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We search for an indirect signal of dark matter through very high-energy y rays from the Wolf-
Lundmark-Melotte (WLM) dwarf irregular galaxy. The pair annihilation of dark matter particles would
produce Standard Model particles in the final state such as y rays, which might be detected by ground-based
Cherenkov telescopes. Dwarf irregular galaxies represent promising targets as they are dark matter
dominated objects with well-measured kinematics and small uncertainties on their dark matter distribution
profiles. In 2018, the five-telescopes of the high energy stereoscopic system observed the dwarf irregular
galaxy WLM for 18 hours. We present the first analysis based on data obtained from an imaging
atmospheric Cherenkov telescope for this subclass of dwarf galaxy. As we do not observe any significant
excess in the direction of WLM, we interpret the result in terms of constraints on the velocity-weighted
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cross section for dark matter pair annihilation (cv) as a function of the dark matter particle mass for various
continuum channels, as well as the prompt yy emission. For the 77z~ channel, the limits reach a (cv) value

of about 4 x 10722 cm® s~! for a dark matter particle mass of 1 TeV. For the prompt yy channel, the upper
limit reaches a {ov) value of about 5 x 1072* cm3s™! for a mass of 370 GeV. These limits represent an
improvement of up to a factor 200, with respect to previous results for the dwarf irregular galaxies for TeV

dark matter search.

DOI: 10.1103/PhysRevD.103.102002

I. INTRODUCTION

Astrophysical observations suggest that nonbaryonic
cold dark matter (DM) represents about 85% of the matter
density in the Universe, affecting the formation of large
scale structures, influencing the motion of galaxies and
clusters, and bending the path of light. Yet, we do not know
much about its nature and properties. In the weakly
interacting massive particles (WIMP) paradigm, DM par-
ticles may be present in large quantities in dense regions,
such as dwarf galaxies or the galactic center. The pair
annihilation of DM particles would send indirect signals by
creating Standard Model particles, which might be detected
[1-3]. Among these particles used as probes for indirect
DM searches are y rays. High-energy y rays are not
deflected by the magnetic field so that their source can
be well localized in the sky. We use the high energy
stereoscopic system (H.E.S.S.) to search for signal of
indirect DM annihilation.

This study focuses on dwarf irregular galaxies, which
constitute very promising targets for indirect DM searches
[4]. Dwarf irregular galaxies of the Local Group are located
at a distance of a few Mpc and are mostly rotationally
supported with negligible random motion of the gas. These
objects are therefore believed to have simple structures and
kinematics [5,6]. They represent the smallest stellar sys-
tems with extended neutral hydrogen (HI) distributions [7].
This large amount of gas is easily detectable by radio
telescopes and is used as a kinematic tracer for deriving the
rotation curves up to large radii of the galaxies [8]. While
these galaxies have an irregular shape in optical light, they
often appear much more regular and symmetrical in radio
observations of neutral hydrogen. The study of these well-
constrained rotation curves implies that dwarf irregular
galaxies are DM dominated systems [9]. These objects are
estimated to have high J factors, a measure of the expected
signal from DM annihilations occurring within these
sources. At distances within the Local Group, dwarf
irregular galaxies have a DM halo typically extending
from 0.3° to a few degrees in angular radius [4].

The galaxy called Wolf-Lundmark-Melotte (WLM) is
one of the most promising dwarf irregular galaxies for a
DM search, since it offers one of the largest J factors
among this type of object [4]. In 2018, the H.E.S.S.
experiment observed WLM, which makes H.E.S.S. the

first imaging air Cherenkov telescopes to present an
analysis on this class of potential y-ray source. In this
article, we present an analysis of the y-ray events observed
in the direction of the irregular galaxy WLM. This new
search complements the studies carried out for DM from
dwarf spheroidal galaxies [10-12] and from the galactic
center [13,14]. Compared to dwarf irregular galaxies, dwarf
spheroidal galaxies have larger J factors, but the knowledge
on J is limited by the number of spectroscopic measure-
ments of individual stars. In comparison, the dwarf irregu-
lar galaxies benefit from the numerous measurements of the
gas tracer, which allows smaller uncertainties on their J
factors. The HAWC experiment put limits on the DM
annihilation cross section for a set of irregular galaxies [15].
In Ref. [4], the authors used Fermi-LAT data to show
sensitivity limits for seven dwarf irregular galaxies.

This article is organized as follows: in Sec. I, we present
the properties of the dwarf irregular galaxy WLM, we recall
the y-ray flux computation, as well as the J factor
calculation, and we describe a DM density profile called
coreNFW accounting for the star-formation history. We
derive the J factor of WLM using this density profile and
show its impact on the uncertainty of J. In Sec. III, we show
the results of the data analysis from 18 hours of observa-
tions, and we present the method of the log-likelihood ratio
test statistic in order to derive upper limits on the annihi-
lation cross-section (ov) for several annihilation channels
and various DM masses. We later discuss the results
obtained on (ow) and conclude on this work in Sec. IV.

