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Gamma-ray binaries are a small subclass of high-mass binaries containing an O or B/Be star and a
compact object. These systems produce non-thermal emission across all wavelengths but peak at
energies greater than 1 MeV. In order to interpret the source of the non-thermal emission in these
systems, an orbital solution is required. The gamma-ray binary HESS J0632+057, which consists
of a Be star and an unidentified compact object, still lacks a clear orbital solution, complicating
the interpretation of the modulated emission, despite previous attempts to constrain the orbital
parameters. Two different and incompatible solutions were proposed by Casares et al. 2012 and
Moritani et al. 2018 - through radial velocity measurements of the absorption lines and the H𝛼

emission line respectively. In order to better constrain the orbital solution, we are undertaking
independent radial velocity measurements using the HRS with SALT of both the weak absorption
lines and the H𝛼, H 𝛽, and H 𝛾 emission lines. We present the initial results from our first two
semesters of observations.
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1. Introduction

A small subset of high mass binary systems are known to produce most of their non-thermal
emission (in a 𝜈𝐹𝜈 distribution) at energies above 1 MeV, and show orbitally modulated gamma-ray
emission (see e.g. [1, 2]). All of these systems consist of a compact object in the mass range of
a neutron star or black hole, in orbit around a O or B type star. For three systems, the compact
object has been identified as a pulsar [3–5]. It is, therefore, most often assumed that all gamma-ray
binaries harbour young, non-accreting pulsars, and that the non-thermal emission is produced at
the shock front that forms between the stellar and pulsar winds [6]

The gamma-ray binary system HESS J0632+057 consists of a Be star and an unknown compact
object, in a ∼320 d orbit [7]. The X-ray and TeV light curves both show two maxima, with the first
peak (at phase 𝜙 ≈ 0.3) being slightly brighter than the second (at 𝜙 ≈ 0.7) [8].1 This is similar
to another system, PSR B1259-63/LS 2883, where the double peak in the non-thermal light curve
is normally interpreted as the pulsar passing through the plane of the Be star’s circumstellar disc
(see e.g. [9]). The interpretation of the interaction for HESS J0632+057 is complicated as two
different and incompatible orbital solutions have been proposed by Casares et al. [10] and Moritani
et al. [11] (hereafter C12 and M18 respectively). Both are based on the measurements of the radial
velocity of the massive companion, with the former measured from the weak absorption lines, and
the latter from the H𝛼 emission line. The newer solution presented by M18 suggests the peaks in
the light curves occur at points near the circumstellar disc crossing. In addition to the radial velocity
solutions by C12 and M18, a number of different solutions have been suggested by modelling the
non-thermal emission [12–15].

In order to disentangle the confusion with this source, we are undertaking new high resolution
spectroscopic observations of the system to better determine the orbital solution. Since the orbital
period is long, observations are required over a few years to sample the full orbit. Here we present
the results from the first two seasons of observations.

2. SALT observations

HESS J0632+057 has been observed 5 times between 2020 December and 2021 March
(Semester 1), and 3 times between 2021 December and 2022 February (Semester 2) using the
High Resolution Spectrograph (HRS; [16]) on the Southern African Large Telescope (SALT; [17]).
The HRS is a fibre fed, Èchelle spectrograph that operates with two beams covering the blue (370
– 555 nm) and red (555 – 890 nm) part of the optical spectrum. All observations were taken in
High Resolution mode (resolving power of 𝑅 = 65000). The different orders were extracted and
wavelength calibrated using the standard HRS pipeline (described in [18]). The orders were then
sky subtracted, continuum corrected, combined and corrected to the heliocentre following standard
methods using iraf/pyraf. The average blue arm spectrum is shown in Fig. 1.

