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We explore the possibility that relativistic protons in the extremely powerful jets of blazars may boost via
elastic collisions the dark matter particles in the surroundings of the source to high energies. We concentrate
on two sample blazars, TXS 0506 + 056, towards which IceCube recently reported evidence for a high-
energy neutrino flux, and BL Lacertae, a representative nearby blazar. We find that the dark matter flux at
Earth induced by these sources may be sizable, larger than the flux associated with the analogous process of
dark matter boosted by galactic cosmic rays, and relevant to access direct detection for dark matter particle
masses lighter than 1 GeV. From the null detection of a signal by XENONI1T, MiniBooNE, and Borexino,
we derive limits on dark matter-nucleus spin-independent and spin-dependent cross sections which,
depending on the modelization of the source, improve on other currently available bounds for light dark

matter candidates of 1 up to 5 orders of magnitude.
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Introduction.—The nature of dark matter (DM) in the
Universe remains elusive [1,2]. Steady progresses have
been made in the attempt to identify the DM particles
forming the Milky Way (MW) halo by detecting their
elastic scattering of target nuclei, such as, most recently, by
XENONIT [3,4] and PandaX-II [5]. A limitation of such
direct detection technique is the fact that MW DM particles
are expected to have small velocities, typically ~10~3¢, and
hence nuclear recoil energies exceed detector thresholds,
say ~1 keV, only for DM masses 21 GeV.

In the latest years a few scenarios with “boosted” DM
populations have been proposed, allowing for nuclear
recoil signals even for lighter DM particles, see, e.g.,
Refs. [6-9]. In Ref. [10] the authors considered the
interesting possibility that MW DM particles are boosted
via elastic scatterings with galactic high-energy cosmic
rays, deriving relevant constraints for sub-GeV DM can-
didates. We propose here blazars as ideal DM boosters:
they are associated with intense sources of high-energy
nonthermal particles, they are located in a gravitational
potential with a supermassive black hole (BH) at the center,
whose formation may have triggered a large enhancement
of the ambient DM density, and they are relatively close
to us.

Blazars are a type of active galactic nuclei (AGN)
accelerating particles into two back-to-back jets, with
one of them in close alignment to our line of sight
(LOS) [I1]. They are characterized by a nonthermal
continuous photon spectral energy distribution (SED) with
two peaks, one in the infrared or x-ray bands and the other
at y-ray frequencies [12]. Models of the SED [13—19] have
been refined with GeV-TeV data from Fermi-LAT and air
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Cherenkhov telescopes [20,21]: it is widely accepted that
the low-energy peak is due to synchrotron emission by
electrons, but there is still no consensus on the origin of the
high-energy component. While electrons could also be
responsible for it (leptonic models), a highly relativistic
population of protons may also be present in the jets and
account for the y-ray emission (pure hadronic and hybrid
leptohadronic models, see, e.g., Ref. [22] for a recent model
review). Moreover, given the high variability of blazars
(both in time and population), the parameters of each
model, as well as the goodness of the fit, strongly depend
on the considered source and the time of observation. It is
therefore complicated to establish a unifying picture.

Fortunately, multimessenger astrophysics can provide
more insights into the physics of blazar jets. For instance,
in both hadronic and leptohadronic models energetic neu-
trinos can be produced through photomeson production,
while in purely leptonic models no neutrino appears.
Therefore, the detection of neutrinos from a blazar is a
smoking-gun signal for the presence of relativistic protons in
the jet. Recently, a very strong hint for the detection of high-
energy cosmic neutrinos from the blazar TXS 0506 + 056
was found by the IceCube Neutrino Observatory [23-25].
Studies of the SED have shown that the leptohadronic model
is in general adequate to explain both the detected neutrino
flux and the y-ray emission of TXS 0506 + 056 [26-31]. For
these reasons, in this work we will concentrate on pure
hadronic and/or leptohadronic models.

Electrons and protons in the jets of a blazar can collide
with ambient DM particles. Scatterings off DM by elec-
trons and protons in the jet plasma of AGN were already
considered in Refs. [32,33], where the authors focused on
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photon emissions. Instead, in the present Letter, similarly to
the acceleration mechanism due to cosmic rays [10], we
consider DM boosted by protons in the jet of blazars, derive
the induced DM flux at Earth, and compute the associated
nuclear recoil direct detection signal. We refer to DM
boosted via this mechanism as blazar-boosted dark matter
(BBDM). Motivated by IceCube observations, we decide to
focus our study on the blazar TXS 0506 + 056. For
comparison, we also consider the near representative
blazar BL Lacertae. We then discuss the implications the
nondetection of BBDM from the two sources have on spin-
independent and spin-dependent DM-nucleus cross sec-
tions. An analogous analysis dedicated to leptophilic DM,
for which boosting by electrons in the jet and scattering off
electrons in the detector are relevant, is postponed to a
future related study [34].

