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At high energies, the hadronic origin of gamma rays from supe remnants is still debated.
Assuming the observed gamma-rays from the Wolf-Rayet sigwarremnant Cas A are due to
accelerated protons and ions, we predict the nuclear déaB&n line emission arising from in-
teractions with the heavy elements in the supernova ejecta.

This illustrative example highlights the importance of Mgdmma ray observations of the
hadronic fingerprint of cosmic rays. The lines could be olegin the MeV band with a fu-
ture space mission such as GRIPS which has been proposedtaszs all-sky survey mission
with gamma-ray, X-ray and near-infrared telescopes. In M@vhma rays, its sensitivity will
improve by a factor of 40 compared with previous missions.
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Figure 1: Left panel Schematic representation of the two satellite bus$tight panel Detail on GRM working

principle and its schematic representation.

1. GRIPS

The Gamma-Ray Imaging, Polarization and Spectroscopy (GRIPS) misioaridists of a
Gamma-ray monitor (GRM), an X-ray monitor (XRM) and an Infrared telpsqdRT):

e the IRT is an IR telescope with a 1 meter mirror and it will be a copy of Euclid i{2];
addition, in the IRT focal plane there is set a GROND [3]-like system withtéaders, with

a 10x 10 field of view;

e the XRM is re-using eRosita [4] technology; it will work in the energy rafdge- 10 keV

with a spatial resolution of£-30";

o the GRM will work in the energy range 200 keV - 80 MeV (the energy ramgeer limit is
easily extendable to higher energies) with a spatial resolutievildfand it will also provide

polarization ¢ 1%) measurement capability.

These 3 instruments will be set in orbit onboard 2 different satellite bbheasgver, respecting
the Soyuz weight limits (the total weight of GRIPS is 5 tons, while the Soyuzydfayload limit
is 5.2 tons), it will require one single Soyuz launcher. Figure 1 show @rsatic representation of
the two satellite buses, one carrying GRM ,while the other for IRT and XRTaarartoon zooming

into the GRM working principle.

GRM is a combined Compton and pair conversion telescope, consisting déRedifparts:

e A Tracker (TKR), made of Silicon double-side detectors (DSD), whezértitial interaction
takes place and the secondary charged particles are tracked; theohisRts of 4 towers,
each tower consists of 64 layers spaced 5 mm from each other (alsdigucation with 3
mm spacing has been under investigation) and each layer consistgl@8D wafers of 10

%10 cn? each.

e A Calorimeter (CAL), made of L%Br, where the energy of the secondary particles is con-

verted into light signal.
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e An Anti-coincidence Shield (ACS), made of plastic scintillator (Ne110), thltshield the
instrument from charged particles; note that the efficient backgrogjedtion, provided by
the ACS, is a crucial point for an MeV telescope. GRIPS is a mature prbjatis planned
to be launched in 2020.

A detailed description of GRIPS mission can be found in [5] and in the origireéct [6].

2. Origin of cosmic rays

One of the most important achievement of GRIPS will regard cosmic rays)(@Rs are 98%
hadrons and 2% leptons. This discovery traces back one century tartiieverks of Domenico
Pacini [7] and Victor Hess [8] but their origin is still unknown. While the leptacceleration
has been proven (e.g. by X-rays and Radio observations of SNR&/Nel the “smoking gun”
for the hadronic acceleration is still missing. Since the sixties, the SN explamienlought to be
responsible for the hadronic component of CRs [9] and the recemwtises at TeV (from Imaging
Atmospheric Cherenkov Telescpes, IACTs) and GE®tihi LAT) energies seem to support this,
however there is no conclusive proof yet. In the future the “smoking gauold also come from
the neutrino telescopes (such as Icecube and KM3NET) despite their limitatiento the small
cross section of neturino interactions. GRIPS will provide this proof in hagsy

e by distinguishing between hadronic and leptonic emission from the continpeatram.

e by studying the nuclear de-excitation lines.

3. Cosmicrays. continuum spectra

Leptonic and hadronic processes have different signatures in the &My range. GRIPS
will be able to detect the sources that are thought to be responsible oa€Rkeration and to
precisely measure their spectra. Figure 2 shows the spectra of the EpallaNind Cassiopeia A
extracted from the preliminary simulation of few minutes of GRIPS observatibesspectra are
normalized in order to show similar energy fluxes for the sake of demonsti@tithe instrument
response to a Cas A - like spectrum and its capabilities to distinguish it fronalal®e spec-
trum. Let us underline once more the polarimetric capability to disentangle emiasicimanisms
that originate continuum emission (Synchrotron, Bremsstrahlung, E@&vspton, neutral pions
decay).

