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Small-scale structure

~ WDM

Scientific goals: develop models of small-
scale structure formation, and apply them to
various dark matter candidates

e \What dark matter particles are
determines small-scale distribution

e Key to identifying particle nature

» Develop semi-analytical, models,
calibrate with numerical
simulations, and establish reliable
models free from shot noise and
numerical resolution
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Semi-analytical models of subhalos

e Complementary to numerical simulations
e | ight, flexible, and versatile

e Can cover large range for halo masses (micro-halos to
clusters) and redshifts (z ~ 10 to 0) based on physics
modeling

* Accuracy: Reliable if it is calibrated with simulations at
resolved scales



Initial condition:
Primordial power spectrum

- Smaller halos merge and |
accrete to form larger ones |

Extended Press-Schechter
formalism

~ Subhalos experience |

t Modeling for tidal stripping

and mass-loss rate



Subhalo accretion

1+2z

Infall distribution of subhalos:
Extended Press-Schechter (EPS) formalism
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Subhalo evolution

Hiroshima, Ando, Ishiyama, Phys. Rev. D 97, 123002 (2018)
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Cf., Jiang, van den Bosch, Mon. Not. R. Astron. Soc. 458, 2848 (2016)

e |nternal structure changes follow Penarrubia et al. (2010)
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v Initial condition:
Primordial power spectrum

4 Extended Press-Schechter
formalism

~ Smaller halos merge and |
 accrete to form larger |

~ Subhalos experience | v

| Modeling for tidal stripping

and mass-loss rate



Distribution of subhalo quantities

Subhalo accretion

Ny Jd Jd AN,y 5(0 — 0m,.,z.))
= | dm —0(m_, z,
do | dm dz, X

Subhalo evolution

0={m,r,p,...}



Subhalo mass function
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Distribution of rs and ps
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Good agreement with simulation results (Vea Lactea ll)
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8 Summary: Semi-analytical modeling

e Benchmark models for CDM
* Free from resolution (useful for small mass ranges)
* Free from shot noise (useful for large mass ranges)

 Well tested against numerical simulations of halos with various masses
at various redshifts

* Quick implementation, which is crucial to survey through parameter
spaces for different dark matter models
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Semi-Analytical SubHalo Inference
Modeling for CDM (SASHIMI-C)

The codes allow to calculate various subhalo properties efficiently using semi-
analytical models for cold dark matter (CDM). The results are well in agreement with
those from numerical N-body simulations.

Authors

¢ Shin'ichiro Ando
¢ Nagisa Hiroshima

e Ariane Dekker

Special thanks to Tomoaki Ishiyama, who provided data of cosmological N-body
simulations that were used for calibration of model output.

Please send enquiries to Shin'ichiro Ando (s.ando@uva.nl). We have checked that the
codes work with python 3.9 but cannot guarantee for other versions of python. In any
case, we cannot help with any technical issues not directly related to the content of
SASHIMI (such as installation, sub-packages required, etc.)

What can we do with SASHIMI?

e SASHIMI provides a full catalog of dark matter subhalos in a host halo with
arbitrary mass and redshift, which is calculated with semi-analytical models.

e Each subhalo in this catalog is characterized by its mass and density profile both
at accretion and at the redshift of interest, accretion redshift, and effective
number (or weight) corresponding to that particular subhalo.

e |t can be used to quickly compute the subhalo mass function without making any
assumptions such as power-law functional forms, etc. Only power law that we
assume here is the one for primordial power spectrum predicted by inflation!
Everything else is calculated theoretically.

e SASHIMI is not limited to numerical resolution which is often the most crucial
limiting factor for the numerical simulation. One can easily set the minimum halo
mass to be a micro solar mass or even lighter!
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Public code: Semi-analytical
subhalo models (CDM)

» Semi-Analytical SubHalo Inference Modeling

e “Cold” SASHIMI: github.com/shinichiroando/sashimi-c

 Only 760 lines of simple python codes, which enable to

calculate (nearly) everything we did in Hiroshima et al.
(2018)

 Subhalo mass function, substructure boost of dark
matter annihilation, etc.