Spectrum of the relativistic blazar jet.—We consider the
simplifying assumption that the blazar emission originates
from a homogeneous zone (blob) in the jet where particles
(mainly electrons and protons) are distributed isotropically
[35]. The blob, as seen by an observer standing still with
respect to the BH center of mass, propagates with speed S5
along a direction (jet axis) inclined with respect to the
observer’s LOS by an angle 6;os. The corresponding
Lorentz boost factor is I'y = (1 — 3)~1/2.

For the (lepto-)hadronic models, the energy spectrum of
protons in the blob frame fulfills a single power-law
distribution [22,36]:

/ I\ —a
= ey (2) m
dE,dQ  4x P m,

with yl, , < Ep/m), < Vinaxp- The normal.izati.on constant
¢, can be computed from the proton luminosity L, [33].
The proton spectrum in the observer’s rest frame can then
be rewritten as (see Supplemental Material [37] for details)
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where T\, = E, —m, is the proton kinetic energy, m,, ~
0.938 GeV is the proton mass, B, = [l —m? /(T , +m,)?]'/?
is the proton speed. Given a SED, the minimal and maximal
Lorentz boost factors, i.e., ¥y, , a0d Vi p» the power-law
index a,,, the Doppler factor D = [[g(1 — fig cos Oy os)] ™",
and the luminosity L, are fitted. Two common assumptions
in the fitare D = 21" and [, corresponding to, respectively,
6ios =0 and 1/D (with D> 1). We use the results
presented in Refs. [27,28] for TXS 0506 + 056 and [19]
BL Lacertae, summarized in Table 1. Additionally, the

TABLE I. The model parameters for the blazars TXS 0506 +
056 (Lepto-Hadronic) [27,28] and BL Lacertae (Hadronic) [19]
used in our calculations. The quantities flagged with a star (*)
correspond to mean values computed from the ranges given in the
second column of Table 1 of Ref. [28] (more details on the
impacts of these parameters on the final results are given in
Supplemental Material [37]). In the model fitting, the assumption
of D =2Ig (I'p) is used for TXS 0506 4+ 056 (BL Lacertae).

(Lepto-)Hadronic model parameters
TXS 0506 + 056

Parameter (unit) BL Lacertae

z 0.337 0.069
d; (Mpc) 1835.4 322.7
Mgy (M) 3.09 x 108 8.65 x 107
D 40* 15

Iy 20 15
OLos(°) 0 3.82
a, 2.0 2.4
Vimin.p 1.0 1.0
Ymax,p 5.5 x 107 1.9 x 10°
L, (erg/s) 2.55 x 10%% 9.8 x 10%

redshift z [38,39], the luminosity distance d; , and BH mass
Mgy (in units of solar masses M) [40,41] are also given.

Dark matter density profile—The adiabatic growth of a
BH in the central region of a DM halo is expected to focus
the distribution of DM particles, giving rise to a very dense
spike. The phenomenon was first discussed by Gondolo
and Silk [42], who used adiabatic invariants to show that a
preexistent self-gravitating spherical DM profile, with
power-law scaling p(r) o r77, close to the BH is modified
into the steeper profile: p'(r) o r~=2)/(4=7) While the
normalization and radial extension for the spike can be
explicitly derived in terms of the normalization of the
profile before the BH growth and the BH mass Mpy, in
general one finds that the amount of DM which is displaced
to form the spike is about the same as Mpy, see also
Ref. [43]. In the following we will consider y = 1 (match-
ing the central scaling of the Navarro-Frenk-White profile,
motivated by N-body simulations in cold DM cosmologies)
and fix the normalization via

105R;
/ Arr?p' (r)dr ~ Myy. (3)
4Rg

In this expression Ry is the Schwarzschild radius, and the
integral extends from 4Rg, the radius at which the DM
profile goes to zero because of capture onto the BH, to
10°Rg;, a typical size for the adiabatically contracted spike.
In frameworks with DM candidates that can annihilate in
pairs, such as, e.g., thermal relics from the early Universe,
there is a maximal DM density compatible with annihila-
tions, about pgoe = m,,/((60)otpn), Where (ov), is the DM
annihilation cross section times relative velocity and gy is
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the time since the BH formed. This may then induce a inner
“flattening” of the profile:

p/(r)pCOI'C (4)

pom(r) = :
P 01 (1) + Peore

Avoiding focusing on specific models, in the following
we will refer to two benchmark points (BMPs):
BMPI1) (ov), =0, so that p.ye = +o0 and ppy = p';
BMP2) (o), = 10728 cm®s™! and tgy = 10° yr; where
the case with (ov), =0 would be appropriate, e.g., for
asymmetric DM models. The corresponding profiles for
TXS 0506 + 056 are shown in Fig. 1 together with the LOS
integral:

