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Introduction

Some of us believe in 
the WIMP miracle.

DM is a neutral, very long lived, 
feebly interacting particle.

galactic rotation curves
weak lensing (e.g. in clusters)

‘precision cosmology’ (CMB, LSS)

DM exists

- weak-scale mass (10 GeV - 1 TeV)
- weak interactions
- give automatically correct abundance

σv = 3 · 10−26cm3/sec
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- diffusion
- energy losses
- solar modulation

Uncertainties, uncertainties...
CR propagation e+

p̄
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Figure 1: DM profiles and the corresponding parameters to be plugged in the functional forms
of eq. (1). The dashed lines represent the smoothed functions adopted for some of the computations
in Sec. 4.1.3. Notice that we here provide 2 (3) decimal significant digits for the value of rs (ρs):
this precision is sufficient for most computations, but more would be needed for specific cases, such
as to precisely reproduce the J factors (discussed in Sec.5) for small angular regions around the
Galactic Center.

Next, we need to determine the parameters rs (a typical scale radius) and ρs (a typical
scale density) that enter in each of these forms. Instead of taking them from the individual
simulations, we fix them by imposing that the resulting profiles satisfy the findings of
astrophysical observations of the Milky Way. Namely, we require:

- The density of Dark Matter at the location of the Sun r⊙ = 8.33 kpc (as determined
in [48]; see also [49] 3) to be ρ⊙ = 0.3 GeV/cm3. This is the canonical value routinely
adopted in the literature (see e.g. [1, 2, 51]), with a typical associated error bar of
±0.1 GeV/cm3 and a possible spread up to 0.2→ 0.8 GeV/cm3 (sometimes refereed
to as ‘a factor of 2’). Recent computations have found a higher central value and
possibly a smaller associated error, still subject to debate [52, 53, 54, 55].

- The total Dark Matter mass contained in 60 kpc (i.e. a bit larger than the distance to
the Large Magellanic Cloud, 50 kpc) to be M60 ≡ 4.7× 1011M⊙. This number is based
on the recent kinematical surveys of stars in SDSS [56]. We adopt the upper edge of
their 95% C.L. interval to conservatively take into account that previous studies had
found somewhat larger values (see e.g. [57, 58]).

The parameters that we adopt and the profiles are thus given explicitly in fig. 1. Notice that
they do not differ much (at most 20%) from the parameter often conventionally adopted in
the literature (see e.g. [2]), so that our results presented below can be quite safely adopted
for those cases.

of spherical symmetry, in absence of better determinations, seems to be still well justified. Moreover, it is
the current standard assumption in the literature and we therefore prefer to stick to it in order to allow
comparisons. In the future, the proper motion measurements of a huge number of galactic stars by the
planned GAIA space mission will most probably change the situation and give good constraints on the
shape of our Galaxy’s DM halo, e.g. [46], making it worth to reconsider the assumption. For what concerns
the impact of non-spherical halos on DM signals, charged particles signals are not expected to be affected,
as they are sensistive to the local galactic environment. For an early analysis of DM gamma rays al large
latitudes see [47].

3The commonly adopted value used to be 8.5 kpc on the basis of [50].
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DM halo profiles
From N-body numerical simulations:

  cuspy: NFW, Moore
  mild: Einasto
  smooth: isothermal, Burkert

At small r: ρ(r) ∝ 1/rγ
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reader with ready-to-use final products, as opposed to the generating code. We make an

effort to extend our results to large, multi-TeV DM masses (recently of interest because

of possible multi-TeV charged cosmic ray anomalies) and small, few-GeV DM masses (re-

cently discussed because of hints from DM direct detection experiments), at the edge of the

typical WIMP window. Above all, our aim is to provide a self-consistent, independently

computed, comprehensive set of results for DM indirect detection. Whenever possible, we

have compared with existing codes, finding good agreement or improvements.

2 Dark Matter distribution in the Galaxy

For the galactic distribution of Dark Matter in the Milky Way we consider several possi-

bilities. The Navarro, Frenk and White (NFW) [35] profile (peaked as r−1 at the Galactic

Center (GC)) is a traditional benchmark choice motivated by N-body simulations. The

Einasto [36, 37] profile (not converging to a power law at the GC and somewhat more

chubby than NFW at kpc scales) is emerging as a better fit to more recent numerical sim-

ulations; the shape parameter α varies from simulation to simulation, but 0.17 seem to

emerge as a central, fiducial value, that we adopt. Cored profiles, such as the truncated

Isothermal profile [38, 39] or the Burkert profile [40], might be instead more motivated by

the observations of galactic rotation curves, but seem to run into conflict with the results of

numerical simulations. On the other hand, profiles steeper that NFW had been previously

found by Moore and collaborators [41].

As long as a convergent determination of the actual DM profile is not reached, it is

useful to have at disposal the whole range of these possible choices when computing Dark

Matter signals in the Milky Way. The functional forms of these profiles read:

NFW : ρNFW(r) = ρs
rs

r

�
1 +

r

rs

�−2

Einasto : ρEin(r) = ρs exp

�
− 2

α

��
r

rs

�α

− 1

��

Isothermal : ρIso(r) =
ρs

1 + (r/rs)
2

Burkert : ρBur(r) =
ρs

(1 + r/rs)(1 + (r/rs)
2)

Moore : ρMoo(r) = ρs

�rs

r

�1.16
�

1 +
r

rs

�−1.84

(1)

Numerical DM simulations that try to include the effects of the existence of baryons have

consistently found modified profiles that are steeper in the center with respect to the DM-

only simulations [42]. Most recently, [43] has found such a trend re-simulating the haloes

of [36, 37]: steeper Einasto profiles (smaller α) are obtained when baryons are added.

To account for this possibility we include a modified Einasto profile (that we denote as

EinastoB, EiB in short in the following) with an α parameter of 0.11. All profiles assume

spherical symmetry 2 and r is the coordinate centered in the Galactic Center.

2Numerical simulations show that in general halos can deviate from this simplest form, and the isodensity
surfaces are often better approximated as triaxial ellipsoids instead (e.g. [44]). For the case of the Milky
Way, however, it is fair to say that at the moment we do not have good observational determinations of its
shape, despite the efforts already made studying the stellar tidal streams, see [45]. Thus the assumption

5

EinastoB = steepened Einasto
(effect of baryons?)

6 profiles:



- local DM density
- DM profile
- beware of extrapolations!
- effect of baryons in DM halos
- (velocity distribution)
- (escape velocity)

- diffusion
- energy losses
- solar modulation

Uncertainties, uncertainties...
CR propagation e+

p̄

ν, ν̄

γ
d̄

DM distribution 
in the Galaxy

e+

p̄

d̄
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Figure 3: Primary fluxes of e±, p̄, d̄, γ and νe.
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- unexpected species
- different spectra
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Figure 3: Comparison between spectra with (continuous lines) and without EW corrections

(dashed). We show the following final states: e+ (green), p̄ (blue), γ (red), ν = (νe+νµ+ντ )/3

(black).
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Fluxes at production
ElectroWeak corrections are important!
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�γγ
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Ciafaloni et al., JCAP 1103 (2011)
See also: Serpico et al., Bell et al.

- unexpected species
- different spectra
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without (especially at low

  energy, but not only)
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- (velocity distribution)
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- solar modulation
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- DM profile
- beware of extrapolations!
- effect of baryons in DM halos
- (velocity distribution)
- (escape velocity)

- diffusion
- energy losses
- solar modulation

Uncertainties, uncertainties...
CR propagation e+

p̄

ν, ν̄

γ
d̄

DM distribution 
in the Galaxy

Particle Physics 
uncertainty

- Pythia at many TeV
- higher order corrections
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p̄ ν, ν̄γ d̄
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p̄ ν, ν̄γ
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 - steep      excess 
above 10 GeV!

- very large flux!
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(9430 e+ initially collected)
(errors statistical only in this plot, 
that’s why larger at high energy)
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positron fraction:

Indirect Detection: hints
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FIG. 5: Positron fraction measured by the Fermi LAT and by

other experiments [10, 14, 35]. The Fermi statistical uncer-

tainty is shown with error bars and the total (statistical plus

systematic uncertainty) is shown as a shaded band.

the electron spectrum is (2.07±.13 × 10−2 GeV−1 m−2

s−1 sr−1)( E
20GeV )−3.19±0.07. The uncertainties are deter-

mined by including the total (statistical plus systematic)

uncertainty of each energy bin. The fitted indices are con-

sistent with the index we reported previously for the total

electron plus positron spectrum (3.08±0.05) [19, 20].

Conclusion. We measured the CR positron and elec-

tron spectra separately between 20 and 200 GeV, using

a novel separation technique which exploits the charge-

dependent displacement of the Earth’s shadow due to the

geomagnetic field. While the positron fraction has been

measured previously up to 100 GeV [15] and the absolute

flux has been measured previously up to 50 GeV [9, 36],

this is the first time that the absolute CR positron spec-

trum has been measured above 50 GeV and that the

fraction has been determined above 100 GeV. We find

that the positron fraction increases with energy between

20 and 200 GeV, consistent with results reported by

PAMELA [14]. Future measurements with greater sen-

sitivity and energy reach, such as those by AMS-02, are

necessary to distinguish between the many possible ex-
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Electrons + positrons adding FERMI and HESS:

 - no                 excess e+ + e−

background ?

 - spectrum               .∼ E−3.04

 - a (smooth) cutoff?
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background

Are these signals of Dark Matter?

See work by S.Sarkar, S.Profumo, P.Serpico... et al.



production at colliders

direct detection

indirect from annihil in galactic halo or center

from annihil in galactic halo or centerp̄

ν, ν̄ from annihil in massive bodies

from annihil in galactic halo or center

 from annihil in galactic center or halo
 and from synchrotron emission

GAPS

γ

d̄

e+

PAMELA, Fermi, HESS, AMS, balloons...

SK, Icecube, Km3Net

Fermi, ICT, radio telescopes...

Indirect Detection: constraints
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typically sub-TeV energies
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Indirect Detection: constraints



     from  DM annihilations in Satellite Galaxiesγ
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Indirect Detection: constraints
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e±

radio-waves from synchro radiation of         in GCe±c.
Indirect Detection: constraints
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e±

- compute the population of      
  from DM annihilations in the GC
- compute the synchrotron emitted power 
  for different configurations of galactic �B

e±

(assuming ‘scrambled’ B; in principle, directionality 
could focus emission, lift bounds by O(some))

(energy in B ~ kinetic energy)

radio-waves from synchro radiation of         in GCe±c.
Indirect Detection: constraints



from Inverse Compton on         in haloe±

e±

γ

- upscatter of CMB, infrared and starlight photons on energetic
- probes regions outside of Galactic Center

e±

d.
Indirect Detection: constraints



from outside the Galaxy  γe.
Indirect Detection: constraints
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from outside the Galaxy  γe.
Indirect Detection: constraints



from outside the Galaxy  γe.
Indirect Detection: constraints
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from outside the Galaxy  γ

- isotropic flux of prompt and ICS gamma rays, integrated over z and r
- depends strongly on halo formation details and history

redshift z

e.
Indirect Detection: constraints
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Gamma constraints
     from  DM annihilations in the Galactic Centerγa.

GC region. A circular region of radius 1! centered at the
GC was chosen for the search, and contamination by
astrophysical !-ray sources along the Galactic plane was
excluded. An optimized background subtraction technique
was developed and applied to extract the !-ray spectrum
from the source region. The analysis resulted in the deter-
mination of stringent upper limits on the velocity-weighted
DM annihilation cross section h"vi, being among the best
so far at very high energies. At the same time, the limits do
not differ strongly between NFW and Einasto parametri-
zations of the DM density profile of the Milky Way.
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weighted annihilation cross section h"vi as a function of the
DM particle mass m# for the Einasto and NFW density profiles.

The best sensitivity is achieved at m# " 1 TeV. For comparison,

the best limits derived from observations of dwarf galaxies at
very high energies, i.e., Sgr Dwarf [10], Willman 1, Ursa Minor
[15], and Draco [9], using in all cases NFW shaped DM profiles,
are shown. Similar to the sky region investigated in the presented
analysis, dwarf galaxies are objects free of astrophysical back-
ground sources. The green points represent DARKSUSY models
[32], which are in agreement with WMAP and collider con-
straints and were obtained with a random scan of the
mSUGRA parameter space using the following parameter
ranges: 10GeV<M0<1000GeV, 10GeV<M1=2<1000GeV,
A0¼0, 0< tan$< 60, sgnð%Þ ¼ &1.
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simulations, flux spectra shown in Fig. 3 are calculated
from the number of events recorded in the source and
background regions. [The background spectrum is rescaled
by the ratio of the areas covered by source and background
regions (cf. also [27]).] It should be stressed that these
spectra consist of !-ray-like cosmic-ray background
events. Both source and background spectra agree well
within the errors, resulting in a null measurement for a
potential DM annihilation signal, from which upper limits
on h"vi can be determined.

The mean astrophysical factors !Jsrc and !Jbg are calcu-
lated for the source and background regions, respectively.
The density profiles are normalized to the local DM density
#0 ¼ 0:39 GeV=cm3 [29]. Assuming an Einasto profile,
!Jsrc ¼ 3142" #2

E " dE and !Jbg ¼ 1535" #2
E " dE,

where #E ¼ 0:3 GeV=cm3 is the conventional value for
the local DM density and dE ¼ 8:5 kpc the distance of
Earth to the GC. For a NFW profile, !Jsrc¼1604"#2

E"dE
and !Jbg ¼ 697" #2

E " dE are obtained. This means that
for an assumed Einasto (NFW) profile, background sub-
traction reduces the excess DM annihilation flux in the

source region by 49% (43%), which is taken into account
in the upper limit calculation.
Under the assumption that DM particles annihilate into

quark-antiquark pairs and using a generic parametrization
for a continuum spectrum of ! rays created during the
subsequent hadronization [30,31], limits on h"vi as a
function of the DM particle mass are calculated for both
density profiles (see Fig. 4). These limits are among the
most sensitive so far at very high energies, and in particular
are the best for the Einasto density profile, for which at
#1 TeV values for h"vi above 3" 10$25 cm3 s$1 are
excluded. As expected from the astrophysical factors, the
limits for the Einasto profile are better by a factor of 2
compared to those for the NFW profile. Still, the current
limits are 1 order of magnitude above the region of the
parameter space where supersymmetric models provide a
viable DM candidate (see Fig. 4). Apart from the assumed
density parametrizations and the shape of the !-ray anni-
hilation spectrum, the limits might shift by 30% due to the
uncertainty on the absolute flux measurement [26].
Additionally, the uncertainty of 15% on the absolute en-
ergy scale might not only shift the DM particle mass scale
by this amount, but also the limits up (down) by % 30% if
the !-ray energy is overall under- (over)estimated.
Summary.—A search for a VHE !-ray signal from DM

annihilations was conducted using H.E.S.S. data from the
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FIG. 3 (color). Top panel: Reconstructed differential flux
FSrc=Bg, weighted with E2:7 for better visibility, obtained for

the source and background regions as defined in the text. The
units are TeV1:7 m$2 s$1 sr$1. Because of an energy-dependent
selection efficiency and the use of effective areas obtained from
!-ray simulations, the reconstructed spectra are modified com-
pared to the cosmic-ray power-law spectrum measured on Earth.
Bottom panel: Flux residua Fres="Fres, where Fres ¼ FSrc $ FBg

and "Fres is the statistical error on Fres. The residual flux is
compatible with a null measurement. Comparable null residuals
are obtained when varying the radius of the source region,
subdividing the data set into different time periods or observation
positions, or analyzing each half of the source region separately.

FIG. 2 (color). Illustration of the cosmic-ray background sub-
traction technique for a telescope pointing position below the
Galactic plane (depicted by the star). Note that this is only one of
the several different pointing positions of the data set. The DM
source region is the green area inside the black contours,
centered on the GC (black triangle). Yellow regions are excluded
from the analysis because of contamination by astrophysical
sources. Corresponding areas for background estimation (red
regions) are constructed by rotating individual pixels of size
0:02& " 0:02& of the source region around the pointing position
by 90&, 180&, and 270&. This choice guarantees similar !-ray
detection efficiency in both the source and background regions.
As an example, pixels labeled 1 and 2 serve as background
control regions for pixel 0. Pixel 3 is not considered for back-
ground estimation because it is located in an excluded region.
Pixels in the source region, for which no background pixels can
be constructed, are not considered in the analysis for this
particular pointing position and are left blank.
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Figure 10. Exclusion lines for a neutralino DM annihilating exclusively into µ+µ− (green lines)
or τ+τ− (blue line) and for a DM candidate interacting with a light intermediate state φ decaying
into a pair of electrons (pink line). The same annihilation channels (with the same color coding) are
considered to draw the regions in the plane that provide a good fit to the PAMELA measurement
of the energy spectrum of the positron fraction. The regions are taken from [45], which are adapted
from [81]. We used an astrophysical factor of J̃(∆Ω) = 1.14× 1019 GeV2 cm−5 sr.

we test our ULs against some of the models proposed in the literature that fit the PAMELA
data. The regions in the (mχ, 〈σannv〉) plane that provide a good fit to the PAMELA data
are shown in figure 10 for a DM candidate annihilating into µ+µ−, τ+τ− and for the case
of the intermediate state φ decaying to e+e−, with mφ = 1 GeV. These regions have been
adapted from [81] after rescaling from a local DM density of 0.3 GeV/cm3 to 0.43 GeV/cm3

[83].
Using again the specific DM annihilation spectra, we plot in figure 10 the ULs obtained

from the Segue 1 data. We can see that, in this case, the ENFs needed to meet the PAMELA-
favoured region are much smaller than for mSUGRA, and in the case of annihilation into
τ+τ− our ULs are probing the relevant regions. However, we recall that the uncertainty
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Figure 3: Upper limit at 95% C.L. of 〈σv〉 as function of the DM particle mass
for different DM halos for Sculptor (top) and Carina (bottom). For the NFW
halo profile of Sculptor two concentration parameters are used: 20 and 35.
For the pseudo-isothermal halo profile two core radii are used: 0.05 kpc and
0.5 kpc. Two hypotheses on the velocity anisotropy parameter are also stud-
ied: a constant (solid lines) and an Osipkov-Merritt (dashed lines) anisotropy.
The velocity anisotropy and the concentration parameters are given in brack-
ets for the NFW profile. The velocity anisotropy and the core radius are given
in brackets for the pseudo-isothermal profile. The Fermi-LAT limits [11] for
a NFW profile are also plotted as well as the H.E.S.S. limits for this NFW
profile (rs = 0.9 kpc and ρs = 3.7×107 M!kpc−3). For Carina both the NFW
halo profile and the pseudo-isothermal halo profile are plotted (see text for
parameters).
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FIG. 2. Derived 95% C.L. upper limits on WIMP annihilation
cross section for the bb̄ channel, the τ+τ− channel, the µ+µ−

channel, and the W+W− channel. The most generic cross
section (∼ 3 · 10−26 cm3s−1 for a purely s-wave cross section)
is plotted as a reference. Uncertainties in the J-factor are
included.

nominal J-factors. Averaged over the WIMP masses, the

upper limits increase by a factor up to 12 for Segue 1,

and down to 1.2 for Draco. Combining the dSphs yields

a much milder overall increase of the upper limit com-

pared to using nominal J-factors, a factor of 1.3.

