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Abstract

Cosmological N-body simulations show that Milky Way—sized galaxies harbor a population of unmerged dark
matter (DM) subhalos. These subhalos could shine in gamma-rays and eventually be detected in gamma-ray
surveys as unidentified sources. We performed a thorough selection among unidentified Fermi-Large Area
Telescope Objects (UFOs) to identify them as possible tera-electron-volt-scale DM subhalo candidates. We search
for very-high-energy (E 2 100 GeV) gamma-ray emissions using H.E.S.S. observations toward four selected
UFOs. Since no significant very-high-energy gamma-ray emission is detected in any data set of the four observed
UFOs or in the combined UFO data set, strong constraints are derived on the product of the velocity-weighted
annihilation cross section (ov) by the J factor for the DM models. The 95% conﬁdence level observed upper limits
derived from comblned H.E.S.S. observations reach (ov)J values of 3.7 x 10> and 8.1 x 107® GeV*cm *s™ ' in
the W"W~ and 777 channels, respectively, for a 1 TeV DM mass. Focusmg on thermal weakly 1nteract1n%
massive partlcles the H.E.S.S. constraints restrict the J factors to lie in the range 6.1 x 10"°-2.0 x 10>

GeV? cm > and the masses to lie between 0.2 and 6 TeV in the W™ W~ channel. For the 7' 7 channel, the J factors
lie in the range 7.0 x 10"°=7.1 x 10** GeV? cm ™ and the masses lie between 0.2 and 0.5 TeV. Assuming model-
dependent predictions from cosmological N-body simulations on the J-factor distribution for Milky Way—sized
galaxies, the DM models with masses >0.3 TeV for the UFO emissions can be ruled out at high confidence level.

Unified Astronomy Thesaurus concepts: Dark matter (353); High energy astrophysics (739); Gamma-ray sources

(633); Gamma-ray telescopes (634)

1. Introduction

The presence of dark matter (DM) is suggested by a wealth of
astrophysical and cosmological measurements; however, its
underlying nature is yet unknown. Among the most promising
candidates are weakly interacting massive particles (WIMPs):
particles thermally produced in the early universe with mass and
coupling strength at the electroweak scale predict a present relic
density (Steigman et al. 2012) consistent with that observed
today (Adam et al. 2016). WIMP self-annihilation would produce
Standard Model patrticles including gamma-rays, which for a long
time have been recognized as a prime messenger to indirectly
detect DM annihilation or decay. Gamma-rays are not deflected
by magnetic fields and therefore point back to their sources.
Among the most promising DM targets observed by ground-
based imaging atmospheric Cerenkov telescopes (IACTs) such as
H.E.S.S. are the Galactic center (Abdallah et al. 2016, 2018a) and
nearby dwarf galaxies (Aharonian et al. 2008a; Abramowski et al.
2011, 2014; Abdalla et al. 2018b).

Other compelling and complementary DM targets for [ACTs are
DM subhalos populating galactic halos (see, e.g., Kamionkowski
et al. 2010). The observed universe today is believed to have
formed hierarchically with the smallest structures first. DM
particles first collapse into gravitationally bound systems that 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

3 Corresponding authors: D. Glawion, D. Malyshev, A. Montanari, E.
Moulin; contact.hess @hess-experiment.eu

galaxies we observe today. However, most of the subhalos remain
completely dark. Assuming that DM is made of WIMPs, they
could shine in gamma-rays. The annihilation process in subhalos
could be frequent enough to be detectable by IACTs provided that
the WIMPs are sufficiently massive. If DM subhalos are made of
WIMPs, 10~ to 10" M., mass subhalos are expected to lie in DM
halos of Milky Way— (MW-) sized galaxies (Diemand et al. 2008;
Springel et al. 2008b), with the most massive of them (ZIO8 M)
hosting dwarf galaxies.

DM subhalos are predicted to be compact and concentrated
and are not expected to harbor conventional astrophysical high-
energy emitters. Provided they are close and/or massive
enough, DM annihilations in these objects could produce
gamma-ray fluxes detectable with satellite and ground-based
experiments such as IACTs (Calcaneo-Roldan & Moore 2000;
Tasitsiomi & Olinto 2002; Stoehr et al. 2003; Koushiappas
et al. 2004). However, their actual location in the galaxy is not
known. Their search can be performed using all-sky gamma-
ray observations (see, for instance, Diemand et al. 2007) such
as with the Large Area Telescope (LAT) instrument onboard
the Fermi satellite (see, for instance, Berlin & Hooper 2014) or
wide-field surveys carried out with TACTs (see, for instance,
Abharonian et al. 2008b; Brun et al. 2011).

All-sky Fermi-LAT observations revealed a population of
sources that lack associated signals from observations at other
wavelengths (Ajello et al. 2017; Abdollahi et al. 2020). These
sources are therefore classified as unidentified Fermi objects
(UFOs). If the DM particle mass lies below 100 GeV, some
UFOs detected by Fermi-LAT could be potentially described


http://astrothesaurus.org/uat/353
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by DM models (Belikov et al. 2012; Zechlin et al. 2012;
Bertoni et al. 2015, 2016; Calore et al. 2017; Coronado-
Blazquez et al. 2019b). Identifying some of the UFOs as DM
subhalos requires, however, higher (=100 GeV) DM masses
given their hard gamma-ray spectra in the energy range of a
few tens to 100 GeV. Such objects are therefore excellent
targets for IACTs to perform searches for tera-electron-volt
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 tera-
electron-volt-mass DM-induced emission.

The paper is organized as follows. Section 2 presents the
expected DM-induced gamma-ray signals from Galactic
subhalos. Section 3 describes the selection procedure of
UFOs as DM subhalo candidates relevant for H.E.S.S.
observations along with the Fermi-LAT data analysis of the
selected UFOs as DM subhalo candidates. In Section 4, the
H.E.S.S. observations and data analysis of the selected UFOs
are presented. The constraints from H.E.S.S. observations on
DM-induced emission models for the UFOs are derived in
Section 5. Sections 6 and 7 are devoted to the discussion of
the results obtained in this work and to a general summary,
respectively.

