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Cosmological N-body simulations show that Milky-Way-sized galaxies harbor a population of
unmerged dark matter subhalos. These subhalos could shine in gamma rays and be eventually
detected in gamma-ray surveys as unidentified sources. We search for very-high-energy (VHE,
� ≥ 100 GeV) gamma-ray emission using H.E.S.S. observations carried out from a thorough
selection of unidentified Fermi-LAT Objects (UFOs) as dark matter subhalo candidates. Provided
that the dark matter mass is higher than a few hundred GeV, the emission of the UFOs can be
well described by dark matter annihilation models. No significant VHE gamma-ray emission is
detected in any UFO dataset nor in their combination. We, therefore, derive constraints on the
product of the velocity-weighted annihilation cross-section 〈fE〉 by the �-factor on dark matter
models describing the UFO emissions. Upper limits at 95% confidence level are derived on 〈fE〉�
in,+,− and g+g− annihilation channels for the TeV dark matter particles. Focusing on thermal
WIMPs, strong constraints on the �-factors are obtained from H.E.S.S. observations. Adopting
model-dependent predictions from cosmological N-body simulations on the �-factor distribution
function for MilkyWay (MW)-sized galaxies, only . 0.3 TeVmass dark matter models marginally
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1. Introduction

Although the presence of dark matter (DM) in a variety of astrophysical objects is supported
by a wealth of observations, its underlying microscopic nature is still unknown. One of the
most popular particle-physics DM candidates is a weakly interacting massive particle (WIMP).
Thermally-produced in the early universe with mass and coupling strength at the electroweak scale,
these particles can make a present-day DM density [40] consistent with observations [8]. Gamma-
rays produced in the WIMP self-annihilation process for a long time have been recognized as
prime messenger for indirect DM searches. The most compelling constraints on the parameters of
annihilating TeV mass-scale WIMPs are derived from non-detection of the signal by ground-based
imaging atmospheric Cherenkov telescopes (IACTs) such as H.E.S.S. from theGalactic Centre [2, 3]
and nearby dwarf galaxies [1, 4, 6, 7, 10].

Another promising and complementary targets for indirect DM searches are DM subhalos
populating the Galactic halo [see, e.g., 32]. The smallest structures are believed to have formed
first in the observed Universe. Gravitationally-bound systems are formed by the collapse of DM
particles. These systems later merge to form the first subhalos, which subsequently form more
massive ones. The merging history leads to DM halos massive enough to retain gas and trigger star
formation and give rise to the formation of galaxies we observe today. At the same time, most of
the subhalos may not host significant amount of baryonic matter which makes them invisible at all
wavelengths. However, in case of self-annihilating WIMP nature of the DM, subhalos could shine
in gamma rays. The annihilation process of massive enough WIMPs in subhalos could be frequent
enough to be detectable at GeV/TeV energies. Given the unknown actual location of most of the
DM subhalos, their searches can be performed using all-sky gamma-ray observations [see, e.g.,
25] such as with the Large Area Telescope (LAT) instrument onboard the Fermi satellite [see, for
instance, 14] or wide-field surveys carried out with IACTs [see, for instance, 11, 18].

All-sky Fermi-LAT observations revealed a significant population of sources lacking firm
associations at other wavelengths [5, 12]. These sources are therefore classified as unidentified
Fermi objects (UFOs). The possible annihilating-WIMP dark matter origin of some of these objects
was studied in [13, 15, 16, 19, 23, 41] assuming relatively lightWIMPs with masses below 100 GeV.
At the same time the sub-population of UFOs characterized by a relatively hard spectrum without
cutoff signatures in the GeV band can be good candidates for DM halos made of more massive
(& 100 GeV) WIMPs. Such objects are therefore excellent targets for IACTs to perform searches
for TeV DM subhalos. In 2018 and 2019, the H.E.S.S. collaboration carried out an observational
campaign for a selection of the most promising UFOs in order to probe their potential TeV-mass
DM-induced emission.

