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The Fermi Gamma-ray Space Telescope

! energy range: 100 MeV to a few 
hundred GeV

! effective area ~ 104 cm2 (size-
limited detector!)

! angular resolution ~ 0.1 deg 
above 10 GeV

! FOV ~ 2.4 sr

! primarily observes in sky-
scanning mode; ~24 hr per day 
livetime

! excellent charged particle 
background rejection

! also detects cosmic-rays 
(including electrons and 
positrons)
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The dark matter distribution

Credit: Springel et al. (Virgo Consortium)
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Where to look for indirect signals?
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7

FIG. 5: Full-sky map, in Galactic coordinates, of the number of photons (above 3 GeV) produced by DM annihilation (bench-
mark A). The left (right) panel shows the predicted flux in the Aquarius (Via Lactea II) setup.

FIG. 6: Same as Fig. 5, but with the two simulation setups rescaled to the same local density, same total mass and same
fraction of mass in substructures.

We note that our predictions satisfy the observational
constraint represented by the diffuse Galactic signal. In-
deed the mean diffuse Galactic flux above 3 GeV mea-
sured by Fermi (∼ 5.3×10−7 ph cm−2 s−1 sr−1) is safely
above the expected annihilation signal in both simulation
setups.

The flux in the innermost regions is higher for the
Aquarius simulation, also plotted in the full sky maps
of Fig. 5, where we show the total annihilation flux (MW
smooth + galactic subhalos + extragalactic halos and
subhalos). The fact that the annihilation signal at the
GC is stronger for the Aquarius simulation is due to
the combined effect of: i) the larger fraction of mass in
substructures in the Via Lactea II setup, that reduces
the annihilation flux from the smooth component by a
factor (1 − fAq

cl )2/(1 − fV L2
cl )2 ∼ 3; ii) the smaller lo-

cal density, i.e. DM density in the solar neighborhood,
in the Via Lactea II setup, that reduces the the anni-
hilation flux from the smooth component by a factor
(ρAq
⊙ /ρV L2

⊙ )2 = (0.48/0.2)2 = 5.8 and iii) the smaller

total mass in the MW in the Via Lactea II simulation.
If one rescales the Via Lactea II and Aquarius setup to

match the most recent determinations of the local DM
density ρ⊙ = 0.385 GeV/cm3 [72, 73], and if the same
subhalo mass fraction fcl = 0.18 is adopted for both sim-
ulations, then the annihilation maps look almost identi-
cal, as shown in Fig. 6.

A. Experimental detectability

In order to assess the detectability of the γ-ray annihi-
lation flux with the most promising experiment currently
available, i.e. the Fermi-LAT satellite, we have to specify
what is our signal and what is our background or noise.

If we are interested in finding a signal above the as-
trophysical backgrounds, the signal is contributed by the
sum of all the aforementioned components of the anni-
hilation flux (MW smooth mass distribution + galactic
subhalos + extragalactic halos and subhalos). We fo-

Pieri et al. 2009

! Galactic Center

! Milky Way halo

! dwarf galaxies and 
known satellites 

! Milky Way subhalos
! point sources

! diffuse emission 
from unresolved 
subhalos

! extragalactic dark 
matter structures

Gamma-rays from dark matter annihilation
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Search strategies
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the Galactic center, in terms of DM annihilation. The dis-
covery of an EGRET source in the direction of Sgr A*
was in fact a potentially perfect signature of the existence
of particle DM, as thoroughly discussed in (Stecker 1988;
Bouquet et al. 1989; Berezinsky et al. 1994; Bergstrom
et al. 1998; Bertone et al. 2001; Cesarini et al. 2004;
Fornengo et al. 2004). However, it was subsequently real-
ized that the EGRET source could have been slightly offset
with respect to the position of Sgr A*, a circumstance clearly
at odds with a DM interpretation (Hooper and Dingus 2004).

Recently the gamma-ray telescope HESS has detected
a high energy source, spatially coincident within 1! with
Sgr A* (Aharonian et al. 2004) and with a spectrum extend-
ing above 20 TeV. Although the spatial coincidence is much
more satisfactory than in the case of the EGRET source, the
“exotic” origin of the signal is hard to defend, since the im-
plied mass scale of the DM particle (well above 20 TeV,
to be consistent with the observed spectrum) appears to be
difficult to reconcile with the properties of commonly stud-
ied candidates, and the fact that the spectrum is a power-law,
then, points towards a standard astrophysical source (see e.g.
the discussion Profumo 2005). The galactic center, however,
remains an interesting target for GLAST, since it will ex-
plore a range of energies below the relatively high thresh-
old of HESS, where a DM signal could be hiding (Zahari-
jas and Hooper 2006). The recent claim that the profile of
large galaxies could be much more shallow than previously
thought (Mashchenko et al. 2006), should not discourage
further studies, especially in view of the possible enhance-
ment of the DM density due to interactions with the stellar
cusp observed at the Galactic center (Merritt et al. 2007).

The detection of a signal from the Galactic center would
be extremely interesting, but can it prove the existence of
DM? Realistically, one may hope to observe, at most, a
“bump” above the background. Without peculiar spectral
features it would be hard to claim discovery of DM, unless
a fit of the spectrum points towards a mass compatible with
the eventual findings of new physics searches at accelera-
tors. Figure 1 illustrates the difficulties associated with the
unambiguous identification of a DM signal. Any excess, at
any energy, could in principle be explained in terms of DM
particles with appropriate properties: the normalization of
the flux can be adjusted by changing the distribution of DM
particles, the energy scale can be varied over several orders
of magnitude, taking advantage of our ignorance on the DM
mass scale; even the slope can be modified, since different
annihilation channels lead to different spectra.

This doesn’t mean that the tentative identifications pre-
sented above are ruled-out: the signature of DM could have
been already found in one or several sets of data, and all
the above claims should be taken seriously and further in-
vestigated without prejudice, especially in view of the fact
that we don’t know what DM is! However, it is important to

Fig. 1 The problem with indirect searches: the lack of constraints on
the mass scale, the profile and the leading annihilation channel, leads
to uncertainties on the energy scale and on the spectrum normalization
and shape respectively

look for clear smoking-gun of DM annihilation, and study
theoretical scenarios with unambiguous signatures that can
be tested with present and future experiments. To this aim,
we summarize in the next section some recently proposed
ideas that go precisely in this direction, and that may shed
new light on the nature of particle DM.

4 New strategies

Before starting the discussion of new strategies for the un-
ambiguous detection of DM, we recall the first, and more
clear signature that one may hope to detect: distinctive spec-
tral features, and in particular annihilation lines. This has
been discussed thoroughly in literature, and although it ap-
pears unlikely that commonly discussed candidates such as
the supersymmetric neutralino, possess prominent enough
feature to be detected with current or upcoming experi-
ments, it is probably good to keep this possibility in mind,
and to search future gamma-data for signatures of this kind.

4.1 Gamma-ray background

Although most searches have focused on the identification
of point-sources associated with regions where DM accumu-
lates, it is interesting to ask what the gamma-ray background
produced by the annihilations of DM in all structures, at any
redshift, would be. The first calculation of this type was per-
formed in (Bergstrom et al. 2001), and then further studied
in (Taylor and Silk 2003; Ullio et al. 2002). The annihilation
background can be expressed as
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Where? How?

GC look hard

halo large scale angular dependence

dwarfs, Galaxy clusters look hard

subhalos (point sources)
non-variable point sources 

with identical spectra

subhalos (diffuse) anisotropies

extragalactic (diffuse) anisotropies

ALL
spectral information, line 

emission
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The Galactic Center
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FIG. 2: The gamma ray spectrum measured by the FGST within 0.5! (left) and 3! (right) of the Milky Way’s dynamical
center. In each frame, the dashed line denotes the predicted spectrum from a 28 GeV dark matter particle annihilating to
bb̄ with a cross section of !v = 9 ! 10"26 cm3/s, and distributed according to a halo profile slightly more cusped than NFW
(" = 1.1). The dotted and dot-dashed lines denote the contributions from the previously discovered TeV point source located
at the Milky Way’s dynamical center and the di!use background, respectively. The solid line is the sum of these contributions.

pion decay taking place with a roughly spherically sym-
metric distribution around the Galactic Center, for ex-
ample, could be di!cult to distinguish. Further informa-
tion will thus be required to determine the origin of these
photons.
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Multiwavelength dark matter photon spectra

! secondary photon 
emission associated 
with charged 
particle final states: 

! inverse Compton 
scattering of 
starlight, CMB

! synchrotron due 
to propagation in 
magnetic fields
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DM spectrum from the Galactic Center

