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This talk is primarily based on Caputo+22: arXiv:2208.04990

The MeV Gap
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Primary Science Goals

Current Status

Summary
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The MeV gap is one of the least explored regions in the electromagnetic spectrum

MeV Gap

The MeV Gap



MeV Gap

Main limiting factors in the MeV Gap:

1. Compton scattering is the dominant interaction.

2. High instrumental background.

3. Technological constraints in terms of both 

hardware and software.

The MeV Gap

COSI

Fermi

INTEGRAL

COMPTELNuStar

5



AMEGO-X Mission

• AMEGO-X is a Medium Explorer satellite mission concept: $300M and 3-year mission lifetime.

• Will have broad MeV continuum, transient, and polarization capabilities.

• Low inclination (5 ) low-Earth (600 km) orbit

• All sky coverage: full sky every 3 hours

• Openly distributed transient alerts and localization within 30 seconds. 

• Addresses two themes and priorities from NASA’s Decadal Survey (Astro2020):


- New Messengers and New Physics: New Windows in the Dynamic Universe

- Cosmic Ecosystems: Unveiling the Drivers of Galaxy Growth

∘

EQ-TARGET;temp:intralink-;sec4.2.1;116;510SN ¼ Sffiffiffiffiffiffiffiffiffiffiffiffi
Sþ B

p ;

where S is the number of source counts detected (from GRB source simulations) and B is the
number of background counts (from background simulations). The minimum detectable flux at

which the combined SN ratios Fmin ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SN2

single site þ SN2
Compton

q
≥ 6.5σ and SNCompton ≥ 4.5σ

is the transient sensitivity. The AMEGO-X transient sensitivity is 0.5 γ∕cm2∕s between 25 keV
and 1 MeV for 1 s. The derived GRB rates account for the dependence of the effective area with
off-axis angle, and the transient sensitivity is described in Ref. 99.

5 AMEGO-X Mission Implementation

5.1 Spacecraft

The AMEGO-X flight system consists of the GRT instrument integrated onto a spacecraft bus
which leverages Lockheed Martin Space’s (LMS) standard subsystem architectures (Fig. 14).
These include structure, mechanisms, power, attitude determination and control (ADCS),
C&DH, and flight software (FSW) from cost-capped planetary missions dating back >15 years,

Fig. 13 The AMEGO-X continuum sensitivity using untracked Compton, tracked Compton, and
pair events is shown for the 3 year mission compared with the sensitivity of past and present
missions. The effective area is conservatively taken to be for sources 37 deg off-axis, and the
observation time is estimated to be 20% of the full mission (TObs ¼ 3 yr × 0.2).

Fig. 14 The gamma-ray telescope (yellow box) is shown on top of a base plate attached to the
spacecraft bus. The pair of single-axis gimbaled solar arrays from end to end are approximately
11 m wide. This figure illustrates the deployed high-gain antenna, and one of the two low-gain
antennae attached to the spacecraft bus. The other low-gain antenna is on the back side.
Radiators (also gray) are located on each side of the spacecraft bus other than the side with
the high-gain antenna.
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observatory total height: 109 inch (2.8 m)

end-to-end width: ~11 m 

observatory total mass: 857.9 kg



AMEGO-X Instrument

calculated with GALPROP87 and the individual sources are modeled based on an extrapolation
of the Fermi/LAT 4FGL-DR2 catalog. Additional sources that will be detectable by AMEGO-X
(although not shown in the sky map) include long and short GRBs, magnetar bursts and
giant flares,90 the extragalactic gamma-ray background,12 and possibly jetted tidal disruption
events91,93 and large-scale bubbles.92

3 AMEGO-X Gamma-Ray Telescope

The gamma-ray telescope (GRT) is the AMEGO-X mission’s sole instrument. It is a wide-field
survey instrument designed to discover and characterize gamma-ray emission from multimes-
senger sources using imaging, spectroscopy, and polarization. The GRT is composed of two
detector subsystems, the gamma-ray detector (GRD) and the anti-coincidence detector (ACD),
which are protected by a micrometeoroid shield (MMS) (Fig. 7). The GRD consists of a tracker,
with 40 layers of silicon complementary metal-oxide-semiconductor (CMOS) monolithic active
pixel sensors (APS), and a calorimeter, with four layers of cesium iodide (CsI) scintillator bars.
Together, they characterize gamma rays from 100 keV (25 keV for transients) to 1 GeV.94

