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An excess of gamma rays at GeV energies has been pointed out in the Fermi-LAT data. This signal
comes from a narrow region centred around the Galactic center and has been interpreted as possible
evidence for light dark matter particles annihilating either into a mixture of leptons-antileptons and bb̄ or
into bb̄ only. Focusing on the prompt gamma-ray emission, previous works found that the best fit to the
data corresponds to annihilations proceeding predominantly into bb̄. However, here we show that omitting
the photon emission originating from primary and secondary electrons produced in dark matter
annihilations, and undergoing diffusion through the Galactic magnetic field, can actually lead to the
wrong conclusion. Accounting for this emission, we find that not only are annihilations of ∼10 GeV
particles into a purely leptonic final state allowed, but the democratic scenario actually provides a better fit
to the spectrum of the excess than the pure bb̄ channel. We conclude our work with a discussion on
constraints on these leptophilic scenarios based on the AMS data and the morphology of the excess.
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I. INTRODUCTION

After several decades of remarkable experimental devel-
opment, evidence for dark matter (DM) particles still
remains to be found. One important technique that has
made dramatic progress in the last few years is indirect
detection, which aims to detect the annihilation or decay
products of DM particles in dense environments such as the
central region of our Milky Way halo. In particular, the
recent gamma-ray data from the Fermi-LAT (Large Area
Telescope) experiment has enabled the community to con-
strain the thermal DM paradigm and set important bounds on
the DM self-annihilation cross section as a function of the
DM mass, for various final states (see, e.g., Refs. [1,2]).
However, a few years ago, the possibility of a gamma-ray

excess at low energies (between 1 and 10 GeV), in a narrow
region around the Galactic center (GC)—smaller than
10∘ × 10∘ [3]—led several authors to speculate that this
could be a manifestation of DM annihilations into either a

mixture of bb̄ and leptons-antileptons final states, or bb̄
final states only [4–8]. While this excess could be attributed
to astrophysical sources—like the central point source [9],
a burst injection of electrons [10], a population of cosmic-
ray protons [11], or unresolved millisecond pulsars (see,
e.g., Ref. [6])—a DM interpretation is nevertheless pos-
sible. In the case of a pure bb̄ final state, a DM mass of
30 GeV would be favored, while the DM mass should be
about 23.5 GeV if the final state contains 45% leptons and
55% b quarks [6]. In Refs. [4,6] it was also found that a DM
mass of 10 GeV is required if the final state contains 90%
leptons and 10% b quarks but the quality of the fit was
better for the bb̄ channel, thus leading the authors to prefer
a large fraction of b quarks in the final state. Note that
throughout this paper, the term “leptons” refers to demo-
cratic annihilation into leptons, i.e., a combination of the
eþe−, μþμ−, τþτ− final states, with 1=3 of the annihilations
into each of these channels.
These conclusions were obtained by only taking into

account the prompt gamma-ray emission originating from
these channels, namely the final-state radiation (FSR)
single-photon emission, and the immediate hadronization

*lacroix@iap.fr
†c.m.boehm@durham.ac.uk
‡silk@iap.fr

PHYSICAL REVIEW D 90, 043508 (2014)

1550-7998=2014=90(4)=043508(10) 043508-1 © 2014 American Physical Society

http://dx.doi.org/10.1103/PhysRevD.90.043508
http://dx.doi.org/10.1103/PhysRevD.90.043508
http://dx.doi.org/10.1103/PhysRevD.90.043508
http://dx.doi.org/10.1103/PhysRevD.90.043508


and decay of the DM annihilation products into photons.
In Refs. [7,8], the authors also added the bremsstrahlung
contribution from electrons generated by the showering of
the bb̄ final state, but without taking electron diffusion into
account. However, electrons produced in hadronization and
decay processes do propagate in the Galaxy and eventually
lose energy. The resulting population of electrons has an
energy distribution slightly shifted towards the lower
energy range but, depending on the energy propagation,
is nevertheless expected to also emit photons in the GeV
range through the bremsstrahlung process and inverse
Compton scattering off the cosmic microwave background
(CMB), UV and IR light, and starlight.
Here we show that the corresponding gamma-ray emis-