Zpm(r) = /r pom(r’)dr, (5)

where 7., is the position from where the jet starts. The
quantity Xpy, is relevant for the BBDM signal and tends to
saturate at r > 10°Ry; a different choice of y or the upper
limit of integration 10°Rg would have a marginal impact.
The results on Ty (7 = 103Ry) vary with 7y, in the case of
BMP1 parameters while remaining basically invariant for
BMP2 if 7, < 10*Rg. The size of a blazar emitting region
is SED model and blazar dependent. In our case r;, lies
within ~102R 5 [19,27,28,33], while for other blazars more
extremes values up to 10°~10*Ry are not ruled out [20,21].
In the further analysis, we will simply adopt the value
Fmin = 4R, noting that a different choice below 10*Rg
would practically correspond to an intermediate situation
between the two considered BMPs (see Fig. 1). The case of
BL Lacertae is qualitatively similar.

Dark matter flux from blazars.—The DM particles can
be boosted up to high energies due to elastic scatterings
with relativistic protons in the jet. Assuming an isotropic

TXS 0506+056
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FIG. 1. The distribution of Zpy (purple) and ppy; (green) for

TXS 0506 + 056 with m,, = 1 MeV. The solid and dashed styles
correspond to BMP1 and BMP2, respectively. The purple curves,
from left to right, are obtained for 7., = 4, 10%, 10°R;.

scattering and DM at rest, the BBDM flux per kinetic
energy reads

A,  Z§\5, /zﬂ /T T,
dTX 2rcm d2 min dex T,)dT,dQ’

where ¢, is the azimuth with respect to the LOS,
;™ the maximal DM energy after scattering, and
T = Tpm(r > 10°Rg); also, we assume

5,y =0,,G*(2m,T,/\3), (7)
where o,, € {c5).055} is the zero-momentum transfer
spin-independent or spin- dependent cross section and the
form factor G(x?) = 1/(1 + x?)? accounts for the proton’s
internal structure, A, ~0.77 GeV [10]. The lower extreme
of integration 7%"(T,) is the minimal kinetic energy the
proton should have to pass a kinetic energy T, to DM. The
integral over T, in Eq. (6) shows little dependence on the
upper extreme of integration because the proton spectrum is
attenuated at large energies. We find that, for the purpose of
our numerical calculations, fixing 7)™ = 10% GeV is
accurate enough. We refer to Supplemental Material [37]
for more kinematical details.

Direct detection constraints.—BBDM possesses enough
energy to leave a signal at direct DM detectors (e.g.,
XENONIT [4]) as well as neutrino detectors (e.g.,
MiniBooNE [44] and Borexino [45]). From the top of
the atmosphere to the location of the detector, the flux of
BBDM will be attenuated due to the scatterings with
nucleus N in the air and/or soil [46—49]. After having
traveled a distance x in the medium, the DM particle
remains with a kinetic energy [10,49]

2m,T,e=*/"
2m, + T, — Tle_x/f '

T,(x) = (8)

where 7' = 3"\ 2mym,nyo,y/(my + m,)* is the DM
inverse mean free path, with ny and my being the number
density and mass of nucleus N in the medium, o, the DM-
nucleus cross section. Intuitively, the larger 6,,,, is, the more
the DM flux is reduced, leading to a blind spot for direct
DM detection if 7', (x) becomes smaller than the detector’s

min

energy threshold 7. By inverting Eq. (8), we approxi-

mate the upper limit for 6,, (dubbed c,)’"") as

2m c,,
upper 4 P
Oyp log {1 + Tm‘“(T‘g,‘JS)} P (9)

where T7"(Tmin) is the minimal DM Kinetic energy
necessary to leave a detectable recoil energy at the direct
detector. Note that 6, ,¢ is actually independent of the cross
section. A comphcatlon arises in the calculation of Z.
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FIG. 2. The constraints on spin-independent DM-proton cross
section imposed by XENONIT [4] and MiniBooNE [44]. The
solid and dashed red lines correspond to BMP1 and BMP2,
respectively. The top (bottom) panel is for BL Lacertae (TXS
0506 + 056). For comparison, the constraints from CRDM [10],
cosmic microwave background (CMB) observations [53], gas
cloud cooling [54], the x-ray quantum calorimeter experiment
(XQO) [55], and a selection of direct detection experiments
[4,56-58] are included.

In Ref. [10], the authors use DarkSUSY [50] to calculate
the average density ny of Earth’s 11 most abundant
elements between the surface and depth x. In our work
we adopt a more concise and practical approach by using
the concept of meter water equivalent (MWE). More
specifically, we consider the medium as just composed
by water and convert the detector depths in MWE, which
for XENONI1T, MiniBooNE, and Borexino result in 3650
[51], 26 [44], and 3800 MWE [45], respectively. The
results of our simplified method are in good agreement with
those presented in Ref. [10]. The depth x in the Eq. (9)
should include the time-dependence effects of the blazar’s
position with respect to the detector, but we have verified
that, for the two considered sources, these would only
slightly affect our final results. Moreover, these effects
could eventually be avoided by averaging over the full set
of blazars in the entire sky.

