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CDM vs. SIDM

CDM

Great explanation of LSS
Small scale...?

(@)

(@)

SIDM

Alternative model which can explain
the small scale structure

(@)

Cored-cuspy problem
Diversity problem
Too-big-to-fail problem

e (baryonic feedback?)

Core formation due to the self-interaction
Gravothermal core-collapse of subhalos

Brinckmann+(2017)
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https://arxiv.org/abs/1101.3097
https://wwwmpa.mpa-garching.mpg.de/galform/millennium-II/index.html#Images
https://arxiv.org/pdf/1705.00623.pdf

SIDM

SIDM is interesting but challenging...
Problems of N-body simulations

e Resolution
e Computational costs

)

Model A

[ —
)

Model B

)

Model C

~ @@

What can we do for quick (particle) SIDM searches?

Model Z iy
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SIDM

Two directions of SIDM searches

—>

Semi-analytical modeling of SIDM halos

e Beyond the limitation of N-body simulation e Gravothermal fluid model
o  Resolution e Better understanding of physics
o Quickness behind SIDM halos
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SIDM

Two directions of SIDM searches

—>

Semi-analytical modeling of SIDM halos

e Beyond the limitation of N-body simulation
o  Resolution
o Quickness
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SASHIMI

Semi-Analytical SubHalo Inference Modellng (SASHIMI)

e Simulate subhalo properties using
o Extended-Press-Schechter model

o Tidal stripping model calibrated by N-body simulation

e Qutcomes

o Continuous subhalo catalogue
m Subhalo mass function
m Probability distribution of
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https://arxiv.org/abs/1803.07691

Various SASHIMI

~ Menu ~

SASHIMI-C

for COM

SASHIMI-W

Sfor WDM

SASHIMI-SIDM

Sor SIDM
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https://github.com/shinichiroando/sashimi-w
https://github.com/shinichiroando/sashimi-c

SASHIMI-SIDM

SASHIMI with....
e Parametric model of SIDM halos: [Yang+(2023)]
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https://arxiv.org/abs/2305.16176
https://arxiv.org/abs/2305.16176

SASHIMI-SIDM
Parametric model of SIDM halos: [Yang+(2023)]

Nice fitting of SIDM profiles and their evolution
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https://arxiv.org/abs/2305.16176
https://arxiv.org/abs/2305.16176

Testing and Tasting SASHIMI-SIDM

SASHIMI-SIDM can reproduce N-body results

CDM (Mg, > 108Mo/h)
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SASHIMI-SIDM allows us to play with SIDM easily in a few minutes
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SASHIMI-SIDM

Use Case: Property for lighter subhalos

CDM (msgn > 10°Mo/h)
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SASHIMI-SIDM

Use case: Subhalo mass function
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SASHIMI-SIDM

Subhalo mass function for various SIDM models
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It works for lighter subhalo masses
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SIDM

Two directions of SIDM searches

e Gravothermal fluid model
e Better understanding of physics
behind SIDM halos
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Effective model of SIDM evolution

e Gravothermal fluid model [Balberg+(2002)]

o DM is modelled as a thermally conducting fluid in quasistatic virial equilibrium:

oM
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L oT d [ 3c? _ N _ _
=—K— = - K'p— Heat conduction (the coefficient k¥ has been calibrated with

. 47"-2 ar ar 2 simulations of SIDM isolated halos in Koda & Shapiro 2011)
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Note that p = po'f

o Nice fitting with isolated N-body simulation [Koda+(2011)]
m — How about Cosmological N-body simulation?
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https://arxiv.org/abs/astro-ph/0110561
https://arxiv.org/abs/1101.3097

Effective model of SIDM evolution

Dataset: SIDM N-body simulation [Ebisu, Ishiyama, and Hayashi (2022)]

e 10243 particles / (8 Mpc/h)? (comoving)
e CDM/SIDM,/SIDM, (o/m =1 or 3 cm?/q)
e 9 MW-sized halos
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Effective model of SIDM evolution

Results (preliminary): e.g. halo 3... consistent

halo id = 3, model = SIDM3, cp = 0.75
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Effective model of SIDM evolution

Results (preliminary): e.g. halo 1... deviation

halo id = 1, model = SIDM3, cp = 0.75
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Future work: analysing the origin of the deviation
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SIDM halo structure and evolution:
Semi-analytical and effective models

e SIDMis an interesting candidate to solve small scale problems in CDM
e Difficulties of N-body SIDM simulations: Resolution, computation cost
e Two options:

® Semi-analitical modelling of SIDM halo ® Effective modelling of SIDM halo
o Quick SIDM simulator based on o Understanding the physics
semi-analytical models behind the halo structure
CDM (man > 10°Mo/h) s SIDM (mgp > 10°Mo/h) ) = e =
0 10° ) 107 10! ) \’\\’\A ,\r\_\/ g
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S. Ando, S. Horigome, E. O. Nadler,

