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Accretion is a universal astrophysical process that plays a key role in cosmic history, from the epoch of reionization to galaxy and stellar formation and evolution. Accreting stellar-mass black holes in X-ray binaries are one of the best laboratories to study the accretion process and probe strong gravity—and most importantly, to measure the angular momentum, or spin, of black holes, and its role as a powering mechanism for relativistic astrophysical phenomena. Comprehensive characterization of the disk-corona system of accreting black holes, and their co-evolution, is fundamental to measurements of black hole spin. Here, we use simulated data to demonstrate how key unanswered questions in the study of accreting stellar-mass black holes will be addressed by the High Energy X-ray Probe (HEX-P). HEX-P is a probe-class mission concept that will combine high spatial resolution X-ray imaging and broad spectral coverage (0.2–80 keV) with a sensitivity superior to current facilities (including XMM-Newton and NuSTAR) to enable revolutionary new insights into a variety of important astrophysical problems. We illustrate the capability of HEX-P to: 1) measure the evolving structures of black hole binary accretion flows down to low (≲ 0.1%) Eddington-scaled luminosities via detailed X-ray reflection spectroscopy; 2) provide unprecedented spectral observations of the coronal plasma, probing its elusive geometry and energetics; 3) perform detailed broadband studies of stellar mass black holes in nearby galaxies, thus expanding the repertoire of sources we can use to study accretion physics and determine the fundamental nature of black holes; and 4) act as a complementary observatory to a range of future ground and space-based astronomical observatories, thus providing key spectral measurements of the multi-component emission from the inner accretion flows of black hole X-ray binaries.
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1 INTRODUCTION
Accretion is one of the most fundamental astrophysical processes in the Universe. It is seen across an extremely wide range of mass-scales, from young stellar objects (YSOs) still in the earliest stages of stellar evolution (Scaringi et al., 2015), to the supermassive black holes powering active galactic nuclei (AGN; Urry and Padovani, 1995; McHardy et al., 2006). Channeled through this diverse repertoire of compact engines, the accretion process has driven a significant portion of the most fundamental evolutionary stages of the cosmos, such as the epoch of reionization (Loeb and Barkana, 2001; Power et al., 2009), galaxy evolution (Kormendy and Ho, 2013), and stellar birth and evolution (Boyle and Terlevich, 1998; Davies et al., 2007; Merloni and Heinz, 2013). One of the best ways to study accretion is through observations of X-ray binaries, which consist of a compact object (a black hole: BH, or neutron star: NS) accreting matter from a stellar companion via an accretion disk. X-ray binaries are typically split into two main classes, governed by the mass of the companion star. Low-mass X-ray binaries (LMXBs) contain low-mass (≲ MBH) donors that overflow their Roche lobes. LMXBs often spend long periods in a quiescent state, followed by bright outbursts during which the source luminosity increases by several orders of magnitude (see, e.g., Tanaka and Lewin, 1995; Remillard and McClintock, 2006; Kalemci et al., 2022). High-mass X-ray binaries (HMXBs), on the other hand, contain massive (≳ 10M⊙), typically early-type, companions, the stellar winds of which are often powerful enough to drive the accretion process in the absence of Roche lobe overflow (Liu et al., 2006). HMXBs are also persistently active, though much rarer than LMXBs, and X-ray studies of the inner accretion flows of HMXBs are often hampered by contamination from interactions with the companion’s stellar wind. Therefore, the focus of this study will be the more commonly occurring LMXB outbursts, objects we can probe across a wide range of luminosities. We note also that many LMXBs, almost exclusively NS-LMXBs, are also persistently active; here we focus only on BH-LMXBs that are transient in nature, objects that are attract the primary attention of the black hole astrophysics community, and thus HEX-P science.
Stellar-mass BHs in X-ray binaries are often viewed as scaled-down versions of AGN (e.g., Falcke et al., 2004; Körding et al., 2006; McHardy et al., 2006) and, as such, studying them can provide important clues on the complex physical processes of accretion, on timescales much more accessible than those offered by AGN. BH-LMXBs, in particular, often transition through a series of different “accretion states” throughout the course of an outburst that can last weeks to years (see Tetarenko et al., 2016 for a comprehensive overview of known Galactic BH X-ray binaries). In the soft state, BH-LMXBs exhibit an X-ray spectrum dominated by thermal radiation from the accretion disk and show little to no variability (see, e.g., Done et al., 2007; Muñoz-Darias et al., 2011). Conversely, in the hard state, they exhibit an X-ray spectrum that can be well-described by a power law of index Γ ∼ 1.5–2, traditionally attributed to the presence of an optically thin ‘corona’ of hot thermal electrons (kTe ∼ 10s–100s of keV) that Compton up-scatter photons from the disk (Bisnovatyi-Kogan and Blinnikov, 1977; Haardt and Maraschi, 1991; Haardt and Maraschi, 1993; Dove et al., 1997). The presence of radio emission in the hard state has led many to theorize that the X-ray corona could be associated with the base of a compact jet (e.g., Markoff et al., 2005) but its true origin remains poorly understood. Additional alternative models exist to explain coronal formation and the Compton scattering process, including magnetic reconnection of local magnetic fields threaded through the accretion disk (Liu et al., 2003), and Comptonization due to the bulk motion of the coronal plasma can also play a role (e.g., Beloborodov, 2017; Sironi and Beloborodov, 2020; Sridhar et al., 2021; Gupta et al., 2023; Sridhar et al., 2023).
