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Why the galactic dark matter halo?

1)

» Milky-Way is embedded in a large dark matter halo

» Hosts smaller dark matter halos (subhalos)
» Abundance of substructure to distinguish between

dark matter models
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Small scale observations

» ACDM successful on reproducing the large scale structures in the Universe

» However, DM-only N-body simulations find discrepancies with observations at small scales (below ~1 Mpc)

Small scale discrepancies

Cusp/core Too-big-to-fail Missing satellites

e°

Popolo et al. (2009) Bullock et al. (2017/) Weinberg et al. (2013)
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Solutions:

Baryonic physics / non-CDM (such as Warm Dark Matter

supernova feedback / ionisation processes

Lovell et al. (2014
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Solutions:

Baryonic physics / non-CDM (such as Warm Dark Matter

Free-streaming effects

Lovell et al. (2014



»  Solutions: Baryonic physics / non-CDM (such as Warm Dark Matter

>  Probe small scales: Abundance of Milky-Way satellites

Warm m = 2 keV

Lo

-~ lovelletal (2014)
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Solutions:
Probe small scales:

Subhalo modelling:

- Cold

e

Baryonic physics / non-CDM (such as Warm Dark Matter
Abundance of Milky-Way satellites

Numerical simulations / Analytical model

Warm m = 2 keV

10 - lovell et al. (2014,



Fast & flexible

Baryonic physics / non-CDM (such as Warm Dark Matter)

Abundance of Milky-Way satellites

Probe small scales

Solutions

>
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tical model

2keV

Warm m =

11

Numerical simulations / Analy
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Subhalo modelling
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SASHIMI

sSemi-Analytical SubHalo Inference Modeling



1. Structure forms — Matter Power spectrum

VWarm particles
suppress small scale

perturbations

Thermal WDM (Viel+2011)



1. Structure forms
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2. Dark matter haloes accrete * —_— ‘ —_— .

» Halos are formed through gravitational collapse above 6(z) > 0.

» Analytical expressions for the accretion history based on the extended Press-Schechter
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2. Dark matter haloes accrete
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» Halos are formed through gravitational collapse above 6(z) > 0.

» Analytical expressions for the accretion history based on the extended Press-Schechter

Subhal funct aN (5,018 5)dS M
ubhalo mass function: : ,
¢ Inmd 0707 dm dz

\‘

Number of subhaloes with (m, z)

at accretion within host M
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2. Dark matter haloes accrete
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» Halos are formed through gravitational collapse above 6(z) > 0.

» Analytical expressions for the accretion history based on the extended Press-Schechter

—_

(Sa 5 ‘ S()a 5())

.

d*N
dlnmdz

> Subhalo mass function:

Mass fraction of Subha\©5|

N certain volume (basec

on EPS, Yang+ 2011)
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1. Structure forms
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2. Dark matter haloes accrete
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» Halos are formed through gravitational collapse above 6(z) > 0.

» Analytical expressions for the accretion history based on the extended Press-Schechter

| d°N dSﬁ]\;I
y Subhalo mass function: = (S, 018y, 9p)

dInmdz dm\ dz

e

Main branch of

Nost halo evolves

17



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

' o
P . N
0

t=0 orbit ' t=0.5 orbit ) | " t=1 orbit
10 Hayashi+ 2003




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

» Incorporate average mass-loss due to tidal stripping (Hiroshima+ 2018, VVan den Bosch+ 2005)

dm . m— m(r,)
dt T -

Mass stripped at pericenter after

first orbital period 1. beyond r,

» Internal properties change: (p,, ¥, ¥,) before and after tidal stripping

» Remove completely disrupted subhalos (r, < 0.77r)
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1. Structure forms 2. Dark matter haloes accrete
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3. Subhaloes evolve in time

-volved Subhalo mass function:

dN(m | M, z) d*N
= |dIn m, dza X dCaP (Ca | m,, za)é(m — m(z]| m,, 2, Ca))
dm dinm_dz,

Extended Press-Schechter formalism
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1. Structure forms 2. Dark matter haloes accrete
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3. Subhaloes evolve in time

-volved Subhalo mass function:

dN(m | M, z) d*N
= |dIn m, dza X dCaP (Ca | m,, za)é(m — m(z]| m,, 2, Ca))
dm dinm_dz,

Log-normal distribution for concentration (Ludlow+ 2016)
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1. Structure forms 2. Dark matter haloes accrete
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3. Subhaloes evolve in time

-volved Subhalo mass function:

dN(m | M, z) d*N
= |dIn m, dza X dCaP (Ca | m,, za)é(m — m(z]| m,, 2, Ca))
dm dinm_dz,

Mass-loss
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1. Structure forms 2. Dark matter haloes accrete 3. Subhaloes evolve in time
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4. Satellite galaxies form within

Galaxy formation physics 1s model-dependent

» All subhalos host satellites (canonical)

» Galaxy formation threshold (mass, circular velocity)

23



1. Structure forms 2. Dark matter haloes accrete 3. Subhaloes evolve in time 4. Satellite galaxies form within
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5. Obtain total number of satellites in the Milky-Way

» Integrate evolved subhalo mass function

24



Observed satellites in the Milky Way

(Classical

SDSS DES & Pan-STARRST observe ultra-

Leo Il @ PS1
fir 13 m Leo V .
Le0 IV- Seg 1 [)I:ﬁ

ool (aint satellite galaxies with ~80% sky

HSC

ATLAS

(Gala

coverage.

