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It all goes well...
it Is a perfect match
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WIeII\VZ T BWA®IBLY/ P> Toward precision cosmology

@»«

Precision Era:

ACDM checked on all scales 1-2% precision
Observational Dark matter only
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WIeII\VZ T BWA®IBLY/ P> Toward precision cosmology

Precision Era:
ACDM checked on all scales 1-2% precision

With baryons Dark matter only
Simulation Volume [ cMpc?® ]
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Zoom Simulations to retain
large scale effects
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Motivation : ACDM?

Toward precision cosmology

@.»

Precision Era:

What is in there? 1-2% precision

Basic equations ruling the dynamics (plus expansion = supercomoving variables)

af

5 TuVf - VeV.f=0

0e )
— 4+ u.Ve = —]—V.u
ot Db

p=(v— 1)epy

VP = 47G [/ fd’u + /’b]

and periodic boundaries

Thermal
Viasov : dark matter, stars Energy
Collisionless |
Confinuity : gas shocks
Qo
Euler : gas + BN 2o
Collisional sy zbﬁ 5
gri > B S 8
o
Energy : gas models ‘

. supernova
Equation of state : gas e

Star
formation

Poisson : everything

+ Cosmic Rays, etc

What more can we do wrt these typical simulations and why ?

CLONES
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Wiz ile]aBWAN®IBLY/P> \vith more precision come some tensions |

Let’s start with why

Example: Equation of state of the dark energy

@M _1_005 Camarena+2018
-1.055

W= -1-10%

p/p -1.15?
-1_205
o I
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Motivation : ACDM?

Precision Is not accuracy |

© G S. Springer, 2014

CJgh! | thought you said A\

you have precise aim!

Ih-\1—7~/ | do! I'm just not
\' very accurate!

wwdirtboy@gmail com

Sometimes it pays to know a little statistics.

Jenny Sorce (CRAL) CLONES



WiV il IaBWAN®IBLY/ P> Precision is not accuracy: environmental biases?

Example: Equation of state of the dark energy

CDM _1_0(); Camarena+2018
-1.05f
W= -1.10
o / 0 -115
-120f
a2sb

Jenny Sorce (CRAL) CLONES



Motivation : P Both precision and accuracy are required!

Example: Equation of state of the dark energy

- Camarena+2018
- \‘ " Without
! R cosmic
: B\ variance
-1.10F
W= : ~
D /p 115} | '
[ With
1 205 cosmic % ; Q\
e - variance :}
i ‘-;!j;:e);
~1.25[

066 068 070 072 074
hlooal

Accuracy:
1% bias non-negligible

Jenny Sorce (CRAL) CLONES



ACDM questioned? Precision cosmology

When observations challenge ACDM

JOHNSON, IF | CATCH YOu
BREAKING THE LAWS OF PHYSICS
AGAIN YOU'RE OUT OF A JOB.

RESEARCH /
DEPT.

[J

WA i
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ACDM questioned? Precision cosmology

A few examples
Small scales

Thin disks of satellites

A
l‘\ | B
\ . J

\l
!

Observed... not simulated

Famaey+2013, Bullock+2017

Jenny Sorce (CRAL) CLONES



ACDM questioned?

Small scales

Thin disks of satellites

"
|
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y
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\I
!

Observed... not simulated

Famaey+2013, Bullock+2017

Jenny Sorce (CRAL)
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Precision cosmology

A few examples

local scales

local / global Ho
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2000

2010 2015
Publication year

Freedman+2017
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ACDM questioned? Precision cosmology

A few examples

Small scales local scales Large scales
local / global Ho CMB
Thin disks of satellites -
80— North/South Asymmetry

é- 75?
TU)

.‘ E I

" 70+

\ !

‘ :

) ’ ’ o

A\ : Gl T >

1‘\ 65- | 1.‘. L o Francis+2010

2000 2005 2010 2015

Observed... not simulated Publication year very unlikely...
Famaey+2013, Bullock+2017 Freedman+2017 e.g. Schwarz+2016

More examples: local void emptier with larger galaxies, CMB/galaxy clusters os, lack of angular correlation at large scales

local correlations slope and scatter, missing satellites, cold spot, etc

Jenny Sorce (CRAL) CLONES



Local-induced biases 7

Can our local environment bias our “perception” at the 1-2% level
preventing us from reaching 1-2% accuracy...

Small scales Local scales Large scales

Are we comparing
apple to apple? Are we a neutral observer? What about foreground effects?
Do we understand enough?

