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ABSTRACT

Dark Matter constitutes more that 80% of the total amount of matter in the
Universe, yet almost nothing is known about its nature. A powerful investi-
gation technique is that of searching for the products of annihilations of Dark
Matter particles in the galactic halo, on top of the ordinary cosmic rays. Recent
data from the PAMELA satellite and a few balloon experiment have reported
unexpected excesses in the measured fluxes of cosmic rays. Are these the first
direct evidences for Dark Matter? If yes, which DM models and candidates can
explain these anomalies and what do they imply for future searches?
[Report number: SACLAY-T09/045]

1. Introduction

While compelling evidence for the existence of Dark Matter (DM) now comes
from a number of astrophysical and cosmological probes (such as galaxy rotation
curves, weak lensing measurements and the precise data from the Cosmic Microwave
Background observations and the Large Scale Structure surveys of the Universe 1)),
no explicit detection has been confirmed yet. The indirect detection strategy relies on
the possibility of seeing signals of the presence of DM in terms of the final products
(e±, p, d, γ, ν . . .) of DM annihilations in the galactic halo, on top of the ordinary
cosmic rays.

The recent positive results from a number of indirect detection experiments have
suggested the possibility that indeed such a signal has been seen. In particular, the
signals point to an excess of electrons and positrons.

◦ Data from the PAMELA satellite show a steep increase in the energy spectrum
of the positron fraction e+/(e++e−) above 10 GeV up to 100 GeV 3), compatibly
with previous less certain hints from HEAT 4) and AMS-01 5).

◦ Data from PAMELA also show no excess in the p̄/p energy spectrum 6) com-
pared with the predicted background.

◦ The balloon experiments ATIC-2 7) and PPB-BETS 8) report the presence of a
peak in the e+ + e− energy spectrum at around 500-800 GeV.

◦ The HESS telescope has also reported the measurement 10) of the e++e− energy
spectrum above energies of 600 GeV up to a few TeV: the data points show a



steepening of the spectrum which is compatible both with the ATIC peak (which
cannot however be fully tested) and with a power law with index −3.05± 0.02
and a cutoff at ≈2 TeV.

In this presentation I will try to answer the following questions:

• Which characteristics must a Dark Matter candidate have in order to fit the
above data?

• What are the constraints from other observations (mainly of photons from the
Galactic Center region)?

• As a consequence, which conclusions can be drawn on the Dark Matter inter-
pretation of the data?

The discussion in based on Ref. 11) and Ref. 12).

2. Indirect Dark Matter searches

Indirect searches are one of the most promising ways to detect Dark Matter.
DM particles in the galactic halo are expected to annihilate and produce fluxes of
cosmic rays that propagate through the galaxy and reach the Earth. Their energy
spectra carry important information on the nature of the DM particle (mass and
primary annihilation channels). Many experiments are searching for signatures of
DM annihilations in the fluxes of γ rays, positrons and antiprotons. We here briefly
review the procedures that allow to precisely compute the spectra of these species
from DM galactic annihilations, and their associated uncertainty.

2.1. Dark Matter distribution in the Milky Way

As a first point, we need to specify the way the Dark Matter particles (the source
of the fluxes searched for) are distributed in the galaxy. The density profile, denoted
as ρ(r) as a function of the distance r from the galactic center (assuming spherical
symmetry) is computed on the basis of the results of numerical simulations, and
several choices are possible. The somehow benchmark-status Navarro, Frenk and
White (NFW) profile 18) is given by

ρNFW(r) =
ρs

r
rs

(
1 + r

rs

)2 . (1)

More recently, Ref. 19) has found that the so-called Einasto profile

ρEinasto(r) = ρs · exp

[
− 2

α

((
r

rs

)α
− 1

)]
, α = 0.17 (2)



MW halo model rs in kpc ρs in GeV/cm3 J̄ (10−5)

NFW 18) 20 0.26 15 · 103

Einasto 19) 20 0.06 7.6 · 103

Isothermal 20) 5 1.16 13

Table 1: Parameters of the density profiles for the Milky Way discussed in the text and corresponding
value of J̄ for ∆Ω = 10−5. In all cases we imposed the normalization ρ(r�) = 0.3 GeV/cm3.

should be preferred, since the profiles of simulated halos appeared to become shallower
and shallower towards the Galactic center, without converging to a definite power-law.
Finally, a truncated isothermal profile

ρiso(r) =
ρs

1 +
(
r
rs

)2 (3)

is sometimes adopted as a conservative choice, since it is representative of ‘shallow’
DM profiles 20). The Moore 21) density profile is instead somewhat at the other end
of the spectrum as it represents the most extreme choice in terms of cuspiness at the
Galactic Center.

