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ABSTRACT

We report the results of ¢eROSITA and NICER observations of the 2020 June outburst of the Be/X-ray binary pulsar
RXJ0529.8—6556 in the Large Magellanic Cloud, along with the analysis of archival X-ray and optical data from this source. We
find two anomalous features in the system’s behaviour. First, the pulse profile observed by NICER during maximum luminosity
is similar to that observed by XMM-Newton in 2000, despite the fact that the X-ray luminosity was different by two orders
of magnitude. In contrast, a modest decrease in luminosity in the 2020 observations generated a significant change in pulse
profile. Secondly, we find that the historical optical outbursts are not strictly periodic, as would be expected if the outbursts were
triggered by periastron passage, as is generally assumed. The optical peaks are also not coincident with the X-ray outbursts. We
suggest that this behaviour may result from a misalignment of the Be star disc and the orbital plane, which might cause changes
in the timing of the passage of the neutron star through the disc as it precesses. We conclude that the orbital period of the source

remains unclear.

Key words: stars: neutron — pulsars: individual: RX J0209.6—7427 — Magellanic Clouds — X-rays: binaries.

1 INTRODUCTION

High-mass X-ray binaries (HMXBs) consist of a compact object (i.e.
a white dwarf, neutron star, or black hole) and an O- or B-star. A
sub-class of HMXBs are Be/X-ray binaries (BeXRBs; see Reig 2011,
for a review), for which the donor star is a Be star surrounded by a
variable decretion disc formed by ejected ionized gas. The Be disc is
the source of emission lines and infrared excess that set Be stars apart
from ordinary O/B-stars. BeXRBs host the majority of X-ray pulsars,
in which case the compact object is a young magnetized neutron star
(NS). Material is accreted on to the NS by following the magnetic
field lines and forming hotspots on the magnetic poles. Because of the
misalignment of the NS magnetic and rotation axes, the orientation
of the hotspots with respect to the observer changes according to the
phase of the NS spin period, causing the observed modulations.
Most BeXRBs have elliptical orbits. During the periastron passage,
the NS comes close to the Be disc (or even passes through it),
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enabling mass transfer and the formation of a transient accretion
disc around the NS. Material is eventually deposited on to the NS
magnetic poles via magnetospheric accretion (Davidson & Ostriker
1973). Optical monitoring of BeXRBs can reveal periodic orbital
modulation related to the orbital period, but also may show long-term
variability due to Be disc truncation and precession effects (Martin
etal. 2011). X-ray and optical outbursts of BeXRBs usually coincide.
Type I X-ray outbursts occur periodically or quasi-periodically due
to periastron passage mass transfer (Okazaki, Hayasaki & Moritani
2013). Type 1I outbursts, on the other hand, happen irregularly, have
longer durations, and are characterized by luminosities close or above
the Eddington limit of the compact object. These rare events have
been proposed to occur when a highly misaligned decretion disc
around the Be star becomes eccentric, causing high mass transfer
episodes (Martin et al. 2014). During these major outbursts, BeXRBs
account for some of the brightest accretion-driven stellar mass X-ray
sources with luminosities that exceed 10* erg s~! (Wilson-Hodge
et al. 2018; Vasilopoulos et al. 2020a).

As young binary systems, HMXBs are found in star-forming
regions. Thus, the Small and Large Magellanic Clouds (SMC and
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LMC) are prime locations for HMXBs. The dwarf galaxies have
well-determined distances of ~50 (LMC, Pietrzyfiski et al. 2019)
and ~62 kpc (SMC, Graczyk et al. 2014). Moreover, spectral studies
are not affected by high foreground absorption since the Magellanic
Clouds (MCs) are located away from the Galactic plane. The SMC
hosts more than 100 HMXBs, and all but one of the more than 60
confirmed pulsars are in BeXRBs (Haberl & Sturm 2016). On the
other hand, about ~60 HMXBs candidates have been identified in
the LMC, but pulsations have only been detected in about 20 of
them. Despite the significant number of LMC systems, the study of
the HMXB population is still incomplete given the large angular size
of the galaxy and an insufficient coverage at energies above ~2 keV.
Among the LMC HMXBs, there is a high fraction of supergiant
systems (Antoniou & Zezas 2016; van Jaarsveld et al. 2018; Maitra
et al. 2019a). Two of these have been suggested to be probable
Supergiant Fast X-ray Transients (SFXTs) based on their fast flaring
properties (see Vasilopoulos et al. 2018; Maitra et al. 2021).

The combined efforts of current X-ray observatories can bridge the
gap between the study of the populations of HMXBs in the SMC and
LMC. In particular, eROSITA’s all-sky survey and the complementary
capabilities of NICER will identify and characterize more HMXBs
in the LMC in the coming years. eROSITA is the primary instrument
on board the Russian-German ‘Spectrum-Roentgen-Gamma’ (SRG)
mission (Predehl et al. 2020). Using its seven identical X-ray
telescopes, eROSITA’s primary mission is to perform an imaging
all-sky survey within 4 yr. eROSITA will scan the sky eight times.
While most of the sky is scanned every six months with an average
exposure of $250 s, the regions close to the ecliptic poles, where the
great circles traced by the telescope on the sky intersect, are scanned
six times per day for up to several weeks at a time. Since the LMC
is located near the South Ecliptic Pole, it is an ideal laboratory for
studying new X-ray outbursts, which can be monitored for weeks
by eROSITA. Thus, eROSITA will help discover and characterize
transients in the Magellanic Clouds (e.g. Haberl et al. 2020b, a; Rau
et al. 2020). To complement eROSITA, NICER can follow up on
new X-ray transients within hours, leveraging a large effective area,
superb timing resolution, and fast pointing capabilities. The NICER
X-ray Timing Instrument (XTI, Gendreau, Arzoumanian & Okajima
2012; Gendreau et al. 2016) is a non-imaging, soft X-ray telescope
aboard the International Space Station (1SS). Especially in the LMC,
the combination of eROSITA and NICER provides a new opportunity
in the study of X-ray transients.

Data from other wavelength regimes also help to characterize
HMXBs. In particular, long-term optical behaviour can provide
insights on the nature of donor stars (and the decretion disc) in
BeXRBs. For the LMC and SMC, up to 20 yr of monitoring data
can be provided by the Optical Gravitational Lensing Experiment
(OGLE; Udalski et al. 1992).

In this paper, we present the X-ray and optical properties of a
known but poorly studied system in the LMC, the BeXRB pulsar
RXJ0529.8—6556. The source, which is also known as LXP 69.5,
was first discovered with ROSAT as a transient in the LMC in 1993
(Haberl et al. 1997). They established the system as a BeXRB with a
likely pulsation period of 69.5 s. In Section 2, we present the spectral
and temporal properties of LXP 69.5 based on the analysis of archival
and newly obtained X-ray data. Section 3 includes the investigation
of the long-term optical light curve of the system. We discover an
evolving optical period and establish that the optical and X-ray flares
do not coincide. With 10 yr of OGLE monitoring in V and / bands,
we model the quasi-periodicity and show the system gets redder as
it brightens. A SALT optical spectrum of the donor star is presented
in Section 4, showing a double-peaked H « emission profile. Finally,
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Figure 1. eRASS light curve of LXP 69.5 showing day-to-day variations of
the source. Each point typically uses 30-40 s exposure. NICER observed the
source during the two epochs shown by the red shading.

in Section 5, we estimate the NS magnetic field strength and discuss
the observational properties in the context of the system’s geometry.

