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Previously, we have shown in Li ef al. [Phys. Rev. D 97, 122001 (2018)] that very weak y-ray excesses
(~20) appear in some Milky Way dwarf spheroidal galaxies (dSphs, including candidates) and the
combination analysis of 12 nearby dSphs yields a local significance of > 4¢. In this work, we adopt a
longer dataset (i.e., the 12 years of Fermi-LAT data) and the latest Fermi-LAT software as well as
background models to update the searches of y-ray emission from these sources. Very weak y-ray excesses
(>20) are found in the directions of three dSphs, including Reticulum II, Bootes I and Willman 1. In the
direction of Reticulum II, the peak test statistic (TS) value of the excess reaches ~11. However, different
from the previous analysis with the 9 years of Fermi-LAT data, now the location of the gamma-ray emission
is significantly away from the center of Reticulum II because of the enhancement of “offset” y rays above
10 GeV since 2017. The detected weak excess is likely due to the contamination of an astrophysical y-ray
source with a TS value of ~22, irrelevant to the dark matter inside Reticulum II. The possible excesses in
the directions of Bootes II and Willman 1 are weaker with lower peak TS values (~7). If interpreted as
annihilation of dark matter particles into 777, the dark mass of m, ~ 14 GeV and ~80 GeV is found for
Bootes II and Willman 1, respectively. Much more data are needed to clarify whether these two potential

signals are real and then reveal their origins.
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I. INTRODUCTION

Many astrophysical observations suggest that there is a
large amount of dark matter (DM) in the Universe.
According to the latest observation results, nonbaryonic
cold DM constitutes ~84% of the matter density of the
Universe [1]. The nature of DM particles is still unknown
and the most promising DM candidates are weakly inter-
acting massive particles (WIMPs). WIMPs can annihilate
or decay into Standard Model (SM) particles and finally
produce GeV-TeV y rays or cosmic rays [2-6]. The
primary aim of the dark matter indirect detection is to
identify these products from a dark matter origin through
astronomical experiments such as the Fermi Large Area
Telescope (Fermi-LAT [7]) and the Dark Matter Particle
Explorer (DAMPE [8,9]).
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The Milky Way dwarf spheroidal (dSph) galaxy is
considered to be one of the most promising targets for
indirect detection of DM. The reasons include that they are
close to us (<100 kpc for many of them) and the kinematic
observations show that they are DM-dominated systems.
In addition, benefit from the lack of astrophysical y-ray
production mechanisms [10-12], the diffuse y-ray back-
ground for searching for DM signal with dSphs is very low.
For a long time, no potential evidence of DM signal was
found in the direction of dSphs and based on the non-
detection people have set very strong constraints on the
mass m, and the annihilation cross section (ov) of the
particle DM [13-20]. Especially, the stacked analysis of
15 dSphs with Fermi-LAT pass 8 data excludes the thermal
DM particle of the mass <100 GeV [20].

N-body cosmological simulations suggested that there
are many dSphs in the Milky Way halo. In the past few
years, more than 20 new dSphs and candidates were found
by several newly launched optical imaging surveys
[21-29], making the total number of discovered dSphs
and candidates over 50. Many groups have searched for the
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TABLE I. The information and results of the 12 dSphs.
(1,b) Distance log,o(J)* log;o(Est.J)"

Name [deg] [kpc] [logio(GeVZem™)]  [logo(GeVZem™)]  TSPL ngg " Ts}g;;l;
Bootes II (353.69,68.87) 42 18.9 3.7 54 6.4
Bootes III (35.41,75.35) 47 e 18.8 0.0 2.8 0.0
Coma Berenices (241.89,83.61) 44 19.0£04 18.8 0.4 0.6 0.7
Draco II (98.29,42.88) 24 o 19.3 0.0 0.5 0.4
Cetus II (156.47,-78.53) 30 ‘e 19.1 0.8 3.6 32
Reticulum 1II (266.30, —49.74) 32 189 £0.6 19.1 11.0 10.9 10.8
Segue 1 (220.48,50.43) 23 194+0.3 19.4 0.0 0.0 0.0
Triangulum II (140.90, —23.82) 30 e 19.1 0.0 0.0 0.0
Tucana III (315.38,-56.18) 25 19.3 0.5 2.1 24
Tucana IV (313.29,-55.29) 48 e 18.7 0.0 0.9 1.3
Ursa Major 11 (152.46,37.44) 32 194+04 19.1 0.0 1.3 0.0
Willman 1 (158.58,56.78) 38 18.9 7.5 7.6 7.3

*J factors derived through stellar kinematics. For Reticulum II, it is taken from [48]; others are from [49].
®J factors estimated with the empirical relation J(d) ~ 10'81%01(4/100 kpc)~2 [30], where d is the distance.

y-ray emission from these newly discovered dSphs1 with
Fermi-LAT data [30-36]. Although no significant signals
were robustly found, very weak y-ray signals were reported
in the directions of Reticulum II [30-32,34,37], Tucana III
[33,34], and Tucana II [38]. More intriguingly, these
tentative emission spectra resemble the Galactic GeV
excess reported in [39-47].

