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Abstract

The X-ray Imaging and Spectrometer Mission (XRISM) was put into orbit successfully in
September 2023. Resolve, one of the scientific instruments onboard XRISM, hosts an X-ray
spectrometer based on X-ray microcalorimetery technology. It excels in high spectral resolu-
tion, a large throughput, a large bandpass, low background, and good timing accuracy. These
properties are suited to bring new insights especially in high-mass X-ray binaries (HMXB). We
describe these unique features of Resolve and present initial highlights of two HMXB sources.

Keywords: high energy astrophysics, X-ray binary stars, neutron stars, individual (Vela X-1,
Cen X-3)

Résumé

Observations de binaires X a forte masse au microcalorimetre a rayons X avec I’instru-
ment Resolve a bord de XRISM. La mission XRISM (X-ray Imaging and Spectrometer Mis-
sion) a été mise en orbite avec succes en septembre 2023. Resolve, I’un des instruments sci-
entifiques a bord de XRISM, héberge un spectrometre a rayons X utilisant la technologie de la
microcalorimétrie. Il possede une tres haute résolution spectrale, un débit important, une large
bande passante, un faible bruit de fond ainsi qu’une trés bonne précision temporelle. Ces pro-
priétés nous permettent d’obtenir de nouvelles informations, en particulier pour ce qui concerne
les binaires X a forte masse (HMXB). Nous décrivons ci-dessous les caractéristiques uniques
de Resolve et présentons les premiers résultats de deux HMXBs.

Mots-clés : astrophysique des hautes énergies, étoiles binaires X, étoiles a neutrons, étoiles
individuelles (Vela X-1, Cen X-3)
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1. Introduction

High-mass X-ray binaries are comprised of compact objects (neutron stars and black holes)
and an early-type star with a mass of 2 10M,. They are rare (100-200 known; the latest is cur-
rently updated at https://binary-revolution.github.io/HMXBwebcat/index.html) but constitute
the brightest end of X-ray sources in our Galaxy. They are important in many astrophysical
contexts, including the mass accretion onto compact objects, UV line-driven winds under the
intense X-ray radiation field, and binary evolution toward double compact binaries for eventual
gravitational wave sources. Revealing the velocity and density distribution of the system is what
observations can deliver to constrain theories. In HMXBs, X-ray emission from the compact
object can penetrate through these materials whose distributions are convolved in profiles of
emission and absorption lines. High-resolution X-ray spectroscopy is a vital tool for the study
of HMXBs. The field is expected to make a giant leap with the advent of X-ray microcalorime-
ter spectrometer Resolve onboard the XRISM satellite launched in 2023 September. We describe
its unique features in Sect. 2 and present some of the initial results in Sect. 3.

2. Resolve

Resolve [1] is one of the two scientific instruments onboard the XRISM satellite [2]. It is
based on the X-ray microcalorimetry with 6 x 6 pixels consisting of an HgTe X-ray absorber and
Si thermistor. The energy deposited by individual X-rays with ~ 1 fJ increases the temperature
by ~ 1 mK of the ion-doped Si thermistor thermally anchored to the 50 mK stage. The cold
stage is maintained by the multi-stage cooling chain consisting of adiabatic demagnetization
refrigerators (ADRs), mechanical coolers, and superliquid He in the cryostat.

Resolve has several advantages over the existing technologies (e.g., high-energy transmis-
sion grating spectrometer HETG onboard the Chandra X-ray observatory [3]) for the studies of
HMXBs. First, it has a spectral resolution R = E /AE ~ 1300 at the Fe K-band (cf. R ~ 167 for
HETG), which allows us to resolve the fine-structure of He-like Fe K lines useful for various
diagnostics of the high-temperature plasmas. Second, it has a large effective area A.¢ of about
180 cm? at 6 keV (cf. Aer ~ 20 cm? for HETG). The effective area mentioned here at 6keV is
already factoring in the closed gate valve configuration. The gate valve is an X-ray transmissive
window to keep the cryostat leak-tight before the launch. It is intended to be opened in the
orbit, but the opening procedure has not been successful so far. This led to a suppression of all
the sensitivity of resolve below roughly 2 keV and a substantial reduction of the effective area
at higher energies.

This allows us to take well-exposed spectra as a function of the orbital phase. Third, the en-
ergy determination accuracy is high to 6E < 1 eV due to the onboard energy calibration sources
intermittently used during observations (Fig. 1). This allows us to track the radial velocity of
<50 kms~! sufficient for the binary orbital and proper motions. Fourth, the time tagging ac-
curacy of X-ray events is very high (61 ~ 80 us) compared to CCD-based spectrometers. This
enables spin-phase resolved high-resolution X-ray spectroscopy of pulsars. Finally, the back-
ground level is low only of one background event per spectral bin per a 100 ks exposure. This
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Figure 1: Resolve spectrum of (a) Mn1 Ka at 5.9keV and (b) Kf at
6.4keV of the onboard calibration source compared to (c) Fe Ko at
6.4keV of Vela X-1 in the same 20 eV width. The line centroid is red-
shifted significantly thanks to the energy determination accuracy of the
order of 0.1eV.

allows to detect continuum photons at a high S/N, hence to characterize the absorption line
profiles better than previously running and currently operating instruments.

