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ABSTRACT2

HEX-P is a probe-class mission concept that will combine high spatial resolution X-ray imaging3
(< 10′′ FWHM) and broad spectral coverage (0.2–80 keV) with an effective area far superior to4
current facilities (including XMM-Newton and NuSTAR) to enable revolutionary new insights into5
a variety of important astrophysical problems. With the recent discoveries of over 40 ultra-high-6
energy gamma-ray sources (detected above 100 TeV) and neutrino emission in the Galactic7
Plane, we have entered a new era of multi-messenger astrophysics facing the exciting reality of8
Galactic PeVatrons. In the next decade, as more Galactic PeVatrons and TeV gamma-ray sources9
are expected to be discovered, the identification of their acceleration and emission mechanisms10
will be the most pressing issue in both particle and high-energy astrophysics. In this paper, along11
with its companion papers (Reynolds et al. 2023, Mori et al. 2023), we will present that HEX-P12
is uniquely suited to address important problems in various cosmic-ray accelerators, including13
Galactic PeVatrons, through investigating synchrotron X-ray emission of TeV–PeV electrons14
produced by both leptonic and hadronic processes. For Galactic PeVatron candidates and other15
TeV gamma-ray sources, HEX-P can fill in a large gap in the spectral-energy distributions (SEDs)16
of many objects observed in radio, soft X-rays, and gamma rays, constraining the maximum17
energies to which electrons can be accelerated, with implications for the nature of the Galactic18
PeVatrons and their contributions to the spectrum of Galactic cosmic rays beyond the knee at ∼ 319
PeV. In particular, X-ray observation with HEX-P and TeV observation with CTA will provide the20
most powerful multi-messenger diagnostics to identify Galactic PeVatrons and explore a variety21
of astrophysical shock mechanisms. We present simulations of each class of Galactic TeV–PeV22
sources, demonstrating the power of both the imaging and spectral capabilities of HEX-P to23
advance our knowledge of Galactic cosmic-ray accelerators. In addition, we discuss HEX-P’s24
unique and complementary roles to upcoming gamma-ray and neutrino observatories in the25
2030s.26

Keywords: particle accelerators, Galactic PeVatrons, star clusters, superbubbles, microquasars, gamma-ray binaries, X-ray telescopes,27
multimessenger astronomy28

1 INTRODUCTION

Over the last few decades, it has become clear that energetic particles (cosmic rays, CRs) make up a29
significant component of the Universe. In galaxies, cosmic rays can power galactic winds, support galactic30
coronae, and control star formation through ionization of molecular clouds. They can influence the structure31
of large-scale galactic magnetic fields and their propagation can drive turbulence in the interstellar medium.32
(See, e.g., Heintz and Zweibel (2022) and references therein.) The most energetic cosmic rays, with33
energies from 1015 eV (1 PeV) up to and above 1019 eV, appear to fill the Universe, traveling enormous34
distances to arrive at Earth – the only form of extragalactic matter we will be able to directly examine.35

X-ray astronomy has brought powerful insights into the mechanisms by which Nature accelerates particles36
to energies many orders of magnitude above thermal energies. While radio astronomy even from its infancy37
gave evidence of electrons with GeV energies (through the diffuse Galactic synchrotron background38
discovered by chance by Karl Jansky in 1932, though its origin wasn’t clear for decades), it was known39
long before the advent of space astronomy that far higher energies were exhibited by some particles,40
to the extent that high-energy physics experiments were conducted on mountaintops to tap the flux of41
incoming cosmic rays, long before the advent of terrestrial particle accelerators. But clues to the origin42
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of the highest-energy particles required the ability to image sources in photons above the optical window.43
Quasar continua supplied evidence for optical synchrotron radiation, but the details of the process could44
not be deduced from unresolved observations. X-ray astronomy first allowed the inference of the presence45
of TeV particles at their sources, with the detection of the featureless X-ray spectrum of SN 1006 and its46
interpretation as synchrotron emission from electrons with such energies.47

The advent of diffusive shock acceleration (DSA) as a mechanism for the production of suprathermal48
particles in shocks constituted a major advance in understanding, along with the observational data supplied49
by several generations of X-ray satellites, most importantly Chandra and XMM. It has been well-established50
that TeV electrons are present in most young shell supernova remnants (SNRs), with about ten objects51
dominated by non-thermal synchrotron emission, and clear non-thermal spectral components in others52
alongside thermal emission. The initial hope that young SNRs could furnish the origin of all cosmic rays53
was dashed by the realization based on very general considerations that standard SNR evolution could54
produce energies only up to several PeV, where a steepening of the integrated cosmic ray spectrum suggests55
a decreasing efficiency of cosmic-ray production by Galactic sources. More detailed study strongly suggests56
that reaching even that energy may be difficult (e.g., Lagage and Cesarsky, 1983). See Blasi (2013) for a57
review.58

More recently, gamma-ray astronomy has revealed many Galactic sources with energies in the GeV59
range (observed by Fermi-LAT) to above 1 PeV (observed by ground-based imaging atmospheric Cerenkov60
telescopes (IACTs), such as VERITAS, MAGIC, and H.E.S.S., or extensive air-shower arrays (EASAs),61
such as HAWC and LHAASO). Recently, a new exciting discovery has been made by IceCube as they have62
identified neutrino emission in the Galactic Plane (IceCube Collaboration et al., 2023). Angular resolutions63
of these instruments often do not allow unambiguous identification with sources at lower photon energies,64
let alone provide morphological clues to the origins of the fast particles in those sources. The imaging65
capabilities of X-ray telescopes, current and planned, can address the gaps in our understanding resulting66
from the mismatch between high-resolution radio observations of GeV electrons, and the observations of67
particles (electrons or hadrons) of up to and above 1 PeV.68

Various classes of objects are now known to produce energetic particles: SNRs, pulsar-wind nebulae69
(PWNe) at the termination shock of the pulsar’s relativistic wind forming the inner boundary of the PWN,70
superbubbles driven by multiple supernovae, and termination shocks of jets from ”microquasars” such as71
SS433. Arguments have been made for each of these as the primary source of the most energetic Galactic72
cosmic rays, but in no case do we have conclusive determinations.73

A full understanding of the physics of particle acceleration in shocks, and elsewhere, and in particular, of74
the nature of the most energetic sources (“PeVatrons”), will require a new generation of instruments. In the75
context of DSA, we still do not understand the details of how electrons become initially accelerated; how76
the accelerated-particle population, both electrons and ions, develops and affects the local environment77
(magnetic field, thermal fluid); what determines the fractions of shock energy going into particles and78
magnetic field; and what determines the maximum energy to which particles are accelerated, with possibly79
different limitations applying to electrons and hadrons. For the wind termination shocks of PWNe, the80
additional complications of special-relativistic effects are present.81

In particular, an attack on the problem of the nature of “PeVatrons” can be divided into two fronts: a better82
understanding of the basic physics of particle acceleration, conducted in those objects which can be most83
fully characterized, and direct observational studies of candidate PeVatrons themselves. The latter project is84
hampered by the large point-spread functions (PSFs) of Cherenkov detectors (of order a significant fraction85
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of a degree), often containing multiple possible counterparts in the crowded Galactic plane. In the former86
approach, one works to improve our knowledge of the basic physics of shock acceleration by studying87
better-understood objects, but ones fairly certain not to be the PeVatrons themselves. The proposed HEX-P88
mission can contribute on both fronts.89

In this paper, we present a wealth of HEX-P programs for investigating a diverse class of cosmic-ray90
accelerators and exotic radioactive sources in our Galaxy. In §2, we review the key radiative processes as a91
primer for understanding multi-wavelength electromagnetic emission from cosmic-ray accelerators. §3 and92
§4 describe the current telescope design and HEX-P’s primary observation program for Galactic cosmic-ray93
accelerators, respectively. The HEX-P’s primary observation program has been optimally determined94
based on extensive simulations with the Simulations of X-ray Telescopes (SIXTE) suite and with NASA’s95
HEASARC XSPEC software, as well as consulting with the current and future gamma-ray and neutrino96
telescope groups, including CTA, HAWC, VERITAS, IceCube, and COSI. Note that two primary classes of97
Galactic particle accelerators, SNRs and PWNe, are discussed in a companion paper (Reynolds et al. 2023).98
§5 discusses the unique and complementary role of HEX-P in the future multi-messenger observations99
of Galactic PeVatrons, which is arguably the most exciting field in astroparticle physics currently and in100
the 2030s. §6 presents HEX-P observations of star clusters and superbubbles which represent a primary101
class of hadronic particle accelerators. §7 focuses on the HEX-P survey of W50 lobes, a unique particle102
accelerator powered by the microquasar SS433. §8 presents how HEX-P observations can deepen our103
understanding of intrabinary shock physics and interactions between pulsars and circumstellar disks in rare104
TeV gamma-ray binaries. §9 concludes the paper with various HEX-P survey ideas in synergy with future105
telescopes in other wavelengths.106

2 RADIATIVE PROCESSES

Accelerated particles make their presence known through a variety of radiative processes: synchrotron107
radiation, bremsstrahlung, and inverse-Compton scattering for the electrons or positrons (leptonic108
processes), and, for protons and nuclei, decay into gamma rays of π0 mesons produced in inelastic109
scattering from target atoms (hadronic process).110