Despite more than 50 years of studies of BH X-ray binaries (BH-XRBs), many unanswered questions remain. For example, study of the rotation (spin; a⋆ ≡ Jc/GM2, where J is the BH angular momentum, c is the speed of light, G is the gravitational constant, and M is the BH mass) of BHs has led to the discovery that the observed distribution of spins of BHs in X-ray binaries is significantly different from the observed spin distribution of merging binary BHs in gravitational wave (GW) events (Reynolds, 2021; Fishbach and Kalogera, 2022; Draghis et al., 2023) detected by the Laser Interferometer Gravitational-Wave Observatory (LIGO; Abbott et al., 2016)—see Figure 1. Such studies can provide critical clues about the formation and evolution of different populations of BHs. However, in-depth studies of BH spin in X-ray binaries have mostly been restricted to the brightest sources. Spin estimation in BH-XRBs is often performed by measuring the spectrum of photons from the corona that illuminate the disk and are ultimately reprocessed via a process called relativistic reflection (George and Fabian, 1991; Dauser et al., 2014; García et al., 2014). However, the geometry of the aforementioned corona is not well known, and assumptions regarding coronal geometry can introduce systematic uncertainties to spin measurements (Dauser et al., 2013). In addition, a fundamental assumption behind BH spin measurements via reflection spectroscopy is that the accretion disk extends to the innermost stable circular orbit (ISCO) during the soft state and at least the more luminous hard spectral states (Reynolds and Begelman, 1997; Young et al., 1998; Reynolds and Fabian, 2008; Fabian et al., 2014). Herein lies just one key issue contributing to an impasse in BH-XRB studies as a whole, and most importantly for recovering BH spin constraints. Despite the wealth of X-ray spectral data garnered to date, with modern instruments such as the Nuclear Spectroscopic Telescope Array (NuSTAR; Harrison et al., 2013), XMM-Newton (Jansen et al., 2001), the Neutron Star Interior Composition Explorer (NICER; Gendreau et al., 2016), the X-ray Telescope onboard the Neil Gehrels Swift Observatory (Swift-XRT Gehrels et al., 2004; Burrows et al., 2005), and the INTErnational Gamma-Ray Astrophysics Laboratory (INTEGRAL Jensen et al., 2003), orders-of-magnitude disagreements persist regarding the degree of disk truncation in hard spectral states of BH-XRBs, with some finding the disk is close to the ISCO (e.g., Reis et al., 2008; Tomsick et al., 2008; Reis et al., 2010; García et al., 2015b; Fürst et al., 2015; Parker et al., 2015; García et al., 2018b; García et al., 2019; Sridhar et al., 2019; Sridhar et al., 2020; Connors et al., 2022), and others deriving truncation on the order of 10 s–100 s of gravitational radii (e.g., Tomsick et al., 2009; Plant et al., 2015; Marino et al., 2021; Zdziarski et al., 2021; Zdziarski et al., 2022). This disk truncation debate is just one among many sources of degeneracy in modeling of relativistic reflection, others include: the geometry of the corona; the microphysics of the accretion disk, i.e., ionization and atomic abundances; contamination from other spectral components, such as reprocessing in a disk wind. Resolving these disagreements is key to obtaining accurate measurements of BH spin with the reflection method.
[image: Figure 1]FIGURE 1 | Probability density functions of different BH spin distributions. The red curve shows the distribution inferred based on the pre-merger BH spins calculated and reported in the third edition of the Gravitational Wave Transient Catalog (GWTC-3; The LIGO Scientific Collaboration et al., 2021). The blue curve shows the distribution inferred based on all the values measured using X-ray spectroscopy of BH X-ray binary systems. The numbers reported in the figure legend represent the modes of the distributions, along with the 1σ credible intervals of the values. The observed spin distributions are in clear disagreement, suggesting different formation and evolution mechanisms of BHs in binary BH systems observed to merge through GW observations and the BHs observed in XRB systems.
Furthermore, it is not only the macrophysics of the corona/disk system in BH-XRBs that contains uncertainties, but the microphysics/energetics too, i.e., the composition of the coronal plasma (e.g., electron-positron pairs vs. baryon enrichment; Sridhar et al., 2023), the particle energy distribution (Sironi and Beloborodov, 2020; Sridhar et al., 2021), and thus the emergent high-energy non-thermal X-ray continuum, and the orientation of the magnetic field in the corona (Gupta et al., 2023). Both the geometry of the disk/corona and the energetics of the coronal plasma are key components to accurate BH spin measurements via reflection spectroscopy.
It is also worth noting that our current knowledge of accretion in BH-XRBs has mostly come from observations of sources in our own Galaxy. Comprehensive studies of extragalactic systems are scarce (see Liu et al., 2008; Barnard et al., 2014; Binder et al., 2021 for some examples), mostly due to the limitations of current instrumentation and, as such, we are unable to make detailed comparisons of these populations with the Milky Way population of BHs. Whilst it is clear that this limitation is a function of the sensitivity of our instruments due to the reduction in source flux with distance, it can also be overcome by improving X-ray spatial resolution to isolate point sources in nearby galaxies.
It is clear that, in order to advance our understanding of the complex accretion processes in BH-XRBs—and thus make strides in the characterization of accretion physics and the fundamental properties of black holes—we need to be able to study sources across a large range of fluxes, with a broad passband. In this paper, we discuss a number of open questions surrounding accreting BHs, and how we will be able to answer them with the High-Energy X-ray Probe (HEX-P; Madsen et al., 2023) probe-class mission concept. In the subsections that follow (§ 1.1 and § 1.2) we introduce the HEX-P mission design and outline the specifications used to produce simulations in this work. In Section 2 we present a series of simulations demonstrating the scientific advances HEX-P will make in studies of Galactic BH-XRBs, with a focus on low-to-high flux constraints on the accretion flow structure of transient sources (§ 2.1) and characterization of the geometry and physics of the hard X-ray BH corona (§ 2.2). In Section 3 we present simulations of detailed broadband studies of BH-XRBs in nearby galaxies with HEX-P. Finally, in Section 4 we present an overview of our simulation results and discuss the implications of future advances HEX-P will make in the study of black holes and their accretion flows.
1.1 Mission design
HEX-P (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 focuses hard X-rays, and soft X-ray coverage with a low-energy telescope (LET).
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) planned for NewAthena (Nandra et al., 2013; Barret et al., 2020). It has 512 × 512 pixels that cover a field of view of 11.3′ × 11.3′. It has an effective passband of 0.2–25 keV, and a full frame readout time of 2 ms, which can be operated in a 128 and 64 channel window mode for higher count-rates to mitigate pile-up and faster readout. Pile-up effects remain below an acceptable limit of [image: image] for sources up to [image: image] mCrab in the smallest window configuration (64w). Excising the core of the PSF, a common practice in X-ray astronomy, will allow for observations of brighter sources, with a maximum loss of [image: image] of the total photon counts. We describe results of simulations and illustrate the use of this method specifically for the LET in the Supplementary Appendix.
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 of XMM-Newton (Jansen et al., 2001), and coated with Pt/C and W/Si multilayers for an effective passband of 2–80 keV. The high-energy detectors are of the same type as those onboard NuSTAR (Harrison et al., 2013), and they consist of 16 CZT sensors per focal plane, tiled 4 × 4, for a total of 128 × 128 pixel spanning a field of view slightly larger than for the LET, of 13.4′x13.4’.
The broad X-ray passband and superior sensitivity will provide a unique opportunity to study accretion onto stellar mass BHs across a wide range of energies, luminosity, and dynamical regimes.
1.2 Simulations
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.
2 GALACTIC BLACK HOLE X-RAY BINARIES
We have introduced two key areas in the study of accretion onto stellar mass BHs in which progress must be made to advance our understanding of accretion physics, strong gravity, and the spins of BHs: 1) the inner accretion flow structure, and 2) the geometry and physics of the corona. We argue that it is imperative that we break modeling degeneracies in order to resolve these outstanding problems. Achieving this requires advancements in broadband X-ray spectral observations capable of probing a wide range of source fluxes, with a particular focus on sensitivity to higher energy emission (originating from the X-ray corona). Here, we present simulations that demonstrate the advancements HEX-P will make in characterizing the complex disk-corona connection in BH-XRBs. In the subsection that follows (2.1) we show HEX-P simulations of the full outburst evolution of a typical BH-XRB, and in Section 2.2 we demonstrate how HEX-P will allow constraints on the coronal geometry and microphysics (and thus the BH-XRB continuum emission).
