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The big picture
Cosmological parameters
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The big picture

Emphasis on Dark energy

Dark Energy
Accelerated Expansion /\ D a I’k ene rgy
Pattern Dark Ages Development of

380,000 yrs. Galaxies, Planets, etc.

Afterglow Light

- AWETST
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Basic extensions of A-CDM

W  Quintessence

» Dynamical component?
» Relation to fundamental physics?

1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years
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euclid
Exploring the dark Universe

Exponential growth
of the size of the Universe,

but also of the amount of
data to probe dark

energy
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euclid
Exploring the dark Universe

Many instrumental systematic effects
may bias the posteriors on the
cosmological parameters.
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Issue of model misspecification

How to attain robust Implicit Likelihood Inference (ILI) from Stage-IV galaxy surveys?

Model misspecification

Causes biased posteriors.
Several solutions for explicit likelihood inference.

So far, no solution within ILI frameworks in cosmology.
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Issue of model misspecification

How to attain robust Implicit Likelihood Inference (ILI) from Stage-IV galaxy surveys?

v" Diagnose systematic effects using the inferred initial matter
power spectrum after recombination.

We propose a generic solution within ILI frameworks in cosmology.
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Posterior P(w|®o)

Obervations &
Cosmological
parameters

w = (h7 Qb7 Qma ns, 08)
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Fiel_d;-bgsecl Ihjplicit Iikeli‘hood cosmological inference

Obervations ®¢, Posterior P(w|®o)

galaxy overdensity fields 3.6
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3.0 TS

9.4 [

Bias model, astrophysical
nuisance, instrument

1.2 .
0.6 O

0.0 48

z [Gpe/h]
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Evolved field in redshift space

Cosmological
parameters
D = (h’7 Qb) Qm7 ns, 0-8)

6. | ‘Il’lltli‘ili der{81ty field
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Obervations ®¢ Posterior P(w|®()

Cosmological
parameters
w = (h7 Qba Qma ns, 08)

The likelihood is represented implicitly through simulations.
P(w[®o) oxx L(w)P(w)

Our pr'ior knowledge of
what Bayes looks like

P(Bayes)
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Obervations 5 ——— Posterior P(w|®o)

Cosmological
parameters
w = (h7 Qba Qma ns, 08)

The likelihood is represented implicitly through simulations.
P(w[®o) oxx L(w)P(w)

* Non-linear gravity, selection effects

° Modelling assumptions, redshift uncertainties, galaxy biases +

v" In Bayesian analysis, whatever is uncertain gets a pdf.

Our pfidr knowledge of
what Bayes looks like

P(Bayes)
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Obervations &

What Bayes is Ilkély to
look like when panicking

P(Bayes | panicking)

Tristan Hoellinger

Posterior P(w|®o)

The likelihood is represented implicitly through simulations.
P(w[®o) oxx L(w)P(w)

Non-linear gravity, selection effects

Modelling assumptions, redshift uncertainties, galaxy biases +

v" In Bayesian analysis, whatever is uncertain gets a pdf.

Main challenge: model misspecification.

Cosmological
parameters
w = (h7 Qba Qma ns, 08)
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Posterior P(w|®o)

Obervations &

Cosmological

SELFI (Simulator Expansion for Likelihood- parameters
free Inference) w = (h, %y, O, 1, 08)

Leclercg et al. 2019, 1902.10149

@ Infer a latent function, the initial

matter power spectrum 0 ;
[_@ELH

Initial matter
power spectrum

Complex physical model

Statistic from
galaxy count field
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Posterior P(w|®o)

Obervations &

Cosmological

SELFI (Simulator Expansion for Likelihood- parameters
free Inference) w = (h, %y, O, 1, 08)

Leclercg et al. 2019, 1902.10149

@ Infer a latent function, the initial

matter power spectrum © ;
v Utilise P(w|®o) to thoroughly [_QELFI

diagnose systematic effects

Initial matter
power spectrum

Complex physical model

Statistic from
galaxy count field
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Obervations &

SELFI (Simulator Expansion for Likelihood-
free Inference)

