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Abstract. Dwarf spheroidal (dSph) galaxies are thought to be good candidates for dark matter search due to their high mass-to-light (M/L) ratio.
One of the most favored dark matter candidates is the lightest neutralino
(neutral χ particle) as predicted in the Minimal Supersymmetric Standard
Model (MSSM). In this study, we model the gamma ray emission from
dark matter annihilation coming from the nearby dSph galaxies Draco,
Segue 1, Ursa Minor and Willman 1, taking into account the contribution
from prompt photons and photons produced from inverse Compton scattering off starlight and Cosmic Microwave Background (CMB) photons
by the energetic electrons and positrons from dark matter annihilation. We
also compute the energy spectra of electrons and positrons from the decay
of dark matter annihilation products. Gamma ray spectra and fluxes for
both prompt and inverse Compton emission have been calculated for neutralino annihilation over a range of masses and found to be in agreement
with the observed data. It has been found that the ultra faint dSph galaxy
Segue 1 gives the largest gamma ray flux limits while the lowest gamma
ray flux limits has been obtained from Ursa Minor. It is seen that for
larger M/L ratio of dwarf galaxies the intensity pattern originating from
e+ e− pairs scattering off CMB photons is separated by larger amount
from that off the starlight photons for the same neutralino mass. As the
e+ e− energy spectra have an exponential cut off at high energies, this may
allow to discriminate some dark matter scenarios from other astrophysical sources. Finally, some more detailed study about the effect of inverse
Compton scattering may help constrain the dark matter signature in the
dSph galaxies.
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1. Introduction
Recent astrophysical evidence suggests that nonbaryonic cold dark matter comprises
approximately 27% of the total energy content of the present day Universe (Ade
et al. 2013). However, the physical nature of dark matter (DM) is still mysterious. A
popular DM candidate is the Weakly Interacting Massive Particle (WIMP) with mass
∼101 –104 GeV (Bertone et al. 2005). One of the most motivated candidates in the
list of possible WIMPs is the lightest neutralino, a stable mixture of supersymmetric
partners of Z boson, photon and Higgs boson, as predicted in the Minimal Supersymmetric Standard Model (MSSM). In the regions of high dark matter density, the pairs
of neutralinos can annihilate and produce standard model particles. Direct annihilations into γ γ or Zγ produce a sharp line spectrum with photon energy depending
on the neutralino mass. Neutralinos can also annihilate to pairs of τ or quarks,
leading in subsequent processes to π ◦ -decays, resulting in a continuous photon
spectrum.
The dwarf Spheroidal (dSph) satellite galaxies of the Milky Way are some of the
most promising targets for the indirect detection of dark matter annihilation via γ rays due to their large mass to light ratios of the order of 102 –103 M /L , small
baryonic contents and lack of astrophysical backgrounds (Aaronson 1983; Mateo
1998; Grcevich & Putman 2009). Moreover, dSphs contain no detectable neutral
or ionized gas and show little or no star formation activity (Mateo 1998; Grcevich
& Putman 2009; Gallagher et al. 2003) which would simplify interpretation of the
detection of a gamma-ray excess in the direction of a dSph. We consider the following dwarf spheroidal galaxies of the Milky Way – Draco, Segue 1, Ursa Minor and
Willman 1 as our targets. We choose Draco as it is supported by large set of available data. This Draco has already been proposed as a possible source of gamma rays
produced by WIMP annihilation in a number of studies (Tyler 2002; Evans et al.
2004; Bergstrom & Hooper 2006; Profumo & Kamionkowski 2006; Xiao-Jun et al.
2006). Segue 1 is the closest satellite to Earth. It is located at high galactic latitude
and is expected to produce the strongest dark matter signal among the dwarf galaxies (Martinez et al. 2009; Essig et al. 2010; Simon et al. 2011). With a luminosity of
0.29×106 L , Ursa Minor is one of the best known and the brightest dSph galaxy.
The Willman 1 is chosen as it is also one of the most DM-dominated objects in the
Universe (Strigari et al. 2008).
A multi-wavelength analysis of DM annihilation has been discussed in a number
of studies (Colafrancesco et al. 2007; Profumo & Ullio 2010). Recent observations of the cosmic ray positron fraction above 10 GeV by PAMELA (Adriani
et al. 2008) and the cosmic ray e− + e+ spectra above a few hundred GeV
by Fermi-LAT (Abdo et al. 2009) have provided great interest in DM particles which dominantly annihilates into leptons (Cirelli & Strumia 2008; Cholis
et al. 2009). The high energy electrons and positrons produced in such annihilations rapidly transfer their energy to the background radiation through inverse
Compton scattering to produce the extragalactic background of X-rays and gamma
rays. In this work, a model is proposed to study gamma ray emission by WIMP
annihilation from the dSph galaxies. We consider the contribution from prompt photons and the photons induced via Inverse Compton Scattering (ICS) off starlight
and CMB photons by the energetic electrons and positrons from dark matter
annihilation.
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2. Gamma ray from DM annihilation
The two main contributions to the gamma ray flux from DM annihilation are prompt
photons and the photons induced via ICS. The first one is produced indirectly via
hadronization, fragmentation and decays of DM annihilation products or directly
through one-loop processes. The second contribution originates from electrons and
positrons produced in DM annihilations via ICS off ambient photon background.

