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Direct detection of dark matter

� 1: Ruled out by several experiments

� 2: Dark matter signal masked by atmopsheric/solar neutrinos,
but reachable in the near future

Ø 3: Unexplored region, hard to reach in the near future
2 / 36



Ahlen, Avignone, Brodzinski, Drukier, Gelmini, Spergel, 1987’

� The first dark matter direct detection experiment was able to
constrain a cross section of � 10�37cm2

� Remarkably, in � 35 years, experiments have improved their
sensitivity by 10 orders of magnitude!
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Uncertainties in dark matter direct detection
In reality, these limits are subject to a couple of theoretical assumptions

? The dark matter velocity distribution on Earth follows a
Maxwell-Boltzmann truncated at the escape velocity of the Milky Way

? The dark matter-nucleus interaction is given by a coherent operator, and
the dark matter couples equally to neutrons and protons

Herrera, Rappelt, 24’
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Light dark matter
� Phenomenologically viable, although neglected in "traditional" WIMP

models! Lee-Weinberg-Hut bound.

� However, light scalar particles can account for thermal dark matter via
exchange of new fermions and light bosons (Boehm, Fayet, 03’)

� Asymmetric dark matter, SIMPs: E.g 3! 2 processes yield MeV
thermal dark matter (Hochberg, Kuflik, Volansky, Wacker, 14’)

� Dark matter may also be produced non-thermally, freezing-in instead
of freezing-out

Hall, Jedamzik, March-Russell, West ’19 Jaeckel ’13

4 / 36

https://indico.cern.ch/event/394659/contributions/943994/attachments/790192/1083104/Pradler.2015.pdf


Direct detection of light dark matter through Migdal e�ect
Herrera, 23'

Ibe, Nakano, Shoji, Suzuki, 17'

� Light dark matter may induce ionization signals from nuclear
recoils due to the Migdal e�ect

� Allows to extend the sensitivity from experiments to
DM-nucleon couplings for< DM � 100MeV
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Direct detection of light dark matter through electron recoils
SENSEI, 23'

Figueroa, Herrera, Ochoa, 24'

� Light dark matter may scatter o� electrons in the atom directly

� Current experiments are orders of magnitude less stringent to
electron recoils than to nuclear recoils

� Next generation experiments (XLZD , OSCURA) will be able to
probe motivated models, but we are still far from that 6 / 36



Direct detection of high-speed light dark matter

Bringmann, Pospelov, 19' Herrera, Ibarra, 21'

� A fraction of the dark matter �ux on Earth may have larger
velocities than the escape velocity of the Milky Way

! Extended sensitivity to low-mass dark matter

� E.g: Cosmic-ray boosted dark matter, non-galactic dark
matter, Boosted dark matter from annihilations/decays... 7 / 36



However, all the aforementioned approaches constrain light dark
matter with a relatively large cross section, well above the current

sensitivity of direct detection experiments at the GeV scale

Alternative to probe light dark matter with weak (thermal) or feeble
(non-thermal) cross sections?

Look at observable regions of the Universe with high density of both
dark matter particles and Standard Model particles, and high center of

mass energies

! The vicinity of supermassive black holes!
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In an Active Galactic Nucleus (AGN), the emitted neutrino �ux is
proportional to the injected proton �ux from the accretion disk

(Berezinsky, 73')

� ? ¸ W! = ¸ c¸

c¸ ! 4¸ ¸ a` ¸ a4

? ¸ W! ? ¸ c0

c0 ! W̧ W

Both processes occur with similar probability:

Comparable neutrino and gamma-ray �uxes!
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High-energy multi-messenger astronomy

� Photons: Extragalactic sources of high-energy gamma-rays have
been identi�ed for several years (e.g AGN, Gamma-ray bursts,
Starbust galaxies)

� Neutrinos: Not long ago, the only well known astrophysical
sources were the Sun and Supernova 1987A, whereas the origin
of the di�use �ux of high-energy cosmic neutrinos remained
unclear.

