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1. The quest for dark matter in the Universe

 Dark matter (DM) is one of the major “fillers” of the Universe:
— ~85% of the Universe’s matter content;

— ~22% of the total Universe’s energy budget.

74% Dark Energy

4% Atoms

e [ts existence is only indirectly inferred so far from several astrophysical/
cosmological observations.
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 The zoo of particle DM theories:
— spread over 48 orders of magnitude In
mass and >50 In interaction cross section;
— origin of DM components from
corruptions In the spacetime quantum
structure to remnants of primordial
macroscopic objects.

o Current preferred paradigm: DM is
composed by particles belonging to the
WIMP (weakly interacting massive
particles) family.
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 Events of DM interaction with baryons never observed
so far:
— DM cross section for interaction with baryonic matter
must be extremely small (order of weak interactions or
below);

* Production of DM candidates in particle accelerators
never achieved so far:
— DM production must be a rare process that happens
only in extreme conditions (e.g. the primordial Universe);

* Indirect detection to look for production of Standard
Model (SM) particles from DM self-interaction, among
which final-state y-rays.

1. The quest for dark matter in the Universe

Direct detection
(collision with baryonic matter)

Direct detection
(production in particle accelerators)

Indirect detection
(interaction into SM products)




» Expected y-ray flux from WIMP

iInteractions can be decomposed Iinto:
— particle-physics term (flux for single
interactions);

— astrophysical term — the so-called

J-factor (for annihilation) or D-factor
(for decay).

J(AQ) = J

dQJ pin(€s Q)dt
AQ l.o.s.

D(AQ):J dQJ Pom(Z: Q)dE

AQ l.o.s.

1. The quest for dark matter in the Universe
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2. Main targets for indirect DM searches

Dwarf spheroidal
galaxies and globular
clusters

— high M/L ratio

— no bkg

Milky Way center & ridge
— very close

— highly bkg-
contaminated

Dark clumps

— galaxies without
stars

— only theoretically
predicted so far

Galaxy clusters
— high DM content
— far




2. Main targets for indirect DM searches

 Dwarf spheroidal galaxies (dSphs) are
satellites of the Milky Way and other Local
Group galaxies that exhibit virial masses
much higher than what expected from their
stellar luminosities (McConnachie 2012).

e Possible reason: extreme DM domination.

virial theorem 2{T)+(U)=0
Vel. ) GMtotm*
- . 3m>1<0-r —
dispersion
2
gravitational M = 3R0r
mass tot — G

m:~1Mg—->M.~NMg=>L_ ,~NVLg

expected measured . - The Sculptor dSph (credits: D. Malin/AAO)
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e Several dSphs known around the MW.

 Two main categories:

1. classical dSphs — O(100) to O(1000)
member stars

2. ultra-faint dSphs — less than O(10) to
less than O(100) member stars

 Many more (ultra-faint) dSphs are being

discovered now thanks to performance
improvements of telescope technologies.

Sky distribution of dSphs

2. Main targets for indirect DM searches

ACDM Prediction (Hargis et al 2014)
e Confirmed
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o MaglLiteS (Projected)
o DECam (Projected)
o LSST (Projected)
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2. Main targets for indirect DM searches

Globular clusters (GCs) are the oldest objects
In galaxies, born at most right after the
formation of their parent galaxy.

According to the A-CDM scenario, GCs

should be embedded in a dark matter (DM
halo since the beginning of their life.

However, their measured mass-to-light (M/L
ratio is generally ~1 => GCs are mostly DM-
free objects (Conroy+ 2011

Nevertheless, there could still be the
possibility of DM domination for some GCs

i - b e "Tr'xe globﬁla.r.clu.ste 1 M15 L '-j-.;..i S
that are formed within massive halos . dlts A BIock/Mt Lemm'Q,n' SkyCenter/Unlv of Arlzona)

Williamson+ 2016). ‘




« DM was introduced to explain the velocity

distribution of galaxies in the Coma cluster
(Zwicky 1930) and later adopted to
successfully describe the flattening of
rotation curves in spiral galaxies (Zwicky
1933, Bertone & Hooper 2016).