2 X-RAY PROPERTIES

In the following sections, we provide details about the analysis of
the X-ray data collected during the 2020 X-ray outburst, as well as
the derived X-ray spectral and temporal properties of the system. We
also investigate the long-term variability of the system using archival
X-ray data (i.e. prior to the 2020 outburst) obtained by Swift and
XMM-Newton.

2.1 The 2020 X-ray outburst

In the course of the first all-sky survey (eRASS1), the eROSITA
instrument on board the Russian/German SRG mission detected a
strong outburst from LXP 69.5 (Haberl et al. 2020b). After an initial
period of 20 d at the start of the survey when the source was not
detected, eROSITA began scanning the location of the system again
from 2020 June 6 00:58 UTC (MJD 59006.04) for about 30-40 s
every 4 h and found LXP 69.5 in outburst.

Following the SRG/eROSITA discovery of a strong outburst from
LXP 69.5, we triggered NICER ToO observations to investigate the
temporal properties (i.e. pulse profile shape) and spectral properties
while comparing with the eROSITA data.

2.1.1 eROSITA data

The data were reduced with a pipeline based on the eROSITA
Standard Analysis Software System (eSASS; Predehl et al. 2020),
which determines good time intervals, corrupted events and frames,
dead times, masks bad pixels, and applies pattern recognition and
energy calibration. Star-tracker and gyro data were used to assign
celestial coordinates to each reconstructed X-ray photon.

To create an X-ray light curve we used data from all seven telescope
modules. Source detection was performed simultaneously on all the
images in the standard eROSITA energy bands of 0.2-0.6, 0.6-2.3,
and 2.3-5.0keV. The vignetting and point spread function (PSF)-
corrected count rates averaged over a single scan in the energy range
0.3-10.0 keV are displayed in Fig. 1. Monitoring of the source with
eROSITA lasted for about 20 d, with a 2-d gap around the middle of

220z 1snBny z| uo 1senb Aq 8/88/19//81.9/¥/€0S/I0IE/SEIUL/WOY dNO"0IWSPED.//:SAY WO} PAPEOjUMOQ



the observing window. The temporal properties of LXP 69.5 seem
to change between the two epochs. At the start of the monitoring
(i.e. epoch 1 or MJD 59005-59017), eROSITA data show higher
variability compared to the second epoch (MJD 59018-59027), even
though the count rate decreased by a small factor in that time.

For the spectral analysis, only the telescope modules with on-chip
filter are used (i.e. TM1,TM2, TM3, TM4, and TM6). For spectral
extraction, circular regions with a radius of 32 and 50 arcsec were
used for the source and background extraction, respectively. Given
the change in the temporal properties of LXP 69.5 as identified in the
X-ray light curve, we extracted separate spectra for epochs 1 and 2 to
investigate if the different epochs also show a characteristic change
in the spectral properties (see Section 2.4).

2.1.2 NICER data

The NICER X-ray Timing Instrument (XTI; Gendreau et al. 2012,
2016) is anon-imaging, soft X-ray telescope aboard the International
Space Station (ISS). The XTI consists of an array of 56 co-aligned
concentrator optics, each associated with a silicon drift detector
(Prigozhin et al. 2012), operating in the 0.2—12 keV band. The XTI
provides high time resolution (~100 ns) and spectral resolution of
~85 eV at 1 keV. It has a field of view of ~30 arcmin? in the sky
and an effective area of ~1900 cm? at 1.5 keV (with the 52 currently
active detectors).

For this study we analysed NICER data obtained between MJD
59012 and 59025. Most NICER snapshots were clustered around
two epochs as marked in Fig. 1. These epochs are contained within
the eROSITA epochs so we will refer to them similarly as NICER
epochs 1 and 2. Data were reduced using HEASOFT version 6.26.1,
NICER DAS version 2019-06-19_V006a, and the calibration data
base (CALDB) version 20200315 (redistribution matrix and ancillary
response files). Since NICER is not an imaging instrument, an
important step is the determination of the X-ray background during
the observations. There are conditions for which the background
models are ineffective, calling for more aggressive filtering. This step
is particularly important for spectroscopic studies of faint systems,
since the background contribution can be comparable to the source
intensity. However, for timing analysis and period search, higher
statistics are preferred.

For the timing analysis, we selected good time intervals according
to the following space weather conditions: ISS not in the South
Atlantic Anomaly region, source elevation >20° above the Earth
limb (>30° above the bright Earth), pointing offset <54 arcsec,
and magnetic cutoff rigidity (COR_SAX) > 1.5 GeV c¢~'. Barycentric
corrections to time of arrivals were performed using the barycorr
tool and the JPL DE405 planetary ephemeris.

For spectroscopy, we used more strict filtering criteria (i.e. source
elevation >15°), and screened the event list based on intensity in
the 10-15 keV range. For the X-ray background (BG) estimation,
two different and independent modelling tools have been developed.
Here we will provide a short description of the tools, but we note
that a comprehensive explanation is available in the NICER online
portal.! As the ISS and NICER travel through a wide range of
geomagnetic latitudes — each with its own BG characteristics —
individual observations have different BG levels that need to be
understood. As a first step, a grid of NICER blank-sky spectra
corresponding to the blank-sky pointings of Rossi X-ray Timing

"Models are publicly available: https://heasarc.gsfc.nasa.gov/docs/nicer/too
Is/nicer_bkg_est_tools.html.
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Figure 2. HENdrics epoch-folding Z search between 0.01 and 0.02 Hz.
Observational sampling led to multiple alias peaks.

Explorer (see Jahoda et al. 2006) is created. The ‘space weather’
method (Gendreau et al., in preparation) uses environmental data
to parse the BG data base. The BG spectrum is generated by
combining these blank-sky spectra weighted according to space
weather conditions and magnetic cutoff rigidities common to both
the pulsar and BG-fields observations. The 3C 50 tool (Remillard et
al., in preparation) uses a number of BG proxies in the N/CER data to
define the basis states of the BG data base. These BG proxies include
graded event data that discriminate some X-ray events landing near
the centre of each detector from those interacting near the detector
edge under a field aperture. Another proxy is high-energy X-ray
events, which are unlikely to have been focused by the X-ray mirrors.
The tool builds a predicted BG spectrum from similarly selected data
from the BG data base.