2.1 Tracking the evolution of black hole X-ray binary outbursts
As outlined in Section 1, most BH-XRBs undergo serendipitous outbursts during which the X-ray luminosity of the sources increases by a few orders of magnitude on rapid timescales, followed by a decay occurring on time scales of weeks to months. Throughout the outbursts, the sources often undergo state transitions, evolving from hard states in which the coronal and reflected emission dominate the spectra, to soft states in which the thermal emission from the accretion disk dominates the observed spectra, but strong reflection features are still present (Gierliński et al., 1999; Zdziarski et al., 1999; Del Santo et al., 2008; Del Santo et al., 2016; Steiner et al., 2016). Often times, sources are observed at multiple epochs throughout the duration of their outbursts in order to characterize their time evolution. Figure 2 shows ratio of data to model produced when fitting 6 NuSTAR observations of the galactic BH-XRB EXO 1846-031 with models that ignore relativistic reflection effects, and only account for the thermal emission from the accretion disk and the coronal contribution. The blue points represent the spectra from the NuSTAR FPMA detector. We simulated HEX-P spectra with the same exposure as the existing NuSTAR observations, using the best-performing models that do account for relativistic reflection (relxill; García et al., 2014; Dauser et al., 2014). We fit these simulated HEX-P observations with models that do not account for relativistic reflection, and the residuals produced are shown in Figure 2, with HEX-P HET shown in red and LET shown in orange. Not only do the disk and coronal contributions evolve throughout the duration of the outburst, but the features of relativistic reflection also change in time. Owing to the increased energy coverage of HEX-P and the increased sensitivity at high energies, the continuum emission is characterized differently when fitting either HEX-P or NuSTAR data alone. By constraining the underlying continuum over a larger energy band with HEX-P, the degeneracy with the reflection features is further reduced, enabling placing better constraints on the parameters of the reflected spectrum, including black hole spin, inner disk radius and viewing inclination, accretion disk density, ionization, and Fe abundance, and coronal properties. In cases where the underlying continuum emission is similarly characterized (i.e., for Obs 1), the residuals produced by the reflection features appear similar. However, in all the other cases, fitting NuSTAR data alone produces different, incomplete characterizations of the continuum emission, leading to a distinct visual difference in the reflection residuals. Due to the wider energy coverage of HEX-P, ensured by pairing the LET and HET instruments, the continuum emission will be reliably characterized even when reflection features are not accounted for, more clearly highlighting present residuals.
[image: Figure 2]FIGURE 2 | Ratio of data to model produced when using models that do not account for relativistic reflection to fit the FPMA spectra from the 6 existing NuSTAR observations of EXO 1846-031 (blue) and similar simulated HEX-P LET (orange) and HET (red) spectra. The NuSTAR observations were taken during the 2019 outburst of EXO 1846-031. The HEX-P spectra were simulated to have an exposure equal to the existing NuSTAR observations, using the best-fit parameters determined when fitting the NuSTAR spectra with models that do account for relativistic reflection. The increased energy coverage of HEX-P paired with its increased sensitivity at high energies enables stronger constraints on the underlying continuum emission, reducing the degeneracy with the reflected radiation, enabling placing stronger constraints on the physical properties of the system.
Draghis et al. (2020) measured the spin of the BH in EXO 1846-031 to be [image: image] based only on the first NuSTAR observation. However, the precision of this measurement is overestimated by not fully exploring all possible sources of systematic uncertainty. One such possible source of uncertainty comes from variability of the observed sources on timescales ranging from seconds to the entire duration of typical observations, which can lead to changes in the spectral features that become blurred when treating the observations in a time-averaged way. In order to successfully perform time-resolved spectroscopy, it is necessary to obtain a large number of counts throughout observations, and the most pragmatic way to reach that is to increase the sensitivity of our instruments.
Owing to its high sensitivity across a broad passband, HEX-P will provide spectra with unprecedented signal to noise, and will allow complete, simultaneous characterization of the thermal continuum emission from the accretion disk and the galactic absorption at low energies, the direct coronal emission up to high energies, and the features of relativistic reflection, namely, the Fe K complex and the Compton hump. When compared to current generation instruments such as NuSTAR, HEX-P spectra will enable placing reliable constraints on the parameters of the structure of the accretion disk in significantly fainter sources, or from relatively short observations of bright sources. The broadband coverage of both low and high energy instruments on board (LET and HET) will provide a key advantage as well, avoiding the necessity for complex cross-telescope scheduling (i.e., between NuSTAR and NICER or XMM-Newton); though we should stress that HEX-P will nonetheless be capable of slewing to transient sources on short timescales, and will thus be a key instrument for simultaneous observations, which remain a key strategy for calibration checks and validation. As an example, here we focus on the ability of HEX-P spectra to measure the radius of the inner accretion disk. Characterizing the accretion flow in very faint sources will solve the currently elusive problem of inner disk truncation at mid-to-low Eddington fractions, 0.1% LEdd ≤ LX ≤ 1% LEdd, while placing rapid constraints on the geometry of the accretion disk from very short observations of bright sources will lead to a complete characterization of the physical mechanisms behind highly variable sources. Expanding our understanding of the physics of accretion in BH-XRBs will help constrain the uncertainties introduced to BH spin measurements. At the same time, HEX-P observations will permit time-resolved spectroscopy of bright sources and will enable us to perform detailed broadband spectral modeling of sources down to fluxes inaccessible with current instruments (due to lack of sensitivity and higher X-ray backgrounds), thus expanding our sample sizes. This will lead to a better understanding of systematic uncertainties.