II. DM INDUCED y-RAY FLUX AND J FACTOR

A. General characteristics of WLM

WLM, also known by the names DDO 221, UGCA 444,
and LEDA 143, was discovered by Max Wolf in 1909 and
identified as a dwarf galaxy by Knut Lundmark and
Philibert Jacques Melotte in 1926. This faint galaxy of
absolute magnitude-14.7 is located in the constellation of
Cetus, 985 £ 33 kpc from the Milky Way at coordinates
RA = 00"01m58% and Dec = —15°27'39" (J2000) [16],
corresponding to [ = 75.86° and b = —73.62° in galactic
coordinates. The optical size of WLM spans about 2.5 kpc
(or 0.15°) at its greatest extent. Its nearest neighbor within
the Local Group, the Cetus dwarf spheroidal galaxy, is
about 175 kpc away [17], and, therefore, WLM is believed
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to have developed independently from the influence of
other systems [18]. WLM hosts a star-forming region at its
center [15,19], where the star formation rate is about
1073 Mgyyr~!, a low value suggesting the dwarf galaxy
is in the quiescent phase at the present time. The expected
y-ray flux associated with this star-forming region is
~107 TeVem™2s~! [4], negligible compared to the
expected signal from the thermal relic DM at TeV scale.
This dwarf of 50 kpc halo extension shows a smooth HI
distribution with a well-measured photometry and stellar
kinematics [6,16]. WLM is viewed as a highly inclined
oblate spheroid [20] of 74 4 2.3° [6]. In addition, WLM is
rotationally supported with no significant noncircular
motions in the gas [6]. A smooth and well-constrained
rotation curve can then be derived from measurements of
the gas motion out to ~3 kpc [21]. A total dynamical mass
of (8 +£2) x 10° M, [16] is obtained compared to a total
gas mass of 8.0 x 107 M [9] and a total stellar mass of
(1.6 £ 0.4) x 10" M, [9,16,22], which implies that WLM
is DM dominated since only 1.2% of the dynamical mass is
accounted for by gas and stars.

B. DM induced y-ray flux

WIMPs are expected to annihilate into Standard Model
particles whose interactions via hadronization or decay
would produce observable y rays. The expected differential
y-ray flux (inm~2s~! GeV~') in a solid angle AQ produced
by DM annihilation, assuming WIMPs are Majorana
particles, reads [23]

a@,
dE,

1
AQ) ==
) =33

(ov) dNJ

p zf:de—Ey x J(AQ), (1)
where m,, is the DM particle mass, (cv) is the annihilation
cross section averaged over the velocity distribution, and
dN,’: /dE, is the differential spectrum of each annihilation
channel f with their branching ratio B. The last term of the
equation is the so-called astrophysical J factor, which
describes the DM distribution in the source and determines
the strength of the signal emitted by the DM annihilation.
Its expression reads

J(AQ) = /AQ[p%M(r(s,d,H))dsdQ. (2)

This key component contains the DM density profile ppy.
It is assumed to be spherically symmetric and, hence,
depends only on the distance r from the center of the
galaxy. The radius r can also be expressed in terms of
the angular radius 6, related to the solid angle AQ. The
parameter s is the distance along the line of sight toward the
considered extension of the source. The distance r can be
expressed as r*(s,d,0) = s> + d*> — 2sd cos 0, where d is
the distance to the source. The squared density is integrated

over a sphere of radius r associated to the angular radius 6 at
which we perform the study. This implies an integral over
AQ and over the line of sight 5. The limits of the line of sight
are derived by solving the equation of r(s, d, @) for s, with
r = R, where R;, is the virial radius, defined in the next

section, yielding Spyay /min = dcos @ £ \/R2, — d* sin* 6.

C. DM distribution

The standard ACDM cosmological model predicts for
pure DM structures a halo that follows a “cuspy” density
profile, such as given by the Navarro-Frenk-White (NFW)
parametrization [24]. However, gas-rich dwarf irregular
galaxies, such as WLM, have a rotation curve that suggests
the density distribution is consistent with a cored profile,
such as the Burkert parametrization [25]. In order to explain
this behavior, some authors [6,16,26,27] propose a mecha-
nism that transforms cusp profiles progressively into core
profiles. In this mechanism called baryonic feedback, the
final DM profile takes into account the history of the stellar
component within the galaxy. The baryonic feedback
occurs in active galaxies that are still forming stars that
explode at the end of their lives. Repeated gravitational
perturbations by stellar wind and supernova feedback are
thought to smooth out the central DM cusp, lowering the
central density. This effect, DM heating, repeats over
several cycles of star formation, up to the age of the
Universe. A review on this topic is available in Ref. [27].

We use a fitting function, introduced by [6,16] and called
coreNFW, which includes this cusp-core transformation.
The coreNFW density profile consists of a mixture between
the original NFW profile and a corrective term that takes
into account the effect of the baryonic feedback on the DM
density distribution. The parametrization of the density
can be derived from the original NFW cumulative mass
profile Mygw(<r) [24] multiplied by the function f" that
describes the inner density flattening due to the stellar
component of galaxies,

M orenpw (<1) = Mypw (<r)f" (7). (3)

The original NFW DM cumulative mass profile [24]

reads
rg+r r
M =dgp. 3| In| 22— - ., (4
NEw (<7) ”PA’%(“< - > rs+r> (4)

S

where p; is the scale density, and r, is the scale radius.
These scale parameters are directly related to the concen-
tration parameter c,;, and the virial mass M ;.. Thus, the use
of either one of the two sets is equivalent. The concen-
tration parameter is proportional to the virial radius R,
while the virial mass defines the mass enclosed within
the virial radius R,;. of a gravitationally bound system. The
virial radius R,; is defined as the radius at which the
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density is equal to the product of the critical density
p. = 136.05 M kpc™ of the Universe at the redshift of
the system and an overdensity constant A. = 200 [6,16].
For the galaxy WLM, the virial radius is R,;, ~ 50 kpc,
corresponding to 6, ~2.89°.

The effect of the baryonic feedback on the DM density
profile can be modeled by the function f” responsible for
generating a shallower density profile at radii » < r,.. This

function reads
(r) = {tanh <ri>} " 5)

where the core radius r, is related to the half-stellar-mass
radius R/, by the coefficient 5, r. =R, with R,/
defined as the radius from the core center that contains half
the total stellar mass of the galaxy. The coefficient n
controls how shallow the core becomes and is tied to the
total star formation time #gr and the circular orbit time 74y,
where the latter is a function of M, and c,;. The
parametrization of n is given by Eqgs. (19) and (20) of
Ref. [6]. For dwarf irregular galaxies, this time is taken as
the age of the Universe. The coefficient n can take values
between 0 < n < 1, where 0 corresponds to no core and 1
to a complete core.

The density profile po.new (7) can be extracted from the
cumulative mass M, .npw(<r) in Eq. (3) by taking the
derivative,

pcoreNFW(r) = fn<r)pNFW(r>
L= £0)

4nr’r,

Mypw(<r), (6)

where pnew(r) is the NFW density profile [24]. More
details on these expressions can be found in [6,16].

