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ABSTRACT

Giant outbursts of Be/X-ray binaries may occur when a Be-star disc undergoes strong
eccentricity growth due to the Kozai-Lidov (KL) mechanism. The KL effect acts on a disc that
is highly inclined to the binary orbital plane provided that the disc aspect ratio is sufficiently
small. The eccentric disc overflows its Roche lobe and material flows from the Be star disc
over to the companion neutron star causing X-ray activity. With N-body simulations and steady
state decretion disc models we explore system parameters for which a disc in the Be/X-ray
binary 4U 01154634 is KL unstable and the resulting time-scale for the oscillations. We find
good agreement between predictions of the model and the observed giant outburst time-scale
provided that the disc is not completely destroyed by the outburst. This allows the outer disc
to be replenished between outbursts and a sufficiently short KL oscillation time-scale. An
initially eccentric disc has a shorter KL oscillation time-scale compared to an initially circular
orbit disc. We suggest that the chaotic nature of the outbursts is caused by the sensitivity of
the mechanism to the distribution of material within the disc. The outbursts continue provided
that the Be star supplies material that is sufficiently misaligned to the binary orbital plane. We
generalize our results to Be/X-ray binaries with varying orbital period and find that if the Be
star disc is flared, it is more likely to be unstable to KL oscillations in a smaller orbital period
binary, in agreement with observations.
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1 INTRODUCTION

Be stars are rapidly rotating early-type stars with a viscous thin,
Keplerian disc (Lee, Osaki & Saio 1991; Hanuschik 1996; Porter
1996; Quirrenbach et al. 1997; Hummel 1998; Porter & Rivinius
2003; Rivinius, Carciofi & Martayan 2013; Okazaki 2016). Material
is added to the inner parts of the disc from the Be star (Cassinelli
et al. 2002) and thus the disc is a decretion disc, rather than an
accretion disc (Pringle 1991). The stellar material spirals outwards
through the disc due to the action of viscosity that is thought to
be driven by the magnetorotational instability (Balbus & Hawley
1991).

Be/X-ray binaries typically consist of a Be star and a neutron
star in an eccentric orbit binary. The orbit became eccentric, and
most likely inclined with respect to the spin of the Be star, when the
neutron star formed in a supernova explosion. A slight asymmetry
to the explosion caused a kick on the newly formed neutron star
(Brandt & Podsiadlowski 1995; Martin, Tout & Pringle 2009). The
tidal torque exerted by the neutron star companion truncates the
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Be star disc (Okazaki et al. 2002; Hayasaki & Okazaki 2004; Reig
2007). This is observationally confirmed since the disc is denser
when the Be star has a binary companion (Zamanov et al. 2001;
Cyr et al. 2017).

Some Be/X-ray binaries are transient systems, meaning that they
alternate between long quiescent periods and short outbursts, while
others are persistent X-ray sources (Okazaki et al. 2002). There
are two types of X-ray outbursts that occur through accretion on to
the neutron star (e.g. Kuehnel et al. 2015). Type I X-ray outbursts
in an eccentric orbit binary occur each orbital period when the
neutron star is at periastron and able to capture material from the
Be star disc (Negueruela et al. 2001; Okazaki & Negueruela 2001;
Okazaki, Hayasaki & Moritani 2013). In a low-eccentricity binary,
type I outbursts may be driven by a disc that becomes eccentric
through mean motion resonances with the binary (Franchini &
Martin 2019). Type II (or giant) outbursts are much brighter, last
for longer, and occur less frequently (Stella, White & Rosner 1986;
Negueruela et al. 1998; Kretschmar et al. 2013; Cheng, Shao & Li
2014; Monageng et al. 2017).

In this work we focus on the giant outbursts and in particular
the Be/X-ray binary 4U 01154-634. This object is one of the
first discovered (Giacconi et al. 1972; Whitlock, Roussel-Dupre &
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Priedhorsky 1989) and best-studied Be X-ray binaries (e.g. Cam-
pana 1996; Negueruela et al. 1997). This a classical system with
well-constrained orbital parameters on which many models for
the behaviour of Be X-ray binaries are based (e.g. Negueruela &
Okazaki 2001; Okazaki & Negueruela 2001).

Giant outbursts in this system have been associated with the
presence of a tilted disc around the Be star (Reig et al. 2007; Martin
et al. 2011; Moritani et al. 2011; Moritani et al. 2013; Kato 2014).
The observed time-scale between giant outbursts is around 3 yr
(Whitlock et al. 1989; Negueruela et al. 2001; Reig et al. 2007;
Reig & Blinov 2018). However, sometimes these outbursts are
separated by only 1-1.5yr, and in this case the second outburst
is of lower luminosity than the first (e.g. Rouco Escorial et al. 2017,
2019). After major outbursts a decrease in the size of the Be star
disc is observed (Reig et al. 2007, 2016).

