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ABSTRACT
The masses of compact objects in X-ray binaries are best constrained through dynamical measurements, relying on radial velocity
curves of the companion star. In anticipation of upcoming high X-ray spectral resolution telescopes, we explore their potential
to constrain the mass function of the compact object. Fe K line fluorescence is a common feature in the spectra of luminous
X-ray binaries, with a Doppler-broadened component from the inner accretion disc extensively studied. If a corresponding
narrow line from the X-ray irradiated companion can be isolated, this provides an opportunity to further constrain the binary
system properties. Here, we model binary geometry to determine the companion star’s solid angle, and deduce the iron line’s
equivalent width. We find that for systems with a mass ratio 𝑞 > 0.1, the expected K𝛼 equivalent width is 2–40 eV. Simulations
using XSPEC indicate that new microcalorimeters will have sufficient resolution to be able to produce K𝛼 emission line radial
velocity measurements with precision of 5–40 km s−1, for source continuum fluxes exceeding 10−12 erg cm−2 s−1. Several caveats
need to be considered; this method is dependent on successful isolation of the narrow line from the broad component, and the
observation of clear changes in velocity independent of scatter arising from complex wind and disc behaviour. These issues
remain to be proven with microcalorimeters, but this method has the potential to constrain binary parameters where optical
measurements are not viable.
Key words: X-rays: binaries – techniques: spectroscopic – black hole physics

1 INTRODUCTION

The mass of compact objects, i.e. neutron stars or black holes, is of
great interest as this fundamental characteristic is linked to stellar
evolution and populations, supernovae dynamics, and compact ob-
ject formation. Additionally, understanding the event rates for grav-
itational waves relies upon understanding the mass distribution of
black holes (Abadie et al. 2010). Despite extensive study, a number
of questions related to stellar mass black holes remain, for example,
the so called "mass-gap": the phenomena that most galactic compact
objects are less than 3M� (neutron stars) or greater than 4.5M�
(black holes). There is limited evidence of objects that have masses
of between 3-5M� (Bailyn et al. 1998; Özel et al. 2010; Farr et al.
2011) - although the mass functions of some of these objects give
ranges encompassing this gap (Heida et al. 2017). At present, there
is no universally agreed upon explanation as to why this might be.
This is often attributed to supernovae energetics (Fryer & Kalogera
2001), while more recently some have argued that such small black
holes may exist, but not exhibit typical features due to differences in
the way they interact with their surroundings and are therefore only
detected with LIGO/VIRGO observations (Thompson et al. 2019;
Cromartie et al. 2020; Jayasinghe et al. 2021). Further study of the
mass distribution of stellar mass black holes may be able to confirm
or refute the existence of such a gap, helping to evolve black hole
formation theories.

The masses of compact objects cannot be measured directly, how-
ever they can be constrained though observations of the radial ve-
locity curves of the companion star (Frank et al. 2002; Casares &

Jonker 2014), both in non-interacting as well as interacting (X-ray)
binaries. Here, we focus on interacting X-ray binaries (XRBs).

Consider an XRB system, comprising a compact object and a
companion star, orbiting a centre of mass (defined by𝑀1𝑎1 = 𝑀2𝑎2).
Assuming circular orbits (a reasonable assumption, given that tidal
effects typically circularize orbits on comparatively short timescales),
the radial velocity amplitude of the companion star is given by:

𝐾2 =
2𝜋
𝑃
𝑎2sin𝑖 (1)

Using the centre of mass definition and Kepler’s third law, the
‘mass function’ can be derived:

𝑓 (𝑀1) =
𝑀3

1 sin3𝑖

(𝑀1 + 𝑀2)2
=
𝑃orb 𝐾

3
2

2𝜋𝐺
, (2)

where M1 is the mass of the compact object, M2 is the observed
mass of the companion,𝐾2 is the peak Keplerian velocity of the com-
panion and 𝑃𝑜𝑟𝑏 is the orbital period. 𝑓 (𝑀1) provides an important
minimum mass for the compact object.

Mass functions have been derived for many black hole XRBs, with
the radial velocity curve typically relying on optical or infrared spec-
tra (Casares et al. 1992; McClintock et al. 2001; Heida et al. 2017).
In the optical, Bowen fluorescence from the irradiated surface of the
mass donor in Scorpius X-1 led to the first dynamical constraints on
the system (Steeghs & Casares 2002). It is important to note here the
caveat of the ‘K-correction’; given that the emission comes from the
irradiated ’half’ of the donor, this is offset from the donor’s centre of
mass, this requires a small correction that needs to be accounted for
when calculating mass functions (Muñoz-Darias et al. 2005). With-
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out the K-correction, this leads to a lower limit on the mass function.
Thus far, there have been limited attempts to extend this method to
other wavelength ranges. Zhang et al. (2012) used the Doppler shift
in X-ray absorption features associated with an accretion disc to con-
strain the mass of the compact object and the inclination of GRO
J1655–40. In 2018, Ponti et al. used absorption features in the X-ray
spectra of a low mass X-ray binary (LMXB) to derive radial velocity
measurements and therefore constrain the mass of the companion.
Their findings were in agreement with previous estimates from other
methods, indicating promise in the idea of expanding mass function
methodologies to different wavebands. XRBs are a suitable testbed,
and if successful, the same method could be applied to non-accreting
active binaries.

XRB X-ray spectra also often exhibit emission features. In particu-
lar, the fluorescent iron emission is prominent as a result of a high Fe
abundance and fluorescence yield. The K𝛼 emission feature at a rest
energy of ≈ 6.4 keV (or a wavelength of 1.9387 Å) has been observed
in a large number of XRBs, and is a potentially valuable means to
derive system properties, especially the Doppler-broadened compo-
nent that arises deep within the potential well of the binary close
to the compact object (Basko 1978; Makishima et al. 1986; Fabian
et al. 1989; George & Fabian 1991; Ji et al. 2011). Any narrow line
component that might arise farther out from the core, with a FWHM
of a few eV, is best suited to observations at high spectral resolution.

