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Exploring the universe through the BORG framework and the
Sibelius-Dark simulation

Guilhem Lavaux
(for the Aquila Consortium)




Qutline

e Statistics / Physical Model:
The statistical analysis and physical framework

e Data:
2M++ and its immediate result through BORG

e Simulation:
The Sibelius-Dark simulation

® Beyond:
Constraining cosmology
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Simulating galaxies in large scale structures

180

SDSS3/BOSS survey

Simulation of the Bright Galaxy Survey for DESI (Dark Energy Spectroscopic Instrument)

Alex Smith/Durham University
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Data vs simulat

Relating the two aspects



The formal & abstract problem

What we think are the parameters now

P(Q|data) oc w(2)P(datal)

!

How we think the data is produced




The formal & abstract problem

What we think are the parameters now

P(Q|data) oc w(2)P(datal)

!

How we think the data is produced
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The formal & abstract problem: field level approach

What we think are the parameters now

P(Q|data) oc w(2)P(datal)

!

How we think the data is produced

'

//d...P(gal. count|exp. gal. count)P(exp. gal.|i.c.)P(i.c.|2)




The BORG model

Forward model

Laten'; p:(r::meter Hamiltonian Small scale cl:.ightcibng ¥ | Ob "
pace Equation baryonic physics osmologica servations
(Gaussian prior) expansion
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The BORG machine for posterior sampling

Rely on MCMC so far ——

: - - 4
Not everything can be sampled jointly P(A|B) P(A,B) P(BlA)
We adopted a Gibbs sampling strategy ) SUN - 7

* Allow modular programming
* No “fine tuning” required
* Readable software

mmmm ° Possible long correlation length for
the MCMC

nitial conditions
(>10¢params)

ias” parameters hysics” parameters

(~10 params)




The BORG model: differentiability is required!

Forward model

Latentiparametet Hamiltonian Small scale cl:.ightciang * | Observations
space i Equation baryonic physics osmo oglca
(Gaussian prior) expansion

Rely on Hamiltonian Monte-Carlo
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| e Design: D.K.Ramanah, Ramanah et al. (2019)
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Notably: Halo bias model in BORG

2 | Embirical fit I
* Based on fit in halo mock catalog 1| =
e Similar phenomenology to HOD modeling |
o F >
e Power-law at low masses - _::‘:'_‘_ ------ Add Exc Set Model Z f=18,8=0885 ~
+ -2 :":'J. -- Lojc Growth F“ac Model | ;‘.{i | pexp:qg, e=1.5
e Sharp truncation in cosmic voids £ 2 :
S
. . 1 t i 1=
 Mathematical model with 4 parameters =
0 _ | &
= IS
= fonexp |(om/peap) | | G w7 -
— —;_' <. 2 Mpec/h cells T | f=2.5, a=0.65 A
m p m/ Mexp —a} ! © AMpe/hedls |/ Pexp=0-4, £ =1.5
1 0 ' 2T 0 1 2

il
Ing(l +5m )

Neyrinck et al (2014, MNRAS)

-
S -


https://ui.adsabs.harvard.edu/abs/2014MNRAS.441..646N/abstract

Likelihood ?

Lightcone +
Cosmological
expansion

Observations

Library available in BORG:

Poisson count for galaxies in voxels
Gaussian
Shear lensing likelihood

But all uses linear instrument response
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The 2M++ data + Inference setup

Sky completeness - ot e B Galactic
at two brightness

0 Mpc/h 250 Mpc/h

2563 parameters / 5123 tracing particles

(so ~low res for current cosmological simulation standards)

20 timesteps of Particle-Mesh :
MPI parallel COde .‘ S : Galactic

Lavaux & Hudson (2011)

Jasche & Layaux (2019)
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Initial conditions are part of a Markov Chain

BT i Ik

SR MpiA

Movie credit: Florent Leclercq

N e it e e e o, . Jasche & Lavaux (2019)




Inference with higher degree of non-linearity
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The Sibelius-Dark simulat

Re-Simulation




Expanding the initial conditions...

9350
' ' i=14259
MW

Large scale constraints

Small scale random realizations
_Sawala et al. (2022)



Sibelius-Dark run

SIBELIUS-Dark :
A resimulation of the nearby
Universe (<200 Mpc)

Simulation configuration

e (Code simulation SWIFT (Schaller et al
2018)

Planck like cosmology

Dark matter only

L=1 Gpc

Simulation “Zoom” for d<200 Mpc
N = 50783

4489 cores

3.5M CPU-h

McAlpine et al. (2022)
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Semi-analytic galaxy formation model: Galform

Initial mass func. for stars: quiescent # starbursts

Number counts of sub-mm selected galaxies

Central
e Tested with observational data black hole
e z=0to z=6 .
* Wavelengths from far-UV to sub-mm &
E
t?U
[oH
=
e K-band luminosity function and stellar mass function — S [  goestarzoor o ]
Eﬂ -6 2 Driver et al 2012 \J '
1 L L 1 L 1 |
-20 -25
Lacey et al. (2016) Mg—5logh

'



-
O
i
©
-
E
(7))
"4
—
(O
Q
(]
=
[,
Q
(7))
()
L
-

X
—
@)
S
e
(C
i o
)
7))
O)
.m
i e
)




An historical structure: the CfA great wall & Coma cluster

256<b <325
B<155

13h 12k 130 : F2h

10,000 kmys
10,000 kmi/'s

QUIZZ: Which one is the real one?