In Fig. 14, we plot the IC spectra on CMB and starlight,
induced by WIMP-annihilations in the three benchmarks
models. It is shown for a typical angular resolution of the
current !-rays experiments, i.e. 10!5 sr. We are consider-
ing such a large field of view since the IC signals have an
angular shape which is significantly broader than the shape
of the e" ! e! source function. We can intuitively under-
stand this feature from the fact that this emission comes
mostly in connection to the e" ! e! with largest energy at
emission, and these in turn lose energy by synchrotron
losses much more efficiently close to the GC, where mag-
netic fields are the largest, than in the outskirts of the GC
region. It turns out that the angular shape for the equilib-
rium number density of high energy e" ! e! is much
broader than the gamma-ray flux from "0 decays (which
is the same as for the source function), and, of course, even
more with respect to the shape of the synchrotron induced
x-ray flux. For this reason, although for the plot in Fig. 14
the intensity associated to the IC on CMB is larger than the
synchrotron intensity, when integrating over the angular
resolution of the Chandra detector, the trend is reversed,
and only in the case of constant magnetic field, with
synchrotron emission in the x-ray band essentially negli-
gible, comparing the IC flux to Sgr A# gives a tighter
constraint. Analogously to what we did in the case of radio
emission, it is worth checking whether data on a large field
of view could be relevant. We compare the IC signal to the
diffuse x-rays emission detected by the Chandra observ-
atory: In the 170 $ 170 map of [52], some regions are
selected and from them spectra of diffuse emission are
extracted, removing events near points source and filamen-
tary features. When combining constraints from different

frequencies in Figs. 15 and 16 below, we compute the level
of IC emission in such regions and extract upper bounds.
Similar arguments apply for the IC on starlight and the

!-ray limits. Indeed for what concerns bounds associated
to the pointlike source detected by Egret at the GC (ac-
tually its position is controversial, see the next section), the
limit associated to "0 decay is more constraining than the
IC limit. This is not true in general for the diffuse emission
on the whole GC region, however, we do not find any
region in the parameter space in which tighter limits
come in connection to this component. Note that the as-
sumption we made on radial profile and energy spectrum
for the starlight background are rather crude, and may
deserve further study; refining them may lead to a slightly
different conclusion, but it is unlikely that the general
picture would be affected.

C. The emission from !0 decays and the "-ray band

Recently, observations by atmospheric Cherenkov tele-
scopes detected a gamma-ray source in the direction of the
Galactic center. In particular the HESS collaboration
[17,27] has obtained an accurate measurement of the spec-
trum of the source as a single power law in the energy
range between 160 GeVand a few tens of TeV, making the
interpretation of the signal in terms of WIMP DM pair
annihilations rather unlikely. HESS has found evidence for
a GC pointlike source, namely, a source with an extension
smaller than its PSF % 0:1& and position compatible with
Sgr A#, on top a diffuse !-ray component [55]. In the case
of cuspy dark matter halo profiles, one needs to compare
against the central source only; the shallower the profile,
the more efficient it becomes to extend the analysis and
include the GC ridge as well (see, e.g., the discussion in
[28]). The resulting limits for the benchmark profiles are
plotted in Figs. 15 and 16.
The EGRET telescope mapped the GC in the energy

range 30MeV–10 GeV [53], detecting a flux within 1.5& of
the GC. A few hypothesis for interpreting this flux in terms
of a standard astrophysical source have been formulated;
its spectral shape is even compatible with a component
from WIMP DM annihilations [19]. On the other hand, the
poor angular resolution of EGRET does not allow for a
univocal identification of the source. In Ref. [20], using
only energy bins above 1 GeV and a spatially unbinned
maximum likelihood analysis, the authors argue that the
Galactic center is excluded as the position of the source at
99.9% and the maximum likelihood location is at l % 0:19,
b % !0:08. Thus they derive upper limits on the !-rays
flux from DM annihilations under the condition of no
evidence of a point source at the GC. Whether this is the
correct approach is still under debate and only GLASTwill
give a definitive answer. We derive more conservative but
robust limits comparing with the EGRET source; would
one follow the line of [20], the limits would be improved
up to about a factor of 10. Except for very light WIMPs, the
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FIG. 14 (color online). x-ray to !-ray emissions induced by
DM annihilations for the benchmark models B1, B2, and B3. All
the four mechanisms of photon spectrum production considered
in the paper give sizable signals. The flux intensities are inte-
grated over a solid angle of 10!5 sr. The level of the diffuse
emission detected by Chandra is also shown (black line).
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Constraints from Fermi observations of dwarf spheroidals

! annihilation to b 
quarks

! NFW density 
profile

! red points 
represent models 
which generate the 
correct relic dark 
matter density

8

 (GeV)DMm
210 310

)
-1 s3

 c
m

-2
6

v>
 (1

0
<

-310

-210

-110

1

10

210

310

410

510

UMa II

Coma Berenices

UMi

Sculptor

Draco
Sextans
Fornax
Bootes I

MSSM
WMAP compatible

below WMAP

b 100% b C.L. 95% v  

Abdo et al (Fermi LAT Collaboration) 2010 



J. Siegal-Gaskins Discussion, GGI, June 4, 2010

Constraints from Fermi observations of galaxy clusters

! constraints shown for various substructure models

! for muon channel, IC is included --> strong 
constraint on annihilation to muon pairs
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Figure 4. Upper limits on the annihilation cross-section for a bb̄ final state (left panel) and a µ+µ!

final state (right panel) for the Coma and Fornax clusters including the e!ect of substructure on
the expected gamma-ray signal. The constraints are shown for no substructure (solid lines), our
conservative substructure setup which includes only substructure of dwarf galaxy mass or larger
(dashed lines), and our optimistic setup which includes substructure down to Mcut = 10!6 M"

(dot-dashed lines). The dark matter models are the same as in figure 3.

the errors, to the corresponding constraints using J as determined from the best-fit NFW
profile from the globular cluster sample in [41]. Here the dashed line shows the fit quoted
in [41] for the full globular cluster sample while the dot-dashed line shows the fit to their
“safe” subsample which employed a more conservative selection to reduce outliers; for these
profiles, the expected gamma-ray flux from Fornax is reduced slightly by factors of 1.4 and
2.4, respectively. In figure 5, the comparison is only shown for a bb̄ final state, but the same
shift in normalization is expected for all annihilation final states.

A determination of the dark matter density profile of M49 based on a combination of
stellar kinematic and X-ray data is presented in [42] and compares quite well to the globular
cluster kinematics presented in the same work. Figure 5 (right panel) shows the comparison
of the constraints for this profile. The density profile of [42] implies an enhancement of the
gamma-ray flux relative to what is predicted from table 1 by a factor of 2.3.

In summary, determinations of J for some of the best candidate clusters in our sample
based on di!erent observables vary by roughly a factor of two, and the X-ray measurements
we employ do not yield J values systematically higher or lower than other methods. In all
cases, we have considered only the NFW functional form for the dark matter mass profile.
However, since the intergral in eq. (2.1) is taken over a large volume and for a very distant
object, the assumed inner slope of the density profile does not have a large e!ect on the
predicted gamma-ray flux. Alternate density profiles such as the cored Burkert profile [43]
or the centrally steeper Moore profile [44] give predicted fluxes about 40% lower (Burkert)
or higher (Moore) than the NFW profile, similar to or smaller than the di!erences in flux
presented above stemming from di!erent observational determinations of the density profiles.

– 10 –

annihilation to b quarks annihilation to muons
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Constraints from Fermi diffuse data 
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Figure 2: The regions on the parameter space mχ–�σv� that are excluded by the diffuse galactic
gamma ray measurements by the Fermi satellite. The first column of panels refers to DM annihila-
tions into e+e−, the second into µ+µ− and the third into τ+τ−; the three rows assume respectively
an NFW, an Einasto and a cored Isothermal profile. Each panel shows the exclusion contour due
to Fermi observations of the ‘3◦ × 3◦’ region (blue short dashed line), ‘5◦ × 30◦’ region (orange
dashed line), the ‘10◦ − 20◦ strip’ (red long dashed line) and the ‘Galactic Poles’ |b| > 60◦ region
(black long dashed 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).
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Figure 3: Like figure 2, but for DM annihilations into bb̄, W+W−, and tt̄.

◦ Note that in Fig. 4 we report only the case of the Einasto DM profile: the exclusions plots
for the NFW or cored isothermal cases are essentially identical. This is to be expected: the
allowed PAMELA+Fermi+HESS regions bear a very weak dependance on the profile choice,
as positrons and electrons come from the local halo region where all profiles resemble one
another. The DM galactic gamma ray signal from intermediate and high latitudes (and
therefore the constraints) vary only within 5% or less, as illustrated by the values of the J̄dec

factors in Table 1 (the isotropic flux is obviously halo independent as already discussed).
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Cirelli, Panci, & Serpico 2009

total measured signal in different sky regions constrains prompt and IC gamma-rays from 
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uncertainties



J. Siegal-Gaskins Discussion, GGI, June 4, 2010

An extragalactic DM signal in the Fermi large-scale isotropic diffuse

11

Abdo et al. 2010

mDM 400 GeV
v 3 10 26cm 3s 1

Msub 10 6M

EG MSII sub1

EG MSII sub2

Galactic @ 
,

b 10°

Galactic sub Springel et al.

