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If the cosmological dark matter (DM) couples to Standard Model (SM) fields, it can decay promptly to
SM states in a highly energetic hard process, which subsequently showers and hadronizes to give stable
particles including e*, y, p*, and v at lower energy. If the DM particle is very heavy, the high-energy e*,
due to the Klein-Nishina cross section suppression, preferentially lose energy via synchrotron emission
which, in turn, can be of unusually high energies. Here, we present previously unexplored bounds on heavy
decaying DM up to the Planck scale, by studying the synchrotron emission from the e* produced in the
ambient Galactic magnetic field. In particular, we explore the sensitivity of the resulting constraints on the
DM decay width to (i) different SM decay channels, to (ii) the Galactic magnetic field configurations, and
to (iii) various different DM density profiles proposed in the literature. We find that constraints from the
synchrotron component complement and improve on constraints from very high-energy cosmic-ray and
gamma-ray observatories targeting the prompt emission when the DM is sufficiently massive, most

significantly for masses in excess of 10!> GeV.
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I. INTRODUCTION

Observations of the dynamics of galaxy clusters, galactic
rotation curves, the cosmic microwave background (CMB)
and large scale structure provide strong evidence for the
existence of dark matter (DM). In particular, DM must be
stable on cosmological time scales [1,2]. If the DM is a
particle that interacts with the Standard Model (SM), its
possible decay to SM states allows us to place even stronger
bounds on its lifetime. If the DM mass m, is large, the
decay process y — SM + SM produces the SM states with
an energy u~m,/2; such states subsequently hadronize
and shower to produce photons, electrons/positrons,
protons/antiprotons, and neutrinos below the electroweak
(EW) scale [3].

The effort in searching for photons from DM annihila-
tion and/or decay, part of the broader multimessenger
“indirect DM detection” campaign, is at a very advanced
stage (for a pedagogical review, see Ref. [4]). In particular,
the leading facilities probing the DM particle lifetime
indirectly through its final decay products, such as photons,
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neutrinos, and cosmic rays, include the Fermi Large
Area Telescope (Fermi-LAT) [5-7], the Pierre Auger
Observatory (PAO) [8,9], the High-Altitude Water
Cherenkov Observatory (HAWC) [10,11], the Large High
Altitude Air Shower Observatory (LHAASO) [12,13], and
IceCube [14-17]. In addition, upcoming experiments includ-
ing the Cherenkov Telescope Array (CTA) [18-20] and
IceCube-Gen2 [21-23] are expected to ramp up the reach of
future indirect DM detection campaigns.

The products of the prompt decay of DM into SM
particles are not exhaustive of the entirety of the emission
eventually arising from the decay event. Stable, charged
particles, electrons and positrons (e*), and protons and
antiprotons lose energy to a variety of electromagnetic
processes that, in turn, produce lower-energy radiation. Due
to the difference in particle mass, the emission from e* is
both brighter and higher-energy than that from hadrons,
albeit it does not include inelastic processes. As a function
of the e* energy, from low to high energy, the principal
energy loss mechanisms are, typically, Coulomb losses,
bremsstrahlung, inverse Compton (IC), and synchrotron
[24]. The first detailed calculation of the broad band
emission from a specific class of weakly interacting
massive particles (WIMPs), supersymmetric neutralinos,
was carried out in Refs. [25,26] (see also [27] for a review).
Since then, several other studies have investigated the
prompt emission, Inverse Compton emission and synchro-
tron emission for WIMP-like, electroweak-scale DM
masses (an incomplete list includes Refs. [28-30]), while
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other studies have explored the prompt and IC emission
for superheavy DM [31—37].1 Reference [38] derives
constraints on superheavy DM combining prompt emission
with gravitational wave observations.