2. Targets selection and data analysis

2.1 Targets selection

The best DM subhalo candidates for H.E.S.S. observations among the unidentified Fermi-LAT
sources are determined through a thorough selection in the Third Catalog of High-Energy Fermi-
LAT Sources (3FHL) [12], which includes pointlike sources detected above 10 GeV. The source
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selection requires: (i) the unidentified sources to be steady (according to 3FHL catalogue1); (ii):
exhibit a hard power-law spectral index (Γ < 2), as expected for DM-induced signals for DM
masses above 100 GeV; (iii) have no obvious conventional counterpart at other wavelengths; (iv) be
located at > 5◦ off the galactic plane (to avoid potential contamination from foreground Galactic
diffuse emission). The multi-wavelength (MWL) search for possible counterparts is based on the
Fermi-LAT source coordinates in catalogs of MWL facilities (XMM-Newton, ROSAT, SUZAKU,
CGRO, Chandra, Swift,WMAP, RXTE, Nustar, SDSS, Planck,WISE,HST). In addition, we require
that selected sources are located at preferable H.E.S.S. sky regions, i.e. can be observed by H.E.S.S.
with a maximum zenith angle of 45◦.

The selection criteria were applied on the 3FHL source catalog and resulted in a selection of
only three UFOs. The basic information on the three UFOs is summarized in Tab. 1.

Name RA Dec. TS for Position Pivot Flux Power-law �cut
� ≥ 10 GeV uncertainty energy at pivot energy index (95% c.l.)

[degrees] [degrees] [arcmin] [GeV] [10−13 TeV cm−2s−1] [GeV]
3FHL J0929.2-4110 142.3345 -41.1833 36 2.4 0.39 0.12 ± 0.01 1.37 ± 0.07 > 33
3FHL J1915.2-1323† 288.8182 -13.3916 23 3.0 62.8 2.1 ± 0.9 1.5 ± 0.4 > 35
3FHL J2030.2-5037 307.5901 -50.6344 40 2.6 6.3 1.9 ± 0.3 1.85 ± 0.1 > 67

Table 1: Properties of the selected UFOs together with their spectral parameters in > 0.1 GeV band. The
columns summarize RA-Dec coordinates of the UFOs, their test statistics values(TS), position uncertainty,
pivot energy, best-fit flux at the pivot energy, power-law spectral index and 95% c.l. lower limit on the cut-off
energy. The 3FHL J1915.2-1323 source marked with † is detected only above 10 GeV. For this source all
spectral parameters are given for this energy band.

2.2 Expected signal

The differential gamma-ray flux from Majorana DM particles of mass <DM self-annihilating
in object of size ΔΩ is

dΦW
d�W
(�W ,ΔΩ) =

〈fE〉
8c<2

DM

∑
5

BR 5
d# 5

d�W
� (ΔΩ) , with � (ΔΩ) =

∫
ΔΩ

∫
l.o.s.

d2(B(A, \))3B3Ω . (1)

〈fE〉 is the thermally-averaged velocity-weighted annihilation cross section and
∑
5

BR 5 3# 5 /3�W

is the sum of the annihilation spectra d# 5 /d�W per annihilation in the final states 5 with associated
branching ratios BR 5 . Hereafter we will refer to the quantity � (ΔΩ) as a total �-factor within a
solid angle ΔΩ. We note, that for point-like DM subhalos the strength of the DM annihilation signal
is proportional to the quantity 〈fE〉�, where � – is a �-factor of clump integrated over the point
spread function of the instrument. In this case detection or non-detection of the annihilation signal
allows one to directly measure or constrain this quantity.

As opposed to objects withmeasured stellar dynamics like dwarf galaxies, UFOs have unknown
distances to Earth and their �-factors cannot be derived from stellar kinematics. To access the proper
values of �-factors for the selected DM subhalos in what follows, we adapt a statistical approach

1While the criterium on the variability provides steady candidates as expected for DM sources, Fermi-LAT photon
properties at the highest energies have been checked. None of them could be attributed to flaring of nearby Fermi-LAT
sources.
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Figure 1: Top panel: Cumulative �-factor distribution, # (≥ �), of a MW-like subhalo population. The
number of subhalos with a �-factor exceeding a given value is plotted (blue dot-dashed curve). The blue-
shaded band corresponds to the 1f statistical uncertainty. Bottom panel: Probability % to find at least one
(three) subhalo(s) with a �-factor higher than specified are shown with blue(green) lines. The horizontal
black dashed line shows the 5% probability. The figure was adapted from [27]. See text for more details.

based on utilising subhalos’ �-factor distribution as seen in #-body cosmological simulations (see,
for instance, Refs. [26, 39]). In order to derive the �-factor distribution of DM subhalos in the MW,
we used the CLUMPY code v3.0.0 [17, 21, 30] and performed 1000 simulations of a MW-like
galaxy with a smooth NFW [36] DM main halo profile with the parameters corresponding to the
best-fit NFW parameters from Ref. [20]. For each simulation, the subhalo parameters were chosen
similar to the ones used in [29] for the “HIGH” model which results in somewhat optimistic values
of the obtained �-factors. From each simulation we derived the Galactic coordinates of all subhalos
and their �-factors integrated in circular regions with 0.1◦.

