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Standard flow chart
CRs diffuse for Myr in the Galaxy.
Their observables depend much more on 
the details of propagation than on the 
source distribution
Infer and “fix” propagation parameters 
from CR observations
Use derived models to estimate DM 
contributions to observed fluxes and 
constrain/confirm DM models

Caveats:
this does not work perfectly with leptons
there are anyway large uncertainties 

Figure 6: In this figure we compare the electron plus positron spectrum from multiple pulsars plus the
Galactic (GCRE) component with experimental data (dotted line). We consider the contribution of all
nearby pulsars in the ATNF catalogue with d < 3 kpc with age 5 × 104 < T < 107 yr by randomly
varying Ecut, ηe± ∆t and Γ in the range of parameters given in the text. Each gray line represents the
sum of all pulsars for a particular combination of those parameters. The blue dot-dashed (pulsars only)
and blue solid lines (pulsars + GCRE component) correspond to a representative choice among that set
of possible realizations. The purple dot-dashed line represents the contribution of Monogem pulsar in
that particular case. Note that for graphical reasons here Fermi-LAT statistical and systematic errors
are added in quadrature. Solar modulation is accounted as done in previous figures.

• Astrophysical sources (including pulsars and supernova remnants) can account for
the observed spectral features, as well as for the positron ratio measurements
(sec. 3.1): no additional exotic source is thus required to fit the data, although
the normalization of the fluxes from such astrophysical objects remains a matter
of discussion, as emphasized above.

• Generically, dark matter annihilation produces antiprotons and protons in addi-
tion to e±. If the bulk of the observed excess high-energy e± originates from dark
matter annihilation, the antiproton-to-proton ratio measured by PAMELA (Adri-
ani et al. 2009 [55]) sets very stringent constraints on the dominant dark matter
annihilation modes, as first pointed out by Donato et al. 2009 [18] (see also Cirelli
et al. 2009 [19]). In particular, for ordinary particle dark matter models, such as
neutralino dark matter (Jungman 1996 [51]) or the lightest Kaluza-Klein particle of
Universal Extra-Dimensions (Hooper & Profumo 2007 [52]), the antiproton bound
rules out most of the parameter space where one could explain the anomalous
high-energy CRE data.

• Assuming particle dark matter is weakly interacting, and that it was produced
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Figure 7: The positron fraction corresponding to the same models used to draw Fig. 6 is compared with
several experimental data sets. The line styles are coherent with those in that figure. Solar modulation
is are accounted as done in

in the early Universe via an ordinary freeze-out process involving the same an-
nihilation processes that dark matter would undergo in today’s cold universe, the
annihilation rate in the Galaxy would be roughly two orders of magnitude too small
to explain the anomalous e± with dark matter annihilation; while this mismatch
makes the dark matter origin somewhat less appealing, relaxing one or more of the
assumptions on dark matter production and/or on the pair annihilation processes
in the early Universe versus today can explain the larger needed annihilation rate;
similarly, a highly clumpy Galactic dark matter density profile, or the presence of
a nearby concentrated clump, can also provide sufficient enhancements to the rate
of dark matter annihilation

Notwithstanding the above caveats, the focus of the present study is to assess the impact
of the new Fermi-LAT data on a dark matter interpretation of the excess high-energy
e±.

We assume for the dark matter density profile ρDM an analytic and spherically-
symmetric interpolation to the results of the high-resolution Via Lactea II N-body sim-
ulation (Diemand et al. 2008 [53]), namely:

ρDM(r) = ρ!

(

r

R!

)−1.24 (

R! + Rs

r + Rs

)1.76

, (3)

where ρ! = 0.37 GeV · cm−3 is the local density, R! = 8.5 kpc is the distance between
the Sun and the Galactic center and Rs = 28.1 kpc is a scale parameter. For simplicity,
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Model δ1 D0 R L Vc dVc/dz Va hreac

[1028cm2/s] [kpc] [kpc] [km/s] km/s/kpc [km/s] [kpc]

MIN 0.85/0.85 0.048 20 1 13.5 0 22.4 0.1

L1 0.50/0.50 4.6 20 4 0 0 10 4

MAX 0.46/0.46 2.31 20 15 5 0 117.6 0.1

Table 1. Typical combinations of diffusion parameters that are consistent with an
analysis of CR nuclei secondary/primary ratios. The MIN and MAX propagation
models correspond to minimal and maximal primary antiproton fluxes, respectively,
while the L1 model can provide a good description of B/C, p̄/p and data on other
secondary/primary ratios above 1 GeV/n.
1 Below/above the break in rigidity at R = 4 GV for the MIN, MAX and L1 model.

