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Some caveats

= | was asked to talk about fundamental physics in the context of
multi-messenger astronomy
" Not an easy task
= It will be far from exhaustive
= It will (obviously) be a biased and partial personal view
* Pll mostly focused on neutral messengers, i.e., gamma rays and
heutrinos
= Estimates are given throughout the lectures, they can be performed
as back-envelope computation
= A big thank to all people that provided materials




Some readings

* The Early Universe, E. Kolb, M. Turner, Westview Press

= Galactic Dynamics, ). Binney, S. Tremaine, Princeton Univ. Pr ess

= High energy astrophysics, M. Longair, Cambridge Univ. Press

* Very High Energy Cosmic Gamma Radiation, F. Aharonian, World
Scientific

= Astroparticle Physics: Theory and Phenomenology, G. Sigl, Atlantis
Press Paris




Why looking for fundamental physics
in ““cosmic” rays ?

= Existence of cosmic rays by V. Hess after a high-altitude The Nobel Prize in Physics

1936

balloon flight (1912) 2 £
= Particle zoo: discovery of muon (1937), pion (1947), @ &2
Kaon (1947), A the first strange baryon (1951)

@ i b
= |t already happened in the past to find surprise in astro data =i "
that led to major discoveries
" e.g., heutrino oscillations : systematically detected less V’s
than predicted from the Sun, angular/energy dependence of
atmospheric neutrino fluxes: vV oscillations — m ,+0
* Physics BSM is strongly motivated
= Anomalies in astroparticle observables do exist and BSM physics may be
the answer
" You expect astrophysical signatures of BSM physics. If you don’t find them

you set constraints in the relevant parameter space
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Why looking for fundamental physics
in ‘cosmic’ rays ?

= Quite reasonable if we consider the unusual scales of density, temperature, size,
time, energy... when compared with what is achievable in Earth laboratories!
= orders of magnitude away from familiar ranges: conceivable that some
physics extrapolations may fail, highlighting new phenomena/regimes

= A challenging task:
" We do not control the environment (« initial state »)
= This requires significant effort in parallel to understand astrophysics,
in order to derive « robust » signatures

Emmanuel Moulin — Ecole de Gif, Astronomie Multimessagers, September 2024 5



Outline of the lectures

Preamble

= Standard model cosmology, dark matter evidences
= Mass bounds on dark matter
= Neutral messengers

WIMP-like Dark Matter

*=  WIMP paradigm, annihilation/decay, spectral features
® Dark matter distribution, J-factors
® Galactic Centre and dwarf galaxies

AXxion and Axion-like particles
* Photon-ALP mixing, EBL, spectral irregularities

Lorentz-invariance violation

* Time-of-flight measurement
* Modified pair cross section

Primordial black holes
= Evaporation and burst searches, PBH dark matter

AGN " Earth

B B
SSSSSS Lt Sanchez-Conde et al. 2009
Low-energy vy

»High-energy vy : o
- A

INCIET 7

&7 W) l PN A3 \L‘Y» |
Hawking
radiation

-------
_______

LTS
..........



Standard model cosmology and Dark Matter

= 68% dark energy

= 5% haryons

= 27% dark matter
(cold, collisionless)

\.Boylan-Kelchin+ (2009) §

Dark matter density perturbations grow and become nonlinear g ,a-z; e A0
— study structure formation with N-body simulations S R T

Dark matter forms self-gravitating halos that host galaxies ,
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Dark Matter : what we know

= 68% dark energy

= 5% haryons

= 27% dark matter
(cold, collisionless)

' Boylan-Keichin+ (2009)

Dark matter density perturbations grow and become nonlinear
— study structure formation with N-body simulations

Dark matter forms self-gravitating halos that host galaxies

=

- neutral particle

80% of the matter in the - cold or not too warm

universe - - very feebly interacting

- stable or very long lived

- possibly a relic from the early universe




Dark Matter : what we know

= 68% dark energy

= 5% haryons

= 27% dark matter
(cold, collisionless)

*.Boylan-Kelchin+ (2009)

Dark matter density perturbations grow and become nonlinear o ,,gh y o
— study structure formation with N-body simulations S Nmﬁ i
Dark matter forms self-gravitating halos that host galaxies R ol

=

- neutral particle
~80% of the matter in - cold or not too warm
the universe - - very feebly interacting
- stable or very long lived
- possibly a relic from the early universe

No good particle dark matter candidates within the Standard Model




Dark Matter : what we don’t know

= 68% dark energy

= 5% haryons

= 27% dark matter
(cold, collisionless)

“.Boylan-Kelchin+ (2009)

Dark matter density perturbations grow and become nonlinear
— study structure formation with N-body simulations

Dark matter forms self-gravitating halos that host galaxies

Still a list of open questions :

= |s there cosmic evidence to go beyond the cold and collisionless paradigm ?

= Production in the early universe and connection to late universe ohservables?

= |s DM wave-like or particle-like? Is it at all a particle (e.g. primordial black holes) ?
= Does dark matter have important self-interactions?

=  Whether it’s ahsolutely stable, or decays slowly over time...




Classical discovery of dark matter

In 2a number of astrophysical bound systems (galaxies, clusters, ...)
one finds a mismatch between the mass inferred by gravitational
probes and the mass inferred by electromagnetic observables, with
the former much larger than the latter. The excess of the former
with respect to the latter is dubbed Dark Matter.

) No implication that DM is an exotic form of matter. It might still be
ordinary matter which does not shine (e.g., dim stars, planets,
cold/dark and/or rarefied gas, ...)

2) DM notion implicitly assumes that the theory of gravity used (Einstein
GR, most often in its Newtonian limit) is correct

3) The fact that it is called matter (as opposed, e.g., to radiation) has to
do with the fact that its effects are inferred in bound systems, so that

DM clusters and forms structures _
Taken from P. Serpico
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. Comasclustes ™

The Goma cluster

= Virial theorem: ¢ IQ3gaIc'1xiesv'_ <y v

in ~1 Mpc -

Varna, Bulgaria

¢ T ( T — 0 ' région S

— < > + < < tot > - .- Die Rotverschiebung von extragalaktischen Nebeln*", Helvetica
Physica Acta (1933) 6, 110-127. "On the Masses of Nebulae
and of Clusters of Nebulae*", ApJ (1937) 86, 217
“Nebula=Early XXth century name for what we call now galaxy

T =N (v%)

where m is the typical Galaxy mass. T ] -
With M = N m a proxy of the cluster mass : 2I'=M < ¢ >

' -y .
= Estimate of the gravitational potential energy of a <U | > ~ _3 (—TN M
self-gravitating homogeneous sphere of radius R ot/ — 5P

= Assuming equipartition of the kinetic energy (v?) = 3(v,2) and applying the virial
theorem, one obtains that the total mass is~ 4x10'* Mg
— about 400 times larger than the observed mass in galaxies
with R = 3 Mpc and measurements of the radial velocities of the galaxies
(v2,.) = (1000 km/s)?
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_ Comaxclustes ™ TGk

The Goma cluster

" We know today that alarge fraction of 103 galdxjes
the mass of the galaxy clusters is made of [P Mpc |
hot gas: the mass of the gas in Coma is “région ", .
~ 2 x10'* Mg, which represents ~10% of the total mass. More than 85% of the mass is made of
dark matter.

Galactic rotation curve

Rubin and Kent Ford also confirmed this hypothesized missing component ¥=. &8
(Rubin&Ford1970): the velocity of the stars in the Andromeda galaxy (M3 1)) 244
does not follow Kepler’s law 1/Nr behavior.

= Circular velocity of starts determined by enclosed mass ) B

g dpor GM(< R) - /‘” 3 P
Vgl 58] dR R (et Jo rpria z
L :
= Centrally concentrated mass implies 5 1 g
. v, X — 2
while observed v_2 ~ constant 7R 2
— M(<R) « R :

. Rubin+ 1978

—> [)(‘I') X —2 15 20 25

,r DISTANCE FROM NUCLEUS (kpc)
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Modern evidences of dark matter

= Solar neigbourhood
Milky Way rotation

= Satellite galaxies

* Nearby galaxies

= Galaxy
groups/clusters

= Large scale structure

* Cosmic microwave
background

= Baryonic Acoutic
Oscillations

* Primoridal
nucleosynthesis
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Dark matter dominates the universe

Neutrinos Dark
10% Matter
63% ;
Photons
15%
Atoms
12%

13.7 BILLION YEARS AGO
(Universe 380,000 years old)

- Now
* 1328 billion years

" Moderp.Galaxies
2
4 Uond.
. 'Reionization”
,/’

g

d Black:Holes an,dAcE,r’;tion disks
. 7 4250 millioryears
,Fir&tgiaré' G
< 18093illio'n years
Cosmic Dark Ages—""

Big Bang

Universe Age

Credit : NSF

DM was dominant force in Universe from ~40kyrs to
~bGyrs. Without DM, Universe would look very different.
But what is it ?