In order to illustrate the capabilities of HEX-P we simulated an array of observations of a source with spectral properties similar to those of the well-known BH-LMXB GX 339-4, in both hard and soft spectral states, with varying luminosity. The model used to generate the simulated spectra includes galactic absorption through the TBabs component (Wilms et al., 2000), and describes the thermal emission from the accretion disk using the diskbb component (Mitsuda et al., 1984; Makishima et al., 1986), the hard emission from the compact corona using the nthcomp component (Zdziarski et al., 1996; Życki et al., 1999), and the relativistic reflection features through the relxillCp component (Dauser et al., 2014; García et al., 2014). We assumed a Galactic column density of NH = 1022 cm−2, Fe abundance AFe = 6.6 times the solar value (see Table 3 in García et al., 2019), in agreement with the distribution of Fe abundance measured using current generation data and relativistic reflection models in AGN and XRBs (see Figure 3 in García et al., 2018a), limited the ionization parameter to an intermediate value of log(ξ) = 3.1 (where ξ = 4πFx/ne, Fx is the irradiating flux, and ne is the disk density, and the units are erg cm s−1), the spin of the BH a⋆ = 0.95, and kept the inclination of the inner accretion disk to θ = 45°. For simplicity, we restricted the inner and outer emissivity parameters of the compact corona to q1 = q2 = 3, the reflection fraction in the relxillCp component to R = −1 in order to only generate the reflected component, and the coronal temperature to kTe = 400 keV. This choice of coronal temperature was made following the results of the analysis of García et al. (2015b) on GX 339-4, which measure a high energy cutoff [image: image] in the hard state at a low luminosity. For simplicity, and in order to reduce the complications of measuring the high energy cutoff with a limited passband, as the ability to constrain the inner accretion disk radius is likely unaffected by the choice of coronal temperature, we adopted this value for both a soft and hard spectral state, regardless of source flux; we note however that we would expect the coronal temperature to vary with luminosity in reality. The remaining source properties such as the disk temperature and power-law index were adjusted to match the ones measured by Liu et al. (2023a) by using Insight–HXMT observations of the source in the two different spectral states. For the soft state, we adopted a disk temperature of kTin = 0.75 keV and a power-law index Γ = 2.5, while during the hard state we used kTin = 0.5 keV and Γ = 1.7. We adjusted the normalizations of the components in order to match the ratio of the fluxes between the different components described by Liu et al. (2023a) during the two spectral states. In our experiment, we simulated 100 s, 1 ks, and 10 ks exposures of sources with fluxes varying from 1 m Crab to 500 m Crab, for an array of inner disk radii varying from Rin = RISCO to Rin = 400RISCO; we note that during the soft state it is already well established that the disk sits close to, or at, the ISCO, but we simulate truncated spectra nonetheless as an exercise in consistency between the spectral states. We then fit these simulated spectra with the same models, allowing the parameters to vary freely. Figure 3 shows constraints on inner disk radius for different simulated model values as a function of source flux, for the three different effective exposure times, while in hard (left) and soft (right) spectral states, respectively.
[image: Figure 3]FIGURE 3 | Ability to recover the inner disk radius assumed when simulating HEX-P spectra of a source similar to GX 339-4 in a hard (left) and soft (right) state, with fluxes varying between 1 mCrab and 500 mCrab, in 100 s, 1 ks, and 10 ks observations. The horizontal lines show the value of Rin used when simulating the spectra, in units of the size of the BH ISCO. The colored points represent the measurement of the inner disk radius based on the spectra simulated with the different values of Rin. The error bars represent 1σ uncertainties on the measurements. Spectra simulated to reproduce 100 s exposures of 1 and 5 mCrab sources do not produce enough signal to ensure meaningful spectral fits, so those points were excluded from the figure.
For bright sources, HEX-P observations will place tight constraints on the inner disk radius even from short, 100s snapshots, enabling tests of the rapid evolution of the physics of the inner accretion flow. At the same time, owing to its increased sensitivity and low background, HEX-P will probe reflection in sources fainter than ever before, with fluxes [image: image], through relatively modest duration observations of a few ks, expanding our understanding of the physics of accretion at Eddington fractions [image: image]. To better highlight the improvement over current generation instruments, Figure 4 illustrates the ability to measure the inner disk radius based on HEX-P (left) and NuSTAR (right) observations of bright (500 mCrab) and faint (25 mCrab) sources using 1ks and 10ks observations. Figure 4 clearly highlights the ability of HEX-P to surpass the extraordinary legacy of NuSTAR by probing the properties of accreting BH-XRBs on much shorter time scales, in significantly fainter sources.
[image: Figure 4]FIGURE 4 | Ability to recover the inner disk radius assumed when simulating HEX-P (left) and NuSTAR (right) spectra of a source similar to GX 339-4, with fluxes of 25mCrab and 500mCrab, in 1ks (bottom), and 10ks (top) observations. The horizontal lines show the value of Rin used when simulating the spectra, in units of the size of the BH ISCO. The colored points represent the measurement of the inner disk radius based on the spectra simulated with the different values of Rin. The error bars represent 1σ uncertainties on the measurements.
2.2 Geometry and physics of the corona
2.2.1 Coronal geometry
To demonstrate HEX − P’s ability to distinguish between different coronal geometries, we consider a recent study of a BH-XRB in which two distinct geometries describe the data equally well. The geometry of the BH corona, which provides the hard X-ray flux that illuminates the inner accretion disk to produce reflection, is a topic of active current research. Combining X-ray timing analysis with reflection spectroscopy suggests a variable, compact corona (r ∼ 10 Rg) in both AGN (Wilkins et al., 2017; Alston et al., 2020) and BH-XRBs (Kara et al., 2019). Another avenue towards classifying the nature and geometry of BH coronae is with spectral and polarization measurements, which is an ongoing effort with the recent launch of IXPE (Weisskopf et al., 2016; Krawczynski et al., 2022; Weisskopf et al., 2022). With spectral analysis alone, different reflection models are often degenerate, such that the different assumptions about the coronal geometry can reproduce the same data (e.g., Miller et al., 2015; García et al., 2018b; Draghis et al., 2020; Draghis et al., 2021; Connors et al., 2022). While some models rely on a ‘lamppost’ geometry with a compact corona directly above the spin axis of the BH, others are more flexible in allowing for different configurations of the BH corona.
Reflection modeling of the recently discovered BH transient MAXI J1803−298 by Coughenour et al. (2023) could not distinguish between two distinct coronal geometries. Using the lamppost geometry, a distant corona with a height of h ≳ 25Rg was preferred, while models which parameterize the emissivity of the inner accretion disk suggest a closer (and potentially extended) corona. Statistically, both models provided an excellent fit to the NuSTAR data and were consistent with one another with respect to the BH spin, disk inclination, ionization, temperature, and other key parameters. Therefore, despite relying on the longest NuSTAR observation of MAXI J1803−298 which was taken at the peak of its outburst, spectral analysis alone was unable to identify the nature of the corona.
To investigate whether HEX − P’s improved sensitivity and broadband energy coverage will distinguish between these two distinct coronal geometries, we simulated a HEX-P observation comparable to the 32 ks NuSTAR observation analyzed in Coughenour et al. (2023). Following that work, we compared a lamppost corona (using relxillLpD) and a model which utilizes a broken power law disk emissivity (relxillD). Both models are high-density flavors of the relxill suite of reflection models (Dauser et al., 2014; García et al., 2014). We simulated HEX-P spectra using both models, applying a correction factor to the LET spectra in order to account for the mitigation of pileup given a source flux of ∼500 mCrab (see Supplementary Appendix; note also that the HET is much less impacted by pileup due to its triggered readout capability, and so we only consider these effects in the LET). Slight differences between the two models, resulting from the different coronal geometries, can be seen as deviations from unity in the ratio plot shown in Figure 5. The simulated HEX-P spectrum, produced under the assumption that our second model (which suggests a closer and potentially extended corona) is the true description of the data, deviates significantly from the lamppost model, particularly at the extreme ends of the spectrum (below [image: image] keV and above [image: image] keV) as well as near the Fe line (6–7 keV).
