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Few basic facts about cosmic rays
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Cosmic-ray flux

• Almost a perfect power-law 
over 12 energy decades.


• Observed at energies higher 
than terrestrial laboratories!


• Direct measurements versus 
air-cascade reconstructions.


• Anti-matter component.


• Transition from galactic to 
extra-galactic?


• Energy density in equipartition 
with starlight, turbulent gas 
motions and magnetic fields.   



The SN paradigm

LSN ⇠ RSNEkin ⇠ 3⇥ 1041 erg/s

hadronic:

or leptonic:

Fritz Zwicky

TeV emission

X-ray contours

Aharonian et al., Nature, 2007



The Galactic CR pool

Our position: R ≃ 8.3 kpc    z ≃ 0 

2L

R

2zd ≃ 200 pc

1 ≲ L ≲ 10 kpc!
R ≃ 15 kpc



The CR transport equation

CRs obey essentially a diffusion equation (Ginzburg & Syrovatsky, 1964)
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A large number of parameters to be fixed against data !



Cosmic-ray primary and secondary components
Solar System Cosmic Rays

PrimarySecondary• Li, Be and B  as well sub Fe 
elements must be produced by 
spallation of heavier primaries 


• Secondary/primary (B/C most 
importantly) provide valuable 
information about propagation 
( barring degeneracies, possible sec. 
production in the acceleration 
sites, ..)


• Once constrained in that way the 
same parameters can be used to 
compute other secondaries ( e+,   ) 
or to model Dark Matter products 
propagation

p̄



Solar modulation

• The magnetized solar wind advects 
CRs reducing their energy 
!

• The effect is relevant below 10 GV and it 
temporally anti-correlated with solar 
activity 

!
• Neglecting charge-dependent drifts 

(see below) in the heliosphere (pure 
adiabatic cooling) the effect can be 
treated in terms of a single time 
dependent parameter  Φ: force field 
approximation 
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Secondary Antiprotons

+

p

He

fix primaries fix propagation get secondaries p̄

Main processes:!
!
!
tertiary     (produced by scattering of secondaries onto the ISM), as well as inelastic 
scattering and annihilation are accounted

p̄

 p + pgas   →  p + p + p +   
̄p
4He + pgas ;  p + 4Hegas   ;  4He + 4Hegas



Secondary Antiprotons

Main approaches!
!
Analytical (solve transport eq. under simplified 
conditions). Less realistic but faster  it allows to 
perform statistical analysis . See e.g.  !
Donato et al. astro-ph/0103150!
Bringmann & Salati astro-ph/0612514 ➡!
Donato et al. astro-ph/0810.5292!
!
Numerical (solve transport equation numerically 
with codes like GALPROP or DRAGON)!
More realistic physical conditions but slower!
                                       (not a serious problem anymore !) !
!
Moskalenko, Strong, Ormes & Portgetier  astro-ph/0106567 !
Di Bernardo, Evoli, Gaggero, D.G. &  Maccione   0909.4548



A very stable prediction !
C. Evoli, I.Cholis, D.G., L.Maccione & P.Ullio, PRD, 2012, 1108.0664

where vA is the Alfvén velocity. Here we assume that
diffusive reacceleration takes place in the entire diffusive
halo.

For the CRs generated by standard astrophysical
sources, Qiðp; r; zÞ will describe the distribution and injec-
tion spectrum of SNRs, which we parametrize as

QiðEk; r; zÞ ¼ fSðr; zÞq0;i
!
!ðEkÞ
!0

"$"i

; (19)

In this paper we assume the same source spectral index
"i ¼ " for all nuclear species unless differently stated. We
require the source spatial distribution fSðr; zÞ to trace that
of Galactic supernova remnants inferred from pulsars and
stellar catalogues as given in [78]. We checked that other
distributions, among those usually adopted in the literature,
do not affect significantly our results. For the case of DM
annihilations, the source is given above in Eq. (8) where
the antiproton yield per annihilation dN !p=dE is obtained
interfacing the numerical codewith the DARKSUSY package
[79], in turn linking to simulations with the PYTHIA

Monte Carlo, except for the heavy WIMPs models for
which tables provided by [45] are used instead.