Figure 2. The γ-ray emissions at 0.1 GeV, 1 GeV and 10 GeV (upper panel from
left to right) produced by dark matter particles decaying into e+e− pairs, where
mχ = 200 GeV, τχ = 1026 s. Results hold for the L1 diffusion model of Tab. 1 and for
the NFW halo profile. The lower panel shows the ICS radiation from astrophysical
sources at 10 GeV for comparison (again from model L1). The color scaling corresponds
to the logarithm to the base 10 of the flux in GeV/s/cm2/sr. Note that the color scale
corresponds to the same flux range in all panels.

into e+e−, where mχ = 200 GeV and τχ = 1026 s. We also show for comparison the

ICS radiation from primary electrons of astrophysical origin. In general, as apparent

from these plots, dark matter induced ICS radiation extends to higher latitudes than

astrophysically induced ICS radiation, which is mainly concentrated on the galactic disk.

In addition to the ICS radiation produced in our Galaxy there is also a related
extragalactic contribution, resulting from scattering of electrons from dark matter

decaying outside of our Galaxy with the CMB. This component can potentially dominate

the overall ICS fluxes at low energies, and we include it for completeness. The calculation

is straightforward and details can be found in, e.g., Ref. [32, 35]. In contrast to
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L. Zhang, C. Weniger, LM, J. Redondo, G. Sigl, JCAP 1006, 027 (2010)
see also L. Zhang, J. Redondo, G. Sigl, JCAP 09(2009), 12
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Response function: uncertainties
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Figure 6. The propagation model dependence of the e±-response function Fγ based on
our fixed patch for the γ−ray energy range 0.5−1 GeV (yellow band, curves extending
to low energies) and 100 − 300 GeV (black band, curves cutting off around 100 GeV).
The width of the bands represents the variation within the MIN (green), L1 (red) and
MAX (blue) propagation models of Tab. 1.

are hence relevant for the actual bounds, the uncertainties mainly stem from the height

of the diffusion zone. In effect, high energy electrons and positrons lose energy in a

very short time compared to the diffusion time, thus making the other details of the

propagation irrelevant. The MAX propagation model gives the strongest constraints due
to its large diffusive halo, whereas the MIN propagation model minimizes the constraints.

Moreover, for the MAX model re-acceleration shifts lower energy electrons to higher

energies. This effect is however only relevant for electrons below around 10 GeV, and

thus increases the γ-ray emission only in the MeV regime. Note that for the highest

observed γ-ray energy region (100-300 GeV), one clearly finds a sharp cut off at low

injection energies since γ−rays at such high energies cannot be produced from ICS of
electrons/positrons injected at energies lower than 100 GeV.

3.3. Response Functions with Subtraction of Astrophysical Foregrounds

The e±-response functions discussed so far are conservative because we did not

attempt to subtract any astrophysical contribution to the γ-ray flux. In order to

understand the conventional astrophysical γ-ray flux one needs to estimate the γ-ray
emission from different galactic components. The most relevant production channels

are nucleus-nucleus (mainly proton-proton) photoproduction via π0 decay and ICS

and bremsstrahlung of CR electrons and positrons. It is generally found [52] that

propagation model uncertainties

Constraining Decaying Dark Matter with Fermi LAT Gamma-rays 15

Figure 7. The dependence of the e±-response functions on subtraction of astrophysical
contributions to the γ−ray signal. The e±-response function for the L1 model based
on the raw observed map (solid) and on residual maps with γ−rays from π0 decay
(dotted) and from all astrophysical processes (dashed, see text) removed. Red lines
extending below 1 GeV are based on γ−ray flux observed in the energy range 0.5 − 1
GeV and green lines are based on the interval 100− 300 GeV.

hadronically generated γ-rays dominate the flux at energies between 0.1 and 100 GeV

and in the vicinity of the galactic plane, where most of the interstellar gas is located,

while at lower and higher energies and at high latitudes ICS becomes comparable and

can dominate. Bremsstrahlung is usually a subdominant component.

