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Data and background expectations

A.A. Abdo et al, [Fermi-LAT], arXiv: 0905.0025 (PRL)
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PAMELA  

O. Adriani et al., [PAMELA], arXiv: 0810.4995 (Nature)

Positron fraction e++e- spectrum

What are these excesses compared to the background?

more than 275 papers written on Pamela since the fall...
...and 74 already citing the Fermi-LAT paper from early May...



Possible explanations for the excess

• The diffuse background model is wrong?

• The local astrophysical sources (pulsars, 
reacceleration at SNR, localized SNR, ...) 
give a contribution?

• Dark matter annihilations give a 
contribution?

• There is no excess (non-standard 
diffusion)

• ...



Is there an excess in e+/(e++e-)?

• There are claims (see e.g. Waxman’s talk 
Wednesday, arXiv:0907.1686) that there is no 
excess.

• It is certainly possible to be consistent with 
Pamela without primary sources, but we then 
need to give up the ‘standard’ diffusion model.

• Will here assume ‘standard’ diffusion, in which 
there is an excess



Electron and positron background

• The conventional diffuse background model is from 
Strong et al, 2004. It essentially contains

- a primary electron and proton injection spectrum,

- propagation and interactions, producing secondary 
electrons and positrons (and gammas)

• It needs input from other data and parameters need to 
be fit to all current cosmic ray data

• The current conventional model is from 2004 (pre-
Fermi) and clearly needs updating



Background fits

Figs from Grasso et al, arXiv:0905.0636

By changing the injection spectrum of electrons, we can get a 
better fit to the e++e- data

...but it does not fit the positron fraction at all (and does not fall 
off at ~1 TeV, probably due to how local sources are treated)
A primary positron source seems to be needed.
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shown to reproduce the gamma-ray di!use emission spectrum measured by Fermi-LAT
at intermediate Galactic latitudes (Abdo et al. 2009b[29]). The CRE spectrum predicted
by that model, however, is significantly softer than the spectrum measured by Fermi-LAT
(see Fig. 1).

We find that if ! = 1/3 a conventional model with injection spectral index "0 = 2.42
above 4 GeV (model 1 in Tab. 1- red dashed line in Fig. 1), or if ! = 0.6 and "0 = 2.33
(model 2 in Tab. 1- blue dashed line in Fig. 1), provide much better fits of Fermi-LAT
CRE data. The electron spectrum influences predictions for Galactic di!use gamma rays
via IC and bremsstrahlung emissions. This topic will be addressed in a forthcoming
paper comparing Fermi-LAT di!use gamma-ray measurments with models over the whole
sky. Here it su"ces to say that the di!erence between the di!use gamma-ray spectra
predicted with model 0 and model 1 of Tab. 1 (based on pre-Fermi data) is not large
since the electron injection spectrum change from 2.54 to 2.42 causes a change of only
0.06 in the IC index. Thus the intermediate latitude predictions (Abdo et al. 2009b [29])
are hardly a!ected.

Figure 1. In this figure we compare Fermi-LAT CRE data (Abdo et al. 2009 [25]),
as well as several other experimental data sets (HEAT: Du Vernois et al. 2001 [30];
AMS-01: Aguilar et al. 2002 [2]; ATIC: Chang et al. 2008 [7]; PPB-BETS:Tori et
al. 2008 [9]; H.E.S.S.: Aharonian et al. 2008, [10]) with the electron plus positron
spectrum modeled with GALPROP under the conditions discussed in Sec.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. 2004
[28]) to fit pre-Fermi data model (model 0 in Tab. 1). The red dashed (model 1 in Tab.
1) and blue dot-dashed lines (model 2 in Tab. 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 ! = 0.55 GV.
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2.3. The positron excess problem. A serious problem that those GCRE models face is
that the positron fraction e+/(e+ + e!) they predict is not consistent with that measured
by PAMELA (Adriani et al. 2009, 2009b [11, 12]). While previous electron data allowed
su!cient uncertainty to accommodate the PAMELA positron fraction with a steep elec-
tron spectrum and standard secondary e+ production (see e.g. Delahaye et al. 2009 [58]),
Fermi’s precise measurement of a hard ! E!3 electron spectrum, no longer allows such
models. To modify the standard GCRE models by introducing source stochasticity does
not help to predict the PAMELA positron spectrum correctly. Reference models 0, 1 and
2 are shown in Fig. 3. They do not account for the rise in the positron fraction seen by
PAMELA, so to explain this data, some additional sources of positrons is required. This
situation does not improve by considering other possible combinations of the propagation
parameters and of the electron source spectral index that give a good fit to the Fermi-LAT
electron spectrum.

Figure 3. In this figure we compare the positron fraction corresponding to the same
models used to draw Fig. 1 with several experimental data sets (HEAT: Barwick et al.
1997 [13]; CAPRICE: Boezio et al. 2000 [32]; AMS-01: Aguilar et al. 2002 Aguilar et al.
2002 [2]; PAMELA: Adriani et al. 2009, 2009b [11, 12]). The line styles are coherent with
those in that figure. Note that our results use a solar modulation potential ! = 0.55 GV
which is appropriate for the AMS-01 and HEAT data taking periods (Barwick et al. 1997
[13]). It is not appropriate for the PAMELA data taking period, and impacts agreement
among the experiments and our model with the PAMELA data below 10 GeV.

3. Pulsar Interpretation

Pulsars are undisputed sources of relativistic electrons and positrons, believed to be pro-
duced in the magnetosphere and subsequently possibly reaccelerated by the pulsar winds



Background model
• Remember though: the background model (galprop) is 

never intended to be OK at the highest energies. It 
includes assumptions that are not expected to hold at the 
highest energies, e.g. a continuous source distribution

GC
X

Diffusion zone

• One should really cut away the local sources and repopulate 
with known SNRs, pulsars. The break at 1 TeV seen in HESS data 
tells us that there are no very nearby sources

We
X

Sharp cut-off for 
distant sources

to arrival at the Earth’s atmosphere. These processes have been described in the standard

di!usion approximation (i.e. neglecting convection) by a familiar di!usion equation [16],

which, for local sources (in a leaky box type scenario, where the height of the di!usion

region is larger than the sphere where the contributing sources lies) can be assumed to have

spherical symmetry, and reduces to the form [23]:
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In the equation above, f(r, t, "), with " = Ee±/me, is the energy distribution function of

particles at instant t and distance r from the source;

P (") = p0 + p1" + p2"
2 (18)

indicates the energy loss term (which for our purposes can be very accurately approximated

by the last term only, describing the dominant inverse Compton and Synchrotron losses,

P (") ! p2"2 at high energy); D(") " "! is the energy-dependent di!usion coe"cient, which

is here assumed to be independent of r (i.e. we assume a homogeneously di!usive medium;

for a discussion of the role of a non-homogeneous medium, see App. C in Ref. [38]).