A sufficiently misaligned disc around a Be star can become highly
eccentric (Martin et al. 2014a). This is a result of Kozai—Lidov os-
cillations that exchange inclination and eccentricity of a misaligned
orbit around one component of a binary (Kozai 1962; Lidov 1962).
In a fluid disc, if the radial sound crossing time-scale is shorter than
the period of the KL oscillations then the disc can undergo global
KL oscillations (Martin et al. 2014b; Fu, Lubow & Martin 2015a,b,
2017). The eccentricity growth causes the disc to overflow its Roche
lobe and transfer material to the companion neutron star (Franchini,
Martin & Lubow 2019). This may be the mechanism behind type 11
X-ray outbursts observed in Be/X-ray binaries.

In this work we consider the frequency of type II outbursts as
a result of KL oscillations of the Be star disc. In Section 2 we
first consider the time-scale for KL oscillations of a test particle
orbit around the Be star in the binary 4U 01154-634. In Section 3
we explore the KL oscillation time-scale for a steady state Be star
decretion disc around the Be star in the binary 4U 0115+4-634. We
examine parameters for which the disc is KL unstable and find
that our model agrees well with the numerical simulation presented
in Martin et al. (2014a). The advantage of our analytic approach
is that we can examine a large parameter space. In Section 4 we
generalize our results to a wider range of parameters and show
that giant outbursts driven by KL oscillations are more likely to
occur for smaller orbital period binaries. In Section 5 we discuss the
implications of our results and we draw our conclusions in Section 6.

2 KL OSCILLATION TIME-SCALE FOR A
PARTICLE ORBIT

We consider a binary with components of mass M; and M,, orbital
period Py, = 27 /+/G (M| + M,)/a3, (where G is the gravitational
constant), semimajor axis, a, and orbital eccentricity e,. The KL
effect causes oscillations of the inclination, i, and eccentricity, e, of
a misaligned test particle around one component of a binary system
(Kozai 1962; Lidov 1962). For an initially circular test particle orbit
around one component of a circular orbit binary, oscillations occur
when the initial inclination satisfies 39° < i < 141°. During the
oscillations, the component of the angular momentum of the particle
that is perpendicular to the binary orbital plane is conserved so that

/1 — €2 cosi ~ const. (D

The KL oscillation time-scale is approximately
wL My + M Pow

23
Porb M2 Pp (l Eb) ’ (2)

where P, =2m/y/GM,/R? is the orbital period of the particle
that orbits around the Be star with semimajor axis R. We consider

MNRAS 489, 1797-1804 (2019)

0.0 L L L
1.2 1.4 1.6 1.8 2.0

MoIM

Figure 1. The relative change in the KL oscillation time-scale of a particle
with varying neutron star companion mass, M». The solid line has a Be star
of mass M; = 18 M while the dashed line has M| = 19.5Mg.

here first how properties of the binary orbit might change the KL
oscillation time-scale and then how properties of the particle orbit
change the time-scale.

2.1 Binary parameters

We consider a Be star binary model based on the parameters of 4U
0115+634. For our standard model we follow Negueruela et al.
(2001) and take the Be star to have a mass M; = 18 My and
radius R; = 8 R (Vacca, Garmany & Shull 1996). The neutron star
companion has a mass M, = 1.4 Mg, and is at an orbital semimajor
axis of a = 95 R with orbital eccentricity e = 0.34 (Rappaport et al.
1978). The orbital period is Po, = 24.3 d. The errors in the orbital
properties of 4U 01154-634 are very small. The orbital eccentricity
is 0.3402 = 0.0004 and the orbital period P, = 24.309 +0.021d
(Rappaport et al. 1978). The masses we take for each component
in our model are on the low end of the possible ranges. The mass
of the Be star is determined through its spectral type (B0.2Ve) and
could be up to about 19.5 My (Vacca et al. 1996). The mass of a
neutron star is in the range 1.1-2.1 Mg, (e.g. Ozel et al. 2012).

Fig. 1 shows the change in the KL oscillation time-scale (cal-
culated with equation (2), for fixed binary orbital period and for a
particle of fixed semimajor axis) as a function of the neutron star
mass. The two lines show different Be star masses, M; = 18 Mg
(solid line) and M, = 19.5 Mg (dashed line). The possible error
in the Be star mass does not significantly affect the KL oscillation
time-scale. However, the error in the unknown mass of the neutron
star could lead to a decrease in the KL oscillation time-scale of
up to a maximum of about 30 per cent. We discuss this further in
Section 3.3.

