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Abstract

The energy range between about 100 keV and 1 GeV is of interest for a vast range of as-
trophysical topics. In particular, (1) it is the missing ingredient for understanding extreme
processes in the multimessenger era; (2) It allows localizing cosmic-ray interactions with back-
ground material and radiation in the Universe, and spotting the reprocessing of these particles;
(3) Last but not least, gamma-ray emission lines trace the formation of elements in the Galaxy
and beyond. In addition, studying the still largely unexplored MeV domain of astronomy would
allow a rich observatory science, including the study of compact objects, solar and Earth science,
as well as fundamental physics. The technological development of silicon microstrip detectors
makes now possible to detect MeV photons in space with high efficiency and low background.
During the last decade, a concept of detector (“ASTROGAM”) has been proposed to fulfill
theise goals, based on a silicon hodoscope, a 3D position-sensitive calorimeter, and an antico-
incidence detector. In this paper we stress the importance to send in orbit a space mission of
medium size (M class) fulfilling these objectives, dubbed “ASTROMEV” in what follows.

1 Introduction

Gamma-ray astronomy has experienced a period of impressive scientific advances and successes
during the last decade. In the high-energy range studied with space instruments, above 100 MeV,
the AGILE and Fermi missions led to important discoveries. In particular, the Large Area Telescope
(LAT) of the Fermi satellite has established an inventory of over 5000 steady sources of various
kinds (blazars, pulsars, supernova remnants, high-mass binaries, gamma-ray bursts, etc.) showing
a variety of gamma-ray emission processes [106] . Similarly, in the hard X-ray/low-energy gamma-
ray band, the latest catalog of sources detected with the Burst Alert Telescope (BAT) of the Neil
Gehrels Swift observatory contains 1632 sources in the range 14–195 keV [99]. But at intermediate
photon energies, between 0.2 and 100 MeV, only a few tens of steady sources have been detected
so far, mostly by the COMPTEL instrument on board the Compton Gamma-Ray Observatory
(CGRO; see Ref.[94]), such that this peculiar field of astronomy has remained largely unexplored.

Many of the most spectacular objects in the Universe have their peak emissivity at photon en-
ergies between 0.2 and 100 MeV (e.g. gamma-ray bursts, blazars, pulsars, etc.), so it is in this
energy band that essential physical properties of these objects can be studied most directly. This
energy range is also known to feature spectral characteristics associated to gamma ray emission
from pion decay, thus indicating hadronic acceleration. This fact makes the MeV energy region
of paramount importance for the study of radiating, nonthermal particles and for distinguishing
leptonic from hadronic processes. Moreover, this energy domain covers the crucial range of nu-
clear gamma-ray lines produced by radioactive decay, nuclear collision, positron annihilation, or
neutron capture, which makes it as special for high-energy astronomy as optical spectroscopy is for
phenomena related to atomic physics.

The fact that the MeV domain lags far behind compared to its neighbors (X-rays and gamma
rays of high or very high energy) in terms of detection sensitivity (Fig. 1) is due to instrumental
difficulties specific to this domain. In particular, below a few MeV, the lack of signature of the cre-
ation of an electron-positron pair is acute not only to separate gamma rays from charged particles,
but also to evaluate the incoming direction of the photons. Moreover, being the domain of nuclear
gamma-ray lines makes it extremely interesting for astrophysics, but gives a strong instrumental
background due to the deactivation of irradiated materials in space.

However, recent progress in silicon detector and readout microelectronics can allow the devel-
opment of a new space instrument reaching a gain in sensitivity by about two orders of magnitude
compared to CGRO/COMPTEL [30]. In addition, the instrument can achieve excellent spectral
and spatial resolution by measuring the energy and three-dimensional (3D) position of each interac-
tion with the detectors. Such a mission, dubbed “ASTROMEV” in what follows, has the potential
to answer key questions in astrophysics through a dedicated core science program:

• Processes at the heart of the extreme Universe in the era of multimessenger
astronomy
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Figure 1: Point source continuum differential sensitivity of different X- and -ray instruments (see
[29]). The hatched area indicates the targeted level of sensitivity of the next generation gamma-ray
observatory for a source effective exposure of 1 year.

