Unraveling cosmology with cosmic voids
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+ many collaborators, highlights: N. Hamaus (LMU, Munich), S. Contarini (MPE), G. Verza (CCA, NYU), B. Y. Wang (CMU),
D. Spergel (Princeton, Flatiron), B. Wandelt (IAP), C. Kreisch (Princeton), R. Panchal (Princeton), M. Aubert (LPC), M.-C.
Cousinou (CPPM), S. Escoffier (CPPM), G. Lavaux (IAP), M. Habouzit (MPIA), E. Massara (Waterloo),....
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Precision cosmology

Stars, Ordinary matter
planets, us

A standard model ACDM , to
explain the accelerated
expansion of the Universe.

Dark matter

A

Dark energy
68%

o™
7

-
New Physics!
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Galaxy maps contain information beyond the 2-point correlation function.
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Voids have a unigue sensitivity to cosmology.

Dark energy dominated (first!)
Sensitive to diffuse components >m,,

Sweet spots to test gravity

Pisani, Massara, Spergel et al.
2019; ArXiv: 1903.05161 , B. AAS

(AR Marseille

18/03/2024 —  CPPM Seminar — Alice Pisani —

Established by the European Commission

5 [ 47



https://arxiv.org/abs/1903.05161

Voids have a unigue sensitivity to cosmology.

Multi-scale sensitivity (sizes 10 - 100 Mpc/h)

Easier to model (traditional technigues, models
valid down to small scales)
Keep memory of initial conditions

High signal-to-noise for dark matter

Arcari, Pinetti,
Fornengo 2022
JCAP Arxiv: 2205.03360

(AR Marseille
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https://arxiv.org/abs/2205.03360

t's the golden age for void cosmology!

Voids need large volume and

deep, detailed maps!
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Hundreds of thousands of voids

+..{/‘"O\
VERA C.RUBIN
OBSERVATORY

THE DARK ENERGY SURVEY
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Prime Focus
Spectrograph

Number density also plays a role!

N 106_5 —e— PFS
\% - —e— Roman
: A 780 000 —e— Euclid
—e— DESI
10° - —— SPHEREx
5 430/;;;\ 250 000
10%
] 26 900
102
102 - 805 600
0.5 1.0 1.5 2.0
z
18/03/2024 —  CPPM Seminar — Alice Pisani —

(AR Marseille

Established by the European Commission

erc "
..... i:: A M | d ex
@0  Initiative d’excellence Aix-Marsei Il

8 |47




From a practical perspective: guantities we wish to constrain

Amplitude of
Qm, 8 Content of the Universe og  density
fluctuations
dlﬂA f | 5 .
= Growth rate of structure — Bias b = =%
dlna b 0
2 .
w(z) = wo + wq —— Darkenergy equation of state
>m, Sum of neutrino masses Hy Hubble constant
18/03/2024 —  CPPM Seminar — Alice Pisani — (A‘X e erc & ArMidex 9 /47




» Large Scale Structure, Voids and Cosmology

> How do we find voids?
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Void detinition

A void definition must be well tested, suitable to your datase

the S/N of the measurement we wish to do. We also wish to |i

" and should enhance

K It to theory!

Void |IDentification and Examination

EJ Pullrequests Repositories Projects

% Cosmic Voids / VIDE /| vide_public

Wiki

% vide_public

<> Source vide_public /| Home

Jira issues Vesesssee v

Security VWV

m o €

G,

Downloads

VVVVVVVV IIIIIIIIII DDDDDDDDDDDDD
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fs Branches VVVVVVWY
\VY/332833VY V/eae8eE
VEEEEEEW, VEEEEE:
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VEEEEE, V/eae8eE
(:) Pipelines V=V, e
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Wiki VIDE, the Void IDentification and Examination toolkit is a widely used void finder. It has been used on both
spectroscopic and photometric data, on simulations and mocks. VIDE is the French word for void, as historically the
software was first developed by a group of researchers working at the Institut d'Astrophysique de Paris (AP, Paris,
France). The following page lists all papers based on VIDE: Papers using VIDE.

EEEEEEEEEEEEEEEEEEEEEE

EEEEEEEEEEEEEEEEEEEEEE

@ €

Q Search

Clone wiki

History

https://bitbucket.org/cosmicvoids/vide_public/

src/master/, Sutter et al. 2015 A&C
based on ZOBOV (Neyrinck 2008)

18/03/2024 —  CPPM Seminar —

Alice Pisani —

(AR Marseille
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Provides volid detailed shape.