GRT baseline capabilities are summarized in Table 1.
The MeV range covers three different photon-matter interactions that dictate three detection

techniques for GRT, as shown in Fig. 7. Between ∼100 keV and ∼10 MeV, photons predomi-
nantly Compton scatter. The measured position and energy of a Compton scattering interaction
and subsequent absorption kinematically and geometrically constrain the initial direction of the
primary gamma ray to a circle in the sky.95 Such an event is referred to as an untracked Compton
event. Compton scattering is inherently polarization sensitive, and a linearly polarized source
generates a sinusoidal scattering angle distribution in the instrument.96 If the direction of the first
Compton-scattered electron is measured in the tracker, this additional kinematic information
constrains the photon direction to an arc and these tracked Compton events allow for improved
background rejection.97 High-energy gamma rays (>10 MeV) convert to an electron-positron
pair, which in turn is detected through ionization tracks in the instrument. The direction of the

Fig. 7 (a) An exploded view of the gamma-ray telescope on board AMEGO-X. (b) The tracker
(red) and calorimeter (purple) together characterize gamma-rays with three distinct detection tech-
niques. Single-site events increase the sensitivity and low energy response (<100 keV) for tran-
sients only. Untracked and Tracked Compton events provide imaging <10 MeV, where the energy
(E ) and position (~r ) of interactions are used to determine the initial Compton scatter angle (θ).
Pair events enable imaging >10 MeV using the same detection techniques as Fermi/LAT.

Caputo et al.: All-sky Medium Energy Gamma-ray Observatory eXplorer mission concept
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incoming photon is determined from the positions of the interactions in the Tracker and the total
energy is determined by the electromagnetic shower(s) detected in the calorimeter.98

At energies below the Compton regime (<100 keV), photons predominantly undergo photo-
electric absorption in a single pixel in the tracker. While these single-site events have no imaging
capability, they can be used to localize transient sources using the aggregate signal.99 For
enhanced low-energy sensitivity to GRBs, AMEGO-X enables short duration (<100 s) readout
of single-site events to measure emission down to the tracker threshold of 25 keV.99

3.1 Gamma-Ray Detector

The GRD is the primary GRT science subsystem. It consists of four identical detection towers
(Fig. 7), each with a tracker and calorimeter module, a dedicated low-voltage power supply
(LVPS), and digital input and output (I/O) board. Although each detection tower operates inde-
pendently, signals are combined in the main electronics box (MEB) such that events are recon-
structed using data from the full GRD. The Towers’ data acquisition (DAQ) electronics and
thermal management hardware are positioned along the sides of the GRD to reduce the amount
of passive material within the sensitive instrument volume.

3.1.1 Pixelated silicon tracker

The GRD tracker’s main functionality is to measure the energy and position of gamma-ray and
charged-particle interactions with high precision. Each of the four tracker modules consist of
40 identical stacked tracker segments (45 × 45 cm2) of silicon APS detectors, separated by
1.5 cm. The tracker segments each contain 95 Quad Chips (Fig. 8), which consist of four iden-
tical APS arrays cut out from a single silicon wafer. The AMEGO-X APS chip, AstroPix, is a
2 × 2 cm2 array of 19 × 17 pixels measuring 1 × 1 mm2. Each pixel contains a charge-sensitive
preamplifier and comparator, where the active circuitry within the pixel results <1% loss in
charge-collection volume. The APSs are 0.5 mm thick and operate at full depletion.

The major strength of the APS detectors is low noise, which is achieved through integration
of the readout electronics within the detecting material. The AMEGO-X APS performance
parameters have been determined through measurements of ATLASPix (designed for the
ATLAS experiment at CERN)100 and the first two prototype versions of AstroPix (Fig. 8),
in addition to simulations from the designers at Karlsruhe Institute of Technology (KIT).
AMEGO-X leverages>10 years of development in CMOS monolithic active pixel silicon detec-
tors from ground-based particle physics experiments.101–104 By optimizing these APSs for space
applications100,105 the detectors enable observations at lower photon energies, achieve an overall
increase in sensitivity, and are simpler to integrate compared with previous silicon detector
technologies.