3. Initial Results of HMXBs
3.1. Vela X-1

Vela X-1 (4U 0900-040) is an eclipsing HMXB, where the neutron star is spinning at a
period of 283 s and accretes matter from the companion’s stellar wind [4]. The orbital period
of the system is 8.9d and is located 2kpc away [5]. The system’s high inclination (> 73°;
[6]) makes it an excellent candidate for studying accretion and wind characteristics by observ-
ing changes at various orbital phases (e.g., [7, 8]). When measured across multiple cycles, it
was found that absorption varies predictably, with minimum after eclipse, around phase 0.3,
then gradually increases, with a marked spike near phase 0.5 [9]. However, measurements of
absorption at the same phase often differ from one orbit to another [10]. Additionally, the distri-
bution of phase-averaged brightness in Vela X-1 deviates from the expected log-normal pattern,
likely due to the system’s complex and chaotic accretion flow [8], as exhibited also by its ex-
treme X-ray variability, including giant flares and off states. The X-ray spectrum features lines
of He-like ions and a strong 6.4 keV iron line (see [11] and references therein).

Vela X-1 was observed with XRISM as a part of the performance verification program
covering the orbital phases 0.6—-0.9 and 0.25-0.30. We show, in Fig. 2, the first Resolve spectrum
of Vela X-1 collected during the observation at phase 0.6-0.9. The Figure also reports the
Chandra/HETG spectrum collected at the same orbital phase for comparison (the normalization
of the HETG spectrum is scaled up to mimic an equivalent effective area at 6 keV). The Figure
confirms the energy calibration for Resolve.

The detailed spectral analysis of the Resolve data is currently underway and will provide
valuable insights into various aspects of the stellar wind environment in Vela X-1. In particu-
lar, the data will shed light on how the stellar wind interacts with the gravitational field of the
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Figure 2: Stacked spectra of Resolve and HEG (high energy grating)
in HETG divided by effective area for phase 0.6. Emission lines from
neutral medium (dotted) and highly ionized plasma (dashed-and-dotted)
as well as absorption edge (dashed) are shown with vertical line. The
inconsistency between the two is due to different absorption column in
the line of sight at the low-energy end and to an artifact of HETG data
processing at the high-energy end.

compact object, and the influence of X-rays on wind ionization and structure. The elemental
abundances present in the wind can be accurately determined, contributing to a deeper under-
standing of the system’s overall chemical composition.

3.2. Centaurus X-3 (Cen X-3)

Cen X-3 is another eclipsing HMXB consisting of an O star and a pulsar spinning with a
period of ~ 4.8s [4, 12, 13]. The X-ray spectrum of the source shows a plethora of emission
lines like Fe, Si, Mg and Ne [14-18]. The lines are produced in the stellar wind, which is all
around the neutron star and therefore the line energy shift and width provide information about
the velocity field of the line forming region. As the neutron star goes into eclipse or comes
out of eclipse, during the transition region, only some parts of the line formation region will
be visible. The changes in the line width, or maybe even the line centroid during the eclipse
transitions, will help to determine the radial velocity structure of matter in the system.

Neutral Fe Ka fluorescence lines are ubiquitous to HMXBs and originate in the cold and
dense material surrounding the compact object. In most eclipsing binaries, when the central
compact object is hidden, the equivalent width of the neutral Fe Ko line is larger than in non
eclipsing phases. Interestingly, though, Cen X-3 is one exception for which the equivalent
width of the Fe Ka line decrease during eclipse compared to the out-of-eclipse phase while
other ionized lines (Fe XXV and Fe XXVTI) show the reverse trend. This implies that the ionized
lines are formed in the outer regions of the binary system in the highly photo-ionized wind of
the donor star or in the accretion disk corona, while there are active debates regarding the origin
of Fe Ko line [14-18].
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Figure 3: MAXI/GSM count rate in black-dots and XRISM observation
duration is marked in orange. Also shown are NICER observations of
Cen X-3 in blue and NuSTAR observation in red during XRISM obser-
vations.

XRISM observed Cen X-3 for one full orbit during February, 2024 as seen in Fig. 3. The
black markers show the MAXI/GSM count-rate with the XRISM observation marked in the
orange band. NICER also monitored the source around the same time and the corresponding
time-coverage is shown in the same figure with blue bands. The red line on February 14, 2024 is
the simultaneous NuSTAR observation. In Fig. 4, we show the count-rate spectrum of Cen X-3 in
and out of eclipse. We find that few hundreds of seconds of exposure are sufficient to disentangle
— for the first time — the lines of the Fe Ko doublet and the He-like Fe XXV fine structure,
improving, in general, the determination of the plasma parameters of the source. Fitting the
equivalent width of the Fe Ko line with the expectation from radiative transfer (3D Monte-
Carlo simulation) using SKIRT indicates that the line emission may arise from the accretion
matter between the O star and the neutron star, illuminated by non-isotropic X-ray emission
from the neutron star, although emission from the hot-spot on the companion O star can also be
a possibility. A detailed analysis of the Resolve data is presented elsewhere [19].

4. Summary

The high-resolution X-ray spectra being measured by XRISM/Resolve are transforming our
understanding of a broad range of astrophysical systems, including the physics of HMXBs.
With the excellent spectral resolution in the Fe K band, we can, for the first time, resolve the
Fe1 Ka doublet as well as the fine structure of the Fe XXV and Fe XX VI Ly « lines accurately.
Thanks to the large effective area of Resolve, we can study the emission line shifts as a func-
tion of orbital and spin phases and changes in the line widths to determine the radial velocity
field around the formation region in the surroundings of the compact object. Additionally, the
ionization of the wind by the X-ray emission from the compact object is expected to affect the
acceleration of the wind by the companion star’s UV light. Differential line shifts within a line
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Figure 4: Count-rate spectrum of Cen X-3 in and out of eclipse exhibit-
ing the spectral differences in the two phases.

complex will help investigate the ionization states and velocities of different regions within the
binary system. Furthermore, the line profile diagnostics provide information on the physical
conditions, such as temperature, density, and velocity fields of the emitting plasma offering
clues about wind structures and accretion flows.
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