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In the last years, the improvement of performances of high-energy instruments provided a great
amount of data relating to Cosmic-Rays. In particular, in the γ-ray band, we had the first evidence
of CR energization at Supernova Remnant shocks. Several models were developed in order to
isolate the hadronic component from the leptonic one and to find the first direct proof of CR ac-
celeration in those sources. Because of some spectral features in disagreement with the Diffusive
Shock Acceleration theory, however, the role of pre-existing CR re-acceleration was taken into
account, finding that not only its contribution is not negligible but also that it could explain some
important characteristics of CR particle and γ-ray spectra.
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1. Introduction

Cosmic Ray (CR) particles are mainly protons and heavy nuclei with an energy spectrum
extended from some GeV to 1020 eV. They follow a power-law distribution with several important
features: a bending at the lowest energies due to solar modulation, a steepening of the spectrum
from E−2.7 to E−3.1 at E ∼ 1015 eV (knee) and a hardening at energies of about 1018 eV (ankle)
[15, 8, 27, for a review]. We know that these particles are accelerated through the first order Fermi
mechanism (or diffusive shock acceleration, DSA) [24, 25, 10] but the issue of their origin is still
open to discussion. Focusing our attention on Galactic CRs (E < 1015 eV), Supernova Remnants
(SNRs) are considered their main sources because only 10% of the SN explosion energy is sufficient
to explain the CR Galactic energy density (WCR ∼ 1eV/cm3).

These objects are perfect locations for DSA, but we are still looking for direct evidences of
CR acceleration in their shocks that can be obtained only in the γ-ray energy band. Neutral pions
produced in the proton-proton (pp) interactions, indeed, decay in two γ-ray photons with the same
parent population spectrum and an energy Eγ ≈ 10%Ep. However, also high energy electrons con-
tribute to γ-ray emission through Bremsstrahlung and Inverse Compton processes. The distinction
between leptonic and hadronic contribution is possible only if we detect typically hadronic features
in the γ-ray spectrum.

The first one is at the lowest energies, where the rest mass of the π0, E0
π0 = 135 MeV, entails

the presence of a “pion bump” at E = E0
π0/2 (∼ 67.5 MeV). The second is at the highest energies:

protons with E ≥ 1015 eV imply photons with energies E ≥ 1014 eV and a detection of γ-ray
emission at this energy is definitely hadronic.

Detection of γ-ray emission spectrum below 200 MeV from the SNR W44 by AGILE [28, 20]
and Fermi-LAT [3] satellites seemed to be the long-awaited proof (see Sec.2). However, because
of “ad hoc” acceleration model features in disagreement with theoretical previsions and of the high
age (> 104 yrs) of this (and similar) remnant (Sec.2), diffusive shock re-acceleration of pre-existing
CRs was taken into account [1, 31, 21] (Sec.3). This mechanism could explain the γ-ray spectral
behavior of middle-aged SNRs without any “ad hoc” feature (Sec.3.2). Moreover, DSRe could
be present in the stellar wind Forward Shock (FS), as in the κ-Ori star in the Orion constellation
[33, 22] (Sec.3.3) and could explain some features of secondary particle spectra [16] (Sec.3.4).

2. The low-energy breakthrough: acceleration models and their problems

After several years without any detection of γ-ray emission from SNRs at the lowest and at
the highest critical energies, in 2011 there was a breakthrough. The AGILE satellite observed the
middle-aged (tage ≥ 10000) SNR W44, a very radio bright source, interacting with a Molecular
Cloud (MC). Fermi-LAT observed this remnant already in 2010 [1] but its spectrum spanned down
only to E ∼ 300 MeV. The AGILE spectrum, instead, extended down to 70 MeV showing for
the first time, even if not directly the “pion bump”, a low energy decay in the Spectral Energy
Distribution (SED) spectrum unquestionably due to hadronic emission [28, 20]. This behavior
was the first direct evidence of CR energization in a SNR. In the following, after an improvement
on its analysis software, Fermi-LAT satellite, not only confirmed the AGILE results for W44, but
detected below 100 MeV other two middle-aged SNRs, IC443 [3] and W51c [30].
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The scientific community was so excited for these new results that it just assumed that these
γ-ray spectra were due to freshly accelerated particles. Consequently, several acceleration models
were developed in order to fit data. But are these models in agreement with theoretical previsions?
The theory of DSA provides a power-law distribution for CR population with a momentum injec-
tion index α ≤ 4 in a strong shock (Mach Number >> 1 and compression ratio rsh ≤ 4), depending
on the non-linear effect of CRs on the shock [12, 9, 14]:

fi(p) = ki

(
p

pin j

)−α

(2.1)

The normalization ki, where the index i indicates the particle specie, is proportional to CR accel-
eration efficiency, ξCR, to medium density, ρ , and to the square of the shock velocity, vsh. This
power-law distribution has a cut-off because the acceleration time has to be lower than he mini-
mum between the age of the source and the loss time, tacc =

D(p)
v2

sh
< min(tloss, tage). D(p) is the

diffusion coefficient and the losses are pp-emission and ionization for protons and heavy nuclei,
and synchrotron, bremsstrahlung and inverse Compton for electrons [17, 21]. From the diffusion
coefficient dependences [21], we obtain a general formula for the maximum momentum:

pmax ∝ (B0)(vsh)
2

1−δ (tmin)
1

1−δ (Lc)
− δ

1−δ . (2.2)

where B0 is the upstream magnetic field, δ is the magnetic perturbation spectral index and Lc is the
magnetic perturbation correlation length [21, 22].

