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The Integrated 3 Point Correlation Function

From Halder et al. 23

= Correlates local 2PCFs with Aperture Mass

G+ = (Ma&s)
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The Integrated 3 Point Correlation Function

_ _ Image credit:
overdensity underdensity E. Komatsu

= Correlates local 2PCFs with Aperture Mass

G+ = (Ma&s)
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The Integrated 3 Point Correlation Function
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Squeezed Bispectrum
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Image credit: E. Komatsu
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Cross-Correlations

shear-shear 2PCF

galaxy-shear 2PCF
(tangential shear)

galaxy-galaxy 2PCF
(galaxy clustering)

1-point weak lensing
aperture mass

1-point average galaxy
density within
aperture

foreground lens

background source
o galaxy position

galaxy shear
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Why not Likelihood Based Inference?

Correction Reference Percentage of sample variance
£=10 £ =100 £ = 1000
Source-lens clustering Yu et al. (2015) N/A 6.0 57.2
Reduced shear + magnification bias Deshpande et al. (2020a) 04 1.8 15.3
Post-Limber reduced shear Deshpande & Kitching (2020) 0.2 0.6 1.9
Non-linear eMinticity-shear relation Krause & Hirata (2010) 0.2 0.6 1.9
Limber + fiz Kitching et al. (2017) 9.8 3.0 1.0
Local Univ: Hall (2020) 7.8 242 N/A
Higher-or % Hirata (2010) O(p") o(¢" O(¢")
Time dela : o)
Deflectio 06"
Born app 06"
Lensing O@¢")
Second-orae: <0.01
Temporal-Born approxi <0.01
Finite-beam corrections <0.01
Doppler-shift shp: <0.01
Unequal-time correlators Kitching & Heavens(zv <0.01
Sachs-Wolfe effect Cuesta-Lazaro et al. (2018) <0.01 c
Integrated Sachs-Wolfe effect Cuesta-Lazaro el al. (2018) < <0.01 EUCI |d
Flexion correction Schneider & Er (2008) N/A N/A N/A g
Flat-geometry assumption Taylor et al. (2018b) -2.0 -6.0 -19.1 COl Ia bO ration et
Source obscuration Hartlap et al. (2011) -2.0 -6.0 -19.1 al. 2024
Spatially-varying survey depth Heydenreich et al. (2020) -5.9 —-18.1 =572

= Stage IV Surveys much more sensitive to systematic effects
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Why not Likelihood Based Inference?

2PCF 2PCF + i3PCF
[~y 3 bmMo 1 DMO
0.0201 _]' L Gaussian Expectation 0.007 Gaussian Expectation
JT 1|_ 0.006
0.015 [ ]L 0.005
% [J ]L 5 0.0041
Q. Q. 1
.010
0.9 I__J \ 0.0031
|}
| A —I 0.002 1
0.005 7 8
A NS 0.001
A L
0.000 -—— : — e 0.000 : : -
100 120 140 160 180 200 220 240 1200 1300 1400 1500 1600 1700
X X
(a) 2PCF (b) 2PCF + i3PCF (all filters)

= Gaussian likelihood assumption breaks down for many HOS
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The SBi3PCF Framework

N-Body Weak Lensing Maps

\Simulations /

Forward Model
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The SBi3PCF Framework

N-Body Weak Lensing Maps

Qimulations /

‘ Forward Model

Normalizing Flow
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The SBi3PCF Framework

Weak Lensing Maps Summary Statistics

Qimulations /

‘ Forward Model

A

Normalizing Flow

— 2PCF
— 2PCF & i3PCH
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CosmoFuse

Precompute pairs for local 2PCFs

= Correlation function measurement reduced to matrix multiplication
DES Y3 Mask (zoomed) Selected Patches (zoomed, radius =90’)
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CosmoFuse

Move onto GPUs for maximum efficiency gains:

Method Time Needed : Computation Time Comparison

TreeCorr 6 minutes 202 ]

CosmoFuse 12 seconds
(CPU)

10!
CosmoFuse 110 milliseconds
(GPU)

Time (seconds)

10° +

NSIDE 512, 1000 90’ patches, 4 tomographic bins
Full WL, GGL & GC tomographic analysis 1
On 160 CPU cores and 1x A100 80GB GPU 1071

