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Motivation & Background
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‘ A complete characterization of the cosmic large scale structure
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‘ The limits of summary statistics
Traditionally cosmic structures are analyzed via summary statistics (mostly 2PT).
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There exists no closed form description of the 3D matter distribution:

e The hierarchy of statistical moments is not guaranteed to close (e.g. Carron & Neyrinck 2012)

‘ Should we rather use the entire field to do cosmology?



https://ui.adsabs.harvard.edu/abs/2012ApJ...750...28C/abstract

‘ A complete characterization of the cosmic large scale structure

Bayesian Physical forward modeling

e Field-level inference
o Beyond summary statistics
o Beyond random realizations

e Non-linear and dynamical inference
o Beyond linear structure growth
o Redshift Distortions
o Light-Cone effects

e Causal inference
o Beyond associative analyses

Aim: Create a Digital Twin of the Universe.

'What | cannot create, | do not understand.’
Richard P. Feynman, 1988

Jasche & Lavaux 2019



https://ui.adsabs.harvard.edu/abs/2019A%26A...625A..64J/abstract
https://docs.google.com/file/d/1MxJnVQeCPa9pQON5wdNvXCNyhWNfJemM/preview

‘ Bayesian Forward modeling cosmic structure surveys
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‘ Bayesian Physical forward modeling

Bayesian physical forward model
mmp Constrain primordial ICs

(1-2) Structure formation

4 Veloc1ty COSIIIIC |
ﬁeld expansmn )
(3-5) Redshift transform
1 Initial 2 Evolved 3 Galaxy field 5 Galaxy field 6 Selection - 7  Observed
conditions density field (comoving) (redshift) & Likelihood - galaxy distribution

(2-3) Galaxy bias (3—-4) Peculiar velocities - RSDs Likelihood/posterior analysis

Jasche & Wandelt 2014

Wang et al 2014
: : Jasche, Leclercg, Wandelt 2015
Now several groups are developing Forward Modeling approaches. |2°- =2 ra5016

Jasche & Lavaux 2019
Kitaura et al 2021
Ata et al 2022

Kostic et al. 2022



https://ui.adsabs.harvard.edu/abs/2022A%26A...657L..17K/abstract
https://ui.adsabs.harvard.edu/abs/2019A%26A...625A..64J/abstract
https://ui.adsabs.harvard.edu/abs/2013MNRAS.432..894J/abstract
https://ui.adsabs.harvard.edu/abs/2015JCAP...01..036J/abstract
https://ui.adsabs.harvard.edu/abs/2016MNRAS.455.3169L/abstract
https://ui.adsabs.harvard.edu/abs/2022NatAs...6..857A/abstract
https://ui.adsabs.harvard.edu/abs/2021MNRAS.502.3456K/abstract
https://ui.adsabs.harvard.edu/abs/2014ApJ...794...94W/abstract

‘ BORG: Bayesian Physical forward modeling

BORG’s MCMC framework allows building flexible data models

e Hierarchical Bayes and block sampling
e Efficient Hamiltonian Monte Carlo technique
e Fully differentiable physics forward model
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https://ui.adsabs.harvard.edu/abs/2019A%26A...625A..64J/abstract
https://ui.adsabs.harvard.edu/abs/2013MNRAS.432..894J/abstract

‘ BORG: Bayesian Physical forward modeling

BORG’s MCMC framework allows building flexible data models

e Hierarchical Bayes and block sampling
e Efficient Hamiltonian Monte Carlo technique
e Fully differentiable physics forward model

Now A gamnle

structure formation model

4 First differentiable cosmological

e LPT and 2LPT (now PM and COLA).

e entirely written by hand (no auto-diff)
Jasche & Wandelt 2013

k Jasche & Wandelt 2014
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https://ui.adsabs.harvard.edu/abs/2019A%26A...625A..64J/abstract
https://ui.adsabs.harvard.edu/abs/2013MNRAS.432..894J/abstract
https://ui.adsabs.harvard.edu/abs/2013MNRAS.432..894J/abstract
https://ui.adsabs.harvard.edu/abs/2013MNRAS.432..894J/abstract