In this paper, to our knowledge for the first time, we
focus on bounds obtained from synchrotron emission
emanating from superheavy DM decays. The best obser-
vational target to search for this signal is by far the Galactic
center. Here, we intend to assess whether the synchrotron
emission, at much lower energy than the prompt and IC
emission, provides comparable or more competitive bounds
on the DM lifetime. The peak frequency of the synchrotron
emission depends linearly on the ambient magnetic field,
and quadratically on the electron energy. In particular, we
will show that the peak energy of the synchrotron emission,
in the Galactic center region, scales with the DM mass m,,,
approximately as

Epeak ~ m, 2 (1)
GeV 1010 Gev/ °

As a result, the synchrotron emission falls squarely in the
high-energy gamma-ray range where Fermi-LAT is sensi-
tive (roughly between 0.1 GeV and 1 TeV) for 10° <
m,/GeV < 10'; in the very high-energy Cherenkov tele-
scope range (roughly 0.1 TeV to 1,000 TeV) for 10'! <
m, /GeV < 10'#: and, at even larger masses, at ultrahigh-
energy cosmic-ray/gamma-ray facilities.

The principal goal of the present study is to understand
in detail how the predicted synchrotron emission depends
on the assumed Galactic magnetic model, on the DM
density distribution in the Galaxy, on the e injection
spectrum, and the signal morphology. To this end, we first
review, in Sec. II, the calculation of the prompt gamma-
ray emission, the e* injection spectrum, the subsequent
energy losses, and the resulting synchrotron emission. In
Sec. III, we elaborate on the dependence of the signal on
the Galactic magnetic field model and on the DM density
profiles that we implement. In Sec. IV, we briefly describe
the experimental limits set by astrophysical multimessen-
ger experiments (Fermi-LAT, HESS [39], Pierre-Auger
Observatory, CASA-MIA [40], KASCADE [41],
KASCADE-GRANDE [41], Telescope Array Surface
Detector (TASD) [42]. and EAS-MSU [43]) on the
observed photon flux from the Galactic center. In Sec. V,
we compute the synchrotron fluxes for various initial SM
states, and we present previously unexplored constraints
on the lifetime of the DM depending on its mass. Finally,
we summarize our findings and present our outlook
in Sec. VL

'Note that Ref. [36] includes synchrotron energy losses, but
not emission.

II. MULTIWAVELENGTH EMISSION FROM
DARK MATTER DECAY

Here we review schematically the production of photons
from heavy DM decay, both via prompt production
(Sec. IT A) and via synchrotron emission off of the prompt
e* (Sec. II B).

A. Prompt emission

The differential flux of photons from DM decay from a
given line of sight is given by [31]

db 1 dN fe —t,(E,.5.b,l)

dE, 4mm,t,dE, Jo dsp(s. b, De™™ @)
where E, is the photon energy, m, is the DM mass, 7, is the
DM lifetime, p is the Galactic DM density profile, s is
the line-of-sight distance from the observer, and b, [ are the
Galactic latitude and longitude angular coordinates respec-
tively. dN/dE, is the energy spectrum of photons produced
per decay and 7,, is the optical depth due to pair production
against cosmic microwave background (CMB), starlight
(SL), and infrared (IR) photons.

The energy spectrum dN/dE, is obtained from
HDMSPECTRA [3] which incorporates EW corrections that
become important at higher energies.2

The optical depth 7,,, which characterizes the impact of
the absorption of gamma rays in the interstellar medium,
has a noticeable effect on the spectrum mostly in the range
of energies E, ~ 10°~10® GeV. Our analysis neglects the
optical depth entirely since we expect that the constraints
we derive from high energy gamma-ray probes of the
integrated flux (see the discussion in Sec. IV) suffer from
at most O(1) corrections due to the effects of attenuation
from the Galactic center to Earth. Please see Refs. [34,44]
for more details about the flux attenuation. Of course
this assumption is invalid for extragalactic DM decays.
Attenuation and electromagnetic cascades cause washout
of the primary emission spectra such that Ref. [45]
derives largely mass-independent constraints for the extra-
galactic component to the diffuse gamma ray background.3

B. Synchrotron emission

Relativistic electrons in the Galactic magnetic field
produce synchrotron radiation [46]. At very high energy,
typical of the e* produced by the decay of very massive
DM, the inverse Compton Klein-Nishina cross section
is highly suppressed compared to the corresponding

?Some of these EW corrections such as triple gauge couplings
in the EW sector are neglected by Pythia.

