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Electrons and positrons produced in dark matter annihilation can generate secondary emission through
synchrotron and inverse Compton (IC) processes, and such secondary emission provides a possible means
to detect dark matter (DM) particles with masses beyond the detector’s energy band. The secondary
emission of heavy dark matter (HDM) particles in the TeV-PeV mass range lies within the Fermi-LAT
energy band. In this paper, we utilize the Fermi-LAT observations of dwarf spheroidal (dSph) galaxies to
search for annihilation signals of HDM particles. We consider the propagation of e¢* /e~ produced by DM
annihilation within the dSphs, derive the electron spectrum of the equilibrium state by solving the
propagation equation, and then compute the gamma-ray signals produced by the et /e~ population through
the IC and synchrotron processes. Considering the spatial diffusion of electrons, the dSphs are modeled as
extended sources in the analysis of Fermi-LAT data according to the expected spatial intensity distribution
of the gamma rays. We do not detect any significant HDM signal. By assuming a magnetic field strength of
B =1 pG and a diffusion coefficient of Dy = 3 x 10® cm?>s~! of the dSphs, we place limits on the
annihilation cross section for HDM particles. Our results are weaker than the previous limits given by the
VERITAS and IceCube observations of dSphs, but extend the existing limits to higher DM masses. As a
complement, we also search for the prompt y rays produced by DM annihilation and give limits on the cross
section in the 10-10° GeV mass range. Consequently, in this paper we obtain the upper limits on the DM
annihilation cross section for a very wide mass range from 10 GeV to 100 PeV in a unified framework of

the Fermi-LAT data analysis.
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I. INTRODUCTION

Dark matter (DM) is one of the most intriguing puzzles
in modern physics. It constitutes about 27% of the total
energy density of the Universe [1], but its nature remains
elusive. Various astrophysical observations, such as the
cosmic microwave background power spectrum, the rota-
tion curves of galaxies, and the gravitational lensing of
galaxy clusters, indicate that DM is nonbaryonic and cold
(cold means that it has a negligible thermal velocity). A
promising class of DM candidates is weakly interacting
massive particles (WIMPs), which can self-annihilate or
decay into standard model (SM) particles, producing y rays
and cosmic rays (CRs) that can be detected by space-based
instruments [2,3]. Some examples of these instruments are
the Fermi Large Area Telescope (Fermi-LAT [4,5]), the
Dark Matter Particle Explorer (DAMPE [6,7]), and the
Alpha Magnetic Spectrometer (AMS-02 [8,9]).

The kinematic observations show that dwarf spheroidal
(dSph) galaxies are DM-dominant systems. DSphs are ideal
targets for indirect DM searches, as they have low
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astrophysical backgrounds and lack conventional y-ray
production mechanisms, unlike the galactic center where
the DM signal is obscured by large uncertainties of the diffuse
emission and complex astrophysical backgrounds [10-12].
Currently, more than 60 dSphs or candidates have been
discovered by wide-field optical imaging surveys [13-16].
Many groups have used Fermi-LAT data to search for y-ray
emission from dSphs with different methods and assump-
tions, but no significant signals have been found so far,
leading to stringent constraints on the mass m, and the
annihilation cross section (cv) of DM particles [5,17-26].
Alternatively, one can also search for DM annihilation
signals in the form of synchrotron and inverse Compton
(IC) emission from the cosmic-ray electrons and positrons
produced by the DM annihilation [27-37]. DM annihila-
tion can produce various SM particles, such as quarks,
leptons, and bosons, which can further decay or hadronize
into electrons and positrons [3]. These charged particles
can radiate synchrotron photons in the presence of mag-
netic fields and also scatter with the ambient photons to
produce IC photons. This method can potentially probe
DM in a wider mass range than the direct y-ray emission,
as the secondary radiation spectrum peaks at energies

© 2024 American Physical Society
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different from the prompt annihilation emission. However,
this method also suffers from some astrophysical uncer-
tainties, such as the magnetic field strength and distribu-
tion, and the diffusion coefficient of the CR, which need
careful modeling.

