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VIV i e]aBWA®IBLY/ NP> o story of power spectrum?
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VIV i e]aBWA®IBLY/ NP> o story of power spectrum?
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VIV i e]aBWA®IBLY/ NP> o story of power spectrum?

not enough
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VI e ]aBWA®IBLY/ NP> understand the full formation history?
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OfeISiagle]lelelloX=1RSiIgalVIFIilelglSP» the multi-scale challenge

stars
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galax clusters
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protoplanetary discs black holes

courtesy K. Dolag
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OfeISiagle]lelelloX=1RSiIgalVIFIilelglSP» the multi-scale challenge

protoplanetary discs black holes

courtesy K. Dolag
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Cosmological simulations glisNeeteifels¥s

1 Collisionless Boltzmann equation + Poisson eqguation

particle distribution function

ﬂ_ﬂ ; af N o 0P 0
dt Ot Ox Ov ox |

= i |
Vb(x,t) — 4W(J/f(x,v,/,)dv

If 2-body relaxation time >> Hubble time -> dark matter particles & star particles

Difficult (sometimes impossible) to solve in non-trivial cases
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Cosmological simulations glisNeeteifels¥s

1 Discretization = N-body approach

X, — —V, (P(Xl)

1
(D = —G Z I ~ — J ‘)|l.f‘2

Rz )2 o €

In cosmological simulation dark matter particles and star particles
(comoving coordinates + periodic boundaries)

Dv 1
2rG
Vip = 4rGpa’d b= 7; pa’x?
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Cosmological simulations glisNeeteifels¥s

1 Baryons = Gas = fluid = hydrodynamics

Lagrangian = particles (SPH)

_ | dv VP
Equation of motion: —_—=——
dt 0
d
Continuity equation: o +pV-.-v=0
dt
du P
Thermal energy equation: i —V- v
di P
Equation of state: P=(y—1)pu
Entropy equation: dA — () A=
dit

Eulerian = grids (AMR)

Mass conservation: %? + V(pv) =0
M ion: 4 ( v T
omentum conservation: (‘%\pVJ -+ V(pvv + j—’) =1)
Energy conservation: a{pc) 2 Vj(pe. i P')Vj =
1 4
Total specific energy: €= §V“ + u

MHD: induction equation + divergence constraint -> modify Euler equations
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In practice?

Cosmological simulations

1 Dark matter
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direct summation
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Cosmological simulations glisNeeteifels¥s

1 Hydrodynamics
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Cosmological simulations glisNeeteifels¥s

1 Mass range (zoom)
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Cosmological simulations glisNeeteifels¥s

2 Subgrid physics

Thermal energy

shocks

X-Rays (HI,
Ha,...)

supernova

Rays... " %

star formation 4 stellar spectra
Cosmic
B Rays
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Cosmological simulations glisNeeteifels¥s

Part of the Universe at Initial conditions (lCS)
13.7 light-Gyr initial conditions of
Photons received today a random patch of
have been emitted when it the Universe
was ~380 000 yrs. old
GRS Homogeneous Gaussian T
. andIsotropic initial density e

~ Universe field

Zeldovich

approximation
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Understand obs. / Test models

An example: Ho
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collaboration
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Understand obs. / Test models

An example: Ho

76

b /.
A>30 Y9 7
tension = 7

HO — 7403+/‘1 42 km/S/MpC (Riess et al. 2019)
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Understand obs. / Test models

An example: Ho

76
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AGDM or biases/systematic errors?
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Understand obs. / Test models

Cosmological simulations
are a great tool to
investigate statistically the
0OSsSIble biases.
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Understand obs. / Test models Possible biases?

Impact of the local density

As many eftects on values as environments

095 @ | saemmt ;
090 f :
085 F < Wojtak+2013
" Cluster-- :
Om [ A" 1 1 1 1 1 | 1 1 1 1 1
20 30 40 50 60 80 100 150 200 250

For an average environment: a 2% bias |
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Understand obs. / Test models Possible biases?

Impact of the survey anisotropy

mcreasmg anisotropy

160- ‘ —— real data
140- Ahtunsion
Ahtemsion (95 7% CL)
120 - SRy
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40 -
‘ A1 Bengaly+2018
| | (] l I 1 | 1
0. Jl) 0. lﬁ 0.04 0.06 0.08 0.10 0.12
Ah

For an average survey: a 1-2% bias |
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Understand obs. / Test models Possible biases?

Impact of the survey size

iIncreasing size

_
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For a survey size divided by 10: a 1-2% bias |
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Understand obs. / Test models Possible biases?

