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Abstract: The growth of cosmic structures provides a bridge between observations and theories. In the first part of this talk, | will review the s
tension between early- and late-time measurements of cosmic structure growth, and its physical implications. Are we seeing a chink in the s
cosmological model's armor? To unveil the origin of this tension (and possibly new physics in the late Universe), galaxy clustering
spectroscopic surveys will play an indispensable role. In the second part of the talk, | will introduce a novel framework to extract cosmols
information from millions of galaxies in spectroscopic surveys, directly at the field level--i.e. the three-dimensional map level with millions of
points. The goal is to achieve a percent-level constraint on sigma8 and growth of structure with stage-IV surveys like DESI. | will further di
recent progress towards this goal, highlighting latest breakthroughs, results in a community data challenge, and remaining challenges.

Zoom link
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Searching for New Physics in the Late Universe

with millions of galaxies in millions of dimensions

Minh Nguyen - Leinweber Center for Theoretical Physics nguyenmn@umich.edu

Perimeter Institute Cosmology Seminar — Arpril 2, 2024 M UNIVERSITY OF MICHIGAN
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Growth of Structure - 63 tension

Hints of new physics?
(arXiv: 2302.01331)
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Growth of Structures and Density Fluctuations

. Jessie Muir
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Growth - Simulation

z = 15.00, Dark matter surface density

FLAMINGO
Virgo Cansortium
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Growth - Linear Theory

Linear fluctuations 6(k, z) ~ A (O,C = diag [PL(k, Z)])

z = (.87, Dark matter surface density

- p(X, Z) = (p(X, Z))x
(P(X,2))x

o(X, 2)
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Galaxy positions x CMB lensing

Yuuki Omori
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Growth - Extrapolation
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Early Universe

Early-time probes of growth | SR

Cosmic Microwave Background CMB lensing —> smoothing
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Late Universe

Late-time probes of growth

DARK ENERGY]
SURVEY

DES Year 3 Measurements

DES Collaboration 2021

Measurements + joint model fit
+26 nuisance parameters ACDM

)SMIC shear Ameon+, Secco, Samurcff+

g Rodriguez-Monroy+
= " '

- B

Each panel shows (cross-)correlation between photometric redshift bins.

Galaxy photometric 3x2-point correlation
(intermediate-late Universe)
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Cosmic Microwave Background

Early- vs Late-time tension? % Pimaao

ACT+WMAP —a—  Aiola+20
DES Amon+22
HSC Hikage+19
KiDS Asgari+21

Projected Clustering and Lensing
DESxDES —_—— Porredon+22
BOSSxHSC —e—— Miyatake+21
unWISE x Planck-5 -2 Krolewski+21

; Shear, Clustering and Lensing
early- and late-time DESxDES - Abbott-+22
BOSS/2dFLenSxKiDS -e— Heymans+-21
. BOSS T >— Ivanov+20
extrapolations BOSS — Philcox+21
LOWZ — this work
WIthln ACDM' Redshift-Space Clustering and Lensing
BOSSxPlanck-x —a— Chen+22
LOWZxDES/KiDS e this work
Cluster Counts
ROSAT —_—— Mantz+15
Planck-SZ —— Planck16
SPT —— Bocquet+19
DES —— Abbott+20
0.5 0.6 0.7 0.8 0.9 1.0

Sy = 0y \/Qm,0/0.3 Lﬂnge+ 2023
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Late-time growth suppression?

370 — 420 evidence

1. Parametrize growth rate to separate growth-expansion

dinD
— — y
fla) = Zina Q. (a)

. fog+PL18+
DESY1+BAO

- fJg+PL18
--- fog+DESY1+BAO
PL18+DESY1+BAO

2. Integrate to get growth factor

D(a) = exp [Ja dlna Q! (a)
1

High y ~ suppressed foyg

Probability density

3. Rescale matter power spectrum

Py(k,a) = PL,today(k’ a = 1)D*(a) 1.0 1.2

Nauven, Huterer, Wen (2023)
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fixed-~

constraints
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A Possible Crisis in the Cosmos
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S¢ tension - a manifestation?
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Planck €2, preference - another manifestation?

PL18 temp.+pol.

—0.10 —0.05
Nguyen, Huterer, Wen (2023) Qk
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New physics or systematics?

best-fit
— -+ best-fit 1
— = best-fit Ajens

500 1000 1500 2000 2500

Ng
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Early- vs Late-time or Large vs Small-scale?

Galaxy clustering to the rescue

Large scales Small scales

Pri CMB
T Preston+ 2023

Early times

New properties of DE, e.g. DM-DE CME lening

. Modified gravity I
. Self-interacting/Decaying DM
. Ultralight axions

. Baryonic feedback?

CMB-lensing x Galaxies
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Squeezing og from Galaxy Clustering

Field-level Bayesian Inference (FBI) in millions of dimensions
(arXiv: 2403.03220)

N
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bs — o degeneracy in linear galaxy clustering
P (k,2) ~ b;(2) Py(k, 2)
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Breaking degeneracy with nonlinear clustering
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Breaking degeneracy with nonlinear clustering
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How much information exists beyond 2-point function?

Carron 2011
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How much information exists beyond 2-point function?