Rotation curves of spiral galaxies usually
derived from measurements of gas clouds;
for other types of objects, problems are:

— no or little rotational support;

— NO gas to measure rotation velocity.

Need of a paradigm change (equations +
velocity tracer): Jeans analysis.

Rotation Velocity (Km/sec)
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3. Measuring DM densities in sub-halos
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3. Measuring DM densities in sub-halos

* Jeans analysis assumptions:
— collisionless system
— steady state
— negligible rotational support
— spherical symmetry (not essential)

 Second-order development of the Jeans equations (Binney & Tremaine 2008):

1 [a’ ( —2)
— | — ( nv?
42 di"
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— Vo ~
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1%
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3. Measuring DM densities in sub-halos

 The Jeans analysis of stellar kinematics is one of the methods that
provides the most robust constraints on the DM amount in sub-halos.

 Main tool: MCMC Jeans analysis of stellar kinematics with CLUMPY
(Charbonnier+ 2012, Bonnivard+ 2016, Hutten+ 2019).
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3. Measuring DM densities in sub-halos

« Empirically driven DM density profiles: | [\
— cuspy (Einasto 1965; NFW) Po(1) = rexp ) = (7) - }
— cored (Burkert 1995) S

pom(7) = < .

» Light profile from surface luminosity (1 rir) {1+ (rm)’|

fitting:

— 2D King (1962)

— 3D Zhao-Hernquist (generalized T (P)r

NFW) 2«(R) = 2J dr
R \/r2—R2

 Most general solution for velocity
anisotropy profile:

— Baes & van Hese (2007) poni) = P WP 1] = FR) = () = == (Z Eg) _ ﬁ01++ﬁ;§;:;z)ﬂ
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3. Measuring DM densities in sub-halos:
the dwarf spheroidal galaxies

Abbr. Type R.A. dec. Distance ZAcuim ZA . uim Month Ref.

. Name
® p I I I Ia p S Se eC e (hh mm ss) (dd mm ss) (kpc) N (deg) S (deg)
[ |
aCCO rd I n 'I:O " Boétes I BosI  uft 14 0006.0 +143000 65+3  14.3 39.1 Apr 1.2
. Bodtes 11 BosIl  uft 1358 00.0 +125100 39+2  15.9 37.5 Apr 13