IceCube, 13' Fermi LAT, 14'

10 / 36



Astrophysical neutrino sources
Oikonomou, 22'

� Blazars: TXS 0506+056,� 13 events at 3.5f

� Non-jetted active galaxies: NGC 1068,� 80neutrinos at 4.2f

� Tidal disruption events (TDEs): AT2019dsg, AT2019fdr, AT2019aalc
and AT2021lwx, at 3.7f

� Galactic plane: Di�use emission at 4.5f
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Emitting regions in AGN

Padovani et al, 19'

TXS 0506+056:

Broad Line Region
(BLR) or beyond,

' em � ' BLR � 104' (

Murase, 22'

NGC 1068:

Corona,

' em � 10 � 100' (

Stein et al, 20'

TDEs:

Depends on the source,

' em � ' �
�

" BH
" �

� 1
3 � 10� 103' (
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Dark matter spike formation

Adiabatic growth: A substantial increase in" BH takes place after its
initial formation, and the mass is accreted slowly.

Peebles, 72'
Quinlan, Hernquist, Sigurdsson, 95'

Adiabatic conditions :

50¹� 0– !0º = 5¹�– ! º ! Phase-space
distribution

! 0 = ! ! Angular momentum

� 0¹� 0– !0º = � ¹�– ! º ! Radial action

Cdyn = � " BH• f 3

C( = " BH• ¤" Edd

For most SMBH:Cdyn � C(

Ullio, Zhao, Kamionkowski, 01'
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The dark matter spike pro�le

The dark matter in the vicinity of a black hole that grows adiabatically
forms a dense spike with pro�le:
Gondolo, Silk, 99'

dsp¹Aº = d' 6W¹Aº
�

' sp

A

� Wsp

� d' = d0
�
' sp•A0

� � W

Normalization factor

� ' sp = UWA0

�
" BH•¹ d0A3

0º
� 1

3� W

Size of the spike

� Wsp = 9� 2W
4� W

Cuspiness of the spike

Herrera, Murase, 23'

Only valid forA� ' sp, and in scenarios where the dark matter does
not self-annihilate (e.g asymmetric dark matter or axions)13 / 36



The dark matter pro�le around AGN

When the dark matter particles annihilate, the maximal density in the
spike is saturated

� 3=DM ¹C–Aº
3C = hfE i =2

DM ¹C– Aº ! =DM ¹C– Aº ' =DM ¹C5–Aº
1¸ =DM ¹C5–AºhfE i ¹ C� C5º

dsat = < DM•¹hfE i CBHº

� CBH ! Time elapsed since the black hole formation
� hfE i ! Velocity averaged dark matter annihilation cross section

d¹Aº =

8>>>><

>>>>
:

0 A� 4' (
dsp¹Aºdsat

dsp¹Aº¸ dsat
4' ( � A� ' sp

d0

�
A
A0

� � W�
1 ¸ A

A0

� � ¹ 3� Wº
A� ' sp•

� With relativistic e�ects and/or rotating BH's, the spike vanishes at2' (
and the density of DM particles is enhanced near the core

(Sadeghian, Ferrer, Will, 13' Ferrer, Medeiros da Rosa, Will, 17')
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The dark matter pro�le around AGN

Ø Cosmic rays are likely to be accelerated and cooled within the
dark matter spike of AGN

Ø High-energy neutrinos and gamma-rays are likely to be produced
within the dark matter spike of AGN.
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The dark matter pro�le around AGN

Herrera, Murase, 23'
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The dark matter column density in AGN

The column density on the AGN from' em reads

SmallhfE i ! � DM
�
�
spike '

dsp¹ ' emº ' em
¹Wsp� 1º

�
1 �

�
' sp
' em

� 1� Wsp
�

LargehfE i ! � DM
�
�
spike ' dsat' sp

h
1 � ' em

' sp

i
/ < DM•hfE i

� DM

�
�
�
halo

' d0A0

h
log

�
A0
' sp

�
� 1

i

The halo is in general not negligible compared to the contribution from the spike
Ferrer, Herrera, Ibarra, 22'
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� High-energy protons and electrons can cool e�ciently via interactions
with ambient photons and gas in the AGN

� May they also cool via scatterings with the ambient dark matter
particles ?
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Cosmic ray cooling induced by dark matter