0 : ! Non-linear inference of the Nearby
Universe

Past and Present cosmic structures in the
2M++ galaxy compilation




‘ Bayesian forward modeling of the 2M++ galaxy compilation

A numerical cosmic structure posterior distribution

Movie credit: Florent Leclercq Leclercq et al 2017
Jasche & Lavaux 2019



https://docs.google.com/file/d/11fl_agccOyFr2VEAa233d1bifikhb1WI/preview
https://ui.adsabs.harvard.edu/abs/2019A%26A...625A..64J/abstract
https://ui.adsabs.harvard.edu/abs/2017JCAP...06..049L/abstract

‘ Bayesian forward modeling of the 2M++ galaxy compilation
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https://ui.adsabs.harvard.edu/abs/2019A%26A...625A..64J/abstract

Jasche & Lavaux 2019



https://ui.adsabs.harvard.edu/abs/2019A%26A...625A..64J/abstract

‘ Bayesian forward modeling of the 2M++ galaxy compilation
96. 77|

Peculiar velocities! Jasche & Lavaux 2019



https://ui.adsabs.harvard.edu/abs/2019A%26A...625A..64J/abstract

‘ Bayesian forward modeling of the 2M++ galaxy compilation

-,

Perseus Pisces.
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Velocity vorticity field! Jasche & Lavaux 2019



https://ui.adsabs.harvard.edu/abs/2019A%26A...625A..64J/abstract

‘ How rare is the local super volume?
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: Gavazzi et al. (2009)

: Piffaretti et al. (2011)

: Simionescu et al. (2011)

: Kopylova & Kopylov (2013)
1 10: Babyk and Vavilova (2013)
11: Okabe et al. (2014)
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An intriguing situation: Is the local super-volume compatible with ACDM or not?
Stopyra et al 2021

Mass estimates of clusters in the local super-volume (r < 135 Mpch™1)
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https://ui.adsabs.harvard.edu/abs/2021MNRAS.507.5425S/abstract

‘ How rare is the local super volume?
Prevalence of most massive nearby halos:

e Likelihood of finding N clusters with
Mo00c = 1015M@h_1

Né\){p e Nexp

L(NlNexp) —

with Nexp= 1.
e A few high-mass halos can pose a

significant challenge to ACDM.
Frenk et al 1990
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Stopyra et al 2021



https://ui.adsabs.harvard.edu/abs/2021MNRAS.507.5425S/abstract
https://ui.adsabs.harvard.edu/abs/1990ApJ...351...10F/abstract

‘ How rare is the local super volume?

Mass estimates of clusters in the local super-volume (r<135Mpch™1) . Escalera et al. (1994)

: Rines et al. (2003)

: Woudt et al. (2007)

: Kubo et al. (2007)
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https://ui.adsabs.harvard.edu/abs/2023arXiv230409193S/abstract

‘ How rare is the local super volume?

e Posterior mean density field = T .
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https://ui.adsabs.harvard.edu/abs/2022MNRAS.tmp..348M/abstract

Testing cosmology
inferring cosmological parameters




‘ Beyond summary statistics: Field level inference

- P(8) P(a)
What analysis method to choose? @
Compare 3 standard approaches: P(falB) = G10,6c] with £q(r) = exp (—i;—z
e Standard likelihood-based analysis (LBA) of Q(Z% If/@)]
the two-point correlation function (2PCF), ‘___L_N,_(__a _________________________
assuming a Gaussian distribution and fixed : @ Full field, data assimilation :
covariance matrix B . L e e e i
S
(EEGs SEaEasn R R s s .
e Simulation-based inference (SBI), aka @ 2EOF, ithood- based snayiy
likelihood-free inference, ABC, based on the C """"""""""""""
2PCF ( """""""""""""""""""