The combined upper limit curve shown in Fig. 1 in-

cludes Segue 1 and Ursa Major II, two ultra-faint satel-

lites with small kinematic datasets and relatively large

uncertainties on their J-factors. Conservatively, exclud-

ing these objects from the analysis results in an increase

in the upper limit by a factor ∼1.5, which illustrates the

robustness of the combined fit.

Finally, Fig. 2 shows the combined limits for all stud-

ied channels. The WIMP masses range from 10 GeV to

1 TeV, except for the τ+τ− and W+W− channels, where

the lower bounds are 5 GeV and 100 GeV, respectively.

We restrict the range to WIMPmasses where reliable pre-

dictions for the gamma-ray yield were available. For the

first time, using gamma rays, we are able to rule out mod-

els with the most generic cross section (∼ 3·10−26 cm3s−1

for a purely s-wave cross section), without assuming ad-

ditional astrophysical or particle physics boost factors.

In conclusion, we have presented a new analysis of the

Fermi-LAT data that for the first time combines mul-

tiple (10) Milky Way satellite galaxies in a single joint

likelihood fit and includes the effects of uncertainties in

J-factors, yielding a more robust upper limit curve in the

(mW ,�σannv�) plane. This procedure allows us to rule out
WIMP annihilation with cross sections predicted by the

most generic cosmological calculation up to mass of ∼ 27

GeV for the bb̄ channel, and up to mass of ∼ 37 GeV for

the τ+τ− channel. Future improvements planned by the

Fermi-LAT Collaboration (apart from increased amount

of data) will include an improved event selection with a

larger effective area and photon energy range, and the

inclusion of more satellite galaxies.
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Figure 10. Exclusion lines for a neutralino DM annihilating exclusively into µ+µ− (green lines)
or τ+τ− (blue line) and for a DM candidate interacting with a light intermediate state φ decaying
into a pair of electrons (pink line). The same annihilation channels (with the same color coding) are
considered to draw the regions in the plane that provide a good fit to the PAMELA measurement
of the energy spectrum of the positron fraction. The regions are taken from [45], which are adapted
from [81]. We used an astrophysical factor of J̃(∆Ω) = 1.14× 1019 GeV2 cm−5 sr.

we test our ULs against some of the models proposed in the literature that fit the PAMELA
data. The regions in the (mχ, 〈σannv〉) plane that provide a good fit to the PAMELA data
are shown in figure 10 for a DM candidate annihilating into µ+µ−, τ+τ− and for the case
of the intermediate state φ decaying to e+e−, with mφ = 1 GeV. These regions have been
adapted from [81] after rescaling from a local DM density of 0.3 GeV/cm3 to 0.43 GeV/cm3

[83].
Using again the specific DM annihilation spectra, we plot in figure 10 the ULs obtained

from the Segue 1 data. We can see that, in this case, the ENFs needed to meet the PAMELA-
favoured region are much smaller than for mSUGRA, and in the case of annihilation into
τ+τ− our ULs are probing the relevant regions. However, we recall that the uncertainty
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Figure 3: Upper limit at 95% C.L. of 〈σv〉 as function of the DM particle mass
for different DM halos for Sculptor (top) and Carina (bottom). For the NFW
halo profile of Sculptor two concentration parameters are used: 20 and 35.
For the pseudo-isothermal halo profile two core radii are used: 0.05 kpc and
0.5 kpc. Two hypotheses on the velocity anisotropy parameter are also stud-
ied: a constant (solid lines) and an Osipkov-Merritt (dashed lines) anisotropy.
The velocity anisotropy and the concentration parameters are given in brack-
ets for the NFW profile. The velocity anisotropy and the core radius are given
in brackets for the pseudo-isothermal profile. The Fermi-LAT limits [11] for
a NFW profile are also plotted as well as the H.E.S.S. limits for this NFW
profile (rs = 0.9 kpc and ρs = 3.7×107 M!kpc−3). For Carina both the NFW
halo profile and the pseudo-isothermal halo profile are plotted (see text for
parameters).
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FIG. 2. Derived 95% C.L. upper limits on WIMP annihilation
cross section for the bb̄ channel, the τ+τ− channel, the µ+µ−

channel, and the W+W− channel. The most generic cross
section (∼ 3 · 10−26 cm3s−1 for a purely s-wave cross section)
is plotted as a reference. Uncertainties in the J-factor are
included.

nominal J-factors. Averaged over the WIMP masses, the

upper limits increase by a factor up to 12 for Segue 1,

and down to 1.2 for Draco. Combining the dSphs yields

a much milder overall increase of the upper limit com-

pared to using nominal J-factors, a factor of 1.3.

The combined upper limit curve shown in Fig. 1 in-

cludes Segue 1 and Ursa Major II, two ultra-faint satel-

lites with small kinematic datasets and relatively large

uncertainties on their J-factors. Conservatively, exclud-

ing these objects from the analysis results in an increase

in the upper limit by a factor ∼1.5, which illustrates the

robustness of the combined fit.

Finally, Fig. 2 shows the combined limits for all stud-

ied channels. The WIMP masses range from 10 GeV to

1 TeV, except for the τ+τ− and W+W− channels, where

the lower bounds are 5 GeV and 100 GeV, respectively.

We restrict the range to WIMPmasses where reliable pre-

dictions for the gamma-ray yield were available. For the

first time, using gamma rays, we are able to rule out mod-

els with the most generic cross section (∼ 3·10−26 cm3s−1

for a purely s-wave cross section), without assuming ad-

ditional astrophysical or particle physics boost factors.

In conclusion, we have presented a new analysis of the

Fermi-LAT data that for the first time combines mul-

tiple (10) Milky Way satellite galaxies in a single joint

likelihood fit and includes the effects of uncertainties in

J-factors, yielding a more robust upper limit curve in the

(mW ,�σannv�) plane. This procedure allows us to rule out
WIMP annihilation with cross sections predicted by the

most generic cosmological calculation up to mass of ∼ 27

GeV for the bb̄ channel, and up to mass of ∼ 37 GeV for

the τ+τ− channel. Future improvements planned by the

Fermi-LAT Collaboration (apart from increased amount

of data) will include an improved event selection with a

larger effective area and photon energy range, and the

inclusion of more satellite galaxies.
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Figure 1: Gamma ray fluxes for a few sample DM candidates, compared to the Fermi datapoints
in the different observation regions that we consider. See text for details.

3 Results

We start by reporting, in Fig. 1, the gamma-ray fluxes for a few typical TeV DM candidates with
large annihilation cross section in leptonic channels (of the type invoked to explain the anomalies
in e± data), in different angular windows and for different halo profiles. For each case we plot the
total gamma-ray flux and its different components: the prompt gamma-ray emission and the ICS
emission on StarLight (SL), on InfraRed light (IR) and on the CMB. Similar plots can be drawn
for the decaying DM case.

As apparent, in all these cases the spectral shapes of the curves of the DM signals are very
different from what is observed. In a �2 dΦ/d� plot, the Fermi data point show a decreasing
behaviour (that often seems well-accounted for by a simple, likely astrophysical, power-law), while
a curve rising up to∼TeV energy, possibly with a “double bump” feature (characteristic of the high
energy prompt and low energy ICS emissions) is expected from DM. This immediately reasserts
that a significant astrophysical signal is needed to account for the data, confirming the conservative
approach of our analysis.

The first two panels of Fig. 1 show the predicted signal in the ‘3◦×3◦’ and ‘5◦×30◦’ regions from
a DM candidate of mass 1.5 TeV, annihilating with 100% B.R. into µ+µ− with a cross section
of 3 10−23 cm3/sec, assuming an NFW or Einasto (i.e. those suggested by numerical N-body
simulations) respectively. It is evident that the predicted signal overshoots the data points, very
evidently in the first case but also significantly in the second case. These kind of DM candidates
are therefore clearly excluded by observations.
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Figure 1: Gamma ray fluxes for a few sample DM candidates, compared to the Fermi datapoints
in the different observation regions that we consider. See text for details.

3 Results

We start by reporting, in Fig. 1, the gamma-ray fluxes for a few typical TeV DM candidates with
large annihilation cross section in leptonic channels (of the type invoked to explain the anomalies
in e± data), in different angular windows and for different halo profiles. For each case we plot the
total gamma-ray flux and its different components: the prompt gamma-ray emission and the ICS
emission on StarLight (SL), on InfraRed light (IR) and on the CMB. Similar plots can be drawn
for the decaying DM case.

As apparent, in all these cases the spectral shapes of the curves of the DM signals are very
different from what is observed. In a �2 dΦ/d� plot, the Fermi data point show a decreasing
behaviour (that often seems well-accounted for by a simple, likely astrophysical, power-law), while
a curve rising up to∼TeV energy, possibly with a “double bump” feature (characteristic of the high
energy prompt and low energy ICS emissions) is expected from DM. This immediately reasserts
that a significant astrophysical signal is needed to account for the data, confirming the conservative
approach of our analysis.

The first two panels of Fig. 1 show the predicted signal in the ‘3◦×3◦’ and ‘5◦×30◦’ regions from
a DM candidate of mass 1.5 TeV, annihilating with 100% B.R. into µ+µ− with a cross section
of 3 10−23 cm3/sec, assuming an NFW or Einasto (i.e. those suggested by numerical N-body
simulations) respectively. It is evident that the predicted signal overshoots the data points, very
evidently in the first case but also significantly in the second case. These kind of DM candidates
are therefore clearly excluded by observations.
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Figure 1: Gamma ray fluxes for a few sample DM candidates, compared to the Fermi datapoints
in the different observation regions that we consider. See text for details.

3 Results

We start by reporting, in Fig. 1, the gamma-ray fluxes for a few typical TeV DM candidates with
large annihilation cross section in leptonic channels (of the type invoked to explain the anomalies
in e± data), in different angular windows and for different halo profiles. For each case we plot the
total gamma-ray flux and its different components: the prompt gamma-ray emission and the ICS
emission on StarLight (SL), on InfraRed light (IR) and on the CMB. Similar plots can be drawn
for the decaying DM case.

As apparent, in all these cases the spectral shapes of the curves of the DM signals are very
different from what is observed. In a �2 dΦ/d� plot, the Fermi data point show a decreasing
behaviour (that often seems well-accounted for by a simple, likely astrophysical, power-law), while
a curve rising up to∼TeV energy, possibly with a “double bump” feature (characteristic of the high
energy prompt and low energy ICS emissions) is expected from DM. This immediately reasserts
that a significant astrophysical signal is needed to account for the data, confirming the conservative
approach of our analysis.

The first two panels of Fig. 1 show the predicted signal in the ‘3◦×3◦’ and ‘5◦×30◦’ regions from
a DM candidate of mass 1.5 TeV, annihilating with 100% B.R. into µ+µ− with a cross section
of 3 10−23 cm3/sec, assuming an NFW or Einasto (i.e. those suggested by numerical N-body
simulations) respectively. It is evident that the predicted signal overshoots the data points, very
evidently in the first case but also significantly in the second case. These kind of DM candidates
are therefore clearly excluded by observations.
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Figure 2: The regions on the parameter space mχ–�σv� that are excluded by the diffuse galactic
gamma ray measurements by the Fermi satellite. The first column of panels refers to DM annihila-
tions into e+e−, the second into µ+µ− and the third into τ+τ−; the three rows assume respectively
an NFW, an Einasto and a cored Isothermal profile. Each panel shows the exclusion contour due
to Fermi observations of the ‘3◦ × 3◦’ region (blue short dashed line), ‘5◦ × 30◦’ region (orange
dashed line), the ‘10◦ − 20◦ strip’ (red long dashed line) and the ‘Galactic Poles’ |b| > 60◦ region
(black long dashed line). We also report the regions that allow to fit the PAMELA positron data
(green and yellow bands, 95 % and 99.999 % C.L. regions) and the PAMELA positron + Fermi and
HESS data (red and orange blobs, 95% and 99.999% C.L. regions).
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Figure 2: The regions on the parameter space mχ–�σv� that are excluded by the diffuse galactic
gamma ray measurements by the Fermi satellite. The first column of panels refers to DM annihila-
tions into e+e−, the second into µ+µ− and the third into τ+τ−; the three rows assume respectively
an NFW, an Einasto and a cored Isothermal profile. Each panel shows the exclusion contour due
to Fermi observations of the ‘3◦ × 3◦’ region (blue short dashed line), ‘5◦ × 30◦’ region (orange
dashed line), the ‘10◦ − 20◦ strip’ (red long dashed line) and the ‘Galactic Poles’ |b| > 60◦ region
(black long dashed line). We also report the regions that allow to fit the PAMELA positron data
(green and yellow bands, 95 % and 99.999 % C.L. regions) and the PAMELA positron + Fermi and
HESS data (red and orange blobs, 95% and 99.999% C.L. regions).
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Figure 2: The regions on the parameter space mχ–�σv� that are excluded by the diffuse galactic
gamma ray measurements by the Fermi satellite. The first column of panels refers to DM annihila-
tions into e+e−, the second into µ+µ− and the third into τ+τ−; the three rows assume respectively
an NFW, an Einasto and a cored Isothermal profile. Each panel shows the exclusion contour due
to Fermi observations of the ‘3◦ × 3◦’ region (blue short dashed line), ‘5◦ × 30◦’ region (orange
dashed line), the ‘10◦ − 20◦ strip’ (red long dashed line) and the ‘Galactic Poles’ |b| > 60◦ region
(black long dashed line). We also report the regions that allow to fit the PAMELA positron data
(green and yellow bands, 95 % and 99.999 % C.L. regions) and the PAMELA positron + Fermi and
HESS data (red and orange blobs, 95% and 99.999% C.L. regions).

10

from Inverse Compton on         in haloe±γd.

‘natural’ scale



Gamma constraints
from Inverse Compton on         in haloγd. e±

Region of Interest

For this study we choose a low latitude region 5º <|b|<15º and |l|<80º.

Dark Matter limits

To the left we show the limits when NFW profile is assumed (rs=20 kpc, r0=0.43

GeV/cm3) and to the right, are the limits when Isothermal profile is considered

instead (rs=20 kpc, r0=0.43 GeV/cm3).

With magenta we show the region favored for DM interpretation of the PAMELA

positron fraction data. Blue is the region favored for DM interpretation of e+e-

Fermi-LAT data.

The dependencies of DM limits on various parameters of the diffuse emission was

checked by varying one parameter at a time, while keeping others fixed to a

reference value. The table below shows values for the mu channel and 150 GeV

DM mass (and are representative for both channels and considered masses).

Constraints on dark matter annihilation

in the Milky Way halo

Introduction
The Dark matter (DM) annihilation in the Milky Way halo is one of the prime targets

for DM search due to the large dark matter density expected in the vicinity of the

Galactic Center and the proximity of the region.

The Fermi Large Area Telescope (LAT) is well suited for DM searches in the diffuse

gamma-ray emission, due to its good angular and energy resolution,  wide field

of view and good charge particle identification.

The bulk of the diffuse emission is produced in interactions of cosmic rays

(produced in astrophysical sources such as SNRs) with the Galactic radiation

field and gas. The modeling of the astrophysical diffuse emission, and estimates

of the systematic uncertainty involved represents the main difficulty in setting DM

limits.

Our approach in this analysis is to use a maximum likelihood fit in each pixel and

energy bin in a chosen region of interest (ROI) to search for a DM signal. In this

way, by using both, spectral and spatial features we can, to some extent, break

degeneracy between DM and astrophysical diffuse emission.

DM maps

To set DM constraints, we produce DM template sky maps for various DM masses

and two representative channels:

DM DM ! b bar and

DM DM ! µ+µ-.

Astrophysical diffuse emission

We deal with the astrophysical diffuse emission fitting at the same time the DM

model described above together with a set of astrophysical models produced

with GALPROP which have been derived by the Fermi-LAT team map (see talk

by J.M., Casandjian and poster by G. Jóhannesson). We leave some freedom to

the diffuse model allowing in the fit a free normalization for the HI and HII+H2

gas components, for the Inverse Compton component and the Isotropic

component.

Analysis procedure

For this analysis we use p6_v3_dataclean event selection and 21 months data, in

the 1-100 GeV energy range.

We set two types of limits:

1) Limits using a ‘reference’ astrophysical model (purple line in figures below). We

choose it among the models described above as the one which allows for  the

biggest contribution of DM (i.e. weakest DM limits). The limits are derived with a

maximum likelihood fit as described above, with HEALPix order 6 (~1º) spatial

binning.

2) In addition, we set conservative DM limits using the data alone, without any

modeling of the background (blue line in figures below). The expected counts

from DM nDM are compared with the observed counts ndata and the upper limits at

3(5) sigmas is set from the  requirement: nDM － 3(5) √nDM > ndata, in at least one

energy bin. In this case. We choose in this case a larger pixel size, HEALPix

order 3 (~8º), in order to reduce the (relative) Poisson error √nDM / nDM .

A. Cuoco, J. Conrad, Z. Yang (Stockholm University)

and G. Zaharijas (Stockholm Univesity and CEA/IPhT Saclay)

on behalf of the Fermi Large Area Telescope Collaboration

Abstract
Diffuse gamma-rays are expected to be a powerful tool in constraining dark matter properties. In this presentation, I will report up-to-date limits on dark

matter annihilation in the Milky Way halo and comment on the uncertainty introduced by the modeling of the Galactic diffuse emission.

DM IC (µ+µ-)

DM FSR (µ+µ-)

DM(bbar)

Astrophysical "

Astrophysical IC

Astrophysical IC

Astrophysical "

Residuals of the reference model

Residuals of the reference model+DM

This choice is motivated by the need to

minimize residual effects from unmodeled

structures in the sky, most notably the Fermi

lobes (see the talk of M.Su). In addition we

leave out the outer Galaxy which is also difficult

to model and at the same time does not affect

much searches for DM annihilation in the

smooth Milky Way halo.

DM DM ! b bar 

DM DM ! µ+µ-.

