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TheUniverseasseenby the Particle Zoo

The Whole Set of 12 Epochs "% 7

the universe

Can’t decide? Get the whole
set of 12 plushies illustrating
the history of the universe.

Set includes:
Planck
Inflation
Electroweak
Quark-gluon plasma
Hadron-lepton
Nucleosynthesis
Radiation domination
Matter domination
Recombination
Dark ages
Reionization
The universe today

Cotton and fleece with poly-fill,

sPARTICLLEZTO
http://www.particlezoo.net/
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Somespecificities of cosmology

e . The experienceis unique and irreproducible by
physicalexperimentation Thereis no exteriority nor anteriority.
Thepropertiesof the Universecannotbe determinedstatistically
onaset

¢ . The energyscalesat stakein the early Universeare
ordersof magnitudehigherthan anythingwe canreachon Earth

e . Reasoningn cosmologyis "bottom-up".
Thefinal state is knownandthe initial state hasto be inferred.

E>The of the Universe have a
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Cosmostatisticof the initial conditions

« Cosmostatistics: discipline dealing with stochastic
guantities as seeds of structure in thimiverse
predictionof cosmologicabbservablegsrom randominputs
(from theory to data)

use of thedepartures from homogeneity in astronomical surveys to
distinguish between cosmologiaalodels
(from data to theory)
FL PisadWand&l014, arXiv:1403.126

« “Initial conditions”:ICs forgravitational evolutioiX

AFTERflation

AFTER Hot Big Bapigenomena

(primordialnucleosynthesjsdecoupling, recombination, fregreaming of neutrinos,
acoustic oscillations of the photdraryon plasma, transition from radiation to matter
dominated universe » 4 i
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High-energyphysicsexperiments
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TheinhomogeneousUniverse:
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




The CMB timemachine

A A time-machine (380,009rs=>1035s):linecar perturbation theory
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Input gravitationalpotential Reconstruction of'the
adaptdbnElsne&Wand&009arXiv:0909.0009 gravitationalpotential
A Reli , Komatstperg&WwWand&lo05rXiv.asid030518
elies on. Yada&Wand&lo05rXiv:asp0505386

Gaussiamandomfields
Lineartransfer

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



The most boring Universe?
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. the largescale structure

Order Iin the Universe

CfAredshift survey

l4h

10000 km/s

5000 km/s

de Lappar&d)les:HuchrE986
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Order In the Universe: the largescale structure

A SLICE OF THE UNIVERSE!

VALERIE DE LAPPARENT, > MARGARET J. GELLER,? AND JOHN P. HUCHRA?
Received 1985 November 12; accepted 1985 December 5

ABSTRACT

We describe recent results obtained as part of the extension of the Center for Astrophysics redshift survey to
my = 15.5. The new sample contains 1100 galaxies (we measured 584 new redshifts) in a 6° X 117° strip going
through the Coma cluster. Several features of the data are striking. The galaxies appear to be on the surfaces of
bubble-like structures. The bubbles have a typical diameter of ~ 25hA~' Mpc. The largest bubble in the survey
has a diameter of ~ 50h~! Mpc, comparable with the most recent estimates of the diameter of the void in
Bootes. The galaxy density in the region of the largest void contained in the survey is only 0.20 of the mean. The
edge of the largest void in the survey is remarkably sharp.

All of these features pose serious challenges for current models for the formation of large-scale structure. The
best available model for generating these structures is the explosive galaxy formation theory of Ostriker and
Cowie, published in 1981. These new data might be the basis for a new picture of the galaxy and cluster
distributions.

Subject headings: cosmology — galaxies: clustering — galaxies: formation

[ 10)
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Order in the Universe the largescalestructure

Blue matter distribution
> darkmatter halos / galaxies
A Halos trace mass distribution
(of dark matter).

A Halos are NOmandomly
distributed there existsa
LargeScaleStructure of the
Universe

A How dowe analyzethis
structurequantitatively?

Correlation functions and
Fourier analysis

[ 12)
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AX slolved problem!
Al

2dF Galoxy Redshift Survey
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Where the Universe becomesneh AO OO |
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Gaussian vs nofsaussian information
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Gaussian vs nofsaussian information

Thetwo distributions
wof - . have about thesame
; ‘ 1 powerspectrun
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b

mode X kf)nax
AThe challengesiion-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?