2.1 Radial velocity: absorption lines

Since emission originating from the circumstellar disc dominates the Balmer lines, the velocity
was measured for the weaker He I absorption lines, and one C III/O II/ He I composite line, between

1Phase 𝜙 = 0 is defined at MJD 54 857.0 [7].
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Figure 1: The average blue arm spectrum, with the absorption features used in the cross-correlation as well
as the H 𝛽 and H 𝛾 emission features. The H𝛼 emission line occurs in the red arm spectrum, not shown here.
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Figure 2: An example of a Voigt profile fit to the wings of the H 𝛽 emission line. The central wavelength
value of the Voigt profile was the used to determine the radial velocity shift.

4000 – 5200 Å. The radial velocity was measured via cross-correlation using the rvsao package
[19], using a template created from the average of all the observations (similar to e.g. [20–22]).
The radial velocity of the template was determined from the H 𝛽 and H 𝛾 emission lines. Due to
the large number of emission features surrounding the weak absorption lines, a windowed region
around each line was selected, the radial velocity was measured for each line individually, and then
the average radial velocity of all lines was found.

2.2 Radial velocity: emission lines

The radial velocity of the H𝛼, H 𝛽, and H 𝛾 emission lines was measured from the Doppler
shift of the centre of a Voigt profile which was fit to the wings of the line below 25 per cent of the
line peak (an example is shown in Fig. 2). Since the circumstellar discs are believed to be Keplerian,
the inner region of the disc closest to the star will have the highest velocity, and produce emission
in the wings (see e.g. [23] and references therein). The average radial velocity of the H𝛼, H 𝛽, and
H 𝛾 lines was used for each observation.
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Figure 3: Radial velocity measurements of the massive companion in HESS J0632+057 for Semester 1
(blue points) and Semester 2 (red points) as measured from both the absorption lines (filled squares) and the
emission lines (open circles). The radial velocities are compared to the orbital solutions proposed by C12
(top) and M18 (bottom) as indicated by the solid black line. The dashed and solid pink lines show the best
linear fit to the radial velocity of the absorption and emission lines, respectively. The results are repeated
over two orbits for clarity.

3. Results

The new radial velocities are plotted as a function of orbital phase in Fig. 3, for the both the
absorption and emission lines, for Semester 1 and 2. These are compared to the C12 and M18
solutions, using an orbital period of 321 d and 313 d respectively, as was used for those solutions.
Both periods are consistent with the most recent reported orbital period of 316.7 ± 4.4 d [8]. There
is an ∼ 15 km s−1 offset between the velocities and the C12 solution, but they are more in agreement
with the M18 solution. Since these new velocities are measured both directly from the emission
lines or, in the case of the absorption lines, relative to a template whose velocity is determined
by the emission lines, we caution that this could introduce a systematic offset between these new
results and C12 results. However, plotted against orbital phase the radial velocities are decreasing,
which is also consistent with the M18 solution, but not the C12 solution.

4. Discussion and conclusions

The inconsistency between the solutions proposed in C12 and M18 has complicated the inter-
pretation of how the non-thermal emission is produced in HESS J0632+057. Since the compact
object is not detected, the radial velocity must be measured from optical spectroscopy of the massive
companion. However, since the massive companion is a Be star, emission line features from the
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circumstellar disc obscure the Balmer absorption lines. The radial velocity must then be measured
either from the weaker He and metal absorption features (as in C12) or from the emission lines
produced by the circumstellar disc (as in M18). However, as the circumstellar discs of Be stars are
known to be variable, this may trace structures in the disc, as opposed to the central star. Here we
have reported on initial results from our campaign using SALT to obtain high resolution optical
spectra to measure the radial velocity from both the absorption and emission line features.

Our initial results show a better agreement with the solution presented by M18. This implies
that the regions of highest emission may be associated with the compact object interacting with
the circumstellar disc, as the peaks in the light curves do not occur near the proposed phase of
periastron (see e.g. [8]). However, our observations currently cover a small part of the orbital
phase, and further observations are required. In particular observations to cover the time around
the possible periastron will be important to constrain the solution.
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