Simple estimate! The currently strongest bound on light dark matter
coupling to protons is given by the direct detection of cosmic-ray boosted

dark matter

E.g for< DM � 10� 3 GeV! f DM� p ® 10� 35 cm2

The average dark matter spike density in the corona of NGC 1068 is

hdDM i � 5 � 1018GeV•cm3 for W= 1

gDM� ? � 1•
�
h=DM i f DM� ?2

�
� 7 � 103 s

This value is well below the proton cooling timescale inferred by
observations of NGC 1068 (� 106s )

Cosmic rays cooling in AGN can provide a powerful probe of light dark
matter !
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Cosmic ray cooling induced by dark matter

We �nd for each< DM the largest DM-proton (electron) cross section
yielding a timescale equal or larger to the cooling timescales determined
with models at the relevant energies (gel

DM� 8 � �g cool
8 , with � � 0•1 � 1)

Herrera, Murase, 23'

gel
DM� 8 =

"

� 1
�

�
3�
3C

� #� 1

�
3�
3C

�
= dDM

< DM

¯ ) max
DM

0 3)DM ) DM
3f DM� i
3) DM
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Cosmic ray cooling induced by dark matter
Herrera, Murase, 23'

� Strongest constraint to date on light dark matter coupling to protons for
< DM ® 10� 3 � 10� 2 GeV

� Limits are more robust than those from boosted dark matter, since they
don't rely on assumptions on the cosmic ray spectrum

� Probes the favored region by freeze-out and freeze-in at some dark
matter masses 21 / 36



Constraint in a concrete model of DM-proton interactions

Herrera, Murase, 23'

� A scalarq couples to a dark matter
fermion j and nucleons# via

L � � < j �j j � 6# q �## � 6j q �j j•

The non-relativistic DM-nucleon
scattering cross section then reads

f DM� # =
62

j 62
# ` 2

j � #

c< 4
q

•

� The new scalar can couple to nucleons
via gluonsq� `a � `a

� NGC 1068 constraints can be stronger
than complementary bounds for
su�ciently heavy mediators
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Attenuation of emitted neutrino and photon �uxes

� Gamma-rays and neutrinos are subject to attenuation during
propagation to the Earth due to SM processes.

� They may also be attenuated due to scatterings with dark matter
particles on their path to the Earth.

� Previous works considered solely the attenuation of neutrinos in
the intergalactic medium and Milky Way halo

Argüelles, Kheirandish, Vincent 17'
Murase, Shoemaker, 19'
Choi, Kim, Rott 19'

� However, the dark matter density in the vicinity of AGN is
expected to be signi�cantly larger 23 / 36



A criteria for the �ux atttenuation

The attenuation of the neutrino and photon �uxes produced at the
distance' em from the BH can be described by

3�
3g ¹� 8º = � f DM� i � 8 ¸

¯ 1
� a

3� 0
8

3 f
3� 8

¹� 0
8 ! � 8º� ¹� 0

8º

with g = � DM•< DM

� For energy-independent cross sections, the second term of the cascade
equation vanishes.

� � DM '
¯
path3Ad¹Aº '

¯ ' sp

' em
3Ad¹Aº ¸

¯ 1
' sp

3Ad¹Aº

Imposing that the attenuation of the neutrino �ux due to DM-neutrino
scatterings is less than90%, and less than99%for DM-photon scatterings

f DM� a
< DM

® 2•3
� DM

, f DM� W

< DM
® 4•6

� DM
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Constraints on the constant cross section

Ferrer, Herrera, Ibarra, 22'
Cline et al, 22'
Fujiwara, Herrera, 22'

� The constraints are� 5 orders of magnitude stronger than those
obtained from the intergalactic medium and the MW.

� The constraints are� 1-2 orders of magnitude weaker than the
constraints from the Lyman-U forest 25 / 36



Constraints on energy-dependent cross sections

In any realistic model, the DM-neutrino and DM-photon scattering
cross sections will depend non-trivially on the incoming particle
energy, e.g:

� Fermion DM-neutrino scattering via a/ 0 mediator
! f DM� a / � a.

� Scalar DM-neutrino scattering via a fermion mediator
! f DM� a / � 2

a

� Fermion DM-photon scattering via higher dimension� 5
operators! f DM� W/ � 2

Wor � 4
W.