*In the mass range of 10°~10'9 GeV, Ref. [45] includes both
galactic and extragalactic contributions in their derived bounds.
In computing the synchrotron emission, they assume a value of
1 pG for the Galactic magnetic field.
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synchrotron emission process. The differential synchrotron component of the gamma ray flux (after setting the optical depth

to zero) is given by

dD 1 w2 © dn
T _(E - E e
a’Ede( rb.0) 4zE, A dE. /) &g,

(E,.5.b,1)Pyy(E,.E,.5,b.1), (3)

where m, is the mass of the electron and dQ = cos b db dl is the solid angle. The formula for the synchrotron power P, is
provided in Appendix A. The steady-state equilibrium electron number density after energy losses and diffusion, is given by

dn 1

p(s.b.1)

E,.sb,l
dE(es )= 7, by (E,

where b, = —dE,/dt is the total energy loss coefficient
comprising energy losses due to IC scattering of electrons
on CMB, SL and IR photons (byc), triplet pair production
energy losses (brpp) [47], and synchrotron energy losses
(bgyn). As mentioned above, for superheavy DM (which
subsequently produce ultrarelativistic electrons below the
EW scale), we verified that TPP and IC energy losses
are negligible when compared to synchrotron i.e.
brpp, bic < bgyy, so that taking

Doy = bsyn (5)

is entirely sufficient for our purposes. Typically, for the
photon energy ranges E, that we consider, the integrand in
Eq. (3) reaches its maximum value when E, is within an
order of magnitude of half the DM mass m, /2 indicating
that most of the synchrotron emission comes from highly
energetic electrons. The energy losses as a function
of electron energy E, are illustrated in Fig. 1. For
E, > 10° GeV, synchrotron energy loss (solid red line)
starts to dominate over IC (solid blue line) and Triplet Pair
Production (TPP, solid green line) energy losses. For
comparison, we have also shown the IC energy loss in
the Thomson limit (an approximation which breaks down
as E, grows) as a dotted blue line. Details about the
computation of the energy losses are found in Appendix B.

Similarly to the prompt photon emission, the injected
energy spectrum of electrons dN/dE, is obtained from
HDMSPECTRA, whereas the diffusion halo function / can
be solved from the diffusion-loss equation as discussed
in Ref. [48] (see also [25]). At high injection energies,

~ 1 [31,48]. Defining x = 2E,/m,, we thus have

dn, 1 p(s,b,1) /1 dN
~ . 6
dE, " m,z, boy(Ee.5.b.1) Jore dx © (6)

my

Replacing the electron number density from Eq. (6) and
Py, from Eq. (A1) into Eq. (3), we are able to find the
differential flux in a given angular region along a certain
direction (b, ) in the sky.

,8,D0,1)

m, /2 dN
[E dE’ I(E,.E, s,b,1)dE,, (4)

For reference, we also list the angular averaged flux over
the unit sphere S? given by

do

1 do
— dQ

=— . 7
4z J¢ " dE,dQ ™)

§% avg

and the angular averaged E, integrated flux,

dE! . 8
E) =1 /S / 7deE’ (8)

Both of these quantities will be useful during the discussion
in Sec. IV.

wp - be
- b.&yn
****** bic (Thomson limit)

bipp (KN)

e
=
<
O,
= 1077

10710

10713

10716 " . . .

10! 103 10° 107 107
E. [GeV]

FIG. 1. Energy losses from synchrotron emission (bsy,) from

the Galactic Center, inverse Compton emission (bjc), inverse
Compton emission in the Thomson limit (b;c Thomson), and
triplet pair production processes in the Klein-Nishina regime
(bypp KN). At ultrarelativistic electron energies E, close to half
the DM mass m,, /2, synchrotron emission vastly dominates over
IC and TPP emission.
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III. ASTROPHYSICAL INPUTS: MAGNETIC FIELD
AND DM DENSITY

In this section, we summarize the Galactic magnetic field
models (in III A) and DM density profiles (in III B)
implemented in our study.

