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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?
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(c) Resonantly enhanced scattering via a
near-threshold composite state Rp.
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Multi-state Dissipation

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




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 — -

1. Initial conditions:
Generated from the linear matter power spectrum P(k), which specifies the amplitude
of density fluctuations as a function of scale in the early Universe.

2. Internal state structure:

Macroparticle mass splittings AM; and initial state fractions A"t with ) _fint =1,
which encode the spectrum and relative abundance of internal states /.

3. Reaction network:
R = {ij—kl}, including all allowed elastic and inelastic scattering channels
between dark-sector states.

4. Energy exchange:
AER(vye, ) per reaction, including kinetic energy redistribution, inelastic
transitions and dissipative energy loss through radiation or other channels.

5. Differential and angle — weighted cross sections:

g—g(e, Vrel) and ox(vie), which determine both the scattering rate and the
angular structure of momentum transfer.

6. Decay rates:
Na-1+2+...) for unstable species a decaying into lighter states, 1 + 2 + ..., which can
dynamically modify the state populations and inject kinetic energy into daughter particles.

Particle Physics Model

| (Lagrangian: Field content & interactions) J
- T J

Model Parameters

{mpm, {m:},{g:},&}

Feynman Diagrams
Scatterings and decays

Initial Conditions . Nonlinear Evolution
. . o T T ivsrcs Late-time structure ) X
(Linear evolution) Ear [_‘ Universe . (Halo dynamics)
formation
ann Sol Mass splittings & state fractions
CAMB / CLASS A; and finit
Transfer function i ) ) Reaction network
T(k) <—— Theory-to-simulation —> R = {ij - kl}

pipeline

Power spectrum Energy exchange
P(k) AER (vrel,9)

-

IC Generator
MUSIC / N-GenIC

IC file
name.hdf5 / name.ics
Fa—>1+2+...)

Our New SIDM Module Our New Decaying DM Module
(Dedicated DM tree, hypercube communication & modular interface) (State-based decaying DM)

Dark Matter Algorithms

(New Arepo-2 implementations; see Figs. 26 and 27)

d Angular scattering Velocity-independent scattering
' |aMC/ fSIDM / aSIDM MC

Multi-state / inelastic scattering
iSIDM

Structure Formation Simulation

(Cosmological, zoom-in and idealized simulations)

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



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 (iISIDM)

- Constant dissipative SIDM (dSIDM)

- Velocity-dependent dissipative SIDM (vd-dSIDM)

Parallel Tasks

A
C \_,B

send particles on task A (that “see”
any particles on B) to B

perform scattering and send back
updates on velocities of particles
imported from A

send particles on task B (that “see”
any particles on A) to A

perform scattering and send back
updates on velocities of particles
imported from B

Parallel communication scheme. From arXiv:2607.05504

- Standalone DDM algorithm
- State-based DDM algorithm



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 (iISIDM)

- Constant dissipative SIDM (dSIDM)

- Velocity-dependent dissipative SIDM (vd-dSIDM)
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Wall-clock time for 25 Mpc cosmic-box runs at three resolutions.
From our new paper, arXiv:2607.05504.



SIDM module (called after the second half-step kick)

Common steps used by all SIDM algorithms:

. Refresh scale factor @ and Hubble rate H (a); build the active DM target list.

. Local tree walk to find SIDM neighbours; export remote queries via MPI; bisect smoothing length h; until e.g. N, € [32+5].

(Multi-state SIDM uses state-dependent smoothing lengths h
. For each candidate pair: compute relative velocity v;; = |0; — 9| and enforce the SIDM time-step if Atsipm,i < Atgrav-

@)

i

, one per incoming-state population j).

. Plan MPI peer ordering; execute primary (local) and secondary (remote) scatter phases; update tree bounds and release scratch buffers.