2. DM Annihilation Signals
2.1. Expected Gamma-Ray Flux from DM Annihilation

The energy-differential gamma-ray flux expected from the
self-annihilation of Majorana DM particles of mass mpy, can be
expressed as

o, (ov) AN’
E, AQ) = —2 s 8BRSV j(AQ),
s A0 = g BR T (A0)
: _ 2
with J(AQ)ffM j; p2(s(r, 0))ds d. (1

where (ov) is the thermally averaged velocity-weighted
annihilation cross section and 3 BR;dN/ /dE, is the sum of
the annihilation spectra dN’ /dE,), per annihilation in the final
states f with associated branching ratios BRy. The expected DM
annihilation signal consists of a continuum spectrum of
gamma-rays extending up to the DM mass and possibly a
line-like feature close to the DM mass. The former contribution
arises from the hadronization and/or decay of quarks, heavy
leptons, and gauge bosons involved in the annihilation process.
The latter comes from the direct annihilation into vX with X =
v, h, Z or a non-Standard Model neutral particle, providing
a spectral line at an energy E, = mpm[l — (mx/ 2mpp)?].
When the DM particles self-annihilate into charged particles,
gamma-rays are produced via processes involving virtual
internal bremsstrahlung and final state radiation. These
processes provide an additional bump-like feature that peaks
at an energy close to the DM mass.

The term J(ASQ), hereafter referred to the J factor,
corresponds to the integration of the square of the DM density
over the line of sight s and solid angle AS). As opposed to
objects with measured stellar dynamics like dwarf galaxies,
UFOs have unknown distances to Earth and their J factors
cannot be derived from stellar kinematics.

Abdalla et al.

2.2. Expected Subhalo I-factor Distribution in the MW

Cosmological N-body simulations (see, for instance, Die-
mand et al. 2008; Springel et al. 2008b) predict MW-sized
galaxy halos to harbor as of yet unmerged DM substructures
called galactic subhalos. These simulations make robust
predictions on the slope and normalization of the subhalo
mass function defined as dInN/dInM o M~ with a slope
a,, ~ 1.9 for MW-like galaxies (see, for instance, Diemand
et al. 2008; Springel et al. 2008a; Gao et al. 2012; Fiacconi
et al. 2017). Galactic subhalos are not expected to host
conventional high-energy astrophysical sources, and a large
number density of subhalos in MW-like galaxies with high DM
concentrations is expected. Only close by and massive enough
subhalos are expected to provide detectable gamma-ray signals.

The cosmological simulations provide the abundance of the
resolved subhalos, their radial distribution, and structural
properties such as their mass and concentration and suggest a
DM distribution in the subhalos following a cuspy density
profile that can be well described by Navarro-Frenk—White
(NFW) (Navarro et al. 1997) or Einasto (Springel et al. 2008c)
parameterizations. The limited spatial resolution of the current
simulations can only probe the slope of the radial DM density
distribution in a subhalo for the most massive subhalos.
Assuming a parameterization of the DM density distribution in
subhalos, the distribution of J factors of the galactic subhalo
population, dN/dJ, can be derived. The cumulative J-factor
distribution, N(J)=N(>J), is defined as the number of
subhalos with a J factor higher than or equal to specified.

In order to derive the J-factor distribution of DM subhalos in
the MW, the CLUMPY code v3.0.0 (Charbonnier et al. 2012;
Bonnivard et al. 2016; Hiitten et al. 2019a) is used. One
thousand simulations of an MW-like galaxy are performed with
a smooth NFW (Navarro et al. 1997) DM main halo profile
with the parameters corresponding to the best-fit NFW
parameters presented in a recent study of DM distribution in
the MW (Cautun et al. 2020). For each simulation, the subhalo
parameters were chosen similar to the ones used in Hiitten et al.
(2016) for the “HIGH” model. The power-law slope of the
subhalo mass function is chosen to be ,,, = 1.9 (Diemand et al.
2008); the number of objects between 10® and 10'° M., is taken
as Ncaip =300 following Springel et al. (2008b); and the
subhalo mass-concentration relation follows the distance-
dependent prescription of Moliné et al. (2017). From each
simulation, the Galactic coordinates of all subhalos and their J
factors integrated in circular regions with 0.1° radius around
the centers of gravity of the subhalos are derived.

The cumulative J-factor distribution N(=J) is shown in the
upper panel of Figure 1 for subhalos located at Galactic
latitudes |b| >5°. The solid red curve shows the averaged
distribution computed from all of the realizations, and the
shaded region shows the formal 1o statistical dispersion
calculated over all simulated MW-like galaxies. In the lower
panel of Figure 1, the red dashed curve illustrates the
probability of finding in any simulation at least one subhalo
with a J factor higher than specified. The blue dotted curve
corresponds to the probability of finding three or more
subhalos. The horizontal black dashed line gives the 5%
probability: the probability on average of finding one or more
subhalos with J factor J > 3 x 10 GeVZem™ (three or more
subhalos with J factors J>1 x 10%° GeV? cmfs) is only
about 5%.
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Figure 1. Top panel: Cumulative J-factor distribution, N( > J), of an MW-like
subhalo population. The number of subhalos with a J factor exceeding a given
value is plotted (red solid curve). The red-shaded band corresponds to the 1o
statistical uncertainty obtained from 1000 simulations of the subhalo
population for MW-like galaxies. Bottom panel: Probability P of finding at
least one subhalo with a J factor higher than specified (red dashed line). The
blue dotted line presents the same probability for at least three suhhalos. The
horizontal black dashed line shows the 5% probability. See text for more
details.

