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), L. Thiele (Princeton, IPMU), R. Panchal (Princeton), M.
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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
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

Arcaril, Pinetti,
Fornengo 2022
JCAP Arxiv: 2205.03360

Pisani, Massara, Spergel et al.
2019; ArXiv: 1903.05161 , B. AAS
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https://arxiv.org/abs/1903.05161
https://arxiv.org/abs/2205.03360

Void detinition

A void definition must be well tested, suitable to your dataset and should enhance
the S/N of the measurement we wish to do. We also wish to link it to theory!

Void |IDentification and Examination
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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.
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Clone wiki

History

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

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

M Suitable for both simulations and

M Widely used:
R11,
=S,
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D

D

surveys (accounts for mask).

B80SS (DR7, DR10,
DR12), eBOSS (DR14),

uclid, 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

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

Giovanni
Verza

Yue Bonny
Wang
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Verza, Pisani,

2019; ArXiv: 1906.00409 JCAP

Carbone, Hamaus, Guzzo

Wang, Pisani et al. 2023, ApJ 955 131,

Arxiv: 2212.06860

Ryden,

2
8
8
a
o
~ L d

IN2P3

B. S. 1995, ApJ, 452, 25

Lavaux & Wandelt 2011; ArXiv: 1110.0345 A

(Void |IDentitication and Examination)
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https://arxiv.org/abs/2212.06860
https://arxiv.org/abs/1906.00409
https://ui.adsabs.harvard.edu/abs/1995ApJ...452...25R/abstract
https://arxiv.org/abs/1110.0345

Many different void statistics

Dark energy
Modified gravity

Numbers
Ny

Neutrinos

Clustering

o

Not at the same degree of maturity |

Pisani, Massara, Spergel et al.
2019; ArXiv: 1903.05161 , B. AAS
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https://arxiv.org/abs/1903.05161

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

) - DaH e o) = _HOHE) ;o

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

The observed void-galaxy cross-correlation function €Vg

Measure on mocks

lested on mocks TR
0.4 .
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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 €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 |
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https://arxiv.org/abs/2007.07895
https://arxiv.org/abs/2201.07241
https://arxiv.org/abs/2108.10347

The observed void-galaxy cross-correlation function €Vg

How will it perform with future surveys?

Nico Marie
T - 0.683015 5055 Flat wCDM Hamaus Aubert
at esa I .
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01 dS ArXiv: 2108.10347 ASA
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https://arxiv.org/abs/2108.10347

The void size function

5 Sofia Giovanni
g Ll 1.318 < z < 1.455 1.455 < z < 1.700 Contarini \Verza
=
= 4
=
Ny Contarini, Verza, Pisani et al.
= 8 ¢ z-space counts 2022 Euclid collaboration paper
g —— z-space Vdn model ? ASA, ArXiv: 2205.11525
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https://arxiv.org/abs/2205.11525

wow,CDM model - fixed calib.
wow,CDM model - relaxed calib.
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Fuclid tforecasted constraints

wow,CDM model - fixed calib.
wow,CDM model - relaxed calib.

a

Pisanl et al.

2022 Euclid collaboration paper

AGA, ArXiv
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https://arxiv.org/abs/2205.11525

The void size function: forecasted constraints combined

AV
Q'
KN
Q Q Q Q-
in
Contarini, Verza, Pisani et al.
2022 Euclid collaboration paper
AG&A, ArXiv: 2205.11525
22/05/2024 — Cod GDR @ Ip2l Lyon — Alice Pisani —(A'X*Marse'”e P N2P3

[ST WL (optimistic)
IST GC, (optimistic)

Void size function (fixed calib.)

Void AP (model-calibrated)

Void size function (fixed calib.)
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https://arxiv.org/abs/2205.11525

The void size function: first data application

Southern Galactic Cap
BOSS DRI12
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(é A PATCHY galaxies
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Southern Galactic Cap
PATCHY Mock

dn

dn
dlnr

Sheth and van de Weygaert 2004,
Arxiv: 0311260

Jennings, L1 & Hu ArXiv:
1304.6087 MNRAS; DM

Vdn B dlnr

lin
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IO AHOLVd
de) onoeen wIdYLION

V(rt) dlnrt

V(r) dlnr

2022a ArXiv:

Co ¢ GDR @ Ip2l Lyon — Alice Pisani

Contarini, Pisani, Hamaus et al.
2212.03873 JCAP

Sofia
Contarini
102k e  BOSS cleaned voids (0.2 < z < 0.45)
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https://arxiv.org/abs/2212.03873
https://arxiv.org/abs/1304.6087

The void size function: first data application

wC
wC

DNV

- relaxed calibration

DNV

- fixed calibration

22/05/2024

2212.03873

’

Contarini, Pisani, Hamaus et al.
2022a ArXiv:

JCAP
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DNV

- relaxed calibration

DM

- fixed calibration
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https://arxiv.org/abs/2212.03873

Voids can fill us in on rising cosmology tensions

22/05/2024

— Cosmic voids (combination)

— Cosmic chronometers (Moresco et al. 2022)

Cepheids + SNla

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

2022b ArXiv:

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

Co ¢ GDR @ Ip2l Lyon — Alice Pisani

(AR Marseille

— Void counts (this work)

— Void shapes (Hamaus et al. 2020)

— Cosmic voids (combination)
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https://arxiv.org/abs/2212.0743

Voids can fill us in on rising cosmology tensions

— Void counts (this work)
— Void shapes (Hamaus et al. 2020)
j — Cosmic voids (combination)

