
o
o
3

30 -
12

N~
25 -
00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 00:00

Time (AWST) on 2024-01-16

RACS observations get warmer as the day progresses...

22.1
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Cracking into RACS?

-~ 1.05 A

1.00 -

0.95 -

—0— RACS-low3
—— RACS-mid1

24 26 28 30 32 34
PAF temperature (°C)

Mean flux ratio (RACS / NVSS

.. which leads to a systematic suppression of flux density...

22.2
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Cracking into RACS?

60°

Equatorial

30°

1 RACS-low3 No temp. Y% CMB + B25
1 RACS-mid1 No temp. ® 026 m 024

..and impacts the cosmic dipole! (Oayda et al,, in prep.)

22.3
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MNRAS 546, 1-16 (2026) https://doi.org/10.1093/mnras/stag248
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Validation
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Consistency Check: Bayesian Evidence

e SBI likelihood =~ analytic likelihood
side — 4 <— Nside = 64

®  Analytic likelihood (Ngqe = 64)
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Fiducial Model: SNLE vs. SNPE
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