 Well documented and useful sample codes provided
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https://github.com/shinichiroando/sashimi-c

Warm dark matter
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Estimates of rs and ps usually rely on Bayesian statistics:

P(r,p,|d) x P(r, p)Z£d]|r,p,)

If data are not constraining, the posterior depends on prior choices

Usually log-uniform priors are chosen for both rs and ps

Doing frequentist way is very challenging, which is done only for classical dwarfs
(Chiappo et al. 2016, 2018)
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Application to ultrafaint dSphs

Ando et al., Phys. Rev. D 102, 061302 (2020)  Black: Likelihood contours
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* Extending semi-analytical models to SIDM
and calibration with (isolated) N-body
simulations

Masato Shirasaki o Shunichi Horigome
Takashi Okamoto
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N-body simulations of isolated system

* Jesting self-interactions of DM
particles would require a precise

modeling of 10°M,, subhalo

e Thermalization of SIDM halo and
subhalo

» Tidal stripping / Ram pressure

* Develop a semi-analytic model of
infalling subhalos to a MW-sized
halo and calibrate it with (isolated)
N-body sims

Milky-Way-sized host halo
10'2M,,
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Isolated N-body halos: Initial conditions

« Host: NFW halo (Myy,. = 10'* M, c = 10, r, = 21.1 kpc)

. Satellite: NFW halo (M. = 10° M, c = 6, r, = 1.68 kpc) ‘

* MAGI: Generator of spherical N-body halos in dynamical equilibrium

> X

Ry 050200 = 211 kpe

* https://bitbucket.org/ymiki/maqgi/src/master/

* No disc components fornrow  E= /W £ satellite

« Set the initial condition of the satellite with its energy E and angular 243.6 kpe

momentum L

1
. E = EVE + Oypw_ro(R), L = nR.V . where V. = (GM,.../R )"
e X, = R./Ry o5 200c = 0.5, = 0.6 = apocenter = 243.6 kpc
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Gravothermal fluid model

E.g., Balberg et al. 2002

Mass conservation Hydrostatic equilibrium
dM/dr = 4ﬂr2ph(r) d(pavz)/ dr = — GMp/ r?
Host halo density Heat flux = — x (m/kg) d62/0r re-arranges p,, and o, (r,t + Af)
,Oh ’
ph(ra t)
Subhalo CDM-like tidal evolution proposed
in Green & van den Bosch (2019)

Density Gravothermal fluid model (e.g. Balberg+2002) Density

——m m—m— al——
psub(ra t) psub(ra [ + At)

Bound Mass M_ . = (Tidal stripping) + (Ram pressure evaporation) Bound Mass
[ 3

_—— . >
M., (1) - M, (t + Ap)

Analytic model in Chandrasekhar 1943 Analytic andel iINn Kummer+2018
Position & Velocit 3 Position & Velocit
y X p = — VP, + (Dynamical Friction) + (Ram Pressure Deceleration) y
Xsub(t)9 Vsub(t) — XSU.b(t + At)’ ‘ISllb(lL + At)
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. Test 1: CDM-like tidal stripping model can work or not

g/m =3.0cm?/g

10"
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Shirasaki, Okamoto, Ando, Mon. Not. R. Astron. Soc. 516, 4594 (2022)
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O Y Test 2: Subhalo mass loss rate in SIDM

Shirasaki, Okamoto, Ando, Mon. Not. R. Astron. Soc. 516, 4594 (2022)

 The mass loss rate by tidal stripping effects is
commonly modeled as

dM ., _ AMsub(r > 1, 1)
dr Tdyn

A4ﬁm3::1090]MQ>07/W122EiO(HHQ/g)

f%ound

e A = 0.55 can explain the CDM simulation results

Mass fraction of the subhalo

» Our simulations indicate that A depends on 6/m

« We find A ~ 0.65 provides a better fit to the | - time Gy
simulation results with 6/m = 3 cm?/g
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B Comparison with our model and simulations
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Shirasaki, Okamoto, Ando, Mon. Not. R. Astron. Soc. 516, 4594 (2022)