Galactic sub MSII sub1

102 103 104 105
10 7

10 6

10 5

10 4

10 3

E0 MeV

E 0
2 d

dE
0

M
eV

cm
2

s
1

sr
1

Figure 3: The vertically hatched band illustrates the span in the expected isotropic
extragalactic (EG) gamma-ray signal, defined by being the region enclosed by our MSII-
Sub1 and MSII-Sub2 cases. The horizontally hatched band is the flux that can be expected
from Galactic substructure. The filled grey band is the signal range that could be expected
from the main DM Galactic halo, at a latitude of 10◦, which would by itself produce an
anisotropic signal. The data points show the measurement of the IGRB by the Fermi-
LAT [30]. The gamma-ray spectra are from DM particles with mass of 400 GeV, a total
annihilation cross section �σv� = 3×10−26 cm3 s−1 into bb̄ quarks, and a minimal subhalo
mass cut-off at 10−6M⊙. See the text for more details.

The lower boarder is when the substructure signal strength instead is implemented con-
sistently with the average substructure enhancement used in the MSII-Sub1 calculation
of the extragalactic signal. Then the luminosity from all substructures inside r200 for a
Milky-Way-sized halos is merely B ∼ 2 times the luminosity of the main DM halo. This
lower signal limit is also similar in amplitude to the finding in [71], where the Aquarius
simulation is used, but a subhalo concentration extrapolation with a double power law
approach is applied to soften the DM halo concentration for small subhalo masses. We
thus find that the diffuse DM signal from Galactic substructure could be insignificant, but
that, with the uncertainty bands in figure 3, Galactic substructures could also potentially
enhance the DM signal by at least an order of magnitude relative to the extragalactic
MSII-Sub1 signal. This range covers the result that [71] finds by self-consistently ex-
trapolating results from two specific high resolution simulated halos. All these scenarios
would obviously only increase the DM signal and would, if taken into account, only lead
to stronger DM constraints than we derive from the extragalactic signal in this work.

11
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! large-scale isotropic diffuse 
spectrum measurement 
constrains gamma-rays from 
annihilation in extragalactic 
dark matter

! no ICS included

! depends on EBL model

! strong dependence on 
structural properties of DM

Abdo et al. 2010 
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Figure 5: Cross section �σv� limits on dark matter annihilation into bb̄ final states. The

blue regions mark the (90, 95, 99.999)% exclusion regions in the MSII-Sub1 ∆2(z) DM

structure scenario (and for the other structure scenarios only 95% upper limit lines). The

absorption model in Gilmore et al. [68] is used, and the relative effect if instead using the

Stecker et al. [69] model is illustrated by the upper branching of the dash-dotted line in

the MSII-Res case. Our conservative limits are shown on the left and the stringent limits

on the right panel. The grey regions show a portions of the MSSM7 parameter space

where the annihilation branching ratio into final states of bb̄ (or bb̄ like states) is > 80%.

See main text for more details.

It is not always direct to compare different works on DM annihilation cross section

limits; different physics assumptions, different analysis methods and different data sets

are often used. We will anyway make a comparison to a few other DM constraints, as to

put our cosmological DM results into context. With the MSII-Sub2 case our cross section

limits are among the strongest indirect detection limits presented to date, but this setup

is admittedly a WIMP structure scenario that might be overly optimistic. The structure

and substructure description applied in our BulSub scenario as well as the strict analysis

procedure is similar to what was used in the Fermi analysis of Galaxy clusters [13] and

(with the exception of no additional inclusion of substructure) the Fermi analysis of dwarf

galaxies [8], see also [7]). It is therefore worthwhile to compare those analyses with our

BulSub scenario with the strict upper limit calculation procedure. Our bb̄ cross section

limits are, in this perspective, comparable to the ones presented in the Fermi analysis

of dwarf galaxies [8] and somewhat stronger than the constraints from galaxy clusters

in [13]. For hadronic annihilation channels, cosmic-rays, especially antiproton data, can

provide comparable limits [82]. Such limits are, however, associated with additional un-

certainties due the uncertainties related to charged particle propagation in the Galaxy.

In the preparation of this paper, Fermi-LAT data was used in [10, 11] to set cross section

limits on Galactic DM induced gamma-rays. In these two papers, their data analysis

18
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Figure 6: Cross section �σv� limits on dark matter annihilation into µ+µ− final states.
The green regions mark the (90, 95, 99.999)% exclusion regions in the MSII-Sub1 ∆2(z)
DM structure scenario (and for the other structure scenarios only 95% upper limit lines).
The layout of the figure is otherwise the same as in figure 5. Note that the Stecker et
al. [69] absorption model affects the lower DM mass limits since they are set by the high
energy FSR part of the DM spectrum. The two gray contours show the best fit regions for
a WIMP explanation to the local electron and positron spectra measured by Fermi-LAT
and PAMELA.

method is more similar to our conservative analysis approach, and the presented limits
are comparable to our conservative MSII-sub1 limits when their Galactic DM halos are
described by a smooth Einasto or NFW DM density profile. As mentioned, most hadronic
channels are very similar in their gamma-ray production. To within a factor of two (if
final states are not very close to, or below, production thresholds) our cross section limits
are also valid for prompt annihilation into the heavy gauge bosons, the other standard
model quarks, gluons, as well as into the leptonic τ+τ− channel.

Figure 6 shows the exclusion region for the leptonic DM model, together with the best
fit region for this model to the PAMELA and Fermi-LAT positron and electron data. The
sharp upper endings of the gray best fit regions come from the constrain to not overshoot
HESS data [103]. Both the best fit regions and the exclusion regions for all our discussed
DM scenarios are calculated in a self-consistent way, modulo minor corrections. Below
a DM mass of about 500 GeV, the limits on these models are determined by the FSR
signal at the high-energy end of the DM spectra, see figure 4, and therefore depend more
substantially on the choice of the absorption model. We note here that this conclusion
holds even if one considers the constraints that the low energy COMPTEL [104] and
EGRET [25, 26] data would pose on the first (IC) peak in the spectra. The difference
between the Stecker et al. [69] and the Gilmore et al. [68] absorption model results in a
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constrains gamma-rays from 
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! includes ICS

! depends on EBL model

! strong dependence on 
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! large-scale isotropic diffuse spectrum 
measurement constrains gamma-rays from 
annihilation in the smooth Milky Way halo 
and extragalactic dark matter (no Galactic 
subhalos)

Abazajian, Agrawal, Chacko, & Kilic 2010 
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FIG. 2: Constraints on the partial cross section of annihilation of dark matter to quarks, leptons, gauge bosons and Higgs, for

mh = 120 GeV. The regions are labeled by their corresponding constraining observations as described in the text: “CELESTE

M31” from observations of the Andromeda galaxy; “EGRET GC” from observations by EGRET towards the Galactic center;

“Fermi-LAT Diffuse” from the Fermi-LAT isotropic diffuse γ-ray background. The regions labeled “HESS GR” are for three

different cases, solid cyan using the conservative Einasto profile as described in the text, hashed cyan from the most stringent

case, a low mass high concentration NFW profile, and the canonical ρ⊙ = 0.3 GeV cm
−3, R⊙ = 8.5 kpc NFW profile as a

dotted line for reference. All constraints are at 95% CL.
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astrophysical components

Cuoco et al. 2010

Anisotropies in the Di!use Gamma-Ray Background from Dark Matter with Fermi LAT: a closer look 5

Figure 2. All sky angular spectra for E > 10 GeV of the
employed models for point sources (red), Galactic foregrounds
(green), EGB (magenta) and EGB DM (blue) after convolution
with the Fermi-LAT Point Spread Function. For illustration, the
flux of each component is arbitrarily normalized to the level of the
IGRB detected by Fermi-LAT, and 5 years of Fermi-LAT obser-
vations have been assumed. The power spectrum of the exposure
map is also shown (black line). In the top panel the spectra be-
fore shot noise removal are shown (shot noise is represented by the
dashed lines) . All the spectra are calculated with HEALpix. The
last panel shows the angular power spectra after the application
of a suitable mask to cover the low latitude Galactic foregrounds
and the point sources. Since the mask is e!ective in suppress-
ing the point sources signal the related power spectrum has been
removed.

