Unraveling the Universe with cosmic voids
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+ many collaborators, highlights: N. Hamaus (Munich), G. Verza (Padova), C. Kreisch (Princeton), S. Contarini (Bologna), R. Panchal (Princeton),
D. Spergel (Princeton, Flatiron), B. Wandelt (IAP), G. Lavaux (IAP), M. Habouzit (MPIA), E. Massara (Waterloo), M.-C. Cousinou (CPPM),....
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Stars, Ordinary matter Precision Cosmology

planets, us

A A standard model ACDM , to explain the

Dark energy accelerated expansion of the Universe.

68%

New physics!

04/13/2021 — Seminar @ Berkeley Alice Pisani 4 /43




Large Scale Structure of the Universe
Modern surveys = access to large volume + detailed map

Voids need large
volume and deep,
detailed maps!
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Why are voids great for Cosmology?

» By definition dark energy dominated
objects (first regions to be dominated).

» Low density + large scale= mimic
current accelerated expansion status.

»  Sweet spot: potential general relativity
deviations more prominent!

» Generically sensitive to diffuse
components 2171,

04/13/2021 — Seminar @ Berkeley

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/1903.05161

Why are voids great for Cosmology?

»  Allow to go beyond 2 pt correlation function

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

» Easier to model (exploit traditional techniques, Take one random galaxy, how
models valid down to small scales) likely is it to find another
galaxy x Mpc away?

» Keep memory of initial conditions

Lots of large scale

esa

VERA C.RUBIN
OBSERVATORY

SPHEREXx THE DARK ENERGY SURVEY

structure data!
Golden era for voids!
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Quantities we wish to constrain

(2, QA Content of the Universe

Blas
= Growth rate of structure a p — Osal
dlna b 5
Z °
w(z) =wo +wa———  Dark energy equation of state

>m, Sum of neutrino masses
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Void definition: VIDE (Void IDentification and Examination)

galaxies

e
e’

+/ —————— > voids

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
Icke & Van de Weygaert (1987)

Platen et al. 2007
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Void definition: VIDE (Void IDentification and Examination)
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Void definition: VIDE (Void IDentification and Examination)

Voronoil
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Void definition: VIDE (Void IDentification and Examination)

»  Widely used: BOSS (

700 ¥ oo \'it o}‘.:. .:-
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04/13/2021 — Seminar @ Berkeley

DR7, DR10, DR11, DR12), eBOSS (DR14), DES, Euclid, Roman, PFS, DESI.

https://bitbucket.org/cosmicvoids/vide_public/
src/master/, Sutter et al. 2015 A&C

» Provides void detailed
shape, takes mask into
account.

» Enhances S/N, suitable,
tested

Verza, Pisani, Carbone, Hamaus,

Guzzo 2019; ArXiv: 1906.00409 JCAP

Alice Pisani 12/43
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What quantities do we measure to
extract cosmological information ?

We have void centers, void radii, and tracers!

Void-galaxy cross-correlation function Eve
Void-size function Ny
Void-void auto-correlation function Evv

04/13/2021 — Seminar @ Berkeley Alice Pisani
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gvg A theoretical model to predict observed void density profiles

Voids are irregular on a one-to-one basis DD

500 o oo

450 4 e

y (Mpc/h)

350 ".:.. .:. Ol 8 .':' 2 *tes °

300 2o TRy

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

04/13/2021 — Seminar @ Berkeley

eé

density

radius

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

But we observe voids in redshift spacel!

Ryden, B. S. 1995, ApJ, 452, 25
Lavaux & Wandelt 2011; ArXiv: 1110.0345 AplJ

Alice Pisani 15/43
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gvg A theoretical model to predict observed void density profiles

T :DA(Z)AQ TJ_)
—— R 7|
= CAZ/H(Z) Real space
r _ cAz function(€2,,, )
L=7 < = DH(z)
%, AG

Alcock-Paczynski test

o [DAH(Z)]meas — COL:ZIGOZ;OE(Z:SOG:ect
pick D, Qa4 calculate [DAH(Z)]ﬁd c =1

N

Ryden, B. S. 1995, ApJ, 452, 25 | o
Lavaux & Wandelt 2011; ArXiv: 1110.0345 ApJ Alice Pisani 16/ 43
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Observed =
shape

Real space profile
& AP
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Observed = ) +

shape 3

Real space profile
& AP

Redshift-space distortions (RSD)
(deviations from the Hubble flow) due
to galaxies peculiar velocities

cz = Hyod + vcost
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Observed = ) +
)

Real space proﬁle Redshift-space distortions (RSD)
2 AP (deviations from the Hubble flow) due

to galaxies peculiar velocities

cz = Hyod + vcost

2.0,
A
N
Very first papers in the field would try to mitigate the Sutter, Lavaux, Wandelt, Weinberg

2012, ArXiv: 1208.1058 ApJ |
effect of peculiar velocities to measure the AP information.  |3614 amiv: 14045618 inees
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https://arxiv.org/abs/1208.1058
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...but velocities embed information!