2.1 Prompt emission
The gamma ray flux due to prompt contribution can be written as
F (Eγ ) =

1 σ v
ζr f (Eγ )J (∇),
4π 2Mχ2

(1)

where Mχ is the WIMP mass, σ v is the relative velocity times annihilation
cross-section, ζγ is the average number of γ -rays per annihilation and f (Eγ ) is
the normalized spectral distribution function. The quantity J(∇) represents the
astrophysical J -factor defined as


J ( ) =
d
ρ 2 (r, ) dl.
(2)


l.o.s.

This J-factor is specified by the integral of squared DM density, ρ 2 (r, ) over a line
of sight (l.o.s.) l and solid angle . Here l.o.s. means integral along the line-of-sight.
For the DM distribution within the halo, we consider a well established model, the
Navarro–Frenk–White (NFW) density profile (Navarro et al. 1996):
ρs
ρNFW (r) =   
2 ,
r
r
1 + rs
rs
where ρs and rs are the typical scale density and radius respectively. We use the
astrophysical factor for the four dSph galaxies constrained by the observational data
(Table 1). The photons from dark matter annihilation are produced primarily through
the decay of neutral pions (Stecker 1988; Rudaz & Stecker 1988). The normalized
Table 1. Properties of the Milky Way dwarf spheroidal galaxies in this study.
Name

Distance
(kpc)

Year of
discovery

M/L

log10 (J NFW )
log10 [GeV2 cm−5 sr]

Draco

80

1954

320

18.8 ± 0.16

Segue 1

23

2007

1320

19.5 ± 0.29

Ursa Minor

66

1954

580

18.8 ± 0.19

Willman 1

38

2004

700

19.1 ± 0.31

J -factors are calculated over a solid angle of

 ∼ 2.4 × 10−4 sr.
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γ -ray production spectrum resulting from the decay of the neutral pion is given by
(Stecker 1971)




Mχ

ζ γ fγ E γ = 2

dE π (Eπ2 − m2π )−1/2 ζπ fπ (Eπ ),

(3)

El (Eγ )

where the lower limit of the integral El (Eγ ) = Eγ + m2π /4Eγ and ζπ is the pion
multiplicity. The distribution function f (E) is normalized such that for the integrated
distribution function f (> 0) = 1. We have calculated the quantity ζγ f (Eγ ) for
the annihilation of neutralino in the mass range 10–100 GeV. The upper limit on

Figure 1. The γ -ray spectrum calculated for a few values of the neutralino mass annihilating
into bb final state for the dSph galaxies Draco, Segue 1, Ursa Minor and Willman 1.
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Figure 2. Electron spectrum as a function of electron energy for three different values of Mχ
annihilating into bb̄ final state.

the annihilation cross sections are obtained from Ackermann et al. (2014). The DM
annihilation takes place predominantly through some combination of the final states
bb̄, tt, W + W − or ZZ. The gamma ray spectra obtained from these channels have
similar features, since they all result from the decay of neutral pions produced in
the hadronization of annihilation products. In Fig. 1, we show the prompt gamma
ray spectra of different neutralino masses annihilating in the bb̄ final state within the
NFW halo model for Draco, Segue 1, Ursa Minor and Willman 1. We find the upper
limit of the γ -ray flux for 100 GeV neutralino annihilation at around 100 GeV as
F ∼
= 5.82 × 10−11 photons cm−2 s−1 for Draco.
The MAGIC collaboration has set an upper limit of 1.1 × 10−11 photons cm−2
−1
s for the flux of photons with energies above 140 GeV from the direction of Draco
(Albert et al. 2008). The observation of dSph with the Fermi-LAT detector gives the
upper limit of the γ -ray flux determined from the WIMP annihilation above 1 GeV
as around 10−9 photons cm−2 s−1 (Abdo et al. 2010). From Fig. 1, it is seen that all
the four dwarfs give roughly similar gamma ray flux upper limits. However, we find
the highest gamma ray flux limits from the ultra faint dSph Segue 1 while Ursa Minor
gives lowest gamma ray flux limits. The spectra show a distinct hardness between 80
MeV and 200 MeV energy range which is the most sensitive range of Fermi-LAT,
a satellite-based telescope which is designed for making observations of celestial
gamma ray sources in the energy band extending from ∼10 MeV to 300 GeV.