Leclercg et al. 2019, 1902.10149

@ Infer a latent function, the initial
matter power spectrum ©

v’ Utilise P(w|®o) to thoroughly
diagnose systematic effects

@ Infer the top-level cosmology w

With any Implicit Likelihood Inference technique

‘ § Tristan Hoellinger

% o =
PR

Posterior P(w|®o)

Cosmological

Implicit
Likelihood
Inference

parameters
w = (h7 Qba Qma ns, 08)

Initial matter
power spectrum

LFI

Statistic from

b

€ Complex physical model

b .
galaxy count field

<«——  Compressed data
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Forward model of spectroscopic galaxy surveys

= O defined on S = 64 support wavenumbers " Gravitational evolution (N-body) using Simbelmyné
" Flat A-CDM 10243 dark matter particles on a 10243 grid
6. Initial density field 3.6 Evolved field in real space 3.6 Evolved field in redshift space
24 o, B B
R 1.8 < hi s g b N-body
1248 s S 12
0.6- 0.6

0O 06 12 18 24 30 36 00 06 1.2 1.8 24 30 36 00 0.6 1.2 | 1.8 .4 3.0 3.6
x |Gpe/hl x [Gpe/h] x |[Gpe/h]

observer -6 -3 0 0 1 2 3 3
o1 log(2 + d;) log(2 +9,)

Hoellinger & Leclercq, in prep.
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latitude b (°)

Forward model of spectroscopic galaxy surveys

Observer at the corner of a cubic box
covering

longltude ¢ (°)

; Hoellinger & Leclercq, in prep.
AP* Tristan Hoellinger
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latitude b (°)

Forward model of spectroscopic galaxy surveys

Observer at the corner of a cubic box
covering

longltude ¢ (°)

B Hoellinger & Leclercq, in prep.
AP* Tristan Hoellinger

Model A
additional holes
extinction from -60° to o° latitude (galactic)
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Forward model of spectroscopic galaxy surveys

Observer at the corner of a cubic box
covering

latitude b (°)

()

ldngifude 14
Model B
additional holes

latitude b (°)

Model A

N extinction from -59° to o°
additional holes

) extinction from -60° to o° latitude (galactic)
longitude ¢ (°)
Hoellinger & Leclercq, in prep.
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Model A: correct
“ Log-normal selection functions

“ First order linear biases

Population 1
3.6-

2.7-

1.8 2.7 36
Gpe/h

_—  ————
-3.10 -1.55 0.00 3.44 6.87 10.31

Og
Hoellinger & Leclercgq, in prep.
Tristan Hoellinger

Model B: misspecified

* Misspecified selections functions & biases

" Effect sizes O(1%)

Observed galaxy overdensity fields

Population 2 Population 3

3.6 - 3.6 -

0.0 0.9 1.8 2.7 36 0.0 0.9 1.8 2.7 3.6
Gpe/h Gpe/h

_— —
-2.81 -1.41 0.00 2.10 4.20 6.29 -2.98 -1.49 0.00 3.41 6.82 10.23

Og Og
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L

1.1

O(k) = P(k)/Po(k

—— v (reconstruction, well-specified model A)
—— v (reconstruction, misspecified models)

NN é---- O, (groundtruth)

—2.0 —1.5

., Hoellinger & Leclercq, in prep.
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Percent error
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1.3

Impact of mis
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Impact of misspecified extinction

| ' - @y (prior)
1.3r ' —— Y, (posterior, model A)
—— 7y (reconstructions, misspecified models)
. — Ui 0, (groundtruth) T
= 1.2 $E] — pr o
Qot //// \ ./’/// —~
™~ /// ,//’
o) —/’// ./// ”’_‘ <
Qq 1 1 ! J,/’

I =r2il 1
= Az (2(®|0)) | SELFI
I 1.0r - ] *

o P
0.9r ] .
Step 1 diagnose
102 sytematic effects C
k [h/Mpc] 1,140 N-body Y
L — simulations
—10 -5 0 ) 10

Percent error

., Hoellinger & Leclercq, in prep.
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posterior (model A)
posterior (model B)

prior

Tristan Hoellinger

Step 2
ABC-PMC

18,052 N-body

C
simulations for Model A @

Implicit
Likelihood
Inference

Hoellinger & Leclercq, in prep.
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Conclusion

A two-step framework to address model misspecification in field-based, implicit
likelihood cosmological inference:

»  utilise our prior knowledge & theoretical insight of the initial matter power spectrum,
« arbitrarily complex physics and systematic effects can be included in the forward model,

 additionally, the N-body simulations are recycled for optimal data compression.
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Thanks!

