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The quest to identify the true nature of dark matter remains one of the most pressing challenges
in modern physics. We present here a novel approach to probe DM by analyzing mini spikes in
DM density around stellar mass black holes using 17 years of data from the Fermi Large Area
Telescope (Fermi-LAT). These mini spikes, formed due to the adiabatic growth of black holes in
DM halos, can significantly enhance the gamma-ray flux from DM annihilation. We derive upper
limits on the gamma-ray flux from these regions using Fermi-LAT observations and calculate the
corresponding J-factors to constrain the DM annihilation cross section. This technique provides
a new and sensitive method to explore DM properties, particularly in the mass range of ~10 GeV
to ~10 TeV. Our results complement existing DM searches and offer a unique window into the
behavior of DM in extreme astrophysical environments. This approach, combined with future
observations, has the potential to significantly advance our understanding of DM annihilation and

its implications for particle physics and cosmology.
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1. Introduction

The nature of dark matter (DM) remains unknown despite extensive experimental and obser-
vational efforts. Black holes (BHs) provide a promising setting for indirect searches: the adiabatic
growth of a BH within a DM halo can induce a steep density enhancement, or DM spike, potentially
boosting annihilation signals [1].

Stellar-mass BH low-mass X-ray binaries (BH-LMXBs) such as A0620-00 and XTE J1118+480
have recently been proposed as candidates to host such spikes [2]. Their observed orbital decay rates
exceed gravitational-wave predictions, a discrepancy that may be explained by dynamical friction
against a surrounding DM overdensity. If the BHs are of primordial origin, the formation of a spike
is possible and may account for the inferred decay rates [3].

In this work we test this scenario using data from the Fermi Large Area Telescope (LAT).
Section 2 reviews the formation of DM spikes around stellar-mass BHs, Sec. 3 presents the LAT
data analysis, Sec. 4 reports the results, and Sec. 5 contains the discussion and conclusions.

2. Dark Matter spikes around Stellar Mass Black holes

The idea that compact objects, such as a black hole (BH), can significantly reshape the sur-
rounding cold, collisionless DM halos has gained increasing attention. In particular, the presence
of a BH embedded within a DM halo can induce a process known as adiabatic contraction. In this
scenario, the gradual deepening or persistence of the gravitational potential due to the BH causes
the orbits of DM particles to contract, producing a steeper and denser inner density profile, as first
discussed by Gondolo & Silk in Ref. [1]. The resulting overdensity is commonly referred to as a
DM spike. While it is not generally assumed that sSBHs form such structures, recent studies suggest
this may occur [2], specially if the BHs are of primordial origin [3].

The mechanism underlying adiabatic contraction is purely gravitational: provided the evolution
of the BH potential is slow compared to the orbital timescales of the DM particles, the adiabatic
invariants of their motion remain conserved. This assumption relies on three main conditions:
(i) the growth or influence of the BH must be sufficiently gradual (adiabatic approximation), (ii)
the initial distribution of DM particles should be smooth and approximately isotropic, and (iii)
non-gravitational effects such as self-annihilation or scattering can be neglected at leading order.
Under these circumstances, the contraction leads to a power-law enhancement of the DM density
near the BH, giving rise to the so-called spike structure.

In the following, we adopt the result originally derived in Ref. [1], where it was shown that,
due to the conservation of adiabatic invariants, an initial DM density profile characterized by a
power-law index p(r) o< r~7 is transformed into a steeper distribution. The resulting spike profile
is described by an enhanced effective slope, with the spike index expressed in terms of the original
slope as
9 -2y
4—vy-
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Additionally, we adopt in this work the Einasto DM density profile for the Galaxy, as defined
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in Ref. [4], with @ = 0.17, ry = 20 kpc, ps = 0.077 GeV/cm?,

PEin(r) = ps eXP{— %[(;) - 1]}

Nevertheless, the sBHs considered here reside within the Galactic Disk, a region where the Einasto

2

profile is relatively shallow. In practice, this means that the contribution of the Galactic halo to
the DM density around these BHs varies only mildly with radius, and can therefore be regarded
as approximately uniform on such scales. We thus adopt a conservative modeling approach by
defining the local halo density at the position of each BH, pioc = pgin(ran) (hereafter referred to as
the local density), and treating it as effectively constant in their surroundings, which corresponds to
aslope y = 0. Under this assumption, according to Eq. 1, the adiabatic contraction process leads to
a spike with a slope of ys, = 9/4. This result allows for a straightforward parameterization of the
halo density profile in the vicinity of the BHs.

