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Small-scale challenges of ACDM

Missing satellites Too big to fail

. . | Vpeak > 30kms™ '

Pawlowski/Bullock/Boylan-Kolchin

core-vs-cusp

DM halos in ACDM are
e Too numerous
e Too concentrated

Possible solutions

@ DDO 126

® DDO43 « DM physiCS (SIDM, WDM)
= === NFW (cusp) * Baryonic physics

Burkert (core) 2




Subhalos and dark matter searches

Direct searches

Differential event rate

,I:lClGU.S AR g /"Ue:—:c-
= part. physics X pg
‘z.‘ d- E r Umin ( E r )

* Local DM velocity DF

=) Importance of the local clustering

Indirect searches

jor DM annihilation or “Z.. . .. Probe of the (extra-)Galactic DM density
I_decay eow. . ;o . profile via : or charged

cosmic rays

Inhomogeneities boost the annihilation signal

_, “Earth
e pl(_)sitionl"'

+ dynamics: e.g. tidal force field of subhalos



Modeling subhalos:
numerical vs analytical

Numerical simulations Analytic models

mm=)  Semi-analytic approach = analytic calculations + calibration on simulations
e Cosmo, part. phys and dynamical constraints
e No resolution limit

e Reproduces numerical simulations results



Dynamically constrained model
of GGalactic subhalos

Cosmology and particle physics:
e Halo mass function
e Concentration distribution

Subhalo spatial distribution

Dynamical constraints:
« DM density profile p,

e Baryonic distribution

Outputs:
Tidal effects: * Post-tides mass,
 Halo concentration and
stripping spatial distribution
e Disc shocking e Boost factor for

indirect searches

Calibration
on
simulation
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Birth of CDM halos

H(tkd) = Fscat (tkd)

T. Bringmann, 2009

Size of first CDM halos set by kinetic decoupling

<

Zrd =/ Tka

T. Bringmann, 2009

A Higgsino (Z, < 0.0
= & mixed (0
v Gaugino (Z, >
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Birth of CDM halos

H(tkd) = Fscat (tkd)

T. Bringmann, 2009

Size of first CDM halos set by kinetic decoupling

<

Zrd =/ Tka

T. Bringmann, 2009

Similar cutoff for QCD axion CDM (non-thermal):
Minicluster mass

e o T — 1= B

A Higgsino (Z, < 0.05)
= & mixed (0.( Z, <0.95)
v Gaugino (Z, > 0.95)

50.0 1000
my [GeV]



Mass variance

Window :
— real-space tophat |
— gaussian
T H
108 10° 10 10™ 10™ 10
MM ]

Halo mass function

Press & Schechter mass function (1974)

exp (

dlno
din M

52
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Halo mass function

Mass variance Press & Schgslrbar mass function (1974)
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Halo mass function:
Effective description

Below the galactic scale: power-law

Sharp cutoff at m = m__

1

« Cosmology in o
o Particle physics in m__

11
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Concentration

Pseudo-virial radius: Direct measure of the internal density

Smaller halos collapse earlier in a
denser Universe — correlation
between mass and concentration

Relation recovered in simple semi-
analytic models (
)

mmm) Link to cosmological parameters

MultiDark
Bolshoi
Ishiyama+13
Moore+01
Colin+04

VL-II
Ishiyama 14 Diemand+05

Logyg Ca0o

Anderhalden & Diemand 13 — P12
Diemand+05
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Concentration II

Log-normal distribution

€200,C) = —F7—/——
| /2702 ca0o

(In cago — Inc)? ]

— exp | —
de2go

e ¢ = c(m,,) median concentration

« o0 = constant, independent of the mass

WMAP1-ALL

slope=-0.119 ",
zero = 0.878 v

WMAP 1 -RELAXED

slope=-0.104
zero = 0.917

10 12 14
log M,e, [h™' Mg]

WMAP3—ALL

slope=—~0,088
zero = 0.719..

WMAP3—-RELAXED

slope=-0.083
zero = 0.769

10 12 14
log Myge [h™' Mg]

WMAPS5-ALL

s!ope=:.0:1‘1(l_ w
zero = 0.787

WMAP5—-RELAXED

slope=-0.098 ‘
zero = 0.830

10 12 14
log M, [h™' Mg]

13



Dynamically constrained model
of GGalactic subhalos

Cosmology and particle physics:
e Halo mass function
e Concentration distribution

Subhalo spatial distribution

Dynamical constraints:
« DM density profile p,

e Baryonic distribution

Outputs:

Tidal effects: * Post-tides mass,

* Halo
stripping
e Disc shocking

concentration and

spatial distribution
e Boost factor for

indirect searches

Calibration
on
simulation
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Dynamical constraints

