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Abstract. We use H.E.S.S. γ-ray observations of Sgr A* to derive novel limits on the Dark
Matter (DM) annihilation cross-section. We quantify their dependence on uncertainties i) in
the DM halo profile, which we vary from peaked to cored, and ii) in the shape of the DM
spike around Sgr A*, dynamically heated by the nuclear star cluster. For peaked halo profiles
and depending on the heating of the spike, our limits are the strongest existing ones for DM
masses above a few TeV. Our study contributes to assessing the influence of the advancements
in our knowledge of the Milky Way on determining the properties of DM particles.
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1 Introduction

The identification of the constituents of dark matter (DM) is one of the most important open
questions in fundamental physics, and sits at the intersection of astrophysics, cosmology and
particle physics. From the particle physics point of view, the hypothesis that DM is made
of weakly interacting particles with a mass mχ at or above the TeV scale is well motivated.
Colliders have not only excluded many DM candidates with a mass below a few hundreds of
GeV [1], but they have also pushed the scale of many new physics sectors to larger energies [2],
and DM could naturally exist in this regime as part of these sectors.

Cosmology independently motivates mχ ≳ TeV via the DM production mechanism of
thermal freeze-out, which sets the observed DM abundance when its interactions with the
early-universe bath fall out of equilibrium. This production mechanism implies that DM
annihilation should generate signals at telescopes, that already have excluded the simplest
realisations of this picture for mχ < O(100) GeV, see e.g. Ref. [3]. Larger masses are within
reach of current and future telescopes and hence are of particular experimental interest.

Astrophysics provides information about the DM mass density ρDM, and thus gives
crucial input for telescope searches of DM annihilation signals, as these are proportional to
ρ2DM. It is therefore promising to investigate the Galactic Center (GC) region of the MilkyWay
(MW), because ρDM is expected to increase in this direction due to the strong gravitational
potential. In addition the supermassive black hole (SMBH) at the GC, Sgr A*, has had the
time to possibly accrete DM in its proximity into a ‘spike’ with density ρspike ≫ ρDM, that
could then source a large annihilation signal [4].

Over the last decade, we have successfully detected multi-TeV γ-rays emanating from
Sgr A* for the first time using telescopes such as H.E.S.S. [5], VERITAS [6], and MAGIC [7].
With advancements in detectors, such as LHAASO [8] and the upcoming CTA [9, 10], we
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anticipate further advancements in this area. It is, therefore, critical to analyse the afore-
mentioned data to determine, in combination with other existing DM searches, novel insights
about both DM annihilation and the dark matter mass distribution.

The knowledge of the DM density profile in the spike is affected by severe uncertainties.
Some come from the poor knowledge of ρDM in the inner kpc of the Milky Way (MW), which
is a necessary ingredient to compute ρspike. Indeed baryons dominate the MW dynamics in
that region, making it hard to establish ρDM from observations or from simulations. Recent
progress in both directions (see e.g. [11, 12] on the observational side and [13, 14] for sim-
ulations) has however enabled us to restrict the realm of possibilities with respect to that
of only a decade ago. Irrespectively of future astrophysical progress on ρDM, an annihilation
signal could be observed by telescopes, from the region of Sgr A* and/or from much more
extended regions around the GC. It is therefore desirable to know how the strength of the
signals, from a DM spike around Sgr A* versus from more extended halo regions, correlate,
as a function of some meaningful parametrisation of astrophysical uncertainties.

Besides the uncertainties caused by the DM halo in close proximity to the GC that were
discussed earlier, the density profile of the DM spike also introduces uncertainties regarding
the impact of baryonic matter, such as stars, on the DM in the vicinity of Sgr A*. However,
these uncertainties are being reduced as our comprehension of the baryonic matter in the re-
gion surrounding Sgr A* continues to improve. Dramatic observational progress has recently
been achieved, for example, on the orbits of stars closest to Sgr A* [15, 16] and on the nuclear
star cluster profile [17–19]. Many of these observational results were unknown at the time
of the first studies that aimed to determine ρspike, such as [20–22]. Therefore, at present, we
know which assumptions in these studies do not stand observational scrutiny, and moreover
novel determinations of ρspike have subsequently been possible, see e.g. Ref. [23].

Given recent and upcoming advancements on the observation of multi-TeV γ-rays from
Sgr A*, as well as in understanding the density of DM in the GC and the spike, it is a
timely moment to evaluate their impact on our knowledge of DM annihilation properties.
This paper performs a step in that direction, by looking for DM annihilation signals from
the region of Sgr A* in public H.E.S.S. data [5] on high-energy γ-rays, and interpreting the
results for various astrophysically-motivated spike DM profiles.