Dark
Energy
72%

TODAY
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The landscape of Dark Matter

10730 10720 10710 1020 103%v

. Planck scale

Ultra—light scalars, axion Vs particles

Primordial
Thow weak scale black hole Solar mass

Enormous spectrum of possible candidates heyond the Standard Model, over a huge range
of mass scales

Cosmic experiments seek to detect and measure dark matter in its natural habitat:
the halo of our Galaxy, the halos of distant galaxies, and the large-scale structure of the
Universe

Cosmic observables can establish that a given discovery is, in fact, associated with the
dark matter in the Universe
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Universe

Cosmic observables can establish that a given discovery is, in fact, associated with the
dark matter in the Universe



The landscape of Dark Matter

. Planck scale

Ultra—light scalars, axion Vs particles 1010 1020 1030

-30 -20 -10 20 30
10 10 10 10 107"eV Primordial
Thow weak scale black hole Solar mass

= Enormous spectrum of possible candidates beyond the Standard Model, over a huge range
of mass scales

= The classfication of dark matter candidates is largely hased on the particle physics
features of the underlying models



DM as a thermal relic from the Early Universe

10-10 103 1 GeV 102 1019 10°1
Me My my Mpj MEarth
Non-thermal Thermal Non-thermal
< MeV MeV > 100 TeV
Light (<<keV) DM BBN, Ng ... ‘ ¥ ) ¥ )" Too much
must be both non-  constraints
thermal and Light DM Standard WIMP paradigm

bosonic - classic
example is the
axion

There is a long-standing connection between dark matter and the TeV scale:
= New physics at the O(TeV) scale could potentially help resolve the hierarchy problem

» |nteractions of TeV-scale DM through weak-scale mediators can naturally generate the
observed abundance of dark matter
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DM as a thermal relic from the Early Universe

10-10 103 1 GeV 102 1019 10°1
Me My my Mpj MEarth
Non-thermal Thermal Non-thermal
< MeV MeV > 100 TeV
BBN, Ngg ... \ ¥ )\ ¥ J Too much
constraints

Light DM Standard WIMP paradigm

The weak interaction mass scale and ordinary gauge couplings give right relic DM

density
3 x 10727 cm3s~! a?
Qpmh® = (ov)w ~ —5 ~3x 10" *%cm’s !
(ov) Myy1vp

GeV-TeV mass scale makes them Gold Dark Matter
— Provides benchmark for indirect detection: thermally-produced WIMPs
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Annihilation benchmark : thermal density

* You may have already heard about the ‘WIMP miracle’, more
generally called “thermal relic” scenario

= DM is in thermal equilibrium early on, then is depleted via
annihilation (DM does not need to be weak-scale at this point)

Early Universe Today

DM~ _~SM DM~ M

DM SM DM SM

= At some point in the early universe, annihilation stops because of the
expansion rate, the DM density is then frozen

Emmanuel Moulin — Ecole de Gif, Astronomie Multimessagers, September 2024 21



Annihilation benchmark: thermal density

= Early on, temperature is high
enough and DM particles could
interact with SM particles and
vice-versa

= As Universe cooled down and
expanded, their density
decreased, they interacted less
frequently

10° |

10

m n(x)/neq(x=1) [GeV]

10

10° |
107 |
10 |
107 |

20 [

Equilibrium

10

10!

X=

= At some point, the Hubble expansion time becomes comparable to the
time needed for a given DM particle to annihilate; we refer to this point

as « freezeout ».
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A hit more details on thermal density

= A full treatment involves the Boltzmann equation for particles in comoving

volume - H : Hubble parameter,

dn S 7 - <ov> thermally-averaged annihilation cross-section of DM
— =—3Hn — (ov)(n® — n; ) particles times relative velocity,
dt a - neq is the equilibrium number density of DM particles

= \When the universe cooled down, SM SM — DM DM is no more possible,
exponential depletion of DM around T ~ mpy

= Simple estimate : freeze-out occurs when timescales for expansion and

annihilation rates are similar:
H(Ty) ~ neq(Ts)(ov)

= After freezeout, DM number density n scales as a= ~(1+z)° ~ T3
To\ 3
n(To) = neq(T7) (77
f
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A hit more details on thermal density (ll)

= With  H? ~ L2 taken at the freezeout temperature T,

MPl
and assuming that freezeout occurs during radiation dominated area (p «
T4, the number density today is:

T? 0\ 3
n(To) ~ <av>f\4pl (;f)

= Freezeout usually triggered by exponential depletion of DM around T, ~
Moy, the mass density Is given by:

Tg (mDM)

p(T()) — n(TO)mDM ~ <O"U>Mpl Tf
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A bit more details on thermal density (lll)

Tg (mDM)

p(T()) — n(TO)mDM ~ <0"U>Mpl Tf

= [he relic density Q = p/p. Is inversely proportional to the annihilation cross
section at T+

= [he freeze-out temperature occurs around T~ Mgy
— DM mass dependence largely cancels out

= [gnoring logarithmic dependence, on can find: mgy/ T ~ 10 — 30. In this
simple estimate, the DM particle freezes out of equilibrium at a
temperature well below its mass, making it a cold thermal relic.

See Jugmann, Kamionkowski, Giest, Phys.Rept. 267 (1996) 195-373
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A bit more details on thermal density: caveats

= [f the relic is very light or feebly coupled, this may not be the case.

= [or a particle species that freezes out when relativistic, the late-time
density corresponds to the early density diluted by the cosmic expansion

= |t should then bbe comparable to the number density of photons so that:
py=Mm, N, ~ myn,.m, 2x10° ng ~ m, 2x10% pg/1GeV.
Knowing the DM and baryon densities today are of the same oder,
m, ~ eV

= [his mass scale implies that the DM would be relativistic during the epoch
relevant to structure formation, and would thus behave as « hot DM »: a
scenario where hot DM constitutes all the DM would lead to dramatic
changes to structure formation.
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Annihilation benchmark: thermal density

= Present density inversely 10° Seiaman, etal PRD 86 2012) 023506
- 10° GeV
poroportional to the strength of E—
the interaction N
O
O,
= Almost independent of ‘E
particle mass =
£
¥
q 3
1 E )
Works inthe ~10MeV - 100 _— | —
TeV mass range 1020 L R T
10" 10 10 10°
X=
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Annihilating dark matter : thermal WIMPs

Weakly Interacting Massive Particles (WIMPs)
— The weak interaction mass scale and ordinary gauge couplings give
right relic DM density

2
—27 .. 3.—1 Q
QDMh2 _ 3 x 10 CInn-s <UU>W ~U 5 ~ 10—260m38—1
(o) MyyvPp

for weak cross section of about 1 pb
and relative velocity v ~ v ~ 0.3C

6 T T n
Numerical ]
A careful calculation gives 2 x 10°° cm3s™!, s~ Analytical --=-- gg
2 122
almost independent of the mass & 4 i5g
8’9 3 Canonical % %
\6/ 2 This result % Q_)
1 19
N
B 1 I0 I1 I" I3 E4
107 10 10 10 10 10

m [GeV]
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A lower hound on Dark Matter mass

= DM must be gravitationally bounded on scales.
at least as large as the size of a dwarf spheroidal

galaxy

make use of the uncertainty principle
With the Planck constant and considering a
non-relativistic particle

then derive a lower bound on its mass raco dwarf spheroidal galaxy
4 ™
_ 1 kpc 20km/s
m 2> 10~ %%eV P /
TdSph UdSph
\_ _J

Not a very stringent bound...
However, quantum effects can drastically change such a lower bound:
= e.g., if DM is a fermion, because in this case its phase space density is
bounded by the so-called Pauli blocking effect
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Mass hound of Fermionic Dark Matter

= DM is a fermion: no more than one fermion per quantum state
— set limit on how light the fermion can be, a.k.a. the Tremaine-Gunn bound

h

3/2
= For non-interacting and non-relativistic fermions of mass m;: £y = % (37T2n f)

= Assuming a sphere of constant density of mass M and radius R, on can get the Fermi
velocity viM, R,my)

= Requesting that the Fermi velocity is less than
the escape velocity v, = (2GM/R)"2, one obtains for
DM-dominated system like dwarf galaxies:

5% 108 M b2 2.5k 372
m* > (100eV)4< . @) ( : pc)
M 4spn TdSph

= The difference of 23 orders of magnitude with previous lower bound esimate tells us
how important quantum effects might be in the description of DM

Draco dwarf spheroidal galaxy
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An upper bound on Dark Matter mass

Macroscopic Dark Matter can tidally disrupt structures s
= Encounters between black holes and stellar systems can &
affect dynamics of their stars, such as changes in their

velocities, and eventually unbound the system

«» Centaur globuler cluster
= Passing BH composing the DM halo will increase velocity dispersion in

the C|USter, and thus their total eNergy (see, e.g., Carr&Sakallariedou 1999)

= For globular clusters:
= modelled as a Plummer sphere
= using typical GC parameters
= and given that GC survived for the ~age of the Milkly WAy

Mcac TGC tL,
Mpy < 10% M
sH S 10 (1O5M@) (10pc> (10Gyr) ©

= Using rge = 10 pc, Mg = 10° pc, the BH mass should be lower than
~10% M, to avoid the disruption of the globular cluster over a Gyr
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Astrophysical messengers

Neutral messengers -y and v

= Point to their sources : directional
information
— mapping of acceleration
/propagation/production sites

= (Can reveal the abundance and

distribution of DM

* need to account for absorption at
extragalactic scale for gamma rays

— 2D (occasionally 3D) information
on source distribution - very

valuable for separating signal
from background

Characteristic DM spectral features
may be present in the spectrum

-

B A
Identification of DM is possible
— the gamma-ray/neutrino distribution in

the sky can tell us the DM density
distribution
— the gamma-ray/neutrino spectrum can

tells us the reaction process and DM
mass
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Astrophysical messengers

Neutral messengers -y and v

Charged messengers — p, e+, ...