The following section describes in detail how the power
spectra of DM and astrophysical EGB are modeled and how
the related maps are simulated. The section can be skipped
by the reader not interested in these details.

4 DARK MATTER AND ASTROPHYSICAL

ANISOTROPIES

4.1 Modeling the EGB

Since we neglect the Poisson term coming from the unre-
solved point sources, the remaining source of anisotropies
of the IGRB is given by the anisotropic spatial distribu-
tion of the sources themselves. To derive the anisotropy we
will assume, as a reasonable first approximation, that the
gamma ray sources are distributed as the matter density of
the universe !("x), i.e. following the cosmological Large Scale
Structures (LSS). In principle !s, the density distribution of
astrophysical sources, should be used instead of !: !s in gen-
eral exhibits a scale and time dependent bias with respect
to the matter density. However, specific classes of astrophys-
ical gamma-ray sources have di!erent biases. For example,
blazars are well known to concentrate at the center of clus-
ters of galaxies, thus presenting an over-bias with respect to
galaxies at high densities. On the other hand, galaxies and
clusters of galaxies reasonably trace the matter density, at
least in the recent cosmic epoch. The assumption !s = !
is thus general enough to approximately describe emission
from astrophysical sources.

Given these assumptions the extragalactic cosmic
gamma-ray signal can be written as (Ullio et al. 2002;
Bergstrom et al. 2001; Cuoco et al. 2006)

I!(E! , n̂) !
! !

0

z.
!(z, n̂, r(z)) g[E!(1 + z)] e""(E! ,z)

H(z) (1 + z)3
, (1)

where g(E) = dN!/dE is the photon spectrum of the
sources, E! is the energy we observe today, !(z, n̂, r) is the
matter density in the direction n̂ at a comoving distance
r, and the redshift z is used as time variable. The Hub-
ble expansion rate is related to its present z = 0 value H0

through the matter and cosmological constant energy den-
sities as H(z) = H0

"

"M (1 + z)3 + "!, and the reduced
Hubble expansion rate h(z) is given by H(z) = 100 h(z)
km/s/Mpc. We will in the following use "M = 0.3, "! = 0.7
and H0 = 70 km/s/Mpc. The quantity # (E!, z) is the op-
tical depth of photons to absorptions via pair production
(PP) on the Extra-galactic Background Light (EBL). We use
the parametrization of # (E!, z) from (Stecker et al. 2006)
for 0 < z < 5, where the evolution of the EBL is included
in the calculation. The EBL is expected to be negligible at
redshifts larger than z " 5 corresponding to the peak of
star formation. Thus, gamma photons produced at earlier
times experience an undisturbed propagation until z " 5,
while only in the recent epoch they start to lose energy
due to scattering on the EBL. Correspondingly, we assume
# (E!, z) = # (E! , 5) for z > 5 (see also formula (A.6) in
(Cuoco et al. 2006)).

In the case of cosmological DM annihilation, the re-
sulting spatial distribution of the gamma signal follows the
square of the matter distribution !2("x) through
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observation
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Figure 8. Same as previous figure but for the Galactic substruc-
tures case. For a direct comparison with the cosmological case we
use for the DM signal the same normalization(s) employed for the
extra-galactic case. The solid curves are the sensitivities consid-
ering the auto-correlation spectra information alone. The dotted
ones are derived considering also the information contained in the
cross-correlation spectra.

version where the DM signal is enhanced by the presence
of substructures in the DM haloes. In principle, using the
recent results of(Zavala et al. 2009) from the Millenium-II
simulation, an order of magnitude enhancement with respect
to the above “optimistic” case can be achieved with a corre-
spondingly better sensitivity (see also (Abdo et al. 2010a),
in particular Fig.1).

The various channels have generally similar behavior.
The bb̄ channel produces quite smooth limits. The µ+µ!

and !+!! sensitivity curves in contrast have a steeper slope

and exhibit more structure. This is due to the fact that for
these channels the gamma emission is concentrated at higher
energies in a narrow peak near the energy corresponding
to the DM mass. The sensitivity is thus more sensitive to
the coarse binning in energy chosen for this analysis. The
sensitivity in the !+!! channel and especially the µ+µ!

channel at higher DM masses somewhat decreases due to the
lower number of photons per annihilation (and thus lower
statistics) available.

Including the cross-correlation spectra information does
not seem to improve the sensitivity. This probably has to
be ascribed to the fact that the "2 for the auto-correlation
case already includes some cross-correlation information in
the o!-diagonal terms of the covariance matrix. The level
of anisotropies is also very low at low energy for this case
(see Fig.3) and this somewhat reduces the importance of the
information contained in the cross-correlation. The situation
is di!erent for the Galactic DM scenario as discussed below.

We also checked the case in which only the highest en-
ergy bands are employed for the analysis. We would expect
an improvement in sensitivity given that very little DM sig-
nal is expected in the 0.4-0.8 GeV band and thus scan-
ning in this energy range introduces a statistical penalty
factor. We find that the sensitivity indeed improves, but
only marginally. On the other hand, the lowest energy band
is useful because being mostly clean of DM it represents a
good calibration for the background anisotropies.

In Fig. 8 we show the case in which the DM anisotropy
pattern does not vary with energy. This case is supposed
to mimic the DM emission from unresolved substructures in
the Milky Way. We thus simulate a single anisotropic map
which we use for all energies. The angular spectrum for DM
employed to simulate the map is normalized as in the case of
substructures with a minimum mass of 10 M" as derived in
(Siegal-Gaskins 2008) and it roughly corresponds to the ex-
tragalactic anisotropies for an energy of about 300 GeV (see
section 2). For a direct comparison with the cosmological
case we use for the Galactic signal the same normalization
employed for the extragalactic case, which is justified by the
fact that more physically motivated models for the DM emis-
sion in the MW have a large degree of freedom (Ando 2009)
and can easily be tuned to match the extragalactic case.

The inclusion of the information from the cross-
correlation spectra in this case, contrary to the cosmological
one, gives a significant improvement, especially for higher
DM masses. The reason for this di!erence is likely to be
found in the very di!erent set of anisotropy maps employed
for the Galactic substructures case. In particular, the very
high degree of anisotropy present also at low energy for this
case enhances the importance of a direct measurement of
the cross-correlation between low and high energy bands.
In contrast, the very low DM anisotropy at low energy for
the cosmological case (lower than the astrophysical EGB
anisotropy) makes this information almost irrelevant. We
also find in this case that excluding the lowest energy band
does not improve the sensitivity significantly.

The sensitivity increases substantially with respect
to the cosmological case, especially for high DM masses.
The slope of the sensitivity curves is indeed slightly less
steep. Assuming higher levels of anisotropy for the Galactic
case, which are possible, (Ando 2009; Siegal-Gaskins 2008;
Siegal-Gaskins and Pavlidou 2009) a correspondingly higher

12 A. Cuoco, A. Sellerholm, J. Conrad & S. Hannestad

Figure 7. Exclusion plots in the m!-!!Av" plane for various
annihilation channels: bb̄, "+"!, µ+µ!. Each panel shows the
sensitivity curves at the 1!, 3! and 5! levels. Two di!erent nor-
malizations for the flux of the cosmological DM signal have been
employed using an updated version of the (Ullio et al. 2002)
model: NFW Halo profile with substructures (lower curves) and
no-substructures (higher curves). The curves are the sensitivities
considering the auto-correlation spectra information alone.

!2(!"Av" , m!) = !l!i

!

Cii
EGBl! # Cii

DMl!

"2
/
!

"Cii,ii
EGBl!

"

(11)

turns out to be incorrect because the two spectra Cii
EGBl!

and Cmm
EGBl! are correlated, i.e. "Cii,mm

EGBl!
$= 0. The correla-

tion, indeed, is given by "Cii,mm
EGBl! = 2/(2l+1)(Cim

EGBl!)
2, i.e.

by the cross correlation between the bands i and m, as intu-
itively expected. The variance of Cii

EGBl! can be also easily
calculated and gives "Cii,ii

EGBl! = 2/(2l+1)(Cii
EGBl! +CN )2,

where CN = 4#/Nevents is the poisson shot noise. The cor-

rect expression is then

!2(!"Av" , m!) =

!l!ii,mm

!

Cii
EGBl! # Cii

DMl!

" !

"Cii,mm
EGBl!

"!1
(Cmm

EGBl! # Cmm
DMl!) (12)

where
!

"Cii,mm
EGBl!

"!1
is the inverse of "Cii,mm

EGBl!
and

"Cii,ii
EGBl!

= ($Cii
EGBl!)

2 =
2

2l + 1
(Cii

EGBl! + CN )2(13)

"Cii,mm
EGBl! = ($Cii

EGBl!$C
mm
EGBl!) =

2
2l + 1

(Cim
EGBl!)