The GRT design uses minimal passive material and carbon fiber-reinforced polymers to
reduce photon attenuation and backgrounds from activation. In this regard, the tracker is
designed with high thermal conductivity K1100/Cyanate Ester (CE) for heat extraction from

Table 1 Gamma-ray telescope baseline capabilities.

Parameter

Energy range 25 keV to 1 GeV

Energy resolution 5% FWHM at 1 MeV, 17% (68% containment half width) at 100 MeV

Point spread function 4 deg FWHM at 1 MeV, 3 deg (68% containment) at 100 MeV

Localization accuracy Transient: 1 deg (90% CL radius), persistent: 0.6 deg (90% CL radius)

Effective area 1200 cm2 at 100 keV, 500 cm2 at 1 MeV, 400 cm2 at 100 MeV

Field of view 2π sr (<10 MeV), 2.5 sr (>10 MeV)

Caputo et al.: All-sky Medium Energy Gamma-ray Observatory eXplorer mission concept
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energy deposits in the detector. It also performs event reconstruc-
tion, imaging analysis, and allows to estimate the background rates
from different expected components.

The knowledge of the effective area and the expected
background is critical to understand the advantages of utilizing
SSEs over only considering Compton and pair events. We
estimate the sensitivity ratio between these two cases for
various spectral hypotheses, which leads to the realization that
some types of studies are only possible when SSEs are
considered, as described in Section 4.

In this section we also describe the expected localization
performance for burst-like events using the aggregate signal
from SSEs. This will allow AMEGO-X to provide sky
localization information—critical for multimessenger and
multiwavelength detection—even for soft-spectrum sources
with a low signal in the Compton channel.

3.1. Effective Area

The ability to perform imaging analysis reduces the back-
ground and increases the sensitivity of an instrument. Although
this is not an option for SSEs, the increase in background with
respect to Compton and pair events is well compensated by the
large effective area to these types of events. Each tracker layer
has a physical area of approximately 6400 cm2, and together
they efficiently absorb these low-energy photons.

Figures 2 and 3 show the effective area for the various types
of events AMEGO-X will be able to detect (see Section 2), as a
function of energy and the off-axis angle, respectively. The
effective area for SSE peaks at about 40 keV with ∼3700 cm2.
This is about an order of magnitude greater than the effective
area for UC events, the lowest energy events for which imaging

is possible. In the 30–200 keV range, AMEGO-X’s effective
area is more than an order of magnitude greater than a single
NaI detector of Fermi-GBM. Although the Fermi-GBM utilizes
12 such detectors, they have different pointings and therefore in
all cases the total effective area always falls below that of
AMEGO-X. This exemplifies why AMEGO-X will be able to
detect fainter sources in this energy range compared to current
detectors.

Figure 1. (a) The AMEGO-X Gamma-ray Telescope has four identical detection towers, each composed of a 40 layer silicon pixel tracker and a four layer CsI
calorimeter. The detection towers are surrounded by an ACD and micrometeoroid shield. (b) AMEGO-X is designed to detect Compton scattering and pair production
events, where the position and energy deposited in multiple interactions within the large detector volume are used to reconstruct the direction of the incoming gamma
ray. Single-site events, which result from mainly photoelectric absorption within a single pixel, cannot be used for single-photon imaging, but allow for increased low-
energy sensitivity to transient events.

Figure 2. Simulated effective area for different event types recorded by
AMEGO-X as a function of the photon energy, for incident photons parallel to
the boresight (on axis). The gray lines show the effective areas of other
instruments: Fermi-GBM (single detector only; Meegan et al. 2009), COMP-
TEL (Schönfelder et al. 1993), Fermi-LAT (Maldera et al. 2019), and Swift-
BAT (Barthelmy et al. 2005; for photons with a 30° angle to boresight).

3

The Astrophysical Journal, 934:92 (10pp), 2022 August 1 Martinez-Castellanos et al.