2 Dark matter spikes

2.1 Dark matter halo profile down to Sgr A*

The SMBH Sgr A* exerts a gravitational influence that, over the entire history of the MW,
can dramatically increase the density profile of DM in close proximity compared to its halo
component without an SMBH. This denser-than-halo DM profile, close to Sgr A*, is called
a ‘spike’. The first proposal to look at the spike with telescopes in search for enhanced
DM annihilation signals, by Gondolo and Silk [4], dates back to the nineties. Since then,
the knowledge of the physics that determines the spike has substantially improved, and we
employ it in this section to define and motivate benchmarks for the DM spike profile. They
will be useful to disentangle the impact of the various astrophysical uncertainties on the
strength of DM annihilation signals.
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Figure 1. Dark Matter density profiles in the Milky Way for a NFW halo with a spike (left-
hand panel) and cored halo with a spike (right-hand panel), as a function of the distance r from
Sgr A*. In both panels, the spike radius Rsp is 0.34 pc. Lines in different colors correspond to the
different benchmarks discussed in the main text. For the NFW panel, they are: non-annihilating
(NA) (magenta), Gondolo-Silk (GS) (blue), less stellar heating (purple), stellar heating (cyan) and
Bertone-Merritt (BM) (gray). For the cored panel, they are: γc = 0.4 with NA (magenta), GS (blue),
less stellar heating (purple), stellar heating (cyan), and γc = 0 (red) which is the same for all the
above spike benchmarks. We set mχ = 1 TeV and ⟨σv⟩ = 10−26 cm−3s−1 for each case with dark
matter annihilation. All cored profiles have a core radius rc = 1 kpc.

We employ the following parametrisation of the DM mass density of the MW

ρ(r) =


0 r < 2RS

ρsat

( r

Rsat

)−0.5
2RS ≤ r < Rsat

ρspike(r) Rsat ≤ r < Rsp

ρhalo(r) r ≥ Rsp

, (2.1)

where

⋄ r is the distance from Sgr A*, which we assume to be at the exact center of the MW
(we discuss this assumption in Sec 2.3);

⋄ ρhalo(r) is the halo DM mass density. We discuss it in Sec. 2.2 and give it in Eqs. (2.2)
and (2.3);

⋄ Rsp and ρspike are, respectively, the radial extension and the mass density profile of the
DM spike. They are discussed in Sec. 2.3 and given in Eqs. (2.4) and (2.5);

⋄ Rsat and ρsat are, respectively, the saturation radius and density of the spike due to
DM annihilation. They are discussed in Sec. 2.4 and given in Eqs (2.11) and (2.10);

⋄ RS = 2GMBH/c
2 = 2.95 (MBH/M⊙) km is the Schwarzschild radius of the BH.

Our benchmarks for the halo plus spike DM profiles, that we will discuss next, are displayed
in Figure 1.
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2.2 Dark matter in the halo

Because the slope of a spike is strongly dependent on the halo profile close to the BH, it is
critical to account for the uncertainties in the DM halo distribution at small Galactocentric
radii. While DM-only N-body simulations suggest that the DM density in the halo peaks in
the galactic center [24, 25], the existence of baryons may, via a number of ways, drastically
alter the DM distribution. These include feedback [26–28], which tends to flatten the DM
density profile, and adiabatic contraction [11, 29, 30], which increases the DM density around
the GC. Given that the role of baryonic effects is still a topic of debate, in what follows we
will consider both peaked and cored profiles.1

As a peaked profile, we employ that of NFW [33], given as

ρNFW
halo (r) = ρs

(
r

rs

)−1(
1 +

r

rs

)−2

, (2.2)

with rs = 18.6 kpc and ρs = ρ⊙(R⊙/rs)(1 + R⊙/rs)
2, where R⊙ = 8.2 kpc is the sun

position and ρ⊙ = 0.383GeV/cm3 is the local DM density [34].
Coming to cored density profiles, we employ the following parameterisation:

ρcoredhalo (r, γc) =

 ρNFW
halo (rc)

(
r

rc

)−γc

r < rc

ρNFW
halo (r) r ≥ rc

, (2.3)

where 0 ≤ γc < 1 and rc is the core radius. For Milky Way-sized galaxies, simulations
allow for core radii of the order of a kpc [14, 35], with previous simulations finding even
larger cores [36]. In this work, we assume rc = 1kpc for definiteness. Since baryons largely
dominate the gravitational potential at those scales, in Eq. (2.3) we can safely use the same
NFW parameters [34] that we used for Eq. (2.2). We consider two possibilities for γc:

• γc = 0.4, as a representative value of the peak softening found below 1 kpc by the
recent FIRE simulation of baryons plus cold DM [14];

• γc = 0, to be conservative.

Our choice of ρ⊙ = 0.383GeV/cm3 is conservative, because it is smaller than that
favoured both by local GAIA measurements (e.g. [37] finds ρ⊙ = 0.55 ± 0.17 GeV/cm3,
[38] finds even larger values), and by global determinations (e.g. [11] finds ρ⊙ ≃ 0.42 ±
0.03 GeV/cm3 by using thousands of MW measurements and 70 possibilities for the baryonic
modelling). Mild variations in ρ⊙ will turn out to have a stronger impact on our limits
than in usual indirect detection searches, so we will present limits also for the case ρ⊙ =
0.55 GeV/cm3.