270 satellites after

&y Cet T11

completeness correction

Drlica-Wagner et al. (2020)
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VWe exclude warm dark matter models that produce too

few satellites with SASHIMI at 95% confidence level.



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 M,

Canonical » Exclude WDM mass at 95% CL

Vmax =>4 km/s

B All subhalos host satellite galaxies
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» Model-independent constraints

1.2 1.4
Moo [Mo]

Dekker et al. (2021)
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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 M,
Canonical

Vmax = 4 km/s Msh > 108 M@

B Galaxy formation threshold on mass
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1.0 1.2 1.4
Moo [Mo]

Dekker et al. (2021)
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Cherry et al. 2017
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1.2 1.4
Moo [Mo]

Dekker et al. (2021)
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Warm dark matter: Constraints

B Galaxy formation threshold on

maximum circular velocity

» Subset of 24 satellites with
kinematic data (Simon 2019)

» v. >4 km/s (Leo V)

max



Sterile Neutrino: Current constraints

More mixing with v
» Well-motivated WDM candidate

» Produced through mixing

oM Oerproduction

sin”(260) with neutrinos

» Enhanced by lepton asymmetry
(Shi&Fuller 1999)

v X-ray constraints — (Foster+
2021, Cherry+ 2017/, Ng+ 2019)

- Theory — (Serpico+ 2005)

10.0 125 15.0 17.5 20.0 *3.5 keV line — (Bulbul+ 2014,
My, [keV] Dessert+ 2020)

Less mixing with v

30



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)
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Codes SASHIMI publicly available on GitHub™

m, dNdm = sh.subhalo_distr(Mhost 0) " https:/github.com/shinichiroando/sashimi-w

plt.loglog(m,me*2+didn) https:/github.com/shinichiroando/sashimi-c

plt.xlim(le6,1lel2)
.ylim(le8,1lell)
.xlabel(r'$m 0$ [$SM {\odot}$]',fontsize=20)
.ylabel(r'$m"{2} dN {\rm sh}/dm$ [$M {\odot}$]',fontsize=20)
.show()

Contact: a.h.dekker@uva.nl
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https://github.com/shinichiroando/sashimi-w
https://github.com/shinichiroando/sashimi-c
mailto:a.h.dekker@uva.nl

2) Indirect searches
Complementary searches for sterile neutrinos througn

X-ray observations
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Sterile neutr
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iNto monochromatic X-ray |i

» Sterile neutrino decays

)

(4 years
lon from Galactic halo

-ray survey

All-sky X

» Studied diffuse em

» eROSITA

1SS

0.3-2.3 keV - RGB

SRG/eROSITA

IKI



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

36



Sterile Neutrino Constraints: X-ray observations

5.0

Dekker et al. (2021)

7.5

10.0 12.5
m,_ [keV]

15.0

17.5

37

20.0

*

Median, 68% and 95%
containment regions

-xcluded regions

(Foster et al. 2021,
Cherry et al. 201/, Ng et
al. 2019)

3.5 keV line




Axion-like particle Constraints: X-ray observations

XENON1T excess explained by
ALP at 3o (Aprile et al. 2020) 77

=
-
-

XENONIT

TH
>
Q
D
— 100
mM
1
-
—
-CD
(©
O)

-
-
.

—— This WOork
ATHENA

Dekker et al. (2021)
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Axion-like particle Constraints: X-ray observations

I
xcluded b Knut Moraa presented at IDM2022 excess gone!
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== This work
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Dekker et al. (2021)

Energy [keV]



Axion-like particle Constraints: X-ray observations

Median, 68% and 95%

50 7.5 10.0 12.5 15.0 17.5 20.0
m, [keV] B CSxcluded regions

Dekker et al. (2021)
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Summary

+* Semi-analytical model SASHIMI publicly available on GitHub

< Rule out WDM models based on satellite counts in the Milky Way
Mypy > 4.4keV,. m, > 12keV for My, = 10'°M

* Complementary results with eROSITA X-ray observations

41



Summary

* Semi-analytical model SASHIMI publicly available on GitHub

< Rule out WDM models based on satellite counts in the Milky Way
Mypy > 4.4keV. m, > 12keV for My = 10'°Mg

* Complementary results with eROSITA X-ray observations

Thank you!
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Minimum peak mass

Canonical, 1e5
le7/
2e’
de’
oe’/
ge’/
1e8
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0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
M>00 [Mo] lel?2

Dekker et al. (2021) 43



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,)
44 dt B 1T

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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Comparison with numerical simulation

M, =18x10"M,

Dekker et al. (2021) 47



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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Structure formation

Dark matter haloes are formed by perturbations in the matter density field o(x) = p(x)/p — 1
Spherical collapse model: 8(z) > 0. ~ 1.686

Press-Schechter formalism

O follows a random walk over x Siin el il Ll

Positions that cross o, form a halo

Nr density of haloes with mass M = Nr

density of peaks above 0. smoothed

over M

Van den Bosch (2020



Structure formation

Extended Press-Schechter formalism

o follows a random walk in (S, d¢)-space for fixed x

-ach trajectory starts at (0,0): Largest possible halo

Mass

Obtain the fraction of mass inside a halo of mass M

at redshift z

50 /entner (2000)