In Table 1, we show the parameters of the aforementioned density profiles for the
case of the Milky Way. Note that, for the Einasto profile, we choose a value of rs = 20
kpc representative of the results of Ref. 19) for different simulations.

The choice of profile introduces an element of astrophysical uncertainty over which
to scan.

2.2. Primary spectra at annihilation

We assume that the primary annihilation products contain two SM particles, so
that the possible cases are

W+W−, ZZ, Zh, hh, e+e−, µ+µ−, τ+τ−, bb̄, tt̄, qq̄, (4)

where q denotes any light quark, u, d, s, c. In view of the presumed neutrality of the
DM particle we have not included final states containing photons.

From these primary two-body states that can be produced in DM annihilations,
we next need to produce the spectra of final-state e, p, ν from their decay, hadroniza-
tion etc. As discussed in 11), these are computed using MonteCarlo codes such as
Pythia 13), interfaced with custom routines (that allow, among other things, to take
into account polarizations). In this way we obtained the e and p spectra plotted in
Fig.1.
These spectra will undergo deformations due to the propagation effects of the charged
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Figure 1: Comparison of the electron (left) and proton (center) fractions and photon (right) fluxes
produced by possible DM annihilation channels, for M = 1 TeV.

particles in the galactic halo, to be discussed next.

2.3. Positron propagation

The positron flux per unit energy from DM annihilations in any point in space
and time is given by Φe+(t, ~x, E) = ve+f/4π (units 1/GeV · cm2 · s · sr) where ve+ is
the positron velocity (essentially equal to c in the regimes of our interest) and the
positron number density per unit energy, f(t, ~x, E) = dNe+/dE, obeys the diffusion-
loss equation:

∂f

∂t
−K(E) · ∇2f − ∂

∂E
(b(E)f) = Q (5)

with diffusion coefficient K(E) = K0(E/GeV)δ and energy loss coefficient b(E) =
E2/(GeV · τE) with τE = 1016 s. They respectively describe transport through the
turbulent magnetic fields and energy loss due to synchrotron radiation and inverse
Compton scattering on CMB photons and on infrared galactic starlight. Eq.5 is solved
in a diffusive region with the shape of a solid flat cylinder that sandwiches the galactic
plane, with height 2L in the z direction and radius R = 20 kpc in the r direction 15).
The location of the solar system corresponds to ~x = (r�, z�) = (8.5 kpc, 0). The
boundary conditions impose that the positron density f vanishes on the surface of
the cylinder, outside of which positrons freely propagate and escape. Values of the
propagation parameters δ, K0 and L are deduced from a variety of cosmic ray data
and modelizations. They represent a source of uncertainty over which to scan in
order to reach the final predictions for the fluxes. We consider the sets presented in
Table 2 16).

Finally, the source term due to DM DM annihilations in each point of the halo



Positrons Antiprotons
Model δ K0 (kpc2/Myr) δ K0 (kpc2/Myr) Vconv (km/s) L (kpc)
MIN 0.55 0.00595 0.85 0.0016 13.5 1
MED 0.70 0.0112 0.70 0.0112 12 4
MAX 0.46 0.0765 0.46 0.0765 5 15

Table 2: Propagation parameters for charged (anti)particles in the galaxy (from 16) and 17)).

with DM density ρ(r) is

Q =
1

2

(
ρ

MDM

)2

finj, finj =
∑
k

〈σv〉k
dNk

e+

dE
(6)

where k runs over all the channels with positrons in the final state, with the respective
thermal averaged cross sections σv.