2.2 Inverse Compton emission
The high energy electrons and positrons generated by WIMP annihilation produce
γ -rays via inverse Compton scattering (ICS) off the low energy background photons
in the InterStellar Radiation Field (ISRF). The differential gamma ray flux due to
ICS off the low energy background photons in the interstellar field by the relativistic
electrons and positrons is given by


dφ
dEγ


IC

1 σ v
=
Eγ 4πMχ2


d


Mχ


2

ρ (r, ) dl×
me

 Mχ

P Eγ , E
dNe
dE
dĒ
. (4)
b (E)
dĒ
E
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Here, P (Eγ , E) is the differential power emitted into photons of energy Eγ by the
electron /positron with energy E given by Colafrancesco et al. (2007) as

(5)
P(Eγ , E) = cEγ dεn(ε)σ (Eγ , ε, E),
where σ (Eγ , ε, E) is the Klein–Nishina cross-section (Longair 1994) and n(ε)
is the differential number density of target photons. We consider the ISRF as a
superposition of black body-like spectra with different temperatures: for CMB with
TCMB = 2.73 K, thus hν = 0.2348 MeV, and for the starlight with TSL = 3800 K
(Cirelli & Panci 2009) which is equivalent to energy of ≈0.33 eV. b(E) is the total
rate of electron/positron energy loss due to inverse Compton scattering as in Cirelli
& Panci (2009) and dNe /dĒ is the spectrum of secondary electrons and positrons.
The e− e+ energy spectrum arising from the DM annihilation has been derived by
various authors (Hill 1983; Tyler 2002; Culverhouse et al. 2006). Here, we follow the

Figure 3. Inverse Compton gamma ray flux as a function of WIMP mass for Draco, Segue 1,
Ursa Minor and Willman 1.
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work of Culverhouse et al. (2006). The charged pions produced in χ χ̄ annihilation
decays as
π + → μ+ ν μ

and π − → μ− νμ .

(6)

Muons subsequently decay to electrons via
μ+ → e + ν μ ν e

and μ− → e− νμ νe .

(7)

The number spectrum of electrons from a single χ χ̄ annihilation is given by
dNe
=
dEe

Mχ Eμ /r̄
(μ)
(π)
dNμ dNe
Wπ
dEπ dEμ ,
dEμ dEe

(8)

Ee Eμ

Figure 4. Inverse Compton spectra for 10 GeV and 100 GeV WIMP annihilating into bb̄ final
state in Draco and Segue 1.
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where
r̄ = (mμ /mπ )2 .
4 15
Wπ =
3 16Mχ



Eπ
Mχ

(9)

−3/2 

Eπ
1−
Mχ

2
(10)

is the charged pion multiplicity per annihilation event,
dNμπ
dEμ
and

μ

dNe
2
=
dEe
Eμ

=

1
m2π
Eπ m2π − m2μ

5 3
−
6 2



Ee
Eμ

2

2
+
3

(11)


Ee
Eμ

3
.

(12)

Figure 5. Inverse Compton spectra for 10 GeV and 100 GeV WIMP annihilating into bb̄ final
state in Ursa Minor and Willman 1.
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Equations (11) and (12) give the decay products of muons and electrons from
charged pion and moun decays respectively.
The analytic solution of equation (8) is given by Culverhouse et al. (2006) as
m2π
dNe
15
=
× [c1 z−3/2 + c2 z−1/2 + c3 + c4 z1/2 + c5 z2 + c6 z3 ] GeV−1 ,
dEe 8Mχ m2π − m2μ
(13)
where z = Ee /Mχ . In Fig. 2, the electron energy distribution is shown using the
coefficients ci obtained from Culverhouse et al. (2006). The number spectrum of
electrons produced in each set of neutralino annihilation cuts off at Ee = Mχ . For
z = 1, the number of electrons produced from each set of neutralino annihilation
is found to be around 1.3 × 10−4 . Using the upper limits on the annihilation cross
sections for the bb̄ final state from Ackermann et al. (2014), we plot the inverse
Compton gamma ray flux due to neutralino annihilation by varying the neutralino
mass in Fig. 3. It is seen from Fig. 3 that for the same DM mass, the separation
between the gamma ray intensity originating from electron/positron pairs scattering
off CMB photons and that off starlight photons is largest in case of Segue 1. Again
from Table 1, we see that Segue 1 is the largest DM dominated dSph galaxy due to
its large M/L ratio. Thus it can be concluded that larger DM-dominated objects show
greater difference between the gamma ray intensity due to the scattering off CMB
photons and that off starlight photons for the same DM mass. It has been found from
Fig. 4 that Segue 1 gives the highest inverse Compton γ -ray flux limits around 2.3
× 10−14 erg cm−2 s−1 for 100 GeV neutralino annihilation from CMB photons at
around 40 MeV. As seen from Fig. 5, Ursa Minor gives the lowest inverse Compton
γ -ray flux limits around 4.8 × 10−17 erg cm−2 s−1 at around 16.8 GeV for 100 GeV
neutralino annihilation scattering off starlight photons.

