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Abstract

We investigate the spectral characteristics of the Be/X-ray binary system, EXO 051910+3737.7, in
which Be/X-ray systems are the largest sub-class of high-mass X-ray binaries. Spectroscopic observations
are taken by the Thai National Telescope (TNT) with a Medium-RESolution spectrograph (MRES) in-
strument for seven nights spanning from 2020 to 2021. Our primary focus is directed towards the analysis
of two Balmer lines, namely Ha and HfS, given that Be stars typically exhibit emission features in at
least one of these hydrogen Balmer lines during certain phases. Our observations reveal split Balmer
emission lines throughout the entire duration of our monitoring. Double Gaussian profiles were employed
for line fitting to characterize these lines. The presence of double peaks in the Balmer lines indicates the
presence of asymmetries within the circumstellar disc. We then analyze V /R variations and the changes
in HB spectra. Our analysis of V/R variation which Violet (V) and Red (R) peak intensity components,
revealed rapid fluctuations occurring within a single day, although determining the precise periodicity
was constrained by instrumental limitations and the duration of observability. Furthermore, employing
observed the wavelength differences (A\) in conjunction with typical Be star parameters allowed us to
estimate the radius (rg) of the HS emitting envelope. The average value was calculated to be 2.585r,,
with a standard deviation of 0.050r,.
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Introduction

High-mass X-ray binaries (HMXBs) are binary systems where a massive OB-star is held in orbit by
a compact object, such as a neutron star or a black hole. These OB-star companion’s mass is usually more
than ten times solar-mass, giving HMXBs remarkable brightness and making them valuable tools for
studying the formation of stars and compact celestial objects within our Milky Way galaxy. Estimating
the total number of HMXB systems in our galaxy is challenging due to uncertainties related to how these
binaries evolve over time. Currently, over a hundred well-documented HMXBs are known to us [1, 2, 3].
HMXBs can be divided into three subcategories based on the characteristics of the mass-donating star.
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There are OB-supergiant systems (SgXRBs), Be/X-ray binaries (BeXRBs), and Roche-lobe overflows
(RLOs). Our focus in this work will be on BeXRBs.

The majority of HMXBs fall within BeXRBs. The number of BeXRBs in the Milky Way galaxy
is more than 70 systems [4]. BeXRBs typically have wide and elliptical orbits due to the kick of the
supernova. This system consists of a Be star and a compact object, typically a neutron star. The mass
range of a massive B star is between 8 and 15 M. The mass of the Be star is lost through a circumstellar
disc and its stellar wind. These two mass loss mechanisms generate X-ray bursts, commonly occurring
when the neutron star approaches the circumstellar disc [5]. The model of BeXRBs is shown in Figure 1.
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Figure 1: Schematics illustrating the model of Be/X-ray binaries, comprising a Be star surrounded by
a circumstellar disc and a compact object.

In this study, we only observed Be star companions as optical counterparts since compact objects are
not observable in optical counterparts. Therefore, our focus is on the characteristics of Be star spectra.
Be stars are characterized as B-type stars with at least one of the hydrogen’s Balmer lines emission.
These stars rotate rapidly and typically possess a surrounding shell or gas disc. The circumstellar
material may originate from mass loss or the accretion of material from an evolved companion star.
Be stars are known for their brightness and spectral characteristic variabilities. Therefore, BeXRBs
are particularly interesting. The promising source, EXO 051910+3737.7 (also known as 4U 0515+38
or optical HD 34921), is one of BeXRBs. EXO 051910+43737.7 was classified as BOIII—IVpe, with an
estimated distance of approximately 1.7+0.1 kpc [6]. In the recent astrometry observation, Gaia mission,
distance of EXO 051910+4-3737.7 after parallax zero correction is 1.32+0.05 kpc and the G-magnitude is
7.23240.003 [7], making it a great candidate for study due to its brightness.