AMEGO-X Instrument

• AMEGO-X is a highly versatile instrument, 
sensitive to 3 types of interactions: single-
site, Compton, and pair-production.
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R. Caputo, NASA GSFC | Fermi Symposium 2022

AMEGO-X Detectors

15

Silicon Pixel tracker: AstroPix 

High-heritage Calorimeter
A. Steinhebel et al., SPIE 2022; arXiv: 2209.02631  
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AMEGO-X Detectors

Slide credit: Regina Caputo

• Silicon Pixel tracker: 40 layers, 95 quad chips/layer.

• The AstroPix detectors enable observations at lower photon energies, achieve an overall increase in 

sensitivity, and are simpler to integrate compared with previous silicon detector technologies.

• CsI Calorimeter: 4 layers, 25 bars per layer read out by SiPMs

• The AMEGO-X calorimeter utilizes a design based on Fermi-LAT. The team is based out of NRL. 

Caputo+22: arXiv:2208.04990



AMEGO-X Performance
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COSI (reqt. level)

• Will also have sensitivity to single-site events for transients between 25 - 100 keV (see 
Martinez-Castellanos+21).


• See extra slides for angular resolution and effective area. 



1. Gamma-rays, Cosmic rays, and neutrinos: Do supermassive black holes accelerate cosmic rays 
and produce neutrinos?


2. Gamma-rays and Gravitational Waves: How do binary neutron star mergers produce relativistic 
jets and what is the structure of those jets?


3. Gamma-rays and Cosmic rays: Where are cosmic rays accelerated in the Galaxy?

Primary Science Goals

PROPRIETARY INFORMATION: Use or disclosure of data contained on this sheet is subject to the restriction on the title page of this proposal.
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Gamma-rays Provide Unique Insights Into Outstanding Questions 
in Multimessenger Astrophysics and the Dynamic Universe

Science Goals & Objectives

Multimessenger Era of Discovery

AMEGO-X Addresses Astro2020 
Themes & Priorities 

All-sky Time-Domain Gamma-ray Mission

Unprecedented Combination of All-sky Survey 
Sensitivity and Broad Energy Band

Where are the cosmic 
rays accelerated in 
the Galaxy?

FACT SHEET
Principal Investigator: Regina Caputo

Deputy PI:  Jeremy Perkins

Do supermassive 
black holes accelerate 
cosmic rays and  
produce neutrinos?

A  Determine if 
• MeV-peaked blazars or 

their !ares accelerate 
cosmic ray protons and 
produce neutrinos

• Jetted active galactic 
nuclei and blazars 
accelerate cosmic- ray 
protons

• The core regions of active 
galactic nuclei accelerate 
electrons and protons and 
produce neutrinos

C  Determine if 
• Supernova remnants, 

novae and star 
forming regions 
produce cosmic-ray 
protons

• MeV peaked pulsars 
and pulsar wind 
nebulae are the 
source of the Galactic 
cosmic-ray positron 
excess

New Messengers and New Physics: New Windows in the Dynamic 
Universe: “exploit new observational tools… to prove some of the most 
energetic processes in the universe”; “prove the nature of black holes, neutron 
stars and explosive events and mergers that give rise to them”
Cosmic Ecosystems: Unveiling the Drivers of Galaxy Growth: 
“launching mechanism and particle jet content of relativistic jets and 
energetics of jet feedback”

• Next logical mission after Fermi
• Multimessenger discovery machine
• Complementarity to Fermi & COSI with broad MeV continuum, 

transient, and polarization capabilities
• All sky coverage, transient sensitivity milliseconds to years
• 3-year mission, full sky every 3 hours
• Low inclination (5°) low-Earth (600 km) orbit

How do binary neutron star mergers produce relativistic jets 
and what is the structure of those jets?

B  Determine how & how often binary neutron star and neutron star-black hole 
mergers produce relativistic jets. Discriminate between physical models of jet structure.
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Full operations begin

AMEGO-X
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Gamma-rays, Cosmic rays, and neutrinos
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• Based on current flare data, both hadronic and leptonic models are consistent with observed blazer 
spectra. 


