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HEX-P is a probe-class mission concept that will combine high spatial
resolution X-ray imaging (<10″ full width at half maximum) and broad
spectral coverage (0.2–80 keV) with an effective area far superior to current
facilities (including XMM-Newton and NuSTAR) to enable revolutionary new
insights into a variety of important astrophysical problems. HEX-P is ideally
suited to address important problems in the physics and astrophysics of
supernova remnants (SNRs) and pulsar wind nebulae (PWNe). For shell SNRs,
HEX-P can greatly improve our understanding via more accurate spectral
characterization and localization of non-thermal X-ray emission from both
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non-thermal-dominated SNRs and those containing both thermal and non-
thermal components, and can discover previously unknown non-thermal
components in SNRs. Multi-epoch HEX-P observations of several young SNRs
(e.g., Cas A and Tycho) are expected to detect year-scale variabilities of X-ray
filaments and knots, thus enabling us to determine fundamental parameters
related to diffusive shock acceleration, such as local magnetic field strengths and
maximum electron energies. For PWNe, HEX-P will provide spatially-resolved,
broadband X-ray spectral data separately from their pulsar emission, allowing
us to study how particle acceleration, cooling, and propagation operate in
different evolution stages of PWNe. HEX-P is also poised to make unique and
significant contributions to nuclear astrophysics of Galactic radioactive sources
by improving detections of, or limits on, 44Ti in the youngest SNRs and by
potentially discovering rare nuclear lines as evidence of double neutron star
mergers. Throughout the paper, we present simulations of each class of objects,
demonstrating the power of both the imaging and spectral capabilities of HEX-P
to advance our knowledge of SNRs, PWNe, and nuclear astrophysics.

KEYWORDS

supernova remnants, pulsar wind nebulae, nuclear astrophysics, X-ray astrophysics,
future missions frontiers

1 Introduction

In the Galactic ecosystem, fast particles play a crucial role
in ionization of molecular material (influencing star and planet
formation), in regulating the interstellar magnetic field, and perhaps
in driving a Galactic wind. We observe a highly filtered subset
of those particles as cosmic rays at Earth, but their origins
lie in a range of high-energy-density Galactic environments.
Strong shock waves from supernova remnants (SNRs) remain the
prime candidate for accelerating the bulk of Galactic cosmic-
ray electrons and ions up to energies of the order of PeV,
through the diffusive shock acceleration (DSA) mechanism. An
additional leptonic component (electrons and positrons) is thought
to originate in pulsar wind nebulae (PWNe), probably at the
termination shock of the initially relativistic cold outflow. These
classes of object exhibit the physics of particle acceleration in
particularly accessible ways, through spatially resolved nonthermal
emission in radio, X-ray, and gamma-ray bands. That emission
is due to some combination of four important processes, three
involving leptons and one due to hadrons. The leptonic processes,
described in more detail in Mori et al. (2021), are synchrotron
radiation producing radio through hard X-ray emission, inverse-
Compton upscattering of ambient photon fields producing GeV
to TeV gamma rays, and nonthermal bremsstrahlung producing
hard X-rays through gamma rays. Of these, the latter is rarely
dominant. The hadronic process begins with inelastic collisions of
energetic ions with ambient thermal gas, producing charged and
neutral pions (once the kinematic threshold of about 140 MeV
is surpassed). The charged pions decay, ultimately, to secondary
electrons and positrons which can produce synchrotron radiation,
in an inescapable consequence of the hadronic process. The neutral
pions decay to gamma rays, which can range in energy up to ten
percent or so of that of the initiating hadron.One of the fundamental
questions in interpreting potential Galactic cosmic-ray sources

involves deciding which process is responsible for their gamma-ray
emission.

This paper demonstrates the potential contributions to
understanding these issues that can be provided by a high resolution,
high sensitivity hard X-ray imaging capability. In addition to access
to the continuum processes described above, the hard X-ray spectral
region offers a window into some of the most energetic stellar-
scale processes in Nature: along with supernovae and SNRs, the
kilonovae resulting from merging binary neutron stars. In both
these arenas, nucleosynthesis is important and can be diagnosed
through the production of unstable species with a range of half-
lives which decay with the production of different hard X-ray lines.
Of particular relevance for SNe and young SNRs are the 68 and
78 keV lines produced in the decay of 44Ti, but merging neutron
stars are also expected to produce potentially observable lines for a
sufficiently nearby event. Information from such decays gives insight
into nucleosynthesis unavailable in any other channel.

The HEX-P instrument can bring to the study of these issues
unmatched sensitivity and angular resolution above 10 keV. Below,
we lay out the contributions HEX-P can make to characterizing the
nature and evolution of SNRs and PWNe. §2 describes the current
telescope design and HEX-P simulation tools. §3 demonstrates
HEX-P’s spectro-imaging capabilities for characterizing thermal
and non-thermal X-ray emission from young SNRs by showing
simulation results for Cas A, Tycho, G1.9 + 0.3, and SN 1987A.
§4 presents HEX-P’s observation program of investigating different
evolutionary stages of PWNe and exploring this primary class
of leptonic particle accelerators in our Galaxy. HEX-P’s broad-
band X-ray data, in conjunction with the upcoming Cherenkov
Telescope Array (CTA) mission, will allow us to dissect the
particle acceleration, propagation, and cooling processes in PWNe.
§5 discusses HEX-P’s unique role in nuclear astrophysics, such
as detecting 44Ti lines from the youngest SNRs and nuclear
lines from double neutron star mergers in our Galaxy. In our
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companion paper (Mori et al., submitted to FrASS), we will discuss
other types of Galactic particle accelerators such as unidentified
PeVatron candidates, star clusters, superbubbles, microquasar jets,
TeV gamma-ray binaries and the supermassive black hole in Sgr
A*. The science we describe here has considerable overlap with
that discussed in parallel HEX-P papers. Our planned studies of
PWNewill of course also produce important new information on the
pulsars they contain (see Jaodand et al., submitted to FrASS), with
possible bearing on magnetars (Alford et al., submitted to FrASS)
and general properties of neutron stars (Ludlum et al., submitted
to FrASS) as well. Various classes of binary X-ray source are also
described in Connors et al. (submitted to FrASS). Several of our
target sources may be observed as part of the Galactic Center
effort (Mori et al., submitted to FrAss), while others lie in nearby
galaxies (Lehmer et al., submitted to FrASS). SN 1987A is on our
list of primary targets, and we describe here some of the nuclear
astrophysics possible with SNe or neutron-star mergers, more likely
to be found among nearby galaxies than in our own.

2 HEX-P mission design and
simulation

The High-Energy X-ray Probe (Madsen et al., 2023) is a probe-
class mission concept that offers sensitive broad-band coverage
(0.2–80 keV) of the X-ray spectrum with exceptional spectral,
timing, and angular capabilities. It features two high-energy
telescopes (HET) that focus hard X-rays, and a low-energy telescope
(LET) providing soft X-ray coverage.

The LET consists of a segmented mirror assembly coated with
Ir on monocrystalline silicon that achieves a half power diameter of
3.5″, and a low-energy DEPFET detector, of the same type as the
Wide Field Imager (WFI; Meidinger et al., 2020) onboard Athena
(Nandra et al., 2013). It has 512 × 512 pixels that cover a field of
view of 11.3′ × 11.3′. It has an effective bandpass of 0.2–25 keV
and a full-frame readout time of 2 ms, and can be operated in 128
and 64 channel window modes for higher count-rates to mitigate
pile-up and allow faster readout. Pile-up effects remain below an
acceptable limit of∼1% for sources up to∼100mCrab in the smallest
window configuration (64w). Excising the core of the point-spread
function (PSF), a common practice in X-ray astronomy, will allow
for observations of brighter sources, with a maximum loss of ∼60%
of the total photon counts.

The HET consists of two co-aligned telescopes and detector
modules. The optics are made of Ni-electroformed full shell mirror
substrates, leveraging the heritage ofXMM (Jansen et al., 2001), and
coated with Pt/C and W/Si multilayers for an effective bandpass of
2–80 keV. The high-energy detectors are of the same type as those
flown on NuSTAR (Harrison et al., 2013), and they consist of 16
CZT sensors per focal plane, tiled 4× 4, for a total of 128× 128
pixels spanning a field of view slightly larger than for the LET, of
13.4′ × 13.4′.

All the simulations presented here were produced with a set
of response files that represent the observatory performance based
on current best estimates (Madsen et al., 2023). The effective area is
derived from a ray-trace of the mirror design including obscuration
by all known structures. The detector responses are based on
simulations performed by the respective hardware groups, with an

optical blocking filter for the LET and a Be window and thermal
insulation for the HET. The LET background was derived from a
GEANT4 simulation (Eraerds et al., 2021) of the WFI instrument,
and the one for the HET from a GEANT4 simulation of the
NuSTAR instrument, both positioned at L1. Throughout the paper,
we present our simulation results for HEX-P using the SIXTE
(Dauser et al., 2019) and XSPEC toolkits (Arnaud, 1996). To ensure
the most realistic simulation results, we incorporated recent high-
resolution X-ray images (mostly from Chandra or other wavelength
observations), the best-known spectral information, and theoretical
model predictions. Various exposure times have been considered for
the feasibility studies presented in the following sections.