2.3 Dark matter in the spike

Numerical studies [21, 39] suggest that, fairly independently of its density profile, the spike
begins to grow around the radius Rsp ≃ 0.2Rh, where Rh = GMBH/v

2
o is the gravitational

influence radius of the BH and vo is the velocity dispersion of the stars in the inner halo. Rh

is defined by the condition that the potential energy due to the BH is equal to the typical

1The DM halo profile can also be flattened by altering the DM particle characteristics, such as by intro-
ducing self-interactions [31, 32], a possibility that we will not include in the rest of this paper.
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kinetic energy of a DM particle in the halo. Adopting MBH = 4.3× 106M⊙ for Sgr A∗ [15]
and vo = 105± 20 km s−1 [40], we find for the MW

Rh = 1.7 pc , Rsp ≃ 0.34 pc . (2.4)

We employ the following parametrisation for the mass density profile of the DM spike

ρspike(r) = ρhalo(Rsp)

(
r

Rsp

)−γsp(r,γ)

, (2.5)

and proceed to define and discuss benchmarks and their limitations. We anticipate that,
for values of Rsp in the ballpark of Eq. (2.4), neither radio interferometry nor astronomical
observations of the star S2 orbiting Sgr A∗ are (yet) sensitive enough to gravitationally detect
the presence of the DM spikes we will consider in our study, see e.g. [15, 41, 42].

Gondolo-Silk (GS). Under the assumption of adiabatic growth of a peaked DM halo
density around a central SMBH, the value of γsp is predicted as a function of the halo slope
as [4, 20]

γsp(γ > 0) =
9− 2γ

4− γ
, (2.6)

so that 2.4 ≥ γsp > 2.25 for 1.5 ≥ γ > 0. Eq. (2.6) assumes the DM halo profile is ‘peaked’
(i.e. γ > 0) close to the central BH. For cored (i.e. γ = 0) halo profiles close to the central
BH, γsp takes a value of either 2 or 1.5, depending on other parameters of the DM halo
distribution, see e.g. [20]. To be conservative, we assume

γsp(γ = 0) = 1.5 . (2.7)

This value is very conservative for one more reason, namely simulations [35] show that cores
may form close to z ∼ 0, while the steepness of the spike depends on the shape of the halo
at earlier times too, when it was not cored yet. So one may well expect γsp > 1.5.

Stellar heating (⋆ heating). The picture above may well be altered by the baryons
(from stars etc.) surrounding Sgr A*. In fact, gravitational interactions between DM and
the baryons dampen the spike. For instance, the DM spike may be significantly softened due
to gravitational ‘heating’ by the nuclear star cluster, i.e. the stars within the inner few pc of
the MW. This results in an equilibrium spike solution as low as [21–23, 43]

γheatedsp = 1.5 (2.8)

(γsp = 1.5 and γsp = 1.8 after 10 Gyr and 20 Gyr [22]). We call this benchmark ‘stellar
heating’.

As far as we know, the studies carried out on the dampening of spikes have all been in
the context of NFW profiles. For cored profiles, we also choose to work with γheatedsp = 1.5,
because we start anyway from a slope of 1.5 for the unheated cored profile Eq. (2.7) and the
nuclear star cluster has a density slope of γNSC ≃ 1.4 [19], so we do not expect it to heat the
DM to flatter slopes.
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Bertone-Merritt (BM). The non-equilibrated spikes undergoing a stellar heating process
and the spike signal reduction can, alternatively, be parameterised as follows [44]:

Rsp(t) = Rsp(0)e
−τ/2(γsp−γ) (2.9)

where γsp = γsp(γ) of Eqs (2.6)-(2.7) and τ = 10 is the time since the spike formed in units of
the heating time Theat = 1.25× 109 yrs [44, 45]. This approach parametrises the effect of DM
heating with a decrease in Rsp, rather than a decrease in γsp with Rsp remaining unchanged.
However, as discussed in Ref. [46] and shown in the next section, both approaches produce
indistinguishable results for the spike signal from a NFW profile. We call this benchmark
‘Bertone-Merritt (BM)’.

Less stellar heating (⋆ heating−). We also consider an alternative spike softening
scenario, where the DM spike follows the Gondolo-Silk relation for γsp (given in Eqn. 2.6)

within the milliparsec region and varies as r−γheated
sp for r > 0.01 pc. Our reasoning is as

follows: based on the stellar density inferred in the inner 0.04 pc × 0.04 pc region in Refs [17]
and [19], there are only a few older/brighter giants in this region, and the mean separation
between the nuclear cluster stars can be estimated to be of O(10−2) pc 2. Thus, naively,
there should be no scattering between DM and stars in r < 0.01 pc. Hence, the DM spike
should theoretically not be softened within this region. We call this benchmark ‘less stellar
heating’.