• By monitoring the entire medium-energy gamma-ray sky every 3 hours, AMEGO-X will observe in 
real-time the potential sources of IceCube neutrinos and correlate the timing between gamma-ray and 
neutrino flares.

acceleration in AGN are either the coincident detection of high-energy PeV neutrinos and
medium-energy (MeV) gamma rays in a particular AGN, and/or detection of polarized
emission11 in the MeV band. AMEGO-X, with its sensitive all-sky monitoring, will detect over
400 blazars, which is determined considering the log N - log S distributions of Swift/BAT and
Fermi/LAT blazars.12–14 Using the second FAVA catalog,15 it will also detect around 150 blazar
flares/year, and for the brightest of these also measure the polarization fraction for more than
10 blazar flares/year, which is the sensitivity to measure polarization within a week. This will
allow us to answer long-standing questions about the source of cosmic neutrinos, extragalactic
cosmic rays, while also providing critical gamma-ray capabilities complementary to upgraded
neutrino observatories in the era of multimessenger astrophysics.

2.1.1 Blazars and their flares

Relativistic jets produce gamma rays through the interactions of the particles they accelerate.
In leptonic models, accelerated electrons produce all observed gamma rays, principally via
synchrotron and inverse Compton emission. In hadronic models, accelerated protons produce
gamma rays through proton-synchrotron radiation16 or via synchrotron radiation from secondary
particles generated by proton interactions with jet photons (via e.g., photo-pion production), the
latter of which also produces neutrinos.17 For most flare data from currently operating observa-
tories, it is not possible to determine which scenario better describes the data – both hadronic and
leptonic models are consistent with observed blazar spectra.10,18,19 Some hadronic emission-
dominated models predict that significant high-energy (GeV) gamma rays interact with jet pho-
tons (effectively being absorbed) and are reprocessed into the medium-energy gamma-ray band
where they can finally escape the jet. By monitoring the entire medium-energy gamma-ray
(100 keV to 1 GeV) sky every 3 h, AMEGO-X will observe in real-time the potential sources
of IceCube neutrinos and correlate the timing between gamma-ray and neutrino flares.
Figure 1(a) shows a simulated AMEGO-X light curve for which the first and second neutrino
flare of TXS 0506+056 could have been detected, since gamma rays and neutrinos are produced
via the same processes.21 While hadronic models link neutrinos with gamma rays in the
AMEGO-X band, the same cannot be said for higher energies. The brightest neutrino events
may not be detected by higher-energy gamma-ray telescopes, such as the Fermi/LAT, because
the radiation fields required for efficient neutrino production make the source opaque to high-
energy gamma rays (e.g., Refs. 19 and 22). Figure 1(b) shows that during the 2014 to 2015 TXS
0506+056 orphan neutrino flare, AMEGO-X may have detected a significant MeV flare if the
emission was from hadronic interactions within the AGN corona.

By monitoring nearly the full sky every 3 h, AMEGO-X will detect ∼150 blazar flares/year,
the most promising counterparts to IceCube high-energy neutrinos which are released through

Fig. 1 Simulated AMEGO-X SED for the 2014 flare of TXS 0506+056. The green dashed line is
representative of leptonic and leptohadronic models, while the yellow dot-dashed line is the
two-zone hadronic model where one of the zones is from the AGN corona from Ref. 20.
(a) The gray data points are measurements from Fermi/LAT. Light-curve of TXS 0506+056.
The gray data points are measurements from Fermi/LAT. (b) The yellow band shows the times
of the IceCube neutrino flares. The green data points are simulated AMEGO-X detection of the
MeV emission during those flares. See Ref. 21 for more details.

Caputo et al.: All-sky Medium Energy Gamma-ray Observatory eXplorer mission concept
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• SGRBs are brightest in the AMEGO-X energy band, and thus AMEGO-X will provide unique insight 
into the physics of BNS mergers.


• AMEGO-X will detect >200 SGRBs per year with the ideal combination of sensitivity and localization 
accuracy. 


• A smaller localization uncertainty will dramatically decrease the time needed to search for and precisely 
localize the SGRB afterglow or kilonova emission via X-ray, optical, and radio follow-up. 