2 (14)

To take into account multipole binning and partial sky cov-
erage, in the above expressions we have to substitute

2
2l + 1

% 2
fsky(2l + 1)"l

CN %
#

$Ncounts

$#

$!1

fsky (15)

where "l is the number of binned multipole in the band l’,
and $Ncounts/$# is the density of the counts per steradian.
Notice that in the above formulae no corrections for the
angular resolution (the exp(l2"b) term) are required since
we are referring to raw, PSF uncorrected spectra. Finally,
we disregard the information at l < 10 to minimize the
e$ects of the exposure. Let us also notice that, after all, the
value of !2 calculated with Eq.11 turns out to be generally
similar to the one of Eq.12. This behavior may be due to
the di$erent levels of noise in the various energy bands and
in the autocorrelation spectra which makes the o$-diagonal
components in the covariance matrix (which do not have
shot noise) generally subdominant.

In case we want to exploit all the available informa-
tion, i.e. including both the auto-correlations and the cross-
correlations as observables, the full expression Eq.10 for the
!2 has to be employed. In this case the full covariance matrix
becomes more complicated and we give the corresponding
expressions in appendix B.

Some further comments are in order regarding the cal-
culation of !2. We use always the same set of DM anisotropy
maps to calculate the Cls for the cosmological DM case, de-
spite the fact that they in principle depend on m! (and the
annihilation mode) through Eqs.6 and 7. Consequently, a
di$erent set of maps should be generated for each value of
m! and for each channel. Fortunately, this dependence is
weak above about 10 GeV where the DM horizon does not
depend much on the DM annihilation energy spectrum so
the e$ects on the sensitivity plots above 10 GeV are small,
accordingly. To better justify this approximation we can also
make a comparison with the case of DM annihilation from
substructures in the Galactic halo where we use a very dif-
ferent set of maps. The sensitivities generally change by a
factor of a few in this case (see below). The slight depen-
dence of the maps on DM model for the cosmological case
is thus likely to be smaller than that.

We can see the results in Fig. 7, where the sensitivities
are reported for various annihilation channels. The abso-
lute normalization of the DM spectra are obtained following
the DM haloes clustering model of (Ullio et al. 2002) as de-
scribed in the introduction. Two versions of the model are
shown: a conservative version with a NFW profile for the
haloes and no substructures which gives a low DM normal-
ization, and thus weaker constraints, and a more optimistic

extragalactic DM Galactic DM
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Fermi sensitivity to DM-induced modulations in the 
anisotropy energy spectrum

! combining anisotropy and 
energy information allows 
for the detection of 
multiple contributors to 
the diffuse emission 
without requiring a priori 
knowledge of anisotropy 
or spectral properties of 
any component

! annihilation in Galactic 
DM substructure 
produces a detectable 
feature in the anisotropy 
energy spectrum for a 
substantial region of 
parameter space

17

Hensley, JSG, & Pavlidou (2009)

dark matter models above the
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Hints of a dark matter signal in the e± spectrum?

! rise in local positron fraction above ~10 
GeV disagrees with conventional model 
for cosmic rays
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account when interpreting potential dark matter signals. A pulsar
magnetosphere is awell knowncosmicparticle accelerator. Thedetails
of the acceleration processes are as yet unclear, but electrons are
expected to be accelerated in the magnetosphere, where they induce
an electromagnetic cascade. This process results in electrons and
positrons that can escape into the interstellar medium, contributing
to the cosmic-ray electron and positron components. As the energy
spectrum of these particles is expected to be harder than that of the
secondary positrons, such pulsar-originated positrons may dominate
the high energy end of the cosmic-ray positron spectrum. But because
of the energy losses of electrons and positrons during their propaga-
tion, just oneor a fewnearby pulsars can contribute significantly to the
positron energy spectrum (see, for example, refs 28, 29).

The PAMELA positron data presented here are insufficient to distin-
guish between astrophysical primary sources and dark matter annihila-
tion.However, PAMELAwill soonpresent results concerning the energy
spectra of primary cosmic rays—such as electrons, protons and higher
mass nuclei—that will significantly constrain the secondary production
models, thereby lessening the uncertainties on the high energy beha-
viour of the positron fraction. Furthermore, the experiment is continu-
ously taking data and the increased statistics will allow themeasurement
of the positron fraction to be extended up to an energy of about
300GeV. The combination of these efforts will help in discriminating
between various dark matter and pulsar models put forward to explain
both our results and the ATIC8 results. New important information will
soon come also from the FERMI satellite that is studying the diffuse
Galactic cosmic c-ray spectrum. Pulsars are predominantly distributed
along the Galactic plane, while dark matter is expected to be spherically
distributed as an extended halo and highly concentrated at the Galactic
Centre. The diffuse c-ray spectrum is sensitive to these different geo-
metries. Furthermore, PAMELA ismeasuring the energy spectra of both
electrons (up to ,500GeV) and positrons (up to ,300GeV). These
data will clarify if the ATIC results8 are due to a significantly large
component of pair-produced electrons and positrons (to explain the
high energy ATIC data, the positron fraction should exceed 0.3 above

300GeV), hencepointing toprimarypositron sources, or to ahardening
of the electron spectrum with a more mundane explanation.
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23. Bergström, L., Bringmann, T. & Edsjö, J. New positron spectral features from
supersymmetric darkmatter: Away to explain the PAMELA data? Phys. Rev. D 78,
103520 (2008).

24. Donato, F.,Maurin, D., Brun, P., Delahaye, T. & Salati, P. Constraints onWIMP dark
matter fromthehigh energyPAMELA!pp=pdata.Phys. Rev. Lett. 102,071301 (2009).

25. Grajek, P., Kane, G., Phalen, D. J., Pierce, A., &. and Watson, A. Is the PAMELA
positron excess winos? Preprint at Æhttp://arXiv.org/abs/0812.4555v1æ (2008).

26. Grimani, C. Pulsar birthrate set by cosmic-ray positron observations. Astron.
Astrophys. 418, 649–653 (2004).
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Figure 2 | PAMELA positron fraction with other experimental data and
with secondary production model. The positron fraction measured by the
PAMELA experiment compared with other recent experimental data (see
refs 5–7, 11–13, 30, and references within). The solid line shows a
calculation1 for pure secondary production of positrons during the
propagation of cosmic rays in the Galaxy without reacceleration processes.
Error bars show 1 s.d.; if not visible, they lie inside the data points.
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depart from the calculated curve. They show an excess electron flux
up to about 650GeV, above which the spectrum drops rapidly, with a
return to the ‘general’ spectrum line at,800GeV. In particular, over
the energy range 300 to 800GeV we observe 210 electrons, whereas
GALPROP predicts only 140 events, an excess of about six standard
deviations. Using a source-on/source-off method for determining
‘significance’15, we obtain an excess of roughly four standard devia-
tions (Supplementary Information section 4).

Data recently became available from the Polar Patrol Balloon
(Antarctic) flight of the BETS detector. Although of lower statistical
precision, results from the PPB-BETS calorimeter16 also indicate a
possible structure and agree with the ATIC results (see Fig. 3), giving
added confidence to the conclusion that this feature is real.

We varied the source injection parameters in the GALPROP code
to try to reproduce the data points at 500 to 700GeV. This required a
hard injection spectrum which could not reproduce the drop in flux
above 650GeV and led to overproducing electrons above 1 TeV by a
factor of almost three (and underproducing the well-measured data
below 100GeV).