sion should not be neglected as it typically induces a signal
in the energy range where the excess has been observed.
The importance of the contribution from inverse Compton
scattering was argued in Ref. [12] in the general context of
setting constraints on DM annihilations from the diffuse
gamma-ray emission from the Galaxy. However, here we
show that these contributions from diffused electrons do
not simply induce corrections to the gamma-ray spectrum,
but in fact they drastically change the interpretation of the
excess in terms of DM. More specifically, it turns out that
one can fit the data very well with leptons in the final state,
in particular with a pure leptonic final state. So far, these
primary pure leptonic channels have been neglected in the
literature because the associated prompt gamma-ray emis-
sion does not provide a good fit to the data [6]. However,
our results show that the diffuse emission component
originating from primary and secondary electrons should
be considered very seriously, if the excess were indeed of
DM origin.
In Sec. II, we recall the basics of the diffusion of

electrons and remind the readers how these particles could
contribute to the diffuse emission of gamma rays in our
Galaxy. In Sec. III, we fit the data and show how taking into
account primary and secondary electrons can modify the
interpretation of the GeV excess when the final state
contains a large fraction of leptons. We provide a dis-
cussion of constraints from the AMS data and the mor-
phology of the signal for leptophilic final states in Sec. IV
and conclude in Sec. V.

II. DIFFUSE GAMMA-RAY EMISSION

In this section, we describe the calculation of the
additional contributions to the gamma-ray spectrum from
electron diffusion.

A. Prompt emission vs diffuse emission
from primary and secondary electrons

Since all the primary annihilation channels discussed in
this paper contain charged particles, one expects a signifi-
cant amount of prompt photon emission from both the FSR

process and hadronization/decay of these primary particles
(when hadronization can indeed take place).
Given that prompt emission is supposed to occur

“instantaneously,” the corresponding gamma-ray signal
offers a direct measurement of the DM energy distribution.
As a result, any excess of gamma-ray photons that can be
interpreted as mostly originating from prompt emission
gives important information about the DM density profile
and the decaying/annihilating nature of the DM.
However, when estimating the gamma-ray flux from

these channels, one also needs to fold in the fact that they
also eventually produce secondary electrons (in addition to
primary electrons if the annihilation channel relies on a
fraction of eþe−). Since the latter propagate both spatially
and in energy in the Galaxy, a consequence of these
annihilation channels is the existence of a low-energy
population of electrons whose origin is ultimately related
to DM. This population is expected to produce diffuse
gamma-ray emission due to its scattering off the interstellar
radiation field (ISRF) and interactions with atomic nuclei in
the interstellar medium. The associated spectrum may be a
subcomponent of the total gamma-ray emission, but should
definitely be taken into account since it could be an
important element to understand the nature of DM.
While this diffuse emission has no direct connection with

the DM energy density distribution due to propagation,
it can nevertheless be predicted from a given DM halo
profile, provided we make some minimal assumptions
about the efficiency of the inverse Compton (IC) scattering
mechanism and bremsstrahlung.

B. Propagation of electrons in the inner Galaxy

To compute the gamma-ray spectrum from these
DM-induced electrons, one first has to solve the diffusion-
loss equation of cosmic rays, in order to compute the electron
spectrum after propagation that enters into the expression of
the gamma-ray flux.

1. Transport equation

Assuming a steady state, the diffusion-loss equation of
cosmic rays reads [13–15]

K∇2ψ þ ∂
∂E ðbtotψÞ þ q ¼ 0; ð1Þ

where ψ ≡ ψð~x; EÞ is the electron spectrum (number
density per unit energy) at location ~x and energy E. ∇2

is the Laplacian operator, q≡ qð~x; EÞ is the source term
and btot ≡ btotð~x; EÞ describes the total energy loss of the
particle. The diffusion coefficient K models the transport
through the small irregularities in the Galactic magnetic
field. It is assumed to be independent of the position of the
cosmic rays and is generally parametrized in the following
way [14–17]: KðEÞ ¼ K0ðE=E0Þδ, where E0 is an energy
normalization taken to be 1 GeV. The diffusion model is
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defined by K0, δ, and the half-thickness L of the diffusion
zone. Cosmic rays in the Milky Way Galaxy are indeed
confined by the Galactic magnetic field to a diffusion zone
modeled by a cylinder of radius Rgal ¼ 20 kpc and half-
thickness L with respect to the Galactic plane. The three
sets of parameters we consider are given by