As mentioned above, the dominant epm energy losses at energies at or above Ee± ! 10

GeV are (i) inverse Compton scattering o! photon backgrounds such as the cosmic microwave

background (CMB) and photons at optical and IR frequencies, and (ii) synchrotron losses

in the ISM magnetic fields. Following Ref. [23], we estimate:

p2 = 5.2 # 10!20 w0

1 eV/cm3 s!1, (19)

where

w0 = wB + wCMB + wopt (20)

and (again following the estimates of Ref. [23]) where wCMB ! 0.25 eV/cm3 and wopt !

0.5 eV/cm3 indicate the CMB and optical-IR radiation energy density, while wB !

0.6 eV/cm3 (for an average B = 5µG) is the energy density associated to galactic mag-

netic fields. Altogether, we rather conservatively assume p2 ! 5.2 # 10!20 s!1.

Under the assumption of a power law injection spectrum, the solution to eq. (17) can be

readily calculated to be [23]:
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Pulsar interpretation

• Many nearby pulsars known to exist

• Exact physical acceleration mechanisms not 
known, models exist though

• Accelerated electrons and positrons could 
be released into the ISM. Need mature 
pulsar to allow time for them to be 
released (~105 years)



Pulsars

F.A. Aharonian, A.M. Atoyan and H.J. Völk, A&A 294 (1995) L41.

Electrons Positron fraction

Nearby pulsar (Geminga @ 100 pc) can give significant contribution to the 
electron and positron fluxes



Pulsar modelling
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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, !e± !t and " 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.

(1) The rationale to postulate a particle dark matter mass in the 0.5 to 1 TeV range,
previously motivated by the ATIC data and the detected “bump”, is now much
weaker, if at all existent, with the high statistics Fermi-LAT data;

(2) CRE data can be used, in the context of particle dark matter model building, to
set constraints on the pair annihilation rate or on the decay rate, for a given dark
matter mass, di!usion setup and Galactic halo model;

(3) as discussed in Sec.2, unlike the Fermi-LAT CRE result, the PAMELA positron
fraction measurement requires one or more additional primary sources in addition
to the standard GCRE component, as discussed in Sec. 2; if the PAMELA data
are interpreted in the context of a dark-matter related scenario, Fermi-LAT data
provide a correlated constraint to the resulting total CRE flux.

We emphasize here that, although not per se needed from data, a dark matter interpre-
tation of the Fermi-LAT and of the PAMELA data is an open possibility. Nevertheless
we note that a dark matter interpretation of the Fermi-LAT data is disfavored for at least
the three following reasons:
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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

• 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 addition
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 (Adriani et al.
2009 [53]) sets very stringent constraints on the dominant dark matter annihilation
modes (Cirelli et al. 2009 [17]). In particular, for ordinary particle dark matter
models, such as neutralino dark matter (Jungman 1996 [49] or the lightest Kaluza-
Klein particle of Universal Extra-Dimensions (Hooper & Profumo 2007 [50]), 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
in the early Universe via an ordinary freeze-out process involving the same anni-
hilation 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;

e++e- e+ fraction

Figs.  from Grasso et al, arXiv: 0905.0636

Nearby sources with hard injection spectrum, E-(1.5–1.7)

- Are pulsars with the hard spectral index (1.4–1.7) OK? How do we 
get the electrons and positrons out keeping the spetrum so hard?

- Are the properties of the nearby pulsars consistent with CRs and 
gammas elsewhere in the galaxy? See talk by Arons, Wed



Reacceleration at old SNRs
• Reacceleration at old SNRs could explain the data

• These models would predict rising antiproton/proton 
fractions and rather high fluxes of
secondary nuclei (see Mertsch’s talk, Wed)

• Can be tested with e.g. PAMELA

Blasi & Serpico 2009 4

FIG. 2: The boron-to-carbon ratio in cosmic rays along with
model predictions — the ‘leaky box’ model with production
of secondaries during propagation only (dashed line), and in-
cluding production and acceleration of secondaries inside a
nearby source (solid line - dotted beyond the validity of our
calculation). The data points are from HEAO (circles) [28]
and ATIC (triangles) [32].

Following ref.[18], the parameters are chosen to be: r =
4, u! = 0.5 ! 108 cm s!1, n!

gas = 2 cm!3 and B = 1 µG.
The di!usion coe"cient in the SNR is

Di(E) = 3.3 ! 1022F!1 B!1
µ EGeVZ!1

i cm2s!1 (20)

where the fudge factor F!1 is the ratio of the di!usion

coe"cient to the Bohm value and can be determined by
fitting to the titanium-to-iron ratio.

The calculated titanium-to-iron ratio together with the
experimental data [25] is shown in Fig. 1. The dashed
line corresponds to the leaky box model with production
of secondaries during propagation only while the solid
line includes production and acceleration of secondaries
inside the source regions. The latter e!ect leads to an
increasing ratio for energies above " 50 GeV/n and re-
produces the experimental data well taking F!1 # 40.
This is comparable to the value reported in ref.[18].

Fig. 2 shows our prediction for the boron-to-carbon
ratio with the di!usion coe"cient scaled proportional to
rigidity according to eq.(20). The present data is in-
conclusive so we await more precise measurements by
PAMELA. Agreement with our prediction would con-
firm the astrophysical origin of the positron excess as
proposed in ref.[13] and thus establish the existence of a
nearby accelerator of hadronic cosmic rays.
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Young (localized) SNRs

Contribution from  
nearby KNOWN 

young SNRs: 
Geminga, Monogem, 

Gela LoopI and 
Cygnus Loop!

Piran et al, 2009

• Could explain current data

• Predicts that the positron 
fraction should peak at ~80 
GeV. Can be tested with 
PAMELA.

• B/C could provide a test as 
well

• Electron and positron fluxes 
(separately) at higher 
energies should test these 
models as well.



What else?



Dark matter

• Many papers trying to explain the PAMELA 
and Fermi data (and before that PAMELA 
and ATIC data).