A neutral environment? Photons travel a lot

Correlation with environment Very unlikely... before reaching us...

and eventually decrease or increase tensions with ACDM 7

Jenny Sorce (CRAL) CLONES



Local-induced biases 7 on the small scales

Everything relies on the mass estimate of galaxy clusters

\ Dependence on the

halo mass function
estimate

Need to understand these physics laboratories before using them as cosmological probes
Best known are closeby & Dependence on the environment !

Jenny Sorce (CRAL) CLONES



L ocal-induced biases 7 on the local scales

A simple example: if we live in a spherical underdensity

Redshift, 2

0 004 008 012 J.16

? 1 I 1 T
Hoscheit+2018 ‘ | . |
ol 1 Keenan+2014 |
l l 1 ]
] 1 [ } kf
6(r) 4

« KBC Data

1
600 800

400

Comoving Distance, r (Mpc)

An example: Hint at
a local underdensity
up to z=0.07

CLONES

AH(z) [km s~ Mpc™']

,,,,,,,,,,,,,,,,,,,,,,,
-------- Hoscheit+2018
i Observations
[ 1 1 i L 1 L 1 L 1 I L i 1 L 1 i P ip. p.oolf S 9 1@ B
) 004 006 008 010 012 014

Redshift, z
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Local-induced biases 7 on the local scales

As many effect values as environments
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Local-induced biases 7 on the large scales

Gravitational redshifts and the large scale surveys

photons

overdensity

Jenny Sorce (CRAL) CLONES



Local-induced biases 7 on the large scales

Gravitational redshifts and the large scale surveys

As many effect values as environments
25 T T .

[— Wojtak
& 2+ +2015 4
= |
E :
E 15} IS :
5 I
3
2 1F
5 |
B -
E 05 ,JJ :
r Void J Cluster =
o | L\‘_H ]
o Lm0 1 A S |
10™ 5107 0 5107 10*

Z

alue: [105 - 104
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Local-induced biases 7 on the large scales

Gravitational redshifts and the large scale surveys
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Local-induced biases 7 on the large scales

Gravitational redshifts and the large scale surveys
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Local-induced biases 7 on the large scales

Gravitational redshifts and the CMB

photons

photons
——

Integrated Sachs-Wolfe
& Rees-Sciama
Effects

photons

photons ‘

=

LB | T T T LR | T T L L |

10000 -  Maturi+2007

100 | .-~ increasing
28 sensitivity

iIncreasing precision
= reducing error bars

C,I(1+1)/2n [1 K?)

local foreground
effect = ‘noise/ %
bias’

10 100 1000

Jenny Sorce (CRAL) CLONES



Accounting for the effects crude modeling

A crude modeling is a beginning...
\\

but not nearly enough...

Jenny Sorce (CRAL) CLONES



Accounting for the effects crude modeling

Small scales

O -

Do we live in a filament that
reproduces exactly that thin
plane?

Jenny Sorce (CRAL) CLONES



Accounting for the effects crude modeling

A few examples

Small scales Local scales
sol Ho local / global
| local®] |
SHGES globale | |
& T CHP
—~ -
s 8 75| =L [l e
SN = | Average ¥ & T
: p ©w o f ? 1= | wnare
"?‘ 2 ' : £ - ® ® =1 B i E
£ | ! ¥ 241
I ‘
'Underdense T - @
o ey 1%
0o "% 1 P13
- . 65+ .
* o ° o“, } S S S S SN S SN SHNY SHN (SN U TN SUN S [
oo ,:% o m 2000 2005 2010 2015
WO T Publication vear
L6 g
Do we live in a filament that In what kind of density
reproduces exactly that thin do we live exactly?
plane?

Jenny Sorce (CRAL) CLONES



Accounting for the effects crude modeling

A few examples

Small scales Local scales
sol Ho local / global
! local®| |
. . globale|.
. G
8 75/ | i ol
= |Average v 4
» i ¢ = m I WMAPS
£ - ® © w A d
= - WMAPS _| | i
£ 70t ? { ~20 |
® Approaching galaves @ Receding gataxe 'Underdense L5 = §
fonad okl WMAR1 T 715 P15+8A0
Do TR i P13 1
e | 65+ o
® o ° QA = S T VT S U T S S SN [ UU N S S [ T
oo ,:% o m 2000 2005 2010 2015

Do we live in a filament that
reproduces exactly that thin
plane?

Publication vear

In what kind of density

do we live exactly?

Large scales

broken North/Sout
asymmetr

’

Francis+2010

But correction from redshift
surveys only...

