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Large-Scale Structure

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

m Structure formation is
strongly non-linear
I simulations required

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

February 6, 2023 Moritz S. Fischer

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

I This is the small-scale crisis of CDM

February 6, 2023 Moritz S. Fischer 3/39



' “mLMU

ORIGINS
MAXIMILIANS- \ i Excellence Cluster
LU ki

Core-Cusp Problem

5 = CUSp
107 = CoOre
) 1014
= CDM predicts >
cuspy halos, £ 10
a cusp core
m but cored halos 10 4
are observed.
10 2]
10 2 10 1 109 10!
Radius

cuspy vs. cored dark matter halo
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How to Fix These Problems?

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

= Improved modelling of the internal dynamics of observed
galaxies

I Solution is probably a combination

February 6, 2023 Moritz S. Fischer 5/39
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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.

= SIDM is promising, can solve or at least mitigate small-scale
problems.

February 6, 2023 Moritz S. Fischer 6/39



=A

LUDWIG- é ORI
MAXIMILIANS- Ex celle ce EI si!
I_Mu MONEHEN

e ™

How Can We Model SIDM?

m Gravothermal uid model)

assumes relaxed halo
m Jeans approach

0
= N-body simulations computational expensive

February 6, 2023 Moritz S. Fischer 8/39
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Modelling Dark Matter Self-Interactions

m SIDM is neither collisonless (like CDM) nor fully collisonal
(like a uid)
= Requires 6D phase-space information

m We have to solve the collisional Vlasov-Poisson / Boltzmann
equation:

@ @

@+vrxf r ¢« ryf= —

@ coll

m Self-interactions are described by a collison term

February 6, 2023 Moritz S. Fischer 9/39
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We distinguish two regimes:
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Rare Self-Interacting Dark Matter (rSIDM)

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

= Probability that two particles interact:
Py= ——mj wj tj

I Impracticable for frequent scattering, becausa ! 0

February 6, 2023 Moritz S. Fischer 11739
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Frequent Self-Interacting Dark Matter (fSIDM)

We need to reformulate the collision term:

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

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

= If numerical particles are close, they interact (no probability)

February 6, 2023 Moritz S. Fischer 12/ 39
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E ective Description: Drag Force

5’UH 7& 0= Fdrag

5UL:0bUt6Ui>0

Description of drag force from Kahlhoefer et al. 2014

February 6, 2023 Moritz S. Fischer 13739
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Modelling fSIDM

Each particle pair is treated in two steps:
1. model v, 6 0:

Bi =B Bdrag B = Bt Pdrag
2. model vZ > 0:

p‘loz Bi * PBrand: F»’JO: B Brand

To conserve energy and momentum, the particle pairs need to be
executed in serial.

I parallelisation is more complicated than for SPH

We implemented our novel schemegadget-3 .

February 6, 2023 Moritz S. Fischer 14/ 39
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Angular De ection Problem

Angular Distribution Angular Distribution

50 == simulation 16 == simulation
—— Moliére, ?=0.00028 14 —— Moliére, 2=0.0028
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) Fischer et al. 2021a
m Molere tells us:

with 2=2 |

NI

2
f()= = exp m—T

February 6, 2023 Moritz S. Fischer 16 / 39



_nmLMU

= (((oricins
. S - (
AT B 1\

Galaxy CIUSter Merge Galaxy Cluster MACS J0025.4—-1222

Hubble Space Telescope ACS/WFC
- Chandra X-ray Observatory

Credits: NASA, ESA, CXC, M.
Bradac (University of California, :
Santa Barbara), and S. Allen Yot st S 15 milion light-yeirs
(Stanford University) e

February 6, 2023 Moritz S. Fischer 177139
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Equal-Mass Merger

Credits: Kim et al. 2017
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distance from barycenter (kpc)

galaxy-DM offset (kpc)

coalescence
galaxies and BCG oscillate
around barycenter with
significant separations
(not observed in CDM)

I
[}
[}

fattoned, enlarged
cores cause delay in !
Separaton of peaks |
after pericenter i
[}

8

0(10) kpe offsets
are maximal soon

after pericenter,
then decrease

Dark matter particles ejected following self-interactions form tails; those
captured from the opposite halo induce drag. Both cause offsets to form
between the galaxy and dark matter distributions, as measured by their peaks/
centroids. If many seff-interactions occur, halos coalesce upon contact.