O /)
Q(Q ch \/Q Q\/ QC) Q(b Q'b& Q%
(O Qm

Contarini, Pisani, Hamaus et al.
2022b ArXiv: 2212.07438 A&A

22/05/2024 — Co ¢ GDR @ Ip2l Lyon — Alice Pisani —(Aix

— Cosmic voids (combination)
— Cluster counts (Lesci et al. 2022)
— 3x2pt (DES collaboration 2018)

Marseille
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https://arxiv.org/abs/2212.0743

22/05/2024

Voids can fill us in on

r1sing cosmology tensions

Contarini,
2022b ArXiv:

_ 67.41 + 0.62
CMB (Planck collaboration 2020) b
BOSS+eBOSS galaxy clustering 67.9+2.1
(Semenaite et al. 2022) F—e—
BOSS DR12 full P;+By+BAO 69.6713
(Philcox & Ivanov 2022) e
MIRA + SNIla - 72.7£4.6
(Huang et al. 2020) '
Cepheids + SNla 73.4+1.1
(Riess et al. 2022, Brout et al. 2022a,b) =
Void counts (this work) + 67.97108
void shapes (Hamaus et al. 2020) *

60 05 70 75 &0

Hy [km s™' Mpc™]

Pisani, Hamaus et al.
2212.07438 A&A

Co ¢ GDR @ Ip2l Lyon — Alice Pisani

(AR Marseille

CMB (Planck collaboration 2020)

BOSS+eBOSS galaxy clustering
(Semenaite et al. 2022)

AMICO KiDS-DR3 cluster counts
(Lesci et al. 2022)

DES Y1 3x2pt
(DES Collaboration 2018)

KiDS-1000 cosmic shear
(Asgari et al. 2021)

KiDS-1000 3x2pt (Heymans et al. 2021)

Void counts (this work) +
void shapes (Hamaus et al. 2020)

0.834 +£0.016
e

0.801 +0.043
—e—

0.778+3935
—e—

0.773%3:528
—o—]

0.75919:923
—eo—

0.76613:929
o—

0.819+0:090
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https://arxiv.org/abs/2212.0743

What about neutrinos”

—1

1.5 - ]\J’
v

— Xm, = 0.0eV

— XYm, = 0.17eV
—— Xm, = 0.30eV
—— Xm, = 0.53eV

n/nEmW:0&ﬂ’

10 15 20 25 Sb 35 40 45 50
Ry[h~'Mpc] Christina

Kreisch

| Sw There is a signal in void

300 1

— _ ] "
E Fine 72 statistics
n  — —_ — ~N
] —] — = — Code:
= 2 MASSTEENDUS o
= =C-0=5-M-0-1-0-G:F-C-A-L -M-A=S-S-FV-E 1024° DM particles
. =NEEEUETEREEN-O0  =SSEMEUELASTEIEOENSS 512Mpc/h box
]‘ 00 1 101 cosmological models + kspace-neutrino
= capturing the full nonlinear evolution + LensTools
e in massive neutrino cosmologies + Rockstar
< + Consistent Tree
C’:]JU’ 0 Data Fully Public
=> CMB & galaxy lensing maps 3
) => Halo catalogues Llu et aJ]--
-> Merger trees
100 \_ > Snapshots 2018 )

e )
— Ym, =0.53eV DEMNTUnNni Simulation Suite
-0 - Carbone et al. 2016

20 100 _
 ["Mpe L=2h"'Gpe 2048 DM part.

Kreisch, Pisani, Carbone, Liu,
Hawken, Massara, Spergel and Wandelt
2019; ArXiv: 1808.07464 MNRAS
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https://arxiv.org/abs/1808.07464

What about neutrinos?

The GIGANTES void catalogs suite:
2B \Void numbers - 15000 VIDE void Ca’[a\ogs ACDM
S + /000 cosmologies

Cluster counts

% https://gigantes.readthedocs.io/
N—" 0_ -
= k
= \
_1- g - But for neutrinos the theoretical
aspect needs development,
. _ and modelling all the statistics
. . . . together is a challenge...
0.25 0.30 0.35 0.40

O

Kreisch, Pisani, Villaescusa-
Navarro, Spergel, Wandelt, Hamaus
and Bayer ApJ, ArXiv: 2107.02304

__(AR Marseille
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https://arxiv.org/abs/2107.02304
https://gigantes.readthedocs.io/

What about neutrinos”

Simulation Based Inference:
L earn the likelihood from

simulated samples | eander
Thiele

1) Building the simulations

e Using halo occupation distribution, tuned
on preliminary tests with QUIJOTE sims
and data.

Standard 5-dim HOD plus

velocity biases

inear redshift evolution
secondary/assembly bias

2) Create a light-cone

e mask
e fiber collisions
* n(z)

Thiele, Massara, Pisani et al.
2023 ArXiv: 2307.07555

22/05/2024 —  Co ¢ GDR @ Ip2l Lyon — Alice Pisani —

(AR Marseille
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https://arxiv.org/abs/2307.07555

What about neutrinos”
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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.

With conservative scale cut of kmax=0.15 hMpc-,

Thiele, Massara, Pisani et al.

voids tighten upper bound on neutrino mass. 2023 ArXiv: 23@7.07555 -
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Hundreds of thousands of voids
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Number density also plays a role!
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Take home messages

» Void analysis: active field of galaxy clustering!

» Many statistics, not at the same degree of maturity
» DESI, Euclid, Rubin, Roman, SPHER

=X, PFS : a unigque 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.
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