D-6PROPRIETARY INFORMATION: Use or disclosure of data contained on this sheet is subject to the restriction on the title page of this proposal.

the maximum NS mass to ~1% precision, im-
proving the current constraints by nearly an order 
of magnitude [Margalit and Metzger, 2019]. !e 
AMEGO-X SGRB localization, which will pro-
duce a 90% confidence region a factor 400 times 
smaller than that of Fermi/GBM, will dramati-
cally decrease the time needed to detect the SGRB 
afterglow emission via X-ray and radio follow-up. 
!e AMEGO-X ~10 deg2 90% confidence region 
(Figure D-3) is well matched to the Fields of View 
(FOVs) of facilities like the Gravitational wave 
Optical Transient Observer [GOTO, Steeghs et 
al. 2021], the Zwicky Transient Facility [ZTF, 
Bellm et al. 2019], and the Vera C. Rubin Tele-
scope. !ose multiwavelength observations will 
provide insights on the host galaxy including 
redshift, source dynamics and kilonova emission, 
complementing the AMEGO-X jet energetics 
and emission mechanisms. AMEGO-X’s rapid 
SGRB localizations enable the >2000 observers 
(subscribers to the gamma-ray coordinates net-
work, GCN) to quickly search and identify the 
potential counterparts. !is population would in-
form not only the uniqueness of GW 170817 but 
also the nature of the progenitors and remnant 
objects from compact binary mergers.

Notably under-luminous compared to previ-
ously detected SGRBs [Abbott et al., 2017a], the 
energetic core of GRB 170817A’s relativistic jet 
was not completely aligned with our line-of-sight 
(~20-25 deg off-axis). !e observed emission sup-
ports the structured jet scenario, in which the jet 
interacts with the ejecta from the BNS merger re-
sulting in a narrowly collimated energetic jet core 
with a gradual decrease in energy and Lorentz fac-
tor away from the core [Lazzati et al., 2017; Xie et 
al., 2018]. !e observed luminosity has a strong 
dependence on the viewing angle with respect to 
the jet axis and can be parameterized by a Gauss-
ian function defined by the opening angle (Θcore) 
and luminosity of the jet (Figure D-4). Under this 
structured jet scenario, only nearby SGRBs can 
be detected at wider viewing angles. Most BNS 
mergers are expected near the GW detectability 
horizon where the volumetric rate will be higher. 

!is distance-viewing angle phase space (Figure 
D-4) provides a means to directly probe the struc-
tured jet profile.

Of the 80+180
-50/yr GW-detected BNS merg-

ers that will fall within AMEGO-X’s FOV in the 
late 2020s (all orientations) [Abbott et al., 2020], 

AMEGO-X will determine the structure of jets produced 
from BNS mergers.

Figure D-3: AMEGO-X will detect >200 SGRBs per year with 
the ideal combination of sensitivity and localization accuracy. 
AMEGO-X has >10 times the sensitivity of Fermi/GBM, >50 
times the sensitivity of Swift/BAT and COSI and >10 times bet-
ter localization than Fermi/GBM. This population of SGRBs will 
distinguish di"erent jet structure models and include joint GW 
observations answering long-standing questions regarding 
the physics of GRB jets and BNS mergers and provide critical 
capabilities required to maximize science return in the era of 
multimessenger and time-domain astronomy.
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from GW170817 for di"erent values of Θcore (solid, dotted and 
dash-dotted red lines [Howell et al. 2019, Resmi et al. 2018, 
Margutti et al. 2018]). 
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Gamma-rays and Galactic Cosmic Rays

• AMEGO-X will detect supernova remnants, such as IC 443, between 30 MeV and 1 GeV, enabling 
identification of proton acceleration.

D-7PROPRIETARY INFORMATION: Use or disclosure of data contained on this sheet is subject to the restriction on the title page of this proposal.