SIDM ha|0 StrUCture and eVO|UtIOn D. Yang, H.-B. Yu [in prep.]
Semi-analytical and effective models

SASHIMI-SIDM: Semi-analytical approach to simulate SIDM models

e Quick calculation of SIDM halo properties and subhalo mass functions

SIDM (msp, > 108My/h)
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Parametric Model

CDM

r
max’ ~max

Integral method

VSIDM 4y — DM 4y | / ¢ dt' dVimaxModel (')
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<7 CDM T NEw
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VSN (1)
Voo
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Parametric Model

Yang+(2023

r6d = 2Vmax/(70 km/s) kpc
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https://arxiv.org/abs/2305.16176

Effective model of SIDM evolution

Parameters:

e Heat conductance

-1 where Hy = "aﬁ /(4nGp) is the gravitational scale height of the
1 b O, 1, system, A = (po-/m)~! is the collisional scale for the mean free path,
K = bso,

A

with b« = 0.25,C« = 0.75 t, = A/(ac,) is the relaxation time with a coefficient of order of
C:H g unity being a, and we adopt @ = /16/r for hard-sphere scattering
of particles with a Maxwell-Boltzmann velocity distribution (Reif
1965).

o |n|t|a| redSh|ft In the limit of 1 < H,, the thermal conductivity is given by k =
(3/2)(k5/m)b.p,lz/(a:,) and b. can be regarded as an effective

(@) Mz init =f* MO’ f=0.04 impact parameter among particle collisions. In the limit of 4 > H,,

’ . one finds ¥ = (3/2)(k3/m)C.pH§/t,, reproducing an empirical

o maSS, Scale rad | US formula of gravothermal collapse of globular clusters (Lynden-Bell

& Eggleton 1980).
o CDM counterpart @ z=0
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EPS formalism

[Press & Schechter(1974)]

Ref: http://www.astro.vale.edu/vdbosch/astro610 lecture9.pdf

e Excursion Set Formalism

Three trajectories
corresponding to
three different mass
elements in a
Gaussian random
fleld. Note that &' is
obtained mirroring
trajectory & in the
b5 = .

es are
Markovian & and
are equally likely!

The problem with the PS ansatz is that it fails to account for trajectories st
when counting mass elements in haloes with mass M >

Correcting for this is easy though, by realizing that each trajectory | has a mirror
version, ', that is equally likely (as a result of the Markovian nature of the trajectories).

Double-counting trajectories with ds > . at S; corrects for ‘missed trajectories’

A natural explanation for the fudge-factor two in PS formalism!

-
ASTR 610:Theory of Galaxy Formation

© Frank van den Bosch,Yale University

The Excursion Set Formalism

In the excursion set formalism , also called the Extended Press-Schechter (EPS)
formalism, one uses the (statistics of) Markovian random walks (the trajectories of
mass elements in (S, §s)-space) to infer the halo mass function (and more).

fraction of mass elements with 65 > &.(t) is equal to the mass
PS8 ansatz:  fraction that at time ¢ resides in haloes with masses > M,
where S and M are related according to S = o(M)

fraction of trajectories with a first upcrossing (FU) of the
EPS ansatz:  barrier §s = dc(t) at S > S; = o?(M, )is equal to the mass
fraction that at time ¢ resides in haloes with masses M < M;

Since, each trajectory is guaranteed to upcross the barrier §s = d.(t) at some
(arbitrarily large) S, the EPS ansatz predicts that every mass element is in a halo
of some (arbitrarily low) mass

ASTR 610:Theory of Galaxy Formation © Frank van den Bosch,Yale University

The EP

Based on the EPS ansatz, we can write the EPS mass function as:

Mass Function

n(M,t)dM =

ds

||

Fu (S, o)

Here fry (S, 8:) dS is the fraction of trajectories that have their first
upcrossing of barrier & (¢) between S and S + dS.

(see MBW §7.2.2
for derivation)

where, as before, we defined v = §,(t) /o (M)
result in terms of the PS multiplicity function fpg (v

and we expressed the

V2/mvexp(—12/2)

It is straightforward to show that this yields exactly the same halo mass function
as before, but this time there has been no need for a fudge factor....

ASTR 610:Theory of Galaxy Formation

© Frank van den Bosch,Yale University
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https://ui.adsabs.harvard.edu/abs/1974ApJ...187..425P/abstract
http://www.astro.yale.edu/vdbosch/astro610_lecture9.pdf

SASHIMI

Tidal stripping: [Hiroshima+(2018)]
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https://arxiv.org/pdf/1803.07691.pdf