The observed electron ‘feature’ therefore indicates a nearby source
of high-energy electrons. This may be the result of an astrophysical
object, as energetic electrons have been observed in a variety of astro-
physical sites (for example in a supernova remnant17, pulsar wind
nebula5,18, micro-quasar6 or accreting intermediate-mass black hole).
To fit the electron excess, such a source would need a very steep
energy spectrum (spectral index around 21.4) with a high-energy
cut-off at about 600–700GeV, so as not to overproduce teraelectron-
volt electrons. It is possible that a micro-quasar could produce a
sharp feature in the electron spectrum6, but such an object would
need to be local (less than 1 kpc away) and active relatively recently.
Imaging atmospheric Cherenkov telescopes have observed numerous
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Figure 1 | Separation of electrons from protons in the ATIC instrument.
Candidate electron events (162,000) with energy over 50GeV are plotted as a
histogram with the horizontal axis showing the sum of the ‘weighted energy
fraction’ (F values as defined below) in the last two BGO layers and the
shower width (root mean squared, r.m.s.) in the first two layers. The shower
width is calculated as

r:m:s:h i2~
Xn

i~1

Ei Xi {Xc! "2=
Xn

i~1

Ei

where Xc is the coordinate of the energy centre, Xi is the coordinate of the
centre of the ith crystal and Ei is the energy deposited in the ith crystal. The F
value is calculated as Fn~ En=Sum! " r:m:s:h i2 where En is the energy deposit
in BGO layer n, Sum is the total energy deposit in all BGO layers and Ær.m.s.æ
refers to layer n (ref. 12). Each event is also fitted to an electromagnetic
cascade profile to estimate the starting point and the depth of the cascade
maximum. An event is accepted if the cascade starts above the first BGO
layer, which eliminates many protons (,75%) but passes most electrons
(,90%). Next a diagonal cut in r.m.s. and F is determined for each energy
bin and used to isolate the electrons. This removes most of the protons (2 in
104 remain) and retains 84% of the electrons12. The selected electrons are
shown as the dotted histogram.
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Figure 2 | ATIC-1 and ATIC-2 spectra at balloon altitude, showing good
agreement with each other. The measured primary electron flux (scaled by
E3) at flight altitude is shown for ATIC-1 (open squares) and ATIC-2 (filled
circles). The errors are one standard deviation. Both balloon flights were
from McMurdo, Antarctica, and circumnavigated that continent. ATIC-1
was a test flight in 2000–01 and the usable data correspond to an exposure of
0.61m2 sr days. ATIC-2 was a science flight in 2002–03 with an exposure of
2.47m2 sr days. To eliminate edge effects, we restrict the incident zenith
angle to be less than,37u (cos h$ 0.8), use only the central 80% of the SiM
and eliminate events in the outer crystals in each BGO layer. Within these
limits, the electron detection efficiency above 60GeV is 84% essentially
independent of energy. The effective acceptance was determined as a
function of particle energy considering the trigger efficiency, trajectory
reconstruction efficiency and the geometrical restrictions. The effective
acceptance of the instrument increases from 0.075m2 sr at 20GeV to
0.15m2 sr for E. 60GeV. Above 100GeV, a total of 1,724 electron events
were observed, with the highest energy event at 2.3 TeV. The total
background is also shown in the figure as the open triangles and is a
combination of unresolved protons, unidentified c-rays and atmospheric
secondary electrons produced in the material (,4.5 g cm22) above the
instrument. ATIC becomes background limited for electrons only above
several teraelectronvolts.
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Figure 3 | ATIC results showing agreement with previous data at lower
energy and with the imaging calorimeter PPB-BETS at higher energy. The
electron differential energy spectrummeasured byATIC (scaled by E3) at the
top of the atmosphere (red filled circles) is compared with previous
observations from the Alpha Magnetic Spectrometer AMS (green stars)31,
HEAT (open black triangles)30, BETS (open blue circles)32, PPB-BETS (blue
crosses)16 and emulsion chambers (black open diamonds)4,8,9, with
uncertainties of one standard deviation. The GALPROP code calculates a
power-law spectral index of 23.2 in the low-energy region (solid curve)14.
(The dashed curve is the solar modulated electron spectrum and shows that
modulation is unimportant above ,20GeV.) From several hundred to
,800GeV, ATIC observes an ‘enhancement’ in the electron intensity over
theGALPROP curve. Above 800GeV, theATICdata returns to the solid line.
The PPB-BETS data also seem to indicate an enhancement and, as discussed
in Supplementary Information section 3, within the uncertainties the
emulsion chamber results are not in conflict with the ATIC data.
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GeV disagrees with conventional model 
for cosmic rays

! unexpected bump in total electron + 
positron spectrum measured by ATIC

! less prominent bump seen in Fermi 
cosmic ray electron/positron spectrum
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dependence is assumed to be a power-law; (ii) the propagation is
described by a diffusion-loss equation whose effect is to steepen
the spectral slope with respect to the injection.

It is important to remember that astrophysical sources of elec-
trons are actually stochastic in space and time. Since electron prop-
agation – in contrast with the hadronic part of CRs – is severely
limited by energy losses via synchrotron radiation and IC scatter-
ing, a large fraction of the electrons that are detected above
100 GeV are expected to be produced within few kpc of the Earth
by few sources. Statistical fluctuations in the injection spectrum
and spatial distribution of those nearby sources may produce sig-
nificant deviations in the most energetic part of the observed spec-
trum compared to the conventional homogeneous and steady state
scenario (see e.g. Atoyan et al. [4], Pohl and Esposito [5], Strong and
Moskalenko [6], Kobayashi et al. [1]).

Recently, the ATIC balloon experiment [7] found a prominent
spectral feature at around 600 GeV in the total electron spectrum.1

This feature was also marginally observed by PPB-BETS [9]. Further-
more, the H.E.S.S. [10,11] atmospheric Cherenkov telescope (ACT) re-
ported a significant steepening of the electron spectrum above
! 1 TeV.

In addition to (charge undifferentiated) electron measurements,
another independent indication of the presence of a possible devi-
ation from the standard picture came from the recent measure-
ments of the positron to electron fraction, e"=#e$ " e"%, between
1.5 and 100 GeV by the PAMELA satellite experiment [12,13]. PAM-
ELA found that the positron fraction changes slope at around
10 GeV and begins to increase steadily up to 100 GeV. A similar
trend was also indicated by earlier experiments HEAT [14] and
AMS-01 [2] (see also Bellotti et al. [15]) with lower significance
and in a narrower energy range. This behavior is very different
from that predicted for secondary positrons produced in the colli-
sion of CR nuclides with the interstellar medium (ISM) (see e.g.
Moskalenko and Strong [16]). The discrepancy moderates only if
one considers a very steep injection index for electrons [17].

Based on their observations, the recent publications of the ATIC
[7] and PAMELA [13] collaborations report the need for an addi-
tional component of electrons and positrons originating from pul-
sars, or dark matter, clearly unaccounted for in the standard CR
model. Indeed, the possibility that the excess of high energy posi-
trons measured by PAMELA and the anomalous spectrum reported
by ATIC and PPB-BETS in the several hundreds of GeV range are
connected with a dark matter particle has stirred great interest
(for early references see e.g. [18–22]). Astrophysical interpreta-
tions of PAMELA results, based on the role of one (or more) nearby
pulsars (see e.g. Hooper et al. [23] and Yuksel et al. [24]) have also
been proposed although a combined interpretation of ATIC and
PAMELA results in that framework was shown to be unlikely [25].

Very recently the experimental information available on the
CRE spectrum has been dramatically expanded as the Fermi-LAT
Collaboration has reported a high precision measurement of the
electron spectrum from 20 GeV to 1 TeV performed with its Large
Area Telescope (LAT) [26]. As Fig. 1 shows, a simple power-law
fit of the Fermi-LAT electron energy spectrum is possible giving:

Je& ' #175:40& 6:09% E
1GeV

! "$#3:045&0:008%

GeV$1 m$2 s$1 sr$1 #1%

with v2 ' 9:7 (for 23 d.o.f.) where statistical and systematic (dom-
inant) errors have been, conservatively, added in quadrature. The
systematic error on the Fermi-LAT energy calibration may also re-
sult in a +10%, $20% rigid shift of the spectrum without introducing
significant deformations. Again referring to Fig. 1, this spectrum

agrees with ATIC below 300 GeV, but Fermi-LAT does not confirm
the prominent spectral feature observed by ATIC at larger energies.
Very recently the H.E.S.S. collaboration released a new set of data
for the CRE electron spectrum in the 340 GeV—5 TeV energy range.
Those data agree with Fermi-LAT’s, within their systematic errors,
in the energy range covered by both experiments while at larger
energies H.E.S.S. report a significant spectral steeping [11].

Looking almost featureless at first glance, the electron spectrum
measured by Fermi-LAT reveals a hardening at around 100 GeV
and a steepening above ! 400 GeV. Indeed, the spectrum can be
fitted by a broken power-law with indexes $3:070& 0:025 for
E < 100 GeV;$ 2:986& 0:031 for 100 < E < 400 GeV and
$3:266& 0:116 for 400 < E < 1000 GeV. While we cannot claim
any deviation from a single power-law when conservatively taking
into account current systematic uncertainties, such features are
suggestive when trying to combine Fermi, H.E.S.S., PAMELA and
low energy electron data for various interpretations. It is worth
noticing here that, although Fermi results damp some of the expec-
tations excited by the ATIC results, the hard electron spectrum ob-
served by this experiment exacerbates the discrepancy between
the predictions of standard CR theoretical models and the positron
fraction excess measured, most conclusively, by PAMELA. This
makes the exploration of some non-standard interpretations more
compelling.