One may question the apparent paucity of stars in the inner 0.01 pc, since it seems
highly plausible that both DM and stars follow a spiky profile. To counter that, we can
consider the scenario where the BH grows (say by gas accretion) mostly before the nuclear
star cluster forms in the spike region. In that case, the DM and stellar profiles are decoupled.
Additionally, the formation of nuclear star clusters may be due to the merger of globular
clusters, as suggested in Ref. [47]. This may in turn lead to different profiles for the DM and
stellar distributions. Therefore, stars and DM could be essentially decoupled and the absence
of older/ brighter giants near GC can prevent softening of DM spike in the milliparsec region.

Limitations of our benchmarks. The benchmarks defined above encompass many of the
uncertainties affecting the determination of spike profiles. We list here other uncertainties
that we have not accounted for, together with their expected impact.

We have not defined benchmarks with halo profiles steeper than NFW, despite the case
that some simulations do produce a DM profile steeper than NFW, when correlated with
Gaia data of the baryonic content of the MW [12]. If we did include such benchmarks, they
would of course yield to stronger limits.

Concerning the spike radius Eq. (2.4) note that, by using the velocity dispersion of the
stars to determine it, we have implicitly assumed that DM and the baryons are at kinetic
equilibrium. This holds in all benchmark we choose, but could perhaps be too conservative
for GS, where we neglect DM heating by stars and so DM could have a smaller velocity
dispersion, leading to a larger spike radius. Since this observation carries some further
uncertainties, given that the GS benchmarks lead to the strongest constraints anyway, for
simplicity (and in the same spirit of the previous limitation) we decided to use the same spike
radius for all benchmarks.

2Note that the measurement of stellar density and consequently the mean separation of NSC’s in the inner
region is subject to the current angular resolution. These numbers could change in future studies that employ
imaging and spectroscopy with higher angular resolution.

– 6 –



If the GC underwent mergers with other galaxies, then the shape of the spike would
be affected [20, 21]. However the MW is unlikely to have undergone any major merger in
its recent past (see e.g. [22, 48]) and GAIA data actually suggests that the MW underwent
its last major merger, the so-called GAIA Sausage/Enceladus event, several billion years
ago [49]. The spike therefore has had time to regenerate, plus it could be affected, in any
direction, by the thick disk resulting from the merger. We do not account for major merger
effects in our modelling of ρspike.

Another assumption common to all our benchmarks is that Sgr A*, throughout most
of its formation history, sits within tens of pc of the center (r = 0) of ρhalo. While this
assumption is in principle not guaranteed (see e.g. [20]), the fact that Sgr A* sits at the center
of the baryon distribution of the MW now receives indirect support by the measured slope
of the density of the nuclear star cluster, see e.g. [19]. Since in these areas, the gravitational
dynamics is by far dominated by baryons, not by DM, we do not find it unreasonable to
assume that Sgr A* has sit at the center of ρhalo for most of its lifetime. We therefore do not
account for departures from this assumption in our modelling. If one were to do this, then
we would expect spikes built on top of peaked profiles to be softened. Concerning cored halo
profiles with γc = 0, they are instead somehow immune to this assumption: even if Sgr A*
moved from the center it would induce the same ρspike, provided it stays within the core and
it moved sufficiently slowly.

2.4 Saturation due to dark matter annihilations

Rsat is the saturation radius of the spike due to DM annihilations. We discuss this separately
from the rest of the spike because it depends mostly on DM physics and very indirectly on
baryonic effects. For DM with mass mχ and annihilating with cross-section ⟨σv⟩, the density
growth in the innermost region of the DM spike is depleted because DM annihilates efficiently
on account of very high DM density. This softening of the spike happens at r < Rsat, where
Rsat is the radius where ρsat = ρspike

ρsat =
mχ

⟨σv⟩tBH
≃ 3.17× 1011GeV cm−3 mχ

10 TeV

10−25cm3/s

⟨σv⟩
1010yr

tBH
, (2.10)

where we use tBH = 1010yr as the age of the BH. Rsat is defined by

ρsat = ρhalo(Rsp)

(
Rsat

Rsp

)−γsp(r,γ)

, (2.11)

which ensures continuity of the DM distribution. Since the trajectories of DM constituents
close to Sgr A* are not circular, within r < Rsat the DM distribution forms a weak cusp,
characterised by r−0.5 for s-wave annihilation [50, 51], rather than a plateau.

3 γ-ray flux from dark matter annihilation

WIMP DM particles are expected to annihilate with each other into SM particles, that
eventually produce primary (i.e. at the particle physics level) γ-rays. The photon energy-
dependent prompt γ-ray flux, from annihilations of self-conjugate DM, can be calculated
as

dΦ

dEγ
=

⟨σv⟩
8πm2

χ

dNγ

dEγ
J (3.1)
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where mχ is the rest mass of the DM particle, ⟨σv⟩ is the thermally-averaged cross section

for the DM annihilation,
dNγ

dEγ
represents the differential photon energy spectrum for each DM

annihilation (calculated with the PPPC4DMID package [52, 53]), and the J factor encodes
the spatial distribution of the DM density.