Observations of relativistic jet and outflow sources (both in our Galaxy and in active galactic
nuclei, AGNs) in the X-ray and GeV–TeV energy ranges have shown that the MeV–GeV band
holds the key to understanding the transition from the low energy continuum to a spectral
range shaped by very poorly understood particle acceleration processes. ASTROMEV will:
(1) determine the composition (hadronic or leptonic) of the outflows and jets, which strongly
influences the environment – breakthrough polarimetric capability and spectroscopy provid-
ing the keys to unlocking this long-standing question; (2) identify the physical acceleration
processes in these outflows and jets (e.g. diffusive shocks, magnetic field reconnection, plasma
effects), that may lead to dramatically different particle energy distributions; (3) clarify the
role of the magnetic field in powering ultrarelativistic jets in gamma-ray bursts (GRBs),
through time-resolved polarimetry and spectroscopy.

In addition, measurements in the ASTROMEV energy band will have a big impact on mul-
timessenger astronomy in the 2030s. In particular, MeV energies are expected to be the
characteristic cutoffs in NS-NS and BH-NS mergers, giving a decisive input to the study of
the energetics of these processes. Moreover, a detector sensitive in the MeV region will allow
the detection of the �0 peak, disentangling hadronic acceleration mechanisms from leptonic
mechanisms, and thus providing an independent input to neutrino astronomy.

• The origin and impact of high-energy cosmic-ray particles on Galaxy evolution

ASTROMEV will resolve the outstanding issue of the origin and propagation of low-energy
cosmic rays affecting star formation. It will measure cosmic-ray diffusion in interstellar clouds
and their impact on gas dynamics and state; it will provide crucial diagnostics about the wind
outflows and their feedback on the Galactic environment (e.g., Fermi bubbles, Cygnus cocoon).
ASTROMEV will have optimal sensitivity and energy resolution to detect line emissions from
511 keV up to 10 MeV, and a variety of issues will be resolved, in particular: (1) origin of
the gamma-ray and positron excesses toward the Galactic inner regions; (2) determination of
the astrophysical sources of the local positron population from a very sensitive observation
of pulsars and supernova remnants (SNRs). As a consequence ASTROMEV will be able to
discriminate the backgrounds to dark matter (DM) signals.

• Nucleosynthesis and the chemical enrichment of our Galaxy

The ASTROMEV line sensitivity is more than an order of magnitude better than previous
instruments. The deep exposure of the Galactic plane region will determine how different
isotopes are created in stars and distributed in the interstellar medium; it will also unveil
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the recent history of supernova explosions in the Milky Way. Furthermore, ASTROMEV
will detect a significant number of Galactic novae and supernovae in nearby galaxies, thus
addressing fundamental issues in the explosion mechanisms of both core-collapse and ther-
monuclear supernovae. The -ray data will provide a much better understanding of Type Ia
supernovae and their evolution with look-back time and metallicity, which is a pre-requisite
for their use as standard candles for precision cosmology.

2 Science case

The photon energy range from 100 keV to 1 GeV is crucial in different sectors of astrophysics (for
a review, see [29]).

2.1 The extreme extragalactic Universe

The Universe contains objects with extreme properties that can be studied by measuring emission
from particles that are accelerated near them. The emission is very intense, permitting measure-
ments at very large distance, or redshift, when the Universe was young and many galaxies still
forming. In many cases, a substantial fraction of the radiated power appears in the MeV band,
and so a new gamma-ray observatory sensitive in the energy domain would offer an ideal view
of the violent processes operating close by supermassive BHs, inside the powerful explosions that
we see as Gamma-ray Bursts (GRBs), and during the merger of binary neutron stars (NS). By
deciphering many aspects of particle acceleration in the Universe, we address the question why the
energy distribution is so unbalanced: very few particles carry an extreme share of the available
energy, and by their feedback they shape numerous cosmic objects.

GRBs are explosive events with peak emission in the MeV band. Accurate polarimetry in
this energy domain would permit measuring the structure and amplitude of the magnetic field
that shapes the acceleration and transport of particles [104]. Lorentz-invariance violation can be
searched for [66], and together with future gravitational wave detectors the relation between GRBs
and the mergers of compact objects can be determined.

Clusters of galaxies are the largest gravitationally bound structures in the Universe. In fact,
they are still forming, leading to particle acceleration at structure formation shocks. Measuring
their emission in the MeV band in conjunction with radio-band data lifts degeneracies in the
interpretation and permits a precise study of the energy redistribution into magnetic field and
accelerated particles, together with the feedback they impose on the cluster structure.