[REF; 31]Galactic Wind [0; 800] km/h

[REF; 35]CR source distribution [SNR; Yusifov]

[REF; 20]Halo Height [4; 10] kpc

[13; REF; 11]Diffusion coefficient [ 5e28; 7e28; 1e29]

[41; 33; 18; REF]Electron injection index II [ 1.8; 2; 2.2; 2.4]

[REF; 8]
Gas maps [Ts=105K, MagCut=5; Ts=150K,

MagCut=2]

[REF; 0.5; 2; 5]Nucleon injection index I [1.75; 2; 2.2; 2.4]

[5; REF; 1]Alfven velocity [30; 44; 50] km/s

#$/$ [%]Parameters

See also: 
Papucci, Strumia, 
0912.0742FERMI coll., Cuoco - Zaharijas, Fermi symposium 2011

Updated results from 
the FERMI coll. itself



Search for Spectral Lines

PRELIMINARY PRELIMINARY

See Y. Edmonds’ poster

! Limits on <"v> are too weak (by O(1) or more) to constrain a typical thermal WIMP 

! Some models predict large annihilation cross sections into lines:
Wino LSP (Kane 2009):   #Z line has  <"v> ~1.4x10-26  cm3s-1 ⇒already disfavored  by 

a factor of 2-5 depending on the halo  profile
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Figure 5. Cross section �σv� limits on dark matter annihilation into bb̄ final states. The blue regions
mark the (90, 95, 99.999)% exclusion regions in the MSII-Sub1 ∆2(z) DM structure scenario (and
for the other structure scenarios only 95% upper limit lines). The absorption model in Gilmore et
al. [68] is used, and the relative effect if instead using the Stecker et al. [69] model is illustrated by the
upper branching of the dash-dotted line in the MSII-Res case. Our conservative limits are shown on
the left and the stringent limits on the right panel. The grey regions show a portions of the MSSM7
parameter space where the annihilation branching ratio into final states of bb̄ (or bb̄ like states) is
> 80%. See main text for more details.

particle propagation in the Galaxy. In the preparation of this paper, Fermi-LAT data was
used in [10, 11] to set cross section limits on Galactic DM induced gamma-rays. In these two
papers, their data analysis method is more similar to our conservative analysis approach, and
the presented limits are comparable to our conservative MSII-sub1 limits when their Galactic
DM halos are described by a smooth Einasto or NFW DM density profile. As mentioned, most
hadronic channels are very similar in their gamma-ray production. To within roughly a factor
of two (if final states are not very close to, or below, production thresholds) our cross section
limits are also valid for prompt annihilation into the standard model gauge bosons, other
quarks, as well as (for WIMP masses below about 100 GeV) into the leptonic τ+τ− channel.

Figure 6 shows the exclusion region for the leptonic DM model, together with the 2σ
best fit region for this model to the PAMELA and Fermi-LAT positron and electron data.
The sharp upper endings of the gray best fit regions come from the constrain to not overshoot
HESS data [104]. Both the best fit regions and the exclusion regions for all our discussed
DM scenarios are calculated in a self-consistent way, modulo minor corrections. Below a DM
mass of about 500GeV, the limits on these models are determined by the FSR signal at the
high-energy end of the DM spectra, see figure 4, and therefore depend more substantially
on the choice of the absorption model. We note here that this conclusion holds even if one
considers the constraints that the low energy COMPTEL [105] and EGRET [25, 26] data
would pose on the first (IC) peak in the spectra. The difference between the Stecker et
al. [69] and the Gilmore et al. [68] absorption model results in a difference in the FSR signal
calculated in the two cases by a factor � 2, and affects our limits correspondingly.
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More FERMI      constraintsγ

Conrad, Gustafsson, Sellerholm, Zaharijas, FERMI coll.   JCAP 04 (2010) 014

Gamma lines 

Isotropic gamma background

FERMI Coll. 1001.4836

bounds are typically very sensitive to assumptions 
on the cosmological evolution of DM halos

model dependent 
constraints, can be 
stringent

a.

e.



Gamma hints?
What if a signal of DM is  already  hidden 
in Fermi diffuse     data?γ
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Figure 7: Best fit annihilating DM models (with Einasto density profile) for the isotropic diffuse
gamma-ray background (upper left panel). The solid and dashed lines represent the models without
and with the Galactic substructure, respectively. For the case with substructure we have assumed
ρeffsub = 10 × ρ⊙. The averaged spectra of the same models in several Galactic regions are also
shown: b > 60 (upper right panel), 20 < b < 60 (lower left panel), 10 < b < 20 (lower right panel).
NOTE: The fit is performed only for the isotropic diffuse component (upper left panel). For the
other regions the minimal requirement for acceptability is that models should not exceed the data
points.

are many possible sources like AGNs, emission from starburst galaxies, gamma-rays from

structure formation shocks etc that might contribute to the isotropic diffuse gamma-ray

background, it is not completely unrealistic that a large portion of this signal might be due

to DM. Under that brave assumption we have carried out a fitting procedure using both

annihilating and decaying DM models.

As expected, there are indeed regions in the parameter space which provide acceptable

fits. By looking at Fig. 1 it is clear that in order to obtain an acceptable fit for the an-

nihilating DM one has to keep the extragalactic component as small as possible, which is
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FIG. 7. Best fit for the annihilating dark matter scenario, with χ2
red ≈ .44. The spatial profile of the dark matter is Einasto

with α = 0.22. Black dashed lines are the background prediction for a model with γe = 2.5 and Br = 8.5 kpc. Red dashed
lines give the contribution of the new source injection, and solid red lines are the total. The gray shaded region is the error
estimate on the best-fit injection spectrum.

B. Decaying Dark Matter Results

For the decaying dark matter case, we assume the same
range of dark matter density profiles as in the annihilat-
ing case. Again, in practice we will be limited to the case
where α = 0.12. This time a steeper profile is required to
produce sufficient synchrotron signal to fit the WMAP
data.
The model parameters can be determined from Eq. 12

and Eq. 14. We assume dN/dE cuts off at around mχ/2
this time. Again, this cutoff is rather sensitive to the
high-energy part of the spectrum, which has large error
bars, but values of ! 2 TeV are expected given the data.
By definition, dN/dE satisfies

∫

E
dN

dE
dE = mχ/2. (20)

Again, we integrate the local injection multiplied by en-
ergy, giving

∫

E Q1(E, "x0) dE = τ−1
χ

ρ0
2

fE(e+e−)

2
. (21)

This allows us to determine the dark matter lifetime over
the energy fraction. However, note that in many cases,
dN/dE does not cut off in the energy ranges we consider
and the spectrum is essentially unconstrained at higher
energies. Then we only obtain bounds on the mass and
lifetime.
The best fit is shown in Fig. 8. There is no clear mass

cutoff in the best-fit spectrum, so the mass of the particle
can be from ∼ 4 TeV to greater than 16 TeV.
Because in the decaying scenario the injected power is

proportional to ρχ and not ρ2χ, generally it is harder to
generate enough synchrotron and IC signal. Both of these
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FIG. 7. Best fit for the annihilating dark matter scenario, with χ2
red ≈ .44. The spatial profile of the dark matter is Einasto

with α = 0.22. Black dashed lines are the background prediction for a model with γe = 2.5 and Br = 8.5 kpc. Red dashed
lines give the contribution of the new source injection, and solid red lines are the total. The gray shaded region is the error
estimate on the best-fit injection spectrum.

B. Decaying Dark Matter Results

For the decaying dark matter case, we assume the same
range of dark matter density profiles as in the annihilat-
ing case. Again, in practice we will be limited to the case
where α = 0.12. This time a steeper profile is required to
produce sufficient synchrotron signal to fit the WMAP
data.
The model parameters can be determined from Eq. 12

and Eq. 14. We assume dN/dE cuts off at around mχ/2
this time. Again, this cutoff is rather sensitive to the
high-energy part of the spectrum, which has large error
bars, but values of ! 2 TeV are expected given the data.
By definition, dN/dE satisfies

∫

E
dN

dE
dE = mχ/2. (20)

Again, we integrate the local injection multiplied by en-
ergy, giving

∫

E Q1(E, "x0) dE = τ−1
χ

ρ0
2

fE(e+e−)

2
. (21)

This allows us to determine the dark matter lifetime over
the energy fraction. However, note that in many cases,
dN/dE does not cut off in the energy ranges we consider
and the spectrum is essentially unconstrained at higher
energies. Then we only obtain bounds on the mass and
lifetime.
The best fit is shown in Fig. 8. There is no clear mass

cutoff in the best-fit spectrum, so the mass of the particle
can be from ∼ 4 TeV to greater than 16 TeV.
Because in the decaying scenario the injected power is

proportional to ρχ and not ρ2χ, generally it is harder to
generate enough synchrotron and IC signal. Both of these
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FIG. 7. Best fit for the annihilating dark matter scenario, with χ2
red ≈ .44. The spatial profile of the dark matter is Einasto

with α = 0.22. Black dashed lines are the background prediction for a model with γe = 2.5 and Br = 8.5 kpc. Red dashed
lines give the contribution of the new source injection, and solid red lines are the total. The gray shaded region is the error
estimate on the best-fit injection spectrum.

B. Decaying Dark Matter Results

For the decaying dark matter case, we assume the same
range of dark matter density profiles as in the annihilat-
ing case. Again, in practice we will be limited to the case
where α = 0.12. This time a steeper profile is required to
produce sufficient synchrotron signal to fit the WMAP
data.
The model parameters can be determined from Eq. 12

and Eq. 14. We assume dN/dE cuts off at around mχ/2
this time. Again, this cutoff is rather sensitive to the
high-energy part of the spectrum, which has large error
bars, but values of ! 2 TeV are expected given the data.
By definition, dN/dE satisfies

∫

E
dN

dE
dE = mχ/2. (20)

Again, we integrate the local injection multiplied by en-
ergy, giving

∫

E Q1(E, "x0) dE = τ−1
χ

ρ0
2

fE(e+e−)

2
. (21)

This allows us to determine the dark matter lifetime over
the energy fraction. However, note that in many cases,
dN/dE does not cut off in the energy ranges we consider
and the spectrum is essentially unconstrained at higher
energies. Then we only obtain bounds on the mass and
lifetime.
The best fit is shown in Fig. 8. There is no clear mass

cutoff in the best-fit spectrum, so the mass of the particle
can be from ∼ 4 TeV to greater than 16 TeV.
Because in the decaying scenario the injected power is

proportional to ρχ and not ρ2χ, generally it is harder to
generate enough synchrotron and IC signal. Both of these
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Figure 7: Best fit annihilating DM models (with Einasto density profile) for the isotropic diffuse
gamma-ray background (upper left panel). The solid and dashed lines represent the models without
and with the Galactic substructure, respectively. For the case with substructure we have assumed
ρeffsub = 10 × ρ⊙. The averaged spectra of the same models in several Galactic regions are also
shown: b > 60 (upper right panel), 20 < b < 60 (lower left panel), 10 < b < 20 (lower right panel).
NOTE: The fit is performed only for the isotropic diffuse component (upper left panel). For the
other regions the minimal requirement for acceptability is that models should not exceed the data
points.

are many possible sources like AGNs, emission from starburst galaxies, gamma-rays from

structure formation shocks etc that might contribute to the isotropic diffuse gamma-ray

background, it is not completely unrealistic that a large portion of this signal might be due

to DM. Under that brave assumption we have carried out a fitting procedure using both

annihilating and decaying DM models.

As expected, there are indeed regions in the parameter space which provide acceptable

fits. By looking at Fig. 1 it is clear that in order to obtain an acceptable fit for the an-

nihilating DM one has to keep the extragalactic component as small as possible, which is
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FIG. 7. Best fit for the annihilating dark matter scenario, with χ2
red ≈ .44. The spatial profile of the dark matter is Einasto

with α = 0.22. Black dashed lines are the background prediction for a model with γe = 2.5 and Br = 8.5 kpc. Red dashed
lines give the contribution of the new source injection, and solid red lines are the total. The gray shaded region is the error
estimate on the best-fit injection spectrum.

B. Decaying Dark Matter Results

For the decaying dark matter case, we assume the same
range of dark matter density profiles as in the annihilat-
ing case. Again, in practice we will be limited to the case
where α = 0.12. This time a steeper profile is required to
produce sufficient synchrotron signal to fit the WMAP
data.
The model parameters can be determined from Eq. 12

and Eq. 14. We assume dN/dE cuts off at around mχ/2
this time. Again, this cutoff is rather sensitive to the
high-energy part of the spectrum, which has large error
bars, but values of ! 2 TeV are expected given the data.
By definition, dN/dE satisfies

∫

E
dN

dE
dE = mχ/2. (20)

Again, we integrate the local injection multiplied by en-
ergy, giving

∫

E Q1(E, "x0) dE = τ−1
χ

ρ0
2

fE(e+e−)

2
. (21)

This allows us to determine the dark matter lifetime over
the energy fraction. However, note that in many cases,
dN/dE does not cut off in the energy ranges we consider
and the spectrum is essentially unconstrained at higher
energies. Then we only obtain bounds on the mass and
lifetime.
The best fit is shown in Fig. 8. There is no clear mass

cutoff in the best-fit spectrum, so the mass of the particle
can be from ∼ 4 TeV to greater than 16 TeV.
Because in the decaying scenario the injected power is

proportional to ρχ and not ρ2χ, generally it is harder to
generate enough synchrotron and IC signal. Both of these
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FIG. 7. Best fit for the annihilating dark matter scenario, with χ2
red ≈ .44. The spatial profile of the dark matter is Einasto

with α = 0.22. Black dashed lines are the background prediction for a model with γe = 2.5 and Br = 8.5 kpc. Red dashed
lines give the contribution of the new source injection, and solid red lines are the total. The gray shaded region is the error
estimate on the best-fit injection spectrum.

B. Decaying Dark Matter Results

For the decaying dark matter case, we assume the same
range of dark matter density profiles as in the annihilat-
ing case. Again, in practice we will be limited to the case
where α = 0.12. This time a steeper profile is required to
produce sufficient synchrotron signal to fit the WMAP
data.
The model parameters can be determined from Eq. 12

and Eq. 14. We assume dN/dE cuts off at around mχ/2
this time. Again, this cutoff is rather sensitive to the
high-energy part of the spectrum, which has large error
bars, but values of ! 2 TeV are expected given the data.
By definition, dN/dE satisfies

∫

E
dN

dE
dE = mχ/2. (20)

Again, we integrate the local injection multiplied by en-
ergy, giving

∫

E Q1(E, "x0) dE = τ−1
χ

ρ0
2

fE(e+e−)

2
. (21)

This allows us to determine the dark matter lifetime over
the energy fraction. However, note that in many cases,
dN/dE does not cut off in the energy ranges we consider
and the spectrum is essentially unconstrained at higher
energies. Then we only obtain bounds on the mass and
lifetime.
The best fit is shown in Fig. 8. There is no clear mass

cutoff in the best-fit spectrum, so the mass of the particle
can be from ∼ 4 TeV to greater than 16 TeV.
Because in the decaying scenario the injected power is

proportional to ρχ and not ρ2χ, generally it is harder to
generate enough synchrotron and IC signal. Both of these
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FIG. 7. Best fit for the annihilating dark matter scenario, with χ2
red ≈ .44. The spatial profile of the dark matter is Einasto

with α = 0.22. Black dashed lines are the background prediction for a model with γe = 2.5 and Br = 8.5 kpc. Red dashed
lines give the contribution of the new source injection, and solid red lines are the total. The gray shaded region is the error
estimate on the best-fit injection spectrum.

B. Decaying Dark Matter Results

For the decaying dark matter case, we assume the same
range of dark matter density profiles as in the annihilat-
ing case. Again, in practice we will be limited to the case
where α = 0.12. This time a steeper profile is required to
produce sufficient synchrotron signal to fit the WMAP
data.
The model parameters can be determined from Eq. 12

and Eq. 14. We assume dN/dE cuts off at around mχ/2
this time. Again, this cutoff is rather sensitive to the
high-energy part of the spectrum, which has large error
bars, but values of ! 2 TeV are expected given the data.
By definition, dN/dE satisfies

∫

E
dN

dE
dE = mχ/2. (20)

Again, we integrate the local injection multiplied by en-
ergy, giving

∫

E Q1(E, "x0) dE = τ−1
χ

ρ0
2

fE(e+e−)

2
. (21)

This allows us to determine the dark matter lifetime over
the energy fraction. However, note that in many cases,
dN/dE does not cut off in the energy ranges we consider
and the spectrum is essentially unconstrained at higher
energies. Then we only obtain bounds on the mass and
lifetime.
The best fit is shown in Fig. 8. There is no clear mass

cutoff in the best-fit spectrum, so the mass of the particle
can be from ∼ 4 TeV to greater than 16 TeV.
Because in the decaying scenario the injected power is

proportional to ρχ and not ρ2χ, generally it is harder to
generate enough synchrotron and IC signal. Both of these
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Figure 1. The map of significance of residuals for the region around the
Galactic Center.

backgrounds correspondingly. The number of free parameters
for the diffuse background model is 2 (the norms for each of the
backgrounds). The total number of free parameters in our model
is thus 48.

This model is similar to the one described in
Chernyakova et al. (2010).

2.2 Analysis

The data analysis was performed using the LAT Science Tools
package with the P6 V3 post-launch instrument response func-
tion (Rando et al. 2009).

We find the best-fit values of all parameters of the model
of Section 2.1 (using gtlike likelihood fitting tool) and deter-
mine resulting log-likelihood (Mattox et al. 1996) of the model.
Best fit values for the obtained fluxes agree within statistical
uncertainties with fluxes reported in Fermi Catalog (Abdo et al.
2010a) and in Chernyakova et al. (2010) (e.g. for the central
source we obtained the flux 5.68 × 10−8 cts/cm2/s while the
catalog gives (5.77 ± 0.3) × 10−8 cts/cm2/s).

We then freeze the values of the free parameters of our
model and simulate spatial distribution of photons at energies
above 1 GeV (using gtmodel tool). The significance of resid-
uals, (Observation - Model)/ statistical error, is shown in Fig 1.
We see the absence of structures in the central 2◦ region. The
average value of residuals is about 10% in the 2◦ region around
the GC, compatible with estimated systematic errors (10-20%)
of Fermi LAT at 1 GeV.3

Thus we see that the adopted model (point sources plus
galactic and extragalactic diffuse components) explains the
emission from the GC region and no additional components is
required.

3 DISCUSSION

We conclude that the signal within central 1◦−2◦, contain-
ing the “excess” found by Hooper & Goodenough 2010 (HG10
hereafter), can be well described by our model : (point sources
plus Galactic and extragalactic diffuse background compo-
nents). The discrepancy is then due to a different interpretation
of the data.

3 See e.g. http://fermi.gsfc.nasa.gov/ssc/data/
analysis/LAT_caveats.html
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Figure 2. Spectrum of the point source at the GC reported in
Chernyakova et al. (2010) (green points) together with the HG10 total
spectrum from 1.25◦ (black points), excess (blue squares) and GC point
source flux from HG10 (red open circles). Continuation of the HESS
data (van Eldik et al. 2008; Aharonian et al. 2004) (blue points) data
with a power law is shown with dashed black line.