M Suitable for both simulations and

M Widely used:
R11, D
=S, Euclid,

D

D

Established by the European Commission

surveys (accounts for mask).

B0SS (DR7, DR10,
R12), eBOSS (DR14),
Roman, PFS.
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https://bitbucket.org/cosmicvoids/vide_public/src/master/
https://bitbucket.org/cosmicvoids/vide_public/src/master/
https://bitbucket.org/cosmicvoids/vide_public/src/master/

Void definition: VIDE  (Void |IDentification and Examination)

galaxies voronoi " __V_Vz_at_e_rih_e_d__»
I tessellation = transform

VOIdS

DS

Galaxy

All points
closer to

the tracer
than to any
other point

Local density

estimation
1

Vcell

°: - | Preim, Botha 2014 |

A tessellation with a physical meaning

Plocal —

VIDE:https://bitbucket.org/cosmicvoids/vide_public/

src/master/, Sutter, Lavaux, Hamaus, Pisani,

Wandelt, Warren, Villaescusa-Navarro, Zivick, . . .

Mao, and Thompson 2015 A&C ArXiv: 1406.1191 VoIO flndlﬂg
Icke & Van de Weygaert (1987) , 3D|

Platen et al. 2007 |r1 .

18/03/2024 —  CPPM Seminar — Alice Pisani — (Aix Marseille
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https://bitbucket.org/cosmicvoids/vide_public/src/master/
https://bitbucket.org/cosmicvoids/vide_public/src/master/
https://bitbucket.org/cosmicvoids/vide_public/src/master/
https://arxiv.org/abs/1406.1191
https://bitbucket.org/cosmicvoids/vide_public/src/master/

Void definition: VIDE (Void IDentification and Examination)

No a priori on the shape.
Void’s shape Is not regular on a one-to-one basis!

Yue Bonny

Wang

Wang, Pisani, Villaescusa-Navarro and
Wandelt 2023, ApJ 955 131, Arxiv: 2212.06860

(Aix Marseille
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g

g

£ NP ) )
LeS deUX mflnls ssssssssssssssssssssssssssssssssss


https://arxiv.org/abs/2212.06860

Void definition: VIDE  (Void IDentification and Examination)

Giovanni
Verza

18/03/2024 —  CPPM Seminar — Alice Pisani —
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We have void centers,
vold radil, and tracers!

| Using voids means more
than one application!

Verza, Pisani, Carbone, Hamaus,
Guzzo 2019; ArXiv: 1906.00409 JCAP

.‘..::... (X3

%.‘.’:.er C .

SN ese [ CENTRE DE PHYSIQUE DES

TR O': PARTICULES DE MARSEILLE 1 4 / 4 7
I N 2 P3 European Research Coundil ‘.. Initiative d'excellence Aix-Marseille

LeS deux Inflnls EEEEEE ished by the European Comm ission 060000


https://arxiv.org/abs/1906.00409

Many different void statistics

Numbers

Ny

Clustering

o

Not at the same degree of maturity |

Pisani, Massara, Spergel et al.
2019; ArXiv: 1903.05161 , B. AAS

(AR Marseille
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https://arxiv.org/abs/1903.05161
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The observed void-galaxy cross-correlation function fvg

RS T RN SRR, Void’s shape is
ARV - N ) TOAVATN AN not regular on a
BN one-to-one basis!

VAW e, AN Ryden, B. S. 1995, Ap], 452, 25
LA RS AN =/ Lavaux & Wandelt 2011; ArXiv: 1110.0345 Apl]

Wang, Pisani, Villaescusa-Navarro and (AN N 4
Wandelt 2023, ApJ 955 131, Arxiv: 2212.06860 L NN

In a homogeneous and isotropic
universe void stacks are spherically
symmetric in real space.

o laex
European Re " ( I Initiative d'excellence Aix-Marseille
ooooo

(AR Marseille
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https://ui.adsabs.harvard.edu/abs/1995ApJ...452...25R/abstract
https://arxiv.org/abs/1110.0345
https://arxiv.org/abs/2212.06860

The observed void-galaxy cross-correlation function €Vg

18/03/2024

>
2 But... we observe
D : : :
O voids In redshift
space!
radius
Densi
Our model needs
many ingredients:
CPPM Seminar ~ — Alice Pisani — (A'X prEl

'y profile modeling
Alcock-Paczynski (AP) distortions

Redshift space distortion modeling

) Initiative d'excellence Aix-Marseille
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The observed void-galaxy cross-correlation function €Vg

18/03/2024

Models the profile from data

Line of sight

Other prescriptions model the profile

from simulations(fit).