Relativistic electrons (or positrons) of energy E radiating in a magnetic field B produce synchrotron111
radiation with a spectrum peaking at photon energy Eγ = 15⟨BµG⟩E2

PeV keV, after averaging over the112
angle between B and the line of sight. These particles can also upscatter any ambient photon fields through113
inverse-Compton scattering (ICS). Both cosmic microwave background (CMB) photons and optical-IR114
(OIR) photons can serve as relevant seed photon populations. The scattering cross-section is constant115
at its Thomson value σT ≡ 6.65 × 10−25 cm2 for small values of the Klein-Nishina (KN) parameter116
xKN ≡ 4E Eγi/(mec

2)2, where Eγi is the seed photon energy. But as xKN approaches and exceeds 1,117
the cross-section decreases (Klein-Nishina suppression). The maximum outgoing photon energy Eγ is118
given, for xKN ≪ 1, by Eγ = 4(E/mec

2)2Eγi = xKNE, but as xKN approaches 1, Eγ asymptotes to E,119
independent of the seed photon energy. For CMB seeds (Eγi ∼ 2 meV), requiring xKN ≤ 0.1 to remain120
safely in the Thomson limit, the peak scattered photon energy is about 3 TeV, produced by electrons with121
E ∼ 30 TeV. Higher-energy photons can be produced, but with decreasing efficiency. For OIR seeds122
(Eγi ∼ 1 eV), again requiring xKN < 0.1 limits scattered photon energies to about 400 MeV, produced123
by electrons with E ∼ 7 GeV. Thus ICS from the CMB can produce very high-energy (VHE, 100 GeV –124
100 TeV) gamma-rays detectable with IACTs, while ICS from starlight seeds is most important below 1125
GeV photon energies, observable with satellites. Finally, relativistic electrons can also produce relativistic126

Frontiers 4



Mori et al.

bremsstrahlung with photon energies up to Eγ ∼ E/3, but for the regions of parameter space relevant to127
the particle acceleration sources in this paper, bremsstrahlung is rarely dominant.128

Cosmic-ray protons and nuclei can produce gamma-ray emission through inelastic collisions with ambient129
gas, resulting in the production of pions (hadronic process). The charged pions decay to secondary electrons130
and positrons, while the π0 particles decay to gamma rays. These collisions result in a fixed ratio of gamma131
rays to secondary leptons, an unavoidable consequence of the process. For kinematic reasons, pions cannot132
be produced until proton energies reach 140 MeV, at which point it becomes possible to produce π0’s with133
Eγ ≥ 70 MeV. The distinctive turn-on at this photon energy is the signature of the hadronic process.134

The synchrotron process does not contribute to gamma-ray emission, but it plays a crucial role in135
providing evidence for the highest-energy electrons. Electrons with energies above a few tens of TeV scatter136
CMB photons much less efficiently, so their gamma-ray emission may be faint or lost below hadronic137
gamma-ray processes. However, their maximum energy can be constrained through their synchrotron138
radiation, in the energy range targeted by HEX-P.139

Thus a population of relativistic leptons and hadrons produces broadband emission from radio to above140
PeV energies, through all four processes in general. Characterizing those populations requires observations141
at all wavelengths, to create a spectral-energy distribution (SED). Radio emission, produced only by ∼142
GeV-range electrons, can anchor the lepton distribution. The gamma-ray part of the spectrum above 70143
MeV could be produced by two leptonic and one hadronic process, and sorting out which is responsible is144
an essential task for the investigation of particle acceleration. Of particular interest are instruments capable145
of observing very high-energy and ultra high-energy (UHE, > 100 TeV) gamma rays. While most of these146
instruments have angular resolutions of a significant fraction of a degree, the Cherenkov Telescope Array147
(CTA), currently under construction and scheduled to begin full operation in the mid-2020s, is of particular148
interest for the HEX-P mission. Two CTA sites in the northern and southern hemispheres will be able to149
survey the entire sky in the 0.1–100 TeV band with ∼ 1 arcmin angular resolution.150

In general, synchrotron X-ray emission (FX ∝ ne ·B2), ICS gamma-ray emission (Fγ ∝ ne · nγ), and151
hadronic gamma-ray emission (Fγ ∝ np · nISM), where ne, nγ , np and nISM are electron, seed photon,152
proton, and ISM densities, represent different components from the same underlying particle energy153
distribution (Figure 1). Hence, in numerous Galactic TeV sources, multiwavelength morphology and154
SED studies with X-ray and IACT TeV data helped to distinguish between the leptonic and hadronic155
scenarios and to constrain model parameters (Kargaltsev et al., 2013; Mori et al., 2021). For instance,156
Figure 1 illustrates the distinct X-ray spectra expected in leptonic and hadronic models, despite predicting157
nearly identical gamma-ray spectra. Additional constraints come from the fact that the same population of158
relativistic electrons can produce both synchrotron and inverse-Compton emission. The ratio of total power159
radiated by an electron in the two processes is given by the ratio of magnetic-field energy density to seed160
photon energy density, i.e., Psynch/PIC = [(B2/8π)/urad]. The radiated spectra have the same slope up to161
peak energies related to the maximum electron energy. The synchrotron peak depends on the magnetic162
field, while the IC peak depends on which seed photons are scattered. Therefore, the ratio of the peak163
photon energies can give an estimate of the magnetic-field strength, while the ratio of the peak fluxes there164
can give the magnetic-field filling factor (i.e., if the volume of radiating electrons is not uniformly filled165
with B). See Aharonian and Atoyan (1999) and Lazendic et al. (2004) for detailed expressions.166

While gamma-ray detections provide evidence of particle acceleration, studying synchrotron X-ray167
emission from primary and secondary electrons provides unique and complementary information to168
gamma-ray observations. However, X-ray telescopes operating only below 10 keV are hampered by the169
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Figure 1. Left: Cartoon multiwavelength (MW) SED models for leptonic and hadronic accelerators. Right:
Example leptonic (black) and hadronic (red) SED models for a hypothetical gamma-ray emitting particle
accelerator. The two SED models with nearly identical gamma-ray spectra were produced using NAIMA
(Zabalza, 2015). Note that the synchrotron X-ray spectra appear differently in both fluxes and slopes in the
HEX-P bandpass (0.2–80 keV). The secondary electrons in the hadronic case are modeled following the
recipe of Kelner et al. (2006).

contamination by unrelated thermal X-ray components, which can hinder the detection of non-thermal170
X-ray emission.171

3 HEX-P MISSION DESIGN AND SIMULATION

The High-Energy X-ray Probe (HEX-P; Madsen+23) is a probe-class mission concept that offers sensitive172
broad-band coverage (0.2− 80 keV) of the X-ray spectrum with exceptional spectral, timing, and angular173
capabilities. It features two high-energy telescopes (HET) that focus hard X-rays, and a low-energy174
telescope (LET) providing soft X-ray coverage.175

The LET consists of a segmented mirror assembly coated with Ir on monocrystalline silicon that achieves176
a half power diameter of 3.5′′, and a low-energy DEPFET detector, of the same type as the Wide Field177
Imager (WFI; Meidinger et al. 2020) onboard Athena (Nandra et al., 2013). It has 512 x 512 pixels that178
cover a field of view of 11.3′ × 11.3′. It has an effective bandpass of 0.2− 25 keV and a full-frame readout179
time of 2 ms, and can be operated in a 128 and 64 channel window mode for higher count-rates to mitigate180
pile-up and faster readout. Pile-up effects remain below an acceptable limit of ∼ 1% for sources up to181
∼ 100mCrab in the smallest window configuration (64w). Excising the core of the PSF, a common practice182
in X-ray astronomy, will allow for observations of brighter sources, with a maximum loss of ∼ 60% of the183
total photon counts.184

The HET consists of two co-aligned telescopes and detector modules. The optics are made of Ni-185
electroformed full shell mirror substrates, leveraging the heritage of XMM (Jansen et al., 2001), and coated186
with Pt/C and W/Si multilayers for an effective bandpass of 2− 80 keV. The high-energy detectors are of187
the same type as those flown on NuSTAR (Harrison et al., 2013), and they consist of 16 CZT sensors per188
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focal plane, tiled 4× 4, for a total of 128× 128 pixel spanning a field of view slightly larger than for the189
LET, of 13.4′ × 13.4′.190

All the simulations presented here were produced with a set of response files that represent the observatory191
performance based on current best estimates (see Madsen+23). The effective area is derived from a ray-192
trace of the mirror design including obscuration by all known structures. The detector responses are193
based on simulations performed by the respective hardware groups, with an optical blocking filter for194
the LET and a Be window and thermal insulation for the HET. The LET background was derived from195
a GEANT4 simulation (Eraerds et al., 2021) of the WFI instrument, and the one for the HET from a196
GEANT4 simulation of the NuSTAR instrument, both positioned at L1. Throughout the paper, we present197
our simulation results for HEX-P using the SIXTE (Dauser et al., 2019) and XSPEC toolkits (Arnaud, 1996).198
To ensure the most realistic simulation results, we incorporated recent high-resolution X-ray images (mostly199
from Chandra or other wavelength observations), the best-known spectral information, and theoretical200
model predictions. Various exposure times have been considered for the feasibility studies presented in the201
following sections.202