The spectrum of the central point source (1FGL J1745.6-
2900c, probably associated with the Galactic black hole Sgr
A∗) was taken in HG10 to be a featureless power-law start-
ing from energies about 10 TeV (results of HESS measure-
ments, blue points with error bars in Fig. 2, (Aharonian et al.
2004; van Eldik et al. 2008)) and continuing all the way down
to ∼ 1 GeV. The flux attributed in this way to the central
point source is significantly weaker than in the previous works.
For comparison, the (PSF corrected) spectrum of the GC point
source reported in Chernyakova et al. (2010) is shown in Fig. 2
in green points. Its spectral characteristics are fully consistent
with the results of 11-months Fermi catalog Abdo et al. (2010a)
(∼ 6 × 10−8 cts/cm2/s above 1 GeV, compared to the ∼

5×10−9 cts/cm2/s at the same energies in HG10). The change
of the slope of the source spectrum below ∼ 100 GeV, as com-
pared with the HESS data is explained by Chernyakova et al.
(2010) with the model of energy dependent diffusion of pro-
tons in the few central parsecs around the GC. Alternatively,
the spectrum can be explained with the model developed in
Aharonian & Neronov (2005). The low-energy (GeV) compo-
nent of the spectra in this model is explained by synchrotron
emission from accelerated electrons, while high-energy (TeV)
one by inverse Compton radiation of the same particles. Accord-
ing to the analysis of Abdo et al. (2010a); Chernyakova et al.
(2010) the central point source provides significant contribution
to the flux in the 1.25◦ central region. HG10 suggest, apparently,
a different interpretation. They assume that there is no signifi-
cant change in the spectrum of the central source at∼ 100 GeV
and the spectrum observed by HESS at high energies continues
to lower energies. Then, large fraction of the flux between the
energies ∼ 600 MeV and ∼ 6 GeV has to be attributed to the
“DM excess”. One of the reasons in favor of such an interpreta-
tion could be the feature in the total spectrum from the central
region (rise between∼ 600MeV and several GeV) discussed in
HG10. Such a feature would also be consistent with a possible
contribution from millisecond pulsars (Abazajian 2010), that is
also expected to have a maximum at ∼ 2− 3 GeV.

To illustrate the nature of the spectral shape at these ener-
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Figure 7: Best fit annihilating DM models (with Einasto density profile) for the isotropic diffuse
gamma-ray background (upper left panel). The solid and dashed lines represent the models without
and with the Galactic substructure, respectively. For the case with substructure we have assumed
ρeffsub = 10 × ρ⊙. The averaged spectra of the same models in several Galactic regions are also
shown: b > 60 (upper right panel), 20 < b < 60 (lower left panel), 10 < b < 20 (lower right panel).
NOTE: The fit is performed only for the isotropic diffuse component (upper left panel). For the
other regions the minimal requirement for acceptability is that models should not exceed the data
points.

are many possible sources like AGNs, emission from starburst galaxies, gamma-rays from

structure formation shocks etc that might contribute to the isotropic diffuse gamma-ray

background, it is not completely unrealistic that a large portion of this signal might be due

to DM. Under that brave assumption we have carried out a fitting procedure using both

annihilating and decaying DM models.

As expected, there are indeed regions in the parameter space which provide acceptable

fits. By looking at Fig. 1 it is clear that in order to obtain an acceptable fit for the an-

nihilating DM one has to keep the extragalactic component as small as possible, which is
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FIG. 7. Best fit for the annihilating dark matter scenario, with χ2
red ≈ .44. The spatial profile of the dark matter is Einasto

with α = 0.22. Black dashed lines are the background prediction for a model with γe = 2.5 and Br = 8.5 kpc. Red dashed
lines give the contribution of the new source injection, and solid red lines are the total. The gray shaded region is the error
estimate on the best-fit injection spectrum.

B. Decaying Dark Matter Results

For the decaying dark matter case, we assume the same
range of dark matter density profiles as in the annihilat-
ing case. Again, in practice we will be limited to the case
where α = 0.12. This time a steeper profile is required to
produce sufficient synchrotron signal to fit the WMAP
data.
The model parameters can be determined from Eq. 12

and Eq. 14. We assume dN/dE cuts off at around mχ/2
this time. Again, this cutoff is rather sensitive to the
high-energy part of the spectrum, which has large error
bars, but values of ! 2 TeV are expected given the data.
By definition, dN/dE satisfies

∫

E
dN

dE
dE = mχ/2. (20)

Again, we integrate the local injection multiplied by en-
ergy, giving

∫

E Q1(E, "x0) dE = τ−1
χ

ρ0
2

fE(e+e−)

2
. (21)

This allows us to determine the dark matter lifetime over
the energy fraction. However, note that in many cases,
dN/dE does not cut off in the energy ranges we consider
and the spectrum is essentially unconstrained at higher
energies. Then we only obtain bounds on the mass and
lifetime.
The best fit is shown in Fig. 8. There is no clear mass

cutoff in the best-fit spectrum, so the mass of the particle
can be from ∼ 4 TeV to greater than 16 TeV.
Because in the decaying scenario the injected power is

proportional to ρχ and not ρ2χ, generally it is harder to
generate enough synchrotron and IC signal. Both of these
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FIG. 7. Best fit for the annihilating dark matter scenario, with χ2
red ≈ .44. The spatial profile of the dark matter is Einasto

with α = 0.22. Black dashed lines are the background prediction for a model with γe = 2.5 and Br = 8.5 kpc. Red dashed
lines give the contribution of the new source injection, and solid red lines are the total. The gray shaded region is the error
estimate on the best-fit injection spectrum.

B. Decaying Dark Matter Results

For the decaying dark matter case, we assume the same
range of dark matter density profiles as in the annihilat-
ing case. Again, in practice we will be limited to the case
where α = 0.12. This time a steeper profile is required to
produce sufficient synchrotron signal to fit the WMAP
data.
The model parameters can be determined from Eq. 12

and Eq. 14. We assume dN/dE cuts off at around mχ/2
this time. Again, this cutoff is rather sensitive to the
high-energy part of the spectrum, which has large error
bars, but values of ! 2 TeV are expected given the data.
By definition, dN/dE satisfies

∫

E
dN

dE
dE = mχ/2. (20)

Again, we integrate the local injection multiplied by en-
ergy, giving

∫

E Q1(E, "x0) dE = τ−1
χ

ρ0
2

fE(e+e−)

2
. (21)

This allows us to determine the dark matter lifetime over
the energy fraction. However, note that in many cases,
dN/dE does not cut off in the energy ranges we consider
and the spectrum is essentially unconstrained at higher
energies. Then we only obtain bounds on the mass and
lifetime.
The best fit is shown in Fig. 8. There is no clear mass

cutoff in the best-fit spectrum, so the mass of the particle
can be from ∼ 4 TeV to greater than 16 TeV.
Because in the decaying scenario the injected power is

proportional to ρχ and not ρ2χ, generally it is harder to
generate enough synchrotron and IC signal. Both of these
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FIG. 7. Best fit for the annihilating dark matter scenario, with χ2
red ≈ .44. The spatial profile of the dark matter is Einasto

with α = 0.22. Black dashed lines are the background prediction for a model with γe = 2.5 and Br = 8.5 kpc. Red dashed
lines give the contribution of the new source injection, and solid red lines are the total. The gray shaded region is the error
estimate on the best-fit injection spectrum.

B. Decaying Dark Matter Results

For the decaying dark matter case, we assume the same
range of dark matter density profiles as in the annihilat-
ing case. Again, in practice we will be limited to the case
where α = 0.12. This time a steeper profile is required to
produce sufficient synchrotron signal to fit the WMAP
data.
The model parameters can be determined from Eq. 12

and Eq. 14. We assume dN/dE cuts off at around mχ/2
this time. Again, this cutoff is rather sensitive to the
high-energy part of the spectrum, which has large error
bars, but values of ! 2 TeV are expected given the data.
By definition, dN/dE satisfies

∫

E
dN

dE
dE = mχ/2. (20)

Again, we integrate the local injection multiplied by en-
ergy, giving

∫

E Q1(E, "x0) dE = τ−1
χ

ρ0
2

fE(e+e−)

2
. (21)

This allows us to determine the dark matter lifetime over
the energy fraction. However, note that in many cases,
dN/dE does not cut off in the energy ranges we consider
and the spectrum is essentially unconstrained at higher
energies. Then we only obtain bounds on the mass and
lifetime.
The best fit is shown in Fig. 8. There is no clear mass

cutoff in the best-fit spectrum, so the mass of the particle
can be from ∼ 4 TeV to greater than 16 TeV.
Because in the decaying scenario the injected power is

proportional to ρχ and not ρ2χ, generally it is harder to
generate enough synchrotron and IC signal. Both of these
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Figure 1. The map of significance of residuals for the region around the
Galactic Center.

backgrounds correspondingly. The number of free parameters
for the diffuse background model is 2 (the norms for each of the
backgrounds). The total number of free parameters in our model
is thus 48.

This model is similar to the one described in
Chernyakova et al. (2010).

2.2 Analysis

The data analysis was performed using the LAT Science Tools
package with the P6 V3 post-launch instrument response func-
tion (Rando et al. 2009).

We find the best-fit values of all parameters of the model
of Section 2.1 (using gtlike likelihood fitting tool) and deter-
mine resulting log-likelihood (Mattox et al. 1996) of the model.
Best fit values for the obtained fluxes agree within statistical
uncertainties with fluxes reported in Fermi Catalog (Abdo et al.
2010a) and in Chernyakova et al. (2010) (e.g. for the central
source we obtained the flux 5.68 × 10−8 cts/cm2/s while the
catalog gives (5.77 ± 0.3) × 10−8 cts/cm2/s).

We then freeze the values of the free parameters of our
model and simulate spatial distribution of photons at energies
above 1 GeV (using gtmodel tool). The significance of resid-
uals, (Observation - Model)/ statistical error, is shown in Fig 1.
We see the absence of structures in the central 2◦ region. The
average value of residuals is about 10% in the 2◦ region around
the GC, compatible with estimated systematic errors (10-20%)
of Fermi LAT at 1 GeV.3

Thus we see that the adopted model (point sources plus
galactic and extragalactic diffuse components) explains the
emission from the GC region and no additional components is
required.

3 DISCUSSION

We conclude that the signal within central 1◦−2◦, contain-
ing the “excess” found by Hooper & Goodenough 2010 (HG10
hereafter), can be well described by our model : (point sources
plus Galactic and extragalactic diffuse background compo-
nents). The discrepancy is then due to a different interpretation
of the data.

3 See e.g. http://fermi.gsfc.nasa.gov/ssc/data/
analysis/LAT_caveats.html
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Figure 2. Spectrum of the point source at the GC reported in
Chernyakova et al. (2010) (green points) together with the HG10 total
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source flux from HG10 (red open circles). Continuation of the HESS
data (van Eldik et al. 2008; Aharonian et al. 2004) (blue points) data
with a power law is shown with dashed black line.

The spectrum of the central point source (1FGL J1745.6-
2900c, probably associated with the Galactic black hole Sgr
A∗) was taken in HG10 to be a featureless power-law start-
ing from energies about 10 TeV (results of HESS measure-
ments, blue points with error bars in Fig. 2, (Aharonian et al.
2004; van Eldik et al. 2008)) and continuing all the way down
to ∼ 1 GeV. The flux attributed in this way to the central
point source is significantly weaker than in the previous works.
For comparison, the (PSF corrected) spectrum of the GC point
source reported in Chernyakova et al. (2010) is shown in Fig. 2
in green points. Its spectral characteristics are fully consistent
with the results of 11-months Fermi catalog Abdo et al. (2010a)
(∼ 6 × 10−8 cts/cm2/s above 1 GeV, compared to the ∼

5×10−9 cts/cm2/s at the same energies in HG10). The change
of the slope of the source spectrum below ∼ 100 GeV, as com-
pared with the HESS data is explained by Chernyakova et al.
(2010) with the model of energy dependent diffusion of pro-
tons in the few central parsecs around the GC. Alternatively,
the spectrum can be explained with the model developed in
Aharonian & Neronov (2005). The low-energy (GeV) compo-
nent of the spectra in this model is explained by synchrotron
emission from accelerated electrons, while high-energy (TeV)
one by inverse Compton radiation of the same particles. Accord-
ing to the analysis of Abdo et al. (2010a); Chernyakova et al.
(2010) the central point source provides significant contribution
to the flux in the 1.25◦ central region. HG10 suggest, apparently,
a different interpretation. They assume that there is no signifi-
cant change in the spectrum of the central source at∼ 100 GeV
and the spectrum observed by HESS at high energies continues
to lower energies. Then, large fraction of the flux between the
energies ∼ 600 MeV and ∼ 6 GeV has to be attributed to the
“DM excess”. One of the reasons in favor of such an interpreta-
tion could be the feature in the total spectrum from the central
region (rise between∼ 600MeV and several GeV) discussed in
HG10. Such a feature would also be consistent with a possible
contribution from millisecond pulsars (Abazajian 2010), that is
also expected to have a maximum at ∼ 2− 3 GeV.

To illustrate the nature of the spectral shape at these ener-
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FIG. 7: Examples illustrating how dark matter annihilations and astrophysical sources could combine to make up the observed

residual emission surrounding the Galactic Center. In the upper left frame, we show results for a 10 GeV dark matter particle

with an annihilation cross section of σv = 7 × 10
−27

cm
3
/s and which annihilates only to leptons (e+e−, µ+µ−

and τ+τ−
,

1/3 of the time to each). In the upper right frame, we show the same case, but with 10% of the annihilations proceeding to

bb̄. In the lower frame, we show results for a 30 GeV dark matter particle annihilating to bb̄ with an annihilation cross section

of σv = 6 × 10
−27

cm
3
/s. In each case, the annihilation rate is normalized to a halo profile with γ = 1.3. The point source

spectrum is taken as the broken power-law shown in Fig. 4, and the Galactic Ridge emission has been extrapolated from the

higher energy spectrum reported by HESS [12], assuming a pion decay origin and a power-law proton spectrum. See text for

details.

these uncertainties in mind, one should consider all an-
nihilation cross sections shown in Fig. 6 and elsewhere in
this paper to be accurate only to within a factor of a few.

Of course, it is also expected that astrophysical sources
will contribute to the Galactic Center’s gamma ray spec-
trum between 300 MeV and 10 GeV. In Fig. 7, we show
three examples in which emission from a central point
source (as shown in Fig. 4), along with emission from the
Galactic Ridge (as extrapolated from the higher energy
HESS emission, assuming a spectral shape that results
from a power-law spectrum of protons) combine with a
contribution from dark matter to generate the observed
residual emission. Note that the lowest energy emission
is largely generated by the central point source (as sug-
gested by the observed morphology) while the highest
energy bin is dominated by emission from the Galactic
Ridge. Only the 300 MeV-10 GeV range is dominated by
dark matter annihilation products.

C. Millisecond Pulsars

A population of gamma ray point sources surround-
ing the Galactic Center could also potentially contribute
to the observed residual emission. Millisecond pulsars,
which are observed to produce spectra that fall off rapidly
above a few GeV, represent such a possibility [5, 17].

Observations of resolved millisecond pulsars by FGST
have found an average spectrum well described by
dNγ/dEγ ∝ E−1.5

γ exp(−Eγ/2.8GeV) [33]. Similarly, the
46 gamma ray pulsars (millisecond and otherwise) in the
FGST’s first pulsar catalog have a distribution of spec-
tral indices which peaks strongly at Γ =1.38, with 44
out of 46 of the observed pulsars possessing (central val-
ues of their) spectral indices greater than 1.0 [34] (see
Fig. 8). In contrast, to produce a sizable fraction of the
spatially extended residual emission between 300 MeV
and 10 GeV without exceeding the emission observed be-
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Figure 7: Best fit annihilating DM models (with Einasto density profile) for the isotropic diffuse
gamma-ray background (upper left panel). The solid and dashed lines represent the models without
and with the Galactic substructure, respectively. For the case with substructure we have assumed
ρeffsub = 10 × ρ⊙. The averaged spectra of the same models in several Galactic regions are also
shown: b > 60 (upper right panel), 20 < b < 60 (lower left panel), 10 < b < 20 (lower right panel).
NOTE: The fit is performed only for the isotropic diffuse component (upper left panel). For the
other regions the minimal requirement for acceptability is that models should not exceed the data
points.

are many possible sources like AGNs, emission from starburst galaxies, gamma-rays from

structure formation shocks etc that might contribute to the isotropic diffuse gamma-ray

background, it is not completely unrealistic that a large portion of this signal might be due

to DM. Under that brave assumption we have carried out a fitting procedure using both

annihilating and decaying DM models.

As expected, there are indeed regions in the parameter space which provide acceptable

fits. By looking at Fig. 1 it is clear that in order to obtain an acceptable fit for the an-

nihilating DM one has to keep the extragalactic component as small as possible, which is
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FIG. 7. Best fit for the annihilating dark matter scenario, with χ2
red ≈ .44. The spatial profile of the dark matter is Einasto

with α = 0.22. Black dashed lines are the background prediction for a model with γe = 2.5 and Br = 8.5 kpc. Red dashed
lines give the contribution of the new source injection, and solid red lines are the total. The gray shaded region is the error
estimate on the best-fit injection spectrum.

B. Decaying Dark Matter Results

For the decaying dark matter case, we assume the same
range of dark matter density profiles as in the annihilat-
ing case. Again, in practice we will be limited to the case
where α = 0.12. This time a steeper profile is required to
produce sufficient synchrotron signal to fit the WMAP
data.
The model parameters can be determined from Eq. 12

and Eq. 14. We assume dN/dE cuts off at around mχ/2
this time. Again, this cutoff is rather sensitive to the
high-energy part of the spectrum, which has large error
bars, but values of ! 2 TeV are expected given the data.
By definition, dN/dE satisfies

∫

E
dN

dE
dE = mχ/2. (20)

Again, we integrate the local injection multiplied by en-
ergy, giving

∫

E Q1(E, "x0) dE = τ−1
χ

ρ0
2

fE(e+e−)

2
. (21)

This allows us to determine the dark matter lifetime over
the energy fraction. However, note that in many cases,
dN/dE does not cut off in the energy ranges we consider
and the spectrum is essentially unconstrained at higher
energies. Then we only obtain bounds on the mass and
lifetime.
The best fit is shown in Fig. 8. There is no clear mass

cutoff in the best-fit spectrum, so the mass of the particle
can be from ∼ 4 TeV to greater than 16 TeV.
Because in the decaying scenario the injected power is

proportional to ρχ and not ρ2χ, generally it is harder to
generate enough synchrotron and IC signal. Both of these
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FIG. 7. Best fit for the annihilating dark matter scenario, with χ2
red ≈ .44. The spatial profile of the dark matter is Einasto

with α = 0.22. Black dashed lines are the background prediction for a model with γe = 2.5 and Br = 8.5 kpc. Red dashed
lines give the contribution of the new source injection, and solid red lines are the total. The gray shaded region is the error
estimate on the best-fit injection spectrum.