3 Supernova remnants

The best understood of all sources of high-energy particles
are probably the shell SNRs, where independent measures of the
ambient densities, shock speeds, and magnetic-field strengths are
all possible. However, the evidence for those high-energy particles
is primarily synchrotron X-ray emission, unambiguously separable
from thermal emission only at energies above 10 keV or so.NuSTAR
showed the promise of studying particle acceleration in SNRs with
a few observations of young bright SNRs with strong nonthermal
emission relative to thermal, but those observations raised more
questions than they answered. HEX-P will be able to identify
and characterize hard nonthermal X-ray emission in many more
remnants, and will be able to address many of the questions raised
by earlier observations. Older SNRs with somewhat slower shock
velocities, predicted by theory to accelerate electrons to X-ray-
emitting energies but too faint for prior study, can be examined by
HEX-P, along with potential new sources turned up by upcoming
surveys such as that performed by eROSITA, and newly occurring
transients that may appear. Below we illustrate the capabilities of
HEX-P with simulations of Cas A, Tycho, G1.9 + 0.3 (youngest
Galactic SNR), and SN 1987A.

3.1 Thermal emission

Supernova remnants in X-rays are chiefly thermal sources, with
temperatures from a few tenths to a few keV, and rich line spectra
providing essential information on plasma composition, and given
sufficient energy resolution, on radial velocities and ionization state.
See Vink (2012) for a review. Most young remnants (estimated
ages less than a few thousand years) also show spatial and spectral
evidence for nonthermal X-rays, often in the form of thin rims at the
remnant periphery, and in hard continuum components sometimes
apparent in relatively line-free regions of the spectrum between 4
and 6 keV. Some of the continuum emission in this spectral region
is certainly thermal bremsstrahlung, and interpreting the Fe Kα
line complex at 6.4–6.7 keV requires knowing the thermal fraction.
The nonthermal component can be followed to higher energies.
Non-imaging instruments before Chandra and XMM found hard
continua in the integrated spectra of a few remnants, the most
spectacular being Cas A, with emission extending to at least 100 keV
(Vink et al., 2000). But few remnants are bright enough to be studied
in this way. NuSTAR was able to detect non-thermal continua in a
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few young remnants, to 20 keV or (in a few cases) 30 keV. But in
others, where small features in Chandra images are found to be line-
free, the integrated emission at energies above 10 keV is not strong
enough to be examined with NuSTAR.

The ability to identify thermal and nonthermal emission
components in SNRs below about 10 keV would provide a
powerful tool for diagnosing the detailed relation between particle
acceleration and the properties of the thermal plasma. HEX-P’s
two instruments will provide such a tool. One simple but critical
distinction would be to differentiate shocked ejecta from shocked
surrounding material (undisturbed interstellar medium [ISM], for
remnants of SNe Ia, or modified stellar wind or circumstellar
material for remnants of core-collapse SNe), requiring good spatial
and spectral resolution in the line-rich region from 0.5 to 4 keV,
as well as at the crucial Fe Kα line. While it is possible to
piece together some of this information by combining Chandra or
XMM observations with, say, NuSTAR data, the task is complex in
practice. Having two instruments aboard the same spacecraft will
significantly improve our ability to cross-calibrate and will result
in unbroken spectra from as low energies as interstellar absorption
typically permits (≳ 0.2 keV) up to 80 keV if such photons are
present. SNR plasmas are generally multitemperature, and while
they can sometimes be fairly well represented by two components, a
higher-temperature component is easy to confuse with nonthermal
emission, with important effects on interpreting, say, the equivalent
width of the Fe Kα line complex. In fact, the LET instrument alone,
coupled with HEX-P’s large effective area, will improve the purely
thermal diagnosis of many SNRs. Particle backgrounds constitute
significant impediments above 8 or 9 keV for both Chandra and
XMM, but can be expected to be significantly lower at the L1 position
of HEX-P.

3.2 Nonthermal continuum

The presence in most young SNRs of strong thermal X-ray
emission is both a bug and a feature: below 10 keV, the fraction
of nonthermal emission is often quite uncertain, but as described
above, thermal emission provides essential information on densities
and shock speeds, and composition. Observing those objects at
X-ray energies above 10 keV where the thermal contribution is
small or negligible then allows the separate characterization of the
nonthermal-electron energy spectrum. Basic questions afflict our
understanding of electron acceleration to high energies in young
SNRs. Where, exactly, does the acceleration take place? What are
the physical conditions there, as indicated by observations at other
wavelengths? What are the spectral shapes? To how high photon
energies does emission extend, and are there spatial variations
in spectral shape? The current fleet of X-ray observatories has
produced important information on some of these questions, but
the acceleration to the highest energies remains mysterious. Only
NuSTAR has been able to image SNRs well above thermal energies,
and spatial resolution, effective area, and background limitations
have confined those studies to a few objects. But what has been
learned is alarming: especially in Cas A, both spectral and spatial
expectations for the highest-energy synchrotron emission were
impressively upended. Neither the forward nor the reverse shock
seems to be the site of the strongest emission between 15 and 50 keV.

The spectra, while steeper than radio, show no indication of further
curvature, indicating that the highest-energy electrons have not yet
been observed. Observations of the handful of other young SNRs
bright enough above 10 keV forNuSTAR hint at similar deficiencies.

But this problem is an opportunity. The study of particle
acceleration in shocks has seemed to be an essentially solved
problem, with the only remaining tasks to measure the parameters
of the standard models. But those standard models are clearly
incomplete, in the face of the NuSTAR data. More detailed
observations above 10 keV of not only the historical remnants but
other young objects less well-known, stand to produce qualitatively
new information most relevant to basic questions of efficiency and
maximumenergies attainable (e.g., Diesing andCaprioli (2021)) that
may apply to acceleration sites elsewhere in the Universe.

3.3 Cassiopeia A

Cassiopeia A (Cas A) is the youngest remnant of a core-collapse
supernova event in our Galaxy. Light-echo observations of the
scattered optical emission from the supernova event (Krause et al.,
2008a) have established the supernova subtype as IIb—the explosion
of a massive star that lost most of its hydrogen envelope, and
has expanded into the pre-SN stellar wind. Its radio emission
is dramatically stronger than that from any other Galactic SNR,
perhaps partly due to the blast wave having encountered dense
stellar wind at earlier times. The strongest radio emission from
electrons with GeV energies is found not at the outer blast wave
but at a bright inner ring between the forward and reverse shocks,
where strong magnetic turbulence is likely to be present, boosting
synchrotron emissivity because of a stronger magnetic field but also
perhaps further accelerating nonthermal particles. These properties
distinguish Cas A from young remnants of Type Ia supernovae
such as Tycho and Kepler, which expand into inhomogeneous, but
probably not radially varying, interstellar medium, and whose radio
emission tends to be concentrated at the forward shock.

While the bright radio ring in Cas A indicates a large population
of GeV-energy electrons, it was expected that the highest-energy X-
ray-emitting particles would be found at the primary acceleration
sites in the remnant, probably the forward blast wave. Evidence for
particle acceleration at reverse shocks in young SNRs is ambiguous at
best. The NuSTAR observations (Grefenstette et al., 2015), however,
told a different story, showing diffuse hard X-ray (> 15 keV)
emission from the remnant interior, with the brightest emission
from two compact knots inside the blast wave to the west. Hard
emission is present and associated with the outer blast wave, but
it is considerably fainter. There are approximate correspondences
between the bright knots and features in radio or soft X-rays
(Bleeker et al., 2001; Helder and Vink, 2008; Maeda et al., 2009),
where they are much less prominent. The angular resolution and
sensitivity of NuSTAR were insufficient to allow a detailed search
for corresponding small-scale features at optical wavelengths, where
proper motions and/or radial velocities might give clues as to the
nature of these hotspots of electron acceleration.