Secondary antiprotons are generated in the interaction of
primary CRs with the interstellar gas. The ISM gas is
composed mainly by molecular, atomic and ionized hydro-
gen (respectively, H2, HI and HII). Here we adopt the same
distributions as in [25,80]. Following [81] we take the
He/H numerical fraction in the ISM to be 0.11. We have
tested that different models for the gas distribution
(i.e., [82,83]) affects marginally the fitted model para-
meters and hence the predicted antiproton spectra.

The diffusion equation offers just an effective descrip-
tion of the CR transport in the Galaxy. The main parame-
ters determining the propagated distribution and spectrum
of CR nuclei are the normalization of the diffusion coeffi-
cient D0, its vertical scale zt and its rigidity slope #, the
Alfvén velocity vA and the convection velocity vcðR; zÞ.
Presently available observations of secondary/primary ra-
tios, like the B=C, or unstable/stable ratios, like 10Be=9Be
allow to determine such parameters only up to large un-
certainties (see [9] for a reference list of the experimental
data). Moreover, secondary-to-primary ratios are sensitive
only to the ratioD0=zt, while unstable-to-stable ratios, that

are somewhat more sensitive to D0 and zt separately and
can therefore break the degeneracy, suffer from large ex-
perimental uncertainties. Therefore, the half-height of the
diffusion region zt is poorly constrained by CR nuclei
observations. Radio and "-ray observations are more sen-
sitive to zt and seem to disfavor small values zt & 1 kpc
(see e.g., the recent works [84,85]). To place an upper
bound on zt requires instead more careful analyses.
However, the parameter zt might affect significantly the
flux expected from DM sources, as they are also distributed
in the galactic halo. Also the antiproton fraction reaching
the Earth from the galactic center region depends strongly
on zt. For this reasons, we consider 5 different reference
models, encompassing a range of possible propagation re-
gimes, which we summarize in Table II: Models KRA, THN
and THK assume Kraichnan type turbulence (# ¼ 0:5) but
differ in the adopted height of the diffusion zone in order to
probe the effect of varying this parameter on the !p flux;
the KOL model assumes instead Kolmogorov turbulence
(# ¼ 0:33); the CON model considers convective effects.
All these models are chosen in such a way as to minimize
the combined $2 against B=C and the proton spectrum data
under the requirement to get $2 < 1 for each of those
channels. An accurate modeling of proton data is crucial
since protons are the main primaries of secondary antipro-
tons. For the first time in the context of secondary antiproton
computations, the proton spectrum is fitted against the
high precision data recently released by the PAMELA
Collaboration [86]. We also checked that the 4He spectrum
measured by the same experiment is reproduced by each of
those models. The fits are performed minimizing the $2 in
the multidimensional parameter space defined byD0, %, the
Alfvén velocity vA, the proton and nuclei spectral indices
"i, the solar modulation potentials ". For some models a
spectral break has to be introduced in the source proton
spectrum in order to achieve an acceptable fit ($2

p < 1) of
proton data (see below). For those models the spectral
indexes below/above the break and the break rigidity are
also fitted.
The propagation equation is solved with the public

available DRAGON code [25], implementing a numerical
solution which assumes cylindrical symmetry and a sta-
tionary state. In Fig. 2 spectra for our selected sample of

TABLE II. We report here the main parameters of the reference CR propagation models used in this work. The KOL and CON
models have a break in rigidity of the nuclei source spectra " at respectively, 11 GVand 9 GV. The modulation potential" refers to the
fit of proton PAMELA data only.

Model zt (kpc) # D0ð1028 cm2=sÞ % vA ðkm=sÞ "
dvc=dz

ðkm=s=kpcÞ $2
B=C $2

p " (GV) $2
!p

Color
in Figs.

KRA 4 0.50 2.64 $0:39 14.2 2.35 0 0.6 0.47 0.67 0.59 Red
KOL 4 0.33 4.46 1. 36. 1:78=2:45 0 0.4 0.3 0.36 1.84 Blue
THN 0.5 0.50 0.31 $0:27 11.6 2.35 0 0.7 0.46 0.70 0.73 Green
THK 10 0.50 4.75 $0:15 14.1 2.35 0 0.7 0.55 0.69 0.62 Orange
CON 4 0.6 0.97 1. 38.1 1:62=2:35 50 0.4 0.53 0.21 1.32 Gray

EVOLI et al. PHYSICAL REVIEW D 85, 123511 (2012)

123511-8

30%

vA

D0



The problem of degeneracies



Particle physics uncertainties 
Data driven (NA49) approach using 
established scaling relation. With respect to 
previous work they !
!
• account for hyperon (Λ and Σ ) decay!