- e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e

e Field level data assimilation (DA) technique,

e.g. Bayesian forward modeling, BORG
Leclercq & Heavens 2021



https://ui.adsabs.harvard.edu/abs/2021arXiv210304158L/abstractJ/abstract

‘ Beyond summary statistics: Field level inference
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Field level inference uses many more constraints of the data! Leclercq & Heavens 2021
(higher-order statistics)

(Also see McQuinn (2021))


https://ui.adsabs.harvard.edu/abs/2021arXiv210304158L

‘ Sampling cosmology with BORG-WL (Natalia Porqueres)

Initial conditions  Evolved density Shear fields Predicted fields

(uniform prior) (Gaussian prior)
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Cosmology updated consistently throughout the forward model, varying:

- initial matter power spectrum
- gravity model

- geometry (line-of-sight integration)

Porqgueres et al. 2022



https://ui.adsabs.harvard.edu/abs/2022MNRAS.509.3194P/abstract

‘ Sampling cosmology with BORG-WL (Natalia Porqueres)
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https://ui.adsabs.harvard.edu/abs/2022MNRAS.509.3194P/abstract

‘ Sampling cosmology with BORG-WL (Natalia Porqueres)

True projected initial density
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https://ui.adsabs.harvard.edu/abs/2022MNRAS.509.3194P/abstract

‘ Bayesian forward modeling of Primordial Non-Gaussianity Non-Gaussianity (Adam Andrews)

Forward model Likelihood

redicted
alaxy counts

Evolved non-linear ) 5
.density field .RSD, light-cone .g

Scale dependent

latent space:
Gaussian prior

bias

Andrews et al. 2022



https://ui.adsabs.harvard.edu/abs/2022arXiv220308838A/abstract
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‘ Physical forward modeling of PNG at the level of 3d fields (Adam Andrews)
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https://ui.adsabs.harvard.edu/abs/2022arXiv220308838A/abstract

‘ Physical forward modeling of PNG at the level of 3d fields (Adam Andrews)

SDSS3 Mock analysi ' istributi
ock analysis Posterior Distribution of fy

0.04
(f5) =9.89+8.78|
003
]
< 0.02
0.01
0.00———55 ~10 0 10 20 30 40
fnl

Current state-of-the-art (SDSS3): f =-30 £ 29 (D'Amico etal 2022)

Andrews et al. 2022



https://ui.adsabs.harvard.edu/abs/2022arXiv220308838A/abstract
https://ui.adsabs.harvard.edu/abs/2022arXiv220111518D/abstract

‘ Physical forward modeling of PNG at the level of 3d fields (Adam Andrews)

Higher resolution of density reconstructions improves PNG constraints.
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Andrews et al. 2022



https://ui.adsabs.harvard.edu/abs/2022arXiv220308838A/abstract

‘ Physical forward modeling of PNG at the level of 3d fields (Adam Andrews)

BORG provides full statistical control
Covariance matrices of all parameters

of the data model

Marginalizing out nuisance parameters

BORG handles various effects

Survey Geometries
Noise
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Light cone effects
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https://ui.adsabs.harvard.edu/abs/2022arXiv220308838A/abstract

SIBELIUS-Dark
Posterior simulations of the Universe




‘ SIBELIUS-DARK: a constrained simulation of the local volume (Stuart McAlpine)
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Re-simulate our Nearby Universe (d<200 Mpc) e

-15 =15~

-30° -30° 9§

Constrained Initial conditions a5
e BORG constraints at scales >3.9 Mpc
e Random fluctuations at scales < 3.9 Mpc
e Add local group candidate

Simulation setup

e SWIFT simulation code (schaller et al 2018)

e Dark Matter Only (DMO)

e L=1Gpc

e “Zoom-in” simulation for the inner 200 Mpc
° Np3 = 50783

([ J

4489 compute cores and 3.5M CPU hours

McAlpine et al 2022



https://ui.adsabs.harvard.edu/abs/2022MNRAS.tmp..348M/abstract
https://ui.adsabs.harvard.edu/abs/2018ascl.soft05020S/abstract

