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What we want to know from the largeale structure

The LSS Is a vast source of knowledge:

A Cosmology:
[ CDM : cosmological parameters and tests against alternatives,
Physical nature of the dark components,
Neutrinos : number and masses,
Geometry of the Universe,
Tests of General Relativity,
Initial conditions and link to high energy physics

A Astrophysicsgalaxy formation and evolution as a
function of their environment

Galaxy propertiescplours chemical composition, shapes),
Intrinsic alignments, intrinsisizemagnitudecorrelations



P(']8) =

0.20

)
0.15

0.10

0.05

0.00

We have

A Initial conditions:
a Gaussian random fiel
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A Structure formation:
numerical solution of the
VlasovPoisson system for
dark matter dynamics
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Z how do we test these

THERE USED To BE A JOKE THAT
IN CosMolLoGY A FACTOR OF oo
WhAS "PRECISION™ COSMOLOGY.
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2-3 160 1.3 10

M. Zaldarriaga
J. Cham — PhD comics

A Precise tests require many A The challengenon-linear evolution at

modes. small-scaleandlate times
A In 3Dgalaxy surveys, the numbétThe strategy:
of modes Sable scales &5, - Pushing down the smallest scale usab
Rt Ik for cosmological analysis
O Using a numerical model linking initial
£ e e 2 and final conditions

In other words: go eyond thienearandstaticanalysis of the LSS



Why Bayesian inference?

A Inference of signals =-flosed proble

Incomplete observations: finite resolution,
survey geometry, selection effects

Noise,biases, systematic effects
Cosmic variance

ﬂ No uniguerrecovery: is.possible!

&WVhat is the formation histor OWhat is the probability distribution of
of the Universe® y Iﬂ possible formation histories (signals)
compatible with the observationg?
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Bayesian forward modelling: the ideal scenario
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Likelihoodbased solution: BORG

Bayesian Origin Reconstruction from Galaxies

Likelihood-based solution:
Exact statistical analysis
Approximate data model

[

Data assimilation




Hamiltonian (Hybrid) Monte Carlo

A Use classical mechanics to solve statistical problems!

The potential: Y(x) = — Inp(x)

1
The Hamiltonian:  H(x, p) = EpTM_lp + 1h(x)

dx  OH 4

@ op P -

(Xap) » <d_p__a_H__d¢’(X) I» (Xap)

L dt ox dx gradientsof the pcif

a(x',x) = e"H'~H) — 1 == gcoeptance ratio vinity

A HMCbeats the curse of dimensionaliby:

Exploiting gradients
Using conservation of the Hamiltonian

Duane et al. 1987, Phys. Lett. B 195, 2
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BORG at work: Bayesian chronemography

Initial conditions Final .conditions Observations
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Supergalactiplane

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

Jasche & Lavaux 2019, 1806.11117 — FL, Lavaux & Jasche, in prep.
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BORGPM density field: full Hoear dynamics

Shapley
concentration
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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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The phasespace structure of dark matter: tools

Delaunay
tessellation of Abel, Hahn & Kaehler 2012, 1111.3944
elementary Shandarin, Habib & Heitmann 2012, 1111.2366

Hahn, Abel & Kaehler 2013, 1210.6652
Hahn & Angulo 2016, 1501.01959
Sousbie & Colombi 2016, 1509.07720
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FL, Jasche, Lavaux, Wandelt & Percival 2017, 1601.00093 Lavaux & Wandelt 2010, 0906.4101
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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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Number of streams and vorticity

Number of streams Velocity potential Norm of vorticity
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In earlier work ifeciercq, Jasche, Lavaux, Wandelt & Percival 2017, 1601.00093 ),
these werepostdictions Thanks ta3ORGPNfull nonlinear dynamics),
we have now actuaineasurements with uncertainties.

FL, Lavaux & Jasche, in prep.
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LICH initial structures inferred by BORG
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FL, Lavaux & Jasche, in prep.
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LICH final structures inferred by BORG
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FL, Lavaux & Jasche, in prep.
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Mapping the Unlverse epllogue’?

rl,E_Mo;:z:,;,) WERE REALLY ).
e (reestd o B\ EXPoRNe

AMOUNT OF
EXPLORATION

J. Cham — PhD comics
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Likelihoodfree solution: SELFI

Simulator Expansion for Likelihcédee Inference

Likelihood-free solution:
Approximate statistical analysis
Arbitrary data model

~ Generative inference

10



SELFI: Method

2(0) A Gaussian prior + Gaussian effective likelihoo
Eg\';v“grfdﬂ A Linearisatiorof the blackbox around ang
spectrum expansion point + finite differences: A

- )
by ~ fy + Vi - (9 — 90) th
ﬂThe posterior is Gaussian and analogous to :
Wiener filter:
P(®|0) expansion point ob;erved summaries
_ —1
Y = 90 -+ r (VfO)T CO ((I)Q — f())
_ _17—1
I'=[(Vf)TCy 'V + S
| /‘ prior covariance
Arbitrary covariance of summaries gradient of the blackox
statistical —>
summaries fy,Coand V{j can be evaluated through simulations onl;

The number of required simulations is fixagbriori
FL, Enzi, Jasche & Heavens 2019, 1902.10149
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A bIackbox:SimbeImynééfﬁ(K ANEY
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. . o
Publicly available code \
https://bitbucket.org/florent-leclerca/simbelmyne/ )
Initial conditions Final conditionsdark matter) Galaxies
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Dark matter S|mulat|on Survey simulation:

with COLA Redshiftspace distortions, galaxy
Tassev, Zaldarriaga & Eisenstein 2013, 1301.0322 bias, selection effects, survey

geometry, instrumental noise 51


https://bitbucket.org/florent-leclercq/simbelmyne/

SELFI SimbelmynéProofof-concept
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100parameters are simultaneously inferred from a bl data model

Niodes X k3. 5Stimes more modes are used in the analysis
1GpeheEz2yt éH adzOK Y2NB LRGSYyGAlFf 7

FL, Enzi, Jasche & Heavens 2019, 1902.10149
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SELFI SimbelmynéProofof-concept

A Robustinference of
cosmolaogical
parameterscan be
easily performeda
posteriorionce the

lineariseddata
model is learnt

FL, Enzi, Jasche & Heavens 2019, 1902.10149
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Dark energy and neutrino masses with SELFI
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pyselfiwill be made publicly available soon.
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The Future: Opportunities & Challenges

DES/!, Ewvuc/!l i d, LSST, WFI RS T,
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__spectroscopic |
Largescale structure surveys roadmajipreemesic ]

Stage Il

ii Stage IV

2014 2016 2018 2020 2022 2024 2026 2028 2030 2032
26



Dataintensive scientific discovery from galaxy surve

ANextgeneration surveys willACan data analysts keep pace?
be dominated bysystematics

A80% of the total signal will
come fromnon-linear
structures

Accuracy(better methods)

Precisionmore data)
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The Imperial weak lensing inference framework

with George Kyriacou, Arrykrishna Mootoovaloo, Alan Heavens & Andrew Jaffe

Joint inference of cosmic shear maps and Bayesian hierarchical inference of
power spectra/cosmology frol@FHTLenS galaxy redshift distributions(z)
reconstruction variance

from Iensmg data alone Kyriacou, FL, Heavens & Jaffe, in prep.

Alsing, Heavens & Jaffe 2016, 1607.00008
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