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Introduction

» ACDM scenario: Structure forms through hierarchical merging of dark matter haloes

> Numerical predictions: Observed structure above ~1 Mpc is well explained by CDM

Small scale observations challenge CDM (Bullock & Boylan-Kolchin (2017/))
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» ACDM scenario: Structure forms through hierarchical merging of dark matter haloes

> Numerical predictions: Observed structure above ~1 Mpc is well explained by CDM

Small scale observations challenge CDM (Bullock & Boylan-Kolchin (2017/))

» Cusp-core problem
» Too-big-to-fall

> Missing satellite problem

e°

Weinberg et al. (2013) 3 Popolo et al. (2009)



Introduction

» ACDM scenario: Structure forms through hierarchical merging of dark matter haloes

> Numerical predictions: Observed structure above ~1 Mpc is well explained by CDM

Small scale observations challenge CDM (Bullock & Boylan-Kolchin (2017/))

» Solutions: Baryonic physics

Non-cold dark matter: Warm dark matter (sterile neutrinos, axionlike particles)
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»  Warm dark matter as a solution?

> robe small scales: Abundance of Milky-Way satellites
> eed subhalo model:  Numerical simulations / Analytical model
Limited to numerical resolution Fast & flexible

Lovell et al. (2014




Analytical Model

Semi-Analytical SubHalo Inference Modeling — SASHIMI




1. Structure forms — Matter Power spectrum

Thermal WDM (Viel et al. (2011))

VWarm particles
suppress small scale

perturbations

10~% 103 102 107! 109 10t
Wavenumber k [h/Mpc™?]




2. Dark matter haloes accrete

Halos are formed through gravitational collapse above 0(z) > 0.

Extended Press-Schechter: Analytical expressions for the accretion history
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2. Dark matter haloes accrete

Halos are formed through gravitational collapse above 0(z) > 0.

Extended Press-Schechter: Analytical expressions for the accretion history
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3. Subhaloes evolve Iin time

Average mass-loss due to Tidal Stripping (Hiroshima+ 2018, Van
den Bosch+ 2005)

Mass stripped at pericenter

dm  m—m(r) > |after first orbital period T,
dr T, beyond r,
l Obtain (p,, r,, r,) before and after tidal stripping

Remove completely disrupted subhalos




SASHIMI

1. Structure forms 2. Dark matter haloes accrete 3. Subhaloes evolve in time
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SASHIMI

1. Structure forms 2. Dark matter haloes accrete 3. Subhaloes evolve in time

® o6 -0

4. Satellite galaxies form within

» All subhalos host satellites (canonical)

» Galaxy formation threshold (mass, circular velocity)
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SASHIMI

1. Structure forms 2. Dark matter haloes accrete 3. Subhaloes evolve in time
P ® P P D
® ® O —
® ° ®
4. Satellite galaxies form within 5. Integrate to obtain total number

» All subhalos host satellites (canonical) of satellites in the Milky-Way

» Galaxy formation threshold (mass, circular velocity)
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Observed satellites in the Milky Way

(lassical
SDSS - DES & Pan-STARRS1 observe ultra-
DES

DECamn faint satellite galaxies with ~80%

HSC

ATLAS sky coverage.

GGala

- Correct for detectability of satellites

270 satellites after correction

Drlica-Wagner et al. (2020) - Rule out WDM models that

produce too few satellites at 95% CL

10



Warm dark matter Constraints

Cherry et al. 2017
Schneider 2015
Newton et al. 2021
Kennedy et al. 2013
Nadler et al. 2021
Lovell et al. 2014
Polisensky et al. 2011

m, > 108 Mg,

Canonical » Exclude WDM mass at 95% CL

Vmax =>4 km/s

B All subhalos host satellite galaxies

>
)
—t
=
a
=
S

» Model-independent constraints

Dekker et al. (2021)
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Sterile Neutrino: Current constraints

N ST BT St
U1 o
» Produced through mixing

sin’(20) with neutrinos
(non-thermal)
~ Enhanced by lepton

asymmetry

Le > 2500 (Shi&Fuller 1999)

10.0 12.5 15.0 17.5 20.0
m,._[keV]
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Sterile Neutrino Constraints

PM overproduction My = 1012 M,

All subhalos host satellite galaxies

B Constraints at 95% CL

Exclude sterile neutrino mass <12 keV

Dekker et al. (2021) 19



Codes publicly available on Github
SASHIMI — Semi-Analytical SubHalo Inference Modellng

nttps:/github.com/shinichiroando/sashimi-w

nttps:/github.com/shinichiroando/sashimi-c 20


https://github.com/shinichiroando/sashimi-w

Sterile Neutrino Constraints — X-ray observations

DM S St 457 » Sterile neutrino decay v, = U, + ¥

» Improve with eROSITA:
All-sky X-ray survey (4 years)