In this paper we consider several interpretation scenarios for
the CRE data reported by Fermi-LAT. In Section 2, we start by con-
sidering a conventional Galactic CR electron scenario (GCRE) model
assuming that electrons are accelerated only by continuously dis-
tributed astrophysical sources (probably Supernova Remnants
(SNR)) in the Galactic disk, plus a secondary component of elec-
trons and positrons produced by the collision of primary CR nuc-
lides with the interstellar gas. In Section 3 we account for the
contribution of nearby, observed astrophysical sources. We focus
in particular on pulsars, since these objects are undisputed sources
of electron and positron pairs offering a natural interpretation not

Fig. 1. In this figure we compare Fermi-LAT CRE data [26], as well as several other
experimental data sets (HEAT: Du Vernois et al. [31]; AMS-01: Aguilar et al. [2];
ATIC: Chang et al. [7]; PPB-BETS: Tori et al. [9]; H.E.S.S.: Aharonian et al. [10];
H.E.S.S.: Aharonian et al. [11]) with the electron-plus-positron spectrum modeled
with GALPROP under the conditions discussed in Section 2.1. The gray band
represents systematic errors on the CRE spectrum measured by Fermi-LAT. The
black continuos line corresponds to the conventional model used in Strong et al.
[29] to fit pre-Fermi data model (model 0 in Table 1). The red dashed (model 1 in
Table 1) and blue dot-dashed lines (model 2 in Table 1) are obtained with modified
injection indexes in order to fit Fermi-LAT CRE data. Both models account for solar
modulation using the force field approximation assuming a potential U ' 0:55 GV.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

1 Fazely et al. [8] claimed, however, that ATIC excess may be interpreted as a
contribution of misidentified protons.

2 D. Grasso et al. / Astroparticle Physics xxx (2009) xxx–xxx
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Hints of a dark matter signal in the e± spectrum?

! rise in local positron fraction above ~10 
GeV disagrees with conventional model 
for cosmic rays

! unexpected bump in total electron + 
positron spectrum measured by ATIC

! less prominent bump seen in Fermi 
cosmic ray electron/positron spectrum

! sparked interest in DM explanations 
(e.g., Arkani-Hamed et al. 2009; Lattanzi 
& Silk 2009; Cirelli et al. 2009; Cholis et 
al. 2008; Grasso et al. 2009;...)

! leptophilic models

! large annihilation cross-sections 
(e.g., via Sommerfeld)
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The Case for a 700+ GeV WIMP: Cosmic Ray Spectra from

ATIC and PAMELA
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Abstract

Multiple lines of evidence indicate an anomalous injection of high-energy e+e! in the Galactic

halo. The Advanced Thin Ionization Calorimeter (ATIC) has detected an excess bump in the elec-

tron cosmic ray spectrum from 300-800 GeV, falling back to the expected E!3.2 power law at 1 TeV

and above. The recent e+ fraction spectrum from the Payload for Antimatter Matter Exploration

and Light-nuclei Astrophysics (PAMELA), shows a sharp rise up to 80 GeV. Excess microwaves to-

wards the Galactic center in the WMAP data are consistent with hard synchrotron radiation from

a population of 10-100 GeV e+e! (the WMAP “haze”). We argue that dark matter annihilations

can provide a consistent explanation of all of these data, focusing on dominantly leptonic modes,

either directly or through a new light boson. Normalizing the signal to the highest energy evidence

(ATIC), we find that similar cross sections provide good fits to PAMELA and the Haze, and that

both the required cross section and annihilation modes are achievable in models with Sommerfeld-

enhanced annihilation. These models naturally predict significant production of gamma rays in

the Galactic center via a variety of mechanisms. Most notably, there is robust inverse-Compton

scattered (ICS) gamma-ray signal arising from the energetic electrons and positrons, detectable at

Fermi/GLAST energies, which should provide smoking gun evidence for this production.

1
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Hints of a dark matter signal in the e± spectrum?

! rise in local positron fraction above ~10 
GeV disagrees with conventional model 
for cosmic rays

! unexpected bump in total electron + 
positron spectrum measured by ATIC

! less prominent bump seen in Fermi 
cosmic ray electron/positron spectrum

! sparked interest in DM explanations 
(e.g., Arkani-Hamed et al. 2009; Lattanzi 
& Silk 2009; Cirelli et al. 2009; Cholis et 
al. 2008; Grasso et al. 2009;...)

! leptophilic models

! large annihilation cross-sections 
(e.g., via Sommerfeld)

! astrophysical explanations: pulsars (e.g., 
Yuksel, Kistler, & Stanev 2009; Hooper, 
Blasi, & Serpico 2009; Profumo 2008; 
Grasso et al. 2009;...), SNR (e.g., Blasi & 
Serpico 2009), etc.
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Figure 9. As in Fig. 8, but for “lepto-philic” models, where the dark matter pair
annihilates democratically into the three charged lepton species.

required boost factor is very large, of the order of 104. In this scenario, however, the
H.E.S.S. data provide rather stringent constraints [10].

We also point out that such large values of the pair-annihilation rate are generically
in contrast with the synthesis of light elements in the early Universe. In particular, the
orange curve in the middle panel of Fig. 10 shows the estimate of (Jedamzik 2004 [60]) for
the constraint from the over-production of the isotope 6Li from dark matter annihilation
during Big Bang Nucleosynthesis. In addition, annihilation in gauge bosons produces
an anomalous background of energetic neutrinos, which exceeds the current constraints
(Yuksel et al. 2007 [61]) in almost all the parameter space compatible with e± data. In
this respect, the gauge boson annihilation mode appears to be disfavored with respect to
the previous two scenarios outlined above.

For illustrative purposes, we select two reference choices for the mass and pair annihi-
lation rate for a model annihilating into e+e! (fig. 8) and for a “lepto-philic” case (fig. 9).
We quote in Tab. 2 the parameter values for the models we employ. We show the resulting
e± spectra, summed with the conventional background we adopt in the present analysis,
in Fig. 11. In the insert of the same figure we also show the resulting positron fraction.

In summary, Fermi-LAT data on e± set constraints and provide information on the
nature of particle dark matter models in relation to the production of energetic leptons
in annihilation events in the Galaxy. Assuming an exotic origin for the data reported
in (Abdo et al. 2009 [25]), we showed that the required dark matter setup is consistent
with the PAMELA data and with the H.E.S.S. measurements. Specifically, we argued

Fermi/PAMELA fits

Grasso et al. 2009
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Figure 3. We compare the region favored by PAMELA (green bands) and ATIC (red regions within

the bands) with the bounds from HESS observations of the Galatic Center [29] (blue continuous line),

Galactic Ridge [41] (blue dot-dashed), and SgrDwarf [42] (blue dashed) and of observations of the

Galactic Center at radio-frequencies ν = 408GHz by Davies et al. [51] (red lines) and at ν ∼ 10
14

Hz

by VLT [52] (upper purple lines, when present, for equipartition and constant magnetic field). We

considered DM annihilations into e+e− (left column), µ+µ− (middle), τ+τ− (right), unity boost and

Sommerfeld factors and the NFW (upper row), Einasto (middle), isothermal (lower) MW DM density

profiles and the NFW (upper), large core (middle and lower) Sgr dSph DM density profiles.

σv from HESS observations of the Galactic Center, and the dot-dashed blue lines show the

comparable bounds from Galactic Ridge observations. Figures 3 refer to DM annihilation

into leptons, while figures 4 show the more ‘traditional’ DM annihilation modes into W+W−
,

bb̄ and tt̄. Barring the possibility of boost factors or Sommerfeld enhancements different for

– 7 –

Bertone, Cirelli, Strumia, Taoso 2009

GC radio, GC & GR gamma-ray
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ICS in the inner Galaxy
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Figure 3: The regions favored by PAMELA (green bands), containing in particular the
areas favored by PAMELA+ATIC (yellow areas), are compared with the bounds from ICS
secondary radiation. The first column of panels refers to DM annihilations into e+e−, the
second into µ+µ− and the third into τ+τ−; the three rows assume respectively an Einasto,
an NFW and an isothermal profile. In each panel, the bounds from EGRET data in the
‘5×30’ region are plotted with a short dashed red line, those from EGRET data in the
‘10×60’ region with a solid red line and those from EGRET data in the ‘10−20’ strips
with a dashed red line. The preliminary FERMI bounds in the ‘10−20’ strips are plotted
with a dashed blue line.
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High-latitude gamma-rays from MW subhalos
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FIG. 4: Isotropic gamma-ray signals resulting from dark matter annihilations in substructure (assuming an Aquarius number
density profile). Left side: Inverse-Compton gamma-ray emission of the final state electron/positron population from anni-
hilations at distances > 20 kpc from the Galactic center (solid line) and including all radii (dotted). This can be compared
to COMPTEL [83], EGRET [84], and (preliminary) Fermi [85] di!use gamma-ray data. Right side: Internal bremsstrahlung
associated with the birth of charged leptons is shown for annihilation to two muons (mDM = 1.6 TeV; dot-dashed), two taus
(mDM = 4 TeV; dark dashed), and two !± pairs (mDM = 8 TeV; double-dot dashed). For the two tau case, we show the e!ect
of including tau decays (light dashed). Cosmic-ray e! + e+ measurements from HESS (triangles) [7, 8] act as upper limits on
an isotropic gamma-ray flux (see text).