In a previous work ([37], hereafter L.18), we have studied
the y-ray emission of the 12 nearest dSphs at distances
<50 kpc and found out that there are weak y-ray excesses
in several sources. In particular, the local significance of the
y-ray signal in Reticulum II is >30 and the significance is
increasing with time (i.e., having a temporal behavior like a
true steady source). Moreover, the combination analysis of
the 12 sources yields a local test statistic [(TS); see Eq. (2)
for its definition] value of ~18.4 of the tentative y-ray
emission. From then on, more data have been accumulated
and the new analysis software and background templates of
Fermi-LAT were released. If the weak excess reported in
L18 [37] is a real signal (no matter astrophysical or DM
origin), the local significance for the combined analysis is
expected to increase to the value of TS ~ 25 with the
observation of 3 more years. Therefore, in this work we use
the latest Fermi-LAT software as well as background
models to search for y-ray emission from the 12 nearby
dSphs with 12 years of Fermi-LAT pass 8 data. We aim to
examine the existing tentative signals and search for new
possible signals. The sample is listed in Table I.

II. DATA ANALYSIS

We use 12 years (i.e., from 2008 October 27 to 2020
October 27) of Fermi-LAT pass 8 data in 500 MeV to
500 GeV. In order to remove the effect of Earth’s limb, we

'Hereafter we use the term dSph to express both identified
dSphs and candidates for brevity.

reject the y events with zenith angle greater than 100°.
Meanwhile, the quality-filter cuts (DATA_QUAL==1 &&
LAT_CONFIG==1) are applied to ensure the data can be
used for scientific analysis. We take a 5° region of interest
(ROI) for each target. The latest version of Fermitools iS
employed to analyze the Fermi-LAT data. The script
make4FGLxml.py [50] is used to generate the background
models, with all 4FGL-DR2 [51] sources within 10° of the
center of each target and the latest diffuse models (i.e.,
gll_iem_v07.fits and iso_P8R3_SOURCE_V3_vl.txt)
included. Due to the lack of information about the spatial
expansion of the dark matter halos in the 12 dSphs, we
model them as pointlike sources.

Firstly, a standard unbinned likelihood analysis [52] is
applied to get the best-fit parameters for the background
sources. During the likelihood analysis, the parameters of
all the 4FGL-DR2 sources within ROI, as well as the
normalizations of the two diffuse backgrounds, are
set free. Secondly, we apply a likelihood profile method
to derive the TS value and flux upper limit of the potential
y-ray emission for each target. We divided the whole
dataset in the energy range of 500 MeV-500 GeV into
24 logarithmically spaced energy bins. For each energy bin
k, we derive the relation L, (f) between the likelihood L,
and the target’s flux f;. A power-law spectral model
(dN/dE « E7") with T' =2 [20] is used to model the
putative dSph source. In order to get better sensitivity, we
also apply an unbinned likelihood analysis to generate the
likelihood profile. The likelihood profile can then be used
to scan a series of DM masses and different annihilation
channels in later analysis.

A broadband likelihood function for DM models with
parameter & can be obtained by multiplying the bin-by-bin
likelihoods together:

L(a) = [[Li(fi(@)). (1)
i
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FIG. 1. The TS values of the twelve dSphs as a function of the DM mass for two annihilation channels (i.e., bb and 7777).

The analysis method here is similar to that developed in
[13,16,17] and more details can be found in these articles.
The TS is used to quantify the significance of the target
sources, which is defined as [53]

TS = —21In(Lyg — Lasph) (2)

where the Ly, and Ly, are the best-fit likelihood values
for the background-only model and the model containing a
putative dSph, respectively.