Heavy dark matter (HDM) has a DM mass ranging from
10 TeV to the Planck energy (~10' GeV). In recent years,
HDM has attracted a lot of attention and many researchers
have searched for HDM using different techniques and
datasets [38—45]. But for the annihilation HDM, the particle
mass of thermal relic dark matter is constrained by the
unitarity bound, which is derived from the thermal produc-
tion mechanism and the quantum principle of probability
conservation [46,47]. This bound has discouraged people
from exploring annihilation HDM, but there are several
mechanisms which have been proposed to violate this bound
[48]. For the e /e~ cosmic-ray particles from DM annihi-
lation, their secondary emission produced by TeV-PeV
HDM falls within the Fermi-LAT sensitivity range, which
makes it possible to probe HDM with Fermi-LAT data.

In this work, we use 14 years of Fermi-LAT observation
data to constrain the parameter space of the HDM. We
analyze the secondary synchrotron and IC emission from
eight classical dSphs that have more reliable DM halo
parameters. We take into account both the astrophysical
parameters and the e™ /e~ spectrum of HDM annihilation,
and perform the analysis with relatively conservative
assumptions. As a complement, we also search for the
prompt y-ray signals of DM annihilation from a larger
sample of 15 dSphs. Using the secondary emission, we
present the 95% confidence level (C.L.) constraints on the
cross section in a mass range of 100-10° TeV. Based on
the prompt y-ray emission, we derive the upper limits on
the annihilation cross section for the bb and 7+7~ channels
for DM masses from 10 to 10° GeV. To enhance the
sensitivity, we perform a combined likelihood analysis.

II. SYNCHROTRON AND IC RADIATION FROM
DARK MATTER ANNIHILATION

The synchrotron and IC emission from DM annihilation
have been extensively studied [27-37]. When a DM pair
annihilates into SM particles (bl_J, w77, 11, etc.) in a dSph,
these particles can further decay or hadronize into electrons
and positrons. The electrons and positrons then diffuse
through the interstellar medium in the galaxy and lose
energy through various processes. To calculate the syn-
chrotron and IC emission, we need to obtain the equilib-
rium spectrum of the electrons and positrons. Assuming
steady-state and homogeneous diffusion, the propagation
equation can be written as! [29,31]

'"We neglect the advection and reacceleration effects which are
subdominant at the energies we are interested in. Please see
Appendix B.

TABLE I. Parameters of eight Milky Way classical dSphs.
Tn Ts Ps 0 Ocs
Name (kpc) (kpc) (GeV/cm?) (deg)  (deg)
Ursa Minor 3.2 2.2 0.8 2.4 1.2
Sculptor 53 2.1 0.9 35 L5
Sextans 5.1 1.1 1.0 34 14
Leo I 3.9 1.5 0.9 0.9 0.4
Leo IT 1.6 1.0 1.6 0.4 0.2
Carina 4.5 1.7 0.6 2.5 1.1
Fornax 12.5 2.8 0.5 49 1.0
Draco 2.5 1.0 1.4 1.9 1.0

Note: The values of r, r,, and p, for the dSphs except Draco are
adopted from [26,56]. For the Draco dSph, we use the data from
[28]. The coordinates and distance of Leo I are (I = 226.0°,b =
49.1°) and 254 kpc, respectively. Such information for the other
seven dSphs can be found in Table II. Because of the diffusion of
CR electrons, the gamma-ray emission from DM in each dSph
appears as an extended source in the sky. The 6gg is the 68%
containment angle of the extended gamma-ray emission at
500 MeV under benchmark parameters (Dy =3 x 10%® cm?s~!,
B =1pG). The 6, is the angular radius corresponding to ry,.

D(E)V? (j%) + 6% (b(E, r) Z—Z) + Q.(E.r)=0, (1)

where n is the equilibrium electron density, D(E) is the
diffusion coefficient, b(E) is the energy loss term, and
O.(E,r) is the electron injection from DM annihilation.
The injection term Q,(E, r) of DM annihilation is

_ (o0) p(r? N,
CEN) = e aE

(2)
where dN,/dE is the e* /e~ yield per DM annihilation,
which can be obtained from HDMSpectra [49], a Python
package provides HDM spectra from the electroweak to
the Planck scale. The p(r) is the DM density profile of the
dSph. N-body cosmological simulations suggest that it can
be described by a Navarro-Frenk-White (NFW) profile
[50]. For the DM density distribution, we adopt the NFW
profile,

3
pS rS
=——. 3
pNFW(r) r(rS + r)2 ( )
The ry and p, for the eight classical dSphs are listed in
Table 1. For the diffusion term D(E), we assume a power-
law dependence on the energy as follows:

D(E.r) = D, (%)5 (4)

where D, is the diffusion coefficient and ¢ is the index.
In the Milky Way, CRs are generally assumed to have
Dy~ 10 cm?s™! and & in a range of 0.3-0.7 [51-55].
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For dSphs, the situation may be more complex. In this
work, we use Dy = 3 x 10®® cm?>s~! and § = 0.3, which
are relatively moderate values [29]. The dependence of our
results on the value of D, will be discussed in Sec. IV.