• Will not go through them all, but focus on 
simple leptonic models and see what the 
consequences would be if this 
interpretation is correct

See also e.g.
- Grasso et al, arXiv:0905.0636
- Meade et al, arXiv:0905.0480
- Kane’s talk Monday
- ...



Dark Matter interpretation

• We have computed the electron and positron 
spectra from dark matter annihilations and fit 
to Fermi, HESS and Pamela data. Will focus on 
models that fit all of these.

• We have assumed a ‘standard’ halo model with 
an isothermal sphere

• We have assumed a ‘standard’ conventional 
diffusion model with best-fit parameters to 
other cosmic ray data (model MED in 
Delahaye et al, 2008)

L. Bergström, J. Edsjö & G. Zaharijas, arXiv:0905.0333, PRL, in press



Data and background - e++e-
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Data and background - e++e-

• Remove ATIC 
and PPB-BETS  
for the 
moment 
(ATIC peak 
not seen by 
HESS and 
Fermi)
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Data and background - e++e-

• Rescale 
background 
with factor 
0.85 (within 
systematic 
uncertainties)
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Data and background - e++e-

• Rescale HESS 
with factor 
0.85 (within 
systematic 
uncertainties)

• Good 
agreement 
between Fermi 
and HESS data. 

• Background 
falls too steep.
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A note about propagation
• As we are mostly interested in the high-energy 

electrons/positrons, the exact details of the diffusion 
model does not matter too much. We then use a 
‘standard’ setup and define an enhancement factor 
that includes the effects of changes to the model:

2

density !0. For all classes of models, we have set the
annihilation cross section to ("v) = 3 ! 10!26 cm3 s!1.
Note that all the fluxes scale with !2

0 and at high ener-
gies (all energies of interest here), they also scale with
#0. With a boost factor from substructure and/or Som-
merfeld enhancements, BF , we can then define an overall
enhancement factor,

EF =
! !0

0.3 GeV cm!3

"2 ! #0

1016 s GeV!2

"
BF (1)

which to a very good approximation will scale our fluxes
up (or down). The enhancement factors we find below
thus includes the Sommerfeld enhancement arising in the
AH and N type of models. For both these latter models,
we use the benchmark models AH1–AH4 and N1–N5 as
defined in [18].

We will also discuss other constraints, like constraints
from gamma rays [13–15] and synchrotron radiation [16–
18].

DATA AND BACKGROUNDS

In our analysis, we will include the recent data from
Fermi [9] and HESS [11] for the summed spectrum of elec-
trons and positrons, and Pamela data on the positron
fraction [1]. We will not include ATIC [4] in our fits,
as those data do not seem compatible with Fermi (al-
though an excess is indeed also found by Fermi, the peak
structure seen by ATIC is not). For HESS, we consider
energies up to 2 TeV. Since the background model we
use agrees with the HESS data (below 2 TeV) within 2",
we use HESS data only to place an upper limit on our
models, by requiring that our signal + background does
not overproduce electrons at the HESS energies.

For the background estimate, we use the conventional
GALPROP [10] model (i.e. not specifically adjusted to
fit the recent data; see also further discussion in the next
Section), as given in [9].

As both data and background estimates have system-
atic uncertainties, we have some freedom of adjusting
their relative normalizations. It is a non-trivial task to
do this in a fully consistent way, but looking at the back-
ground estimate and the data it seems that the HESS
data and the background estimate is slightly higher than
the Fermi data. To take this normalization uncertainty
into account, we have arbitrarily rescaled the HESS data
and the background estimate by 0.85, which is within the
expected systematic uncertainties of Fermi, HESS and
the background estimates.

RESULTS OF FITS

We are now ready to perform our dark matter fits to
the data. First we consider the leptonic models. It turns

out that annihilation directly to e+e! typically gives a
too pronounced peak at the WIMP mass MDM . Tau
leptons typically give a too soft spectrum and too many
gamma rays from $0 decays from hadronic tau decays
[14, 17]. Hence, we will for these leptonic models focus
on models annihilating only to µ+µ!. It can be argued
that this is unnatural (and not expected) for most dark
matter candidates, but will come back to this question
when we discuss the Nomura-Thaler and Arkani-Hamed
type of models.

In Fig. 1a we show the required enhancement factor
versus mass assuming 100% annihilation to µ+µ!. In 1a,
the contours are shown for fits to Fermi and PAMELA
data within 2" and the exclusion region which is 2" above
the HESS data. As can be clearly seen, we typically get
rather large regions with good fits to the data. The boost
factors are of the order of 1000 and typically, slightly
larger boost factors would be needed to get good fits
also to the PAMELA data on the positron fraction. The
quality of the fit is shown in Fig. 2a, where we show the
spectrum for an example of a good fit model (the dot in
Fig. 1a)). As can be seen, the excess in the Fermi data
is very well-fit with this dark matter model and we get
a reasonable (but a bit low) fit to the PAMELA data as
well.[30]

For the leptonic model, it is rather unnatural to as-
sume that annihilation only goes to µ+µ!. However, for
the AH [22] and N [23] type of models, this follows nat-
urally from the mass of the scalar being above 2mµ, but
below 2m! . In the N models, the light scalar (actually a
pseudo-scalar) decays only to µ+µ!, whereas in the AH
models, the decay can go either purely to µ+µ! or to a
mixture of e+e! and µ+µ!, depending on the nature of
the scalar. Not surprisingly, the N models and the AH4
model (which has a scalar that decays 100% to µ+µ!)
give the best fit to the electron and positron data and we
therefore focus on these. In Figs. 1b and 2b, we show the
2" contours and an example spectrum for a good fit N3
type of model where we have only kept the enhancement
factor EF and WIMP mass MDM as free parameters (all
the other N1–N4 models considered in [18] give the same
positron fluxes and are thus equivalent in this respect).

In Figs. 1c and 2c, we show the same 2" contours and
example spectrum for the AH4 model. Even if the fits to
the data for model N3 and AH4 are not as excellent as
for the muon channel model, they are still good, and of
course it is more natural to get predominantly muons in
these models. Another advantage of these types of mod-
els is that it is natural to get the required boost factors
which enter the total enhancement factor (Eq. (1)) from
the Sommerfeld enhancement.