Torrejón et al. (2010) provide a comprehensive summary of this
narrow component of K𝛼 detections in bright XRBs using Chan-
dra gratings, finding them to be present in all high mass systems
(HMXBs), and a small number of LMXBs. They attribute the source
of the lines to be reprocessing of X-ray photons in cold stellar winds,
arguing that this explains the lack of observations in low mass sys-
tems, which typically do not have substantial stellar winds. The equiv-
alent widths (EWs) of these are large, sometimes exceeding 200 eV,
a fact that has interesting consequences for their origin, as we will
discuss herein. Conversely, Torrejón et al. (2015) examine Chandra
observations of QV Nor, and present evidence that the main part of
the Fe K𝛼 emission comes from the illuminated side of the donor,
which is in agreement with our assumptions.

It is encouraging that narrow line components have already been
successfully isolated and studied using gratings. But observations so
far have, very likely, found only the ‘lowest hanging fruit,’ with other,
fainter and narrower components remaining to be detected. This is set
to change with major upcoming advancements, including the highly
anticipated launch of XRISM in 2023 (Tashiro et al. 2018) & Athena
(Nandra et al. 2013) in the next decade. With these, high-precision
X-ray observations will be used to address a number of underlying
questions related to accretion processes and compact objects (e.g.,
Gandhi et al. 2022). These will be enabled by novel microcalorimeter
technologies, with an approximate order-of-magnitude improvement
in spectral resolution around the important Fe K band energies ∼ 6–
7 keV, relative to best current grating capabilities (Canizares et al.
2005). It is therefore necessary to carry out modelling and simulations
in preparation, in order to maximise their scientific output.

In this paper, we investigate the possibility of using observations
of the K𝛼 emission line from the surface of a companion star to find
the mass function of compact objects. We do this by considering the
geometry of the binary system, and determining the apparent solid
angle of the companion star. This allows us to estimate the intensity of
the K𝛼 line relative to the background continuum and the equivalent
width we expect to observe, and from this we carry out simulations
to determine the accuracy to which we may be able to resolve the
fluorescent line and measure radial velocity.

2 METHODS

Our goal is to estimate the strength of the fluorescence component
from the donor star in XRBs, and to explore the viability of utilising
this to constrain mass functions. In order to determine the potential
validity of this method, we must first determine the expected intensity
profile of the K𝛼 emission from the secondary star within a binary
system. This comprises three main terms; (i) the equivalent width
expected from any part of the companion’s surface, given the chemi-
cal composition of the reprocessing surface and the X-ray continuum
flux; (ii) the solid angle presented by the companion star to the X-ray
source; and (iii) the ‘projected area’: a term encompassing the vari-
ations in equivalent width associated with the viewer (i.e. changes
with phase, inclination, etc.). We therefore have:

𝐸𝑊𝑜𝑏𝑠 = 𝐸𝑊𝐼 ×Ω(𝑞) × 𝛼(𝑞, 𝑖,Φ) (3)

where 𝐸𝑊𝐼 is the equivalent width of the K𝛼 line per unit area
of reprocessing material (see below, and also Sunyaev & Churazov
1998; Kallman et al. 2004). Ω is the solid angle for a given system (a
function of mass ratio, 𝑞), and 𝛼 is the projected area to the observer
(a function of 𝑞, inclination 𝑖, and orbital phase Φ). Here, we note the
work of (Basko 1978), who also computed the expected equivalent
width of the Fe K𝛼 line from donor stars. Our work is broadly
consistent with this prior pioneering work, but improves upon it in
various ways; e.g., Basko assumed a perfectly spherical companion
star and also ignored the effects of disc shadowing that we discuss
below.

2.1 Surface Composition

The first of these terms is a function of the composition of the reflect-
ing surface, the continuum flux, and other characteristics intrinsic to
the system and reprocessing material.

𝐸𝑊𝐼 = 𝑁𝐻 𝐴𝐹𝑒𝑌

∫ ∞
𝐸𝐾

𝐸−2𝜎𝑝ℎ𝑑𝐸

𝐼 (6.4) (4)

where 𝑁𝐻 is the hydrogen column density (N𝐻 = 1023–
1024 atoms cm−2); 𝐴𝐹𝑒 is the iron abundance relative to hydrogen
(2× 10−5); 𝑌 is the fluorescence yield (typically 0.3); 𝐼 (𝐸) is the
photon flux spectrum of the X-ray source (assumed to be a power
law, of form 𝐸−2 photons s−1 cm−2 keV−1); and 𝜎𝑝ℎ is the photo-
absorption cross-section for the iron K-shell for photons of a given

energy (𝜎𝑝ℎ (𝐸) = 3.5×10−20× 𝐸3
𝐾

𝐸3 cm2 atom−1) (Sunyaev & Chu-
razov 1998). E𝐾 is the iron K-shell absorption energy (≈ 7.11 keV),
and 𝐸𝑊𝐼 is typically of order 30–300 eV (Basko 1978; Sunyaev &
Churazov 1998; Torrejón et al. 2010).

2.2 Solid Angle

For closely separated binaries, the orbiting stars are distorted such
that they can no longer be approximated as spherical. The outer layers
remain gravitationally bound to their star, but experience the effects of
the compact object, leading to stars with a ‘tear-drop’ shape (Kopal
1959). This can be described using Roche lobe geometry. We can
solve the Roche potential equation to determine 𝑅 (radius of the star)
for any given \ and 𝜙 (angular position from centre of companion).
This gives us a complete picture of the geometry of the distorted star,
and from this we can determine the solid angle.