MIN∶ L ¼ 1 kpc; K0 ¼ 0.0016 kpc2Myr−1; δ ¼ 0.85;

MED∶ L ¼ 4 kpc; K0 ¼ 0.0112 kpc2Myr−1; δ ¼ 0.7;

MAX∶ L ¼ 15 kpc; K0 ¼ 0.0765 kpc2Myr−1; δ ¼ 0.46;

ð2Þ
with the medium (MED) set providing the best fit to the
cosmic-ray measurements of the boron-to-carbon (B/C)
ratio at the Earth’s position [15]. The minimum (MIN)
and maximum (MAX) sets allow one to quantify the
uncertainties on the diffusion models compatible with
observational data.
Assuming that secondary and primary electrons only

originate from DM annihilations, the source term reads

qð~x; EÞ ¼ 1

η
hσvi

�
ρð~xÞ
mDM

�
2 dn
dE

ðEÞ; ð3Þ

where hσvi is the thermally averaged cross section times
the relative velocity of the DM particles, ρð~xÞ is the DM
density at position ~x, mDM is the mass of the DM particles,
and the numerical factor η accounts for the DM nature
(Dirac vs Majorana or self-conjugate vs complex, i.e.,
η ¼ 4 vs η ¼ 2). We take η ¼ 2 throughout this work. The
term dn=dE represents the injection energy spectrum of
electrons originating from the different channels of DM
annihilations.
In this paper, we take the same DM halo profile as in

Ref. [6], namely the generalized Navarro-Frenk-White
(NFW) profile:

ρðrÞ ¼ ρ⊙
�

r
r⊙

�
−γ
�
1þ ð rrsÞα
1þ ðr⊙rs Þα

�−ðβ−γÞ=α
; ð4Þ

with α ¼ 1, β ¼ 3, γ ¼ 1.2, ρ⊙ ¼ 0.36 GeVcm−3 and
rs ¼ 23.1 kpc. We also put a cutoff in the profile at
4.2 × 10−7 pc, namely the Schwarzschild radius of the
supermassive black hole at the GC. This value is about the
same as that determined by the balance between accretion
of DM particles onto the black hole and annihilations. We
checked the consistency of this cutoff with the literature by
reproducing the results of Refs. [4,6] for the prompt
emission. In practice a cutoff at a slightly larger scale
should not make any difference in the results since the
angular resolution of Fermi-LAT is not that good.
For the injection spectra, we make use of the values of

dn=dE computed and tabulated for various DM masses in
Ref. [18] using the PYTHIA event generator [19].

To estimate the importance of electron diffusion, one
needs to specify the different losses. At energies≲10 GeV,
the main loss terms come from IC scattering on the different
components of the ISRF (CMB, starlight, and IR and UV
light), synchrotron radiation and bremsstrahlung emission.
The synchrotron energy-loss term reads [13]

bsyn ¼
4

3
σTc

B2

2μ0
γ2L; ð5Þ

where σT is the Thomson cross section, B is the intensity of
the magnetic field, c is the speed of light, γL is the Lorentz
factor of the electrons, and μ0 is the vacuum permeability.
The bremsstrahlung loss term depends on the species

that compose the interstellar gas and on whether the
matter is ionized or neutral. In this work, we consider
for simplicity neutral hydrogen so the corresponding
bremsstrahlung loss term in this strong-shielding limit
reads [20,21]

bbrems ¼ αem
3σT
8π

ngas

�
4

3
ϕH
1;ss −

1

3
ϕH
2;ss

�
E; ð6Þ

where αem is the fine-structure constant, E is the energy,
ϕH
1;ss ¼ 45.79, and ϕH

2;ss ¼ 44.46. The bremsstrahlung loss
term therefore depends on the number density ngas in the
region of injection of the electrons. The authors of Ref. [20]
considered two models for the gas in the Galaxy with the
density reaching values of Oð1Þ or Oð100Þ cm−3. They
used GALPROP maps [22] that led to Oð1Þ cm−3 densities,
and the density ofOð100Þ cm−3 corresponds to a toy model
that relies on a modification of the GALPROP maps, by
crudely taking into account the clumpiness of the gas
distribution. In this work, we use a conservative approach
and we only consider values of Oð1Þ cm−3 for ngas.
A higher gas number density would increase the brems-
strahlung losses and thus the confinement of the electrons.
Consequently this would increase the bremsstrahlung
emission and reduce the IC contribution.
As for IC losses, we reproduce the calculation of