Bootes I11 BooIIl  uft 13 57 12.0 +26 48 00 46 + 2 2.0 51.4 Apr 1,3
D - -1 k Coma Berenices CBe  uft 1226 59.0 +235415 42+2 4.9 48.5 Mar 1,4
. IStan Ce < pC Draco I Dral cls 17 20 12.4  +575455 75+4 29.2 82.5 Jun 1,5
Draco 11 Drall  uft 15 52 47.6  +64 3355 20+ 3 35.8 89.2 May 6
" L " Laevens 3 Lae3 uft 21 06 54.3  +14 58 48 67 + 3 13.8 39.6 Aug 7
2 Aval Iabl I I't Of brl htneSS an d/or Segue 1 Segl  uft 1007040 +160455 23+2 127 40.7 Feb 1,8
" Segue 2 Seg2 uft 02 19 16.0 +20 10 31 36 £+ 2 8.6 44.8 Oct 1,9
. . Triangulum II Trill uft 0213 17.4 +36 10 42 30 £ 2 7.4 60.8 Oct 10
Ursa Major II  UMall _uft 08 51 30.0 +63 0748 35+ 2 34.4 87.8 Feb 1,11
kl n el I Iat I C d ata Ursa Minor UMi cls 15 09 08.5  +67 1321 68 + 2 38.5 — May 1,12
Willman 1 Will uft 10 49 21.0 +51 03 00 387 22.3 75.7 Mar 1,8
Carina II Carll  uft 07 36 26.3 —58 0000 36+1 86.7 33.3 Jan 13
. . Carina III CarIIl  uft 07 38 31.2 —57 54 00 28 + 2 86.7 33.3 Jan 13
® S u rVIVI n g Sam p I e u Cetus II Cetll uft 01 17 52.8 —17 25 12 30+ 3 46.2 7.2 Oct 14
- Eridanus III Erilll  uft 02 22 455 —521648 95427  81.0 27.7 Oct 15
Grus II Grull  uft 22 04 04.8 —462624 53 +5 75.2 21.8 Aug 14
" Horologium I Horl uft 0255289 —540636 87+13  82.9 29.5 Oct 15
— 8 Northern dS phs (2 classical + Horlogm 1L Holl ufi 0300204 300300 7ie  7is 27 New 1
Hydrus I Hyil uft 0229337 —791836 28+1 — 53.3 Oct 17
. Indus I IndI uft 21 08 48.1 —51 09 36 69 + 16 79.9 26.5 Aug 15
6 u Itra_fal nt Phoenix II Phell  uft 2339576 —542436 95+ 18  83.2 29.8 Sep 15
Pictor II Picll  uft 06 44 43.1  —595400 45+5 88.3 35.8 Jan 18
Reticulum II RetIl  uft 0335409 —540300 3242 82.8 29.4 Nov 15
- Reticulum III RetIII  uft 03 4526.3 —602700 92+ 13  89.2 35.8 Nov 19
— 6 Southern dSphs (3 classical T I R
Sagittarius 11 Serll  uft 19 52 40.5 —220405 67+5 50.8 2.6 Jul 7
" Sculptor Scl cls 01 00 09.4 —33 42 33 84 + 2 62.5 9.1 Oct 1,21
+ 3 u Itra_fal n't Sextans Sex cls 1013 03.0 —013653 84+3 30.4 23.0 Feb 1,22
Tucana II Tucll  uft 22 52 16.7 —58 3336 58+ 6 87.3 33.9 Sep 15
Tucana III Tuclll  uft 2356 35.9 —59 36 00 25+ 2 88.4 35.0 Sep 14
Tucana IV TuclV  uft 00 02 55.3 —605100 48 +4 89.6 36.2 Sep 14

Tucana V TucV uft 23 37 23.9 —63 16 12 55 £ 9 — 38.3 Sep 23
Virgo I Virl uft 12 00 09.1 —00 40 52 87 £ 11 40.0 24.2 Mar 24 15




3. Measuring DM densities in sub-halos:
the dwarf spheroidal galaxies

o Surface brightness of dSphs fitted with 3D Zhao-Hernquist profiles
projected onto 2D data.