The solid angle defines the field of view that a given object (in this
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Figure 1. (Left) Illustration of limb position as seen from compact object;
(Right) limb position (expressed as angle 𝜙 from 𝑥-axis) as a function of
mass ratio for various filling factors F.

case, the companion star) covers as viewed from the X-ray source
(Eriksson 1990). Measured in steradians, the solid angle is given by:
Ω = 𝐴

𝑟2 (where 𝐴 is the apparent surface area of the companion star
and 𝑟 is the distance from the compact object) and it is therefore
necessary to find the two-dimensional surface area of the companion
star as seen by the compact object.

Consider the derivation of the surface area of a sphere; we define
an infinite number of segments, each with dimensions 𝑟𝑑\ and 𝑟𝑠𝑖𝑛\,
and integrate the areas of these segments over the whole surface.

By substituting constant r with a function of \ and 𝜙, the reflecting
surface of a distorted companion star can be found in the same way.
Given symmetry about the x-axis, the radius at any given 𝜙 will be
the same for all values of \, and so by taking \ = 𝜋/2 we find:

Φ𝑆 =
1
𝑟
+ 𝑞

(
1√︁

1 − 2𝑟 cos 𝜙 + 𝑟2
− 𝑟 cos 𝜙

)
+ 𝑞 + 1

2
𝑟2 (5)

where Φ𝑆 is the potential at the stellar surface and 𝑞 = M2/M1. The
above can be solved to find the radius at a given 𝜙, and we therefore
have:

Ω =

∫
𝑅(𝜙)2 sin 𝜙𝑑𝜙 (6)

where R is a function of 𝜙 and 𝑞 only.
To find the reflecting surface area at a given phase, the above

integral can be carried out, within the limits that define the reflecting
region. We find the limits by considering the geometry of a point
source emitting light onto the star, illuminating the area within the
limbs, as shown in Fig. 1. The limbs of the star are defined by the
point at which a line subtended from the surface of the star to the
point source (i.e. a compact object) is perpendicular to a line from
the centre of the star to the surface (Hamme 1993 and references
therein); i.e. where cos 𝜙𝐿 = R(𝜙𝐿) (given that our radius values are
expressed in terms of 𝑎).

Therefore, our integral is from −𝜙𝐿 to 𝜙𝐿 (where 𝜙𝐿 is typically
60-80◦ - Fig. 1(right) shows a plot of limb position (degrees) as a
function of mass ratio). This gives us the surface area of the star that
is illuminated by a source directly in front of it (at phase 0), and is
therefore the maximum reflecting area, and the solid angle presented
to the source X-ray flux by the companion star.

2.3 Disc Shadowing

Where the above gives a description of the solid angle of the compan-
ion star in a binary, we must also consider the effects of an accretion
disc that surrounds the compact object. An accretion disc will have
the effect of casting a shadow over the companion star, such that there
is a region on the surface that will not exhibit X-ray reflection from
the point of view of an observer. Fig. 2 shows this shadowing, for (a) a
system at 90◦ inclination, and (b) a system at some other non-zero in-
clination. The shaded regions on the companion star are those which
will not exhibit reflection, either because they lie beyond the limbs
from the point of view of the emitting compact object, or because
they are enshadowed by the accretion disc. This effect is minimal
for HMXBs, where the companion star is significantly larger than
the accretion disc. Conversely, the donors in systems where 𝑞 < 0.01
are so small such that they are totally in the shadow of the disc, and
see no X-radiation at all. This is dependent on outer disc elevation
or flaring angle, e.g. de Jong et al. (1996) derives an average flaring
angle of 12◦ for LMXB. This effect can be approximated with some
assumptions about the nature of the disc. If we use the equation from
Frank et al. (2002):

𝐷𝐻 � 𝐶𝑠 (𝐺𝑀)−0.5𝑅1.5
𝐷 (7)

where 𝐷𝐻 is the disc height, C𝑠 is sound speed (∼1000 km s−1 ), and
M is set as 5𝑀� . By substituting 𝑅𝐷 (radius of the disc) as 1-𝑟𝐿1
where 𝑟𝐿1 is the radius at the most elongated point of the star (the
L1 point), this gives us the thickness of the disc at the outer edge,
toward the companion star (i.e. angle 𝛼𝐷 in Fig. 2).

By considering the geometry of the system, it is possible to find
the area of the shadowed region; \𝑆 is the angle that defines where
the shadow begins on the stellar surface, found from solving for a
given disc angular thickness:

tan𝛼𝐷 =
𝑥

𝑦
=

𝑅(\𝑆)cos\𝑆
1 − 𝑅(\𝑆)cos\𝑆

(8)

The area of the shadowed region is given by:

𝐴 = 2𝑅(\𝑆)𝑟𝐿𝑖𝑚𝑏sin\𝑆 (9)

and can be subtracted off the solid angle to find the re-processing
area.

All of the above can be adapted to consider different inclinations.
The nature of the distortion means that the solid angle of the compan-
ion star will change depending on the inclination of the system (i.e.
the profile of the reflecting area will not change with phase when the
inclination of the system is 0). Furthermore, at higher inclinations,
additional phases of the star will be obscured by the disc: for example,
at phase 0 or 1 the disc will have a much larger apparent "area" from
the point of view of an observer, and shield more of the companion
star, reducing the reprocessing area (as shown in Fig. 2b, where the
apparent height of the disc from the point of view of the observer
results in a much larger portion of the companion’s reflecting surface
being obscured). We can incorporate this effect, by calculating the
size of the disc from the point of the observer, and comparing this to
the reflecting area.

The combined effects of the accretion disc and the distortion of
the companion star due to the Roche potential means that the solid
angle presented by the companion to an observer will change with
phase, resulting in a light curve with ellipsoidal variations.This is a
purely geometrical effect, however there may be additional drivers
of further variation in equivalent width, such as changing ionisation
levels or 𝑁𝐻 , as we discuss in Section 5.
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Figure 2. Schematics of the shadow cast by an accretion disc in a LMXB,
as seen for an inclination of (upper) 90◦ and (lower) ∼75◦. The observer is
located towards the left (i.e. the donor is at superior conjunction). For an
HMXB, the companion star is sufficiently large that the shadow cast by the
accretion disc is comparatively much smaller.