HEX-P, with improved angular resolution and sensitivity, will
allow for resolving faint features such as shown in Figure 1.
Non-thermal spectra will be mapped at the forward shock,
reverse shock, and interior of the remnant. This spatially resolved
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FIGURE 1
(A) Simulated HEX-P image of Cas A (15–50 keV) for a 200 ks exposure. The green dotted lines mark the forward (outer ring) and reverse (inner ring)
shock, respectively. The cyan circles (C, W1, W2) are the brightest hard X-ray knots detected by NuSTAR (Grefenstette et al., 2015). (B) Simulated HEX-P
spectrum of Cas A (W1 region in the left figure, r = 18

″
) for 200 ks exposure. We input a power-law model with the best-fit parameters determined by

archival NuSTAR data (Γ = 3.32). Fits to the simulated spectrum recovered the input value of the photon index with 2% precision (Γ = 3.38±0.06).

spectroscopy will provide the best opportunity to study the
variability on timescales of a few years of non-thermal emission at
the hard X-ray knots suggested by Sato et al. (2018) and Uchiyama
and Aharonian (2008). Such flux variability requires enhanced
magnetic fields (0.1–1 mG) perhaps at “inward shocks” induced
by a density gradient due to molecular clouds (Fraschetti et al.,
2018) or asymmetric circumstellar material (Orlando et al. (2022)
and references therein). While Sato et al. (2018) left open the
possibility of variable thermal emission (kT ∼ 1–3 keV) from
Chandra observations, the high-energy sensitivity of HEX-P HET
will minimize the complication with thermal emission and probe
clean non-thermal continuum with photon index Γ = 3–3.5 above
15 keV as seen by NuSTAR. Independent estimates of the magnetic
field (such as those based on “thin rim” morphology; Parizot et al.,
2006) are also of order 0.2 mG, giving synchrotron cooling
timescales of 1–10 years. Our simulation shows that a 200-ks
observation with HEX-P can measure the flux of the hard X-ray
knots (r = 18″ circles) at 2% precision. At this level of angular
resolution and precision of flux measurement, the magnetic field
can be accurately measured not only at the inward shock but
also at other smaller hard X-ray knots throughout the entire
remnant. Such a study will reveal the magnetic field structure of
the remnant at the location of the highest-energy electrons, in
synergy with the polarization measurement by IXPE (Vink et al.,
2022). The connection between such observations and the highly
detailed radio polarimetric studies, which reflect the much larger
regions populated by GeV-energy electrons, can help in following
the evolution of nonthermal particles beyond their acceleration sites
and in filling out our general picture of the production and evolution
of relativistic particles in a supernova remnant.

3.4 Tycho

SNR G120.1 + 1.4, famously known as Tycho, belongs to a
class referred to as “Historical Supernovae” due to its association
with the supernova explosion SN 1572. Its classification as the

remnant of a normal Type Ia supernova was confirmed with light
echos (Krause et al., 2008b). Tycho was one of the first Galactic
radio sources identified (“Cassiopeia B”), shown to be separate from
the much brighter nearby Cassiopeia A by Hanbury Brown and
Hazard (1952), and was only the second radio source, after the Crab,
to be identified with a known supernova. That radio synchrotron
emission demonstrates the presence of electrons accelerated to
GeV energies. Non-thermal X-ray emission was detected up to
25 keV with HEAO-1 (Pravdo and Smith, 1979), indicating for
the first time the presence of electrons with TeV energies in
Tycho. Following this detection, Chandra observations located
most non-thermal emission in narrow filaments around Tycho’s
rim (Hwang et al., 2002; Bamba et al., 2005; Warren et al., 2005).
Following that, several non-thermal “stripes” inside Tycho were
revealed by follow-up deeper Chandra observations (Eriksen et al.,
2011). The spacing of these stripes was argued to be of the order of
the gyroradius of the highest-energy protons present, giving (for a
magnetic field of order 30 μG) proton energies above 1015 eV, near
the “knee” of the cosmic-ray spectrum around 3 PeV. Subsequent
variability studies (Okuno et al., 2020) gave an even higher estimate
of ∼100 μG, but the relation to the maximum proton energy relies
on several untested assumptions.

Lopez et al. (2015) usedNuSTAR to perform a spatially resolved
spectroscopic analysis of the synchrotron emission and radioactive
44Ti in Tycho’s SNR using a deep (∼750 ks) NuSTAR observation.
The hard (>10 keV) X-rays were found to be concentrated in the
southwest of the remnant, where the earlier Chandra observation
had found the high emissivity “stripes”. No evidence was found
for 44Ti, and only upper limits were put on its presence. Spatially
resolved spectra were fit with a simple model of synchrotron
emission from a power-law electron energy distribution with
an exponential cutoff, which produces a slower-than-exponential
rolloff of emission characterized by the frequency νroll at which the
spectrum has dropped by a factor of 10 below its extrapolation
from lower frequencies. Values of rolloff energy hνroll were found
to vary over a factor of 5 at different regions around the rim
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(Lopez et al., 2015), and were shown to rise as a steep function of
the shock velocity obtained from radio expansion measurements
(Reynoso et al., 1997).

In addition to Tycho’s well-characterized X-ray emission,
gamma rays were detected by Fermi-LAT at GeV energies
(Giordano et al., 2012) and by VERITAS at TeV energies
(Acciari et al., 2011). The detection in the TeV range proves that
efficient particle acceleration to very high energies is taking place,
presumably at the SNR’s shock. Whether the gamma rays are due to
leptonic or hadronic processes is not clear.The gamma-ray spectrum
of Tycho was modeled and found to be consistent with diffusive
shock acceleration (DSA) of electrons, in a two-zone leptonicmodel,
(Atoyan and Dermer, 2012), but a hadronic model invoking shock-
accelerated cosmic-ray protons was also possible (Berezhko et al.,
2013). HEX-P will allow better constraints on high-energy spectral
structure which will aid in this discrimination.

3.4.1 Imaging and spectral simulations
Figure 2 shows the broadband (0.7–9 keV) Chandra image

of Tycho. Regions previously identified with strong nonthermal
emission include the thin rims seen around most of the periphery,
as well as structures in the west. Chandra spectra from the annulus
(“rim”) and irregular hard-spectrum west region (“W hard”) were
extracted and fit with power-law models, which were used to
simulate images in the LET and HET instruments. Models for
the rim were power-laws with photon index Γ = 2.67 and 3.48
(compared in Figure 3). The same model for the W hard region

was used in each. A purely thermal spectrum of the remainder of
the remnant was assumed. The models can clearly be distinguished;
the rim is clearly resolvable separately from the W interior region,
allowing model discrimination not possible with the NuSTAR
sensitivity and angular resolution.

Figure 4 shows simulated spectra using XSPEC and the V7
response files for the HET and LET. In all cases, an input power-
law index of Γ = 3.0 was assumed, with normalization based on
the Chandra image. All spectra are consistent with the data in
the Chandra band, but with different assumptions about behavior
at higher energies. In a 200-ks exposure, parameters of XSPEC
simulated straight power-laws can be recovered to within ∼5%
accuracy, while models with broken power-laws (with ΔΓ = 3) do a
distinctly poorer job, as quantified by the increase in C statistics. A
second set of input models, broken power-law simulated data also
steepening byΔΓ = 3 at various assumed energiesEbreak, produce the
simulations shown in Figure 4. Fits with the same models recover
the two photon indices and Ebreak to within ≈2.5%,≈ 5%, and ≈10%
for break energies of 20, 30 and 40 keV, respectively. These accuracy
levelswill enable thedetectionofhardX-rayvariabilities fromseveral
prominent X-ray features where particle acceleration is considered
to be more energetic and active. These simulations demonstrate
the ability of the HET, especially, to characterize the spectral shape
in hard X-rays from Tycho, with important implications for the
nature of electron acceleration. The detection of steepening, either
as smooth curvature or more abrupt spectral breaks, is essential for
determining the maximum energies of electrons.

FIGURE 2
Chandra image of Tycho (0.7–9 keV), binned by a factor of 4. Brightness scale is logarithmic; units are erg cm−2 s−1. The scale bar has length 2′. The
annulus defines the “rim” region, which contains a high percentage of nonthermal emission. The irregular cyan region in the west has a harder
spectrum than most of the remnant. Simulated HEX-P spectra from each, based on Chandra data, are shown below.
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FIGURE 3
Simulated 100 ks HEX-P images of Tycho’s SNR. Input spectral models include a power-law for the W hard interior region, one of two power-law
models for the rim region (Γ = 2.67 or 3.48) and a thermal shock model for the remaining interior (parameters not specified as this component
contributes negligibly above 8 keV). Units are integrated counts in the indicated energy ranges. (A) Rim power-law, Γ = 2.67. (B) Rim power-law model,
Γ = 3.48. The different rim models can clearly be distinguished.

FIGURE 4
Simulated spectra for a 200-ks observation of Tycho. (A) Simulated spectra from parameters given by pure power-law fits to Chandra rim data, fit with
one pure and three broken power-law models for a 200-ks observation of Tycho. C-statistic values are 398.0 for the power-law fit, and rapidly
deteriorate for fits using broken power-law models: 433.7, 662.4, and 2,273.8 for increasingly severe break energies (40, 30, and 20 keV respectively),
clearly ruling out the broken power-law models. (B) Simulated spectra from parameters given by broken power-law fits to the Chandra data, fit with
broken power-law models. Input values are recovered to ≈2.5%,≈ 5%, and ≈10% accuracy for break energies of 20, 30, and 40 keV, respectively (Cstat
values of 418.9, 414.2, and 414.0.

