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Is Einstein's General Relativity
the final theory of Gravity?

What were the initial conditions
of the Universe?

What is the nature
of the dark sector?

Which are the
Neutrinos masses?




o

How can we extract cosmological

iInformation from the large-scale
distribution of galaxies in the sky?
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The Millennium Simulation Project
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The -Millennium Simulatioﬁ Project.
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Bispectrum

§ <59(k1)6g(k2)5g(k3)> = B(]fl, ko, kg)(Qﬂ')B(sD(kl + ko + ]{:3)

Summary
Statistics

Power spectrum

P(ky)(2m)?0p(ky — ko) #
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Forward modelling

initial conditions

gravity solver

Large Scale Structure (LSS)
final distribution of

galaxies in the Universe
Credits: Volker Springel (MPA)



Bayesian inference in cosmology

Parameters posterior

P(6|D)

Observed data vector
(e.g., power-spectrum bins)




Bayesian inference in cosmology

Parameters posterior

P(0|D)

and
“nuisance” parameters

0 = {Qa {bO}}




Bayesian inference in cosmology

Parameters posterior

Bayes' | p(9|D) x L(D|@)7(6)

Theorem

0 = {Qa {bO}}



Bayesian inference in cosmology

Parameters posterior Prior over parameters

Bayes' | p(9|D) x L(D|8)7(6)

Theorem

E.g., assuming that the data vector is normally distributed:
Theory

—2In £(D|@) = (D - T()) - € - (D —T(0))

C of the
data vector



Bayesian inference in cosmology

Parameters posterior

Bayes' | p(9|D) x L(D|6)7(6)

Theorem

Likelihood



Bayesian inference in cosmology

Parameters posterior Prior over parameters
Bayes’
eS| p(g|D) o £(D|6)(6)
Likelihood

Markov-chain Monte Carlo (MCMC) +
marginalization

0 = {Q, {bO}}

v

P(Q2|D)

Posterior of cosmological
parameters given observed data



Bayesian inference in cosmology

Parameters posterior Prior over parameters
Bayes’
T eorem P(O|D) x L(D|0)x(0)
Likelihood

Markov-chain Monte Carlo (MCMC) +
“Nuisance” parameters marginalization

0 = {Q, {bO}}

(hew physics?!)

Better constraints on 7) (Q ‘ D )

parameters!

Posterior of cosmological
parameters given observed data



The n-point functions approach

power-spectrum bispectrum trispectrum

N,

n
Covariance
0,(0) = T(0) = {(6,0,)(0),(0,0,0,)(0),...} —2In £(D|6) = (D —T(0)) - C " (D —T(0))
5y =D = {{0500)7, (040404)°™, ...} Bayes theorem Markov-chain Monte Carlo (MCMC) +
Data POID) x LDIO)7(0) | e
P(Q2D)

Posterior of cosmological
parameters given observed data



The n-point functions approach: issues

power-spectrum bispectrum trispectrum

N,

N
04(0) — T(0) = {{0404)(0), (940404)(0), - . .} —2In£(D|#) = (D -T(0))-C - (D - T(9))
5§b8 — D = {<5959>0b83 <696959>0b87 © } Bayes theorem Markov-chain Monte Carlo (MCMC) +
“Nuisance” parameters marginalization
P(6]D) x L(D|6)n(6) o

v

P(Q|D)

Posterior of cosmological
parameters given observed data



Field-level inference

N-point functions

power-spectrum bispectrum trispectrum

D = {(3,0,)°", (6,6,6,)°, ...}

N 0 = {Qv {bO}}

-ield-level

amplitudes and phases of

the galaxy density field 0 — {Q, {hol, 65\1)}
NN,
(02 6y = {(5/(\1)’ }@-:1




How to set our theory?

o 1.Gravity
(59 9 2.EFTofLSS for matter
3.The bias expansion




1.Gravity

Gaussian initial conditions
(CMB)
in the absensce of primordial

(1) _
non-Gaussianities (PNG) P+ (k)] = N(0, Pr(k)|6])

l Gravitational evolution

We know the full perturbative
solution for the gravitational
Z/ p(k—pi ) Fr(py....p0) 6" (py) -6 (p))
p]_a ap{?

evolution given

for matter
/‘F—‘—‘
Fi A____
——
Fn \\\““wq;___



2. The EFTofLSS for matter

“coarse-graining”

k [hMpc™!]


http://arxiv.org/abs/2203.06177
http://arxiv.org/abs/2203.06177

3. The bias expansion

Matter
distribution

Cosmological
tracers




How to set our likelihood?