3. Fermi-LAT Unidentified Sources as DM Subhalo
Candidates

A hypothetical gamma-ray emission from a DM subhalo would
show up in the all-sky gamma-ray surveys (Kamionkowski et al.
2010) as unidentified objects, that is, detected with the Fermi
satellite but without counterparts at any other wavelengths. A
smoking-gun signature for DM detection is a very distinct energy
cutoff close to the DM particle mass, assuming the two-body
annihilation process taking place almost at rest. For sufficiently
large DM particle masses, that is, above a few hundred giga-
electron-volts, the energy cutoff could be too high in energy to be
measurable by the LAT instrument onboard the Fermi satellite
within a reasonable observation time. The combination of Fermi-
LAT and TACT observations is therefore mandatory for DM
subhalo searches with unidentified sources detected by the
Fermi-LAT.

3.1. Selection Procedure for H.E.S.S. Observations

In order to determine the best candidates for H.E.S.S.
observations among the unidentified Fermi-LAT sources, a
thorough selection has been performed in the Third Catalog of
High-Energy Fermi-LAT Sources (3FHL) (Ajello et al. 2017),
which comprises pointlike sources detected above 10 GeV. The
source selection requires the unidentified sources to be steady, that
is, to not show flux variability over time according to the 3FHL
catalog,”” exhibiting a hard power-law spectral index (I" < 2),
as expected for DM-induced signals for DM masses above
100 GeV with no obvious conventional counterpart at other
wavelengths. The multiwavelength (MWL) search for possible
counterparts is based on the Fermi-LAT source coordinates
for each source, and counterparts are searched in catalogs of
MWL facilities (XMM-Newton, ROSAT, SUZAKU, Compton

40 While 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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Gamma Ray Observatory, Chandra, Swift, Wilkinson Micro-
wave Anisotropy Probe [WMAP], RXTE, Nustar, Sloan
Digital Sky Survey, Planck, Wide-field Infrared Survey
Explorer, Hubble Space Telescope) assuming a searched radius
around the source determined by the position uncertainty
derived in the 3FHL catalog. The unidentified Fermi-LAT
sources are usually quite faint, and only the ones sufficiently far
away from the Galactic plane are considered in order to avoid
challenging background modeling connected to Galactic plane
diffuse emission in the Fermi-LAT energy range. The selected
sources do not lie in a complex astrophysical environment, that
is, they are relatively isolated with no high-energy gamma-ray
emission within about 1°*' In addition, a maximum zenith
angle of 45° for H.E.S.S. observations is required in order to
obtain low-energy thresholds. The selection criteria were
applied on the 3FHL source catalog and are summarized in
Table 1. The small number of suitable DM subhalo candidates
obtained by a straightforward selection confirms that the
observation of a selection of UFOs is a viable DM search
strategy for targeted observations performed by IACTs. Only
four UFOs were eventually observed due to H.E.S.S.
observational program scheduling constraints. The character-
istics of the UFOs selected for observations with the H.E.S.S.
telescopes are summarized in Table 2.

3.2. Fermi-LAT Data Analysis on the Selected Objects

Fermi-LAT data selected for the analysis presented in this paper
were collected over a time span of more than 12 yr (2008 August—
2020 October). The latest available fermitools v.2.0.0 with
P8R3_V3 response functions (CLEAN photon class)42 are used.
The initial stage of the analysis aims at determining the energy
spectra of UFO sources. In order to extract the differential
energy spectrum for each object, the standard binned likelihood
analysis of a 14° radius region around each of the considered
objects is performed for a set of eight log-equal energy bins in
the range 0.1-1000 GeV. The spectral analysis is based on the
fitting of a spatial and spectral model of the sky region around
the source of interest to the data. The model of the region
includes (1) all sources from the most recent 4FGL-DR2
catalog (Abdollahi et al. 2020) within the 14° radius region
around UFO position and (2) components for isotropic and
Galactic diffuse emissions given by the standard spatial and
spectral templates iso_P8R3_CLEAN_V2_vl.txt and
gll_iem_vO07.fits, respectively. For the fitting procedure,
the spectral models of these sources are selected according to
the 4FGL catalog with all parameters except normalization
fixed to the catalog values. In addition, 4FGL sources up to 10°
beyond the considered region of interest (ROI) are included in
the model, with all of their parameters fixed to the catalog
values in order to reduce the bias connected to a possible
presence of bright sources outside the considered region and
effects connected to the poor point-spread function (PSF) of the
LAT at low (~0.1GeV) energies. The UFO spectra are
modeled by a pure power-law function with the slope defined
from a broad energy range fit.

Following the recommendation of the Fermi-LAT collabora-
tion, our analysis is performed with energy dispersion handling
enabled. We additionally checked that the TS maps of the

*!' The closest 3FHL source for 3FHL J1915.2-1323 is at 0°8, while for the
other UFOs, the closest source is at distance higher than 1°7).

See description of Fermi-LAT response functions.
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Table 1
Criteria Applied to 3FHL Catalog for the Selection of DM Subhalo Candidates

Criteria Numbers of sources
Without association 178

Far enough from the Galactic plane, cut in Galactic latitude of |b| > 5° 126
Nonvariable, cut in variability index (No. of Bayesian blocks in var. analysis) equal to 1 125
Maximum zenith angle at H.E.S.S. site of 45° 83

Follow a simple power law with significance for curvature < 30 83

Hard spectrum, cut in spectral index below 2 18

No MWL counterparts 6

Note. For the MWL counterpart search, individual search radii were used (~2-4') based on the uncertainty of the Fermi position quoted in the 3FHL. The following
list of MWL facilities was checked: XMM-Newton, ROSAT, SUZAKU, Compton Gamma Ray Observatory, Chandra, Swift, WMAP, RXTE, Nustar, Sloan Digital
Sky Survey, Planck, Wide-field Infrared Survey Explorer, Hubble Space Telescope.