3.5 G1.9 + 0.3

G1.9 + 0.3 is the remnant of the most recent supernova in
the Milky Way (Reynolds et al., 2008), with an expansion age of
order 140 years (an upper limit to the true age) and (based on
hydrodynamic models of the deceleration) a likely explosion date
of around 1900 (Carlton et al., 2011). It has an X-ray spectrum
dominated by synchrotron emission, with one of the highest rolloff
energies of any SNR (over 2 keV; Reynolds et al., 2009). However,
thermal emission is detected in small regions, with line widths of

up to 14,000 km s−1 (Borkowski et al., 2010), the fastest seen in any
Galactic SNR, and consistent with the measured expansion at an
assumed distance of 8.5 kpc. The remnant is sufficiently young that
particle acceleration (at least in conventional theories) is limited by
the remnant age—that is, the maximum electron energy is not set
by synchrotron losses, and is the same as the maximum ion energy.
This would make G1.9 + 0.3 a unique case where the maximum
ion energy can be inferred directly from X-ray observations. The
remnant is also the only Galactic SNR still increasing in brightness,
at both radio and X-ray wavelengths (Carlton et al., 2011), and it is
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expected that the maximum particle energy is also continuing to
increase. NuSTAR observations (Zoglauer et al., 2015) showed the
presence of X-rays out to about 25 keV before the signal was lost
in the background. Those observations were unable to discriminate
between straight power-laws and power-laws with relatively low
(∼ 15 keV) cutoff energies, a crucial difference in characterizing the
highest-energy electron spectrum. As the simulations of Figure 5
show, HEX-P can resolve this problem. As time goes on, G1.9 +
0.3 provides us with a view of the evolving process of particle
acceleration.

3.6 SN 1987A

SN 1987A is the closest supernova known since its explosion
36 years ago in the Large Magellanic Cloud (LMC) located 51 kpc
away. While it has been best known for the detection of neutrinos
from the supernova event, SN 1987A has exhibited spatial and
spectral evolution across a wide range of wavelength bands from
radio to X-ray. Shortly after the explosion, X-rays were detected
from SN 1987A (e.g., Frank et al., 2016). The X-ray emission,
composed of soft and hard components which vary separately, is
primarily thermal, considered to arise from the interaction between
the expanding shock wave and the surrounding circumstellar
material.

One of the key questions associated with SN 1987A is whether
the supernova left a neutron star or black hole. Some hints on
the presence of a NS at the core were suggested by recent ALMA
radio and NuSTAR hard X-ray observations. ALMA detected a
bright spot, suggesting that local dust is being heated by the
NS’s thermal emission (Cigan et al., 2019). NuSTAR observed non-
thermal X-ray emission above 10 keV, suggesting the presence
of a PWN (Greco et al., 2021). However, despite the NuSTAR
observations with 3.3 Ms total exposure, the detection of a PWN
component is still under debate (Alp et al., 2021; Greco et al.,

2022), and more sensitive hard X-ray observations are required
for making a firm detection of the putative PWN. A contribution
to the hard X-rays from synchrotron emission from electrons
accelerated in the SN blast wave cannot be ruled out, as the blast
wave radius is smaller than an arcsecond. Note that only the
hard X-ray band above 10 keV can be observed from the core
region due to severe photo-absorption by heavy-element ejecta
(Alp et al., 2018). HEX-P’s energy coverage from 0.2 to 80 keV will
be essential for fully characterizing both thermal and non-thermal
X-ray components. Figure 6 shows simulated HEX-P spectra of
SN 1987A. While SN 1987A is a point source to HEX-P as it
is for NuSTAR, HEX-P’s better angular resolution means smaller
background in a resolution element, enhancing the sensitivity to
unconfirmed non-thermal emission above 10 keV compared to
NuSTAR.

Since the multi-wavelength emission components from SN
1987A are expected to vary on year timescales, as seen over
the last 35 years, HEX-P will be able to provide a broadband
and high-resolution X-ray view of how both thermal and non-
thermal X-ray emission appears and evolves in the 2030s.
Since CTA selected the LMC survey as one of CTA’s key
science projects (Cherenkov Telescope Array Consortium, 2023),
HEX-P and CTA will jointly reveal hard X-ray and TeV
emission from synchrotron and inverse-Compton radiation
associated with the SNR and possibly emerging PWN,
respectively.

4 Pulsar wind nebula

A pulsar wind nebula (PWN) is a bubble of non-thermal
radiation from a magnetized, primarily electron/positron plasma
which is supplied by an energetic pulsar. The confinement of the
initially relativistic pulsar wind by its environment results in a
termination shock. Particles are thought to be accelerated to high

FIGURE 5
Simulated 100 ks HEX-P images of G1.9 + 0.3, based on two spectral fits indistinguishable to NuSTAR (Zoglauer et al., 2015). (A) Power-laws with an
exponential cutoff in photon energy (E limb: Γ = 2.09, Ebreak = 14.9 keV; W limb, Γ = 2.07, Ebreak = 13.9 keV. (B) Straight power-laws (E limb: Γ = 2.59; W
limb, Γ = 2.66). Units are counts.
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FIGURE 6
Simulated HEX-P LET (black) and HET (red) spectra of SN 1987A
assuming a 300 ks exposure. The input spectral parameters for the
three thermal components (kT1 = 0.48,kT2 = 0.96,kT3 = 3.2 keV) and a
power-law component (Γ = 2.6) were adopted from the Chandra,
XMM and NuSTAR observations obtained in 2020 (Greco et al., 2022).
The simulated HEX-P spectra are fit with the thermal components only
to illustrate the presence of the non-thermal emission above 10 keV.
The non-thermal component is detected with 7σ significance and its
photon index is well constrained to Γ = 2.4+0.2−0.1 , much improved from
the 2020 NuSTAR observation with 350 ks exposure (Γ = 2.6+0.7−1.8)
(Greco et al., 2022).

energies in the shock and flow and diffuse outward to produce a
PWN. PWNe are expected to evolve through three phases: an initial
phase in which the young PWN expands into the cooled expanding
ejecta of its natal SNR; a second phase in which the SNR’s reverse
shock wave has returned toward the center and recompressed the
PWN, distorting it and perhaps moving it off-center in the SNR;
and a third phase, after the pulsar has either left the SNR or outlived
it, and its wind is interacting with undisturbed ISM. Since pulsars
are typically born with substantial kick velocities, in this third
phase they are normally moving supersonically in the ISM and
their PWN is in the form of a bow-shock nebula. Most modeling
has been done for the earlier stages. Kennel and Coroniti (1984a;
Kennel and Coroniti, 1984b) modeled the Crab Nebula with a
spherically symmetricmagnetohydrodynamicmodel assuming pure
advection of particles behind the termination shock, successfully
explaining its basic features. Later detailed MHD simulations have
reproduced many features of the X-ray morphology of the Crab
Nebula, including small-scale structures such as jets and tori (e.g.,
Del Zanna et al., 2004; Komissarov and Lyubarsky, 2004), features
found in many other PWNe (Ng and Romani, 2004, and references
therein). While these MHD models capture the main properties of
the Crab Nebula, they do less well in describing properties common
in other PWNe that the Crab does not share, such as uniformly
steepening spectra with distance from the pulsar. In general, there
is a great deal more to be learned about the diversity of PWN
phenomenology that theMHDmodels cannot answer. TeV and even
PeV photons are observed in PWNe (Cao et al., 2021), meaning that
they accelerate electrons to even higher energies. These particles
can escape from the PWNe and could contribute significantly to

the flux of energetic electrons and positrons detected on Earth (e.g.,
Abeysekara et al., 2017a).

Particle acceleration in PWNe is thought to occur at the
relativistic termination shock via DSA or magnetic reconnection
as demonstrated by particle-in-cell (PIC) simulations (e.g., Sironi
and Spitkovsky, 2009; Sironi and Spitkovsky, 2014). However,
it is still unclear to what energy the particles are accelerated,
how they evolve as they flow and diffuse, and how they escape
from the PWNe. These can be addressed by high-quality X-ray
and gamma-ray data. In particular, synchrotron X-rays probe the
highest-energy electrons, as their inverse-Compton gamma-ray
emission is suppressed by the Klein-Nishina effect. Sensitive X-
ray and gamma-ray observatories have helped to address these
questions during the previous 2 decades, but many important
questions remain unanswered. We list questions (1)–(3) as shown
below.