Main references:

Alsing & Wandelt 2018, 1712.00012

Leclercq et al. 2019, 1902.10149

Leclercq 2022, 2209.1104L7

Leclercq, Jasche & Wandelt 2015, 1502.02690
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The Bayesian Hierarchical Model in details

Cosmological
parameters
= (h'7 Qb) Qm7 ns, 08)

2-LPT, N-body (e.g. COLA, PM), galaxy formation

z

Complex probabilistic observational process

(w)
’T\ P(0w) =58(0 — T(w))

0.00 0.5 049 08l 2  Nuisance parameters 1 A
1.00 . . . N
— ModelA | ¢ redshift uncertainties :
b =147 N . I
0 N .
S049 § — =19 * galaxy biases : - Latent function
S by = 2.32
& 038 3 o : e &— (matter power
I N lTStrU?ﬁntil e .ects | spectrum after
0.001_, : ¢ radial selection - -
0 065 1.9 291 i V3L~ 624 . : Q’(‘I)|9) |nflat|on)
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) I
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Hoellinger & Leclercq, in prep.
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SELFI (Simulator Expansion for Likelihood-Free Inference) Leclercgetal 2019, 1902.10149

Prior on the latent function ——> [2(@)

Latent function ——>

Complex probabilistic
—_— | P(P|O
observational process

Summary from §f —>

of the black-box data model around
an Qo

&)9 Rﬁfo—FVfo . (9 — eo) Ef(e)

For step 1. & data compression only, assume:

Assumptions

® Gaussian prior

®  Gaussian effective likelihood

AP Tristan Hoellinger

Effective posterior (when 8¢ = prior mean)

expansion point observed summaries

AN

Mean: -~y E\HO +T (V)T Cy (P — 1)

Covariance: T = [(Vfo)T C61Vf0 + S_l] -
/ . X,

N
covariance of summaries/ prior covariance

gradient of the black-box

fy, Co and V{jevaluated through simulations

The number of simulations is fixed
a priori (contrary to MCMC)

These 2 assumptions are not even mandatory
if one is ready to use MCMC to get P(0|®o)

Lightening black-box models in cosmology B2


http://arxiv.org/abs/1902.10149

Optimal data compression

Infer the top-level cosmology w

We rely on to compress the summaries

from dim (®) = 111 to dim (W) = dim (w) =5
The compression is optimal in the sense that it

e | ™\

C(®)=® = wo+Fy' [(Vaofo)TC, (@ —[f)]
Fisher matrix: Fy = (wao)T|C(§1wao Implicit
. Likelihood
\_ Vi =|Vio| VLU?B Y, Inference

Already computed  Cheap via finite
for SELFI differences

The compression is optimal in the sense that it
. Hypothesis:
= Locally Gaussian likelihood or: V [Eg [VTﬁ] = Ep [VVTL’]

® covariance matrix ~constant close to the expansion point V_,C = 0

. Alsing & Wandelt 2018, 1712.00012 & Leclercq 2022, 2209.11057
‘AP . Tristan Hoellinger

Cosmological
«— parameters
w = (h'7 Qb) Qm7 ns, 08)

(®8) SELFI

<«<——  Compressed data

O-E-OHE-0-E-6
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Simulator-based data model of galaxy surveys

= O defined on S = 64 support wavenumbers " Gravitational evolution (N-body) using Simbelmyné
" Flat A-CDM COLA with 10243 dark matter particles on a 10243 grid

5.6. Im@gl‘ dégSlty ﬁéld 26 volv field eal space 5 ¢

Evolved ﬁel in redshift space

2.1.8- e N-body

06- o6 S ST R

Ao - i Mg L R R
18 24 30 36 00 06 12 18 24 30 36 00 06 12 18 24 3.0 36
x |Gpe/h] x |Gpe/h| x |Gpe/h)

observer e
o1 log(2 + ;) log(2 +9.)