The cumulative �-factor distribution # (≥ �) is shown in the upper panel of Fig. 1 for subhalos
located at Galactic latitudes |1 | > 5◦ similar to the UFOs considered for the analysis. The dot-
dashed blue curve shows the averaged distribution computed from all the realizations and the shaded
region shows the formal 1f statistical dispersion calculated over all simulated MW-like galaxies. In
the lower panel of Fig. 1, the blue dot-dashed/green-dotted curves illustrate the probability to find
in any simulation at least one/three subhalos with a �-factor higher than specified. The horizontal
black-dashed line illustrates the 5% probability. We conclude, that the the �-factor of one DM
subhalo at 95% c.l. can be constrained as � ≤ 3 · 1020 GeV2cm−5. The average �-factor of three
subhalos is � ≤ 1 · 1020 GeV2cm−5.

2.3 Data Analysis

2.4 Fermi-LAT data analysis

Fermi-LAT data selected for the analysis spans for more than 12 years (Aug. 2008 to Oct.
2020). The data were analysed with fermitools v. 2.0.0 with P8R3_V3 response functions
(CLEAN photon class). We performed standard binned analysis of the data in 14◦-radius region
around positions of each UFO in 0.1-1000 GeV energy bin including to the model all sources from
4FGL-DR2 ctalogue [5] and standard diffuse background templates. The results of the modelling
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Figure 2: Contours of )( computed from Fermi-LAT combined UFO datasets for,+,− and g+g− annihi-
lation channels. The contours are given in the (〈fE〉�,mDM) plane. The cyan and orange dashed lines show
the −9 and −25 )( contours. Overlaid (solid green line) are H.E.S.S. upper limits displayed at 95% C.L. The
figure was adapted from [27].

of UFOs with a cutoff powerlaw spectral model are summarized in Tab. 1. For the rest of the
presented results we explicitly assumed, that UFOs’ spectra follow Eq. 1.

2.4.1 H.E.S.S. data analysis

H.E.S.S. is an array of five IACTs located in the Khomas Highland in Namibia, at an altitude of
1800 m. The array is composed of four 12 m diameter telescopes (CT1-4) and a fifth 28 m diameter
telescope (CT5) at the middle of the array. The observations presented here were performed in
2018 and 2019 in the wobble mode with the full five-telescope array for the selection of UFOs
presented in Tab. 1. The standard run selection criteria are applied to select the observations for the
data analysis [9]. The gamma-ray events direction and energy reconstruction is performed with a
template-fitting technique [24], after the calibration of raw shower images recorded in the camera.

The selected UFOs are assumed to be pointlike sources according to the point spread function
(PSF) of Fermi-LAT which reaches ∼0.1◦ above 0.1 TeV. The region of interest (ROI), hereafter
referred to as the ON source region, is defined, given the H.E.S.S. PSF, as for pointlike-emission
searches for H.E.S.S.. The ROI is taken as a disk of 0.12◦ radius. For the measurement of the
residual background in OFF regions, theMultipleOff technique [9] is used. The excess significance
in the ROI is computed following the statistical approach of Ref. [33].

3. Results

In absence of significant excess in any of the H.E.S.S. datasets of the selected UFOs we provide
95% c.l. upper limits (assuming the best-fit power-law spectral index in the Fermi-LAT band)
on the 〈fE〉� as a function of DM mass using using a log-likelihood ratio test statistic for the
combined dataset of all UFOs, see Ref. [27] for the more details. Figure 2 shows derived upper
limits as a function of the DM mass for the ,+,− and g+g− annihilation channels, respectively.
Green line presents H.E.S.S. 95% c.l. limits from the combined analysis of all UFOs, while the
color presents the TS of the signal in Fermi-LAT band. The combined limits reach 3.7×10−5 and
8.1×10−6 GeV2cm−2s−1 in the,+,− and g+g− channels, respectively, for 1 TeV DM mass.
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Figure 3: Contours of)( computed from the Fermi-LAT combined UFO datasets. The contours are given in
the (�,mDM) plane for the,+,− (left panel) and g+g− (right panel) annihilation channel, assuming the 〈fE〉
value expected for thermal WIMPs. The cyan and orange dashed lines show the −9 and −25 )( contours.
Overlaid (solid green line) are the H.E.S.S. 95% C.L. upper limits from the combined UFO datasets. The
figure was adapted from [27].