• account for isospin asymmetry (more   
than    produced by pp scattering)!

      !
• use improved model for p-He and He-He 

scattering based on p-C  NA49 data!
!

Dominant uncertainties for the    source 
terms: !
~ 20% due to isospin factor  for T ~ 10 GeV!
  up to 50 % at lower T due to breaking of 
scaling at low energy

R. Kappl & M.W. Winkler, 1408.0299

p̄
n̄

p̄



How to bracket propagation uncertainties?
Di Bernardo,  Evoli, Gaggero,  D.G, & Maccione  JCAP 2010 

Table 1: Best fit parameters, and the corresponding χ2 values resulting from comparing our model predictions with
nuclear experimental data alone (B/C analysis) and with nuclear and p̄/p combined data (combined statistical analysis),
as described in text. The values corresponding to Emin = 5 GeV/n for the combined analysis, which are used to constraint
our models, are reported in bold.

B/C analysis joint analysis
vA [km/s] Emin [GeV/n] δ D0/zt χ2 δ D0/zt χ2

0
1 0.57 0.60 0.38 0.47 0.74 3.25
5 0.52 0.65 0.33 0.41 0.85 2.04
10 0.46 0.76 0.19 0.44 0.82 1.57

10
1 0.52 0.68 0.32 0.49 0.71 1.47
5 0.49 0.71 0.28 0.41 0.85 1.69
10 0.44 0.82 0.20 0.44 0.82 0.12

15
1 0.46 0.76 0.33 0.47 0.76 0.94
5 0.49 0.73 0.26 0.44 0.82 0.12
10 0.44 0.84 0.18 0.41 0.98 0.16

20
1 0.41 0.90 0.47 0.47 0.79 2.28
5 0.44 0.84 0.22 0.44 0.84 0.85
10 0.44 0.87 0.20 0.44 0.85 0.98

30
1 0.33 1.20 0.40 0.33 1.20 5.84
5 0.38 1.06 0.20 0.36 1.09 2.47
10 0.41 0.98 0.16 0.38 1.04 1.61

analysis more experimental data and 2) to work in an energy range where propagation is as less
as possible affected by poorly known low energy physics. For example, possible charge de-
pendent drift effects in the solar modulation (see e.g. [43, 20]) can be safely neglected in that
energy range. Best fit parameters and confidence level contours obtained for that value of Emin
are showed in Tab. 1 and in Fig. 1 respectively.

From both we notice that all considered values of vA are almost equally permitted by the
B/C χ2 analysis, and that the δ − D0/zt allowed region slightly moves towards low δ’s and large
D0/zt’s as vA is increased from 0 to 30 km/s. While Kraichnan diffusion is clearly favored in the
case of low values of vA, Kolmogorov becomes favored, for vA >∼ 30 km/s. The choice among
those model, however, is difficult in the absence of an independent estimate of vA. We will show
that the antiproton/proton data break such degeneracy.

In Fig. 2(a) we show the effect on the B/C ratio of varying vA keeping δ and D0/zt fixed to
the value (0.45, 0.8) which will be motivated below.

3.2. Antiprotons
The statistical analysis for the p̄/p ratio is rather simpler than the one for B/C. Indeed, the

secondary p̄ production depends, besides on D0/zt, δ and vA, only on the source abundance
ratio He/p. This last unknown quantity can be easily fixed by looking at the measured spectrum
of He at Earth, which is relatively well known. Therefore, we do not need to fit the source
abundance ratio here and can directly proceed to map the χ2p̄/p in the (D0/zt, δ) space, for several
vA, similarly to what described in items (ii) and (iii) of the previous subsection.