2.4 Projected Area 𝛼

The intensity of reprocessed flux from a companion star is a func-
tion of both solid angle and albedo, the latter of which comprises
the effects of molecular composition and the angular distribution of
radiation that is emitted from the surface (Wilson 1990; Coakley
2003). The effects of molecular composition are included in EW𝐼 ,
however this additional term describes the geometric albedo, i.e. the
effect that observation geometry has on the projected area of the
companion star, which will depend on 𝑞, inclination, and phase. It is
therefore necessary to consider the angles between the K𝛼 emitted
flux and an observer.

We assume that emission from the surface of the star is isotropic
at each small surface element, and therefore \ is the angle normal to
the surface element. This can be calculated by considering that the
Roche potential equations describe a plane surface, and the normal
of any surface is defined by 𝑓 (𝑥, 𝑦, 𝑧) = ∇ 𝑓 . We can therefore find
the angles \, 𝜙 that define the unit normal vector coming off each
point of the stellar surface from the gradient of the Roche potential
equation.
𝜕 𝑓

𝜕\
× 1

|∇ 𝑓 | gives the angle \𝑁 that defines the normal to any point
on the stellar surface, and by integrating over the illuminated surface,
we find the proportion of K𝛼 emission that reaches the observer (i.e.
taking the cosine to find the component of light that is directed
towards an observer):

𝛼 =

∫ 2𝜋

0
𝑑Φ

∬
𝑆𝑅

cos (\ − \𝑁 ) sin\ cos(𝜙 − 𝜙𝑁 ) 𝑑𝜙 𝑑\ (10)

We include the term:

cosΘ = −sin𝑖 cos(2𝜋Φ) (11)

from Basko (1978) to account for varying inclinations and phases.
Here, Θ is the angle between two rays emerging from the center of
the companion, one pointing to the X-ray source, and the other to the
observer. Φ is orbital phase.

We therefore have 𝛼 as a function of phase and inclination, indicat-
ing the proportion of emission that is directed towards an observer.

2.5 Expected Equivalent Width

All of the above allows us to determine the expected equivalent width
of the K𝛼 line produced from the companion star with respect to the
continuum reflected off the disc (Equation 3). The final outcome of
the equivalent width for each orbital phase is based on the mass ratio
𝑞, filling factor F , and inclination 𝑖 only - as the solid angle derived
from the potential equations are in terms of orbital separation, by
definition, and thus this system parameter cancels out.

We can then plot the expected iron line equivalent width as a func-
tion of orbital phase, for systems of a given mass ratio & inclination.

3 RESULTS

We present plots showing the expected equivalent width of the K𝛼
line as seen by the observer (Fig. 3). The presence of an accretion disc
and the Roche distortion of the companion star results in significant
ellipsoidal variations of intensity as a function of orbital phase. Such
light curves of XRBs (specifically Cyg X-3, Her X-1 and 4U 1700-37)
were first calculated by Basko et al. (1974).

This ranges from approximately 2–25% of EW𝐼 , depending on
mass-ratio and phase (Fig. 3a); unsurprisingly, systems with a low 𝑞

(i.e. 𝑞 < 1, indicating a smaller companion star) reflect only ∼10%
or less of the source emission, and the K𝛼 EW is less than 15 eV.
For systems with 𝑞 > 1, the observed EW is of order 15-30 eV (10-
30% of EW𝐼 ), due to the significant stellar surface area and solid
angle. A caveat here is that most plots are presented assuming a
totally filled Roche lobe (i.e. F = 1) - it is currently unclear exactly
what conditions lead to the Roche lobe being filled, however it can
be argued that a larger 𝑞, and therefore a smaller compact object
relative to the companion may mean it is less likely to be totally
filling it’s Roche lobe. For filling factors F < 1, the solid angle of
the system will be smaller than for a totally filled Roche lobe, which
would decrease the observed EW.

If we consider HMXBs (i.e. systems with 𝑞 > 2) we expect to see
EW up to 20-30 eV. The distribution of XRB inclinations indicates a
majority have 𝑖 ∼ 30–60◦, meaning these values decrease (to around
50–80% of their maximum value) but remain of the same order of
magnitude (Fig. 3b).

Fig. 3c shows a plot of the observed EW for two distinct mass
ratios (𝑞 = 0.2 & 𝑞 = 4, representing a typical LMXB and HMXB,
respectively), and at 3 different inclination angles (i.e. 60◦, 45◦, and
30◦). These clearly show the ellipsoidal variations with phase due to
the distortion of the companion. Inclination has a greater effect on
systems with larger 𝑞, but the observed EW is expected to be of the
same order of magnitude, regardless of inclination.

XRB source emission can vary significantly in intensity.
During quiescence, fluxes are typically of the order 10−10 –
10−12 erg cm−2 s−1, but during outburst they can increase by 2 to 3
orders of magnitude, or even brighter in some instances. The narrow-
line K𝛼 emission from the companion star is expected to have an EW
with respect to the background continuum reflected off the disc of
2-40 eV. Having deduced the expected EW of narrow line K𝛼 emis-
sion, we go on to consider whether this line could then be resolved
and tracked so as to constrain the mass function.

MNRAS 000, 1–10 (2022)
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Figure 3. The K𝛼 line equivalent width as a function of phase for (a) vari-
ous mass ratios, (b) various inclinations, and (c) for systems with common
inclinations and mass ratios of 0.2 (blue) & 4 (green).

4 SIMULATIONS

Simulations were carried out using XSPEC to determine if XRISM
will be able to resolve the K𝛼 fluorescence line, and estimate the
errors in energy and therefore velocity. This allows us to determine
the potential validity of using the Doppler shift in this line to find the
mass function, and thereby constrain the mass of the compact object.