= Charged particles are affected by
Galactic magnetic fields - trajectories do
not point back toward sources

= (CRs can lose energy rapidly, so even on
sub-Galactic scales, their spectrum
changes with distance from the source

=  Makes signal/background separation High energy anti-matter particles are rare
more difficult, unless expected enough that an excess can shine
background is small noticeably ahove backgrounds

Emmanuel Moulin — Ecole de Gif, Astronomie Multimessagers, September 2024 33



Astrophysical messengers

EuCAPT White Paper, arXiv:2110.10074

X &7 rays X rays 7Y, cosmic rays & I/ Radio, X &7 rays
Radio lines X-ray lines
10" eV peV. 01eV  keV MeV GeV 102 TeV 107 M, 10My 10°Mg
“ >
Fuzzy DM QCD axion/ALPs Sterle v WIMPs & WIMPzillas PBH
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Astrophysical messengers and experiments

EuCAPT White Paper, arXiv:2110.10074

X &7y rays X rays 7Y, cosmic rays & I/ Radio, X &7 rays
Radio lines X-ray lines
10-¥eV peV 0.1eV keV MeV GeV 102 TeV 1076 Mg 10 M, 10° Mg

Fuzzy DM QCD axion/ALPs Sterile v WIMPs & WIMPzillas PBH
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= CTA artistic view




Exposure of y-ray instruments for
annihilating/decaying DM

T T T T R | UL | LR T T T 17710 T T T LR | LR | T Ty LR | LR 7]

& . Effective area
T : Observation time

Nb of detected

photons :

x Dx exT

Disclaimer:

102() : — : : : .
1019 Sterile Neutrino DM . Dark Sector DM WS Ditrmcheoy DMj
0" E From K. Boddy et al., Snowmass2021, JHEA 35 (2022) 112 e Ny -
107 E 171 N u
- High-Energy Photon Landscape 7 E
— 10 F [ Present %% Future E
= 101 L ]
-l %
~ 10 ﬂ
X 1()13 B . :’ é E
© ATHENA ioatnd =7k
1012 -2 ' = ~
sy 20 Py 0090 L =
1010 5 ~
10° ; ; -
()8 -l B 1 1111111 I— B :I : 1111l 1 1 lIIIII 1 IIIIIII 1 1 IIIIIII 1 i IEIIIII : 1 Lol 1 : IIIIIII 1 II:IIII 1 E 1 ll||— il 1 RI!III E:

1077 10— 107° 104 10-3 1072 1071 100 10! 102 103 10* 10° 08

E, [GeV]

High Energies: dramatic improvement within ten years
At keV-GeV energies, the expected observational
progress is more modest at the level of exposure

- one of the many
ways to compare
instruments

- for some DM
searches, FoV or
energy resolution can
be critical as well

- PeV photons detected
by LHASSO
- Also instruments searching

for even higher energies,
e.g., AUGER
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Exposure of y-ray instruments for
annihilating/decaying DM

T T T T R | UL | LR T T T 17710 T T T LR | LR | T T T T LR | T T TTTTT

1()‘2() L ¢ — > ¢ > ]
1019 Sterile Neutrino DM . Dask.Seater DM WIS Uttra-heavy DMj
0" E " From K. Boddy et al., Snowmass2021, JHEA 35 (2022) 112 . .

101 | //’,-*”/’,, 27/

,_.

=

o
A
=
|

- High-Energy Photon Landscape
' £ [ Present vz Future

For space-based telescopes,
(1m2)x(10years)~1012-> cm?3s

__________________

& . Effective area
T : Observation time

Nb of detected

photons :

x Dx exT

Disclaimer:

TRRTTITT A AR B R RIS AR TTTT R ATITT MW AT

10° :
1077 1076 107 1074 109=8 == 107! 10° 10! 102 103 10% 10° 0°
E, [GeV]
= High Energies: dramatic improvement within ten years
| |

At keV-GeV energies, the expected observational
progress is more modest at the level of exposure

- one of the many
ways to compare
instruments

- for some DM
searches, FoV or
energy resolution can
be critical as well

- PeV photons detected
by LHASSO
- Also instruments searching

for even higher energies,
e.g., AUGER
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Sterile neutrino and the 3.5 keV line

IrAnportAant existing datqsetsAwith XMM,“INTEAGRAI:

T T T T T T UL | LR 7]

1020 » ' N K 3
0¥ Sterile Neutrino DM . Dark Seator DM S [ 3
P ‘
10% 0-°|
g . T :
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16 = : N1 S
~ 107 £ [ Present vz Future <0
™~ [ ; 9 T ,’ 3
= 100 S S —
2, S T/ — -
By 10 0- |
X i
13
R 10
1012 7 10-*
1()11 ----------------------------------

10° l
108 Ll Lo i e b TR 1 R Y Y |.| ...|>:
107! ’ 1071 10° 10! 10°
E, [GeV] ) . T ;
The Perseus Cluster
[ alio ! I ! I | | _l - ‘ 5 B . v sw’d
, ~AG XMM MOS_ e i
»L Perseus ]| #. . -
(with core) | R v

! 317 ks |

Flux (cnts s~ keV")
(@)}
|

W

lJI'he Perseus Cluster

I | I |

3

32

34 3.6

Energy (keV)
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Sterile neutrino and the 3.5 keV line

IrAnportAant existing datq

sets with XMM, INTEGRAL

102 - | | | T I | A T3
1019 Sterile Neutrino DM . Dark Sector DM o o DN

1018

10

[ Present

E x T [em?s]

High-Energy Photon Landscape
vz Future

=)

=)

0o

ot
T

Flux [counts/s/keV]

L Milky W

ay

halo

-

.....
- s

XMM MOS -
\ 30 Ms
“I. What should
.. be expected

3.8

12| —— 955 limit (this work)

— mean expected

lo /20 contaimment
N s

6.8 69

6.7 7.0 T..l
m [keV]

Milky Way
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Sterile neutrino and the 3.5 keV line

E x T [em?s]

IrAnportAant existing datqsetsAwith XMM,“INTEAGRAI:
1020 L ™l Ol 0l DOl Pl Ol s
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¥ Sterile Neutrino DM Dark Sector DM

- High-Energy Photon Landscape
= [ Present vz Future
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Draco dwa—rf'spheroi'dal‘ galaxy .
= 1.6 Msec XMM-Newton observations of the dwarf % '-
spheroidal galaxy Draco exluded also a 3.5 keV DM line

» Line seen in galaxy clusters plausibly from background
mismodeling
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Gamma-ray observational  sasites

- ~20 MeV — 300 GeV

techniques o

- 100% duty cycle

« Blocked //M - Angular resolution 0.15-3.5°
/i - Energy resolution ~10%
» N an. £
by the atmosphere A - - Sensitivity a few % Crab flux
/ ﬁzzzez;f“ iy Water Cherenkov Detectors
g/ D};F;EE:;ER ARRAY ¢ DETECTION Tecy,,
7 € e

~100 GeV — 1 PeV
90% duty cycle
~sr FoV

Imaqging Atmospheric i

Cherenkov Telescopes \7/ /;' angular resolu?ion 0.2-0.8°
/ [ energy resolution ~50%
30 GeV — ~100 TeV GutntwovTecsoore | | sensitivity 5-10% Crab flux
- = ~ ARRAY | %
- Small FoV : ~ 5° : [ A

- Duty-cycle: 10-15%

- Angular resolution <0.1° I~
- Energy resolution ~10%

- sensitivity 1% Crab flux

= JACT can provide detailed morphologies of limited region of the sky
= Satellites/WCD are very powerful to scan large regions
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WIMP : Annihilation and Decay




Particle dark matter emission
DM (DM) — SM SM

= N =1:decay, N=2 : annihilation
= Annhilation/Decay at almost rest : Egy = signal energy

Emmanuel Moulin — Ecole de Gif, Astronomie Multimessagers, September 2024 43



Particle dark matter emission
DM (DM) — SM SM
= N =1:decay, N=2 : annihilation

= Annhilation/Decay at almost rest : Egy = signal energy
= Self-conjugated dark matter annihilation

4 N 5> ( O )
DM SM b1 W+, Z, T+, ‘.§ 8 “- Y’ e ’ p’ V)
Primary channels g g Final (s_t)ates
DM SM:b,W-,Z,t,... | 82 | = vy, e,p,v,...
\ J T J
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Indirect detection (CTA)

" quark
electron
photon
neutrino

=

How to look for WIMPs ?

DM (DM) — SM SM

quark
electron
photon
neutrino

Direct detection
(XENON, DARWIN)

WIMP

2

= N =1:decay, N=2 : annihilation
= Annhilation/Decay at almost rest : E;y = signal energy
= Self-conjugated dark matter annihilation

é \ &> O )
DM SM:b,W*, Z, v, .| 5 | = v.ep v ..
Primary channels 5 pu Final (S:’gates
DM SM:b,W-Zv,...| 82 | = v, e,p,v,...
\ L © \ /

J




How to look for WIMPs ?