The energy spectrum of the photons produced by one DM annihilation can be written
as a sum over all possible final states

dNγ

dE
=

∑
i

Bi
dNi

dEγ
(3.2)

where B = ⟨σv⟩i/⟨σv⟩ is the branching fraction and i denotes each channel, for example
i = bb̄,W+W−. The J factor is calculated as

J =

∫
∆Ω

∫
l.o.s

ρ2(r(ψ, l)(s))dldΩ (3.3)

where ψ is the angle between the direction of the GC and the line-of-sight, r(ψ, l) =√
r2⊙ − 2lr⊙ cosψ + l2, and the line-of-sight distance l is the variable we integrate over. We

also require the maximum lmax =
√
R2 − r2⊙ sin2 ψ + r⊙ cosψ as the upper boundary for the

integral over l in Eq. (3.3). The radius R = 200 kpc is the halo’s virial radius, the J factor
is largely insensitive to its exact value.

For DM spikes, the J factor is impacted by both mχ and ⟨σ v⟩ through ρsat, leading to
changes in the derived limits on DM annihilation that are not directly proportional to the J
factor at fixed ⟨σv⟩. To illustrate this point, we calculate our limits for two different values
of ρ⊙, which also serve the purpose to roughly bracket current uncertainties on ρ⊙, see the
discussion in Sec. 2.2. We give the associated J factors in Table 1 for ⟨σv⟩, and we display
their dependence on ⟨σv⟩ in Fig. 2 for a representative case.

NFW Core (γc = 0.4, rc = 1 kpc)
ρ⊙ (GeV cm−3) 0.383 0.55 0.383 0.55

JHalo (1018 GeV2 cm−5) 548 1.13× 103 8.27 17

JGS,NA (1023) 1.15× 105 2.37× 105 1.64 3.34

J⋆heatingNA (1020) 3.22× 105 6.64× 105 6.78 14

Table 1. J factors for NFW and core halo dark matter profiles, with and without spikes at the
Galactic Centre, calculated at two different ρ⊙ values and for ⟨σv⟩ = 0.

4 Results

In this section, we derive limits on the s-wave DM annihilation cross section from H.E.S.S.
observations of Sgr A* [5], then we discuss their sensitivity to assumptions about the form
of the spike. We begin by discussing how we perform a fit between theoretical predictions
and H.E.S.S. data then proceed to show the DM limits we obtain.
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Figure 2. Variation of the J factor with ⟨σv⟩ for local dark matter density ρ⊙ = 0.383 GeV cm−3,
mχ = 1, 10, 100 TeV and NFW halo profile with the GS spike benchmark.

4.1 χ2-fit to H.E.S.S. data

We start by deriving bounds on the ⟨σv⟩-mχ plane under the most conservative approach,
i.e. without assuming any astrophysical modeling of the data. We opt for a χ2-squared fit,
which compares the expected signal from DM annihilation to the observed γ-ray spectrum.
By adjusting the parameters of the model, such as the DM mass mχ and annihilation cross-
section ⟨σv⟩, the fit can be used to obtain constraints on the properties of DM. The upper
bounds on the annihilation cross-section obtained from the χ2-squared fit are excluded. We
proceed under the assumption that the H.E.S.S. data is Gaussian-distributed, we compute
the estimator

χ2 =
N∑
i=1

(
ydatai − E2

i
Φi
∆Ei

)2

yerrori

(4.1)

where Φi, Ei and ∆Ei are integrated flux, central energy value and width of ith energy bin.
ydatai and yerrori correspond to flux observed and the associated experimental errors of those
energy bins for which the flux due to DM annihilation is larger than the integrated flux Φ in
the central [0.1◦, 0.1◦] pixel from GC data of H.E.S.S. from Fig. 3 of Ref. [5], labelled H.E.S.S.
J1745-290.

Note that the H.E.S.S. collaboration reported only the statistical uncertainties in yerrori [5].
However instrument effects of H.E.S.S. (e.g. effective area) could result in systematic uncer-
tainties in the flux measurements [54]. Besides uncertainties on the DM density profile, these
systematic error in the measurement could affect the limits on DM annihilation. Taking a
nominal value of 20% systematic flux uncertainty from Ref. [54], we find that the systematic
uncertainty exceeds the statistical error for bins with energy less than 10 TeV. As a result,
the effect on DM limits for energies above a few TeV is confined to at most ∼ 25%; however,
for smaller energies, the limits can weaken by a factor of 2 at most. These estimates hold
for all the DM annihilation channels, and moving forward we will focus on the simplest case
where yerrori is taken as reported in [5].