(1980), mass conservation at linear order.

r
P. J. E. Peebles, The large-scale structure of the universe  /\ (,’a) — / 5(T/)T/2 d,r/
0

Incredible gain in modeling redshift-space distortions!

04/13/2021 — Seminar @ Berkeley Alice Pisani 18/ 43




gvg A theoretical model to predict observed void density profiles

density

radius

04/13/2021 — Seminar @ Berkeley

Ingredients {

Density protile modeling

RSD modeling

Alice Pisani
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gvg A theoretical model to predict observed void density profiles

Density profile modeling: No robust theoretical prediction, rely on commonly used prescriptions

> Fitting function 0.6}

_ o density contrast
pvm(r) 1 =35 “_(T/TS) R:ip=p
_ — Uc~™ 3 slopes before/after wall
Pm 1+ (T/TV) linear fxs of rz/ry

-1.8% 0.5 1.0 1.5 2.0 2.5 3.0

Hamaus, Sutter, Wandelt 2014; ArXiv: 1403.5499 PRL

04/13/2021 — Seminar @ Berkeley
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Modeling velocities with the Gaussian streaming model

(Gaussian probability distribution function for
Gaussian streaming model, Fisher 1995

velocities

0O 1 - (U o V(T)ﬂ)Z' ( ) Paz, Lares, Ceccarelli, Padilla,
S/ 3 . I r Pv\T Lambas 1306.5799 1306.5799 MNRAS
1 _|_€ (S) T /P(er)[l —|—€(I’)]d (% _/ \/7 CXP 2 2( ) — d?}” Hamaus, Sutter, Lavaux, Wandelt, 2015
— 0 270, (1) i Oy \X I ArXiv: 1507.04363 JCAP
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| | J’ | | Q‘ | m\\\\\\\l\\‘\  \ ] /\I ] ] I I ] | | ] ]
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‘ Hamaus, Pisani, Sutter, Lavaux, Escoffier,
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Modeling velocities with the Gaussian streaming model

0.417 +0.089 Constraints
precision
c 1.2% |
O 11% Theoretical model
™m
f/b 299 Profile from fitting function and marginalization
Gaussian streaming model

0.281 +0.031 RSD & AP

)
\
\

m
o o o o o
.90 V)é\ .030 Q?j\ .yO

Hamaus, Pisani, Sutter, Lavaux, Escoffier,
04/13/2021 — Seminar @ Berkeley Wandelt, Weller 2016; ArXiv: 1602.01/84 PRL

New standard tool!

Alice Pisani
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Modeling velocities with the linear model, multipole analysis of RSD

) <) — = S — )+ L0+ 17000) — A S 6 8+ i) = &)
) =5 [ etnar

2.0 3.0 3.0 4.0

0.0 0.5 1.0 1.5

2.0
r/r.

Theoretical model
Linear model
Only RSD, No AP
Cai,.Taqur: Peacock, P?dilla Hamaus, Cousinou, Pisani, Aubert,
2016; ArXiv: 1603.05184; MNRAS Escoffier, Weller 2017; ArXiv: 1705.05328 JCAP
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Modeling velocities with the linear model, multipole analysis of RSD

