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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 XENONIT, 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.

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 2 1 GeV.

In the latest years a few scenarios with “boosted”
DM populations have been proposed, allowing for nu-
clear recoil signals even for lighter DM particles, see, e.g.,
Refs. [6-9]. In Ref. [10] the authors considered the in-
teresting 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 cen-
ter, whose formation may have triggered a large enhance-
ment of the ambient DM density, and they are relatively
close to us.

Blazars are a type of active galactic nuclei (AGN) ac-
celerating particles into two back-to-back jets, with one
of them in close alignment to our line of sight (LOS)
[11]. They are characterized by a nonthermal continu-
ous photon spectral energy distribution (SED) with two
peaks, one in the infrared or x-ray bands and the other at
~-ray frequencies [12]. Models of the SED [13-19] have
been refined with GeV-TeV data from Fermi-LAT and air
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 relativis-
tic population of protons may also be present in the jets

and account for the «-ray emission (pure hadronic and
hybrid leptohadronic models, see, e.g., Ref. [22] for a re-
cent 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 obser-
vation. It is therefore complicated to establish a unifying
picture.

Fortunately, multimessenger astrophysics can provide
more insights into the physics of blazar jets. For in-
stance, in both hadronic and leptohadronic models en-
ergetic neutrinos can be produced through photo-meson
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 rela-
tivistic 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 ade-
quate to explain both the detected neutrino flux and the
~v-ray emission of TXS 05064056 [26-31]. For these rea-
sons, 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 electrons and protons in the jet plasma of AGN were
already considered in Refs. [32, 33], where the authors
focused on 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 detec-
tion 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 sections. 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 con-
sider the simplifying assumption that the blazar emis-
sion 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 fp along a direction (jet
axis) inclined with respect to the observer’s LOS by an
angle 0r,0s. The corresponding Lorentz boost factor is
Ty = (1— B2)-1/2

For the (lepto-)hadronic models, the energy spectrum
of protons in the blob frame fulfills a single power-law
distribution [22, 306]:
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with Yin » < E,/Mp < Vinax, p- The normalization con-
stant ¢, 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 for
details)
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where T, = L, — m, is the proton kinetic en-
ergy, m, ~ 0938 GeV is the proton mass,

Bp = [1—m§/(Tp+mp)2]l/2 is the proton speed.
Given a SED, the minimal and maximal Lorentz boost
factors, i.e. v/, , and Yy, ,, the power-law index oy,
the Doppler factor D = [I'z (1 — g cosfros)] ™!, and
the luminosity L, are fitted. Two common assumptions
in the fit are D = 2I'g and I'g, corresponding to,
respectively, pos = 0 and 1/D (with D > 1). We
use the results presented in Refs. [27, 28] for TXS
05064056 and [19] BL Lacertae, summarized in Table
I. Additionally, the redshift z [37, 38], the luminosity
distance dy,, and BH mass Mpy (in units of solar masses
Mg) [39, 40] 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

(Lepto-)Hadronic Model Parameters
Parameter (unit) TXS 0506+056 BL Lacertae

z 0.337 0.069
dr,(Mpc) 1835.4 322.7
Mg (Mg) 3.09 x 108 8.65 x 107
D 40* 15
I's 20 15
Oros(°) 0 3.82
ap 2.0 2.4
YVinin. p 1.0 1.0
Vinax, p 5.5 x 107 1.9 x 10°
L, (erg/s) 2.55 x 10%%" 9.8 x 10

TABLE I. The model parameters for the blazars TXS
05064056 (leptohadronic) [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). In the
model fitting, the assumption of D = 2I'p (I'p) is used for
TXS 0506+056 (BL Lacertae).

by Gondolo and Silk [41], who used adiabatic invari-
ants to show that a preexistent self-gravitating spher-
ical DM profile, with power-law scaling p(r) o« r~7,
close to the BH is modified into the steeper profile:
o' (r) oc r==20/(4=7)  While the normalization and ra-
dial 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 Mgy, see also Ref. [12]. In the
following we will consider v = 1 (matching the central
scaling of the Navarro-Frenk-White profile, motivated by
N-body simulations in cold DM cosmologies) and fix the
normalization via

10°Rs
/ 472 p! (r)dr ~ Mpy . (3)
4Rs

In this expression Rg 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 an-
nihilate in pairs, such as, e.g., thermal relics from the
early Universe, there is a maximal DM density compat-
ible with annihilations, about peore =~ my/((00), tBH),
where (ov), is the DM annihilation cross section times
relative velocity and tgy is the time since the BH formed.
This may then induce a inner “flattening” of the profile:

P/(T)pcore (4)

r)=—>—:.
pDM( ) p’(’l‘) +pcore

Avoiding focusing on specific models, in the following we
will refer to two benchmark points (BMPs):



TXS 05064056

10" ——rrrrr——r g 1072

10' E 1o

oy —— BMP1 | E10

10° E — Ppm === BMP2 él()}“

14 F E

— 107k S A T A
o 13C F S
g 10 108 £
L 107§ o2
> E et 107 =
o 10" - >
9 1010E 10 O
= E 105 =
2 10°F a
S 108E """"""""""" N 1024 W

- s : o

107 0

100f 2 L0

10564y TR Sy P

10° 107 105 10°

FIG. 1. The distribution of ¥pm (purple) and ppm (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 rmin =
4,10%, 10® Rs.

BMP1) (ov), = 0, so that pcore — +00 and ppm = p';

BMP2) (ov), = 10728 cm®s7! and tgy = 107 y;

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:

T
Ypm(r) = / pom (1) dr', (5)
Tmin
where T, is the position from where the jet starts.
The quantity Xpy is relevant for the BBDM signal and
tends to saturate at r > 10° Rg; a different choice of
v or the upper limit of integration 10°Rg would have
a marginal impact. The results on Spy(r = 10° Rg)
vary with rp, in the case of BMP1 parameters, while
remaining basically invariant for BMP2 if r,;, < 10% Rg.
The size of a blazar emitting region is SED model
and blazar dependent. In our case 7, lies within
~ 102 Rg [19, 27, 28, 33], while for other blazars more
extremes values up to 10® ~ 10% Rg are not ruled out
[20, 21]. In the further analysis, we will simply adopt the
value rmin = 4 Rg, 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 scat-
terings with relativistic protons in the jet. Assuming an
isotropic scattering and DM at rest, the BBDM flux per
kinetic energy reads

d(I)X 2}3015/[ ~XI7 /271' d¢ /Tmlx p de
dT, ~ 2wmyd2 * Jmin () Tmax(T ) dT,d$2’

(6)

where ¢ is the azimuth with respect to the LOS, T
the maximal DM energy after scattering and X0, =
Ypum(r > 10° Rg); also, we assume

Txp = aXpG2 (QmXTX/A?)) , (7)

where o, € {05}, 03D} is the zero-momentum transfer
spin-independent or spin-dependent cross section and
the form factor G(2?) = 1/(1 + 2?)? accounts for the
proton’s internal structure, A, ~ 0.77 GeV [10]. The
lower extreme of integration TZ?““(TX) 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 T = 10® GeV is accurate enough.
We refer to Supplemental Material 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 [43] and Borexino [44]). 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 [45-48]. After having
traveled a distance x in the medium, the DM particle
remains with a kinetic energy [10, 48]

2mXTXe*"”/€

2my + Ty, — The /¢’

Ty (x) = (8)

where (71 = 3" 2mymynyoyn /(my+my)? is the DM
inverse mean free path, with ny and my being the num-
ber density and mass of nucleus N in the medium, o,y
the DM-nucleus cross section. Intuitively, the larger o,
is, the more the DM flux is reduced, leading to a blind
spot for direct DM detection if T} () becomes smaller
than the detector’s energy threshold ng‘ By inverting
Eq. (8), we approximate the upper limit for o, (dubbed
oWPPer) as:

2m Oxpl
upper | 1 X Xp 9
UXP 0g |: + Tmm (T&;ﬂ)] T ’ ( )

where T;(“i“(TéQg‘) is the minimal DM kinetic energy nec-
essary to leave a detectable recoil energy at the direct
detector. Note that o,,¢ is actually independent of the
cross section. A complication arises in the calculation of
¢. In Ref. [10], the authors use DarkSUSY [49] to calcu-
late the average density ny of Earth’s 11 most abundant
elements between the surface and depth z. In our work
we adopt a more concise and practical approach by us-
ing 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 [50],
26 [43] and 3800 MWE [44], respectively. The results of
our simplified method are in good agreement with those
presented in Ref. [10]. The depth z in the Eq. (9) should
include the time-dependence effects of the blazar’s posi-
tion 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 oy, 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 de-
tectable bound on o,, which is determined by the de-
tector’s sensitivity. Considering an elastic scattering be-
tween DM and the target nucleus N and denoting with
T'n the nuclear recoil energy, the BBDM induced target
nucleus recoil rate can be expressed as