4 N\ &3 O )
DM SM: b, W*, Z, ", ... | & g mp YV, €, P, V, ...
Primary channels 5 pu Final Es.’gates
C \N- ] T 5 -\
DM SM: b,W,Z,r,...j s - y,e,p,v,...j

Astrophysical
background

Burkert

Energy Flux

Roi

>
o=
n
C
[
(@)
—
)
-+
B
©
=
aY;
—
©
0

Einasto

Distance

e Y — 2
DM annihilation: 47 2mDM

For self-conjugated d®(AQ, E,) 1 (ov) dN, x/ dQ/ pz(fr[s])ds
dEv AQ l.o.s



Gamma rays / neutrinos

= Do not suffer from propagation effects : they point back to the source
— Can reveal the abundance and distribution of DM
* need to account for absorption at extragalactic scale for gamma rays

— We can obtain 2D (occasionally 3D) information on source distribution - very
valuable for separating signal from background

— Strength of signal from a given source determined by dark matter content -
parameterized by “Jfactor

= Characteristic spectral features may he present in the spectrum at
these energies
— Good discrimination against background

Identification of DM is possible:

— the gamma-ray/neutrino distribution in the sky can tell us the DM
density distribution

— the gamma-ray/neutrino spectrum can tells us the reaction process and
DM mass
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Spectral features from DM annihilation

Bringmann & Weniger (2012)
T

Continuum e .:
. AEJ/E =0.02
(Hadronic channel)\

x*dN/

0.1-

T DM selt-annihilates to leptons gauge
bosons, or any combinations of quarks, e |
copious neutral and charged pions will  ee — es o :(}ffm 00 20
be produced in the subseqguent decays of those

Neutral pions decay to a photon pair (r, — yy) with a 99% branching
ratio, so a broad spectrum of photons is produced up to the DM mass™,
along with electrons and positrons from the charged pion decays.

Spectrum that typically peaks at an energy around my/10 (in units of
E2dN/dE).

* the annihilation process takes place almost at rest
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Spectral features from DM annihilation

Continuum EFE - 0.1 ,
0
L eptonic channel o Jie
XX = f I
_ | T o
~ T~
I+MNAJV 5 \\\\7;/12:;;ﬂ f+ v 01l
x//)\\\f b//)\\\f u//xxsff , \ Ny R
0.02 0.05 0.10 0.20 0.50 1.00 2.00

x=E/m,

= Photons are produced directly only as part of 3-body final states, by
final state radiation or internal bremsstrahlung

= The rate for photon production is suppressed, and the photon spectrum
'S typically quite hard, peaked toward the DM mass

= Note that similar hard photon spectra can be produced if the DM
decays into a mediator that subseqguently decays to photons.
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Spectral features from DM annihilation

& Weniger (2012)
T

| AEJE = 0.15
Llﬂe 0r ... AEJE = 0.02
0
XX = VY4 L
% qq.2Z,WW
R 01l
\ \§ \
///K /%%% //)\ /%%% 0.01¢
""" ) ) 0.02 0.05 XTI M— ;.6:) 2.00

x=E/m,

= the DM annihilates directly to (or in the neutrino case), or a
monoenergetic photon plus another particle. Such channels allow
obump-like searches, and greatly reduce the possible astrophysical
backgrounds;

= g clear detection of a gamma-ray spectral line would be very diffcult to
explain with conventional astrophysics
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Spectral features: a few remarks

= DM is known to carry no electric charge, and thus cannot couple
directly to photons, so the line signal must be suppressed by (1/a)?
compared to the continuum

= The IB/FSR induced signal is suppressed by (l/a) compared to the
continuum

* For neutrinos the qualitative picture is similar to photons for the
hadronic and line cases :

= the direct coupling to neutrinos need not be loop-suppressed

* the leptonic case can be different: annihilation to muons will
produce an unsuppressed neutrino spectrum
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Spectral features: a few remarks

= Charged particles from DM annihilation can also give rise to secondary
photons, due to upscattering of ambient photons from starlight or the
cosmic microwave background, and synchrotron radiation from high-
energy charged particles propagating in a magnetic field.
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Secondary photons

Various mechanisms can generate photon signals from high energetic
charged particles, in particular electrons and positrons.

= [nverse Compton: emission up-scattering \V‘l\‘ /\/\/\/JJ
of the interstellar radiation field (starlight,

o . Sy
dust emission, CMB) up to > GeV energies ectant

= Synchrotron emission: radio emission of 5332‘2§ ? § (roton ar siocton
electrons propagating the Galactic magnetic field A R

= For leptonic channels, this is an important contributioé %
to the signal; however, it depends on modeling the
oropagation of the charged particles.
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Gamma-ray flux from DM annihilation

d® (A, F 1 dN.
( y ’7) . (0’0) Y < / dﬂ/ pz('r[s])ds
dE")’ AQ l.o.s

— 2
dE., 4 2m%
\ Y Y J
Particle physics: Astrophysics: J-factor
o Cross sections o DM distribution in the target

o Differential photon yield
o DM particle mass
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Gamma-ray flux from DM annihilation

dP(AQ, E.) _ 1 (ov) dN, X AQ dQ/losp2(fr[s])d8

2
dE., 47 2m3,,, dE,
Y )
J(AQ) = / / ))dsd€. Astrophysics: J-factor
A€ los
10* .
depends on the DM desnsity distribution p 10°F Milky-Way DM halo

N the object

s

-

C.10E

Observer o2k

10‘3f

Dark matter halo ol

o 10‘5:
Uncertainties related to baryon feedback, e R T o

tidal stripping, clustering, ...
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Flux from DM annihilation

= (Consider a volume dV with a density ppy, at a distance R from the
observer, the rate of annihilation/volume/time is:

dN n? 02
i~ 2 (0= g, (oY)

2
2mDM

= [f the spectrum produced per annihilation is dN/dE, then the spectrum
oer annihilation/volume/time is:

dN _ p2DM < >ﬂ
dVdtdE ~ 2m2,, ' dE

= [he spectrum per unit of time observed in a detector area of dA Is :

dNps  poy , AN dA

atdE ~ am?, U Y i
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Flux from DM annihilation (ll)

= [ntegrating over the volume dV in spherical polar coordinates (dV =
R2dRdQ), the observed spectrum per unit of time observed per
detector area dA Is

dN, 1 dN
> = ———(ov) = [ pppdRAQ
dtdEdA ~ 8tm2,,' 'dE
\ ] | )
| Y
Particle physics: Astrophysics: J-factor
- Cross sections - DM distribution in the target
- Differential photon yield
- DM particle mass
= [or decaying DM, similar arguments give:
dNps 1 1dN
= — dRdS2
[dtdEdA drmpy 7 dE | PPMOE J
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J-factors

= [he J-factor encodes all of the relevant astrophysical information.

= Consider the simple example of DM particles annihilating in a
spherical dwarf galaxy of radius R, uniform density py, and located at a
distance D:

Observer

Dark matter halo

= For D >> R, on can show that the J-factor is given by:

47 R>p%
0= [ [ et opasan~ T |
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A quick estimate with a J-factor

= Jypical J-factors:
= dwarf satellite galaxies of Milky Way: 101720 GeV2/cm?®
= (Galactic center region (within 1 degree): 1022 GeV2/cm?

This assumes a Navarro Frenk and White profile for the DM distribution:
Ps

PNEW = (1 + (r/rs)?)

= A thermal relic cross section, a 1 TeV DM, ~1 photon produced per
annihilation in energy bin of interest

= A ground-based detector (with detection efficiency ~ 1, excellent
background rejection) with an effective detection area of 10° m2 would

receive about 1 photon per minute. Note however that the background
rate Is much higher,
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J-factors at cosmological distances (|)

= [f photons come to us over cosmological distances, the redshifting
needs to be taken into account,

= The source spectrum has to be evaluated at £, = E5(1+2).

= \Write integral in terms of redshift z rather than distance.
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J-factors at cosmological distances (|)

= [f photons come to us over cosmological distances, the redshifting
needs to be taken into account,

= The source spectrum needs to be evaluated at £, = E5(1+2).

= \Write integral in terms of redshift z rather than distance.

For a simple example, let us consider the isotropic signal from annihilation
of DM in the intergalactic medium, with density equal to the overall

cosmological DM density.
— we must integrate over photons (or neutrinos) originating from all
0OSSIble redshifts
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J-factors at cosmological distances (ll)

= Ve are interested in the photon density and spectrum in a present-day
volume dV,, arising from annihilation at all earlier times:

AN _/ddth() 0%(2) dV,
dE,dVy dz dE ‘”’ZmDM v,

dV, is the physical volume at redshift z
scale factor a « (1+2), so dV,/dVy= 1/(1+2)°

din(1+z)/dt = - dIn a/dt = -H(z), so dt/dz = -1/(H(z)(1+2))

dN P 1 dN(z) :
iEBdve ~ | PHDA 12 dB, 7Y m2
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J-factors at cosmological distances (ll)

We are interested in the photon density and spectrum in a present-day
volume dV,, arising from annihilation at all earlier times:

dN _/ddth() p2(2) dV,
dE,dVy ) “dz dE "”%mDM dv,

dV, is the physical volume at redshift z

scale factor a « (1+2), so dV,/dVy= 1/(1+2)°

din(1+z)/dt = - din a/dt = -H(z), so dt/dz = -1/(H(z)(1+2))
dN 1 dN(z)

2
dz (ovz p(2)
dE,dVy H(z)(1+ 2)® dE, m

Integrating over the volume in spherical polar coordinates (dV =
R2dRdQ), the observed spectrum observed in a detector area of dA is

AN, ] 1 aN(z), 0%(z) dRAQ
dEydA ~ | “H()1 +2)% dE, "”ZmDM A
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J-factors at cosmological distances (lll)

over the volume:

For particles travelling at the speed of light dR = ¢ dt, and integrating

r

\.

dNobs

dEydAdt

1 dN

- [ ang PHE)

1+ 2)3 dFE,

Ez:E()(1+Z)

(ov)

p?(z, 6, ¢;

2
2mDM

.