The MeV gamma-ray background (see Fig. 2) contains invaluable collective information about
nucleosynthesis in distant SNe, DM annihilation, and supermassive BHs. The latter are often visible
also visible as AGN, and they are the most luminous persistent sources in the Universe, many of
which emit the bulk power in the MeV band. A sensitive observatory in this energy domain can
use these unique beacons to study the formation history and evolution of supermassive BHs at
times when the Universe had only a fraction of its current age. MeV-band observations address the
energy limit to which electrons may be accelerated, the location where this happens. By studying
the spectral response to changes in the activity of these objects, we can distinguish the emission
from electrons from that of energetic ions. The MeV band is ideally suited for this inquiry, because
emission at higher gamma-ray energies may be absorbed by Extragalactic Background Light (EBL),
and the specific contribution from photo-pair-production by high-energy cosmic nuclei is a critical
discriminant in the soft gamma-ray band, as an analysis of the recent detection of a statistical
association of a 300-TeV neutrino event[2] with an extended gamma-ray flare of the Active Galactic
Nucleus TXS0506+056 shows[56]. Finally, the MeV band carries the cascade emission of all the
absorbed Very-High-Energy (VHE) gamma-ray emission that is emitted in the Universe, and so its
study provides a unique view of its extreme particle acceleration history, including the feedback on
the intergalactic medium and the magnetic-field genesis therein.

Last but not least, the MeV range is the perfect companion for multimessenger astronomy.
On top of the SED of the EM emission by TXS0506+056, mentioned before, the recent NS-NS
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Figure 2: Compilation of the measurements of the total extragalactic gamma-ray intensity between
1 keV and 820 GeV [7], with di�erent components from current models; the contribution from MeV
blazars is largely unknown. The semi-transparent band indicates the energy region in which a new
gamma-ray observatory could dramatically improve on present knowledge.

merger generating the GW event GW170817 and the corresponding gamma-ray signal detected by
Fermi GBM and INTEGRAL has shown that the EM cuto� of this class of mergers is in the MeV
range [70]. Furthermore, for a close enough event, ASTROMEV could detect the continuum and
nuclear line emissions expected from a kilonova (KN) following a merger event like GW170817.
This remarkable event highlighted the importance of KNe in the nucleosynthesis of heavy elements
by the r process [80, 3]. The predicted line emission in the MeV band [55, 69] could be detected
with ASTROMEV up to a maximum distance of � 10 Mpc. The expected rate of KN is still quite
uncertain: 200{400 KN Gpc� 3 yr � 1 if associated with GRB emission [31] and� 1500 KN Gpc� 3

yr � 1 as GW detection only [3]. However, if the prompt emission of the KN is associated with
substantial gamma ray emission, absorption edges, possibly variable in time, from freshly formed
elements from the immediate environment of the source may also be detected (e.g., [10]).

ASTROMEV could allow to detect a sub-class of short GRBs having a peculiar origin, i.e., a
transition from a Neutron star (NS) to a more compact stellar object coined as Quark Star (QS)
[112, 86]. Distinctive signatures compared to the binary (NSNS, NSBH) merger scenario are the
shortness of the prompt gamma-ray emission, estimated to be� 0:1 s and peak energies in excess of
� 100 keV with possibly a thermal spectrum and spectral features due to the heavy composition of
ejecta. In addition the associated GW emission would be di�erent from the quoted binary merger
events.

2.2 Cosmic ray interactions

A clear understanding of the origin and evolution of cosmic rays (CRs) is still missing despite one
century of impressive observational discoveries and theoretical progress [18]. Understanding their
origin is an interdisciplinary problem involving fundamental plasma physics, to describe the di�usive
shock acceleration process, as well as astrophysical and particle-physics diagnostics, to characterize
the particle properties and the local conditions in the acceleration zones. While we still lack a
reliable explanation for the existence of CRs near and beyond PeV energies in the Milky Way and
beyond EeV energies in the extragalactic space, we also hardly know the Galactic population of
low-energy CRs, with energies below a few GeV per nucleon. We still need information on their
sources and injection spectra into the interstellar medium, on their transport properties and ux
distribution at all interstellar scales in the Galaxy, and on their impact on the overall evolution of
the interstellar medium and on the dynamics of Galactic outows and winds. The performance of
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