Mass distribution of DM and baryons: py,, p, e

pdisc o

Kinematical data:

e Maser observations

Solar velocity

Terminal velocity curves

Vertical force

Mass within large radii

16



Dynamical constraints

pdisc o

Mass distribution of DM and baryons: py,, p, e

Kinematical data: | DM inger slope

S —

—_ Y=

e Maser observations

e Solar velocity
: : &,
e Terminal velocity curves %
E‘
» Vertical force 2
[ ]

Mass within large radii

Galactic components
— dark matter
— bulge

— disc (stars + gas)
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Tidal effects: tides from the host (1)

Competition between host’s potential and subhalo’s potential :
messssp- 1idal radius

For a host with a smooth mass
distribution:

subhalo’s tidal Position in the
radius Galaxy

Assumes circular orbits for the
subhalos
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Tidal effects: tides from the host (2)

Competition between host’s potential and subhalo’s potential :
messssp- 1idal radius

For a host with a smooth mass
distribution:

subhalo’s tidal Position in the

radius Galaxy Fgar | kgf ]
tidal “

Assumes circular orbits for the
subhalos
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Tidal effects: disc shocking (1)

Computation by

Impulsive approximation : clump’s inner

dynamics is frozen

04

Stellar disk

N

for globular clusters crossing the disc

Average kinetic energy increase per
particle mass:

adiabatic correction
crossing time
clump orbital frequency

1l forTtwgl
0 forTw>1

A(Tw) — {
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Tidal effects: disc shocking (2)

Tidal shocking radius definition

de(ry) = |@(ry) — @(r200)|

mpwMm )

Concentration
— ¢ = 60

== Copp — 3(]

P
S

e Iterative computation:
r, changes at each

crossing

=
o
un

e Assumes circular orbits 8 kpc

o
Q
z
)
&
~—
S
o0
)
=

Numerical studies of disc shocking _
— energy increase (de) |
— potential energy |¢(r) — @(rago) ||

16 :
1071 10° 10t

r / Ty
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Tt
— K € <= €200 & Cmin

I's

Subhalo disruption?

Realistic value for £, ?

. €t~1 from simulations

- gt~0 ? from recent studies

minimal concentration c,,;,

w
o
o

M
w
o

Stripping radius
— point-like
— smooth
— density-based

Shocking radius
-- integral
- differential
- simu-based

minimal concentration ¢,

w
o

Disruption criterion

- Shocking radius -
| -- integral

- differential

simu-based

Stripping radius
— point-like
— smooth
— density-based
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Calibration on an N-body simulation

Calibration of the resolved subhalo mass fraction on a DMO simulation

m=) Avoid uncertainties related to baryons

Limit : only valid for DMO tides and & ~1

In other configurations (e.g. with the disc or low ¢, ),

the number of subhalos is found by assuming tides
don’t affect subhalos in the outskirts of the
Galactic halo

1.25 x 1019

2 70 % 10'°
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Mass density

Impact of the disruption parameter Impact of the mass function

: Oy = 2

mnuu:m_b Mg

[~
%)
=
T
=)
=
=¥
+
g
2
ko
(=]

density [M, /pc?]

| disruption par;'u'n.eter _ R Subhaiu mass density
: — =1 s i O =2, Mpyin = 10—1[) h[
el O =2, Migin = 1078 Mg
il 10_,1 o =1. 9, Maum=10"1" My
S 10__2 o =1.9, e —10~"Ng
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o
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Number density

ay = 2

. _10-6

Disruption parameter
— =1
-- ¢=0.5
& =101
&=10"*

Potentially very high number at the center!

« Very light objects ~m__

e Very stripped

To be checked:

e Shocking by stars

e Impact on dynamics 7
 Two-body relaxation?

e Impact on DM searches
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Boost factors

Indirect searches for annihilating DM Subhalos boost the annihilation signal
sensitive to

[:t t
0 e

boost factor ~
£Smooth
subhalos
smooth DM )
sub-on-smooth
total ”

=
o
o

[dimensionless]

1 Disruption parameter |
=1
e =0.5
g = 10~
=102

E / p .:;-5':::.

10+
1072
1073
104
107
10°©
107

= =
o o
= ]

boost factor

=
=
o




Gamma rays

|b|>20° & r>50°

Smooth halo ‘ But line-of-sight boost important!