Table 2
Properties of the Selected UFOs Together with Their Spectral Parameters

Name RA Dec. TS for Position Pivot Spectral energy distribution Power-law Ax? E.y
E > 10 GeV uncertainty energy at pivot energy index
(degrees) (degrees) (arcmin) (GeV) (10’13 TeV cm ™2 s7h (GeV)
3FHL J0929.2-4110 142.3345 —41.1833 36 24 0.39 0.12 +0.01 1.37 +£0.07 0.15 >33
3FHL J1915.2-1323" 288.8182 —13.3916 23 3.0 62.8 2.1+09 1.5+04 0.05 >35
3FHL J2030.2-5037 307.5901 —50.6344 40 2.6 6.3 1.9+0.3 1.85+ 0.1 0.40 >67
3FHL J2104.542117*" 316.1226 21.2831 58 22 1.56 53+£05 2.22 +0.06 0.02 >85

Note. The second and third columns provide the R.A.-decl. coordinates of the UFOs along with their test statistic (TS) values for energies above 10 GeV in the fourth
column. The fifth column gives their position uncertainty. Pivot energy, spectral energy distribution at the pivot energy, and best-fit power-law spectral index are given
in the sixth, seventh, and eighth columns, respectively. The ninth column provides the Ax? value between a pure power law and a power law with exponential cutoff
fit to the data. The last column gives the 95% confidence level (C.L.) lower limit on a possible energy cutoff in the energy spectrum. The 3FHL J1915.2-1323 source
marked with a dagger (%) is detected only above 10 GeV. For this source, the spectral index, pivot energy, differential flux, and Ax? value are given for this energy

band. For the other sources, these quantities are given for energies higher than 0.1 GeV.

# The spectral index in the 3FHL catalog is 1.8 (Ajello et al. 2017).

® 3FHL J2104.5.2117 was recently associated in the 4FGL catalog (Abdollahi et al. 2020) with an active galactic nucleus with a probability of 0.4.

considered regions do not show significant residuals between
the data and the model; see Appendix A for more details. We
conclude that the considered models well describe the UFO
sources’ regions.

Table 2 summarizes the analysis results for each UFO. Given
the available photon statistics in the Fermi-LAT data set of the
selected objects, a power-law spectrum with a (super-) exponential
energy cutoff in the tera-electron-volt energy range, as expected
from DM-induced emissions (Belikov & Silk 2013), and a pure
power-law emission cannot be significantly discriminated; see
Table 2 for a corresponding change Ay” between these models.
The last column of Table 2 summarizes 95% C.L. Fermi-LAT
lower limits on the energy cutoff, defined as the energy at which
Ax? changes by 2.71 between power-law and exponential energy
cutoff power-law models.

3.3. DM Models for the Selected Sources

Figure 2 shows DM annihilation models together with
Fermi-LAT flux measurements. Model predictions for DM
masses of 1 and 10 TeV, respectively, are plotted separately for
the W"W~ and 7"7 annihilation channels. Some DM models
are able to qualitatively describe the observed gamma-ray flux
from the selected UFOs. For instance, the predictions shown
for mpy =1 TeV describe well the Fermi-LAT data for 3FHL
J0929.2-4110 in the W"W~ and 7"7~ annihilation channels. In
contrast, for 3FHL J2030.2-5037, the predictions for mpy =
1 TeV in the 7 7 annihilation channel provide a poor

description of the emission, while a better one is obtained in the
W"W™ one.

In order to assess quantitatively the above statements on
viable DM-induced emission models, the spectrum of each
UFO is explicitly modeled with a DM annihilation—induced
spectral template.*® For a given mpy and annihilation channel,
the model is characterized only by the overall normalization of
the spectra given by (ov)J. To identify the range of viable
parameters for DM annihilation, a scan over a large range of
(ov)J is performed.

A TS is defined as a difference between best-fit log-
likelihood functions for models with no DM emission (L,
“background-only” hypothesis) and the model (L), which
includes the UFO source described by the corresponding
parameter (ov)J: TS = —2 log(L/Ly) (Mattox et al. 1996).**
Negative TS values correspond to the detection of the source,
that is, adding a source with a corresponding parameter
improves the fit compared with the background-only
hypothesis.

The left panels of Figure 3 illustrate the results for a single
UFO 3FHL J0929.2-4110 for the W'W  (top) and 77
(bottom) annihilation channels, respectively. For each (ov)J,
the color scale shows the TS values. Assuming that the TS
follows a x2 distribution, a TS equal to —9, (resp. —25) would

43 Provided within fermitools as DMFitFunction based on Jeltema &
Profumo (2008).

4 The TS value for a source with N-parametric (spectral) model follows a x*
distribution with N degrees of freedom in the high statistic limit (Wilks 1938).
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Figure 2. Spectral energy distributions of the selected UFOs observed with Fermi-LAT and H.E.S.S. for 3FHL J0929.2-4110 (top left), 3FHL J1915.2-1323 (top
right), 3FHL J2030.2-5037 (bottom left), and 3FHL J2104.5+2117 (bottom right), respectively. The differential flux points computed in this work from the Fermi-
LAT data set (red dots) and taken from the 4FGL (orange dots) and from the 3FHL (green dots) catalogs (Ajello et al. 2017; Abdollahi et al. 2020) are shown with the
vertical and horizontal error bars corresponding to the 1o statistical errors and the bin size, respectively. Upper limit points (red, orange, and green arrows) are given at
95% C.L. The observed flux upper limits from H.E.S.S. observations (blue arrows) are plotted at 95% C.L., together with the mean expected flux upper limits (black)
and the 10 (green) and 20 (yellow) containment bands. Overlaid are theoretical DM-induced fluxes for 1 and 10 TeV DM masses in the W' W~ (dashed—dotted lines)

and 777 (dotted lines) annihilation channels, respectively.

correspond to a 3o (resp. 5o0) detection for 1 degree of freedom.
The dashed cyan and orange lines show the detection region
that corresponds to the improvement of TS by —9 and —25,
respectively. The right panels in Figure 3 present the results for
the analysis of the combined data sets of the three selected
UFOs (3FHL J0929.2-4110, 3FHL J1915.2-1323, and 3FHL
J2030.2-5037) obtained through the combination of the log-
likelihood profiles from individual objects, for the W*W~ (top)
and 777 (bottom) annihilation channels, respectively.