~40% (30+68
-19/yr) will have jets oriented within 

30º. Among those, the fraction of detected SGRBs 
strongly constrains the jet structure. For example, 
for the narrowest and widest jet models of Figure 
D-4 (compatible with GRB 170817A) one expects 
an average ~10% (3+8

-1/yr) and ~25% (6+8
-2/yr) 

joint GW-SGRB detections, respectively [Howell 
et al. 2019]. Knowledge of the GW distances will 
allow AMEGO-X observations (both detections 
and non-detections) to place constraints on dif-
ferent jet structure models and their parameter-
ization such as, the parameters of the Gaussian 
structured jet, or more complicated models such 
as two-component structured jet (Figure D-4) 
[Howell et al. 2019]. Although not the favored 
scenario for GRB 170817A, a cocoon shock 
breakout can produce SGRBs over a much wider 
range of viewing angles, despite carrying only a 
fraction of the energy of the jet [Kasliwal et al., 
2017]. In all jointly observed GW-SGRB events, 
AMEGO-X will be able to detect or rule out the 
soft (<200 keV) emission associated with shock 
breakout. !is population of BNS mergers will 
constrain the jet parameters providing insights 
into the formation of relativistic outflows.

Beyond BNS mergers, AMEGO-X will also 
provide observations of more than a hundred GW-
detected neutron star black hole (NSBH) merg-
ers. !ese observations will determine if NSBH 
mergers emit gamma rays [Foucart, 2020]. With-
out AMEGO-X to provide measurements in the 
medium-energy gamma-ray band, a critical piece 
for understanding the remnant and potential jet 
production of the GW-detected NSBH mergers 
will be missing.

D.1.3 Where are cosmic rays accelerated in the 
galaxy?

Energetic charged particles (CRs, mostly pro-
tons and electrons) are ubiquitous in our galaxy. 
!ey are accelerated in a variety of environments, 
such as shocks and regions with strong magnetic 
fields. Stellar nurseries and remnants of massive 

stellar explosions provide such environments. Af-
ter decades of observations, two main questions 
regarding galactic CRs remain: in what environ-
ments are protons accelerated? and what is the 
origin of the positron excess? AMEGO-X, with 
its excellent sensitivity, and timing accuracy, will 
discover new galactic proton accelerators and test 
whether pulsars are the source of the positron ex-
cess. !ese are distinct and complementary science 
goals to the recently selected Compton Spectrom-
eter and Imager (COSI) SMEX mission, which 
will trace nucleosynthesis and probe positrons 
originating at the galactic center through high 
resolution spectroscopy [Tomsick et al, 2021].

D.1.3.1 Do supernova remnants, novae, and star 
forming regions accelerate cosmic-ray protons in 
the galaxy?

!e smoking gun to identify accelerators of CR 
protons is to spectroscopically detect the char-
acteristic neutral pion-decay (π0->2γ) feature, or 
pion bump, produced in the interaction of pro-
tons with the interstellar material. Each photon 
produced has an energy of 67.5 MeV (in the 
π0 rest frame) [Stecker, 1971], which is ideally 
matched to the AMEGO-X band. Proton accel-
eration is thought to happen in supernova rem-
nants (SNRs), novae, and star-forming regions 
(SFRs). In SNRs, a strong shock, launched by 
the supernova, sweeps up the ambient medium 
and provides an ideal site for proton acceleration 

The AMEGO-X all-sky survey in the medium-energy gam-
ma-ray band will con!rm if shocks accelerating particles 
in dense interstellar environments are the predominant 
source of CR proton acceleration in the galaxy.

Figure D-5: Detecting signatures of pion decay (the pion 
bump spectrum shown in yellow) is crucial to discovering 
where Galactic CRs are accelerated, which only AMEGO-X can 
do. AMEGO-X will detect supernova remnants, such as IC 443, 
between 30 MeV and 1 GeV, enabling identi!cation of proton 
accelerators.
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energy distributions (SEDs) lie between 300 keV and 100 MeV.78 Their signals are likely domi-
nated by pair synchrotron radiation,79 and they may possess very different leptonic densities
relative to the population of pulsars detected by Fermi/LAT in GeV gamma rays.80 Based on
extrapolating the best-fit spectra from the Fermi/LAT catalog 4FGL DR267,68 and the second
Fermi/LAT catalog of gamma-ray pulsars,80 AMEGO-X will detect more than 15 medium-energy
gamma-ray peaked pulsars (mePSRs),78,81 observe the phase-resolved spectra of at least 5
mePSRs, and deliver 100 keV to 1 MeV polarization measurements for three pulsars (B1509-
58, Vela, the Crab), testing whether synchrotron is the main emission mechanism at MeVenergies.
AMEGO-Xwill constrain the location of the emission region and the pair multiplicity (i.e., number
of electrons and positrons produced), thereby, measuring the contribution of different pulsar
populations to the CR positron excess.

