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COSMIC STRUCTURE FORMATION

arly: one snapshot late: motion picture
linear, Gaussian nonlinear, non-Gaussian




NON-GAUSSIAN UNIVERSE

nonlinear dynamics — non-Gaussian statistics
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NON-GAUSSIAN UNIVERSE

P(k) [h~3 Mpc?]

current: 2-point correlation averages over all densities
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NON-GAUSSIAN UNIVERSE

urrent: 2-point correlation averages over all densities

beyond average:

1-point statistics split
densi 1ents
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predictable on mildly nonlinear scales



NON-GAUSSIAN UNIVERSE

P(k) [h~3 Mpc3]

standard

2-point statistics
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goal: (1+2)-point
survey analysis

CU++ '19

predictable
non-Gaussian

1-point statistics
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LARGE DEVIATIONS THEORY

densities In spherical cells

large deviations exponentially unlikely
3
207 (r)

P,"M(01) ~ exp

(Gaussian

want to predict PDF for
p=1+0nL




LARGE DEVIATIONS THEORY

guiding principle: steepest descent
linear statistics known P(d1) x exp(—¥(dy))

nonlinear cumulant generating function as path integral
explp(A) /dﬂP( ) exp(Ap) \ a
/ Dlor(z ()] exp (AploL(x))]) @ &,

dominated by least suppressed contribution
the one respecting symmetry




CLUSTERING STATISTICS
symmetry statistics ~2rde deviations theory 4y namics

L

relies on explicit smoothing (spherical top-hat)




SPHERICAL DYNAMICS

21 13
spherical collapse 5L(p) 13 (1 — 0 21)

> mass conservation
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MATTER DENSITY PDF FROM LDT

most likely path dominates p =1+ ong,

spherical collapse

0r(p)° 0%

20%(27 T(R7 /0)) UNL

Pr..(p) ~ exp

Bernardeau 94
CU++ 16

initial conditions

clever saddle-point for inverse Laplace



DARK MATTER 1-POINT STATISTICS

dark matter: °%-level accurate predictions in bulk, R> 10Mpc/h

2.0/

P(p), R=10 Mpc/h

work in progress:
unlock tails with SBI

David Gebauer

simulations:
Quijote

CU++ 20



DARK MATTER 1-POINT STATISTICS

cosmology dependence - matter content os & Qm: width & tilt
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DARK MATTER 1-POINT STATISTICS

cosmology dependence - clustering amplitude os: width

p0'8+(1n P)—pag—(lﬂ 0), 7=0
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DARK MATTER 1-POINT STATISTICS

cosmology dependence - matter density Qm & initial ns: tilt

z=0, R=10 Mpc/h

P.(n p)-P_(In p)
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DARK MATTER 1-POINT STATISTICS

cosmology dependence - neutrino mass My: density dependence

?M (1I1 ,0) pﬁdZA(ln P)
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DARK MATTER 1-POINT STATISTICS
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DARK MATTER 1-POINT STATISTICS

f(R), |fro| = 107°

z=0,05,1, Vit =20 (Gpc/h)?
PDF R =10, 15,20 Mpc/h + priors
P(k), kmax = 0.2h/Mpc + priors
PDF+P(k) + priors

modified gravity: density dependence
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DARK MATTER 1-POINT STATISTICS

Powerful statistics
non-Gaussian, beyond perturbation theory
robust & accurate predictions

Cosmology & fundamental physics

Qm, 08, Mv CU, Friedrich++ 19 fNL Friedrich, CU++ 19
Coulton++ 24 (kNN)
Wo,a, Qic, fRo Cataneo, CU++ 21

Reality: no 3D matter field
weak lensing: projected matter
galaxy clustering: bias & stochasticity



CLUSTERING STATISTICS

1-point clustering statistics: observables
3D

PDF P(Nspec)
+ 2-point analysis




TRACER 1-POINT STATISTICS

challenge: non-Gaussian matter & nonlinear bias
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https://github.com/OliverFHD/CosMomentum

