Cosmological Colliders in the Nonlinear Universe

Fundamental physics from weak lensing



Outline

1. The primordial Universe

a. Primordial physics with galaxy surveys

b. What and why weak lensing?

2. Cosmological Colliders

a. From particles physics to LSS
b. Robust N-body simulations of collider models

c. What can lensing surveys achieve?



The cosmology story
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Galaxy surveys
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LSS cosmology

Gravitational evol.
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INnflation

Gravitational evol.
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Different types of PNG —> Different physics

How many particles?
How strongly interacting?
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Inflationary Bispectra
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What is weak lensing?

Galaxies randomly
distributed
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What is weak lensing?
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What is weak lensing?

eObS — egal + eshear Measure a galaxy shape/orientation



What is weak lensing?

Cobs = €gal * €ghear

<eobs> — <ega1> T <eshear>

Average over many galaxies



What is weak lensing?

Cobs = €gal * €ghear

0
<eobs> — al A <eshear>

Average over many galaxies
to remove the random component



What is weak lensing?

Cobs = €gal * €ghear

0
<eobs> — al Y <eshear>

Keep just the cosmological part <eObS> == <eshear>



What is weak lensing?

Light bundles travel through a highly
iInhomogeneous universe...

.. and get deflected and sheared
along the way according to GR

/ sheared image

___— a=4GM/bc?




INnflation

Gravitational evol.



INnflation

Sim-based modelling
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Fully nonlinear
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The Ulagam simulations

4000+ sims

10,000+ realizations

ulagam-simulations.readthedocs.io
Anbajagane, Chang, Lee & Gatti 2024
Anbajagane & Lee 20253, 2025b

Sim setup

N = 512°
L =1Gpc/h

{Slﬁh(787n87zuajg%;}

Accurate to k <1 [h/Mpc]
2 <1000


https://arxiv.org/abs/2310.02349
https://arxiv.org/abs/2509.02693
https://arxiv.org/abs/2509.02695

Modelling/forecast pipeline

Make lightcones

Comoving

Survey properties

Sky mask, noise etc.




From maps to constraints

‘ /_\ Summary statistic

P(k), Moments, Counts-in-cells, kKNNs,

Homology, Minkowski funcs, .. ..

Constrain
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k [h/Mpc]

10! 102
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From maps to constraints

Npix
(R sy (0) = o 3 Rk

i 1 1
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From maps to constraints
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From maps to constraints
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What can lensing do?
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https://arxiv.org/abs/2310.02349

What can lensing do?

penenn DES Y3 LSST Y1 --- BOSS (D'Amico+ 22)
— DES Y6 LSST Y10 --- DESI (Expected)
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What can lensing do?

puen [DES ¥ 3
— DES Y6

LSST Y1

» LSST Y10

BOSS (D'Amico+ 22)
DESI (Expected)



What can lensing do?
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What can lensing do?

is 8x weaker than DESI*

80

Anbajagane, Chang, Lee & Gatti 2023b

DES Y3 LSSTY1  --- BOSS (D'Amico+ 22)
DES Y6 LSSTY10 --- DESI (Expected)
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https://arxiv.org/abs/2310.02349

What can lensing do?

DES Y6 competitive w/ BOSS

competitive w/ DES|

Anbajagane, Chang, Lee & Gatti 2023b
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https://arxiv.org/abs/2310.02349

Where is the information?




On nonlinear scales

10" ~ 5 — 15 Mpe

Anbajagane, Chang, Lee & Gatti 2023b

— DES Y3 LSST Y1 -=-=BOSS (D'Amico+ 22)
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https://arxiv.org/abs/2310.02349

Anbajagane, Chang, Lee & Gatti 2023b

Cluster Cosmology 2.0
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https://arxiv.org/abs/2310.02349
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Spatial clustering

More skewness
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https://arxiv.org/abs/2310.02349

Anbajagane, Chang, Lee & Gatti 2023b

At lower redshift (z < '|) —— DES Y3 LSSTYL  --- BOSS (D'Amico+ 22)

—— 'DES Y6 LSSTY10 --- DESI (Expected)
4001

& _,300}

(O]

=

O b Vo manne
200F
100 L | | | I | |

0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
Zmax


https://arxiv.org/abs/2310.02349

Synergies with other surveys
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Synergies with galaxies

Fast simulations of non-linear scales

No galaxy/halo bias modelling

Simpler baryon models

gg-lensing calibration



.... but what about the baryons?



