Bayesian largescale structure
Inference: Initial conditions and

cosmic voids

Florent Leclercq
LyadAaddzi RQ! adNRLKeéaAIl dzS
Institut Lagrange de Paris

Ecole polytechniqularisTech
April gh 2014

Iushtut
Lagr: ange
de Paris

In collaboration with:

NicoHamaugIAP/U. lllinois)Jens]asche&lAP) AlicePisan(IAP) Emilio Romandiaz(U. Bonn)
Paul M. Sutte(IAP/Ohio State U.BenjaminWandelt(IAP/U. lllinois)

ECOLE
POLYTECHNIQUE

UNIVERSITE PARIS-SACLAY

1
April 9th, 2014 [



Why cosmology?

A Cosmology is the science of the Universe p$hgsical
systemZ GKSNB dUKS ewWaidSNB Sé€ YSI
that exists in the physical senseé ®
A Matter «/
A ldeas
A Laws?
A lmportantideas
A TheUniversein its globality canbetreatedas aphysical
system
/A Sciencecandealwith times and places we cannot

experience (theobservabldJniversesa strictsubsetof
the Universe
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Some specificities of cosmology

e . The experienceis unique and irreproducible by
physical experimentation There is no exteriority nor
anteriority. The properties of the Universe cannot be
determinedstatisticallyon a set.

e . Theenergyscalesat stakein the EarlyUniverseare
orders of magnitude higher than anything we can reach on
Earth

e . Reasoningn cosmologyis "bottom-up".

Thefinal stateis knownandthe initial state hasto be inferred.

ﬁ}The of the Universe have a
with respect to other physical
phenomena.
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Cosmostatisticof the Initlal conditions

. . ICs forgravitational evolutioiX

AFTER inflation
AFTERIot Big Banghenomena

(primordialnucleosynthesjsdecoupling, recombination, fregreaming of neutrinos,
acoustic oscillations of the photdraryon plasma, transition from radiation to matter

dominated univers¥ 0

e . discipline dealing with stochastic
guantities as seeds of structure in the Universe
prediction of cosmological observables from random inputs

(from theoryto data)

use of thedepartures from homogeneity in astronomical surveys to
distinguish between cosmological models
(from data to theory)

see also PisadWandal014, arXiv:1403.1260
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High energy physics experiments
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The iInnomogeneous Universe:
the big picture

You arehere makethe best oit 8

Planck
Dark matter distribution today (simulated)

- VLT e

Primordial quantum perturbations as Millennium Run
seen in the Cosmic Microwave T
Background







Inflation as the origin of structure

clusters, halos, galaxies

2dF Galaxy Redshift Survey

quantum fluctuations matter andenergy
perturbations

inflation gravitationalcollapse

Statigiicsodtileese
Probe dfftthiscera / ?\
CMB

0w O — P
inflaton field curvaturepotentlak 5n

Powefiuil pralzesobfnfiflation _
if we canaaccouatiglynorxdebsamel selatidimnshi
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The most boring Universe?
fnt / isotropic
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* Phenomenologically, inflationisagreatsuccesX
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The case fophysicalreconstruction of thelCs

AX 06 dzi & Kaliciiophv&icsloKir8lation?
ASomechallenges:
A The eta problem: scali@variant,superhorizorfluctuations
require

V” m2
= Mi—=—-2 <1
1= My T e S

How to achieve and stabilize this mass hierarchy?

A Largefield inflation: observational gravitational waves mean
r~ 0.2 <> A¢ > Mp

Astropinystss Quanmtunngraviity
BICEP2 collaboratioari\:4403.3985 LythboundLytid 99 AarXiv:hg@h9606387

A Someo nen guestions: multi-field inflation? norstandard kinetic
term? periods of fastoll? nontrivial pre-inflationary state? nosBunchDavies
vacuum?
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The CMB timemachine

A A time-machine (380,009rs=>1035s):linecar perturbation theory

v

& .
=0, 0005 () mm———— ). (/)50 -0.0005() mm—— ). ()50

<0.00047  e—— s ().00047

Input gravitationalpotential Reconstruction of'the

adaptdbnElsnek:Wand&009arXiv:0909.0009 gravitationalpotential

Komatsbperg&WwWandel00arXiv.asid030518
Yadag&Wande&l005rXiv:as{pd0505386

A Relies on:
Gaussiamandomfields
Lineartransfer

Optimalinferenceof a GRFrom a GRF: Wiendiitering
see also Pisa@Wand&l014, arXiv:1403.1260



A large-scalestructure in the Universe

Blue matter distribution
> darkmatter halos / galaxies

A Halos trace mass distribution
(of dark mattel.