:

few self-interactions,
no offsets

highly colisional gas lags tails and drag cause halos to lag
gas, dark matter, behind DM and galaxies behind galaxies, forming offsets

o DM-galaxy offsets
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Anisotropic Cross-Section

- — 0.0cm?g~!
05cm’g™ e
_40b — 1.0cm’g!
Credits:  Robertson 1~5°ng’i
— 2.0cm°g”
etal. 2017 _50 . S . , . . .
—600 —400 —200 0 200 400 600 800 1000 1200

xpwm / kpe
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Simulation Setup

m Head-on mergers of galaxy
clusters

= NFW halo, My;; = 10*°M

m equal and unequal-mass
mergers

m Gadget-3 with own
fSIDM and rSIDM

implementation Fischer et al. 2021b

February 6, 2023 Moritz S. Fischer 20/ 39
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Equal-Mass Merger

Small di erence

between  dark
matter  peaks
of fSIDM and

rSIDM

February 6, 2023 Moritz S. Fischer

Xpwm [kpc]
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== CDM
= fSIDM
= SIDM

Vrel,ini = 1000 km s *

+/m=0.5cm?g !
+/m=1.5cm?g !
t/m=5.0cm?g *

1 2 3 4 5 6
time [Gyr]
Fischer et al. 2021a
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BCG { Dark Matter O sets
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Fischer et al. 2021a

o sets are much larger for fSIDM than for rSIDM

February 6, 2023 Moritz S. Fischer 22139
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Maximum O set
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Fischer et al. 2021a
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Fischer et al. 2021b

0 sets are much larger for fSIDM than for rSIDM
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Equal-Mass Merger: The role of the ICM

fSIDM Myir main = 1015M === DM
3000 — cal

= An o set between the
DM and galaxies occurs
in both cases.

2000 1

X [kpc]

1500

m In the ICM simulation

1000

the later o sets are s 3 ;
bigger than in the DMO o
simulations. 0\ s vt — &

MMR=1:1 t/m=0.5 cm?g !

2500

m The ampliutudes of DM
and galaxies are larger
for DMO simulations.

2000 1

x [kpc]

1500

Credits: Katharina Hollingshausen

1000
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Credits: Katharina Hollingshausen

O sets at later times are much larger when including ICM

February 6,

2023j Moritz S. Fischer

26 /39



LUDWIG-

MAXIMILIANS-

LIMU | civeesivss
MONCHEN

Q“f‘"s

Unequal-Mass Merger: O sets comparison
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Credits: Katharina Hollingshausen
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BCG { Dark Matter O sets
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m Interesting large o sets with ICM
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Unequal-Mass Merger: Morphology

107 107 107 c
Er v R S
i vy 3
z fg : £ -4 i ®

£ o 28 o +H £E o 1
H £ % &/ g
1048 1048 1048 [
WMRS10  oiim=00 cig [ — wRei10 oimen0emig c

%00 100 6 1000 2000 %000 100 6 1000 2000 0 %000 -i000 6 600 2000 1
3
1000- 1000- 1000 ‘U
_ 2 _ - g c
i @
1000 1000 1000 <
=
Wnia0 aimeos g Wiae10  oim-o3enig JR—— Iod
~2000 -1000 0 1000 2000 o =2000 -1000 0 1000 2000 o =2000 -1000 [] 1000 2000 o

@2
1000- 1000 1000- _—
ey vy O
FREE I e i e i Q

: 1 : :

1048 10710

x [kpc] * [kpc] * [kpe]

DM, galaxy and gas distribution di er between DM models

February 6, 2023 Moritz S. Fischer 291/ 39



Lm

m 5
ORIGINS
MAXIMILIANS- {i Excellence Cluster

LMU iz V "

Cosmological Study

CDM fSIDM
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Fischer et al. 2022
No di erences on large scales
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Cosmological Study: Power Spectrum

Credits: Sta ord et al. 2020
Fischer et al. 2022

Di erence only on small scales

February 6, 2023 Moritz S. Fischer 31/39
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Cosmological Study: Density Pro le

Self-interactions
produce density
cores

Fischer et al. 2022
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Cosmological Study

Self-interactions
make haloes
rounder

February 6, 2023 Moritz S. Fischer

: Halo Shape

Fischer et al. 2022
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Constraints on Frequent Scattering

m The momentum transfer cross-section. can very roughly
match rSIDM and fSIDM (density and shape pro les).

m Typically e ects of fSIDM are stronger than for rSIDM (same
~=m).

m Thus rSIDM constraints can often be seen as a conservative
limit for fSIDM.

= Sagunski et al. 2021: .=m  0:55cm?g * (groups, CL
95%), ~=m 0:175cm?g ! (clusters, CL 95%).

February 6, 2023 Moritz S. Fischer 34 /39
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Cosmological Study: Satellite Abundance

Fischer et al. 2022

Interestingly large suppression of satellites for fSIDM

February 6, 2023 Moritz S. Fischer 35739
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Subhalo Evaporation

Host-Satellite
interactions are
important

Credits: Zeng et al.
2021

February 6, 2023 Moritz S. Fischer 36 /39



Central Density vs. Number of Satellites

Qualitative  dif-
ference between
rare and fre-
guent scattering

Fischer et al. 2022
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Outlook

In future and current simulations we include:

m Baryons
m ICM, ISM, star formation, supernovae, AGN, ...

m Velocity-dependent cross-section
= motivated by observations and particle physics

February 6, 2023 Moritz S. Fischer 38/39
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Take Home Messages
N-body simulations of fSIDM are ...

1. possible
= We developed a new numerical scheme,
m based on an e ective description (drag force).

2. important

m fSIDM and rSIDM have di erent phenomenology
(o sets, satellite abundance),

m signi cant di erence also at small cross-sections
(. O:1cm?=g).
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