Hoellinger & Leclercq, in prep.
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Simulator-based data model of galaxy surveys

= O defined on S = 64 support wavenumbers " Gravitational evolution (N-body) using Simbelmyné
" Flat A-CDM COLA with 10243 dark matter particles on a 10243 grid

7=(.818 5 6o z:O.493 _ 36 , 0.15

3.6

2.7 8

1.8 8

0.9

= 0 I~ © PSS o0 = ©
o — o o (@) o — a ™
y [Gpe/h) y [Gpe/h]
observer 1 2 3 1 2 3
log(2 4+ 0.) log(2 4+ 6.)

Y Hoellinger & Leclercq, in prep.
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Forward model of spectroscopic galaxy surveys

0.00 0.15 0.49 0.81 2.69
Model A: correct 1.00{ |
_ —— Model A
3 mock galaxy populations (1 nearby, 2 LRGs) by =147
. . -~ — by =1.99
Log-normal selection functions S04 ] C
o gl \ by = 2.32
First order linear galaxy biases N
Observed galaxy overdensity fields 0001 ] = ™ |
Population 1 Population 2 Population 3 0 065 1.9 291 V3L ~6.24
3.6- 3.6- 3.6- r [Gpe/h]

Biases based on:
Howlett et al. 2015, 1409.2238

2.7- 92.7- 2.7- :
' Gil-Marin et al. 2015, 1407.5668
= = =
18 1.8 18 - mi =
2 5 5 Model B: misspecified
Misspecified selection
0.9- 0.9- i
functions
| | | - | | | o0 | | | | Misspecified biases
0.0 0.9 1.8 2.7 3.6 0.0 0.9 1.8 2.7 3.6 0.0 0.9 1.8 2.7 3.6 _
Gpe/h Gpe/h Gpe/h Effect sizes O(1%)
310 -1.55  0.00 344 6.87 1031  -2.81  -1.41 000 210 420 629  -2.98 -149 000 341 6.82 10.23
5, 5, 5,

Y Hoellinger & Leclercgq, in prep.
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population 2 population 1

population 3

Observations, mock data and their covariance. Hard to distinguish well- from mis- specified model.

10.0 750

=~
o

Generating the simulations for SELFI

® (Model A)

® /Py (Model A)

20

o
o

g
o

=
o
"

k [h/Mpd]
... Hoellinger & Leclercg, in prep.
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k [h/Mpc]

15

10

2.5

2.0

1.5

1.0

Cotos

Co (Model A)

1071g
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- =
r
E 1071
= -
~ L
S‘ L
= -
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o
107!
' il N
1072 1071 B Ill()L2 ‘ 10I*1 B 1‘(‘)'72 - 10I*1 B
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Generating the simulations for SELFI

Observations, mock data and their covariance. Hard to distinguish well- from mis- specified model.

® (Model B) & /P, (Model B)

population 1

population 2

=~
o

w
o

g
o

population 3

=
o
’

e £ [/Mpd
... Hoellinger & Leclercg, in prep.
Aﬂ* Tristan Hoellinger

Co (Model B)

1.63
-1
10 F 1.22
o

10_2; 0.81

I -

[ 0.41
1071

0.0
1072_

o B I 00
101k -0.01

— 0.01
102i. |

Lol L .rl| I AR T ol . .l..l Lol ML _001
1072 1071 1072 10! 1072 1071 '
k [h/Mpc]
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SELFI posterior to compute the inverse error of the gravity solver

Direct error on the measured galaxy spectra with

10 vs 20 time steps for the gravitational evolution Corresponding inverse error on the SELFI posterior
Loar I T
------ Model A
1044 Neteps = 10 1.02 pessmsmsas +2%
S =100
Ry . Ego
—— Population 0 = (.08
—— Population 1 <
07 population 2 S
2 opulation 0.96 —— v, (Model A)
Q:: " Vs (Msteps = 10) |
~ 0.94r
R, o N et O, (groundtruth)
<
2 102 10! w0
k [h/Mpc] k [h/Mpc]

Y Hoellinger & Leclercgq, in prep.
‘AP Tristan Hoellinger Lightening black-box models in cosmology B8
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SELFI posterior for the initial power spectrum

