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The big picture: the Universe is highly structured
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Planck collaboration (2013-2015) M. Blanton and the Sloan Digital Sky Survey (SDSS)



The large-scale structure is a vast source of knowledge:

Å Cosmology:
ÁƓCDM: cosmological parameters and tests against alternatives,

ÁPhysical nature of the dark components,

ÁNeutrinos: number and masses,

ÁGeometry of the Universe,

ÁTests of General Relativity,

ÁInitial conditions and link to high energy physics.

Å Astrophysics: galaxy formation and evolution as a function of their environment
ÁGalaxy properties (colours, chemical composition, shapes),

ÁIntrinsic alignments, intrinsic size-magnitude correlations.

What we want to know from the large -scale structure

e.g. Leclercq, Pisani & Wandelt, 1403.1260
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https://arxiv.org/abs/1403.1260
https://arxiv.org/abs/1403.1260
https://arxiv.org/abs/1403.1260
https://arxiv.org/abs/1403.1260


Å Dynamic dark energy is usually parametrised as:

Interesting cosmological signals are faint
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Large-scale structure surveys roadmap
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1
FORWARD MODELLING THE 
LARGE-SCALE STRUCTURE

6



Å Our code Simbelmynëis publicly available at https://simbelmyne.florent-leclercq.eu/.

Simbelmynë : an end-to-end code for synthetic galaxy surveys
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"How fair are the bright eyes in 
the grass! Evermindthey are 

called, simbelmynëin this land of 
Men, for they blossom in all the 
seasons of the year, and grow 

where dead men rest."
Leclercq, Jasche& Wandelt, 1502.02690

This step is the 
computational bottleneck

https://simbelmyne.florent-leclercq.eu/
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Å Machine-Learning safety: applying machine learning (ML) ς in particular neural networks (NNs) 
ς in a way that ensures the results are either correct by construction or, at worst, suboptimal.
ÁSafe uses of ML eliminates the requirement for explainability.

ÁExample: data compression, e.g. denoising autoencoders (DAE) to build summaries, information-maximising neural 
networks (IMNN) for implicit likelihood inference.

ÁCounter-example: emulation of N-body simulations. There remains an emulation error up to ַײρπϷthat we 
cannot ever correct for.

Å Perfect parallelism: dividing a computational task into independent sub-tasks with no 
communication between them, allowing for highly efficient parallel processing.
ÁLǘ ƛǎ ŀΦƪΦŀΦ ŀƴ άŜƳōŀǊǊŀǎǎƛƴƎƭȅ ǇŀǊŀƭƭŜƭ ǿƻǊƪƭƻŀŘέ ςōǳǘ ǘƘŜǊŜΩǎ ƴƻǘƘƛƴƎ ǘƻ ōŜ ŜƳōŀǊǊŀǎǎŜŘ ŀōƻǳǘΣ ǊŜŀƭƭȅΦ

ÁExamples: computer simulations comparing many independent scenarios, ensemble calculation of i.i.d. numerical 
model predictions (e.g. for covariance matrix estimation).

ÁCounter-examples: usual N-body simulation codes, recursive algorithms, Markov Chain Monte Carlo.

Accelerating forward modelling of dark matter dynamics:
I&7t6 %&',1& 620& $21$&376

Charnock et al., 1802.03537, Makinen et al., 2107.07405, Makinen et al., 2410.07548

He et al., 1811.06533, Lucie-Smith et al., 1802.04271, Jamieson et al., 2206.04594 , Conceição et al., 2304.06099 , Doeser et al., 2312.09271, 
Jamieson et al., 2408.07699
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PM

Å Idea behind tCOLA: we can make use of the 
analytical solution at large scales and early 
times: Lagrangian perturbation theory (LPT).

The tCOLA framework: temporal COmoving Lagrangian Acceleration
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Å Write the displacement vector as:

Å Equation of motion (omitted
constants and Hubble expansion):

Tassev, Zaldarriaga & Einsenstein, 1301.0322

υ
π-
Ðὧ
ȾὬ

LPTres

Analytical
solutions!

Tassev & Zaldarriaga, 1203.5785

https://arxiv.org/abs/1301.0322
https://arxiv.org/abs/1203.5785


PM

Å Idea behind tCOCA: the easiest simulation 
to run is the one where nothing moves! 

The tCOCA framework: temporal COmoving Computer Acceleration

Å Write the displacement vector as:

Å Equation of motion (omitted
constants and Hubble expansion):

Å With tCOCA:
ÁAny emulation error will be corrected by solving the 

correct physical equation of motion.

ÁAny ML algorithm can do the job!

ÁBuilding a data model is a safe useof ML. 

Bartlett, Chiarenza, Doeser & Leclercq, 2409.02154

LPT

tCOCA

MLres

COCA uses ML to learn a 
frame of reference in which 
a physical simulation is run.
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Å Our implementation of tCOCA in the Simbelmynëcode uses the standard Kick-Drift-Kick
(leapfrog) discretisation of the equation of motion.

Å Learning the new frame of reference means emulating the tCOLA residual momenta at every 
time step:                                  .

Å When the emulation error is small                            , particles are already at rest in the tCOCA
frame of reference, so it is unnecessary to compute forces at every step.

Å A good frame-of-reference emulator therefore makes tCOCA cheaper than tCOLA.

