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Simulating Self-Interacting Dark Matter: 
From Particle Physics to Structure Formation 



Self-Interacting Dark Matter (SIDM)

Do dark matter particles scatter off each other?

Would this leave imprints on small-scale cosmic structures? 
For example: cored central halo densities, diverse rotation curves, rounder halos, subhalo 

evaporation, merger offsets, …

Might this probe the particle physics of dark matter?



Particle-physics ingredients of SIDM 
Symmetries & constraints

- Lorentz invariance
- Gauge symmetry 
- Global symmetries 
- Renormalizability, …

Field / particle content

Lagrangian interaction terms Fundamental interactions Scattering Feynman diagrams



Particle-physics ingredients of composite SIDM 

Fundamental Lagrangian Effective Lagrangian term
With composite DM particles

Scattering Feynman diagrams

Elementary and composite dark particles
Strong coupling → confinement → composite bound states



 SIDM particle-physics model classes

Qualitative three-axis map of SIDM particle-physics models according to (i) interaction range and 
anisotropy, (ii) internal-state structure and (iii) thermodynamic character. From arXiv:2608.xxxxx



Theory-to-simulation pipeline

Mapping particle-physics models onto simulation inputs for 
structure-formation simulations. From arXiv:2608.xxxxx

Developed a theory-to-simulation pipeline that translates SIDM particle-
physics models into simulation inputs and feeds them into the algorithms.

Theory-to-simulation pipeline: 
Particle Physics → Simulation Inputs → Structure Formation Simulation



A Novel Implementation of SIDM in AREPO-2

The new SIDM module features several key improvements:

Parallelization scheme that can handle multiple scatterings per 
timestep

Decoupled DM neighbour search from the gravity tree

Batched tree walks

Flexible scattering rate estimators: one-sided kernel or kernel overlap.

State-dependent smoothing length in multi-state neighbor search

Extensible SIDM interface. We have implemented and extensively 
tested the algorithms:
 - Isotropic Monte-Carlo scattering (MC)
 - Velocity-dependent MC scattering (vd-MC)
 - Anisotropic MC scattering (aMC)
 - Frequent small-angle scattering (fSIDM)
 - Anisotropic hybrid scattering (aSIDM)
 - Multi-state Inelastic scattering (iSIDM)
 - Constant dissipative SIDM (dSIDM)
 - Velocity-dependent dissipative SIDM (vd-dSIDM)

Parallel communication scheme. From arXiv:2607.05504

 - Standalone DDM algorithm
 - State-based DDM algorithm

A New decaying DM (DDM) module (independent of the SIDM module), 
with the algorithms:



Wall-clock time for 25 Mpc cosmic-box runs at three resolutions. 
From our new paper, arXiv:2607.05504.

The new SIDM module features several key improvements:

A Novel Implementation of SIDM in AREPO-2

Parallelization scheme that can handle multiple scatterings per 
timestep

Decoupled DM neighbour search from the gravity tree

Batched tree walks

Flexible scattering rate estimators: one-sided kernel or kernel overlap.

State-dependent smoothing length in multi-state neighbor search

Extensible SIDM interface. We have implemented and extensively 
tested the algorithms:
 - Isotropic Monte-Carlo scattering (MC)
 - Velocity-dependent MC scattering (vd-MC)
 - Anisotropic MC scattering (aMC)
 - Frequent small-angle scattering (fSIDM)
 - Anisotropic hybrid scattering (aSIDM)
 - Multi-state Inelastic scattering (iSIDM)
 - Constant dissipative SIDM (dSIDM)
 - Velocity-dependent dissipative SIDM (vd-dSIDM)



The new DM algorithms

Flowchart of the new SIDM module in AREPO-2. From arXiv:2608.xxxxx

Flowchart of the new DDM module in AREPO-2. 
From arXiv:2608.xxxxx



Verification Tests

vd-MC

MC

Thermalization Tests Zoom-in Halo Tests

Decaying DM Tests
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Deflection tests Cosmological box simulations

arXiv:2608.xxxxx

arXiv:2608.xxxxx

arXiv:2608.xxxxx

arXiv:2608.xxxxx arXiv:2608.xxxxx

arXiv:2607.05504



Core-collapse tests Convergence of the core-density evolution

Deflection tests of velocity-dependent dSIDM
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Extending to SIDM inference 

Pilot study with ML inference already started:

• CNNs already distinguish CDM and SIDM models at high accuracy (~700 DM-only halos)

Next steps:

• Calibrate numerical parameters by scanning the full SIDM parameter space

• Add baryons — feedback can mimic or erase SIDM signatures, but ML may still 
distinguish between CDM and different SIDM models for robust constraints.

CNN classification accuracy, CDM vs. SIDM

• 3 benchmark models: isotropic, elastic SIDM (resonant / light-mediated / contact)

Theory-to-simulation-to-inference pipeline: 
Particle Physics → Simulation Inputs → AREPO-2 Simulations → Observables → Constraints

Goal:
Translate SIDM particle physics into observables — and map observables back to 
particle-physics constraints.



Gravothermal core collapse with AREPO-2 
Faster in the most demanding SIDM regime
AREPO-2 reaches the deep core-collapse phase substantially faster than AREPO-1.

Gravothermal core collapse of an isolated halo (N₂₀₀ = 10⁷), on one node. AREPO-2 
reaches collapse far faster in wall-clock time. From arXiv:2607.05504.

New science enabled 
This opens up dense, core-collapsed subhaloes probed by stellar streams and strong lensing, 
as well as SIDM-driven massive black hole seeds in the early Universe (Little Red Dots).

A calibration benchmark
Core collapse is the stiffest test of the SIDM solver, we use it to validate and calibrate the new AREPO-2 module.



Toward a bright horizon!
Faster simulations. Richer data. Powerful AI/ML.

Let's uncover the fundamental nature of dark matter
— together