In a previous study, observed spectra from this binary system revealed variability in the He II
A4686 emission line. This variability, recognized as a signature of an accretion disc, plays an essential
role in identifying HD 34921 as the counterpart to 4U 0515438 [6]. Concurrently, the emission lines of
He II, Ha, and HB, were found to vary on short timescales, with a periodicity of order of 300 seconds
for the variations of Violet (V) and Red (R) peak intensity [8]. Both Har and HS exhibited split profiles,
consistent with a disc-like structure. Given the analogous variability timescale observed for He II,
indicating the presence of an accretion disc, it is inferred that the split profiles of Ha and Hf likewise
relate to the vicinity of a compact object [8].

For 30 years, there have been no optical spectra observed for EXO 0519104-3737.7. Therefore, our
goal is to present the current spectral analysis of EXO 051910+3737.7 using observations from ground-
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Table 1: The observation log to obtain the spectra of EXO 051910+3737.7. The records contain the
date, frame number, Heliocentric Julian Date (HJD), exposure time of each frame (in seconds), signal-
noise ratio in red and blue parts, and sky condition(s) for each observation.

Date Frame HJD Exp. time S/N Sky condition(s)
(seconds)  (red/blue)
18-Nov—2020 001 2459172.31073 60 78/56 clear sky
002 2459172.31291 120 143/118 clear sky
003 2459172.37204 120 161/141 clear sky
004 2459172.44048 120 131/90 clear sky
005 2459172.44251 120 127/106 clear sky
02-Jan-2021 001 2459217.13162 120 42/52 clear sky
002 2459217.13351 120 56/42 clear sky
003 2459217.13541 120 82/54 clear sky
05-Jan-2021 001 2459220.01260 120 81/33 clear sky
002 2459220.01428 120 59/25 clear sky
003 2459220.10218 180 25/21 clear sky
004 2459220.10482 120 7/1 limited time
005 2459220.10658 60 18/7 limited time
16-Mar—2021 001 2459290.14150 120 17/11 cloudy
002 2459290.14412 180 48/18 cloudy
003 2459290.14734 240 4/30 cloudy
004 2459290.17782 240 27/8 cloudy
18-Mar-2021 001 2459292.04618 240 158/99 cloudy, strong wind
08-Apr-2021 001 2459313.02591 240 120/67 partly clouds
002 2459313.05456 240 81/54 partly clouds
07-May—2021 001 2459342.03902 240 23/14 cloudy, thunder
002 2459342.04412 240 24/44 cloudy, thunder

based telescopes. Additionally, we investigate any possible variations within the Balmer lines, specifically
in HB, which could be used to determine physical parameters such as envelope radius.

Observations and data reductions

We obtained 22 spectroscopic data of EXO 051910+4-3737.7 using the 2.4-meter Thai National Tele-
scope (2.4-m TNT) at the Thai National Observatory (TNO) on seven nights between 2020-2021. The
observatory is located at 18° 34’ N, 98° 28’ E and 2457 meters above sea level. The spectra were recorded
with an Andor 2048 x 512 pixel CCD using a medium-resolution spectrometer (MRES). The MRES has
a spectral resolution of 15,000 and spans wavelengths ranging from 390 to 880 nm. The exposure time
depends on the magnitude of the objects and the sky condition each night. In order to attain an optimal
signal-to-noise ratio (S/N), the exposure times were set within the range of 60 to 240 seconds. Specif-
ically, the higher magnitude of the stars and the cloudy sky relate to lower S/N value and accordingly
longer exposure time. The observation details are shown in Table 1.

The spectral data underwent reduction steps, including bias subtraction, flat field correction, and
wavelength calibration, performed using standard procedures available in IRAF. ThAr comparison lamp
spectra, taken at the beginning and/or at the end of the observing run, were used for the wavelength cal-
ibration. Subsequently, continuum normalization was carried out with IRAF by applying the CONTINUUM
task for Legendre polynomial fitting to line-free regions in the spectra.

