
32ND INTERNATIONAL COSMIC RAY CONFERENCE, BEIJING 2011

Nuclear lines as a fingerprint of hadronic cosmic rays

A. SUMMA, D. ELSÄSSER, AND K. MANNHEIM
Institut für Theoretische Physik und Astrophysik, Universität Würzburg, Campus Hubland Nord, Emil-Fischer-Str. 31,
97074 Würzburg, Germany
asumma@astro.uni-wuerzburg.de

Abstract: Potential sources of cosmic rays can be observed through their gamma-ray emission. At high energies, the
ambiguity between inverse-Compton emission and pion-decay gamma rays cannot easily be resolved. The experimental
proof of nuclear de-excitation line spectra would therefore be of utmost diagnostic importance. Here, we focus on
prospects for detecting nuclear de-excitation lines in the Wolf-Rayet supernova remnant Cassiopeia A. We calculate the
spectrum of prominent gamma-ray lines using the proton spectrum inferred from results of nonlinear kinetic models of
cosmic ray acceleration and the chemical abundances in the reverse shock region obtained from X-ray spectroscopy. It
is shown that low-energy cosmic rays accelerated at the reverse shock are able to produce a flux of nuclear de-excitation
lines which would be clearly detectable by a future telescope mission in the MeV range.

Keywords: astroparticle physics – cosmic rays – supernova remnants

1 Introduction

With extensive observations from the radio to the gamma-
ray band, the supernova remnant (SNR) Cassiopeia A
(Cas A) is one of the best studied objects in our galaxy.
The remnant’s expansion rate indicates an explosion date
of around 1680 AD [1, 2], the combination of Doppler
shifts and proper motions leads to an estimated distance of
3.4+0.3

−0.1 kpc [3]. A spectroscopic analysis of distant light
echoes produced from the original blast results in the con-
clusion that Cas A was a type IIb supernova of a ∼ 15M�
main sequence star which has lost a significant portion of
the original outer layers of hydrogen prior to the collapse
in stellar winds [4].
Emission at most wavelengths is dominated by a 30′′ thick
“bright ring” which is formed when the ejecta encounter
Cas A’s reverse shock, becoming heated and ionized. X-
ray studies of this shell show a composition of undiluted
ejecta rich in O, Si, S, and Fe [5, 6, 7]. Previous de-
tections by HEGRA [8], MAGIC [9] and VERITAS [10]
in TeV gamma-rays are completed by recent observations
with Fermi-LAT in the GeV range [11]. Attempts at model-
ing the data according to a leptonic or a hadronic emission
scenario show the difficulties in distinguishing the two ap-
proaches at high energies: A combination of nonthermal
bremsstrahlung and inverse-Compton emission on the one
hand as well as neutral pion decays on the other hand could
be responsible for the measured spectrum [11].
The question of the origin of cosmic rays has been raised
for years, a definite clarification still remains to be com-

pleted. First suggested as sites of acceleration of cosmic-
ray particles by Baade and Zwicky in 1934 [12], super-
novae and their associated shocks became subject of many
theoretical investigations. It was shown that the combi-
nation of diffusive shock acceleration (DSA) processes in
SNR shocks with transport effects in our galaxy can in the-
ory produce the observed power-law spectrum of cosmic
rays up to the “knee” of about 1015 eV [13, 14, 15, 16, 17,
18, 19]. According to the DSA model, the charged parti-
cles scatter off irregularities in the magnetic field and in-
crease their momentum by a fraction of the shock veloc-
ity v/c each round trip from the downstream to the up-
stream region and back again. Feedback of accelerated par-
ticles on the spatial profile of the flow velocity and there-
fore on the particle distribution itself can cause a signif-
icant nonlinear behavior of DSA processes. High energy
particles with large diffusion lengths sample a broader por-
tion of the flow velocity profile and therefore experience a
greater change in compression ratio than low energy parti-
cles. This induces a flattening of the particle spectrum as
well as the resulting photon spectrum with increasing en-
ergy [20, 21, 22, 23]. The correspondence of electron and
proton spectra at high energies [21] renders it extremely
difficult to prove the acceleration of cosmic ray protons at
SNR shocks directly.
Only the gamma-ray line spectra produced in energetic col-
lisions of cosmic rays with the ambient medium provide an
unambiguous proof for the hadronic processes of cosmic
ray acceleration in SNRs; their detection would be a clear
indication of the existence of a hadronic scenario in Cas A.
In contrast to other proposed scenarios [cf. 24], we expect
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the excitation processes to happen near the proton acceler-
ation site, so effects due to Coulomb losses regarding the
proton spectrum can be neglected here.

2 Theoretical Framework

The emission of gamma rays in the range from 1 to 20MeV
due to de-excitation processes is caused by inelastic scat-
tering of energetic particles on heavier nuclei as well as
spallation reactions leaving the product nucleus in an ex-
cited state. Both the composition and the energy spectrum
of the energetic particles and the respective properties of
the ambient medium affect the spectral structure of these
gamma rays. Concerning cosmic rays with energies higher
than 100MeV, the gamma fluxes owing to p–p and p–α
collisions followed by π0 desintegration are expected to be
higher than the gamma fluxes resulting from nuclear de-
excitations [25]. That is why especially cosmic rays with
energies below 100MeV are suited well to be studied in
gamma rays and the resulting spectra offer the opportu-
nity to get detailed insights into astrophysical processes.
The determination of the profile of a single gamma-ray
line can be outlined as follows: According to [26], the
probability of photon emission per second into solid angle
d(cos θ0) dφ0 can be written as (the z-axis is chosen in the
direction of the incident particle)

dPγ = niv
dσ

dΩ∗
(E, θ∗r ) d(cos θ

∗
r ) dφr

× g(E, θ∗r , θ0, φr − φ0) d(cos θ0) dφ0.