A. Magnetic field models

The morphology of the Galactic magnetic field (GMF) is
highly uncertain due to the lack of direct measurements
[49,50]. A number of GMF models have been proposed in
the literature with different functional forms [51-53]. For
recent reviews on the GMF and modeling efforts, see also
Refs. [54,55].

Here, we employ the Jansson and Farrar (JF12) magnetic
field model as our benchmark [49,56]. This model uses the
WMAP7 Galactic Synchrotron Emission map and more
than 40,000 extragalactic rotation measures to fit the model
parameters to observations. JF12 consists of a disk field and
an extended halo field, both containing large scale regular
field, small scale random field, and striated random field
components. Detailed information about the implementa-
tion of the JF12 model and its parameters can be found
in Refs. [49,56]. During the preparation of this work, we
became aware of Ref. [57] which analyzes variants of the
coherent disk, poloidal and toroidal halo fields, free from
discontinuities, together with variants for the thermal and
cosmic-ray electron densities, to finally converge to an
optimized set of eight fitted GMF models. The parametric
models employed in the fitting procedure are more complex
but many similarities regarding the overall structure of the
GMF models are shared with JF12.* Most importantly,
the magnetic field strength of the fitted ensemble are of the
same order as JF12. Therefore, we expect that our results
are largely insensitive and qualitatively unaffected by the
updated model in Ref. [57].

Instead of realizing a stochastic implementation of the
random and random striated components, we adopt the
estimate discussed in [49,56], i.e. we approximate the rms
value of the striated component by B%,; = B}, whereas
the relativistic electron density is rescaled by a factor
n, — an,, where a and f are parameters of the fitted JF12
model. Hence in our formula for by, we calculate B using

the prescription

B=\/(p+1)Bhy + Bh, (9)

where B,,, is the rms value of the random component.
Since the synchrotron flux is proportional to n, and the
perpendicular component (squared) B} = B*sin’*6, we
make the replacement

“See the discussion and figures in Sec. 7 of Ref. [57].

2
B: — a(1 + f)Bk,sin® 6 + gaBrzan (10)

in Py, where the factor of (2/3) comes from averaging
isotropically. Equations (9) and (10) suffice to provide an
accurate estimate of the synchrotron emission using the
JF12 model, as we verified by comparing the assumed
synchrotron energy losses with the synchrotron emission
integrated over energy.

Reference [58] gives updated parameters for the JF12
model by including information about the total and
polarized dust emission, as well as synchrotron at low
frequency (30 GHz) from Planck data. In particular, the
Jansson 12b (JF12b) model is adjusted to match the
synchrotron emission’ while the Jansson 12c¢ (JF12¢)
model is adjusted to match the dust emission while trying
to retain the features of JF12b. We further emphasize that
neither JF12b nor JF12c give best-fit results to the data but
only indicate how the original JF12 model parameters
could be improved.

Finally, due to its simplicity, we also implement the MF1
model as defined in Ref. [48] (see also Refs. [59,60]). MF1
only consists of a regular component for the disk field

-R
B(s,b,1) :Boexp[—m—ﬂ] (11)

I'p ZB

where 1oy = +/s%cos?(b) + R% — 2sRg cos(b) cos(l) is
the galactocentric radius, z = ssin(b), Ry = 8.3 kpc,
rg = 10 kpc, zz = 2 kpc, and By = 4.78 pG. We caution
that MF1 is an oversimplified model of the GMF as it does
not contain a halo field® and additionally fails to capture
any turbulent components of the GMF. Since we aim to
compare our results from JF12 with arguably the simplest
GMF model, we refrain from augmenting MF1 with halo
field or turbulent field components.