III. SEARCHING FOR DARK MATTER EMISSION
FROM THE 12 DSPHS

The dSphs are good targets for DM search because the
kinematic observations show that they are DM-dominated
objects. The expected y-ray flux from DM annihilation is
expressed as [2-5]

O(E,) = 2L sy, 3
) = 8am? dE, G)

where m,, (ov), and dN,/dE, are the DM particle mass,
the velocity-averaged DM annihilation cross section and
the differential y-ray spectrum per annihilation, respec-
tively. In this paper, the DM spectra are obtained from
PPPADMID [54]. The term

J = /pz(r)dldQ (4)

is the line-of-sight integral of the square of the DM density
(i.e., the so-called J factor).

In this section, we search for the y-ray emission from
each of the 12 dSphs. We use the likelihood profile method
to scan a range of DM masses from 6 GeV to 10 TeV for
two typical DM annihilation channels (i.e., bb and 7 77).
The TS values as a function of DM mass are presented in
Fig. 1. Even though much more data and the latest

background models are considered in our work, no sig-
nificant (i.e., TS > 25) signals are found in our analyses
and most of the sources result in TS ~0 (see Table I).
However, the local significances of the y-ray emissions in
the directions of three dSphs (i.e., Reticulum II, Bootes II,
and Willman 1) are >2¢. The most significant excess
appears in the direction of Reticulum II (TS ~ 11; i.e., the
local significance is >3.00), coinciding with previous
results [30-32,34,37]. The modeling of a power-law
spectrum (i.e., dN/dE « E7%) to the tentative y-ray
signals yields similar results. The maximal TS values
for both PL and DM models are summarized in Table I.
In the following, we will investigate the three sources,
Reticulum II, Bootes II and Willman 1, in more detail in
Section IV.

We also perform a combined analysis of these 12 objects.
For the analysis method, we refer readers to Sec. III B of
L18 [37] and the references therein for more details. The
combined analysis can improve the sensitivity of the
analysis by stacking multiple sources and can take into
account whether the signal strength in individual dSph
matches the J factor of the source. In L18 [37], we find that
the combination of the 12 nearest (<50 kpc) dwarf galaxies
shows a possible signal of TS ~ 18.4. We examine this
tentative signal here. More specifically, if the signal is
physically real (no matter astrophysical or DM origin), then
adding 3 more years of data the TS value is expected to
reach ~25. However, in our analysis of the 12-year data, the
TS value drops to ~9.3 (~10.0) for bb (z*77). The above
results are based on J factors from [48,49]. As mentioned
above, for the combined analysis, we obtain a high
significance only when the tentative gamma-ray excess
from every source is consistent with its expected J factor. It
is very important to accurately determine the J factors of
dSphs for the combined analysis. Therefore, we also
investigate how the results will change by using the
J-factor values in [55] or [56]. These works include effects
like flattening, and for some sources they give J-factor
values different from [48,49]. With the [55,56] J factors,
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we obtain TS values of 7.4 (8.0) and 9.0 (9.7) for the bb
(z*77) channel, respectively, which are similar to the above
results. Such a result is likely not supportive of the DM
origin. The excess, if not due to the statistical fluctuations,
should be contributed by variable astrophysical sources.

IV. EXAMINING THE THREE DSPHS WITH WEAK
7-RAY EXCESSES

A. Reticulum II

The peak TS value of Reticulum II is ~10.8 at m,, ~
36 GeV for yy — v+7~, while for yy — bb the largest TS is
~10.9 corresponding to a DM mass of m, ~ 300 GeV. We
notice that the TS value obtained here is lower than L18
[37]. Performing the analysis of Reticulum II with data of
different lengths, we find the TS value of the excess does
not keep increasing with the data accumulation in the last
3 years for t77~ channel (see Fig. 2). Furthermore, the best-
fit DM masses are also inconsistent with the previous works
[30-32,34,37]. They are generally larger than those in L18
[37] (i.e., ~90 GeV vs ~300 GeV for bb and ~16 GeV vs
~36 GeV for 7+77). This result challenges the DM model,
since the spectrum of a DM signal should not change with
time and thus the obtained DM mass will keep invariant in
different epochs. However, since the signal is weak, the
large uncertainty of the parameter may also account for this
inconsistency. We further examine why the fitting based on
the 12-year data gives a higher DM mass by looking at
individual photons from the direction of Reticulum II.
Figure 4 shows the energies and arrival times of the photons
within the 0.5° region of Reticulum II. We can see that in
recent 4 years, high-energy (>10 GeV) photons surround-
ing Reticulum II increase remarkably, indicating a possible

Reticulum Il
111 5 7t n [
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| |
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FIG. 2. The peak TS values of the possible y-ray emission in the
direction of Reticulum II for 3-, 6-, 9- and 12-year Fermi-LAT
data. In the case of 777, the increasing behavior deviates
significantly from being linear.

outburst of high-energy photons. Such an enhancement is
unexpected for the dark matter model but natural for the
astrophysical process.