Impact of the calibrator nature

S0 Freedman+2021

* — Cepheids

*{*_ TRGB
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— CNB
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(’O | | | | | |
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Year of Publication

For different calibrators: a 5% difference |
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Understand obs. / Test models Possible biases?

Multiple biases

local density For an average environment: a 2% bias !
survey anisotropy For an average survey: a 1-2% bias |
survey size For a survey size divided by 10: a 1-2% bias !

calibrator nature For different calibrators: a 5% difference !

80 || localg
~ |globale

I
‘ @ <30

Hg (km s Mpc™)

65

— ACDM is not (yet) ruled out
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Understand obs. / Test models

Standard cosmological | (mimmzs) Y
simulations can give the [~ / )
total uncertainty but
cannot reduce the
systematics

Sometimes it pays to know a little statistics.
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Constrained cosmological simulations gMelelaigal-leNI03s

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

EnMimNT BFRTSCHINGER

Center for Theoretical Physics, Center for Space Research,SiE hysics, Massachusetts Institute of Technology
Received 1987 Augus! 17; accap:ed 1987 Segptember 10

ABSTRACT

Path integrals may be used to describe the statistical properties of a random fiekd : b nrioaord:
a (Ganssian randnm ﬁeld

; ¢ b . In this framework the probability distribution is given fo
uch as the presence of a protovmd or supercluster at a spec -

DG : has bcen constructed for gencerating samples of a constrained Gaussia
on a ldllluc using Mome Carlo techniques. The mc(hud
around peaxs or other constrained regions in thashisss
erating initial conditions for N-body simulations

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

M ":{E'__‘ N '.-7‘—‘
FERDSONC

dJI.N ‘Cf |

“This [dentical twin O° you's..
Can you describe Fim®?"
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Constrained cosmological simulations gMelelaigal-leNI03s

Part of the Universe at
13.7 light-Gyr
Photons received today
have been emitted when it

initial conditions of
the local Universe

was ~380 000 yrs. old
ER R e Homogeneous Gaussian Ty
. and Isotropic initial density S e R
. Universe field
"’ — ,D( /() —_—

Applying local constraints
from galaxy surveys

"This identical twin of yours...
Can you describe him?"
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Constrained cosmological simulations gMelelaigal-leNI03s

Bayes

van de
1761 Weijgaert &
Posterior Bertschinger
< Prior x 1996
Likelihood CRforiCs

Derive maximum ICs/Simulations

Wiener Zaroubi Kolat

1942 +  +1996
predictions/ 1995 IRAS
removal of IRAS 1.21.2 Jy
noise from Jy
incomplete
information

with densities (redshift surveys)

*apologies for any missing reference, please feel free to let me know so that | can add it
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Constrained cosmological simulations gMelelaigal-leNI03s

with peculiar velocities+densities

Gottloeber,
. Hoffman,
Klypin+ Yepes
2003 2010
Bayes van de Marklll CLUES
1761, Weijgaert & d"pefi."'
Posterior Bertschinger®C g o>
=< Prior x 1996
Likelihood CRfor ICs

Derive maximum ICs/Simulations

Wiener Zaroubi Kolat

1942 +  +1996
predictions/ 1995 IRAS
removal of IRAS 1.21.2 Jy
noise from Jy
incomplete
information

with densities (redshift surveys)

*apologies for any missing reference, please feel free to let me know so that | can add it
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Constrained cosmological simulations gMelelaigal-leNI03s

with peculiar velocities+densities

Gottloeber,
. Hoffman,
Klypin+ Yepes
2003 = 5910
Bayes van de Marklll CLUES
1761. Weijgaert & d"pefi."'
Posterior Bertschinger ensgles
< Prior X 1996
Likelihood CR for ICs

Sampling

Derive maximum .
of posterior

ICs/Simulations

Wiener Zaroubi Kolat
1942 +  +1996
predictions/ 1995 IRAS
removal of IRAS 1.21.2 Jy
noise from Jy Lavaux Hess, Kitaura Wang+ Kitaura, Ata+ Feldbrugge+
incomplete 2010 & Gottloeber 2016 2021 tbs
information MAK+CR 2013 2MRS ELUCID COSMICBIRTH  non-linear
2MASS (ALPT) SDSS R7 Sawala+ constraints
Jasche & 2021
Wandelt 2013 SIBELIUS
- " - Ata+ 2021
with densities (redshift surveys) COSMICBIRTH
COSMOS