B. DM density profiles

The determination of the distribution of DM at the
Galactic center suffers from a large degree of uncertainty
due to the axisymmetric Galactic bar and noncircular
streaming motions [62]. Therefore, we find it prudent to
explore the sensitivity of our results to different DM density
profiles which are summarized below.

We choose as our benchmark the standard Navarro-
Frenk-White (NFW) profile for the DM density [63,64],

prrw () = (12)

’JF12b underestimates the dust polarization at high latitudes.
®The local halo field strength is known to exceed 1.6 pG [61].
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where r is the spherical coordinate

r= \/s2 + Ro? — 2sRg cos(b) cos(1) (13)

and p;, = 0.18 GeV cm™3, ry, = 24 kpc is the scale radius.
In addition to the NFW profile, we also consider its
generalized form (gNFW), given by

M, 1
Penew (1) = 4nr (LP(1 + 237

rs Ty

(14)

Reference [65] gives the best-fit values M, = 1.3778 x
10" Mg, ry=3.6 kpc, and = 1.1, whereas Ref. [66]
gives My=3.21x10"M, r,=5.26 kpc, and 8 = 0.0258.
We will refer to the first set of parameter values as
eNFWLim and the second set as gNFWOu.

Finally, we also consider the Einasto (EIN) profile

M,

=13 e=r/re). (15)
ry

pEin(r)

For the EIN input parameters, Ref. [66] finds M, = 0.62 x
10""My, r,=3.86 kpc, and a =0.91. We note that
Ref. [66] argues that the FEinasto profile is statistically
preferred compared to the gNFWOu profile as a best-fit to
the Milky Way Galactic rotation curve.

IV. OBSERVATIONAL LIMITS

We investigate the experimental limits on the photon flux
from the Galactic center in a range of photon energies.

At low energies i.e. E, ~ 10~! — 50 GeV, limits on the
photon flux are set by the space-based gamma-ray tele-
scope Fermi-LAT. In our analysis, we use the limits
provided by Ref. [67] where the flux is integrated over
an angular region of AQ =2x(1 —cos6) with 0 =1°
being the angle between the line-of-sight direction and
direction of the Galactic Center.

In the energy range E, ~200-5 x 10* GeV, measure-
ments from the ground-based Cherenkov telescope HESS
are the most competitive, constraining the observed (differ-
ential) photon flux integrated over an annular region with
6 = 0.5°-3.0° [39]. The energy-dependent acceptance of
the instrument is obtained from Ref. [68].

For heavy m, 2 10'2 GeV, most of the flux occurs at
higher energies E, 2 10* GeV (as can be seen in the
bottom left panel of Fig. 3). In this region, we obtain
limits on the angular averaged flux [defined in Eq. (7)] from
the Pierre-Auger Observatory (PAO) [69,70]. The incre-
mentally improved limits in [71-73] could provide an O(1)
improvement [74] over the constraints presented here. To
speed up the computation of the angular average, we
uniformly sample ten points on the unit sphere according
to the algorithm laid out in [75] and find the averaged flux

over the sampled points. The sample size was optimal as
it provided a reliable approximation to samples that
included more points, at the price of significantly greater
computational cost.

Moreover, CASA-MIA, KASCADE, KASCADE-
GRANDE, PAO, TASD, and EAS-MSU all provide
limits on the (energy) integrated (angular averaged) flux
in Eq. (8) [33]. Henceforth we will collectively refer to
these limits as “Chianese et al.”

To obtain constraints on the DM lifetime, we require that
the photon flux (either synchrotron or prompt) does not
exceed the flux measured by the above experiments over
the respective energy ranges. We thus very conservatively
neglect any photon source besides DM decay (in reality
part or most of the emission has other astrophysical
origins).