4 HEX-P OBSERVATION PROGRAM OVERVIEW

One of the main objectives for the HEX-P mission is to comprehensively explore all types of cosmic-ray203
accelerators in our Galaxy, including the recently discovered PeVatron candidates. HEX-P’s primary204
mission will include observations of a diverse class of Galactic particle accelerators as outlined in Table205
1. Broadly speaking, understanding particle acceleration, propagation, and cooling entails tackling four-206
dimensional problems that involve spatial distribution (X, Y ), particle energy (E), and time (t). Modeling207
and observing particle acceleration/injection sites serve as the initial step for this exploration. While pulsars208
act as single-point central engines for producing PWNe, SNRs exhibit multiple acceleration sites, such as209
forward and reverse shock waves. Once particles are accelerated and injected into the ambient medium,210
they propagate and lose kinetic energy through various mechanisms, including radiative loss, adiabatic211
cooling, and collisions with the ISM and molecular clouds. Different regions away from the central engines212
contain particles injected at different times, requiring multi-zone investigations to track particle transport213
and cooling. Resolving the multi-wavelength radiation from multiple regions is vital to grasp the entire214
picture of how particle acceleration, propagation, and cooling interplay with each other. Furthermore, to215
assess the contribution of specific types of particle accelerators to the local and global CR populations in216
our Galaxy, it is crucial to examine objects at different stages of evolution.217

Typically, energetic and powerful particle accelerators have been discovered through gamma-ray218
observations. Since the directional and intrinsic energy information of CRs is lost by the interstellar219
magnetic fields, the CR acceleration and propagation can only be probed indirectly through associated TeV220
gamma-ray sources. While gamma-ray detections indicate the presence of particle acceleration, the limited221
angular resolution of TeV gamma-ray telescopes often prevented source identifications. Multi-wavelength222
observations are required to determine source types and acceleration mechanisms, utilizing telescopes at223
lower energies and with sub-arcminute angular resolutions.224

While CTA is expected to revolutionize our views of Galactic particle accelerators in the TeV band, its225
high-quality gamma-ray data alone cannot fully identify the source types and acceleration mechanisms226
since broader spectral data are required to separate out different potential emission components (ICS,227
pion-decay, and synchrotron radiation). It has long been realized that multi-wavelength observations228
are crucial for identifying the sources and elucidating their emission/acceleration mechanisms. At lower229
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energies, X-ray and radio observations play a unique and complementary role to the gamma-ray data by230
detecting synchrotron radiation from GeV–PeV electrons. Furthermore, broad-band X-ray spectral data231
provide unique diagnostics for determining the highest energy cutoff region of hadronic PeVatrons far more232
sensitively than gamma-ray and neutrino telescopes (Celli et al., 2020). To do this, the detailed shape of the233
X-ray spectrum, in particular the existence of curvature or spectral breaks must be well characterized.234

Above all, the necessary condition for studying any particle accelerator in the X-ray band is the clean235
detection of non-thermal X-ray emission apart from soft, thermal X-rays. While previous and current X-ray236
telescopes such as NuSTAR achieved some success in this respect, HEX-P surpasses them as the ultimate237
non-thermal X-ray detector, given its unprecedented sensitivity above 10 keV. HEX-P excels in spatially238
resolving thermal and non-thermal (synchrotron) X-ray emission, providing valuable broadband X-ray239
morphology and spectroscopy data. Moreover, determining the distribution of magnetic fields around the240
acceleration sites is important for understanding particle transport and cooling processes. For example,241
low ambient B-fields may offer insights into why some PeVatron candidates seem to sustain extended TeV242
emission without undergoing fast synchrotron cooling. Variability studies with HEX-P, as well as modeling243
small-scale features, can constrain magnetic field strengths. HEX-P alone or in synergy with future TeV244
telescopes, provides the most powerful diagnostic tools to investigate the creation and propagation of245
the most energetic particles as well as their environments (e.g., magnetic field), ultimately shaping the246
CR populations both below and above the knee at ∼ 3 PeV. A golden combination of HEX-P and CTA247
can usher in a new and exciting era of multi-zone and multi-wavelength approaches to studying Galactic248
particle accelerators.249

Below we summarize the primary HEX-P programs for studying a diverse class of Galactic particle250
accelerators as well as for investigating nucleosynthesis in young SNRs and potential neutron-star mergers.251
More detailed descriptions and simulation results on each program can be found in the subsequent sections.252

(1) Investigation of a variety of astrophysical shocks in the primary CR accelerators through253
synchrotron X-ray emission of TeV–PeV electrons: (1) DSA in SNRs, (2) PWN termination shock, (3)254
interactions between the SNR reverse shock and PWN, (4) intra-binary shock in gamma-ray binaries, (5)255
microquasar jet-driven shock, (6) colliding wind shock in star clusters, and (7) supermassive blackhole256
at Sgr A*. As outlined in Table 1, the primary science program will observe all these types of particle257
accelerators and prompt follow-up HEX-P observations.258

(2) Broad-band X-ray census of Galactic PeVatron candidates: In the most exciting and unexplored259
regime of astroparticle physics, HEX-P will play a pivotal role in multi-messenger astrophysics by260
identifying Galactic PeVatrons and their acceleration/emission mechanisms in synergy with the upcoming261
CTA observatory. Currently, 43 PeVatron candidates have been detected by LHAASO (Cao et al., 2023),262
but most of them have not yet been identified with known sources, and even the leptonic or hadronic263
nature of the emission is not known. By the 2030s, more PeVatron candidates (at least ∼ 100) are expected264
to be discovered. In addition, measuring the maximum particle energy exceeding ∼ 1 PeV is necessary265
to establish that the LHAASO sources are indeed PeVatrons. HEX-P and CTA will determine both the266
accelerator types and maximum particle energies through multi-wavelength SED studies.267

(3) Providing a dynamic view of X-ray filaments and knots in young SNRs: HEX-P will be able268
to detect year-scale variability from X-ray knots in young SNRs due to ongoing particle acceleration,269
magnetic field amplification, and fast synchrotron cooling (e.g., τ < 6 yr for electrons emitting synchrotron270
X-rays at Eγ > 40 keV and B = 0.1 mG). HEX-P will identify the most energetic acceleration sites and271
determine if young SNRs contain localized PeVatrons associated with hard X-ray knots. This investigation272
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Table 1. HEX-P primary observation program of Galactic cosmic-ray accelerators
Source name Source type Exposure time (ks) Section
LHAASO sources Unidentified PeVatrons 5× 200 ks §5
Cas A Young SNR 200 ks SNR/PWN paper (§3.3)
Tycho Young SNR 200 ks SNR/PWN paper (§3.4)
G1.9+0.3 Young SNR 200 ks SNR/PWN paper (§3.5)
SN1987A Young SNR + PWN 300 ks SNR/PWN paper (§3.6)
Crab Young PWN Calibration source SNR/PWN paper (§4.3)
G21.5-0.9 Young PWN Calibration source SNR/PWN paper (§4.3)
Lighthouse nebula Middle-aged PWN 100 ks SNR/PWN paper (§4.3)
G0.9+0.1 Young PWN 100 ks SNR/PWN paper (§4.3)
Arches cluster Star cluster 100 ks §6.1
30 Dor C Superbubble 300 ks §6.2
SS433/W50 lobes Microquasar jets 300 ks §7
Sgr A* Supermassive BH 500 ks GC paper (§4)

Note: 3.3 Ms total exposure. Some of the sources are described in our companion SNR/PWN (Reynolds et al. 2023)
and GC papers (Mori et al. 2023).

is uniquely conducted with HEX-P by measuring local B-fields and maximum electron energies. See more273
details in the HEX-P SNR/PWN paper (Reynolds et al. 2023).274

(4) Dissecting particle acceleration, propagation, and cooling mechanisms in PWNe: HEX-P can275
provide spatially-resolved X-ray spectroscopy and broad-band X-ray morphology data of young and276
evolved PWNe. The pulsar X-ray emission can be separated and studied by timing analysis thanks to277
HEX-P’s < 2 ms temporal resolution. HEX-P alone enables comprehensive multi-zone investigations to278
understand how particle acceleration, propagation, and cooling operate across various stages of PWN279
evolution. See more details in the HEX-P SNR/PWN paper (Reynolds et al. 2023).280

(5) Searching for non-thermal X-ray emission from star clusters and superbubbles: HEX-P will281
search for non-thermal X-ray emission arising from colliding winds in the prominent star clusters and282
superbubbles such as Arches, Westerlund 1 & 2, Cygnus OB region and 30 Dor C. These star clusters are283
recognized as primary sites for hadronic acceleration and are largely responsible for producing extended284
gamma-ray cocoons.285

(6) Surveying particle accelerators and CR distributions in the Galactic Center (GC): In the GC,286
HEX-P will conduct surveys of the primary accelerators, including the supermassive BH at Sgr A*, the287
youngest SNR in our Galaxy (G1.9+0.3) and bright TeV sources such as PWN G0.9+0.1. HEX-P will also288
map the spatial and energy distributions of CRs in the central molecular zone and through X-ray filaments289
in the GC. See more details on Sgr A* flares and Arches cluster in the HEX-P GC paper (Mori et al. 2023).290