Time stepping and force calculations in tCOCA

Bartlett, Chiarenza, Doeser & Leclercq, 2409.02154
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Results: tCOCA density field

Bartlett, Chiarenza, Doeser & Leclercq, 2409.02154

We reach percent-level accuracy up toὯ ρ ὬȾ-ÐÃon standard correlations functions, 
using only 8 to 10 particle-mesh (PM) force evaluations.
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Å tCOLA/tCOCA provide a pleasant 
ǊŜŘǳŎǘƛƻƴ ƛƴ ǘƘŜ ƴǳƳōŜǊ ƻŦ ǘƛƳŜǎǘŜǇǎΧ

Å ΧōǳǘΥ ǘƘŜ ǊŜŀƭ ŎƘŀƭƭŜƴƎŜΣ ǇǊŜǾŜƴǘƛƴƎ ǘƘŜ 
easy parallelisation of N-body codes, is 
the long-range nature of gravitational 
interactions:
Á It is a communication-dominated problem.

Á It requires sophisticated memory management
to maximise locality in the storage hierarchy 
(cache, RAM, disk I/O).

Å Amdahl's law: latency kills the gains of 
parallelisation.
ÁFor example, Gadget-4 loses strong scaling 

before 1,000 cores due to domain 
decomposition and long-range gravity.

The real challenge of parallelisation: long -range gravity

Amdahl 1967, doi:10.1145/1465482.1465560, Springel et al., 2010.03567 (Figure 63)
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Are high-performance communications really needed 
to solve a quasi- linear problem at large scales? 
{ƘƻǳƭŘƴΩǘ ƭƻŎŀƭƛǘȅ ƛƴ ƳŜƳƻǊȅ ŎƻƳŜ ōȅ ŎƻƴǎǘǊǳŎǘƛƻƴΚ

https://dl.acm.org/doi/10.1145/1465482.1465560
https://arxiv.org/abs/2010.03567
https://arxiv.org/abs/2010.03567
https://arxiv.org/abs/2010.03567


Å Can we decouple sub-volumes by using the large-scale solution?

Perfectly parallel cosmological simulations
using spatial comoving Lagrangian acceleration ( sCOLA)

Tassev, Eisenstein, Wandelt & Zaldarriaga, 1502.07751, Leclercq, Faure, Lavaux, Wandelt, Jaffe, Heavens, Percival & Noûs, 2003.04925

sCOLA DifferencetCOLA (reference)

non-local local
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LPT so far
(analytical solution) Ÿ sCOLA

soon ML solutionŸ sCOCA

https://arxiv.org/abs/1502.07751
https://arxiv.org/abs/2003.04925
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The solution to boundary artefacts and the perfectly parallel algorithm 
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Leclercq, Faure, Lavaux, Wandelt, Jaffe, Heavens, Percival & Noûs, 2003.04925

1. A buffer region around each tile 2. Appropriate Dirichlet boundary 
conditions for the potential

The Poisson solver uses 
discrete sine transforms 
(DSTs) instead of FFTs.b
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1. Linearly-evolving potential 
(LEP) at the boundaries:

2. Outgoing particles do not 
deposit mass

Two approximations (to ensure no communication between tiles):
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Å The workload in sCOLA is perfectly parallel, 
with a parallelisation potential factor:

Å Generation of lightcones and mock 
catalogues:

ÁsCOLA boxes only need to run until they 
ƛƴǘŜǊǎŜŎǘ ǘƘŜ ƻōǎŜǊǾŜǊΩǎ Ǉŀǎǘ lightcone.

ÁMost of the high-ᾀvolume will run faster than 
ᾀ π.

ÁMany unobserved sCOLA boxes do not even 
have to run!

ÁThe wall-clock time limit is the time for running 
a single sCOLA box to ᾀ πŀǘ ǘƘŜ ƻōǎŜǊǾŜǊΩǎ 
position.

Lightcones and mock catalogues with sCOLA
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Å Additional benefits:
ÁGrid computing: the algorithm is suitable for 

inexpensive, strongly asynchronous networks

ÁRobustness to node failure

ƘŀǊŘǿŀǊŜ άōƻƻǎǘέ ŦŀŎǘƻǊ ŘǳŜ ǘƻ ǎƳŀƭƭ ƳŜƳƻǊȅ ǊŜǉǳƛǊŜƳŜƴǘǎ



tCOLA and sCOLA lightcone simulations

Aubin, Leclercq & Lavaux, in prep.
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(PRELIMINARY)



Conclusion of Part 1: ML -safety and perfect parallelism

Å Simbelmynëis a fast end-to-end code for synthetic galaxy surveys.

Å tCOCA reimagines the use of neural networks for emulating N-body 
simulations:

ÁIt generalises the idea of tCOLA: running simulations in a new frame of 
reference. But it is not an emulator!

ÁIt solves the correct equations of motion, so it is a ML-safe use of neural 
networks. Explainability is not needed!

ÁIt makes simulations cheaper by skipping unnecessary force evaluations. 
But any force calculation technique (e.g. P3M) can be used.

Å sCOLA uses the large-scale approximate solution to spatially split 
simulations in independent tiles:

ÁIt achieves perfect parallelism by fully removing the need for 
communications across the full computational volume.

ÁIt allows for fast lightcone and mock catalogue generation.

Å Outlook: the large-scale ML solution can also be used to decouple 
sub-volumes, in the same spirit as sCOLA: the sCOCA framework!
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