‘ SIBELIUS-DARK: a constrained simulation of the local volume (Stuart McAlpine)

13h 12h 13h 12h

10,000 km/s

de Lapparent 1986 McAlpine et al 2022



https://ui.adsabs.harvard.edu/abs/2022MNRAS.tmp..348M/abstract
https://ui.adsabs.harvard.edu/abs/1986ApJ...302L...1D/abstract

‘ SIBELIUS-DARK: a constrained simulation of the lo

Posterior predictive tests with GALFORM (Lacey et al 2016)

Use GALFORM to predict semi-analytic galaxies:
e SIBELIUS-DARK has a high cadence
(200 ‘snapshots’ from 0 <z < 25)
e Generate Halo catalogs and Merger trees
(22,904,767 halos with mass M >10 MQ)
e Populate Halos with Galaxies

e Account for dust extinction and emission

n(m) [Nga1 / sq deg]

n(z) [Nga1 / sq deg]
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Redshift MCAIpine et al 2022



https://ui.adsabs.harvard.edu/abs/2016MNRAS.462.3854L%2F/abstract
https://ui.adsabs.harvard.edu/abs/2022MNRAS.tmp..348M/abstract
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‘ SIBELIUS-DARK: a constrained simulation of the local volume (Stuart McAlpine)
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https://ui.adsabs.harvard.edu/abs/2022MNRAS.tmp..348M/abstract

‘ SIBELIUS-DARK: a constrained simulation of tI  1.00 g
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https://ui.adsabs.harvard.edu/abs/2022MNRAS.tmp..348M/abstract
https://ui.adsabs.harvard.edu/abs/2014MNRAS.437.2146W/abstract
https://ui.adsabs.harvard.edu/abs/2014MNRAS.437.2146W/abstract
https://ui.adsabs.harvard.edu/abs/2020A%26A...633A..19B/abstract
https://ui.adsabs.harvard.edu/abs/2021arXiv210708505W/abstract
https://ui.adsabs.harvard.edu/abs/2017MNRAS.471.4946W/abstract
https://ui.adsabs.harvard.edu/abs/2021arXiv211004226C/abstract

‘ SIBELIUS-DARK: a constrained simulation of the local volume (Stuart McAlpine)

The Local Environment

e

Fornaxi

SIBELIUS-DARK:
is the most comprehensive simulation of the local volume to date.
(For comparison see: Held et al 2013, Wang et al 2016, Libeskind et al 2020, Sorce et al 2021)

SIBELIUS-DARK data is available at:
https://virgodb.dur.ac.uk

McAlpine et al 2022
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Constraining Fundamental Physics
Turning the Universe into a lab




‘ Constraining dark matter annihilation and decay

Fermi Gamma-ray Space Dark Matier ~ N
Telescope

All-sky Gamma-ray map

(Image credit: NASA/DOE/Fermi LAT Collaboration)



‘ Constraining dark matter annihilation and decay

Dark Matter annihilation Dark Matter decay
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‘ Constraining dark matter annihilation and decay
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‘ Constraining dark matter annihilation and decay
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‘ Constraining dark matter annihilation and decay
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‘ Constraining dark matter annihilation and decay
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‘ Constraining dark matter annihilation and decay
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‘ Constraining dark matter annihilation and decay
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‘ Reconstruction of anisotropies in the neutrino sky (Willem Elbers)

PTOLEMY: detect CNB by capturing neutrinos through tritium inverse 3-decay.
e Event rate depends on the local neutrino number density.
® Some experiments require the dipole moment and consider the velocity of neutrinos in the lab frame.