The solution for the positron flux at Earth can be written in a useful semi-
analytical form 16,22):

Φe+(E,~r�) = B
ve+

4πb(E)

1

2

(
ρ�
MDM

)2 ∫ MDM

E

dE ′ finj(E
′) · I (λD(E,E ′)) (7)

where B ≥ 1 is an overall boost factor discussed below, λD(E,E ′) is the diffusion
length from energy E ′ to energy E. The adimensional ‘halo function’ I(λD) 16) fully
encodes the galactic astrophysics and is independent on the particle physics model.
Its possible shapes are plotted in fig.2a for most common choices of DM density
profiles and set of positron propagation parameters.

The flux of positrons from DM annihilations has to be summed to the expected
astrophysical background. We take the latter from the CR simulations of 24) as
parameterized in 25) by Φbkg

e+ = 4.5E0.7/(1 + 650E2.3 + 1500E4.2) for positron and

Φbkg
e− = Φbkg, prim

e− +Φbkg, sec
e− = 0.16E−1.1/(1 + 11E0.9 + 3.2E2.15) + 0.70E0.7/(1 +

110E1.5 + 580E4.2) for electrons, with E always in units of GeV. These not-so-recent
background computations have recently been revised and questioned 26): background
shapes with a downturn around energies of a few GeV have been investigated in order
to incorporate the PAMELA excess as a feature of the background.

2.4. Antiproton propagation

The propagation of anti-protons through the galaxy is described by a diffusion
equation analogous to the one for positrons. Again, the number density of anti-
protons per unit energy f(t, ~x, T ) = dNp̄/dT vanishes on the surface of the cylinder
at z = ±L and r = R. T = E − mp is the p̄ kinetic energy, conveniently used
instead of the total energy E (a distinction which will not be particularly relevant
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Figure 2: The astrophysical propagation functions for positrons and antiprotons. Left: The ‘halo
function’ I(λD) of eq.7 that encodes the astrophysics of DM DM annihilations into positrons and
their propagation up to the Earth. The diffusion length is related to energy losses as in eq. (14) of
23), that also provides fit functions for all cases. Right: The somewhat analogous p̄ astrophysical
function R(T ) of eq.9. In both cases, the dashed (solid) [dotted] bands assumes the min (med) [max]
propagation configuration of table 2. Each band contains 3 lines, that correspond to the isothermal
(red lower lines), NFW (blue middle lines) and Moore (green upper lines) DM density profiles.

for our purposes as we look at energies much larger than the proton mass mp). Since
mp � me we can neglect the energy loss term, and the diffusion equation for f is

∂f

∂t
−K(T ) · ∇2f +

∂

∂z
(sign(z) f Vconv) = Q− 2h δ(z) Γannf. (8)

The pure diffusion term can again be written as K(T ) = K0β (p/GeV)δ, where p =

(T 2+2mpT )1/2 and β = vp̄/c =
(
1−m2

p/(T +mp)
2
)1/2

are the antiproton momentum
and velocity. The Vconv term corresponds to a convective wind, assumed to be constant
and directed outward from the galactic plane, that tends to push away p̄ with energy
T . 10mp. The different sets of values of the parameters are given in table 2. The last
term in eq. (8) describes the annihilations of p̄ on interstellar protons in the galactic
plane (with a thickness of h = 0.1 kpc � L) with rate Γann = (nH + 42/3nHe)σ

ann
pp̄ vp̄,

where nH ≈ 1/cm3 is the hydrogen density, nHe ≈ 0.07nH is the Helium density
(the factor 42/3 accounting for the different geometrical cross section in an effective
way) and the σann

pp̄ given esplicitely in 23,27,22). We neglect the effect of “tertiary
anti-protons”. This refers to primary p̄ after they have undergone non-annihilating
interactions on the matter in the galactic disk, losing part of their energy. In this case
the solution 28,29,30) for the antiproton flux at the position of the Earth Φp̄(T,~r�) =



vp̄/(4π)f acquires a simple factorized form (see e.g. 17))

Φp̄(T,~r�) = B
vp̄
4π

(
ρ�
MDM

)2

R(T )
∑
k

1

2
〈σv〉k

dNk
p̄

dT
(9)

where B is the boost factor. The k index runs over all the annihilation channels with
anti-protons in the final state, with the respective cross sections; this part contains the
particle physics input. The function R(T ) encodes all the astrophysics and depends
on the choice of halo profile and propagation parameter set. It is plotted in fig.2
for several possible choices. Finally, for completeness we also take into account the
solar modulation effect, due to the interactions with the solar wind, that distorts
the spectrum via a slight increase of the low energy tail, as described in more detail
in 31,23).