Name  Site My € P Ref. F | | | | | | | A
(mag) (10° Lo kpe™®) (kpe) 100
Bool N —-6.3+0.2 0.39+0.06 1.14 + 0.21 0.461 4+ 0.021 . . 1,2 ig:; : Bool * - :
CBe N | —41+05 0.38+0.14 1.08 £0.50  0.0740 £ 0.0035 1. : : 1,3 10-9 3
Dral N | —-88+0.3 0.31+0.02 4.5+ 1.3 0.1473 + 0.0079 6. : . 1,4 102 | k
Grull S | —3.9%+0.2 ~0.2 1.58 £ 0.29 0.166 £ 0.016 . : . 5 3 E
RetIl S | -3.6+02  0.6+02 2.044+0.19  0.0408 + 0.0026 3. : . 6 10-1 ;
Scl S | —11.1+£0.5 0.32+0.03 23 + 11 0.2100 + 0.0050 3. : . 1,4 1oy 1
Segl N | —-1.5+0.8 0.48+0.13 1.21+0.89  0.0739 £ 0.0064 1. : . 1,7 Lo E :
Sex S | —93+05 035+0.05 [ 0.56+0.26 0.493 + 0.018 : : : 1,4 101 | + see L
Sgrl S | —13.5+0.3 0.64+0.02 | 0.277 +0.076 1.869 + 0.060 . : . 1,8 lor 1
Sgrll S | —-5.2+04 ~0.2 42.9 + 3.9 0.0371 + 0.0028 3. : . 9,10 102 Retll Sel o ]
Trill N | —1.8+0.5 ~0.2 7.3+ 3.4 0.0342 + 0.0023 1. : . 11 S 109 I +
UMall N | —4.2+06 0.63+0.05 | 49.4+27.3  0.0265=+0.0015 0. : : 1,3 £ 100 1
UMi N | —88+0.5 0.56+0.05 21.7 + 10.0 0.336 4 0.010 . : : 1,4 S 3 | L
Will N | —2.7+0.8 0.47+0.08 4.4+33 0.0251 + 0.0046 1. : : 1,7 8 o7 Seq : :
Name Site | Membership Nmem (vy) Oy Ref. R4 Rgzur) 5 10“‘;': il.k E
(km s~ (km s™1) (kpc) (kpe) oo lorf E
Bosl N bin 37 100.6 4.3 12 517107  15.17303 Tk _ 3
CBe N bin 59 97.8 5.8 13 6.375-2 19122 10— sesa . f 1
Dral N EM 466 ~292.4 9.5 14 4.837 588 4307058 ok ¥ &r |i]i 1
Grull S bin 21 —~109.8 1.8 15 0.357 555 <9.5 102 3 E
RetII S bin 18 64.0 3.6 16 1.66755  5.871%° 10! g 1
Scl S EM 1120 111.5 9.1 17 2957055 3774030 o b . _ !
Segl N EM 154 206 15 18 0.431323 <28 10-*p UMall - I” 1
Sex S EM 356 224 11 17 78744 g9tiT . I .
Sgrl S EM 288 140 17 19 1567034 <17 101 § ;
Sgrll S bin 21 —175.7 5.0 20 3.775%7 427300 O ] 1
Trll N bin 13 3817 2.5 21 0367320 <56 10-2} Wilt e 3
UMall N bin 20 ~116.1 8.1 13 2.1570%9  2.2375-8 107 o LN WIS ST AW
UMi N EM 467 —247 12 22 14.775% 153755 o=t 10o 10t 10 10%10°  10° - 10f - 10% 107
Will N bin 40 ~13.6 6.3 23 1.2073:9% 13572635 r (arcmin) 16




o Stellar memberships estimated through an EM algorithm (Walker+ 2009)

the dwarf spheroidal galaxies

3. Measuring DM densities in sub-halos:

with a cut at 95% CL (cls + Seg1) or adopted as binary (0/1, uft).

Name  Site My € P T a* g7 v* Ref.
(mag) (10> Ly kpe™®) (kpc)
Bool N | —63+£0.2 0.39+0.06 1.14 + 0.21 0.461 £0.021 1.1 7.7 0.0 1,2
CBe N | —41+05 0.38+0.14 1.08 %+ 0.50 0.0740 £ 0.0035 1.1 5.4 0.0 1,3
Dral N | —88+03 0.31+0.02 45+1.3 0.1473 + 0.0079 6.8 3.8 0.0 1,4
Grull S ~3.9+0.2 ~0.2 1.58 + 0.29 0.166 £ 0.016 1.3 7.6 0.0 5
Retll S ~3.6+0.2  0.6+0.2 2.04 £ 0.19 0.0408 + 0.0026 3.5 4.7 1.1 6
Scl S | —11.14£0.5 0.32+0.03 23 + 11 0.2100 &+ 0.0050 3.2 4.0 0.6 1,4
Segl N | -1.5+£08 0.48+0.13 1.21 + 0.89 0.0739 + 0.0064 1.1 9.2 0.2 1,7
Sex S ~9.3+0.5 0.35+0.05 0.56 + 0.26 0.493 +0.018 2.7 4.0 0.6 1,4
Sgrl S | —13.5+0.3 0.64+0.02 0.277 + 0.076 1.869 £ 0.060 1.1 4.9 0.0 1,8
Sgrll S 5.2+ 0.4 ~0.2 42.9 4+ 3.9 0.0371 4+ 0.0028 3.5 5.7 0.1 9,10
Trill N | -18+05 ~0.2 7.3+ 3.4 0.0342 +0.0023 1.2 5.3 0.0 11
UMall N | —42+06 0.63+0.05 49.4 +27.3 0.0265 + 0.0015 0.1 2.1 2.0 1,3
UMi N | —88+05 0.56=+0.05 21.7 £ 10.0 0.336 £ 0.010 4.0 7.3 0.7 1,4
Will N 1.2 5.9 0.0 1,7
Name Site Ref. ngn) Rgzur)
(kpc) (kpc)
Bodl N bin 12 51050 15.173%°
CBe N bin 13 6.3753 19+32
Dral N EM 14 4.837 1% 4.3070%°
Grull S bin 15 0.357 595 <9.5
RetII S bin 16 1.66755  5.871%°
Scl S EM 17 2.9510-25 3717039
Segl N EM 18 0.4313-23 <28
Sex S EM 17 78755 9.9757
Sgrl S 19 1.561033 <1.7
Sgrll S 20 371359 427304
Trill N 21 0.367530 <56
UMall N 13 2.15705%  2.2370-0%
UMi N 292 14.778¢ 153758
Will N 23 1.2072-0% 13572635
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3. Measuring DM densities in sub-halos:
the dwarf spheroidal galaxies