B. Decaying Dark Matter Results

For the decaying dark matter case, we assume the same
range of dark matter density profiles as in the annihilat-
ing case. Again, in practice we will be limited to the case
where α = 0.12. This time a steeper profile is required to
produce sufficient synchrotron signal to fit the WMAP
data.
The model parameters can be determined from Eq. 12

and Eq. 14. We assume dN/dE cuts off at around mχ/2
this time. Again, this cutoff is rather sensitive to the
high-energy part of the spectrum, which has large error
bars, but values of ! 2 TeV are expected given the data.
By definition, dN/dE satisfies

∫

E
dN

dE
dE = mχ/2. (20)

Again, we integrate the local injection multiplied by en-
ergy, giving

∫

E Q1(E, "x0) dE = τ−1
χ

ρ0
2

fE(e+e−)

2
. (21)

This allows us to determine the dark matter lifetime over
the energy fraction. However, note that in many cases,
dN/dE does not cut off in the energy ranges we consider
and the spectrum is essentially unconstrained at higher
energies. Then we only obtain bounds on the mass and
lifetime.
The best fit is shown in Fig. 8. There is no clear mass

cutoff in the best-fit spectrum, so the mass of the particle
can be from ∼ 4 TeV to greater than 16 TeV.
Because in the decaying scenario the injected power is

proportional to ρχ and not ρ2χ, generally it is harder to
generate enough synchrotron and IC signal. Both of these
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FIG. 7. Best fit for the annihilating dark matter scenario, with χ2
red ≈ .44. The spatial profile of the dark matter is Einasto

with α = 0.22. Black dashed lines are the background prediction for a model with γe = 2.5 and Br = 8.5 kpc. Red dashed
lines give the contribution of the new source injection, and solid red lines are the total. The gray shaded region is the error
estimate on the best-fit injection spectrum.

B. Decaying Dark Matter Results

For the decaying dark matter case, we assume the same
range of dark matter density profiles as in the annihilat-
ing case. Again, in practice we will be limited to the case
where α = 0.12. This time a steeper profile is required to
produce sufficient synchrotron signal to fit the WMAP
data.
The model parameters can be determined from Eq. 12

and Eq. 14. We assume dN/dE cuts off at around mχ/2
this time. Again, this cutoff is rather sensitive to the
high-energy part of the spectrum, which has large error
bars, but values of ! 2 TeV are expected given the data.
By definition, dN/dE satisfies

∫

E
dN

dE
dE = mχ/2. (20)

Again, we integrate the local injection multiplied by en-
ergy, giving

∫

E Q1(E, "x0) dE = τ−1
χ

ρ0
2

fE(e+e−)

2
. (21)

This allows us to determine the dark matter lifetime over
the energy fraction. However, note that in many cases,
dN/dE does not cut off in the energy ranges we consider
and the spectrum is essentially unconstrained at higher
energies. Then we only obtain bounds on the mass and
lifetime.
The best fit is shown in Fig. 8. There is no clear mass

cutoff in the best-fit spectrum, so the mass of the particle
can be from ∼ 4 TeV to greater than 16 TeV.
Because in the decaying scenario the injected power is

proportional to ρχ and not ρ2χ, generally it is harder to
generate enough synchrotron and IC signal. Both of these

Li
n,

 F
in

kb
ei

ne
r, 

D
ob

le
r 

10
04

.0
98

9

H
ut

si
, H

ek
to

r, 
R

ai
da

l 1
00

4.
20

36

−15◦ < � < 15◦
10◦ < b < 30◦

What if a signal of DM is  already  hidden 
in Fermi diffuse     data?γ

Mmm.... A good fit requires [1] careful bkgd subtraction &
[2] fitting energy spectra + angular spectra + associated signals.

A
ba

za
jia

n 
10

11
.4

27
5

Gamma hints?

2 A. Boyarsky, D. Malyshev, O. Ruchayskiy

Figure 1. The map of significance of residuals for the region around the
Galactic Center.

backgrounds correspondingly. The number of free parameters
for the diffuse background model is 2 (the norms for each of the
backgrounds). The total number of free parameters in our model
is thus 48.

This model is similar to the one described in
Chernyakova et al. (2010).

2.2 Analysis

The data analysis was performed using the LAT Science Tools
package with the P6 V3 post-launch instrument response func-
tion (Rando et al. 2009).

We find the best-fit values of all parameters of the model
of Section 2.1 (using gtlike likelihood fitting tool) and deter-
mine resulting log-likelihood (Mattox et al. 1996) of the model.
Best fit values for the obtained fluxes agree within statistical
uncertainties with fluxes reported in Fermi Catalog (Abdo et al.
2010a) and in Chernyakova et al. (2010) (e.g. for the central
source we obtained the flux 5.68 × 10−8 cts/cm2/s while the
catalog gives (5.77 ± 0.3) × 10−8 cts/cm2/s).

We then freeze the values of the free parameters of our
model and simulate spatial distribution of photons at energies
above 1 GeV (using gtmodel tool). The significance of resid-
uals, (Observation - Model)/ statistical error, is shown in Fig 1.
We see the absence of structures in the central 2◦ region. The
average value of residuals is about 10% in the 2◦ region around
the GC, compatible with estimated systematic errors (10-20%)
of Fermi LAT at 1 GeV.3

Thus we see that the adopted model (point sources plus
galactic and extragalactic diffuse components) explains the
emission from the GC region and no additional components is
required.

3 DISCUSSION

We conclude that the signal within central 1◦−2◦, contain-
ing the “excess” found by Hooper & Goodenough 2010 (HG10
hereafter), can be well described by our model : (point sources
plus Galactic and extragalactic diffuse background compo-
nents). The discrepancy is then due to a different interpretation
of the data.

3 See e.g. http://fermi.gsfc.nasa.gov/ssc/data/
analysis/LAT_caveats.html
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The spectrum of the central point source (1FGL J1745.6-
2900c, probably associated with the Galactic black hole Sgr
A∗) was taken in HG10 to be a featureless power-law start-
ing from energies about 10 TeV (results of HESS measure-
ments, blue points with error bars in Fig. 2, (Aharonian et al.
2004; van Eldik et al. 2008)) and continuing all the way down
to ∼ 1 GeV. The flux attributed in this way to the central
point source is significantly weaker than in the previous works.
For comparison, the (PSF corrected) spectrum of the GC point
source reported in Chernyakova et al. (2010) is shown in Fig. 2
in green points. Its spectral characteristics are fully consistent
with the results of 11-months Fermi catalog Abdo et al. (2010a)
(∼ 6 × 10−8 cts/cm2/s above 1 GeV, compared to the ∼

5×10−9 cts/cm2/s at the same energies in HG10). The change
of the slope of the source spectrum below ∼ 100 GeV, as com-
pared with the HESS data is explained by Chernyakova et al.
(2010) with the model of energy dependent diffusion of pro-
tons in the few central parsecs around the GC. Alternatively,
the spectrum can be explained with the model developed in
Aharonian & Neronov (2005). The low-energy (GeV) compo-
nent of the spectra in this model is explained by synchrotron
emission from accelerated electrons, while high-energy (TeV)
one by inverse Compton radiation of the same particles. Accord-
ing to the analysis of Abdo et al. (2010a); Chernyakova et al.
(2010) the central point source provides significant contribution
to the flux in the 1.25◦ central region. HG10 suggest, apparently,
a different interpretation. They assume that there is no signifi-
cant change in the spectrum of the central source at∼ 100 GeV
and the spectrum observed by HESS at high energies continues
to lower energies. Then, large fraction of the flux between the
energies ∼ 600 MeV and ∼ 6 GeV has to be attributed to the
“DM excess”. One of the reasons in favor of such an interpreta-
tion could be the feature in the total spectrum from the central
region (rise between∼ 600MeV and several GeV) discussed in
HG10. Such a feature would also be consistent with a possible
contribution from millisecond pulsars (Abazajian 2010), that is
also expected to have a maximum at ∼ 2− 3 GeV.

To illustrate the nature of the spectral shape at these ener-
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FIG. 7: Examples illustrating how dark matter annihilations and astrophysical sources could combine to make up the observed

residual emission surrounding the Galactic Center. In the upper left frame, we show results for a 10 GeV dark matter particle

with an annihilation cross section of σv = 7 × 10
−27

cm
3
/s and which annihilates only to leptons (e+e−, µ+µ−

and τ+τ−
,

1/3 of the time to each). In the upper right frame, we show the same case, but with 10% of the annihilations proceeding to

bb̄. In the lower frame, we show results for a 30 GeV dark matter particle annihilating to bb̄ with an annihilation cross section

of σv = 6 × 10
−27

cm
3
/s. In each case, the annihilation rate is normalized to a halo profile with γ = 1.3. The point source

spectrum is taken as the broken power-law shown in Fig. 4, and the Galactic Ridge emission has been extrapolated from the

higher energy spectrum reported by HESS [12], assuming a pion decay origin and a power-law proton spectrum. See text for

details.

these uncertainties in mind, one should consider all an-
nihilation cross sections shown in Fig. 6 and elsewhere in
this paper to be accurate only to within a factor of a few.

Of course, it is also expected that astrophysical sources
will contribute to the Galactic Center’s gamma ray spec-
trum between 300 MeV and 10 GeV. In Fig. 7, we show
three examples in which emission from a central point
source (as shown in Fig. 4), along with emission from the
Galactic Ridge (as extrapolated from the higher energy
HESS emission, assuming a spectral shape that results
from a power-law spectrum of protons) combine with a
contribution from dark matter to generate the observed
residual emission. Note that the lowest energy emission
is largely generated by the central point source (as sug-
gested by the observed morphology) while the highest
energy bin is dominated by emission from the Galactic
Ridge. Only the 300 MeV-10 GeV range is dominated by
dark matter annihilation products.

C. Millisecond Pulsars

A population of gamma ray point sources surround-
ing the Galactic Center could also potentially contribute
to the observed residual emission. Millisecond pulsars,
which are observed to produce spectra that fall off rapidly
above a few GeV, represent such a possibility [5, 17].

Observations of resolved millisecond pulsars by FGST
have found an average spectrum well described by
dNγ/dEγ ∝ E−1.5

γ exp(−Eγ/2.8GeV) [33]. Similarly, the
46 gamma ray pulsars (millisecond and otherwise) in the
FGST’s first pulsar catalog have a distribution of spec-
tral indices which peaks strongly at Γ =1.38, with 44
out of 46 of the observed pulsars possessing (central val-
ues of their) spectral indices greater than 1.0 [34] (see
Fig. 8). In contrast, to produce a sizable fraction of the
spatially extended residual emission between 300 MeV
and 10 GeV without exceeding the emission observed be-
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spherical dwarfes [21, 22] (blue dashed), FERMI observations in the ‘10
◦ ÷ 20
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’ region and of

observations of the Galactic Center at radio-frequencies ν = 408GHz [44] (dashed red lines)

and at ν ∼ 10
14
Hz by VLT [45] (upper purple lines, when present, for equipartition and constant

magnetic field). See discussion in the text for remarks regarding the validity of the constraints.

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)

DM density profiles in the Milky Way.
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Figure 9: 90% CL limits on the �σAv� versus neutralino mass from the 22– and

40–string IceCube configurations. The 40–string detector limits (thin lines)

correspond to the Galactic Center analysis, while the 22-string detector limits

(thick lines) correspond to the Galactic Halo analysis. The thickness of the halo

analysis results represents the uncertainty due to the choice of the halo model.

Central values (dot-dashed lines) are obtained with the NFW halo profile.

suming the τ+τ− annihilation channel. This is one of the chan-

nels that produce a hard neutrino spectrum from the decay of

the τ, and therefore a channel where high energy neutrino tele-

scopes are competitive. The IceCube limits are overlayed with

the best-fit region in the same phase space obtained from the

Fermi and Pamela measurements in [37], and it can be seen

that both the IceCube Galactic Halo and Galactic Center anal-

yses reach the level of the best fit to Fermi and Pamela data.

Specifically, the Galactic Center analysis disfavours values of

�σAv� above about 10
−22

cm
3
s
−1

, which precisely covers the

90% CL contour of the fit to the satellite data.

5. Conclusions

IceCube has an active program of searches for dark mat-

ter, both from candidates accumulated in the Sun as well as

in the Galactic Halo or center. We have tested the data from

the 22-string and 40-string configurations of IceCube for an ex-

cess neutrino flux from these objects and interpret the results

in terms of several dark matter candidates. With the 40-string

detector we have been able to search the Galactic Center for

the first time . The size of the detector allows to use a frac-

tion of the instrumented volume as veto region, which enables

the identification of starting tracks and an efficient reduction of

the atmospheric muon background. This technique will be used

in its full potential with the complete 86-string detector in the

future. The low-energy extension DeepCore which has been al-

ready deployed in the center of the IceCube array will allow to

significantly lower the energy threshold of IceCube and extend
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Figure 10: The IceCube 90%CL limits on �σAv� assuming annihilation into

τ+τ−, compared with the best fit region for the same model, using data from

the Pamela and Fermi satellites (figure adapted from [37]). The Einasto halo

profile has been used in the derivation of results shown.

the dark matter searches in a competitive way to the interesting

region of candidate masses below 100 GeV.
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where we defined !! as the mean density of the smooth halo
component. To determine the impact of a boosted neutrino
flux on the expected neutrino signal in the on- and off-
source regions we use the signal enhancement resulting
from substructure in the halo following the simplest model
of reference [54], as shown in Fig. 11.

We investigate the scaling of the limit due to a boost
factor and adopted size of the Galactic dark matter halo,
RMW, which sets the upper integration limit in the dark
matter density line of sight integral given by Eq. (3). The
ratio between the limit for the default value (smooth halo,

and RMW ¼ 40 kpc) and the modified halo model is shown
in Fig. 12. An increase in the halo size RMW from 40 kpc to
100 kpc has no impact. Boosting the flux due to substruc-
ture results in a better limit and therefore assuming no
substructure yields a more conservative result.
Another possible contribution to the neutrino flux from

dark matter self-annihilations originates outside our
Galaxy. This extragalactic flux[17] is expected to be iso-
tropic and, hence, contributes equally to the on- and off-
source regions. That is, any such additional flux would
equally contribute to the number of events observed in
the on- and off-source regions and hence make a flux limit
based on the difference more conservative. Note also that
the contribution from the extragalactic component is much
smaller than the flux from within our Galaxy [33].

VII. COMPARISON TO
PHENOMENOLOGICAL MODELS

There has been considerable debate about the nature of
lepton signals observed by several instruments: a peak in
the electron spectrum observed by ATIC [9], a GeV posi-
tron excess seen by PAMELA [6], and electron spectra
measured by Fermi [7] and H.E.S.S. [8]. Observations
could be interpreted as originating from dark matter self-
annihilations, which would then be indicative of leptophilic
dark matter candidates [14,15]. Alternatively, observations
could also be explained through nearby astrophysical
sources such as pulsars [11] or supernova remnants [12,13].
Since electrons lose significant energy during propaga-

tion, signals must originate within a distance of about 1 kpc
from the Sun. While electron signals could only probe
the local dark matter density, the presented large-scale
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- local DM density
- DM profile
- beware of extrapolations!
- effect of baryons in DM halos
- (velocity distribution)
- (escape velocity)

- diffusion
- energy losses
- solar modulation

Uncertainties, uncertainties...
CR propagation e+
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γ
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DM distribution 
in the Galaxy

Particle Physics 
uncertainty

- Pythia at many TeV
- higher order corrections
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Figure 2: Differential antideuteron flux from four different WIMP models, as a function of the antideuterons’

kinetic energy per nucleon. The solid black line corresponds to a WIMP with mass 100 GeV annihilating with

BR=1 into a bb̄ pair, the red dotted line to a 1000 GeV WIMP annihilating with BR=1 into W+W− pairs,

the green dot-dashed line to a 500 GeV B(1) (the Kaluza-Klein first excitation of the hypercharge gauge boson),

LKP in the UED scenario, while the blue dashed line to a LZP particle pair annihilating dominantly through the

Z s-channel resonance, with a mass of 40 GeV. The shaded regions correspond to the sensitivities of various

existing and proposed experiments featuring antideuteron searches.

abundance [1], according to the qualitative relation [2]

〈σv〉0 ≈
3 × 10−27 cm3 s−1

Ωχh2
. (11)

The first two models feature a single final state, respectively bb̄ and W+W−, and two different masses,

respectively mχ = 100 GeV and mχ = 1000 GeV. The choice of the masses is rather arbitrary, but it

has been repeatedly shown that, for instance, supersymmetric models with a neutralino LSP mainly

annihilating into gauge bosons pairs (such as wino- or higgsino-like neutralinos) typically feature

a mass in the TeV range. On the other hand, the bb̄ final state is often found to be the dominant

annihilation channel [59] for low mass neutralinos (especially at large tan β), for instance in the minimal

supergravity model [60]. The third model we consider is the B(1) LKP of UED models [44, 45]. The

branching ratios for this model have been computed in Ref. [45], and the dominant final state channels

responsible for antiproton (and thus Ds) production are up-type quarks (see also the recent analysis

of the anitproton yields for this model in Ref. [61]). We picked a representative mass of 500 GeV,
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production at colliders

direct detection

indirect

 from annihil in galactic center or halo
 and from synchrotron emission

from annihil in galactic halo or center

γ

from annihil in galactic halo or center

e
+

p̄

ν, ν̄ from annihil in galactic center

D̄ from annihil in galactic halo or center

Fermi, HESS, radio telescopes

PAMELA, ATIC, Fermi

bonus track: cosmology

Indirect Detection: constraints

[jump to conclusions][jump to theory]



Cosmology: 
bounds from reionization

DM particle
annihilations
produce
free electrons

H

ICS 

γ

hydrogen and helium gas is assumed to be ionized below redshift 6, and helium is also doubly
ionized below redshift z = 3. Recalling that helium constitutes about 24% in mass [39] of the
baryonic content of the universe (so that the number of helium atoms nHe = 0.06 nb, while for
hydrogen nH = 0.76 nb), one can simply express τ in terms of the number density of atoms
today nA = (0.76 + 0.06) nb = 0.82 ρcΩb/mp � 1.92 · 10−7cm−3 as

τ = nA σT
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δτ

(5)
In the above relations, nb and Ωb represent the number density and energy fraction of baryons
today (mp being the proton mass) and the factors of (1+z)3 rescale the densities to any redshift.