Caveat: introduces simulation bias!

CPPM Seminar — Alice Pisani

(AR Marseille
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,~~~. Abel inverse transform
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Pisani, Lavaux, Sutter, Wandelt 2014;
ArXiv: 1306.3052 MNRAS

Hamaus, Pisani, Choi, Lavaux, Wandelt,
Weller 2020; ArXiv: 2007.07895 JCAP

19/ 47
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https://arxiv.org/abs/1306.3052
https://arxiv.org/abs/2007.07895

The observed void-galaxy cross-correlation function €Vg

1. Stacked void density 2. Alcock-Paczynski (AP) distortions: Relationship 3. Redshift-space distortions

profile in real space between measured quantities and physical sizes (RSD) modeling due to
galaxies peculiar velocities

cz = Hod + vcos6

cAz = H(2)r|
) r1 = Da(2)A0

L DA || vt > - HEHE)

DAH ()]s Lz

Pisani, Lavaux, Sutter, pick [, 24}, calculate
Wandelt 2014; ArXiv: Peebles (1980)

1306.3052 MNRAS Schuster et al. 2022; ArXiv:2210.02457

Void stack in
— redshift space

Hamaus, Pisani, Choil, Lavaux, Wandelt,
Weller 2020; ArXiv: 2007.07895 JCAP

18/03/2024 —  CPPM Seminar — Alice Pisani



https://arxiv.org/abs/2007.07895
https://arxiv.org/abs/1306.3052

The observed void-galaxy cross-correlation function €Vg

Measure on mocks

Tested on mocks , Thaorsiica
04
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Hamaus, Pisani, Choi, Lavaux, Wandelt,
Weller 2020: ArXiv: 2007.07895 JCAP ._
. . f%&:
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https://arxiv.org/abs/2007.07895

The observed void-galaxy cross-correlation function €Vg
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https://arxiv.org/abs/2007.07895

The observed void-galaxy cross-correlation function €Vg

Results B =

i DA(2)H(2)]meas
b
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S
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1.00F- What if we still want to use

simulations?

H___________

Hamaus, Pisani, Choi, Lavaux, Wandelt,
Weller 2020; ArXiv: 2007.07895 JCAP
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https://arxiv.org/abs/2007.07895

The observed void-galaxy cross-correlation function

Two nuisance parameters:

PreC i S i O n 0.347 4+ 0.023 all
i Bl calib.
indep i Bl (e
A g ; I’T’OﬂOpO‘e c 0.68%

mplituae - quadrupole ' 1.0011 = 0.0060

0y 6.4% ool | .

f/b 16.9% o 100
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E

& (s)

e s T2 e ¢ -
376 ‘L[ 57“)]} /b

Hamaus, Pisani, Choi, Lavaux, Wandelt,
Weller 2020; ArXiv: 2007.07895 JCAP

(Aix Marseille
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https://arxiv.org/abs/2007.07895

The observed void-galaxy cross-correlation function €Vg

How will it perform with future surveys?

18/03/2024

Flat ACDM
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Planck + BOSS BAO
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) _ Euclid
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(Aix Marseille
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Hamaus, Aubert, Pisani et al.
2022 Euclid collaboration paper
ArXiv:

2108.10347 A&A

Marie
Aubert
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https://arxiv.org/abs/2108.10347

The observed void-galaxy cross-correlation function €vg B

SDSS DR7 (Sutter, Lavaux, Wandelt, et al. 2012)
®  SDSS DR7 + DRI10 (Sutter, Pisani, Wandelt, et al. 2014)
Y BOSS DR11 CMASS (Hamaus, Pisani, Sutter, et al. 2016)