By implementing both methods we found that the environmental
model yields a lower BG, which does not scale linearly with the 3C
50 model. In fact, the latter predicts a BG that is a factor of 2—4
higher between 2 and 10 keV. We note that for temporal studies,
background estimates do not affect any periodic signal, but could
affect the baseline determination and estimates of pulsed fraction.
For spectral studies, however, significant residuals will appear in any
spectral model lacking a good background estimate. Because of the
contemporaneous eROSITA covering, we may test which BG model
is more representative by comparing the spectral properties between
eROSITA and NICER. As we will discuss in Section 2.4, the 3C 50
model is more appropriate for the case of LXP 69.5.

2.2 Temporal properties

We analysed events from epochs 1 and 2 to search for the NS spin
period and study the morphology of the pulses. We first searched
for a periodic signal in the barycentric-corrected NICER events
collected within epoch 1 (i.e. MJID 59012.6-59014.1). We limited our
search within this observing window as multiple NICER snapshots
were obtained, enabling us to phase connect any temporal search.
Moreover, the source was at its brightest stage within the same
observing window. We filtered epoch 1 events using standard filtering
that resulted in 7 ks of GTI, and with detector energies between 0.3
and 8.0 keV. Pulsations are apparent by-eye with appropriate binning
of the events. To measure the most probable period, we used the
epoch folding Z-search method implemented through HENdrics
command-line scripts (Huppenkothen et al. 2019). The epoch folding
periodogram is presented in Fig. 2. The gaps in the NICER data
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Table 1. Pulse timing parameters for LXP 69.5.

Fit and data set

MIDIange. .....oovvininiiiiiiiieieaennns 59012.6-59014.1
Number of TOAs ......................... . 52
rms timing residual (8) ........... ...l 1.87

Set quantities

Right Ascension (J2000),  (hh:mm:ss)......... 5:29:47.84
Declination (J2000), § (dd:mm:ss).............. —65:56:43.7
Epoch of frequency determination tp (MID) .. ... 59013
Measured quantities ?
Pulse frequency, vg (Gt P 0.0145593(2)
First derivative of pulse frequency, v (s™2) ... ... 1.8(7)x 1071
Assumptions

Solar system ephemeris model ................. DEA405
Time units ........ovveieiiiiiiaaen TDB¢

Notes. “Time of arrivals are calculated by phase folding events for 52
intervals and comparing them to a template pulse profile. Best-fitting values
and lo uncertainties. “Barycentric dynamic time.

cause aliasing between the correct spin period and the observing
window function, resulting in the presence of multiple peaks in the
periodogram. The most probable solution is found at period P of
~68.682 s, while two symmetric solutions are found at ~67.847 and
~69.536s.

To generate a phase-coherent timing model for the data we used
TEMPO2 (Hobbs, Edwards & Manchester 2006). We followed the
methodology described by Ray et al. (2011), which has been applied
to other slow X-ray pulsars (Ray et al. 2019; Vasilopoulos et al.
2019, 2020a; Jaisawal et al. 2020). We subdivided the data into 52
intervals and generated pulse time of arrivals (TOAs) by comparing
the pulse profile of each interval with a template profile. We fitted
the TOAs to a timing model with one frequency derivative, i.e.
v(t) = vo + V(¢ — 1), while setting 75 to 59013 MJD. The best pulse
period is consistent with the main peak found with the epoch folding
method, while the first derivative is consistent with zero (within 30).
Nevertheless, the solution has some timing residuals likely caused
by torque noise. The results of the coherent timing analysis are
summarized in Table 1. The temporal solution is in agreement with
the one derived from epoch-folding. We performed a similar analysis
for the NICER snapshots obtained during epoch 2, between MJD
59023.6 and 59024.5. The temporal solution was consistent with the
periodicity of 68.57 s derived by epoch folding. However, given the
smaller total exposure time and lower statistics, no constraints in the
period derivative was possible.

2.3 Pulse profile morphology

Folding the epoch 1 events with the best timing solution results
in a double-peaked pulse profile with a weaker second peak (see
Fig. 3). The two peaks are separated in phase by ~0.4. Folding
the epoch 2 events with the new best period of 68.57 s showed a
double-peaked pulse profile (Fig. 3). In these later measurements, the
second peak is more prominent with respect to the primary peak. The
average background-subtracted count rate decreased from 7.0 & 0.4
to 3.9 £ 0.2 counts s~! between epoch 1 and epoch 2.

To quantify the strength of the periodic modulation, we computed
the root-mean-squared (rms) pulsed fraction, which is given by

(Z_}iv:l(Rj - R)Z/N> 12
R

PFpys = , (D
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where N is the number of phase bins, R; is the count rate in the
jth phase bin, and R is the average count rate in all bins (e.g.
Wilson-Hodge et al. 2018). We computed PF for both BG models
in order to explore whether the choice of model would affect our
results. For a pulse profile constructed with 32 phase bins, we find
PFrvs=0.415 £ 0.005 (0.3-8.0 keV), while the energy-resolved PF
is presented in Fig. 3. The overall PFgys decreases to 0.344 £ 0.010
in epoch 2. This change in PF, combined with the increase in the
intensity of the second peak, causes the decreased variability in
the eROSITA light curve (see Fig. 1), since individual snapshots
only sample part of the pulse profile. For each epoch, the 3C 50
yields a higher PF than the space weather-based BG model. Using
either BG model for epoch 1, PF appears to have a maximum
value around 2 keV followed by a decrease in PF with energy. A
decrease in PF at higher energies (3-8 keV) is also found in epoch 2
according to the space weather model. However, with the preferred
3C 50, this behaviour is not replicated. The energy-resolved PF
behaviour is, of course, dependent on the definition of PF used (see
examples by Yang et al. 2018). For example, if we define PF as
PF = (Ryax — Rwin)/(Rmax + Rmin), the 3C 50 model in epoch 1
does not maintain the behaviour of a decrease in PF after 2 keV. In
fact, by defining PF based on minimum and maximum rate only, we
find almost stable PFs between 2 and 8.0 keV, and consistent values
between the two epochs.

To complement our study of the pulse morphology, we also
searched for evidence of spectral evolution within pulse phase.
To do that, we used the hardness ratio (HR), defined as HR =
(Ri+1 — Ri)/(Ri+1 + R;), where R; is the count rate in a specific energy
band i. We computed HR using the 0.3-1.5 and 1.5-8.0 keV energy
bands and 32 phase bins (see Fig. 3). We note that the hardness ratio
increased from epoch 1 to epoch 2; its behaviour as a function of
phase is also included in Fig. 3. Both epochs show dips in HR at
the count minima following the primary peak. Only the first epoch
clearly displays this behaviour following the secondary peak as well.

The pulse profile constructed with NICER data from epoch 1 is
similar to XMM-Newton profile from quiescence in observations
from 2000 (Haberl, Dennerl & Pietsch 2003). In Fig. 4, the double-
peaked profiles are mostly consistent, despite the system’s higher
luminosity during the peak of the outburst by a factor of ~130.
Furthermore, during the decay of the 2020 June outburst, when the
luminosity had only decreased by ~35 per cent, the pulse profile
morphology had clearly changed (Fig. 3), with a strengthened second
peak, making the morphology no longer consistent with the previous
two profiles. This behaviour is further discussed in Section 5.1.