A proper comparison between upper limits requires a rescaling for the
energy at which every limit applies.
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Constraints on energy-dependent cross sections
Ferrer, Herrera, Ibarra, 22'

� If the cross section scales linearly with the energy of the
neutrino, our constraints are orders of magnitude stronger than
those from cosmology.
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Constraint in simpli�ed models
Fujiwara, Herrera, 23'

� L � � 6j jW` / 0
` j � 6aaẀ/ 0

` a � n
2 � 0

`a � `a

� Constraints on MeV-GeV scale neutrinophilic mediators comparable to
those from meson and Z-boson decays.

� For millicharged dark matter, constraints are weaker than CMB and
colliders. 28 / 36



Comparison to cosmological hints

Wilkinson, Boehm, Lesgourges, 14'
Fujiwara, Herrera, 23'

� Hints of DM� a scatterings from di�erent cosmological observables
(E.g Ly-U, � 0, ( 8) with

f •< DM � 10� 30 � 10� 32 cm2/GeV.

� In models with su�ciently heavy mediators,< / 0 ¦ 2 MeV, AGN data
disfavors the cosmological cross setion
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A hint of dark matter-photon scattering in NGC 1068

� ` ¹� Wº '
�

" BH
2� 107" �

� 3•4 �
A0

10 kpc

� 1•2 �
d0

0•043" � •pc3

� 3•8 �
' em

103 ' S

� � 11•8 �
< DM
1 GeV

� � 1 �
f DM� W¹� Wº
10� 29 cm2

�

� O(1) absorption requires cross sections of� 10� 29cm2

� In some particle physics models, these values might be achieved via the
inelastic scattering DM +W! DM+- , where X is a scalar/pseudoscalar/vector.

Herrera, Ibarra, Resconi, In progress

Minimal scenarios can't induce observable attenuations, but dark
sectors with a few extra parameters can do the job. 30 / 36



Direct detection of the cosmic neutrino background

The CMB provides both a prediction and indirect evidence of the
temperature of cosmic neutrino background) a � 0•71) W � 1•95 K

However, due to the tiny cross section and energy deposition of relic
neutrinos, its detection is very di�cult.

Weinberg, 62'
Humphreys, Irvine, 83'

Electron neutrino capture on tritium:
a ¸ 3H ! 3He¸ 4�

KATRIN is sensitive to overdensities of
� 1011
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Boosted cosmic neutrino background

Ciscar, Herrera, Shoemaker, 24'

� The boosted �ux is suppressed due to small center of mass energy of
the scattering

3� a
3) ?

= f ?a=a
3� ?

3) ?
� e� , f ?a �

8>><

>>
:

� 2
� B
c for 2< a � ? ¡ < 2

?
� 2

� � 2
? < 2

a

c< 2
?

for 2< a � ? Ÿ < 2
?

� Upper limits can be placed on the maximal neutrino overdensity in the
Milky Way and TXS 0506+056 with high-energy neutrino experiments
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Boosted cosmic neutrino background

Ciscar, Herrera, Shoemaker, 24'

� For a lightest neutrino mass of
< a ¦ 0•04eV, our constraint is
stronger than that from KATRIN

� Our constraints apply over much larger
physical distances (kpc)

� GRAND/IceCube Gen-2 will improve
the bounds by orders of magnitude.

� We may be able to probe overdensities
expected if neutrinos self-interact via
new mediators

Smirnov, Xu, 22'
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Herrera, Horiuchi, Qi, 24'

� The previous calculation restricted to the Milky Way and TXS
0506+056 galaxies only

� However, there must be a di�use contribution arising from all
redshifts! Analogous examples! DSaB, cosmogenicaB...
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Boosted cosmic neutrino background

Herrera, Horiuchi, Qi, 24'

� We �nd that IceCube is only� 4 � 5 orders of magnitude away from
the Di�use Boosted CaB.

� Enhancement w.r.t to Milky Way contribution can be pretty large, due
to:

� Larger density of CaB and cosmic rays at high redshifts

� Harder spectra of cosmic rays at high redshifts than today 35 / 36



Conclusions

� Light dark matter is well-motivated theoretically, and simple
thermal and non-thermal production mechanisms have not been
probed yet.