The astrophysical background is predicted by the detailed analysis in 32), the re-
sults of which we find to be well reproduced by a fitting function of the form log10Φbkg

p̄

= −1.64 + 0.07 τ − τ 2 − 0.02 τ 3 + 0.028 τ 4 with τ = log10T/GeV. We take for defi-
niteness the flux corresponding to the ‘MED’ propagation parameters. Particularly
favorable is the fact that the uncertainty in the estimates of the background is quite
narrow around 10− 100 GeV, the most interesting region for current results.

3. Positrons, electrons and antiprotons: which Dark Matter can fit the
data?

With the ingredients above, we are ready to address the question “Which charac-
teristics must a Dark Matter candidate have in order to fit the above data?”. We first
show some illustrative examples (Fig.3) and then proceed to discussing the global fits
for all masses and primary annihilation channels (Fig.4).

As a first example, the upper row of Fig.3 shows the spectra of the positron fraction
(first column), of the sum of electrons and positrons (second column) and of the
antiprotons (third column) from a DM particle with 150 GeV mass and annihilating
into W+W−. As apparent, the candidate can fit well the positron data, but produces
too large a flux of antiprotons: such a Dark Matter is excluded by data with pretty
high confidence.

Let us instead consider (third row of Fig.3) a candidate with a (very large) 10 TeV
mass, again annihilating into W+W−. The positron data points are well fitted (by
the low energy tail of the spectrum, in this case) and the antiproton bounds are not
exceded, thanks to the fact that an excess would show only at larger energies. However
the peak reported by the balloon experiments at around 1 TeV is not reproduced.

As a third exemple, we consider a 1 TeV candidate with annihilations into µ+µ−

(second row of Fig. 3): it fits all the available datasets.

We now proceed to presenting the results of the fits in a more systematic way. In
performing such fits, we smoothly scan over the propagation configurations and halo
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Figure 3: Three examples of fits of e+ (left), e+ + e− (center), p̄ (right) data, for a DM particle
with mass M = 150 GeV annihilating into W+W− (upper row, excluded by p̄), M = 10 TeV into
W+W− (lower row, disfavored by the current e+ + e− excess), M = 1 TeV into µ+µ− (middle row,
favored by data). Galactic DM profiles and propagation models are varied to provide the best fit. See
Sec. 3 for the discussion on the treatment of the uncertain astrophysical background.



models, within the boundaries described above in Sec. 2.3, 2.4 and 2.2. The MED
configuration is sometimes considered as favored, but we do not attach a statistical
meaning to this sentence. Moreover, we assume that the e+, e−, p̄ background spectra
can be freely renormalized, and have independent ±0.05 errors in their energy slope
(namely, the central values discussed in Sec. 2.3 and 2.4 are multiplied by AEp and
the resulting χ2 is minimized with respect to p = 0±0.05 and to A). This mimics the
main uncertainties in astrophysical backgroundsa, produced by the Fermi mechanism
of acceleration, that typically generates power-law spectra (up to some cut-off) but
does not predict its coefficient. We will show plots of the χ2 as a function of the DM
mass: an interval at n standard deviations corresponds (in Gaussian approximation)
to χ2 < χ2

min +n2, irrespectively of the number of data points. We will not report the
value of χ2/dof as it is a poor statistical indicator; furthermore the number of dof is
not a well-defined quantity when (as in the present case) data-points with accuracies
much smaller than astrophysical uncertainties are effectively irrelevant.