2.4 Spectral properties

In BeXRBs, hard X-rays originate from the accretion column, and
can be fitted by a phenomenological power law-like shape with an
exponential high-energy cutoff above (or around) 10 keV (e.g. Miiller
et al. 2013; Sturm et al. 2014; Vasilopoulos et al. 2013, 2016). In
many cases, BeXRB spectra show residuals at soft energies. These
residuals are often referred to as a ‘soft-excess” whose physical origin
is attributed to a combination of mechanisms like emission from the
accretion disc, emission from the NS surface, or hot plasma around
the magnetosphere (Hickox, Narayan & Kallman 2004).

Motivated by the changes in the timing properties, we separately
fitted the spectra from the two epochs to investigate potential
spectral changes. Moreover, to investigate instrumental differences,
we extracted subsets of eROSITA data taken contemporaneously
with the NICER observations. Spectral analysis was performed using
xspEC v12.10.1f (Arnaud 1996).
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Figure 3. Left-hand panels: temporal properties from NICER epoch 1. Panel (a) at the top shows the pulse profiles (with period 68.68s) using 32 phase bins for
the total 0.3-8.0 keV count rate as well as the soft (0.3—1.5 keV) and hard (1.5-8.0 keV) bands. Bottom panels: pulse phase resolved hardness ratio, calculated
using the soft and hard energy bands. Shading shows mean and standard error of HR. Panel (c): energy-resolved rms PF for epoch 1. For the NICER BG
subtraction, we used the 3C 50 model for the black points, while for the red points, we showed the effect of using the BG determined from space weather. PF
and uncertainty for full 0.3-8.0 keV band shown with horizontal stripes. Right-hand panels: panels (b) and (d) same as panels (a) and (c), respectively, but for

NICER epoch 2.

Given the lack of broad-band spectra, we used a power-law model
to fit the continuum. To account for the photoelectric absorption by
the interstellar gas, we used tbabs in xspec with solar abundances
set according to Wilms, Allen & McCray (2000) and atomic cross-
sections from Verner et al. (1996). Column density was left as a
free parameter with solar abundances. To separately fit Galactic and
intrinsic absorption — a typical procedure for BeXRBs in the MCs —
we tested using two absorption components (e.g. Vasilopoulos et al.
2013, 2016, 2018). The free component is meant to model absorption
within the LMC and near the source, so elemental abundances are
fixed at 0.49 solar (Rolleston, Trundle & Dufton 2002). Because
this component is consistent with zero and not constrained, we used
only the free absorption component in the reported fit. We found
that the derived column density from the spectra is in agreement
with the Galactic value of 5.65 x 10%° cm~2 (Dickey & Lockman

1990), implying that no significant absorption is present around the
source or in its vicinity. While finding no additional absorption from
LMC material is typical for many northern LMC sources, particularly
in the area around the supergiant shell [KDS99] SGS 11 (Kim
et al. 1999; Maggi et al. 2016), the lack of absorption intrinsic
to the source or to its immediate vicinity is quite uncommon for
BeXRBs.

For the spectral fit of eROSITA data, we used C-statistics (Cash
1979), while the NICER spectra were fitted independently by min-
imizing the pgstat statistic> in xspec. Through spectral fitting,

2pgstat is suited for Poisson distributed data with Gaussian-distributed
BG; see https://heasarc.gsfc.nasa.gov/xanadu/xspec/manual/XSappendixStat
istics.html.
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Figure 4. Pulse profiles from 2000 (XMM-Newton, purple) and 2020
(NICER epoch 1, green), each in the 0.3-7.5 keV band. The 2000 and 2020
data are folded using 69.232 and 68.682 s, respectively.

we found that the NICER BG estimates based on the ‘space weather’
method yield lower column density values for the absorption compo-
nent and a higher flux (~25-30 per cent) than the contemporaneous
eROSITA spectra. Moreover, the NICER model-to-data residual plots
showed a high-energy excess (>5keV) that significantly differed
from the eROSITA ones. Thus, based on these characteristics, we
conclude that the 3C 50 BG model better reproduces the actual
BG during the NICER observations of LXP 69.5. As such, the 3C
50 BG model is used for Fig. 3, although energy-resolved PFs
are plotted using both BG models to illustrate the effect of model
choice. The spectra with the best-fitting models are shown in Fig. 5.
The derived fluxes were converted to unabsorbed luminosities by
correcting for absorption effects and for the distance of 50 kpc to the
LMC. The results are presented in Table 2. Both instruments show
that LXP 69.5 is softer when brighter, since the photon index of the
spectra decreases from the first to the second epoch.

The power-law slope is within the range of 0.6—1.4, which is
typically observed in BeXRB outbursts (Haberl, Eger & Pietsch
2008; Haberl & Sturm 2016). Moreover, we investigated the spectra
for the presence of an Fe K « emission line that is typically observed
in accreting pulsars. There is some structure around 6.4 keV in
the residual NICER spectrum during epoch 1. We used a Gaussian
component to model this feature, but we found no statistical evidence
of an emission line. By fixing the line central energy and width at
6.4 and 0.1 keV, we established an upper limit of ~120 eV for the
equivalent width of the line. This value is not surprising as BeXRB
pulsars in the LMC can typically show Fe K « lines with equivalent
widths below 100 eV (e.g. Vasilopoulos et al. 2013, 2014).

As noted in Section 2.3, the phase-resolved HR plots for each
NICER epoch suggest a dip in hardness at a phase of ~0.6. We
extracted the NICER spectrum within 0.1 of that phase to test if there
is a significant difference in the spectral parameters. The resulting
spectrum had ~3000 net counts (i.e. from source and background),
and was fitted with the same absorbed power-law model. The fit
gave 0.971’8:(1)(3) for I', which is consistent with the overall NICER
fit. On the other hand, the Ny of 0.2} 10®cm ™2 is lower than the
overall best values. A phase-dependent absorption could be indicative
of absorption due to material located in the NS magnetosphere.
However, we cannot exclude that this spectral softening could be
related to a soft excess that is invariant with spin phase. A non-
pulsating thermal component with spectral peak below 1 keV could
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result in a spectral softening. Nevertheless, as we indicated above, we
cannot constrain such component with the given spectral statistics.