D. J factor of WLM

To determine the shape of the DM density profile of
WLM, one needs to know the parameters associated to the
dwarf galaxy in Eq. (6). Following Refs. [6,16,28], we use
Ry, = 1.25 kpc, the projected half-stellar-mass radius of
the stars, whose uncertainties are negligible [29]. Several
measurements of the distance of WLM have been per-
formed ranging from 932 [30] to 985 kpc [20], with the
most likely range being 960-980 kpc [31-33]. We use d =
985 4 33 kpc [20], given that the choice of the highest
value for the distance leads to a conservative result in the
computation of the J factor. In Ref. [16], the authors
perform a Markov Chain Monte Carlo (MCMC) analysis
based on the spectroscopic data of WLM from the smooth
HI distribution, resulting in 75,000 sets of M, ci;, and i
parameters. They use a wide range of priors on these three
parameters to explore many different halo configurations
that could fit the rotation curve of WLM. The prior ranges

are 108 My < M, < 10" Mg, 10.51 < ¢y < 21.1, and
0 < n £2.75 [34]. In this article, we use the results of the
MCMC analysis from [34] and extend their study in order
to calculate the J factor of WLM and its uncertainty [28].
For each of the three-parameter sets (M., c;» 77) obtained
from the MCMC analysis, we compute the associated
parameters n, p,, ry, and r., characteristics of the density
profile of Eq. (6), using standard cosmological relations
[6,16]. The average values of their distribution are n=0.78,
ps=1.53x10" Mgkpc™3, r,=3.77kpc, and r.=2.49kpc.
We then produce a histogram of J factors combining
Egs. (6) and (2) and using the integration limits as
explained in Sec. II B. In the computation, we also take
into account the uncertainties on the distance of the source.
Each of the 75,000 integrals to compute the J factor is
performed with a distance drawn from a Gaussian distri-
bution of mean d = 985 kpc and of width Ad = 33 kpc.
We perform a fit of the distribution with an asymmetric
function, where the mean and the left and right standard
deviations of this fit provide the nominal value and
uncertainties of the J factor. These quantities are computed
for many angular radii € of the source, which gives
the value of the J factor shown in Fig. 1. The J factor
increases, until it reaches a plateau, marking the “edge”
of the galaxy. We provide the value of the J factor,
logy9(Jp, /GeV? cm™ sr) = 16.91730, for the whole gal-
axy defined by its virial radius R,;.. We note that WLM is
one of the three best dwarf irregular galaxies for DM
search, since only NGC6822 and IC10 have a comparable J
factor on the order of log;((J/GeV? cm™ sr) ~ 17 [4]. We
choose to focus on WLM, which has the third largest J
factor among the dwarf irregular galaxies. Regarding IC10,
it is located at a position that is not visible by the H.E.S.S.
telescopes. As for NGC6822, the galaxy shows a less
smooth rotation curve than WLM, which would have

17.0
-
%]
T 1651
c 16
9]
o
%-’ 16.0
& 1.
~
>
2 155
o
o —— Mean J factor
1 o error
15.01 2 o error
1072 107 10°
6 (°)
FIG. 1. J factor as a function of the angular radius 6. The solid

line corresponds to the mean values of J, while the dark and light
purple bands represent the 1 and 20 uncertainty bands.
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yielded higher uncertainties on its DM density profile and,
hence, on its J factor.

III. DATA ANALYSIS AND RESULTS

A. Observation and dataset

The H.E.S.S. experiment is an array of five imaging
atmospheric Cherenkov telescopes located in central
Namibia in the Khomas Highland plateau area at
1,800 meters above sea level. The telescopes detect brief
flashes of Cherenkov radiation generated by very high
energy y rays. The array consists of four telescopes (CT1-4)
with 12 meter reflectors at the corners of a 120 meter
square, detecting y rays from ~100 GeV up to ~100 TeV.
Each reflector is made of spherical mirrors, concentrating
the faint Cherenkov flashes on a camera installed in the
focal plane of the telescope. The cameras detect and record
the signal using an array of photomultipliers. The cameras
of the four 12 meter telescopes have been upgraded in
2015/2016, improving their performance and robustness
[35]. In 2012, a fifth 28 meter telescope (CT5) was added at
the center of the array, allowing the event detection down
to ~20 GeV.

In 2018, H.E.S.S. recorded about 18 hours of good
quality data toward WLM with a zenith angle in the range
9-51°. The energy threshold varies from 120 GeV at low
zenith angle to 450 GeV at high zenith angle. The event
reconstruction and classification are performed following
standard calibration and selection procedures [36]. We use
a technique based on the comparison of the y-ray shower
image in the camera between real events and the prediction
of a semianalytical model [37]. This procedure is based on
a log-likelihood minimization using all pixels in the
cameras and provides an optimized use of the five telescope
array. We obtain an angular resolution of 0.06° at 68%
containment radius and a photon energy resolution of 10%
above 200 GeV. The goodness-of-fit parameter and the
reconstructed primary depth provided by the semianalytical
model are used to discriminate y-ray events from hadronic
background. For the event reconstruction, we use a com-
bined approach [38], which makes use of monoscopic
reconstruction (CTS5 alone) as well as stereocopic
reconstruction (at least two telescopes triggered either
for CT1-4 or CT1-5). A y? test allows the determination
of the mode that offers the best reconstruction for the y-ray-
like event. Using these selection criteria, an optimal
integration radius for a point source is found to be twice
the 68% containment radius of the PSF, or 0.12°.

Since WLM has a DM halo with an angular size that is
larger than this region, we investigate if it is better to treat
this galaxy as a pointlike or extended source in the
subsequent analysis. We compute the expected signal-to-
noise ratio, as a function of the angular radius from the
target position, between the expected signal from DM
annihilations in WLM and the associated expected

background. We find this ratio is maximal at a radius of
0.09°. As this angle is smaller than the 0.12° disk used for a
pointlike source, we treat WLM as a point source in the rest
of this article.