Of course, one has to investigate other constraints on
these kinds of models, especially given the rather large
boost factors needed to fit the electron and positron data.
For the leptonic model, we can use the constraints in [16],
where the gamma ray and radio constraints, primarily

Local DM density Energy loss parameter

Boost factor from 
Sommerfeld enhancement 

and/or substructure

Default values: ρ0 = 0.3 GeV/cm3     τ0 = 1016 s/GeV2

Note though:
ρ0 could be higher (Ullio & Catena ’09 find ρ0 = 0.385±0.027 GeV/cm3)
τ0 could be smaller due to higher local magnetic fields and ISRF



Dark matter models
• To explain the excess, we need to have a DM model that

- gives reasonably hard electrons and positrons without producing too 
many photons or antiprotons

• Models giving mostly muons are then favoured. We will try to 
avoid too much theoretical prejudice and instead consider 
these three types of models:

- Leptonic models with 100% annihilation to μ+μ-

- Arkani-Hamed et al (AH) type of models with annihilation to light scalars 
that decay mostly to muons (Arkani-Hamed et al, arXiv:0810.0713)

- Nomura & Thaler (N) type of models with annihilation to light 
pseudoscalars that decay to muons (Nomura & Thaler, arXiv: 0810.5397)

• The latter two also naturally have Sommerfeld enhancements

• We fit with mass (MDM) and enhancement factor (EF) as our 
two free parameters.



Results – μ channel

We get good fits to Fermi, HESS and PAMELA data
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Results – AH4 model
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Results – N3 model
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Fits
• We can get very good fits to both Fermi, HESS and 

PAMELA data with ‘off-the-shelf ’ halo, diffusion and 
background models

• Masses in the range 1–4 TeV fit well

• However, we need to assume enhancement factors 
of the order of 1000 (e.g. from Sommerfeld 
enhancements).

• Note: we have focused on muons as they give very 
good fits. Some electrons and tau leptons are 
certainly also possible though.



Constraints from the galactic centre 
and dwarf spheroidals

• These models just barely escape gamma and 
synchrotron constraints from the galactic centre and 
dwarf spheroidals (Bergström et al, arXiv:0812.3985)

• For a steeper halo profile than the isothermal sphere 
considered here, the models would be excluded (too 
much synchrotron radiation/gamma)



Constraints from the CMB

• For Sommerfeld enhanced 
models (AH & N 
models), effects could also 
arise in the cosmic 
microwave background 
radiation. The models we 
have considered here are 
(just barely) OK with 
current constraints, but 
can be probed with 
Planck (launched May14!).

See talks by Slatyer and Iocco, Tuesday!
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FIG. 4: Constraints on the self-annihilation cross-section at
recombination (!v)zr

times the gas–shower coupling param-
eter f . The dark blue area is already excluded by WMAP5
data, whereas the more stringent limit (dashed area) refers to
the constraints which will be possible to apply with Planck.
The light blue area is the zone ultimately allowed to probe by
a cosmic variance limited experiment with angular resolution
comparable to Planck.

in the cosmomc package. We use a cosmic age top-hat
prior as 10 Gyr ! t0 ! 20 Gyr. We include the five-year
WMAP data [1] (temperature and polarization) with
the routine for computing the likelihood supplied by the
WMAP team (we will refer to this analysis as WMAP5).

IV. RESULTS

Using the WMAP-5 dataset and applying the analysis
method described in the previous section, we found an
upper limit pann < 2.0" 10!6 m3/s/kg at 95% c.l., with
no indications for modified recombination in agreement
with previous and similar analyses. The implications of
this limit are discussed in the next section. While we de-
tect only an upper limit it is interesting, from a cosmo-
logical point of view, to investigate the possible impact
of this parameter on the estimation of other parameters
as the baryon density !b, the cold dark matter density
!c and the scalar spectral index nS . In Figure 3 we plot
the 1-D likelihood distributions for these three parame-
ters derived assuming the standard case (i.e. pann = 0)
and letting this parameter to vary freely. As we can see,
including pann into the analysis changes the constraints
of !b = 0.0228 ± 0.0006 and ns = 0.965 ± 0.014 (ob-
tained in the standard case) to !b = 0.0230± 0.0006 and
ns = 0.977± 0.018. The cosmological constraints on the
cold dark matter density are on the contrary not a!ected
by the inclusion of pann.

With the advent of the Planck satellite mission, it is in-
teresting to forecast to what extent the above limit will be
improved by this mission. We have therefore forecasted

future constraints on pann assuming simulated Planck
mock data with a fiducial model given by the best fit
WMAP5 model (with standard recombination) and ex-
perimental noise described by (see [23]):

N! =

!

w!1/2

µK-rad

"2

exp

#

"(" + 1)(#FWHM/rad)2

8 ln 2

$

, (12)

with w!1/2 = 63µK as the temperature noise level (we
consider a factor

#
2 larger for polarization noise) and

#FWHM = 7" for the beam size. We take fsky = 0.65
as sky coverage. We found that the Planck mission in
the configuration described above will have the ability of
placing a constraint of pann < 1.5"10!7 m3/s/kg at 95%
c.l.

It is also interesting to investigate the ultimate ability
of cosmology to place constraints on pann. We have there-
fore repeated the analysis with an ideal Cosmic Variance
Limited experiment with resolution up to "max = 2500.
In this case we found pann < 5.0" 10!8 m3/s/kg at 95%
c.l.

These constraints are summarized in fig. 4, where we
show the allowed values of f$$v% as a function of the
WIMP mass m", for the di!erent experiments described
above. These results place useful constraints on the DM
annihilation cross-section at very small relative velocity.
This is particularly important for models with a large
“Sommerfeld enhancement” (SE), a non-perturbative ef-
fect arising from the distortion of the wave functions
of the two annihilating particles, due to the exchange
of Coulomb-like forces mediated by (possibly new) force
carriers [24]. The interest in these models arises from the
fact that larger-than-thermal annihilation cross-section
are required if one wants to explain the the rise in the
electron and positron spectra observed by PAMELA and
ATIC in terms of DM annihilation (see e.g. the discus-
sion in Ref. [25]). We briefly recall here the basics of the
SE. For two DM particles undergoing s-wave annihila-
tion, the wave function in the non-relativistic limit obeys
the Schrödinger equation

%""(r) & m"V (r)%(r) + m2
"&2%(r) = 0 (13)

In the limit where the mass of the carrier and the relative
velocity of DM particles are small, it is easy to find an
analytic approximation to the SE

S(&) =
'(

&
[1 & exp!#$/% ] (14)

which exhibits the S ' 1/& behaviour that we mentioned
in the introduction. Interestingly, a full calculation shows
that the true solution saturates at & ' m&/m", and it
actually develops resonances, that lead to very large SE
for specific combinations of masses m& and m", and the
coupling '. In order to compare the constraints on pann

obtained from the analysis of CMB data with theoreti-
cal models, we have numerically integrated equation 13,
assuming a Yukawa potential V (r) = & exp[&m&r]'/r