A0620-00 | XTE J1118+480
Mgy (M) | 5.86+0.24[5] | 7.46 *0-3¢ [6]
D (pc) 1050+400 [7] | 1720+100 [8]
[ (deg) 209.96 [9] 157.66 [10]
b (deg) -6.5399 [9] 62.321 [10]
Ry (pc) 4.39 4.73
Ploc (GeV/cm?) 0.314 0.320

Table 1: Measured (top) and derived (bottom) parameters of the SBHs A0620-00 and XTE J1118+480.

2.1 Halo Density Profile

The full spike density profile is parametrized as

Ploc r=
Rsp Ysp
Ploc | — s
r

sat

Vsat 5
Psat (T) » Rsat 271 2 2Rgseh

0, r < 2Rseh

p(r) = (3)

=

where Rqj, is the spike radius, found under the assumption that the DM mass inside the BH influence
radius is twice the BH mass [11], and Rsc, is the Schwarzschild radius of the BH. pg, and Rgy
are the so-called saturation density and saturation radius, respectively, that account for the region
where the self-annihilation of DM limits the density over time. To account for the fact that close to
the BH the DM trajectories are not circular, the DM distribution inside R, forms a weak cusp with
a slope ysac = —0.5. The full DM density profiles defined here for the sBHs are shown in Figure 4.
The values of the parameters are presented in Table 1
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Figure 1: DM density profiles around the sBHs A0620-00 and XTE J1118+480 under the spike formation
hypothesis, shown both with and without the effects of tidal disruption on the subhalo. The gray dotted line
marks the saturation density corresponding to the adopted values of DM particle mass and annihilation cross
section shown in the figure, and a BH lifetime of 10'° yr.

2.2 Gamma-ray flux from dark matter annihilation

Indirect searches for DM aim to detect the secondary products of DM annihilation or decay,
most notably high-energy photons. In the case of annihilation, the expected observable is the
differential photon flux, which depends both on particle physics properties of DM and on its
astrophysical distribution. It can be expressed as

dq)?’ (TamV) dN;
—L = J Y Bi—-, 4
dE ~ 8aM> Z "dE, @

where dN;/dE, denotes the photon spectrum produced in the i-th annihilation channel, and
B; = (amV)i/{TamV) is the corresponding branching ratio. Also, J is the so-called J-factor,
which encodes the astrophysical distribution dependence of the signal and plays a central role in
determining the overall flux. For annihilation processes, the J-factor is defined as

J= / a0 / dl p*(r(L, o)), )
AQ l.o.s

where the integration extends over the solid angle defined by the observational aperture and along
the line of sight.

Since the D > Ry, > r, we apply a point-like approximation, and hence the J-factor can be
approximated as

4 [ Re

J~ =
D? J,

pz(r)rZa’r. 6)

Rsch

In this form, the integral can be evaluated analytically, which is particularly useful when
exploring a wide range of parameter values, specially for computational efficiency.
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Evaluating these integrals yields the J-factor in the closed form

3/2 2
4m a3 23,3 |1 2 (Raat L (2Rseh
J=— Ry lz— 3 ) ' ’

D2ploc Psat Rsp 6 3 Rsp 2\ Rgat @

Since psat = Psat(My, (TannV)), Rsp = Rsp(MBH)a and Ry = Rsat(MpH, MX’ (TamV)), the
J-factor becomes a fully analytical function of the parameters (D, Mgy, M), (0amV)). In Table 2
we show the values of J-factors for our targets assuming DM masses of 10 GeV, 100 GeV and 1000
GeV, and (Tunnv) = 3 x 107 2cm3s~ .