To include absorption, insert a factor of the form e *E2 inside the

integral, where the function t(E,z) describes the optical depth for a
photon emitted at redshift z and with (measured at z = 0) energy k.
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Astrophysical J-factor

J(AQ) = / / ))dsdq.
AQ loa

\
Annihilation depends quadratically on DM density, i.e., depends on poorly
known clumpiness of DM
(P7) 2 (p)
\ /

= Determination from
- N-boby simulations (non-linear regime)
- mass modelling

= Where to look?

Emmanuel Moulin — Ecole de Gif, Astronomie Multimessagers, September 2024 g5



Targets at galactic scales

1 \o Low: astrophysmal background

fGaIaxy satellltes of the Mllky Way a g

o Many of them W|th|n the 100 kpc from Gc

¥ / ~Substructures in

/G lactic: centre b’ .:
= -»proXImlty (~8kpc)

“High DM concentratmn i £
DM profile coreo GHSp"
High astrophysmal ol o

: \ backgrouna _ j

o SRR Wt

Q

e

Aquarius, Springel-et al. Natures008 o - 3 ’ ﬂ

:_;Inner Galactlc halo o
o Large statlstlcs
; o Galactlc dlﬂuse,

'  ¥ J.. "+ |1theGalactic halo

| o Lower signal

| o Cleaner signal.
.~ & & | - once found: Unid.

.

~

backgrounds
L




Observational targets and challenges
4 Likelihood of Strong signal

Galactic Centre

Galaxy clusters Galactic Center halo

>
Large Robust Constraints

Uncertainties Dwarf Galaxies

Maximize the quantity of DM
signal (close distance

and large DM density) wrt
background (astrophysical
sources) v
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Targets and challenges

Galactic Centre

Galaxy clusters

IACT observational strategy:
= Deep observations of the Galactic Center region
Observations of the most promising dwarf galaxies

Largde®
Uncertainties

Maximize the quantity of DM
signal (close distance

and large DM density) wrt
background (astrophysical
sources)

4 Likelihood of Strong signal

Galactic Center halo

See the CTA Dark matter programme EM et al.,
in Science with the Cherenkov Telescope Array, World Scientific, 2019
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Classical dwarf spheroidal galaxies

“Leo V- “Leo ! &0 - CVn CV” “ —
27 Leo IV/ NN UMa
" Leo | ) §8 S
Segue 1/ - Boo li y .
g/',- ',// Sextans "‘UMl Wl”man ]
- O —&—]
» - No recent sfar formation Her ' | i\ Draco
= Very low gas amount | ki
= Hundre st thousands stars with 08 fif
from phot etrlc and kinematic data . % [ 19
Even for cla\§3| al dPhs, the inner parts’of theim@iv: ' / i
proﬂlesg din poorly constrained and can generally ) Sagiie 3
accommoaate\b&th cored or cuspy density rofiles o B
Car;\- \ : P / /-":'
: \L\MC A Pisces I Segue 2
NS SMC A BRI 2 //
S, Scli- i) "'//
Forsi R



e SDSS

e DES

* Other

A growing number of known targets

5%, Boo il . o

. _€Vn ° = .
e C(Classical : at 890 I Leolle
dnsstsaamnass s WirlO: .L“.v
g 5 Y s Se
PS1 Leo IV Leole® 0
~ Crtue Sexe
e DECam +30° — X

e Sgr

_300 """"""""" \'"':‘:"""" """"""""

. T— , Hyi | ik
f SI:C. . ] /
: T ORetll .-
x 2 Gru |oT"°"o %.e’.'\‘}".é @ Erill
i Ml ',‘.. ......... IOP O “TFucintO-- A ST

hell.” Erilll .@
4 L=~ 5t FO)

= Census of Milky Way
satellites including all
dwarf galaxies
spectroscopically
confirmed as well as
suspected ones

Galactic

........ ACDM Prediction (l-iargis et al 2014) ‘Q
e Confirmed @Q
. . o Candifiate | 6\0
= More to be discovered in the 168} € Magiibes (Brojectad) DES, &
. o DECam (PFOJected) Pan-STARRS Q
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Dark Matter profiles in dSphs

= Modelling of the DM distribution
= Pressure-supported systems
= Stars of kinematic tracers of the
gravitational potential

Jeans equation assuming
equilibrium, non-rotating
(and spherical) system

= Even for classical dPhs, the inner parts of their DM profiles remain poorly
constrained and can generally accommodate both cored or cuspy density profiles

= The example for the ultra-faint dwarf spheroidal galaxy Reticulum |l

10_ T T T I T T Y”_L' T N T T T T
- — Medan " Reticulum I
Reticulum 11 oo 68% Cls - ;
4 8: oo 96%Cls —+ Dala
— [ —— Bestft .~ R
= 60—
2 [
6 4= e e
Mass-to-light ratio ) 3G 5 BRI
~500 A et e
1 |
0.05 0.1 0.15
R [kpe]

J-factor

T

— Median

68% Cls

. .
96%Cls . .oe*"
Ehe .
."' a'—

______
-

-
.-

Reticulum I

|

A 10

Disclaimer : Impact of triaxiality on halos, stellar membership probabllity, binary stars,

tidal disruption, ...
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Comparison of J-factors o=/ | fr(s.0)asin
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= Expected spread due to assumptions and/or choices on kinematic datasets, light
and DM profiles, velocity anisotropy, stellar membership probability, triaxiality of
the halo, ...
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J-factor estimates for dSphs

= Small-angle approximation g<<1(D<<R) —2"{@
D
= Let’s consider the density to follow p(r) = pr-8Pserver R

Dark matter halo

= with r = +Vs2+ D? —2Dscosf and z = s/D

2 o0
) - __Po dx
the J-factor writes  J(#) = 2y /0 I+ 22— 2z cos)

= For 1/2<~<3/2 , 0One can show that :

N pi T(y—1/2) 2
[ J(AQ) ~ 272 DQ'S—I T(v)T(1/2)3 - 27 }
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J-factor estimates for dSphs

= J-factors in dSphs are usullay derived via the Jeans modeling which

describes dSphs as an uncompressible system at equilibrium
(Binney&Tremaine 2008)

= Assuming spherical symmetry, the Jeans equation writes
1 d (u(r)o,.(-r)) +2;3('r)0,(-r) - GM(r)

v(r) dr B
v(r), or(r), and 3(r) = 1 — o¢(r)/o(r) describe the 3-dimensional densrty radlal velocrty dnsper-
sion, and orbital anisotropy, respectively, of the stellar component. -

= Adopting the Plummer profile for stellar density v (r) o (1 + (r/r)2) "2,
with r,, is the half-light radius, isotropic velocity dispersion (3 = 0) and a
constant velocity dispersion s

3
0’2'rh r 1 and _)0'2 Th
M = — T 7los™ @
(r) =35 G (rh) <1—|—r2/r2) M{(rn) = 2 G

with o = Olos

r r
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Reticulum Il

J-factor estimates for dSphs

Mass-to-light ratio
~500

= For the DM density p = por-Y, one gets M(r) = M(r,)(r/ry)>Y:
therefore, the DM density expresses as

502 (3—7) _,
p(r) = o——2 r

T G'rﬁ_7
= Using the result derived in the small angle approximation, one gets:
4 | 3—2v N
Ja0) ~ 2 ob 1 (De) (3—~)2 2T (v — 1/2)
g 64 G2 D?Ry, \ Ry 3 — 2y F(’}')F(I/Q)J

= For Reticulum Il ultra-faint dSph with D = 32 kpc, R;, = 15 pc and an
averaged velocity dispersion 0,, = 5 km s~1, an integration angle of 0.5,
and y = 1, one can show that :

[Iog10(J/GeV20m—5)(< 0.5) =18.7 ]
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Ultra-faint dSph obervations with H.E.S.S.

Dark Energy Survey (DES)

i 60" ot @Ben v'.ho“”"' dwarf galaxy satellites
A il
L | o " 59 selected and observed by
* DECam oeaiiliil o s.""x. H.E.S.S. (~80 hours)
Other P ° e e '

Antlle '

""" Si«gnifica_h_ce map

03"50™00° 03"40™00° 03"30™00° 03"20™00°

RA (J2000)
H.E.S.S. Collaboration (Rinchuiso, EM, Armand, Poireau),
= Combined limits from H.E.S.S. Phys. Rev. D 102, 062001 (2020) o
observations of Ret Il, Tuc I, — A aspn Rt Toc E e —_—

10~ Retll — Tucll 1021 Retll —Tucll M
E — Tuclll —Twav [\ [

Tuc lll, Tuc IV,

and Grus I £ :
= No significant signal, neither in : §‘°”
incividual nor combined ) o
datasets — upper limits w-fs—m J/V I
102 g 10"‘%2 A

My, (TeV) Mpy (TEV)



HAWC searches towards dSphs

= Combination of |5 dSph in a joint likelihood analysis, 507 days of
observations

* DM mass range |-100 TeV

* The dataset includes galaxies with large uncertainty on the J-factor

= Systematic uncertainties on observed flux are included in the bands

10—18 10—18

10-20 | :

10-20 I:

10—22 :

ol - _ :\ ______________________
' 110722 fee, S

Mm Mm

B § 12 S— 1 ¢ v

A A

5 10-24 | § 10-24 | xx~tt

— HAWC (w/ Trill) —— Leol —-= CanesVenaticill — HAWC (w/ Trill) —— Leol —-= CanesVenaticill

