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It has been suggested that the density of dark matter (DM) halo can be highly enhanced around
supermassive black holes at the centers of massive galaxies. If real, these DM spikes would offer new
opportunities to probe the properties of DM. In this work, we point out that DM spikes can significantly
impact the composition and survivability of ultrahigh-energy cosmic rays accelerated near supermassive
black holes. A large DM-nucleon cross section would fragment heavy nuclei into lighter elements and
prevent them from attaining the energies observed at Earth. While the origin of cosmic rays remains a
mystery, we show that if the highest-energy cosmic rays on Earth come from sources like NGC 1068,
then cross sections of size 5, < 107 (ng*V) cm? would be excluded by cosmic ray data. These bounds can
be competitive with other existing probes and rule out new parameter space in the DM mass region
m, € [3 MeV, 30 MeV]. While the uncertainties on the acceleration mechanism of cosmic rays prevent us

from setting robust limits, our study highlights an important connection between DM spikes and cosmic ray

physics that is complementary to existing cosmological and direct detection constraints.

DOI: 10.1103/747j-mhcq

I. INTRODUCTION

Supermassive black holes (SMBHs), believed to exist at
the centers of almost all massive galaxies, provide extreme
and naturally occurring laboratories with which to probe
the microphysics of cosmic rays (CRs), neutrinos, and dark
matter (DM). These objects, with masses ranging from
millions to billions of solar masses, create some of the most
energetic environments in the Universe, where particles can
be accelerated to ultrahigh energies through various mech-
anisms including magnetic reconnection, shock accelera-
tion, and interactions with accretion disk turbulence [1-10].
The recent discovery of NGC 1068 [11] as a high-energy
neutrino source and its lack of corresponding TeV gamma-
ray signal have shown that the close vicinity of the central
SMBH is the most likely source of high-energy neutrino
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production [12]. The suppression of gamma rays, combined
with the fact that this is the first steady source of neutrino
observed, suggests that the emission region is deeply
embedded within dense material that effectively absorbs
high-energy electromagnetic radiation while allowing neu-
trinos to escape. This, in turn, implies that CRs are accel-
erated near the central SMBH, within a few to hundreds of
Schwarzschild radii from the event horizon. These small
distances would imply that the CR acceleration is taking
place in an environment with a potentially large ambient DM
density, assuming a cuspy profile.

Gamma-ray observations from other galaxies (e.g., NGC
4486) have also demonstrated that high-energy emission can
originate from regions very close to the event horizon,
supporting the plausibility of particle acceleration at these
scales [13—18]. Such obscured, Compton-thick sources
have long been theorized [19-22], but their existence is
only now being confirmed with the advent of multimessenger
astronomy [23-25]. For instance, these obscured active
galactic nuclei (AGNs) have been used to explain the
x-ray background (XRB) measurements [26], specifically
the peak between 20 and 30 keV [27-30]. Interestingly,
nonjetted AGNs have also been used to explain the XRB [31]
and astrophysical neutrino background [32]. Similar argu-
ments have also been recently applied to NGC 7469 [33].
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While cuspy profiles are often used to describe DM
halos, the presence of an SMBH can further enhance the
DM density in its vicinity. It has been suggested that the
DM density profile could form a “spike” as we go closer to
the SMBH due to adiabatic growth of the black hole [34].
In other words, as the central black hole forms and grows,
its gravity pulls in ambient DM, compressing it into a much
steeper density profile, referred to as a “spike.” The origin
of a spiked profile can be theoretically motivated simply
from angular momentum conservation. With more mass
accreting onto the SMBH, the minimum of the effective
gravitational potential shifts toward the center, thus giving
rise to a spiked profile.

Qualitatively, the spike formation can be understood
as follows: starting from an initial DM density profile
p(r) o« r77 with y an initial density slope (typically 0.5 <
y < 1.5 [35-39]), the adiabatic growth of the black hole
causes the orbits of DM particles to contract toward the
center. This process, which conserves adiabatic invariants,
results in a new power-law density profile within the spike,
P&y (r) o r7». The relationship between the initial slope y

