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—————— 1 THEY ALL ASK “WHAT IS DARK MATTER?”
AND “WHERE IS DARK MATTER?” BUT
NOBODY ASKS “HOW 1S DARK N\MTER?”
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Subhalos,

INTRODUCTION

WHAT IS THE SUBHALO
BOOST FACTOR?



Let us first discuss
DM structuring




L THEY ALL ASK “WHAT 1S DARK MATTER?”
AND | “WHERE 1S DARK MATTER?” BUT

NORODY ASKS “HOW 1S DARK MATTER?”
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The story starts from
the initial perturbations
of the matter density field...
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... to their growth ...










What about
DM subhalos?




[figure from Jiang+14]

Structures form
hierarchically

1



Dark matter host halo (smooth)

Halos are
clumpy

Dark matter CLUMPS/Subhalos
(CDM paradigm)



A boost?! Boost of what?



Let us now discuss
DM annihilation




—————— THEY ALL ASK “WHAT IS DARK MATTER?”
AND “WHERE (S DARK MATTER?” BUT
NOBODY ASKS “HOW 1S DARK MATTER?”

A A w ™ ‘ i) I SR B RS o I PR o,
°
;. _3‘2 l{ l l . Credit: Tom Gauld
_— | _.-_"'.o -.-r _rwv—')ﬁzl; gt — - WX —.h——':- - J‘T—' - pa— = — .y o Al a s —t __m \-:\sm-‘ N— . ‘_’ ’—- Lo '-_:‘- _ e —— o -‘. _‘o
e —— o"‘.—-" — |
T . a—" . et TT . e L I ~—— o W — s o ‘2\0—-.*—-".-&_—- ‘ﬁm. T i S ————r e gy ™ g T T AT T ST AR —— e L e | ___:_—W‘::_J m_rv.' ‘. e ——— __.’-. = Jm"-\ ;‘..—; e — — >
=F s =TT e— h: — = - . ‘ .
-— e - | _ﬁv—m !.-’N A ———— T T A, . PRyt o - - ——a — - —— Ay ———— - =—"-\'f'—‘~—' -..‘____ P ‘,*2’3“3.8;;*‘—&-'—* o o .. - l " s—p -
I e e e = — R e v; - T - S ,:=-~1

— = —— — - _-ﬂ, jE— -
C>=< — — —— u—..—f. ..;1:—;.._’-_ ~y sl T;t»wv-"—.:_—?— L1~ .-'-.. ™ <o _“z"'"_;
Wr—TTT AN S =~ -

T T — T— - R AT o

ST e T T

--——«-——a_.-...._ R — -——m* e — —— ———— — e "—ﬁ——‘*—-’—‘—-—-w—w—'



Write the annihilation
cross-section in terms of
the partial-wave expansion

o 2 4
OannVrel — 00 T 9| Vrel T O (Vrel)



Write the annihilation
cross-section in terms of
the partial-wave expansion

o 2 4
OannVrel — ©Op T 9| Vrel T O (Vrel)

@ o,:s-wave

Most studied case
Strong constraints from indirect searches

Thermal cross-section excluded m < 10-100 GeV



Write the annihilation

cross-section in terms of
the partial-wave expansion

6o [107° cm” - s71] [Fermi-LAT 2015]

1072}

10—26 i

s
.
.
.
]
.
S

= Pass 8 Combined dSphs \ — e ;
—— Fermi-LAT MW Halo \

H.E.S.S. GC Halo
MAGIC Segue 1
Abazajian et al. 2014 (1o)
Gordon & Macias 2013 (20)
Daylan et al. 2014 (20)
Calore et al. 2015 (20)

~ — !
o ——— - — 1

v — —
—— —
—— fa— — e e N — — A ——————————————————————————

DM Mass (GeV/c?)



Write the annihilation
cross-section in terms of
the partial-wave expansion

_ 4
OannVrel — 00 +.+ O (Vrel)

@» ov2: p-wave

Suppressed indirect signal
Thermal cross-section unconstrainead
Not exotic (fermions with scalar couplings)




and in particular
(for the example)
gamma rays




Let us generalize

OannVrel = Z Glcs)l( el) CS)Z(V) =V

(for partial waves)

21

the associated y-ray flux

dp 1
J
dE ~ 8zm?2 dE Z oLl

ly-ray sky, Fermi-LAT]



Here we have the J-factor:

d(/ﬁ 1 @
dE 87rm2 dE Z

as a measure of the « luminosity »
(along a line of sight in a given solid angle,
with weights from velocity factors)