� We have proposed cosmic-ray cooling in AGN as a new probe of
light dark matter scatterings with protons and electrons, �nding
strong constraints on the parameter space of light dark matter.

� We have demonstrated that multimessenger observations of AGN
allow to probe thermal and non-thermal light dark matter
models.

� We have shown that cosmic rays induce a Di�use Boosted
Cosmic Neutrino Background that may be detected with future
high-energy neutrino experiments. Unprecedently small neutrino
overdensities of104 may already be ruled out by IceCube.
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Thanks for your attention
gonzaloherrera@vt.edu
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Cosmological cosmic ray rates

� The SFH is obtained from the multi-wavelength observations of
stars in distant galaxies, which are then �tted to stellar evolution
models

� The QSO and GRB function simply arise from the redshift
distribution of observed quasars 36 / 36
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Freeze-out (SIMPs and Co-SIMPs)

SIMP: j ¸ j ¸ j ! j ¸ j

Co-SIMP: j ¸ j ¸ SM ! j ¸ SM

Mass scale arises from< DM � Ue�

�
) 2

eq" Pl

� 1•3
� 100MeV

Analogously,


f 32E2

rel

�
< 2

DM � 108GeV� 3, with


f 32E2

rel

�
� U3

e� •< 5
DM

implies< DM ' MeV
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Freeze-in

After DM freezes-in, a dark sector phase transition decreases the
mediator's mass. This increases the DM direct detection cross
section without impacting BBN or CMB.) %) = 1 MeV

270keVŸ < j Ÿ 3MeV–�j j ! qq problematic process after) PT.
Largestf j � = is instead achieved by kinematically forbidding this
process

< j = 270keV < q � 2< j ! Inverse decays increase DM relic
abundance, can be prevented by increasing< q

36 / 36



Constraints on DM spike in the MW

Constraints on the spike radius of the milky way vs NFW indexW,
from the astrometric and spectroscopic data on the S2 star at the
Galactic Centre

Gravitational scatterings of stars and dark matter may relax the dark
matter spike toWsp = 1•5, due to both kinetic heating and capture.

Lacroix, 18'
Merrit, 04'
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Adiabatic growth condition

Adiabatic growth motivated for DM due to collisionless nature

Satis�ed if the timescale for BH growth due to accretion of both
baryonic and DM is longer than the dynamical timescale of DM and
baryons in the radius of black hole dominance,A� = � " BH• f 2

The shortest BH growth timescale is given by the Salpeter timescale,
C( � " BH• ¤" Edd � 5 � 107 yr, where ¤" Edd is the Eddington accretion
timescale.

The dynamical timescale isCdyn = A� • f . Our current knowledge on
the relation between BH masses and velocity dispersion points
towards the adiabatic growth regime for" BH ® 1010" � .
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Adiabatic growth condition for NGC 1068

Salpeter timescale determines the growth rate of black holes,
C( = " BH• ¤" Edd, where ¤" Edd is the Eddington accretion timescale.

¤" Edd = ! Edd•¹ [ A0322º, where[ A03 is the radiative e�ciency.

CNGC
( ' 5 � 107 yr, since the accretion rate is¤" Edd � ¹ ! bol• [ A0322º,

and_Edd � ! bol• ! Edd � 0•5.

Dynamical timescale in the region of the black hole dominance,
Cdyn = � " BH• f 3, wheref is the velocity dispersion baryons/DM

f NGC � 100km/s.

CNGC
dyn � 106 yr, well within the adiabatic growth regime.
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Normalization of the spike

For NFW withW= 1, we follow criteria from Gorchtein et al: The DM
spike in the region of BH dominance must agree with the uncertainty in
the determination of the BH mass

¯ 105 ' S

4' S
4cA2d¹AºdA= � " BH

Assuming further that the mass is dominated by the contribution from
A ¡ ' min = $ ¹100' Sº

d0 =
©
­
­
«

�
3 � Wsp

�
� " BH

4c'
0Wsp� W
sp AW

0

�
'

3� Wsp

0 � '
3� Wsp

min

�
ª
®
®
¬

4� W

•

where' 0
sp = UWA0

�
" BH•A3

0

� 1
3� W

.