and the spiked slope yg, is given by yg, = 94_—_2},7 [34,40].
For typical halo models where y ranges from 0 to 2, this
transformation yields very steep inner profiles, with yg,
values between 2.25 and 2.5. The spike is theorized
to extend from a minimum radius, influenced by annihi-
lation or capture effects, out to a characteristic radius Ry, ~
O(1) pc [34,41,42]. These results were then improved by
using a fully relativistic treatment [43]. The potential
existence of these spikes has been leveraged in numerous
analyses to enhance expected sensitivities for DM searches,
including studies by FGST and PAMELA [44], various
gamma-ray observations [45—47], and stellar observations
[42,48,49]. Furthermore, the spike has been utilized to set
bounds on DM interactions through its capture and anni-
hilation within stars [50] and to predict the existence of
dark stars [51]. References [52,53] have used spikes around
the TXS 0506 4+ 056 to constrain blazar-boosted DM.
More recently, Ref. [54] used the spike to explain the
neutrino signal from NGC 1068 via DM annihilation.
Additionally, Refs. [55-62] have used spiked profiles
to constrain neutrino-DM interactions. Collectively, these
studies highlight the broad phenomenological relevance of
spiked profiles. Note, however, that the existence of the
spike is not yet established observationally and is still under
debate [42,63,64]. See Appendix for a review of possible
mechanisms that could weaken or destroy such spikes.
In this paper, we discuss how the existence of a spiked
DM halo impacts CR acceleration to ultrahigh energies.
These ultrahigh-energy CRs (UHECRs) are expected
predominantly to consist of heavier elements, including
iron [65-75]. A single scattering event between such
energetic CRs and a DM particle during the acceleration
process would cause the heavy (iron) nucleus to shatter.
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FIG. 1. The approximate bounds set here (pink region) using a

spiked DM density profile [34] and requiring that a CR can scape
without fragmentation (see Sec. IV C) in an NGC 1068-type galaxy
compared to other proposed bounds using CRs (black lines).
Specifically, we are showing scattering [90], and cooling [91]
bounds. Our potential bounds using Burkert [92], NFW [93], and
spiked-density profiles for Milky Way (MW)-like galaxies are
shown as dotted, dashed-dotted, and dashed lines, respectively. For
comparison, we also show DM-proton cross sections that can
produce the correct relic abundance via freeze-in (green region)
[94,95], which are model dependent. Note that our bounds are
derived for DM-nucleus inelastic scattering with \/@ Z 1 GeV.

If such fragmentation occurs, CRs would be unable to
reach the observed ultrahigh energies, particularly near
the Greisen-Zatsepin-Kuzmin (GZK) cutoff [76,77]. In
fact, the observation of several super-GZK events [78-80]
strongly suggests that (i) these UHECRs are most likely
heavy nuclei (with higher GZK cutoff) rather than protons,
and (ii) fragmentation of these heavy nuclei is unlikely to
happen at the source.

Here we ask the question: given a DM-proton inter-
action, can high-energy CRs be accelerated within the DM
spike to the ultrahigh energies necessary to explain current
observations by CR experiments [68,81]? We split this
question into three parts:

(1) Can CRs be accelerated to the required energies

within an AGN?

(2) Can CRs be accelerated within their trapped region?

(3) Can the CRs escape their host galaxy?

Given the observation of UHECRs on Earth, we can set
bounds on the DM-nucleon cross section by requiring
that the interaction length of CR-DM interactions is at
least larger than the acceleration region. Figure 1 shows
the approximate results we predict compared to other
CR bounds. Not shown are bounds due to changes in
the expected metallicity [82] measured by CR experi-
ments such as AMS [83]. There, it is assumed that the
DM-nucleon cross section behaves as the proton-nucleon
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cross section, scaled by a phenomenological factor b,,
o,y = b,o,y. For instance, in some scenarios, the DM-
nucleon cross section scales as o,y ~ A% In?(s/GeV?),
where A is the nucleon count, and /s is the center-of-mass
energy [84-89]. With such a scaling, our bounds would
improve by O(100) when compared with Ref. [82] and by
O(1000) when compared with direct detection experi-
ments. Since we wish to remain agnostic to the underlying
model, we assume o,y is constant with the momentum
transfer. We briefly comment on the self-consistency of
this assumption. A constant total cross section in energy
does not automatically imply a constant differential cross
section do/dQ?: as the CR energy increases, the kinemat-
ically allowed range of Q° grows, so a flat ¢ spread over
a larger Q? interval implies a decreasing do/dQ?. This
apparent tension is resolved naturally in models where
the cross section is dominated by a heavy mediator of mass
my > /02, since the propagator 1/(Q? + mg) = 1/m3 is
then Q? independent and the total cross section is indeed
flat. In the opposite regime of a light mediator, the differ-
ential cross section is IR-enhanced and would grow with
energy, making our constant-¢ treatment conservative. For
completeness, we also note that, should the cross section
saturate at large Q? (e.g., via a form factor), this effectively
imposes an upper cutoff on the Q? integration and leaves
our bound unchanged at leading order.