Therefore, the region of interest, referred to here as the
“ON region,” is chosen as a disk of radius 0.12°, centered at
the nominal position of the source. The pointing positions
of the telescopes are shifted by +-0.5° or +0.8°, with respect
to the nominal source position according to the wobble
mode method [39]. An exclusion region of radius 0.4° is
defined around the ON region to prevent any contamination
of the background regions by the tails of the expected DM
y-ray signal. The background is determined following the
multiple-OFF method [39], where the OFF region is
defined by multiple circular regions of the same size as
the ON region and equidistant from the pointing position,
1.e., the center of the camera. This method allows the
estimation of the residual background and the measurement
in the ON region simultaneously so that both are performed
under the same observation conditions. The DM signal
expected in the OFF regions is estimated to be less than
~1% of the total DM signal. As the ON region and all the
OFF regions combined cover a different surface area, the
acceptance corrected exposure ratio « is used to renorm-
alize the OFF region surface area to that of the ON region.
Table I summarizes the results of the analysis along with
the y-ray excess and its significance ¢ [40]. We note that the
OFF regions differ from a wobble position to another and
yield a noninteger total a.

The results presented in Table I have been cross-checked
using a different calibration and analysis chain [41] yield-
ing compatible results. No significant excess in the signal
region is observed in the direction of WLM, or anywhere in
the field of view of WLM, as can be seen in Fig. 2.
Increasing the size of the region of interest up to 0.3°
always leads to significances of the y-ray excess below lo.
Furthermore, the distribution of the significance in the field
of view follows a Gaussian function centered on 0 with a
width of 1, compatible with background fluctuations only.

B. Statistical analysis

A log-likelihood ratio test is performed on the data in
order to constrain a potential DM signal and set upper limits
on the DM annihilation cross section. We scan over the DM

TABLE I. Data analysis results of WLM. The quantities Ny
and Ngpp are the number of events detected in the ON and OFF
regions, a is the acceptance corrected exposure ratio, the live time
corresponds to the observation time, y gives the y-ray excess
detected, and o corresponds to the significance of the excess.

Live time  y-ray
Non  Nogr a Nogp/a  (hours) excess o
823 11959 14483 8257 18.2 -27 -0.1
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Declination
(J2000)

00"00™00°

00"05™00°
Right Ascension (J2000)

FIG. 2. Map of the sky seen by H.E.S.S. in equatorial
coordinates showing the significance (color scale) of the y-ray
excess in number of standard deviations. The black circle
indicates the size of the ON region centered around the source
position marked with a cross.

particle mass ranging from 150 GeV to 63 TeV divided into
68 logarithmically spaced mass bins. The energy bins are
also logarithmically spaced. In order to have enough
statistics in each energy bin 7, a bin containing less than
four ON or OFF events is merged with the next neighboring
bin until the new bin content reaches this threshold [42].
The total likelihood function £ contains two terms, a
product of a Poisson likelihood £”; on the events of all
energy bins with a log-normal distribution £/ of the J
factor. The total likelihood function is written explicitly in
terms of the parameter of interest (6v) and the nuisance
parameters Ny and J:

L((ov),Ng,J) = Hﬁpi(NSi“o-U)’J)’NB1|NON,-’NOFF,4a)

x L. 0y). (7)

For a given energy bin i, Ng. is the number of predicted
signal events and Ny, the number of expected background
events, with Ny the corresponding vector. The values Noy,
and N, are the number of ON and OFF events in the bin
i, respectively, and « is the acceptance corrected exposure
ratio between the ON and OFF regions. For an energy bin i,
the likelihood function L7, of the event counts is the
product of two Poisson likelihood functions, one for each
of the ON and OFF regions,

),J) + Np,)"ox

NON,-!

5 (aNBi)NOFF,-
Norr,!

(Ns, ({ov ~(Ns, N,

E'Pi =

e_“NBi , (8)

where the predicted number of signal events Ng. in the
energy bin i is obtained by performing a convolution of the
expected differential y-ray flux given by Eq. (1), with the
energy resolution function R(E,, E}) relating the energy
detected Ej, to the true energy E, of the events, the energy-
dependent acceptance function Aeff(Ey), and the observa-
tion time T,,. The energy resolution is estimated as 10%
over the whole energy range [37]. The convolution is then
integrated over the bin energy width AFE;. The number of
signal events for an energy bin i is

dN,
B yRE E
24ﬂm /AE/ Z a 7)

X Aeff(Ey)TObsdEydE;/' (9)

To take into account the uncertainty on the J factor in our
analysis, we introduce in the construction of our total
likelihood function £ a log-normal distribution given by

J_ 1 XD — (logyoJ —logyg 7)2

= e , 10
In(10)v/270,J P 2673 (10

where log, J is the true value of the J factor and log,, J the
value of the mean J factor, with its uncertainty o;. We
calculate the J factor integrated up to @ = 0.12°, the size of
the ON region, following the procedure detailed in
Sec. I D. We find the value log(Jq 12:/GeV? cm™ sr) =
16.68 £ 0.05. We note that this J factor could have been
derived using another DM density profile parametrization,
preferably describing a cored DM distribution, such as the
Burkert profile [25]. Using this profile and the parameters
given in Ref. [4], we obtain a relative difference of —1.7%
on J within 0.12° compared to the J computed with the
coreNFW profile. Assuming that the uncertainties are the
same as for the coreNFW J factor, the difference in the upper
limits would be negligible.