McAlpine et al. (2022)

-
R e e e e e o B



An historical structure: the CfA great wall & Coma cluster

256<b <325
B<155

13h 12k 130 : F2h

10,000 kmys
10,000 kmi/'s

McAlpine et al. (2022)
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Some famous galaxy clusters

2M++ galaxies

DEC [deg]

- 30
o Lt X
— 35
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45 B
a0
B 2035 < wu, { 5[’35

»

LLntaurub
#y 1., s
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RA [deg]

210 205 200 195 190 185
RA [deg]

McAlpine et al. (2022)
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Apparent magnitude luminosity function is alright
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Galaxy redshift selection
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Milky way and M31

The Local Envigonment

Forfax

McAlpine et al. (2022)

& -



Local void ? Or not ?
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Halo mass function... maybe not 100% there?

[T T T T T T T T T T
:TT = EAGLE-DARK
a 100 === SIBELIUS-DARK dpw = 60 Mpe
= mmmm SIBELIUS-DARK dpgw < 80 Mpc
— s SIBELIUS-DARK dpw < 200 Mpc
: 10~2
e
3
= 1074
b
=
T 106
=
o=
% 1.0 =
A i
P ]
% 1.5 -
PRy LRI (AN Ty, L s asul wl
10* 1t 1ttt 1t 10t 101 101

jnl-' ™ 1
T200c [Me] McAlpine et al. (2022)

s #
R e e e e e o B



Local group motion: something hidden in the IC
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But improving with better dynamical model...

Local group velocity (galactic)

0.006 A

0.004 ~

P(|V])

0.002 A

e
B b
--------

0.000 -

Before (previous slide) © 220 200 750

-1
New PM model V] (km s77)

(unpublished result)
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BORG + Field-Level Emulator (L. Doeser)

Bayesian physical forward model
== Constrain primordial ICs

(1-2) Structure formation

| 2 Velocity | | Cosmic
field expansion
1 Initial 2 Evolved 3 Galaxy field 5 Galaxy field | | € Selection 4|7 Observed
conditions density field (comoving) |  (redshift) & Likelihood | mmmp | galaxy distribution
Likelihood/posterior analysis
currently only updating displacement
VNET'

field; not velocities

Field Level Neural Network Emulator for

Drew J. et al. (2022): Cosmological N-body Simulations —
https://arxiv.org/pdf/ — hf Lo
2206.04594 ; s
- il
EEE .. = Milletari et al. (2016):
Ll R e https://arxiv.org/pdf/1606.04797

Connection with accelerated forward models WG 35



https://arxiv.org/pdf/1606.04797
https://arxiv.org/pdf/2206.04594
https://arxiv.org/pdf/2206.04594

FO rwa rd Pa rt = Summary statistics note: from one forward pass with same IC

Number of halos

] 1.0
® Power Spectrum 58]
m 0.8
= 34 &
E‘_ 10 é;;‘
= ] & 06
& 10%5 |— LPT 2
= 1 —— BORGPM 04_—LPT
S TrL [ Emulator —— BORGPM
i ——- Gadget — Emulator
Jo— i —_— — 0.2 —
102 107! 10° 102
® Halo Mass Function k [hMpc~1] k [hMpc-1]
LPT BORGPM - LPT + Emulator e Gadget
10 E E G "‘:_\_X 3 B o,
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Backward Part - Interfacing BORG with hades_python

le5

. 24 e gradient
® Gradienttest OK | 1 — finie dif
for full model with LPT + Emulator EI i) g 01
E 3
£ ~1 )
g R
= =2 o
_4 - _4 -
T : T T T T T T T T _5 E T £ T T T T T T T T
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
voxel ID voxel ID
. . model LPT BORGPM LPT+EMU LPT+EMU Gadget
® Time comparisons (20 steps) (single precision) (double precision)
for a 128”3 box with L=250 Mpc/h
machine CPU! CPU! 1GPU! 1GPU'+ CPU 16 CPU?
Conclusion: Emulator in single
e forward ~0.3s ~5s ~4s GPU OOM ~250s
precision 30% slower than BORGPM, =
but with 125 times more modes we o GPU OOM
can trust? (from k=0.2 to 1.0) backward 0.2s 155 55
'Supermicro 4124GS-TNR node with 1 GPU card A100, 48 cores,
2Dell R6525 node with 2 x 32 Core AMD EPYC2 Rome 7502, 2.5 GHz .
Doeser et al. (in prep)
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Current BORG run with emulator Truth: |

MCMC sampling of initial conditions with self consistent test
(Gaussian noise), status after 1000 samples:

gt log(1 +6/7) 800

700 +
600

500

true
m

400 4

256" Mpc
b

300 A

200 +

100

mecmc sample 0

T T
—0.00010 —0.00005 000000 000005 000010
0

Doeser et al. (in prep)
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T T T
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5ﬁna|
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Inferred ﬁnal density

F

800
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Conclusion

® BORG : a model for building fair samples of IC from existing galaxy data

® Sibelius-Dark recovers the spatial galaxy distribution from nearby Universe
® Optical properties are fairly simulated with Galform
® Reproduce a Gaia-compatible M31/MW pair at right place

® Cluster masses in general good agreement with other observables
® K-band/ stellar mass function still problematic

® Halo mass function biased at small masses + Some defect for the local group velocity
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