Note that the method presented here is similar to
Refs. [82,90]. The main difference is that those authors
focused on changes in the energy spectrum (at lower
energies) due to multiple scattering. In contrast, here we
focus on single-scatter events at higher energies.

This article is structured as follows. In Sec. II, we briefly
discuss the DM density profiles used in this work. In
Sec. III we discuss general CR-DM interactions. Then, in
Sec. 1V, we derive bounds on the DM-proton interaction
rate using EeV CR iron nuclei by requiring that they do not
fragment during acceleration to these energies. We present
our conclusions in Sec. V.

II. DM DENSITIES

To model the DM density profile near the SMBH, we
follow the formalism of Ref. [34]. We adopt a generalized
Navarro—Frenk—White (NFW) profile [93] for the ambient
DM halo outside of the spike region, with an initial slope
parameter y set to 1 and p, = 0.4 GeV/cm?, the local
(ro = 8.5 kpc) DM density. In the simplest scenario, where
the central SMBH grows adiabatically, via the slow in-fall
of gas, the DM density can be written as [34]

R 14 R 3 R Vsp
s s S .
pspp(i’)zﬂo<%> (1 _4_> (ﬂ) . (1)

Here Ry =2GMpgy is the Schwarzschild radius of the
black hole, Ry, = a,ro(Mgu/(pory))'/C") is the size
of the spike, and «, is the normalization to match the
density outside of the spike. Here y = 1 corresponds to
a, = 0.122 [34], vy, = 7/3. With our fiducial parameters
(r=1, a,=0.122, ry=85kpc, py =04 GeV/cm?,
Mgy = 4 x 10°M), this formula gives R, ~ 25.8 pc.
In our numerical implementation, we use the Gondolo-
Silk power-law shape but normalize the spike profile by
matching it to the NFW profile at a transition radius
re & 1 pc, consistent with the standard literature value for
MW-like galaxies [34,41,42]. This choice is conservative:
matching at r, = Ry, = 25.8 pc would increase the spike
density at fixed r by a factor (25.8)*3 ~ 76, substantially
strengthening all derived bounds. Thus, the full density
profile is

0 r< 4RS
()= pa’(r) 4Rs<r<Ry.  (2)
pNFW(r) rz Rsp
where ngz is the DM density with the spike parameter

Ysp = 7/2. There are multiple ways the above adiabatic
accumulation of DM could be perturbed. For example, first,
stars orbiting the central black hole can soften the spike via
gravitational heating of the DM, and, if significant, can
change the expected DM profile. This is reflected by the
change in expected y,. For the MW with the profile given
above, vy, = 7/3 = yyp = 3/2 [41,47,96,97]. Second, if
DM self-interacts, e.g., via annihilation, then the maximum
of the spike would be reduced to p. [34,47,54]. Here
pe = m,/({ov)tgy) with m, the DM mass, (ov) the ther-
mally averaged annihilation cross section, and gy the age
of the SMBH. Combined, the resulting DM distribution
for the MW would be

0 r< 4R1§/Iw

3/2

P (r)pe MW MW
AN = e, RS STSReT(3)

PrEw (1)pe MW

pew (1) +pe rz RSP

where p%z stands for the DM density in the spike with

Ysp = 3/2. Note, while in the above equations we set the
onset of the spike starting at 4R, the lower bound could be
as small as 2Rg after taking into account general-relativistic
effects [43,56,98], but it will have a negligible impact on our
results.

Figure 2 shows the DM density profiles for the MW used
in this work. We set Mgy = 4 x 10°M, and y = 1. The
spike power-law profile is matched to the NFW profile at
re = 1 pc. Above this radius, the profile follows a standard
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FIG. 2. The DM density, as predicted by Ref. [34], combined
with the NFW [93] profile starting at r = 4Rg = 1.6 x 10~ kpc
for an SMBH mass of 4 x 10°M . The orange region shows where
DM annihilation could reduce the expected density. The black
dashed line denotes the expected DM density when accounting for
significant stellar heating [47], and the dotted black line indicates
the plateau induced by DM annihilation of (6v) ~ 107> cm? /s for
m, = 1 TeV. While the density profile shown is for an MW-like
galaxy, the pink vertical lines indicate the conservative acceler-
ation regions of CRs for an MW-like or NGC 1068-like galaxy,
respectively, based on multimessenger observations. The spike
power-law profile (pg, o r~7/3) is normalized by matching to the
NFW profile at a transition radius r, ~ 1 pc, consistent with the
standard literature value [34,41,42].