We perform a log-likelihood ratio statistical test to set
upper limits on the annihilation cross section (ov), assum-
ing a positive signal (cv) > 0, based on the method [43],

—

0 for (ov) > (ov)
o1y £lev) NB( 0)) J((ev)) <ok <
TS — 21n oo R T) for 0 < (ov) < (ov)
9 I Llon)Ns (o >)5<<w>>> for (ov) < 0,
£(0N5(0).(0)

(11)

where 1§7B(<0'1;>) is the vector of number of background

events and J((ov)) the value of the J factor maximizing the
likelihood function conditionally for a given annihilation

cross section (ov). The quantity (ov) is the value of the
annihilation cross-section, NB the vector of number of
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background events, and J the value of the J factor
that maximize unconditionally the likelihood function.
In the case of a one-sided test, the criterion value of
the test statistic TS is 2.71, corresponding to a 95% con-
fidence level (CL). This criterion is used to set the upper
limits on the DM velocity-weighted annihilation cross
section (ov).

C. Constraints on (ov)

As no significant excess has been found in the region of
interest, upper limits on the DM velocity-weighted anni-
hilation cross section (ov) at 95% CL versus the DM mass
are computed using the log-likelihood ratio method for the
continuum channels WW~, Z+Z~, bb, 11, ete™, utu-,
7777, and for the monoenergetic yy channel. Each anni-
hilation channel is treated individually, which corresponds
to a branching ratio of By = 100% in Eq. (1), and all the
spectra are simulated using Pythia [44] with final state
radiative corrections [45] taken into account. The con-
tinuum channels and the yy channel are treated in the same
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1 o error
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10—23 4

10-% T .

0.1 1 10
my (TeV/c?)

way, except that for the latter, the upper limit is computed
up to the highest detected energy (9.8 TeV) since the
expected signal is a delta function at an energy equal to
the DM mass. As described above, we also include the
uncertainties on J as a nuisance parameter in our analysis.
A 15% uncertainty in the scale of the energy measurement
is taken into account and added in quadrature to the total
uncertainty. The test statistic TS is computed numerically
using a standard minimization algorithm. Figures 3 and 4
show the 95% CL upper limits obtained for all the
annihilation channels. The mean expected limits and
1 — 20 containment bands are derived from a sample of
300 Poisson realizations of the background events in the
ON and OFF regions. The mean expected limits correspond
to the mean of the distribution of log;y(cv) on these
Poisson realizations, and the uncertainty bands are given
by the standard deviation of this distribution.

The observed upper limits on (ov) at 95% CL reach a
few 107! cm? s=! for most of the continuum annihilation
channels at a DM mass of 1 TeV. For the 777~ annihilation
channel, the value of the upper limit on (cv) is about
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FIG. 3. Upper limits on the annihilation cross section (6v) at 95% CL for WLM in the W*W~, Z*Z~, yy, and bb annihilation
channels. These upper limits include the uncertainties on the J factor. The solid lines are the observed limits, the dashed lines the mean
expected limits, and the dark (respectively light) bands are the 1o (resp. 2¢) containment bands.
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FIG. 4. Upper limits on the annihilation cross section {¢v) at 95% CL for WLM in the 7, e* e, u"p~, and 7" 7~ annihilation channels.
These upper limits include the uncertainties on the J factor. The solid lines are the observed limits, the dashed lines the mean expected
limits, and the dark (respectively light) bands are the 1o (respectively 26) containment bands.

4x 1072 cm’s™! for a 1 TeV DM mass. The yy channel
gives a more constraining result with a (ov) of about
5x 1072* cm?s™! at 370 GeV.

The HAWC experiment [15] showed preliminary results
on 31 dwarf irregular galaxies for a total of 760 days of
observation, including the study of WLM. Five annihilation
channels were analyzed by HAWC: WW~, bb, 17, utyu~,
and 777, The authors use for the DM halo a Burkert profile
[25], calculating the J factor up to the virial radius. In order
to compare with our results, we compute the J factor with
the coreNFW profile used here up to the virial radius and
rescale the HAWC limits accordingly. The comparison with
the rescaled HAWC results is shown in Fig. 5 for three
annihilation channels. The H.E.S.S. results are more
constraining on the whole DM mass range, by up to a
factor of more than 200, depending on the annihilation
channel.

The results obtained on WLM in this work can be
discussed in light of recent H.E.S.S. results obtained on
ultrafaint dwarf spheroidal galaxies [12]. The latter have a
higher total J factor with log,((J/GeV? ¢cm™ sr) from 18.7
to 19.6. The total (statistical and systematic) uncertainties

can reach up to 0.9 [46], where the statistical uncertainty is
related to the number of measured stellar tracers. The
statistical uncertainty for WLM is much smaller due to

the well-measured stellar and gas dynamics [6].

10—18
—~ 10719 TS
,_I| ———————————————
P N N
W T NN T
Ewnl N T
<
-
(8]
R 10724 HESS W*w-
2 HAWC W * W ~ rescaled
g — HESS. bb
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— HESS. t*1~
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10—23 . .
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FIG. 5. Comparison of the upper limits for the annihilation

channels W W=, bb, and 7~ between this result and the result
of the HAWC experiment for the WLM galaxy [15]. The HAWC
limits have been rescaled with the J factor computed with the
coreNFW profile used in this analysis.
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No quantitative study has been performed so far on the
systematic uncertainties on WLM J factor, and, therefore,
they are not considered in our upper limit computations.
In the case of the ultrafaint dwarf spheroidal galaxies, taking
into account the estimated uncertainties on the J factor due
to the limited number of tracers can degrade the upper limits
by an order of magnitude [12]. Studying a dwarf irregular
galaxy such as WLM provides a new physical DM-domi-
nated environment to search for potential DM signals, with
other types of inherent uncertainties.