We create a number of models, each comprising a power law for
background continuum plus a Gaussian, centred on 6.4 keV, with
a width 5 eV. The continuum flux of these models ranges from
F2−10 𝑘𝑒𝑉 = 10−8−10−12 erg cm−2 s−1, in order of magnitude incre-
ments. For each of these fluxes, two equivalent widths are modelled:
20 eV and 4 eV. Using the XRISM high resolution (7 eV) response

files (XRISM Science Team 2022) and FAKEIT, we create simu-
lated spectra to determine the fluxes under which we may be able to
detect and resolve the iron-line, and its associated errors.

Fig. 4 shows a contour plot with 1-𝜎 and 2-𝜎 confidence in-
tervals in velocity measurements (converted from line energy)
against line-width, for three different flux levels (10−8, 10−9, and
10−11 erg cm−2 s−1).

These simulations indicate that for higher fluxes (i.e. during out-
bursts, F2−10 𝑘𝑒𝑉 ∼ 10−8 – 10−10 erg cm−2 s−1), if XRISM is able
to detect and resolve the narrow line, the errors in energy will be
0.01 − 0.1 eV. This corresponds to velocity errors for the com-
panion star of 5–40 km s−1. In the best case scenario (outbursts of
10−8 − 10−9 erg cm−2 s−1 and 𝑞 > 4) we may be able to resolve the
K𝛼 line with velocity errors within a few km s−1 . This relies on
exposure times of 100 ks; but further simulations were carried out
with exposures of 50 ks and 20 ks, which show that, if the X-ray flux
is bright (i.e. F2−10 𝑘𝑒𝑉 = 10−8–10−9 erg cm−2 s−1) velocity errors
remain well-constrained.

The 1-𝜎, 2-𝜎 uncertainties as shown in Fig. 4 are given in the Table
1. Note, higher fluxes rely on exposure times exceeding 50 ks - this
is therefore considered the limiting flux for which we may calculate
radial velocity measurements:

F2−10 𝑘𝑒𝑉 1-𝜎 2-𝜎
erg cm−2 s−1 km s−1 km s−1

10−8 2 3

10−9 5 9

10−11 19 24

10−12 40 46

Table 1: 1-𝜎 and 2-𝜎 errors in velocity for various X-ray fluxes,
given 50 ks exposure time.

Typical HMXB companion star velocities range from 10 –100
km s−1, meaning that our velocity errors may be of order 5-10%.
However, given sufficient orbital phase coverage, it should still be
sufficient to yield a radial velocity curve, from which the amplitude
and period can be determined.

Fig. 5 shows the expected errors in velocity for a range of fluxes,
using both the XRISM and Athena response files, and for different
exposure times.

4.1 Simulated Velocity Curves

Having calculated the equivalent width as a function of phase, we
carried out simulations in XSPEC mimicking the spectra we expect
to observe from the companion star, to determine how well line
energies and radial velocities will be constrained.

We considered two HXMBs, each with a 𝑞 of 4 and the same 𝑃𝑜𝑟𝑏 ,
but with different 𝐾2 values. Having found the expected EW of the
K𝛼 line as a function of phase, we reduced this by 20% to account
for the changes in flux at the peak line energy due to the complex
profile of the emission line (the Compton Shoulder, resulting from
the down-scattering of fluorescent photons). 10 observations were
chosen randomly over 4 orbital cycles, the Keplerian velocity of the
K𝛼 line was calculated, and some scatter was introduced (mimicking
small velocity changes associated with winds etc.). Simulations were
then carried out to determine how well XRISM would be able to fit
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Figure 4. Contour plot of 𝜒2 confidence levels for the two fitting parame-
ters (line energy and width), with line energies converted to velocities. 1-𝜎
and 2𝜎 confidence intervals are plotted in solid and dashed lines respec-
tively, for fluxes of 𝐹 = 10−8 (black); 𝐹 = 10−9 (red); 𝐹 = 10−10 (blue); and
𝐹 = 10−11 erg cm−2 s−1 (green), and for EW = 4 eV (upper) and EW = 20 eV
(lower). The shaded regions in the lower panel indicate velocity contours
from a fit using XMM-Newton at 𝐹 = 1 × 10−9 erg cm−2 s−1.

Figure 5. Statistical (1− 𝜎) errors in epoch velocity determination with both
XRISM and Athena as a function of source flux, for exposure times of 10 ks,
50 ks, and 100 ks and an emission line of EW 4 eV.

Figure 6. Simulated radial velocity curves for a mass ratio 𝑞 = 4, assuming
a flux of 10−10 erg cm−2 s−1, and for 𝐾2 values of (a) 100 km s−1 and (b)
30 km s−1. Athena and XRISM are compared (c) for the smaller 𝐾2 case,
indicating potential future improvements. Individual exposure times are 10ks,
and the horizontal error bars in 𝑥 are 20ks.

these spectra given the expected equivalent widths, and the radial
velocity measurements and errors we might be able to produce. The
results of these are shown in Fig. 6.

Where the flux of the X-ray source is 10−10 erg cm−2 s−1, errors
in velocity range from 10 to 30 km s−1 (changing as a function of
phase in response to the modulation of EW). For systems with a 𝐾2
of order 100 km s−1 , these errors are small enough to produce good
radial velocity curves, with fits in good agreement with the ’correct’
system parameters (Fig. 6a). Where Keplerian velocities are smaller,
∼30 km s−1 (i.e. as would be more typical for systems with larger
companion star masses), these errors cast doubt on the resultant
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radial velocity curves (Fig 6b). Fig. 6c shows a comparison between
those produced with XRISM and Athena response files - indicating
the significant improvement that Athena will provide, particularly for
fainter fluxes and/or smaller velocities.

5 DISCUSSION

These calculations indicate that, if narrow, fluorescent X-ray emission
lines from the companion star can be isolated, they provide a viable
method for measuring binary mass functions. This then makes it
possible to investigate many systems that are too obscured and/or
faint to be studied in the optical.