In the second column of Fig. 1 we show the statistically allowed regions in the plane (D0/zt, δ)
for several values of vA and compare them with the corresponding regions determined from the
light nuclei analysis (first column in the same figure). The allowed CL region is significantly

9

@95% C.L. 
0.2 < δ < 0.7 
vA < 30 km/s

@best-fit: 
δ = 0.45 

vA = 15 km/s

vA = 10 km/s vA = 20 km/s vA = 30 km/s



How to bracket propagation uncertainties?

protons!
protons+B/C

• We use CR data from the same 
experiment (PAMELA) to reduce 
systematics and uncertainties due to 
solar modulation!

!
• We vary all relevant, propagation and 

modulation parameters                  
(104 DRAGON runs )!

!
• We require that primary spectra 

(protons and Heliums) and B/C are 
reproduced!

C. Evoli, E, D.Gaggero & D.G, 1504.05175 



Propagation vs nuclear uncertainties

Figure 2. The envelope of the secondary antiproton spectra computed with the di↵erent propagation models
found to reproduce the B/C and primary spectra.

Figure 3. Left plot: The secondary antiproton flux computed for di↵erent values of the halo height L. Right
plot: The normalization of the di↵usion coe�cient required, for each value of L, to reproduce the B/C ratio
(the green line is used to guide the eye).

at ⇠ 200 GV. We assume Boron is entirely secondary. It was shown by [45] that, neglecting the
production and acceleration of secondary nuclei inside SNRs, the � may be underestimated by a
factor of ⇠ 5� 15%. We checked that the Fisk potential gives an accurate description of modulated
spectra compared against the more realistic predictions provided by the Helioprop simulations. Using
a charge-dependent formalism for the modulation is relevant only when we compare di↵erently charged
particle spectra. We discuss this in detail in section 2.4.

With the given set of di↵usion and source parameters we are now able to calculate the B/C
ratio. We identify a model as a good one, if it reproduces the B/C data as well as proton, helium
and carbon data within the 3� limits. In particular, a model is selected if it gives a �2 against the

– 6 –

Figure 4. Comparison between the propagation and the nuclear uncertainties. Yellow band: Error on the
p̄ flux due to the uncertainty in the propagation parameters. Blue lines: The relative ratios between the p̄
flux computed using the maximal (dot-dashed), fiducial (dashed), and minimal (solid) cross section from [14]
(KW) and the same flux computed adopting the parameterization from [32, 49] (TN).

di↵erent values for L up to 16 kpc. In order not to lose the perfect agreement with the secondary
over primary data, we increase the D0 value accordingly (see the right plot in figure 3). As shown in
figure 3, di↵erent choices for L in this range do not a↵ect our predictions for the secondary antiproton
flux.

Although in this paper we assumed a uniform value of � in the whole Galaxy, it was recently
shown that di↵use �-ray data favor a scenario characterized by radially-dependent CR transport
properties [47, 48]. In order to investigate the possible impact of that scenario on our results, we
computed the local secondary antiproton spectrum for the KRA� model considered in those paper
finding a negligible correction.

3.3 Antiproton production cross-section uncertainties

We compare here the propagation uncertainties derived in the previous sections with those associated
with the antiproton production processes.

In figure 4, we show the relative ratio between the minimum (maximum) secondary antiproton
flux and that obtained using the best-fit propagation model. The corresponding region represents the
uncertainty on the secondary flux associated with galactic propagation.

We compare this uncertainty band with the relative di↵erences associated with production cross
sections. To this end, we compute secondary antiprotons with the new prescriptions recently proposed
by [14] and we evaluate them against the traditional fitting relations given in [32, 49].

We find that nuclear uncertainties can be as large as 50% even at ⇠ 100 GeV, and are much
larger below few GeVs. However, with the available CR data, the propagation uncertainties dominate
over the entire energy range as shown in figure 4.

Upcoming measurements (in particular, from AMS-02 [1], CALET [50], and ISS-CREAM [44])
are expected to significantly improve our knowledge of propagation parameters and then to reduce
the associated uncertainties. In that situation, antiproton production cross sections will prevent us
to provide predictions for the astrophysical backgrounds as accurate as the forecasted sensitivities.