*apologies for any missing reference, please feel free to let me know so that | can add it
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Constrained cosmological simulations gMelelaigal-leNI03s

with peculiar velocities+densities with peculiar velocities
Hong+  Sorce+ tbs
2021 CF3
CF3
Gottloeber, Sorce Sorce Sorce+ Graziani Boruah+ Valade+ tbs
. Hoffman, +2013 +2014 2015 2016, 2018 +2019 2021 Hamlet
Klypint yenes CF1 CF2 CLONES CF3 SFl++, CF3
2003 = 5919 CF2 OMTF, A2
Bayes van de Marklll CLUES
1761, Weijgaert & vpec +
Posterior BertschingerdenSItIes
x Prior X 1996
Likelihood CRforlCs

Sampling Deep

Derive maximum . .
of posterior Learning

ICs/Simulations

Wiener Zaroubi Kolat
1942 +  +1996
predictions/ 1995 IRAS
removal of IRAS 1.21.2 Jy
noise from Jy Lavaux Hess, Kitaura Wang+ Kitaura, Ata+ Feldbrugge+
incomplete 2010 & Gottloeber 2016 2021 tbs
information MAK+CR 2013 2MRS ELUCID COSMICBIRTH  non-linear
2MASS (ALPT) SDSS R7 Sawala+ constraints
Jasche & 2021
Wandelt 2013 SIBELIUS
- " - Ata+ 2021
with densities (redshift surveys) COSMICBIRTH
COSMOS

*apologies for any missing reference, please feel free to let me know so that | can add it
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Constrained cosmological simulations gMelelaigal-leNI03s

with peculiar velocities+densities with peculiar velocities
Hong+  Sorce+ tbs
2021 CF3
CF3
Gottloeber, orce Sorce Sorce+ Qgraziani Boruah+ Valade+ tbs
Klypint yepes CF1 CF2 CLONES 4JCF3 SFl++, CF3
2003 5910 CE 2MTF, A2
1761, Weijgaert & vpec +
Posterior Bertschinger ensities
< Prior x 1996
Likelihood R for IC

—4

Sampling Deep

Derive maximum . .
of posterior Learning

ICs/Simulations

Wiener Zaroubi Kolat
1942 +  +1996
predictions/ 1995 IRAS
removal of IRAS 1.21.2 Jy
noise from Jy Lavaux Hess, Kitaura Wang+ Kitaura, Ata+ Feldbrugge+
incomplete 2010 & Gottloeber 2016 2021 tbs
information MAK+CR 2013 2MRS ELUCID COSMICBIRTH  non-linear
2MASS (ALPT) SDSS R7 Sawala+ constraints
Jasche & 2021
Wandelt 2013 SIBELIUS
- " - Ata+ 2021
with densities (redshift surveys) COSMICBIRTH
COSMOS

*apologies for any missing reference, please feel free to let me know so that | can add it
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Constrained cosmological simulations gMelelaigal-leNI03s

Part of the Universe at

13.7 light-Gyr
Photons received today
have been emitted when it

initial conditions of
the local Universe

was ~380 000 yrs. old
TR Homogeneous Gaussian = T
= and Isotropic initial density G e s
. Universe field

l

| [
3\utq ‘ Pc<5&LJ
Applying local constraints

from galaxy surveys

Redshift Peculiar

velocity

"This identical twin of yours...
Can you describe him?"
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Constrained ICs

Constrained cosmological simulations

Peculiar velocity catalog
. Zone of |
. . o . - ..‘Ayoidance , = -
* Account for the entire underlying gravitational field (no CdsaciAl,  piiip] 16000
luminosity bias) 10000
» Correlated on large scale (complete catalog unecessary) .= 5000
* Highly linear (linear initial conditions) e 0=
e.g. Tully+(including Sorce)2013, Tully+(including Sorce)2016 ! -50053
- T= - 2 Zoneof T o
Z Avoidance |-15000

2= 8 B

Sorce+2012ab, 2013,2014

m-M
from distance indicators

5loglO(dlum (MPC)) z 25

( | Zeos C d:
dllm.' = (\l T Zens )f - =3
0 HO V/(\ 1 + Z)- Q"! + QJ«

CLONES
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Constrained cosmological simulations Biases Sorce2015

-150

-150 -100 -50 0 50 100 -100 -50 0 50 100 150
SGX (h" Mpc SGX (h' Mp
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Sorce+ submitted

Biases
Corrected
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Constrained cosmological simulations

CLONES

Applying local constraints
Part of the Universe at from galaxy surveys
13.7 llgh.t-Gyr e.g. Sorce+2014, Sorce2015, 2018,  initial conditions of
Photons received today Sorce & Tempel 2017,2018 .
. : it the local Universe
have been emitted when it \@
. £ h b 3 o v 3/
was ~380 000 yrs. old C KLy
P T ) Homogeneous Gaussian 'L%V NN S—
..... - and Isotropic :