A TS map can provide us an intuitive impression of the
background residual and can tell us whether the excess is
due to bad modeling of the background (e.g., contamina-
tion from surrounding point sources). We create a 2° x 2°
TS map (the energy range from 500 MeV to 500 GeV)
surrounding the target with the tool gttsmap for the 12 years
of Fermi-LAT data. In this process, the model parameters of
all the sources within ROI are fixed to their best-fit values
obtained in the global fit. In the TS map of 12-year data (see
bottom right panel of Fig. 3), though there is a possible
y-ray excess around Reticulum II, the excess is actually
offset from the position of the target source. The locali-
zation analysis gives the best-fit coordinates of RA =
54.18° and Dec = —54.06° with a 20 error radius of
0.05°. With the optimized y-ray position, the TS value
becomes ~22.0 and the spectral energy distribution (SED)
is shown in Fig. 5. However, the Reticulum II is 0.15° offset
from the best-fit position of the excess, significantly outside
the error circle. If a new point source (denoted as source A)
is added into background at the best-fit position, the TS of
Reticulum II reduces to ~2.5. The 3 -, 6 -, and 9-year TS
maps are also shown in Fig. 3. In general, there are weak
excesses near the target source. But the positions do not
well coincide with Reticulum II.

We also model the dSph with a spatially extended
Navarro-Frenk-White (NFW) DM density profile [57]
and set the scale radius r; to 1 kpc. The r, corresponds
to an angular extension of <0.1°, which also does not cover
the excess position A. The peak TS value with the extended
spatial model is ~10.0 (11.4) at m, ~ 14 (175) GeV for

xx — 7t (bb). Considering the source A is offset from
Reticulum II, if not a background fluctuation, it may relate
to an unidentified astrophysical y-ray source. We attempt to
identify the counterparts of this tentative source in other
wavelengths but fail to find a suitable candidate.

We note that for this source the PL. model gives a similar
TS with the DM models (see Table I). Together with the
above-mentioned facts (i.e., the decline of the TS value, the
sudden increase of high-energy photons and the excess
positionally offset from Reticulum II), we conclude that the
previously announced [30-32,34,37] weak y-ray excess
toward the direction of Reticulum II should have an
astrophysical origin, irrelevant to the dark matter inside
this dSph. This finding cautions us that a very careful
background subtraction is important for searches of the
dark-matter-induced faint y-ray emissions from dSphs.

B. Bootes II and Willman 1

Other sources having mild TS values in our analyses are
Bootes II and Willman 1. These two dSphs are both for the
first time being reported to have weak y-ray excesses. We
generate residual TS maps of them, which are shown in
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2° x 2° TS maps centered on Reticulum II with pixel size of 0.05°. The green cross symbol represents the optical position of

Reticulum II. (a)—(d) are for 3-, 6-, 9- and 12-year Fermi-LAT data, respectively.

Fig. 6. Very weak excesses actually appear around the two
sources; however, no more conclusive information can be
drawn from the TS maps.

If modeled as DM signals, for Bootes II, the largest
TS value is about 6.4 (5.4) for yy — 7z~ (bb) at
m, ~ 14 GeV (100 GeV). To reproduce the signal, a
(00) gt ~ 41 x 10720 cm’ 57! (o0) b ~ 1.9 %
1072 cm®s™!) is needed adopting the empirical J factor.
For Willman 1, the peak TS value is ~7.3 at m, ~ 80 GeV

for yy — 1777, whereas for yy — bb it is ~7.6 at

m,, ~ 500 GeV. The required cross section is (ov) ot ™
2.6 x 1072 ecm?s™! or (ow),, 5~ 1.0x 107 cm? 57\,
We notice that for both sources the derived cross sections
(ov) are all excluded by [34], where the upper limits are
derived based on kinematically determined J factors. In
addition, several dSphs in our sample have J factors
comparable to or even larger than Bootes II and
Willman 1 but do not show any excesses over the back-
ground. The results suggest that the weak excesses may be
not from the DM annihilation, unless the real J factors of
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FIG. 4. The arrival times of the high-energy y rays in the
direction (i.e., within 0.5 degrees) of Reticulum II. In the first
8 years after the launch of Fermi-LAT, there were just two y rays
with energies above 10 GeV received. In the recent 4 years, there
were five such events. The filled circles in red (blue) are for
photons with energies above 10 GeV (above 5 GeV but below
10 GeV).