W- ERr

Jl — IdeQ p)?(;')(s, 5))) |: J p7r61(7(s, ?), 7rel)§l(vrel)d37rel]

g
I 1
(l’ Vo)) = 2(r) Jf<

[y-ray sky, Fermi-LAT] (distribution of relative velocity)




ly-ray sky, Fermi-LAT]

(example) s-wave case:

dp o dNyJ
dE ~ 8am2 dE °

Jy = stdQ p)?(?(s, ?)) [J p7r61(7(s, 7), VoAV
I,

Squared density: the presence of
subhalos enhances/modifies the signal

23



boost factor = — S Snal with clumpiness (true signal)

signal If DM was smoothly distributed




The boost factor is encoded
in the J-factors/luminosity

Jlsmooth part 4 ]lclumps

boost factor =

] lall Smooth




| will talk more about this
astrophysical examples ...

... but the boost may also be
important in cosmology
(e.g. for the 21cm)




Cosmological boost (s-wave)

Boost from halos

——— hut 107 (LSZ16)
: SN Einasto subs
without subhalos o cto no cubs
05 On NFW subs
| N NFW b
Boost from halos erfe R
----- and (our work)
without subhalos 103 SN — custom 1
— custom 2
10 \
Enhancement due to \
subhalos
1 10 104
1+~Z

[from Liu+16]

2]



Sommerfeld enhanced
and subhalo boosted
J-factors

A generic analytical
subhalo model

Subhalos as point sources
LRGERAANEL,






Consider a host halo



Dark matter host halo (smooth)

Dark matter CLUMPS/Subhalos
(CDM paradigm)



Subhalo contribution
to the J-factors (in a given volume)




Subhalo contribution
to the J-factors (in a given volume)

S = J e (m,, ¢, R|Z(m,, c)dmdcd’ R
D? ., omoc )
Luminosity of a

single subhalo




Subhalo contribution
to the J-factors (in a given volume)

I = [ e (m,, ¢, R|Z(m,, c)dmdcd’ R
D? ., omoc )
Luminosity of a

single subhalo

« Luminosity » of a subhalo (of mass m; and concentration c)

V rel

Z l(mt’ C) — Jp szub(7) Jf ﬂlb (?9 7>1rel)CS)Z(Vrel)d?V)rel d3?

~ Jpgub(?’)cs’,[(vrel)n(7)1d37 with y
<Vrel> n(7) — [Jp Svub (7, 71’61)";21]

—
rel



Subhalo contribution
to the J-factors (in a given volume)

(my, c, ﬁ) (m, c)dmtdcd3ﬁ




|GF, Stref and Lavalle 2022, Stref+17,
Benson+12, Bartels+15,

HOW to describe Hiroshima+18, Hiroshima+22,
the subhalo population? ravalacts,

Van den Bosch+05, i -4 ¢l
Pefiarrubia+05, .| ..

with analytical models

Number of CDM subhalos in the targets >> 105
Use a statistical description of the subhalos

«««

A recipe from
[Stref and Lavalle 2017]
|GF, Stref and Lavalle 2022]



|GF, Stref and Lavalle 2022, Stref+17,
Benson+12, Bartels+15,

HOW tO describe Hiroshima+18, Hiroshima+22, [
the subhalo population? - .

Van den Bosch+05, i -4 ¢l
Pefiarrubia+05, .| ..

in two lines:

- 1. Cosmological subhalo distribution
- 2. Dynamical effects in the host
(Make subhalo shrink over time)



First application
of the models:

(s-wave) [Stref and Lavalle 2017]
m } % —t—+—+—— : ——t—t—t—t—1—13% 10
_ || Boostfactor | Mo =10 M e -
.g % — Local boost 051\422 3
E E lntegrated boost ...................... ..................................................... 10?
'-g Jg ................................................................................................. 10’
col __==
O | e = T e o
|-2 1 1 1 1 1 L 1 1 -1 1 1 1 1 1 1 1 1 bol
10 10 10

Distance from MW center (normalized)

Boost factor in the Milky Way



Building an analytical model
for a subhalo population: the recipe

which, in equation, gives:

@ ( rt(ma Ca E: Z)

et) Slm, — m>(m, c, R,7)]dm

r(m,c,z)

Tidal disruption/stripping terms

nitial (cosmological) distribution

0°n ANy,

= M, .. 2)p=(R)p.
P ™ (m | Myog, 2P (R)p(c | m)

l




The cosmological
subhalo mass function



/
102 103

Planck TT,TE,EE+lowE+lensing

In(10"°Px)

[Planck18]