5 GALACTIC PEVATRONS

With the advent of extensive air-shower arrays (EASAs) such as HAWC and LHAASO operating in the291
ultra-high energy (UHE) band (Eγ

>∼ 100 TeV), we are reaching the unprecedented regime of astroparticle292
physics by discovering PeVatrons that can accelerate CRs to PeV energies, far beyond the maximum293
energies reachable by the terrestrial particle accelerators (∼ TeV). The presence of Galactic PeVatrons294
is a new, exciting reality since LHAASO detected 43 UHE sources in the Galactic disk (Figure 2; Cao295
et al., 2021b,a; Aharonian et al., 2021; Cao et al., 2023). Similarly, HAWC and Tibet AS γ detected296
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Galactic TeV sources above ∼ 50 TeV, overlapping with most of the LHAASO sources (Abeysekara297
et al., 2020; Amenomori et al., 2021). Remarkably, some of the LHAASO sources were detected above 1298
PeV, representing the most extreme known particle accelerators in our Galaxy. More Galactic PeVatrons299
are expected to be discovered as LHAASO and HAWC observatories accumulate more data over the300
next decade. PeVatrons in the southern sky remain unexplored where H.E.S.S reported several PeVatron301
candidates, such as HESS J1702−420A, whose gamma-ray spectra extend up to ∼ 100 TeV (Abdalla302
et al., 2021). The South Wide-field Gamma-ray Observatory (SWGO) is expected to discover PeVatrons303
in the southern sky, complementing the northern sky coverage of LHAASO and HAWC (Hinton and304
SWGO Collaboration, 2022). The recent discoveries of the UHE sources by the EASAs marked a paradigm305
shift in high energy astrophysics from “Do PeVatrons exist in our Galaxy?” to “What are the Galactic306
PeVatrons detected by EASAs?” and “What is the contribution of Galactic PeVatrons to the UHE cosmic-ray307
population from the knee (∼ 1015 eV) to the ankle (∼ 1018 eV)?”.308

Figure 2. LHAASO E > 100 TeV significance map of the Galactic Plane (10◦ < l < 115◦) excerpted
from Cao et al. (2023).

TeV gamma-ray sources, including the Galactic PeVatrons, are usually classified as primarily leptonic or309
hadronic accelerators. A substantial fraction of energetic e+/− at GeV–PeV energies could be generated by310
PWNe and pulsar halos (Cholis and Krommydas, 2022; López-Coto et al., 2022). A PWN is generally311
assumed to be a pure leptonic accelerator, with synchrotron and ICS emission from the expanding bubble312
of shocked, highly relativistic e+/− pulsar wind continuously injected by the pulsar. However, the possible313
presence of hadrons in the pulsar wind (see, e.g., Atoyan and Aharonian, 1996; Amato et al., 2003; Guépin314
et al., 2020) has not been ruled out by present observations (Amato and Olmi, 2021). In the hadronic315
accelerators, energetic CR ions diffuse out from the accelerator site, collide with any ambient dense316
material, and produce copious pionic showers which decay into neutrinos, γ-rays and (secondary) e+/−.317
SNRs near clouds, massive star clusters, and superbubbles are considered the primary hadronic accelerators318
(Cristofari, 2021; Aharonian et al., 2019). Black holes in different mass scales have been recognized as319
another class of Galactic particle accelerators or possibly PeVatron candidates, associated with X-ray320
binaries (Kantzas et al., 2022), microquasars (Safi-Harb et al., 2022b), and the supermassive black hole at321
Sgr A* (HESS Collaboration et al., 2016).322

5.1 Multi-wavelength observations of Galactic PeVatrons with HEX-P and CTA323

While the EASAs such as LHAASO serve as PeVatron search engines, their UHE sources (above 0.1324
PeV) are poorly localized or spatially extended due to their limited angular resolutions. The position and325

Frontiers 10



Mori et al.

extent of the LHAASO sources usually have an uncertainty of ∼ 0.1◦ and ∼ 0.3◦, respectively (Cao et al.,326
2021b). Therefore, observations at lower energy γ-ray band (Eγ

<∼ 50 TeV) by IACTs such as VERITAS,327
H.E.S.S, and MAGIC are crucial for resolving the UHE sources with <∼ 0.1◦ angular resolutions. However,328
the current IACTs have resolved only two UHE sources (LHAASO J2108+3651 and J1825-1326) into329
multiple distinct TeV sources so far, possibly because the UHE sources are largely extended, obscured330
by diffuse TeV emission in the Galactic Plane or fainter than the current IACT’s sensitivity limits (Aliu331
et al., 2014; H. E. S. S. Collaboration et al., 2020). Similarly, in the GeV band, Fermi-LAT sources were332
detected near some UHE sources, but the unique identification of GeV counterparts is often difficult due333
to the low angular resolution of Fermi-LAT. Resolving the UHE sources will need to wait until CTA, the334
next generation IACT, becomes fully operational in the mid-2020s. Observing Galactic PeVatrons is a335
key science project (KSP) for the CTA mission, and it is recognized as one of the important science goals336
in the gamma-ray and astroparticle physics communities (Cherenkov Telescope Array Consortium et al.,337
2019). CTA is expected to resolve and localize the most energetic particle acceleration sites in the Galactic338
PeVatrons.339

In the X-ray band, given its broadband coverage and high sensitivity up to 80 keV, HEX-P will be340
uniquely suited for exploring the nature and acceleration mechanisms of Galactic PeVatrons in synergy341
with CTA. HEX-P will be optimal for detecting diffuse non-thermal X-ray emission and characterizing the342
known counterparts (e.g., PWNe, SNRs, star clusters) of the UHE targets. Both HEX-P and CTA, reaching343
the regime of the highest energy particles in the PeVatrons, are alike for their broad-band energy coverages344
and versatile functionality equipped with excellent angular, energy, and timing resolutions. CTA will be345
able to resolve the LHAASO/HAWC sources with ∼ 1 arcmin angular resolution and guide HEX-P in346
pinpointing their central engines. In both leptonic or hadronic particle accelerators, synchrotron X-ray347
radiation is expected from Galactic TeV sources through primary electrons and secondary electrons from348
pionic showers. Accurate measurements of the B-field are crucial since synchrotron radiation is typically349
the dominant particle cooling process for TeV-PeV electrons. Unfortunately, NuSTAR observations of350
many extended X-ray sources have been limited by high background contamination, often resulting in351
detections up to only 20 keV. Expanding on the previous X-ray + TeV observations (e.g., NuSTAR + HAWC352
+ VERITAS, H.E.S.S + Suzaku surveys), multi-wavelength SED data obtained by HEX-P and CTA will353
enable identifying the nature of Galactic PeVatrons in the 2030s. An example, shown in Figure 3, depicts354
the fit of LHAASO and simulated CTA SED data of one of the dark PeVatron accelerators (LHAASO355
J2108+5157) using both leptonic and hadronic models. The SED plot highlights a stark contrast in the356
X-ray fluxes and slopes within the HEX-P band. Moreover, Figure 4 displays multi-wavelength SEDs357
of a hadronic PeVatron with two different primary proton spectra. The synchrotron X-ray emission from358
secondary electrons provides the most sensitive diagnostics for determining the proton energy distribution,359
particularly in the cutoff PeV energy band, unlike gamma-ray and neutrino SEDs (Celli et al., 2020).360

In summary, HEX-P will play a crucial role in the multi-messenger investigations of PeVatron astrophysics.361
As part of the primary science program, HEX-P aims to observe five Galactic PeVatron candidates, while362
CTA is expected to survey most of the PeVatron candidates through their KSP program. Very recently and363
excitingly, IceCube detected TeV–PeV neutrinos in the Galactic Plane as the first evidence of Galactic364
hadronic PeVatrons (IceCube Collaboration et al., 2023). HEX-P will survey various types of PeVatron365
candidates, including leptonic, hadronic, and dark accelerators (with no apparent low-energy counterparts366
or association with known astrophysical sources), paving the way for more extensive PeVatron observations367
through the PI-led GTO or GO programs.368
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Figure 3. Multi-wavelength SED models for LHAASO J2108+5157 including both hadronic (black solid
line) and leptonic (black dotted line) models. The flux points from LHAASO-KM2A Cao et al. (2023)
are overlaid as yellow circles. The CTA flux points (blue square) are from a 100-hour simulation using
the Small-Sized Telescopes (SST) and Medium-Sized Telescopes (MST). The HEX-P LET and HET flux
points, the green and red crosses, respectively, are from 200-ks simulations.

Figure 4. Primary proton energy distributions (left) and multi-wavelength SED models (right) for hadronic
PeVatrons, excerpted from Celli et al. (2020). Two types of primary proton spectral models are considered:
Maxwellian-like (solid lines) and power-law with an exponential cutoff (dashed lines). The synchrotron
X-ray spectra are quite distinct between the two scenarios (assuming B = 1 mG), while the gamma-ray
and neutrino spectra are insensitive to the primary proton spectrum.