The main processes for the energy loss of et /e~ include
synchrotron radiation, IC scattering, Coulomb scattering,
and bremsstrahlung. The energy loss rate b(E) can be
described as [29,31]

b(E? }") = bIC(E) + bsyn(E’ I') + bCoul(E) + bbrem<E)

E \2/ B\2
= bic(E) + by (GeV> (,UG>
+ B e [1 +log< /me )/75]

B0 n, [Iog (Ei e ) +0. 36] (5)

where m, is the electron mass, n,
density of thermal electrons, and it is about 107% cm~
dSphs [57]. The energy loss coefficients are taken to be
bYy, ~0.0254, bY , ~6.13, b) . ~1.51, all in units of
1071 GeV s~! [27,28]. In fact, in the energy range we are
considering, only the IC and synchrotron processes are
important.

For the IC energy loss, the Klein-Nishina effect is
important at high energies, the IC loss rate can be expressed
as [58]

is the mean number
3n

brem —

206 7¢cW
bic(E) = TTCMB}’ZI(% T), (6)

where o7 is the Thomson cross section, and y = E/(m,c?)
is the Lorentz factor. We only consider the scattering
on the CMB photons, which has an energy density of
Wems = 0.26 eVem™, and

B 9 oo 6"5 1 qF(F’ q)
1) _(kT)“[) 4 exp(e/KT) - IA (ES
with

2(1 —
F(T.q) =2q 1nq+(1+2Q>(1—‘1>+%’

I'= 467//(’71602)’ q= G/F(ymecz - 6)’ (8)
where k is the Boltzmann constant, 7 = 2.725 K is the
CMB temperature, and € is the energy of the target photon.

The energy loss term of synchrotron depends on the
galactic magnetic field. Previous research on the magnetic
fields in dSph galaxies indicates that the strength is at a pG
level [28,59]. We also have little knowledge of the spatial
profile of the magnetic fields in dSphs. In this work, we
consider a uniform magnetic field within each dSph and

adopt the value of B =1 pG for the field strength [28].
The influence of B on the results will be discussed
in Sec. IV.

With the boundary condition of dn/dE(r,) =0, an
analytic solution for Eq. (1) has been obtained using the
Green function method [28]. For the dSphs, we consider the
steady-state case. The solution of Eq. (1) is given by

dn (. ) L/m’ dE'G(r.Av)Q,(E'.r).  (9)
dE" " b(E) Jg ' e

The Green function G(r, Av) is obtained by using the
method of image charges. More details of the derivation of
the Green function can be found in Ref. [27]. A new
method that does not rely on the image charge technique,
but instead uses a Fourier series expansion of the Green
function, has been proposed by Ref. [32]. Some groups
have verified that the maximum difference between the two
numerical methods is around 40%-50% [33,60]. The free-
space Green function can be expressed as [29,31]

oo (2 >2>_exp )
(10)

with

r, = (=1)"r 4 2nry,

(¥ -D(E)
AU_A ae2E)

The variable v/Av has units of length and represents the
mean distance traveled by an electron before losing energy
of AE = E' — E. The r;, denotes the diffusion-zone radius
of the galaxy. The diffusion zone is a region where CRs
propagate and has a size larger than that of the galaxy. The
parameter r;, depends on the spatial extent of both the gas
and the magnetic field. However, there are currently
uncertainties about the gas and magnetic properties of
dSphs [57]. In the Milky Way, the size of the diffuse region
is several times larger than the width of the stellar disk. We
assume that dSphs have a similar geometry and r;, is given
by r, = 2rpae Where rp,, is the distance from the dSph
center to the outermost star. Previous work has indicated
that the results are not greatly affected when r;, varies by a
factor of 0.5 to 2 [60]. The parameters of the eight classical
dSphs we choose are listed in Table 1.