(1)

In the center-of-mass frame, the interaction produces an
excited nucleus with recoil velocity in d(cos θ∗r ) dφr. E
represents the energy of the incident particle before the in-
teraction, ni the number density of the target particles. v
is the incident particle’s velocity, dσ/dΩ∗ is the center-of-
mass differential cross section, and g is the angular distri-
bution of the resulting gamma rays. φr and φ0 are azimuth
angles measured in the (x, y)-plane, θ∗r and θ0 are polar an-
gles given with respect to the z-axis. To finally determine
the gamma-ray spectrum, Eq. (1) can be integrated over
cos θ∗r , φr, cos θ0 and E by using the Monte Carlo simula-
tion technique. We refer the reader to [26, 27] and refer-
ences therein for a more detailed description of the calcu-
lation methods. More information about the derivation of
line production cross sections can be found there, too.

3 Results and discussion

We consider a scenario in which the gamma-ray emission
of Cas A is modeled by a hadronic fit based on the π0-decay
of accelerated hadrons. Adapting a slightly different ap-
proach compared to [29], we infer the spectrum of acceler-
ated protons from the outcomes of [30], where the relevant
properties of Cas A are described with a nonlinear kinetic
model of cosmic ray acceleration. The numerical results

Table 1: Mean measured abundance mass ratios and rms
scatter according to the results of [5] and [28].

ratio mean rms

C/Si 1.76 0.88
O/Si 1.69 1.37
Ne/Si 0.24 0.37
Mg/Si 0.16 0.15
S/Si 1.25 0.24
Ar/Si 1.38 0.48
Ca/Si 1.46 0.68

FeL/Si 0.19 0.65
FeK/Si 0.60 0.51
Ni/Si 1.67 5.52

for the overall proton spectrum are approximated with a
broken power law as follows (mp is the proton mass):

Qp(p) ∝
{
p−γ1 , p ≤ mpc

p−γ2 , p > mpc
(2)

where the power-law indices take the values γ1 = 2.5 and
γ2 = 2.0. Adopting the total proton energy content from
[30] of Wp =

∫
10MeV/c

Qpp dp = 1049 erg as normali-
sation condition, the whole nuclear de-excitation spectrum
can be computed by using the Monte-Carlo-code developed
by [26]1. The normalisation has been chosen in [30] to ob-
tain agreement with the TeV measurement of HEGRA. We
cautiously remark that a selfconsistent determination of the
cosmic ray efficiency would affect the normalisation con-
dition. Nevertheless, the results are comparable to the out-
comes of [11]. Here, the acceleration scenario for cosmic
rays is assigned to the reverse shock side and a chemical
composition which is interstellar for the accelerated cosmic
rays and Wolf-Rayet-like (cf. Table 1) for the ambient gas
is adopted. The additional consideration of recoiling target
particles as well as the contribution of unresolved gamma
rays from heavy nuclei and lines from long term radioac-
tive nuclei lead to a significant broadening of lines. Note
that the continuum component due to nonthermal electron
bremsstrahlung is not taken into consideration here, but the
results of [31] confirm that the bremsstrahlung component
would influence the nuclear line fluxes only marginally.
The elemental abundances were inferred from X-ray spec-
tral studies [5] as well as from observations of infrared fine-
structure lines [28], the applied numerical values can be
found in Table 1.
As can be seen in Fig. 1, the adopted acceleration sce-
nario for cosmic rays in Cas A leads to a flux of nuclear
de-excitation lines which would be clearly detectable by a
gamma-ray telescope with enhanced sensitivity as succes-
sor to the COMPTEL mission, e.g. the proposed GRIPS
mission by [33]. Since the thermal target gas reflects the
heavily enriched abundances of the Wolf-Rayet progenitor

1. http://lheawww.gsfc.nasa.gov/users/ramaty/code.htm
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Figure 1: Calculated gamma-ray spectrum for the specific case of Cas A using the assumptions described in the text. 106

photons are binned into energy intervals of widths ranging from 2 to 5 keV as outlined in [26]. For example, the 12C
line at 4.4MeV has a flux which is close to the sensitivity limit of COMPTEL [cf. 32]. The continuum sensitivity of
COMPTEL (dashed line) is indicated for comparison [33]. The curve is for an exposure of 106 s, ΔE = E and an E−2

spectrum.

star, the line emissivity is additionally boosted. Of course,
the detailed line characteristics are always dependent on the
precise knowledge of the supernova ejecta’s composition,
but the natural process of element synthesis in the progen-
itor star and the supernova explosion mechanisms lead to
peculiar properties in the gamma-ray spectrum. The C and
O lines in the 4− 6MeV band dominate the line flux from
the Ne-Fe group in the 1−3MeV band, providing a unique
spectral feature.

4 Conclusion

From the calculations and statements above the follow-
ing conclusions can be drawn: Nuclear de-excitation lines
produced in SNR environments offer unique laboratories
for gauging models of cosmic ray production, accelera-
tion, transport, and interaction scenarios. Additionally, the
gamma-ray measurements could be used to determine the
spallation rate of heavy nuclei and thereby the abundances
of Li, Be, and B, providing a new assessment of their
primordial abundances. Nuclear de-excitation lines from
Wolf-Rayet-SNRs, such as Cas A, could be discovered and
both the detection and non-detection of these characteris-
tic spectra would offer the opportunity to verify or falsify
the hadronic acceleration models in supernovae, therefore
revealing definitely the origin of cosmic rays. This also un-

derlines the need and the importance of a future gamma-ray
telescope regarding the MeV energy range.
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