10_25: ----- HAWC (w/o Trill) === Leoll —-= Sextans 10_25: ----- HAWC (w/o Trill) —== Leoll —-= Sextans
—— Triangulumll -=- LeolV UrsaMajorl —— Triangulumll -==- LeolV UrsaMajorl
—— Seguel Hercules —-= UrsaMajorll —— Seguel Hercules —-= UrsaMajorll
Draco === Bootesl ~-= UrsaMinor Draco —== Bootesl ~-= UrsaMinor
] —— ComaB -~ =~ CanesVenaticil ] —— ComaB - =~ CanesVenaticil
10-2%8 T 10728 T
1.0 10.0 100.0 1.0 10.0 100.0
M, [TeV] M, [TeV]
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Constraints from dwarf galaxies

= Fermi-LAT contraints = Joint effort to combine observations
14-year dataset A~ E (I n
@ssermi N\ J
02 e P oo o ,WKWCHESSQ
dSph Constraints
10-221— if;‘;j‘t“;‘:';_ can) 1 = This analysis framework allows us to
B % e . perform multi-instrument and

107 e - multi-target analysis
|

= Common elements :
- Agreed model parameters
- Sharable likelihood table formats

- Joint likelihood test statistic
’5‘10—20

. | McDaniel et al,, arXiv:2311.04982 bb
10— il 1 Lo el 1 Lo a1l 1 L1 1
10! 102 102 104
M, [GeV]

= Thermal-relic annihilation cross section
probed for masses up to 100 GeV

£202 04O ‘le 18 bieqzsiey

_og Combined limit (¢8)  «eceaeas Fermi-LAT limit
100 e H, median o HAWC limit
o9 [ H, 68% containment H.E.S.S. limit
10 " [ H,95% containment  «ieiieinn MAGIC limit
30 — - —  Thermal relic cross section VERITAS limit
10 o Ll Ll W 4 78
10 102 10° 10 10°

Mpy [GeV]


https://arxiv.org/abs/2311.04982

Prospects with CTA

= Selection of optimal targets:
1. distance (d < 100 pc);
2. culmination zenith angle (ZA < 40°);

3. availability of good spectro-

photometric data

= Surviving sample:
- 8 Northern dSphs: 2 classical + 6 ultra-faint
- 6 Southern dSphs : 3 classical + 3 ultra-faint

100-h observations for each dSph assumed

1072

.
.
10722

<OannV> (cm3s™1)

1072 ¢

10—23 A

10-24L

Einasto
Tobs=100 h

------ Sculptor
--=Coma Berenices |

—-— Reticulum Il

10726 1

Steigman 2012 -

102

103

mpm (GeV)

£20204D] (Wniosuoo v/1 D) ‘e 18 1uINies

<0Oannv> (cm3s™1)

1072 ——

102t

L

%

1073}

1072

o) (GeV em~?)

Jgecl e,

21 r Dral

3 cBe

+ CBe

=+ Scl 4+ Retll

0.01 0.1 1 001 0.1 1 001 0.1 1 001 01 1

0,y (deg)

Stacking CBe+Retll, 300h, Einasto

— bb
_ ttr-
—— Steigman 2012
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Dark matter substructures in Galactic halos
= Dark Matter Subhalos

= Lower signal than the GC region
= No other wavelengths counterpart
= No astrophyiscal background

Location : selection through the catalog of
(Hard) Fermi-LAT sources ?

1. Assuming subhalos composed hy WIMPs
— could shine in gamma-rays

2. Fermi-LAT revealed a population of sources that
lack association at other wavelenghts;

o . + SNRs and PWNe » BL Lacs Unc. Blazars s Other GAL

— these sources are classified as Unassociated 5 Fokos e e RGAL 7 Unkuown

— careful selection can tell us what the Ajello et al., Astrophys. J. Suppl. 2017, 232, 18

promosing DM subhalo candidates

v Unassociated
o Extended

200 unassociated over
1556 sources in the Fermi-LAT catalogue
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Dark matter substructures in the MW halo

= Dark Matter Subhalos

Selection of the unassociated sources
in the Third catalog of Hard Fermi-LAT

sources (3FHL) to obtain the most
promising UFOs for H.E.S.S.
observations

1. Assuming subhalos composed hy WIMPs
— could shine in gamma-rays

2. Fermi-LAT revealed a population of sources that
lack association at other wavelenghts;
— these sources are classified as
Unassociated
— careful selection can tell us what the
promosing DM subhalo candidates

1079

=
|

i

o

E2 dN/dE (TeVcm—2s71)

10—14

3FHL J0929.2 - 4110

—¥—This work Mpw (TeV) (ov) | (GeViem=2s71)
4FGL DMDM - tt1~ L
......... 10 3X10
3FHL ......... 1 3)(10—4
——H.E.S.S., Obs. DMDM - W+ W~
——H.E.S.S., Mean exp. -=-10 2x1073
-1 4x1073

B H.ES.S. 68% Cont. B s
H.E.S.S. 95% Cont. :

10!

(Leoc) /1 '8l6 "r'sAydonsy

(T ‘neysArepy ‘Leueiuop) 1100 SS9 H
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Dark matter substructures in Galactic halos ?

Dark Matter Subhalos = Selection of the unassociated sources
R B R in the Third catalog of Hard Fermi-LAT
sources (3FHL) to obtain the most
promising UFOs for H.E.S.S.

observations
10?2 -5 § %
S5
a2 102 0 é §
- ' £ 5 9%
1. Assuming subhalos composed by WIMPs : 102 " i ;O §
— could shine in gamma-rays o -0 ™3
- =5
2. Fermi-LAT revealed a population of sources that - > §
lack association at other wavelenghts; Combined dataset —ness. | B30
— these sources are classified as Unassociated 10180:$MDM T i S
— careful selection can tell us what the Mpw (TeV)
promosing DM subhalo candidates Assuming thermally-produced
WIMPs: — UFOs very unlikely DM
subhalos
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Intermediate-mass black holes
in the Milky Way halo

IMBHSs (102 - 10 M) are expected to be surrounded by high
dark matter densities, so-called dark matter spikes Gondologsik

1991)

— significant enhancement of the gamma-ray signal

Zhao&Silk (2005), Bertone, Zentner, Silk (2005)

— strong constraints from early H.E.S.S. searches in the
Galactic plane survey H.Es.s. coll. (EM,Bertons), PRD 78, 072008 (2008)

Dark matter spikes
I -

== 2rechw

1012 4

109 i ' Tsp

106

103 4 P p(r) = prpw(r)

p(r) [GeV cm™3)

10°

1073

k[ ——————————————— -

IMBH would manifest as unidentified bright pointlike

sources

From the denstity profile, one can
show that the gamma-ray flux expresses as

( 1{ov) 1 AN [T )
®(E,D) = - 2(r)rd
(B, D)= 3 m2 D2dE J,,_, " (r)rdr
~ dE m2D? plrsp)rsp 8Ysp — 12 \ 7
\. X °P P Y.

0.225

0.200

0.175

il

0.150

0.125

Galactic Latitude
PDF [sr

0.100

0.075

0.050

75" Galactic Longitude

Aschersleben, Bertone, Horns, EM, Pelleiter, Viecchi JCAP 09 (2024) 005
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Intermadiate-mass hlack holes
in the Milky Way halo

= [IMBHs (102 - 10° M) are expected to be surrounded by high ..

dark matter densities, so-called dark matter spikes Gondolossik 101
1991)

— significant enhancement of the gamma-ray signal
Zhao&Silk (2005), Bertone, Zentner, Silk (2005)

— strong constraints from early H.E.S.S. searches in the
Galactic plane survey H.Es.s. coll. (EM, Bertone), PRD 78, 072008 (2008)

Dark matter spikes

== 2Tschw

== rsp

-3

106

103

p(r) [GeV cm

i pr) o r = :

T T T T T T
07 1075 10% 107! 10! 10% 10°

k[ ——————————————— -

r [pe]
= |IMBH would manifest as unidentified bright pointlike sources
= Advancements in cosmological simulations(e.g. EAGLE) MW-like galaxy
provide today a more comprehensive and refined 10 - = Nortarss =15
understanding of IMBHs populating MW-like galaxies " Ty

= |ACT observations of the Inner Galaxy Survey, the Galactic
Plane, Extragalactic Survey
. NBH,HESS = O.6+0'4_o_3 within the fields of view 0 10 2 30 40 50

NgH

" NBH,CTA = 1 1 +0'8—0.6 in the GaIaCtiC plane SUFVey Aschersleben, Bertone, Horns, EM, Pelleiter,
VVecchi JCAP 09 (2024) 005
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The Galactic Genter

X-Ray:NASA/CXC/UMass/D. Wang etal,; Radio:NRF/SARAO/MeerKAT

Galactic latitude (degrees,

= A complex region at VHE: base of

Fermi Bubbles, an hypothetical -
population of millisecond pulsars, ... Fermi bubbles.  ~ "

: @low latitudes
with extended structures beyond The Galactic Centre

Excess seen by

single fov and/or source confusion
Fermi-LAT

15°

= Expected to be the brightest sources=
of DM annihilations

Emmanue —30350



VHE gamma rays in the Galactic Centre
2006 12016...