V. RESULTS

We start by showing, in Fig. 2, the prompt and
synchrotron spectral energy density (SED) emission for
decay final states into bb (left) and for W+ W~ (right) final
states. We show in blue results for a DM particle of mass
m, = 10" GeV and in purple of mass m, = 10'* GeV.
The prompt and synchrotron contributions to the flux are
shown as dashed (right bump) and dotted (left bump)
respectively, while the combined flux is represented by
solid lines. As expected, the flux for the two masses is
relatively self-similar, but at increasing masses the peak
of the synchrotron emission moves to higher energies
quadratically with m,. Remarkably, the peak of the
synchrotron SED emission surpasses the prompt emis-
sion to photons, indicating that the decay releases,
eventually, more energy to e* than to prompt photons.
Notice that in the bb case, e stem from charged pion
decay whereas photons arise from neutral pion decay,
hence the height of the peak is comparable. In the W*
case, we note the peak stemming from internal brems-
strahlung at the highest energies; the synchrotron
emission is especially bright, including because of the
W — ev, decay mode.

In Fig. 3, the synchrotron differential flux —42

dE,dQ
shown as a function of E,. We choose as a benchmark the
flux originating from the Galactic center [of Galactic
coordinates (b, 1) = (0,0)], with m, = 10'° GeV, initial
SM state bb, JF12 magnetic field model, and standard
NFW DM profile. Each of the four panels shows the
change in the flux with respect to one of these inputs
being modified.

The top left panel shows the flux for different initial SM
states namely bb, WHW~, 7777, and ete~. We find that
massive SM states such as the bottom quark and W tend to
have a flatter spectrum than lighter states such as the = and
the electron which have a more peaked spectrum. This can
be ascribed to the production mechanisms associated with

is
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FIG. 2. Plot of differential photon flux spectra for bb (Left) and for W+ W~ (Right) final states. In blue is the flux for DM of mass
m, = 10'* GeV and in purple is the flux for DM of mass m, = 10'2 GeV. The lifetime is fixed to z = 10%° s. The prompt and
synchrotron contributions to the flux are shown as dashed (right bump) and dotted (left bump) lines respectively, while the combined

flux is represented by solid lines.

each final state: bottom quarks produce photons primarily
by the decay of by-products of the hadronization process,
eventually leading to neutral pions decaying preferentially
to two photons; e* produce copious internal bremsstrah-
lung photons, whereas W* and 7* both produce photons
from internal bremsstrahlung and from hadronic channels.

The top right panel shows the variation of the flux with
the different magnetic field configurations: MF1, JF12,
JF12b, and JF12c, all discussed and detailed upon in
Sec. III A above. Notice that JFI12b and JF12c are
extremely close, and JF12 enhances the synchrotron
emission by a factor of around 2, indicating that the
magnetic field is within 50% of the JF12b and JF12c
models; the only qualitative outlier is the MF1 model,
which misses a number of features such as halo field and
turbulent field components included in the other models.
Most conspicuously the synchrotron emission computed
with the MF1 model has a much softer spectrum that
overshoots that from the JF models by almost one order of
magnitude at low energy and undershoots by similar
amounts at high energy. It is relevant to mention that this
behavior scales strongly with the DM mass: for example,
for m, = 10'® GeV, the synchrotron flux from MF1
dominates at low photon energies by up to ten orders of
magnitude over that from JF12, implying much stronger
constraints from Fermi-LAT and HESS in this region, as
can be seen in Fig. 5. Nevertheless, we reiterate that due to
the crudeness of MF1, the constraints there are not expected
to be physical, as they deviate too far from the more reliable
and complete JF12 models.

The bottom left panel shows the flux for a range of DM
masses from m, = 10® to 10'¢ GeV. As the DM mass

increases, the peak of the spectrum also appears at higher
photon energies, as expected. As indicated in the
Introduction, we find that the peak emission occurs
at Epe/GeV = (m, /(10" GeV))?.