4.1 Important questions to address on
PWN physics

4.1.1 Particle acceleration in relativistic shocks
Numerous PWNe emit TeV (even PeV) photons, implying

that there must be very energetic particles accelerated at their
termination shocks or elsewhere. Indeed, half of the unidentified
TeV sources discovered in H.E.S.S. Galactic plane surveys are now
categorized as middle-aged or old PWNe (H.E.S.S. Collaboration,
2018), and half of the sources listed in the first LHASSO source
catalog are linked with pulsars and/or PWNe (Cao et al., 2023).
Most of them are theoretically compatible with being powered
by a pulsar (de Oña Wilhelmi et al., 2022). Because the energy
distribution of the particles is imprinted in their radiation spectrum,
accurate measurements of PWN spectra will give us clues to
particle acceleration processes in relativistic shocks. Although
PeV-energy particles are already detected in the Crab Nebula,
an important question is whether or not other PWNe can
generally accelerate particles to such energies (i.e., constitute
leptonic PeVatrons). As in other sources, Klein-Nishina suppression
of inverse-Compton scattering from the highest-energy electrons
means that their energy distribution, up to those highest energies,
is best probed not by gamma rays but by sensitive high-energy X-
ray observations of synchrotron emission. Modeling of X-ray and
gamma-ray data of various PWNe has given maximum particle
energies of ∼PeV not only in young sources (≲ 104 years; e.g.,
Torres et al., 2014; Abdelmaguid et al., 2023) but also in middle-
aged ones (∼104–105 years; e.g., Burgess et al., 2022; Park et al.,
2023a;Woo et al., 2023).While these estimates depend strongly onB
within the PWN (an electron of energy E emits its peak synchrotron
power at a photon energy hνm ∝ E2 B), broadband spectral-energy-
distribution (SED) models can constrain B, especially if spectral
features such as spectral breaks or cut-offs, spatial variation of
the spectrum, and/or energy-dependent morphology are measured.
An independent B estimation is possible if the seed-photon
radiation energy density u* in the PWN region is known, since
Psynch/PIC = uB/u* (in the Thomson regime), where uB ≡ B2/8π is
the energy density in magnetic field. The state-of-the-art code
GALPROP (Porter et al., 2022, and references therein) provides
models for Galactic distributions of cosmic rays as well as of the

Frontiers in Astronomy and Space Sciences 09 frontiersin.org

https://doi.org/10.3389/fspas.2023.1321278
https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org/journals/astronomy-and-space-sciences#articles


Reynolds et al. 10.3389/fspas.2023.1321278

interstellar radiation field.1 The latter provides models for u* within
the Galaxy, thereby allowing an independent estimation of B in
PWNe. High-quality X-ray data will facilitate measurements of the
aforementioned spectral and spatial features with high precision,
and these, combinedwith improved u* estimations, will improve our
understanding of particle acceleration processes in PWNe.

4.1.2 Particle injection into the interstellar
medium

The origin of the cosmic-ray positron flux detected on Earth
at energies higher than a few GeV is a longstanding puzzle (e.g.,
Aguilar et al., 2019), and it was suggested that nearby pulsars
and their PWNe are an important source of these particles (e.g.,
Cholis and Hooper, 2013; Della Torre et al., 2015; Xi et al., 2019;
Manconi et al., 2020). Radiative energy losses restrict possible
sources of the highest-energy terrestrial cosmic-ray leptons with
E ≳ 1 TeV to within about 1 kpc, but studying numerous PWNe in
a larger volume can aid in understanding energetic leptons within
the Galaxy. After being accelerated at the relativistic termination
shock of the pulsar wind, leptons evolve in the PWNunder radiative
and advective cooling (e.g., Reynolds, 2009; Van Etten and Romani,
2011; Park et al., 2023b). Young systems are expected to efficiently
confine the nebular plasma, and in general they might not be an
efficient source of energetic cosmic-ray electrons in the Galaxy,
since their electrons rapidly lose energy to radiation via synchrotron
emission in the strong magnetic fields typical of such objects.
However, we do have direct evidence of an efficient escape of
particles in the outer medium from middle-aged and more evolved
systems (see e.g., Olmi and Bucciantini, 2023, for a recent review of
systems in different phases and their observational signatures).

A first clear indication is TeV halos seen around old PWNe
(e.g., Yüksel et al., 2009; Bamba et al., 2010; Sudoh et al., 2019;
Abeysekara et al., 2017a; H.E.S.S. Collaboration, 2023). These TeV
halos are likely due to the sum of all particles which have escaped
over time during the lives of the PWNe. A second piece of evidence
is the presence of extended (from 1 to several pc), asymmetric
and collimated X-ray features protruding from some high-speed
bow shock PWNe (e.g., Kargaltsev et al., 2017), showing a strong
misalignment with respect to the pulsar direction of motion. These
intriguing features can be explained as formed by energetic particles
leaving the PWN, advected away along the ambient magnetic field
lines (Olmi and Bucciantini, 2019). Some degree of amplification of
the ambient field is necessary to explain the observed emission as
due to synchrotron radiation (Bandiera, 2008), possibly produced
by the particles themselves. An excellent example is the Lighthouse
PWN (IGR J11014−6103) powered by the old 120 kyr pulsar
PSR J1101−6101 (Halpern et al., 2014). It shows a ∼6′ long and
bright collimated outflow to the west (Pavan et al., 2016), with
evidence for spectral evolution along the feature in the combined
observations from Chandra and NuSTAR (Klingler et al., 2022).
The possibility of investigating the spectrum of such features in
the very extended energy band of HEX-P, and with its angular
resolution, is a key ingredient to understand not only the properties
of escaped particles (and thus of the PWN) but also how they
interact with the ambient medium, with important consequences

1 https://galprop.stanford.edu/code.php?option=theory

for our understanding of the physics of transport and diffusion
in the vicinity of sources. All these points are then intimately
connected bothwith point (1)—howand towhat energy particles are
accelerated at the pulsar wind termination shock—and the following
point (3)—how particle acceleration and escape change as the PWN
evolves.

4.1.3 Co-evolution of the PWN and its SNR
The evolution of a PWN is tightly linked to that of its

host SNR. The entire evolutionary history affects the particle
energy distribution within the PWN today, which is imprinted
in the emission SED. The size and expansion speed of PWNe
provide additional information on the co-evolution since the PWN
expansion is influenced by, first, the surrounding SNR ejecta,
and later by the reverse shock (e.g., Hattori et al., 2020). Effects
of PWN/SNR co-evolution (e.g., Bandiera et al., 2020; 2023) are
particularly important in understanding cosmic-ray electrons since
we need to consider the entire history of particle injection by
PWNe to compare with cosmic rays detected today. The co-
evolution is very complex, and hydrodynamic (HD) simulations
have been carried out to study the dynamic evolution of PWN-
SNR systems (e.g., Bucciantini et al., 2003; Kolb et al., 2017). In these
works, the broadband spectral properties of the PWNe have not
been considered. Gelfand et al. (2009) developed a dynamic and
radiative evolution model by treating the PWN-SNR co-evolution
in a semi-analytic way (Reynolds and Chevalier, 1984), in a one-
zonemodelwith spherical symmetry.This evolutionary PWNmodel
has successfully fit the SED, size, and expansion speed of some
PWNe (e.g., Abdelmaguid et al., 2023), and the model-inferred
properties of the SN and SNR seem to agree reasonably well
with other SNR evolution models (e.g., HD simulations). While
PWN evolution models are very useful for understanding PWN
physics and can provide a supplementary tool for understanding
SNR physics, the models have many covarying parameters, and
one-zone models fail to capture the obvious inhomogeneities and
morphological complexities of almost all PWNe. Moreover, recent
higher-resolution HD studies (e.g., Bandiera et al., 2020; 2023)
found deviations from the prescriptions used for the dynamic
evolution in the radiative evolution model of Gelfand et al. (2009).
These deviations may be manifest in the spatially-varying emission
properties and can have a significant impact on the highest-
energy particles. Measurements of the spatially-integrated SED,
size, and expansion speed are certainly insufficient for studying
the co-evolution in detail and precise measurements of the PWN
properties (e.g., spatially-resolved spectra) are necessary to enrich
our understanding of PWNe and SNRs.

4.2 HEX-P contribution to PWN physics

Accurate characterizations of the PWN emission properties
are crucial to address the aforementioned questions. Question 1
requires sensitive measurements of high-energy X-ray spectra of
PWNe. For Questions 2 and 3, accurate measurements of spatially-
resolved emission properties are necessary, along with an emission
model that takes into account the temporal and spatial evolution of
particles within the PWN. While existing X-ray observatories have
helped address these questions, their sensitivity to faint emission
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and to spectral detail is not yet sufficient to provide firm answers.
Chandra and XMM have measured PWN images and spectra in
great detail, but their lack of sensitivity above 10 keV precludes
detailed investigation of the most energetic electrons. While this
could be supplemented byNuSTAR′s hard X-ray data (see Reynolds,
2016; Mori et al., 2021), cross-calibration uncertainties between the
observatories cause some problem (e.g., Madsen et al., 2015a; 2017a;
Hattori et al., 2020; Abdelmaguid et al., 2023). In addition, the low
angular resolution (60

″
HPD), limited effective area, and strong

and inhomogeneous backgrounds ofNuSTAR (e.g., Wik et al., 2014;
Madsen et al., 2017b) have been a concern for measurements of
spatially-integrated and resolved spectra of PWNe above 20 keV.