That concludes why we might want to do more

CLONES
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Accounting for the effects Summary

Let’s continue with what more wrt typical simulations can
we do or reformulating how can we build a local modeling in
order to account for the local-induced biases?

“It just seems wrong to me. | don't think
| could live with myself.”

CLONES = Constrained LOcal & Nesting
Environment Simulations

Jenny Sorce (CRAL) CLONES



HeleIRUI AWV SIS X R slliEEI Melelglolifle]gl>»> constrained initial conditions

PATH INTEGRAL METHODS FOR PRIMORDIAL DENSITY PERTURBATIONS: SAMPLING OF
CONSTRAINED GAUSSIAN RANDOM FIELDS

EDMUNDY BERTSCHINGER
Center for Theoretical Physics, Center for Space Research, SWNES0HE s hysics, Massachusetts Institute of Technology

Received 1987 August 17 accepted 1987 September 10

ABSTRACT
Path mtegrals may be used to describe the statistical properties of a random fielg : ha nrimord
Deriy eld. In this framework the probability distribution is given fofla Gaussian random ﬁcld
subjected to constramtq such as the presence of a protovond or supercluster at a spe sl tile :
o 20 has been constructed for generating samo 3 '

on a ldtllce usmg Monte Carlo techmques The method
around peaks or other constrained regions in thg.hiass
erating initial conditions for N-body simulations

Bayes1761 Wiener1942 Hoffman & Ribak 1991 Zaroubi+1995 van der Weijgaert & Bertshinger 1996

“This identical twin of yours...
Can you describe him?”

Jenny Sorce (CRAL) CLONES




Hele 1RSI sV SIS R slliEEI Melelalolitle]gI»> constrained initial conditions

Part of the Universe at 13.7 light-Gyr
Photons received today have been
emitted when it was ~380 000 yrs. old

- Homogeneous and
Isotropic Universe

- N i (o >
Probability excess to have an object at a distance r from | .G.aussmn. white noise w(k) and power spectrum are
another = autocorrelation of the density contrast = initial density suflicient to ge.t e
Fourier transform of the power spectrum field > RANDOM realization

= whatever part of the Universe

1 . :
'S N\ — (S s . iy e ‘ J_—zk.r
f(r) = (0(x)é(x+ x')) (‘ZH)'*/O P(k)e dk

. _/ .

/ .\

Constrained initial
conditions

Applying local constraints

Jenny Sorce (CRAL) CLONES



HeleIRUI AWV SIS X R slliEEI Melelglolifle]gl>»> constrained initial conditions

Baryons

Constraints | Rpedshift surveys peculiar vel_ocities peculiar velocities
Work + densit

Kitaura2008,2012,

2013 Hess+2013
Lavaux2010,
Jasche+2013-td Dark
Wang+2014-tdy Energy
70%
Klypin+2003

Sorce+2014-tdy

no luminosity bias

* Account for the entire underlying gravitational field
* Correlated on large scale

* Highly linear

e.g. Tully+(including Sorce)2013, Tully+(including Sorce)2016

Jenny Sorce (CRAL) CLONES




Peculiar velocities catalog direct distance measurements

V radial pec =Vobs~ I_|O x d

galaxy clusters

(10'%1y)
nearby galaxies
m-M « log(d) (107 Iy)
Milky Way
10°1
nearby stars ( )
(102 ly)
solar system
(10 le) B = supernovae
- i
Venus N/ < | é
o~ NS 9 E e .
NN Sun a§. PO 2 Tully-Fisher
s T8N B2 o~ ix period relation
L < gg - Cepheids
radar ranging % | z & : & %,
& i AT 8 =~
parallax EmCe apasimaS "E Fundamental
main-sequence 2| = Plane
fitting color E3n
Tip of the Red o)
Giant Branch R
Surface brightness
fluctuations
IMC M31 Virgo Coma
Copyright & Addison Wesley 10 10° 104 103 107 10%!' 1 10 104 10° 104

Adapted by |. Sorce : .
Distance in Megaparsecs

Jenny Sorce (CRAL) CLONES




\Vi[sliglele
Radial peculiar velocity catalog

Jenny Sorce (CRAL) CLONES



Jenny Sorce (CRAL) CLONES



Radial peculiar velocity catalog

N "
. .
J .
» L]
. L
. b4 I
-
*
S
' l

Sorce & Tempel 2017,2018

Grouping

o — —_———_ ___ — I - - __ _

[ \
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‘\

Y w X u [ 1 ] l ‘)

Hg = = y Oug = 4/ where w = — ‘

2w V2w o;