1 + z doj(r) f 2 3 f o 3
E8) =€) — i~y = ) AW+ F215(r) — A)] S Ee) 3580+ Futlelr) = &)
2.00 I ; . . ' - 3 ' INAS2 7.0
] ~_ - ACDM & GR §(r)=— [ &0r)r=dr
1.75} & LOWZ "o
i @ CMASS
1.50} T
T —10
125l | o— .... 20 | 50(7’) - éO(T) u
X 100 t— _ /b 12%
0.75} Piie - _
S
> o *f}?%ﬂ—-— Theoretical model
025 - T _ q Linear model
0027 0.2 0.3 0 0.5 0.6 0.7 Only RSD, No AP
<
Cai, Taylor, Peacock, Padilla Hamaus, Cousinou, Pisani, Aubert,
2016; ArXiv: 1603.05184; MNRAS Escoffier, Weller 2017; ArXiv: 1705.05328 JCAP
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Void-galaxy cross-correlation: Final analysis from the combined BOSS sample

q Prof C;Cm f’“’”? fumt’on. Models the profile from the de-
Alcock-Paczynski n projection (model-independent)
0.4 .
q Only velocities (linear model) . N Abel inverse transform
// : .:'\?.\~
0.0 /! ML 1
Line of sight — ] !/ 1 [°dg(se ds
- %_0'2 // ) = _%/r %EL )\/siirz |
o 04 .
0.6 //,o’: Ensw(s/ 1)
e £)(s1/R)
M 08 £(r/R)
----------- 00 0.5 1.0 15 2.0 2.5 3.0
s/R

Pisani, Lavaux, Sutter, Wandelt 2014; ArXiv: 1306.3052 MNRAS
Hamaus, Pisani, Choil, Lavaux, Wandelt, Weller 2020; ArXiv: 2007.07895 JCAP
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Void-galaxy cross-correlation: Final analysis from the combined BOSS sample

Q

Models AP & velocities (linear model)
Models the protile from the de-projection (model-independent)

State-of-the-art
theoretical model
1079 N
R N, = 5052
o // l‘\i
% .
g N
= ! By
g II \
=107 ; 4
o ¢ N
= / t f\}\
= ] }
~ !
= :’
S 10784
= ; f
0 20 40 60 30 100
R[h~Mpc]
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Lavaux, Wandelt,

Hamaus, Pisani, Choi,
Weller 2020; ArXiv: 2007.07895 JCAP sub.

Largest catalog
of voids available

Alice Pisani

25/ 43



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

Void-galaxy cross-correlation: Final analysis from the combined BOSS sample

Measure on mocks
Tested on mocks

2
0.4 ] \
Z =0.41 s
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0.0 {==2=4=" =
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—0.6 -
_1 -
—0.8 -
_10 | | | | |
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s/R

Hamaus, Pisani, Choi, Lavaux, Wandelt,
Weller 2020; ArXiv: 2007.07895 JCAP sub.
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Void-galaxy cross-correlation: Final analysis from the combined BOSS sample

Applied on data

0.4 2
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Hamaus, Pisani, Choi, Lavaux, Wandelt,

Weller 2020: ArXiv: 2007.07895 JCAP sub.

Alice Pisani
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Void-galaxy cross-correlation: Final analysis from the combined BOSS sample

[DA(Z)H(Z)]meaS

1Da(z)H(2)lfa

Results B = % £ =
0.540% 095
i 0, = 0.312 -
j 1.0017 = 0.0068
1.02} i :
“ 1.00F- - i
J :
0.4 0.8 1
f/b 3

04/13/2021 — Seminar @ Berkeley

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

- 0.020

What if we still want to use simulations?

Precision
indep
E 0.68%
(), 6.4%
f/b 16.9%

Alice Pisani
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Void-galaxy cross correlation: Final analysis from the combined BOSS sample

Two nuisance parameters:

Precision
indep
. ; monopole E  0.68%
Amplitude | quadrupole
‘ (). 6.4%
f/b 16.9%
| Ry - _
*(s) = M€ + 35600+ L.0u2 [e) - €] |
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RSD constraints
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RSD constraints B Planck 2018 flat ACDM
SDSS DR7 (Sutter, Lavaux, Wandelt, et al. 2012)
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Outline

» Cosmology and Large Scale Structure

» Why are voids great tor Cosmology?

» How do we find voids?