the CMB (we neglect the cosmic IR background, which
has energy density a few percent that of the CMB [68]),
since the magnetic fields there should be small [69, 70]
and result in negligible synchrotron losses. To calculate
the gamma-ray flux, we must first find the equilibrium
e!+e+ spectrum. We start from the di!usion-loss equa-
tion for a spectrum of relativistic electrons, ne(E) [71, 72]

dne

dt
= D(E)!2ne(E) +

d

dE
[b(E)ne(E)] + Q(E) , (18)

where the di!usion coe"cient, D, is assumed to be
isotropic, Q(E) is the source term, and b(E) = b0 E2 is
the radiative loss term, with b0 " 0.3# 10!16 GeV!1 s!1

for the CMB (in the Thomson limit). For dark mat-
ter, equilibrium can be assumed. In an isotropic system,
there is no dependence upon D, since particle losses are
compensated for by gains. At $ 1 TeV, the electron
cooling time is $ 106 yr, so that even if electrons prop-
agate rectilinearly, they would only travel a distance of
order the virial radius of the Milky Way. This is likely an
overestimate, since their propagation should be a!ected
by the halo magnetic field, although its structure and
strength is uncertain. Considering the length scales rel-

evant for electrons injected by annihilation in substruc-
ture, we make the simplifying assumption that this halo
magnetic field results in the IC losses occurring near the
injection point (more care is needed for smooth halo sig-
nals due to the steeper gradient in particle injection with
radius [73, 74]). This reduces the problem to a continuity
equation [75]

%
d

dE

!

b0 E2ne(E)
"

= Q(E) , (19)

which can be readily solved for a given injection spec-
trum. While IB signals may vary greatly between annihi-
lation channels, essentially all models that remain viable
post-Fermi lead to nearly identical equilibrium electron
spectra (up to uncertainties in the astrophysical spec-
trum and propagation models) [59, 60]. With generality,
we consider dark matter with mDM = 2.35 TeV anni-
hilating into two µ± pairs (as in [60]). The calculation
proceeds similarly to [76] as

d#IC

dE
=

1

4!
J (") r" $"

dNIC

dE
, (20)

Kistler & JSG 2009

Gamma-rays from annihilation in MW substructure only,
assuming substructure accounts for local cosmic ray fluxes
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Figure 4. The dependence of the dark matter all-redshift all-halo annihilation emission on the
structure formation and halo model setup, for particle dark matter models that o!er an explanation
to the Pamela positron excess and that are compatible with the Fermi-LAT electron-positron data.
Table 1 gives the details of the mass, annihilation rate and final state for the four models we show in
panels (a)–(d).

We consider two examples of this class of models yielding cascading multiple lepton pairs
(see e.g. [68]) in panels (c) and (d). The values of the masses and pair-annihilation rates for
the 4µ (c) and 4! channels are taken from ref. [12]. Although injecting softer e± pairs and
therefore featuring a relatively flatter IC peak emission appearing at lower energies, these
models do not generically escape the overproduction of extragalactic IC gamma ray photons.

A summary of the constraints from the all-redshift all-halo annihilation emission on dark
matter models that could explain the Pamela positron excess is given in figure 5. There we

– 12 –

Profumo & Jeltema 2009

Other constraints

! extragalactic gamma-
rays (e.g., Profumo & 
Jeltema 2009, Belikov 
& Hooper 2009)
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strongly excluded by current constraints, the differences in
the spectra due to differing f!z" profiles are small.

A. Models fitting cosmic-ray excesses

We focus here on models which fit the cosmic-ray ex-
cesses measured by PAMELA, and in the case of higher-
mass WIMPs, also ATIC or Fermi. Boost factors and
WIMP masses are taken from [21] for the leptonic and
XDM channels, and from [56] for annihilation to W bo-
sons. Figure 6 displays the WMAP5 constraints on these
models, and the region of parameter space that will be
probed by Planck.

In all cases, the models which fit the cosmic-ray ex-
cesses are close to being ruled out by WMAP5, at 95%
confidence. The tension is greater for models which fit the
ATIC excess, where the boost factors given in [21] are
already excluded. However, this result does not rule out
these DM models as explanations for the ATIC excess, due
to astrophysical uncertainties in the required boost factor.
For example, the local DM density is only known to within
a factor of #2 (which is then squared to determine the

annihilation rate), and density enhancements from local
substructure could also contribute an O!1" boost to the
cosmic-ray flux. The excess measured by Fermi requires
generically smaller boost factors than ATIC, by a factor of
#2–3: such models are not ruled out by WMAP5 even
without taking into account astrophysical uncertainties, but
will be constrained by Planck.
The degree of uniformity between the models should not

be surprising, despite the wide range of masses and boost
factors. The variations in f!z" between different channels
arise in large part from the energy carried away by anni-
hilation products other than photons and electrons—but
these annihilation products also do not contribute to the
cosmic-ray excesses measured at ATIC and PAMELA. The
cosmic-ray excesses are more sensitive measures of the
high-energy spectrum of the annihilation products than the
CMB, whereas the CMB is sensitive to soft photons and
electrons which may be absorbed into the background in
cosmic-ray measurements, but to a first approximation
both measurements are simply probing the total power in
electrons (at least when the power in photons produced by
annihilation is small).

B. Implications for Sommerfeld-enhanced
DM annihilation

As described in the Introduction, the CMB has the
potential to act as an especially sensitive probe of DM
models with Sommerfeld-enhanced annihilation. The sim-
plest example of the Sommerfeld enhancement with a
massive mediator is the case of WIMPs interacting via a
Yukawa potential. More complicated models can contain
small mass splittings among the dark-sector particles, and
multiple light force carriers (e.g. [24]), but in this work we
will consider only the simplest case.
If the dark matter particle couples to a scalar mediator!

with coupling strength ", then the enhancement is solely
determined by the dimensionless parameters,

#v $ !v=c"
$

; #! $ m!

$MDM
; (5)

where $ $ "2=4%. In the limit where the ! mass goes to
zero (#! ! 0), the enhancement to the annihilation cross-
section—denoted S—can be determined analytically, and
S# %=#v at low velocities. For nonzero #!, there are two
important qualitative differences. The first is that the
Sommerfeld enhancement saturates at low velocity–the
attractive force has a finite range, and this limits how large
the enhancement can become. Once the de Broglie wave-
length of the particle !MDMv"%1 exceeds the range of the
interactionm%1

! , or equivalently once #v drops beneath #!,

the Sommerfeld enhancement saturates at S# 1
#!

[24]. The

second effect is that for specific values of #!, resonances
occur where the enhancement scales as #1=#2v instead of
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FIG. 6 (color online). Constraints on the annihilation cross-
section h&Avi the efficiency factor f. The dark blue area is
excluded by WMAP5 data at 95% confidence, whereas the
lighter blue area shows the region of parameter space that will
be probed by Planck. The cyan area is the zone that can
ultimately be explored by a cosmic variance limited experiment
with angular resolution comparable to Planck. Constraints are
taken from [43] (Fig. 4). The data points indicate the positions of
models which fit the observed cosmic-ray excesses, as fitted in
[21,56]. Squares: PAMELA only. Diamonds: PAMELA and
Fermi. Crosses: PAMELA and ATIC. Error bars indicate the
factor-of-4 uncertainty in the required boost factor due to un-
certainties in the local dark matter density (any substructure
contributions are not taken into account). For models labeled by
XDM followed by a ratio, the annihilation is through an XDM
intermediate light state to electrons, muons and pions in the
given ratio (e.g. ‘‘XDM 4:4:1’’ corresponds to 4:4:1 annihilation
to e&e%, '&'% and %&%%).

CMB CONSTRAINTS ON WIMP ANNIHILATION: ENERGY . . . PHYSICAL REVIEW D 80, 043526 (2009)
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Slatyer et al. 2009

Other constraints

! extragalactic gamma-
rays (e.g., Profumo & 
Jeltema 2009, Belikov 
& Hooper 2009)

! CMB (e.g., Slatyer et 
al. 2009, Galli et al. 
2009)
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Maximizing the potential of Fermi data

! new approaches / analysis techniques?

! multi-wavelength, multi-messenger 
approaches to indirect detection?

! how to robustly detect DM in the 
presence of substantial and uncertain 
foregrounds?  are there unique DM 
signatures?
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