NFW profile (green dashed), whereas below, the spike
takes over (solid black). The dotted line denotes the effects
of self-annihilation when setting (6v) = 1072 cm?/s for
m, = 1 TeV, while the black dashed line denotes the
density profile when including stellar heating [47].

In the following, we discuss CR acceleration within
MW-like galaxies (Mpgy ~4 x 10°My [99]) and NGC
1068-like galaxies (Mg ~ 8 x 10°M [100]). This puts
them at the low end of expected masses for SMBHSs in
AGNSs, where we expected ranges from 10°M, to 10'°M
[101,102]. Since the spike density scales with the mass of
the SMBH as ~M°%7, using low masses, as we do here,
should be considered a conservative approach. The corre-
sponding acceleration regions are shown by the pink
vertical lines in Fig. 2.

III. DM COSMIC RAY INTERACTIONS

There are two relevant quantities needed for the dis-
cussion here. One is the momentum transfer during a CR
and DM interaction event. The maximal momentum trans-
fer can be written as [90,103—-106]

T TEg + 2merTcr ‘ (4)
" Tep + (meg + mx)z/(ZmX)

Here we consider the energy transfer in the nucleus’s rest
frame, with Q> = —t, where ¢ is the Mandelstam variable.
Setting Q% = —(p, — p,)* >0, we get Q%= -2m; +
2m,E, =2m,T, < 2m,T,. We now make the conse-
rvative requirement that \/@ > 1 GeV for iron to shatter,
far above the binding energy of iron, €, ~ 9 MeV, to ensure
a thorough fragmentation. Therefore, requiring m, >
1 GeV?/2T =~ 1 GeV? /2T g implies that for 50 EeV,
we require m, 2 0.01 eV. For a more detailed discus-
sion on momentum transfers and cross sections, see

Refs. [107,108].
We also define the interaction length, 4, cr, as
1

9
n;(a)(CR

(5)

Ay R =

where n, is the number density of DM and o,cg is the
DM-nucleus cross section.

Our bounds are derived for inelastic DM-nucleus scat-

tering with momentum transfer \/—Q~2 Z 1 GeV, while
direct detection and cosmic microwave background
(CMB) constraints are typically quoted for elastic or
near-threshold interactions. A direct comparison on the
same plot is valid under the assumption of a momentum
transfer—independent cross section, as arises naturally
for a contact interaction mediated by a heavy particle
(my > \/0?), in which case opstlastic ~ gelastic 'We note this
assumption explicitly where such comparisons are made.
We further note that our bounds are particularly relevant to
inelastic DM scenarios [109] where elastic scattering is
absent and direct detection limits do not apply.

Note that at the energies discussed here, we are beyond
the regime of elastic scattering. For instance, for the
scattering of a Ty, = 100 TeV iron nucleus on a m, =
0.1 MeV DM target, the average momentum transfer is
(AT) ~ 4.5 GeV, demonstrating that we are safely within
the regime of deep inelastic scattering.

We also note that almost every scattering event at these
energies is sufficiently hard to shatter the nucleus. For a
constant differential cross section do/dT’, = 6/T sy, the
fraction of interactions exceeding the fragmentation thresh-
old Q2. = (1GeV)? is frg =1— Q% /Ohux, Where

P 2m,, T ax- This corresponds to a momentum trans-
fer—independent cross section, as expected for heavy
mediator exchange. For light mediators the distribution
would be IR-enhanced and the fragmentation fraction
reduced. At Tcg = 50 EeV, we find Q2. = 107 GeV?
for all m, 2 10~ GeV, giving fg,, > 1 — 1077, which
means that even for the lowest considered masses, the
majority of interactions lead to fragmentation.
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IV. IRON NUCLEI FRAGMENTATION

Here we focus on the possibility of accelerating iron to
ultrahigh energies near the SMBH and/or the inner jet,
assuming a background DM distribution with couplings to
protons. See Refs. [110,111] for reviews of possible
models. Specifically, we ask the question: would a coupling
to DM shatter the iron nucleus before it can accelerate to
observed ultrahigh energies?

A. Accelerating within an AGN

Assuming that UHECRs near the GZK cutoff
(Ecr ~ 50 EeV) are all accelerated within AGNs, we can
set a basic requirement on the interaction length for CR-
DM interactions, Acg,. The interaction length Acg , needs
to be larger than the acceleration distance /,.. of the CR.
Otherwise, the CR (at these extreme energies assumed to
be iron) would shatter and could not be accelerated to the
necessary energies. Conservatively, we can set /.. to the
size of the AGN. Current observations set the size of AGNs
to be <1073 pc [112,113]. Note that here we define the size
of the AGN to be the size of the accretion disk of the
central SMBH.