This criteria yields masses of the dark matter halo compatible with
universal relations between black hole-galaxy masses

For NFW-like pro�les withW< 1, we solve numerically
¯ ' halo

4' (
4cA2d¹Aº3A® " DM where' halo = 5 � A0 36 / 36



WB?from dimensional arguments

Assume a model consisting entirely of circular orbits. Assume that the
density cusp isd � A� Wbefore the addition of the BH andd � A� Wsp

after. Conservation of mass implies that

d8A2
83A8 = d5A2

53A5 =) A3� W
8 � A

3� Wsp

5 •

Conservation of angular momentum implies that

A8" 8¹Aº = A5" 5¹Aº ' A5" �� =) A4� W
8 � A5•

Combining these two results

Wsp =
9 � 2W
4 � W
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Capture condition

� The spike vanishes at the radius of the unstable circular orbit for
a marginally bound particle,� = 1 and! 2 = 4�< (relativistic
energy and angular momentum per unit mass). GS assumed
! 2 = 8� "

� The critical values of! and� are determined by the
schwarzschild e�ective potential3+¹Aº•3A= 0.
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Coe�cient �

For NGC 1068, the proton luminosity is

1043ergs� 1 ® ! ? ® ! - ® 1044ergs� 1 ! � � 0•1 � 1.

For TXS0506¸ 056, the proton luminosity in the single-zone model
already violates the Eddington luminosity! Edd , so our choice is
conservative. Similarly for electrons! 4 � 8 � 1047ergs� 1 � 20! Edd

In principle, if theCR acceleration mechanism is understood, spectral
modi�cation due to BSM cooling may allow us to improve constraints
and� � 1 is possible. For proton energies of interest, because
neutrinos carry� 5%of the proton energy, we use10� 300TeV for
NGC 1068 and2 � 20PeV

For electrons, we use50GeV to2 TeV
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Eddington limit

� Maximum luminosity an AGN can achieve when there is balance
between the force of radiation acting outward and the
gravitational force acting inward. The state of balance is called
hydrostatic equilibrium. When an AGN exceeds the Eddington
luminosity, it will initiate a very intense radiation-driven stellar
wind from its outer layers.

! Edd = 4c�"< p2
f T

� r ?
d = ^

2 � rad
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High-energy neutrino and gamma-ray production

� Hadronic models: Protons interact with ambient photons,
producing neutral and charged pions decaying into both photons
and neutrinos.

� Leptonic models: Low-energy photons arising from synchrotron
radiation of accelerated electrons, and high-energy photons from
inverse compton scattering of electrons with ambient photons.

Gao, Fedynitch, Winter, Pohl, 19’
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Extragalactic a sources: TXS 0506+056 and NGC 1068

IceCube, 18’ , 22’

� IC-170922A: A � 290 TeV muon neutrino, identified with the
blazar TXS 0506+056 in flaring state at origin direction.

� Subsequent analysis by IceCube with 9.5 years of data finds � 10
events above the atmospheric neutrino background, at 3.5 f.

� IceCube observed � 80 neutrinos from the galaxy NGC 1068, at
4.2 f.

� Electromagnetic emission from both sources was observed, but
covering different wavelength ranges.

36 / 36
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SED from NGC 1068 vs leptohadronic models
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The cascade equation

The evolution of the neutrino and photon �uxes� 8 due to scatterings can be
described by a Boltzmann equation

3�
3g ¹� 8º = � f DM� i � 8 ¸

¯ 1
� a

3� 0
8

3 f
3� 8

¹� 0
8 ! � 8º� ¹� 0

8º

with g = � DM•< DM , and the second term capturing the e�ect of the
neutrino/photon energy being redistributed.

� Our criteria assumes implicitely that� obs
� em

� 1, and the second term can
be neglected.

� This was considered inCline et al, 22', �nding more aggressive
results, also due to di�erent choices of' em.
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The cascade equation

� If the DM-proton scattering cross section depends with the
energy of the incoming neutrino, the second term of the cascade
equation may contribute sizably in some instances.

� E.g when the dark matter-neutrino scattering proceeds via a Z'
mediator, in the regime< 2

/ 0 ¡ < j � a, the cross section rises
linearly with the energy of the incoming neutrino.
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Complementary constraints on the DM-a cross section

� Complementary constraints (aside from cosmological ones) can
be derived under the assumption that dark matter also couples to
electrons with similar strength.