The most viable candidates are those systems (mostly HMXBs)
where the companion star presents a significant reflecting surface to
incident X-rays, i.e., the line EW increases with mass ratio 𝑞, and
where their inclinations are > 60◦, (particularly if the mass ratio
is smaller). This needs to be balanced against the fact that more
massive systems will have lower 𝐾2 values, and there could be other,
more complex, emission components such as stellar winds, as we
discuss below. Hence, the ideal systems could be objects with more
intermediate mass ratios 𝑞 and mid-spectral types. Exposure times
of 100 ks yield sufficient energy precision with XRISM, although
shorter observations can provide useful constraints, especially with
Athena. Additionally, full orbital phase coverage is essential.

After the launch of XRISM and Athena, we recommend initial
validation observations of systems with already well-established
optical ephemerides, e.g. GRO J1655–40 (𝑞 = 0.4, 𝑃 = 2.6 days,
𝐾2 = 228 km s−1), Cyg X - 1 (𝑞 = 1–2, 𝑃 = 5.6 days, 𝐾2 = 76 km s−1),
or V404 Cyg (𝑞 = 0.1, 𝑃 = 6.5 days, 𝐾2 = 210 km s−1).1 These will
provide a wealth of information on the viability of isolating the
narrow component of the Fe line and its location, since the binary
solution is known from the optical. In the cases of the two X-ray tran-
sient LMXBs (GRO J1655–40, V404 Cyg), observing in quiescence
is also potentially valuable, as it would minimise potentially con-
fusing emission from the (still present) accretion disc. Additionally,
during quiescence, discs may have lower flaring angles, thereby in-
creasing the irradiated area of the companion (D’Avanzo et al. 2006).
This would, however, be challenging, as the X-ray fluxes would be
lower. If velocity errors from observations of K𝛼 are too large, other
spectral features at lower energies (O, Ne, Fe-L at 0.5–1 keV) asso-
ciated with intrinsic coronal emission from the donor, might also be
detectable.

Two further XRB candidates of particular interest for an X-ray
spectroscopic study include Cyg X-3, and Her X-1. Cyg X-3 is an op-
tically obscured, short period (4.8 hrs), HMXB, comprising a (can-
didate) black hole and a Wolf-Rayet donor. Even though it is X-ray
bright, Cyg X-3’s ephemeris is well established, and so phase-binning
could be used to search for weak, sharp features within the spectra.
Her X-1 is eclipsing (1.7 day period), and it exhibits a well-known
35 day super-orbital periodicity (Leahy & Igna 2010), which is at-
tributed to the tilting and precessing of its accretion disc, which
causes variable X-ray obscuration. Her X-1 is also an X-ray pulsar,
and so it falls into the rare category of "intermediate mass X-ray
binaries".

Our findings of an expected equivalent width of 5–40 eV are in
good agreement with the first calculations of this effect (Basko 1978);
e.g., for Her X-1 with a mass ratio 𝑞 = 1.8, we calculate an EW
of ≈ 16 eV, very close to Basko’s estimate of 14 eV. Interestingly,

1 System parameters from Casares & Jonker (2014).

Torrejón et al.’s 2010 survey of K𝛼 emission finds EWs (particularly
for HMXBs) are observed to be much higher, often a few hundred eV.
This is likely due to the origins of the K𝛼 emission in HMXBs being
the stellar wind - if not confined to one side of the binary system, the
winds present a large solid angle through which X-ray reprocessing
and therefore K𝛼 emission may occur.

5.1 Caveats

Having presented our simulations and expectations, we now discuss
some of the limitations, caveats and assumptions that need to be kept
in mind.

5.1.1 Resolving and Locating the Narrow Line Component

This work depends on our ability to isolate the narrow component of
the iron fluorescent emission. We are cautiously optimistic that this
will be feasible with microcalorimeters, as a narrow-line component
has been isolated in previous studies by Chandra HETG at the best
spectral resolution currently available in the Fe K band (Δ𝐸 = 40 eV).
For comparison, some of the previous best studies with CCDs, using
XMM-Newton, have found narrow features in the X-ray spectra of
HMXBs, but with uncertainties in centroid energy of order 10 eV –
corresponding to velocity errors >200 km s−1 (and is consistent with
estimates from XSPEC simulations - see Fig. 4b) (Giménez-García
et al. 2015). We expect the gains with XRISM (and later Athena)
to be such that we will not only be able to identify the narrow
line in a number of systems, but also to obtain velocity information
concerning these binary systems.

We must also point out that, while we have taken the companion
as the most likely site for a narrow K𝛼 component, other locations
are known to be possibilities e.g. stellar winds, inner accretion disc
structure, the impact bulge due to the accretion stream. If present,
such components would make it harder to determine system masses.
But, using both velocity and flux variability information as a func-
tion of phase would allow them to be physically located within the
binary system, thereby allowing the detailed accretion geometry in
and around the disc to be constrained in ways not hitherto possible.
(See also Section 5.2)

Whilst our simulations treat the fluorescent emission as a simple
Gaussian, for demonstration purposes, the actual line profile of the
narrow component will likely be more complex. The high energy
fluorescence photons may have some probability of being Compton
down-scattered to lower energies, resulting in a "red shoulder" in
the K𝛼 line profile (Watanabe et al. 2003). This has been observed
in some HMXBs with supergiant companions (Torrejón et al. 2010),
and we have tried to account for this by reducing the EW of the Gaus-
sian peak by 10% when performing the more detailed radial velocity
simulations in Section 4.1. Models of the line’s complex structure
suggest that the central line energy should still remain constrained,
and the peak flux will be 60–90% of the ’expected flux’. Attention
to complexities in the line profile should be noted, both as a caveat
to the accuracy of our predicted emission strengths and radial veloc-
ity measurements, and as an opportunity to further understand the
reprocessing material around the XRB.