4. H.E.S.S Observations and Analysis
4.1. 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 (CTS) at the middle of the array. The
observations presented here were performed in 2018 and 2019
with the full five-telescope array for the selection of
unidentified Fermi-LAT objects presented in Table 2. They
were carried out in the wobble mode, where the telescope
pointing direction is offset from the nominal target position by

an angle between 0°5 and 0°7. The observations for the data
analysis are selected according to the standard run selection
criteria (Aharonian et al. 2006). After the calibration of raw
shower images recorded in the camera, the reconstruction of the
direction and energy of the gamma-ray events is performed
with a template-fitting technique (de Naurois & Rolland 2009)
in which the recorded images are compared to precalculated
showers computed from a semianalytical model. An energy
resolution of 10% and an angular resolution of 0206 at 68%
containment radius for gamma-ray energies above 200 GeV are
achieved. The results described here have been cross-checked
with an independent calibration and analysis chain yielding
compatible results (Parsons & Hinton 2014).

The selected UFOs are assumed to be pointlike sources
according to the PSF of Fermi-LAT, which reaches ~0°1 above
100 GeV. Given the H.E.S.S. PSF, the ROI, hereafter referred to
as the ON source region, is therefore defined as for pointlike-
emission searches for H.E.S.S., and the ROI is taken as a disk of
0712 radius. The residual background is measured in OFF regions
according to the MultipleOff technique (Aharonian et al. 2006).
For each telescope pointing position, the OFF regions are defined
at the same distance from the pointing position as for the ON
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Figure 3. Contours of TS computed from Fermi-LAT data sets on the 3FHL J0929.2-4110 (left panels) and the combined UFO data sets (right panels). The contours
are given in the ({ov)J,mpy) plane for the W"W ™ (upper panels) and 77~ (lower panels) annihilation channels. The cyan and orange dashed lines show the —9 and
—25 TS contours. Overlaid (solid green line) are H.E.S.S. upper limits displayed at 95% C.L. Contours of TS for 3FHL J1915.2-1323, 3FHL J2030.2-5037, and 3FHL
J2104.5+2117 are shown in Figure 7 in Appendix B.

Table 3
H.E.S.S. Data Analysis Results for Each UFO

Name Live time Mean zenith angle Non Norr a Significance
(hours) (degrees) (counts) (counts) (0)
3FHL J0929.2-4110 27.4 29.0 424 5884 13.9 0.1
3FHL J1915.2-1323 3.6 19.4 87 1181 13.9 0.2
3FHL J2030.2-5037 9.8 31.3 160 2192 13.9 0.1
3FHL J2104.5+2117 6.8 46.7 73 853 13.9 1.1

Note. The second and third columns give the live time and mean zenith angle of the H.E.S.S. observations, respectively. Count numbers measured in the ON and OFF
regions are given in the fourth and fifth columns, respectively, with the o parameter averaged over all observations, &, given in the sixth column. The seventh column

provides the measured excess significance between the ON and OFF counts.

region, which leads to identical acceptances in the ON and OFF
regions. An excluded region defined as a disk of radius equal to
twice the ON region radius is used in order to avoid any leakage
of the searched signal into the OFF regions. The o parameter is
defined as the ratio between the solid angle size of the OFF and
ON regions by o« = AQorr/ AQon. The excess significance in the
ROI is computed following the statistical approach of Li & Ma
(1983). Table 3 summarizes for each UFO the live time, the mean
zenith angle of the observations, the ON and OFF counts, the «
parameter averaged over all the observations, and the excess
significance in the ROIL No significant gamma-ray excess is
found, neither in the ON source region nor anywhere else in the
field of view.

Since no significant excess is found from any of the selected
UFOs, energy-differential observed flux upper limits are
computed at 95% C.L. assuming the best-fit power-law spectral
index derived from the Fermi-LAT data analysis. Expectations
for the energy-differential flux upper limits are computed from
100 independent Poisson realizations of the measured OFF
counts for the ON and OFF regions. From the realizations,
mean and standard deviation values are extracted and used to
compute the 68% and 95% containment bands. The differential
flux upper limits are shown in Figure 2 with an energy binning
of 0.5 dex. The expectations and the containment bands for the
upper limits shown in the figure are computed including 25%
systematic uncertainty. Assuming a power-law spectral index
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Figure 4. The 95% C.L. upper limits on the product of the annihilation cross section (ov), and the J factor as a function of the DM mass mpy; in the W*W ™ (left panel)
and 777 (right panel) annihilation channels for 3FHL J0929.2-4110 (blue line), 3FHL J1915.2-1323 (red line), 3FHL J2030.2-5037 (green line), and 3FHL J2104.5

+2117 (black line), respectively.

of 2 would change the differential flux upper limits by less
than 6%.

4.2. Upper Limit Computation for the DM Emission

A binned Poisson maximum likelihood analysis is performed
to search for spectral features expected from DM annihilation
signals with respect to the background. For each UFO, the H.E.
S.S. energy range is divided into 62 logarithmically spaced bins
from 100GeV up to 70 TeV. For a given DM mass and
annihilation channel, the Poisson likelihood function in the
energy bin i can be written as

S B .
N+ NN s my
Non, i!

S’ By Nokr, i ,
« Ny + aN;”)Norr. o~ (NS +aN®)

NoF, ;!