[

pg—25 ]UQ [0 |
]\ (lﬁ — I 5 T = T X ' S ) |

‘ 2 N ‘f' .‘)
L

|
|
‘ ‘ ‘ ‘ |
| Peculiar velocidy of Zhe group and its wuncerdanty |
l l
K Vpec g = Vtot g — II() X (lg » Ovpec g — Odg X (1g x Ho lf

e J
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Radial peculiar velocity catalog

 Radialpecuiar velooty catalog
\ 4
L Gowine

Sorce & Tempel 2017,2018

Grouping
- \
| Distance (rodulus) of 2he group ard 17 n
|
Y w X i «t&rM
Hg = L—J\—‘ Oug = | A& \
/ \\ {0 5 #!

/)/ }/1& 5 ? grl\/ e group and 1its uncerlanty |
Yy

V' —Hoxde: gveeee =4 %8s % He
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Method
Sorce & Tempel 2017,2018

Radial peculiar velocity catalog L

I Q —> Q '
: N \ |
Grouping % Y
' _ Sorce 2015, 2018
Theoretical

Minimization of biases
N @ %

Corrected /peca//ar ve/ocities

Iterations on:

lf Vpc( > O\ L”'()w — (1 - '.'.'.)[ '(VP(_\C = avpcc ) 7 (1 — )(Vpe(_ = 7 Ovﬁ,‘c)] -+ W VP,L.(. '

If Vpec < O. kf'}'_w(g_: c — (]. l'.'v)[' (Vpec 1 GVPCC) ! (1 )(Vpec vatc)] - W Vpec :

/Jezg/}fed L(nC’/e/‘Z‘dlhnfy
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Sorce 2015, 2018
Theoretical

— AN
e
{ |
o/ !

Wiener1942

,", .”ﬂ ——— . ConsStrants |
=Y ) (FGHGG)TG
j=1 i=1

Jenny Sorce (CRAL) CLONES



Method

Radial peculiar velocity catalog L

Grouping

Sorce & Tempel 2017,2018

Sorce 2015, 2018
Theoretical

Minimization of biases

T e 1 ALAN
¥ LR Vrad
Wiener filtering - |
) ‘ Wiener1942
0 ®n 100 0 x‘:.‘):"l &0 300 xR0 &0
Yo — — — ‘ - "" e —
./ Linear runinicin variance estimalor
T T —— . ,ﬁ-»< \ Daz(a — :
ooe), Spellriuny ‘ '}
00 4 d 7 L \”ﬁ | ; constrants |
IKa —ik.r [ f, — [ £ ‘_‘-} .:/ P ® v Vs \
/ > P(k)e T dk t , Z ) (C)(GiC) G |
/0 . | j=1 i=1 |
0o g | 1| Correlation functions //»Z’
/ o P(k) =T /k = -
0
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Reverse Zel'dovich Approximation

Sorce & Tempel 2017,2018

Sorce 2015, 2018
Theoretical

Wiener1942

Doumler+2013 Sorce+2014

CLONES

ors

poISfZ‘/on O Z‘ ﬁl‘o\genz‘

-+ RZA = 4
init = P

Hl'l 7[( Linit )
3roa)z‘/l rade

—
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Method

Sorce & Tempel 2017,2018
Radial peculiar velocity catalog

Grouping

n n "’
Minimization of biases | & FWF _ 5 ) 7 (FENEE)C
J=1 I=1 \
Correlalion Functions |
Wiener f||’[er|ng depend on/y on the Moa/e/
\ i
‘ n n i
| CR _ WF , F ZRR K VreEnte =Y = |
| =8 =k Y> GNGEC) (G — G) !
. o iy i
Reverse Zel'dovich Approximatior G J=1 =1 )
E——— . ————————— S e s aaen oy e e
ear.-'-«‘ "'. I|,<“ J \+ \+ \+
Constrained realization gl I e
~ ‘ Hoffman & Ribak 1991

X (Mg
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Sorce & Tempel 2017,2018

Sorce 2015, 2018
Theoretical

Minimization of biases

5 &§ § 8
1
|

Z

v, B

’é o E. o & &

Wiener filtering

-
8

Doumler+2013 Sorce+2014

o0 ‘ Wiener1942

Reverse Zel’dovich Approximation l i$ Ix
A AN Y
\ \ \
+ + +

Constrained realization

«I«I«
O

L ‘ Hoffman & Ribak 1991

0 20 100 1% 200 %0 200 3% wo
X (Mg

Constrained initial conditions
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Results: the local large scale CLONE
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CLONES