2.2 Test particle orbital parameters

We consider here test particle orbits around the Be star with varying
orbital properties. The left-hand panel of Fig. 2 shows test particle
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Figure 2. Left: Eccentricity, inclination, and phase angle for test particle simulations around the Be star. The orbital plane is initially misaligned by 50° with
phase angle ¢ = 90°. The orbits are at orbital separation 10 (red), 20 (magenta), 30 (blue), and 40 R, (black). Right: The time of the first KL oscillation
eccentricity peak for the analytic prediction (equation 2). The points show the time of the first peak as a function of test particle semimajor axis for simulations
that are initially misaligned by 50° with ¢ = 90°. The blue points are initially circular test particle orbits, the purple points have initial particle eccentricity

ep = 0.2, and the red points have e, = 0.4.

orbits around the Be star initially inclined by 50° and starting at
different orbital separations. The binary orbits in the x — y plane
and begins at periastron along the x-axis. Since the particle is
massless the binary orbit remains fixed. The direction of the angular
momentum of the particle is given by the unit vector I = (I,, [, [;)
and its phase angle is defined as

¢ = tan”! (?) . 3)

The initial phase angle is ¢ = 90°. Particles closer to the Be star have
alonger KL oscillation time-scale, as predicted by equation (2). The
farther out a particle is, the more chaotic its evolution. A particle
that begins at a separation of 40 R, is ejected from the system. The
right-hand panel of Fig. 2 shows the analytic prediction for the time
of the first peak eccentricity given in equation (2). The blue points
show the results of test particle simulations with an initially circular
orbit inclined by i = 50° with ¢ = 90°. We note that the oscillation
time-scale is not uniform because of the eccentricity of the binary
(e.g. Naoz et al. 2013). Also, the orbits we consider are not in the
hierarchical triple body limit in which the separation of the particle
from the Be star is much smaller than the separation of the binary.

An initially eccentric particle orbit has a shorter KL oscillation
time-scale (Franchini et al. 2019). In the right-hand panel of Fig. 2,
the purple points show particles with initial eccentricity e, = 0.2
and the red points with e, = 0.4. The initial inclination is again 50°,
the phase angle is ¢ = 90°, and the argument of periapsis is 180°.
For small separation, the KL oscillation time-scale is a factor of 4.1
shorter for an initial eccentricity of 0.4 and a factor of 2.7 shorter
for initial eccentricity of 0.2.

Fig. 3 shows test particle simulations that begin at different nodal
phases, ¢ = 0° and ¢ = 90° for two different initial inclinations.
These show that the time to the first peak is relatively insensitive
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Figure 3. The eccentricity (upper), inclination (middle), and phase angle
(lower) of test particle orbits that are initially circular and inclined by 50°
(black lines) and 70° (blue lines) to the binary orbital plane at semimajor
axis 20 Rp. The solid lines show an orbit with ¢ = 90° initially and the
dashed lines with ¢ = 0° initially.

to the initial inclination or the nodal phase angle. We also found
that the KL oscillation time-scale is rather insensitive to the initial
argument of periapsis. The parameters that the time-scale is most
sensitive to are the semimajor axis of the particle and the initial
eccentricity of the particle orbit.

MNRAS 489, 1797-1804 (2019)
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Figure 4. The disc aspect ratio as a function of radius for s = 0.5 (solid
lines), s = 0.25 (dashed lines), and s = 0 (dotted lines). The blue (upper)
lines have (H/R)y = 0.08 and the black (lower) lines have (H/R)y = 0.06 with
Ro = 50Rg. The solid red line shows the critical value of the disc aspect
ratio in the outer parts of the disc below which the disc is KL unstable,
(H/R)it (equation 6).

For a circular orbit disc composed of test particles, each particle
undergoes KL oscillations and nodal precession on a time-scale that
most strongly depends on its separation from the Be star. The disc
of particles forms a thick structure or swarm on a short time-scale.
However, the pressure in a hydrodynamical gaseous disc connects
different orbital radii of the disc together allowing it to undergo
global KL oscillations. The decretion disc can extend to larger
radii than those of stable test particle orbits. The time-scale of the
oscillations depends upon the distribution of material within the
disc. In the next Section we explore the KL oscillation time-scale
for a gas disc.