» Studied diffuse emission from
Galactic halo

10.0 12.5 15.0 17.5 20.0
m,. [keV]

v X-ray constraints
. [heory 2




Sterile Neutrino Constraints — X-ray observations

50 7.5 10.0 12,5 15.0 17.5 20.0
m,_ [keV]

Dekker et al. (2020)
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Sensitivity axion-like particle
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Dekker et al. (2020)

23



Summary

* Semi-analytical model SASHIMI|

“ Codes are publicly available

<+ Rule out W

Mypm >

DM models based on satellite counts in the Milky Way
4.4keV.m, > 12keV for My, = 10°M

“ Complementary results from X-ray emission with eROSITA
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Summary

* Semi-analytical model SASHIMI|

“ Codes are publicly available

<+ Rule out W

Mypm >

DM models based on satellite counts in the Milky Way
4.4keV.m, > 12keV for My, = 10°M

“ Complementary results from X-ray emission with eROSITA

Thank you!
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Back-up slides




Tidal stripping

@
e \an den Bosch et al. (2005) present analytical description
® for the average mass loss rate of dark matter haloes
dm(z) A m(z) [ m
dr Tdyn Mhost
® e Hiroshima et al. (2018) consider toy model for the
average mass loss of a subhalo
@

dm - m— m(r,)
o dt T

r



Tidal stripping

Agreement for CDM with numerical simulations

|

Adopt toy model to get (A, ) for WDM

—Hroshima et al. (2018)
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Evolved subhalo mass function

Ol’ “IX“‘_‘.. b4
. . . . 05 _ . .\1‘4\
After tidal stripping the internal structure of a subhalo changes an T 10

—

1| Foeri-Tope™ 1:20
900 r”ﬂ'l“.” 1:100
_open.closed =with, w/o disc

Determine (p,, ,, 1) at accretion for given (c, m, 7)

‘. \t,ﬁ ')’=10

Obtain (p,, ,, ,) after tidal stripping

Subhalos with r, < 0.77 r, are completely disrupted

log,,lm,/m(t=0) |

~enarrunia et al. (20710
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Evolved subhalo mass function

After tidal stripping the internal structure of a subhalo changes

Determine (p,, ,, 1) at accretion for given (c, m, 7)

Obtain (p,, ,, ,) after tidal stripping

Subhalos with r, < 0.77 r, are completely disrupted

2
dN (m|M,2) _ /dlnma/dzadl N -

dm nmg,dz,

§ /dcap(ca|maa 2a)0(m — m(z|ma, za, Ca),

Mass-loss



Comparison with numerical simulation

M, =18x10"M,

Dekker et al. (2021) 31



Minimum peak mass

Canonical, 1e5
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Dekker et al. (2021) 32



Matter Power Spectrum

Sterile neutrino (Venumadhav et al. (2015))

T. = 250 MeV

T. = 1000 MeV - Produced through mixing
—_— My =2.2 keV

sin“(20) with neutrinos
(non-thermal)

- Lepton asymmetry
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enhances resonant

oscillations v, , . = Vg

(Shi & Fuller 1999)

k (h Mpc™')
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Matter Power Spectrum

Cherry et al. (2017

~or each set of parameter (sin*(26), m,, )

scan over lepton asymmetry to get the

correct dark matter abundance

m, (keV)

l/
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-1.0 —-0.5 0.0 0.5 1.0 1.5
108’10(LG)
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ROSAT

INCE

2021)

0.3-2.3 keV - RGB

SRG/eROSITA

ion s

ISS

-ray mi

sky X
times better sens

e First all-
o ~25

tivity

e Good energy/angular resolution (Predehl et al

e Launched July 2019



NMedian, 68% and 95%

Bl Excluded regions

2.5 5.0

Dekker et al. (2020)

7.5

10.0 12.5
m; [keV]

15.0

Axion-like particle dark matter

17.5

36

20.0

Applicable to any DM candidate that

produces monochromatic X-ray line

ALP well motivated by theories
beyond the SM



Axion-like particle dark matter

Bl Vedian, 68% and 95% “lectron coupling
Sest-fit region XENONT T

Bl Stclar cooling anomalies

XENON1T excess explained by ALP at

|

ALP coupling to SM particles is already

(-
-
=

constrained by X-ray observations:
YENON1T Photon production needs to be suppressed

Jae - 101° [GeV™!]
2

-
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= This work l

ATHENA

Anomaly free symmetry model

(Takahashi et al (2020),
Dekker et al. (2020) 37



X-ray count sky maps
/.5 ks eROSITA exposure

Remove Galactic plane with |b|<20
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X-ray bubbles [sotropic components
Decay signal from the (Predehl et al. 2020) O Cosmic X-ray background (Lumb
Galactic halo et al 2092)
m = OkeV,T = 1028 O eROSITA's detector
S | O Extragalactic dark matter signal
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X-ray count sky maps
/.5 ks eROSITA exposure

Mock data sets

Generate mock data sets
Joint likelihood analysis — Obtain upper limits at 95% CL
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