6 STAR CLUSTERS AND SUPERBUBBLES

Star clusters, observed in broad ranges of masses, ages, and stellar densities (Pfalzner, 2009; Krumholz369
et al., 2019) might be found in different types of galaxies with high star-forming rates (Whitmore, 2000;370
Adamo et al., 2020). The evolution of the galactic environment is closely related to star formation, which is371
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a key phenomenon that binds together important constituents from molecular gas to magnetic fields and372
cosmic rays in a close relationship. Star-forming regions both in the Milky Way and in starburst galaxies373
are known sources of broadband non-thermal radiation from radio to gamma rays, indicating the presence374
of relativistic particles. A significant part of massive stars is believed to evolve as clusters, which are375
gravitationally bound groups of stars of a common origin. Of particular interest are massive star clusters376
(MSCs) found in many regions of star formation. MSCs are sources of both thermal and non-thermal X-ray377
radiation, and they are considered effective cosmic ray accelerators (e.g., Bykov, 2014; Aharonian et al.,378
2019). The Milky Way contains a number of well-studied MSCs, such as NGC 3603 (Drissen et al., 1995),379
Westerlund 1/2 (Clark et al., 2005; Zeidler et al., 2015), Arches (Figer et al., 2002), and Quintuplet (Figer380
et al., 1999), which contain dozens and even hundreds of bright OB, Wolf-Rayet (WR), cool super- and381
hypergiant stars in the cluster cores of a parsec scale size.382

In recent years, MSCs and superbubbles have been recognized as one of the primary classes of hadronic383
accelerators, possibly accounting for some of the PeVatrons in our Galaxy (Aharonian et al., 2019). In384
hadronic accelerators, energetic CRs diffuse out from the accelerator site (star cluster), collide with ambient385
medium and molecular clouds, and produce copious pionic showers which decay into neutrinos, gamma-386
rays, and electrons/positrons. MSCs contain a number of massive stars (M > 20M⊙) and sometimes form387
large-scale H II regions, the so-called superbubbles, by ionizing and heating the surrounding gas. Colliding388
winds in massive binaries (composed of OB and WR stars) can also accelerate particles efficiently and389
emit non-thermal high-energy radiation (Pittard et al., 2020; Morlino et al., 2021). An important clue to390
support the MSC origin of PeVatrons has arisen from a recent discovery of diffuse gamma-ray sources391
around a handful of the MSCs and superbubbles. Remarkably, H.E.S.S. and Fermi-LAT discovered the392
so-called γ-ray cocoons extending over ∼ 50–300 pc around two MSCs (Westerlund 1 & 2) and two393
superbubbles (Cygnus and 30 Dor C in the LMC). A leptonic origin for the γ-ray cocoons is ruled out394
since TeV–PeV electrons will cool down before traveling over the cocoon size distance. There are two key395
features observed from the γ-ray cocoons that suggest they are likely hadronic PeVatrons. First, H.E.S.S.396
and Fermi-LAT detected hard γ-ray spectra with Γ ≈ 2 up to E >∼ 10 TeV with no spectral cutoff – this397
is a potential signature of PeVatrons (Yang et al., 2019). Secondly, the CR proton densities decrease as398
1/r where r is the distance from the star cluster (Yang et al., 2019). The 1/r profile indicates that the CRs399
must be injected from the source continuously over ∼ 106 years. SNRs alone are unlikely to produce γ-ray400
cocoons since an unreasonably high SNR birth rate of more than one per 100 years is required in the region401
(Yang et al., 2019). Similarly, the MSCs such as Arches and Quintuplet clusters have been proposed as402
alternative particle accelerators which cause diffuse TeV emission in the central molecular zone (CMZ) of403
the Galactic Center, in addition to the (currently dormant) supermassive black hole at Sgr A* (Aharonian404
et al., 2019) Hence, the most plausible hypothesis is that MSCs continuously injected TeV–PeV CRs into405
the ambient molecular clouds, along with episodic supernova explosions, over the past ∼ 106 years and406
formed the γ-ray cocoons and superbubbles extending over ∼50-300 pc (Vieu et al., 2022; Gabici, 2023).407
This hypothesis needs to be tested by multi-wavelength observations.408

6.1 Star clusters409

In order to explore the formation of gamma-ray cocoons, firstly, it is essential to study how their410
central engines (i.e. MSCs) accelerate particles using X-ray and TeV data. Given that the gamma-ray411
cocoon profiles suggested continuous particle injections, their star clusters should be presently accelerating412
particles. The TeV emission mechanism from MSCs is still unsettled partially due to the lack of associated413
non-thermal X-ray detection. TeV gamma-rays could be produced by hadronic interactions in the colliding414
winds or ambient molecular clouds or ICS emission due to the high radiation densities within the clusters.415
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It remains uncertain whether the prominent MSCs such as Westerlund 1 and 2 exhibit non-thermal X-416
ray emission caused by colliding wind shocks, apart from the thermal X-rays from numerous massive417
stars. Note that NuSTAR data of Westerlund 1 and Cygnus OB associations are severely contaminated418
by background photons from nearby magnetar and X-ray binaries (Borghese et al., 2019; Mossoux et al.,419
2020). For the Arches cluster, variable non-thermal X-ray emission was detected by NuSTAR from its420
nearby molecular clouds, but not from the star cluster itself (Krivonos et al., 2014). So far, NuSTAR has421
identified non-thermal X-ray emission only from Eta Carina (Hamaguchi et al., 2018). Eta Carina has been422
considered an exception as it is the supermassive and most luminous binary star system in our Galaxy.423

Figure 5. Left: Simulated HEX-P LET + HET spectra of Westerlund 2 (r < 90′′ around the core of the
cluster). We input an absorbed APEC + power-law model, which was also fit to the simulated spectra.
The spectral parameters used in the model (kT = 2.6 keV and Γ = 2) were determined by NuSTAR
analysis of the same region. Note that the photon index is not well constrained by NuSTAR data due to the
poor signal-to-noise ratio above 10 keV, also making the detection of a non-thermal emission component
ambiguous. For comparison, we fit an absorbed double-APEC model to the simulated HEX-P spectra
and found that the second thermal plasma component yielded an unreasonable and unconstrained plasma
temperature of kT > 27 keV.
Right: Simulated spectrum of the Arches cluster emission expected from the circular region with R = 50′′

Krivonos et al. (2017); Kuznetsova et al. (2019). The spectrum is presented for HEX-P (red for LET and
blue and green for HET) in the 1–70 keV energy band with the 150 ks exposure time. The non-thermal
emission was simulated for a case of Γ = 1 and the non-thermal flux of 7% of the total flux in the 2–10 keV
energy band.

Without detecting non-thermal X-ray emission, it remains elusive whether numerous massive stars and424
binaries can emit strong winds and accelerate particles collectively in the MSCs. Given its higher angular425
resolution and sensitivity than NuSTAR, HEX-P is best suited for resolving non-thermal X-rays from426
predominant thermal X-ray emission spatially and spectrally. HET is particularly important since the MSCs427
are usually crowded with other non-thermal X-ray sources such as magnetars and PWNe. A good example428
is Westerlund 1 where NuSTAR data are severely contaminated by X-ray photons from the magnetar CXOU429
J164710.2−455216 in the region. Overall, broad-band LET + HET spectra will be able to characterize430
both thermal and non-thermal X-ray components from star clusters with significantly reduced background431
levels than NuSTAR. For example, Figure 5 (left panel) displays simulated HEX-P spectra for Westerlund432
2, whose non-thermal X-ray component is detected up to ∼ 30 keV. In addition to Westerlund 1&2 and433
the Cygnus regions, HEX-P’s GC survey program will cover Arches and Quintuplet star clusters which434
have been considered as one of the primary particle accelerators in the GC region (Aharonian et al., 2019).435
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HEX-P observations of Orion and Carina nebulae will allow us to explore X-ray source populations and436
potential particle acceleration sites in younger star clusters (Mori et al. 2023).437

The star clusters Arches and Quintuplet, located in the GC, are known X-ray emitters: thermal and438
possibly non-thermal X-ray emission was detected by Chandra (Law and Yusef-Zadeh, 2004; Wang439
et al., 2006). The nature of the non-thermal X-ray emission of the Arches cluster is not completely known.440
Tatischeff et al. (2012) mapped the molecular cloud in 6.4 pkeV Fe fluorescent line and made an assumption441
about collisional ionization by low energy CR (LECR) particles. Furthermore, Krivonos et al. (2014)442
studied the extended X-ray emission of the Arches complex, containing star cluster and nearby molecular443
cloud, at energies above 10 keV with NuSTAR data (see also Kuznetsova et al., 2019). They showed that444
non-thermal emission is consistent with the X-ray reflection scenario, but also in broad agreement with445
the bombardment of the neutral matter by LECR protons. Clavel et al. (2014) showed that the X-ray flux446
from the Arches molecular cloud in the 6.4 keV line and continuum has been decreasing since 2012,447
which indicates cloud ionization from a possible Sgr A* flare. Since then, studies of non-thermal emission448
from the Arches complex have not been carried out, and after a few years, a significant decrease in the449
flux can be expected. This opens a possibility to observe the Arches star cluster isolated, i.e. without450
strong contribution from non-thermal emission of the molecular cloud, and to detect possible non-thermal451
emission of the star cluster itself.452