Galactic latitugle (degrees)

-
~ il
-
-
-

1 1 1 1 ) : | ] 1 |
01.0 005 00.0 359.5 359.0
Galactic longitude (degrees)

10710

= Diffuse emission in the Galactic Centre
- Gamma-ray spectrum measured up to 50 TeV:

L power law with index 2.3 with no energy cut-off
5
€ 10712
WL
- oiuseomisiont0) = First Galactic Pevatron detected
L Mot ditoss s £55% 2 Pev H.E.S.S Coll (Aharonian, Gabici, EM, Viana), Nature 476, 531 (2016)
- - - Model: diffuse emission E?S:{ =0.6 PeV
10-® |~ - - - - Model: diffuse emission E 3% = 0.4 PeV

F B HESS J1745-200 Emmanuel Moulin — Ecole de Gif, Astronomie Multimessagers, September 2024 86
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VHE gamma rays in the Galactic Centre
2006 2016....
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01.0 005 00.0 359.5 359.0
Galactic longitude (degrees)

10710

» Diffuse emission in the Galactic Centre
- Gamma-ray spectrum measured up to 50 TeV:
power law with index 2.3 with no energy cut-off

101

m AIternatlve scenarios:

Connecting the new H.E.S.S. diffuse emission at the Galactic Center with the
Fermi GeV excess: A combination of millisecond pulsars and heavy dark

[ Diffuse emission (x10) matter? Lacroix, Silk, EM, Boehm, PRD 94 (2016) 12, 123008

—— Model (best i diffuse emission »  Pevatron at the Galactic Center: Multi-Wavelength Signatures from Millisecond
L Moo, dif oo E55% = 0.6 Pov Pulsars, Guepin, Rinchiuso, Kotera, EM, Silk, JCAP 07 (2018) 042

1073~ - ... Model: diffuse emission E%E:/Z =0.4 PeV
[ HESS J1745-290

10712

E? x flux (TeV cm2 s7")
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VHE gamma rays in the Galactic Centre
2006

E? x flux (TeV cm2 s7")

10710

101

-

o
L
~

10-13

- [_] Diffuse emission (x10)
T —— Model (best fit): diffuse emission
- — - Model: diffuse emission E Srs = 2.9 PeV
- - - Model: diffuse emission £ 3% = 0.6 PeV
— - - - - Model: diffuse emission £ Jors = 0.4 PeV

- I HESS J1745-290

1 10
Energy, E (TeV)

/

Galactic latitude (degrees)
)
o
o
I
W

-
~ il
-
-
-

] 1 I 1 1 L ] | 1} |
01.0 00.5 00.0 359.5 359.0
Galactic longitude (degrees)

The VHE GC source HESS 1745-290:
- strong energy suppression at several TeV
=  (Can be well described by (super-)exponential
cut-off power-law parametrization
= No time variability so far
= Nature of the sources ? acceleration
high energy protons in the vicinity of
Sgr A%, a pulsar wind nebula G359.95-0.04
a spike of annihilating DM particles
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Nature of the central source HESS J1745-290 ?

= How to go further with VHE gamma-rays

— Morphology in the energy cut-off region
— gamma-ray spectrum for the proton-induced emission: Oppy (E) = A E Vs E/E:

— DM-induced spectrum template: Ogppy (E) = A ETse—(E/EY
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Nature of the central source HESS J1745-290 ?

= How to go further with VHE gamma-rays

— Morphology in the energy cut-off region
— gamma-ray spectrum for the proton-induced emission: $ppy (E) = A E Ve E/E:

— DM-induced spectrum template:

Data well described by both
EPL and a SEPL spectral
templates

— Present statistics is not
sufficient to significantly
discrimintate among the
two templates

E*®(E) [TeVcm2%s!]

Osppy (E) = A, ETse(E/EY

10-11 10-11
(%}
10-12 L o~ 10-12
S
o
>
w
_ =
""\_“ \ — ‘."~.‘~ ‘\
102 e Y {1 Kot e \
Treay . \ \ ;lei Tl ... ‘| \
--- PL(ann) ‘\ = --- PL(ann) 1N~
—- EPL — - SEPL l ™~
— EPL + PL (ann.) | — SEPL + PL (ann.)
— HESS data \ — HESS data
1074 T I \ 104 . .
10" 10° 10* 10? 10! 10° 10* 10
E [TeV] E [TeV]
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Nature of the central source HESS J1745-290 ?

= How to go further with VHE gamma-rays

— (=1, template A

— Morphology in the energy cut-off region - =2, template 8 P
— gamma-ray spectrum for the proton- | |
induced emission: | |2
(I)EPL(E) - ASE_F"e_E/E"‘ « [ %
I R o
— DM-induced spectrum template: 2 Iz
Dsppy (E) = A, ETse~(E/EY il E
5 110 1I5 2'0 215 30

hours

CTA should he able to reliably distinguish SEPL from EPL models
in about several ten hours of ohservation time
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Galactic Gentre observations by IACTs

= Visibility from North i Deep survey of the inner Galaxy
S % ' ith H.E.S.S.
and South : Y going on wit ;
) /' Il{‘ ;\ '3\ \ - Negative latitude scan started
Hemisphere / 44 1%, o .. _, 200
e o ﬁ g g l| 2014-2020 HES:S. dataset 5
o 2 . £
MAGIC, VERITAS, ~ 7y 5 2502
HAWC, LHASSO K '45 !
HESS 7, 20
= 0(100) hour datasets are heing taken ;
Searches currently still statistically dominated _1 100
— continued benefit from more observations -2 .
e.g., Montanari, EM, Rodd, PRD107, 043038 (2023) -3 I
0

5 4 3 2 1 o 1 -2 -3 -4 -5
Galactic longitude [°]

(@202) LOLLLL ‘621 1e7 NeY 'SAyd
‘W3 ‘reysAiepy ‘LuBjuOp) 100 "S'S I H
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Galactic Centre obhservations hy IACTs

= Visibility from North . Deep survey of the inner Galaxy

going on with H.E.S.S.
:::“ss(::‘t:re - Negative latitude scan started

2014-2020 H.E.S.S. dataset %
K

* +3.5 B
+2.5
19 +1-8 + -6 +1-5 + f

MAGIC, VERITAS,
HAWC, LHASSO

N
[&)]
o

st

Galactic latitude []

o —_ N (4] S a1 (o]
n
o
o

Time exposu

= 0(100) hour datasets are heing taken
Searches currently still statistically dominated _1

100

— continued benefit from more observations -2 »
e.g., Montanari, EM, Rodd, PRD107, 043038 (2023) -3 I

0

5 4 3 2 1 o 1 -2 -3 -4 -5
Galactic longitude [°]

(@202) LOLLLL ‘621 1e7 NeY 'SAyd
‘W3 ‘reysAiepy ‘LuBjuOp) 100 "S'S I H

= GC region can he observed by MAGIC,
VERITAS, HAWCG at high zenith angles

“Credit. S. Abe

a raise in the energy threshold

- effective area at higher energies increased
up to an order of magnitude compared to
low zenith angles

* higher systematic uncertainties

Emmanuel Moulin — Ecole de Gif, Astronomie Multimessagers, September 2024 93



Galactic Centre obhservations hy IACTs

= Visibility from North .
and South e i
Hemisphere

MAGIC, VERITAS,
HAWC, LHASSO

= 0(100) hour datasets are heing taken
Searches currently still statistically dominated

— continued benefit fromm more observations
e.g., Montanari, EM, Rodd, PRD107, 043038 (2023)

= GC region can he observed by MAGIC,
VERITAS, HAWCG at high zenith angles

0°30' ;
> 4 $ . . Go9+o1 ..................... - sg.r_.A* ........ M
L 3 oo ?
% § -0°15"
/ Credit. S. Abe G 30"

1°00'

Deep survey of the inner Galaxy
going on with H.E.S.S.

- Negative latitude scan started
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Galactic Centre obhservations hy IACTs

= Visibility from North

d South e
and sou € ko f
Hemisphere /it r..A
MAGIC, VERITAS, rs 5 S\
HAWGC, LHASSO NN

+90° cle

= 0(100) hour datasets are heing taken
Searches currently still statistically dominated

— continued benefit fromm more observations
e.g., Montanari, EM, Rodd, PRD107, 043038 (2023)

= GC region can he observed by MAGIC,
VERITAS, HAWCG at high zenith angles

Deep survey of the inner Galaxy

: "\ : going on with H.E.S.S.
2 '3 - Negative latitude scan started
@ @
S — 6
.‘ PRl 2014-2020 H.E.S.S. dataset - T
25 I m
o : g g J»
/ s 3 5 2 q
w0 HESS ° WE o=
' ' ' 2 = '(;D'_ :_i\
1 150 2 %
0 ©y
S
100 o=
—1 — %
Spectral Energy Distribution of Sgr A*
S — N Abe et al, ICRC 2023
CTA LST1
£ 1074 SR
o ' \
g, e )
—— Best fit model \
-~ MAGIC, A&A 642 (2020) 3
—— H.E.S.S., Nature 531 (2016) A
Emman =4+ LST-1 + MAGIC (this work) Y
10713 .