First, let us consider the fit to PAMELA positron 3) (e+/(e+ + e−)) data only (16
data points).
We see in the upper left panel of fig. 4 that DM annihilations into e, µ, τ,W can rea-
sonably well reproduce the data for any DM mass, while annihilations into Z, t, q, b, h
give a good fit for DM heavier than about 1 TeV. It is perhaps interesting to note
that, contrary to what commonly thought, the spectrum from W+W− annihilations
is not too flat to give a good fit of the quite steep PAMELA rise. At small masses (see
e.g. the upper-left panel of Fig. 3) a MIN configuration of the propagation parameters
(and a proper variation of the background curve within the limits considered above)
allows to fit the data. At large DM masses (see e.g. the lower-left panel of Fig. 3)
the low-x portion of the primary spectrum is steep enough to do the job (as usual,
x = E/MDM).

Next, let us add the PAMELA p̄/p data 6) (17 data points). Since no excess seems
present in the p̄/p ratio, annihilation into leptons are not constrained as they do not
produce antiprotons. On the contrary, all other annihilations into quarks, vector and
Higgs bosons are significantly constrained, and allowed only if the DM particle is
heavier than almost 10 TeV (see the upper left panel of fig. 4). Only in such a case
the proton excess lays at energies above those explored currently by PAMELA, while
the low energy proton spectrum is consistent with the background (see Fig. 3 for
illustration). The bound dominantly comes from high energy data points where the
solar modulation is negligible.

The implications of the complementarity of PAMELA e+/(e+ + e−) and p̄/p data
on constraining new physics are therefore evident.

We add now to the fit the balloon (ATIC-2 7), PPB-BETS 8) and EC 9)) data (37

aWe checked that this procedure reproduces reasonably well the uncertainty bands reported by
more detailed analysis, see e.g. Fig.7 of 32) for the case of antiprotons and Fig.4 of 33) for positrons.
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Figure 4: Global fits of different DM annihilation channels to the data. The labels on each curve
indicate the primary annihilation channel. Upper left panel: fit to PAMELA positron fraction data
only. Upper right: with the inclusion of PAMELA antiproton data. Lower left: with the inclusion
of balloon e+ + e− data. Lower right: values of Be · σv (right axis) and of the boost factor Be (left
axis, for the standard σv = 3 10−26cm3/sec) needed to fit the data.

points in total). Because the balloon data shows a sharp cut-off in the excess just
below 1 TeV, the DM mass should be close to 1 TeV, and all other but leptonic DM
annihilation channels are strongly disfavored or excluded. This is shown in the lower
left panel of Fig. 4. More precisely, DM annihilations into µ seem to give the optimal
energy spectrum and the best fit (see e.g. the example discussed above in Fig.3).
Annihilations into e (τ) give a slightly poorer fit, because of a too (not enough) steep
spectrum.

The lower right panel of Fig. 4 illustrates the last important point: the values of
the annihilation cross section which are required in order to fit the data (for a given
mass and given primary annihilation channel). Values of the order of 10−23 cm3/sec
or more (for the masses under consideration) are needed. These are much larger
than the typical cross section required by DM thermal production in cosmology



(∼ 3 · 10−26cm3/sec 1)). They can be justified in specific models in terms of some
enhancement mechanism which is effective today but not in the early universe (such
as a resonance 11,34) or Sommerfeld 35,36,11,37) enhancement, the presence of an as-
trophysical boost factor due to DM substructures –unlikely 38)–, or a combination of
these).

4. An astrophysical explanation of the e± excesses?

Of course, the origin of the e+e− excesses could simply lie in ordinary (albeit
possibly peculiar) astrophysical sources, such as one or more pulsars 39), sources of
Cosmic Rays in galactic spiral arms 40), aged SuperNova remnants 41) or exploding
stars 42). In this case, the sources would be located in the galactic disk, and moreover
not too far from the Earth, since e± quickly loose energy when travelling from more
that about 1 kpc away.

While I leave all the discussion to the above references, the overall impression is
that the astrophysical interpretations are quite viable, but more work is needed to
actually be able to predict precisely their detailed features, and in particular to be able
to distinguish with certainty a Dark Matter from an astrophysical origin. So these
explanations will be confirmed or ruled out by further, more precise measurements of
the spectra and possibly improved computations of the expected yields.