4. Cosmicrays. de-excitation of nuclear lines

On the other hand, The “hadronic fingerprint” can be read off thexd@agion lines of heavier
nuclei: let us take the exemplary case of the Carbon line at 4.4 MeV frosidpesa A, considering
the prediction from the hadronic fipt+ A— T+ A) of GeV-TeV data [11]. Let us take a proton
power lawQp, = Qop~23 with total energyVp = [;oveyQpP dp= 4 x 10*%rg from [11] and note
that this would correspond t82% of the SNR kinetic energy (less than what is expected in the
Ginzburg scenario [12] [13]).
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Figure 2: Preliminary simulation of few minutes &RIPSobservations using MEGAIib software [10]: Crab Nebula
and Cassiopeia A spectra.The spectra are normalized in order to ishitav snergy fluxes for the sake of demonstration
of the instrument capabilities to distinguish between Cas A - like spectra aiwliRe ones.
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Figure 3: Cross section for th#C excitation and (quasi spontaneous) deexcitation line emission at 4 ¥3néa-
sured in a solar flare of August 1972 from [16].

According to [14], electrons with a similar slope produce the hard X-ragssynchrotron
emission: the Inverse Compton emission is suppressed, owing to a strongtinéigidB > 0.5mG
(for leptonic GeV-TeV fits, 0.1 mG is needed). Let us mention that hadroRi & low energies
could also be suppressed if their acceleration gains do not overconmen@olosses [15] but we
focus on the emission from the acceleration zone here. Consideringyibeaenriched plasma
composition withnc = 10cnT 3 at the reverse shock, tHéC excitation and (quasi spontaneous)
de-excitation line emission at 4.43 MeV is given by:

dN 4 12~y da(p)
Elc— C)—/mMeVQp(p) gp necdp

where the cross section is shown in Fig. 3.
Using d = 3.4 kpc for the distance to Cassiopeia A, this yields the line flux atMeAS

Fa43= _1 dn
’ 4md? dE

Considering now a line width of E = 100 keV, we obtain the flux that we weaecking for
and let us note that such a flux is clearly detectable by GRM-GRIPS; thefutheck we can also

~4x 10 8m?s kev 1!
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Figure 4: Many other de-excitation lines could be visible in GRM-GRIPS energy raaigeve all'2C and!®0 [16],
Solar System abundances have been considered in computing thisispfrom [16].

compare it with the upper limit provided by COMPTEL of the flux in the rang&é@3MeV for the
continuum [17]:

D3 10=4x10%m st <dy =14%x10°cm st

Figure 4 depicts the predicted line spectrum around4@dine according to [16].

To validate the chances for success of the introduced approach,aesethes Monte-Carlo-
code developed by Ramtay et al. to compute the whole nuclear de-excitaticspkotum for
the specific case of Cassiopeia A. For a detailed description of the methedsruthe code and
a deeper insight into the different reaction types as well as the derivattiome production cross
sections, we refer the reader to [16] and [18].

The spectrum shown in Fig. 5 has been obtained by extrapolating the mégbyeproton
spectrum inferred from Fermi and MAGIC data [11] down to the MeV mngf is commonly
argued that strong Coulomb losses would quench the particle spectra Beldvenergies, but
the steep spectra of non-thermal particles in solar flares may tell a diffei@y. Furthermore
kinetic models of particle acceleration in supernova remnants produce a@smmmenta spectra
which are steeper in the low energy part than in the high energy part[{€. Although some
non-thermal emission is associated with the forward shock, recent stshb@sd that electron
acceleration to multi-TeV energies is likely to take place at the reverse shdble isupernova
ejecta [20]. Assuming also an acceleration scenario for cosmic rays atwbese shock side,
we adopt a chemical composition which is interstellar for the cosmic rays artidRAfget-like
for the gas, consistent with X-ray data [21], visible in Tab. 1. The reguipectrum shows
good agreement with the calculation above, showing that cosmic rayslar® gisoduce a flux of
nuclear de-excitation lines which would be clearly detectable by a futuretglesnission in the
MeV range. A unique feature arises due to C and O lines in the 4-6 MeV, lsmmiinating the
line flux from the Ne-Fe group in the 1-3 MeV band. From the gamma-ray uneants, also the
spallation rate of heavy nuclei and thereby the effect on the abunslahtg Be, and B could be
inferred, providing a new assessment of their primordial abundances.

5. Conclusions

The computed the nuclear de-excitation line spectrum concludes that withSom will be
able to:
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ratio | mean| rms
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

Table 1: Mean measured abundance ratios with rms scatter for Cassiopeia A[@Hatsed to compute Fig.5 spec-
trum.
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Figure 5: Spectrum for the specific case of Cassiopeia A abundances [21]pthagreement with the calculation
above. The green dashed line represents GRIPS sensitivitydays of observations.

e probe the hadronic acceleration in SNRs in independent ways (e.g. wamtspectrum:?C
and'®0 lines);

¢ study the elements abundances by studying the line ratios.

We predicted the nuclear de-excitation line emission arising from interactithshe heavy
elements in the supernova ejecta and the illustrdff@example highlighted the importance of
MeV gamma ray observations of the hadronic fingerprint of cosmic ragssgwed as well how
these de-excitation lines could be observed in the MeV band with a futuce spiasion such as

GRIPS.
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