5.1.2 Stellar Metallicity

The K𝛼 line’s EW is dependent on the stellar metallicity, and spec-
tra are usually fitted with solar-metallicity models. Given that the
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disc is accreted from a companion likely to have close to solar-
abundances, it is not surprising that previous studies into XRB metal-
licities find iron abundances similar to, or slightly exceeding solar
values (i.e. [Fe/H]≈0.24 in NS binaries, and [Fe/H]≈0.09 in BH bina-
ries (González Hernández et al. 2011 and references therein). Higher
metallicity is not unexpected, as the companions are likely to be
highly evolved. Additionally, there is evidence that the formation of
the compact object via a supernova explosion can lead to significant
amounts of processed material being captured by the companion star,
thereby leading to higher metallicities (Shahbaz et al. 2022). It is,
therefore, plausible that the companion star’s atmosphere will have
sufficient iron content to produce X-ray fluorescence. Nevertheless,
this needs confirmation, and such studies will provide information
about the donor’s evolution.

5.1.3 Companion Star Mass

This work has focussed on using the K𝛼 line velocities to constrain
𝑓 (𝑀1). However, while HMXB donors present a much larger solid
angle to the X-ray source (assumed to be a NS, as they dominate the
HMXB population), the donors will typically have lower velocities
(∼ a few 10 km s−1 ), which may be comparable to their accompa-
nying errors, making meaningful radial velocities difficult to extract.
Fig 6b demonstrates this effect, which is of course flux-dependent.
We hope that the larger donor solid angle and resulting stronger K𝛼
emission in such systems means that the velocity errors will be better
constrained. Alternatively, on a longer timescale, Athena will have
sufficient resolution and greater sensitivity, with errors decreasing
from order 15 km s−1 to ∼5 km s−1 at 𝐹 < 10−9 erg cm−2 s−1.

Exposure times for our simulations ranged from 5 ks to 50 ks. For
short period XRBs, phase-binning will be required, and the periods
are expected to be independently known.

5.1.4 Complexities related to wind dynamics

One of the biggest uncertainties associated with this methodology is
the fact that the nature and impact of the stellar winds are still some-
what uncertain. There have been many studies of wind structure in
XRBs, with strong effects (particularly large X-ray variability) indi-
cating the presence of clumping (Torrejón et al. 2015). This leads to
deviations from the expected radial velocity curves, with the effects
being most prominent near phase 0, i.e. inferior conjunction (Grin-
berg et al. 2015; Hirsch et al. 2019; Lai et al. 2022). Previous studies
of lower-energy lines (such as silicon and sulphur) have been used
to study the stellar winds in Cyg X-1 (Miškovičová et al. 2016), but
earlier missions have lacked the high-energy resolution to extensively
study the K𝛼 line in the same way.

With sufficiently long observing times, the Doppler scatter due
to clumpy winds will average out, and details of the complex wind
structures will be of interest regardless. Torrejón et al. (2010) did
not in fact detect any substantial changes in the peak line-energy of
their detected narrow line components that might have been expected
due to winds, which provides encouraging support for our proposed
study. Instead, the maximum width (𝜎) of the unresolved narrow line
components (5 eV) placed a constraint on a plausible wind veloc-
ity of a = 800 km s−1. Chandra’s resolution meant that line centroid
energies in that survey were constrained with errors of 6 eV, corre-
sponding to 250 km s−1. We can therefore speculate that either the
winds do not inflict random scatter in the peak energy of the K𝛼
emission, or that scatter of this type is of order < 250 km s−1 . This
may still be comparable with orbital velocities, and so it will only

be known for certain how much of an impact this will have once
observations are carried out.

LMXBs generally have much weaker donor wind components, and
so velocity measurements should be less susceptible to variations that
are not associated with donor orbital motions. Indeed, the success
of Ponti et al. (2018) in constraining the mass function through the
radial velocities derived from absorption features associated with the
compact object indicate that whilst more complex physics may be
at play, this does not necessarily preclude X-ray mass function mea-
surements. We highlight again our suggestion to test this technique
on some well-characterized system (such as GRO J1655–40) in order
to determine whether the stellar wind presents a significant and/or
systematic hindrance.

5.1.5 Ionisation Effects

If there is any change in the ionisation state of the reflecting surface,
the energy of the fluorescent emission will change. This would cause
a shift in peak energy unrelated to orbital dynamics. Previous studies
have used spectra of the fluorescent emission to determine the ioni-
sation states of the reprocessing material (e.g. Giménez-García et al.
2015 found that the peak energy of the Fe K𝛼 fluorescent component
was centred on 6.42 keV, and suggested that the reprocessing mate-
rial must be in an ionisation state below Fe xviii). Variations in the
ionisation level and therefore peak energy could complicate radial
velocity measurements.

If X-ray sources become transiently bright or dim, this could affect
the ionisation of the stellar wind or companion star surface, resulting
in variations in K𝛼 line energy. Additionally, the impact of the ac-
cretion stream on the edge of the disc results in a “bulge” structure,
and it has been suggested that this can cause ionisation instabilities,
creating patchy clouds of colder gas among the hotter medium (Shi-
datsu et al. 2013). However, if these effects should be systematic and
persist across the orbital cycle, this should not affect radial velocity
curve measurements, since our main observable of interest is the
Doppler variation with orbital phase.

While this remains to be tested, observations in quiescence may
be more favourable to avoid the complications associated with ioni-
sation effects, as at the expense of a lower source flux, systems will
likely be subject to fewer changes in ionisation and continuum flux
during quiescence. Simulations demonstrate that observations of K𝛼
emissions even at low fluxes (10−11 - 10−12 erg cm−2 s−1) could be
used to constrain velocities to ±30 km s−1. This will be challenging,
but would, obviously, be more effective with Athena, given its larger
collecting area.

5.1.6 Instrumental Systematics

We have focused on a proof-of-concept here, and largley ignored any
instrument-specific biases, although we note that microcalorimeters
will be optimised for relatively faint sources. High count-rate obser-
vations may suffer from other systematic issues such as cross-talk
(Colas et al. 1999), which would reduce the effective spectral res-
olution of some fraction of detected events at bright fluxes, thus
adversely impacting radial velocity variation searches.