Toxw +oo dT,  d®
FDM:/ dTy & N/ XX (10)
N Tmin X T)r(nin(TN) T]I\I]lax(TX) dTX

exp

where [ngl, Téﬁgx} is the energy range of sensitivity of
the detector and T\** is the maximal recoil energy of the
nucleus. The nuclear cross section oy contains the form
factor as in Eq. (7). We emphasize that, since oy n o 0y,
and d®, /dT,  oyp, then TRM U>2<p' 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 exper-
iments XENONI1T and MiniBooNE. The target nucleus
of XENONIT is Xe (Axe = 141 MeV [51]) and the limit-
ing scattering rate per nucleus is given by 'y (4.9 keV <
Txe < 40.9 keV) < 2.41 x 1073 s~ For the Mini-
BooNE experiment, the limiting counting rate per pro-
ton is Tp(T, > 35 MeV) < 1.5 x 10732 st [10].
The resulting limits on the spin-independent cross sec-
tion U% from TXS 05064056 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 difference between solid and dashed lines
comes from X%, and oy, x 1/4/2%,. The sensitivity
of BBDM is orders of magnitude higher than that of cos-
mic ray dark matter (CRDM) [10]. Other complementary
limits are also shown for comparison.

For the spin-dependent case, the limiting scat-
tering rate per proton can be derived from proton
up-scattering in neutrino detectors like Borexino [44],
that is Tp(T, > 25 MeV) < 2 x 10739 s71 | where we
have used the approximation that the ratio between
quenched energy deposit (equivalent electron energy Tv)
and proton recoil energy T, fulfills T.(T,)/T, ~ 2 for
T, 2 5 MeV [61, 62]. We show the constraints on the
spin-dependent cross section O')S(I]? in Fig. 3. Again, the
sensitivities from BBDM are much stronger than that
from CRDM.
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FIG. 2. The constraints on spin-independent DM-proton

cross section imposed by XENONLT [4] and MiniBooNE [43].
The solid and dashed red lines correspond to BMP1 and
BMP2, respectively. The top (bottom) panel is for BL Lac-
ertae (TXS 0506+056). For comparison, the constraints from
CRDM [10], cosmic microwave background (CMB) observa-
tions [52], gas cloud cooling [53], the x-ray quantum calorime-
ter experiment (XQC) [54], and a selection of direct detection
experiments [4, 55-57] are included.
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FIG. 3. The constraints on spin-dependent DM-proton cross
section imposed by Borexino [44]. The red (black) lines refer
to BL Lacertae (TXS 0506+056) with the solid and dashed
styles corresponding to BMP1 and BMP2, respectively. For
comparison, the limits from CDMS light [58], PICO60 [57],
PICASSO [59], and Collar [60] are also reported.



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 par-
ticles in the Milky Way halo by galactic cosmic rays. We
have focused on two sample sources, TXS 05064056 —
tentatively 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 oy, for DM masses lighter than about 1 GeV,
considering both spin-independent and spin-dependent
interactions. The improvement compared to previous re-
sults 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
(Ymax, 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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In this Supplemental Material, we first describe how to derive the jet spectrum in the observer’s
frame. We then report the kinematical formulae for a generic elastic scattering and present a more
detailed derivation of the Blazar-Boosted Dark Matter (BBDM) flux, as given in Eq. (6) of the main
text. Finally, we discuss how variations of the SED model parameters would affect our final results
on o,, constraints.

Jet spectrum in the observer’s frame— Consider a jet particle with mass m and energy E in
the observer’s frame, moving in the direction of polar angle # and azimuth ¢ with respect to the jet
axis. The boost factor (7 = E/m) and polar angle in the blob frame can be derived from a Lorentz
transformation:

Y (v, 1) = (1= Bepu)Ts, (11)
_ B — Bp
VA= BsBu)? — (1— 51— 53)

where = /1 — 1/42 is the velocity of the particle. In our notation the variables with and without
a prime are computed in the blob and observer’s frame, respectively. We define the number of
particles injected by the blazar per unit time, per unit energy and per unit solid angle as dI"/(dEdS?)
(dubbed spectrum). The spectrum in the observer’s frame can be obtained by boosting it from the
blob frame. Following similar steps as the ones presented in Ref. [33], we arrive to

dar ar’

o oy
dBd0 L apaqy |4 (fgi: ?ZA:)‘
o . (13)
B /(1 - BBpp)2 — (1— B2)(1— B3)

It is straightforward to verify that, for a spectrum in the blob frame, e.g. a single power-law
distribution, the spectrum of protons can be reduced to the form given in Eq. (2) of the main text.
In Fig. 4 we show the spectrum of protons from the sources TXS 05064056 (left) and BL Lacertae
(right), for different polar angles and the parameters given in Table I of the main text. For the
high-energy region (7}, > m,,), the spectra are parallel because dI',/(dT,dY) < T, ** (see Eq. (2)),
while for the low-energy region (7}, < m,,), we have dI',/(dT,d?) ~ c,I 5" (47 Bp)~+/2T,/m,. The
peak that appears in the curve for § = 0° corresponds to the kinetic energy of a proton that is at
rest in the blob frame, i.e. T, = m,(I'p — 1).