Pulsars provide an instantaneous snapshot of the number of eþe− pair produced, while the
surrounding PWNe provide a long-term average (tens of thousands of years) of the pairs over the
life-time of the pulsar. The pulsar relativistic pairs are further accelerated at a wind termination
shock at the inner nebula boundary.82 The energy of the pairs is regulated by synchrotron radi-
ation losses in turbulent magnetic fields near the shock. This sets a natural scale of ∼150 MeV
for the peak of the SEDs (independent of the field strength83). There PWNe acts like a calo-
rimeter that represents the accumulation of pairs over the history of the pulsar and provides
a measure of the net pair energy output. AMEGO-X will measure the eþe− content of more
than 10 PWNe, and therefore their contribution to the CR positron excess.84 It will also search
for counterparts to the extended gamma-ray halos around middle-aged pulsars found by air
shower gamma-ray experiments.85,86

2.4 keV to GeV Gamma-Ray Sky

With the order of magnitude increase in sensitivity in this energy band and based on extrapo-
lations from the Fermi/LAT 10-year source catalog70 and Swift/BAT X-ray catalog,81 AMEGO-
X will detect many additional medium-energy gamma-ray–producing sources during normal
mission operations. AMEGO-X will deliver science results of significant interest to the astro-
physical community and a multiyear catalog of the full medium-energy gamma-ray sky. A simu-
lated sky map is shown in Fig. 6 covering the energy range of 1 to 30 MeV. The map includes
emission from gamma-ray binaries (including accreting black holes in our galaxy), galactic
diffuse continuum emission, and high-redshift blazars.12,89–92 The galactic diffuse emission is

Fig. 6 Simulated AMEGO-X 3-year all-sky map in the 1-30 MeV energy range. The map contains
galactic diffuse emission continuum emission calculated with GALPROP,87 as well as individual
sources extrapolated from the Fermi/LAT 4FGL-DR2 catalog71 into the AMEGO-X energy range.
Blazars dominate the population (>85%) followed by pulsars. The galactic diffuse in this energy
range primarily includes emission from inverse Compton and Bremsstrahlung (with contribution
from π0 at higher energy). The map is convolved with a 2D Gaussian kernel to account for the
angular resolution of the instrument. We have verified that the Crab flux is in agreement with
measurements.88

Caputo et al.: All-sky Medium Energy Gamma-ray Observatory eXplorer mission concept

J. Astron. Telesc. Instrum. Syst. 044003-10 Oct–Dec 2022 • Vol. 8(4)

Downloaded From: https://www.spiedigitallibrary.org/journals/Journal-of-Astronomical-Telescopes,-Instruments,-and-Systems on 21 Dec 2022
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15

The MeV Sky

• With an order of magnitude increase in sensitivity in this energy band, AMEGO-X will deliver science 
results of significant and varying interest, including a multiyear catalog of the the full medium-energy 
gamma-ray sky, as well as unprecedented measurements of the Galactic diffuse continuum emission and 
extragalactic gamma-ray background.



Current Status
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Developing AstroPix detectors.

Submitted proposal to increasing the technical readiness level of the 
hardware by building a prototype AMEGO-X tower with flight-like 
AstroPix detector.

Implement novel event identification and reconstruction techniques 
to improve the predicted performance

Resubmit in next MIDEX call ~2025-26



Summary

17

Extreme processes that produce gravitational waves and accelerate 
neutrinos and cosmic rays also produce gamma rays.

Multimessenger astrophysics needs a wide-field, all-sky, sensitive 
gamma-ray telescope.

AMEGO-X will provide this, and address three primary science 
goals connecting to all four cosmic messengers.


Thank You!