10°

Energy [TeV]
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Dark matter distribution in the inner Milky Way

= Mass modelling using kinematic tracers (stars, gas, ...)
- careful modeling of the baryonic component and associated
systematic uncertainties

Cautun et al. MNRAS 494, 4291 (2020) Portail et al. MNRAS 448, 713 (2015)

x10°
10g C LELEL llll I ] LI B I | lll T ] I LI | II T i 7 ! T I
om0 :5 Plocal = 0.4 GeV/em3, R, = 20 kpc /!
=
. =0 Rue=0,1,2 3 4kpc ' ;
T c
a 0
X Q0 5t
@ o
= )
é e contracted halo N Nl
L // = = best fitting NFW _ <
[/ == hest fitting gNFW i g 3r
o best fitting Di Cintio (2014) -
§ III 1 L Ll Ll lll 1 1 L L L L1l ll 1 -
0-5 i UL Ill I I LI B B | lll T I ] LI A | II ] g 2-
-
T
_35. | ~ - ’-:-_‘-__‘~\~\ - 2
e 00 \\§ —“_’ - Lgs\hg. { ].'
. B —— - e - - -
E’ ,/’ ~ - \: 8
- /, . 1 1
_O’S:d_‘nﬂ{‘ - 110 L ....l.(lm ! %0 05 10 15 20
r (kpc) Inner Profile Slope, v
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Dark matter distribution in the inner Milky Way

= Hydrodynamical N-body simulations:
- Physics of baryons plays a crucial role at small scales
- Baryonic feedback on the DM halo — large uncertainties
- the resolution limit of simulations becomes also relevant

McKeown et al. MNRAS 513, 55 (2022)
1025
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Molitor et al., MINRAS 447, 1353 (2015)
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= DM distribution not firmly predicted from
simulations nor constrained by observations
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WIMP status from GeV-TeV ohservations

= Strong constraints from
VHE gamma rays probing
thermal relic TeV DM

= Some of the simplest
thermal WIMP scenarios,
e.g., pure higgsinos and
winos produce the
measured DM abundance
not yet detected

929 H.E.S.S. coll., Phys. Rev. Lett. 129, 111101 (2022)

10~

DMDM — W+W-

Thermal relic density

10~ 20 L —= H.ES:S. 2014-2020, this work —— HAWC dSph (2017)
-~ Fermi-LAT dSph (2015) — HAWC GC (2017)
C Fermi-LAT GC (2017), DMDM — bb = MAGIC Seguel (2016)
- = PLANCK (2015), DMDM — bb H.E.S.S GC (2016)
10—27 L1 Ll |||||||| L1yl [
| 0000102 05 1 2340 10 50

IMpM ( Te\/)
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Gamma-ray fluxes from DM annihaliation with
secondary emissions

d(I)t ot d(I)p d(I)ICS . Inverse Compton scattering of e+ on ambient
radiation CMB, infrared, optical

dE ~ dE = dE

TR A B T T A
= Strong ISRF in the GC N e o e o e
' R 107 ¢ rootm t—y e 1077 ¢ rootm_t 3
region I - e é
% 2 ” |
= Additional gammaraysin = o i
the final states T \ .
= depends strongly on the o T e e T
annihillation channel Fhoton Eoesgy  FylGeV] Photon Energy  E,(GeV]
Hadronic channels : Leptonic channels :
No significant Important contribution
contribution from ICS processes, from
From ICS 10 GeV to several

hundred of GeV, well
above CTA energy
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Gamma-ray fluxes from DM annihaliation with
secondary emissions

d(I)tot d(I)p d(I)ICS . Inverse Compton scattering of e* on ambient
+ radiation CMB, infrared, optical

CTA Sensitivity in the inner 5deg of the GC
Five Rols, Einasto profile, 500 h

= Strong ISRF in the GC region o
=  Additional gamma rays in
the final states
= depends strongly on the 2ok N\
anninillation channel H
26 Statistical errors onl
E N\ ) —— DMDM —bb '
' ' u —— DMDM —tt,
= Strong constraints for the leptonic F e DOM — W
. . —— DMDM — 1
channel from the ICS contribution - e OMDM o'

m_ (TeV)
Lefranc et al. PRD 97, 122003 (2015)
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Gamma-ray backgrounds in the GG region

Inverse Compton flux maps predicted by GALPROP v57 [
in units of Te\VV-1 cm-2 s— 7 Sr—1

= Guaranteed gamma-ray emission gy Y S
from astrophysical sources and ": , ?' ;
cosmic-ray interactions with gas S -; :j .
(lorem.,, pp interaction) and e

ambient photons (ICS)

= Modelling uncertainty from source
populations, cosmic-ray
propagation, and target
distributions (gas, radiation fields)

x 10712

Hadronic flux maps
at an energy of 10

2° G TeV computed with
0.6 GALPROP v57 in
= = 0% ' its of TeV—1 cm-2
= Careful assessment iwith S/B and g T
- - - 90 0.4
systematic uncertainty modelling
IPNSAO (R12) 0.2
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Neutrinos: Galactic Genter / Galactic Halo

1018

10-19

1020}

10»21
10—22

103

(o) [cm?s 1]

1024

10-25

10-26 [

10

This work - Combined ANTARES/IceCube Search
IceCube [EPJC (2017) 77:627]

ANTARES [PLB (2017) 769:249, PLB (2019)]
Veritas - dSphs [PR (2017) 95:082001]
Fermi+MAGIC - dSphs [JCAP (2016) 02:039]
HESS - Einasto [PRL (2016) 117:111301]

T T

Preliminary NFW 7+ 1

ANTARES/IceCube
Combined Exclusion Limit

10*

102 103
m, [GeV]

10-17

T T T TrT] T T T IITI T T T Trrr T T T TTrm] T T 1111
»rar IceCube-86 (GC) 90% CL UPPER LIMIT
arXiv:1705.08103 [hep-ex]
[ == Super-K bb (NFW) .
mi= Super-K W*'W" (NFW) % bB IC

1018

L]
.

TTTITT T TTHH

10"°

TTTTI

= Super-K u*u” (NFW)
Super-K v¥ (NFW)

lIlllI.Il] lIlIllIJ] LLLI ]

u+u- IC-'u.‘
bb SK o
u+u- SK

vV SK -
vv IC

%
Illﬂ'll IIIII|T|] IIIII|T|'|uIIII|T|T| IIIIIIII| T T T

Illllll | lIIlI.IJI | lIIlLlI.LLLl|l

natural scale — expectation for DM as thermal relic
-26
10 E | IlIIlII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIE
10" 1 10 10? 10° 10
M, [GeV/c?]

I
1§

= Combined analysis enhances sensitivity in overlap region and helps to
make analyses more comparable

= \ery competitive result from Super-K for dark matter masses below a
100GeV
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Neutrinos from DM capture in the Sun

Py A velocity
distribution

Sun

— Earth

v interactions

r

capture

‘M;?"__f

I snninilation Detector K

= WIMPs occasionally scatter on atomic nuclei inside the Sun. If their
velocity drops below the escape velocity, they are trapped in an
orbit around the Sun, lose more energy and finally accumulate at
the Sun's center.

= Can apply to capture in the Earth

= Neutrino telescopes can probe the spin-independent / spin
dependent cross section on the proton
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Neutrinos from DM capture in the Sun

Py X velocity
distribution

— Earth

v interactions

- 4'*._ e & i % — k o g
..".~.4 : R ;',": 2 e R i ’
capture & ) : i
m;f._’» =

I snninilation Detector

= A quick estimate: assuming that fy is the flux of dark matter particles
in the Solar System, M is the mass of the Sun, and sy, is the dark
matter-proton elastic scattering cross section,

M,
the Solar capture rate C is: C = @(—Q)axp
my

= With the local DM density py~0.3 GeV/cm3, <vy>~300 km/s:
by ~ 102 cm=2s! (100 GeV/my)
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Neutrinos from DM capture in the Sun

Py X velocity
distribution

v interactions

Detector

= The number of dark matter particles present in the Sun as a function
of time N(t) (neglecting DM escape) is

N(t) = Cy — CaN?(t)

= |n equilibrium, the annihilation rate G, is fully determined by the
capture rate . C
hd©)

—CAN2(t) 5
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Neutrinos from DM capture in the Sun

Py X velocity
distribution

v interactions

I anninilation Detector

= Putting numbers together :
4 ™

P 10057 (V) (ox0 )

mx 10—42¢m?
\_ ,

= (Constraints from neutrino telescopes towards the Sun are not on the
dark matter's annihilation cross section, but on its elastic scattering
Cross section with nuclel.
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Neutrinos from DM capture in the Sun

10-36

Spin-dependent scattering
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WI M P Status 2021 Snowmass Community Study
Chapter 5: Cosmic Frontier

B
. . ’E Currently excluded
1 GeV — 100 TeV, electroweak couplings with SM 2
; . % 10~4#
y DM annihilation B _ Z
" = = No detection (vet) of new weak-scale : .
physics at the LHC
= No detection (yet) of WIMPs in direct :--
AT dark matter searches
10~Jg7 “““1‘61 ‘ nl\- BT Uul)" T
] ) ] Dark matter mass [GeV /¢
= Strong constraints from direct searches probing H.ES.S. coll, Phys. Rev. Left. 129, 111101 (2022)
cross sections as small as 104’ cm? @ 30 GeV 0
10233_ DMDM — W+~
= Strong constraints from VHE gamma rays :
probing thermal relic TeV DM T o
= Some of the simplest thermal WIMP T
- - - - ~ Mol === Thermal relic density |
scenarios, e.g., pure higgsinos and winos - -
T e H.E.S._S. 2014-2020, this work —_— HA\\ig iSCthOQf;?
produce the measured DM abundance AT e o, DDA 5 . MACHC st o)
A R T TR AT
not yet detected 1072 0050102 051 2345 10 50

L
2
mpwm (Te\/)
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