@ B-decay of tritium

PTOLEMY collaboration 2019
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‘ Reconstruction of anisotropies in the neutrino sky (Willem Elbers)

a

180° pv/Pu
1.3
Goal: Determine the prospects of CNB detection
1.15
® Posterior simulations to jointly model the evolution of
large-scale structures and the neutrino background. 1
® Non-linear treatment of massive neutrinos, including
the gravitational effects of the neutrinos themselves. 0.85

e Full scale large-scale distribution of matter within
200h_1 MpC 180° pcb/ﬁcb

2
e Compute the expected density, velocity, and direction 1
of relic neutrinos, as well as expected event rates for
PTOLEMY. 10!
10°
101

Elbers et al 2023
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‘ Reconstruction of anisotropies in the neutrino sky (Willem Elbers)

Elbers et al 2023
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‘ Reconstruction of anisotropies in the neutrino sky (Willem Elbers)

m_ = 0.01 eV

Elbers et al 2023
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‘ Reconstruction of anisotropies in the neutrino sky (Willem Elbers)

m_ = 0.01 eV

Elbers et al 2023
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‘ Reconstruction of anisotropies in the neutrino sky (Willem Elbers)

m = 0.05 eV

Elbers et al 2023
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‘ Reconstruction of anisotropies in the neutrino sky (Willem Elbers)

m, = 0.1 eV

Elbers et al 2023
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‘ Reconstruction of anisotropies in the neutrino sky (Willem Elbers)

m = 0.2 eV

Elbers et al 2023
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‘ Reconstruction of anisotropies in the neutrino sky (Willem Elbers)

Monopole perturbation Dipole perturbation
1 500 T
— LSS
0.8 — LSS + MW ) 400
IS E
X 04 v
S — 200
I S
. 0.2
S 100
0
0
—0.2 ‘ ‘ ‘
0 0.05 0.1 0.15 02 0 0.05 0.1 0.15 0.2
Mass m,, [eV] Mass m,, [eV]

Elbers et al 2023
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‘ Reconstruction of anisotropies in the neutrino sky (Willem Elbers)

Predicted number of events per year for PTOLEMY

(LSS) (LSS + MW)

>_my  Ordering FgNB FJ(\Z/INB FgNB I ](\3/[NB
0.06eV (NO) 6.86 +=0.002 8.11 +£0.004 6.87+0.002 &.12+0.004
0.10eV (IO 4.33+0.04 8524+0.11 4.454+0.05 890+0.12
0.15eV (D) 4244+0.05 853+0.12 4374+0.05 892+4+0.13
0.30eV (D) 4.56+0.13 9.07+0.26 5.16+0.14 10.3+0.29
0.45eV (D) 486+0.22 9.704+0.44 6.264+0.27 12.54+0.54
0.60eV (D) 510+ 0.32 10.2+0.63 7.61+0.44 15.24+0.88

Elbers et al 2023
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‘ Reconstruction of anisotropies in the neutrino sky (Willem Elbers)

Preliminary Work! Neutrino mass density p,/p, Dark matter mass density pcb/pcb
0.85 1.0 1.15 1.30 1071 100 101 102
[ | I
200
Hergules Hergules
100
2 Comakly Virgo 1% Pegasus I Comé--- Virgo, Tisces Pegasus 11
E 0 “Leo "4— ~Leo "4 ,
= Cancer - Per:.;eus Cap(:er ¢ ,Per.seus
—100
—200
—200 —100 100 200 —200 —100 100 200
. . x [ Mpc x |[Mpc
Data will be public [ Mpe] [Mpe]

2 x 9 x 6 simulation files, corresponding
e 2 with and without Milky Way,
e 9 different posterior realizations
e 6 different neutrino masses.

Elbers et al 2023
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O 6 Summary & Conclusion




‘ Summary & Conclusion

Physical forward modeling and field-level inference
e Goes beyond summary statistics
e Utilizes all of the data
e Performs causal inferences

Improved inferences
9 tight constraints of cosmological parameter
Cluster mass measurements and large scale structure environments

Detailed insights into galaxy formation
Turning LSS into a physics lab

Outlook and work needed
)é e Small-scale galaxy biasing
Improving inference speed using ML

Scaling to next-generation galaxy surveys and data volumes
A complete and joint characterization of the LSS phenomenology
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