Galli et al, arXiv:0905.0003;
see also Slatyer et al, arXiv:0906.1197)

μ+μ–



Constraints from heating and reionization 
of the intergalactic gas

• DM annihilations would 
at time of structure 
formation heat and 
reionize the intergalactic 
gas

• Measurements of the 
optical depth constrain 
the amount of heating 
and reionization allowed

• Current models are 
(given the uncertainties) 
just barely OK with 
current constraints
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Figure 4: The regions on the parameter space ‘DM mass’ – ‘Annihilation cross section’ that
are excluded by the reionization and heating bounds. The first column of panels refers to DM
annihilations into e+e!, the second into µ+µ! and the third into !+!!; the three rows assume
respectively an NFW, an Einasto and a Burkert profile. Each panel shows the exclusion contour
due to exceeding the optical depth (blue short dashed line) and the exclusion contour imposed
by excessive heating of the intergalactic gas (red 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). The horizontal orange band indicates the typically preferred value for
the thermal annihilation cross section.
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Cirelli et al, arXiv:0907.0719; see also Hütsi et al, arXiv:0906.4550

See Iocco’s
talk Tuesday



ICS on CMB also gives constraints

Profumo & Jeltema, arXiv:0906.0001
See also Belikov & Hooper, arXiv:0906.2251

Profumo & Jeltema: Extragalactic IC Light from Dark Matter and the Pamela Positron Excess 14
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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. Tab. 1 gives the details of the mass,
annihilation rate and final state for the four models we show in panels (a)-(d).

annihilation even, in accord with the results of Pamela reported in [64] and (ii) the

! particle can be also responsible for a “new force” in the dark sector leading to a
velocity-dependent enhancement that can explain the thermal relic abundance of dark

matter as well as the large pair-annihilation rate in the Galaxy today [13]. We consider

• Inverse Compton 
Scattering on the CMB 
in cosmological halos 
can give a contribution 
in gamma rays

• For optimistic halo 
models and structure 
formation setups, these 
models are excluded, but 
for more conservative 
models, these DM 
models are OK



Galaxy clusters give constraints

• Galaxy clusters also 
constrain these type 
of models.

• They are OK right 
now, but there is 
some tension, 
depending on how 
much of the mass is in 
substructure
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Constraints from neutrinos

• DM annihilations at the 
galactic centre produce 
neutrinos that can be 
searched for with e.g. 
IceCube/DeepCore

• With a less steep 
profile, the sensitivity is 
very much reduced 
though

High Energy Neutrinos As A Test of Leptophilic Dark Matter

Douglas Spolyar1,2, Matthew Buckley3, Katherine Freese4, Dan Hooper1,5, and Hitoshi Murayama6,7,8

1Center for Particle Astrophysics, Fermi National Accelerator Laboratory, Batavia, IL 60510 USA
2University of California, Santa Cruz, Physics Department, Santa Cruz, CA 95064 USA
3Department of Physics, California Institute of Technology, Pasadena, CA 91125, USA

4Michigan Center for Theoretical Physics, Physics Dept., University of Michigan, Ann Arbor, MI 48109, USA
5Astronomy and Astrophysics Department, University of Chicago, Chicago, IL 60637 USA

6Department of Physics, University of California, Berkeley, CA 94720, USA
7Theoretical Physics Group, LBNL, Berkeley, CA 94720, USA and

8IPMU, University of Tokyo, 5-1-5 Kashiwa-no-ha, Kashiwa, Japan 277-8568
(Dated: May 28, 2009)

Recently, observations by PAMELA, the Fermi Gamma Ray Space Telescope, and other cosmic ray experi-
ments have generated a great deal of interest in dark matter particles which annihilate at a high rate to leptons.
In this letter, we explore the possibility of using large volume neutrino telescopes, such as IceCube, to constrain
such models. We find that IceCube (in conjunction with the planned low threshold extension, DeepCore) should
be capable of detecting neutrino-induced showers from dark matter annihilations taking place in the inner Milky
Way in a wide variety of models capable of producing the excess reported by the Fermi Gamma-Ray Space Tele-
scope and PAMELA. If Dark Matter annihilations are responsible for the signals observed by both PAMELA
and FGST, then IceCube/DeepCore should detect or exclude the corresponding neutrino signal from the inner
Milky Way with a few years of observation. If only the PAMELA signal is generated by dark matter annihila-
tions, IceCube/DeepCore will be able to place stringent constraints on the fraction of dark matter annihilations
that proceed to muons, taus, or neutrinos.

PACS numbers: 95.35.+d;95.30.Cq,98.52.Wz,95.55.Ka FERMILAB-PUB-09-269-A CALT-68-2740

Weakly Interacting Massive Particles (WIMPs) are among
the best motivated classes of candidates for the dark matter
(DM) of our universe (for reviews, see Refs. [1, 2, 3, 4]). The
search for these particles is one of the primary missions of the
Large Hadron Collider at CERN. Stable particles with weak-
scale interactions and masses are naturally predicted to anni-
hilate among themselves (or with their antiparticles) at a rate
in the early universe that leads to a thermal abundance similar
to the observed density of DM. This same annihilation process
is also expected to be taking place in the present universe, po-
tentially providing an opportunity for DM’s indirect detection.
The products of WIMP annihilations consist of a combina-
tion of electrons, positrons, protons, antiprotons, photons, and
neutrinos, each of which may be potentially detected in exist-
ing or planned experiments. Some of the most studied strate-
gies for the indirect detection of DM include searches for neu-
trinos from the Sun [5] or Earth [6], searches for gamma rays
from the Galactic Center [7] or dwarf spheroidal galaxies [8],
and charged cosmic rays from annihilations throughout the
halo of the Milky Way [9].