For different particle energies, there are three different
regimes for the solution of Eq. (1): no diffusion, rapid
diffusion, and diffusion + cooling (see Appendix A for a
comparison of the three solutions). In the no-diffusion
regime, the electrons lose their energy much faster than
they can diffuse in the dSph’s magnetic field. In the

063036-3



HU, ZHU, LIU, and LIANG

PHYS. REV. D 109, 063036 (2024)

1044
~~~~ --- m,=102TeV bb 1017~ -== my=10°TeV bb
) S ~~< -—- my=102TeV ete- N RN “o- my=10°TeVe'e"
TTveeel e --- my=102TeV t*1"” T \\;\\ ---= my=10°TeV tt1~
10% | TSSsal SO RN
RENRER 201 DTSR
ERNNGLN P RN
T 10%f BN T> ~=s§§‘
> 27 |
% \i:\i~ 8 1 *\\&*\
o oSS~ = NG
w 103 - RN w SO
y AN TN 5 105 F SN
~ \\ \\ 1 E \\ \\ \\
= o ! S NN 1
© 1034 AN NN
v 1023 | O
AY 1 N A\
\ 1 \ A\l
o \\ 1
1032 - N 102t b \
\'l \i
i J
1030 : 100 |
A T A ST M T T AT M
10t 102 103 104 10° 100 108
E (GeV) E (GeV)
FIG. 1. The electron spectra as a function of electron energy from the DM annihilation in Draco dSph for different annihilation

channels. Left panel: m, = 10 TeV. Right panel: m, = 10° TeV. Three annihilation channels are shown: bb (blue line), 777~ (green
line), and e*e™~ (orange line). The magnetic field strength is B = 1 pG, the diffusion coefficient is Dy = 3 x 10?8 cm?s~! and the

annihilation cross section is (ov) = 10726

rapid-diffusion scenario, the electrons diffuse very quickly
in the magnetic field, so they can escape the galaxy without
losing much energy. In the diffusion 4 cooling regime,
both energy loss and diffusion are important processes, and
they have similar timescales [27,29,32]. In this work, we
consider both the diffusion and cooling in our calculation.
We first obtain the equilibrium distribution of electrons
after diffusion and cooling using Eq. (9). The distributions
integrated over the whole dSph for Draco are shown in
Fig. 1, where we consider three channels. We can see that
the electron distribution of direct annihilation to e*e™ is
higher than the other channels at high energies, but

decreases at low energies.

cm’ s~

With the electron distribution in hand, we use the NAIMA
package [61] to obtain the radiation spectrum. The spectral
energy distributions (SEDs) of the emission from Draco for
10?> TeV and 10° TeV DM masses are shown in Fig. 2,
where we compare the spectra of three annihilation chan-
nels: bb (red line), 777~ (green line), and e* e~ (blue line).
The black dashed lines mark the energy band from 500 MeV
to 500 GeV, namely the Fermi-LAT energy range considered
in this work. The IC and synchrotron contributions dominate
at high and low energies, respectively. From the SEDs of
different DM masses, we can see that an O(100) TeV DM
has a radiation peak within the Fermi-LAT energy band

(especially when annihilating through yy — bb or 7777).
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FIG. 2. The SEDs of synchrotron and IC emission from the Draco dSph for two DM masses (left panel: m, = 10% TeV; right panel:
m, =103 TeV) and for the parameters of B = 1 pG and Dy = 3 x 10*® cm? s~!. Different colors of lines represent three annihilation
channels: bb (red line), t+7~ (green line), and et e~ (blue line). The black dashed lines mark the Fermi-LAT energy band considered in

this work (500 MeV-500 GeV).
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FIG. 3. The SEDs of eight sources for the yy — bb channel and for m, =100 TeV, B =1 pG, Dy =3 x 10%® cm?s~!, and
(ov) = 10726 ¢cm?® s~!. The left panel shows the synchrotron SEDs, and the right panel shows the IC SEDs. The black dashed lines mark

the energy band 500 MeV-500 GeV.

The peak flux of the e™ e~ channel is higher than the others.
For 10> TeV DM, the contribution is only from the IC
emission. While as the mass increases to >10° TeV, the IC
peak is outside of the Fermi-LAT energy band and the
contributions in the band are from both synchrotron and IC
emission, with synchrotron becoming dominant.

The impact of the diffusion parameters and magnetic
field on the SED of the secondary emission of the DM
at the GeV-TeV scale has been widely discussed in
Refs. [29-31,33,35-37]. The magnetic field distribution
and cosmic-ray diffusion in dSphs are still poorly under-
stood. For the impact of the magnetic strength, a bigger