 Universe

Jenny Sorce (CRIStAL/IAS/AIP)
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CLONES validity

AR

K—l‘g:l-‘in DN 51 r:.c.{'[’
1y

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

CLONES = Constrained LOcal & Nesting
Environment Simulations
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CLONES validity Large scale  soceraote
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Note the fingers of gods
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CLONES validity Large scale  soceraote
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CLONES validity
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Large SCcale sorce+2016

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




CLONES Valldlty Large SCcale sorce+2016
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CLONES Valldlty Large scale  sorce2020
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CLONES validity Local clusters soce2ots

Dark matter halos = counterparts of observed local clusters

12 Virgo Centaurus Hydra  Coma
—210 =
HE = =
- &
> OF
T 4=
= 2

0

iIncreasing distance
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CLONES validity inner local Universe
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64 Mpc/h, 204813 particles, DM

Ocvirk, Aubert, Sorce + 2020 Oﬂ|y, Planck Cosmology
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CLONES’ uses Local Group

Q3 e - . 4.95
. [ b induced by the local environment,
8 » e not directly constrained
(non-linear scales)
08 57 147 gar7 VO3 c5 243 593
EGX Mpa'r 3aY Mpuh
- 100 Mpc/h, 5123 particles
) o effective (5 Mpc/h zoom), DM
g . i . only, Planck cosmology
0 3 6 | ! -
- Salomon+2 §
Sohn+2012 016 :
An example of "L
application: in favor of a N
higher tangential velocity
L'.J: : — -
Carlesi,Sorce+2016 100 Mpc/h, 40968 particles effective " st e

Carlesi,Hoffman,Sorce+2016 ,
Carlesi,Hoffman,Sorce+2017 (5 MpC/h zoom), hydrodynam|ca|,

Libeskind-+(including Sorce)2020 340 pc, Planck cosmology
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CLONES’ uses

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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CLONES’ uses Virgo

120

o
3 80
2
40
1000
o Number of
£ 600 substructures
L Center of mass
offset wrt
£ 150 spherical center
Velocity 7
= 100} -
5 = History
Spin < 50 |
@
U /
= Environment 8 Z
T
T 4
5
)
0
2 3 4 5 6
M (10 h™ My

D/‘frﬂerenzl f/‘om an a\/erage rdna/om CL/L(SZ‘@/*

Jenny Sorce (CRIStAL/IAS/AIP) CLONES



CLONES’ uses

°

500 Mpc/h, 819213 particles effective (20 Mpc/h zoom), 0.24 kpc/h
hydrodynamics: SN and AGN feedback, Planck cosmolog
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CLONES’ uses Virgo

Simulated & Observed Virgo clusters

Observation

2000 T | T )
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CLONES’ uses Virgo

Simulated & Observed Virgo clusters

Observation Simulation - Perfect alignment Obs - M87 - MG
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CLONES’ uses Virgo

Simulated & Observed Virgo clusters

Observation

Simulation - Align.: Obs - M87 - 2/3 MG-M60 vector
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CLONES’ uses

SLOW: local galaxies

(Sorce, Dolag +)

Cosmic Rays in the local

Universe Zone of Avoidance
(Hackstein+2018) (Sorce+2017)

The Virgo Cluster
(Sorce+2016, 2019, 2021, in prep.
Olchanski & Sorce 2018)

ceBa: Reignizatien sf the
I8eal Universe

(Ocvirk+2020, Lewis+2020, Gronke+2021,
Sorce+2022, Lewis+2022, Park+2022)

Coma connectivity
(Malavasi, Aghanim, Sorce+)

HESTIA: the Local Group

Carlesi,Sorce+2016, Carlesi+2016,2017
Libeskind+(including Sorce)2020,
Damle+2022, Newton+2022
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Conclusion

e Standard simulations for statistics
(full uncertainty)

e Constrained simulations required
to reduce uncertainty (bias-free)

e CLONES are constrained
simulations

- based on peculiar velocities
(no luminosity bias)
- constrained down to the
cluster scale
- induced smaller scale (like
Local Group)
- constrained formation history

e CLONES are available, please
contact me

Jenny Sorce (CRIStAL/IAS/AIP)
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Thank you, Merci, Grazie,
Gracias, Danke,

Mahalo, 5§, a6 V) Hi & S,
TN, Obrigada, Dank u,
Tak, Cam o'n, Dziekuje, ZHAIEHLILC}
Kiitos, Aitah, diolch, dankewol,
BR.snw, ...

* Missing your ‘thanks’ spelling? It means | did not get the chance to learn how to say it so far
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