However, in order to explain the AGILE and Fermi-LAT data from the middle aged SNRs,
no acceleration model can fit the spectra with a simple power-law with a cut-off [28, 20, 3, 30].
All models add a low-energy cut-off or a break in the power-law distribution, using a high-energy
index very steep, α ≥ 3. All features with a no simple explanation in the context of the DSA
theory. There could be some physical explanations for these tricky behaviors. The low-energy
cut-off could be explained by the failure of the low-energy CRs to penetrate the high density MC
interacting with the remnants [26]. The steepening of the spectrum at high-energy, instead, could
be due to the damping of Alfvén waves [32]. However, there is no explicit agreement with the
theory.

There is, then, another important issue. The middle-aged SNRs like W44, IC443 and W51c,
are in their advanced expansion phase (Sedov-Taylor phase) with a very low shock velocity (vs <

100 km/s). Considering the relation between the normalization of CR acceleration spectrum, ki,
and vsh, a slow shock implies a too high acceleration efficiency, ξCR, in order to explain the high
γ-ray.

In the light of these difficulties, there were some attempts to explain the observed γ-ray spec-
tra from these remnants taking into account the contribution from diffusive shock re-acceleration
(DSRe) of pre-existing CRs.

3. Reacceleration Contribution

3.1 Differences between re-acceleration and acceleration

The first difference between DSRe and DSA is particle injection. For a pure acceleration, we
need of a still unknown injection mechanism that enhances the energy of thermal particles enough
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for allow the first order Fermi acceleration at the shock [18, 21]. Re-acceleration, instead, takes
high energy particles from pre-existing, almost isotropic, CR sea in our Galaxy. The spectrum
of these particles is measured at the highest energies by different instruments as PAMELA and
AMS02 [4, 5, 6, 7]. At the lowest energies, instead, we had “direct” measurements only after the
Voyager spacecraft went beyond the heliosphere [43, 37, 38, 11]. Beyond the heliosphere the Sun
influence is very low and CR spectrum is not affected by solar modulation.

The energization mechanism is the first order Fermi energization both for re-acceleration and
acceleration. However, whereas for the acceleration we have the power-law spectrum in Eq.2.1,
the spectrum for re-accelerated particles, f0(p), is obtained from the pre-existing CR spectra:

f0(p) = α

(
p

pm

)−α ∫ p

pm

d p′

p′

(
p′

pm

)α

f∞(p′) (3.1)

where pm is the minimum momentum in Galactic CR spectrum and fin f ty(p) is the Galactic CR
spectrum obtained from the fluxes of pre-existing CRs [37, 38, 11]. The effect of re-acceleration
is to enhance particle momentum and to harden CR initial spectrum if this is steeper than α or to
keep it equal to the parent population if it is harder than α .

Another difference is the normalization. In the DSA, we have seen that it depends on shock
velocity, medium density and acceleration efficiency. In the DSRe, instead, the normalization is
correlated with pre-existing CR normalization and with the compression ratio of the shock (see
Eq.3.1). Consequently, we have fewer free parameters and the maximum reachable flux is more
constrained than in the acceleration case. For this reason, DSRe contribution is often sub-dominant
respect the DSA one, that remains the main energization mechanism in the Galaxy.

In presence of a high density target, as in our middle aged SNRs W44, IC443 and W51c, the
situation is a little more complex. If the target density is sufficiently high, an adiabatic compressed
thin, totally ionized, shell can form in the downstream region (’crushed cloud’ model) [13, 21, 23].
In this shell, energized CRs are further compressed through a compression factor s correlated to the
ratio between the target density and the downstream density [21]. The adiabatic compression can
be limited only by the the maximum between thermal and magnetic pressure and it can enhance
the normalization of re-accelerated spectrum enough to become the dominant contribution to the
γ-ray emission.

3.2 Supernova Remnants

Since its importance in the context of CR topic, the SNR W44 was the first source for which
re-acceleration hypothesis was tested. In the work of Uchiyama et al. [42], all the γ-ray detected
middle aged SNRs (W44, W51c and IC443) were analyzed in a re-acceleration context. The au-
thors used the parametrization of pre-existing Galactic CRs based on EGRET and BESS spectrom-
eter measurements [40, 39]. The same was done by Lee et al. [31] but considering the temporal
evolution of the remnant. They take into account both primary and secondary particle emission
with hadronic and leptonic energy losses. Their results show that re-acceleration and adiabatic
compression can explain the detected W44 spectrum. However, in these models were applied a
low-energy cut-off and a spectral steepening likely due to Alfvén damping [32], the same “ad hoc”
features used in the several acceleration models. In Tang et al. [41], re-acceleration and adiabatic
compression can explain the W44 γ-ray spectrum without any low-energy cut-off or spectral break.
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However, the authors do not consider energy losses and leptonic contribution, that instead could be
very important.