Li(NS, NB|Non, Norr, @) =

@)

The variables Non; and Nogg; stand for the number of
measured events in the ON and OFF regions, respectively; N
is the expected number of background events in the ON region;
and N° and Nis/ are the expected number of DM signal events
in the ON and OFF regions, respectively. They are computed
by folding the expected theoretical DM flux given in
Equation (1) with the energy-dependent acceptance and energy
resolution of H.E.S.S. for the considered data set. The term
dN / dE{, in Equation (1) is extracted from Cirelli et al. (2011)
for each assumed DM mass and annihilation channel. The
energy resolution of H.E.S.S. is represented by a Gaussian
function with a width of og/E =10% above 200 GeV. The
UFOs are also pointlike sources for H.E.S.S.; therefore no

leakage is expected in the background region and NiS’ is taken

to Nislz 0. The likelihood function for a given object L is
defined as £ =[], £;.

Since no significant excess is found in any of the selected
UFOs by H.E.S.S., upper limits can be derived assuming UFOs
are DM-induced gamma-ray emitters from a likelihood ratio TS
given by

. LNS({(av)J), NB({ov) ) |Non, Nor @)

T8 = — —
L(NS((ov)J), NB|Non, Norr, @)

—21lo 3)

—

The variable NP is obtained through a conditional maximiza-

tion, achieved by solving dL/dN® =0; N° and NP are
computed using an unconditional maximization. Following the
procedure defined in Cowan et al. (2011), upper limits are

computed assuming a positive signal, that is, N5 > 0. The (ov)
J value for which the TS value is equal to 2.71 provides the
one-sided 95% C.L. upper limit on the quantity (ov)J.

The hypothesis that all UFOs are indeed DM subhalos, but
too faint to be detected as such in the tera-electron-volt energy
range with the given exposure, can be tested when the
individual data sets are combined. If no significant overall
excess is found in the combined data set, combined upper limits
on (ov)J can be derived versus the DM mass assuming J to be
an averaged J factor. In Equation (3), the likelihood function is
replaced by the combined likelihood expressed as Leomp=
H?g"i“” L;, where £; is the likelihood of the target j.

5. Results

No significant excess is measured in any of the H.E.S.S. data
sets of the selected UFOs. The 95% C.L. upper limits on {ov)J
are derived versus the DM mass using Equation (3). Figure 4
shows for each UFO the upper limits as a function of the
DM mass for the WrW~ and 777 annihilation channels,
respectively. In most of the DM mass range , the strongest
constraints are reached for 3FHL J0929.2-4110 observations.
For a 1 TeV DM mass, the constraints gav>J:5.5 x 107
GeVZem 2s 'and 1.9 x 107° GeV? ecm * s~ ' in the W W~
and 777 annihilation channels, respectively, for 3FHL
J0929.2-4110.

The combined analysis of the four H.E.S.S. data sets does
not show any significant excess. Therefore, the UFO data sets
are combined and upper limits on (ov)J are computed. Given
its possible association with an active galactic nucleus, the
source 3FHL J2104.5+2117 is removed to provide conserva-
tive combined upper limits. The right panel of Figure 3 shows
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Figure 5. Contours of TS computed from the Fermi-LAT combined UFO data sets. The contours are given in the (J, mpy) plane for the WW (left panel) and 77~
(right panel) annihilation channel, assuming the (ov) value expected for thermal WIMPs. The cyan and orange dashed lines show the —9 and —25 TS contours.
Overlaid (solid green line) are the H.E.S.S. 95% C.L. upper limits from the combined UFO data sets.

the combined 95% C.L. upper limits on (ov)J as a function of
the DM mass for the WrW~ and 777 annihilation channels,
respectively. The analysis of the combined data sets allows for
an improvement of about 10% and 20% for 1 TeV DM mass in
the WW~ and 777 annihilation channels, respectively, with
respect to the most constraining upper limit from the individual
UFO data sets. The combined limits reach 3.7 x 10> and
8.1x10°GeViem 2s 'inthe WW and 77 channels,
respectively, for a 1 TeV DM mass.

In order to derive the J-factor values required to explain the
UFO emission in terms of DM models, the value of the
annihilation cross section expected for thermal WIMPs
(V) =3 x 1072 cm® s7') is used (Steigman et al. 2012).
The J-factor upper limits for the DM models of the UFOs as a
function of the DM mass are given at 95% C.L. in Figure 5. For
a 1 TeV DM mass in the W™W~ channel, the J-factor values
are constrained to be between 2.4 x 10°° and 1.3 x 10?'
GeV? ¢cm™> for DM models with TS < —25 (which corre-
sponds to =50 confidence interval assuming TS follows x*
distribution). For a DM mass of 10 TeV in the WHW channel,
all the J-factor values for DM models with TS <—25 are ruled
out at 95% C.L. by the H.E.S.S. constraints. In the 777~
channels, the H.E.S.S. constraints are even stronger. For
300 GeV DM mass, the allowed J-factor values are between
1.4 x 10*° and 5.9 x10*° GeV> cm ™ for TS <—25 DM
models. The H.E.S.S. upper limits restrict the J factors to lie in
the range 6.1 x 10"°-2.0 x 10*' GeVZcm > and the masses to
lie between 0.2 and 6 TeV in the W*W ™ channel. For the 777~
channel, the J factors lie in the range 7.0 X 10"°-7.1 x 10%°
GeVZcm > and the masses lie between 0.2 and 0.5 TeV.

Using predictions of N-body cosmological simulations, the
number of subhalos with a J factor higher than a given value
for an MW-like galaxy can be extracted as displayed in
Figure 1. The probability of having at least three subhalos with
a J factor higher than 10%° GeV? cm ™ is below 5% (Figure 1,
blue dotted line). According to this prediction, the interpreta-
tion of the UFO emissions in terms of DM particle
annihilations in Galactic DM subhalos can be further
constrained from Figure 5 to mpy <1 TeV for W"W~ and
mpm < 0.3 TeV for 777~ channels.