FElastic scattering kinematics— For an elastic scattering process i, 7 — ¢, j, where 7, 7 denote
particles with mass m; ;. In the main text we consider the case in which i, j € {x, p, N}. In the
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FIG. 4. The spectrum of protons in the observer’s frame for TXS 05064056 (left panel) and BL
Lacertae (right panel). The model parameters used are given in Table I of the main text. The
different colours correspond to different polar angles: 6 = 0° (red), 5° (yellow), and 10° (purple).
The vertical grey dashed lines correspond to proton kinetic energies of T, = m,(I's — 1).

laboratory (LAB) frame, we assume that j is effectively at rest. After a scattering, the kinetic energy
(or recoil energy) T} transferred to the particle j from the incoming particle ¢ with kinetic energy 7;
is [10]

(77 + 2mT))

L+ 45 _
T 4 (mi +my)?/(2m;)’

2

Ty = T with T7%(T}) (14)

where p* is the cosine of the scattering angle in the center-of-mass (c.m.) rest frame. Inverting
Eq. (14) gives the minimal energy the particle ¢ should have to pass a kinetic energy 7} to particle

5 110
(1)) = (% - mz‘)

where the +(—) applies for T; > 2m; (1; < 2m,;). Lorentz transformations relate the scattering
angles in the LAB and c.m. frames via:
. 242
Hs =
pE Ve (T (1 = pi3)

2
A 32 o
1:|:\/1+M_9 , (15)

(T; — 2m;)* my
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where
(ﬂ -+ m; + mj)2
(my +m;)* + 2myT,

(17)

Ve (T})

Using Eq. (16) and assuming an isotropic collision in the c.m. frame, we can derive the probability
distribution of the scattering angle for the particle j in the LAB frame:

2 dps 2+ 2 (T)(1 = p2)]?
where the Heaviside theta function ensures that 0 < ps < 1. The kinetic energy of the outgoing
particle j in terms of the scattering angle in the LAB frame is then given by:

P(ps; T;)

2

max ILLS
Ti(T, pus) = TP(T; : 19
W) = L) gy T 12) (19)
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Inverting Eq. (19), we obtain the scattering angle that corresponds to an incoming kinetic energy 7T;
and transferred energy Tj:

max 71/2
(T - T,

(T, T = |1 ! . 20

BBDM flux at Earth — We now briefly explain how to derive the BBDM flux as given in Eq. (6)
of the main text. We make use of the kinematic formulae presented above using ¢ = p and j = y
and consider the LAB frame to coincide with the observer’s frame, i.e. we neglect the motion of
dark matter with respect to the protons. Assuming the elastic cross section to be isotropic in the
c.m. rest frame, the flux per kinetic energy of BBDM can be written as

d®y Ef?ﬁa 8/xp o T TX) dl'y, P(ps;Tp)
- do, | du, S ) S (T — T (T, s 21
dT, / ¢’/ H /mm ”deQ or O (D= T(Tyops)) - (21)

where ¢, € [0,27] is the azimuthal angle with respect to the LOS. T\ (7}, pts) is the dark matter
kinetic energy after scattering for given 7}, and ps. Note that the proton spectrum depends on g,
which is related to us and ¢, by a rotation of an angle 0,05, namely

11(fs, Ps) = fis cOS 008 + 8in ¢, sin Oros/1 — 12 . (22)

Using the properties of the Dirac d-function we can write:

31\~ Ty (T 1)) = e, (23)

Therefore, the flux can be rewritten as:

dd, Y5, L™ dr’
— do, P 24
dT, — 2mm,d? / ¢ / min Tmax ) dT,dQY’ (24)

where the proton spectrum needs to be evaluated at u(ﬁS(T » 1Y), ¢s). We note that, in the case of
Oros = 0, u = ps and therefore the integration over ¢4 in Eq. (24) becomes trivial.

