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Theory



Cosmic phase space: MiasovPoisson system

A A selfgravitating fluid of cold dark matter (CDM):

Gravitational potentiad : Density contrast:

p

Poisson equation; A® = 47Ga’ps | < 0(x,7) =
Particle number density in phase spade, p, 7)

Viasovequation: | &/ _ 9/ + P v mave. of _,
dr  oO0r ma Op b

Collisionlessersion

: of the Boltzmann equatior
A No hot component (apart from neutrinos): .
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| Singlestream
approximation:
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Cosmic phase spad@&grangiarvs Eulerian views

A Consequence of the singitream approximation:

X =X(q, 7
V_qu x=q+ ¥(q)
- V9 / \ ™~ Lagrangiamlisplacement field
Eulerian coordinate Lagrangiartoordinate

73

A

Spatially fixed  Following the motion
volume element of the fluid element

S %

Euleriancoords

Neyrinck & Shandarin 2012, 1207.4501

~Lagrangiarcoords




Hydrodynamic models

A Momentum moments of the&/lasovequation:

[ foxpr) e = o) Density field
p 3 Velocity
%f(X,P, 7)d°p = p(x, 7)u(x,7) Peculiar velocity flow dispersior
P:P: tensor
mza;; f(x,p,7)d’p = p(x, T)wi(x, 7)uj(x,7) + 035(%,7)  Stress tensor /
oii(x,7) = p(x, 7)vi;(X, T)
X X

Give hierarchy of conservation law$"((particle number, ¥ momentum, 29: energy, etc.)

A In the singlestream approximationei; = 0

do(x, T _ _
(E)r ) iv. {1+6(x,7)]u(x,7)} = 0 conservation equation
8uf’(‘_()x’ ™) + H(T)u;(x,7) +u;(x,7) - Vu(x,7) = —V,;®(x,7) Euler equation
)T

A®(x,7) = 4nGa*()p(7)d(x,7) Poisson equation

Still a heavily noflinear system!



Shellcrossing

A The breakdown ofi; ~ 0 , describing the generation of
velocity dispersion or anisotropic stress due to the multiple

stream reglme IS generlcally knownsis;elkcrossmg
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Simulations



Particlemesh (PM) codes

A Equations of motion of particles:

dx G 5 NJpréfacter
pP=a— <
dr 3_’( — D(a)p
dp a
P _ _wvo dp 1
dr — = K(a)V (A7)

J— 27 —
Ad = 4rGa”p(T)d A Y Apiefaétor

A The KickDrift-Kick (leapfrog) integrator:
& & E, & =
14 &h &b LAV4Ah &b
X(i'Yi'Y\ . /’i I i\l
a?l_'_l:a,f

dy=q, d d; a

More extensive review in FL 2015, Appendix B, 1512.04985 or http://florent-leclercq.eu/documents/thesis/AppendixB.pdf




A dark matter simulation

Y. Dubois & S. Colombi (IAP)




64 Mpc/h

Cosmic web propertiassightsfrom simulations

A Anisotropic structure: AMultiscale/hierarchical nature:

Structures on a wide range of
scales and density regimes

Overdensaunderdense
asymmetry

Elongated filaments
Flattened sheets

u/adi 8

Aragon-Calvo & Szalay 2013, 1203.0248

AComplex spatial connectivity:

Cosmic web




Thermal cuboff In the linear power spectrum
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—— WDM m, = 3 keV
—— WDM my = 800 eV
—— WDM m, = 250 eV
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(for simulators):
halos down to Eartimass
scales in CDM!
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Velocityfield

curl v [ km/s/h"Mpc

divv [km/s/h"'Mpc ]

curly v [km/s/h"Mpc ]

Hahn, Angulo & Abel 2015, 1404.2280

AAt late times, shell
crossing breaks the
trivial coupling
between density and
velocity divergence

Aln the standard model,
vorticity is a pure
multi-stream
phenomenon
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anisotropy

eigenvalues of’i;
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Buehlmann & Hahn 2019, 1812.07489



Observations
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Where it all started?Z

A 19701980s: the structure formation controversy
BottomdzL) & OSY I NA2 2NJ dKASNI NOKAOFI f
TopR2 6y a40SYIl NA2 2 KSEIQRRMBIKRARDE 6
A The discovery of voids in the galaxy distribution was initially met wit
A0SLIAOAEAYXe | UATY

First CIA Strip
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de Lapparent, Geller & Huchra 1986
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2MASS (2003)

2MASS Redshift Survey
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Legend: image shows 2MASS galaxies colo: coded by the 2MRS redshift (Huchra et al 2011); ;

familiar galaxy clusters/superclusters are labeled (numbers in parenthesis represent redshift).
Graphic created by T. Jarrett (IPAC/Caltech)
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Sloan Digital Sky Survey
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FL, Jasche, Lavaux, Wandelt & Percical 2017, 1601.00093
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__spectroscopic |
Largescale structure surveys roadmajipreemesic ]
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ii Stage IV
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Reconstructions
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The BORG Inference framework

Bayesian Ongin Reconstruction from Galaxies

A ABayesian Hierarchical Model

g
. 1 |0k)? - g \\
P(0) o< exp (2 Z ;) initial conditions
I k
Ao
\_Pm = F(9) total evolved mattercdensity
\_Pe = B(pm) biased:galaxy idistribution )
N P& (T) = 5(Z)pg(7) selected:sample Y
galaxy number count:
Ng ™ P(Nglpop) random extraction (Poisson,
K Negative Binomial) /

A The multimillion dimensionaposterior distribution is
sampled vidHamiltonian Monte Carlo

Jasche & Wandelt 2013, 1203.3639 — Jasche, FL & Wandelt 2015, 1409.6308 — Lavaux & Jasche 2016, 1509.05040 — Jasche & Lavaux 2019, 1806.11117
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The 2M++ galaxy compilation

Redshiftcompleteness
K <115

Lavaux & Hudson 2011, 1105.6107
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BORG at work: Bayesian chronemography

Initial conditions Final .conditions Observations

90°

E IR I

Supergalactiplane

67,224galaxiesf 17 millionparameters5 TB of primary data product§,0,000samples,
£ 500,000forward and adjoint data model evaluatiork,5 millionCPUhours

Jasche & Lavaux 2019, 1806.11117
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BORGPM density field: full Hoear dynamics

Shapley
concentration

v . V[10*(Mpch™1)3]
Bootesvoid 0.05 0.42 1.41 3.35 6.54 11.31

Hydra
Centaurus, 4&8

Geller et al 1999
Kubo et al 2007
Hughes 1989

M(r) (101 h=1 M)

Sl P : : Perseus ® The & White 1986
g po Pisces Colless 2006
it ¢ . ol + Gavazzi et al. 2009

A Falcoetal 2014
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Mass profile of theComa clusterin
agreement with gravitational lensing and
X-ray observations down to a feipc.

Jasche & Lavaux 2019, 1806.11117 — FL, Lavaux & Jasche, in prep.
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Velocity field in thsupergalactiplane
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Thegravitationalinfall of known structures can be observed.

FL, Lavaux & Jasche, in prep.
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