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Abstract

Type I Be/X-ray binary outbursts are driven by mass transfer from a Be star decretion disk to a neutron star
companion during each orbital period. Treiber et al. recently observed nonperiodic type I outbursts in
RX J0529.8–6556 that has unknown binary orbital properties. We show that nonperiodic type I outbursts may
be temporarily driven in a low eccentricity binary with a disk that is inclined sufficiently to be mildly unstable to
Kozai–Lidov oscillations. The inclined disk becomes eccentric and material is transferred to the neutron star at up
to three locations in each orbit: when the neutron star passes the disk apastron or one of the two nodes of the disk.
The timing and magnitude of each vary with the disk argument of periapsis and longitude of the ascending node
that precess in opposite directions. Calculating the orbital period of the RX J0529.8–6556 system is nontrivial but
we suggest it may be >300 days, longer than previous estimates.

Unified Astronomy Thesaurus concepts: Stellar accretion disks (1579); Be stars (142); Circumstellar disks (235);
Neutron stars (1108); Binary stars (154); High mass x-ray binary stars (733); Massive stars (732)

1. Introduction

Be/X-ray binaries typically consist of a Be star in a binary
orbit with a neutron star companion (e.g., Reig 2011; Haberl &
Sturm 2016). The Be star is rapidly rotating (Slettebak 1982;
Porter 1996) and a Keplerian decretion disk forms from
material that is ejected from the equator (Lee et al. 1991;
Pringle 1991; Hanuschik 1996). X-ray outbursts are driven
when material is transferred from the Be star disk to the neutron
star. Type I Be/X-ray binary outbursts are most often observed
as periodic outbursts. There are at least two mechanisms for
driving type I outbursts.

First, and most commonly, if the Be star and the neutron star
are in an eccentric orbit, the neutron star is able to capture
material close to each periastron passage (Negueruela et al.
2001; Okazaki & Negueruela 2001; Okazaki 2007). This
mechanism is only dependent on there being a moderate binary
eccentricity. If the disk is coplanar to the binary orbit, outbursts
occur once per orbital period and close to each periastron
passage. If the disk is slightly inclined, the disk undergoes
retrograde nodal precession but a regular pattern of outbursts
can still occur on a timescale that is slightly <Porb (Martin et al.
2014b).3 The outburst structure varies depending on the

difference between the longitude of ascending node of the disk
and the argument of periapsis for the binary orbit. The neutron
star may be able to capture material once or twice per binary
orbit (Okazaki et al. 2013). If the longitude of ascending node
of the disk and the binary eccentricity vector are perpendicular
to each other, then the neutron star captures material twice per
orbit. On the other hand, if they are aligned to each other, then
material is only captured once per orbit. As the disk nodally

precesses the outbursts transition between these two states but
in both cases the outbursts are periodic.
Second, regular outbursts can occur in circular orbit binaries

if the disk becomes eccentric (Franchini & Martin 2019). There
is a small class of Be/X-ray binaries that have close to circular
orbits and yet show type I outbursts (Pfahl et al. 2002;
Reig 2007; Cheng et al. 2014). For disks that are close to
coplanar, disk eccentricity may grow through the 3:1 resonance
(Lubow 1991a, 1991b, 1992). Since the disk apsidally
precesses in a prograde direction, the timescale between
outbursts is slightly >Porb, but constant in time (see Figure 4
in Franchini & Martin 2019). This mechanism operates for low
inclination disks, i  20°. Above this inclination, the disk
eccentricity does not grow through this mechanism since the
strength of the resonance is greatly reduced outside of the
binary orbital plane.
A hydrodynamical gas disk that is highly misaligned can

undergo global Kozai–Lidov (KL; Kozai 1962; Lidov 1962)
oscillations where the disk inclination and eccentricity are
exchanged (Martin et al. 2014b; Fu et al. 2015a, 2015b). The
critical inclination required for disk KL oscillations depends
sensitively on the disk aspect ratio (Lubow & Ogilvie 2017;
Zanazzi & Lai 2017). During KL oscillations, the disk
overflows its Roche lobe and material is transferred to the
companion (Franchini et al. 2019). The more highly inclined
the disk, the more eccentric the disk becomes and the more
mass that is transferred. Highly eccentric disks may be the
cause of type II outbursts that occur less frequently but are
more luminous (Martin et al. 2014a; Martin & Franchini 2019).
Recently, Treiber et al. (2021) observed the optical light