A Halos are NOT randomly
distributed: there exists a
Large Scale Structure of the
Universe

A How do we analyze this
structure quantitatively?

Correlation functions and
Fourier analysis

Mpe/h

. (12)
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2AAT 1 OOOOAQOE

AX slolved problem!

2dF Galoxy Redshift Survey
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Where the Universe becomesnch AO OO |
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Gausslan vs nofsaussian information
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Gausslan vs nofsaussian information
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b

mode X kf)nax
A The challengesnon-linearity andnon-Gaussianity
A Nortlineartransferfunctionsin the HotBigBangphenomena
A Gravitationalevolution
A Primordial nonGaussianityy X K 0
A Dataimperfection andsystematicX

Can we go from the linear to the non-linear problem?

: [ 17 J
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Bayesian inference of the ICs

AWhy do we need Bayesian inference?

Inference of signals =-flosed problem

Noise

Incomplete observations: survey geomet
selection effects

Systematic uncertaintiepiases
Cosmic variance

=

aWhat are the initial
conditions of the Universe?

OWhat is the probability distribution of
possiblenitial conditions (signals)
compatiblewith the observations®

p(s|d)p(d) = p(d|s)p(s)
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Bayesian inference of the |CS

A Physical motivation:
/. Complex final state, simple initial sta

AV farward onlyé LINR 6 mlEﬁWﬂﬁe Final state

(we have a generative model for the final state)
A Problems:

A Highly dimensional inference (1parameters

A Alarge numberoftorrelated parameters
@ No reduction of the problem size is possible!

A Potentiallycomplex posterior distribution
A Numerical approximatiorsampling the posterior

p(s|d) — pn(s Z5DS—S

A . dzi KZﬂ G2 &3S
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4D physical inference of the ICs

A The ideal scenario: Forwardmodel = Nbody simulation + Halo occupation +
GalaxyF 2 NI A2y b CSSRol O

x —

/

We needa
big computer!
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All possibldCs All possibleECs
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BORG BayesiarOrigin Reconstructiorfrom Galaxies

What makesthe problemtractable:

. - HamiltonianMarkov Chain Monte
Carlomethod

¢ . Secondorder Lagrangian
perturbationtheory (2LPT)

__,

/ |\

Observations _
Sampleof possibleCs

Jasch&Wanddél012, arXiv:1203.3639
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BORG: reconstructionfrom SDSS DR7
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Data
Jasché-L &/andeltprep
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BORG: reconstructionfrom SDSS DR7
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BORG atvork
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Samples of the posterior density

A Each sample: possible version of the truth

AThevariation between sampleguantifies the
uncertainty that results from having

Ayte 2yS ' YAOBSNES O0F Y2NB LINBOA:

/A incomplete observations (mask, finite volume and number of
galaxies, selection effects)

AAYLISNFSOG REFEOF O6y2A4aSs oAl asa

see also Pisa@Wand&l©14, arXiv:1403.1260
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BORG: reconstructionfrom SDSS DR7
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BORG: reconstructionfrom SDSS DR7
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Data-constrained non-linear realizations
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Data-constrained non-linear realizations

<300 §
@
200 [
100 [ RENE NpS &
e hE T L WP R
Webedyfilier, 17 T s ]
% 100 200 300 400 500

x [Mpc/h]

00 05 10 L5 20 25 30 35 40 45 50
In(2 + 0)
Jasché-L, Romdhaz @&andeltprep




Data-constrained non-linear realizations

A A dynamic physical model naturally introduces some
betweenthe constrained and unconstraingxrts

A Constrainedesimulationsact as
, whose predictions can be testedith complementary
observationsn the actual sky.

A With a full Nbody simulation, we
address the
of structure formation!

Jasché-L, Romdhaz ®&andeltprep
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