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Large-Scale Structure

m Structure formation starts
shortly after big bang from
Gaussian random field

m Structure formation is
strongly non-linear
¥ simulations required

m ACDM simulations agree
well with the observed
large-scale structure

Credits: Springel et al. (2005)
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Small-Scale Crisis of CDM

There are several “problems” on small scales:
m Core-cusp problem
m Diversity problem
m Too many satellites problem
m Too-big-to-fail problem

m Plane-of-satellites problem

B This is the small-scale crisis of ACDM
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How to Fix These Problems?

Solve or mitigate small scale problems:
m Alternative dark matter models (WDM, FDM, SIDM, ...)
m Alternative theory of gravity
m Baryons (Feedback from Stars, Supernovae, AGN)

m Improved modelling of the internal dynamics of observed
galaxies

¥ Solution is probably a combination
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SIDM as a Potential Solution

m Self-Interacting Dark Matter (SIDM): Class of particle physics
models that assume dark matter to be self-interacting.

®\ 1@
) )

m Self-interactions appear to be natural from particle physics.

m SIDM is promising, can solve or at least mitigate small-scale
problems.
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How Can We Model SIDM?

m Gravothermal fluid model

assumes relaxed halo
m Jeans approach

(o]
m N-body simulations computational expensive
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Modelling Dark Matter Self-Interactions

m SIDM is neither collisonless (like CDM) nor fully collisonal

(like a fluid)
= We have to solve the collisional Vlasov-Poisson / Boltzmann
equation:
of of
— 4y ryf ry¢ nf= —
ot " " ' ot coll

m Self-interactions are described by a collison term

m Requires 6D phase-space information
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The Collision Term

We distinguish two regimes:
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large-angle scattering small-angle scattering
—rare — — frequent —
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Rare Self-Interacting Dark Matter (rSIDM)

m Interactions of numerical particles are treated as collisions of
physical particles

m Probability that two particles interact:
Pij = m mjAvijj At Ajj

¥ Impracticable for frequent scattering, because At ¥ 0
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Frequent Self-Interacting Dark Matter (fSIDM)

We need to reformulate the collision term:

m Interactions of numerical particles are NOT treated as
collisions of physical particles

m Effective description (drag force) is used for the collision term

m If numerical particles are close, they interact (no probability)
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E ective Description: Drag Force

5’0” 7& 0= Fdrag

5UL:0bUt(5vi>0

Description of drag force from Kahlhoefer et al. 2014
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Modelling fSIDM

Each particle pair is treated in two steps:
1. model vy & 0:

Bi =B AIadrag; pj = Bj + Apdlrag
2. model v% >0
pio =P + A|3rand ; pjo = pj Aprand
To conserve energy and momentum, the particle pairs need to be

executed in serial.
¥ parallelisation is more complicated than for SPH

We implemented our novel scheme in GADGET-3.
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Rutherford’s Experiment

ZnS

alpha particle screen

getting scattered

_

source

beam of alpha
particles

gold foil
Credits: sciencecurio.blogspot.com
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Angular De ection Problem

m Molere tells us:
2
f()= = exp

November 23, 2021j Moritz S. Fischer

Fischer et al. 2021a

NI

with 2=2 | -T
m

14/ 24



Galaxy Cluster Merger

Credits: NASA, ESA, CXC, M.
Bradac (University of California,
Santa Barbara), and S. Allen
(Stanford University)
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Equal Mass Merger

Credits: Kim et al. 2017
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Anisotropic Cross-Section

Credits: Robertson
et al. 2017
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Equal Mass Merger

Small di erence
between  dark
matter  peaks
of fSIDM and
rSIDM

Fischer et al. 2021a
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BCG { Dark Matter O sets

Fischer et al. 2021a

o sets are much larger for fSIDM than for rSIDM
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Maximum O set

The maximum
achievable o -
set is much

larger for
fSIDM than for
rSIDM

Fischer et al. 2021a
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Unequal-Mass Merger: O sets

Fischer et al. 2021b

o sets are much larger for fSIDM than for rSIDM
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Unequal-Mass Merger: Morphology

m physical density of
subhalo in merger plane

= head on collision after
second pericenter

m DM and Galaxy
distribution di er
signi cantly between
the DM models

Fischer et al. 2021b
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Unequal-Mass Merger: Phase-Space
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