To investigate the prospects of HEX-P to discover the intrinsic non-thermal emission from the Arches453
star cluster, we consider the observed total X-ray emission in 2015–2016 with NuSTAR and XMM-Newton454
(Krivonos et al., 2014; Kuznetsova et al., 2019). The properties of the cluster’s thermal emission are well455
known; for example, Kuznetsova et al. (2019) uses collisionally ionized plasma with a temperature of456
1.95 keV and an unabsorbed 2–10 keV flux Fapec = 1.16 × 10−12 ergs cm−2 s−1. Due to the unknown457
spectral form of the expected Arches cluster non-thermal emission, we consider a power-law model with458
a photon index Γ = 1 and Γ = 2. To constrain the normalization of the power-law model, we imposed459
the 10–40 keV flux not to exceed the observed total emission of F10-40 keV = 4 × 10−13 ergs cm−2 s−1460
within 50′′ from the cluster’s center (Kuznetsova et al., 2019). For an exposure of 150 ks, we estimate the461
non-thermal flux to be detected at the significance of 8σ for both spectral indexes, with the uncertainty of462
spectral index at the level of 30% and 10% for Γ = 1 and Γ = 2, respectively (see Fig. 5 right panel for463
Γ = 1). The simulated thermal flux of the Arches cluster 1.3× 10−14 ergs cm−2 s−1 in 10–40 keV band464
can be considered as a threshold, above which the non-thermal component can be revealed.465

The angular resolution of the LET module will allow resolving bright point sources in the dense cluster’s466
core. To model the spatial morphology of the cluster seen by LET, we utilize the spatial and spectral467
information of the bright sources A1N, A1S, and A2 in the Arches cluster detected with Chandra by Wang468
et al. (2006). Figure 6 demonstrates the 150-ks LET simulation which allows resolving A2 from A1N and469
A1S. We conclude that LET will provide an opportunity to investigate the spatial morphology of the Arches470
cluster thermal emission in detail. In addition, Fig. 6 clearly demonstrates different source morphologies471
seen by HET for different cases of non-thermal emission likely to be emitted by point sources of the Arches472
cluster.473

6.2 Superbubbles474

While star clusters are the primary sites of accelerating and injecting particles, superbubbles extending475
over hundreds of parsecs emerge as a result of energetic particles propagating into the surrounding medium476
over millions of years. 30 Dor C is the only superbubble detected with non-thermal X-rays (Bamba477
et al., 2004) up to 20 keV (Lopez et al., 2020) and TeV gamma-rays (H. E. S. S. Collaboration et al.,478
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Figure 6. 150-ks simulations of various scenarios of thermal and non-thermal emission from the Arches
cluster for LET and HET. The crosses correspond to the positions of the brightest point sources within the
Arches cluster detected by Chandra (Wang et al., 2006). The assumed fraction of the non-thermal flux to
the total flux in the 2–10 keV energy band and the photon index of the power-law component are labeled at
the upper right corner of each figure.

2015). The non-thermal X-ray luminosity is 10 times brighter than that of SN 1006, and similar to that of479
RX J1713.7−3946 (Nakamura et al., 2012), implying that 30 Dor C hosts a powerful particle accelerator.480
Bykov (2001, 2006) proposed that episodic supernova explosions in star clusters can generate multiple481
shock waves and their interactions within the superbubbles result in energetic particle acceleration. This482
idea is supported by the XMM detection of a young SNR inside 30 Dor C (Kavanagh et al., 2015). However,483
we still lack a global picture of which physical parameters control the particle acceleration mechanism484
since no other superbubbles have non-thermal X-ray emission detected yet (Yamaguchi et al., 2010).485
The acceleration mechanism of superbubbles seems to operate differently from that of SNRs since the486
superbubble is filled with less dense, optically-thin hot plasma. Due to the smaller Mach numbers of the487
SN shocks in the superbubbles, the shock waves expand without deceleration until they abruptly slow488
down upon colliding with the surrounding dense gas. Given the complex interactions between SN shock489
waves and ambient gas, it is challenging to model the maximum energy of accelerated particles and their490
energy evolution. To determine the contribution of superbubbles to the Galactic cosmic-ray populations, it491
is crucial to measure the maximum electron energies through broadband non-thermal X-ray spectra from492
superbubbles. HEX-P observations of superbubbles, leading to measuring their X-ray spectral indices and493
roll-off energies, will allow us to elucidate how their particle acceleration processes are different from those494
of SNRs (e.g., Cas A and Tycho). For example, a simulated HEX-P HET image of 30 Dor C is presented495
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in the right panel of Figure 7. Note that 30 Dor C will be covered by the 300 ks HEX-P observation of496
SN1987A in the same FOV. The simulation clearly shows hard X-ray emission up to 20 keV with only497
300 ks (compared to the NuSTAR observations with ∼ 3 Ms yielding similar results (Lopez et al., 2020)),498
highlighting HEX-P’s capability of detecting extended sources in the hard X-ray band.499

Figure 7. Left: Chandra image around 30 Dor C in the 2 – 7 keV band used as an input for SIXTE
simulations. We input the best-fit spectral parameters from four shell-like regions, which correspond to the
regions A–D shown in Figure 1 in Bamba et al. (2004). Right: Simulated HEX-P HET image of 30 Dor C
in the 7–20 keV band in a linear scale. One can see clear emission from its shells up to 20 keV with only
300 ks exposure.

7 SS433 / W50 LOBES

The Manatee Nebula W50 is one of the most prominent radio sources in the sky, associated with the500
microquasar SS 433 located at a distance of 5.5 kpc (Figure 8 and, e.g., Dubner et al. (1998)). The501
bipolar jets launched from SS 433 interact with the ISM and W50 nebula, producing distinct features502
in multiwavelength bands. Of particular interest are knot-like structures at both the eastern and western503
lobes, referred to as e1–2 and w1–2, recently shown to be sites of TeV gamma-ray emission (HAWC504
Collaboration et al., 2020; Cao et al., 2023). The initial ASCA/ROSAT/RXTE/XMM surveys identified505
distinct X-ray knots in the eastern (e1–e3) and western (w1–w2) lobes (Safi-Harb and Ögelman, 1997;506
Safi-Harb and Petre, 1999; Brinkmann et al., 2007) with non-thermal X-ray emission dominating the inner507
regions, likely synchrotron radiation from accelerated electrons. Only e3 has an apparent counterpart in508
the radio band known as the eastern “ear”. The HAWC discovery of TeV gamma-ray emission from the509
eastern and western lobes, recently also detected by LHAASO (Cao et al., 2023), indicated that the SS510
433/W50 system could represent another class of extreme particle accelerators powered by microquasar511
jets (HAWC Collaboration et al., 2020).512

The detection of TeV emission by HAWC has motivated extensive studies of the W50 system, including513
multi-wavelength surveys below the TeV band, theoretical modeling, and numerical simulations. Among514
various follow-up observations, XMM unveiled that there exists a relatively compact structure at the e1 knot,515
dubbed the “head” region (Figure 8). Broadband X-ray spectra with XMM and NuSTAR were characterized516
by a power-law model with Γ ∼ 1.5 up to ∼30 keV in the head region (Safi-Harb et al., 2022a). In the517
western lobe, using the archival Chandra data (Moldowan et al., 2005), (Kayama et al., 2022) recently518

Frontiers 17



Mori et al.

Figure 8. Entire image of the SS 433/W50 system, taken from Safi-Harb et al. (2022a). White boxes show
the FoV of HEX-P and our proposed pointings.

extracted a detailed profile of spectral parameters along the western lobe (w1–w2), revealing that non-519
thermal X-ray emission begins at w1 (where the particle acceleration is initiated and most energetic) and520
becomes gradually softer toward w2 due to synchrotron cooling. In the radio band, an extensive VLA survey521
in the 1.4 GHz band was conducted over the entire W50 system, mapping synchrotron radiation emitted by522
lower-energy (GeV) electrons (Sakemi et al., 2021). As shown in Figure 8), the W50 “mini-AGN” system523
manifests all elements of astrophysical jets: acceleration sites (the inner lobes); particle propagation/cooling524
along the jet; and thermalization at the termination region. Motivated by the HAWC discovery in 2018, a525
handful of particle acceleration models have been developed, including leptonic and hadronic SED models526
(Sudoh et al., 2020; Kimura et al., 2020) as well as MHD simulations (Ohmura et al., 2021).527

Despite the extensive X-ray surveys with XMM, Chandra, and NuSTAR, we are still not at the stage of528
fully testing these theoretical model predictions, let alone deciding the origin of TeV emission between the529
leptonic and hadronic acceleration mechanisms. The NuSTAR data of the head regions (e1 and w1) are530
severely contaminated by ghost-ray background photons from SS 433 (Safi-Harb et al., 2022a) above ∼ 30531
keV. The TeV emission needs to be resolved with <∼ 20′′ angular resolution so that it can be compared532
well with the X-ray and radio data. Apparently, we need multi-zone, multi-wavelength observations and533
modeling tied together, in order to completely determine how particles get accelerated and propagate,534
while cooling, throughout the bipolar jets. As mentioned repeatedly for other types of particle accelerators,535
HEX-P and CTA will make the highest impact on understanding this complex system, including local536
MHD phenomena such as magnetic-field amplification and knot formation.537