Figure 6. Inverse Compton spectra for 1000 GeV WIMP annihilating into bb̄ final state from
the scattering off CMB photons in Draco, Segue 1, Ursa Minor and Willman 1.
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Table 2. The dependence of the average γ -ray energy Eγ on the
electron energy E produced through ICS off the different background
photons of the ISRF with temperature T.
Eγ (GeV)
1
10
100

Starlight (T = 3800 K)

CMB (T = 2.73 K)

24 GeV
77 GeV
244 GeV

913 GeV
2888 GeV
9132 GeV

From the multiwavelength analysis of the DM annihilation in Draco (Colafrancesco
et al. 2007), we obtain the inverse Compton γ -ray flux for 100 GeV neutralino annihilation from CMB photons as ∼3 × 10−14 ergs cm−2 s−1 at around 40 MeV and
that from starlight photon as ∼7 × 10−16 ergs cm−2 s−1 at around 16.8 GeV. Our
result is in good agreement with this result. In Fig. 6, we have shown the inverse
Compton spectra from 1 TeV neutralino mass scattering off CMB photon only as
the inverse Compton power P (Eγ , E) which is valid for TeV electrons scattering
on the CMB photons but not on starlight photons (Cirelli & Panci 2009). There is
a high energy cut-off in Eγ if the energy of the emitting pairs by DM annihilation exceeds the maximum energy Mχ . The average energy of the scattered photon
is Eγ = 43 (E/me )2 KB T . This dependence of gamma energy Eγ on the electron
energy E is shown in Table 2. It is found that most of the gamma ray intensity at 1
GeV is produced in pairs with E ∼
= 913 GeV scattering off CMB photons whereas
pairs with E ∼
= 244 GeV scattering off starlight photon dominate ICS photons at
100 GeV.
3. Conclusions
In this work we provide the photon spectra coming from neutralino annihilation due
to prompt emission over a range of masses in the nearby dSph galaxies: Draco, Segue
1, Ursa Minor and Willman 1 in the energy range from 0.01 GeV to 100 GeV. It
has been found that most of the γ -ray flux from neutralino annihilation is between
0.08 GeV and 0.2 GeV due to the hard nature of the spectrum in this energy range.
Assuming the NFW dark matter density profile within the halo of the dwarf galaxies, the upper limit of the γ -ray flux from neutralino annihilation from Segue 1 and
Willman 1 at around 0.1 GeV is found to be ∼10−10 photons cm−2 s−1 while from
Draco and Ursa Minor it is one order less. This flux is within the sensitivity threshold
of detectors like Fermi-LAT. The electron/positron yield from the decay of the DM
has been evaluated. We also calculate the γ -ray emission originating from the up
scattering off starlight and microwave photons by energetic electrons and positrons
produced in the annihilation of dark matter particle, neutralino. The upper limit of the
inverse Compton γ -ray flux for 100 GeV neutralino annihilation from the scattering
off starlight photons is around 1×10−16 erg cm−2 s−1 at around 16.8 GeV and that
from CMB photons is around 3.7×10−15 erg cm−2 s−1 at 40 MeV for dSph galaxy,
Draco. Our result is consistent with the result of Colafrancesco et al. (2007) in which
WIMP pair annihilation rate has been tuned to give a γ -ray signal at the level of
EGRET measured flux. It has been seen that larger DM dominated objects in case of
Segue 1 show greater difference between the inverse Compton γ -ray intensity due to
the scattering off CMB photons and that off starlight photons for the same DM mass.
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Though the energy of the CMB photon is less when compared to starlight photon, it
is found that γ -ray intensity is maximum due to the scattering off CMB photons. This
is due to the presence of large number of CMB photons compared to starlight photons. The detailed numerical results show that DM mass with 913 GeV can produce
gamma ray energy of 1 GeV by the IC scattering off CMB photon whereas DM mass
with 244 GeV scattering off starlight photon gives IC γ -ray of 100 GeV. Thus the
γ -ray emission technique provides an important probe for DM signatures in nearby
dwarf dSph galaxies. Lastly, some strong constrains on the properties of DM can be
obtained from the detailed study about the contributions of inverse Compton γ -ray
emission.
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