Thus, assuming CRs are accelerated within the accretion
disk of the SMBH, we can set a conservative bound by
setting 4, cr > 103 pc. Using the previously defined DM
density profiles (at » = 10~ pc), we can then set a generic
bound on o, g,

GeV

1.2 x 107#(5%) em?  for NFW
J - m . °
reR 1.3 x 1072(5%) em?  for Spike

While these bounds are negligible for DM masses above
1 keV compared to current constraints [114,115], for lower
masses they begin to dominate over current direct detection
constraints.

B. Accelerating within its trapped region

We can refine the estimate in Eq. (6) by observing that if
a particle escapes its acceleration region, it no longer
accumulates energy. In other words, the Larmor radius
r; = E/(ZeB) needs to be smaller than the characteristic
size of the source, L. Here, B is the magnetic field strength
within the source, e is the unit electric charge, and Z is the
atomic number of the CR nucleus. This is called the Hillas
criterion [116]. As discussed in Refs. [111,116—118] this is
a necessary but not sufficient constraint on CR acceler-
ation. Thus, we can treat it as a conservative scale. The
criterion can be written as

Eeg < (102 eV)Z <ﬁ> <]0Lk pc>. (7)

Note that this criterion can be improved by introducing
flow velocities within the object [111,117-119]. Here, we
change the criterion to the following: the particle’s inter-
action length, 1, cr, needs to be larger than the Larmor
radius, ry. This is equivalent to requiring that the CR does
not interact before escaping the acceleration site. Following
Ref. [111], we define r; as

. (1.0; pc) (1 iv) <1 ;G) -

To be conservative, we impose our criterion using the
smallest Larmor radius imaginable at the source, namely
that obtained with the magnetic field strength at the horizon
of the SMBH. Additionally, we set the acceleration to be
maximally efficient, such as in magnetic reconnection
[8,10], meaning the nucleon can accelerate fully within
one ry.

From observations, the magnetic field strength at the
SMBH’s horizon was estimated to be B ~ 10* G [120-122].
Thus, the Larmor radius for iron nuclei at the GZK cutoff in
an AGN is

rp~2x 1077 pc~ 6 x 10" cm. 9)

Note that r; in Eq. (9) is far smaller than the containment
criterion in Eq. (6) that used r = 1073 pc. On the other
hand, the Larmor radius does not define where the accel-
eration of the CR happens. We set the acceleration site to
2 x 107> pc, which is larger than the maximum of 100Rg
(for the MW) used in the modeling of AGNs [1-7,9]. We
then require that the interaction length of iron-DM is larger
than the Larmor radius.

Another reason why this should be seen as a conservative
bound is that it assumes the acceleration efficiency to be
maximal, 7 = 1. As discussed in Ref. [123], # within these
objects can be as low as 7 > 0.03. Note, other authors (e.g.,
Ref. [124]) describe this efficiency in terms of the accel-
eration time, t,... In general, it can be written as

faee = -Atb (10)

with A being a multiplier of the Larmor time #; . In general,
A > 1, and in the specific case A ~ 1, this corresponds to a
maximally efficient acceleration process, as seen in mag-
netic reconnection [8,10,124] (the assumption we are using
here). In this scenario f,cc ~ fscatterings WHETe fcagiering 18 the
scattering timescale. In other words, n = 1 (A = 1) is our
conservative baseline: the CR gains the full energy in a
single Larmor time, minimizing the path length through the
DM and yielding the weakest possible bound. A lower
efficiency, 7 = 0.03 (A ~ 33), means the CR traverses ~33
Larmor radii to reach the target energy, increasing the
integrated column density and yielding a stronger, non-
conservative bound, as used in Sec. IV E. We now apply
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these criteria and the resulting bounds are

1 x 10722 (5%) cm>  NFW,
Ux,CR - 29[/ m 2 . (1 1)
7 x 10 (@(,) cm?  Spike,

improving the previous estimate for the spike, but reducing
it for an NFW profile.