[image: Figure 5]FIGURE 5 | Ratio of a broken power law disk emissivity to a lamppost geometry for MAXI J1803−298, along with a 32 ks simulated HEX-P spectrum based on the disk emissivity model. HEX − P’s sensitivity and broad energy coverage allow it to distinguish between two distinct coronal geometries represented by the different models. Despite their differences, each model provides an acceptable fit to the NuSTAR data alone.
To quantify how well HEX-P would distinguish the two coronal geometries, we also fit each simulated dataset with both models. While Figure 5 highlights the differences between the two scenarios, re-fitting the HEX-P spectra with each model tests the possibility that these differences might be resolved. However, when the alternate model is applied, we find Δχ2 ≥ 28 (for 3069 degrees of freedom), as well as a disagreement between notable parameters like the disk inclination. Therefore, HEX-P would in this instance be able to distinguish between these two coronal geometries relying on the quality of spectra alone, and will be able to do so in more cases and with shorter exposures than current missions.
2.2.2 Coronal physics: Hybrid Comptonization
As already discussed at the beginning of this Section and Section 1, one of the primary causes of disagreements in X-ray spectral reflection measurements of the spins of accreting stellar mass BHs is the disagreement, or uncertainty, regarding the proximity of the accretion disk to the ISCO. However, a key driver of this uncertainty is the degeneracy between the irradiating X-ray continuum and the reflected component (Zdziarski et al., 2021), combined with degeneracies in spectral fitting of those continuum models. This is an issue that, whilst highlighted with great care over a decade ago (Nowak et al., 2011), still persists today. For example, several recent works have shown that measurements of the inner radius of the reflecting accretion disk will yield wildly different constraints depending on the continuum model assumed, even with broad X-ray coverage provided by previous and current instruments (e.g., Zdziarski et al., 2021; Connors et al., 2022; Zdziarski et al., 2022). One fundamental component of these degeneracies concerns the coronal Comptonization continuum. Often, with the X-ray coverage out to [image: image] keV provided by, e.g., NuSTAR, the coronal continuum can be well described by a purely thermal Comptonization model, with some notable exceptions in which NuSTAR captures a high energy tail beyond 50 keV (e.g., Liu et al., 2023b). However, measurements out to higher energies typically show the corona in BH-XRBs is not a purely thermal plasma, but instead is comprised of a hybrid mixture of thermal and non-thermal electrons, identified by a high energy tail beyond [image: image] keV (e.g., Grove et al., 1998; Gierliński et al., 1999; Del Santo et al., 2008; Bouchet et al., 2009; Roques et al., 2015; Del Santo et al., 2016; Roques and Jourdain, 2019; Cangemi et al., 2021). These findings were not surprising on physical grounds, since one expects luminous compact sources to have radiative cooling rates far greater than thermalization rates (Ghisellini et al., 1993; Zdziarski et al., 1993; Fabian et al., 2015; Fabian et al., 2017). An improved characterization of the BH corona is not only key to our understanding of BH accretion as a whole (and, e.g., supermassive BH growth), but critical for accurate measurements of BH spin via reflection spectroscopy (García et al., 2015a).
We have performed a series of simulations to investigate HEX − P’s capabilities to measure the subtle differences between purely thermal and hybrid thermal/non-thermal coronal Comptonization spectra with the combined broadband coverage of the LET (0.2–25 keV) and HET (2–80 keV). We set up canonical hard and soft state models using the Xspec model eqpair (Coppi, 1999). The eqpair model computes, self-consistently, the microphysical processes in a coronal plasma of mixed thermal/non-thermal leptons, including Coulomb collisions, bremsstrahlung, Compton scattering, and photon-photon pair production/annihilation. We refer the reader to Coppi (1999) for a complete description of this model, and simply note the key parameters of interest here, which are: i) ls, the soft photon compactness; ii) lh/ls, the hard-to-soft compactness (i.e., lh tells us the power supplied to the coronal electron plasma that upscatters the soft photons from the disk); iii) lnth/lh, the fraction of coronal power in non-thermal particles, from here on referred to as the non-thermal fraction; iv) kTbb, seed photon temperature (assumed to be the inner disk temperature of a pseudo-Newtonion disk model, diskpn; see Gierliński et al., 1999); v) τp, the Thomson scattering optical depth; vi) Γinj, power law slope of the accelerated non-thermal electrons.
To represent a propotypical hard and soft spectral state with the eqpair model, we use the broadband X-ray spectral modeling of canonical bright sources such as Cyg X-1 and MAXI J1820+070 as a guide (Nowak et al., 2011; Del Santo et al., 2013; Parker et al., 2015; Cangemi et al., 2021; Zdziarski et al., 2021). The shape of the X-ray continuum is governed primarily by the compactness ratios lh/ls and lnth/lh, the scattering optical depth τp, the seed photon temperature kTbb, and the slope of the injected accelerated electrons Γinj. The overall compactness is set by the soft compactness ls, which will not alter the spectral shape significantly as long as ls < 100. In accordance with previous works we fix its value to ls = 10 for soft states, and ls = 1 for hard states. For hard states, we assume lh/ls = 10, kTbb = 0.1 keV, τp = 1.5, and Γinj = 3 for our simulations, and a range of non-thermal fractions lnth/lh = 0.1, 0.3, 0.5, 0.7, 0.9. We assume all available soft photons pass through the corona in the hard state, i.e., a covering factor of 1, such that we only include the scattered component in our total model.
To model the soft state, we must take into account the dominance of the unscattered thermal disk blackbody spectrum, with a higher peak inner disk temperature, kTbb = 1 keV. We increase the soft photon compactness in accordance to ls = 10, and assume lh/ls = 0.1, τp = 2, and Γinj = 3, and again simulate spectra with a range of non-thermal fractions lnth/lh = 0.1, 0.3, 0.5, 0.7, 0.9. We then separate the total spectrum into the scattered eqpair component, and an unscattered disk blackbody spectrum given by diskpn, where we assume a conservative covering factor for the corona (to soft photons) of just 10%. We note that we have performed the simulations that follow with the reflected component omitted. Since the reflection spectrum is intrinsically dependent on the continuum emission at higher energies (above 80 keV), including it naturally introduces additional constraints, whereas in these simulations we want to investigate how well HEX-P captures the underlying continuum. Thus we focus instead on the broadband shape of the irradiating continuum, and simply note that the presence of reflection features in observed X-ray spectra does not limit the capability of HEX-P to probe the underlying continuum. A comparison of the hard and soft state models is shown in the top panel of Figure 6.
[image: Figure 6]FIGURE 6 | Top: Examples of the hybrid corona models used in HEX-P simulations of hard and soft BH-XRB spectral states. Middle/bottom: simulated HEX-P spectra of a prototypical Galactic BH-XRB hard (middle) and soft (bottom) state assuming different non-thermal electron fractions in a corona comprised of a hybrid of thermal/non-thermal electrons (using the eqpair model; Coppi, 1999). The model 2–10 keV X-ray source fluxes are 100 mCrab, 500 mCrab, and 1 Crab respectively from left to right. All data are simulated assuming a source exposure of 20 ks. The legend shows the non-thermal fraction (lnth/lh) and the shaded region highlights the 20–80 keV high energy band; simulations of the hard spectral state contain 105–106 counts in this band, soft state simulations typically contain 100–1000 counts.