1.0 |
. BOSS DR12 CMASS (Mao, Berlind, Scherrer, et al. 2016)
RSD ConStralntS T 8 0 68? 6dFGS (Achitouv, Blake, Carter, et al. 2017)
’ 0 ¢ VIPERS (Hawken, Granett, Iovino, et al. 2017)
0.8 A ¥ BOSS DR12 LOWZ, CMASS (Hamaus, Cousinou, Pisani, et al. 2017)
* B — Qm 64% o BOSS DR12 CMASS (Nadathur, Carter, Percival, et al. 2019)
T ® BOSS DRI12 LOWZ, CMASS (Achitouv 2019)
i A . — eBOSS DR14 LRG, QSO (Hawken, Aubert, Pisani, et al. 2020)
/z:; 06 1 <1-<—] -._[} f/b 169% A BOSS DRI2 final (Hamaus, Pisani, Choi, et al. 2020)
f.g -~ -.,.$ |i| % 4 # eBOSS LRG, ELG, QSO (Aubert, Cousinou, Escoffier, et al. 2020)
L'b\ - é /i _ 3o $ eBOSS LRG (Nadathur, Woodfinden, Percival, et al. 2020)
04 - | "E é 1 - oo To To $  Euclid forecast (Hamaus, Aubert, Pisani, et al. 2021)
L i } .
0.2 1
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175 Pl | I:I% {3
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The void size function
An excursion set model to predict void numbers.

—  |wp, wy| = [—1.0,+0.0]

log(n, > R,)[h 'Gpc]

Sheth and van de Weygaert 2004;
Arxiv: 0311260 1.0

Tenminge. L1 6 Hu ArXiv: o The void size function Is
1046087 TRRAS: DX sensitive to cosmology!

15 50

. . . . 0.5- . .
‘ Pisani, Sutter, Hamaus, Alizadeh, Biswas, 30 35

4()
Wandelt, Hirata 2015; ArXiv:1503.07690 PRD R [h—lMpc—S]
VvV

Verza, Pisani, Carbone, Hamaus, Guzzo
2019; ArXiv: 1906.00409 JCAP
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https://arxiv.org/abs/1503.07690
https://arxiv.org/abs/1304.6087
https://arxiv.org/abs/1906.00409

The void size function

contrast in the biased tracer field.

dn fine (o) dlno~1
dln7r|; V(r) dlnr
00 (j7T£L’)2 Multiplicity function
— 9 ox r? gin (i7D) (volume fraction of the
Jino 2:1 P ( 2 ) / (D) Universe by cosmic voids)
]:
0] D . |
D = v , T = —o0o(r), Density contrasts for the formation of
Og + [0y 0y dark matter halos and cosmic voids

o(r) Root mean square variance of linear matter perturbations

dn B dn
dlnr Vdn_ dlnr

lin

18/03/2024 —  CPPM Seminar

L L
V(?“ ) dinr Vdn model

V(r) dlnr

__ Alice Pisani — (AIX Marseille

Predicts void numbers as spherical non-overlapping regions embedding a fixed density

NL
5NL 5V,tr

v, DM — F(beﬂ-‘,Z) )

f(beffy Z) — leope beff(z)

Large scale effective bias

with

B offset

Sheth and van de Weygaert 2004; Arxiv: 0311260
Jennings, L1 & Hu ArXiv: 1304.6087 MNRAS; DM

Pollina, Hamaus et al. ArXiv: 1806.06860 MNRAS

Contarini, Ronconi, Marulli, Moscardini,
Veropalumbo, Baldi ArXiv: 1904.01022 MNRAS

Verza, Pisani, Carbone, Hamaus, Guzzo
2019; ArXiv: 1906.00409 JCAP

Contarini, Marulli, Moscardini, Veropalumbo,
Giocoli, Baldi ArXiv: 2009.03309 MNRAS
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https://arxiv.org/abs/1906.00409
https://arxiv.org/abs/1904.01022
https://arxiv.org/abs/1304.6087
https://arxiv.org/abs/1806.06860
https://arxiv.org/abs/2009.03309

The void size function

i 1.318 < z < 1.455 1.455 < z < 1.700
O _6t
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E —— z-space Vdn model ?
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Giovanni
Contarini Verza

Contarini, Verza, Pisanl et al.
2022 Euclid collaboration paper
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The void size function: forecasted constraints combined

$- IST WL (optimistic)
' IST GC, (optimistic)
Void size function (fixed calib.)
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Contarini, Verza, Pisani et al.
2022 Euclid collaboration paper
A&A, ArXiv: 2205.11525

