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Somespecificities of cosmology

e . Theexperienceas unique andirreproducibleby physical

experimentation There is no exteriority nor anteriority. The
properties of the Universecannot be determined statisticallyon a

set

¢ . The energy scalesat stake in the Early Universeare
ordersof magnitudehigherthan anythingwe canreachon Earth

e . Reasoningn cosmologyis "bottom-up". The

final state is knownandthe initial state hasto be infered.

ﬁ} The of the Universehave a
with respect toother physical
phenomena
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Cosmostatisticof the Initlal conditions

. . ICs forgravitational evolution..

AFTER inflation
AFTER Hot Big Bapigenomena

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

dominated universe

e . discipline ofusing the departures
from homogeneityobserved in astronomical surveys to
distinguish between cosmologicahodels

A Huge data sets, but fundamental limits to information:
on large scale<

on small scales
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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




Themostboring Universe?
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* Phenomenologically, inflationisagreatsuccess.



The case fophysicalreconstruction of thelCs

A ... bwhatisthe microphysics of inflation?

ASomechallenges:

A Theeta problem scaleinvariant,superhorizorfluctuations

PUY T 3H2
How toachieveandstabilizethis masshierachy?

<1

A Largefield inflation: observationagravitationalwavesrequire
r > 0.01 > A¢p > Mp (Lythbound
Astropinysics Quamburng raviity

A Someo pen questions: mult-fieldinflation? nonstandard kinetic

term? periodof fastroll? nontrivial pre-inflationary state”on-BunchDavies
vacuun?
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The CMB timemachine

A A time-machine(380,000yrs=>1035s):linecar perturbation theory

v
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Input gravitationalpotential CMB Reconstruction of'the

adaptetbniElsnekWand&009arXiv:0909.0009 gravitationalpotential

Komatsbperg&WwWandel00arXiv.asid030518

A Relies on: .
Yada&Wande&l005rXiv:as{wd0505386

Gaussiamandomfields
Lineartransfer
Optimalinferenceof a GRFrom a GRF: Wiendiitering

sealsd-L, PisarWsandgtiroceedirigappeaoon
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A large-scalestructure in the Universe

Blue matter distribution
> darkmatter halos / galaxies

A Halos trace mass distribution
(of dark matter).

A Halos are NOfandomly
distributed there existsa
LargeScaleStructure of the
Universe

A How dowe analyzethis
structurequantitatively?

Correlation functions and

Fourier analysis

Mpe/h

0 ]
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A... semlved problem!

AAnd
CMB

g LSS 3
o< [ o N x k.

mode ax

NCMB

mode
AThe challengesiion-linearity andnon-Gaussianity
A Nortlineartransferfunctionsin the HotBigBangphenomena
A\ Gravitationalevolution
A Primordial nonGaussianity ...? )
/\ Dataimperfection andsystematics..

Can we go from the linear to the non-linear probleim?
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Bayesianinferenceof theICs

A Whydo we needBayesiannference?

Inference of sighals =-plosed proble
Noise 5 i,

Incompleteobservationssurvey geometry, @ ;:
selection effects

Systematiaincertainties biases
Cosmiovariance

AA good qwhatssthe probability &
distribution of possible signals compatible r»u—~—~-
with the observations? \ /

p(S’d)p(d) — p(d’S)p(S) - “from].\]asche
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Bayesianinferenceof theICs

A Problems
A Highlydimensionalinference(10’ parameters

A A largenumberof correlated parameters
B:> No reduction of the problem size is possible!
/A Complexposteriordistribution

A Numericalapproximation: fordim> 4:sampling the posterior
distribution

020
015 +
010
005 |- =i
000

p(s|d) — py(s|d) = ZdD (s — s;)

-3.00

A But how to ‘yetthe dots" ?
frond.Jasché
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4D physicalinference of the ICs