TreeCorr CPU GPU
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Validation
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- hal ~on o~
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10 10554)
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= Excellent agreements of forward model with analytical
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Validation - Source Clustering

114 114 114 114
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= Minimal effect of source clustering
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Al — 2PCF
— 2PCF + i3PCF

Fiducial Constraints

= Chain for prior SN
probability in grey R
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= Most parameters
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%,

A
Yoo e

R
7.
‘v o

10g10 (M?)
PARARA
eﬁ“*é"“o

v

B
Cp N0 0, 0,9,

0 6 "® 0786

s
00

i i i -
i i | L

- ———— e |
_— N i i ; i | | i { g

,\(),\'h,,:l«thﬁeﬁﬁ)Q&\«o@svb ;\1;\6 %QQQQ@quQQQ © %, 0 1 QN Qh 'LQ"[; ™ ,‘{6 %b‘h © 2.0 % 0 © 2 .9
Hqg

[2)
262

QO ‘\‘\00 2 ‘\QQBS S DI~ S
Q OQQQ ’\’\«'\

A e
a, ne gy wo I 10g10 (M?) v 8

David Gebauer The Non-Gaussian Universe 14




— 2PCF

Fiducial Constraints - —

= Chain for prior
probability in grey

= Most parameters
unconstrained

= True parameters
recovered!
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Bias

2PCF 2PCF + I13PCF
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Expected coverage

o
N

David Gebauer

Coverage Test (Tarp)
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(a) Coverage using 2PCF data vector.
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(b) Coverage using 2PCF + i3PCF data vector.
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Improvements

100 1 Median: 63.8%

Example Posterior: 64.9%
80 -

60 1

Count

40 1

207

h——————————————————————MT——
1
|
i

0.5 1.0 1.5 2.0
Improvement in FoM of Q,,, — 0g — wy
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Work in Progress

Application to DES Y3 Catalogue



VMIM vs MOPED

VMIM 2PCF
MOPED 2PCF

* VMIM 2PCF MAP
* MOPED 2PCF MAP

David Gebauer
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VMIM vs MOPED

— VMIM 2PCF — VMIM Combined
— MOPED 2PCF — MOPED Combined
* VMIM 2PCF MAP

* MOPED 2PCF MAP

David Gebauer
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VMIM vs MOPED

Per-realization FoM improvement ratio (MOPED / VMIM)
fiducial — 2PCF (n=800) fiducial — combined (n=800)

250 4 1

200 4 q

150 A 4

cases

100 - 9

0.5 1.0 15 20 2.5 050 075 100 125 150 175 200 225  2.50
test — 2PCF (n=1250) test — combined (n=1250)

250 A

200

150 1 q

cases

100 A 1

0- T T T T T T
1 2 3 4 5 0.0 0.5 1.0 15 2.0 2.5 3.0 3.5

FoM(MOPED) / FoM(VMIM) FoM(MOPED) / FoM(VMIM)
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Testing the Likelihood

PIT ranks — true-conditioned, test set

PIT rank plots

2PCF - VMIM Combined - VMIM

Goodness of fit test

2PCF - MOPED Combined - MOPED

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
PIT rank PIT rank

David Gebauer The Non-Gaussian Universe



Likelihood Sample

HPT_combined_moped_allbins — fid obs #0 (vertical = observation)
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Work in Progress

Extending the forward model



G

Extended Forward Model

weak lensing C*

Forward-modelled C; vs CCL theory (NSIDE=512, 100 shells, DES Y3 n(z), mean of 12 realizations)
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galaxy clustering CJ9

1075 4

== CCL theory (Limber)
$ forward model (mean of 12)

10! 102 103
1.1+
10 } - ; . -
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10! 10? 103
/]

CMB lensing C*

1077

m— CCL theory (Limber)
$ forward model (mean of 12)
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Bonus Project

Cosmological Correlator Convolutional Neural Network (C3NN)



C3NN - ARCHITECTURE

Input

Convolve with isotropic filters

=~
—
11

Spatial Parameters f
Average

Calculate higher-order

moment maps recursively

s Moment
. Estimates
o] E
Kzs2 H
| 1
N
et e

Inference network

—

-~
CNN based N-point moment map generator
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C3NN - RESULTS