2.5 Long-term X-ray LC

During the decay of the 2020 outburst, LXP 69.5 was also monitored
by the Neil Gehrels Swift Observatory (Swift; Gehrels et al. 2004)
X-ray Telescope (XRT; Burrows et al. 2005) between MJD 59031.3
and 59059. To investigate the long-term variability of the system and
compare it with the available optical data (see the next section) we
searched for other available archival X-ray data. The location of the
source has been observed a few times by Swift/XRT. To calculate
average count rates for all Swift/XRT detections, we analysed
available data through the Swift science data centre following Evans
et al. (2007), Evans et al. (2009). During these observations, Swift
also obtained data with the Ultraviolet/Optical Telescope (UVOT;
Roming et al. 2005), in several of the six broad-band UVOT filters
(v, b, u, uvwl, uvm2, uvw2) described in Poole et al. (2008) and
Breeveld et al. (2011). The UVOT images were analysed using the
uvotsource tool included in HEASOFT using standard procedures.
Given the lack of ground-based monitoring of the LMC during the
outburst, these are the only available optical data during this period.

Moreover, the LMC field was observed once by XMM-Newton
(obsid: 0841320301, PI: P. Maggi) in 2020 February (~MIJD
58893.5), a few months before the 2020 outburst. XMM—-Newton
data were analysed with a standard pipeline developed for the MCs
(Sturm et al. 2013; Maitra et al. 2019b). LXP 69.5 was detected by
EPIC-pn with a count rate of 0.048 & 0.02 countss™' in the 0.2—
12keV band. The XMM—-Newton observation was affected by high
background, which resulted in only a few hundred source counts
within good time intervals, making no detailed timing and spectral
analysis possible.

To convert count rates from all other instruments to unabsorbed
Ly in the 0.3-10.0 keV band, we adopted the best-fitting models
from the two eROSITA epochs (see Table 2). In particular, we used
the different spectral parameters (Ny and I') from epochs 1 and 2 to
infer upper and lower bounds when converting from count rates into
flux. The historic X-ray light curve of LXP 69.5 is shown in Fig. 6.
In the same figure, we compare the long-term X-ray behaviour of
LXP 69.5 to the OGLE /- and V-band light curves, which span from
2010 March to 2020 March. In Section 3, we present detailed analyses
of optical data and discuss the relationship between the X-ray and
optical behaviour.

3 OGLE: 10 YR OF OPTICAL MONITORING

The Optical Gravitational Lensing Experiment (OGLE) started
operations in 1992 (Udalski et al. 1992, 2008). The LMC is monitored
by OGLE, with observations made with the 1.3 m Warsaw telescope
at Las Campanas Observatory. Images are taken in the V and / bands.
The data reduction is described in Udalski et al. (2008). The OGLE
data base provides access to optical light curves of most identified
X-ray binaries in the MCs,? so OGLE data have been crucial in the
study of X-ray binaries in the nearby galaxies (e.g. Maggi et al.
2013; Haberl et al. 2017; van Jaarsveld et al. 2018; Kennea et al.
2020; Vasilopoulos et al. 2020b).

The OGLE optical counterpart of LXP69.5 was identified as
an ~14.5-mag star with coordinates o« = 05:29:47.84 and § = —
65:56:43.7 (Haberl et al. 2020b). The LMC field was monitored

30GLE XROM portal: http://ogle.astrouw.edu.pl/ogle4/xrom/xrom.html.
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Figure 5. Top panels: eROSITA spectra during its first epoch (left-hand panels) and second epoch (right-hand panels). Bottom panels: eROSITA spectra obtained
during the epoch of the first and second NICER observations, with corresponding NICER spectra in red. Spectra were fit independently.

Table 2. Best-fitting parameters of spectral models.

Epoch 1 Epoch 2

Parameter eROSITA eROSITA NICER eROSITA eROSITA NICER Units
Dates’ 5-16.5 12.7-14 12.6-14.1 19.4-29 22-25 13.6-24.5 d
Nu 4.0+ 41738 4.267938 3.8%34 < 0.003 74713 102 cm—2

0.07 0.11 0.02 0.16 0.40 0.04
r 0.95% 007 0.98%0 15 0.97100 0.89%015 0.64% 009 0.89% 01
Fx© 2.631018 2.677535 2721508 168702 L7173 1761003 107" erg em™2 57!
Fitga/d.0.f.¢ 459.49/546 332.96/352 817.81/769 367.79/365 202.94/216 779.04/769
L 7.861048 7.98+0.77 8.13+0-13 5.02+0:3 51409 5.261019 10% erg s~

Notes. “Interval used for spectral extraction, dates in MJD-59000. *Not well constrained by fit. ¢X-ray flux in the 0.3-8.0 energy band. “eROSITA and NICER
spectra were fitted with C-stat and pgstat statistics, respectively. ¢ Absorption corrected X-ray luminosity in the 0.3-8.0 energy band, estimated for a distance

of 50 kpc.

by OGLE between 2010 March and 2020 March, within which the
LXP 69.5 optical counterpart shows strong outburst activity on top
of a gradual long-term trend of rising then falling overall optical
luminosity (Haberl et al. 2020b). In this section we will report on the
optical properties and compare the optical and X-ray variability.

3.1 An evolving optical periodicity

The full OGLE light curve is shown in Fig. 6. We used the /-band
data for periodicity search, but incorporated the sparser V-band data
to investigate V — [ colour changes over time. A long-term trend
that spans at least the entire range of data (3661 d) is apparent.
We expected the repeated flaring to reveal the orbital period, which,

in turn, is helpful in predicting periastron passages. We detrended
the /-band data by subtracting a smoothed light curve derived by
applying a Savitzky—Golay filter (Savitzky & Golay 1964) with a
window length larger than the period to make sure peak shape remains
unaffected (see similar applications to OGLE data; Bird et al. 2012;
Sturm et al. 2014; Vasilopoulos et al. 2016; Vasilopoulos, Haberl &
Maggi 2017). We then computed a Lomb—Scargle periodogram* (LS;
Scargle 1982). The dominant reasonable peak in the LS periodogram
for these datais at 155 d, while a secondary peak appears at 164 d. The
optical LC has an almost sinusoidal variation, with multiple peaks

4We run the LS alogrithm using both flux and magnitudes, with the methods
yielding identical results.
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Figure 6. Top panels: long-term X-ray luminosity (0.3—10.0 keV) from Swift, eROSITA, and XMM-Newton using one blue square each for the epochs before
and after the gap in the data shown in Fig. 1. Bottom panels: OGLE /- and V-band data, spanning from 2020 March to 2020 March. Shading shows ranges when
X-ray data, shown above, was also taken. Grey dashed lines are spaced by 155 d from the first flare centre. It is clear that several optical peaks do not align with

the derived period from the LS periodogram.
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Figure 7. Panel (a): LS periodogram derived from the /-band LC. Panel (b): three panels show the LS periodograms derived from three epochs. It is clear that
the stronger periodic signal varies between complete LC and individual epochs. For comparison, we have plotted the same vertical lines in each sub-figure. Panel
(c): detrended I-band LC. Vertical lines indicate the best estimated period from the LS periodogram for three different epochs. Period predictions begin from
flare centres marked with solid lines. ‘Transition’ regions are shaded in grey, with arrows denoting epoch boundaries. Period predictions are extended beyond

each epoch to indicate the presence of sharp rather than gradual transitions.

of various amplitudes. However, individual peaks are not evenly
spaced, and appear to be quasi-periodic, which is consistent with the
periodogram shape. To better visualize this quasi-periodic behaviour,
we space vertical lines by either 155 or 164 d starting from the first
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optical peak (at 55507 MJD). We then see that no single period
will match the optical maxima. In Fig. 6, it is clear that 155 d is
greater than the peaks spacing in the first few optical cycles, but
underestimates the spacing between the rest of the cycles. Thus,
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Figure 8. Top panel: residual observed — calculated (O — C) plots with
calculated centres using 149-, 171-, and 200-d periods. These period values
make better predictions than the linearly changing period (bottom panel). We
do not see a trend of error within each epoch. Increasing O — C over time
would support a linearly increasing period.

accurate predictions require a changing period over time. This quasi-
periodic behaviour must be representative of more than the system
orbital period, indicating that effects such as disc truncation and
precession are at play (e.g. Martin et al. 2011; Okazaki 2012).