32/ 47

(Aix*MarseiIIe

18/03/2024 —  CPPM Seminar — Alice Pisani — IN2P3 L & T it

5
g
&
= L d Established by the European Commission


https://arxiv.org/abs/2205.11525

The void size function: first data application
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The void size function: first data application
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Voids can fill us in on rising cosmology tensions

18/03/2024

— Cosmic voids (combination)

— Cosmic chronometers (Moresco et al. 2022)

Cepheids + SNla

~ (Riess et al. 2022, Brout et al. 2022a,b)

2022b ArXiv:

CPPM Seminar

Contarini, Pisani, Hamaus et al.
2212.07438 A&A

— Alice Pisani —

(AR Marseille

— Void counts (this work)
— Void shapes (Hamaus et al.

— Cosmic voids (combination)

2020)
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Voids can fill us in on rising cosmology tensions

— Void counts (this work) — Cosmic voids (combination)
— Void shapes (Hamaus et al. 2020) — Cluster counts (Lesci et al. 2022)
j — Cosmic voids (Combination) — 3X2pt (DES collaboration 2018)
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Contarini, Pisani, Hamaus et al.
2022b ArXiv: 2212.07438 A&A
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Voids can fill us in on rising cosmology tensions
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The void-vold autocorrelation function & neutrinos
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The void-void autocorrelation function & neutrinos

Significant contribution but... needs large numbers.

. ) gvv
Void clustering 0.95 - -
Cluster counts
14 1  0.90 - -
E;/ 0.85 - _
oS 0- i éo
= \\\\ 0.80 - -
—17 Combined 1 o5 - )
—2 - _ 0.70 - -
0.25 0.30 0.35 0.40 0.4 0.6 0.8 1.0
QO A
Kreisch, Pi 1, Vill - ' ' : , '
Navarro, Spergel, Wandelt. Hamaus GIGANTES void catalogs suite: power from the combination
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Hints of neutrinos constraints!
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Figure 14. Posteriors on joint analyses of four randomly

chosen fiducial mocks, averaged over ~ 30 groups. The solid
and dashed lines correspond to likelihoods with two different
sets of five nuisance parameters kept explicit. We see that the
posteriors where void statistics are included have a slightly
more pronounced bump at the true value > m, = 0.1€V,
consistent with the speculative picture in Fig. 13!
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Thiele, Massara, Pisani et al
2307.07555

| eander
Thiele

Alice Pisani (Alx Marseille

Other void statistics deserve
attention: ellipticity
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Wang, Pisani, Villaescusa-Navarro and
Wandelt 2022 ApJ Arxiv: 2212.06860

Kreisch, Pisani, Villaescusa-Navarro,
Spergel, et al. ApJ ArXiv: 210/7.02304

Lavaux and Wandelt 2009 MNRS Arxiv:
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A billion voids: GIGANTES void catalogs suite

HMF -

Mean Halo Separation (13 Mpc/h)

The GIGANTES void catalogs suite: s BN
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A massive dataset tor ML
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Navarro, Spergel, Wandelt, Hamaus _ .
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The void size function: void shape matters!
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» Void-void auto-correlation function and neutrinos
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Challenges: Void statistics do not have the same degree of maturity.

Shape Numbers Clustering
()
@\
~ Kreisch,
. Pisani
© 2 -;? et al.
= 2019
© 8 —% MNRAS
-
c - O
W D) O
S = ol
| Verza, Pisani N\ : -
o et al. 2019 JCAP D - / o ose
£ - . — .
Size Distance

Moaqel

v X
Data V X

Spurious voids: very conservative void selection! ‘ Verza, Carbone, Pisani et al. 2024
Theory: robust profile from theory + bias T

| oss In statistics at smaller scales, needs improvement in light of denser surveys.
Controlling galaxy properties’ impact down to the cosmological constraints.
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Take home messages

» Void analysis: active field of galaxy clustering!

» Many statistics, not at the same degree of maturity

» PFS, DESI, Euclid, Rubin, Roman, SPHEREXx : a unique set of > (9(1()5)voids per survey!
» Voids can independently constrain Qm, QA, Wo, Wgq , f, Zmy, H(), oS

» Voids can contribute to the tension landscape: impressive constraining power coming soon!

» There are challenges that we need to address to exploit voids' power at their best.

Merci beaucoup!
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