Interactions of subhalos
with disks and stars : an analytical study
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Success of ACDM

Illustris simulation

Planck 2018
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Halos not cuspy enough?
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Small-scale issues for ACDM ?
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Small-scale structuring in ACDM

Depends on the microscopic interactions of the DM particle
(and/or the primordial power spectrum)

e.g. for WIMPs, mass of the first structures to form set by the time of kinetic decoupling
cf Gaétan’s talk)

SUSY example:

T. Bringmann, 2009
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Subhalos and WIMP searches

Direct searches
WIMP

Differential event rate

nucleus

dR . Vesc =3
) Detectable — part. physics X pe / f@_(?)
recoil dE; Yinin (Bt 7]

e Local DM density
* Local DM velocity DF

m=) Importance of the local clustering

Indirect searches

Probe of the (extra-)Galactic DM density
profile via gamma rays, neutrinos or

Inhomogeneities boost the annihilation signal
[Silk & Stebbins 93, Bergstrom+ 99|



Milky-Way-like halo (DMO simulation Springel+ 2008)
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Cosmological simulations: the resolution issue
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Galactic subhalos: an analytic approach

d"Nga, . dPp(m)  dPe(c,m) y dPy (Z)

Ny

dw” dm . de av

Subhalo “phase-space” number density



m?* X dPp,/dm [Mg)

Galactic subhalos: an analytic approach

Mass function

198 :
mass function
— apn =19
— apy =2
—— Press & Schechter Spherical collapse
Sheth & Tormen
Ellipsoidal collapse
lU—SJ_
Computed from the
matter power spectrum
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Log4g C200

Galactic subhalos: an analytic approach

concentrations
dor Y dm dc 4V

Sanchez-Conde & Prada 2014
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Galactic subhalos: an analytic approach

d‘n—]\rsub o

dw™
Pre-Gaia data
[Reid+ 2014]
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Tidal interactions of subhalos in the Galaxy

» Tidal stripping by the smooth Galactic potential

» Gravitational shocking by the Galactic disk

» Gravitational shocking by stars
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Interaction between subhalos and the host galaxy

1/3
e — R Mint (Ttidal)
o 3M(R) (1— 1dnil)

~ 3dlnR

Binney & Tremaine

Fsub [kpc ]

Extension of a subhalo depends on:

e Its position in the Galaxy

» Its density profile
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Tidal interactions of subhalos in the Galaxy

» Tidal stripping by the smooth Galactic potential

» Gravitational shocking by the Galactic disk

» Gravitational shocking by stars
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Interaction between subhalos and the Galactic disk

Subhalos experience disk shocking when they cross the stellar disk
[Ostriker+ 1972, Gnedin & Ostriker 1999]

DM d’Uz dgz
- = g.(Zo+62) — g.(Zo) ~ 67
particle o = 9:(%0+02Z) — g:(Zo) = 0Z
S i
o= [at Gz = 200 = 0)
’E 1 2 g 12
= Azz 2z
my, 28U = e
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Interaction between subhalos and the Galactic disk

Impulsive approximation: inner clump dynamics is frozen

Tdisk Weik S0 1 with Tdisk : disk crossing time

Wsyb : orbit frequency

107
with adiabatic corrections
Not a good approximation at the center of a clump e w /o adiabatic corrections
— adiabatic protection of DM particles
Gnedin & Ostriker 1999
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Tidal interactions of subhalos in the Galaxy

» Tidal stripping by the smooth Galactic potential

» Gravitational shocking by the Galactic disk

» Gravitational shocking by stars
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* Impulsive approx. (particles inside the clump are
frozen)

* High-speed encounter :

M.\ [270k °
|A’5’|<<’U<:)b>>1.2><10_7pc( S)( m/s)
M@ (V)

* [solated encounter
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Interpolating formula Gerhard & Fall 1983
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Ad, = g — 7
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Energy gain per particle mass :
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Adiabatic corrections?