The allowed annihilation cross-section, ⟨σv⟩, for a given DM mass at 95% C.L. corre-
sponds to values of χ2 smaller than the threshold χ2

0.05[N ], where N is the number of bins
in which the model overshoots the data. This also means that the DM signal in each bin
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does not exceed the observed central value plus twice the error bar. In this way, we obtain
robust, conservative bounds. These bounds could be significantly strengthened with dedi-
cated searches in the future with higher angular resolution such as that of CTA, as well as
by including fits to different astrophysical background components.

4.2 H.E.S.S. limits on dark matter annihilation

The 95% CL bounds on the DM annihilation cross-section ⟨σv⟩ as a function of DM mass mχ

in GeV for various DM spike profiles around the GC are shown in Fig. 3 and follow the same
colour scheme as the DM profiles shown in Fig. 1. The solid curves are for a DM local density
of ρ⊙ = 0.383GeVcm−3 while the dashed curves are for ρ⊙ = 0.55GeVcm−3 as discussed in
Sec. 2.2. In the top panels, we show the NFW with DM spike limits in the bottom panels, we
show results for the DM with cored halo profiles. In the left panels, we show χχ→W+W−

while in the right panels, we show χχ → bb. Note that we focus on these two channels for
our main discussion moving forward, however in Appendix A we also display our limits on
⟨σv⟩ for the following final states: γγ, ZZ (see Fig. 5), µµ, ττ (see Fig. 6) and hh, tt (see
Fig. 7).

For NFW with spike, we note the strongest bounds come from the GS benchmark
shown in blue. For both channels the limit is strongest for mχ > 1 TeV, and lies around
⟨σv⟩ ≃ 10−30 cm3s−1. This is unsurprising given the smaller fluxes observed at higher energies
by H.E.S.S.. The next strongest limit comes from the stellar heating benchmark shown in
purple. Here for the bb channel, we see a fairly consistent bound of ⟨σv⟩ ≃ 10−24 cm3s−1

across the whole mass range, however for the W+W− channel, we see the strongest limit of
⟨σv⟩ ≃ 10−26 cm3s−1 occurring for 104 ≲ mχ/GeV ≲ 105. Finally we show the less stellar
heating benchmark in dark cyan and the BM benchmark in gray. The cross-section limits
show little mass variation in both the bb and W+W− channels, remaining approximately in
the range ⟨σv⟩ ≃ 10−24-10−23 cm3s−1. We find a dramatic impact of the choice of spike
parameters on the resulting indirect detection signals from an NFW halo, as for example
found also by [55] for signals of DM much lighter than ours at DAMPE.

We also examined the effect of increasing the local DM density from ρ⊙ = 0.383GeV cm−3

to ρ⊙ = 0.55GeV cm−3, where the latter value is favoured by local determinations, see
Sec. 2.2. Naively this would result in a strengthening of the limits by a factor of (0.55/0.383)2 ≃
2.. However, this resulted in a significant improvement in the limits for the GS and stellar
heating benchmarks, with the limit improving by almost an order of magnitude for some
values of mχ. This is because the J factor itself increases with a decrease in ⟨σv⟩, as dis-
cussed in Section 3. Note that the bounds are improved by an expected factor of two for
the other two benchmarks, where the DM spike density is comparable to DM halo density
because annihilations effectively destroy the spike. This suggests that the effect of the DM
spike on the limits depends on the benchmark and the DM properties, and should be taken
into account when interpreting the results of DM searches.

We also show the complimentary limits for the W+W− channel from the Large Magel-
lanic Cloud (LMC+, where the + means we use the lower side of the band in Fig. 4 of [56])
and from Fig. 2 of the H.E.S.S. GC flux measurements from Ref. [57]. The LMC+ limit is
from a radio search for WIMP DM in the LMC. In this analysis a deep image of the LMC
obtained from observations of the Australian Square Kilometre Array Pathfinder (ASKAP)
were used as part of the Evolutionary Map of the Universe (EMU) survey. LMC+ is stronger
than the NFW and spike profiles we use up to a mass of mχ ≃ 3 TeV bounds except for the
GS case, which is still significantly stronger. The H.E.S.S. GC results are from a search for
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Figure 3. Our results for the 95% CL limits on the thermally averaged dark matter cross section ⟨σv⟩
vs the dark matter mass mχ, using H.E.S.S. data [5]. Results for annihilation into W+W− (left) and
bb (right) and subsequently γ-rays are shown. The continuous lines correspond to the profiles shown
in Fig. 1, and we display the NFW case in the top panels and the cored one in the bottom panels. The
dashed curves are for a local dark matter density ρ⊙ = 0.55GeVcm−3 while the solid curves are for
ρ⊙ = 0.383GeVcm−3, with all other profile parameters kept fixed. In each case Rsp = 0.2Rh = 0.34
pc and for cored cases we set a core radius of rc = 1 kpc. We also show complimentary limits from
the Large Magellanic Cloud (LMC+) [56], H.E.S.S. Galactic Centre [57] (top panels) and Fermi dSph
[58] and Fermi halo measurements [59] (bottom panels) in dot-dashed gray.