Generating functional
Plo;™|@
| J @) of galaxies



The generating functional of matter

Carroll et al. (2013)

Matter field measure

Zm[J,] = / D6\ P8\ exp ( /k JA(k)(sfwd[(s}f)](—k))




The generating functional of galaxies

Z[JA] = / D5V P {5&”} exp ( /k Ja (k) _Z b0 [5{(\1)} (—k)

1

Gaussian stochastic term

(e(k)e(K) = (27)°6p(k + k') P.(k)

Cabass & Schmidt (2020)
Rubira & Schmidt (2023)

+ B8 [ stk n(—) + 0 [0, ]
k



The generating functional of galaxies

Z[JA] = / D5V P {5&”} exp ( /k Ja (k) _Z b0 [5{(\1)} (—k)

A

kNL

explicit
(usually integrated out)

1

Gaussian stochastic term

(e(k)e(K)) = (2m)°dp(k + k') P-(k)

Cabass & Schmidt (2020)
Rubira & Schmidt (2023)

+ B8 [ stk n(—) + 0 [0, ]
k



The generating functional of galaxies

Cabass & Schmidt (2020)
Rubira & Schmidt (2023)

Z[Jp] = / psV P {5}@} exp ( /k Ja (k) Z b 3O {55@} (_k)_

O
1A 2 (1) 13
+5PY | In(R)Ia(—k) + O [JA(SA ,JA}
k




The generating functional of galaxies

Cabass & Schmidt (2020)
Rubira & Schmidt (2023)

Z[Jp] = / psV P {5}@} exp ( /k Ja (k) Z b 3O {55@} (_k)_

N-point functions

e LI

0g = Og,det + Og,stoch (0(k)O(K')) = (2m) dp(k + k') Pr(k)
5, = Z bo O + & (e(k)e(K)) =
O




The galaxy field-level likelihood

Cabass & Schmidt (2020)

Plog™16] = (357 5" = 5,0)] )

A



The galaxy field-level likelihood

Cabass & Schmidt (2020)

[5obs‘9] <5(00) [6obs B 59(9)}>

/DX 5obs ( )]>
5(1)



The galaxy field-level likelihood

Cabass & Schmidt (2020)

[5obs‘9] <5(00) [6obs B 59(9)} >5(1)

A

/DX 5obs ( )]>
5(1)

iX60Ps / _iX5,(0) 9:{93{60}96&1)}
:/DXG g <€ 7 >5/(\1)



The galaxy field-level likelihood

Cabass & Schmidt (2020)

Plog16] = (557 [55™ = 6,(0)] ),

A

/DX 5obs ( )]>
5

_ /DX@iX&EbS <€—iX(59(9)>61(\1)

= / DX X% Z[—iX]

Z[JA] = / PP [5}@} exp ( fk Ju (k) -Z b0 [55\1)} (—k

1 _
+5PA [ Ia)a(-) + O[ 2261, JiD
k




The galaxy field-level likelihood

P5516] =

<5(oo) [6obs — 0,4(0)] >5§f)
/’DX X[595 5, (6 )]>5(1)

_ /DXe?lXégbs <€—iX(59(9)>61(\1)

— / DX X%" Z[—iX]

Cabass & Schmidt (2020)

1

In P[(SSbS\H] = ——

2

/ \%’bg(k) — Yg,det [9](]“)‘2
k<A P(k)

const.




Wilson-Polchinski for bias running

Rubira & Schmidt (2023)

2] = [ DA (8] exo( [ Jatk) T 180 5] )| + e JAUc)JA(k))

. 11,
Zot [Ta] = / DoP (o] / DGLP |50 | exp / In(k) |DobEO |60 + 05| (k)| + S P /k JAU«)JA(k))

k e




Wilson-Polchinski for bias running

Rubira & Schmidt (2023)

2] = [ DA (8] exo( [ Jatk) T 180 5] )| + e JAUc)JA(k))

. 11,
Zot [Ta] = / DoP (o] / DGLP |50 | exp / In(k) |DobEO |60 + 05| (k)| + S P /k JAU«)JA(k))

k e

No dependence on cuttoff:

Siof] -Su (] s ) — | o



Field-level inference in practice

0q16.
P66

Cosmological constraints?




|s there any alternative for loops?

Field-level
amplitudes and phases of A kN,
the galaxy density field : | : >
N lattice
{0: 1.5 spacing

LEFTfield: a fast forward model that solves the
gravitational evolution of all modes in a lattice Forward modelling:

easier to deal with redshift space,
masks and systematic effetcs



|s there any alternative for loops?