NFW Galactic Halo (This work)

- Fermi dwarfs (2(

. B 5. : Disruption parameter
Qy = :
€ — 1

[
o
'S

- Mypin = 10_{} I\I ( = 10_.1}
: : ; : ; g=1 "

|_l
o
w

l—l
o
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o)
~
=
$d
o
4=
O
L:_\‘J
~

(=
o
[

BB Daylan etal. (2014). v = 1.18
I Gordon and M: (2013), 4

or

l—l
10
[=]

boost fact

60 80 100 120 140 160 180
latitude [degrees]
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Cosmic-ray antiprotons

Spallation

: o ol Diffusive propagation in the MW magnetic halo
o o — [Em » Acceleration by SN shock waves
. Y . / ZIA? .
Qus wzn S I b Reacceleration
5 \ (p.He) Spallation
e Emnergy losses

B disintegration

R=2(0 kpc

L=3-10 kpc

h=0.1 kpc |

e F
(Reacceleratio
s (Disc) g

Diffusion on magnetic inhomogeneities

R 0.6

Acceleration by shock wave:
=2.2
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Background
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Cosmic-ray antiprotons

Evidence for DM in antiprotons?

o

=
o
I
M
~J

Limit bb
—— Limit dSphs : Ackermann (2015)

Bl 1-3c DM detection
Systematic uncertainty

mpm  [GeV]

=
o
|
[}
0
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Cosmic-ray antiprotons

Evidence for DM in antiprotons?
Subhalos important for consistency!

p flux / dVG(E?'F’
mag. halo

{0, + 0.(Ve.) = KA + 0g (bioss . — Kgdg )Y G = 6(E — Ep)6®) (7 — 7
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Cosmic-ray antiprotons

Evidence for DM in antiprotons?
Subhalos important for consistency!

Stref, Lacroix & Lavalle 2017

=
o
I

Propagation model Disruption parameter T . 'MW Mass Model: | [Subhalo config:|
page 1 P AMS02 5 3-o bound for yy — bb ,_McMiIIan 17 — NEW | | ttm = 2

— Kappl+ (L =13. Tkpc) — =1 I + P nosub r;a‘l::'*“-'“’ | Mo = 1070, | |
-- MED (L =4 kpc) -_— € = 0.5 ~—— with subhalos
& =10""1

El —_ 10_2

=
o
w

no clumps

canonical (=} for WIMPs

————————’—

=
o
N

Change the properties
of DM!
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e

il propaga'tion:
Med from Maurin+'01/Donato+'04

boost factor

102 107
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Conclusion

e Dynamical constraints are important when discussing subhalos, especially
now that we have Gaia DR2!

e Survival of cores?

e Subhalos crucial for indirect searches and microlensing (PBHs, axions
miniclusters)

e Impact on dynamics? Stellar streams, binaries, ...
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More on the mass density

Various definitions of the tidal radius Impact of the inner DM slope

oy, = 2 ;
. My =107°
Disc shocking | : ;
| -- integral
differential _
T R — NFW :

-= COre

&}
=
“-..._‘_‘_‘h
O]
(=}
s
—
.-
—
=
[

Halo stripping

o] — 1)(_)11'lt-llk8 " Subhalo mass density |-

— smooth | - o — NFW
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More on the number density

Disc + mass function

U.
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Tidal effects

== -

on (strip)

|-- off

0f =2, Myin=10"1"M
B =2, Miitn=10""M,.
op=1.9, mp =107 M,

4 oy = 1. g: Mypin = 10_{] I\I [
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Selection of concentrations

— Mgy = 106 M, | Disruption parameter |

— Mg =10°M, — tides off

| — mggy = 10° I\-'I;_.__. . ) T 10—1

& =107
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Modification of the mass function

10 g Stref & Lavalle 2016

Tidal (m,) vs. virial (msg,) mass distributions Radial shell location

107 - 13, i /dmay, (tides unplugged) .| —— R=8kpc
dn /dim.y, (tides plugged) — R=20kpc
: —— R=100 kpc

10
163
10*
103
10°
10t
10°
107

- : . i : : : . .
10~ 107"+ 10® 107 10”7 107 107 10 107 10°
Subhalo mass, may or m; [M. ]




DM in antiprotons

Stref, Lacroix & Lavalle 2017

Stref, Lacroix & Lavalle 2017

AMS02 j 3-5 bound for xy — bb MW Mass Modek: __| (2uigcconiy:

[MW Mass Model: | | Subhalo contig: |

: 7 p ) AMS02 p 3-o bound for yyx — b 4 i =,

[y + Bhg < Gobs + 3 FTabarin] [McMillan 17 — NFW | ,:j,” — {050 [dvy + Big < Pobs + 3 Tobspanl (McMillan 17 — NFW ] | % = £
==+ no subhalos ]

| Mt 107° M,
. === no subhalos 4
—— with subhalos ——— with subhalos

canonical (=} for WIMPs

canonical (oo} for WIMPs

(ov) [em®s~ 1] - s-wave

il propagétion: j propagation:
Med from Maurin+'01/Donato+'04 Kappl+'15 {ugd. Winkler '12
Dot = 0.83 GV [max from Gheifi+"16] @yg = 0.83 GV [max from Ghelfi+'16]

Ty ——
102

102
WIMP mass [GeV] WIMP mass [GeV]
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