DM particle annihilation signals using new observations from an γ-ray survey of the Inner
Galaxy Survey, at very high energies (> 100 GeV) performed with the H.E.S.S. array. The
GS benchmark provides much stronger bounds that H.E.S.S. GC limits across the entire
mass range. The limit using the less stellar heating benchmark is stronger than H.E.S.S. GC
for mχ ≳ 8 TeV. The stellar heating and BM benchmarks are weaker than the H.E.S.S. GC
across the whole mass range.

For the core with spike, we note the strongest bounds come from the core slope γc = 0.4
case shown in blue. For both channels the limit is strongest for the bb channel the strongest
bound on the cross section is ⟨σv⟩ ≃ 10−22 cm3s−1 at aroundmχ ≃ 1 TeV. The next strongest
limit comes from the γc = 0.4 sloped profile with less stellar heating shown in purple. This
limit is very close to the γc = 0.4 with stellar heating (shown in dark cyan) for both channels.
The weakest bound is the flat core with γc = 0 shown in red. For both channels and all
profiles, we see that the cross section limits lie between ≃ 10−22-10−20 cm3s−1 across the
whole mass range. There is far less spread between the strength of the limits in the core with
spike relative to the NFW with spike. In contrast to the NFW case, an improvement of a
factor of two in bounds for all benchmarks of the core case is observed for larger ρ⊙ (depicted
by dashed curves). This is because annihilations effectively destroy the DM spike, resulting
in its density becoming comparable to that of the DM halo.

– 11 –



We show complimentary limits for theW+W− channel in the bottom left panel of Fig. 3
from dwarf spheroidal satellite galaxies (Fermi dSph), from Fig. 8 of Ref. [58] and from diffuse
Fermi data (Fermi halo), bottom right panel of Fig. 4 in Ref. [59]. The Fermi dSph limit
is derived from searching for DM annihilation with gamma-ray observations of MW dwarf
spheroidal galaxies based on 6 years of Fermi Large Area Telescope data processed with the
new Pass 8 event-level analysis. The Fermi halo limit is based on a Burkert DM profile and is
not very sensitive to the halo choice. Both the Fermi dSph and Fermi halo limits are stronger
than the core with spike limits up to masses of ≃ 10 TeV and ≃ 27 TeV respectively. Note
that we do not compare the LMC limits with the spike with core case since they are too
strong in the low mass range to be illuminating and do not add any additional information
when compared with Fermi dSph and Fermi halo bounds. For mχ ≳ 20 TeV and to the best
of our knowledge, our core with spike limits are the strongest existing ones.

Considering other limits not displayed in our Figures, γ-ray observations of dwarf
spheroidal galaxies with VERITAS shown in Ref. [60] span cross sections of 10−24-10−22 cm3s−1

for bb andW+W− formχ between 1-100 TeV. This is comparable to our NFW with spike BM
and additional stellar heating profiles. Observations of the GC with the ANTARES neutrino
telescope [61] sets even weaker cross section limits in the secluded DM scenario. For mχ ≃ 1
PeV, the ICECUBE experiment [62] used high energy neutrino observations to limit the DM
annihilation cross section to be smaller ≃ 10−22 cm3s−1 for the bb channel. Using a sample of
31 dwarf irregular (dIrr) galaxies within the field of view of the HAWC Observatory [63], the
combined annihilation bound is between 10−21-10−20 cm3s−1 over DM mass range of 1-100
TeV for both bb and W+W− channels. All the NFW with spike and core with spike profiles
considered in this work provide stronger limits except for the flat cored profile.

4.2.1 Effect of energy resolution
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Figure 4. Our results for the 95% CL limits on the thermally averaged dark matter cross section
⟨σv⟩ vs the dark matter mass mχ, using H.E.S.S. data [5]. Results for annihilation into γγ (left)
and W+W− (right) and subsequently γ-rays are shown. The continuous lines correspond to the GS
profiles shown in Fig. 1. The dashed lines correspond to the limits obtained using the same GS profile
but with a Gaussian energy resolution function of width 15%.

We now consider the effect of the energy resolution of a detector as this affects the
sensitivity and discrimination of the signal from the background. The energy resolution
is the ability of a detector to measure the energy of incoming particles or photons with
precision. Here, we express the ratio of the energy uncertainty (or width) to the mean energy
of a signal using a Gaussian resolution function. We use the approach highlighted in Section
4.1 of Ref. [64] and consider an energy resolution of ∆E/E = 15% for the GS profile shown
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in Fig. 1. Using this approach for the γγ and W+W− channels, we get Fig. 4, where we
show the original limits in solid blue and the limits using the Gaussian resolution function in
dashed blue. Observing these limits, we note that including the Gaussian resolution function
weakens the limits by at most a factor of a few. Furthermore, we note that the limits are
actually strengthened in the lowest DM mass considered for γγ, because the smeared signal
is constrained by lower detector fluxes in the lowest energy bin. We do not consider other
channels since the effect of energy resolution will be most pronounced for the channels with
the most distinct peaked spectra.