δτ denotes the amount of early optical depth caused by the unknown fraction xion(z) of
(singly) ionized atoms above redshift 6. Such reionized fraction obeys the differential equation

nA(1 + z)3
dxion(z)

dt
= I(z)−R(z), (6)

or, equivalently, in terms of redshift

−nAH0

�
ΩM(1 + z)11/2

dxion(z)

dz
= I(z)−R(z). (7)

On the right hand side are the rate of ionization per volume I(z), that tends to increase xion,
and the rate per volume R(z) = RH(z) + RHe(z) with which hydrogen and helium atoms of the
IGM tend to recombine even while reionization is proceeding. These recombination rates are
explicitly given by the following expressions. For hydrogen

RH(z) = κH nH ne− = κH

0.76

0.82

�
nA(1 + z)3

xion(z)
�2

(8)

where κH � 3.75 · 10−13
�
Tigm(z)/eV

�0.724
cm3

/sec is an effective coefficient determined by fits to
experimental data [40]. Tigm(z) is the temperature of the IGM, also affected by DM annihila-
tions, that we will discuss below. Similarly, for helium

RHe(z) = κHe

0.06

0.82

�
nA(1 + z)3

xion(z)
�2

(9)

with κHe � 3.925 · 10−13
�
Tigm(z)/eV

�0.635
cm3

/sec [40].
The rate of ionizations per volume produced by DM annihilations at any given redshift z is

given by

I(z) =

� mχ

ei

dEγ
dn

dEγ
(z) · P (Eγ, z) · Nion(Eγ) (10)

where dn
dEγ

(z) is the spectral number density of DM-produced photons that are present at
redshift z, which we will discuss extensively below, and one has to integrate over all photon
energies Eγ from the H ionization energy ei (or the He one, we here for simplicity do not
distinguish the two) up to the maximum energy mχ. P (Eγ, z) is the probability of primary
ionizations per second, given by

P (Eγ, z) = nA(1 + z)3 [1− xion(z)] · σtot(Eγ), (11)
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since the first terms represent the number of target atoms that can be ionized and σtot is total

cross section for all the interactions suffered by the DM-sourced photon and that result in the

production of free electrons. It contains several contributions (we follow e.g. the discussion

in [37]): the cross section for atomic photo-ionization γA→ e−A+
[41] (dominant up to about

1 MeV), the Klein-Nishina cross section for Compton scattering γe− → γe− [42] (dominant to

about 1 GeV) and the cross section for pair production on matter γA→ e±A�
[41] (important at

energies larger than 1 GeV). At higher energies, another processes that produces free electrons

becomes important: pair production on CMB photons γ γCMB → e+e−. At redshift z � few

hundred in which we are interested, its threshold is however above 10 TeV. We do not include

the scatterings γ γCMB → γ γ, as they do not result in free electrons but just redistribute the

photon energies.

Nion(Eγ) is the number of final ionizations that the primary-ionization electron generated

by a single photon of energy Eγ produces. It is simply given by

Nion(Eγ) = ηion(xion(z)) Eγ

�
nH

nA

1

ei,H
+

nHe

nA

1

ei,He

�
= ηion(xion(z))

Eγ

GeV
µ (12)

in terms of the ionization potential energies of hydrogen ei,H = 13.7 eV and helium ei,He =

24.6 eV and their respective number abundances in the IGM. Here µ = 2.35 · 10
7

GeV
−1

corresponds to the number of ionizations that an electron of 1 GeV would end up causing if

it were to release all of its energy in reionizations. The factor ηion takes into account the fact

that only a portion of that energy actually goes into ionizations, the rest causing only heating

and atomic excitations. Such fraction depends in turn on xion(z) itself, as determined by the

detailed studies in [43, 44]:

ηion

�
xion(z)

�
=

1− xion(z)

3
. (13)

The spectral number density of DM-produced photons
dn

dEγ
(z) present at redshift z is ob-

tained by integrating the fluxes of photons produced at all previous redshifts (z�) taking into

account, with an absorption factor, the fact that some of them have already deposited their

energies at previous redshifts. In formulæ

dn

dEγ
(z) =

� z

∞
dz�

dt

dz�
dN

dE �
γ

(z�)
(1 + z)

3

(1 + z�)3
· A(z�) · exp

�
Υ(z, z�, E �

γ)
�
. (14)

Here
dN
dE�

γ
(z�) is the spectrum of photons produced at z� by one single annihilation. The factors

of (1 + z)
3/(1 + z�)3

rescale the number densities taking into account the expansion of the

Universe. The absorption coefficient Υ reads

Υ(z, z�, E �
γ) � −

� z

z�
dz��

dt

dz��
nA(1 + z��)3σtot(E

��
γ ) (15)

where here E ��
γ = E �

γ(1+z��)/(1+z�). A(z�) represents the rate of DM annihilations per volume.

It encodes therefore the information about the density of annihilating DM particles and in

particular the halo formation history, that we discuss in the next subsection.

As we already anticipated, beside producing ionization, DM annihilations have also the

effect of heating the gas. The other important quantity that we need to compute, therefore, is

Tigm(z) (that also enters in the recombination rates discussed above). It obeys the differential
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Universe. The absorption coefficient Υ reads

Υ(z, z�, E �
γ) � −

� z

z�
dz��

dt

dz��
nA(1 + z��)3σtot(E

��
γ ) (15)

where here E ��
γ = E �

γ(1+z��)/(1+z�). A(z�) represents the rate of DM annihilations per volume.

It encodes therefore the information about the density of annihilating DM particles and in

particular the halo formation history, that we discuss in the next subsection.

As we already anticipated, beside producing ionization, DM annihilations have also the

effect of heating the gas. The other important quantity that we need to compute, therefore, is

Tigm(z) (that also enters in the recombination rates discussed above). It obeys the differential

6

equation [12]

dTigm(z)

dz
=

2 Tigm(z)

1 + z

− 1

H0

√
ΩM (1 + z)5/2

�
xion(z)

1 + xion(z) + 0.073

TCMB(z)− Tigm(z)

tc(z)
+

2 ηheat(xion(z)) E(z)

3 nA(1 + z)3

�
.

(16)

The first term just corresponds to the usual adiabatic cooling of the gas during the expansion

of the Universe. It would lead to Tigm(z) ∝ (1 + z)2.

The second term accounts for the coupling between the IG gas and the CMB photons, that

have a (redshift-dependent) temperature TCMB. When the gas is hotter than the surrounding

CMB, some of its energy is transferred to the photons and therefore the gas ‘Compton-cools’

down. On the contrary, if the gas is colder than the CMB, it is warmed up. The expression

for the term in eq. (16) is obtained by writing the rate of change between the free electrons of

the gas and the CMB photons as [45] dEe↔γ/dt = 4σT U kB ne(1 + z)3 (TCMB − Tigm)/me and

then translating in terms of the rate of change of Tigm of all particles in the gas dEe↔γ →
3/2 kBntot(1 + z)3

dTigm (finally using eq. (4) to pass to redshift) [46]. In these relations

U = ς T
4

CMB
is the energy density in the CMB blackbody bath (with ς the Stefan-Boltzmann

constant [47]) and me is the electron mass. Thus in eq. (16) tc(z) = 3me/(8 σT ς T
4

CMB
(z)). The

various factors of (1 + z)3 rescale the number densities with redshift. ne = xion(z) nA is the

fraction of free electrons while ntot = ne +nH+ +nH +nHe = nA(xion(z)+1+0.073) contains the

number density of all types of relevant particles in the gas, because it is assumed that collisions

keep them at the same temperature (helium is here assumed to remain neutral, for simplicity).

The third term accounts for the heating induced by DM annihilations. As DM injects energy

at a rate E(z), the temperature changes at a rate given by 3/2 kB nA(1 + z)3
dTigm/dt = ηheatE

(then translated into a rate of change with z as usual). Analogously to eq. (13), the factor ηheat

expresses the fact that only a portion of the energy goes into heating. We adopt [43]

ηheat

�
xion(z)

�
= C

�
1− (1− x

a
ion

)
b
�

(17)

with C = 0.9971, a = 0.2663, b = 1.3163. In terms of the quantities introduced above, the

total energy deposited per second per volume by the photons in the intergalactic medium at a

given redshift z reads

E(z) =

� mχ

0

dEγ
dn

dEγ
(z) · nA(1 + z)

3 · σtot(Eγ) · Eγ. (18)

Solving numerically the coupled differential equations (7) and (16) allows to obtain two

expressions for xion(z) (from which the value for δτ in eq.(5)) and Tigm(z), to be compared with

the observational constraints discussed in the Introduction (eqs. (1) and (2)). We integrate the

equations from z = 600 to z = 6.

2.1 Structure Formation theory

The annihilation rate per volume at any given redshift can be thought of as the sum of two parts

A(z) = A
sm(z) + A

struct(z). The former comes from a uniform density field of Dark Matter, to

which we refer as “smooth”, dominant before structure formation at redshifts z �100, and can

be written as

A
sm

(z) =
�σv�
2 m2

χ

ρ2

DM,0 (1 + z)
6
, (19)
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Figure 1: The evolution of the effective DM density ρeff
DM as a function of redshift. Blue,

magenta and orange lines refer to Mmin=10−9M⊙/10−6M⊙/10−3M⊙, respectively (from top to
bottom). The different panels assume different halo profiles.

where Mmin is the mass of the smallest halos that form, on which we will return below. In its
final form the annihilation rate at any given redshift reads

A(z) =
�σv�
2 m2

χ

ρ2
DM,0(1 + z)6 (1 + Bi(z)) , (27)

thus allowing us to define an effective, averaged DM density resulting from structure formation,
ρeff

DM(z) = ρDM,0 (1 + z)3
�

1 + Bi(z) which we plot in figure 1, for different cases. We discuss it
in the following section.

3 Discussion

Armed with the formalism above, we are able to compute the total optical depth and the
final temperature of the IG gas resulting from DM annihilations. We now discuss its practical
implementation.

3.1 Structure formation parameters

A critical quantity for the integration of eq. (26) is the concentration parameter cvir(M, z), which
can be thought of the (normalized) physical radius of a halo of given mass M . It is usually
obtained by the results of numerical simulations, and in particular is found to be inversely
proportional to the redshift z, namely cvir(M, z)=cvir(M, 0)/(1 + z) (Bullock et al. (2001) in
[49]), as the radius of a halo of given mass grows with the redshift as the Universe expands. We
have adopted the cvir(M, 0) best fitting a WMAP3 cosmology [50], from [51] (Eq. 9). The core
radius rs(M) is instead the radius of the core of a halo of given mass M , and its size depends
on the chosen profile. In the table at page 11 we give the adopted values of rs(M) for a Milky
Way sized halo, and the corresponding energy density ρs.

The Dark Matter profiles of the forming halos are assumed to be determined by numerical
simulations. Recent, state-of-the-art computations seem to converge towards the so called
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with mχ being the mass of the DM particle, �σv� the self-annihilation rate, and ρDM,0 is the

“smooth” DM density today ρDM,0 = ΩDMρc, ρc being the critical density of the Universe today.

As DM collapses into gravitationally bound structures, the rise of local density will provide an

increase in the rate of annihilations averaged over large volumes; such additional contribution

from structure formation can be cast in terms of the number of halos of a given mass M to

form at a given redshift z, and on the DM density distribution inside them, namely

Astruct
(z) =

�σv�
2 m2

χ

�
dM

dn

dM
(z,M) (1 + z)

3

�
dr 4πr2 ρ2

i (r,M(z)). (20)

For the halo mass distribution dn/dM we adopt the Press-Schechter formalism [48]

dn

dM
(M, z) =

�
π

2

ρM

M
δc (1 + z)

dσ(R)

dM

1

σ2(R)
exp

�
−δ2

c (1 + z)
2

2σ2(R)

�
(21)

where σ(R) is the variance of the density field inside a radius R and δc = 1.28.

We will consider different cases for the most common halo DM profiles ρi(r), commenting more

about them in Section 3. The integral on the halo density squared in eq. (20) can be recast in

terms of the virial mass of the halo

M(z) =
4

3
πr3

s ∆vir(z) ΩM ρ(z) c3
vir(M, z). (22)

and the DM halo mass MDM(z) obtained by integrating the DM profile up to the cutoff
cvir(M, z) = rvir(M, z)/rs (the concentration parameter)

MDM(z) =

�
ΩDM

ΩM

�
M(z) = 4πr3

s ρs(M(z))

� cvir(M,z)

0

x2 fi(x) dx. (23)

Here rvir is the virial radius. The integration variable is defined as x ≡ r/rs, rs is the core

radius of the given profile, ρs(r,M(z)) = ρi(M(z))/fi(x) and fi(x) is a functional form for the

given type of profile. We discuss our choices for cvir(M, z) and fi(x), and their impact on the

final results in Section 3.

∆vir(z) is the virial overdensity of the Universe due to the DM clustering at any given redshift

(the radius within which the mean energy density in the halo is ∆vir(z) times the smooth density

at the given redshift ρ(z) = ρcΩM(1 + z)
3
), depends only on the given cosmology and for a flat

ΛCDM universe can be written as [64]

∆vir(z) =

�
18π2

+ 82(ΩM(z)− 1)− 39(ΩM(z)− 1)
2

ΩM(z)

�
, (24)

being a smooth function of the redshift. It is approximately 18π2
for large enough redshifts.

By defining the concentration function

Fi(M, z) = cvir(M, z)
3

� cvir(M,z)

0 x2 fi(x)
2 dx

�� cvir(M,z)

0 x2 fi(x) dx
�2 , (25)

we can conveniently recast Astruct
(z) in terms of a “boost” Bi(z) due to the structure formation:

Bi(z) =
∆vir(z)

3 ρcΩM

� ∞

Mmin

dM M
dn

dM
(z,M) Fi(M, z), (26)
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10with mχ being the mass of the DM particle, �σv� the self-annihilation rate, and ρDM,0 is the

“smooth” DM density today ρDM,0 = ΩDMρc, ρc being the critical density of the Universe today.

As DM collapses into gravitationally bound structures, the rise of local density will provide an

increase in the rate of annihilations averaged over large volumes; such additional contribution

from structure formation can be cast in terms of the number of halos of a given mass M to

form at a given redshift z, and on the DM density distribution inside them, namely

Astruct
(z) =

�σv�
2 m2

χ

�
dM

dn

dM
(z,M) (1 + z)

3

�
dr 4πr2 ρ2

i (r,M(z)). (20)

For the halo mass distribution dn/dM we adopt the Press-Schechter formalism [48]

dn

dM
(M, z) =

�
π

2

ρM

M
δc (1 + z)

dσ(R)

dM

1

σ2(R)
exp

�
−δ2

c (1 + z)
2

2σ2(R)

�
(21)

where σ(R) is the variance of the density field inside a radius R and δc = 1.28.

We will consider different cases for the most common halo DM profiles ρi(r), commenting more

about them in Section 3. The integral on the halo density squared in eq. (20) can be recast in

terms of the virial mass of the halo

M(z) =
4

3
πr3

s ∆vir(z) ΩM ρ(z) c3
vir(M, z). (22)

and the DM halo mass MDM(z) obtained by integrating the DM profile up to the cutoff
cvir(M, z) = rvir(M, z)/rs (the concentration parameter)

MDM(z) =

�
ΩDM

ΩM

�
M(z) = 4πr3

s ρs(M(z))

� cvir(M,z)

0

x2 fi(x) dx. (23)

Here rvir is the virial radius. The integration variable is defined as x ≡ r/rs, rs is the core

radius of the given profile, ρs(r,M(z)) = ρi(M(z))/fi(x) and fi(x) is a functional form for the

given type of profile. We discuss our choices for cvir(M, z) and fi(x), and their impact on the

final results in Section 3.

∆vir(z) is the virial overdensity of the Universe due to the DM clustering at any given redshift

(the radius within which the mean energy density in the halo is ∆vir(z) times the smooth density

at the given redshift ρ(z) = ρcΩM(1 + z)
3
), depends only on the given cosmology and for a flat

ΛCDM universe can be written as [64]

∆vir(z) =

�
18π2

+ 82(ΩM(z)− 1)− 39(ΩM(z)− 1)
2

ΩM(z)

�
, (24)

being a smooth function of the redshift. It is approximately 18π2
for large enough redshifts.

By defining the concentration function

Fi(M, z) = cvir(M, z)
3

� cvir(M,z)

0 x2 fi(x)
2 dx

�� cvir(M,z)

0 x2 fi(x) dx
�2 , (25)

we can conveniently recast Astruct
(z) in terms of a “boost” Bi(z) due to the structure formation:

Bi(z) =
∆vir(z)

3 ρcΩM

� ∞

Mmin

dM M
dn

dM
(z,M) Fi(M, z), (26)
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Cosmology: 
bounds from reionization

Figure 2: History of the ionization fraction as a function of redshift. The black solid
line corresponds to the standard recombination history, without dark matter annihilation
effects. Also shown are the cases of dark matter with annihilation cross section 〈σv〉e+e− =
10−24 and 5 × 10−24 cm3s−1 with the dark matter mass mχ=1 TeV.

where ERy = 13.6 eV is the Rydberg energy, mχ and nχ are the mass and number density
of the dark matter particle, nH is the number density of the hydrogen atom.

−

[

dTb

dz

]

DM

=
∑

F

∫

z

dz′

H(z′)(1 + z′)

2n2
χ(z′)〈σv〉F
3nH(z′)

mχ

dχ(F )
h (E, z′, z)

dz
. (12)

Here we have defined

dχ(F )
i,h (E, z′, z)

dz
=

∫

dE
E

mχ

[

dN (e)
F

dE

dχ(e)
i,h(E, z′, z)

dz
+

dN (γ)
F

dE

dχ(γ)
i,h (E, z′, z)

dz

]

, (13)

where dN (e,γ)
F /dE denotes the spectrum of the electron and photon produced per dark

matter annihilation into the mode F , and 〈σv〉F denotes the annihilation cross section
into that mode. We have included these terms in the RECFAST code [22], which is
implemented in the CAMB code [23] for calculating the CMB anisotropy. Here and
hereafter, we fix the cosmological parameters to the WMAP five year best fit values [24].
The reionization optical depth is also fixed to be the best fit value and need not be
reevaluated when the dark matter annihilation effect is included, since it depends only
on the reionization history at low-redshift. It is noted that the energy integral in (13) for
given final states F can be performed before solving the evolution equation once we have

6

DM particles that fit
PAMELA+FERMI+HESS
produce
free electrons

Kanzaki et al., 0907.3985



Cosmology: 
bounds from reionization

Cirelli, Iocco, Panci, JCAP 0910
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DM particles that fit
PAMELA+FERMI+HESS
produce too many
free electrons: 
bounds on optical depth
of the Universe violated 

   (WMAP-5yr)τ = 0.084± 0.016

see also:
Huetsi, Hektor, Raidal 0906.4550
Kanzaki et al., 0907.3985
Huetsi et al., 1103.2766



Cosmology: 
bounds from reionization

Cirelli, Iocco, Panci, JCAP 0910
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+FE
RM
I+H
ESS

DM particles that fit
PAMELA+FERMI+HESS
produce too many
free electrons: 
bounds on optical depth
of the Universe violated 

   (WMAP-5yr)τ = 0.084± 0.016

Starts constraining 
even thermal DM!