6. Discussion

A substantial number of UFOs may emit gamma-rays from
DM annihilations in subhalos. However, some of them could

be active galactic nuclei or other types of galaxies that so far
lack detection at other wavelengths. Alternative astrophysical
interpretations of UFOs as pulsars or low-luminosity globular
clusters hosting millisecond pulsars (Mirabal et al. 2016) may
be less plausible since typical gamma-ray spectra for these
types of objects are characterized by an energy cutoff at
energies of a few giga-electron-volts.

The cumulative J-factor distribution is in very good agreement
with the results of Hiitten et al. (2016) for the “HIGH” model
intended to predict the highest possible number of subhalos in a
typical MW-like galaxy. The real number of DM subhalos can be
an order of magnitude smaller as shown for the predictions in the
“LOW” model of Hiitten et al. (2016). The choice of the number of
subhalos of masses between 10° and 10 M., of Negi, =300 is
motivated by the output of DM-only simulations Springel et al.
(2008b). Baryon feedback can significantly reduce this value, up to
a factor of two (Mollitor et al. 2015; Sawala et al. 2016). This
would make the highest J-factor values even more unlikely. As
discussed in Coronado-Blazquez et al. (2019a), subhalos with the
highest J factors should appear as extended sources for Fermi-LAT
given its PSF of about 0°1 above 10 GeV. However, even these
brightest DM subhalos would produce faint gamma-ray sources
whose spatial extension 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.

The DM density distribution of the Galactic halo is assumed
here to follow an NFW parameterization. Incorporating
hydrodynamics and baryon feedback in cosmological simula-
tions tends to soften the inner cusp of the DM profiles in MW-
like galaxies, leading to a flattening of order 1 kpc (see, for
instance, Chan et al. 2015). However, these predictions for the
expected DM distribution have large uncertainties due to the
effects of baryonic physics. The resolution limit of the
simulations at sufficiently small distances also becomes
pertinent. Alternative Galactic mass models can be used to
describe subhalo parameters for MW-like galaxies (Catena &
Ullio 2010; McMillan 2011; Stref & Lavalle 2017; McMillan
2017). Using different Galactic mass models, the subhalo
luminosity functions derived in Stref & Lavalle (2017) provide
compatible results. Considering a core profile would make the
high DM mass exclusion of the DM models for the UFO
emission even stronger. DM subhalos could also have cored
profiles with lower DM concentration, which would make
them more prone to tidal disruption. This would therefore both
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decrease the normalization of the J-factor distribution function
and shift it to lower values. The J-factor distribution prediction
is based on DM-only Via Lactea-II simulations using WMAP
cosmology. The simulations based on the most recent
cosmological results from the Planck mission with added
baryonic physics could somewhat change the predicted
properties of the MW subhalos. The effect of baryon feedback
and tidal effects induced by both DM and baryons is likely
to alter the DM concentration of subhalos (Despali &
Vegetti 2017; Stref & Lavalle 2017). Details of the modeling
of tidal disruption of Galactic DM subhalos on the brightest
subhalo can be found in Di Mauro et al. (2020). Therefore, the
cumulative J-factor distribution would be shifted to lower
values. In this case, the DM-induced interpretation of the UFO
emission would be even more constrained given that the
probability of finding high J-factor values would be even
smaller. The presence of baryons affects both the amplitude
and the slope of the DM halo and subhalo mass functions. It
can reduce the slope by a few percent in the 10°-10° M.,
subhalo mass range (Benson 2020), which can also alter the
rate of subhalos with large J factors. No cut is applied to the
maximal value of the subhalo mass when computing the
cumulative J-factor distribution. While subhalos with masses of
about 107 M, or higher may be able to host star formation and
actually be dwarf galaxies, simulations including hydrody-
namics and feedback physics in addition to the gravitational
effects for the expected DM distribution in both the main halo
and its subhalos such as in Zhu et al. (2016) show that a
significant fraction of subhalos with masses of about 10° M., is
found to host no stars. For subhalo masses larger than 10’-10®
M., a noticeable fraction of them can start triggering star
formation and indeed form a faint dwarf galaxy. Arguably
these masses critically depend on the baryonic physics
implementation in the simulations and its associated feedback.
Considering subhalos with masses lower than 10’ M., implies
the probability of having at least one subhalo with J > 3 x 10*°
GeV? cm ™ to be about 0.3%, therefore a factor of about 16
lower that in the case without mass cut.

The interpretation of UFOs as DM subhalos of tera-electron-
volt-mass scale thermal WIMPs requires J factors in excess of a
few 10*° GeV? cm . Such J-factor values are only occasion-
ally obtained in N-body simulations of MW-type galaxies. The
highest subhalo J-factor values are usually subject to a large
statistical variance. The precise value of the brightest subhalos
can be subject to a large uncertainty, implying a factor of
10 uncertainty on the J-factor value for J > 10?° GeV* cm ” in
the “HIGH” model (Hiitten et al. 2019b).*> Previous studies
using Fermi-LAT data only searched for UFOs as promising
DM subhalo candidates for DM masses below 100 GeV (see,
for instance, Bertoni et al. 2015, 2016; Coronado-Blazquez
et al. 2019b). For instance, in the study of Coronado-Blazquez
et al. (2019a), masses of a few tens of giga-electron-volts
are ruled out for canonical thermal WIMPs. The present
analysis searches for UFOs as DM subhalos for the uncharted
tera-electron-volt-mass thermal WIMP models.