magnetic field value results in a stronger signal strength for
the synchrotron but has little effect on the IC component.
Unlike the magnetic strength affecting the synchrotron
emission more than the IC emission, the diffusion coef-
ficient D, affects both processes. A larger D results in a
weaker signal for both processes, because the relativistic
charged particles can escape the diffusion region before
losing much energy by synchrotron radiation and inverse
Compton scattering. For GeV scale DM, the peaks of the
synchrotron radiation fall in the optical and radio energy
bands, and for the works of using the radio observations to
limit the DM one can see Refs. [27-31,33-37].

Different sources have different profile parameters
(ps, 1y), diffusion radii (r,), and distances to the Earth,
which affect the final constraints on the DM parameters.
The SEDs of the eight sources show differences because of
these factors (Fig. 3). In Fig. 3 we show the SEDs of the
eight dSphs for the annihilation through a bb channel with

a cross section of (ov) = 10726 cm? s~

III. FERMI-LAT DATA ANALYSIS

We use 14 years (i.e. from 2008 August 21 to 2022
August 21) of Fermi-LAT data and select events from the

Pass 8 SOURCE event class in the 500 MeV to 500 GeV
energy range within a 10° radius of each dSph. The Fermi-
LAT data is analyzed with the latest version of Fermitools (Ver
22.0). To avoid the contamination of the Earth’s limb, events
with zenith angles larger than 90° are rejected. The quality-
filter cuts (DATA_QUAL>0 && LAT_CONFIG==1) are
applied to ensure the data can be used for scientific analysis.
We take a 14° x 14° square region of interest (ROI) for each
target to perform a standard binned analysis. We consider all
4FGL-DR3 sources [62] in ROI and two diffuse models (the
Galactic diffuse gamma-ray emission gll iem v07
. fits and the isotropic component iso P8R3 SOURCE
V3_vl.txt) to model the background.

Because of the diffusion of CR electrons in dSphs,
the emission of gamma rays presents as extended sources
in the sky. As an illustration, Fig. 4 shows that the
spatial distribution of electrons in Draco is more extended
than the Fermi-LAT PSF. The 68% containment
angles of the extended gamma-ray emissions at 500 MeV
for the eight dSphs under benchmark parameters
(Dy =3 x10® cm?s™!, B =1 pG) are listed in Table I,
which are all larger than the Fermi-LAT angular resolution.
For this reason, we model dSphs as extended sources in the
Fermi-LAT data analysis. We create the spatial templates
used in the Fermi-L AT data analysis based on the expected
gamma-ray fluxes at different directions around the dSphs.
Figure 5 demonstrates the template at 500 MeV for the
Draco dSph.

We perform a binned Poisson maximum likelihood
analysis in 24 logarithmically spaced bins of energy from
500 MeV to 500 GeV, with a spatial pixel size of 0.1°. The
likelihood function for the ith target is given by

N =My
L= Hl" — (12)

|
X ng.
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FIG. 4. The density distribution of the electrons from DM
annihilation in Draco. Here we assume m,= 100 TeV, (ov) =
1072 cm—3s~! and yy — bb. The vertical lines mark the 68%
containment radii of the electron distribution, corresponding to
angular radii of 0.54° (red dashed), 0.9° (green dashed), and 1.0°
(blue dashed) in the sky.

where 4, is the model-predicted photon counts and ny, is the
observational photon counts with k the index of the energy
and spatial bins. The model-predicted photon counts A,
incorporate both the contributions from the background and
the (possible) DM signal, which for the kth bin is given by

/1]( = nlNZkg +n2N£)M, (13)
where N Zkg is the photon counts from the background
(including 4FGL sources and two diffuse backgrounds) and

NPM is the photon counts of the DM signal. The n; is the
rescaling factor of the background component, which is

60.3

59.1

B578
& 57,

56.6

55.3
265.2 262.6 260.1 257.6 255.1
RA
FIG.5. The normalized spatial template at 500 MeV used in the

Fermi-LAT data analysis for the Draco dSph.

introduced to account for possible systematic uncertainties
in the best-fit background model. The n, is the free

parameter of the DM component. The N;*¢ and NPM are
obtained using the GTMODEL command in the Fermitools
software. The DM component is implemented in the