The HEX-P observatory can revolutionize our studies of PWNe.
Thebroadband coverage of the combined LET andHET instruments
provides a large lever arm for spectral measurements, and thus
the properties of emission by highest-energy electrons, which
may be manifested as a spectral cutoff, can be well measured.
Figure 7 shows detectability of a strong spectral break at Ebrk
(broken from Γl = 2 to Γh = 5 as was suggested for 3C 58; An,
2019), simulated for a generic R = 3′ PWN assuming a 100 ks
observation with HEX-P. Note that other gradual cut-off shapes,
e.g., exponential cutoffs at Ecut, are more easily detected because
the spectral shape starts to change at low energies as compared
to the broken power-law case. We also mark fluxes of some
bright PWNe in the figure for reference. The simulations show
that we can detect a spectral break up to 50 keV if the source is
bright (e.g., F ≥ 10–10 erg s−1 cm−2 in the 2–10 keV band) and if its
spectrum indeed exhibits a spectral cutoff. This experiment will be
particularly useful for some PWNe in which a spectral curvature
or cutoff was measured (e.g., Crab, G21.5−0.9, PSR J1400−6325,
and PSR J1813−1749; Madsen et al., 2015a; Nynka et al., 2014;
Hitomi Collaboration et al., 2018; Renaud et al., 2010; Bamba et al.,
2022; Hattori et al., 2020) or suggested (e.g., 3C 58 and N157B;
An, 2019; Bamba et al., 2022). This will help address Question
1. Note that NuSTAR data have some systematic uncertainty

due to the inhomogeneous background which is very difficult
to assess for diffuse PWNe. HEX-P, in addition to having twice
the effective area and lower backgrounds, would not suffer from
such inhomogeneous background. Hence the improvement can be
substantial.

In studying PWN emission using an evolutionary model, it is
crucial to measure the emission SED as precisely as possible. This
can provide additional information to break parameter covariance
of the evolutionary model since the SED shape changes depending
sensitively on the cooling history of the particles (e.g., Gelfand et al.,
2009). In this regard, the broadband coverage of LET + HET
of HEX-P is particularly helpful. The right panel of Figure 7
shows HEX-P’s sensitivity to a small degree of curvature in the
emission spectrum investigated using the logparmodel inXSPEC
(dN/dE = K(E/Ep)

−a−blog(E/Ep) with Ep = 5 keV) for R = 3′ PWN
emission. This value of the pivot energy Ep was chosen as it is
near the center of HEX-P’s full LET + HET bandpass, thus posing
the most stringent test for sensitivity to departures from a power-
law. Simulations of a 100-ks exposure show that HEX-P will be
able to measure a shallow curvature with b < 0.1 (corresponding
to ∼20% SED change over the 0.3–80 keV band) if the source flux
in the 2–10 keV band is ≥10−11 erg s−1 cm−2. This is sufficient for
measuring spectral breaks detected in some young PWNe, which
will provide important clues to the particle accelerationmechanisms
and PWN-SNR co-evolution. In particular, Klingler et al. (2022)
found in outflow regions of the Lighthouse PWN that the soft X-
ray (Chandra) spectra are discrepant with the hard X-ray (NuSTAR)
ones, implying that the effects of particle evolution (e.g., cooling) are
best seen at >8 keV. However, this could not be confidently stated
because of cross-calibration issues and non-uniform background
in the NuSTAR data. HEX-P observations will help to clarify
this since the suggested spectral curvature is large enough for
detection, and can shed light on the properties of the particles
escaping the PWN and their effect on the ambient medium
(Question 2).

FIGURE 7
Results of HEX-P simulations of a generic R =3

′
extended PWN. (A) F-test probability contours between a power law (PL) and a broken power-law (BPL)

model. Simulated HEX-P data (100-ks) for a BPL spectrum having Γl = 2 and Γh = 5 at break energy Ebrk are fit by a BPL and a PL, and the addition of the
break was tested using the F statistic. (B) Same as the left, but the simulations were carried out for a logparmodel with varying b (see text). The
vertical dashed lines mark fluxes of some young and bright PWNe: 3C 58 (An, 2019), Kes 75 (Gotthelf et al., 2021), MSH 15–52 (An et al., 2014), and
G21.5−0.9 (Nynka et al., 2014).
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HEX-P will also allow measurements above 10 keV of faint
emission in the outer regions of extended (and evolved) PWNe.
This will help to characterize synchrotron burn-off effects as well
as particle flow near the outer boundary of the PWNe, and to
provide new insights into the evolution of PWNe after their young
phase (Question 3). We can then estimate the amount and spectrum
of electrons that escape from the X-ray PWN and propagate to
larger TeV emission regions. With the advent of high-resolution
TeV observatories (e.g., CTA), the HEX-P data will tell us about
how the electron spectrum evolves as electrons propagate from
the X-ray PWN to the TeV emission region, and eventually to
the interstellar medium. This will help address Question 2. In our
100-ks simulations of a HEX-P observation of a R = 4′ PWN, we
found that we could measure the photon index of an annular region
with the inner and outer radii of 3′ and 4′ to within 0.1 if the
2–10 keV flux is higher than 3× 10−13 erg s−1 cm−2. In other PWNe,
the injection regions may be too faint for accurate measurement of
the spectrum. These faint regions can still be identified by images,
and our simulations of HEX-P observations for a hypothetical
PWN suggest that faint source emission within an annular region
with the inner and outer radii of 4′ and 4.25′ (i.e., width of 15

″
)

can be detected with 3σ confidence if the flux is higher than
3× 10−14 erg s−1 cm−2.

4.3 HEX-P simulations for the Crab Nebula,
G21.5−0.9, Lighthouse PWN and G0.9 + 0.1

HEX-P plans to observe the Crab, G21.5−0.9, Lighthouse PWN
and G0.9 + 0.1 in the primary science program. The improved
PSF of HEX-P HET will resolve substructures in the sources
much better than NuSTAR could. In addition, HEX-P’s large
effective area will allow more accurate spectral characterization
of the sources. Figure 8 shows simulated images of the sources
made with the SIXTE suite. Compared to NuSTAR′s images of
the sources (Nynka et al., 2014; Madsen et al., 2015a; Klingler et al.,
2022), the morphologies of the PWNe are much better resolved.

The torus and jets of the Crab Nebula and the northern
spur and eastern limb of G21.5−0.9 were seen by NuSTAR
only after deconvolving the PSF from the images, and thus
their spectra could not be measured. The HET of HEX-P can
resolve those structures as in the simulated images (Figure 8),
allowing spectral measurements. Nonthermal emission from the
northern spur and the eastern limb of G21.5−0.9 that were
suggested based on deconvolved images (Nynka et al., 2014) can
be better characterized by HEX-P observations. This also applies
to other sources in which NuSTAR’s resolution was insufficient
to resolve various structures in them, requiring deconvolution
(e.g., G11.2−0.3; Madsen et al., 2020).

The Lighthouse PWN is particularly intriguing thanks to
its long (∼6′) and misaligned tail, which connects to a diffuse
emission region (Pavan et al., 2016). The morphological change
from a collimated jet to a diffuse region in this PWN can
tell us much about electron injection from the old PWN into
the ISM. The NuSTAR measurement of the spectrum of the
diffuse region (Γ = 2.21± 0.08) was discrepant with the Chandra
result (Γ = 1.74± 0.05) (Klingler et al., 2022), suggesting that the
electrons had experienced strong cooling. However, this was
uncertain because of unknown systematic effects in the data, e.g.,
cross-calibration between the observatories and inhomogeneous
background in the NuSTAR data (the latter was a particular
concern; see Klingler et al., 2022). Our HEX-P simulations for a
100-ks observation of the Lighthouse PWN, based on the previous
NuSTAR results, found that HEX-P would be able to detect the
diffuse emission at ≥6′ up to ∼20 keV (Figure 8) and to measure
its spectrum accurately, e.g., constraining ΓX to within 0.04. This
will provide sufficient sensitivity for discriminating between the
hard vs. soft injection spectra as measured by Chandra and
NuSTAR. More importantly, HEX-P data (LET + HET) will not
suffer from systematic effects due to cross-calibration across the
0.2–80 keV band or to inhomogeneous background. Hence, HEX-
P observations of the Lighthouse PWN will considerably improve
the Chandra and NuSTAR measurements, and thereby provide

FIGURE 8
Simulated HEX-P HET images of the Crab Nebula [1 ks; (A)], G21.5−0.9 [50 ks; (B)] and the Lighthouse PWN [(C); 100 ks] made with the SIXTE suite.
Units are total counts; scales are logarithmic. Chandra images were used as the inputs, and spectral variations within the PWNe as measured by
Chandra (Mori et al., 2004; Pavan et al., 2016; Guest et al., 2019) were included.
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crucial clues to how the PWN electrons are injected into the
ISM.