These bounds can now be further improved by assuming
all CR are accelerated within an NGC 1068-like galaxy,
instead of a MW-like one. Plugging in the numbers from
Ref.[91] (and using the assumed emission region < 10~ pc)
we get a significant improvement of the bounds to

m
o,cr <3x 107! <Ge)§/> cm?. (12)

C. Can the cosmic ray escape the galaxy?

Reference [34] predicts that the DM density rapidly falls
for r < 10Rg and vanishes completely for r < 4Rg. For
Sagittarius A* with M =4 x 10°M, the Schwarzschild
radius is 3.8 x 1077 pc. Thus, CRs could be accelerated
fully within a high-density shell of DM. This opens up a
new question: does DM induce a GZK-like bound for CRs?
For simplicity, we alter this question and ask: does DM
induce a high-energy cutoff for iron nuclei? Since CRs are
accelerated within 100Rg < 2 x 107 pc for a MW-like
galaxy [1-7,9] (< 1 x 107 pc for NGC 1068-like gal-
axies), we can ask if an iron nucleus can pass through
the DM halo without a single interaction. We compute the
column density N = [/« n,(r)dr numerically along the
full radial path through the spike using the density profiles
of Sec. II, and require o,cg < 1/, corresponding to a

survival probability P, = e~V > | /e. This results in

an upper bound on ¢, of
3x 107 (5%) cm* Burkert,
3x107(5%) cm* NFW, (13)
(2 S m
7,CR 9 x 10731 (T{l) cm? MW Splke,
1 x 10—33 ((;nTI) sz NGC Splke

This can be understood by comparing these numbers to the
expectations from the GZK cutoff. For the GZK limit the
photon-CR cross section 6,, ~3 x 1072 ecm? is the rel-
evant quantity [125]. The CMB density is approximately
411 photons/cm?. This implies an interaction length of
~10 Mpc. Here the high DM densities scale the resulting
cross section for DM to lower values. For instance, the
average density in a DM spike for a MW-like galaxy
between 2 x 107 pc and 1 pc is ~7 x 10° GeV/cm?.
Note that under our conservative assumptions (3 = 1,
MW-like galaxy), the bound set by escape is stronger

than the bound due to acceleration, mainly due to our
conservative assumptions on the Larmor radius and accel-
eration time. Had we used smaller magnetic field strengths,
the constraint from the trapped region would be stronger. For
example, setting B = 100 G results in r, ~4 x 10~ pc,
similar in size to the assumed location of acceleration. This
alone would yield a bound due to the acceleration criteria
similar to the escape shown in Eq. (13). Under noncon-
servative parameters (1 = 0.03, NGC 1068-like galaxy),
however, the acceleration bound of Sec. IV E becomes the
dominant constraint, as discussed below.

D. Baryonic feedback

Here we provide a rough estimate of baryonic feedback
caused by the y-p coupling on the formation of the spike
itself. Baryonic feedback is relevant when DM has scat-
tered at least once during the lifetime of the galactic DM
halo, 7,4 In that case, in order to avoid baryonic feedback,
we can require that

tage X Ny X U, X 0, < 1. (14)

For illustration, we can use the age of the MW
halo, 7,5, ~ 10 Gyr ~3 x 10'7 seconds. For the baryon
(proton) number density, n,,, we consider the stellar mass
density, within the central parsec p, ~ 10°~10’M/pc?
(~4 x 1074 x 108 GeV/cm?) [126-128], the gas density
in the inner parsec n ~ 10-100/cm® ~ 10-100 GeV/cm?
[129], and the central molecular zone n ~ 107-108 /cm3 ~
107 — 108 GeV/cm® [126,130]. For the velocity, we use
v, <0.lc =3 X 10° cm/s, which is above the observed
velocity of stars close to Sagittarius A* [131]. Taking
the dominant stellar mass density contribution (n, ~
107-10% GeV/cm?) and substituting all values, from this
we obtain the approximate requirement that
6,, <107 cm? (15)
to avoid feedback. The reasoning above assumes an
isothermal core formation [97] (see also Refs. [132,133]).
For larger cross sections (e.g., for most of the parameter
space we target in the MW scenario), we assume the DM
density profile follows the strong stellar heating scenario
shown in Fig. 2 and calculated in Ref. [47]. Figure 3 shows
the resulting bounds, including baryonic feedback. For the
MW scenario, this applies for all DM masses, while for
the NGC 1068 case, masses > 10 MeV are affected, which
appears in our curves as a kink at about m, ~ 10 MeV. We
note that NGC 1068 is a significantly younger source, so
the corresponding bound in Eq. (15) will weaken accord-
ingly. The kink arises from the crossing of two constraints:
our CR-derived bound scales as o,, « m,, while the
feedback bound Eq. (15) is mass independent. At small
m,, the CR bound is stronger (lower in the plot), so we use
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FIG. 3. The resulting bounds using the NFW and spiked
profiles for the MW and assuming NGC 1068-like population.
These bounds are constructed under the assumption of a GZK-
like process. The experimental bounds are from the LZ [114]
CR-boosted DM search and the direct detection bounds adopted
from Ref. [134] with data from CRESST [135,136], DAMIC
[137], DarkSide [138,139], and XENONIT [140,141]. The
vertical shaded region is the BBN bound [142-144]. Our bounds
are for inelastic scattering (\/@ 2 1 GeV). Comparison with
elastic direct detection limits assumes a momentum transfer—
independent cross section (see the text).