Up to now, a more complete and updated model was the one described in Cardillo et al. [21].
For the first time, pre-existing CR parametrization from Voyager I data was used [43, 37, 38, 11] for
protons, helium nuclei and electrons. Energy losses and secondary emission from all particles were
considered. This model explains the radio and γ-ray spectra of the SNR W44 without any “ad hoc”
feature but only with a high-energy cut-off due to the time scale relation (see Sec.2)[21, 22]. The
final spectrum is shown in Fig.1 (left), where even a possible contribution from freshly accelerated
CRs is considered and results sub-dominant.

This model can be applied every time there are the right conditions for particle energization
at a shock of a source, with or without the presence of a “crushed-cloud”. Re-acceleration, in-
deed, is always present: we only can compute if it is dominant or sub-dominant respect the pure
acceleration.

3.3 Stellar Wind Forward Shocks

In the last years, both Fermi-LAT and AGILE satellites had analyzed the γ-ray diffuse emission
in different regions of our Galaxy, in particular in the Orion region [2, 33]. The high energy
diffuse emission is a combination of hadronic emission (pp and Bremsstrahlung) from HI and H2

distributions, leptonic emission (inverse Compton), isotropic extra-galactic emission and point-like
source emission. These measurements were very useful in order to give an estimation of the CO to
H2 conversion factor XCO but these entail another interesting result.

The study of the residual γ-ray emission obtained with the subtraction of the γ-ray diffuse one
showed the presence of an excess near the OB star κ-Ori, both in the Fermi-LAT and AGILE data.
There could be three different explanations for this excess: the “dark gas” emission [29], a possible
non-linear relation between H2 and CO densities or CR acceleration from stellar wind shock. The
“dark gas” contribution results too small to explain the measured flux of the excess [2, 33]. Even if
a non-linearity in the XCO estimation cannot be excluded, however, in the AGILE work was shown
that there is a good correlation between the γ-ray excess and the CO distribution correspondent to
a star formation region [36]. Consequently, the possibility of accelerated CR presence was studied
[22, 23]. Since the forward shock of κ-Ori star is very slow (vsh ∼ 10 km/s), however, an efficient
acceleration was unlikely. A re-acceleration model, instead, both with or without the compressed
shell formation this time, can explain very well the AGILE detected γ-ray spectrum (see Fig.1,
right).

Actually, even a simple Blandford-like adiabatic compression could explain the AGILE spec-
trum [22]; nevertheless, the potential of pre-existing re-acceleration in sources other than SNRs is
unquestionable.

3.4 Beyond the γ-ray astronomy

The role of pre-existing CRs DSRe was analyzed even separately from the γ-ray astronomy.
The huge amount of data collected during the last decade, indeed, has unveiled a lot of tricky
features in CR particle spectra [15, 8, 27]. One of this feature is the hardening of both primary
and secondary spectra detected by PAMELA and AMS-02 above a rigidity of 300 GV [16, 23].
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Figure 1: Left: γ-ray (AGILE and Fermi-LAT) data from W44 fitted with re-acceleration model described
in [21]. Right: AGILE (red) γ-ray points plotted with the different contributions estimated re-acceleration
model described in [22].

Secondary particles have a spectrum steeper of a factor E−δ compared the primary ones. For
this reason, the hardening-effect due to reacceleration (see Sec.3) strongly affect their spectra that
become flatter and similar to primary particle spectra, entailing the B/C ratio rising evident in the
experimental data [16]. However, the hardening in primary particle spectra cannot be explained by
re-acceleration and need another interpretation.

Last but not least, the introduction of pre-existing CRs in two-dimensional hybrid simulations
has provided interesting results [19, 23]. Previous simulations without DSRe showed the impor-
tance of the angle between the shock normal and the magnetic field in CR acceleration efficiency.
Greater the angle (quasi-perpendicular shocks) lower the acceleration efficiency (inhibition of par-
ticle injection). Taking into account the DSRe in simulations, instead, it is shown that pre-existing
CRs contribute in active way to self-generated turbulence, implying a non-linear magnetic filed am-
plification that changes shock inclination. This means that, even if the shock is quasi-perpendicular
at the beginning, DSRe of pre-existing particles can modify its inclination and favor CR accelera-
tion [19].

4. Conclusions

We have summarized the last results obtained in the context of CR energization through the
consideration of diffuse shock re-acceleration of pre-existing particles. This mechanism is present
in a source shock every time there are the right conditions for particle energization because involves
particle from the Galactic CR sea. Its contribution is generically sub-dominant respect the pure
acceleration. However, in slow shock as the ones in middle-aged SNRs or in the FS of the OB stars,
the acceleration is inefficient and re-acceleration can become the main contribution to detected γ-
ray spectra, especially in presence of a SNR-MC interaction.
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