To further investigate the evolution of the optical periodicity, we
modelled individual optical peaks with simple analytical models that
allow us to determine the epoch of the optical maximum of each peak.
Moreover, given that there were no OGLE data during the 2020 June
X-ray outburst, this modelling enables extrapolation of the OGLE
LC and comparison of the occurrence of an X-ray outburst with the
optical phase. We found centre values and uncertainties for 13 optical
peaks in the light curve (see Appendix A). We then fit a quadratic
function to each peak number versus time. The resulting linearly
increasing period did not prove to be the best model. Instead, we can
describe three epochs with periods determined using separate LS
periodograms: 149, 171, and 200 d, respectively (see Fig. 7). These
same values can be determined with a least-squares method using
the modelled and predicted centres within each epoch. The residuals
for each model are shown in Fig. 8. The phase-folded data from each
epoch are displayed in Fig. 9, showing the failure of a single period
value and the improvement of phase-folding upon epoch separation.

Inspection of the light curve is necessary to confirm any LS peaks.
We found that folding the data with the peaks between 200 and 300 d
from Fig. 7 resulted in spurious profiles. The peaks are likely the
result of the evolving period, differing flare widths, or non-uniform
sampling.

3.2 V — I colour

In order to obtain V — I values, we linearly interpolated the /-band
data for an estimate of values at the times of V-band observations.
Interpolation in the / band is preferable since the data are denser than
in the Vband. The colour-magnitude relationship is shown in Fig. 10.
V — Iy variation is correlated with the V and [ light curve changes
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Figure 9. Top panel: all OGLE detrended /-band data phase-folded using
the LS peak of 155 d. The bottom three plots show the data within each epoch
phase-folded using their respective best periods (149, 171, and 200 d). Note
the change in flare shape, especially from the first to the third epoch.
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Figure 10. Left-hand panel: portion of interpolated I versus MJD-50000
curve. Right-: All interpolated / band plotted against V — ;. Colour shows
V — Iy in both.

themselves. This behaviour is indicative of a ‘redder when brighter’
relationship. The brightness increase is driven by disc growth, which
provides an infrared excess compared to the stellar photosphere (e.g.
Coe et al. 2012; Vasilopoulos et al. 2014; Haberl et al. 2017) in both
the short- and long-term trend. At the same time, it speaks to the
different ranges of variability for the two bands (see Fig. 6).

3.3 Optical behavior during 2020 X-ray outbursts

Using the model of periodicity from the 10-yr OGLE light curve, we
attempted to extrapolate the optical behaviour during the 2020 June
X-ray outburst. If we predict the two peaks following the final full
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Figure 11. Final few peaks observed by OGLE, ending in 2020 March.
Purple shaded regions show the expected following two flare peaks, using
periods between 150 and 200 d from the last peak (at 8761 d). The shaded
regions imply that the X-ray outburst in 2020 June would not have coincided
with an /-band maximum. The V-band Swift observations and V — [y plot
yield the inferred /-band value. The black Gaussian shows the fit to the widest
flare in the light curve, showing an approximate limit on how close the X-ray
outburst could have been to an /-band flare. The grey curve is the Gaussian
fit to the previous flare, shifted by ~175 d.

one, using periods between 150 and 200 d, we expect the optical data
to be near a minimum in June, when the X-ray outburst was observed
(Fig. 11). To present an approximate limit, we shifted the Gaussian
fit of the widest flare of the light curve to align with the flare rise
from March. This fit also coincides with the 200-d spacing from the
previous flare as well as the inferred /-band point using Swift V-band
observations. The NICER and eROSITA observations would not align
with the flare maximum of such a wide flare. We also show the fit
from the previous flare, shifted by about 175 d. Such a flare would
then predict the NICER observations to be right near the minimum
in the optical, but is less consistent with the periodicity of ~200 d in
the final epoch of the light curve.

In the long-term X-ray LC (Fig. 6), we see corroborating evidence
that the X-ray and optical peaks do not coincide. The first Swift
data point shown (MJD 56968) implies that the system was in
quiescence just a few days from the maximum observed during
the entire OGLE LC. Furthermore, the X-ray burst at ~58220
occurred near an optical minimum. One possible explanation for
the opposing optical and X-ray behaviour could be the geometry of
the system. An edge-on Be disc — revealed by bluer-when-brighter
behaviour — obscures the star, which is thus fainter when the disc
grows (Rajoelimanana, Charles & Udalski 2011). At periastron, the
system would become fainter (and redder, thanks to the relatively cool
disc), as is potentially the case with this system. However, from the
analysis of the V — I colour evolution, we found that LXP 69.5 gets
redder when brighter, implying that we are not viewing the Be disc
edge-on.

4 SALT: OPTICAL SPECTRUM

The optical counterpart of RXJ0529.8—6556 has been identified
as a B0.5Ve star (Negueruela & Coe 2002). Moreover, archival
optical spectra (from 1995 November, Haberl et al. 1997) show
He in emission (EW = —0.9 £ 0.2A), with all other Balmer
lines in absorption. ROSAT observed RX J0529.8—6556 32 times
over ~3.5 yr and detected only one strong X-ray outburst of the
source. The optical spectrum, which was obtained in 1995 after the
ROSAT observations, was most likely taken during an X-ray low
state. Following the 2020 June outburst of LXP 69.5, we obtained
optical spectra with better resolution to study the H « line properties.

The optical spectroscopy of LXP 69.5 was undertaken on 2020
September 11 (JD 2459103.5877) after the X-ray outburst using the
Robert Stobie Spectrograph (RSS; Burgh et al. 2003) on the Southern
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Figure 12. SALT spectrum of the optical counterpart of LXP69.5. The
wavelength of Balmer lines in the LMC rest frame are marked. The inset
shows a zoom-in of the H « line region.