7.1 Scientific objectives with HEX-P538

A HEX-P X-ray survey of the SS 433/W50 system will be able to resolve the spectral and spatial539
profiles and will offer a unique opportunity to investigate particle acceleration by microquasar jets and540
their interactions with the surrounding environment. During the primary science program, HEX-P plans to541
survey the SS 433/W50 region with four observations pointing at the e1, e2, w1, and w2 knots, as shown in542
Figure 8. To assess the feasibility of HEX-P observations, we conducted simulations with the SIXTE and543
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XSPEC packages. For instance, Figure 9 illustrates simulated HET images of the western lobe in different544
energy bands with an exposure of 75 ks. The simulations use as input the Chandra flux image in 0.5–7545
keV and spatial distributions of spectral parameters, NH , flux, and Γ, which were adopted from Figure 6546
in Kayama et al. (2022). Note that the w1 knot, which exhibits a harder X-ray spectrum, remains clearly547
visible up to ∼ 80 keV, while the softer w2 knot can be detected up to ∼ 25 keV. Hence, HEX-P will have548
the capability of fully characterizing the X-ray spectral and spatial distributions, tracking the evolution of549
relativistic particles along the jets.550

Figure 9. Top: Input Chandra flux, photon index, and column density maps of SS433/W50 western lobe
in 0.5–7 keV. Middle and Bottom: Simulated HET images in five different energy bands of w1–2 with
exposure of 75 ks. Green lines show the FoV of Chandra ObsID 3843.

(1) Determining the particle acceleration mechanism: The origin of the TeV emission from the inner551
lobes remains uncertain since the current multi-wavelength SED data do not provide conclusive evidence552
for distinguishing between the leptonic and hadronic models (Kimura et al., 2020). Similar to other TeV553
sources, gamma-ray information alone is insufficient to discriminate between the leptonic and hadronic554
scenarios or to constrain model parameters. Instead, broad-band X-ray spectroscopy and morphology555
studies with HEX-P, along with CTA, will be critical in elucidating the origin of the TeV emission and556
constraining key model parameters such as magnetic field (B) and electron/proton spectral indices. The557
morphology data obtained by HEX-P, capturing non-thermal X-rays, will enable us to spatially correlate558
synchrotron X-ray emission with molecular clouds (Yamamoto et al., 2022) and radio features (Sakemi559
et al., 2021). Note that the molecular cloud and radio maps track the target material distribution for560
hadronic interactions and the magnetic field distribution, respectively. The identification of hot spots in561
hard X-rays, coinciding spatially with molecular clouds and high-density optical filaments, would lend562
support to the hadronic case (Kimura et al., 2020). Conversely, in the leptonic case, a more gradual X-ray563
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spectral softening is expected from the acceleration site (w1/e1) to the termination region (w2/e2 or e3)564
as propagating electrons cool down via synchrotron radiation (Sudoh et al., 2020). A combination of565
multi-wavelength SED analysis and the localization of energetic electrons, for which the hard X-ray band566
coverage of HEX-P plays a crucial role, can distinguish between the leptonic and hadronic scenarios567
robustly (Kimura et al., 2020).568

(2) Constraining acceleration efficiency along the jets: Measuring the cutoff energy (Ec) in the569
synchrotron X-ray spectrum offers direct insights into the particle acceleration mechanism by constraining570
an “acceleration efficiency factor” ηacc ≡ c τacc/rL, where τacc is the acceleration time to energy E and571
rL the Larmor radius (Sudoh et al., 2020). That is, ηacc is the dimensionless acceleration time, measured572
in units of the inverse of the Larmor frequency. Particularly, in the case of DSA and cooling-limited573
electrons, the combination of Ec and shock velocity provides a robust means to derive ηacc independent of574
the B-field. In the standard diffusion scenario, ηacc is characterized by the gyrofactor ηg, the ratio of the575
mean free path of a particle to its gyroradius (ηg = 1 is the “Bohm limit”). Ultimately, ηacc and Ec can576
be used to determine the maximum energies of accelerated particles, assuming an age-limited case. Of577
particular importance is the determination of whether ηacc is smaller than 102, as it implies the acceleration578
of particles to PeV energies in the formalism of (Sudoh et al., 2020). Previous observations with NuSTAR579
detected non-thermal X-ray emission in the head regions, where the particle acceleration is considered to580
be most active, up to ∼20–30 keV, but a cutoff was difficult to determine because of the high background581
level. In contrast, HEX-P holds a great premise of extending its sensitivity up to 80 keV, enabling the more582
accurate determination of cutoff energies and further constraining the acceleration efficiency factors.583

In order to demonstrate the unique capabilities of HEX-P determining parameters related to particle584
acceleration, we conducted simulations based on the leptonic model developed by Sudoh et al. (2020),585
covering a wide range of ηacc values. For the case of DSA, the ηacc parameter and the gyrofactor ηg586
are related: ηacc ≃ 102(ηg/2)(vsh/0.26c)

−2 (see Sudoh et al. (2020) for details). Figure 10 displays the587
simulated HET spectra of the e1 knot with an exposure time of 75 ks. We found that a spectral cutoff energy588
can be measured with < 10% accuracy, which is sufficient to distinguish between ηacc = 10, 102, 103, and589
104. In the w1 knot where its X-ray flux is fainter, a 75-ks HEX-P observation can unambiguously determine590
whether the acceleration is in the Bohm (ηg ∼ 1) or non-Bohm (ηg ≫ 1) regime. A longer exposure591
time will constrain ηacc values in the w1 knot similarly to the e1 knot. The determination of acceleration592
efficiency within the microquasar jets will provide valuable insights among accelerators with different593
scales, such as ηg ∼ 1 (the most efficient acceleration case) at SNR shells (e.g., Tsuji et al. (2021)) and594
ηg ∼ 106 at AGN jets (e.g., Araudo et al. (2015); Inoue and Tanaka (2016)). By combining HEX-P and CTA595
observations with the existing radio data, it will be possible to perform the most refined multiwavelength596
SED analyses at various X-ray knot locations, as shown in Figure 10 (left panel), at sub-arcminute scales.597
This panchromatic approach will yield mapping of the distribution of acceleration efficiency and boost our598
understanding of particle acceleration and evolution along the microquasar jets/lobes.599

(3) Knot formation in the microquasar jets/lobes: The formation and evolution of X-ray knots along the600
jets, not only in the case of W50 but also in AGN jets, remain uncertain and represent a long-standing601
question in astrophysics. Theoretical studies have proposed that the interaction of the jets with the ambient602
medium produces knot-like structures, as demonstrated by MHD simulations (Ohmura et al., 2021). The603
proximity of W50 provides a unique opportunity for correlating the X-ray knots and known ambient features604
such as molecular clouds and filaments. Furthermore, it is not fully understood whether the knot sizes are605
determined by radiation loss, adiabatic cooling, magnetic field amplification, and re-acceleration (Sudoh606
et al., 2020). A recent X-ray study suggested synchrotron cooling, in combination with amplified B-fields,607
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Figure 10. Left: multiwavelength SED of e1 and theoretical models with different acceleration efficiency
(ηacc) by Sudoh et al. (2020). Right: simulated HET spectra of e1 with exposure of 75 ks.

dominates in several locations of the western lobe (e.g., w2), in order to reproduce the X-ray spectral profile608
obtained by Chandra observations (Kayama et al., 2022). If synchrotron cooling is indeed predominant in609
most or all of the X-ray knots, HEX-P will contribute to the determination of local B-fields by measuring610
the presumably energy-dependent sizes of the X-ray knots. The broad-band X-ray morphology traces the611
production site and cooling timescales of TeV-PeV electrons by detecting synchrotron burn-off effects. By612
directly measuring local B-fields, HEX-P can uniquely investigate the origin of X-ray knot formation and613
test the leading theoretical hypothesis of B-field amplification (Sudoh et al., 2020). Consequently, a HEX-P614
survey of W50 will provide valuable insights into the processes involved in knot formation and contribute615
to our fundamental understanding of astrophysical jets.616

8 TEV GAMMA-RAY BINARIES

TeV gamma-ray binaries (TGBs) are unique binary systems composed of a compact object and a massive617
companion, typically an O- or B-type star. To date, fewer than 10 TGBs have been discovered within our618
Galaxy, with one additional TGB in the LMC (Corbet et al., 2016). In three of these TGBs, the compact619
object was identified as a pulsar. While TGBs belong to a subclass of high-mass X-ray binaries (HMXBs),620
they possess distinct properties, notably their predominantly non-thermal SEDs peaking above MeV621
energies. Except for the intense optical blackbody (BB) emission from their companions, multi-wavelength622
SEDs of the known TGBs exhibit a double-humped feature (e.g., Figure 11). The low-energy hump,623
observed from radio to X-ray band, arises from synchrotron radiation emitted by energetic electrons present624
in either the jets of a BH (microquasar model, e.g., Marcote et al., 2015) or the intra-binary shock (IBS)625
formed by interactions between the pulsar and companion star winds (pulsar-wind model, e.g., Dubus,626
2013). The high-energy bump, observed in the ≥100 GeV band, is due to ICS between relativistic electrons627
and BB photons from the companion. The X-ray emission above ∼ 10 keV and the >TeV emission imply628
the presence of highly energetic (TeV) particles within TGBs. Furthermore, the broadband emission from629
TGBs exhibits strong orbital modulation, which can be attributed to the Doppler beaming of shocked630
particle flow and orbital variations of the ICS geometry.631