analysis using a FileFunction spectrum, while the required
DM spectral files are obtained via HDMSpectra.

We first utilize the standard Fermi-LAT binned like-
lihood analysis2 to obtain the best-fit background model
(with no DM component added). During the fitting pro-
cedure, we free the parameters of all 4FGL-DR3 [62]
sources within a 14° x 14° ROI, as well as the normaliza-
tions of the two diffuse components, and use the NewMinuit
optimizer to perform the fitting. After obtaining the best-fit
background model, for a given DM mass m,, we use

GTMODEL to generate No*¢ and NPM. We scan a series of
values of n,, and for each n, we fit the n; to maximize the
likelihood in Eq. (12), obtaining the change to the like-
lihood as a function of the n, (likelihood profile). Varying
the DM mass and repeating this process, we obtain £(n,)
for different DM masses. We finally obtain a likelihood grid
that is related to a range of m,, and (ov) values (n, x (ov)),
covering all DM parameters in the analysis.

Based on this likelihood grid we can determine the
best-fit m, and (6v), compute the test statistic (TS) value
of the target, as well as set upper limits on the (o).
The likelihood grid will also be used for the subse-
quent combined analysis. The TS is defined as TS =
=2 In(Lpye — Laspn) [63], where Ly, and Ly, are the
best-fit likelihood values for the background-only model
and the model with a dSph included, respectively. The upper
limiton (cv) for a given DM mass corresponds to the value of
(ov) that makes the best-fit —In £ increased by 1.35.

The combined analysis can improve the sensitivity of the
analysis by staking sources, it assumes that the properties of
DM particles are identical for all dSphs [5,17,21]. The
combined likelihood function is

L((ov),m,) = Hﬁi(<07)>v my) (14)

with £; the likelihood in Eq. (12) for the ith source. For the
analysis of the prompt y rays of DM annihilation (rather
than the secondary IC and synchrotron emission), we also
consider the uncertainties on the J factors by including an
additional term in the likelihood function, namely [5,21]

L= HQ((GUX my,) X L1(Ji|J obs.is 6i) (15)

and

2https://fermi. gsfc.nasa.gov/ssc/data/analysis/scitools/binned_
likelihood_tutorial.html.
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synchrotron emission of DM annihilation from the dSphs. Also plotted for comparisons are results from Refs. [43,45].
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where J  ; is the measured J factor with its uncertainty o;
and J; is the true value of the J factor which is to be
determined in the fitting. One can see Refs. [5,21] for more
details of the combined likelihood analysis.

IV. RESULTS AND DISCUSSION

We find no significant (i.e. TS > 25) gamma-ray signal
from the secondary emission of DM annihilation in the
directions of the eight dSphs. For a series of DM masses of
10?-10° TeV, we derive the 95% C.L. upper limits for the
DM annihilation cross section of ete™, bb, and 777~
channels. For the single-source analysis, we find that the
observations of Sextans and Fornax give the strongest
constraints for the bb/zt7~ and e*e~ channels, respec-
tively. The combined analysis of eight dSphs yields
constraints about 3 times stronger than the best single-
source constraints. The results of the combined analysis are
shown in Fig. 6. For the ete™ or t7z~ channel, the
exclusion line in the figure has a break close to
m, = 10° TeV, mainly because the synchrotron radiation
starts to become dominant over IC as the mass increases
to >3 x 10* TeV.

Compared to the existing limits in the 10°-10° TeV
mass range, our constraints are weaker than the ones

obtained from the VERITAS and IceCube observations
of dSphs [43,45]. However, our analysis can extend the
constraints on HDM to the larger mass range.

It should be noted that the constraints on DM parameters
via the secondary emission of DM annihilation are affected
by the uncertainties of model parameters. Possible sources
of uncertainty include the diffusion coefficient (D), the
magnetic field strength (B), and the size of the diffusion
zone (r,). The value of D, is typically in the range of
1027-10% cm? s~! [51-55], while the possible range of B is
1-10 pG [33,57]. In deriving the results of Fig. 6, we have
made specific assumptions about the magnetic field and