Finally, the bottom right panel shows the angular
variation of the flux at different Galactic angular coordi-
nates (b, 1) = (5°,0), (b,1) = (0,5°), (b,1) = (15°,0), and
(b,1) = (0,15°) as compared to the flux from the Galactic
center (GC). As expected, the GC direction dominates at all
energy, mostly because of a higher DM density along the
line of sight. However, interestingly enough, at higher
Galactic longitudes, along the Galactic plane (b = 0), we
find a larger emission at high energy than in the GC
direction: this is presumably due to a complex combination
of effects related to the injected electron equilibrium
spectrum and the magnetic field along the line of sight
compensating and outdoing the smaller DM density.

In Fig. 4, we derive constraints on the DM lifetime 7, as a
function of its mass m,,, and compare with the correspond-
ing constraints from prompt emission. Each panel shows
the bounds obtained for the different initial SM states bb,
WHW~, 777, eTe™. The red, blue, purple, and green lines
show the constraints derived from the Pierre-Auger
observatory [70], Chianese et al. [33], Fermi-LAT [67],
and HESS [39], respectively, with the solid lines corre-
sponding to the synchrotron emission and the dashed lines
from the prompt emission (which, in the range of masses
under consideration corresponds to the Chianese et al. and
PAO limits). We note that for all final states, the synchro-
tron component provides a significant improvement over
the constraints coming from the prompt component only
for m, 2 10'> GeV by up to, and in some cases over one
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FIG. 3. The SM initial state, GMF, dark matter mass, and the angular location are taken to be bb, JF12, m, = 10'9 GeV, and
(b,1) = (0,0) by default, with only one of them being varied in each plot whereas the lifetime is fixed to z = 10> s. The variation of
the differential photon synchrotron flux is depicted for different SM initial states bb, W W, 7=, and e* e~ (top left), different
magnetic field models JF12, JF12b, JF12c, and MF1 (top right), and the range of masses m, = 108-10'° GeV (bottom left). Finally,
the ratio of the differential photon synchrotron flux from different (b,[) locations to the one from (b,1) = (0,0) is shown

(bottom right).

order of magnitude, while the prompt emission is more
constraining, by a similar amount, up to one order of
magnitude at lower masses m, < 10'2 GeV.

In Fig. 5, we derive the same type of constraints from the
synchrotron emission, but varying the astrophysical inputs
for the magnetic field models (left) and for different DM
profiles (right). In the left panel, the solid, dashed, dot-
dashed, and dotted lines represent the bounds from JF12,
MF1, JF12c, and JF12b, respectively, whereas in the right
panel, they represent the bounds from NFW, gNFWLim,
gNFWOu, and Ein, respectively. With the caveat discussed
above about MF1, we find that our predictions are broadly
subject to up to one order of magnitude uncertainty from

the magnetic field model, and slightly less than that for the
dark matter density. Note that the prompt emission is also
subject to the latter range of uncertainty, but it is unaffected
by the magnetic field. However, one should also note
that HDMSpectra has considerable uncertainties when
x = 2E,/m, is small, notably x < 10~*. Hence we restrict
x > 10~ for the synchrotron component and x > 10~ for
the prompt component.’

"Since the prompt flux vanishes entirely below the cutoff
contrary to the synchrotron component, we chose the minimum x
value allowed by HDMSPECTRA for the prompt component.
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FIG. 4. The constraints obtained from the different experiments on the lifetime of the DM z, as a function of the DM mass m, are
shown. The constraints are obtained from Fermi-LAT [67], (purple), HESS [39] (green), and PAO [70] (red), whereas the constraint from
the experiments considered in Ref. [17] are collectively denoted as “Chianese et al.” (blue). Each panel shows the constraints obtained
for different initial SM states (bb, 7+z~, WTW~, and e*e™) for both the prompt (dashed lines) and the synchrotron (solid lines)

components separately.

VI. CONCLUSIONS AND OUTLOOK

We explored how gamma-ray telescopes such as Fermi-
LAT and HESS, and high-energy observatories such as
Pierre Auger, provide the most stringent constraints on the
lifetime of heavy DM candidates, specifically heavier than
10'2 GeV, by constraining the synchrotron emission gen-
erated by the very high-energy electrons and positrons
produced in the decay, rather than the prompt gamma-ray
emission. The synchrotron constraints are up to one order
of magnitude stronger than constraints from the prompt
emission by very high-energy cosmic-ray and gamma-ray
facilities.