African Large Telescope (SALT; Buckley, Swart & Meiring 2006)
under the SALT transient follow-up program. The PG0900 VPH
grating was used, which covered the spectral region 3920-7000 A at
a resolution of 6.2 A. A single 1200-s exposure was obtained. The
primary reductions, which comprise overscan and gain correction,
bias subtraction, and amplifier cross-talk corrections, were performed
with the SALT pipeline (Crawford et al. 2012). The remainder of the
data reduction steps were carried out using IRAF’ (identification of arc
lines, background subtraction and extraction of the one-dimensional
spectrum). The spectrum is dominated by deep Balmer absorption
lines, with the H o being the only line in emission (Fig. 12). The line
exhibits an asymmetric double-peaked profile that is red-dominated
(VIR = 0.42 £+ 0.05). We note that the line morphology in the
archival data could not be resolved due to limited spectral resolution.
The measured line equivalent width (EW) is —0.83 % 0.22, where
uncertainties were estimated by following Reig et al. (2016), and the
largest contribution to the uncertainty is the continuum. Finally, the
peak separation (AV) is 12.33 £ 0.20 A.

5 DISCUSSION

5.1 Pulse shape probes a supercritical regime during 2020
outburst

From the discovery of the first pulsating X-ray systems it was clear
that an anisotropic accretion mechanism was needed to explain the
observed X-ray pulsations. It was thus proposed that in highly
magnetized compact stars accretion occurs through an accretion
funnel that drives matter on to the magnetic poles of the compact
star (Baan & Treves 1973). As a first attempt to explain the observed
pulsations, it was suggested that the observed pulse profile can be
a result of two components, a knife (or fan) and a pencil beam
(Gnedin & Sunyaev 1973). The term pencil beam was initially used
to describe a low-luminosity accretion regime where the radiation
escaped parallel to the magnetic field lines of the NS. Above a
critical limit, the accretion rate becomes locally super-Eddington and
a shock is formed above the NS surface, creating a thermal mound

SImage Reduction and Analysis Facility: iraf.noao.edu
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referred to as the accretion column. In this regime, radiation escapes
perpendicular to the magnetic field lines in a fan beam pattern (Basko
& Sunyaev 1976).

Observationally, changes in the morphology of pulse profiles with
luminosity are typical for X-ray pulsars (e.g. Parmar, White & Stella
1989; Doroshenko et al. 2017; Koliopanos & Vasilopoulos 2018;
Ji et al. 2020). High luminosity is associated with double-peaked
profiles and fan beam emission patterns, while sinusoidal pulse
profiles are traditionally attributed to lower accretion rates and pencil
beam emission patterns. Moreover, pulse profiles are also energy
dependent, with strong changes in their shape appearing around the
cyclotron energies Ecy. (Schonherr et al. 2014). The cyclotron energy
is expressed as Eqye ~ 11.57 x B12(1 + z)~! keV, where B12 is the B
field in units of 10'? G and z is the gravitational redshift from the NS
(see Schonherr et al. 2007). For typical values of NS B field, these
changes appear at energies above 10 keV. However, there are cases
where pulse profile transitions are evident within the 0.3-10.0 keV
range (e.g. Vasilopoulos et al. 2017). For LXP 69.5, a double-peaked
pulse profile as the one in Fig. 3, is characteristic for a fan-beam
emission, and thus a regime where the accretion column has been
formed.

A rapid change in the pulse profile (for small change in Ly) is
not uncommon for X-ray pulsars (e.g. Ji et al. 2020). For example,
4U 1901+03 has shown sudden changes between six different pulse
profile morphology between Ly of (0.7-1.2) x 10%7 erg s~ (Ji
et al. 2020). For 4U 19014-03 an asymmetric pulse profile with a
minor peak leading a major peak appeared in the brightest stages
(Ji et al. 2020). Archival ROSAT observations have shown a similar
asymmetric pulse profile at Lx of 5 x 10% erg s~!, however at that
stage the major peak was leading in pulse phase (Reig & Milonaki
2016). Similarly, shapes of pulse profiles at luminosity levels that
differ by ~100 (i.e. 1-100 x 10%" erg s7!) are also seen from
Swift J0243.64-6124 (Wilson-Hodge et al. 2018). Detailed modelling
of the pulse profile evolution is beyond the scope of this paper.
However, our findings suggest that LXP 69.5 might be an intriguing
case study for modelling the pulse profiles of the same systems at
different luminosity levels (e.g. with codes like Polestar; Cappallo,
Laycock & Christodoulou 2017).

5.2 Estimating the NS magnetic field strength

Apart from changes in pulse shape, the formation of the accretion
column at a critical luminosity L. has been proposed to mark a pivot
point in the spectral hardness evolution with Lx that is also seen in
observations (Reig & Nespoli 2013). Following Becker et al. (2012),
this luminosity is given by (see also Postnov et al. 2015)

B 16/15 - »

Lo = (0.688 102 G) A0 ergs @
that holds for typical parameters (see equation 32 of Becker et al.
2012, for more details).

For the case of LXP 69.5 we found that during the decay of the
2020 outburst, we see a decrease in luminosity, accompanied by an
increase in hardness, shown by the higher HR in Fig. 3 and the lower
spectral photon index (Table 2), seen in the NICER spectra with the
higher count statistics. The softer when brighter trend is related to the
supercritical regime. This trend is also consistent with the change in
the pulse profile morphology. In particular, the transition between a
profile having two pulses with comparable heights (i.e. epoch 2) and
two asymmetric pulses (i.e. epoch 1) is proposed to be a characteristic
of the change to the supercritical regime (Ji et al. 2020). Thus, we can
use the luminosity range between epochs 1 and 2 as an approximate
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limit for L. Since our spectral analysis is limited in the 0.3—8.0 keV
band, a scaling factor of 2-3 should be used to convert to bolometric
Lx (see typical scaling factors for BeXRBs; Jaisawal & Naik 2016;
Vasilopoulos et al. 2020a). Then by using equation (2), we obtain
a B field of the order of ~(0.7—2) x 10'2 G. Moreover, given that
we do not see any pulse profile evolution within the NICER energy
range, this is consistent with a cyclotron energy outside the NICER
band and thus consistent with this B estimate. Finally, this value is
consistent with the B field distribution of BeXRB pulsars in the MCs
(Christodoulou et al. 2017).