A Physicamotivation:
/A Complexinal state
A Simple initial state

A A fotward only” problem(we have agenerativemodel for the
final state)
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4D physicalinference of the ICs

A Theidealscenario: Forwardmodel = Nbody simulation + Halo occupation +
Galaxf or mati on + Feedbac

Forwardmodel S
> s
x > Observations
— R Weneeda
x > big computer!
EverypossiblelCs EverypossibleFCs frond.Jasché
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BORG BayesiarOrigin Reconstructiorfrom Galaxies

What makesthe problemtractable:

. - HamiltonianMarkov Chain Monte
Carlomethod

¢ . Secondorder Lagranglan
perturbationtheory (2LPT)

6(?9

/ v\

Observations _
Sampleof possibleCs

Jasch&Wanddél012, arXiv:1203.3639 frond.Jasché
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Samplesof the posterior density

A Each sample: possible version of the truth

AThevariation between sampleguantifies the
uncertainty that results from having
Aonly one Universe (a more preci s

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

Ai mperfect data (noi se, bi ases, [

ABy the way.. Bayesian probabili
uncertaintyindependently of its origin

see also Plisa@Wandeftroceedings to sgguaar
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BORGat work
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Aside beyond 2LPT?

A 2LPT breaks dowat smallscales
A Recalthe numberof usable modezoes like Ik°.

A Evensmallimprovementsyield awealth ofyet unexploited
cosmological information (in existing surveys!)

AWeneednumerically efficient andflexible toolsto
modelcosmicstructure formation in the nodinearregime
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Remapping2LPTIin the mildly non-

FL,Jasché&iMarin & Wandelt&Xi3,1305.4642

inear regime
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COLA omoving.agrangianAcceleration
A Write the displacemenwvectoras: S = ST,pT + SMC
Tasse&Zaldarria?@12, arXiv:1203.5785

A Timestepping(omitted constants and Hubble expansion):

Standard: Modified:
O7s

Tasse¥aldarriag&insenst@il 3, arXiv:1301.0822
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Back to BORG

A'What about the real Universe?

Reconstruction of the initial conditions from SDSS DR7
Jaschdé-L & Wandgitap

Resimulatiorof the latetime Universe from these ICs
Jasch&komaiaz, FL & Wandakpn

Optimizing an ensemble of constrained simulations to probe the
non-linear regime FL Jasch& Wandelipiap
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BORG: reconstructionfrom SDSS DR7
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BORG: reconstructionfrom SDSS DR7
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BORG: reconstructionfrom SDSS DR7
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BORG: reconstructionfrom SDSS DR7
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Quantifying uncertainty in the FCs
Jasché-L & Wandgit,ep
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BORG: reconstructionfrom SDSS DR7
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BORGresimulating the Universe
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BORGresimulating the Universe

A A dynamic physical model naturally introduces some
correlations betweenthe constrained and unconstraingxirts

A Constrainedesimulationsact ashypothesis generating
machines,whose predictions can be testedth complementary
observationsn the actual sky. Jasch®komaiiaz, FL & \Wandskepin

A With a full Nbody simulation, we
address thenon-linear regime %4? '
of structure formation! z /
moren nelneaieconstruction ; ;| /
ofthdCs in Rlasch& Wandelipriap T
& | 2LPT —\ \-.
FCs constrained —— )
seealso: 5 ' FCs unconstrained —
FL Jasch&iMarin & Wandelt&Xi3,1305.4642 — ' "
Tasse¥aldarria§&insenst@iol 33rXiv:1301.0322 - !

log k [(Mpc/h) ]
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Concludingthoughts

ABORGA usingBayesiarposterior
exploration toinfer primordialquantitiesfrom late-time
observations

A Needfor

the nonlinearregime

A Cosmologica
of the Universe is becoming feasible. Great science i
waiting behind the door:

Baryon acoustic oscillations, clusters, voids

Non-Gaussianity

|socurvatureperturbations

Gravitational waves inthe largec al e structur e ..
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