Minit — 109'0 M@ s I's — 1.682 kpC

107 ’ 2
| SIDM (o/m = 3.0cm*/g)
\ A3
102 4 ===+ [nitial condition (NFW) ©
@ (=27Gyr
O ¢=6.0Gyr
Q t=9.0Gyr
10 !
10~1 10Y
/Ty




Caveats and outlook

* \We developed a semi-analytic model of SIDM subhaloes in a MW-sized host with
ideal N-body sims

e We found a non-trivial effect in the subhalo mass loss rate for the SIDM scenario

* We tested our models with simulations by varying subhalo orbits, SIDM cross
sections, initial subhalo profiles

e Jo do:
* (1) Comparisons of our model with cosmological simulations; (2) Include the

baryonic disc in a host halo; (3) Velocity dependence of cross section; (4)
Gravothermal collapse
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SIDM

p[P*Me /kpc’]

halo id = 3, model = SIDM3, cp = 0.75

£ | Comparison with cosmological simulations
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Ongoing work with Masato Shirasaki, Shunichi Horigome et al., with simulation data from

Ebisu, Ishiyama, Hayashi, Phys. Rev. D 105, 023016 (2022)
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L | TangoSIDM: Tantalising models of SIDM

Moo [logio Mc]

8.5 94 10.6 11.5 12.1 124 .
w—_ T We implemented SIDM on the
—— gravity and hydrodynamics
] \ solver code: SWIFT
TOD
Ng —
£ \
S .
— SigmaVellOO --'S?gmaConstantIO \\ TangOSIDM ConSIStS on a Set Of
o Sigmaf-onstant] DM-only and hydrodynamical
1o 0 50 100 150 200 cosmological simulations of (25
v [km/s] |V|pC)3

Correa, Schaller, Ploeckinger, Anau Montel, Weniger, Ando,
Mon. Not. R. Astron. Soc. 517, 3045 (2022)
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. TangoSIDM: Rotation curves

CDM modéel SIDM velomty dependent model
60 60 —
Example —
of circular S 40 40)
velocities ~4
from = |4
107~ M, % 20 20 1
satellite >~ .
haloes ) i | 0 E | SigmaVel100
0 10 20 10 20
Radius [kpc] Radius [kpc]

Velocity-dependent SIDM models in cosmological DM-only simulations are able to
produce a “diversity” in the rotation curves of low-mass halos

Correa et al., Mon. Not. R. Astron. Soc. 517, 3045 (2022)
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o TangoSIDM: Rotation curves

p— —

O 10 20 30 40 50
C200c

Cuspy profiles CDM

~~~\
~

Cored profiles
—1.0 -

9 10 11
logloMpeak [M(D] 1Oglojwpeak [MQ]
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Velocity-dependent SIDM models in cosmological DM-only simulations are able to
produce a “diversity” in the rotation curves of low-mass halos

Correa et al., Mon. Not. R. Astron. Soc. 517, 3045 (2022)
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0 TangoSIDM Gravothermal collapse

10° ¢ 125 F 5x 101!
Satellite halo in core-collapse '
o E 100
g 108 : ED 1011
© 5 75 -
Q = .
Z 107 | 5 Y =
A 3
= 25
“ SigmaConstant10
106 e e o 0 | | 1 1010 | 1 |
0.5 1 10 50 5 10 15 20 0 0.5 | 1.5 2
Radius [kpc] Radius [kpc] Z

. | —1ag-1/3,.-7/2
Collapse time-scale: 7, o (6/m,)™ M,,,7C59

Correa et al., Mon. Not. R. Astron. Soc. 517, 3045 (2022)
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Conclusions and prospects

Small-scale distribution of dark matter is essential in discriminating
different particle dark matter candidates

We base our theoretical studies on benchmark subhalo models for
CDM/WIMP

We theoretically model the evolution of SIDM subhalos using

gravothermal fluid model and calibrate the model parameters
against idealized N-body simulations of minor merger

Goal: refine this calibration procedure, incorporate these SIDM mass-
loss models with EPS theory, and make SASHIMI-I
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