the full adiabatic spike. At m, ~ 10 MeV the two bounds
cross, and for larger masses we conservatively switch to the
stellar-heated profile (where the spike is suppressed),
producing the visible kink. For the MW, stellar heating
is applied throughout, so no kink appears.

Figure 3 shows the resulting bounds for spiked profiles,
compared to current constraints from CR-boosted DM
search [114], direct detection searches [134], and Big
Bang nucleosynthesis (BBN) [142-144].

Figure 5 shows a summary of all relevant experimental
constraints, compared to our bounds which rule out new
parameter space between them in the DM mass region
m, € [3,30] MeV for the NGC 1068 case with a spiked
profile.

E. A nonconservative estimate

While in the previous sections we used conservative
estimates to derive bounds on DM-CR interactions, here we
relax them: in NGC 1068-like galaxies, CRs can be
accelerated as close as ~107> pc from the central SMBH
[91]. This scale follows from the Hillas criterion applied
to the NGC 1068 corona: with Mgy ~ 3 x 108M, the
Schwarzschild radius is Ry~ 1.4 x 107 pc, so ~7Rg ~
1073 pc is consistent with the coronal emission model
of Ref. [91]. Additionally, as discussed previously, the

10—30

10732

FIG. 4. Same as Fig. 3, now including the bounds from Eq. (16)
(nonconservative) as a dotted line.

efficiency of acceleration could be as low as n = 0.03
[123] (see Ref. [145] for even lower efficiencies). With
these numbers, r; ~ 1.3 x 107> pc and pY9¢(r=107° pc) »
5% 1018 GeV / cm?. In this scenario, the acceleration bound
is the dominant contribution and the resulting constraint on
the cross section is 6, cg < 8 x 107(5%;) cm?. Note, here
we are still using the spike parameters after rescaling to the
NFW profile to match at 1 pc. Using the spike parameters
without scaling leads to

m
o,cr < 1x1073¢ (ﬁ) cm?. (16)

Figure 4 compares the bound to current constraints, similar
to Fig. 3.

F. A comment on TXS 0506 + 056

TXS 0506 4+ 056 was observed to be a source of
neutrinos by Icecube [146]. Based on the neutrino and
gamma-ray observations [147,148], a few models predict
that the main acceleration region of CR is O(pc) away from
the central SMBH [149-151], well outside of the possible
DM spike. Specifically, in Ref. [152] the authors show that
a coronal origin (close to the SMBH) is disfavored by x-ray
estimations.

On the other hand, models exist where the production of
neutrinos (thus the acceleration of CRs) happens between
4 x 1074-0.3 pc [145,153,154]. Based on this, the spiked
profile has been used to constrain DM-neutrino interactions
in those scenarios [55,56,59].

Setting the mass of the central SMBH to be 3 x 108M
[155], the DM density will be between 10' and
10> GeV/cm® for the distances of interest. Assuming
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FIG. 5. Summary of our bounds on the DM-proton cross
section (lines with upward arrows) compared to current con-
straints from XQC [158], CMB [159], upscattered DM
(LZ-boosted [114] and PROSPECT [160]), EDELWEISS [161],
CRESST 2017 (surface) [135,162], XENONIT [140,141,163],
CRESST-III [164,165], DAMIC [137], DarkSide [138,139],
BBN [142-144], MW Satellites [115], Lyman-a [166], and
reinterpretations of existing data [167]. Our bounds are for
inelastic scattering (\/éi 2 1 GeV). Comparison with elastic
constraints assumes a momentum transfer—independent cross
section (see the text).

all high-energy (iron) CRs are accelerated within TXS-
like objects, this would lead to a bound of o,cg <

10733 (5%) cm?, when considering that CR should be able
to escape the spike without interacting. This is similar to the
NGC bound and is mainly due to the similar column

densities between the two when considering escaping CRs.