Refs. [23,24] which consists in fitting the ISRF spectrum
with several greybody spectra corresponding to the differ-
ent components (CMB, stars, IR, UV). Given that we are
interested in a small region around the GC, we use the ISRF
spectrum in the inner Galaxy. We thus consider homo-
geneous losses, but this should be a valid assumption since
we focus on a small region around the GC. The corre-
sponding losses bIC are then computed for the different
components in the different energy regimes as presented
in Ref. [23]. Finally, the total energy-loss term is given
by btot ¼ bsyn þ bbrems þ bIC.
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2. Electron spectrum after diffusion

We solve the transport equation by using the semi-
analytical method presented in Ref. [14]. In this approach,
the spectrum ψ of the cosmic-ray particle after propagation
is given by the expression:

ψð~x; EÞ ¼ κ

btotðEÞ
Z

∞

E

~I~xðλDðE;ESÞÞ
dn
dE

ðESÞdES: ð7Þ

In this expression ~I~xðλDðE;ESÞÞ is the halo function, and
κ ¼ ð1=2Þhσviðρ⊙=mDMÞ2 is defined by writing the source
term as q ¼ κðρ=ρ⊙Þ2dn=dE. The halo function encodes all
the information on diffusion through the diffusion length
λD. The latter represents the distance traveled by a particle
produced at energy ES and losing energy during propaga-
tion, down to an energy E. It is given by (see, e.g.,
Ref. [15])

λ2DðE;ESÞ ¼ 4

Z
ES

E

KðE0Þ
btotðE0Þ dE

0: ð8Þ

To compute the halo function, we use the method relying
on Green’s functions detailed in Refs. [24,25]. In this
approach, the halo function is given by the convolution of
the propagator G of the transport equation with the DM
density squared, over the diffusion zone (DZ) [14],

~I~xðλDðE;ESÞÞ ¼
Z
DZ

d~xSGð~x; E← ~xS; ESÞ
�
ρð~xSÞ
ρ⊙

�
2

:

ð9Þ

However, for small values of λD relative to the distance
from the GC, the propagator becomes very sharply peaked.
Moreover, the DM profile is also very sharply peaked close
to the GC. Consequently, if the integrand is not correctly
sampled, the halo function is underestimated at the GC. To
solve this issue, we use logarithmic steps to account for the
cuspiness of the profile, but the sharpness of the propagator
nevertheless requires a more complex treatment which is
given in Ref. [24].

III. FITTING THE GeV EXCESS

Using this dedicated treatment of diffusion on very small
scales, we can now estimate the relative importance of the
diffuse gamma-ray emission generated through the propa-
gation of secondary (and primary) electrons with respect to
the prompt emission, and how this additional contribution
affects the fit to the Fermi-LAT excess. We consider three
specific scenarios in which DM particles annihilate either
into 100% leptons, a mixture of leptons and bb̄ or 100% bb̄.
We recall the fact that “leptons” refers to a mixture of the
eþe−, μþμ−, τþτ− channels, with 1=3 of the annihilations
into each of these channels.

A. Prompt, IC and bremsstrahlung contributions

To compare the importance of the different components,
we use a 7∘ × 7∘ region corresponding to the signal found
in Ref. [6].

1. Prompt emission

The flux of prompt gamma rays (energy per unit time per
unit surface area per unit solid angle) is given by the
integral over the line of sight coordinate s of the DM
density squared (see, e.g., Ref. [26]),

E2
γ

dn
dEγdΩ

¼ E2
γ

4π

1

2

�
ρ⊙
mDM

�
2

hσvi dN
dEγ

Z
l:o:s:

�
ρð~xÞ
ρ⊙

�
2

ds:

ð10Þ

The flux from the squared 7∘ × 7∘ region is then given by

E2
γ
dn
dEγ

¼ 4

Z
θfov

0

Z
θfov

0

E2
γ

dn
dEγdΩ

cos bdbdl; ð11Þ

where l and b are, respectively, the longitude and the
latitude, and θfov ¼ 3.5∘ defines the field of view. This
corresponds to the flux expected for a given annihilation
channel. To get the total flux, we then sum and weight the
different channels (leptons, leptonsþ b quarks, bb̄).