Carron 2011
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Field-level Bayesian Inference of galaxy clustering

posterior sampling

posterior

v
‘ Nsa.mpe
0 M LEFT]QIJE[ —_— 59 : 3 > @(Ql 5§bs.)

parameter forward model gialaxy field ‘_da.ta

initial

conditions g _‘ " Kostic, MN, Schmidt, Reinecke (2022)
likelihood
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FBI — EFT galaxy bias and likelihood

Space.

=
proto-Galaxy
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Space-time
evolution
of
galaxies
in
EFTofLSS

5,(k) = ) boO (k)+e

0O

lkmax

In& ~——
0
k>0

Only valid within the EFTofLSS framework

5,(K) — 8,[05, S1(K)

[ln 27:0'3‘(1() +

oz (k)

Comparing individual Fourier modes
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Constrain observed galaxy field in 3D

log £ =-1.184e+08

Model
Prediction




Constrain observed galaxy field in 3D

log £ =-3.162e+05

Model
Prediction |, -
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How much info beyond 2+3-pt? FBI vs SBI P+B

posterior sampling

v

p ]Vsample
0 —> LEFTfeld —s 6,

Eq. (6)

— ' —> 8, —» P+B—>
? LEF'I"ﬁaM g —

>
posterior estimation

irsa: 24040073

Eq. (7)

— P(0]52™)
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Direct evidence for info beyond 2+3- pomt

Apple-to-apple comparisons

N-body gravity-only sims

Dark-matter main halos [P+ Blsgr

— FBI

log M=125—140h_]M ::::::::::::;:
o ° 0.12 hMpc ™

Volume=8(h~'Gpc)’

Improvement increases with scale cut

SNG
2=0.b
70.25 0.50 0.75 1.00 1.25 1.50

(@1

MN, Schmidt, Tucci+ 2024

Pirsa: 24040073 Page 30/52



Improvement generalizes across tracers

More apple-to-apple comparison

|

[0.10 hMpc

Uchuu simulations  Ishiyama+ 2020

Dark-matter main halos [P+ Blsgr

— FBI

10g M=120—135h_]M :::::::;::::;:
o | ° 0.12 hMpc ™!

Volume=8(h~'Gpc)’

Improvement increases with scale cut Uchuu

and number density z=1.03

70.25 0.50 0.75 1.00 1.25 1.50

(@1

MN, Schmidt, Tucci+ 2024
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Evidence from (more) realistic” galaxies

Apple-to-orange comparisons

- -1 3
Beyond-2pt challenge (arXiv this month) ~ Yolume=8(A~"Gpc)
led by Yosuke Kobayashi, Andres Salcedo and Elisabeth Krause (UofArizona)

First community exercise

7 international teams real-space snapshots (mean of 10 realizations), fixed wy,, wy, g, A

HOD galaxies in different BACCO P, ;f'max = 0.5h/Mpc -degeneracy
setups ; . > :
cosmologies t EFT P+B, kyax = {0.3,0.15} h/Mpc

Blind Parameter-masked challenge
EFT FBI, kyax = 0.1 h/Mpc

First field-level constraint

—0.10 0.00 0.05
AO'S/O'S Beyond-2pt collaboration (in prep.)

ﬁ @l EFT FBI team: MN and Schmidt

from “realistic” tracers
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Evidence from (more) realistic” galaxies

Mandarin-to-orange comparison

- -1 3
Beyond-2pt challenge (arXiv this month) ~ Volume=8(~A~"Gpc)

led by Yosuke Kobayashi, Andres Salcedo and Elisabeth Krause (UofArizona)

First community exercise

7 international teams real-space snapshots (mean of 10 realizations), fixed wy,, wy, ns, b

HOD galaxies in different | i
EFT P+B, ke = {0.3,0.15} h/Mpc |
setups l

b e e

cosmologies ) k
Blind Parameter-masked challenge  (EOISNNIEIRE SNV W FA|ote i
First field-level constraint : : : i

—0.10 0.00 0.05

from “realistic” tracers

AO-S/O-S Beyond-2pt collaboration (in prep.)

ﬂ @l EFT FBI team: MN and Schmidt
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Scaling up and Expanding FBI

New Physics from Galaxy Clustering and Beyond
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Towards SBI at field level

More flexible and efficient FBI with 3D Diffusion Models?
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Towards galaxy position x shape

Additional cosmological information from non-scalar fields?

i —— input P, T e - g .
p i

linear Galaxy Galaxy

Tidal Alignment Tidal Alignment

—_—

-%- L
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Growth of Structure from LSSXCMB surveys

Beyond the standard model and standard EFT

Can we Differentiable
Boltzmann + hybrid-EFT
incorporate new physics in the forward model? Y

DISCO-DJ Hahn+2024

extend the forward model beyond quasi-linear regime? A

improve modeling efficiency pm:ud Li+ 2022

NUFFT  shih+2021

Nothing fundamentally prohibited!
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summary

Part |

og tension —> late-time growth suppression —> new properties of DE, gravity or DM

Galaxy clustering can provide crucial insights into og tension

Part ||

Beyond-2pt statistics contain significant cosmological information in galaxy clustering

Field-level Bayesian Inference will improve og constraint from galaxy clustering

A

FBI ~ a natural framework to analyze galaxy clustering, plus galaxy shapes, peculiar velocities
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