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DM-CR interactions

A promising way to probe sub-GeV Dark Matter (DM) particles involve their interaction with Cosmic Rays (CRs).

4+ Boosted DM particles: signatures at direct-detection

experiments thanks to higher kinetic energies.
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) 4 CR cooling mechanism: modification of the CR transport

and the subsequent non-thermal emission.
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Active Galactic Nuclei (AGNSs)

AGNs are ideal targets as the DM density is expected to be significantly larger near the Black Hole (BH).

4+ When the CR-DM cooling process dominates the
CR transport = suppression of the y-ray and v flux

Supermassive BH

4 Previous constraints simply according to

tDM CR ~ O 1 ttotal

- D
Our innovative methodology

1. More selt-consistent DM halo parameters
2. Use of a semi-analytical, multi-zone jet model

3. Assessing the impact of the uncertainties of the

-

| » i : : . . .
HST & VLA image of Hercules A. - | dynamical properties of the astrophysical source
Credits: NASA, ESA, Baum & O’Dea (R/T) Per ey & Cotton (NRAO/AU//NSF) and the Hubble Heritage Team (STSC//AURA) K J

Previous constraints: Herrera & Murase PRD’24, Gustafson+ PRD’25, Mishra+ 2504.03409. 2/7



1. Determination of the DM spike parameters

4 Previous works infer the inner DM spike from the
BH properties and extrapolate it to larger radii,

leading to possible inconsistency!

4+ We instead rely on the measured My, — M, .,

relation and on

Parameter Value
Mhaio/Mo 5.7+ 3.3 x 10*?
r200/kpc 377 + 74
C200 6.21 4 0.39
rs/kpc 60.81 + 12.58

ps/(Mo kpc™) 18173 x 10°

/ 7200

Mhalo — 477/
4R,

Mass relation: Marasco+ MNRAS 2021. Cosmo simulation: Ishivama+ MNRAS 2021.

/

7”2/0[)1\/[ (’l“,) dr whole profile

DM spike in Markarian 421
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2. The BHJet model: geometry

100 jet segments

< >

Jet acceleration and collimation Particle acceleration and dissipation
< >

< >

Li., injected
power
R,, cross-sectional Zgic distance
radius at the jet base from the jet base
PDM | > I (not in scale!)
DM spike DM halo

The jet geometry and the local conditions crucially determine the effects of the DM-CR interactions!

Refs: Markoff+ A&A 2003, Markoff+ ApJ 2005, Lucchini+ MNRAS 2022. 4/7



2. The BHJet model: emission from CR electrons

Timescales in the jet segment at 7,

1012 - lacc _——— tsyn
-l tic = lesc
100 == -2 :
~ - < _ =
e R BQ'J
10° 1 T -

. ~~,—<
10° - :
100 1 1 L1 11l 1 1 L1 11l 1

10 10 1019
T. (eV)

Refs: Markoff+ A&A 2003, Markoff+ ApJ 2005, Lucchini+ MNRAS 2022.

4 In each jet segment, the normalization Q,(z) of non-thermal

electrons from the steady-state transport equation:

nnth(Eea Z)

ttotal

~ (Qo(2) q(Ee)

Injected power-law

q(EG) X Ee—2 eXp(_Ee/Ee,max)

4+ Maximum energy E from the timescale equation:

e,max

trce(Bemax) = ton (Femax) + tic (Bemax) + tase(Ee,max)

< >

trotal (Femax)
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3. Effects of DM-e scatterings

Timescales in the jet segment at 7,

_t - -

tDM—e -

aCC
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+ tose (Be,max) + tonor (Be,max)

E (eV)
10 10=2 10% 10* 10" 10% 10%
081 Syn  Markarian 421 —— with DM (joint fit)
Cﬁ\ 0 — IC -=-=-=- without DM
= 1070 e with DM (fixed jet) -
)
- 107
?O— —11
E“O 12 (
\'/1_0_ '.
; \
LTS 10—13 l‘
102 10tt 10 10Y" 10%  10% 10%°
v (Hz)
+ Lower maximum energy £, ... of the electrons (cooling).

4+ However, the photon flux can be still compatible with data.

> Fixing the jet parameters leads to too optimistic constraints!
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ReSUItS and COﬂClUSiOnS Kantzas, Calore, MC, arXiv:2509.18850
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ReSUItS and COnCIUSiOnS Kantzas, Calore, MC, arXiv:2509.18850
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SUPPLEMENTAL MATERIAL



The DM spike profile

The adiabatic growth of a black hole in the central region of a DM halo gives rise to a very dense spike.