TRACER 1-POINT STATISTICS

dark matter -> galaxy clustering

spe )PIC

(dark) matter

Py(N,) — / PNIS, P, (6,)d,,

parametrise:
nonlinear bias <On|0m>

non-Poissonian shot noise <0on2|0m>
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TRACER 1-POINT STATISTICS

challenge: nonlinear bias <0n|dm>, non-Poisson shot noise <dn2|0m>

residual
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TRACER 1-POINT STATISTICS

dark matter -> galaxy clustering

Halo PDFs, fiducial, R =25Mpc/h
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TRACER 1-POINT STATISTICS

dark matter -> intensity mapping
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DENSITY-SPLIT CLUSTERING

local densities modulate correlation

P(p(x),p'(x+71)) ) , P p
pap) — L) @€

average density at separation r

large-deviations theory,
Gaussian ICs &
spherical collapse

10

5

- 10

R [Mpc/h]

12 .

2.0

2.5

P CU, Codis ++ 17



DENSITY-SPLIT CLUSTERING

dark matter -> galaxy clustering ELG-like HOD
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CLUSTERING STATISTICS

1-point clustering statistics: observables
2D

galaxy shapes

(K)

jOiI"It PDF T(K,Nph) (dark)
+ 3x2-point analysis matter



PROJECTED 1-POINT STATISTICS

weight 2D density slices

<xoloI0XOI0I.I.I.I.I.I.I.I.I.I.IQI.'.I.I.I.I.

aY < O D (Z S .
}: /0 dD(2) 0<pp (z)w(2; 2s)

5g,<6’
CY|II’]C|I‘IC3| We|ghts
collapse

— r PDF \
construct Bernardeau & Valageas 00

can also build aperture mass  Barthelemy et al. 19



dark matter -> weak lensing

galaxy shear @ ééég%

-> convergence

(dark) matter

Euclid Overview 2025

WEAK LENSING 1-POINT STATISTICS

- Euclid n(z)

& €L (9) Sim
& € 4 (O) theory
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WEAK LENSING 1-POINT STATISTICS

sources Euclid-like n(z) 5 bins
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WEAK LENSING 1-POINT STATISTICS

— Pyyisy() + € Tomography
== Ppoisy(k) Tomography

=+ & Tomography

(dark)
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P’ Lina Castiblanco et al. 2024 dark matter dark energy



HIGHER-ORDER LENSING STATISTICS

dark matter -> weak lensing

@ 0.849
galaxy shear ééééég% S aas
-> convergence 4" %
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Euclid Preparation XXIX:
Forecasts for 10 different WL HOS

-> Nicolas Martinet’s talk

Nc= 32 N. = 64 N.=128
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BEYOND 3X2PT: DENSITY-SPLIT STATISTICS

density-split statistics on real data
DESY1: 10% Euclid area lensing
competitive with 3x2pt galaxies

Lo 7 non-Gaussian

pert. theory
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BEYOND 3X2PT: JOINT 1PT STATISTICS

dark matter -> lensing & clustering sources Euclid-like 2€[0.75.1.5]

galaxy shapes

1.00 — 89.29
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0.75r
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matter Friedrich et al. 2025

computed with CosMomentum code

3.93

lenses DES Y3-like z€[0.5,0.75]

including systematics
work in progress



https://github.com/OliverFHD/CosMomentum

1-POINT COVARIANCES
1pt PDF covariance from (P(p1)P(p2)) = /dTPd(T)P(pl,pg;r) 2-pt PDF

distance distribution
x PDF covariance, full sky, O

‘ Takahashi simulation

-
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large-sep. expansion
0002 super-sample covariance
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finite sampling terms

—0.002

shifted lognormal models
-t full covariance
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lognormal theory
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K1 CU ++ 23



https://arxiv.org/abs/2210.07819

GOING BELOW & BEYOND

non-Gaussian info in 1-point
probing different mildly nonlinear densities
rich physics, including beyond SM

features

accessible, interpretable, predictable
robust: smoothing & bulk region
versatile: spec-z, photo-z + weak lensing

challenges 5 F
nonlinear galaxy bias, non-Poisson stochasticity,
RSD, systematics, scale mixing in projection 3 ‘
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