Primordial
power spectrum

n.—1

k
ko



10°

T T TT1T1TH
)
L L Lprr

1
:
&

104

Linear matter
power spectrum

T llllll
1 lllllll

A
L |

1000 X

1 lllllll

| WL R
i
3
1 i
I

-

1
-
1

100

® Cosmic Microwave Background
® SDSS galaxies

% Cluster abundance

1 lllllll
|~
1 lllllll

I
LA
1

®m Weak lensing

| lllllll
1 lllllll

4 Lyman Alpha Forest

Current power spectrum P(k) [(h~! Mpc)3]

1 :-llllllll 1 llllllll 1 Jlllllll 1 llllllll 1 L f-1-%)

0.001 0.01 0.1 1 10
Wavenumber k [h/Mpc]

[ Tegmark+04]



log dN/dlog M [Mpc~’]

Unconditional Mass Function

2 & | .
O::: . constorlt —-
N — elipsoigo Excursion set theory gives the
| ‘ halo mass function
—4 - x
Ly dn(M)  Pmo v(M) | dS
n g = — — | fv)]
S dM M 2S(M) | dM
-8 ... z=10
_10: : : . | - - - 3 N &~ . b BN, : )
8 10 12 14 16

[Lapi+13]



limage from Lacey+93]

Excursion set formalism +
merger tree algorithms give
the « cosmological »
subhalo mass function

dn(m | M)
dm

b



_— We fit the subhalo

M dInm

mass function at z=0

©c O O O O
== = = =
O, O o O O
o o© oo O O
== = = =
U = W N =

1071 E

€ Runthe Cole+00 algorithm

10 /// gives the mass function at large mass

0] St T T @ Fit with the function
—10 _I8 _I6 _I4 _.2 0 f( M) 3 i Z (ﬁ)_ai - _ﬂ (ﬂ)é
logg [m/M] m, - ~ Vi Y, P Y,

[GF and Lavalle (in prep.),
see also e.g., Jiang+14, Giocolo+08]




_— We fit the subhalo

M dlnm

mass function at z=0

] — order1

] —— order 2
| —— order 3
order 4

1071 ' order 5

102 E

But....

mass function at small mass
inferred only from the behaviour
log [m/M] at large mass

[GF and Lavalle (in prep.),
see also e.g., Jiang+14, Giocolo+08]




_— We fit the subhalo

M dInm

mass function at z=0
Introduce a specific
. /// fitting procedure
Constrain the fit with the condition:
10_3_5 —— Merger Tree M = 10" Mg, 1 JM le
- | | | | | — | m dm =1
~10 —8 —6 —]4 —2 0 M 0 dm

The host halo Is entirely made of
(GF and Lavalle (in prep., subhalos (fractal picture)

see also e.g., Jiang+14, Giocolo+08]



- L We fit the subhalo
mass function at z=0

1 — order 1

1 — order 2
| —— order 3
order 4

1071 ' order 5

The constraint fixes the

. 7/ ® | ow-mass behavior

—3 _
10 ] —— Merger Tree M =10" Mg

in - - » - ! with a ~ 1.95

[GF and Lavalle (in prep.),
see also e.g., Jiang+14, Giocolo+08]




Analytical models are fast and easily adaptable
to any host, at any redshift and to any cosmology

Almost the perfect tool to compute boost factors!
(drawback: theoretical uncertainties)

‘



DM Halo

Part 2:

Sommerfeld enhanced
and subhalo boosted
J-factors - 2 &

DM particle DM
o S
200710392, 220316440 Vi v, , ‘

\

particle

ot




We want

o
In terms of their potential of DM detection
(using our analytical model)...

... in scenarios with

and accounting for the subhalo boost



Enhancement of
the cross-section

Light mediators ¢ can modify the cross-
section in the non-relativistic limit

Need to solve Schrodinger’s equation:

10 ) 0 | [([+ 1) | -
[ 2mr or (r E) C mp2 'rV(l”)] wi(r) = Ey(r)

An attractive (Yukawa) potential
enhances the cross-section . Arnold Sommerfeld




Enhancement of
the cross-section

_ 2
Viel = Op T 01V,

+

OannVrel = SO( 61)60 T Sl( el)gl rel

Uann

@ To obtain analytic results approximate the
Yukawa potential by the Hulthen potential:

_m*r

Vi(r) = — Fp—— S(ep€,)  mo="—m, L Arnold Sommerfeld




Enhancement of
the cross-section

@» Twoimportant parameters:

€p = Particle physics
axm)(
Viel Act h .
€, = strophysics
205)( PHy
gz
With the coupling strength: @, = £ Arnold Sommerfeld




Regroup velocity dependent terms:

l(€¢9 rel) — V Sl(€¢9 6\/)
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What are the possible
interesting ?



What are the possible
interesting ?