IV. CONCLUSION

Dwarf irregular galaxies are arguably relevant targets for
the indirect search of DM through y-ray detection. Their
DM profile is well constrained by the gas they contain,
leading to small uncertainties on the J factor. With its recent
18 hour observations of WLM, one of the most promising
dwarf irregular galaxies, H.E.S.S. is the first imaging
atmospheric Cherenkov telescope array to observe such
a galaxy to search for DM annihilation signals. The DM
distribution of WLM can be well parametrized by a
coreNFW profile, which allows the computation of the J
factor with a very good precision. For the whole galaxy, we
obtain a value of log(J/y, /GeV? cm™ sr) = 16.9170 .
As no detection of a significant excess signal has been
made in the region of interest, upper limits on the
annihilation cross section at 95% CL have been derived
for continuum annihilation channels, W W~—, ZtZ~, bb, 1,
ete”,utu™, 777, and the prompt monoenergetic emission
yy. In the case of a continuum spectrum, the most
constraining limit is given by the 7z~ channel with a
{(ov) value of about 4 x 10722 cm?s™! at a DM mass of
1 TeV. For the monoenergetic yy channel, the limit on (ov)
reaches about 5 x 1072* ¢cm?® s~! at a DM mass of 370 GeV.
The upper limits derived in this work improve by a factor of
at least 10 to more than 200 compared to the limits obtained
by the HAWC experiment [15]. Dwarf irregular galaxies
are complementary targets to dwarf spheroidal galaxies and

provide an alternative dark matter target for the next
generation of Cherenkov telescopes.

ACKNOWLEDGMENTS

We thank Francesca Calore, LAPTh Annecy, for the
useful discussions on the theoretical part of this study, as
well as Justin Read, University of Surrey, for his insight
about the DM distribution of WLM and for providing the
input parameters of the dark matter profile used in this
project. The support of the Namibian authorities and of the
University of Namibia in facilitating the construction and
operation of H. E. S. S. is gratefully acknowledged, as is the
support by the German Ministry for Education and
Research (BMBF), the Max Planck Society, the German
Research Foundation (DFG), the Helmholtz Association,
the Alexander von Humboldt Foundation, the French
Ministry of Higher Education, Research and Innovation,
the Centre National de la Recherche Scientifique (CNRS/
IN2P3 and CNRS/INSU), the Commissariat a 1’énergie
atomique et aux énergies alternatives (CEA), the U.K.
Science and Technology Facilities Council (STFC), the
Knut and Alice Wallenberg Foundation, the National
Science Centre, Poland Grant No. 2016/22/M/ST9/
00382, the South African Department of Science and
Technology and National Research Foundation, the
University of Namibia, the National Commission on
Research, Science & Technology of Namibia (NCRST),
the Austrian Federal Ministry of Education, Science and
Research and the Austrian Science Fund (FWF), the
Australian Research Council (ARC), the Japan Society
for the Promotion of Science, and by the University of
Amsterdam. We appreciate the excellent work of the
technical support staff in Berlin, Zeuthen, Heidelberg,
Palaiseau, Paris, Saclay, Tiibingen, and in Namibia in
the construction and operation of the equipment. This
work benefitted from services provided by the H.E.S.S.
Virtual Organisation, supported by the national resource
providers of the EGI Federation.

[1] J. L. Feng, Dark matter candidates from particle physics and
methods of detection, Annu. Rev. Astron. Astrophys. 48,
495 (2010).

[2] D. Hooper, Particle dark matter, in Proceedings of
Theoretical Advanced Study Institute in Elementary Particle
Physics on The dawn of the LHC era (TASI 2008): Boulder,
USA, 2008 (2010).

[3] A. De Angelis and M. Pimenta, Introduction to Particle
and Astroparticle Physics: Multimessenger Astronomy and
Its Particle Physics Foundations (Springer International
Publishing, New York, 2018).

[4] V. Gammaldi, E. Karukes, and P. Salucci, Theoretical
predictions for dark matter detection in dwarf irregular
galaxies with gamma rays, Phys. Rev. D 98, 083008
(2018).

[5] R. Leaman, A. A. Cole, K. A. Venn, E. Tolstoy, M. J. Irwin,
T. Szeifert, E. D. Skillman, and A. W. McConnachie, Stellar
metallicities and kinematics in a gas-rich dwarf galaxy: First
calcium triplet spectroscopy of red giant branch stars in
WLM, Astrophys. J. 699, 1 (2009).

[6] J.1. Read, G. Iorio, O. Agertz, and F. Fraternali, Under-
standing the shape and diversity of Dwarf galaxy rotation

102002-10


https://doi.org/10.1146/annurev-astro-082708-101659
https://doi.org/10.1146/annurev-astro-082708-101659
https://doi.org/10.1103/PhysRevD.98.083008
https://doi.org/10.1103/PhysRevD.98.083008
https://doi.org/10.1088/0004-637X/699/1/1

SEARCH FOR DARK MATTER ANNIHILATION IN THE WOLF- ...

PHYS. REV. D 103, 102002 (2021)

curves in ACDM, Mon. Not. R. Astron. Soc. 462, 3628
(2016).

[7] G. lorio, F. Fraternali, C. Nipoti, E. Di Teodoro, J. I. Read,
and G. Battaglia, Little things in 3D: Robust determination
of the circular velocity of dwarf irregular galaxies, Mon.
Not. R. Astron. Soc. 466, 4159 (2016).

[8] S. Ghosh and C.J. Jog, Dwarf irregular galaxies with
extended HI gas disks: Suppression of small-scale spiral
structure by dark matter halo, New Astron. 63, 38 (2018).

[9] S.-H. Oh et al., High-resolution mass models of dwarf
galaxies from LITTLE THINGS, Astron. J. 149, 180 (2015).

[10] A. Abramowski et al., Search for dark matter annihilation
signatures in HESS observations of Dwarf spheroidal
galaxies, Phys. Rev. D 90, 112012 (2014).

[11] H. Abdalla et al., Searches for gamma-ray lines and
‘pure WIMP’ spectra from Dark Matter annihilations in
dwarf galaxies with H.EE.S.S., J. Cosmol. Astropart. Phys.
11 (2018) 037.

[12] H. Abdallah et al., Search for dark matter signals toward a
selection of recently detected DES dwarf galaxy satellites of
the Milky Way with HESS, Phys. Rev. D 102, 062001
(2020).

[13] H. Abdallah et al., Search for Dark Matter Annihilations
Towards the Inner Galactic Halo from 10 Years of Obser-
vations with HESS, Phys. Rev. Lett. 117, 111301 (2016).