– 8 –

C. Evoli, E, D.Gaggero & D.G, 1504.05175 

No evidence of an excess !

cross sect. unc.  MAX

cross sect. unc. fiducial

cross sect. unc. MIN



AMS-02 anomaly ?
C. Evoli, E, D.Gaggero & D.G, 1504.05175 

Figure 8. Our reference model is compared to AMS-02 preliminary proton (left plot) and helium (right
plot) data. With the dotted and dashed lines we show the minimal and maximal breaks compatible
with the hardening measured by AMS-02.

Figure 9. Our reference model compared to AMS-02 preliminary B/C data. Solid line: the TOA
spectrum modulated with � = 0.6 GV; dotted line: the LIS spectrum.

of the uncertainties associated with propagation. In this perspective, the final release of the
secondary/primary measurements, when systematic and statistical errors are fully accounted
for, will be crucial.

A propagation model chosen among those considered in section 3.1, and compatible

– 14 –



AMS-02 anomaly ?

Figure 8. Our reference model compared to AMS preliminary B/C data. Solid line: the TOA spectrum
modulated with � = 0.6 GV; dotted line: the LIS spectrum.

Armed with a model fully consistent with all the preliminary nuclear observables, we can finally
compare our prediction for the p̄/p ratio with the data.

In figure 9 we show this comparison. The computation of the secondary flux is performed using
the fiducial value of the cross sections provided by [14], and the associated uncertainty is shown as a
blue band.

We conclude that, even without considering all the relevant uncertainties associated with propa-
gation or injection slopes, our predictions for the p̄/p are in good agreement with the preliminary data
in the entire energy range. Our findings are then in agreement with the conclusions of [58], although
our analysis relies on the B/C data from the same experiment for the assessment of the propagation
model.

6 Conclusions

We presented a revisited study of the dominant uncertainties in the determination of the CR secondary
antiproton spectrum.

By performing a scan over the parameter space relevant for CR propagation, we identified a set of
models compatible with B/C, proton, helium and carbon data provided by the PAMELA experiment.
We were then able to bracket the minimum and maximum secondary antiproton fluxes constrained
by local observables and we compared the associated uncertainty band with the errors related to
the production cross sections. It is the first time that such analysis has been performed by using
comprehensive numerical simulations of CR propagation in the Galaxy and the Heliosphere. More
importantly, we used for the first time a complete set of measurements from the same experiment:
Using consistent data from the same data-taking period allowed us to reduce the uncertainties due to
solar modulation.

Similarly to previous results, we found that the secondary antiproton spectrum is independent on
the (almost unknown) di↵usion halo height and that, using the recent PAMELA data, the uncertainty
on the propagation model dominates over the nuclear ones.

Our result has important implications for the indirect search of primary p̄ from DM annihilations
in the galactic halo. Therefore, we provided the most conservative – with respect to the mentioned

– 12 –

C. Evoli, E, D.Gaggero & D.G, 1504.05175 

Cross section 
uncertainty only
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Warning: this is not based on 
AMS-02 B/C preliminary data !
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AMS-02 anomaly ?
Gisen, Boudaud, Genolini, Poulin, Cirelli, Salati, Serpico 1504.04276 

should be preferred by !
AMS-02 B/C



AMS-02 anomaly ?
R. Kappl & M.W. Winkler, 1506.04145



Antiproton from DM 

you are here

M. Cirelli courtesy



Antiproton from DM: how it may look like



Antiproton from DM 

Electroweak corrections  !
have to be taken in account for large 
WIMP masses

In the following we use the PPPC4DMID     
Cirelli et al. 2011 and upgrades  !
DarkSUSY can also be used and interfaced with CR codes , Ullio et al 

Ciafaloni,Cirelli,Comelli,De Simone,Sala, Strumia, Riotto,Urbano,  
1009.0224, 1104.2996



Antiproton from DM 

Electroweak corrections   
have to be taken in account for large 
WIMP masses

Ciafaloni,Cirelli,Comelli,De Simone,Sala, Strumia, Riotto,Urbano,  
1009.0224, 1104.2996



Antiproton from DM: astrophysical uncertainties 

Lo
g

KRA
KOL
THN
THK
CON

Einasto}
KRA
KOL
THN
THK
CON

NFW}
KRA
KOL
THN
THK
CON

Burkert}
Uncertainty due to the DM profile >> Propagation uncertainty

C. Evoli, I.Cholis, D.G., L.Maccione & P.Ullio, PRD, 2012, 1108.0664



Antiproton from DM: astrophysical uncertainties 
C. Evoli, I.Cholis, D.G., L.Maccione & P.Ullio, PRD, 2012, 1108.0664

The DM density profile (estimated 
on N-body simulations) strongly 
affects the annihilation rate (J fact.)