DM density profiles computed from posterior distributions of best-fit

parameters.

pom (Mpkpc3)

1014 L

[

o
[
N
|l

04

a (deg)

102 107! 10° 10! 102
T .‘.:.:,‘“' v .‘.:..‘,“"3 i “i‘". iy -
CBe | )

— Ein x?=147 :

= = Bur y’=1.44 :
, 2

|

|

|
—— Tidal r. (Ein) T

10-2 107! 10°

Sgril
—— Ein y?=1.98

- = Bur y?=1.86

-~ == Tidal r. (Bur)

10! 102

10!

102

I

1014 "

1012

1010

108

102

Adddl Aok al PR W |
Y ™%

DM density radial/angular profiles

a (deg)

10! 10°

10!

adddal
™

102

Dral
w— Ein x?=1.39

= = Bur x?=1.39

106 »
04 PETETETTTY B TTPTT R
10-2 107! 100 10!
102 101 10° 10! 102
iy iy o
UMall
14 L .
107 F __ Einy?=2.38
- = Bury?=2.21
1012 - -

10 10

108

106

104

1072

r (kpc)

1014 L

1012

1010

108

108

a (deg)

107! 10°

addal Arbnberkedededdd
T

10!

102

adaal Arnsbundadaded
o

Al
T

—

Aamaas e e 0 R L S S
Retll

e Ein y?=1.95

= = Bur y?=1.80

/ +
T ——————
p

E
b

R
3

AAARLI |

04 a4 44 asad 44 a4 " 2 ul "
102 107! 10° 10! 102
1072 1071 10° 10!

1012

-

w— Ein x?=1.48
- = Bury’=1.48

r (kpc)

1014

1012

1010

108

a (deg)

1072 107!

addaal Serrdrdadadekddl
M e

10°

ey |

102

Scl
— Ein x?=1.35

= = Bur y?=1.35

- Ein 10
Bur 1o

- = Bur y?=1.38

“
————————————————————
4
<4

3
3

"
YreY

r (kpc)

17




J_ . (<0°.1) (GeV? cm™®)

1 024

1 023

1022

1021

1 020

1019

1018

1017

1016

1015

1012

e This work (Einasto)
-~ Bonnivard+ 2015a,b
» Geringer—Sameth+ 2015

<O H.E.S.S. Coll. 2014

% Simon+ 2015
Simon+ 2020

v Viana+ 2012

- Venville+ 2024

" v¢r Pace & Strigari 2019

T Illlqu T Illlm! T llllln! T lllllﬂ!_l_ﬁ'ﬂ'l'ﬂ‘

Jaec < @) (GEVZEM™3)