Anbajagane, Chang, Lee & Gatti 2023b

Scale cut mitigation
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https://arxiv.org/abs/2310.02349

Marginalizing over baryons

Account for galaxy formation params, X



Anbajagane, Evrard & Farahi 2022a

1 f d 1 1 Farahi. Anbajagane & Evrard 2022
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https://arxiv.org/abs/2110.01683.pdf
https://arxiv.org/abs/2109.02713
https://arxiv.org/abs/2202.09903
https://arxiv.org/pdf/2207.05834.pdf
https://arxiv.org/pdf/2212.05964.pdf
https://arxiv.org/abs/2311.03491

Marginalizing over baryons

Account for galaxy formation params, X

....AND for different astrophysical models, M

P@D) = [ [ POD. Xy AP0 PO



Marginalizing over baryons

Account for galaxy formation params, X

....AND for different astrophysical models, M
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Anbajagane, Chang, & Pandey 2024

p h enomeno | Og ica | m Od els github.com/DhayaaAnbajagane/BaryonForge

[T] README

The BaryonForge Pipeline

license MIT python 3.6+ docs passing

Overview

A pipeline for Baryonifying N-body simulations, by adding baryon-induced corrections to the density field and/or

adding thermodynamic fields such as the gas pressure, temperature etc. The entire modelling pipeline is built out of


https://arxiv.org/abs/2409.03822




... but what about other fNLmodeIs?



The primordial frontier

—— DES Y3 LSSTYL  --- BOSS (D'Amico+ 22)
—— DES Y6 LSSTY10 --- DESI (Expected)
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The primordial frontier

—— DESY3 - LSSTYL  --- BOSS (D'Amico+ 22)
—— DESY6 —— LSSTY10 --- DESI (Expected)
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— DES Y3
~——— DES Y6

The primordial frontier

LSST Y1 --- BOSS (D'Amico+ 22)
LSST Y10 --- DESI (Expected)
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Sohn+ 2023

The Cosmological Collider

- - -
- -emm -

a) contact b) massive exchange c) massless exchange


https://arxiv.org/abs/2404.07203

Three standard templates

i Local Equilateral Orthogonal
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Non-Gaussian ICs

ong (k) = ¢a(k) + fa /(27T)35(E — k12)K12(ki1, ko) o (K1) pa (ko) dPk, dPksy



Non-Gaussian ICs

onG (k) = da(k) + far /(27T)35(E — k12)K12(ki1, ko) o (K1) pa (ko) dPk, dPksy

K9 = B/(P(k1)P(k2))
S = (kykoks)’B



Non-Gaussian ICs

ong (k) = ¢a(k) + fa /(27T)35(E — ko) K12(ky, E2)¢G(E1)¢G(E2)P3E1d3EQ




Non-Gaussian ICs

dna(
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Gaussian initial conditions

Goldstein, Philcox++ 2024

(k1) o (Ko)d®k1dks


https://arxiv.org/abs/2407.08731

Non-Gaussian ICs

ong (k) = ¢a(k) + fa /(27T)35(E — ko) K12(ky, E2)¢G(E1)¢G(E2)P3E1d3EQ




Non-Gaussian ICs

ong (k) = ¢a(k) + fa /(27T)35(E — k12)K12(ki1, ko) o (K1) pa (ko) dPk, dPksy




Non-Gaussian ICs
onc () = 66(K) + fur. [ (2m)0(K — Kio) Kra(Ky, Ko (K)o (o) *Krd*Ke

Scales as N°®

Takes 10?° floating-point calculations



Non-Gaussian ICs

onc(k) = ¢a(k) + fau /(




Scoccimaro+ 2011

Non-Gaussian ICs

&(Z) = ¢a(%) + fNLiFFT [ f3(k3) x FFT {iFFT ( fl(kl)cbo(kl)) X iFFT (f2(k2)¢c(kz)> }]

Kio(k1, ko) = K1a(k1, ko, k3) = f1(k1) fo(ko) f3(k3)


https://arxiv.org/abs/1108.5512

Non-Gaussian ICs

6() = 06(8) + FuiFFT | flhy) < FFT (PP (flhk)o(hn) ) < FFT (Rlboalh) |

Kio(k1, ko) = K1a(k1, ko, k3) = f1(k1) fo(ko) f3(k3)

Scales as N®log(N)

Can be done on a laptop (if you really want to...)