2. IC and bremsstrahlung emissions

In contrast, computing the flux of gamma rays emitted
by electrons requires taking propagation into account. This
can be expressed as (see, e.g., Ref. [18])

E2
γ

dn
dEγdΩ

¼ Eγ

4π

Z
l:o:s:

jðEγ; s; l; bÞds; ð12Þ

where jðEγ; s; l; bÞ≡ jðEγ; ~xÞ is the photon emissivity
(power per unit volume per unit energy) obtained after
propagation of the electrons and after taking into account
the photon emission due to their interactions with the ISRF
and atomic nuclei in the interstellar medium. The emis-
sivity is therefore given by (see Refs. [20,21])

jðEγ; ~xÞ ¼ Ne

Z
mDM

Emin
e

PðEγ; Ee; ~xÞψðEe; ~xÞdEe; ð13Þ

where ψ is the electron spectrum after propagation,
P ¼ PIC þ Pbrems is the emission spectrum, Ne ¼ 2 takes
into account the fact that both electrons and positrons
radiate, and Emin

e is the minimum electron energy from
kinematics.
For IC emission, the emission spectrum reads (see e.g.,

Refs. [20,21])
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PICðEγ;Ee; ~xÞ ¼
3σTc
4γ2L

Z
1

1=4γ2L

dqðEγ −E0
γðqÞÞ

nðE0
γðqÞ; ~xÞ
q

×

�
2q lnqþqþ1−2q2þ1

2

ε2

1− ε
ð1−qÞ

�
;

ð14Þ

where ε ¼ Eγ=Ee and the initial energy of the photon of the
ISRF is related to q via

E0
γðqÞ ¼

Eγ

4qγ2Lð1 − εÞ : ð15Þ

In Eq. (14), n is the sum of the number densities per unit
energy for the different components of the photon bath. We
assume a constant value for n, corresponding to the value at
the GC. Note that the lower bound of the integral in
Eq. (13) is equal to a minimum energy that is close to the
energy of the emitted photon: Emin

e ¼ðEγþðE2
γþm2

eÞ1=2Þ=2.
For the gamma-ray energies of interest here (typically
Eγ > 0.1 GeV), Emin

e is very close to Eγ.
For bremsstrahlung emission, the spectrum is given by

[20,21] (and multiplied by Eγ to get a power per unit
energy)

PbremsðEγ; Ee; ~xÞ ¼ cngasEγ
dσ
dEγ

ðEγ; EeÞ; ð16Þ

with the differential cross section given by

dσ
dEγ

¼ 3αemσT
8πEγ

��
1þ

�
1 −

Eγ

Ee

�
2
�
ϕ1 −

2

3

�
1 −

Eγ

Ee

�
ϕ2

�
;

ð17Þ

with ϕ1 ¼ ϕH
1;ss and ϕ2 ¼ ϕH

2;ss when considering only
atomic neutral hydrogen. In this case the lower bound
for the integral over the electron energy is simply Eγ.

B. Fits to the data

We can now fit the Fermi-LAT excess. To make our
point, we choose fixed values of the parameters describing
the interstellar medium (in particular the magnetic field and
gas density) and allow the annihilation cross section to
vary. For simplicity, we assume the same value of the
annihilation cross section for all the final states considered
in this paper.
In principle one should scan over all possible free

parameters (including in fact the magnetic field and gas
density) but since we are only interested in showing that
10 GeV DM annihilating into a large fraction of leptons fits
the data very well if one accounts for the diffusion and
gamma-ray emission of the electrons, we keep a simplified
setup with B ¼ 3 μG and ngas ¼ 3 cm−3.

