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Abstract: In the standard cosmological paradigm, the initial condition follows Gaussian statistics. At later times, gravitational evolution induces
nonlinearities in the large-scale structure, information that was fully captured by the two-point statistics at the early times gets spread into
higher-order statistics. Whilst current standard cosmological analyses have focused on two-point statistics, higher-order statistics help further to
tighten constraints by breaking parameter degeneracies as well as to probe the primordia Universe. In thistalk, | will present our recent progress on
the N-point Correlation Function (NPCF), including an analytical Gaussian covariance formalism, a first detection of the 4-point correlation
function from nonlinear structure formation. Finaly, | will focus on our recent analysis of parity-odd mode using the data from Baryon Oscillation
Spectroscopic Survey (BOSS) and discuss the implication of parity-search at cosmological scales with large scale structure.

Zoom Link: https://pitp.zoom.us/j/92321535422?pwd=V |F4cHpvUit4bmR0eX Y yczl 5Qmw4dz09
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N

Information in Galaxies’ 3D distribution

* Map the expansion history
* Probe growth of cosmic structure

* Origin of the Universe

Standard cosmological paradigm
Cosmic inflation
w = -|

CDM

redshift

Background Image credit: ©Hahn
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Galaxies (ELGs)
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Image credit: . (e
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and SDSS collaboration -,
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Looktiack time [Gyrs]

v

o 340k Quasars fromLSS\

108<z<22

* 200k Emission Line
Galaxies (ELGs)
0.7<z< .|

* 60k Quasars from
Lya-Forest
21<z<35

Image credit:‘\\

Anand Raichoor,
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and SDSS collaboration .
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SDSS I-1l + BOSS + eBOSS )

(1998-2019)

» 300k Luminous Red
Galaxies (LRGs)
06<z<10

declination J2000 (degrees)
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160 180 200 220
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2-point statistics and Developments
in the Last Decade

JH ++ 2020,
" Neveux ++ 2020

SDSS BAO Distance Ladder
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Credit: Ashley J. Ross and SDSS redshift Credit: M.Vargas-Magafia and SD5S.
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Structure Growth/PLANCK 2018 A-CDM

BAO Measurement /Planck 2018 ACDM
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2-point statistics and Developments
in the Last Decade

SDSS BAO Distance Ladder
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Information in higher-order statistics?

Time

) . Redshiftz=1.4 (t = 4.7 Gyr) Redshift =0 (t = 13.6 Gyr) Credit: Millenium
_ ; i : Simulation Project

L

- Gaussian initial conditions * Nonlinearities are not fully
captured by 2-point statistics

* Unique window to different
inflationary models

* Break parameter degeneracies
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Go beyond 2-point statistics!?

N=2
P[O, ?‘JB-:':_';I, 2) JI;{U_ 2)
‘_.—-_r_____v : P[éf?)s{{?tz}"
- Tighten constraints on ACDM S
p(0,2)p(0)

D

Og

- Break parameter degeneracies

N=3
/” « Constrain primordial non-Gaussianity
r

fnl

a

a,

Gualdi++ 2021
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NPCFs in the Isotropic Basis

<H5 (ri)> — S ZAR)PAR)
i A
. PA(R) = ZCJ{:} H}/&-‘.?ﬂi
M

L3
o CY =E(M)V2%12+1x - x/2015...N —3+1

X (—=1)" b & b l12. N-3 {In—2 {In_1
mi mg —miz2 )\ Mi2.N-3 MN-2 MmN,

» Complete orthonormal basis
 Given isotropy:

* An efficient approach to sort information
» Separable angular basis:

« offers a speed boost to measure it

Cahn and Slepian, arXiv: 2010.14418
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Efficient N-point Correlator Estimation (ENCORE)

https://github.com/oliverphilcox/encore

r <r,<r
+ Algorithm based on Slepian & Eisenstein 2015
* Survey geometry induces angular momentum coupling
* Edge correction is included
+ “Connected-only” estimator
¢ (r1,r2,1r3) = £ (r1) € (r2 — r3) + cye.| + (9 (r1, v, 13)

Philcox, Slepian, JH, Cahn,VVarner; Eisenstein arXiv: 2105.08722

Pirsa: 22070026 Page 11/36



GPU for N-point Correlator Estimation (Cadenza)

GPU vs single thread CPU

GPU: A100 @ HiperGator
-¥- GPU: V100 @ NERSC
-®- GPU: GeForce 1660 GTX
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CADENZA: Slepian,Warner, Hou, Cahn in prep.
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First Detection of Gravitationally-induced
non-Gaussianity with BOSS CMASS

4PCF from BOSS CMASS

[
" Theoretical
0.06 - , Prediction
I Empirical
0.05 ik 8o R distribution
= gl e
| 1 ] | | | " 0.04 I BOSS data
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Statistics

O. Philcox, JH, Z. Slepian, arXiv: 2108.01670
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Parity Violation with the 4PCF of LSS

» A tetrahedron and its mirror image An “imagined” mirror
cannot be superimposed in 3D. T —7

* The 4PCF is the lowest order 3
statistics sensitive to parity violation. o . o PA 7

r rz

ARAEY

Po, b0, (=1, —F2, —T3) = (=1)2Te2tsD, , o (1,12, T3)

Cahn, Slepian, JH 2021
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Parity Violation at Cosmological Scale

e Standard single-field inflation preserves parity
 Gravity is parity-conserving

« Sources for parity violation?