5. Constraints from gamma rays and radio observations of the Galactic
Center region

Given these tantalizing but surprising hints of Dark Matter annihilations in the
charged particle signals, it is now crucial to consider the constraints on this inter-
pretation that come from the photon fluxes that necessarily accompany such charged
particles. These photon fluxes are produced:

i) directly as a product of the DM annihilations themselves (mainly from the
bremsstrahlung of charged particles and the fragmentation of hadrons, e.g. π0,
produced in the annihilations), at energies comparable to the DM mass M , i.e.
in the γ-ray energy range of tens of GeV to multi-TeV.

ii) at much lower energies, e.g. radio to visible frequency, by the synchrotron ra-
diation emitted in the galactic magnetic field by the electrons and positrons
produced by DM annihilations.

The best targets to search for these annihilation signals are regions with high
DM densities, such as the Milky Way Galactic Center (GC), the Milky Way Galactic
Ridge (GR) and the Sagittarius Dwarf spheroidal satellite galaxy (Sgr dSph). The
predicted photon fluxes can then be compared with observational data, in order to



rule out combinations of astrophysical and particle physics parameters that violate
observational constraints.

5.1. High energy gamma rays

We start by considering the γ-ray fluxes produced by DM annihilations directly.
The differential flux of photons from a given angular direction dΩ is

dΦγ

dΩ dE
=

1

2

r�
4π

ρ2
�

M2
DM

J
∑
f

〈σv〉f
dN f

γ

dE
, J =

∫
line−of−sight

ds

r�

(
ρ(r)

ρ�

)2

(10)

where the notations are the same as those of the previous Sections. The adimensional
quantity J encodes the astrophysical uncertainty. When observing a region with total
angular size ∆Ω the factor J dΩ gets replaced by J̄ ·∆Ω =

∫
∆Ω

J dΩ. Its values for
the Galactic Center region are listed in table 1.

HESS observations in the direction of the Galactic Center have revealed a source
of Very High Energy γ-ray emission (HESS J1745-290) lying within 7′′±14′′stat±28′′syst

from the supermassive black hole Sgr A*, and compatible with a point source of size
less then 1.2′ 43). The corresponding energy spectrum is well fitted by a power law
dΦγ/dE ∝ E−2.25±0.04, over two decades in energy, and it has been confirmed by the
MAGIC collaboration 44). Here, we take a conservative approach and consider the
observed gamma-ray emission as an upper limit to the DM annihilation flux, in order
to test the compatibility with a DM interpretation of the PAMELA data. We compute
the constraints in the σv versus mass plane, by requiring that DM annihilation flux
does not exceed (at 3σ, in terms of the error bars quoted by the HESS collaboration)
the observed emission at any data point.

The HESS collaboration has also recently discovered a diffuse gamma-ray emis-
sion, correlated spatially with the Galactic Ridge (GR), a complex of giant molecular
clouds in the central 200 pc of the Milky Way 45). Once point sources, including
HESS J1745-290, are subtracted, the reconstructed gamma-ray spectrum for the re-
gion with galactic longitude −0.8◦ < ` < 0.8◦ and latitude |b| < 0.3◦ is well described
by a power law with photon index Γ = 2.29 ± 0.07stat ± 0.20syst. In this region, the
predicted DM signal is smaller than in a small cone pointing towards the Galactic
center, but the astrophysical background is also significantly reduced, and the con-
straints are less sensitive to the slope of the DM density profile. The same discussion
as above for deriving constraints from these observations applies.

In figures 5 and 6 we show the results of the analysis of the data described above.
The continuous blue lines shows our conservative bounds on the annihilation cross
section σv from HESS observations of the Galactic Center, and the dot-dashed blue
lines show the comparable bounds from Galactic Ridge observations. Figs. 5 refer
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Figure 5: Comparison of the regions favored by PAMELA (green bands) and ATIC (red regions within
the bands) with the bounds from HESS observations of the Galatic Center 43) (blue continuous line),
Galactic Ridge 45) (blue dot-dashed), and SgrDwarf 46) (blue dashed) and of observations of the
Galactic Center at radio-frequencies ν = 408 GHz by Davies et al. 49) (red lines) and at ν ∼ 1014 Hz
by VLT 50) (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.
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Figure 6: As in the previous fig.5, but for the cases of DM annihilations into W+W− (left), bb̄
(middle), tt̄ (right).