G0.9 + 0.1 is a composite-type supernova remnant (SNR) and
pulsar wind nebula (PWN) located only one degree from the
Galactic Center, long studied in the X-ray regime. As the system
is quite young with a spin-down age of τc = 5.3 kyr (Camilo et al.,
2009), the SNR shell has not interacted with the d ∼ 2′ PWN core
(Helfand and Becker, 1987) leaving the nebula an ideal candidate
for probing the physical mechanisms responsible for accelerating
high-energy particles. X-ray observations below 10 keV by Chandra
(Gaensler et al., 2001) and XMM (Porquet et al., 2003; Holler et al.,
2012) reveal prototypical non-thermal emission with a radially
dependent power-law index, a signature of PWN synchrotron
cooling. Despite its young age and energetic pulsar, the nebula
has coincident γ-ray emission (Aharonian et al., 2005; Adams et al.,
2021) that is relatively underluminous for its pulsar luminosity,
making this an interesting target to probe high-energy particle
acceleration. NuSTAR observations were able... were able to detect
the non-thermal PWN emission up to 30 keV. However, stray
light caused by the proximity to the Galactic Center reduces
the quality of the data and the spectral parameters are only
moderately constrained. HEX-P simulations of G0.9 + 0.1 show
a significant improvement in the >10 keV range (Figure 9A).
Broadband studies with multi-wavelength SEDs have attempted
to probe the underlying acceleration processes. Several one-zone
time-dependent leptonic models (e.g., Fiori et al., 2020) have been
adopted with various constraints applied to input parameters,
while other models explored lepto-hadronic scenarios (Holler et al.,
2012), multiple zones, or incorporated significant adiabatic cooling
(Tanaka and Takahara, 2011). While these complex models fit
the available data, they often leave crucial parameters, such
as the injected electron spectral index, unconstrained. HEX-P
provides critical coverage at the energy band where the majority
of models predict a turnover in the SED curve (Figure 9B). HEX-
P data added to broadband SED analysis will provide a deeper
understanding of the extreme particle acceleration processes within
PWNe.

4.4 Summary

The broadband coverage, superior angular resolution, and low
background of HEX-P HET will provide significant improvement
in our understanding of PWNe. In addition to the spectral
improvement, the HET of HEX-P will measure the morphologies
of PWNe in greater detail compared to NuSTAR as presented
in Figure 8. Hard X-ray emission from substructures (e.g., torus,
jets, and knots) in PWNe will be better probed. HEX-P will
observe the Crab Nebula and G21.5−0.9 as calibration targets,
and these observations will provide unprecedented data for these
two young and bright PWNe, allowing precise SED studies. In
addition, a 100 ks HEX-P observation of the Lighthouse PWN will
measure the spectra of the outflow regions out to ≥5′ without
systematic effects due to inhomogeneous background. This will
probe how the electrons in the outflows evolve and merge into the
ISM.

5 Nucleosynthesis in the galaxy

While HEX-P can revolutionize the study of hard X-ray
nonthermal continua from particle accelerators, the spectral
region above 10 keV holds little information on thermal line
emission. However, HEX-P can make a major improvement in
line spectroscopy of another sort: radioactive decay of freshly
synthesized unstable isotopes from supernovae or from double
neutron-star mergers. In supernovae, the well-known hard X-ray
nuclear decay lines at 68 and 78 keV emitted in the decay chain
of 44Ti contain invaluable information on the synthesis of iron-
group elements. One of the most important results from NuSTAR
was the detection of these spectral lines from SN 1987A, and
more significantly, their imaging as well, from Cas A. Unlike lines
from collisionally ionized iron which must be shocked to high
temperatures, these lines are emitted independent of temperature,
so show the presence of titanium both before and after interaction
with the reverse shock in a supernova interior. The imaging
of 44Ti in Cas A violated the widely held expectation that its

FIGURE 9
(A) Simulated 50 ks HEX-P HET spectra of the absorbed non-thermal emission from the PWN G0.9 + 0.1. The spectrum is well detected up to 40 keV
and all the parameters are recovered with 1% or better. (B) A one-zone time-independent SED model for G0.9 + 0.1 incorporating broadband data
from existing radio, X-ray, and γ-ray data (Fiori et al., 2020). The HEX-P energy band is shown in yellow, covering a critical portion of the SED.
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FIGURE 10
Comparison of the spatial distribution of 44Ti with that of other
components of Cas A (Grefenstette et al., 2017). Particularly relevant is
the poor correspondence with (shocked) iron.

distribution would mirror that of 56Ni and its stable decay product
56Fe. The famous NuSTAR image (Figure 10) shows fairly poor
correspondence. However, even NuSTAR′s 2.4 Ms integration time
was not sufficient to fully characterize the distribution at lower
flux levels, and the spatial resolution, far poorer than that of
the Fe Kα image produced by Chandra, did not permit more
detailed examinations of Ti/Fe ratios. Both these limitations will be
much less severe with HEX-P, which can improve on the NuSTAR
detections, but also search for 44Ti from other young supernova
remnants (both core-collapse and Type Ia, though significant
titanium production in SNe Ia probably requires high degrees
of explosion asymmetry). Most excitingly, HEX-P could examine
a sufficiently nearby binary neutron star merger event, with the
prospect of obtaining information inaccessible to optical or soft
X-ray instruments.

5.1 44Ti line emission from young SNRs

In a supernova explosion, 44Ti is produced in the innermost
ejecta (either in the convective region or just above it;
Magkotsios et al. (2010); Fryer et al. (2023)) and is one of the
most direct tracers of the supernova engine (Figure 11). 44Ti
production is extremely sensitive to the strength of the shock
and can probe explosion asymmetries (Magkotsios et al., 2010;
Vance et al., 2020). But the Cas A observations (Figure 10)
highlighted issues with our understanding of the explosion
mechanism.

44Ti provides an ideal probe of the supernova engine.
Because 44Ti is produced near the engine, it traces the explosion
asymmetries caused by this engine. NuSTAR observations of
the 44Ti distribution provided the most direct evidence to date
supporting the convective-engine paradigm behind core-collapse

FIGURE 11
Distribution of 26Al, 44Ti, 48Cr, 56Ni, 60Fe, and total Fe as a function of
mass. Like 56Ni and 48Cr, 44Ti traces the innermost ejecta. Of the
isotopes probing the innermost ejecta, 44Ti is uniquely observable in
young supernova remnants.

supernovae (Grefenstette et al., 2014; 2017; Wongwathanarat et al.,
2017; Vance et al., 2020). More precise maps of the 44Ti distribution
will further constrain the asymmetries in the models. In addition,
the amount of 44Ti produced and the ratio of 44Ti to iron
or other iron-peak elements provide further probes of the
engine and, ultimately, the nuclear physics producing these
yields.

5.1.1 Cas A
Cas A provides the only example of spatially resolved

44Ti emission from a young SNR (Grefenstette et al., 2014;
Grefenstette et al., 2017; Figure 10). The distribution of the 44Ti
already provides constraints on the asymmetries of the explosion.
When these observations were obtained, constraints on the
iron and other iron-peak elements were limited to iron located
through X-ray emission from highly ionized states, meaning that
only material having passed through the reverse shock could be
observed. The long NuSTAR observation (2.4 Ms) was limited by
spatial resolution and by background; it is possible that fainter
44Ti emission could be detected and would provide quantitative
measures or limits on the local Ti/Fe ratio, especially for redshifted
features where both the 68 and 78 keV spectral lines could be
observed. Combining more detailed HEX-P maps with recent
JWST observations of this remnant (measuring unshocked iron)
will allow scientists to study details of both the shock properties and
the nuclear physics. Figure 12 shows the simulated HEX-P image
in 67–69 keV using Chandra’s Fe Kα map as a guide for the 44Ti
map. We emphasize that, as Figure 10 graphically demonstrates
(Grefenstette et al., 2014; 2017), the 44Ti distribution in Cas A does
not trace the distribution of Fe Kα. Currently, the only available
44Ti map is from the NuSTAR observations at a resolution of ∼1′,
so to exhibit the effect of HEX-P’s superior angular resolution,
we use the Chandra Fe Kα image as input, knowing that the
resultant simulated image is a demonstration only (compare the
resolution of Figure 12 to the NuSTAR image Figure 10). However,
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FIGURE 12
(A) Chandra Fe Kαmap (6.54–6.92 keV). (B) Simulated HEX-P image of 44Ti emission from Cas A (67–69 keV) for 1.5 Ms exposure using the Chandra Fe
Kαmap as the input image. The green dotted lines mark the forward (outer ring) and reverse (inner ring) shock, respectively. This image is merely to
demonstrate HEX-P’s high spatial resolution, as we have no access to the “true” distribution of 44Ti.

the integrated flux in the simulated image is that measured by
NuSTAR.

5.1.2 Other possible sources
The 85-year mean life of 44Ti means that only SNRs less than a

few hundred years old will be detectable sources. Our primary target
list includes (in addition to Cas A) two such objects, SN 1987A,
and Tycho’s SNR. SN 1987A was detected by NuSTAR in a 2.6 Ms
exposure, with a flux in the 68 keV line of (3.5± 0.7) × 10–6 photons
cm−2 s−1, at a mean epoch of 27 years after the SN. In our proposed
300 ks HEX-P exposure, and assuming an observation year of 2029,
we estimate about 10% of the signal, which should allow a detection,
though not an improvement overNuSTAR. Type Ia supernovae such
as the one that produced Tycho are not expected to synthesize large
masses of 44Ti, but asymmetric explosion models have predicted
values of (1–3) × 10–5 M⊙ (Maeda et al., 2010), or about 10% of the
mass of 1.4× 10−4 M⊙ inferred for Cas A (Grefenstette et al., 2017).
A similar scaling of the flux from Cas A to the distance (2.3 kpc;
Chevalier et al., 1980) and age (451 years) of Tycho, and assuming
0.1 times the 44Ti mass of Cas A, gives a line flux of about 6% of that
of Cas A.