* Chern-Simons like interaction
* e.g. axion coupled to gauge field (Kim+2005, Namba+2015)
* Primordial vorticity (vilenkin 1978)
* Broken symmetry during phase transition (6.t Hooft 1974, Quashnock+1989; Baym+1996)

* String-sourced perturbations (Pogosian&Wyman 2008)
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A Toy Simulation for the Parity-Odd 4PCF
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A Toy Simulation for the Parity-Odd 4PCF
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Measurement of Parity-Odd Modes in the 4PCF of
SDSS BOSS DR 12 CMASS and LOWZ

1e—4
~ 280k Lowz : :
4 ;\' g /! 043<z<07 :
h :
257 \
=
- | \
= 24 : 02<z<0. 4 \
o : ~ 800k CMASS\
CMASS, NGC
1 CMASS, SGC P G
LOWZ, NGC Pl \
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1 1 1 1 1 1
0.2 0.3 0.4 0.5 0.6 0.7
Redshift

JH, Slepian, Cahn (arXiv: 2206.03625)
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Statistical Background Estimation

Model-independent search, null hypothesis

» Challenge: high dimensionality for 4PCF
— NO sampling covariance from mocks

» Gaussian analytic covariance
« Compressed data vector!

* Direct: restrict angular momentum and/or
radial bin to reach reduced d.o.f.

[1] Scoccimarro 1999
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Detection Significance and Statistical Convergence test

Reduced data vector in radial binning

Mock covariance

— x?: joint
0.00304  ft |... Gaussian fit
N+S: 0y = 6.0
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Analytic NPCF covariance in the Gaussian limit

Couple density fields . I'1 r2 4
from two tetrahedra, I3 ra’
one for each
[0 .., S e (0
L3

(0(x +1:)d(x + s +1;)) =&(Irj +5 —ri)

oy — it — ;0. L .
Q (47{-)3/2 Z 1 J Lffzfl';L (T, ?“!, S) DEE';LCUUUJ A

L’i-,f.’; L

 “Real space” covariance — Ignore higher multipole coupling
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Analytic 4PCF covariance in the isotropic basis

G3 3’ \
Case |

OSINP I DI NG g

L G1
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e Gaussianity

¢ “|sotropy”

Comparison to simulations

e Uniform window

-1/2 CCMASS -1/2 1
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JH, R.Cahn, O. Philcox, Z.Slepian 2022 PRD

v

Include higher order statistics,

i.e. <332>, <44> types;

\ 4

T

“Anisotropy”

A d

Include window function

Extended formalism for N > 4
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Detection Significance and Statistical Convergence test

Full data vector

Analytic covariance
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— x°: joint _ o
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Impact of Systematics on Parity-odd Modes

» Survey-related effects
» Observer-induced effects

 Algorithm-related effects
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Impact of Systematics on Parity-odd Modes

» Survey-related effects
* redshift failure ...

, ol + awverage fiber loc .
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Image credit: Ross+ 2012
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Impact of Systematics on Parity-odd Modes

» Observer-induced effects
e Tidal alignment

/\/\/
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Image credit: Hirata 2009
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Impact of Systematics on Parity-odd Modes

 Algorithm-related effects
» edge-correction
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Impact of Systematics on Parity-odd Modes

 Algorithm-related effects

« edge-correction
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Impact of Systematics on Parity-odd Modes

Patchy CMASS, NGC
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A non-exhaustive list for Potential Questions

Correlation across the Sky?

CMASS: NGCxSGC

0.4 Gaussian fit — fir)
j‘r‘”ﬁ —-— CL 95%
0.2 A —— rp.cmass i . 5
ol N * Low signal-to-noise ratio
’ ' ' [ p.patchy
i » Toy model: possible to have statistically
= | significant detection but low correlation.
wG 954 . -f’).
o m=-0017
ro= - 0,014

T T T T T
-2.5 00 2.5 000 025 0.1 0.2

‘i;ng{ / \.".I’lng: g
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A non-exhaustive list for Potential Questions

Systematics-induced variance?

Patchy CMASS, NGC

0.0040 - 1 Standard weight
] Shuffle n{z): 10%
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1, 00025
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X
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Analytic
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J—— Covariance
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3 standard . 0.94 4.60
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A non-exhaustive list for Potential Questions

Consistency with LOWZ?

0.0005

Analytic covariance

0.0004 4

0.0003 1

PDF
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LR
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0.0000 di

il |

—— x* joint
+=o+ Gaussian fit
= N4+S:oz=3.1

30000 35000 40000 45000 50000 55000 60000
P

2

* Smaller volume?

* Different galaxy properties than
CMASS (population, n(z) ...)?
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Summary

* NPCF algorithm
* First detection of connected 4PCF
* Analytical covariance matrix in the Gaussian limit

* 4PCF of LSS as a test for parity violation

= Statistically significant detection
= |f true: likely non-Gaussian initial condition
= To be validated on future datasets

= Open an avenue to study parity violation with LSS
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Next-stage Galaxy Surveys
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Next steps

* Dark Energy Spectroscopic Instrument (DESI)

* Started 5-year survey on May 17,2021
* Collected ~18 M galaxies’ spectra (2.7 M
LRGs)
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