5.3 A possible geometrical configuration

Using the observed properties of LXP 69.5, we can compare with
those of similar systems as well as theoretical predictions. We spec-
ulate that the observational effects of LXP 69.5 could be consistent
with the Be disc plane and orbital plane being misaligned (e.g.
Okazaki 2012). In that case, despite an approximately face-on Be
disc, we would not necessarily see the Be disc broadening in its
own plane (broadening being the usual cause of optical, red flares)
at periastron. Furthermore, the misaligned planes could contribute to
effects such as disc precession that lead to superorbital optical trends.
The BeXRB pulsar SXP 5.05 was reported to have orthogonal orbital
and disc planes (Coe et al. 2015). Furthermore, in SXP 5.05, the NS
eclipses the Be star, allowing for characterization of the Be disc
and binary solution. Like LXP 69.5, the system showed redder when
brighter behaviour, X-ray and optical peaks that do not coincide,
and superorbital variations. Misaligned planes are also associated
with eccentric discs that lead to the brighter and longer so-called
Type II outbursts (particularly in systems with lower spin and orbital
periods than LXP 69.5; Haberl & Sturm 2016) as well as cycles of
depletion and precession in the Be disc (Martin et al. 2014). In turn,
a precessing Be disc could be causing a beat period that interferes
in optical data with the orbital periodicity. The precession can also
be affected by the mass supply by the Be star as well as evolution
and reconnection events of inner and outer parts of the decretion disc
(Okazaki 2012). In that scenario, a non-steady supply of material
of the Be star to the decretion disc can cause the disc to break into
an inner and outer part. The two regions evolve independently, and
with different precession motions. Once the parts connect again,
the outer disc will rapidly change its position angle to that of the
inner disc. Such factors could cause a time-dependent beat period
and rapid changes in the periodicity of the optical light curve. To
constrain the system geometry, we would need to observe more
LXP 69.5 X-ray flares for timing and spectral analysis, including the
establishment of the orbital period. Our measurement of the H «line,
and its separation of the two peaks, yields a difference in velocity
space of AV = 564 + 9 km/s. Assuming a Keplerian Be disc, its
radius is 4GM,sin >(i) AV~2, where i is the disc inclination. Following
the spectral classification of the donor as a B0.5Ve star, a mass of 18—
25 M may be adopted (e.g. Straizys & Kuriliene 1981). The radius of
the Be disc is thus of the order of ~55 sin?i R,. Assuming a circular
orbit with an orbital period of 150-200 d, the binary separation is on
the order of 400 R,. Given that the measurement of the H « occurred
after the X-ray outburst, the small Be disc size might indicate a
disc truncation. Alternatively, a highly eccentric orbit would be
required to allow for Type I outbursts. Further optical monitoring
could reveal more about the superorbital trend, which we have yet
to see repeat. Radial velocity measurements could also be used to
find the orbital period. The evolution of optical emission lines over
the course of at least one orbit would help to constrain the Be disc
behaviour.
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6 SUMMARY

We used eROSITA, NICER, and Swift to characterize the 2020 X-ray
outburst of LXP 69.5. We studied the evolution of the spectral and
temporal properties with eROSITA and NICER, and determined that
the pulse profile morphology dramatically changed while the flux
only decreased by a third. Given the softer when brighter evolution,
we argue that the system is close to the critical luminosity, which
puts an upper limit on the magnetic field. We analysed the 10 yr of
archival OGLE monitoring. Surprisingly, we see sharp transitions in
flare periodicity, making the best model three epochs with periods
of 149, 171, and 200 d. There may be an underlying superorbital
trend that we have yet to see repeat. Because of these changes, the
orbital period remains unknown. Extending these bounds on the flare
periodicity to 2020 June shows that there was no optical flare during
the X-ray outburst. This lack of correspondence was conclusively
demonstrated using archival Swift and XMM-Newton monitoring
taken within the window of OGLE observations. We propose that
the unusual geometry of a misaligned Be disc and orbital plane may
explain these results. Additional X-ray and optical light curves and
spectra are necessary to further explain the behaviour of LXP 69.5 in
both wavelength regimes.
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APPENDIX: ESTIMATING PEAKS OF OPTICAL
MAXIMA

In the OGLE I band data, we selected 13 intervals with clearly
identifiable optical maxima. The optical peaks as well as the rise and
decay of each peak were visible for each interval, thus enabling us to
fit an analytical model and determine the epoch of each peak. There
are several additional peaks in the light curve with insufficient data;
since the peaks are often asymmetrical and irregularly shaped (e.g.
double-peaked), it does not make sense to use a model to extrapolate
the peak centre with only a few points. We were able to fit chunks
of data, with varying confidence, as long as they showed at least
a couple points on both sides near the peak. We used reasonable
cutoffs for the start and end of each interval, including as much as
possible without points from a neighboring optical peaks. We tested
slight changes in the cutoff to make sure that the resulting best-fitting
centres fell into our final uncertainty ranges.

Because of the irregular shapes, long-term underlying trend,
and relatively low sampling, the choice of model is non-trivial.
Furthermore, the main source of uncertainty on a given optical peak
centre is the systematic error associated with the model choice. For
instance, the shapes are not fundamentally Gaussian. A Gaussian fit
will give a low error on the centre (a couple days), but choosing a
different model can change the centre result by several days.

We focused on three models: a Gaussian, a Gaussian + linear
composite model (which allows for a continuum with non-zero
slope), and a triangle model. For the Gaussian and Gaussian + linear
models, we used the LMFIT package in PYTHON (Newville et al.
2016). The different results from each model allowed us to quantify
the systematic error. We also used bootstrapping to estimate the error
within the model fit.

The OGLE LC shows a long-term trend on top of individual
quasi-periodic cycles. We tested two approaches to better model
this characteristic: We fit the detrended data and used a composite
model. Fitting the detrended data has a major drawback in that the
window used for detrending affects the result. In addition, the results
only change by a couple days at most. Our second model fit the
optical peaks with both a Gaussian and a linear model, effectively
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Figure A1. Twenty bootstrap best fits using the triangle model on the first
optical peak. The resulting centres span 10 d.

(for 12 of them) fitting a tilted Gaussian: one with a continuum that
is not parallel to the x-axis. For several optical peaks, such a model
shifted the fit centre by several days.
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The final model we tried was a triangle. The model is constructed
with the four parameters being the slopes and intercepts of two
intersecting lines; the intersection is the fit centre. The model
reasonably fits all the optical peaks. The triangle model, however, is
the most sensitive of the three models to the start and end cutoffs of
the data included in a given chunk of data.

Bootstrapping encompassed the sensitivities of each model to
describe the error on each result. We used 100 bootstrap iterations for
each interval (i.e. data set around each peak) and for each of the three
models. We then took the standard deviation of each set of bootstrap
results to be the error on the centre for that model and flare. Twenty
bootstrap results using the triangle model are shown on the first peak
of the light curve in Fig. Al. The Gaussian + linear model is quite
sensitive in bootstrapping, so we removed outliers that were greater
than 15 d from the original Gaussian + linear centre. The method of
bootstrapping was able to summarize the contributions of error from
our other tests as well as the data sampling. The bootstrap results and
the final centres used for periodicity analysis are shown in Fig. A2.
The lower and upper bounds for each centre are the minimum and
maximum of the three centres =+ their bootstrap standard deviations.
The centre value is then the centre of these bounds. The mean error is
~7 d and the maximum is the error on the first optical peak: ~12 d.
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Figure A2. The 13 epochs with well defined optical peaks are show here. The Gaussian best-fitting model is overlain on the / mag data points. Shading for
each model represents the original centre determinations =+ the standard deviation determined from 100 bootstrap iterations. The black lines indicate the final
centres, chosen as the middle of the total span from the three methods.
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