Einasto
NFW

Burkert



Antiproton from DM: astrophysical uncertainties 
C. Evoli, E, D.Gaggero & D.G, 1504.05175 

Relative    flux from a source at Rp̄



Antiproton from DM: astrophysical uncertainties 

Uncertainty due to the DM profile >> Propagation uncertaintyFigure 6. Uncertainties on the flux of primary antiprotons originating from DM annihilation due to
the propagation parameters (yellow band) and to the halo size (red line). For the latter, the ratio
between the two extreme cases zt = 16 kpc and zt = 2 kpc is considered

Figure 7. Antiproton bounds on DM models computed with conservative assumptions for the CR
propagation and DM contribution. Red solid (dashed) line: bb̄ channel for NFW (generalized NFW)
profile; blue solid (dashed) line: W+W� channel for NFW (generalized NFW) profile. With red (blue)
filled contours we report the 2� and 3� best-fit regions identified in [56] for the bb̄ (W+W�) channel.

2 kpc since it is the minimum value compatible with synchrotron di↵use emission observa-

– 12 –

C. Evoli, E, D.Gaggero & D.G, 1504.05175 

zmax  =  2/16 kpc  ratio 



Antiproton constraints on DM

CE, D.Gaggero & D.Grasso, 1504.05175 

     W-ino model             Light WIMPs 
��! µ+µ���! b̄bW̃ 0W̃ 0 !W+W�

PAMELA
 

FERMI

C. Evoli, I.Cholis, D.G., L.Maccione & P.Ullio, PRD, 2012, 1108.0664

 Heavy WIMPs 



Antiproton constraints on DM
G. Giesen & M.Cirelli, 1301.7079



Cosmic-ray clocks

ANRV326-NS57-10 ARI 14 September 2007 18:0

Because the secondary flux must come from the Galaxy at large (the local secon-
daries being negligible), a steep local primary source will cause B/C to decrease at
low energies. The known existence of the Local Bubble containing the Sun, and its
probable origin in a few supernovae in the last few million years, makes this plausible,
but hard to prove. However, it might be possible if CR composition at low energies
were found to have anomalies, indicating a younger age compared to high-energy
CR. Davis et al. (104) claim that if B/C is fitted in such a model, then sub-Fe/Fe
cannot be fitted by the same model. However, an acceptable fit to this and other data
is found in Reference 126 using a diffusion model for the large-scale component.

3.2. Unstable Secondary-to-Primary Ratios: Radioactive Clocks
The five unstable secondary nuclei that live long enough to be useful probes of
CR propagation are 14C, 10Be, 26Al, 36Cl, and 54Mn, with properties summarized in
References 101, 126, and 127. 10Be is the longest lived and best measured. The theory
is presented in Section 2.2. On the basis of these isotopes and updated cross sections
(128), the halo height zh = 4–6 kpc, consistent with earlier estimates of 3–7 kpc (98)
and 4–12 kpc (67). Figure 11 compares 10Be/9Be with models, where the ISOMAX
10Be measurements (129) up to 2 GeV (and hence longer decay lifetime) are consistent
with the fit to the other data, although the statistics are not very constraining.

The data are often interpreted in terms of the leaky-box model, but this is mislead-
ing (108, 127, 131). For the formulae and the detailed procedure for the leaky-box
model interpretation, see Reference 132. Luckily, the leaky-box-model surviving frac-
tion can be converted to physically meaningful quantities (131) for a given model.
For example, in a simple diffusive halo model, the surviving fraction determines the
diffusion coefficient, which can be combined with stable secondary-to-primary ratios
to derive the halo size. Typical results are Dxx = (3 − 5) × 1028 cm2 s−1 (at 3 GV) and
zh = 4 kpc. We can then compare the leaky-box model’s escape time of ≈107 yr with
the actual time for CRs to reach the halo boundary after leaving their sources, the
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Figure 11
Data on energy-dependence
of 10Be/9Be, including
ISOMAX, ACE, Ulysses,
Voyager, IMP, and ISEE-3
data. The solid black line is
a diffusive halo model with
4-kpc scale height using
GALPROP (98). The gray
lines are leaky-box models
(130). Figure adapted from
Reference 129 with
permission from the
American Astronomical
Society.
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In principle remove the degeneracy between the diffusion 
coefficient and halo height determined from the B/C !
in practice provide only a very weak constraint on zt