[ 15)
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Complexityin the Universe:
Why Bayesian inference?

AWhy do we need Bayesian inference?

Inference of signals =-plosed problem

Incomplete observations: survey geomet
selection effects

Noise,biases, systematic effects
Cosmic variance

=

adWhat 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)

Florent Leclercq Cosmic order and complexity



Bayesianphysical mferenceof the ICs
A Physical motivation:

A Complex final state, simple initial sta \ m

Al fayrward onlyé LINR © F"Eﬁ*ﬁ'me Final state

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

A Highly dimensional inference (1parameters)
/A A large number of correlated parameters

@ No reduction of the problem size is possible!
A Potentially complex posterior distribution

A Numerical approximatiors ampling the posterior

1
p(s|d) — pn(s|d) = N Z Op(s — si)
A dzii K2g G2 ¢38d

February 25th, 201°¢



Bayesian forward modeling: the ideal scenario

Forward model = Ptbq\dy simulation + Halo occupation +
DIFflIE& F2NXIGA2Y b CS
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4 Weneed avery, very, very
All possibledCs All possible FCs big computer!



BO RGBayesian Origin Reconstruction from Galaxies

What makes the problem tractable:

* Sampler:Hamiltonian Markov Chain Monte
Carlo method

* Physical model: Seconebrder Lagranglan
perturbation theory (2LPT) 2%

T —— " BORG
Observations Samples of possible 4D:state:

see also:
Jasche & Wandelt 2013, arXiv:1203.3688ura 2013, arXiv:1203.4184

Jasche, FL & WandetrXd&a409.6308\yang, Mo, Yang & van den Bosch 2013, S5




x [Mpc/h]

BORG atvork z chronocosmography
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Jasche, FL & Wandelt 2014, arXiv:1409.6308
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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)
ARAYLISNFSOG RFEGEF O6y2A&aST oAl AaSaxo

see also FL, Pisani & Wandelt, arXiv:1403.1260
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Bayesianchronocosmographyfrom SDSS DR
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Jasche, FL & Wandelt 2014, arXiv:1409.6308 Data
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Bayesianchronocosmographyfrom SDSS DR
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Bayesianchronocosmographyfrom SDSS DR
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Dark matter v0|ds INn the SDSS
| AWhy?

350 -.7»'
300 f Bt . 3 i I
Pt R Sparsity & Bias

Sl fw s & ¢ o F Y Al Suttestal2013, arXiv:1309.5087
=N EE T e b S N T Suttest al2013, arXiv:1311.3301
|

~| AHow?

VIDE toolkit: SettedP014, arXiv:1406.1191
) WWW.CoSmicvoids.net

0 50 100 150[1\420/0h] 250 300 30 40  based onZOBOV: Neyrinck 2007, arXiv:07
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FL, Jasche, Sutter, Hamaus & Wandelt 2014, arXiv:1410.0355
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http://www.cosmicvoids.net/

Dark matter voids. pipeline

uBiased traci
of matter
imited
number
uSelection
effects

\ uDark matter
field

Imear igh density
TS £ of tracers

Identification of
voids

FL, Jasche, Sutter, Hamaus & Wandelt 2014, arXiv:1410.0355
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Dark matter void properties

8 : : : : : . . 0.40 : : : : : :
. M SDSS galaxics (diml sample) - — SDSS galaxies (bright1 sample) (N, = 219)
M SDSS galaxies (bright1 sample) | — 11 BORG reconstructions (N, = 1835852)
~ . — imulati N, = 1
= Of I 11 BORG reconstructions 1 0.30 Dark matter simulation (Vy = 885015)
S Dark matter simulation :
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All catalogs will be made publicly available at
WWW.COSmicvoids.net

FL, Jasche, Sutter, Hamaus & Wandelt 2014, arXiv:1410.0355
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http://www.cosmicvoids.net/

T|da| Shear anaIyS|S Hahet al2007, arXiv:q$tf06102

Final conditions
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FL, Jasch&@ndelt 2CirXiv:1502.02690 Initial conditions
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Dynamic structures inferred by BORG

Final conditions

FL, Jasch&@ndelt 2CirXiv:1502.02690
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