Over the past several years, there have been a number of
experimental signals which have been interpreted as possible
indications of DM [10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20].
Confirmation that any of these observations are actually due
to DM, rather than being a mere experimental artifact or astro-
physical background, would likely require more than one ex-
periment to provide complementary information. In this letter,
we consider the anomalous features in the spectrum of cos-
mic ray positrons and electrons reported by PAMELA [10],
ATIC [11], PPB-BETS [12], and very recently by the Fermi
Gamma Ray Space Telescope (FGST) [13] (as well as in ear-
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FIG. 1: Reach of ICECUBE/DeepCore to neutrinos from DM anni-
hilation to µ+µ!. Shown are the 5! (dashed) detection and the 2!
limit (solid) on the boost factor as a function of WIMP mass after
5 years of operation. Also shown are the 2! contours in the boost
factor B as function of DM mass for Fermi (dotted) and PAMELA
(dot-dashed) inferred from [26] for (""! µ+µ!).

lier indications from HEAT [14] and AMS-01 [15]). These
observations have led to a great deal of speculation that DM
annihilations [21, 22] or decays [23] may be responsible.
However, any explanation of these positron/electron signals
in terms of DM annihilation requires somewhat nonstandard
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Spolyar et al, arXiv:0905.4764

Sensitivity for NFW and 5 years 
of IceCube/DeepCore operation



Multimessenger constraints
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FIG. 8: The antiproton, !-ray and radio bounds for the models studied in the present work and for both Via Lactea II and
Aquarius parameters. The MED propagation is used and Mmin = 10!6 M". A rescaling of the ("annv)0 is assumed to meet
the mean positron flux in equation (11), i.e. #e+(50 GeV) = 7.35 · 10!9 GeV!1cm!2s!1sr!1, which corresponds to unity in
the e+ axis. Similarly, the antiproton and !-ray axes are normalised to #p̄(50 GeV) = 5.2 · 10!9 GeV!1cm!2s!1sr!1 and
#MW ($ = 0#) = 1.89 · 10!11cm!2s!1, respectively. The right semi-axes corresponding to radio observations are normalised to
0.05 Jy and 121 Jy respectively for cases 1 and 2. The boxes encompass the values in equations (11) and (12) for positrons and
antiprotons, and a 20% uncertainty on top of the HESS measurement for !-rays. Notice that changing the value of ("annv)0
for a specific model leads to an overall scaling of the respective polygon.

Pato et al (arXiv:0905.0372),
see Pieri’s talk Wednesday
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Additional features of the
dark matter models

• As we produce many charged 
leptons, we expect final state 
radiation giving a 

spectrum of gamma rays

• These should provide a distinctive 
signature to search for from e.g. 
the galactic centre, especially for 
the muon channel model

• We would also get gammas from 
Inverse Compton Scattering (ICS) 
on the interstellar radiation field

2

Arkani-Hamed et al. type Nomura-Thaler type

m![GeV] type e+e! µ+µ! ms[GeV] ma[GeV]

AH1 0.1 scalar 100% - N1 5 0.5

AH2 0.1 vector 100% - N2 20 0.36

AH3 0.25 vector 67% 33% N3 20 0.5

AH4 0.25 scalar - 100% N4 20 0.8

N5 50 0.5

TABLE I: Our benchmark scenarios.

decay into hadronic modes (see, e.g., [17]) is kinemat-
ically forbidden and that Sommerfeld enhancements in
the limit of the small galactic DM velocities expected to-
day allow for the very large annihilation cross sections
that are needed to explain the PAMELA/ATIC results,
but which at first seem to be at odds with the cross
sections required to get the right thermal relic density
for the DM. Another interesting feature of the Arkani-
Hamed et al. model [16] is that it encompasses ideas that
have been proposed to explain the WMAP haze [18] and
the INTEGRAL excess [19]. As pointed out in [16, 20],
one may basically distinguish between scalar and vector
! and whether or not m! ! 2mµ (in which case it dom-
inantly decays into e+e!). For m! " m", even decays
into pions should be taken into account (which we ne-
glect here). While m! " 10 MeV is roughly needed not
to be in conflict with Big Bang Nuclesynthesis, one has
to require m! " 100 MeV in order to get Sommerfeld
enhancements of the order 103 ! 104 that are needed to
explain the PAMELA/ATIC result with these types of
DM models. Based on this discussion, we adopt the four
benchmark settings A1–A4 summarized in Tab. I.

While [16] describes a rather general set-up, [21] in-
troduces a concrete realization of this idea; the proposed
model has the appealing feature of containing a “stan-
dard” Peccei-Quinn axion and can be embedded in a
fully realistic supersymmetric scenario. Here, DM an-
nihilates into a scalar s and a pseudoscalar a, "" " sa.
With a mass scale of 360 MeV ! ma ! 800 MeV, the lat-
ter mostly decays into muons, which subsequently decay
into electrons or positrons. The benchmark models for
this setup N1–N5 are also given in Tab. I.

For the first a particle created in the "" annihila-
tion, we analytically compute the photon multiplicity
(dN/dE#)(a) from a " µ+µ!# in the rest frame of a.
We then make a Lorentz boost back to the DM frame,
i.e. the Galactic rest frame, to get

!

dN

dE#

"(DM)

=
1

2$#

# E/(#(1!$))

E/(#(1+$))

dE"

E"

!

dN

dE"
#

"(a)

, (2)

with # = (m%/ma)
$

1 ! (m2
s ! m2

a)/(4m2
%)

%

since the an-
nihilation takes place essentially at rest (typical galactic
velocities are 10!3). Axions resulting from s " aa we
treat in a similar way, boosting them first to the s-frame

FIG. 1: The various possible photon spectra that can arise
from DM annihilating to new light particles which in turn
decay into charged leptons. For the models N1 – N5, we
neglect here the decay of s to tau-leptons or bottom quarks –
see Fig. 2 for an example of how this changes the spectra. For
comparison, we also indicate the spectrum from DM directly
annihilating to charged leptons.

and from this to the DM frame. Since s may have a
mass up to 50 GeV, the gamma-ray spectrum may even
receive important contributions from its decay into bot-
tom quarks or tau leptons, a possibility which we will
shortly return to. (Bremsstrahlung from electrons in the
muon decay will give #s of lower energies and will thus
not be important for our constraints.)

Summing up all these contributions, we arrive at the
total photon spectrum in the DM frame that we show
in Fig. 1 for the models N1–N5 in Tab. I. We also in-
clude the corresponding spectra obtained in the Arkani-
Hamed et al. set-up (models A1–A4) and, for comparison,
the case of 1 TeV DM particles directly annihilating into
e+e! or µ+µ!. Please note that, from Eq. (2), the quan-
tity dN/dx for the models listed in Tab. I is independent
of m% as long as m% # ma, ms; the direct annihilation of
DM into leptons, on the other hand, does contain a log-
arithmic dependence on m%. Let us mention that while
Eq. (1) provides a rather good approximation to our an-
alytic results for photons radiated from e+e! pairs, it
overestimates the photon yield from muons (especially
when the mass of the decaying particle is close to mµ

like, e.g., in model AH4).
Once a DM profile %(r) is assumed, it is straightforward

to estimate the corresponding gamma-ray flux from a
solid angle !" towards the galactic center:

d##

dE
=

1

8&

'v

m2
%

dN#

dE

#

d(

#

!"
d"%2(() (3)

where ( is the line of sight distance. In Fig. 2, we
compare the resulting flux to the gamma-ray data from
the galactic center taken by the H.E.S.S. telescope [22],

Bergström et al, arXiv:0811.3895

dN

dE!
! E!1

!