Three standard templates

i Local Equilateral Orthogonal
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Sohn+ 2023
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Anbajagane & Lee 20253, 2025b

Basis functions

k) = ke (i-3) if i <3
BTV — A B3

¥ K(kla k27 k3) — Z%b?c aabqua<k1>Qb<k2)QC<k3)
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https://arxiv.org/abs/2509.02695

Anbajagane & Lee 20253, 2025b

Basis functions
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Anbajagane & Lee 20253, 2025b

Basis functions

Local, Equil., Ortho.
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Anbajagane & Lee 20253, 2025b

Basis functions
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Three standard templates
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Thirty new templates

Anbajagane & Lee 20253, 2025b
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Consistency checks

1. Recover the input B(k)
2. Preserve tree-level P(k)

3. Suppressed T(k) terms
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Constraints from LSST Y10 lensing
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Constraints from LSST Y10 lensing
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Intuition from linear theory
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ithub.com/DhayaaAnbajagane/Aarambam
Make your own! 9 yaaAnbajag

] README

»fambam

license GPL python 3.6+ docs passing

Overview

Aarambam (pronounced "Aah-rum-bum®, named after the Tamil word for beginnings) is a codebase for generating
initial conditions (ICs) corresponding to arbitrary bispectrum templates.
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INn under 10 lines of codel!

rt Aarambam as Am

t numpy as np, subprocess as sp

Unit

coefflL
coeffS

into 1
= Am.utils.Deco ser(N_modes = N _modes, n_s = n_s, Lbox = Lbox, Nmax = Nmax,
ModeTol = ModeTol, MaxModeCount = MaxModeCount)
= Unit.go(Am.models.Local, Am.basis.B BasisDecompose, outdir = outdir)

= Am.utils.make config basis(...)

1 open(outdir + "/LPTconfig', ‘w') as f: f.write(CONFIG)

= Unit.go(Am.models.ScalarI, Am.basis.BasicBasisDecompose, mass = 1, outdir = outdir) #I

Anbajagane & Lee 20253, 2025b

github.com/DhayaaAnbajagane/Aarambam

sp.run(f"mpirun -np {Nprocs} Aarambam-2LPT-Basis {outdir + */LPTconfig'}", shell = True, env = os.envir

sp.run(f"Aarambam-collate-potential --file_dir {outdir}", shell = True, env = os.environ)
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Where to next?



More statistics
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More data
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More data
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Summary

e Lensingisacomplementary probe of primordial physics
o Nonlinear scales provide new information

o Enables LSS as a whole to become competitive with the CMB

e Extracting collider signals on nonlinear scales
o New techniques to produce robust N-body sims

o Can use the full array of mature nonlinear probes for constraints

e An arena of even more models to be explored on nonlinear scales!

o Nonlinear structure can deliver leading constraints in some cases.



dhayaa@uchicago.edu

I'm here till Thursday!
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Basis functions
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Basis functions
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Basis functions
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Consistency checks

1. Recover the input B(k)
2. Preserve tree-level P(k)

3. Suppressed T(k) terms



Recover the
INput bispectrum
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No divergent corrections to P(k)
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No unphysical T(k)
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Inflation kernels

D' (x) = ¢(x) + £ [0(%)* = (p(%)?)]

O(x) = ¢+ frg | =307 +4071 (699)

+2V 2 (pV2 ) + 2V 2 (H)>



.... but what about the baryons?



Anbajagane, Chang, Lee & Gatti 2023b

Scale cut mitigation

s [JES ¥3 == LSST YL --- BOSS (D'Amico+ 22)
- DESY6 = LSSTY10 --- DESI (Expected)
Remove measurements we

cannot model

10" ~ 5 — 15 Mpec
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https://arxiv.org/abs/2310.02349

What do the baryons do?



Decorrelates on small scales

Chisari+ 2018
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https://arxiv.org/pdf/1801.08559.pdf

Chisari+ 2018
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https://arxiv.org/pdf/1801.08559.pdf

Variety of predictions

Anbajagane, Evrard & Farahi 2022a

Farahi, Anbajagane & Evrard 2022

Anbajagane+ 2022b

Lee, Anbajagane, Singh, Nagai, Chluba+ 2022

Shao, Anbajagane & Chang 2023

. Shao & Anbajagane 2024
| — BMZ0
| — B100Z0.1
T N s TNG300 == TNG300 DMO
— :S"Fg':g — :suz=i~;: r = TNG100 = TNG100 DMO
= Asn2=0.! = Asn2=1. & — -
et Asnd TNG50 TNG50 DMO
10} N o ~—
o =
/ 5101—
§ C
Y 6x 100 r
i WL
o R <Rz00c \*“:‘ =
4x10 F . | 1|‘~\_.,./—~.,:-J<-
) . L . L 0.25 § § i
S IR N :
gl il e gy T E— ] ' PR 7P \\/ ™
10.04 = i The300
€6x102—
101} — i
% 4% 102 z=0
£ .'ﬁ. L ) Ll |
L“6)(100 = 10_ 0.36 B
&~ 034
4x10° E
Bo32
3x10° (<]
' ST B ETTT] R AT B 030 . I— T ———. L
101t 102 1013 101 0.1+ T T 1014 1015
. M.
My [Mo/h] M200c )]



https://arxiv.org/abs/2110.01683.pdf
https://arxiv.org/abs/2109.02713
https://arxiv.org/abs/2202.09903
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Marginalizing over baryons