Dwarf spheroidal galaxies (dSphs)
D ~ 10 - 100 kpc and m ~ 107 - 109 M¢

Sculptor - -
-+ [ESO/Digitized Sky Survey.2] . -




What are the possible

?

targets

ing

Interest

Dwarf irregular galaxies (dlrrs)

D ~1Mpcand m ~ 107 - 1010 Mg



What are the possible
interesting ?

Galaxy clusters
D >10 Mpc and m ~ 10% - 10" Mg

~Coma cluster
[MASA / JPL-Caltech / L..Jenkins]
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From the mass distribution to the
nhase-space/velocity distribution

@ Werely on Eddington’s inversion method
Assuming isotropy & spherical symmetry

d¥’

d J' dp 1
2\/_ﬂ2 d€ J, d¥' /& _ g’

E(r,v) =Y —v?/2

f(r,v) T

AW = — 472Gy ArtHi Eddipton

'y
ir oy



Results for
smooth halos

Jo [GeV2 cm™ r] S-yave
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the

the structure,
the

the velocity

the impact of
can be important




Boost factors luster  GWart spheroidal
dwarf 1rregular

largest subhalo boost for clusters,
lower subhalo boost for dSphs

—— Fornax (cluster)
— 1C10 (dIrr)
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102

[Lacroix, GF et al., 220316440] € [Lacroix, GF et al., 220316440]



Results for full halos

(with subhalos)

Jy [GeVZcem™ sr]

S-wave
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1028_
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Full calculation
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dSphs > dirrs ~ clusters

€

No Sommerfeld

dwarf spheroidal
dwarf irregular

cluster
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[Lacroix, GF et al., 220316440]




dwarf spheroidal

Results for full halos cluster |
dwarf 1rregular

(with subhalos)

J; [GeV?cm™ sr]
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Full calculation ~
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[Lacroix, GF et al., 220316440]



Jo [GeVZcm™ sr]

Comparison to the

Milky-way background/foreground

J; [GeVZcm™ sr]

' s — wave 10
I\ (offr ) L P — wave
1 €¢ ~ 10 egbOff I ) ~ 10—2
.RetH 1018-§
10 | o Ret 11
: | D
Draco 1017-: @ eto
NGC6822 f
\/ Sculptor . _ Sculptor IC10
ornax 1016_
1021__ - - \ foma IC10 P r Fornax
| |— MW (Hint — 0.5 ) g Perseus | [— viw (eim 05 ) g Coma Perseus
— MW (B =19) [~ 08 | —— MW (B =19 | ywin
® d5ph { | ® dSph
v dhr | v dlr
1014
10204 | B Galaxy cluster WLM L B Galaxy cluster
0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160

Angle from the Galactic center [deg]



10%?

1075
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Jy [GeVZem™ sr]

Comparison to the

Milky-way background/foreground
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Subhalos can also enlarge

the apparent size of the source
Jo (normalized)
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Part 3: "

Subhalos as point sources
in the Milky Way

y. IW Al
IS thlsg’M subhato?

2007.1039]




Can dark matter
subhalos be amongst
the Fermi-LAT point
sources?

[Fermi-LAT collaboration 19]

unassociated point sources
- 1 5 2 5 in Fermi-LAT 4t catalog (4FGL)

[Fermi-LAT collaboration 19]

With our subhalo model + foreground/background model:

@» C(Can some of these sources be DM halos?
Could we detect them before the diffuse Galactic component?




With our model
we compute probabilities
for the J-factors

Probability to find a point-like subhalo
with a J-factor above a threshold

o0 02n(mt, C,S)

P(>Jy, o) = dm.dcds O m,c,s)—J
( v, 6Q) N m pt-like t om.oc Uiy, ¢.5) = J)

{

@ Average number of visible subhalos:

<Nvis> — Nsub”:DJ( > Jmin’ Y, 5Q)




We add a background
and perform a likelihood analysis

@» Background model compatible with
the baryonic distribution contributing to
tidal stripping of the subhalos

Likelihood analysis and mock data
@9 {0 find the sensitivity to the diffuse halo
and to subhalos (for Fermi-LAT and CTA)




log,(Nvis(l, 0) /(82 /s1))

Most « visible » sources
are around
the galactic center

NFW Core

For CTA and Fermi-LAT
it is improbable to
Tyt e 7o detect a subhalo before

s 14 —or pome - | LNE diffuse emission

T e ome e (better chances If the MW halo IS COred)
m, | GeV ] m, | GeV |




Conclusions

@» Subhalos modify/boost possible signals
from dark matter annihilation

Subhalos give a very significant boost
with Sommerfeld enhancement
(because smaller typical velocity)

@ Subhalos could be searched as individual sources
(even if hard to detect)

gaetan.facchinetti@ulb.be