In order to derive the �-factor values required to explain the UFO emission in terms of DM
models, the value of the annihilation cross section expected for thermal WIMPs (〈fE〉th ' 3×10−26

cm3s−1) is used [40]. The �-factor upper limits for the DM models of the UFOs as function of the
DMmass are given at 95% C.L. in Fig. 3. For a 1 TeV DMmass in the,+,− channel, the �-factor
values are constrained to be between (0.24 − 1.3)×1021 GeV2cm−5 for DM models with )( ≤ −25
(which corresponds to ≥5f confidence interval assuming )( follows j2 distribution). For a DM
mass of 10 TeV in the ,+,− channel, all the �-factor values for DM models with TS ≤ −25 are
ruled out at 95% C.L. by the H.E.S.S. constraints. In the g+g− channels, the H.E.S.S. constraints
are even stronger. For 300 GeV DM mass, the allowed �-factor values are between 1.4×1020 and
5.9×1020 GeV2cm−5 for TS ≤ −25 DM models. The H.E.S.S. upper limits restrict the J-factors to
lie in the range 6.1×1019−2.0×1021 GeV2cm−5 and the masses to lie between 0.2 and 6 TeV in the
W+W−channel. For the g+g− channel, the J-factors lie in the range 7.0×1019−7.1×1020 GeV2cm−5

and the masses lie between 0.2 and 0.5 TeV.
Using predictions of N-body cosmological simulations, the number of subhalos with a �-factor

higher than a given value for a MW-like galaxy can be extracted as displayed in Fig. 1. The
probability to have at least three subhalos with a �-factor higher than 1020 GeV2cm−5 is below
5%. According to this prediction, the interpretation of the UFO emissions in terms of DM particle
annihilations in Galactic DM subhalos can be further constrained from Fig. 3 to <DM . 1 TeV for
,+,− and <DM . 0.3 TeV for g+g− channels.

4. Discussion and conclusions

An important number of UFOs may produce gamma-rays from the annihilation process of
DM in subhalos. However, some of them could be AGNs or other types of galaxies still lacking
a detection at other wavelengths. Less plausible alternative astrophysical interpretations of UFOs
could be as pulsars or low-luminosity globular clusters hosting millisecond pulsars [34]. However,
the energy cut-off of the gamma-ray spectra for these types of objects consists of a few GeV. The
cumulative �-factor distribution is in very good agreement with the results of Ref. [29] for the
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"HIGH" model intended to predict the highest possible number of subhalos in a typical MW-like
galaxy. As it is shown fro the predictions in the “LOW” model of Ref. [29], the real number of
DM subhalos can be an order of magnitude smaller. The output of DM-only simulations dictates
the choice of the number of subhalos of masses between 108 and 1010 M� of #calib = 300 [39].
The latter can be significantly reduced (up to a factor of two) by baryon feedback [35, 38]. As a
consequence, the highest J-factor values would be even more unlikely. As discussed in ref. [22],
Fermi-LAT should observe the subhalos with the highest �-factors as extended scources, given
the point spread function of about 0.1◦ above 10 GeV for the Fermi satellite. However, even the
gamma-ray sources produced by these brightest DM subhalos would be faint. The spatial extension
of these sources would be challenging to measure for Fermi-LAT. On the simulation front, further
work is likely needed to use predictions for subhalo angular sizes in MW-like galaxies to definitely
rule out pointlike UFOs as potential DM subhalos.

Interpreting UFOs as DM subhalos of TeV-mass scale thermal WIMPs requires �-factors to
be larger than a few 1020 GeV2cm−5. From the N-body simulations of MW-type galaxies, only
occasionaly such �-factor values can be obtained. A large statistical variance affects the highest
subhalo �-factor. The precise value of the brightest subhalos can be subject to a large uncertainty.
A factor of ten uncertainty is implied for the �-factor value for J & 1020 GeV2cm−5 in the "HIGH"
model [31]. Additional factor of several uncertainties can be connected to the uncertainties of the
DM distribution in the MW [37] and/or presence of substructures in the galactic subhalos [28].
The constraints from cosmological simulations are significantly weakened by the above-mentioned
large systematic uncertainties in the prediction of the �-factor distribution. This makes the former
comparable to or weaker than the H.E.S.S. constraints in, e.g., the g+g− channel. Therefore the
model-independent H.E.S.S. constraints are the only relevant and robust ones when interpreting the
UFOs as Galactic subhalos of annihilating DM.
Acknowledgements. H.E.S.S. gratefully acknowledges financial support from the agencies and
organizations listed at H.E.S.S.-Acknowledgements webpage.
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