15C

z=0, large scale sorce+2016

»
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500 Mpc/h, 102413 particles,
DM only, Planck cosmology




Results: the local large scale CLONE
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Results: the local large scale CLONE z=0, large scale socesz0ts
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Results: the local large scale CLONE z=0, large scale socesz0ts
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Results: the local clusters CLONES 7=0, cluster scale sore201s

Dark matter halos = counterparts of observed local clusters
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iIncreasing distance
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Results: the Local Group CLONES = HESTIA
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not directly constrained
(non-linear scales)
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The Virgo galaxy cluster CLONE

Simulated Virgo & Random clusters

Rhapsody (Hahn
+2017)

500 Mpc/h, 20483 particles effective (20 Mpc/h zoom), 3.8 kpc/h, DM only, Planck cosmology
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The Virgo galaxy cluster CLONE
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The Virgo galaxy cluster CLONE
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The Virgo galaxy cluster CLONE
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The Virgo galaxy cluster CLONE
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Selection: No mass bias!
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The Virgo galaxy cluster CLONE

Selection: No mass bias!
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The Virgo galaxy cluster CLONE Sorce+2021

Simulated & Observed Virgo clusters
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500 Mpc/h, 819213 particles effective (20 Mpc/h zoom), 0.24 kpc/h
hydrodynamics: SN and AGN feedback, Planck cosmology
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The Virgo galaxy cluster CLONE Soroe+2021

Jenny Sorce (CRAL)
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The Virgo galaxy cluster CLONE Sorce+2016

Boselli+2008,2014: from observation, only small mergers within the past few Gyrs

From simulation
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500 Mpc/h, 5123 particles, DM only, Planck cosmology
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The Virgo galaxy cluster CLONE Sorce+2016

West & Blakeslee 2000 : from observation, formation along a filament

From simulation

All particles
Infalling particles
Particles withinr .

&)

Preferential direction
of infall = filament

0 50 100 150
I3 (0)

500 Mpc/h, 5123 particles, DM only, Planck cosmology
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The Virgo galaxy cluster CLONE

Lisker+2018: from observation, remnant of a group of ~10% Mcuuster that infall 2-3 Gyr ago

From simulation
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SN and AGN feedback, Planck cosmology
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The Virgo galaxy cluster CLONE

Observation
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The Virgo galaxy cluster CLONE

Observation Simulation - Perfect alignment Obs - M87 - MG
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The Virgo galaxy cluster CLONE

Observation Simulation - Align.: Obs - M87 - 2/3 MG-M60 vector
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The Virgo galaxy cluster CLONE Soroe+2021

Small group quasi in the
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The Zone of Avoidance CLONE Sorce+2017
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The Zone of Avoidance CLONE Sorce+2017
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ACDM challenges hidden
in the Zone of Avoidance?

- number of superclusters

- longest structures o N

Vela Supercluster

Kraan-Korteweg+2017
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Some other examples: ...

Cosmic Rays in the local

Universe
(Hackstein+2018)

Coma connectivity
(Malavi, Aghanim, Sorce+)

Jenny Sorce (CRAL)

SLOW : local galaxies

(Sorce, Dolag +)

Reionization of the local

Universe (CoDa)
(Ocvirk+2020, Lewis+2020, etc)
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Take home message
Tensions = Do we need a new cosmological model?

lo answer, nowadays : comparisons between typical cosmological
simulations and observations

Small scales Local scales Large scales
V4 20, O
. ,;( o Vs \ 2 &/
Simulations of local estimates of cosmological CMB high sensitivity
Galaxy formation & parameters experiment and large
evolution scale surveys

Biased Precision
Cosmology
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Take home message
Tensions = Do we need a new cosmological model?

CLONES

initial conditions for

numerical specialists, theorists an observers
Small scales Local scales Large scales
% 4LU> @
Simulations of unbiased local estimates of CMB high sensitivity
Galaxy formation & cosmological parameters experiment and large
evolution: scale surveys : foreground
reproduction ; effect correction
calibration Accurate Precision @’
Cosmology
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hank you, Merci, Grazie,
Gracias, Danke, cnacnbo,
Mahalo, 15, )D& S,
NN, Obrigada, Dank u,

ak, Cam on, Dziekuije,
Kiitos, Aitah, diolch, dankewaol,

CITTOR, ... "

* Missing your ‘thanks’ spelling? It means | did not get the chance
yet to visit your country but | am looking forward to do so !
(exceptions in red: | have not been but | have had the opportunity to learn how to say it)
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