Field-level
amplitudes and phases of A kN,
the galaxy density field : | : >
N lattice
{0: 1.5 spacing

LEFTfield: a fast forward model that solves the
gravitational evolution of all modes in a lattice
e Field-level inference

e Simulation-based inference



Field-level inference

@ rmif) Gger(,7) = D bo(1)O (2, 7)
0 ={Q,{bo}, 0"} 0
parameters drawn proposed

from prior samples

O il —T

obs
59

Likelihood
evaluation

L5219, {bo}, 53)

Hamiltonian Monte Carlo
(HMQ)

P(Q, {bo}, 64 [62>)

Full posterior



Simulation-based inference

0~ m(0) Og X
parameters drawn | summary
from prior SaMmpIes statistics

—> —P— A wctimator
> LEFTw&[ —J— A
C— _>@_> A

summary
statistics

Xobs

posterior

P, {bo}x")



Simulation-based inference

0~ m(0) Og X
parameters drawn | summary
from prior SaMpIeEs statistics
density
estimator

posterior

P, {bo}x")

CosmoClub Talk
data smmary Monday @ 4:15

statistics

Xobs



Lagrangian Perturbation Theory (LPT)

Advection equation .
Eulerian

position

x(q,7) = q+s(q,7)

Displacement

Geodesic + Poisson + Continuity:

14+ 6(x,7) =1+ M(q,7)|"

LPT

Lagrangian
q = za(0) position

sa.7) =Y s (q,7)

1

o0

n




Lagrangian bias expansion

EFTofLSS: Eulerian

position

5{§:det(qa7_) 2/ dr'F,[M(q,7"), 7', 7]
0

1 Expand in Fin M

all rotational invariants of M
15t e[ M)

nd 1) A 4(1) (1)7)\2 L :
2 tr[ M MY, (tr[MY])“. agra.n.g|an
q = za(0) position




Forward model

o = og/oid $(x) ~ N(0,1)

5\ (k, z) = Wa(k)\/a2PL(k, 2) §(k)

Lagrangian Bias Operators

= te[MY) LS = Mgl | My =0,
B

MV MY], (M) tr[M )] = -5

LPT recursion relations

0F qer(a, ) =) bor(1)0%(q,7) g(n)

nLPT

x(q,7) =q+s(q,7)

6g,det (333 T)



http://arxiv.org/abs/2203.06177

Forward model

o = og/oid $(x) ~ N(0,1)

5\ (k, z) = Wa(k)\/a2PL(k, 2) §(k)

Lagrangian Bias Operators

= te[MY) LS = Mgl | My =0,
B

MV MY], (M) tr[M )] = -5

LPT recursion relations

0F qer(a, ) =) bor(1)0%(q,7) g(n)

nLPT

x(q,7) =q+s(q,7)

d k- s(q,T
Og,det (K, T) = / (27?)3 a1 + 57 (g, 7)]

6g,det (333 T)

M&c(q) = O"(q)



http://arxiv.org/abs/2203.06177

Field-level inference

0 ~ (0) dge(@,7) = 3 bo(T)O(,7)
0 = {Q, {bo}, 5}(\1)} O
parameters drawn proposed
s samples
Likelihood

O il —T

obs
59

L6219, {bo}, 55\1))

P(§2,{bo}, 55\1)\(53135)



Some results

EFT-based full field-level inference on blind catalogs from beyond 2-pt blind challenge

real-space snapshots (mean of 10 realizations), fixed wy,, wy, ng, h

BACCO P, kypax = 0.5 h/Mpc
. AL F

EFT P+B, kpae = {0.3,0.15} h/Mpc
.

EFT FBI, k. = 0.1 A/Mpc
FBI: Field-level Bayesian Inference

—0.10

05

=
-
S
-

AO’g/O’g



Some results

Fixed and free initial conditions of BAO scale and bias parameters on rest frame (tested on mock data and Nbody halos)

l l

l l | |
® Lagrangian bias
0.02 - e
Eulerian bias ©
< 00117
| -
. %
0.00 F e e X
I

| I I I |
0.1 0.16 017 018 0.19 0.20

A [hMpc™!]


https://arxiv.org/search/astro-ph?searchtype=author&query=Schmidt,+F
https://arxiv.org/search/astro-ph?searchtype=author&query=Reinecke,+M
https://arxiv.org/search/astro-ph?searchtype=author&query=Schmidt,+F
https://arxiv.org/search/astro-ph?searchtype=author&query=Reinecke,+M
https://arxiv.org/search/astro-ph?searchtype=author&query=Reinecke,+M

Conclusion & Next Steps

Field-level inference with LEFTfield has proven to be a powerful tool for galaxy clustering
analysis and offers several advantages over standard analysis.

LEFTfield goals (with Fabian Schmidt, HMC field-level inference and SBI with summary statistics):
e Rest-frame Nbody halos (Nhat-Minh Nguyen)
e Redshift space, survey mask and systematic effects (Julia Stadler)
e BAO scale inference (lvana Babic)
e Renormalization group approach for bias running (Henrique Rubira, Charalampos Nikolis)

Beatriz Tucci
tucci@mpa-garching.mpg.de