Borriello et al, arXiv:0903.1852

2

FIG. 1: The upper panels show the positron fraction and the total e+e! spectrum for the CR background and the DM
annihilation signal compared with the Pamela and ATIC data. Also shown is a compilation of previous data (HEAT [3] and
AMS-01 [4] for the positron fraction and PPB-BETS [6], AMS-01 [5] and HESS [7] for the e+e! spectrum). The lower right
panel shows the gamma spectrum for the CR background and the ICS signal from DM electrons in the Halo together with
the EGRET measurements and the errors expected after a 1 yr survey by Fermi. The red dashed curve shows the spectrum
of gamma-rays produced directly through the annihilation into µ+µ! (without final state radiation). The lower left panel
shows the DM synchrotron emission in units of brightness temperature 10" away from the GC compared with the galactic
backgrounds and the rms fluctuations of the CMB. The open points indicate the 9 Planck frequencies while the dotted line
shows the expected Planck sensitivity for a 14 months survey. For comparison also shown is the signal from the WMAP Haze
10" degrees away from the GC as derived in [25]. A model with a WIMP of m! = 1.5 TeV which annihilate only into µ+µ!

with a rate !!Av" # 5 $ 10!23cm3s!1 is considered for all the plots. The propagation parameters are specified in the text.

ICS and synchrotron maps. The code also produces maps
of the CR gamma di!use emission using available data
on the CR abundances and the distribution of galactic
gas. For our calculations we employ a di!usion coe"cient
D = D0(E/E0)!! with D0 = 5 ! 1028 cm2s!1, E0 = 3
GeV and ! = 0.33, corresponding to a Kolmogorov spec-
trum of turbulence. The transport equation is solved in
a cylinder of half-height z = ±4 kpc and radius R = 20
kpc, while the GMF used to derive the synchrotron radi-

ation is modeled as
!

B2
"1/2

= B0 exp("r/rB " |z| /zB)
with B0 = 11µG rB = 10 kpc and zB = 2 kpc. It is worth
reminding, however, that electrons have typically a quite
short propagation length (in terms of the galactic size)
corresponding to a path of O(1 kpc) [18] before losing a
significant percentage of their energy. The final spectrum
and distribution of electrons has thus only a weak depen-
dence on the chosen propagation parameters. The GMF,

on the other hand, is still a!ected by large uncertainties
especially in the inner kpc’s of the galaxy (see [20] and
refs therein for a recent review). The synchrotron radia-
tion, which is quite dependent on the GMF, shares, thus,
a similar uncertainty on the normalization. The Inter-
Stellar Radiation Field, which is the photon target that
determines the ICS signal, is, instead, better known and
the derived ICS signal is thus a more robust prediction
than the synchrotron signal. The ISRF implemented in
Galprop is described in details in[19]. Finally, for the DM
profile we choose a very conservative isothermal cored
profile "(r) = "0

#

r2
c + r2

"

$

/
#

r2
c + r2

$

with DM density
at the solar position "0 = 0.4 GeV/cm3, r" = 8.5 kpc
the solar position and rc = 2.8 kpc the core size. The
particular choice is anyway not crucial given that we will
calculate the signal not in GC but form the Halo where
the uncertainties in the profile are less significant.

Notice rise ~ E

μ channel

N3 AH4

See talk by Cuoco, Thu



Other features

• The galactic diffuse 
emission will be more 
spherical from dark 
matter than from other 
sources (DM dominates 
at mid-high latitudes, 
Eγ>100 GeV)

• Discrimination between 
dark matter and 
astrophysical 
explanations possible 
with e.g. Fermi Fig. from Regis and Ullio,

arXiv:0904.4645,
see Regis’ talk Wednesday
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FIG. 9: Sky-map at 150 GeV of the emissions associated to Galactic primary+secondary CRs in the ”conventional” model B0.
The intensity is shown in logarithmic scale and units [MeV cm!2 s!1 sr!1]. Left Panel: Inverse Compton radiation. Right
Panel: !0-decay emission.

FIG. 10: Sky-map at 150 GeV of the emissions induced by WIMP annihilations in the propagation model B0. The intensity is
shown in logarithmic scale and units [MeV cm!2 s!1 sr!1]. Left Panel: Inverse Compton radiation in the DMe scenario. Right
Panel: !0-decay emission in the DM" scenario.

associated to the smooth component of the Milky Way DM halo, in a configuration with no significant enhancement
in the DM density in the Galactic center region, hence with none of the DM signals usually discussed from the center
of the Galaxy at a detectable level. The goal was to present an analysis based on minimal sets of assumptions and
extrapolations with respect to locally testable or measurable quantities (for comparison, e.g., Ref. [71] considers also
DM profiles with a central cusp, finding strong, though heavily model-dependent, constraints from GC observations).
In this respect, e.g., we are not directly comparing to the possibility of detecting DM fluxes from Milky Way satellites
or other dark matter dominated objects, avoiding the extrapolations that are required when addressing this kind of
predictions. Estimates of extragalactic !-ray background from unresolved DM structures lead typically to a flux below
the astrophysical EGB (unless a substantial enhancement stems from populations of dense substructures), which is
mainly related to unresolved blazars; this component is therefore marginally relevant for our analysis (although it could
be possibly detected studying its anisotropy pattern [88]). On the other hand, a contribution of unresolved Galactic
subhalos to the di!use emission of the Galaxy could be substantial [89]. Our conclusions would be strengthened, in
particular, in case of a spatial distribution of subhalos antibiased with respect to the host halo mass distribution [90],
which would give a larger di!use emission at high latitudes and longitudes. While not changing the general picture,
the estimation of this component depends on several quantities which are not well-known, such as the mass function,
the spatial distribution and the concentration of subhalos.