» Void-galaxy cross-correlation function (constraints so far)
» Void-size function

» Void-void auto-correlation function

» Take home messages
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How to estimate void numbers? Latest AP+RSD results use ~ 6000 voids
=> GOLDEN ERA

2
°

Void evolve emptying themselves

Void formation=shells undergo shell-crossing
Critical under-density: 53”4 = —0.8

n(R,z) xvf(v) ~ \/;exp(—u/Q)

An excursion set

. Fraction of mass evolved 2+Az N dV
mode‘ to pred|ct into voids Ne — / dZ/ dR/ dQ n(R, Z)d
» < Rmin qurvey ZdQ
void numbers! 52
(Y . . .
) — —— : Density variance inside a
0'2 sphere with given mass

| Sheth and van de Weygaert 2004; Arxiv: 0311260
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z+1
——  |wp, wy| = [—1.0, +0.0]
—  |wg, w,] = [—0.6,+0.0]
— |wp, wy| = [—1.4,+0.0]
| wo, wy] = [—1.0, +0.2]
: g;—~31) Eum;wazzi—llxj;lﬂ
Impact on voids: when DE §
=
becomes relevant and how Sk
/ P =
strong 1t 1s = 20
/\
- . s
Upcoming surveys (DESI, Eucliq, S |
| SST, Roman, SPHEREX) wil s DEproperties at
orovide O(10°) voids per survey! # scales
0.5- . . . .
30 30 45 50

10
RJJh 1 Mpc™]

Pisani, Sutter, Hamaus, Alizadeh, Biswas,
Wandelt, Hirata 2015; ArXiv:1503.07690 PRD
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Voids from theory, voids from observations

Sutter et al. 20 L

Sofia Giovanni
Contarini Verza

H L mat
6U,NL = Deft X 6U,NL

» Account for tracer bias

» Rescale voids to account for actual under-density

Jennings, L1 & Hu ArXiv: 1304.6087 MNRAS; DM

Pollina, Hamaus et al. ArXiv: 1806.06860 MNRAS r/ By
Contarini, Ronconi, Marulli, Moscardini,
Veropalumbo, Baldi ArXiv: 1904.01022 MNRAS

0.0 0.5 1.0 1.5 2.0 2.5

Verza, Pisani, Carbone, Hamaus,
: Guzzo 2019; ArXiv: 1906.00409 JCAP
04/13/2021 — Seminar @ Berkeley
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ACDM ACDM d;'y; = —0.8877158 boif ' =2.296

T
£3)
S,
=
=
S
s
= 107°- :
S
Y
— Vdn(0}'y;. poET)
__I__ measured 5V NT. »
20 30

Rresized (h_ : MpC)

Dense surveys!

Verza, Pisani, Carbone, Hamaus,
. Guzzo 2019; ArXiv: 1906.00409 JCAP
04/13/2021 — Seminar @ Berkeley

4 )
DEMNUni Simulation Suite
Carbone et al. 2016

L =2 h_lec 2048° DM part.

N\
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A C D M ACDM B3¢ =2.296

=
=3~ H +0.054
N —— Oynp = —0.8095 04
H +0.069
——— Oynt = —0.718 o5
H +0.088
—— Oynp = —0.6257 569

density

radius

20 30 A0
Rresized ( h_ L MpC)

Many thresholds: observationally powerful

Verza, Pisani, Carbone, Hamaus,
Guzzo 2019; ArXiv: 1906.00409 JCAP
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DE models w(z) = wo + We—

=[-0.9,-0.3]| - },‘5\ -1.1,-0.3]
X bog 't =2.279 - X =2.239
T
>
@F
=
<
S .
.04 i
= 1p-6- —0.887 026 _ o8 = —0.878% 0050 _
g o = —0.805+:9% o = —0.8097000¢
Oy N1, = —0.7210:08) Oy N1, = —0.70920:065
5\I:I,NL = _0-615J—r8:8§g 5\1;1,NL = _0-615J—r8f8%
20 30 A0 20 30) 40
Rresized (h_lMPC) Rresized (h_lMpC)

Verza, Pisani, Carbone, Hamaus,
Guzzo 2019; ArXiv: 1906.00409 JCAP
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Future developments for the void-size function

For precision cosmology, theoretical modeling needs to keep the pace with data.

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

I " Contarini, Ronconi, Marulli, Moscardini,
4 MOde‘ Wlth tracer blaS Veropalumbo, Baldi ArXiv: 1904.01022 MNRAS

Contarini, Marulli, Moscardini, Veropalumbo,

» Test other Cosmo\oglca‘ models Giocoli, Baldi ArXiv: 2009.03309 MNRAS

Panchal, Pisani, Spergel 2020;
ArXiv: 2009.14751 ApJ

» Estimate observational effects (mask, boundaries!), galaxies properties

. . .« Pisani, Sutter, Wandelt 2015, ArXiv: 1506.07982
) EStlmate peCU‘lar V@lOCltleS eﬂ:eCtS Correa, Paz, Sanchez, Ruiz, Padilla, Angulo, ArXiv: 2007.12064

Cousinou, Pisani, Tilquin, Hamaus,

» Poisson voids: machine learning to enhance void catalogs reliability | hawken, Escoffier Arxiv: 1805.07181 Asc

» Model the density profile from first principles (and how it changes with cosmology!)