V. CONCLUSION

Considering the recent spike in interest in spiky dark
matter density profiles around supermassive black holes, it
is very timely to find new observables to test the existence

of such DM spikes. Conversely, it is also timely to ask what
DM properties can be constrained in the presence of such
spikes. In this work, we have introduced a novel method
to constrain the DM-nucleon cross section within the
spikes under various assumptions. We noted that relatively
weak interactions between DM and SM baryons have the
potential to disrupt the acceleration of ultrahigh-energy
CRs in dense environments near SMBHs. This is the case
even after accounting for baryonic feedback that can
suppress DM spikes.

To set bounds on the values of these cross sections or to
make statements on the existence of DM spikes, we relied on
a couple of reasonable assumptions. The first, and most
crucial, is that CRs, particularly the heaviest elements like
iron nuclei, are accelerated within DM spikes surrounding
active galactic nuclei. If that is the case, they would fragment
before reaching observed ultrahigh energies, for sufficiently
large o,,. By requiring that iron nuclei with energies
~50 EeV can be accelerated and escape without shattering,
we derived conservative upper bounds on the DM-proton
cross section. For a spiked DM profile in a MW-like galaxy,
we obtained o,, <7 x 107(m,/GeV) cm?, improving
to6,, $3x 107 (m,/GeV) cm* when using NGC 1068-
like galaxies.

We also examined whether DM could induce a GZK-like
cutoff for iron nuclei within the AGN itself. From this, we
set a bound on the DM-proton scattering cross section of
6,y S9 %107 (m,/GeV) cm? assuming a spiked profile
for MW-like galaxies and o,, <1 x 1073 (m,/GeV) cm?
for NGC 1068-like galaxies.

These bounds probe DM interactions at momentum
transfers 210 MeV, offering complementary and, in some
cases, stronger constraints than those from direct detection
or cosmological observations. We note that our bounds

are derived for inelastic scattering with \/@ Z 1 GeV.
Comparisons with elastic constraints in Figs. 3 and 5
assume a momentum transfer—independent cross section,
as arises naturally for a heavy mediator. In addition, given
the large momentum transfers probed in this system, our
bounds are also relevant to inelastic DM scenarios [109],
where the interactions of DM particles with nucleons are
necessarily inelastic, requiring a minimum amount of
momentum exchange to produce the excited DM state,
xP — ¥ p. These scenarios are much less constrained by
direct detection experiments, though model-dependent
limits from accelerators also apply [156,157] (see also
Ref. [49]). Our results demonstrate that ultrahigh-energy
CR survival and multimessenger signatures from AGNs
can provide powerful and model-independent constraints
on DM. We emphasize that more robust and improved
limits can be obtained by incorporating DM spikes in more
detailed CR acceleration models and studying the energy
dependence of the composition of CRs, as observed
at Earth.
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APPENDIX: IS THERE A SPIKE?

The existence of a DM spike is not well established in the
literature, see, for example, the arguments for and against it
in Refs. [63,168,169]. Specifically, one of the mechanisms
for the destruction of DM spikes are (galactic) mergers.

During such mergers, the spike can be tidally disrupted,
reducing the density and consequently 7, On the other
hand, Ref. [170] argues that specifically for the MW, this
destruction mechanism is unlikely, mainly due to the fact
that the center of the MW is believed to have formed
12 billion years ago in a single merger, without sub-
sequent ones.

Another option for the suppression of the spike is
stellar heating and dynamical friction [171]. While the
DM spike is partially argued to exist due to the steeply
rising stellar density near the galactic center, these stars
could in turn lower the density via kinetic heating and
capture. These processes would shift the expected
Ysp ~7/3 to 3/2. While this is above the value predicted
by the NFW profile, it is below the adiabatic prediction.
Of note is that observationally, there are claims that
y~2.3 [172], which would be closer to a purely
adiabatic regime. There are also suggestions that the
growth could happen instantaneously, not adiabatically.
In such a scenario, while there would be a spike, it
would be “blunted” compared to the adiabatic regime
[63]. We note that even though stellar heating could
suppress the spike [173], even in the maximal heating
scenario, the DM density is still well above the pre-
dictions of a pure NFW profile.

The main issue with the spiked profile is the Core-Cusp
problem. The prediction of the spike builds on a cuspy
(NFW) profile. Some measurements, most notably the
recent Gaia data [39,174,175], seem to suggest that the
DM density at the center of MW is more cored, which
would significantly reduce the DM spike. However, there
are no measurements nor simulations below kpc-scale to
distinguish a spiked profile from a cored one. Moreover,
even though the MW may not host a spiked DM profile,
AGNs with ongoing accretion and adiabatic growth of the
SMBH are more likely to do so.
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