� However, these are model dependent

Cline et al, 22'
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Models of the Spectral Energy Distribution (SED)

Gao, Fedynitch, Winter, Pohl, 19'

� Leptohadronic single-zone models are statistically compatible with the
observed �uxes, although it predicts a signi�cantly smaller neutrino
�ux than observed, otherwise it overshoots X-ray observations.

� Leptonic: First peak (synchroton radiation), second peak (Inverse
Compton Scattering)

� Alternatives: Multi-zone and multi-epoch models (e.gXue, Liu et al,
19', Petropoulou, Murase et al, 19') 36 / 36



Cosmological constraints

Dark matter interactions with neutrinos and photons suppress small-scales
due to damped oscillations in the matter power spectrum.
MW satellite constraints are valid for< DM � < ? , since they assume

f WDM = n2f )

�
< 4

< DM

� 2

Wilkinson, Boehm, Lesgourges, 14' Wilkinson, Boehm, Lesgourges, 13'

� The height of the peaks is changed due to collisional damping and
delayed photon decoupling.

� The position of the peaks is shifted due to drag forces induced by the
DM. 36 / 36



Constraints for values of the NFW slopeW

� The limits can vary 5 to 6 orders of magnitude

� For W= 0•6 � 1•4 , favoured by simulations, the limits only vary
within one order of magnitude
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Constraints for shallower pro�les

� Gravitational scattering of dark matter with stars may relax the
spike toWsp = 1•5.

� We assess this possibility when deriving upper limits on dark
matter-neutrino scatterings from Tidal Disruption Events (TDE).
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Neutrino emission from TDEs

Winter, Lunardini, 22'
Fujiwara, Herrera, 23'

Hints of102 � 103 TeV
neutrinos from TDEs

High-energy protons (5 PeV)
scattering on ambient X-rays

Neutrino delay (� 100 days)
is related to con�nement
radius of protons
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TDE parameters

36 / 36



Simpli�ed model considered for?– 4bounds

We consider fermionic DM and a heavy scalar mediator
L q–j = 6j q �j j

and, e.g via Higgs-scalar mixing

L q–SM = q sin\
Í

5
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�5 5 – 65 � < 5
E sin\–º

The di�erential scattering cross section is
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wheref DM� i is the DM-proton or the dark matter-electron scattering
cross section in the highly non-relativistic limit, i.e
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BBN constraints on light dark matter

� Light dark matter a�ects the expansion rate of the Universe, as
well as the temperature of Standard Model particles, leaving
signatures on primordial abundances and# e�
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Giovanetti, Lisanti, Liu, Ruderman, 13'
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NGC 1068 DM-photon scattering models

j : Mediator

k : Dark matter fermion

L jk = 6jk �

8>>><

>>>
:

8 j �k W5 j Pseudoscalar

j �kk Scalar

j ` �kẀ k Vector
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Dark matter halos

� In � CDM, dark matter halos form hierarchically from density
perturbations in the initial density �eld

� Baryons cluster in the same way as CDM when perturbations on
galaxy scales are still linear

� Eventually, baryonic gas can be shocked and heated, clustering
towards the center more than CDM.
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Dark matter halos

Halos are spherical and virialized objects formed from regions with
overdensities larger than a critical overdensityX¹G– Cº ¡ X 2. Further
assuming a gaussian distribution, the PS halo mass function reads:
3=
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3" exp
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2
2f 2

i

N-body simulations yielded universal halo pro�les

d¹Aº = dcrit
Xchar

¹A•Asº ¹1 ¸ A•Asº2

whereAs is a scale radius, andXchar is a characteristic overdensity. The
NFW pro�le changes gradually from having a -1 slope near the center
to -3 at large radii. Halos formed by hierarchical clustering seem to
have a universal density pro�le with enclosed mass

" ¹Aº = 4c �dXcharA3
s

h
ln¹1 ¸ 2Gº �

2G
1 ¸ 2G

i

whereG� A•Ah, and
2 �

Ah

As

is the halo concentration parameter, andA� is the bounding radius of a
halo. 36 / 36