Prepares the application to data!

04/13/2021 — Seminar @ Berkeley Alice Pisani 38/ 43



https://arxiv.org/abs/1506.07982
https://arxiv.org/abs/2007.12064
https://arxiv.org/abs/1506.07982
https://arxiv.org/abs/2007.12064
https://arxiv.org/abs/1805.07181
https://arxiv.org/abs/1805.07181
https://arxiv.org/abs/1904.01022
https://arxiv.org/abs/1904.01022
https://arxiv.org/abs/1906.00409
https://arxiv.org/abs/1906.00409
https://arxiv.org/abs/2009.03309
https://arxiv.org/abs/2009.03309
https://arxiv.org/abs/2009.14751
https://arxiv.org/abs/2009.14751

Outline

» Cosmology and Large Scale Structure

» Why are voids great for Cosmology?

» How do we find voids?

» Void-galaxy cross-correlation function (constraints so far)
» Void-size function

» Void-void auto-correlation function

» Take home messages
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Clustering of voids — S =00
400 - —— Ym, = 0.53eV
o Massive neutrinos impact LSS fvv 300 -
(Massara et al 2015) o
£§4 200 -
o Free-streaming length ~voids size z
e 100 1
5 =
— Ym, =0.0eV N 0 Christina
4 — 2Xm, = 0.17eV ]
OT — Xm, = 0.30eV —100 - KreISCh
C%i 3 @ — Ym, =0.53eV
> Halo Field
= _ -
= 200 | | | I
A 20 100
= 1- ~ r [h~Mpc]
& Kreisch, Pisani, Carbone, Liu,
07 |Hawken, Massara, Spergel and Wandelt
2019; ArXiv: 1808.07464 MNRAS g N
-1 “MASSSSTEVENUSS &,
% 1'5 ] =C-0=S-M-0:1-0-G:I-C-A:L =M:=A=5-5-F\E 1024° DM particles
o SNEESUEFEREEN-O =SSEMEUELASFEIEO-NSS 512Mpc/h box
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£ 1.0- - Mhahenanomonoges | +odsur
W + Consistent Tree
< Data Fully Public
=¥y 21y P s Linetal
4 = 2018 )
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Theoretical model for the void-
void auto-correlation function?

Carbone et al. 2016

N\

.
DEMNUni Simulation Suite

~

L =2 h_lec 2048° DM part.
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Power from the combination

.’ oy

Q‘UUQT_ESi_ﬁﬁ]'IatiOns

“Villaescusa-Navarro =
et al. 2019 g

N .._’! - " i

15000 VIDE void
catalogs ACDM

+ 7000 cosmologies
Qma Qb? h7 Ns, 08, Ml/7 w

Kreisch, Pisani, Villaescusa-Navarro, Spergel et al. 1n prep.

Bayer et al. 2021 (DM)
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Outline

» Cosmology and Large Scale Structure

» Why are voids great for Cosmology?

» How do we find voids?

» Void-galaxy cross-correlation function (constraints so far)
» Void size tunction

» Void-void auto-correlation function

» Take home messages
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Take home messages

» Void analysis: active field of galaxy clustering=> competitive sub-percent level constraints.

) gvg is a robust tool for cosmology. Velocities have turned from being a systematic eftect
into becoming source of information.

» Importance of model-independent techniques.
» Robust theoretical modeling of the void-size function will lead to application on data.
» The void-void auto-correlation function is a new promising tool to constrain cosmology

» PFS, DESI, Euclid, Rubin, Roman, SPHEREx : a unique set of > 0(105) voids per survey!

» Theory needs to keep the pace with data!
» Voids can independently constrain Qm, QA, Wo, Wq f, 2y,
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Supplementary slides:

Systematic tests: tracer bias and fiducial cosmology

0.466 = 0.078

1.027

1.00 -~

h =
B .93
HEl 220

(mocks)

1.0029 £ 0.0059
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03227 g
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Hamaus, Pisani, Choi, Lavaux, Wandelt,
Weller 2020; ArXiv: 2007.07895 JCAP sub.
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