The data are taken from Ref. [6] and correspond to a
7∘ × 7∘ region. Different data sets were given in
Refs. [4,7,8], depending on the assumption on the back-
ground sources that are being subtracted from the data, but
the implication of these different sets on the best-fit
parameters is beyond the scope of the present paper.
In Fig. 1, we compare the contributions from the prompt

emission with that from IC and bremsstrahlung, for a pure
leptonic channel. As one can readily see, IC emission is
particularly important at low energy (below 1 GeV) while
bremsstrahlung emission is important at intermediate
energies (1–10 GeV). Also, as pointed out already in
previous work [6], the prompt emission alone does not
fit the data for the leptonic channel. However, our work
shows that the sum of the three components (prompt, IC
and bremsstrahlung) actually provides an excellent fit.
In Fig. 2, we compare the best fits obtained with only

prompt emission and promptþ ICþ bremsstrahlung emis-
sions, for a pure leptonic final state (left panel) and a
scenario containing 90% leptons and 10% b quarks (right
panel). The importance of the IC and bremsstrahlung
contributions is less crucial when DM can annihilate into
bb̄. Nevertheless, these IC and bremsstrahlung components
enable one to significantly improve the quality of the fit.
To make a more quantitative statement, we define the

goodness of fit by the criterion χ2 < 29.6, which gives
a p-value greater than 10−3 [27], corresponding to 11 data
energy bins and one free parameter, hσvi. Note that in our
analysis we combine in quadrature the statistical and

FIG. 1 (color online). Spectrum of the residual extended
emission in the 7∘ × 7∘ region around the GC. The blue points
are the residuals in the Fermi-LAT data extracted by the authors
of Ref. [6]. The prompt contribution (black dashed), IC (green
dashed-dotted) and bremsstrahlung (red dotted) emissions from
10 GeV DM annihilating only into leptons democratically add up
to give a very good fit to the data, as shown by the black solid
line. This figure is obtained for a best-fit cross section of
hσvi ¼ 0.86 × 10−26 cm3 s−1.
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systematic errors provided in Ref. [6]. For prompt emission
with only leptons, the best fit is obtained for hσvi ¼
2.02 × 10−26 cm3 s−1, with χ2 ¼ 41.93, which is a very
bad fit. However, we obtain a χ2 of 10.21 for a cross section
of 0.86 × 10−26 cm3 s−1 when we add up the IC and
bremsstrahlung contributions. This demonstrates the
importance of taking into account the gamma-ray emission
from diffused electrons. Note that the error bars on the
cross section at the 1σ level are of the order of
0.06 × 10−26 cm3 s−1.
For the channel with 90% leptonsþ 10% bb̄, the differ-

ence is smaller than for leptons only, but the χ2 is
nevertheless reduced from 16.46 (with a best-fit cross
section of 2.11 × 10−26 cm3 s−1) down to 9.57 (with a
best-fit cross section of 0.89 × 10−26 cm3 s−1) when includ-
ing IC and bremsstrahlung emissions. Hence, in such a
scenario, both spectra with or without the IC and brems-
strahlung contributions fit the data, but there is a clear
preference for the total spectrum.
Shown in Fig. 3 are the best fits for the prompt spectrum

and the total spectrum in the case of a 30 GeV DM particle
annihilating into 100% bb̄. The corresponding best-fit
values of the annihilation cross section are not very
different: hσvi ¼ 2.2 × 10−26 cm3 s−1 for the prompt emis-
sion (with χ2 ¼ 11.24), and hσvi ¼ 2.03 × 10−26 cm3 s−1

for the total emission (with χ2 ¼ 11.98). In this case, the
contributions from IC and bremsstrahlung are subdomi-
nant, except at low energy. This is due to the fact that the IC
and bremsstrahlung emission spectra take large values for
electron energies close to the DM mass (Ee must be much
greater than the observed energy Eγ). Electrons originating

from bb̄ tend to have an energy spectrum peaked at low
energy, unlike those originating from leptonic annihilation
channels that peak closer to the DM mass. Hence, looking
at the gamma-ray spectrum at lower energies could be a
good way to test whether the bb̄ channel, which is usually
claimed to be the preferred channel, indeed agrees with
other data sets from the GC.