Spectral characteristic

Throughout the observations of EXO 0519104-3737.7 for seven nights between 2020-2021, we ob-
tained a total of 22 spectra, covering three Balmer lines, Ha, H3, and H~y. Across all spectral observations,

there are two promising emission lines, i.e., Ha, and HB as shown in Figure 2. In Figure 2a, robust Ha
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emissions consistently reach peak intensities of approximately ~4 times the continuum flux. During the
initial observation phase, Ha exhibits the separation into two peaks. However, these spectral features
are less clear towards the end of the observation, although we took even longer exposure time.

In Figure 2b, Hf line has lower peak intensities than Ha line. However, there are very interesting
features in HB lines. All observed spectral lines in HB are clearly separated into two peaks. This
characteristic allows us to investigate the underlying physical attributes of symmetries in the circumstellar
disc and radius of HB emitting envelope of Be stars in HMXBs. Nevertheless, the Hy regions exhibit a
notably low signal-to-noise ratio (S/N). Detailed analysis in this specific area is unfeasible.

In addition to Balmer lines, the spectra show clear He I lines in two wavelengths, He I A6678 and
He T M4922. A weak He I A6678 absorption is distinguishable above the noise in some observed spectra
as shown in Figure 3a. In the blue part, He I A\4922 shows the existing P Cygni profile in Figure 3b.

Nevertheless, the metallic lines within the blue spectral region exhibit a relatively low S/N ratio,
making it challenging to conduct a comprehensive analysis of these metallic lines.

Line profile fitting methodology

After detecting a change in the Balmer line peak, we proceeded to study its physical properties.
During the fitting, we found that only the HS line can be analyzed because Ha line has an amplitude
four times as high as defined as the delta function, and it is quite complex to find the peaks. Therefore,
we will study the optical thickness properties of circumstellar discs from Hp line.

The Gaussian model was used for line fitting to characterize Hf lines. Given the observed splitting in
the Hydrogen Balmer line, notably evident in H3, we applied the doubled-Gaussian profile to distinguish
between two central peaks. The least mean square method was employed to achieve the best-fit lines.
The general form of its Gaussian probability density function is

G(x) _ o-\}%e—(ac_u)Q/ng7 (1)

where p refers to the mean, and o is standard deviation.

We employed the 1mfit package along with its associated function to extract specific parameters
from the spectra lines, specifically, the mean, standard deviation, amplitude, full-width at half-maximum
(FWHM), height of the spectra, and chi-square values (x?). The fitted results are shown in Figure 4
which Ha line emission spectra (solid lines) along with the theoretical line profiles (dotted lines) for
different Be stars. The x? values are reported in Table 2. When determining initial parameters, it is
crucial to observe the data closely. Upon visual inspection, it becomes evident that the two peaks of the
Gaussian function display a discernible separation, although there is also a degree of overlap between
them.

V /R variation

As mentioned in the previous section, Ha and Hf lines mainly refer to the emission lines. This
spectral profile is perfectly normal for a Be star. We can see the double-peaked profiles in emission lines
of V and R components in both Ha and Hf lines. The V/R ratio was calculated from the V and R
spectral peak intensities, which are variable on a timescale. V /R variability predominantly occurs during
active phases and follows quasi-periodic cycles, characterized by the sequence V>R — V=R — V<R
— V=R. Previous studies of V/R variations of Be stars indicate the presence of shorter-term variations
occurring over days and months [9]. It is noteworthy that V/R variability is independent of spectral
type within the range of B0 to B5 stars [10].