The synchrotron luminosity depends on the specific
Galactic magnetic field model assumed; we showed,
however, that for realistic, detailed magnetic field models
the uncertainty is well below one order of magnitude, and
comparable to the uncertainty associated with the dark
matter density profile.

We showed that the synchrotron emission peaks at an
energy Epea/GeV =~ (m,/(10' GeV))?%, and is typically
brighter in the direction of the Galactic center, i.e. for
(b,1) = (0,0), with the exception of very high energies,
where it can be brighter at nonzero longitude along the
Galactic plane, possibly offering a better signal-to-noise
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ratio as there the astrophysical backgrounds are typi-
cally lower.

In the future we plan to reconsider, with the present
implementation of several up-to-date Galactic magnetic
field models, limits from synchrotron emission of lighter
DM candidates. We also plan to assess how information
on polarization [76] could improve on the limits pre-
sented here, should future gamma-ray telescopes be
sensitive to a polarized signal. Finally, the tools devel-
oped in this study will be made available by request to the
authors, and can be used to set constraints on concrete
model-specific DM candidates.
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APPENDIX A: SYNCHROTRON POWER
The synchrotron power is calculated using [25,27,77]

V3ed [ X
P..(E, E, s,bl)=—— [ dOBsin?0F | — |,
sm(Ep Eer5:5:1) 2 me/o - <sm9>

(A1)

where e is the electric charge and B is the magnetic field.
The other functions featuring in the integrand are

E ) 273/2
P R i (A2)
3rvyy E,
o
F(l) = l/ dz K5/3(Z) (A3)
t
where y = is the Lorentz boost factor, v,

8980 Hz(-5)!/2 is the

cm
(eB)/(2zm,) is the gyro frequency, and n~1 cm™~
the thermal electron number density.

plasma frequency, v,=

3 s

APPENDIX B: ENERGY LOSSES

e* at high energies lose energy mainly through inverse
Compton scattering and triplet pair production processes
against CMB, SL, and IR photons, as well as synchrotron
radiation from being accelerated by the Galactic magnetic
field,

btot = bsyn + bIC + btpp~ (Bl)
The synchrotron energy loss is given by
4GTE2 82
bsyn(Ee) = 3m367 (BZ)
where o7 is the Thomson cross section
8rwal,
or 3mg ( )

with a,, being the fine-structure constant.
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The number density of photons (taking only the CMB
component) at an energy € is

€2 1

M) = 3 elTam 1

1 (B4)

where we neglect the starlight and dust contributions.
This is an excellent approximation since for highly

|
bic E)—36T/ de/ dgen(e
/(47

where y = E,/m, is the Lorentz boost of the electron and
['(E,,¢) = 4ey/m,.

Triplet pair production ye — 3e is an O(al,) QED
process where a photon interacts with an electron/positron
to produce an electron-positron pair in addition to the
original recoiling electron/positron. For highly energetic

|

blpp (EE ) 8

€

(47/ -T)g—1
C(1+Tg)

1
~ —50'ng / dewacm

ye\ /4 281 2re\ 218
— —In{— | ——|.
m, 9 m, 27

energetic electrons (as typically produced from super-
heavy DM) with an energy above E, = 50 TeV, scatter-
ing with higher energy photons from SL and IR
backgrounds are more Klein-Nishina suppressed [48,78],
and therefore contribute negligibly to the IC energy loss
compared to the CMB.

The IC energy loss is obtained from the following
expression:

2qlogq +q+1-2¢* + (q —4) (BS)

2(1
1+ Tq)

|
electrons, the energy loss by TPP becomes comparable to
that of IC.

In the extreme Klein-Nishina limit (I' > 1), Ref. [47]
derives an analytical estimate of the energy loss valid in the
regime ye > 10°m,,
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