FIG. 2 (color online). Best fits to the Fermi residual with the gamma-ray spectrum from annihilations of 10 GeV DM particles into
leptons democratically (left panel) or 90% leptons and 10% b quarks (right panel). In both panels we show the best fit with only prompt
gamma-ray emission and with the three contributions from prompt, IC and bremsstrahlung emissions. The corresponding best-fit cross
sections for the total spectrum are about the same for leptons and leptonsþ b quarks, i.e., respectively, hσvi ¼ 0.86 × 10−26 cm3 s−1 and
hσvi ¼ 0.89 × 10−26 cm3 s−1. When fitting the data with only prompt gamma rays, the cross section is 2.02 × 10−26 cm3 s−1 for leptons
and 2.11 × 10−26 cm3 s−1 for leptonsþ b quarks. For leptons only, including the gamma-ray emission from diffused electrons
significantly improves the fit.

FIG. 3 (color online). Best fits to the Fermi residual with the
gamma-ray spectrum from annihilations of 30 GeV DM particles
into 100% bb̄. Including the contributions from IC and brems-
strahlung emissions does not significantly affect the spectrum,
except at low energies. The best-fit cross section in both cases is
of the order of 2 × 10−26 cm3 s−1.
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So far, we have shown that taking B ¼ 3 μG and ngas ¼
3 cm−3 leads to a very good fit to the data with the total
spectrum, particularly for the leptonic channel. However,
the fits are fairly robust with respect to changes in these
parameters. For instance, taking B ¼ 10 μG—a value that
may be more consistent with the value close to the GC—
leads to a small global shift of the IC and bremsstrahlung
contributions (due to greater losses). The resulting best fit is
only slightly affected, with χ2 ¼ 10.35 and hσvi ¼ 0.92 ×
10−26 cm3 s−1 for the leptonic channel. When taking a
greater value for ngas, namely 10 cm−3, the resulting
spectrum is harder at low energy but still provides a
very good fit to the data, with χ2¼16.6 and hσvi ¼
0.6 × 10−26 cm3 s−1, as shown in Fig. 4.
Finally, the diffusion model introduces an additional

uncertainty, which is quantified by the MIN and MAX sets
of propagation parameters and degenerated with the cross
section (although changing the diffusion parameters mostly
affects the low-energy end of the spectrum, since the
prompt contribution remains fixed). This uncertainty is
shown in Fig. 5. The hatched area is bounded by the spectra
for the MIN and MAX sets (respectively, at the top and the
bottom of the band) computed with the best-fit cross
section obtained with the MED set. Hence the uncertainty
on the diffusion model translates into an error on the best-fit
value for the cross section. The corresponding values for
the MIN and MAX sets are hσviMIN ¼ 0.68×10−26 cm3 s−1

and hσviMAX ¼ 1.18 × 10−26 cm3 s−1.

IV. FURTHER TESTS

A. Discussion of constraints from the AMS data

We found two best fits in the leptonic case: one
corresponding to the democratic scenario (χ2 ¼ 10.21)
and one without electrons and with branching ratios of

about 2=3 into μþμ− and 1=3 into τþτ− (χ2 ¼ 14.22). For
the latter case the fit requires a cross section of
1.42 × 10−26 cm3 s−1. The democratic scenario is however
in tension with the limits on the annihilation cross section
into eþe− derived from the AMS data in Refs. [28–30],
which essentially exclude annihilations into eþe− with
cross sections close to the thermal value. These limits
also exclude branching ratios into μþμ− larger than
0.25 [30].

FIG. 4 (color online). Best fits to the Fermi residual with the
gamma-ray spectrum from annihilations of 10 GeV DM particles
into leptons, with a gas density of 10 cm−3.

FIG. 5 (color online). Best fits to the Fermi residual with the
gamma-ray spectrum from annihilations of 10 GeV DM particles
into leptons. The purple hatched area represents the uncertainty
on the best fit for the total spectrum including IC and brems-
strahlung due to the uncertainty on the diffusion model. The
band is bracketed by the fluxes for the MIN and MAX sets,
respectively, at the top and the bottom.