For the TGB systems in which the compact object is known to be a pulsar (PSR B1259−63,632
PSR J2032+4127, and LS I +61◦ 303; Johnston et al., 1992; Abdo et al., 2009; Weng et al., 2022),633
an IBS in the pulsar-wind scenario are responsible for the broadband non-thermal emission. These systems634
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Figure 11. Broadband SED of the TGB HESS J0632+057 and an IBS model (figure taken from Kim et al.,
2022). SEDs measured with Swift (lime), NuSTAR (red), and H.E.S.S. (magenta) are displayed with line
segments with each line representing a measurement at an orbital phase. The data points at ∼GeV are
LAT-measured fluxes, which may include the putative pulsar’s magnetospheric emission. The dashed or
colored curves show various model components and the thick curve is the sum of them.

all contain a Be-type companion with an equatorial disk. Broadband emission properties of these TGBs635
have been best studied for the archetypal object PSR B1259−63. The pulsar crosses the disk at orbital636
phases near the periastron, and the pulsar-disk interaction produces dramatic X-ray and TeV flares at637
the crossings, accompanied by delayed orphan GeV flares. The physical mechanisms responsible for638
these flares are not well understood yet but are speculated to be related to the pulsar–disk interaction639
which could enhance seed photon density and/or (partial) disruption of the IBS by the disk. NuSTAR640
observations of PSR B1259−63 during such orbital intervals (including the GeV flare periods) revealed641
that the spectra were well fit by a hard ΓX = 1.5 power-law model, whereas the source spectra were softer642
(ΓX ≈1.8–2.0) at the periastron and disk-crossing phases (Chernyakova et al., 2015). These observed643
spectral variations are likely caused by a change in the particle injection spectrum and/or enhanced cooling644
at the disk-crossing phase. In the former case, we expect a power-law X-ray spectrum extending to ∼ MeV645
energies, where the synchrotron cooling break is expected in TGBs (e.g., An and Romani, 2017). In the646
latter case, however, the amplified B-field of the IBS, caused by compression from the circumstellar disk647
(Tokayer et al., 2021), may increase the synchrotron cooling rate, leading to a spectral break in the X-ray648
band. Thus, accurate measurements of the X-ray and gamma-ray spectral shapes are important to elucidate649
the particle acceleration and flow processes within relativistic shocks.650

8.1 Scientific objectives with HEX-P651

Previous NuSTAR observations in the soft state of PSR B1259−63 were consistent with a simple652
power-law model to 79 keV. However, the sensitivity of NuSTAR data was limited in detecting a break653
or cutoff at >30 keV due to the high background level. Given the large effective area, higher angular654
resolution, and reduced background, HEX-P will significantly improve the current measurements of655
the X-ray spectra during the disk crossing phases. Figure 12 displays simulation results for a 50-ks656
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HEX-P observation during a disk-crossing phase. For the simulations, we used an exponential-cutoff657
power law (K(E/1 keV)−ΓXexp(−[E/Ec]

α)), where K and ΓX were obtained from the NuSTAR658
results of PSR B1259−63 at the crossing phase (power law with ΓX = 1.84 and F1−10 keV =659
2.84 × 10−11 erg s−1 cm−2; Chernyakova et al., 2015). We held the exponential index α fixed at 5 and660
varied Ec. We then fit the simulated spectra with a power-law and an exponential-cutoff power-law model,661
and we employed the F -test to discern between the two models. Our results, shown in the right panel of662
Figure 12, suggest that HEX-P will be capable of detecting an exponential cut-off at Ec ≤ 70 keV with663
50-ks exposure, and even a milder cut-off (e.g., a smaller exponential index) can be detectable with HEX-P.664
Moreover, the more accurate spectral measurements and identification of spectral features at different665
orbital phases can contribute to distinguishing between various emission components in TGBs, such as the666
IBS vs preshock emission (e.g., Kim et al., 2022).667

Figure 12. Results of simulations for 50-ks HEX-P observations of PSR B1259−63 at a disk-crossing
phase. Simulated HEX-P spectra with a cutoff at 60 keV, along with the best-fit cut-off power-law and
simple power-law models, are displayed in the left and middle panels. The residuals in the bottom show
that the spectral cutoff at 60 keV is clearly detectable by HEX-P. F -test probabilities for detecting an
exponential cutoff for a range of Ecut values are presented in the right panel where the red horizontal line
marks p = 10−3.

Furthermore, HEX-P offers opportunities for other interesting studies. Since TGBs belong to a rare668
and intriguing class of Galactic TeV sources, dedicated multi-wavelength investigations for all known669
systems (∼ 10 TGBs) have been performed with a number of X-ray, GeV, and TeV observations (e.g.,670
Takahashi et al., 2009; Ackermann et al., 2012; Adams et al., 2021). These studies uncovered diverse671
physical phenomena, including strong orbit-to-orbit variability (e.g., Tokayer et al., 2021), correlations672
between ΓX and FX (e.g., Bosch-Ramon et al., 2005; An et al., 2013), variable NH (e.g., Malyshev et al.,673
2019; Tokayer et al., 2021), and X-ray flares in certain sources (e.g., Chernyakova et al., 2015). These674
findings highlight the complicated interactions between the particle flow, the companion’s wind, disk (e.g.,675
Kefala and Bosch-Ramon, 2023), and particle evolution in the IBS. The hard X-ray data from NuSTAR have676
added important insights into TGBs, e.g., possible magnetar-like X-ray pulsations in LS 5039 (Yoneda677
et al., 2020) (although claimed to be spurious later; see Volkov et al., 2021) and the extension of simple678
power-law emission to 20–30 keV (e.g., Tokayer et al., 2021; An et al., 2015) suggesting that particle679
cooling is not severe. Although these previous X-ray and gamma-ray studies revealed the complex emission680
mechanisms of the TGBs (e.g., Dubus et al., 2015), our understanding of the diverse phenomena specific to681
TGBs remains incomplete. More precise characterization of X-ray spectral variability (ΓX , FX , and NH),682
achievable by HEX-P, thanks to its contemporaneous observations in the broad 0.2–80 keV band enabled by683
LET+HET, will help in discerning variabilities caused by the injection and cooling of relativistic particles684
and their interactions with the environment.685
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Table 2. Potential HEX-P survey programs
Program Description Sources Comments
Galactic PeVatrons TBD (e.g., Dark PeVtrons) CTA, LHAASO, HAWC, SWGO
Hadronic PeVatrons IceCube neutrino sources IceCube
Leptonic PeVatrons PWNe detected above 100 TeV CTA, LHAASO, HAWC, SWGO
Young SNRs (X-ray variability) Cas A, Tycho, G1.9+0.3 Multi-epoch observations
Young SNRs (44Ti science) Cas A, Tycho, G1.9+0.3, G350.1-0.1 Combine multi-epoch observations∗
Sgr A* monitoring Supermassive BH EHT, GRAVITY, CTA
Galactic NSM candidates TBD COSI

Note: These are potential HEX-P survey ideas other than the primary science program listed in Table 1.
∗ 44Ti science program will benefit from combining HEX-P data obtained from multi-epoch observations,
which are intended for detecting X-ray variabilities from young SNRs.

The future prospects for TGB science are promising with the advent of CTA and HEX-P. CTA is expected686
to discover more TGBs (Dubus et al., 2017) and measure the TeV spectral variations of known TGBs on687
timescales as short as ∼ 30 min (Chernyakova et al., 2019). A larger sample size of TGBs will expand688
the parameter space and facilitate a deeper understanding of their diverse nature. Dedicated observation689
programs with HEX-P and CTA will by far surpass the current studies involving NuSTAR, VERITAS,690
and H.E.S.S. Overall, HEX-P is poised to make significant contributions to TGB astrophysics, enhancing691
our knowledge of these enigmatic binary systems and elucidating their complex emission mechanisms692
associated with relativistic shocks and jets in TGBs.693

9 CONCLUSIONS

As our simulations demonstrate, HEX-P is poised to revolutionize X-ray views of Galactic particle694
accelerators, unraveling the origin of CRs up to the knee and beyond. Along with CTA, HEX-P will play a695
crucial role in identifying numerous PeVatron candidates and their acceleration mechanisms. An extensive696
HEX-P survey of various types and stages of the particle accelerators associated with known SNRs, PWNe,697
star clusters, binaries, and BHs, will provide a broad picture of how particle acceleration, propagation,698
and cooling operate in different sources and environments. Finally, HEX-P will foster multi-messenger699
observation programs with other future missions such as CTA, IceCube gen2, and COSI (see Table 2700
for potential HEX-P survey programs). HEX-P clearly stands out as the foremost X-ray observatory for701
particle acceleration astrophysics in the 2030s.702
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