The total spectral model is TBabs*(diskpn+eqpair), and we fix the hydrogen column density to NH = 1021 cm−2. We simulate a series of hard and soft state spectra assuming a 2–10 keV source flux of 100 mCrab, 500 mCrab, and 1 Crab. As before, we apply a correction factor to the LET spectra to account for pileup mitigation according to the 64 channel window mode (64w) shown in Supplementary Appendix Table S3, depending on spectral state. We then fit each simulated spectrum (for both hard and soft states) with a purely thermal plasma model, i.e., lnth/lh = 0, and inspect the deviations of the model from the simulated data, shown in the middle/bottom panels of Figure 6. During hard states, the HET of HEX-P detects upwards of 105 counts in the 20–80 keV band for a conservative source flux of 100 mCrab, allowing us to measure statistically significant deviations from a purely thermal scattering spectral model for non-thermal fractions of lnth/lh > 0.5. More realistic non-thermal fractions in bright hard states are likely within the 0.1–0.3 range (Buisson et al., 2019), which HEX-P can detect for sources approaching 1 Crab (wherein the HET would detect [image: image] counts in the 20–80 keV band). The high-energy sensitivity of HEX-P is best demonstrated, however, by its capability to detect the weak power law tail in BH-XRB soft states. Even given the stringent limits we placed on the flux contained within the scattered component (10%), the HET will capture the power law tail beyond 20 keV with high statistical significance (detecting upwards of [image: image] counts) for the full range of non-thermal fractions and source fluxes. We note that the constraint provided by the LET of the soft disk component of the spectrum is also a key factor here, demonstrating the advantages of HEX − P’s broadband energy coverage via the combination of both the LET and HET.
These simulations show that HEX-P will be an important tool for studies of the microphysics of the corona, i.e., its particle content. However, in addition to there being further degeneracies in the coronal geometry itself (demonstrated in § 2.2.1), the modeling landscape is more complex than presented here: the non-thermal vs. thermal particle content of the corona is just one key model parameter among many. For example, the microphysics of the accretion disk atmosphere, typically parameterized in reflection models via disk ionization, log  ξ, iron abundance, AFe, and disk density, ne, is necessarily degenerate with the irradiating continuum. Furthermore, there remain theoretical developments that must be made in order to improve models—not only spectroscopic ones—to better understand the high quality data HEX-P will provide. One such example is the physical size and shape of the corona in BH-XRBs. Estimates of the coronal extent have been made, typically by utilizing measurements of rapid X-ray variability (e.g., Kara et al., 2019), but they are often difficult to perform reliably due to the small spatial extent of the inner accretion flows of BH-XRBs. Recent polarimatric measurements have allowed us to begin probing the spatial extent and shape of the corona (e.g., Krawczynski et al., 2022), but again, such measurements are novel. From a theoretical standpoint, we must continue to improve our models to reflect the apparent complexity of the X-ray corona, and this applies to its size and shape, as well as microphysics. Such advances will be crucial if we are to take full advantage of HEX-P.
3 BLACK HOLE X-RAY BINARIES IN NEARBY GALAXIES
With HEX − P’s improvements in angular resolution ([image: image] better than NuSTAR) and sensitivity, detailed broadband studies of BH-XRBs in other galaxies are finally within reach (see Lehmer et al., 2023, for detailed simulations of resolved X-ray source populations in nearby galaxies). To date, X-ray spectra have been obtained for only a small number of BH-XRBs with similar properties to those in our Galaxy (e.g., hard or soft spectral states, sub-Eddington luminosities, etc.). M33 X-7 is an example of a BH-XRB that was studied with Chandra in the soft state, and with its well-known distance (840 ± 20 kpc) and the fact that it is an eclipsing source, it was possible to determine the black hole mass and spin (Liu et al., 2008). IC10 X-1 and NGC300 X-1 are two other examples that have been observed by XMM-Newton and Chandra (Barnard et al., 2014; Binder et al., 2021). They have interesting but complex properties due to absorption by the winds from their Wolf-Rayet companions. The sample is far too small to make a meaningful comparison to the BH-XRBs in our Galaxy. Extending detailed spectral and timing studies to nearby galaxies opens a new window on our understanding of accreting BHs. HEX-P will vastly improve the BH-XRB population statistics due to its ability to resolve more point sources in nearby galaxies than, for example, NuSTAR. Lehmer et al. (2023) show, via simulations of HEX-P observations of extragalactic binaries, that HEX-P will be capable of detecting [image: image] BH-XRBs above 4–25 keV luminosities of 1037 erg s−1 and [image: image] above 4–25 keV luminosities of 1038 erg s−1, per nearby galaxy (from a sample of hundreds of galaxies). We therefore expect a sizeable population of extragalactic BH-XRBs to perform statistical studies, including X-ray spectral modeling.
We illustrate HEX − P’s capabilities by considering spectra measured for a Galactic BH transient, MAXI J1820+070. This transient was well-studied during its outburst in 2018, and showed excellent examples of hard and soft states (Kalemci et al., 2022). The distance to the source and the BH mass have been well-determined (3 kpc and 8 solar masses, respectively), showing that it reached a luminosity of 1.5 × 1038 erg s−1, which is 15% of the Eddington limit. Thus, this source is clearly in the category of BH-XRBs rather than being an ultraluminous X-ray source. Figure 7 shows simulated spectra for the case of a BH transient like MAXI J1820+070 in M31 (at 765 kpc) observed by HEX-P for 1 Ms (such an observation may be plausible with HEX-P as part of planned deep surveys of XRB populations in nearby galaxies, see Lehmer et al., 2023). The flux is near 2 × 10−12 erg cm−2 s−1, and HEX-P will be capable of obtaining high-quality spectra. In the case of the hard state, the source is well-detected from 0.2 to 80 keV. The input model for the hard state spectrum includes a reflection component, and fitting the spectrum without a reflection component provides a poor fit with χ2/ν = 556/421, indicating a detection of reflection. The residuals show that HEX − P’s high-energy sensitivity is the reason for the detection. Also, the simulated soft state spectrum shows that an excellent measurement of the thermal component will be obtained. It is worth mentioning that even with the vast improvements HEX-P will allow us to make in spectral studies of sources in nearby galaxies, in most cases the measurements of the reflection component will not allow tight constraints on spin.
[image: Figure 7]FIGURE 7 | Simulated HEX-P spectra for studies of a BH transient like MAXI J1820+070 in M31. The spectra (left panel) include LET and HET with 1 Ms of exposure time. The blue spectrum is for the hard state, and the red spectrum is for the soft state. The residuals (right panel) are for a fit to the hard state spectrum without the reflection component.