DM halo at redshiftz > 0 DM spike at redshiftz = 0

_ —Tsp
AN peplr) = pr | 35—
pin(r) = ps | - — . ) .

9 — 2y
(y = 1 for NFW) Vsp = 41—~
0 r <4R,
r
Pap(r)Peore 1R, <r < Rgp Free halo parameters
— PDM (T) — Psp(r) T Pcore S :
N\ 7 e\ 3 normalization p, and scale radius r
Ps (—) (1 ) Rsp < 1r < 900
I's I's

Core density due to DM self-annihilation: p... o 1/{cV)

Refs: Gondolo & Silk PRL 1999, Sadeghian+ PRD 2013, Lacroix+ PRD 2015, Lacroix+ PRD 2017.



Markarian 421: astrophysical emission

E (eV)
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4+ Multi-wavelength data of Markarian 421
from the steady state are compatible with a

pure leptonic emission.
Bartoli+ ApJ 2016

4+ 3D parameter space with uniform priors:
Liet € [107?Lgaq, 1.25 Lgaq
Ry € 2R,, 30R,
Zdiss € [2R,, D5 R,

4 Best-fit parameters:

Lt = (0.099=+0.001) Lgqq
Ry = (20.1+0.1)R,
Zdiss — (37 T ) Rg

See also refs: Ghisellini+ A&A 1996, Mastichiadis+ A&A 1997, Tavecchio+ ApJ 1998, Tavecchio+ ApJ 2001, Konopelko+ ApJ 2003,

Finke+ ApJ 2008, Takahashi+ ApJL 2013, Petropoulou+ A&A 2014, Acciari+ ApP 2014, Abdo+ ApJ 2014, Nilsson+ A&A 2018.



Three main parameters

E (eV)
—D —1 3 7 11 15 . .. . .
- 10 10 10 10 10 10 4 More distant dissipation region from BH z;..:
10~ | | | | ' | ' ' | | | higher magnetic energy density, and so higher
i Liet = 107% Lgaa, Ro=05R,;, zaiss = 10R, | J J 9y Y I
10=7 == Liw=10"2 Lyaa, Ro=5R, 2w = 100R, synchrotron luminosity.
...... Ljet — 1072 Ltaa, Ro= 50Rg7 Zdiss = 1ORg
& ) === Lot = 107" Lgaa, Ro=05Ry,  zdiss = 10R; |
IE 10_9 B p W—, B
O ‘/ — \ /"-\‘ . . . . .
— o~ TS y 4+ Larger jet base R,: larger size of the dissipation
I . . .
go — region, lower magnetic energy density, and so lower
k=) i synchrotron luminosity.
AN —
<
~ _
- + Higher jet power L : increasing the total non-
10717 L—— | ' | | | ' | - | thermal emission.
10° 1012 10 102 1024 10°
v (Hz)

Synchrotron-Self-Compton spectrum



More about DM halo parameters

Kantzas, Calore, MC, arXiv:2509.1885

ppM(T) = 4

0 r < 4R,

4R, <r < Rgp

r\ ! r\7 7"
Ps (—) (1 + _> Rsp <1 < 7200
\ Ts Ts

4 Derivations of the profile normalization (arbitrary scale

radius r, ~ 10 kpc) found in literature from Mgy or AMgy:

10° R,
47 /
4R,

T,,ODM (7“/) d?“/ ~ MBH (OI‘ AMBH)

4 Our derivation with r, = 7500/ Cy00(M},41,) from cosmo simul.:

Mhalo — 47T/
4R,

200

r 'QPDM("“') dr’

1011

AdBH ==]”9>(]Lﬁ.ﬂﬂ3

Mgy — M, 4, relation
J lI 1 | 1 | I I I | II

— Marasco+ 2021 i
% Markarian 421 (Marasco+ 2021) =
¢ Markarian 421 (Di Matteo+ 2003) -
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Direct detection experiments

They search for the nuclear recoil energy E, caused by the possible scatterings with DM particles.

Dark Matter (DM)
around us

-
-
-

@

Standard Model
target

Goodman & Witten PRD 1985

+ DM might interact with p,n, and e~ typically 4+ Counting experiments for which:

Differential
dR event rate

dF,

bound to stable nuclei

Einax
N = Tobs/ dL, 77(Efr')
0

4+ Sensitive to DM masses m, > GeV

Detector efficiency E, 2 keV



Direct detection constraints

\LUX (M)

\

_CRESST (Surf)
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Light DM is almost directly unexplored: new probes are required!