diffusion strength (Dy = 3 x 10 cm?s™!, B = 1 uG). To
demonstrate the influence of B and D, on the results, we
present Fig. 7, in which we show how the model-expected
SED will change when choosing different B and D values.

Since the strength of the magnetic field affects both the
synchrotron emissivity of a single electron, as well as the
energy loss rate of the electron during propagation, it can be
seen that the value of B in dSphs will have a large effect on
the results. If dSphs have a larger B value, our constraints
will be weaker. For the parameter D, the electrons
produced by the annihilation of HDM are fairly energetic
and lose most of their energy before they can diffuse
efficiently. Therefore, the effect of the diffusion coefficient
is relatively minor, as shown in the right panels of Fig. 7
(see also Appendix B). Only at the low mass end of the
mass range we are considering (several hundred TeV), the
value of the diffusion coefficient will have a certain
influence on the results.
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FIG. 7. We compare the model SEDs for different values of magnetic field (left panels, Dy = 3 x 10*® cm?s~!) and diffusion
coefficient (right panels, B = 1 pG) for the Draco dSph. We assume three values of magnetic field and diffusion coefficient for
the bb channel. The upper and lower panels are for m, = 100 TeV and m,= 100 PeV, respectively. The cross section is
{ov) = 10%® cm™3 s~!. The black dashed lines mark the energy band 500 MeV-500 GeV.

Other sources of uncertainty include the accuracy
of the modeling of the DM halos. For example, this paper
considers a spherical NFW profile; if it were not perfectly
spherical, the results would vary by about tens of
percent [64].

Lastly, as a complement, we also search for the prompt
y-ray signals (i.e., gamma-ray photons are produced by the
hadronization or decay of final-state particles, not by
secondary synchrotron or IC emission of electrons) of
DM annihilation from a larger sample of 15 dSphs and set
constraints on the cross section for DM in the GeV-TeV
mass range. The samples are the same as that used in
Ref. [5] and are listed in Table II. For this part of the
analysis that is concerned with the prompt signals, we
model all dSphs as pointlike sources to ease of comparison
with most of the previous results in the literature. Note,
however, that Ref. [26] pointed out the limits on DM
parameters will be weakened by a factor of ~1.5-2.5 if
modeling the dSphs as extended sources.

For the case of prompt y rays, the expected y-ray flux
from DM annihilation can be written as

*JiJun?

J-factor

(ov) dN

r)dldQ, 17
47r 2m2 dE (17)

pamcle physics

where the first particle physics term depends on the DM
mass m,, the thermally averaged annihilation cross section
(ov), and the differential y-ray yield per annihilation
dN,/dE,. We use PPPCADMID [65] to generate spectra
for GeV-TeV DM annihilation. The second term is related
only to the astrophysical distribution of DM (called J
factor), which is the line of sight integral of the squared DM
density p(r)? over a solid angle Q. The J factors can be
derived from stellar kinematic data. The accurate determi-
nation of J factors is crucial for using the observations of
dSphs to study the DM properties [66—68]. In this work, we
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TABLE II.
factors are extracted from Ref. [5].

The sample of 15 Milky Way dSphs that were used for the analysis of prompt gamma rays of DM annihilation. The J

Name [ (deg) b (deg) Distance (kpc) logio(Jobs) (logyo [GeVZem™])
Bootes [ 358.1 69.6 66 18.8 +0.22
Canes Venatici 11 113.6 82.7 160 17.9 £ 0.25
Carina 260.1 -22.2 105 18.1 £0.23
Coma Berenices 241.9 83.6 44 19.0 £ 0.25
Draco 86.4 34.7 76 18.8 £0.16
Fornax 237.1 —65.7 147 18.24+0.21
Hercules 28.7 36.9 132 18.1 £ 0.25
Leo II 220.2 67.2 233 17.6 £ 0.18
Leo IV 265.4 56.5 154 17.9 +£0.28
Sculptor 287.5 —83.2 86 18.6 £0.18
Segue 1 220.5 50.4 23 19.54+0.29
Sextans 243.5 42.3 86 18.4 +0.27
Ursa Major II 152.5 37.4 32 19.3+0.28
Ursa Minor 105.0 44.8 76 18.8 £0.19
Willman 1 158.6 56.8 38 19.1 £ 0.31

adopt the same J-factor values as in [5] for the 15 dSphs.
The parameters of the dSphs are listed in Table II.

For the analysis of individual sources, the two dSphs,