Whereas, if o,, is too small, the BBDM flux and the
DM-proton scattering is too weak to leave any recoil in the
detectors. Correspondingly, there exists a lower detectable
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FIG. 3. The constraints on spin-dependent DM-proton cross

section imposed by Borexino [45]. The red (black) lines refer to
BL Lacertae (TXS 0506 + 056) with the solid and dashed styles
corresponding to BMP1 and BMP2, respectively. For compari-
son, the limits from CDMS light [61], PICO60 [58], PICASSO
[62], and Collar [63] are also reported.

bound on o,,, which is determined by the detector’s
sensitivity. Considering an elastic scattering between DM
and the target nucleus N and denoting with 7'y the nuclear
recoil energy, the BBDM induced target nucleus recoil rate

can be expressed as

T& +o0 ar, do
M = / " dT G / —r X 10
N Tmin N ZN Tmin(TN) TwaX(TI) dT)( ( )

exp x

where [T55, o] is the energy range of sensitivity of the
detector and T** is the maximal recoil energy of the
nucleus. The nuclear cross section &, contains the form
factor as in Eq. (7). We emphasize that, since 6,y « o, and
d®,/dT, « 6,,, then Tf™ « 62,. By comparison with the
nucleus recoil limits of different experiments, we can derive
the bounds on o,,.

For the spin-independent case, we consider the experi-
ments XENONI1T and MiniBooNE. The target nucleus of
XENONIT is Xe (Ax. =~ 141 MeV [52]) and the limiting
scattering rate per nucleus is given by I'y (4.9 keV < T, <
40.9 keV) < 2.41 x 1073 s~! For the MiniBooNE experi-
ment, the limiting counting rate per proton is I'y(T, >
35 MeV) < 1.5 x 10732 7! [10]. The resulting limits on
the spin-independent cross section o3, from TXS 0506 +
056 and BL Lacertae are shown in the upper and lower
panels of Fig. 2, respectively. The solid (dashed) lines
correspond to BMP1 (BMP2). For each blazar, the differ-
ence between solid and dashed lines comes from X5}, and
o,, % 1/1/Z8\y. The sensitivity of BBDM is orders of
magnitude higher than that of cosmic ray dark matter
(CRDM) [10]. Other complementary limits are also shown
for comparison.
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For the spin-dependent case, the limiting scattering
rate per proton can be derived from proton up-scattering
in neutrino detectors like Borexino [45], that is
I)(T, >25MeV) <2x 107 57!, where we have used
the approximation that the ratio between quenched energy
deposit (equivalent electron energy 7',) and proton recoil
energy T, fulfills 7,(T,)/T, =~ 2 for T, 2 5 MeV [59,60].
We show the constraints on the spin-dependent cross
section of[l,) in Fig. 3. Again, the sensitivities from
BBDM are much stronger than that from CRDM.

Conclusion.—Because of extremely powerful jets and
large DM densities, we find that blazars are ideal DM
boosters and can induce a DM flux at Earth stronger than
the analogous flux due to the boosting of DM particles in
the Milky Way halo by galactic cosmic rays. We have
focused on two sample sources, TXS 0506 + 056 tenta-
tively identified as a high-energy neutrino source and the
closer BL Lacertae. The limits we have derived from the
null detection of the connected DM recoil signal (with DM
and neutrino detectors) are the most stringent constraints to
date on the DM-proton scattering cross section o, for DM
masses lighter than about 1 GeV, considering both spin-
independent and spin-dependent interactions. The improve-
ment compared to previous results can be as large as 1 up to
5 orders of magnitude, depending on the source and the
related uncertainties.

We remark that the results presented here, driven by
IceCube observations, are based on (lepto-)hadronic SED
models. For purely leptonic frameworks the situation
would be different since protons are much less energetic
(/max.p = 1) and their luminosity is in general smaller by
several orders of magnitude (L, ~ 10* erg/s). Naively, we
estimate that in these scenarios the BBDM flux and
corresponding o,, constraints would be far weaker, but
precise calculations in such frameworks lie outside the
scope of this work.

While the results presented here rely on assumptions
regarding the model of individual blazars and of the
associated DM density, we expect that extending the
analysis to a full blazar ensemble would eventually allow
us to significantly reduce the dependence on modelization
uncertainties and possibly enhance our results. Besides,
while we are suggesting here a novel method to investigate
DM properties, this work could also be relevant to improve
the current understanding of blazar jet characteristics.
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