Using the results for ¥py discussed in the main text, the parameters in Table I and a typical value
oyp = 1073 cm?, we compute numerically the integrals in Eq. (24) and plot in Fig. 5 the BBDM

spectrum for the sources TXS 05064056 (left) and BL Lacertae (right) for a few DM masses.

The dependence on the SED model parameters — As we have mentioned in the main text, the
blazar jet physics can be well formalised by the “blob geometry”, and the relevant model parameters
can be derived by fitting the observations of the photon SED. In our analysis, four important
parameters are involved, namely L, V},., »» I'p and «, (see Table I of the main text), and, for some
of them, we have simply adopted the mean values from Refs. [19, 28]. In order to give a more robust
analysis, here we investigate the effects of different choices of the SED model parameters on our final
results. For brevity, in this section we only consider the blazar TXS 05064056 and ignore the case
of BL Lacertae since the results are qualitatively similar.

The dependence of our final results on L, is quite straightforward. The proton luminosity only
enters in the normalization factor of the proton spectrum as ¢, o< L, (see Egs. (1) and (2)). Then,
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FIG. 5. The expected flux of BBDM from TXS 05064056 (left panel) and BL Lacertae (right panel).
Different colours correspond to different DM mass m,, namely 0.1 MeV (blue), 1 MeV (orange),
10 MeV (green), and 100 MeV (red). The solid and dashed lines represent BMP1 and BMP2,

respectively. Note that all these results are derived by setting o, = 1073 cm?.

from Eq. (10) one can easily obtain that the lower exclusion boundary on o,, is proportional to
1/+/L,. Specifically, in Ref. [28] L, ranges from 1.6 x 10%® to 3.5 x 10*® erg/s, so its influence on the
oyp lower bound is about 20%. Concerning v, ,, when it varies from 4 x 107 to 7 x 107 [28], we
find that its effects on the oy, constraints are negligible (< 1%). This is because v,,,, , only affects
the high-energy part of the proton spectrum, which is exponentially suppressed.

Instead, the influences of the Lorentz factor I'p and the proton spectrum power index «,, on the
oyp bounds are more complicated. In order to show their effects explicitly, in Table II we present
the limitations on the logarithm of the DM-proton cross section (log;y[oy,/cm?]) from the blazar
TXS 05064056 for some different choices of oy, and I'g. Note that the other SED parameters are
fixed to the same values in Table I, while the quantities related to the DM density profile are as in
BMP1. The selected values for I'p are chosen according to the range given in Ref. [28]. In contrast,
the value of «, is a constant in Ref. [28], so few different values are manually selected to examine its
influence.

The effects of I'p and «,, on the o,, constraints are as follows. For larger (smaller) values of I'p,
the energy of protons in the BH frame is also larger (smaller) while, conversely, the total number of
protons emitted per seconds by the source diminishes (increases). The overall effects on the BBDM
flux, and, consequently, on the DM-proton cross section constraints, depend on the DM mass. More
specifically, for a larger I'g, the constraints on o,, becomes more stringent in the low-mass region
(m, < 107* GeV) and weaker for higher masses (m, = 10~* GeV), while for a smaller I'p the results
are opposite. In any case, the effects of varying I'p in the range [17.5, 22.5] only amounts to a
~ 30% correction. As for ay, if it is increased (decreased) with a fixed I'g, the BBDM flux will be
amplified (reduced) and render a stronger (weaker) constraints on o,,. For the two selected values
of a, = 2.5 and «, = 1.8, the effects on o,, correspond to roughly a factor of 3.

In summary, we conclude that the constraints on o, obtained in the main text are representative,
and the impact of choosing other parameter values in the ranges given in Ref. [28] is relatively small.



Constraints on DM-proton cross section from TXS 05064056

o T, m,, (GeV)

107° 10~ 1073 1072 107!
2.0 20 —34.27 —33.59 —32.32 —30.86 —29.14
2.0 22.5 —34.30 —33.57 —32.26 —30.78 —29.04
2.0 17.5 —34.23 —33.61 —32.39 —30.96 —29.26
2.5 20 —34.68 —34.03 —32.73 —31.25 —29.41
1.8 20 —33.81 —33.11 —31.85 —30.41 —28.75

TABLE II. The influence of different power index o, and Lorentz factor I's on the constraints of
logyo[oyp/cm?] from the blazar TXS 05064056 [28]. For comparison, the benchmark values that
we have adopted in the main text are shown in bold in the shaded row. Note that the quantities
involved in the DM density profile are as in BMP1 and the other SED parameters as in Table I.
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