Segue 1 and Ursa Major II, provide the strongest con-
straints, while the combined analysis of the 15 dSphs gives
even stronger limits. Figure 8 shows the results of the
combined analysis for DM annihilation through the bb and
7+7~ channels from m, = 10 to 10° GeV. Our results are
stronger than the existing limits in the literature [5]. The
improvement is due to the use of a larger dataset as well as
an updated version of the Fermi-LAT data (Pass 8),
instrument response function (P8R3_V3), and diffuse
background models.

102
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£ --- (DiMauro et al. [26], Ext) L7
E R
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FIG. 8.

In summary, in this paper, based on the up-to-date Fermi-
LAT observations of dSphs, constraints on the DM annihi-
lation cross section are derived for a very wide mass range
from 10 GeV to 100 PeV in a unified framework of Fermi-
LAT data analysis. Among the whole mass range, the results
of the 10° GeV part (Fig. 8) are obtained by considering the
gamma-ray signals directly produced by dark matter anni-
hilation, while the 100—10° TeV mass range (Fig. 6), which
is the main focus of this paper, takes into account the
secondary radiation produced by heavy dark matter through
the inverse-Compton and synchrotron processes. Although
the constraints we obtain are weaker than the previous limits
given by the VERITAS and IceCube observations of dSphs,

10720
E —— This work
Lot [ —-- (Ackermann et al. [5])
—-~ (Hoof et al. [24], frequentist limit)
[ --- (Di Mauro et al. [26], Ext)
10722}
~ r
Im 10723¢
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€
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10727

- T
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Constraints on the DM annihilation cross section at the 95% C.L. for the bb (left panel) and 7+ 7~ (right panel) channels. These

constraints are derived from a combined analysis of 15 dSphs based on the null detection of the prompt gamma rays of DM annihilation
from the dSphs. Also plotted for comparison are results from Refs. [5,24,26]. Note that the results of Ref. [26] consider the extension of
dSphs, which gives weaker (by a factor of ~2) but more realistic constraints on DM parameters. Caution: The units of the x axis in this

figure are different from Fig. 6.
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we extend the existing limits to higher DM masses. We also
discuss the influence of the choice of the values of B and D,
on the results.

Note added. Recently, we became aware of a similar work
that appeared online [69]. Note that, following the referee’s
suggestion, in this version we also model the dSphs as
extended sources when performing the analysis of the
secondary emission. We notice that the two works get
similar constraints on the DM parameters.
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APPENDIX A: SOLUTIONS FOR THE NO-
DIFFUSION AND RAPID-DIFFUSION
APPROXIMATIONS

For the no-diffusion scenario, the solution is [44,70]

dn 1

ﬁ(r,E) :m/E dE/Qe(E/,r),

where b(E) is the energy loss rate and Q,(E', r) is the

electron injection. For the rapid-diffusion scenario, the
solution is [32]

dn 1 r (1 L o
d_E(r’E)—D(E)/d'/7<§<r+r)_§|r_rPE)
xQ,(E.r),

where r, is the size of the diffusion zone and D(E) is the
diffusion coefficient.

1012
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FIG. 9. The timescales for different processes: energy loss

(blue), diffusion (orange), advection (pink), and reacceleration
(green).

APPENDIX B: TIMESCALES FOR DIFFERENT
PROCESSES IN CR PROPAGATION

In Fig. 9, we calculate the timescales for different
processes related to the propagation of CR electrons using
the following equations [35,71,72]:

2
Tloss ~ £ ) Tgiff ~ d; )
* b(E) D(E)
2 2
p T
Toee N ——, Tady ¥ ——. (B1)
acc Dpp aav rh’l]a/3

The 7144, Tais> Tace> and 7,q, are the timescales for energy
loss, spatial diffusion, reacceleration, and advection,
respectively. Here, we assume D=3 x 10%® cm/s,
r, = 2.5 kpc, and v, = 30 km/s. From Fig. 9, it can be
seen that the advection and reacceleration are subdominant
compared to energy loss and spatial diffusion at the
energies we are interested in and therefore can be ignored
in our calculation.
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