the two dSphs are significantly larger than our simple
estimates. Please note that the large uncertainty of the
derived (ov) has not been taken into account in the
comparison. Moreover, it should be noted that Willman
1 may be a tidal disruption system according the kinematic
and photometric observations [58]. We further model the
targets with spatially extended NFW DM density profiles
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Declination
12.80 13.20 13.60

12.40

o
o
ai
210.50 210.00 209.50 209.00 208.50
Right ascension
2 4 6 8 10 12 14

106
Q I
E
g 10774 ——
=TT
= !
3
w
>
S 10°®
C
w
10°°
103 104 10°
Energy (MeV)
FIG. 5. Spectral energy distributions (SEDs) of the source A.

Upper limits at a 95% confidence level are derived when the TS
values for the data points are lower than 4.

(rather than pointlike sources). But the obtained TS values
are not larger than the above point source analysis.

Though it is hard to claim a y-ray signal at this stage due
to the small TS values, for completeness we still search
for the possible astrophysical counterparts of these two
excesses at other wavelengths. We find no 4FGL-DR2
sources are located within 0.5° of the targets. In the BZCAT
[59], CRATES [60], CGraBS [61] and WISE blazar
candidate catalogs [62], no potential y-ray emitters are
found to be within 0.5° of these two dSphs.

Willman 1

51.20 51.60 52.00

Declination

50.80

50.40

163.50 163.00 162.50 162.00 161.50 161.00
Right ascension
2 4 6 8 10 12 14

FIG. 6. The left panel is the residual TS maps of 2° x 2° with 0.05° per pixel centered at Bootes II and the optical position is marked
with a green cross symbol. The right panel is the residual TS maps of 2° x 2° with 0.05° per pixel centered at Willman 1. The optical

position of Willman 1 is marked with a green cross symbol.
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V. SUMMARY AND DISCUSSION

The Milky Way dwarf spheroidal galaxies are dominated
by DM and are ideal objects for indirect detection of DM
signals. Currently, no significant y-ray signals have been
found in dSphs and people only reported weak possible
“excesses” from some dSphs [30-34,37,38]. No matter due
to DM annihilation or astrophysical process, the discovery
of y-ray signals in dSphs is an important progress in our
understanding of this type of object, which motivates
ongoing efforts to search for such emission. In this paper,
we performed a comprehensive y-ray analysis on the
Fermi-LAT observation to the 12 nearest dSphs (including
candidates), which is an update of our previous work [37].
We use a longer dataset, the latest Fermi-LAT software and
the latest background models to carry out the analysis
aiming to examine the tentative y-ray excesses reported
previously.

We find no significant (>5¢) y-ray signals but just very
weak y-ray excesses in the direction of Reticulum II,
Bootes II and Willman 1, for which the largest TS values
are ~10.9, ~6.4 and ~7.6 in the scenario of DM annihi-
lation, respectively. In the past, Reticulum II had attracted
wide attention since it displays the most significant, though
still weak, y-ray signal among all dSphs or candidates.
However, with the 12-year Fermi-LAT data we find that the
position of the weak excess is significantly away from the
center of Reticulum II any more, which strongly suggests
that the excess is irrelevant to the dark matter annihilation.

Other clues disfavoring a DM origin of the excess include
the decline of the TS value in the new analysis (compared to
previous works) and a sudden increase of the photons
above 10 GeV in recent years. Reticulum II has a half-light
radius of r, ~55 pc. The offset by an angle of 0.15°
corresponds to a radius of ~83 pc, which is comparable
with r;,. We suggest that the GeV emission with a TS value
of ~22.0 has the regular astrophysical origin. It is however
unclear whether this “new” source is within Reticulum II
or not.

For Bootes II and Willman 1, they are for the first time
being reported to have mild y-ray excesses. Due to the
faintness of the excesses, we cannot determine their origin
at this time. They may be from astrophysical processes,
DM annihilations or, most probably, background fluctua-
tions. Even so, considering the dark matter origin of the
GeV excess from Reticulum II is not supported by
observation, at present these two targets are the most
promising ones. It is therefore worth to pay more attention
to them. The Fermi-LAT and other operating or future y-ray
telescopes [63—65] may reveal the nature of these tentative
signals in the future.
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