curve for the system RX J0529.8–6556 and found that the
outburst period changes over time. The outbursts are
nonperiodic as the predicted orbital period changes from about
149 day to 200 day over about 10 yr. Optical and X-ray
outbursts are normally thought to coincide; however, with the
limited X-ray data available, this does not seem to be the case.
This can occur when the disk is viewed edge on and is
obscuring the star (Rajoelimanana et al. 2011); however, the
positive correlation between the magnitude and color indicates
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3 See Figure 4 in Martin et al. (2014b) where the small type I like outbursts at
the beginning of the simulation are occurring on a timescale slightly shorter
than the orbital period.
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a relatively low (non-edge-on) inclination angle for RX
J0529.8–6556 (see Figure 10 in Treiber et al. 2021). The
variation of the outburst period and the out of phase X-ray
outbursts may be caused by a misaligned disk that is
undergoing nodal precession (Treiber et al. 2021).

Since the observed outbursts are nonperiodic this suggests
that the binary eccentricity must be small. If the binary
eccentricity was large, the outbursts would be close to periodic
no matter the disk inclination. In this Letter, we suggest that
there are two requirements for nonperiodic outbursts:

1. The binary eccentricity is low.
2. The disk inclination is moderate.

The inclination must be high enough for the disk to be mildly
unstable to Kozai–Lidov disk oscillations to become eccentric
but not too high that the disk becomes significantly eccentric
and undergoes type II like outbursts. In Section 2 we show a
hydrodynamic simulation of a Be star disk in a configuration
that is mildly KL unstable and the disk eccentricity grows to
moderate values. We show that we can broadly reproduce the
observed nonperiodic outbursts and calculate an approximate
orbital period. We conclude in Section 3.

2. Hydrodynamic Simulations

There are many parameters of the RX J0529.8–6556 binary
system that are unknown. These include the binary inclination,
eccentricity, and orbital period as well as disk parameters such
as the aspect ratio and viscosity. As a result, we do not try to
explore all of the parameter space to find the best-fitting model
to the observed light curve. Further we do not extract the exact
periodicities from the data but leave that to future work (see, for
example, Feigelson et al. 2018; Caceres et al. 2019). Instead, in
this section we simply consider a test case of a hydrodynamical
Be star disk simulation to show the principle that nonperiodic
outbursts are possible in a misaligned viscous disk model.

2.1. Simulation Setup

We use the PHANTOM smoothed particle hydrodynamics
(SPH) code (Price & Federrath 2010; Price et al. 2018) to
model a Be star decretion disk with a neutron star companion
on a circular orbit. We use the same disk parameters as Martin
et al. (2014a). The Be star has a mass of 18Me and the neutron
star has a mass of 1.4Me. The stars are modeled with sink
particles. The particles that pass inside the sink radius are
accreted and their mass and angular momentum are added to
the sink (Bate et al. 1995). The sink radius of the Be star is
8 Re and the neutron star is 1 Re. The orbit is circular and the
orbital period is 24 days. We discuss how our results apply to
longer orbital period binaries later.

The disk has an initial mass of Md= 10−8Me. This is small
enough that it has a negligible effect on the binary orbit and we
do not include self-gravity in our calculations. The material is
initially distributed with surface density Σ∝ R−1 between
Rin= 8 Re up to Rout= 50 Re with 500,000 SPH particles. The
disk is isothermal with an aspect ratio of H/R= 0.01 at the disk
inner edge, ensuring that it is unstable to KL oscillations. The
Shakura & Sunyaev (1973) α viscosity parameter is 0.3 (e.g.,
Jones et al. 2008; Carciofi et al. 2012; Rímulo et al. 2018). This
is typical for a fully ionized disk (King et al. 2007; Martin et al.
2019). The disk viscosity is implemented with the methods
described in Lodato & Price (2010) with αAV= 4.7 and

βAV= 6. The disk is resolved with mean smoothing length per
scale height of á ñ =h H 0.64. The disk is inclined by 50° to the
binary orbital plane initially. The upper row in Figure 1 shows
the initial setup. In order to analyze the dynamics of the Be star
disk we bin the particles into 300 bins in particle semimajor
axis. Within each bin we average the properties of the
individual particles.