Sgr dSph halo Parameters Core/Scale radius J̄ (2 · 10−5) J̄ (2 · 10−5)

Small core 46) va = 13.4 km/s rc = 1.5 pc 31 · 103 74 1024 GeV2/cm5

NFW 18) ρs = 5.2 GeV/cm3 rs = 0.62 kpc 1 · 103 2.46 1024 GeV2/cm5

Large core 47) va = 22.9 km/s rc = 0.23 kpc 0.14 · 103 0.32 1024 GeV2/cm5

Table 3: Parameters of the density profiles for the Sagittarius Dwarf galaxy discussed in the text and
the corresponding value of J̄(∆Ω) (normalized by convention in terms of the solar quantities r� and
ρ�, as in eq. (10)) for ∆Ω = 2 ·10−5. For reference, the value of the rescaled J̄ (∆Ω) = r�ρ

2
� J̄(∆Ω)

is also given.

to DM annihilation into leptons, while fig.s 6 show the more ‘traditional’ DM anni-
hilation modes into W+W−, bb̄ and tt̄. Barring the possibility of boost factors or
Sommerfeld enhancements different for γ and e± observations, we see in fig.s 5 that
the green regions that can fit the PAMELA anomaly (and the red regions that can
also fit the ATIC anomaly) are excluded for masses M & 300 GeV, by two orders
of magnitude if DM follows the NFW density profile, by an order unity factor if
DM follows the Einasto profile, and are allowed if DM follows the isothermal profile
(somewhat disfavored, however, by N -body simulations).
In fig.s 6 a similar situation holds. The green PAMELA bands are here truncated be-
cause low DM masses do not allow a good fit to the anti-proton data; the truncation
is conservatively put at 1 TeV, but masses up to multi-TeV still do not give a good
fit, as discussed above.

5.1.1. Sagittarius Dwarf Satellite Galaxy

HESS has also observed the Sagittarius Dwarf galaxy 46), a satellite of the Milky
Way which is located at a distance of d = 24 kpc from the Sun. Dwarf spheroidal
galaxies are among the most DM-dominated structures, so that they allow to search
for γ ray signals of DM annihilations with minimal astrophysical backgrounds. In
particular, Sagittarius is thought to be in the process of being disrupted by multiple
passages through the Milky Way disk, and the fact that it still exists is taken as an
indication of the existence of a substantial amount of Dark Matter in it.

The DM density profile in Dwarf Galaxies is uncertain as much as the one in the
Milky Way, with which it might have some correlations. For Sgr dSph we consider
the possibilities of a cusped NFW profile 46,47) with density given by eq. 1 and of the
class of cored profiles

ρcore(r) =
v2
a

4πGN

3r2
c + r2

(r2
c + r2)2

. (11)

The normalization factors and the characteristic radii are reported in Table 3, where
also the corresponding values of J̄ , defined according to eq. (10), are given. The area of
observation corresponds to an aperture angle of 0.14◦ i.e. to a size of ∆Ω = 2·10−5 46).

HESS has observed Sagittarius Dwarf for Tobs = 11 h finding no γ-ray excess: the



integrated photon flux is Nγ . 85 at 3σ (Nγ < 56 at 95% CL 46)). Hence an upper
bound can be imposed on the annihilation cross section

σv <
8π

Tobs

M2

r�ρ2
�J̄∆Ω

Nγ∫
dE Aeff(E)

dNγ

dE

(12)

where the effective area of HESS for observations at ∼ 20◦ (Sgr dSph is located at
14◦ galactic latitude) Aeff(E) ∼ 105 m2 in the range E & 70 GeV is taken from 48).

The resulting bounds on σv are shown as dashed blue lines in figures 5 and 6. The
top rows of the figures assume a NFW DM density profile in Sgr dSph: the bounds
are overall comparable or slightly less powerful than the bounds from the Galactic
Center and Ridge. In all the lower rows we use for Sgr dSph a ‘large core’ profile,
which gives the minimum γ flux among the profiles considered in the literature. The
bound becomes the most constraining one when the Milky Way profile is taken to be
isothermal. We have not explored whether even smoother profiles of Sgr dSph can be
designed (compatibly with observations) that can lift such bound.