In Fig. 7 we show the e±-response function for the L1 model based on residual γ-ray
maps obtained by subtracting γ-rays produced via π0 decay, ICS and bremsstrahlung.

In this foreground model the electron flux is adjusted to always lie below the electron

flux observed by Fermi LAT, with a spectral index of around -3.2. The subtraction

affects the results at low energies. For example, at Ee ∼ 10 TeV the e±-response

functions based on γ−ray fluxes observed at energies 0.5 − 1 GeV are increased by

a factor of around five when subtracting the total astrophysical “foreground” at these
γ−ray energies. Again at Ee ∼ 10 TeV the e±-response functions based on γ−ray fluxes

observed at energies 100− 300 GeV are increased by < 10% and ∼ 15% by the removal

of γ-rays originating from π0 decay and from all astrophysical processes, respectively.

This demonstrates explicitly that constraints on dark matter decay can be improved

by taking into account the removal of astrophysical contributions mentioned above. At

high energies the removal turns out to be quite insufficient which is at least in part
related to the strong background contamination in the adopted data. This situation

will be improved when data with better background rejection becomes available.

Solid: based on raw data
Dashed: pp gamma-rays subtracted

✓ Low energy data affected by large uncertainties
✓ High energy (> 100 GeV) data are “safer”, BUT have less statistics
✓ Better knowledge of the background might improve constraints by a 

factor ~10.
✓ Uncertainties due to DM spatial distribution are negligible

0.5-1 GeV 0.5-1 GeV

100-300 GeV 100-300 GeV



Choosing the optimal patch...
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Figure 3. Signal-to-background map of ICS radiation from dark matter with
mχ = 200 GeV, τχ = 1026 s decaying into e±-pairs, compared to the Fermi LAT
γ-ray observations in the 0.5 - 1 GeV regime. Results hold for the L1 propagation
model of Tab. 1. Note the logarithmic color scaling, warmer colors indicate larger
signal-to-background.

energies around 100 GeV - 10 TeV and high enough γ-ray energies, the optimal region

is always located south of the galactic center. This situation is illustrated in Fig. 3,

which shows an example of a signal-to-background map for observed energies between

0.5 and 1 GeV, where the statistics is very good, for dark matter decay producing
monochromatic electrons and positrons at 100 GeV. The map already suggests that the

location of the optimal patch for constraining inverse Compton light from decaying dark

matter actually lies in a region close to the galactic center, located south of the galactic

plane.

Before discussing this further we note that an exception occurs for very high

injection energies in the 1 - 10 TeV region, and low enough observed γ-ray energies.
There the overall ICS flux can actually be dominated by extragalactic ICS contributions

from scattering between electrons and positrons from dark matter decay with the CMB.

In these cases the optimal patch would be located at the pole regions. The same holds in

general true for prompt radiation from dark matter decay in and outside of the Galaxy,

which has a much shallower angular profile than the galactic ICS component.

A more quantitative description of the situation can be found in the plots shown
in Fig. 4. The black lines in the upper four panels show the signal-to-background ratio

in different observed energy ranges as function of galactic latitude or longitude. The

injection energy is now fixed to 1 TeV, but the results stay qualitatively the same for

other injection energies. As expected from the above discussion, at high energies (upper

panels) the signal-to-background ratio is maximal in a region close to the galactic center,

whereas at very low energies (middle panels) it is maximal at high latitudes, due to the
extragalactic ICS component. The same dominance at high latitudes is also present in

Signal/background map
Signal = DM g-rays
Background = FERMI data 
in the range 0.5-1 GeV

Fix model L1
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Figure 4. Signal-to-background ratios as function of galactic latitude (left panels) and
longitude (right panels). The upper and middle panels correspond to pure ICS signal,
the lower panels correspond to the pure prompt signal for comparison. Extragalactic
and galactic radiation are taken into account. The black lines take into account
as the whole observed signal, the green lines are obtained after subtraction of our
reference model for the astrophysical component (Model L1). We find that the signal-
to-background ratio of ICS radiation at higher γ-ray energies is maximized in the
region S defined by |l| ≤ 20◦ and −18◦ ≤ b ≤ −10◦, which is indicated by the light
red shaded region.