Simulation inputs:
Velocity-independent
ox/mpm or
tabulated velocity-
dependent
ox (vre1)/mpMm

: Simulation inputs:

 Tables of cross section |

i Otot(Vre1)/mpM

! and scattering angle

| 0(vye1,y) computed
do

i from §Z (vrel,6)

Simulation inputs:
Constant or tabulated
ar(vrel)/mpM
for distinguish-
able particles, or
o5 (Vre1)/mpm for
identical particles.

)
Simulation inputs:
Values of 6. and :
Omax; tables of
Ftot,>(Vrel)/mDM, |
o1,<(Vre1)/mDM
and O(vre1,y;0c) 1

1

Simulation inputs:
{A:}, {£:™)
R = {ij — kl},
a;(z/-mDM (and

doR o . h
S if anisotropic)

: Simulation inputs:
: Velocity-indegendem
' cross section

[ ox/mpn and

! energy-loss

' fraction fyiss

'

Simulation inputs:
Per channel R:
% (Vre1)/mpns
ol es (Vre1) fmpu,
fi%s (vrer) tables

DDM module
(independent of the SIDM module)

Common steps used by both DDM algorithms:
1. Loop over active DM particles; no neighbour search is required.

2. Evaluate the physical timestep At;.

(Isotropic Monte-
Carlo scattering)

(Anisotropic Monte-
Carlo scattering)

(Frequent small-
angle scattering)

(Angular hybrid
SIDM scattering)

(Multi-state in-
elastic scattering)

(Constant dissi-
pative SIDM)

(Velocity-dependent
dissipative SIDM)

v

v

v

v

v

v

v

Evaluate con-
stant or tabulated

ox (vij)/mpm

Evaluate con-
stant or tabulated

Otot (Uu )/mpm

!

Compute pairwise
scattering probability
P(i|j) from Eq. (311)

e
Draw z € [0,1];

accept scattering

if z < P(ilj)

——
Sample € uniformly
on the unit sphere

1

Elastic CoM update;
post-scatter velocities

from Eq. (315)

Verification tests:
Presented in our
companion paper [59].

v

Compute pairwise
scattering probability
P(ilj) from Eq. (317)
and accept scattering

if z < P(ilj)

S
Draw z € [0, 1];
accept scattering
ifz < P(i|j)

Construct the cumu-
lative distribution
P(0;v;;) from

do /dS2; see Eq. (320)

Evaluate con-
stant or tabulated
or(vij)/mpm
(or o for iden-

tical particles)

S T
Compute drag force

Fyrag from Eq. (325)
and the corresponding
velocity change

Abgrag || Bij

Determine the dis-

sipated energy AE
from Eq. (326) and
compute |ATyand|

(Solve P(0;vi5) =y
for the deflection
angle 6 and draw
an azimuthal angle

¢ € [0, 27] uniformly

Boost to the CoM
frame, rotate the
relative velocity by
(0, ¢) and boost

back; see App. B

Assign Avrang a
random orientation
perpendicular to ¥;;

Apply the
drag+diffusion ve-
locity updates as
in Eq. (322) to all
overlapping pairs, i.e.
W(ri;,h;) >0

r \
Split angular domain at
critical angle 6,

L J

[ Use state-dependent
kernel W (r;;, hf’))

!

!

Small-6: evaluate
or,<(vij;0c)/mpMm
and apply the fSIDM
drag+diffusion update

Large-0: evaluate
Ttot,>(vij; 0c) /mpMm
and accept/reject using

Eq. (333)

If accepted, sample 6
from P(vij;,0;0.)
in Eq. (334), draw
¢, and apply the
large-angle aMC update

Proceed to the next

Verification tests:
Deflection tests:
Figs. 28 and 30;

Thermalization tests:
Figs. 36 to 38;
Cosmological boxes:
Figs. 39 and 40.

Verification tests:
Deflection tests:
Fig. 29;
Thermalization tests:
Fig. 36.

interacting particle pair
—_— T

Verification tests:
Deflection test:
Figs. 30 to 32;

Thermalization tests:
Figs. 36 and 38;
Cosmological boxes:
Figs. 39 and 40.