2.2. Disk Dynamics and Outburst Locations

Figure 2 shows the evolution of the disk inclination,
longitude of ascending node, eccentricity, and argument of
periapsis at semimajor axes of 20 Re and 40 Re as a function of
time. The disk behaves in a similar way at different radii. The
disk undergoes global damped KL oscillations. The eccen-
tricity of the disk increases but only up to a maximum of about
0.4. This is not sufficient to drive type II like outbursts but still
has a significant effect on the smaller type I outbursts.
There are three possible locations where the neutron star can

accrete material during each orbit and therefore three possible
outburst locations. These are where the neutron star passes Ω
(longitude of the ascending node of the disk), Ω+ π (longitude
of the descending node), and Ω+ ω (disk apastron). We
calculate the precession timescales with Pnode= 2π/ W (nodal
precession timescale) and Papastron= 2π/( w + W) (disk apastron
precession timescale). Then the timescale between consecutive
passages is calculated with
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(e.g., Whitehurst 1988), where Pprec is equal to Pnode or Papastron

depending on the location of the outburst.
Figure 3 shows the timescale of the neutron star passing the

disk longitude of ascending node (blue) and the disk apastron
(black). There are two competing precessions. The nodal
precession is retrograde and so the timescale between the node
crossings is always slightly less then Porb while the apsidal
precession is always prograde. The time between disk apastron
crossing depends on the balance between the nodal precession
and the apsidal precession. Initially the disk apastron crossing
timescale is shorter than the orbital period, but after about
t= 50 Porb it becomes longer. This clearly shows that the burst
timescales are different for these two locations. The number of
outbursts in each orbit depends upon the argument of periapsis
for the disk. If the argument of periapsis is aligned to a node of
the disk (ω≈ 0° or 180°), there can be only one outburst per
orbital period. If ω≈±90°, there can be three outbursts per
orbit. In between there may be two outbursts. Thus, a
misaligned and eccentric disk can have between one and three
bursts per orbit with varying magnitudes.

2.3. Accretion Rate onto the Neutron Star

Figure 4 shows the accretion rate onto the neutron star as a
function of time. We do not show the early evolution before
t= 20 Porb since initially there is little flow as the disk expands
outwards. A misaligned disk has a larger tidal truncation radius
than a coplanar disk (Lubow et al. 2015; Miranda & Lai 2015).
The disk eccentricity grows due to the KL effect and by a time
of about 20 Porb outbursts occur once per orbital period. These
outbursts are a result of the disk eccentricity and they occur
when the neutron star passes close to the disk apastron. In the
second row of Figure 1 we show the disk at time t= 30 Porb.
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The cross section of the disk in the binary orbital plane (left)
shows that the disk is much more extended on the lower side
than the upper side and this explains why there is only one
outburst per orbital period. The argument of periapsis of the
disk is about 50° (at a semimajor axis of 40 Re, see the blue
line in the bottom row of Figure 2), this is somewhat in
between the criteria for clear one or three outbursts per orbital

period. However, as we can see from Figure 4, the outburst is
dominated by the disk apastron passage and there is therefore
only one peak. The subpeaks start to become evident at roughly
34 Porb as the argument of periapsis moves closer to 90°. Note
that at this time the two competing precessions give a similar
Pburst/Porb (see Figure 3) and this is <1.

Figure 1. Disk evolution in a frame that is corotating with the binary and centered on the Be star. In each row, the left panel shows the cross section of the disk in the
binary orbital plane, the x–y plane. The other three plots show the disk with a view in the x–y plane (second column), the y − z plane (third column), and the x–z plane
(right column). The red circles show the Be star scaled to the sink size. The magenta circle shows the neutron star (enlarged from its sink size) and the magenta dashed
lines show the neutron star orbit. The times shown are t = 0 Porb (top), t = 30 Porb (second row), t = 36 Porb (third row), t = 40 Porb (fourth row), and t = 50 Porb

(bottom row).
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The third row in Figure 1 shows the disk at a time of
t= 36 Porb. The disk eccentricity is close to its maximum value
of around 0.4. However, the cross section shows that the disk is
smaller in the binary orbital plane than at t= 30 Porb because
the disk has apsidally precessed. The accretion is dominated by
that from the node crossings and the outbursts occur on a
timescale slightly less than Porb/2 between t= 36–39 Porb.
During this period of high eccentricity, the average accretion
rate onto the neutron star is much higher but the amplitude of
these outbursts is relatively low.