case of prompt radiation (lower panels).
For the derivation of the e±-response functions we will concentrate on the patch S

close to the galactic center and defined by |l| < 20◦ and −18◦ < b < −10◦, which is

marked by the colored region in Fig. 4. We checked that this patch indeed maximizes

the obtained constraints when varying the patch boundaries, except for the very highest

energy region (100 GeV - 300 GeV), where however the statistical error is large. For

this patch, we construct the e±-response functions by performing simulations injecting



Response function: constraints

So far: particle physics model did not matter
Now: take some “definite” model and see the 
constraints. Need to include final state radiation 
specific for that model
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Figure 8. Constraints on decaying dark matter for the decay channel χ → µ+µ−

decoded into its different components. The thick solid line shows the overall bounds
on mass and lifetime, cf. also Fig. 9. Green lines represent the constraint coming from
the e±-response function for ICS emission alone, whereas red lines are based on the
prompt photon spectrum alone. Each of the eight lines corresponds to one of the
observed γ−ray energy ranges as denoted in the caption of Fig. 5.

In these plots the dashed-dotted (dotted) line shows the bounds obtained from

ICS (prompt) radiation in our patch S alone, the thick solid line shows the bounds

obtained when prompt and ICS radiation are combined. Furthermore, the bounds can
be strengthened to the yellow region when the foreground model L1 is subtracted from

the data.

It turns out that for decays into µ+µ− pairs and four-body decay into µ+µ−µ+µ−,

the strongest constraints typically come from ICS rather than from the prompt radiation

and the constraints could be improved by more than a factor of 2 for small masses and

by a few 10% for large masses after removal of the γ-ray emission from conventional
astrophysical sources. In the case of decay into τ+τ− and bb̄ the prompt radiation alone

already provides strong constraints, which can again be improved by subtracting galactic

foreground as for the case of decay into muons.

Note that our patch S is optimized for ICS radiation. Prompt radiation from dark

matter decay in general dominates at the galactic pole regions, as discussed above (in

the actual data, this behavior is disturbed at high gamma-ray energies because of the
large contamination of the data with isotropic cosmic-ray background). Following the

slicing of the sky as proposed in Ref. [57], we can find for the highest energy bin a patch

that actually increases our corresponding final state radiation bounds by around 70%.#

For comparison, we also show with the dashed lines in Fig. 9 the bounds that can

# Using this adaptively determined patch, which is located at 10◦ ≤ b ≤ 20◦ and 0 ≤ l ≤ 10◦ and has
only a few number counts, still does not allow to raise the bounds as high as shown in Ref. [57]. The
difference might originate in the smaller energy bins used in [57], and the inclusion of data above 300
GeV.

χ → µ+µ−
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Figure 9. Bounds on different decay channels in the mass vs. lifetime plane. Regions
below the thick solid line are excluded by combined ICS and prompt radiation in the
L1 propagation model, whereas parameter space below the dashed-dotted (dashed) line
is excluded due to ICS (prompt) radiation alone. The ICS constraints shown with the
dashed-dotted lines are calculated from the response functions shown in Fig. 5. The
constraints can be strengthened to the yellow light shaded region if the predictions
of Model L1 for the galactic diffuse astrophysical foreground is subtracted. The blue
blobs and red crosses (which are taken from Ref. [21]) show the parameters that well fit
electron + positron fluxes observed by Fermi LAT and HESS and the positron fraction
observed by PAMELA as described in the text.

be obtained by comparing the sum of extragalactic ICS radiation, extragalactic prompt

radiation and the maximal isotropic part of the halo prompt radiation (which is identical

to the flux from the Galactic anti-center) with the preliminary results for the isotropic
extragalactic gamma-ray flux as presented in Ref. [56]. Comparing these bounds, which

already rely on a foreground subtraction, in case of decay into muons with the ones

obtained from patch S after foreground subtraction shows that they are subdominant

and become only relevant at very high masses. Our bounds are somewhat weaker than

the ones found in Ref. [60], which is due to our inclusion of absorption effects and our

more conservative treatment of extragalactic ICS radiation.