The maximal value of subhalo J factors obtained in
simulations is model dependent and can be increased even
in comparison with the optimistic estimate of the J-factor

4 Using the “LOW” model for the predictions of the J-factor distribution
would make the interpretation of UFOs as DM subhalos even more unlikely
given that the probability to get high J-factor values would be lowered
compared with what it would be in the “HIGH” model.
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distribution considered here as discussed below. The normal-
ization of the subhalo mass function assumes usually about
10% of the total DM halo content to be in the form of subhalos,
with the total DM halo density being normalized to the DM
density at the location of the Sun p(rs) = ps =0.39 GeV
cm . The precise value is subject to uncertainties of a factor of
1.5-2 (Read 2014). Varying the input parameters of the
simulations in the relevant ranges of interest, such as
pe=0.6 GeV cm* and the scale radius of the main DM halo
rs =25 kpc, would increase the highest J-factor values by a
factor of two. The predicted cumulative J-factor distribution
would therefore probe higher J-factor values. Considering
substructures in galactic subhalos (see, for instance, Hiroshima
et al. 2018) results in higher expected J-factor values for the
Galactic subhalo population with typical increase factors of a
few, therefore shifting the cumulative J-factor distribution to
higher values.

The abovementioned large systematic uncertainties in the
prediction of the J-factor distribution weaken significantly the
constraints from cosmological simulations, which makes them
comparable to or weaker than the H.E.S.S. constraints in, for
example, the 77 channel. This makes the model-independent
H.E.S.S. constraints the only relevant ones for robust
interpretation of UFOs as Galactic subhalos of annihilat-
ing DM.

7. Summary

In this work, a straightforward filtering of the unidentified
sources in the 3FHL point-source catalog has been performed
using selection cuts to identify the most promising DM subhalo
candidates for DM masses above a few hundred giga-electron-
volts. The data sets for the four UFOs were collected with the
Fermi satellite in a 12 yr observation period. Using H.E.S.S.
observations, no significant signal has been detected from any
of the selected UFOs. From H.E.S.S. flux upper limits, DM
models describing the UFO emissions with high significance
are strongly constrained in the tera-electron-volt DM mass
range for different annihilation channels. Assuming thermally
produced DM particles, the DM models for the UFO emissions
require high J-factor values. When the model-dependent
predictions from N-body simulations of the MW-like subhalo
population are taken into account, the required high J-factor
values for the DM models explaining the UFOs as Galactic
subhalos are unlikely. This can point toward interpretation of
the UFOs as subhalos of relatively light WIMPs with masses
mpy S 0.3 TeV, for which somewhat lower J factors are
preferred. However, this could be in tension with constraints on
thermal WIMPs from dwarf galaxy observations by Fermi-
LAT (Ackermann et al. 2015; Albert et al. 2017).
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Appendix A
TS Maps for the UFO Sources from FERMI-LAT Data Sets

In this section we present the results for the search of
possible sources not accounted for by the considered model
based on the 4FGL catalog of the UFOs vicinity. We built TS
maps for 5° x 5° region centered at the position of each UFO.
These maps illustrate the significance (~+/7S) above the
background model of a test point-like source with a power-law
spectrum characterized by a free normalization and slope fixed
to —2, in each pixel.

For the background model, where the corresponding UFO
source is removed, we consider the same spatial/spectral
models as used for the analysis of Fermi-LAT data described in

O

3FHL J1915.2-
a

3FHL J2104.5+2117
-

5 10 15 20 25 30 35 40 45

Figure 6. TS maps for the 5° X 5° region around each of the considered UFOs for energies above 10 GeV in Galactic coordinates with pixel size of 0.05°. The color
scale indicates the values of the TS. No smoothing to the map is applied. Cyan crosses show the position of the corresponding UFO source. Green crosses show

positions of nearby 4FGL sources included in the background model.
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Section 3.2. Such a choice of the background model allows us
to check the presence of unaccounted for sources close to
UFOs’ positions as well as verify the point-like spatial
morphology of the emission associated with the UFO.

Figure 6 show the TS maps for all four UFO sources for
energies above 10 GeV in Galactic coordinates with a pixel size
of 0%05. No smoothing is applied to the maps. Cyan crosses
show the positions of UFO sources. Green circles indicate the
position of the nearby 4FGL sources included in the background
model. The maps indicate the absence of significant residuals,
which could affect the Fermi-LAT analysis of the UFOs.
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Appendix B
Contours of TS from Fermi-LAT data sets on the 3FHL
J1915.2-1323, 3FHL J2030.2-5037, and 3FHL J2104.5
+2117 for the W"W ™ and 7" annihilation channels,
respectively

In Figure 7 we show the contour of TS from Fermi-LAT
datasets and the 95% C.L. upper limits on J as a function of the
DM mass for 3FHL J1915.2-1323, 3FHL J2030.2-5037 and
3FHL J2104.5+2117. Contours and upper limits for the W W~
and 777 annihilation channels are shown in the left and right
panels, respectively.

10-3 v —~
//,, //// _5
104 // /’/
' 10 (g -10
b
g -15
L 1075 ek
8 -20
S -6
810 TS= -9 —25
TS=-25
3FHL J1915.2 — 1323 H.E.S.S. -30
10-7 DMDM - ttT~ .
0.1 1.0 10.0
Mpm (TeV)
1073 =
/// _5
S 10-4 f
r 10 -10
b
IS -15
[9)
¥ 107 2
g -20
S o-6
510 TS=-9 —25
TS=-25
3FHL J2030.2 - 5037 H.E.S.S. -30
10-7 |DMDM - thTo .
0.1 1.0 10.0
mpm (TeV)
1073
-5
o 10-4
r 10 -10
b
IS -15
[9)
3 1073 2
g -20
T o-6
510 TS=-9 —25
TS=-25
3FHL J2104.5 + 2117 H.E.S.S. -30
10-7 |DMDM -~ thto .
0.1 1.0 10.0
Mpm (TeV)

Figure 7. Contours of TS computed from Fermi-LAT data sets on 3FHL J1915.2-1323 (upper panels), 3FHL J2030.2-5037 (middle panels), and 3FHL J2104.5+2117
(lower panels). The contours are given in the ((ov)J, mpy) plane for the W'W~ (left panels) and 777 (right panels) annihilation channels. The cyan and orange
dashed lines show the —9 and —25 TS contours. Overlaid (solid green line) are the H.E.S.S. constraints displayed at 95% C.L.
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