How to constrain the diffusive halo thickness ?
High-energy Astrophysics connection

Cosmic rays, gamma rays, synchrotron & magnetic fields

10�2 10�1 100 101 102 103 104 105 106 107

E [GeV]

101

102

E
3
�

J(
E
)

[G
eV

2
m

�
2

s�
1

sr
�

1
]

J(E
k

) / E����

k

J(E
k

) / E����/2�1/2
k

J(E
k

) / E���1
k

Tang et al., 1984

Golden et al., 1984

Golden et al., 1994

CAPRICE 94

HEATS 95

BETS 04

BETS 96-98

AMS-01

ATIC-1,2

H.E.S.S. 09

Kobayashi et al., 2012

KOL

KRA

PDCosmic rays and
Synchrotron radiation
CRE are at the origins
of the di�use radio
emission from the Milky
Way. For O(few) MHz
˜Op102q GHz, its
intensity relies on the
Ncre and BGMF .

Cosmic rays and
“-ray emission
This probes the
spectrum and the spatial
distribution of cosmic
rays. BUT, it is
“contaminated” by the
p ´ p interaction in the
ISM.

[“´ di�use emission measured by Fermi-LAT][Synchrotron foreground observed by Planck]

Giuseppe Di Bernardo (MPA) Cosmological Magnetic Fields, Nordita Conference 2015 7 / 39

Bringmann & Donato 2011  
Di Bernardo,  Evoli, Gaggero,  D.G, & Maccione  JCAP 2012 

Tibaldo & Digel [Fermi coll.] 2015 

synchrotron emission 
of the Galaxy

𝛾-ray from high latitude 
molecular clouds



The Galactic Center (GC) GeV excess

= c1 +c2 +cDM

Template fitting analysis of Fermi-LAT favor the presence of a DM comp.
Fermi data IC template 𝛑0 + brems. DM template

5o × 5o
bb̄

Dylan, Finkbeiner, Hooper et al. 1402.6703

�v = 1.0⇥ 10�26 cm3s�1

mX = 35.25 GeV

D. Dixon et al. 1998 [arXiv:9803237] 
 V. Vitale et al. 2009 [arXiv:0912.3828 ] 
 L  Goodenough and D. Hooper, 2009 
 D. Hooper and L. Goodenough, 2010 

 D. Hooper and T. Linden, 2011 
 K. N. Abazajian and M. Kaplinghat,  2012 

 D. Hooper and T. R. Slatyer, 2013 
 C. Gordon and O. Macias, 2013 

 T. Daylan, et al. [arXiv:1402.6703] 
 F. Calore, I. Cholis, C. Weniger, 2014 [arXiv:1409.0042] 

 F. Calore et al. 2015 [arXiv;1411.4647] 

!



DM interpretation of the GC GeV excess

A detailed study of the uncertainties 
of Galactic diffuse background is 
performed. !
!
A larger set of DM annihilation 
channels is allowed!
!
It was checked that constraints from 
Dwarf Spheroidal galaxy emissions 
are not violated 

Calore, Cholis, McCabe, Weniger 1411.4647



Astrophysical interpretations of the GC GeV excess

Main interpretations:!
!
a population of milli-second pulsars!
Wang et al. 2015; Gordon & Macias 2013; Lee et al. 
2015; Bartels et al 2015!
!
!
!
transient phenomena (SMBH outburst)!
Carlson et al. 2014; Petrovic et al. 2015!
Cholis et al. 1506.05119!
!
!
!
!
a peaked SNR density in the GC!
Gaggero et al. 1507.06129!
!
!