T llnl'lll

T lllllfq

T lllll"l

Jdec( < @jne) (GevZiem™9)

Bool CBe Dral Grull Retll Scl Segl Sex Sgrl Sgrll Trill UMall UMi Will

CBe
1022 | == Einasto
- = Burkert

102 10-1

1015

102 101

sgril
1022 | = Einasto
- = Burkert

102 1071

102

1023
1022

1021

: 1020

) 1019

1018
1017

1016

—3 1023

4 1020

) 1019

1013
1017

1016

015

1 .
1072

Annihilating DM Astrophysical Factor Angular/Radial Profiles

—  Einasto
- = Burkert

3. Measuring DM densities in sub-halos:
the dwarf spheroidal galaxies

Astrophysical factors for DM interaction computed from posterior
distributions of best-fit parameters as a function of the integration angle.

= Einasto
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See also N. E. Araneda Munoz’s poster!




the dwarf spheroidal galaxies

e Scaling relations of the astrophysical factors as a function of the dSph

distance.
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3. Measuring DM densities in sub-halos:
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3. Measuring DM densities in sub-halos:
the globular clusters (M15 case)

olar distance: 10.9 kpc
hardwaj+ 2021

alactocentric distance: 10.4 kpc
Harris 1996, Kayser+ 2008

uminosity: 3.4ed Lo

ass: 5.6e5 Mg
Marks & Kroupa 2010

ome to a steep central cusp
surrounded by a high stellar
density (Gerssen+ 2003)




3. Measuring DM densities in sub-halos:
the globular clusters (M15 case)

DM amount in M15 already estimated I
by Whipple (Wood+ 2008) and H.E.S.S. L = 83““2 Z BR —L . JAQ)
(Abramowski+ 2011) Ly Smmy 2

Whipple (NFW / NFW + ad. comp.): J(AQ) = [AQ LOS P2 (£, Q)L dO
log[J/(GeV2 cm-5)] ~ 18.4 + 21.9 o,

H.E.S.S. (NFW + ad. comp. + dyn. heat.):
log[J/(GeV2 cm-d)] ~ 25.4

Here we recompute J through the
MCMC Jeans analysis performed with
CLUMPY.




3. Measuring DM densities in sub-halos:
the globular clusters (M15 case)

— parametrization of brightness profile
— parametrization of vel. aniso. profile
— parametrization of DM density profile
— kinematics of member stars

Input priors:

LOG SURFACE BRIGHTNESS

Brightness profile: King 2D (Newell & O’Neil 1978)
— scale density of 7.3e10 Lo/kpc?

— scale radius of 5.5e-4 kpc

Velocity anisotropy profile: Baes & van Hese (2007)

— 4 free parameters

Vrot [km/s]

DM density profile: Einasto (1965)
— 3 free parameters (scale density, scale radius, sharpness index)

Kinematics of member stars: Usher+ (2021)

— 863 confirmed members

o, [km/s]

— velocity dispersion of 16.40 + 0.25 km/s

r/arcsec



3. Measuring DM densities in sub-halos:
the globular clusters (M15 case)

 Run of 200 MC chains with 10° realizations each and 1% num. accuracy:

CLUMPY v3.1 (http://lpsc.in2p3.fr/clumpy,
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4. Summary

* Indirect DM searches are a hot topic in modern astrophysics.
— Constraining DM parameters (particle mass, cross section, decay time)

— Inferring the physical conditions of the primordial Universe

* Reliable determination of the precise amount and distribution of DM in halos around

astrophysical sources is of paramount importance.
— Need of developing robust techniques dedicated to such an issue

— Need of targeting robust objects (dSphs, DM-dominated globular clusters)

DM density profiles of dSph halos can be computed from MCMC Jeans analysis on their

confirmed member stars.
— Calculation of astrophysical factors for DM interaction processes

— Selection of best targets for indirect DM searches

 The same can be done for DM-rich globular clusters
— Recomputation of the astrophysical factor for M15 with no strong a priori assumptions

— Values in line with the highest values from the literature.
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Thank you!