This is another reason to attempt to exploit fainter quiescent states
for this work where possible. Ultimately, we also recommend that
instruments on future facilities are developed to robustly handle high
count-rates. Kammoun et al. (2022) propose that, when observing
very bright sources, Athena’s X-IFU could make use of defocussing,
where the telescope’s point spread function (PSF) is spread over
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multiple pixels. In this way, spectra of bright sources could be suc-
cessfully reconstructed, thereby mitigating some of the instrumental
limitations.

We also note that, at the time of writing, descoping of Athena re-
mains a possibility, which could obviously have a detrimental impact
on mass function measurements. Our proposed science case adds
support to retaining the full effective area of the microcalorimeter.

5.1.7 Period Determination

Finally, even in the best possible circumstances, exploiting these
spectral data to extract radial velocity curves is a non-trivial task.
Firstly, multiple observations are obviously required, and in most
XRBs the orbital period is likely to be already known (through other
data, usually optical, IR or radio), making broad phase coverage
possible. One advantage with X-ray observations is the possibility
of coadding multiple datasets into phase bins, allowing maximum
sensitivity for searching for narrow spectral features.

Furthermore, the number and cadence of observations will also
impact the ease with which a radial velocity curve can be extracted.
When searching for periodicities in photometric light curves, for
instance, the influence of red noise cannot be ignored (Vaughan
2010). Here, we are instead fitting spectroscopic data. Whilst the
above simulations have relied upon being able to fit sinusoidal curves
to the data, depending on the number and cadence of observations,
the magnitude of statistical scatter in the data, and potential radial
velocity scatter due to multiple intrinsic line components, a more
detailed Fourier period search will likely be required (Scargle 1982;
Horne & Baliunas 1986).

These are important ultimate considerations. But our goal here
has been to investigate the viability of detecting X-ray radial velocity
changes in the first place; fitting the ensemble measurements will be
source-specific, which is beyond the scope of the present work.

5.2 Disc Origin and Inversion of the Mass Function

Whilst this paper focuses on using the X-ray fluorescence from the
companion star, there exists the potential for this method to be applied
to reflection off disc emission instead (with some modifications). This
would be relevant if the narrow line originates from the outer disc,
or from a disc wind anchored to the primary. In such cases, the mass
function is effectively inverted, and it may be possible to measure
the Doppler shift in the emission from the accretion disc in order to
constrain the mass of the companion star instead. If the mass function
were inverted, we get;

𝑓 (𝑀2) =
𝑀3

2 sin3𝑖

𝑀2
𝑇 𝑜𝑡

=
𝑃𝑜𝑟𝑏𝐾

3
1

2𝜋𝐺
(12)

The masses of companion stars are also often uncertain, as binary
interactions can complicate stellar evolution. Such an inversion could
then provide an interesting and independent validation of companion
star parameters.

Conversely, if we have an independent estimate of M2 (for example,
from its spectral type), we can use the radial velocity curve from the
outer disc of the compact object to constrain the mass of the compact
object. In this case, we solve for M1 as below:

0 = 𝑓 (𝑀2) × (𝑀1 + 𝑀2)2 − 𝑀3
2 sin3𝑖 (13)

𝑀1 ≤

√︃
𝑀3

2 sin3𝑖

𝑓 (𝑀2)
− 𝑀2 (14)

Both Ponti et al. (2018) and Zhang et al. (2012) use the Doppler
motion of absorption features associated with the accretion disc to
infer system parameters (i.e. companion star mass and black hole
mass & system inclination respectively), making use of prior obser-
vations and well-defined system parameters (i.e. Zhang et al. (2012)
used the known phase of the companion to fit velocity curves for the
accretion disc). That this method has been validated with Chandra
data demonstrates the vast potential in X-ray spectroscopy as a way
to probe system characteristics.

6 CONCLUSIONS

Having demonstrated the theoretical validity of using X-ray spec-
troscopy to produce radial velocity curves for binary systems, and
discussed several of the main caveats to keep in mind, we propose
that measurements of mass function be seriously attempted with up-
coming X-ray missions. Our main findings can be summarised as
follows.

(i) The companion star in X-ray binary systems can present a
large solid angle, particularly in systems where the mass ratio, 𝑞,
exceeds 1. This leads to iron-line fluorescence with an expected
equivalent width of the K𝛼 emission ∼ 2–40 eV, for systems
with 𝑞 > 0.1.

(ii) New microcalorimeters will be able to detect the K𝛼 iron line,
and constrain velocities within∼ 5–30 km s−1 . Given sufficient
observations spanning their full orbital cycles, this should be
sufficient to produce a radial velocity curve of the companion
star in XRBs, and therefore measure the mass function of the
compact object.

(iii) This method is subject to a number of caveats and conditions,
for example; the complexities within the stellar wind; low com-
panion velocity; and the usual systematic constraints associated
with radial velocity measurements. The narrow line component
from the donor also remains to be unambiguously identified.

(iv) Both LMXBs and HMXBs are viable targets, however there
are limitations associated with each type of system. LMXBs are
expected to have lower equivalent widths and therefore larger
errors in velocity, however companions in HMXBs are more
likely to have smaller radial velocities, which may make errors
more significant.

(v) High resolution observations of K𝛼 emission in XRBs may
also develop understanding of the behaviour of the stellar winds
in HMXBs.

Despite the above caveats, the potential gain in parameter space is
huge, enabling new system constraints on previously inaccessible
sources (that are either too faint, obscured, or otherwise difficult in
the optical). The new era of high resolution X-ray astronomy will be
a step-change in terms of improved precision constraints on binary
system parameters. These advances should be exploited to address
fundamental questions regarding the mass distribution of compact
objects and related aspects of stellar evolution.
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