Account for galaxy formation params, X



Marginalizing over baryons

Account for galaxy formation params, X

....AND for different astrophysical models, M

P@D) = [ [ POD. Xy AP0 PO



Marginalizing over baryons

Account for galaxy formation params, X

....AND for different astrophysical models, M

PED) - [ [ P@D. %y

dM




Baryonification

N-body sims

T~

Density field, halo catalog etc.

+

Prescription for moving the DM

T

“Baryonified” sims



Baryonification

Anbajagane, Chang, & Pandey 2024
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https://arxiv.org/abs/2409.03822

Baryonification

Matter distribution around halos

in N-body sims

Anbajagane, Chang, & Pandey 2024
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https://arxiv.org/abs/2409.03822

Anbajagane, Chang, & Pandey 2024

Baryonification

Matter distribution around halos

in N-body sims

What about hydro sims?

R [Mpc]


https://arxiv.org/abs/2409.03822

Anbajagane, Chang, & Pandey 2024

Validation using TNG

N-body Density map “Hydro" Density map

Halo Catalog . tSZ (pressure) field



https://arxiv.org/abs/2409.03822

Anbajagane, Chang, & Pandey 2024
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https://arxiv.org/abs/2409.03822

Anbajagane, Chang, & Pandey 2024

Forecasting

[ k-only
0 y-only
I K X y-only
All

e Possible to use small-scales for

cosmology in robust way

e Different cosmological probes have

very different degeneracies.

o Many more can be added

h 14
Qm og M, ¢ eej Ho,;


https://arxiv.org/abs/2409.03822

Anbajagane, Chang, & Pandey 2024

Full framework is easily available, usable, modifiable! :)

[0 README

Profiles

Pixel smoothing

The Baryonification Pipeline

Projection scale

Baryonify delta
Paint tSZ

license MIT python 3.6+ docs passing

Overview

PP

Baryonification 0.1.2

pip install Baryonification @



https://github.com/DhayaaAnbajagane/Baryonification/blob/main/examples/1_Plot_Profiles.ipynb
https://github.com/DhayaaAnbajagane/Baryonification/blob/main/examples/3_Pixel_Smoothing.ipynb
https://github.com/DhayaaAnbajagane/Baryonification/blob/main/examples/2_Displacement_function.ipynb
https://github.com/DhayaaAnbajagane/Baryonification/blob/main/examples/4_Baryonify_Density_Shell.ipynb
https://github.com/DhayaaAnbajagane/Baryonification/blob/main/examples/5_Paint_tSZ_shell.ipynb
https://arxiv.org/abs/2409.03822
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From maps to constraints

Npix
(R sy (0) = o 3 Rk

i 1 1
P1X j=1



From maps to constraints
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https://arxiv.org/pdf/2308.03863.pdf

From maps to constraints
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https://arxiv.org/pdf/2308.03863.pdf

Nn(z)s

DES Y3 is actual data
Everything else is forecast

LSST high-z isn't a problem
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Noise dependence

—— DES Y6 ngyy(2) --- BOSS (D'Amico+ 22)
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Stat dependence
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The l[andscape of LSS cosmology
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200

Galaxy clustering probes

e Measure full 3D volumes

ue

e High SNR

Redshift z

e Requires galaxy-halo connection

%



Weak lensing probes

e Measure 2.5D “volume”
e Lower SNR than clustering

e Density field observable




Didn't Planck already do this?

e |arge scales
e Linear physics, perturbation theory

e Completely analytic
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Didn't Planck already do this?

Shape Independent Joint
ol .. =01 £56 5.0+ 84
< 26 + 69 5+73
e i sasns —11 +£39 -5+44
Planck 2018+

NS N
\\\\\\\ ~
NN

2259318 'ff(é—ei' e arxiv:1905.05697




Didn't BOSS already do this?

e Measure full 3D volumes

+30°

e High SNR

e Galaxy bias is a problem
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Didn't BOSS already do this?
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Didn't BOSS already do this?
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Canonical inflation




Multi-field, self-int. inflation
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3 Galaxy shape correlations

as a function of Q, A, h, ...
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https://arxiv.org/pdf/2212.05964.pdf

Impact on P(K)
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