5 Conclusion and Outlook

Recent years have seen the first detections [5–7] of multi-TeV γ-rays from the region of the
supermassive black hole at the center of the Milky Way galaxy, Sgr A*, and these will be
improved and extended in the near future [8–10]. What can one learn from these observations,
about DM particle properties and about the DM mass distribution in the Milky Way galaxy?

In this paper, we have performed a step towards addressing this question, by calculating
limits on the DM annihilation cross-section using H.E.S.S. data from the region of Sgr A* [5].
The main novelties of our work consist in having used these data for the first time, and in
having systematically studied the impact of uncertainties on the DM mass density, both in
the MW halo and in the spike around Sgr A*.

We have given an overview of current knowledge of the DM mass density both in the
Milky Way halo, and in the spike around Sgr A*, in Sec. 2. We have defined several bench-
marks accordingly, displayed in Fig. 1, which can be useful beyond our study. Due to the spike
softening from DM annihilations, the astrophysical J factors can be very sensitive to ⟨σv⟩,
unlike the case of most indirect detection searches(see Fig. 2 for a representative example).

We have then computed limits on the DM annihilation cross-section for a variety of
channels, and displayed them in Figs. 3 (WW , bb̄), 5 (γγ, ZZ), 6 (µµ̄, τ τ̄) and 7 (hh, tt̄). To
be conservative, we have not assumed any knowledge of the astrophysics responsible for the
H.E.S.S. data, i.e. we have compared the DM signal with the observed data assuming it is all
due to DM annihilation. For the case of NFWDM halo profiles, and e.g. for annihilations into
WW , our new limits are the strongest existing ones for multi-TeV DM not only -as expected-
for unperturbed DM spikes, but also if one allows for some softening due to gravitational
DM heating by the surrounding stars.

More generally, our presentation of the results allows us to i) quantitatively grasp the
impact of our knowledge of the Milky Way on determining the annihilation properties of DM
particles, and to ii) consistently compare the expected signal strengths from the region of Sgr
A* with those from other sky regions. A future DM signal at some telescope, from any sky
region, will then allow us to gain information not only on the DM annihilation properties,
but also on its mass density distribution close to Sgr A*.

Several interesting avenues of investigation lie ahead. While for definiteness we have
considered the case of s-wave DM annihilation, it would be straightforward to extend our
analysis to velocity-dependent cross-sections. It would also be very timely to extend our
study to DM masses larger than 100 TeV, as annihilating DM in this mass range is attracting
increasing attention both from the cosmological and theoretical points of view, see e.g. [65–
71], and from the observational one. In particular, new particle physics tools to reliably
predict the signals in that mass range [72] are now available, and future analyses of the Sgr
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A* region are expected to greatly benefit from the sensitivities to PeV γ-rays of LHAASO [8],
and from the expected angular resolution better than 0.05◦ above 1 TeV for CTA [9, 10].
A precise quantification of these improvements requires a detailed analysis, because of the
strong non-linear dependence of the J-factor on the tested annihilation cross section along
with other possible detector effects, hence we leave it for future work. Finally, multi-TeV
DM is an important part of the physics case for future colliders [73, 74], which is potentially
enhanced by any associated indirect detection study.
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A DM annihilation limits into γγ, ZZ, µµ, ττ , hh, tt

In this appendix, we show our limits on ⟨σv⟩ derived from H.E.S.S. data for DM annihilation
into γ-rays through various other intermediate SM states. In Fig. 5, Fig. 6 and finally Fig. 7
we show annihilation channels into (γγ, ZZ), (µµ, ττ) and (hh, tt) for NFW with spike (top
panels) and core with spike (bottom panels) respectively. We also show the various cases in
the same colour scheme used in Fig. 3.
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Figure 5. Our results for the 95% CL limits on the thermally averaged dark matter cross section
⟨σv⟩ vs the dark matter mass mχ for DM annihilation into γγ (left) and ZZ (right) and for NFW
(top) and cored (bottom) DM profiles, using H.E.S.S. data [5]. Continuous lines as in Fig. 3.
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Figure 6. Our results for the 95% CL limits on the thermally averaged dark matter cross section
⟨σv⟩ vs the dark matter mass mχ for DM annihilation into µµ (left) and ττ (right) and for NFW
(top) and cored (bottom) DM profiles, using H.E.S.S. data [5]. Continuous lines as in Fig. 3.
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Figure 7. Our results for the 95% CL limits on the thermally averaged dark matter cross section
⟨σv⟩ vs the dark matter mass mχ for DM annihilation into hh (left) and tt (right) and for NFW (top)
and cored (bottom) DM profiles, using H.E.S.S. data [5]. Continuous lines as in Fig. 3.
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