In addition to Cas A, two other remnants of core-collapse
supernovae have ages of order a few hundred years, as inferred
from expansion measurements. Kes 75 (G29.7-0.3), a combination
shell SNR/PWN/pulsar system, has an age of 480± 50 years
(Reynolds et al., 2018). At a distance of 5.8 kpc, it could produce a
detectable signal. Again scaling the observed line flux from Cas A
to the distance and age of Kes 75, we estimate a flux of about 7% of
that of Cas A. Similarly, the remarkable iron-rich rapidly expanding
SNR G350.1-0.3 (Borkowski et al., 2020) is at most 600 years old
(the expansion age of the fastest-moving ejecta and an upper limit
to the true age, since deceleration has certainly occurred). For an
age of 600 years and a distance of 4.5 kpc, again scaling to Cas A
predicts a flux of 0.027 of that of Cas A for the 68 keV line. Figure 13
shows a simulation assuming (as is not the case in Cas A!) that the
titanium distribution follows that of shocked iron. The strong Fe

Kα emission from G350.1-0.3 is redshifted by up to 2,600 km s−1,
which if true of titanium as well, would allow both the 68 and 78 keV
lines to be observed, which was not the case for Cas A, potentially
doubling the relative sensitivity. The required exposure times for
HEX-P detections of these targets at such flux levels are too long
for the proposed primary observation program, but are certainly
within reach for the extended mission. We mention them here as a
reminder that HEX-P can bring this unique capability to the study of
supernovae.

5.2 r-process nucleosynthesis in binary
NS-NS mergers

The creation of cosmic isotopes heavier than the iron group is
primarily attributed to the so-called r-process, which involves rapid
neutron captures compared to β-decay lifetimes (Burbidge et al.,
1957; Cameron, 1957). However, it remains unclear where this
nucleosynthesis occurs, as it requires neutron-rich environments
with low electron fraction Ye. Recent observations of thermal
kilonova emission from ejecta produced in binary neutron-star
mergers (NSMs) in gravitational wave events like GW170817
(Abbott et al., 2017) or in short gamma-ray bursts (e.g., GRB
130603B; Tanvir et al., 2013) strongly suggest a significant r-process
component. In fact, these observations have established NSMs
as a promising r-process site, possibly even more important
than the standard case involving core-collapse supernovae (SNe)
(Lattimer and Schramm, 1974). While MeV gamma-rays from r-
process nuclei should provide direct evidence for NSMs, their
fluxes immediately following binary NSM events are estimated
to be very low (∼10−8 photons s−1 cm−2 keV−1) even at a close
distance of 3 Mpc (Hotokezaka et al., 2016). This is below the
sensitivity of current and near-future MeV gamma-ray missions.
An alternative and more promising approach to explore the r-
process site is to search for gamma-rays from long-lived r-
process nuclei in Galactic NSMs (Wu et al., 2019; Korobkin et al.,
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FIGURE 13
(A) Chandra Fe Kα image of G350.1−0.1 measured in the 6.3–6.8 keV band (270 ks exposure). Color bar units are counts. The white contours show the
Chandra continuum image. (B) Simulated HEX-P image of 44Ti emission from G350.1−0.1 (67–69 keV) for 2 Ms exposure. For this simulation, the
Chandra Fe Kαmap (A) was used as the input image.

2020; Wang et al., 2020; Terada et al., 2022). The radiation from
r-process nuclei appears mainly in the sub-MeV band, but in
older remnants, it can extend down to the hard X-ray band.
The hard X-ray signals from the decay of r-process isotopes
can be detected by HEX-P, making it a unique probe to study
the r-process from Galactic NSMs and establishing synergy
with gravitational wave observations in the multi-messenger
era.

In order to assess the feasibility of detecting gamma-rays
from Galactic NSMs with HEX-P, we compared the gamma-
ray spectra from Galactic NSMs, at ages of τ of 100, 104, and
106 years old and located at 10 kpc, with the sensitivities of
hard X-ray to gamma-ray telescopes including HEX-P (Figure 14).
Since most Galactic NSMs are expected to be ∼8 kpc away
(Wu et al., 2019), HEX-P can detect younger NSM remnants with
τ less than a few hundred years. Additionally, HEX-P may be
able to detect nuclear gamma-ray lines from middle-aged NSM
remnants (τ less than about a few× 103 years), since the Doppler
broadening caused by the fast motion of ejecta is much less
significant than in younger remnants. Figure 14 shows that the
nuclear lines from 229Th (11.3 keV), 126Sn (23.4 keV), 241Am
(26.8 keV, 59.6 keV), 225Ra (40.3 keV), and 243Am (43.9 keV) from
Galactic NSMs with 104 years old are above the sensitivity of
HEX-P.

Since HEX-P is not a survey-type mission, it is important to
select optimalNSMcandidates in advance.This can be done through
a pilot survey utilizing the current hard X-ray and gamma-ray
missions, such as INTEGRAL, Swift, MAXI, etc., or by discovering
NSMs serendipitously, for instance in the HEX-P’s Galactic Center

FIGURE 14
Gamma-ray spectra from NSM remnants estimated by Terada et al.
(2022) at a distance of 10 kpc and with ages of 100, 104, and 106 years
since the merging are shown in cyan, blue, and dark blue lines,
respectively. The 3-σ sensitivities of the hard X-ray to gamma-ray
missions are shown as the labeled lines. The 3-σ sensitivity of HEX-P
with 1 Ms exposure is shown in red. For others, please see Figure 14 in
Terada et al. (2022).
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FIGURE 15
A color–color diagram of the flux ratio between the 30–80 and 10–30 keV bands versus that between the 10–30 and 2–10 keV bands. Our estimation,
following the same procedure as Figure 8 in Terada et al. (2022), is shown in the purple line, and those of the X-ray objects listed in the INTEGRAL
catalog (version 0043) are plotted in gray. The red crosses represent the expectation with 3σ errors for the NSMs at 100 pc using HEX-P with 1 Ms
exposure.

survey (Mori et al., submitted to FrASS). One of the effective ways
based on a pilot surveywith the current gamma-ray instruments is to
diagnose the spectral shape of NSMs using the color-color diagram
shown in Figure 8 in Terada et al. (2022). Figure 15 displays the
same diagram, but recalculated for HEX-P’s energy band from 2 to
80 keV, using the simulation code adopted fromTerada et al. (2022).
Our simulations demonstrate that very young NSMs (τ < 103 y)
and old NSMs (τ > 104 y) can be distinguished from other types
of hard X-ray sources such as SNRs, AGNs, and XRBs. The figure
also demonstrates the numerical results for the case of a nearby
NSM (within 100 pc) observed by HEX-P with long exposure times
(shown in red crosses in Figure 15).

Once an NSM remnant is identified by the color-color diagram
analysis, a handful of nuclear lines from r-process nuclei may be
detected with deeper observations of HEX-P, as already shown in
Figure 14. Nuclear lines in the hard X-ray band originate mostly
from nuclei in the relatively low Ye environment, compared with
those in the MeV band. Note that the hard X-ray nuclear lines
are unique signatures of NSMs, while MeV gamma-ray lines could
be emitted from SNe. Therefore, the hard X-ray lines potentially
detectable with HEX-P, namely, 229Th, 126Sn, 241Am, 225Ra, and
243Am, will provide strong evidence of r-process nucleosynthesis
in NSM remnants. Among them, it is anticipated that the nuclear
lines from 241Am, 243Am, and 126Sn have constant luminosities
for τ ∼ 102–105 years (Figure 9 in Terada et al. (2022)), yielding a
few hundred photon counts with 1 Msec exposure, and therefore,
making them suitable as a standard candle for estimating the source
distance. Overall, searching for r-process nucleosynthesis sites in

our Galaxy is a unique scientific objective of HEX-P in the 2030s
that, while somewhat risky, has the potential for significant scientific
gains.

6 Conclusion

The physical processes involved in the acceleration of particles
at strong shocks are particularly well exhibited in shell SNRs,
for nonrelativistic shocks, and in PWNe, for relativistic shocks.
These processes ought to operate across the Universe, in many
environments where sources are too compact to be spatially
resolved. Galactic SNRs and PWNe, closely examined by HEX-P,
can serve as laboratories in which to investigate details of these
processes. Major breakthroughs in understanding occurred with
hard X-ray observations of the famous shell SNR SN 1006, and of the
even more famous Crab Nebula. A great deal more can be learned
about objects in each class with the new capabilities promised by
HEX-P. The simulations described above demonstrate the kinds of
advances possible in the study of particular SNRs and PWNe, and
of Galactic particle acceleration in general (see Mori et al., 2021
for other types of particle accelerators). The additional, unique
capability of HEX-P to study nuclear-decay line emission will
improve our knowledge of the 44Ti distribution in Cas A, and may
detect lines from other young SNRs or in the unlikely but exciting
possibility of a sufficiently nearby neutron-star binary merger event.
HEX-P clearly stands out as the foremost X-ray observatory for
cosmic accelerators and nuclear astrophysics in the 2030s.
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