1079 star b = 1pc -\'\-\.\ S
----- star b= 0.1pc e )
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Impulsive approximation
justified in most cases!
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Number of stars with impact parameter < b
Y. mb? Yk 9 U
— b —
(my) cos@  (my) Uy,

Nel(< b) =

Energy gain after one disk crossing:

L) /dN—oc/bmaxdbb—(br)

mX Cross bmin
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Nearly independent of r!

— homogeneous heating of the
clump at disk crossing
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E/m,, [(km/S)Q]

Stars can heat small
subhalos much more
efficiently than the disk

Too small subhalos are
completely disrupted!

New tidal radius:

oF
m—X(Ttidal) = |d(rtidal) |

Subhalo mass
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Tidal radius

2
= f According to several studies
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My only two plots with the effect of stars...

Mass density
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Conclusions

Fully-analytical model of Galactic subhalos, which incorporates
cosmological ingredients and kinematic constraints

Disk shocking effects are very effective at stripping DM clumps

Shocking by stars seems very efficient at destroying small clumps

Uncertainties on the small-scale power spectrum and complete disruption
dominate the predicted Galactic population

Results important for direct and indirect searches, Galactic dynamics, ...
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Conclusions

Disk shocking effects-axe™ eﬁéﬁ ipping DM clumps
ShockingAy stars Seq@)%y} ent at destroying small clumps

Uncertaintie he small-scale power spectrum and complete disruption
dominabe the predicted Galactic population

Results important for direct and indirect searches, Galactic dynamics, ...
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Post-tides concentrations

Tidal effects destroy subhalos based on their concentration

— the most concentrated objects are more likely to survive

Moliné+ 2016
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Tidal selection of the most concentrated objects = the smallest ones

[M . /kpe?]

2dn
dm

m

Post-tides mass function

Stref & Lavalle 2016
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The annihilation “boost” factor

Originally pointed out by Silk & Stebbins 1993 : clustering “boosts” the annihilation rate!
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boost factor B,

Gamma rays
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boost factor B,

Gamma rays

Crucial since high latitudes can be very constraining!

Limits derived using high latitudes
and a smooth halo [Chang+ 2018]

s NFW Galactic Halo (This work)
Fermi dwarfs (2016)
—-— Galaxy groups (2017)
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Cosmic-ray antiprotons

Mertsch 2010

Antiprotons diffuse in the turbulent
Galactic magnetic field

2 ZIH&X

Bergstrom 2009

Antiprotons are a probe R *__' S
complementary to gamma rays >— @ —

[Silk & Srednicki 1984]
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Cosmic-ray antiprotons

Excess of antiprotons in the AMS-2 data compared to the secondary prediction
[Cuoco+ 2017-2019, Cui+ 2017-2018, Cholis+ 2019

Significant or not [~20 in Reinert & Winkler 2018] depending on the treatment

of systematic uncertainties

DM annihilation 777

Reinert & Winkler 2018
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Cosmic-ray antiprotons

Phenomenological transport equation:

O+ V. [17\11 ~ K(E) 6\11] — 9g [b(E)¥ — D(E)IpY] + Dy ¥ = Q

v
DM annihilation source term: Q(&, E) = <Oagn ) (

p(f))Q AN,
m dE

Two approaches:

* Fully numerical solutions (e.g. GALPROP [Strong & Moskalenko 1998],
DRAGON [Maccione+ 2011])

* Semi-analytical solutions (e.g. USINE [Maurin+ 2001,2016])

We choose a semi-analytical treatment and express the CR flux with a
Green’s function:

d 47r2m2 /dE /d G(E < Egrg < 75) —— 15 (Es)p (7s)

d®5/dT| —
dd;/dT)| 41

smooth

antiprotons boost factor: 1+ Bp(T') =
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number density [1/ pcg]

Subhalo number density in the Galaxy

Impact of the disk

with disk

— without disk
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mass density [Ma/kpc?]

Results with Mmin = 10* Msun
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