We have compared the DM signal to standard astrophysical components, analyzing spectral and spatial features to
derive which are the best energy band and region of the sky to disentangle the DM contribution from the Galactic
plus extragalactic background with the FERMI LAT telescope. Being the sources of acceleration for CR (namely,
Supernovae Type II) distributed within a thin disc, the ratio of the associated background versus the DM signal
decreases as the latitude increases. The extragalactic background has, on the other hand, a flat spatial distribution,

Inverse Compton from DM



WMAP haze

• Models explaining 
the Pamela/Fermi 
data, could also 
possibly explain the 
WMAP haze

• WMAP haze can be 
tested with Planck

Boriello et al, arXiv:0809.2990,
see Cuoco’s talk Wednesday
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FIG. 7: (Left) Constraints in the m!-!!Av" plane for various frequencies without assuming synchrotron foreground removal.
(Right) Constraints from the WMAP 23 GHz foreground map and 23 GHz foreground–cleaned residual map (the WMAP Haze)
for the TT model of magnetic field (filled regions) and for a uniform 10 µG field (dashed lines).

course the clumps will have a certain profile peaked in
the center and will not be perfectly smoothed all over
lD. However the dilution of the signal in the much larger
volume with respect to the region of emission makes it
quite hard to detect the clump. We can consider for
example the signal from a very bright clump at a dis-
tance of 5 kpc with a flux of 10!22GeVcm!2s!1Hz!1

at 20 GHz, corresponding approximately to the char-
acteristics of clump #3 in Fig.3. With a dilution over
1 kpc, the clump emission is seen under a steradian
A = !"2 ! 0.1 sr with " ! 10", giving a di!use clump
flux of 10!21GeV cm!2s!1Hz!1sr!1. The WMAP sensi-
tivity of about 10µK translates into a flux sensitivity1

of " 10!18GeVcm!2s!1Hz!1sr!1, meaning that the ex-
pected, optimistic signal is about 3 order of magnitude
below the reach of the current sensitivity. The situa-
tion is only slightly better at 150 MHz where the ex-
pected LOFAR sensitivity is 50 mK [54] i.e. " 2 #
10!19GeVcm!2s!1Hz!1sr!1.

The chance of clump radio detection seems thus quite
poor even with the next generation experiments. On the
other side, the fact that the signal is anyway extended
and not pointlike makes the clump signal not really com-
plementary to the di!use component sharing the same
systematics with a much fainter signal. It is likely thus
that the a role for DM investigations in the radio will be
played basically by the di!use signal.

1 At radio frequencies the Rayleigh-Jeans law F" = 2!2/c2kBT is
employed to translate fluxes into brightness temperatures

VI. SUMMARY AND CONCLUSIONS

Using conservative assumptions for the DM distribu-
tion in our galaxy we derive the expected secondary radi-
ation due to synchrotron emission from high energy elec-
trons produced in DM annihilation. The signal from sin-
gle bright clumps o!ers only poor sensitivities because of
di!usion e!ects which spread the electrons over large ar-
eas diluting the radio signal. The di!use signal from the
halo and the unresolved clumps is instead relevant and
can be compared to the radio astrophysical background
to derive constraints on the DM mass and annihilation
cross section.

Constraints in the radio band, in particular, are com-
plementary to similar (less stringent but less model de-
pendent) constraints in the X-ray/gamma band [55, 56]
and from neutrinos [57]. Radio data, in particular, are
more sensitive in the GeV-TeV region while neutrinos
provide more stringent bounds for very high DM masses
( >" 10 TeV). Gammas, instead, are more constraining
for m! <" 1 GeV. The combination of the various obser-
vations provides thus interesting constraints over a wide
range of masses pushing the allowed window significantly
near the thermal relic possibility.

More into details, we obtain conservative constraints at
the level of $#Av% " 10!23 cm3s!1 for a DM mass m! =
100GeV from the WMAP Haze at 23 GHz. However, de-
pending on the astrophysical uncertainties, in particular
on the assumption on the galactic magnetic field model,
constraints as strong as $#Av% " 10!25 cm3s!1 can be
achieved. Complementary to other works which employ
the WMAP Haze at 23 GHz, we also use the informa-
tion in a wide frequency band in the range 100 MHz-100
GHz. Adding this information the constraints become



What about MSSM?
• Very hard to get enough leptons, 

without getting too many 
antiprotons (gammas) in MSSM

• Need very large (unrealistic) 
boost factors

• Given these caveats, it is though 
possible to get good fit to 
PAMELA with the help of internal 
bremsstrahlung

• Very hard to go to the high 
masses needed to fit Fermi data 
though
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Pulsars
New SNRs 

mechanisms 
(old SNR)

Localized 
SNR Dark matter ?

UncertaintiesUncertaintiesUncertaintiesUncertaintiesUncertainties

• Acceleration model 
(polar cap, outer 
gap, ...)

• Injection spectrum
E-α?

• Release into the ISM 
(when, how much?)

• Source locations, 
ages, ...

• Environmental 
parameters at SNR 
(production 
mechanism)

• Distance to closest 
source

• Cut-off energies

• ...

• Source properties

• Local environment

• Diffusion model

• ...

• Particle physics 
model

• Particle physics 
enhancement 
(Sommerfeld)

• Substructure 
enhancement  (halo 
model)

• ...

•

?

TestsTestsTestsTestsTests

• Anisotropy of flux

• Fluctuations in 
spectrum (arXiv:
0903.1310)

• consistency checks 
(gamma, X-ray, ...)

• Antiproton fluxes

• Secondary nuclei
• Positron fraction 

down at several 
hundred GeV

• B/C, antiprotons

• Consistency checks

• FSR & IC photons

• Continuing positron 
fraction rise

• CMBR distortions

• LHC signatures

?

(0903.2794, ...) (0902.0376, ...)
+ need updated background model (with e.g. proper handling of local sources)

+ remember possibility 
of non-standard diffusion



Conclusions
• Fermi excess can be explained with e.g.

- A background model with less steep electron injection 
spectrum. Does not fit Pamela though.

- Nearby astrophysical sources like pulsars, reacceleration at 
old SNRs, localized SNRs, ... Could explain Fermi and Pamela 
data. 

- Dark matter. Could explain Fermi and Pamela data. Prefer 
models that favour muons, like Sommerfeld enhanced Arkani-
Hamed et al, or Nomura & Thaler models. These models give 
a rising positron fraction to high energies and possibly FSR 
and ICS photons. Could also give distortions in the CMB.

- Or maybe there is no excess, the diffusion model is wrong.

• We need more data (Pamela, Fermi, AMS, Planck, ...) 
and understanding to distinguish these scenarios