5.2. Radio waves from the Galactic Center

The e± produced by DM annihilations within the galactic magnetic field radiate
synchrotron radiation. The Galactic Center is presumably the best region to search
for this effect, because of the large local value of the DM density and magnetic fields.
We do not enter here in the details of the necessary astrophysical and particle physics
ingredients (see 12) for the complete discussion): we just mention that we compute the
synchrotron emission flux S produced by the populations of e± from DM annihilations
presented above, neglecting advection and diffusion but scanning different (extremal)
assumptions for the galactic magnetic field.

We compare the predicted flux with observations. Since the observed GC mi-
crowave spectrum is harder than what DM decays can produce, the dominant bound
is obtained considering the observation available at the lowest observed frequency,
ν = 0.408 GHz, performed by 49) in a region with full width half maximum of 4′′. The
observation found an upper limit to the measured flux S = (ν dWsyn/dν)/(4πr2

�) <
2 10−16 erg/cm2sec, that constraints from above the flux. The resulting bounds are
plotted in fig.s 5 and 6 as red lines. What is seen is that this constraint excludes a large
portion of the parameter space for NFW and Einasto DM profiles. The constraint
extends to low DM masses (where the γ-ray bounds from HESS are not effective).
The variation of the magnetic field negligibly affects the bound, because the radio
emission is predominantly produced by outer regions.

A subdominant bound (purple lines) comes from the VLT observation 50) at the
larger infrared/visible frequency, ν = 0.5 105 GHz: S < 3 10−12 erg/cm2sec from



a region with angular size 0.04′′ i.e. r < 0.0016 pc. It somewhat depends on the
magnetic field profile, and it becomes numerically significant only for spiked DM
density profiles 51). Similarly, observations at higher frequencies give possibly strong
but not robust bounds 51), that also strongly depend on the possibility of having an
intense ‘equipartition’ magnetic field close to the Milky Way black hole.

6. Conclusions

En lieu of conclusions, let us try to answer the questions raised in the Introduction.

• Which characteristics must a Dark Matter candidate have in order to fit the
above data?

a) on the basis of the e+ and p̄ data from PAMELA, the Dark Matter can be:

a1) a particle that dominantly annihilates into leptons, with no strong
preference for the mass, if above a few hundred GeV;

a2) a particle that annihilates into W,Z or higgses and that has a mass
& 10 TeV.

b) adding the peak from ATIC-2, a clear indication for the mass emerges:
DM has to be a particle with mass ∼ 1 TeV that dominantly annihilates
into leptons.

The upcoming results of ATIC-4 52), PAMELA, or the first data from the Fermi
LAT calorimeter 53) can soon check if a peak is really present in the e+ + e−

spectrum just below 1 TeV: if the peak is there b) is favored and a) is excluded;
if instead the peak is not there, then a) is favored and b) excluded. Intermediate
situations will require dedicated re-analysis. Models with M � 1 TeV appear
to be already disfavored.

For what concerns the magnitude of the annihilation cross section, the large
flux above the background in the PAMELA and ATIC data indicates a very
large σv, of the order of 10−23cm3/sec or more (see lower right panel of Fig. 4).

• What are the constraints from other observations (mainly of photons from the
Galactic Center region)?

Constraints are imposed by high energy gamma rays (generated directly from
the DM annihilation process) from the galactic center region and from satellite
galaxies and by synchrotron radiation (generated by e± in the galactic center’s
magnetic field). The results show that the regions of the parameter space that
allow to fit the PAMELA (and ATIC) data are disfavored by about one order
of magnitude if a benchmark Einasto or NFW profile is assumed. But choosing
a smoother profile and/or assuming that a part of the cross section is due to an



astrophysical boost factor that would not be present in dwarf galaxies and the
Galactic Center due to tidal disruption re-allows part of the space.

• Which conclusions can be drawn on the Dark Matter interpretation of the data?

As apparent, the data point to a Dark Matter particle that (1) features really
‘unexpected’ properties and (2) has anyway disturbing ‘internal’ tensions (e.g.
with γ ray constraints). So, either the DM interpretation is not the right one,
i.e. an astrophysical source will turn out to be responsible for the excesses. Or
we are on the verge of a big change of paradigm in the field of Dark Matter
modelling.
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