At a time of about 40 Porb the accretion again has one main
outburst per orbital period but subpeaks can be seen. The fourth
row in Figure 1 shows the disk at this time. The argument of
periapsis is 81° and the size of the disk in the cross section of
the binary orbital plane is small. The amplitude of the outbursts
grows in time for a few orbital periods. At a time of about
t= 45 Porb, the argument of periapsis passes through 90°. At
this time we clearly see the three peaks per orbital period. The
middle and largest amplitude peak is due to the disk
eccentricity while the subpeaks on each side are where the

neutron star passes the nodes of the disk. The delay between
the disk eccentricity peak and the following node peak is
particularly evident at 41–45 Porb in Figure 4.
The bottom row in Figure 1 shows the disk at a time of

t= 50 Porb where the disk eccentricity has significantly
decreased. The eccentricity at this time is similar to that at
t= 30 Porb; however, the accretion rate shows two outbursts
per orbital period compared to one at t= 30 Porb. The cross
section in the binary orbital plane shows that the disk is fairly
symmetric in this plane. The outbursts occur when the neutron
star passes close to the two nodes of the disk on each orbital
period and the outbursts are of similar magnitudes. We note
that in the right-hand panels of Figure 1 we can see that there is
a circumbinary disk forming around the binary (see also
Franchini & Martin 2019).
At a time of around t= 72 Porb the disk reaches the peak

eccentricity of the second KL cycle (see Figure 2). The
argument of periapsis passes through −90° and we again see
evidence of three outbursts per orbital period with the largest
magnitude outburst coming from the disk apastron crossing.
The material captured at the disk apastron dominates and we do
not get the nonperiodic behavior again. We have not included
accretion into the Be star disk from the star and so the
inclination of the disk decays over time. However, if there was
a source of high inclination material being added to the disk the
KL disk oscillations may be more long lived. This has been
seen in the case of a circumbinary disk that feeds the formation
of circumstellar disks at high inclination (Smallwood et al.
2021). Thus, the nonperiodic outburst phase may be able to
repeat in time and the outbursts would periodically show these
frequency changes (see also Suffak et al. 2022).

2.4. Application to RX J0529.8–6556

The orbital period of the binary that we have considered in
the simulation is relatively short. However, we expect the
physics to be the same for a system with longer orbital period
provided that the disk is sufficiently large to be tidally truncated
(e.g., Martin et al. 2011). We have also run a simulation with a
small binary eccentricity of 0.1 and we find very similar
behavior. Bearing these in mind, we can compare our model to
the observed light curve for RX J0529.8–6556. The accretion
rate in Figure 4 between a time of about 37–48 Porb has a
similar shape to the light curve observed in Treiber et al.
(2021). Initially the outbursts occur on a short timescale that is
about Porb/2 and these outbursts have a relatively small
amplitude. The time between outbursts increases over time as
does the amplitude of the outbursts. While we have not tried to
tune our model parameters to get the closest possible fit, we can
make a prediction about the orbital period of the system. The
short period outbursts at the start (t≈ 37 Porb) are on a
timescale of 0.98 Porb/2 (see the blue line in Figure 3). In the
observed light curve, the outbursts are every 149 day and so we
suggest that the orbital period of this system could be about
305 days.
We also ran a simulation with the same initial disk

inclination, i.e., i= 50°, but with a binary eccentricity of
0.34. While the disk has low eccentricity, the dominant effect is
the binary eccentricity and outbursts occur close to the binary
periastron passage on the orbital period. When the disk
becomes eccentric because of the KL effect, the outbursts are
dominated by the disk eccentricity and these occur once per
orbital period when the neutron star passes the disk apastron.

Figure 2. Evolution of the Be star disk at semimajor axes of 20 Re (black lines)
and 40 Re (blue lines). The panels show the disk inclination (upper), longitude
of ascending node (second), eccentricity (third), and argument of periapsis
(bottom). The horizontal gray lines in the bottom panel show ω = ±90°.

Figure 3. The timescale between the neutron star passing the disk longitude of
ascending node (blue) and the disk apastron (black) calculated with
Equation (1).
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The transition between these two regimes is quick and we do
not observe significant changes to the outburst period aside
from at these transitions.

3. Conclusions

Periodic type I outbursts may be driven by either a moderate
binary orbital eccentricity or disk eccentricity in a circular orbit
binary. We have shown that nonperiodic outbursts may be
temporarily driven in a binary that is close to circular with an
inclination such that the disk is mildly unstable to KL disk
oscillations. The inclined and eccentric disk transfers material
at up to three locations during each orbital period: the two
nodes of the disk and the disk apastron. The relative magnitude
of each depends upon the argument of periapsis of the disk.
The timing of each outburst depends upon the rate of the nodal
and apsidal precessions that go in opposite directions. The
rapid nodal precession during a KL cycle can lead to rapid
changes to the outburst period.
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