5. Conclusions

In this study we have calculated the contribution to the γ-ray fluxes from decaying

dark matter particles, including the inverse Compton photons resulting from energetic

electrons and positrons through scattering with low energy target photons in addition to

the bremsstrahlung emissions. We constructed e±-response functions based on the full-

Response function: constraints

constraint from 
combined ICS and 
prompt

constraint from ICS 
alone

constraint from prompt 
alone

constraints from pp 
gamma-ray subtraction

blue blob: models 
allowed by PAMELA 
positron fraction data



Constraints: comparison
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Figure 8: Bounds on DM decays. In the upper rows we consider the leptonic channels that
can fit the e± excesses. In the lower row we consider the ‘traditional’ channels.
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Can exclude the tau 
channel, but 
constraint comes 
from higher energy 
data, with low 
statistics (a few 
events)
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Figure 4: Similarly to figure 2 but for decaying Dark Matter. The vertical axis reports here the
half-life τdec in seconds. The exclusion contours are due to Fermi observations of the ‘10◦ − 20◦

strip’ (red dashed line), the |b| > 60◦ ‘Galactic Poles’ region (black long dashed line) and the
isotropic flux (magenta dotted line). We also report the regions that allow to fit the PAMELA

positron data (green and yellow bands, 95% and 99.999% C.L. regions) and the PAMELA positron
+ Fermi and HESS data (red and orange blobs, 95% and 99.999% C.L. regions) in terms of decaying
Dark Matter. We here report only the case of an Einasto galactic DM profile: the cases of an
Isothermal or a NFW profile are essentially identical (see text for details).

4 Discussion and Conclusions

In this article, we have provided a first assessment of the power that new data on the diffuse
emission from the Fermi Gamma-ray Space Telescope have in constraining Dark Matter indirect
signals. Even under the very brutal approximation of neglecting any astrophysical background
contributing to the signal and using conservatively 3 σ exclusion criteria, current data from the
inner Galaxy (e.g. ‘3◦ × 3◦’) exclude a benchmark DM mass mχ � 100 GeV if its annihilation
is larger than a factor 5÷30 (depending on the channel) of the typical �σv� � 3 × 10−26 cm3/s,
when profiles suggested by N-body simulations are employed. Higher-latitude constraints are a
factor ∼ 10 weaker and comparable to constraints for cored profiles. It is remarkable that already
such a simplified analysis is powerful enough to explore regions of parameter space not excluded
otherwise, providing better constraints than those obtained e.g. by the Fermi collaboration by
analyzing dwarf spheroidals, see e.g. [39]. This confirms, if needed, the Galactic halo as the “targer
of excellence” for constraining or detecting gamma rays DM.

On the other hand, the absence of astrophysical background is an extremely (unrealistically)
conservative assumption as visual inspection of the plots in Fig. 1 confirms. In the pre-Fermi

era, some studies have been performed showing the possible improvement in sensitivity when
accounting for pointlike and diffuse sources in the Galactic Center region (see e.g. [40]). The
current high-quality data certainly allow one to improve over these exploratory studies to forecast
the ultimate Fermi sensitivity to DM. While a proper treatment of this problem goes beyond our
current purposes, in Fig. 5 we present for illustration the exclusion plots that would follow from the
current ‘10◦ − 20◦ strips’ data if its bulk could be robustly attributed to astrophysical processes,
as in the adjusted propagation model shown in [25] and the exclusion criterion is relaxed from 3σ
to 2σ. The ‘improvement’ is about a factor of 2. Likely, intermediate-latitude DM bounds could
be made competitive with current conservative inner-galaxy constraints. In turn, the latter could
improve significantly if maps were cleaned from further astrophysical sources contaminating the
total flux: notice that the ‘3◦ × 3◦’ degree field data are not corrected for pointlike sources [24],
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Overall good agreement.
The tau channel is constrained only by the 
isotropic FERMI component, which again suffers 
from large uncertainties



Conclusions

We computed response functions of DM originated gamma-rays versus data

They are independent of the underlying particle physics model

Simple use: once folded with an electron/positron spectrum from DM they 
provide immediately a constraint

Analytical fits are ready and will be available soon

Extremely useful for the decaying DM analysis: they do not depend on the 
DM distribution

Optimal portion of the sky for the constraints: at intermediate latitudes, 
away from the Galactic Center

Constraints: not conclusive yet. DM models fitting PAMELA data are still not 
in conflict with gamma-ray observations. More statistics at high energy 
(> 100 GeV) might solve the issue.