[14] H. Abdallah et al., Search for y-Ray Line Signals from Dark
Matter Annihilations in the Inner Galactic Halo from 10
Years of Observations with HESS, Phys. Rev. Lett. 120,
201101 (2018).

[15] S. H. Cadena, R. Alfaro, A. Sandoval, E. Belmont, H. Le6n,
V. Gammaldi, E. Karukes, and P. Salucci, Searching for TeV
DM evidence from Dwarf irregular galaxies with the HAWC
observatory, Proc. Sci., ICRC2017 (2018) 897, https://
inspirehep.net/literature?sort=mostrecent&size=25&page=
1 &q=find%20eprint%201708.04642.

[16] J.1. Read, M. G. Walker, and P. Steger, Dark matter heats up in
dwarf galaxies, Mon. Not. R. Astron. Soc. 484, 1401 (2019).

[17] A.B. Whiting, G. K. T. Hau, and M. Irwin, A new local
group galaxy in cetus, Astron. J. 118, 2767 (1999).

[18] M. Rejkuba, D. Minniti, M. D. Gregg, A. A. Zijlstra, M. V.
Alonso, and P. Goudfrooij, Deep Hubble space telescope
STIS color-magnitude diagrams of the dwarf irregular
Galaxy WLM: Detection of the horizontal branch, Astron.
J. 120, 801 (2000).

[19] M. Tosi, P. Focardi, and L. Greggio, Star formation in dwarf
irregular galaxies, Messenger 57, 57 (1989).

[20] R. Leaman, K. A. Venn, A. M. Brooks, G. Battaglia, A. A.
Cole, R. A. Ibata, M. J. Irwin, A. W. McConnachie, J. T.
Mendel, and E. Tolstoy, The resolved structure and dynam-
ics of an isolated dwarf galaxy: A VLT and Keck spectro-
scopic survey of WLM, Astrophys. J. 750, 33 (2012).

[21] E. V. Karukes and P. Salucci, The universal rotation curve of
dwarf disc galaxies, Mon. Not. R. Astron. Soc. 465, 4703
(2017).

[22] H.-X. Zhang, D. A. Hunter, B. G. Elmegreen, Y. Gao, and
A. Schruba, Outside-in shrinking of the star-forming disk of
dwarf irregular galaxies, Astron. J. 143, 47 (2012).

[23] L. Bergstrom, P. Ullio, and J. H. Buckley, Observability of
gamma-rays from dark matter neutralino annihilations in the
Milky Way halo, Astropart. Phys. 9, 137 (1998).

[24] J. E. Navarro, C. S. Frenk, and S. D. M. White, The structure
of cold dark matter halos, Astrophys. J. 462, 563 (1996).

[25] A. Burkert, The structure of dark matter halos in Dwarf
galaxies, AU Symp. 171, 175 (1996); Astrophys. J. 447,
L25 (1995).

[26] E. Tollet et al., NIHAO—IV: Core creation and destruction
in dark matter density profiles across cosmic time, Mon.
Not. R. Astron. Soc. 456, 3542 (2016); Erratum, Mon. Not.
R. Astron. Soc. 487, 1764 (2019).

[27] A. Pontzen and F. Governato, Cold dark matter heats up,
Nature (London) 506, 171 (2014).

[28] J.1. Read (private communication).

[29] H.-X. Zhang, D. A. Hunter, B. G. Elmegreen, Y. Gao, and
A. Schruba, Outside-in shrinking of the star-forming disk of
dwarf irregular galaxies, Astron. J. 143, 47 (2012).

[30] A.W. McConnachie, The observed properties of dwarf
galaxies in and around the local group, Astron. J. 144, 4
(2012).

[31] L. D. Karachentsev, E. I. Kaisina, and O. G. Kashibadze, The
local Tully-Fisher relation for dwarf galaxies, Astron. J.
153, 6 (2016).

[32] R. B. Tully, H. M. Courtois, A. E. Dolphin, J. R. Fisher, P.
Héraudeau, B. A. Jacobs, 1. D. Karachentsev, D. Makarov,
L. Makarova, S. Mitronova, L. Rizzi, E.J. Shaya, J.G.
Sorce, and P.-F. Wu, Cosmicflows-2: The data, Astron. J.
146, 86 (2013).

[33] A. Gil de Paz et al., The GALEX ultraviolet atlas of nearby
galaxies, Astrophys. J. Suppl. Ser. 173, 185 (2007).

[34] J.I. Read, G. Iorio, O. Agertz, and F. Fraternali, The stellar
mass-halo mass relation of isolated field dwarfs: A critical
test of ACDM at the edge of galaxy formation, Mon. Not. R.
Astron. Soc. 467, 2019 (2017).

[35] T. Ashton et al., A NECTAr-based upgrade for the Cher-
enkov cameras of the HESS 12-meter telescopes, Astropart.
Phys. 118, 102425 (2020).

[36] E. Aharonian et al., Observations of the crab nebula with
HESS, Astron. Astrophys. 457, 899 (2006).

[37] M. de Naurois and L. Rolland, A high performance likelihood
reconstruction of gamma-rays for imaging atmospheric
Cherenkov telescopes, Astropart. Phys. 32, 231 (2009).

[38] M. Holler, A. Balzer, R. Chalmé-Calvet, M. D. Naurois, and
D. Zaborov, Photon reconstruction for HESS using a semi-
analytical model, Proc. Sci., ICRC2015 (2016) 980, https://
inspirehep.net/literature ?sort=mostrecent&size=25&page=
1&q=find%20eprint%201509.02896.

[39] D. Berge, S. Funk, and J. Hinton, Background modelling in
very-high-energy gamma-ray astronomy, Astron. Astro-
phys. 466, 1219 (2007).

[40] T.P. Li and Y.Q. Ma, Analysis methods for results in
gamma-ray astronomy, Astrophys. J. 272, 317 (1983).

[41] R.D. Parsons and J. A. Hinton, A Monte Carlo template
based analysis for air-Cherenkov arrays, Astropart. Phys.
56, 26 (2014).