Antiproton constraints on the DM interpretation of 
the GC GeV excess - propagation uncertainties

Cirelli, Gaggero, Giesen, Taoso, Urbano, 1407.2173 



Charge dependent solar modulation

Dedicated codes treating propagation in the 
heliosphere by means of stochastic 
differential equations have been developed!
!
L. Maccione PRL  (HelioProp code)!
!
This was shown to work for the positron 
fraction!
!
We used HelioProp to modulate antiprotons 
as well.  



Antiproton constraints of the DM interpretation of 
the GC GeV excess

Cirelli, Gaggero, Giesen, Taoso, Urbano, 1407.2173 

The role of solar modulation

Warning: the background is kept fixed here ! 

bb̄ channel



DM bounds after PAMELA data

Figure 6. Antiproton bounds on DMmodels computed with conservative assumptions for the CR propagation
and DM contribution. Red solid (dashed) line: bb̄ channel for NFW (generalized NFW) profile; blue solid

(dashed) line: W+W� channel for NFW (generalized NFW) profile. With red (blue) filled contours we report
the 2� and 3� best-fit regions identified in [52] for the bb̄ (W+W�) channel.

For this purpose, we use as background model the minimum secondary antiproton flux evaluated
from the envelope of all the propagation models compatible with CR nuclear measurements and by
using the minimal model for the antiproton production cross sections provided by [14]. We also
remark that we can safely neglect the charge-dependent e↵ects in the determination of the minimum
background (see section 3.4).

To propagate DM antiprotons, we select the propagation model giving the minimal background
flux at the energy corresponding to the DM particle mass and we choose L = 2 kpc since it is
the minimum value compatible with synchrotron di↵use emission observations [20]. We note here
that, while secondary antiprotons are una↵ected by di↵erent values of L, DM antiprotons can change
significantly and, in fact, this parameter is the most important one to evaluate this contribution. In
particular, thinner halos underproduce the DM p̄ flux, and therefore L = 2 kpc corresponds to the
minimum flux expected from a given DM model (see [13] for a more detailed discussion).

We determine the 2� exclusion contour in the plane (mDM, h�vi), for each given DM mass, as
it follows. We first vary h�vi to minimize the �2 of the antiproton flux (obtained as the sum of the
minimal background and the DM contribution) against PAMELA data [53]. We then calculate the
maximum allowed value for h�vi within the 2� limit. We point out that we evaluate the �2 only for
the data points with energy less than the DM particle mass mDM.

In figure 6 the reader can see our results for the maximum allowed annihilation cross section for
the bb̄ and W+W� annihilation channels.

Our results can be now compared with the DM interpretation of the recently claimed signal in
the gamma-ray channel located in the inner few degrees around the GC [37].

In [37] the authors show that a DM particle with mass ⇠ 43 GeV annihilating into bb̄ with a
cross section h�vi ' 2.2 · 10�26 cm3s�1 (for the Inner Galaxy analysis) and distributed according to
a gNFW profile with � = 1.18 can accomodate the anomalous excess.

The detailed analysis reported in [52] provided a better quantification of the systematic uncer-
tainties a↵ecting the proposed signal; more recently, the Fermi-LAT collaboration released preliminary
estimates of the energy spectrum of this excess, based on four qualitatively di↵erent background mod-

– 10 –

Upper limits obtained taking !
!
• zt = 2 kpc  (minimal CR halo height 

compatible with radio obs. ⇒  max     flux 
from DM annihilation ) !
!

• minimal secondary antiproton spectrum at 
E ~ mX  compatible with PAMELA B/C data!
!

• minimal       production cross-section 
compatible with NA49 data                  
Kappl & Winkler 1408.0299

p̄

p̄

C. Evoli, E, D.Gaggero & D.G, 1504.05175 



Constraints from 𝛾-rays



Constraints from the CMB



Conclusions

•  The secondary antiproton spectrum can be computed with good 
accuracy (30 % unc. at most) on the basis of CR nuclear data!

!
• Present data (including preliminary AMS    data)  do not show any 

presence of an excess respect to that background !
!

• Antiprotons from dark matter annihilation are subject to much larger 
uncertainties mainly due to the poorly known diffusive halo height. 
Gamma ray and radio/microwave observation may help to reduce this 
uncertainty. !

!
• The DM interpretation of the GC GeV excess is still compatible with 

antiproton (as well as gamma and CMB) constraints