M, (GeV) | A0620-00 | XTE J1118+480
10 7.72 3.68
100 35.9 17.1
1000 166 79.2

Table 2: Calculated J-factor for the sSBHs A0620-00 and XTE J1118+480, for different DM masses. J-factor
values are given in units of 10%° GeV?/cm’.

3. Fermi-LAT data analysis

We analyzed 17 years of Fermi-LAT observations of the stellar-mass black holes A0620-00
and XTE J1118+480. The LAT is a gamma-ray pair-conversion detector operating since 2008, with
a field of view of ~ 2.4 sr and energy-dependent angular resolution ranging from ~ 5° at 100 MeV
to ~ 0.1° above 100 GeV. Both BHs are treated as point-like sources, and photons in the energy
range 500 MeV-1 TeV were selected from the PSR3_SOURCE_V3 event class.

The gamma-ray sky was modeled using the latest Galactic diffuse emission (gl1_iem_v07.fits)
and the 4FGL-DR3 point source catalog (9g11_psc_v35.fits). Analyses were performed with
fermipy (v1.2) and Fermitools (v2.2.0) [12] in 10° x 10° regions of interest (ROI), with eight
logarithmic energy bins per decade and 0.08° spatial pixels. Photons with zenith angles above
100° were excluded to reduce Earth-limb contamination. Sources within a 15° X 15° region were
included to account for the LAT point-spread function.

Gamma-ray emission was quantified using the test statistic (TS), definedas 7'S = 2 [log L; — log L],
where L1 and L are the likelihoods of the alternative and null hypotheses, respectively [13]. Resid-
ual TS maps and spectral energy distributions (SEDs) were derived for each source using fermipy’s
find_source() and sed() functions, assuming a fixed power-law index of I" = 2.

4. Results

No significant gamma-ray emission is detected from either A0620-00 or XTE J1118+480.
Using these non-detections, we derive 95% confidence level upper limits on the dark matter (DM)
annihilation cross section as a function of DM mass M, considering the bb and v*1~ channels.

The resulting constraints are shown in Fig. 4. For both sources, the limits lie well below the
canonical thermal relic WIMP cross section for M, < 10 TeV. This excludes the presence of a
WIMP-induced mini spike around these systems and places strong constraints on DM annihilation
in the vicinity of stellar-mass black holes.
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Figure 2: Residual TS maps centered on the sBHs A0620-00 (left) and XTE J1118+480 (right), each
covering an area of 10° x 10°. No statistically significant excess is detected using 17 years of Fermi-LAT

observations.
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Figure 3: The 95% confidence level upper limits on the flux are shown for the source A0620-00 (left) and
XTE J1118+480 (right) . We obtained the spectral energy distribution and the likelihood profile in the energy
range from 500 MeV to 1 TeV, assuming a point-like source morphology for both objects.

5. Discussion & Conclusions

Our Fermi-LAT analysis shows no significant gamma-ray signal from the stellar-mass black
holes A0620-00 and XTE J1118+480. The resulting 95% CL constraints for bb and 7+~ annihi-
lation channels exclude the thermal relic WIMP cross section for M, < 10 TeV, indicating that a
WIMP-induced density spike around these BHs is highly unlikely.

Furthermore, these results support the conclusion that these black holes are unlikely to be
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Figure 4: Cross section upper limits for the annihilation into the bb (solid line) and the 7+7_ channel
(dashed line) of 17 years of observation by Fermi-LAT obtained for the sources A0620-00 (blue curve) and
XTE J1118+480 (orange curve). The limits were derived assuming a 100% branching ratio for each of
the considered annihilation channels. The grey dashed line represents the thermal relic cross section. The
Fermi-LAT is able to exclude the WIMP cross section at the 95% confidence level.

of primordial origin, consistent with previous studies suggesting that WIMPs and stellar-mass
primordial BHs are incompatible [14]. Our findings reinforce the scenario in which these BHs
formed via conventional stellar evolution and provide new constraints on dark matter behavior in
extreme astrophysical environments.
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