{c1, 2}
{(71.(‘3.(‘;{}
{r"_( 2, C3, (‘1}
&
Qc") \\"b Q'by \\f_o Q?D \'Q \c} /’\'% /’\:} /ng
Qm agg wo
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C3NN - RESULTS

{c1, 2} 2PCF
{c1, 9,3} {c1, &2, ¢3, ¢4} hybrid
{e1, ¢, €3, ¢4}

David Gebauer The Non-Gaussian Universe



C3NN - RESULTS

Randomized Phases:

{(517(52} {(‘1-('2}
{c1, 9,3} {e1,¢9, ¢35}
{(‘(_(‘3_(‘;:_(']} {! _4'7_/‘,_("}
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Summary and Outlook i Ty
e

-> The i3PCF efficiently captures non-Gaussian information E

- Our forward model agrees with analytical predictions =

-> We can robustly infer cosmological parameters My Website

= arxiv:2510.13805 (DG, Halder, Seitz & Anbajagane)

Now apply this to DES Y3 source catalogue
Include more statistics (e.g. 1-pt PDF)
Extend to galaxy clustering, galaxy-galaxy lensing and CMB lensing

Vi

C3NN: Interpretable NN architecture
can efficiently extract information from N-point correlation functions

= arxiv:2602.16768 (Lehman, Gong, DG, Seitz & Weller)

Vi

David Gebauer The Non-Gaussian Universe 28




Backup Slides



Gaussianity Test

David Gebauer

MOPED 2PCF + i3PCF

MOPED 2PCF
N 0.07 1
ah
1 L, 0.06
[/ A
| 1|_ 0.05-
| i
I A £ 0.04
| \ 3
f 1 0.031
J —|L1 0.02 -
LW
[ 0.01
b
J | , . S 0.001—
10 20 30 40
XZ

f "IL
Jf ]
[ L
| \
\N
I'"l

10 20 30

X2

= MOPED gaussianizes the likelihood
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Testing the Learned Likelihood

Mahalanobis? — true-conditioned, test set (first 1250 obs)

2PCF + VMIM
0125 s med 6.5
0.100 — A
2 0.075
w
[
& 0.050
0.025
0.000 - T
20 40 60 80 100
iahalanabis
2PCF - MOPED
mmm med 16.1
—xt;
80 100

David Gebauer

0.10 4

0.08

0.06

0.04

0.02

0.00 -

0.06

0.04

0.02

0.00 -

Combined - VMIM

= med7.9
— x

20 40 60 80 100

raatanobis
Combined - MOPED

= med 16.4
— xb

20 40 60 80 100

The Non-Gaussian Universe

X test

Where does “true” observation
fall within sampled likelihood

= All likelihoods slightly too
wide (underconfident)
= Mos extreme for VMIM 2PCF



2PCF Coverage - New Models

1.0

=
©

Expected coverage ECP(a)
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TARP Coverage

— TARP
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0.2 0.4 0.6 0.8 1.0
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Expected coverage ECP(a)
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-Gaussian Universe

TARP Coverage
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Combined Coverage - New Models

Expected coverage ECP(a)

1.0

0.8 A

0.6 1

0.4 1

0.2 1
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TARP Coverage

= TARP
---- ldeal
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Testing the Likelihood

PIT ranks — true-conditioned, fid set

PIT rank plots

2PCF - VMIM Combined - VMIM

Goodness of fit test

Can also be done locally!

2PCF - MOPED Combined - MOPED

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
PIT rank PIT rank
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Intrinsic Alignment Issues

EE: forward model vs CCL

10-10 E (0]

< o
<
‘.L:: 10711 4
(6] ]
= CCL NLA
10-12 { ©O Forward model NLA
] == CCLTATT
] O Forward model TATT
-l T d v L B AL | T
10! 102 103

David Gebauer

CEB (1A-1A)

BB: forward model vs CCL

o o]
10-10- I - S
o
o
O
10—12 4 \
_14 O Forward model NLA
10754 — CCLTATT
O Forward model TATT
10~18:5 ®
10-—18 4
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O o (0] (o] (o] o
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10! 102 103




C3NN - RESULTS

{(_.‘1./(,'2} QPCF
{c1, 9,3} {c1, 2, c3, ¢4}
{[‘s.(‘j.(';.r']} CNN MSE
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