For each allowed
channel R, skip if
Vij < Umin,R; Other-
wise compute Pr (ilj)
using Eq. (346)

get Piot (i]j); sample
whether scattering
occurs and which R

Sample outgoing

direction with the
reaction-dependent
MC or aMC scat-
tering procedure

Update outgoing
states, masses and
velocities using

Verification tests:
Deflection tests:
Fig. 33;
MW-like zoom-in:
Figs. 41 and 42.

Sum over channels to

Load velocity-
independent
ox/mpm and faiss

Compute scatter-
ing probability
from Eq. (311) us-
ing constant ox

Sample outgoing

Interpolate tabulated |
ox(vij)/mpum,
Tdiss(vij)/mpDM
and faiss(vij)

Form total cross section
Otot = OX +0diss
from Eq. (366);
accept event via MC

direction: isotropic
€ on unit sphere

Rescale relative speed:
"-’:] = \/1-faiss Vij
from Eq. (359)

from Eq. (361);
momentum conserved,

Egs. (352) and (353)

AFEis: removed
—

Verification tests:
Deflection tests:
Fig. 34;
Dwarf halo zoom-in:
Fig. 43.

e v e
Apply CoM update

Compute branch-
ing probability
Piiss = Odiss/Ttot
from Eq. (367);
classify event

1

Sample outgoing direc-
tion via MC procedure

If dissipative:
rescale v i =

V1-faiss (vij) vij

via Eq. (369); else

use ordinary update

Verification tests:
Deflection tests:
Fig. 34.

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

Simulation inputs:
Global decay rate I'
and velocity kick vyci

Simulation inputs:
State-dependent {A,, fiit}
and {T'a, Vkick,a }

Standalone DDM algorithm
(Single DM state)

State-based DDM algorithm
(Multi-state dark sector)

v

v

Read decay rate and velocity
kick over active DM particles

Read internal state a;
skip stable states with 'y, = 0

v

v

Compute decay probability

Pdecay,i =1-eTAL

v

Compute decay probability
Pdecay,i = 1-eTalts

Draw z € [0,1];
accept decay if < Pyecay,i

v

Draw = € [0,1];
accept decay if T < Pgecay,i

v

v

\

Apply isotropic velocity kick
B = Ui + Uik

Apply state-dependent kick

7 - o
i = Vi * Ukick,a™

v

—

'd N\
Leave state and mass unchanged;

later re-kicks are allowed

Update state a - a — 1;
update mass if M, # My—1

Flowchart of the new DDM module in AREPQO-2.

Verification tests:
Uniform-box test of decay-
ing dark matter (Sec. VIB)

Results: Fig. 35

Verification tests:
Uniform-box test of decay-
ing dark matter (Sec. VIB)

Results: Fig. 35

From arXiv:2608.xxxxx




Thermalization Tests
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Deflection tests Cosmological box simulations
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Core-collapse tests Convergence of the core-density evolution
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— Nngb =16 — Hierarchical Time Integration
— Nygb =32 — Shared Node Memory
- Nngh =64

Deflection tests of velocity-dependent dSIDM
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Mhalo [MO]
1011 1012 1013 1014 1015 1016

102 10° 10"
— Resonant SIDM
Light-mediated SIDM

— Contact SIDM

olmpy [cmzlg]

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

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

v [km/s]

Model accuracy

+ 3 benchmark models: isotropic, elastic SIDM (resonant / light-mediated / contact) — WM —
validation ! //\/’\4\ NV
N/ {

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

+ 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, COM vs. SIDM



AREPO-2 reaches the deep core-collapse phase substantially faster than AREPO-1.

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

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).

AREPO-1 AREPO-1
— AREPO-2 — AREPO-2

100 150 200 250
wall-clock time [hr]

Gravothermal core collapse of an isolated halo (N,,, = 10°), on one node. AREPO-2
reaches collapse far faster in wall-clock time. From arXiv:2607.05504.



Faster simulations. Richer data. Powerful AI/ML.
Let's uncover the fundamental nature of dark matter
— together