In our observation, we can see the V and R variations of HS lines, as shown in Figure 2. It is
of great interest to use this emission feature to investigate possible V/R variations that might indicate
asymmetries in the circumstellar disc. To this end, the V/R ratio of the HS line was measured across
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Figure 2: Samples of Balmer lines were taken by TNO/MRES on entire observations. The Y-axis is
normalized flux. The spectra are shifted vertically for easier viewing of the data.
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Figure 3: Samples of two-peak features of Balmer lines and He I region of EXO 051910+3737.7 were
taken by TNO/MRES on 18 Nov 2020, on HIJD 2459172.31073.
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Figure 4: The schematic of all observed Hf spectral lines (blue solid lines) along with the best-fit lines
(red dotted lines) using a doubled Gaussian model implemented through the 1lmfit package in Python,
employing the least mean square method. The 22 spectral observations were gathered over seven nights.
Additionally, the green and purple lines represent the individual Gaussian components. The shaded grey
area illustrates the 3-o uncertainty band.
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the entire observations. The values for V and R correspond to the peak intensities, which were derived
through double Gaussian fitting employing the least square method. The uncertainties associated with
these measurements are determined through error propagation techniques. The results are depicted in
Figure 5 and detailed in Table 2. There is evidence that variability exists in the ratio. The values
change from 0.94 to 1.20 over 170 days. Due to the observation period spanning many days, we have
observed significant changes over a short period. As a result, we can analyze each observation day in
detail, particularly when data allows us to analyze these changes, as shown in Figure 6.

In Figure 6a corresponding to HJD of 2459172 days, we found that the majority of data points
fall below the V=R horizontal line, mostly in the V/R<1 segment throughout the data period, which
spans approximately 189.76 minutes. In Figure 6b, we can separate data into two datasets. The first
dataset decreased rapidly, while the second dataset appeared to fluctuate. The time interval between
the first and second data sets is 126.58 minutes, while the overall time interval in Figure 6b is 135.33
minutes.In Figure 6c¢, every point has a V/R ratio greater than 1. The first three points appeared to
decrease, while the last is close to V=R. The time interval between the first three points is 8.41 minutes,
with the fourth point located 43.90 minutes away from them. The preliminary results suggest that EXO
051910+3737.7 has quasiperiodic less than one day. The trend is inconclusive because the ranges of the
error bars are comparable to the variabilities of the data trends. In a previous study, a periodicity of
order of 300 seconds for V/R variations was found [8]. If so, it is much more challenging to determine
the quasiperiodic phase of this object with current exposure times due to the limitation of the telescope.
Given the quasiperiodic phase observed in previous studies with a duration of 300 seconds, considering
the signal-to-noise ratio (S/N), we are constrained not to reduce the exposure time below 60 seconds
and the readout time of approximately 30 seconds. This limitation implies obtaining at most three data

points, which is insufficient for analyzing the quasiperiodic phase.
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Figure 5: Variations in the V/R ratio as a function of time for the HS line with associated uncertainties
over seven nights between 2020-2021.

Radius r3 of the HS emitting envelope

The estimation of the HS envelope’s radius can be derived from the half-peak separation (A)) in
kms~! observed within the H3 emission lines [11]. This parameter can be calculated using the following

equations:
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Table 2: The summary of our results which contains the chi-square values (x?), analyzed using doubled-
Gaussian profile fitting, V/R measurement in which V and R are peak intensities, the half-peak separation
(AX) observed within the HB emission lines and the ratio of radius rg of the HZ emitting envelope over

stellar radius (7).