Cosmology: 
bounds from CMB

Galli, Iocco, Bertone, Melchiorri, PRD 80 (2009)

Similar conclusion 
from global CMB fits

Slatyer, Padmanabahn, Finkbeiner, PRD 80 (2009)
Galli, Iocco, Bertone, Melchiorri, 1106.1528 (2011)

3

WMAP7 WMAP7+ACT WMAP7 Standard WMAP7+ACT Standard

pann[cm
3/s/GeV ] < 2.42 × 10−27 < 2.09 × 10−27 - -

ns 0.977 ± 0.015 0.971 ± 0.014 0.963 ± 0.014 0.962 ± 0.013
100Ωbh

2 2.266 ± 0.057 2.237 ± 0.053 2.258+0.057
−0.056 2.214 ± 0.050

Ωch
2 0.1115 ± 0.0054 0.1119 ± 0.0053 0.1109 ± 0.0056 0.1127 ± 0.0054

TABLE I: Constraints on the annihilation parameter pann and on the cosmological parameters that are more degenerate with
it, i. e. the scalar spectral index ns, the baryon density ωb and the dark matter density ωc. We report the results using WMAP7
data and WMAP7+ACT data. The constraints on pann are upper bound at 95% c.l., while for the other parameters we show
the marginalized value and their errors at 68% c.l. The last two columns reports the value of the cosmological parameters in
the standard ΛCDM case with no annihilation, as found by the WMAP7 team [24] and the ACT team [25].

the initial energy deposited into the gas is not constant
with cosmic time, even if the on–the–spot approximation
holds true at all redshifts of interest. This problem has
been addressed in [19], where the authors have computed
the evolution of the energy fraction f(z) for different pri-
mary species, and DM particle mass. As it can be seen
from their Figure 4, the f(z) is a smoothly varying func-
tion of redshift (even more so for the values of interest in
our problem 100 <

∼ z <
∼ 1000). We show the constraints

for time-varying f(z) in Figure 1. Interestingly, the new
results rule out ‘thermal’ WIMPs with mass mχ

<
∼ 10

GeV.
We have checked the constraints which is possible to

place using the redshift dependent shape of f presented in
Equation A1 and Table 1 of [19]. We have obtained con-
straints for purely DM models annihilating solely (and
separately) into electrons and muons, with different DM
masses, reported in Table II. This choice of annihila-
tion channels brackets the possible values of f(z): the
case of annihilation to other channels (except of course
neutrinos, which practically do not couple at all with the
plasma) falls between the two limiting cases studied here.
Although the implementation of the z-dependence of

f clearly leads to more accurate results, we found that
taking a simplified analysis with constant f , such that
f(z = 600) = fconst, leads to a difference with respect to
the full f(z) approach of less than ∼ 15%, depending on
the annihilation channel considered.
Discussion and Conclusions. In this brief report

we have provided new updated CMB constraints on
WIMP annihilations, with an improved analysis that
includes more recent CMB data (WMAP7 and the
ACT2008) and implementing the redshift evolution of the
thermal gas opacity to the high energy primary shower.
We have also found that a simplified analysis with con-
stant f = f(z = 600) leads to an error on the maximum
DM self-annihilation cross section smaller than ∼ 15%,
with respect to a treatment that fully takes into account
the redshift dependence of f(z).
While we were finalizing this paper, Hutsi et al.

(HCHR2011) [26] have reported results from a similar
analysis, using an averaged evolution of the f(z). They
provide 2− σ upper limits from WMAP7 with 1− σ un-
certainties on these limits due to the method used. These

FIG. 1: Constraints on the cross section < σv > in function
of the mass, obtained using a variable f(z) for particles anni-
hilating in muons (x signs) and in electrons (diamonds) using
WMAP7 data (red) and WMAP7+ACT data (black) at 95%
c.l.. The exclusion shaded areas are obtained for interpolation
of the WMAP7 + ACT data points for muons (dark shading)
and electrons (light shading). The black solid line indicates
the standard thermal cross-section < σv >= 3×10−26cm3/s.

results are a factor between 1.2 and 2 weaker than ours.
This is partially due to the fact that we account for ex-

tra Lyman radiation in our code, but this can account for
only less than 10% of the difference between the results.
As in GIBM09, we have calculated how much the

Planck satellite and a hypothetical Cosmic Variance Lim-
ited experiment will improve the constraints compared
to WMAP7 in the case of constant f (constraints for
Planck and CVL reported in GIBM09). We obtain im-
provement factors of 8 and 23 for Planck and CVL re-
spectively, which are compatible with the ones reported
in HCHR2011, 6 and 13. The difference for the CVL
experiment is attributed to the slightly different specifi-
cations used for the CVL experiment in HCHR2011 and
in GIBM09, namely the maximum multipole considered
in the analysis, as also stated in HCHR2011. Clearly the
data from the on-going Planck satellite mission, expected



Cosmology: 
bounds from BBN

DM particles that fit
PAMELA+FERMI+HESS
inject too much energy
that destroys forming 
nuclei: stringent bounds!

Hisano, Kohri et al., 0901.3582

χχ̄→ e+e−

(indicatively) PAMELA
+FERMI+HESS



Needs:

- TeV or multi-TeV masses

- no hadronic channels

- very large flux

Challenges for the 
‘conventional’ DM candidates

SuSy DM KK DM

difficult ok

difficult difficult

no ok

for any Majorana DM, 
s-wave annihilation cross section

σann(DMD̄M→ ff̄) ∝
�

mf

MDM

�2



Enhancement

- DM is produced non-thermally:

- astrophysical boost

- resonance effect

- Sommerfeld effect

at freeze-out today

How to reconcile                                   with                             ?σ = 3 · 10−26cm3/sec σ � 10−23cm3/sec

the annihilation cross section 
today is unrelated to the 
production process

no clumps clumps

off-resonance on-resonance

v/c � 0.1 v/c � 10−3

+ (Wimponium)



Resonance Enhancement
Cirelli, Kadastik, Raidal, Strumia, 2008, Sec.2

Ibe, Murayama, Yanagida 0812.0072
P.Nath et al. 0810.5762

m
M

σ =
16π

E2β̄iβi

m2Γ2

(E2
cm −m2)2 + m2Γ2

BiBf

�σvrel� �
32π

m2β̄i

γ2

(δ + ξv2
0)2 + γ2

BiBf

γ = Γ/mm2 = 4M2(1− δ)

DM annihilation via a 
narrow resonance just 
below the threshold:

DM

DM

M

m � 2M

Enhancement can reach 103 
with very fine tuned models.



Sommerfeld Enhancement
NP QM effect that can enhance the annihilation cross section by orders of 
magnitude in the regime of small velocity and relatively long range force.

Sommerfeld, Ann.Phys. 403, 257 (1931)

Hisano et al., 2003-2006:
in part. hep-ph/0307216, 0412403, 0610249 

Cirelli, Tamburini, Strumia 0706.4071

Arkani-Hamed et al., 0810.0713



Sommerfeld Enhancement

A classical analogy: Arkani-Hamed et al. 0810.0713

NP QM effect that can enhance the annihilation cross section by orders of 
magnitude in the regime of small velocity and relatively long range force.

R

v σ0 = πR2



Sommerfeld Enhancement

A classical analogy: Arkani-Hamed et al. 0810.0713

NP QM effect that can enhance the annihilation cross section by orders of 
magnitude in the regime of small velocity and relatively long range force.

bmax

R

v

σ = πR2

�
1 +

2GNM/R

v2

�
σ0 = πR2

v2
esc = 2GNM/Rwith

v � vesc σ → σ0

v � vesc

For then

For then σ � σ0

i.e. Ekin < Upot (i.e. the deforming potential 
is not negligible)



− 1
M

d2ψ

dr2
+ V · ψ = Mν2ψ

Sommerfeld Enhancement
NP QM effect that can enhance the annihilation cross section by orders of 
magnitude in the regime of small velocity and relatively long range force.

Cirelli, Strumia, Tamburini 0706.4071

        wave function of two DM particles (                ) 
obeys (reduced) Schrödinger equation:

At           : annihilation

(V does not depend on time)

σann ∝ ψΓψ Γ �DM DM|Γ|final�

ψ(�r) �r = �r1 − �r2

r = 0
with such that

R =
σann

σ0
ann

=
����
ψ(∞)
ψ(0)

����
2

Sommerfeld enhancement:

unperturbed cross section

potential due to exchange of force carriers
velocity



Sommerfeld Enhancement
NP QM effect that can enhance the annihilation cross section by orders of 
magnitude in the regime of small velocity and relatively long range force.

Yukawa potential: Cirelli, Strumia, Tamburini 0706.4071

V = −α

r
e−mV r

parameters are:

− 1
M

d2ψ

dr2
+ V · ψ = Mν2ψ

with

α, ν, mV , M
�

α =
g2

4π
≈ 1

137
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Sommerfeld Enhancement
NP QM effect that can enhance the annihilation cross section by orders of 
magnitude in the regime of small velocity and relatively long range force.

Yukawa potential: Cirelli, Strumia, Tamburini 0706.4071
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Sommerfeld Enhancement
NP QM effect that can enhance the annihilation cross section by orders of 
magnitude in the regime of small velocity and relatively long range force.

Yukawa potential: Cirelli, Strumia, Tamburini 0706.4071
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r
e−mV r

parameters are:

− 1
M
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dr2
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α, ν, mV , M
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α/ν

The effect is relevant for:
α/ν � 1

αM/mV

α
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V

i.e. small velocities
i.e today but not at f.o.

depends on:R
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Sommerfeld Enhancement
NP QM effect that can enhance the annihilation cross section by orders of 
magnitude in the regime of small velocity and relatively long range force.

Yukawa potential: Cirelli, Strumia, Tamburini 0706.4071

V = −α

r
e−mV r

parameters are:

− 1
M

d2ψ

dr2
+ V · ψ = Mν2ψ

with

α, ν, mV , M

andα/ν

The effect is relevant for:
α/ν � 1

αM/mV

i.e. small velocities
i.e today but not at f.o.

Cirelli, Franceschini, Strumia 0802.3378

ν/c

depends on:R

case of MDM fermion 5-plet: 
M=9.7 TeV, W,Z exchange



Sommerfeld Enhancement
NP QM effect that can enhance the annihilation cross section by orders of 
magnitude in the regime of small velocity and relatively long range force.

Yukawa potential: Cirelli, Strumia, Tamburini 0706.4071
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e−mV r

parameters are:
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with

α, ν, mV , M
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The effect is relevant for:
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αM/mV

i.e. small velocities
i.e today but not at f.o.

Cirelli, Franceschini, Strumia 0802.3378

∝ 1/ν

ν/c

saturation for 
ν � mV /M

case of MDM fermion 5-plet: 
M=9.7 TeV, W,Z exchange

depends on:R
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Sommerfeld Enhancement
NP QM effect that can enhance the annihilation cross section by orders of 
magnitude in the regime of small velocity and relatively long range force.
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Sommerfeld Enhancement
NP QM effect that can enhance the annihilation cross section by orders of 
magnitude in the regime of small velocity and relatively long range force.

Yukawa potential: Cirelli, Strumia, Tamburini 0706.4071

V = −α

r
e−mV r

parameters are:
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d2ψ

dr2
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with

α, ν, mV , M

andα/ν

The effect is relevant for:
α/ν � 1

αM/mV

αM/mV � 1

i.e. small velocities
i.e today but not at f.o.

i.e. long range forces
for SM weak: mV →MW,Z

M → multi−TeV
for 1 TeV DM: need mV → GeV

Cirelli, Franceschini, Strumia 0802.3378

case of MDM fermion 3-plet: 
M=2.5 TeV, W,Z exchange

depends on:R



Sommerfeld Enhancement
NP QM effect that can enhance the annihilation cross section by orders of 
magnitude in the regime of small velocity and relatively long range force.

Hisano et al. hep-ph/0412403In terms of Feynman diagrams:
First order cross section:

Adding a rung to the ladder: ×
�

αM

mW

�

αM/mV � 1For                             the perturbative expansion breaks down, 
 need to resum all orders
 i.e.: keep the full interaction potential.



Sommerfeld Enhancement
NP QM effect that can enhance the annihilation cross section by orders of 
magnitude in the regime of small velocity and relatively long range force.

Yukawa potential: Cirelli, Strumia, Tamburini 0706.4071

V = −α

r
e−mV r

parameters are:

R depends on:

− 1
M

d2ψ

dr2
+ V · ψ = Mν2ψ

with

α, ν, mV , M

andα/ν

f.o.
today

The effect is relevant for:
α/ν � 1

αM/mV

αM/mV � 1

i.e. small velocities
i.e today but not at f.o.

i.e. long range forces
for SM weak: mV →MW,Z

M → multi−TeV
for 1 TeV DM: need mV → GeV
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τDM � 3 · 1027sec
�

1 TeV
MDM

�5 �
MGUT

2 · 1016 GeV

�4

Decaying DM
DM need not be absolutely stable, 
just                                                  .τDM � τuniverse � 4.3 1017sec

Motivations from theory?
- dim 6 suppressed operator in GUT

- or in TechniColor

Arvanitaki, Dimopoulos et al., 2008+09

Nardi, Sannino, Strumia 2008

The current CR anomalies can be due to decay with:

- gravitino in SuSy with broken R-parity...

τdecay ≈ 1026sec

e.g. Covi, Buchmüller, Ibarra etc etc
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    and      from  DM decay in halop̄ e+
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FIG. 10: Same as Fig. 1, but for the decay channels φDM → "+"−. Upper panels: φDM → e+e−

with MDM = 2000GeV (solid) and 300GeV (dotted). Middle panels: φDM → µ+µ− with MDM =

2500GeV (solid) and 600GeV (dotted). Lower panels: φDM → τ+τ− with MDM = 5000GeV

(solid) and 2000GeV (dotted).

with present measurements of the antiproton flux and the diffuse extragalactic gamma-ray

flux. The most promising decay channels for a fermionic or a scalar dark matter particle are

listed in Tab. II, where we also show the approximate mass and lifetime which provide the

best fit to the data. It should be borne in mind that the astrophysical uncertainties in the

propagation of cosmic rays and in the determination of the background fluxes of electrons

and positrons are still large. Besides, the existence of a possibly large primary component

of electrons/positrons from astrophysical sources, such as pulsars, cannot be precluded.

21

FIG. 5: Same as Fig. 1, but for the decay channels ψDM → "±"∓ν. Upper panels: ψDM → e−e+ν

with MDM = 2000GeV (solid) and 400GeV (dotted). Middle panels: ψDM → µ−µ+ν with MDM =

3500GeV (solid) and 1000GeV (dotted). Lower panels: ψDM → τ−τ+ν with MDM = 5000GeV

(solid) and 2500GeV (dotted).

In some decaying dark matter scenarios, the dark matter particles decay into charged

leptons of different flavors and not exclusively in just one channel. As an illustration of the

predictions of this class of scenarios, we show in Fig. 4 the positron fraction and the total

electron plus positron flux for a dark matter particle that decays democratically into the three

flavors, for MDM = 2000 GeV (solid) and 300 GeV (dotted). Although these scenarios could

explain the PAMELA excess, the predicted spectral shape of the total flux is not consistent

with the Fermi data: either the energy spectrum falls off at too low energies or it presents

16

Decaying DM
Which DM spectra can fit the data?
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E.g. a fermionic                             with                             : MDM = 3.5 TeV

E.g. a scalar                           with                            : 

DM→ µ+µ−ν

DM→ µ+µ− MDM = 2.5 TeV
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Figure 10: DM decay. As in fig. 6, here for DM decaying into µ+µ− (middle), τ+τ− (right),

4µ (left). We do not consider decay modes into e+e−, as they do not allow to fit the FERMI

data.
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The “Theory of DM”
Arkani-Hamed, Weiner, Finkbeiner et al. 0810.0713

0811.3641

Basic ingredients:
Dark Matter particle, decoupled from SM, mass             
new gauge boson (“Dark photon”), 

couples only to DM, with typical gauge strength, 
- mediates Sommerfeld enhancement of         annihilation:

        fulfilled

- decays only into            or              
for kinematical limit

χ
φ

χχ̄

e+e− µ+µ−

M ∼ 700+ GeV

mφ ∼ few GeV

αM/mV � 1
χ

χ̄

γ, Zφ

φ γ, Z

e+

e−

µ−

µ+



The “Theory of DM”
Phenomenology:
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Figure 6: Bounds on DM annihilations into leptonic channels. The Fermi bounds are
denoted as FSRγ (continuous blue line) and ICγ (red curves, for L = 1, 2, 4 kpc from upper to
lower). Other bounds are described in the text; their labels appear along the corresponding lines
only when these bounds are significant enough to appear within the plots. Cosmological freeze-
out predicts σv ≈ 3 10

−26
cm

3/ sec (lower horizontal band) and connections with the hierarchy
problem suggest M ∼ (10 ÷ 1000)GeV. The region that can fit the e± excesses survives only
if DM annihilates into e’s or µ’s and DM has an isothermal profile. All bounds are at 3σ;
the green bands are favored by PAMELA (at 3σ for 1 dof) and the red ellipses by PAMELA,
FERMI and HESS (at 3 and 5σ, 2 dof, as in [9]).

time [22]; c) more realistic boundary conditions as described above; and presumably d) the fact

that Fermi observes 100GeV γ rays also away from the GC suggests that L is not small.

Fig.s 6 and 7 show again the Fermi bounds at 3σ (the ICγ bounds is plotted for a few values

of the height of the diffusion volume, L = 1, 2, 4 kpc), together with the regions favored by the

e± excesses and with various other 3σ bounds already considered in previous papers [15, 23, 9]:

- The GC-γ (blue continuous curves) and GR-γ (dot-dashed blue curves) bounds refer to the

HESS observations [24, 25] of the photon spectrum above ≈ 200GeV (so that it constrains

FSRγ and heavier DM, rather than ICγ and lighter DM) in the ‘Galactic Center’ region

(
√
�2 + b2 < 0.1◦) and in the ‘Galactic Ridge’ region (|�| < 0.8◦ and |b| < 0.3◦). In these
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Figure 6: Bounds on DM annihilations into leptonic channels. The Fermi bounds are
denoted as FSRγ (continuous blue line) and ICγ (red curves, for L = 1, 2, 4 kpc from upper to
lower). Other bounds are described in the text; their labels appear along the corresponding lines
only when these bounds are significant enough to appear within the plots. Cosmological freeze-
out predicts σv ≈ 3 10

−26
cm

3/ sec (lower horizontal band) and connections with the hierarchy
problem suggest M ∼ (10 ÷ 1000)GeV. The region that can fit the e± excesses survives only
if DM annihilates into e’s or µ’s and DM has an isothermal profile. All bounds are at 3σ;
the green bands are favored by PAMELA (at 3σ for 1 dof) and the red ellipses by PAMELA,
FERMI and HESS (at 3 and 5σ, 2 dof, as in [9]).

time [22]; c) more realistic boundary conditions as described above; and presumably d) the fact

that Fermi observes 100GeV γ rays also away from the GC suggests that L is not small.