[42] G.J. Feldman and R. D. Cousins, A unified approach to the
classical statistical analysis of small signals, Phys. Rev. D
57, 3873 (1998).

[43] G. Cowan, K. Cranmer, E. Gross, and O. Vitells, Asymp-
totic formulae for likelihood-based tests of new physics,
Eur. Phys. J. C 71, 1554 (2011); Erratum, Eur. Phys. J. C 73,
2501 (2013).

102002-11


https://doi.org/10.1093/mnras/stw1876
https://doi.org/10.1093/mnras/stw1876
https://doi.org/10.1093/mnras/stw3285
https://doi.org/10.1093/mnras/stw3285
https://doi.org/10.1016/j.newast.2018.02.007
https://doi.org/10.1088/0004-6256/149/6/180
https://doi.org/10.1103/PhysRevD.90.112012
https://doi.org/10.1088/1475-7516/2018/11/037
https://doi.org/10.1088/1475-7516/2018/11/037
https://doi.org/10.1103/PhysRevD.102.062001
https://doi.org/10.1103/PhysRevD.102.062001
https://doi.org/10.1103/PhysRevLett.117.111301
https://doi.org/10.1103/PhysRevLett.120.201101
https://doi.org/10.1103/PhysRevLett.120.201101
https://inspirehep.net/literature?sort=mostrecent=25=1=find%20eprint%201708.04642
https://inspirehep.net/literature?sort=mostrecent=25=1=find%20eprint%201708.04642
https://inspirehep.net/literature?sort=mostrecent=25=1=find%20eprint%201708.04642
https://inspirehep.net/literature?sort=mostrecent=25=1=find%20eprint%201708.04642
https://inspirehep.net/literature?sort=mostrecent=25=1=find%20eprint%201708.04642
https://doi.org/10.1093/mnras/sty3404
https://doi.org/10.1086/301142
https://doi.org/10.1086/301501
https://doi.org/10.1086/301501
https://doi.org/10.1007/BF00646381
https://doi.org/10.1088/0004-637X/750/1/33
https://doi.org/10.1093/mnras/stw3055
https://doi.org/10.1093/mnras/stw3055
https://doi.org/10.1088/0004-6256/143/2/47
https://doi.org/10.1016/S0927-6505(98)00015-2
https://doi.org/10.1086/177173
https://doi.org/10.1017/S0074180900232324
https://doi.org/10.1086/309560
https://doi.org/10.1086/309560
https://doi.org/10.1093/mnras/stv2856
https://doi.org/10.1093/mnras/stv2856
https://doi.org/10.1093/mnras/stz1376
https://doi.org/10.1093/mnras/stz1376
https://doi.org/10.1038/nature12953
https://doi.org/10.1088/0004-6256/143/2/47
https://doi.org/10.1088/0004-6256/144/1/4
https://doi.org/10.1088/0004-6256/144/1/4
https://doi.org/10.3847/1538-3881/153/1/6
https://doi.org/10.3847/1538-3881/153/1/6
https://doi.org/10.1088/0004-6256/146/4/86
https://doi.org/10.1088/0004-6256/146/4/86
https://doi.org/10.1086/516636
https://doi.org/10.1093/mnras/stx147
https://doi.org/10.1093/mnras/stx147
https://doi.org/10.1016/j.astropartphys.2019.102425
https://doi.org/10.1016/j.astropartphys.2019.102425
https://doi.org/10.1051/0004-6361:20065351
https://doi.org/10.1016/j.astropartphys.2009.09.001
https://inspirehep.net/literature?sort=mostrecent=25=1=find%20eprint%201509.02896
https://inspirehep.net/literature?sort=mostrecent=25=1=find%20eprint%201509.02896
https://inspirehep.net/literature?sort=mostrecent=25=1=find%20eprint%201509.02896
https://inspirehep.net/literature?sort=mostrecent=25=1=find%20eprint%201509.02896
https://inspirehep.net/literature?sort=mostrecent=25=1=find%20eprint%201509.02896
https://doi.org/10.1051/0004-6361:20066674
https://doi.org/10.1051/0004-6361:20066674
https://doi.org/10.1086/161295
https://doi.org/10.1016/j.astropartphys.2014.03.002
https://doi.org/10.1016/j.astropartphys.2014.03.002
https://doi.org/10.1103/PhysRevD.57.3873
https://doi.org/10.1103/PhysRevD.57.3873
https://doi.org/10.1140/epjc/s10052-011-1554-0
https://doi.org/10.1140/epjc/s10052-013-2501-z
https://doi.org/10.1140/epjc/s10052-013-2501-z

H. ABDALLAH et al. PHYS. REV. D 103, 102002 (2021)

[44] M. Cirelli, G. Corcella, A. Hektor, G. Hutsi, M. Kadastik, P. indirect detection, J. Cosmol. Astropart. Phys. 03 (2011)
Panci, M. Raidal, F. Sala, and A. Strumia, PPPC 4 DM 1D: 019.
A poor particle physicist cookbook for dark matter indirect [46] V. Bonnivard, C. Combet, D. Maurin, A. Geringer-Sameth,
detection, J. Cosmol. Astropart. Phys. 03 (2011) 051; S.M. Koushiappas, M.G. Walker, M. Mateo, E.W.
Erratum, J. Cosmol. Astropart. Phys.10 (2012) EO1. Olszewski, and J.1. Bailey III, Dark matter annihilation
[45] P. Ciafaloni, D. Comelli, A. Riotto, F. Sala, A. Strumia, and and decay profiles for the Reticulum II dwarf spheroidal
A. Urbano, Weak corrections are relevant for dark matter galaxy, Astrophys. J. Lett. 808, L36 (2015).

102002-12


https://doi.org/10.1088/1475-7516/2011/03/051
https://doi.org/10.1088/1475-7516/2012/10/E01
https://doi.org/10.1088/1475-7516/2011/03/019
https://doi.org/10.1088/1475-7516/2011/03/019
https://doi.org/10.1088/2041-8205/808/2/L36