Date Frame HJD x>  V/Rratio  A)(A) 75/T%
18- Nov-2020 001  2459172.31073 0.055 0.91040.016 3.1094+1.482 2.603+1.243
002 2459172.31291 0.035 0.932+0.013 3.085+1.490 2.623+1.268
003 2459172.37204 0.029 0.94340.013 3.1114+1.517 2.60141.269
004  2459172.44048 0.028 0.94240.013  3.0904+1.498 2.619+1.271
005  2459172.44251 0.033 0.966+0.014 3.096+1.468 2.61441.241
02-Jan-2021 001  2459217.13162 0.096 1.022+0.031 3.118+1.451 2.595+1.209
002 2459217.13351 0.133  0.94140.032 3.2404+1.507 2.498+1.164
003 2459217.13541 0.041 1.02040.017 3.12141.448 2.593+1.204
05-Jan-2021 001  2459220.01260 0.040 1.071£0.018 3.085+1.474 2.62341.255
002 2459220.01428 0.062 1.03040.022 3.0824+1.463 2.626+1.248
003 2459220.10218 0.090 0.99040.025 3.14841.417 2.571+1.158
004  2459220.10482 0.312 1.01440.062 3.313+1.472 2.443+1.087
005  2459220.10658 0.170 0.976£0.033 3.127+£1.458  2.589+1.209
16-Mar-2021 001  2459290.14150 0.050 1.08740.022 3.108+1.428 2.604+1.197
002 2459290.14412 0.050 1.03440.018 3.1384+1.491 2.579+1.226
003 2459290.14734 0.023 1.03040.012 3.1244+1.466 2.591+1.217
004  2459290.17782 0.061 1.003+0.021 3.173+1.486 2.55041.196
18- Mar-2021 001  2459292.04618 0.030 1.052+0.014 3.134+1.503 2.58341.240
08-Apr-2021 001  2459313.02591 0.030 1.0524+0.014 3.109+1.497 2.603+1.255
002 2459313.05456 0.046 1.031£0.017 3.070£1.500 2.636+1.289
07-May-2021 001  2459342.03902 0.173 0.966+0.030 3.261+1.500 2.482+1.143
002 2459342.04412 0.069 1.03440.021 3.06941.463 2.63741.258
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AN = vgsini, (2)

The above equation is applied to the case of an envelope shape like a disc with an outer rotational
velocity v [12]. The rotation of the envelope is specified as follows:

()

where vg is the critical velocity and is defined as follows:

Gm,,
= 4
Vo e ) ( )

where j is a rotation exponent. Under these conditions, the expression for rg is given by,

rs _ (vs —1/j: ANv —-1/j )
Te Vo vsinivg ’

We adopted the assumption that v = 350 kms—!, which is a reasonable approximation for the rota-
tional velocity commonly observed in Be stars displaying double-peak emission lines [11]. Furthermore,
we employed a j value of approximately 1, consistent with the analysis by Mennickent et al. (1991)
[11]. The vy values in our analysis correspond to those typical of normal B-type stars [13]. We used m,
and r, values as 16.7£0.4 My and 6.0+0.1 Ry, respectively, based on the object’s spectral type, which
is BOIV for our target. We also used the rotational velocity (vsini) of 24044 kms~! [14]. From our
observed Hf3 spectra, we obtained wavelength difference at the peak (A)) in kms~! from two separate
peaks. This A\ was obtained by fitting the line profile using the methodology mentioned in the Line
Profile Fitting section and shown in Table 2. Then, we convert the wavelength differences to velocities
using the Doppler effect as given by,

Av _ A)

)\707 ¢’ (6)

where \g is the rest wavelength of the Hf line at 4861.33340.003 A[15]. The speed of light in a vac-
uum is denoted by c. These parameters were employed to estimate the rg values and their associated
uncertainties as presented in Table 2. The average rg is 2.58540.0507,.

Conclusions

In this study, we have presented 22 spectral line profiles of observed over seven nights during the
2020-2021 period using the TNO/MRES instrument. Despite the limitations imposed by medium-low
resolution, metallic lines were not discernible. However, our observations did reveal the presence of
absorption lines for He I A6678 and He I A4922. Notably, Ho and Hf lines exhibited the characteristic
double-peak emission lines associated with Be stars. By applying Gaussian models for fitting the Hf
spectral line, we were able to derive essential parameters and associated uncertainties, including the
V/R ratio and Av, leading our investigation to the physical characteristics of EXO 051910+3737.7. Our
examination of V/R variation found rapid changes occurring within a single day. However, estimating the
periodicity of these variations was challenging due to the limitations of the instrument and the duration
of our observations.

Furthermore, we can estimate the radius, denoted as 7g, for the H3 emitting envelope by utiliz-
ing the observed Av and typical Be star parameters. The average value of rg was determined to be
2.585+0.0507,. In future investigations, we plan to employ high-resolution instruments and larger tele-
scopes to obtain more detailed and comprehensive data and to further enhance our understanding of this
object.
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