Fig.s 6 and 7 show again the Fermi bounds at 3σ (the ICγ bounds is plotted for a few values

of the height of the diffusion volume, L = 1, 2, 4 kpc), together with the regions favored by the

e± excesses and with various other 3σ bounds already considered in previous papers [15, 23, 9]:

- The GC-γ (blue continuous curves) and GR-γ (dot-dashed blue curves) bounds refer to the

HESS observations [24, 25] of the photon spectrum above ≈ 200GeV (so that it constrains

FSRγ and heavier DM, rather than ICγ and lighter DM) in the ‘Galactic Center’ region

(
√
�2 + b2 < 0.1◦) and in the ‘Galactic Ridge’ region (|�| < 0.8◦ and |b| < 0.3◦). In these
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Variations
(selected)

Axion Portal:       is pseudoscalar axion-like
Nomura, Thaler 0810.5397

φ

pioneering: Secluded DM, U(1) Stückelberg extension of SM
Pospelov, Ritz et al 0711.4866 P.Nath et al 0810.5762

singlet-extended UED:      is KK RNnu,      is an extra bulk singlet
Bai, Han 0811.0387

χ φ

DM carrying lepton number:      charged under                    ,      gauge bosonU(1)Lµ−Lτ
χ φ

Cirelli, Kadastik, Raidal, Strumia 0809.2409 Fox, Poppitz 0811.0399 (mφ ∼ tens GeV)

split UED:     annihilates only to leptons because quarks are on another braneχ
Park, Shu 0901.0720

New Heavy Lepton:     annihilates into       that carries lepton number and 
decays weakly

χ Ξ

Phalen, Pierce, Weiner 0901.3165

(∼ TeV) (∼ 100s GeV)

...... [jump to conclusions]
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‘The Poor Particle Physicist Cookbook 
for Dark Matter Indirect Direction’

www.marcocirelli.net/PPPC4DMID.html

1012.4515 [hep-ph]

Cirelli, Corcella, Hektor, 
Hütsi, Kadastik, Panci, 
Raidal, Sala, Strumia

We provide ingredients and recipes for computing signals of TeV-scale 
Dark Matter annihilations and decays in the Galaxy and beyond.
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Main added value features:

    compare different MCs

    include EW corrections

    improved         propagation

    improved ICS    -ray computation

Advertisement
You want to compute all signatures of your DM model in 
positrons, electrons, neutrinos, gamma rays...
but you don’t want to mess around with astrophysics?

www.marcocirelli.net/PPPC4DMID.html

Ciafaloni, Riotto et al., 1009.0224
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Figure 2: Comparison between Monte Carlo results: Pythia is the continuous line, Her-

wig is dashed. Photons (red), e± (green), p̄ (blue), ν = νe + νµ + ντ (black).

where K is the kinetic energy of the final-state stable hadrons/leptons/photons in the rest

frame of D . We shall plot the particle multiplicity as a function of the logarithmic energy

fraction, i.e. dN/d log x; our spectra will be normalized to the average multiplicity in the

simulated high-statistics event sample. Also, as pointed out before, this comparison will

be carried out for production of unpolarized particles and without including any effect of

final-state weak boson radiation.

An example of the comparison of the DM fluxes from Pythia and Herwig is presented

in Fig. 2, where we show the photon, electron, antiproton and neutrino dN/d log x spectra

for the channels DM DM → qq̄, gg, W+W− and τ+τ−. In Fig. 2 we have set the DM mass

to MDM = 1 TeV, but we can anticipate that similar dN/d log x hold for all DM masses

MDM � MZ , mt. Astrophysical experiments are currently probing K <∼ 100 GeV, whose

corresponding range of x depends on the chosen MDM; in particular, the low-x tails mostly

determine the DM signals if MDM is very large. Overall, we note the following features:

• For the qq̄ modes there is a reasonable agreement between Pythia and Herwig,

for all final-state particles and through the whole x spectrum, including the low-

energy tails. In fact, although the centre-of-mass energy has been increased to 2

TeV, the D → qq̄ is similar to Z/γ∗ → qq̄ processes at LEP, which were used when

tuning the Herwig and Pythia user-defined parameters. Nevertheless, we note some

discrepancy, about 20%, especially in the neutrino spectra, as Pythia yields overall
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Figure 5: Energy loss coefficient function for electrons and positrons in the Milky Way.
Left panel: at several locations along the galactic radial coordinate r, right panel: above (or below)
the location of the Earth along the coordinate z. The dot points at the value of τ⊙ (see next
subsection).

We compute b(E, �x) by The profile of the magnetic field in the Galaxy is very uncertain

and we adopt the conventional one

B(r, z) = B0 exp[−(r − r⊙)/rB − |z|/zB] (10)

as given in [108], with B0 = 4.78 µG, rB = 10 kpc and zB = 2 kpc. With these choices,

the dominant energy losses are due to ICS everywhere, except in the region of the Galactic

Center and for high e± energies, in which case synchrotron losses dominate. All in all,

the b(E, �x) function that we obtain is sampled in fig. 5 and given in numerical form on

the website [29]. In the figure, one sees the E2
behaviour at low energies changing into a

softer dependence as the energy increases (the transition happens earlier at the GC, where

starlight is more abundant, and later at the periphery of the Galaxy, where CMB is the

dominant background). At the GC, it eventually re-settles onto a E2
slope at very high

energies, where synchrotron losses dominate.

The diffusion coefficient function K is also in principle dependent on the position, since

the distribution of the diffusive inhomogeneities of the magnetic field changes throughout

the galactic halo. However, a detailed mapping of such variations is prohibitive: e.g. they

would have different features inside/outside the galactic arms as well as inside/outside the

galactic disk, so that they would depend very much on poorly known local galactic geogra-
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Figure 3: Comparison between spectra with (continuous lines) and without EW corrections

(dashed). We show the following final states: e+ (green), p̄ (blue), γ (red), ν = (νe+νµ+ντ )/3

(black).
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The cosmic inventory
Most of the Universe is Dark

Ωlum ∼ 0.01

Ωb ! 0.040 ± 0.005 -BBN
-CMB

- CMB + SNIa
- CMB - DM
- acoustic peak in baryons

ΩDM ∼ 0.23

Ωde ∼ 0.72

72%

1%
4%

23%

�
Ωx =

ρx

ρc
; CMB first peak⇒ Ωtot = 1 (flat); HST h = 0.71± 0.07

�
what’s the difference 
between DM and DE?
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1) galaxy rotation curves

2) clusters of galaxies
- “rotation curves”
- gravitation lensing

“bullet cluster” - NASA 
astro-ph/0608247

ΩM ! 0.1

ΩM ∼ 0.2 ÷ 0.4

[further developments]

The Evidence for DM
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3) CMB+LSS(+SNIa:) 

M.Cirelli and A.Strumia, astro-ph/0607086

ΩM ! 0.1

ΩM ∼ 0.2 ÷ 0.4

1) galaxy rotation curves

2) clusters of galaxies

The Evidence for DM

WMAP Millennium
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DM N-body simulations
2 106 CDM particles, 43 Mpc cubic box 
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DM N-body simulations

Springel, Frenk, White, Nature 440 (2006)

SDSS: 106 galaxies,
2 billion lyr

2dF: 2.2 105 galaxies

Millennium: 
1010 particles,
500 h-1 Mpc
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The Evidence for DM

How would the power spectra be without DM? (and no other extra ingredient) 2

FIG. 1: Power spectrum of matter fluctuations in a the-
ory without dark matter as compared to observations of the
galaxy power spectrum. The observed spectrum [14] does
not have the pronounced wiggles predicted by a baryon-only
model, but it also has significantly higher power than does
the model. In fact ∆2, which is a dimensionless measure of
the clumping, never rises above one in a baryon-only model,
so we would not expect to see any large structures (clusters,
galaxies, people, etc.) in the universe in such a model.

small. The first failure has been exploited by many au-
thors to prove the existence of non-baryonic dark mat-
ter [16, 17], the statistical significance for which now
exceeds 5-sigma. The second failure is often ignored be-
cause analysts typically marginalize over the amplitude
of the power spectrum on the grounds that the power
spectrum of galaxies is likely to differ by an overall nor-
malization factor (the bias) from the power spectrum of
matter. But a baryon-only model fails miserably at get-
ting anywhere near the amplitude required to generate
galaxies and galaxy clusters even with an absurd amount
of bias. So if we really want to do away with dark matter,
we need to find a mechanism of growing perturbations
faster than in standard general relativity. This is pre-
cisely what Skordis et al. [15, 18] seemed to have found
in their treatment of perturbations around a smooth cos-
mological solution in TeVeS. Here we aim to move beyond
their numerical treatment to isolate what is causing en-
hanced growth. Our motivation goes beyond TeVeS, as
the exact Lagrangian in [13] will almost certainly need to
be altered even if the general idea turns out to be correct.
Indeed, as shown in Fig 1, even if structure grows faster
than in the standard theory, the shape of the baryon-
only spectrum does not match the observations. Rather,
we want to understand generally how to modify gravity
such that it solves not only the galactic rotation curve
problem but also the cosmological structure problem.

Cosmology in TeVeS. Ordinary matter couples to the
gravitational metric gµν in the standard way in the TeVeS
model. The metric which couples to matter, though, does
not appear in the standard way in the Einstein-Hilbert
action. Rather, it is useful to define a new tensor g̃µν

which is a functional of gµν and a scalar field φ and a
vector field Aµ. Specifically,

gµν ≡ e−2φ (g̃µν + AµAν) − e2φAµAν (1)

defines g̃µν . The action of g̃µν is the standard Einstein-
Hilbert action. The scalar and vector fields have dynam-
ics given, respectively, by the actions Ss and Sv:

Ss =
−1

16πG

∫

d4x(−g̃)1/2 [µ (g̃µν
− AµAν) φ,µφν + V ]

Sv =
−1

32πG

∫

d4x(−g̃)1/2
[

KFαβFαβ − 2λ
(

A2 + 1
)]

(2)

where µ is an additional non-dynamical scalar field,
Fµν ≡ Aµ,ν − Aν,µ, and indices are raised and lowered
with the metric g̃µν . The potential V (µ) is chosen to
give the correct non-relativistic MONDian limit. We will
consider the form proposed by Bekenstein [13]:

V =
3µ2

0

128π $2
B

[

µ̂(4 + 2µ̂ − 4µ̂ + µ̂3) + 2 ln (µ̂ − 1)2
]

(3)
with µ̂ ≡ µ/µ0. There are three free parameters that
appear in the TeVeS action: µ0, $B and KB. The pa-
rameter λ in the vector field action is completely fixed
by variation of the action.

Armed with this action, we can solve [13, 15] for
the evolution of the scale factor a of a homogeneous
Friedman-Robertson-Walker (FRW) metric. This evo-
lution turns out to be very similar to the standard case,
with several small deviations. First, Newton’s constant
gets generalized to Ge−4φ/(1+dφ/d ln(a))2. Second, the
Friedman equation governing the evolution of a has, in
addition to the standard source terms of the matter and
radiation energy densities, the energy density of φ:

ρφ =
e2φ

16πG
(µV ′ + V ) . (4)

FIG. 2: Evolution of homogeneous TeVeS fields. Dashed line
shows logarithmic approximation for φ valid in the regime
when µ is constant. In that regime, ρφ scales as the ambient
density, with the ratio equal to (6µ0)

−1 in the matter era.
Early on, ρφ/ρtotal = −φ = 15/(4µ).

The TeVeS modifications to the standard cosmology
then depend on the evolution of the scalar field φ. Dur-
ing the radiation dominated era, ρφ is much smaller than
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(in particular: no DM => no 3rd peak!)
(you need DM to gravitationally 
“catalyse” structure formation)

CMB LSS
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The Evidence for DM

How would the power spectra be in MOND/TeVeS, without DM ?

(in particular: no DM => no 3rd peak!)

CMB LSS
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Figure 3. LEFT : The Cosmic Microwave Background angular power spectrum
l(l+1)Cl/(2π) for TeVeS (solid) and ΛCDM (dotted) with WMAP 5-year data [8].
RIGHT :The matter power spectrum P (k) for TeVeS (solid) and ΛCDM (dotted)
plotted with SDSS data.

the form of the matter power spectrum P (k) in TeVeS looks quite similar to that in
ΛCDM. Thus TeVeS can produce matter power spectra that cannot be distinguished
from ΛCDM. One would have to turn to other observables to distinguish the two
models. The power spectra for TeVeS and ΛCDM are plotted on the right panel of
Figure 3.

Dodelson and Liguori [75] provided an analytical explanation of the growth of
structure seen numerically by [73]. They have found that the growth in TeVeS cannot
be due to the scalar field. In fact the scalar field perturbations have Bessel function
solutions and are decaying in an oscillatory fashion. Instead, they found that the
growth in TeVeS is due to the vector field perturbation.

Let us see how the vector field leads to growth. Using the tracker solutions in the
matter era from Bourliot et al [67] we find the behaviour of the background functions
a,b and φ̄. These are used into the perturbed field equations, after setting the scalar
field perturbations to zero, and we find that in the matter era the vector field scalar
mode α obeys the equation

α̈ +
b1

τ
α̇ +

b2

τ2
α = S(Ψ, Ψ̇, θ) (40)

in the conformal Newtonian gauge, where

b1 =
4(µ0µa − 1)

µ0µa + 3
(41)

b2 =
2

(µ0µa + 3)2

[

µ2
0µ

2
a −

(

5 +
4

K

)

µ0µa + 6

]

. (42)

and where S is a source term which does not explicitly depend on α. If we take the
simultaneous limit µ0 → ∞ and K → 0 for which Ωφ → 0 meaning that the TeVeS
contribution is absent, we get b1 → 4 and b2 → 2. In this case the two homogeneous
solutions to (40) we τ−2 and τ−1 which are decaying. Dodelson and Liguori show
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3) CMB+LSS(+SNIa:) 

ΩM ≈ 0.26 ± 0.05
M.Cirelli and A.Strumia, astro-ph/0607086

WMAP-3yr
ACbar
CBI

Boomerang
DASI
VSA

SDSS,    2dFRGS
LyA Forest Croft
LyA Forest SDSS

ΩM ! 0.1

ΩM ∼ 0.2 ÷ 0.4

1) galaxy rotation curves

2) clusters of galaxies

The Evidence for DM

(spectra w/o DM)

WMAP Millennium
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The Evidence for DM
ΩM ! 0.1

ΩM ∼ 0.2 ÷ 0.4

ΩM ≈ 0.26 ± 0.05

3) CMB+LSS(+SNIa:) 

1) galaxy rotation curves

2) clusters of galaxies

[back]

keynote:/Users/mcirelli/Documents/talks%20and%20seminars/30.MDM%20colloquium/MDM.colloquium%20style.Sao%20Paulo.key?id=BGSlide-81
keynote:/Users/mcirelli/Documents/talks%20and%20seminars/30.MDM%20colloquium/MDM.colloquium%20style.Sao%20Paulo.key?id=BGSlide-81


A thermal relic 
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Indirect Detection

AMS-01
Caprice

BESS
Caprice

Solar wind Modulation of cosmic rays:

spectrum 
at Earth

dΦp̄⊕
dT⊕

=
p2
⊕

p2

dΦp̄

dT
, T = T⊕ + |Ze|φF

spectrum 
far from Earth

Fisk 
potential φF � 500 MV
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Indirect Detection
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Solar polarity Modulation of cosmic rays:

+ solar 
polarity

- solar 
polarity

(11 yr)

solar magnetic polarity reverses at (the max of) each cycle;
during ‘- polarity’ state, positive particles are more deflected away

+ = rotation parallel 
to magnetic field;
- = antiparallel
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Figure 13: Fluxes of electrons or positrons at the Earth, after propagation, for the case
of annihilations (top row) and decay (bottom row). In the left panels the propagation parameters
are variated, while the halo profile is kept fixed. The opposite is done for the right panels. The
choices of annihilation or decay channels and parameters are indicated.

close to the galactic center where one has larger energy losses. As a consequence we expect
that the diffuse γ rays, produced by these propagated electrons/positrons everywhere (see
sec. 6), will be more sensitive to the difference between the two methods.

4.2.2 Antiprotons

Applying the recipe of eq. (27) it is straightforward to compute the fluxes of antiprotons
at Earth, for a given choice of halo profile and propagation parameters. We provide them
in numerical form on the website [29], both in the form of MathematicaR� interpolating
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Figure 14: Fluxes of antiprotons at the Earth, after propagation, for the case of an-
nihilations (top row) and decay (bottom row). In the left panels the propagation parameters are
variated, while the halo profile is kept fixed. The opposite is done for the right panels. The choices
of annihilation or decay channels and parameters are indicated.

functions and numerical tables.

Fig. 14 presents some examples of such fluxes, for the cases of annihilation and decay.
We do not correct for any solar modulation. It is apparent that the choice of propagation
parameters (MIN, MED or MAX) affects in a relevant way the final result, up to a couple
of orders of magnitude, even if the spectral shapes are not sensibly modified. The choice
of the DM halo profile, instead, has a limited impact and it is barely visible for the decay
case. This is already evident of course in the little variations of the halo function in Fig.10
and can be traced back to the fact that the decay signal, being proportional to the first
power of the DM density, is mainly sensitive to the local DM halo, where the profiles do
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oscillations + interactions




Φνe

Φνµ

Φντ



production detection

Propagation



oscillations + interactions

density matrix

dρ

dr
= −i[H, ρ]+

dρ

dr

∣

∣

∣

∣

CC

+
dρ

dr

∣

∣

∣

∣

NC

+
dρ

dr

∣

∣

∣

∣

in

full evolution equation:

ρ =





ρee ρeµ ρeτ

ρµe ρµµ ρµτ

ρτe ρτµ ρττ





Propagation



Propagation: CC absorption
          and tau regeneration

dρ
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∣
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Propagation: summary 
Effects of oscillations and interactions:

	 - reshuffle of the 3 flavors	
	 	 	 (oscillations and regeneration)

	 - attenuation of the fluxes

	 - degradation of energy 
	 	 	 (distortion of spectra)
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Gamma reach
‘Fermi pre-launch estimates’, Baltz et al., 0806.2911

Diffuse galactic gamma (bb channel) (tt, WW channel)

Dwarf Satellites

With a bit of luck, 
Fermi will see signals.

‘natural’ 
scale