4 DISCUSSION
We have presented a range of detailed simulations demonstrating advances HEX-P will make in the science of BH-XRBs. HEX-P will make considerable strides in our understanding of the inner accretion flows of BH-XRBs, and the geometry and properties of the coronal plasma. Furthermore, HEX-P will make detailed spectral studies of BH-XRBs in other galaxies possible, opening a novel avenue on our understanding of BH accretion. Here we discuss our results and their broader implications.
4.1 Inner accretion flow structure and black hole spin
Measurements of disk truncation in BH-XRBs are fundamental to BH spin constraints, since spin estimates rely on the assumption that the inner edge of the accretion disk is located at the ISCO, and thus the gravitational signatures are dependent on the BH angular momentum (Reynolds and Fabian, 2008). In principle, BH spin constraints should be regarded as lower limits, since minor truncation beyond the ISCO is equivalent to the ISCO for a less rapidly spinning BH. Spin constraints nonetheless rely on accurate modeling of the underlying continuum, or else one can misinterpret curvature in the continuum as broadened line features. Up to now, whilst there is strong evidence for BH-XRB hard states in which the accretion disk extends to the ISCO (and thus estimates of spin from X-ray reflection spectroscopy are reliable; García et al., 2015b; Buisson et al., 2019; Sridhar et al., 2019; Connors et al., 2022; Liu et al., 2023b), disagreements persist (Basak and Zdziarski, 2016; Basak et al., 2017; Zdziarski et al., 2021; Zdziarski et al., 2022), and these are driven primarily by uncertainties in the shape and geometry of the irradiating coronal Comptonization continuum. This disk truncation dilemma is particularly pertinent now, given the recent extension of BH studies to the realm of merging BBHs via gravitational wave events (Abbott et al., 2016; Reynolds, 2021). A debate has ensued as to whether the populations of BH-XRBs and BBHs are distinct or not, and this debate hinges primarily on the spins of the BHs constituting these two classes of binary (Belczynski et al., 2021; Fishbach and Kalogera, 2022). Addressing this question is crucial to our understanding of BH formation and binary evolutionary channels (e.g., Ma and Fuller, 2019; Qin et al., 2019). BH-XRB observational data provided by current X-ray instruments have thus far struggled to unambiguously separate the coronal plasma emission from the reflected emission in many cases; as such, this debate over BH-XRB disk truncation (and thus spin) remains unsettled. HEX-P will finally address the issue of disk truncation due to its capability to probe the evolution of the inner disk over several orders of magnitude in luminosity, and on short timescales (§ 2.1). Similarly, HEX-P will be capable of probing the continuum emission of accreting neutron stars (NSs), and measure their radii via reflection modeling (see Ludlam et al., 2023, for a full description of NS accretion studies with HEX-P).
Finally, it is worth briefly mentioning the importance of ionized disk winds to comprehensive studies of BH-XRBs, especially in the context of contamination of key discrete reflection spectral signatures, i.e., the iron line complex. Ionized disk winds are typically detected via a series of blueshifted absorption signatures in the broadband X-ray spectrum, primarily in the soft band (see, e.g., Ponti et al., 2012). In addition, reprocessing can occur in gases surrounding the accretion flow that leads to emission lines (see, e.g., King et al., 2015; Shaw et al., 2022). The presence of such absorption and emission signatures in the X-ray spectra of BH-XRBs is typically circumvented by making use of instruments with high spectral energy resolution. HEX-P will have a spectral resolution that is improved beyond current high-energy X-ray missions such as NuSTAR, but it will not be capable of identifying all discreet signatures and separating those from disk reflection in all cases. We simply state this as a key caveat to our reflection spectroscopy simulations, since further study of the interplay between winds and reflection is beyond the scope of our work.
4.2 Black hole coronae
Determining the nature of the corona is fundamental to a broader understanding of the physics of accretion, and obtaining BH spin constraints. There exists a strong relationship, however, between the properties of the corona, the inflowing optically thick gases (i.e., the disk), and the strong gravity of the BH, and thus its spin. We have demonstrated this degeneracy, and shown how HEX-P will contribute to breaking it in BH-XRBs, due to the combination of its broadband coverage, competitive spectral resolution, and high energy sensitivity. Our simulations of HEX-P observations of the X-ray continuum shape of hybrid (containing both non-thermal and thermal electrons) coronal emission (§ 2.2.2) demonstrate a broader proof of concept of probes of weak coronal emission, i.e., during BH-XRB soft states. Basic constraints on the Comptonization spectrum, whether it is comprised of hybrid or purely thermal electrons, are challenging in soft states, due to the intrinsically low coronal power (typically the bright, soft disk emission dwarfs the hard continuum flux by orders of magnitude; Remillard and McClintock, 2006; Done et al., 2007). HEX-P will make significant improvements over NuSTAR, the best available instrument we currently have to study weak coronal emission, due mostly to HEX − P’s low hard X-ray background. This will allow for full characterization of the corona across BH-XRB spectral states, which is not only crucial to breaking degeneracies with the reflected component of emission, but also fundamental to understanding coronal physics more broadly (Fabian et al., 2015; Fabian et al., 2017; Buisson et al., 2019).
As discussed above, the composition, energetics, and geometry of the corona are key to the studies of accretion in BH-XRBs, and this is also true more broadly across the entire BH mass scale (see, e.g., Kammoun et al., 2023). Recently, kinetic plasma simulations of radiative magnetic reconnection in electron-positron and electron-ion coronae have started shedding light on the long-standing problem of coronal energization (Sridhar et al., 2021; Sridhar et al., 2023). Particle-in-cell simulations have shown that the electrons in the coronal plasma will be cooled down to non-relativistic temperatures in the presence of strong inverse-Compton cooling (due to disk photons), and that the chain of trans-relativistically moving cold plasmoids could engage in Comptonization. The properties of the Comptonized spectra in this paradigm are primarily set by plasma magnetization (defined as the ratio of magnetic field to particle energy densities). Note that the plasma’s magnetization is strongly dependent on its composition and location in the system (e.g., a corona composed of pair plasma near the jet would have a higher magnetization than a baryon-loaded corona right above the disk). HEX-P, with its reduced background at higher energies, will have the sensitivity to measure hard coronal emission down to low fluxes (as we showed in Section 2.2.2). As such, HEX-P is an ideal instrument to discern the subtle differences in the spectra around and beyond the high-energy spectral cutoff (for similar effective electron temperatures and spectral indices) arising due to different plasma magnetizations, and thus potentially constrain the coronal composition and location.
4.3 Synergies with other observatories
We have demonstrated the power of HEX-P as a stand-alone instrument to advance our understanding of accretion onto stellar-mass BHs. However, comprehensive studies of BH-XRBs benefit hugely from synergies between different observatories, with simultaneous broadband X-ray (and multiwavelength) coverage continuously proving key to building a complete physical picture of accretion (e.g., Miller-Jones et al., 2012; Dinçer et al., 2014; Kalemci et al., 2016; Buisson et al., 2019; Saikia et al., 2022, and references therein). HEX-P will be especially advantageous in this regard due to its broadband energy coverage (0.2–80 keV) and high energy sensitivity. As demonstrated throughout this paper, this combination gives us a clean view of both the soft thermal disk and hard X-ray coronal components of BH-XRBs from hard-to-soft spectral states. This ability to probe multiple BH-XRB emission components with a single observation will make HEX-P the connecting tissue between any given targeted observation of specific components and a broader understanding of the behaviour of the source.