Prior and posterior on the initial matter power spectrum after inflation

1.3 : R ]
o 0o (prior)
—— v, (reconstruction, well-specified model A)
—— g (reconstruction, misspecified model B)
e -=-- By (groundtruth)
T | T
= | & G iR i Qiiiiil
= |
Qﬂ 11 B 0.52 ‘ H
” — dM('YA, 90’5) (model A) \\
3 %u — dM(YBa 90‘8) (model B) N\
= % 0.26 1 — mean distance
1.0F =
oo 2 4 6 8 0 12 W
dni(v; 09[S)
0.9 S
10~
Mahalanobis distances to prior: k [h/Mpc]
dm(Y,00/S) =||(y —00)||g-1  Model A: 1.81 Model B: 2.82

Y Hoellinger & Leclercgq, in prep.
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SELFI posterior for diagnosing systematic effects

Impact of misspecified redshifts Impact of misspecified selection function variance
' N : Go(prior) ' BB : HTITT R '
—— ya (posterior, model A)
—— 7y (reconstructions, misspecified models)
------ 0, (groundtruth)
\
\ g/ A A A -, ;
\ / " \ \“ \\ /
\_7//\ \ \ .
7 \
\Y, ' \J
107!
k [h/Mpc]
L —
—06 —4 —2 0 2 4 6
Percent error Percent error

Y Hoellinger & Leclercgq, in prep.
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SELFI posterior for diagnosing systematic effects

Impact of misspecified selection function variances* Impact of misspecified linear extinction
' S ' ' ' Go(prior) ' VETEATRTIT T : TR '
1.3'\ 5 - —— Y, (posterior, model A) 1.3r | T
—_ /:,:;‘\\\ —— v (reconstructions, misspecified models) PP\
Py : ) \ U s 0, (groundtruth) . 5>
el —— ‘ o 1 ———
L | < —
= ~ |
= =
g LT 4 = L1 A it
|| " n /
= = /
5/10' 5/10' N7/
0.9- 0.9f .
10 1wt w0 !
k [h/Mpc] k [h/Mpc]
| B 200 0@ O O]
—4 —2 0 2 4 —10 -5 0 5 10
Percent error Percent error

*under misspecified linear extinction
Hoellinger & Leclercgq, in prep.
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Implicit Likelihood Inference of cosmological parameters

Infer the top-level cosmology w

Any ILI method such as Approximate Bayesian Computation with any sampler

0.695 -
0.70 q

Rejection Population

0.690

o] gt sampling 1 Monte-Carlo

BT XSRS | Very expensive, don't oo .,Xl g A bit better

: v

0.675 : . 0.67
’ et . try this at home
0.670 4 ’ 4 R 0.66
0.665 L.
0.65 |mp|ICIt
0.20 030 031 032 033 0.28 030 032 0.34 . .
o Q,, P(P|0) Likelihood
0.695 0330 ] o ‘ . 0.70 0-35 1 [ nfe rence
0.690 0.325 0-314 -
; ’ 0-69.1 0.33 e
0.685 st 0.320
Bingd ' > Y. { : 0.32
Rk e P 0.315 ) g Lo 0.68 4 . )?( :
0.680 Sl N U AR y ) ‘ ;
h st XX oz Q,, 0310 $ e TS e h 5 Q4 317 bR
i AL TR . . f 0.67 A ¢ : ) . e %
0.675 + % : 0.305 4 ¥ X N 0.30 . 150 x d —
0.670 1 ’ 8 .. 03004 .‘ X 0.66 - 0.291 C
0.665 4 0.295 0.284 *
0.65
0.290 ’ T T T T T T 0-271 T T T T T T
0.96 0.07 0.08 0.96 0.07 0.08 094 095 096 097 098 099 094 095 096 097 098 099
ns ns ns ns
1.0 1.5 2.0 2.5 3.0 3.5 4.0 1 2 3 4 5
log (drr (@, wobs)) log (drr (@, wops))
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ILI of cosmological parameters: Model A, well specified
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ILI of cosmological parameters: Model B, misspecified
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Gravitational evolution

To approximate light cone effects we use 3 distinct shapshots at different redshifts, for the 3 galaxy populations
(obtained with COLA using the Simbelmyné code).
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Diagnostic of SELFI
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Prior agnostic to the BAOs

Prior agnostic to the BAOs and corresponding SELFI posterior
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