FIG. 6 (color online). Best fits to the Fermi residual with the
gamma-ray spectrum from annihilations of 10 GeV DM particles
with branching ratios of 0.25 into muons and 0.75 into taus.
The best-fit cross section is ∼1 × 10−26 cm3 s−1.
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The constraints from Ref. [30] were obtained by search-
ing for tiny deviations from a power-law background that
empirically fits the AMS data. These limits would probably
be less stringent if one relaxes the assumption of a smooth
background. However, as shown in Fig. 6, when taking
these constraints into account, we find that the effect of IC
and bremsstrahlung becomes less significant than for a
larger branching ratio into muons. The associated best-fit
cross section for a branching ratio into muons of 0.25 is
hσvi ≈ 1 × 10−26 cm3 s−1 and we find χ2 ¼ 27.3, which
corresponds to a marginally good fit.

B. Morphology

The morphology of the diffuse emission in the case of
the democratic scenario depends on the observed energy. In
Fig. 7, we show the expected gamma-ray flux as a function
of latitude (or similarly longitude) for three different
energies (0.1 GeV, 1.0 GeV and 9.5 GeV). As one can
see, secondary electrons can induce a significant excess of
gamma-ray emission at low energies (below a few GeV)

with respect to prompt emission. This contribution leads to
a significant flux up to a few tens of degrees which is in
agreement with Ref. [8], where the authors found that the
excess extends out to at least 12°.
Below 1 GeV (typically 0.1 GeV), the diffusion con-

tribution dominates over the contribution from prompt
emission. Between 3 and 12°, we find that our model is
well fitted by a power law with index 1.34, which is very
close to the index of 1.4 that one obtains for prompt
emission only, corresponding to a DM profile with a power-
law index of 1.2. Therefore, in this energy range our model
is consistent with the morphology of the prompt emission
found in the literature (e.g., Ref. [8]). However, at such low
energies (i.e., essentially 0.1 GeV), the diffusion contribu-
tion leads to a profile for the flux between Oð0.1Þ and
Oð1Þ∘ that is shallower than the profile from prompt
emission. At 1 GeV and for the same angular region, the
tension is much weaker. But in any case one should rather
consider the results from the analysis of the Fermi signal
that excludes the inner 1° as this is more robust.

FIG. 7. Gamma-ray flux from DM annihilating exclusively into leptons, as a function of latitude b, for three values of the gamma-ray
energy Eγ: 0.1, 1, and 9.5 GeV. The contributions from electron diffusion, via IC and bremsstrahlung, clearly lead to an excess with
respect to the prompt emission below 10° at low energy.

THOMAS LACROIX, CÉLINE BŒHM, AND JOSEPH SILK PHYSICAL REVIEW D 90, 043508 (2014)

043508-8



Investigating the morphology in the [0.1°,1°] region, at
energies below 0.1 GeV, may therefore enable one to
discriminate between the bb̄ and pure leptonic final states.1

We note that unresolved sources are likely to contribute to
the flux in such a small angular region. Hence although the
contribution from the leptonic scenario might not be large
enough in the inner degree at low energy with respect to
observations, the total flux may actually be compatible with
the data.

V. CONCLUSION

In this paper, we have demonstrated that taking into
account the gamma-ray emission from DM-induced elec-
trons drastically changes the interpretation of the Fermi-
LAT excess, since it allows one to obtain an excellent fit to
the spectrum of the excess for DM annihilations into
leptons only. Therefore, bb̄ is not the only viable channel,
and we have rehabilitated the pure leptonic channel con-
taining a combination of leptons. More specifically, we
have shown that the contributions of the eþe− and μþμ−
channels to IC and bremsstrahlung are very important. The
reason for this improved fit to the Fermi excess is the IC
and bremsstrahlung contributions, which give a gamma-ray

spectrum at slightly lower energies than the prompt
emission. The effect is strong for democratic annihilation
into leptons, while it gets weaker (but definitely non-
negligible) for the scenarios favored by the latest con-
straints [30], with no electrons and a branching ratio into
muons of 0.25. Possible additional constraints on this
scenario involve the morphology of the gamma-ray flux
at low energy: our model is not in strong tension with the
morphology of the excess in the energy range of the data,
but looking at lower energies may help to discriminate
between the leptonic and bb̄ scenarios. Therefore, in the
absence of such a strong constraint, and should the excess
be of DM origin, one would definitely need to take into
account these leptonic final states to determine the DM
mass and the value of the self-annihilation cross section,
even though models may be harder to build than those with
a pure bb̄ final state [31].
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