For example, recent developments have been made in X-ray polarization studies of BH-XRBs. The Imaging X-ray Polarimetry Explorer (IXPE; Weisskopf et al., 2016; Weisskopf et al., 2022), which detects polarization in the 2–8 keV band, recently measured the X-ray polarization degree and angle of the coronal emission in Cyg X-1, concluding, among other things, that the corona must be spatially extended (Krawczynski et al., 2022). This conclusion required full characterization of the broadband X-ray spectrum, obtained via simultaneous observations with NICER, NuSTAR, Swift, and INTEGRAL. HEX-P will provide equivalent energy coverage to the combination of NICER and NuSTAR, with significant improvements to the high energy sensitivity, and will be crucial to future polarimetric observations of BH-XRBs. HEX-P will be a critical complementary observatory to future polarimetry missions such as the X-ray Polarization Probe (XPP; Krawczynski et al., 2019; Jahoda et al., 2019) and the Enhanced X-ray Timing and Polarimetry mission (eXTP; Zhang et al., 2016).
HEX-P will also play a key role in bridging the gap between X-ray and gamma-ray observations of BH-XRBs with, for example, the Compton Spectrometer and Imager (COSI; Tomsick et al., 2019), selected for launch in 2027 as a NASA Small Explorer (SMEX) mission. A key science goal of COSI, which will observe in the 0.2–5 MeV range, is to characterize the Galactic 511 keV positron annihilation line and the gamma-ray polarization of compact objects. The broadband X-ray coverage of HEX-P will provide constraints on the coronal continuum emission of BH-XRBs and thus serve as a benchmark for models to explain the higher energy emission and polarization measurements provided by COSI.
Furthermore, recent advances in systematic studies of the optical night sky with surveys provided by facilities such as the Zwicky Transient Facility (ZTF; Bellm et al., 2019) and ATLAS (Tonry et al., 2018) are paving the way for large scale rapid transient detections. Such surveys can result in serendipitous discoveries of Galactic transients of interest to the community studying accretion onto compact objects. For example, ATLAS recently discovered an optical transient named AT2019wey (Tonry et al., 2019), first thought to be a Supernova (Mereminskiy et al., 2020). However, full X-ray follow-up with NICER, NuSTAR, Chandra, Swift, and MAXI resulted in a revision of the source identification, and AT2019wey was shown to be an XRB (Yao et al., 2021b), and subsequently a candidate BH-XRB (Yao et al., 2021a). This shows that follow-up broadband X-ray observations of sources detected with wide-field optical (and indeed multiwavelength) transient surveys will be critical to identifiying and capitalizing on the discovery of new BH transients. HEX-P will be a key player in this regard, since it will be capable of providing constraints on multiple spectral components of accreting sources over several orders of magnitude in flux, with a single, short source exposure of just a few ks (see Section 2.1).
Shifting focus to high-resolution spectroscopy, we are fast approaching the era of high resolving power (E/ΔE) X-ray astronomy at energies beyond a few keV with the development of microcalorimeters capable of achieving spectral energy resolutions of E/ΔE ≥ 1000. For example, XRISM (Tashiro et al., 2018) launched in September 2023, and NewAthena (Nandra et al., 2013; Barret et al., 2020) is due to follow in the 2030s. These instruments will be revolutionary in the study of accretion onto compact objects (such as in BH-XRBs). At such high revolving powers, we will be able to probe the subtle narrow features due to absorption and emission from the ionized gases in and around BH accretion disks. However, it has always been the case that accurate measurements of spectral features require proper characterization of the underlying X-ray continuum emission out to energies beyond 10 keV, just as the resolving power allows us to then separate these components. The spectral coverage needed for this is currently provided by instruments such as NuSTAR, but we will need this coverage in the decades to come. As we have demonstrated in Sections 2 and 3, HEX-P will make significant improvements on high energy observatories like NuSTAR in terms of broadband energy coverage and high energy sensitivity. As such, HEX-P will be the workhorse that complements the key science goals of upcoming microcalorimetry missions.
Finally, HEX-P will be a key instrument in future detections of the electromagnetic (EM) counterparts of GW events. Beyond the recent and ongoing GW detections provided by the LIGO-Virgo collaboration (Abbott et al., 2016), future instruments such as Einstein (Punturo et al., 2010; Maggiore et al., 2020), the Cosmic Explorer (Reitze et al., 2019), and the space-based Laser Interferometer Space Antenna (LISA; Amaro-Seoane et al., 2017) will push the science of compact object mergers into the 2030s and beyond. Broadband X-ray coverage will be fundamental to EM follow-ups of such detections—for which source localization and precise temporal predictions of the merger will be possible—in the decade to come, and HEX-P will be central to those efforts. We refer the reader to Brightman et al. (2023) for a detailed study of HEX-P contributions to GW science.
4.4 Conclusions
We summarize the main conclusions of our simulations of BH-XRB HEX-P observations—and the discussion of our results—as follows.
• HEX-P will allow us to study the broadband spectral evolution of BH-XRBs over a wide range of X-ray luminosities, providing full characterization of the disk and coronal spectral components. In particular, HEX-P will make strides forward in resolving the debate regarding the structure of inner accretion flows as BH-XRBs evolve, by constraining, for example, the inner disk edge Rin with high precision across a large dynamical and luminosity range (down to below 0.1% of the Eddington luminosity), with source exposures of just a few ks.
• HEX-P, due to its broadband coverage (0.2–80 keV) and high energy sensitivity (a feature of its reduced background), will break some key parameter degeneracies in both the geometry and Comptonization spectral shape of BH-XRB coronae. This leap forward in our understanding of the BH corona is key to BH spin measurements and our broader understanding of the corona as a power source for astrophysical phenomena on both Galactic and cosmological scales.
• HEX-P will expand the detailed spectral analysis of BH-XRBs into the extragalactic realm. We will be able to probe the high energy emission of these bright accretors out to larger distances (nearby galaxies at [image: image] kpc). Although detailed X-ray reflection spoctrscopy of extragalactic sources will still be limited to only the very brightest, super-Eddington sources, HEX-P will conduct science typically reserved for Galactic compact stellar sources.
• HEX-P will serve as a multi-faceted accompanying observatory to many other future advanced facilites, such as X-ray polarization missions, optical transient survey telescopes, and GW observatories. The broadband coverage of HEX-P–and thus its ability to probe multiple spectral components simultaneously—will make it the leading mission in X-ray spectral measurements of BH-XRBs, providing connections to modern multi-messenger astronomical observations and maximizing their scientific output.
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