3 DECRETION DISC MODEL

In this Section we first consider the Be star decretion disc tempera-
ture structure and the surface density profile. We focus on the orbital
parameters of the Be/X-ray binary 4U 01154-634. We estimate the
global KL oscillation time-scale for a Be star decretion disc as a
means to calculate the frequency of type II X-ray outbursts. As
the disc undergoes a KL oscillation, it becomes very eccentric.
However, the inner parts of the disc continue to accrete circular
orbit material from the star. The interaction of the circular orbit
material being added to an eccentric disc is beyond the scope of
this work, but will be investigated in the future. Here, we consider a
steady state decretion disc model for the Be star disc. This represents
the quasi-steady state disc that is truncated by the tidal torque from
the companion neutron star.

3.1 Disc temperature structure

The material in the disc orbits the Be star at Keplerian angular
frequency Q2 = /GM;/R3. The disc extends from the stellar
radius, Ri, = 8Rg, up to R,. The outer radius of the disc, Ry,
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is determined by where the disc is tidally truncated by the
companion neutron star. The outer edge of the disc for 4U
01154634 in the smoothed particle hydrodynamical simulations
of Martin et al. (2014a) is R, &~ 50Rg. The viscosity of the disc is
given by

H 2
b (§> RQ. @)

where H is the disc scaleheight and « is the Shakura & Sunyaev
(1973) viscosity parameter. The value of « in hot Be star discs is
likely around 0.3 (Jones, Sigut & Porter 2008; Carciofi et al. 2012;
Ghoreyshi & Carciofi 2017; Rimulo et al. 2018). This is typical for
a fully ionized accretion disc in which the viscosity is driven by the
magnetorotational instability (Martin et al. 2019). We assume that
the aspect ratio is a power law in radius

H H R\
R R/, \ R

where s is a constant and (H/R), is the disc aspect ratio at R =
Ry. We choose to scale the disc aspect ratio at an orbital radius of
Ro = 50Rg. Fig. 4 shows the disc aspect ratio for three values for
the power index, s = 0 (a constant disc aspect ratio), s = 0.25, and
s = 0.5 (an isothermal disc).

Observationally, the disc aspect ratios of Be stars discs are not
well constrained. Wood, Bjorkman & Bjorkman (1997) found the
aspect ratio at the inner edge of ¢ Tauri to be 0.04, while other
estimates suggest the disc aspect ratio may be much larger farther
outin the disc (e.g Porter 1996; Quirrenbach et al. 1997). Hanuschik
(1996) found that the disc flares at large radii. Negueruela et al.
(2001) modelled the inner disc edge to be 0.026 for 4U 0115+634.
Due to these uncertainties we have chosen to parametrize our models
by the disc aspect ratio at the outer edge since this is more important
for the dynamical evolution of the disc. Given the uncertainty in the
disc aspect ratio, we consider two different values of (H/R), = 0.1
and (H/R), = 0.06.

3.1.1 Criteria for the disc to be KL unstable

The KL oscillation of a disc may be suppressed if the value for H/R
at the disc outer edge becomes too large (Lubow & Ogilvie 2017;
Zanazzi & Lai 2017). For a small-mass perturber, the critical value
at the disc outer edge is given approximately by (Lubow & Ogilvie
2017)

(H) VMM [R?
crit

R M, a’’

Q)

where M = M, + M, is the total mass of the binary. For a radius

of R =50Rg, we find (H/R).i = 0.11. For the parameters of 4U
01154634, we plot the critical aspect ratio as a function of radius
in the solid red line in Fig. 4. Since the disc models we consider all
have smaller disc aspect ratio in the outer parts of the disc, they are
unstable to KL disc oscillations.

The critical disc aspect ratio estimate for the KL mechanism
to operate is in agreement with simulations of isothermal discs
published in Martin et al. (2014a). We found that the KL. mechanism
did not operate for H/R(R;,) = 0.04, but operated for smaller values
considered. This corresponds to disc aspect ratio at the outer edge
of about H/R(R = 50Ry) = 0.1. Thus the numerical simulations
are in good agreement with the analytic estimate in equation (6).
The two isothermal disc models shown in Fig. 4 (solid blue and
black lines) both have H/R(R;,) < 0.04.
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Figure 5. Viscous time-scale of a Be star decretion disc according to
equation (7) for s = 0.5 (solid lines), s = 0.25 (dashed lines), and s =
0 (dotted lines). The blue (lower) lines have (H/R)y = 0.08 and the black
(lower) lines have (H/R)y = 0.06 with Ry = 50Rg.

3.1.2 Disc viscous time-scale

The viscous time-scale at the outer edge of the disc is defined as
7, = R?/v, where R, is the outer truncation radius for the disc. For
typical parameters this is given by

] - . ;
=22 () 1((H/R)‘> ( M, > ( R )‘rz»"yr,
03/ 008 18My)  \50R,
@)

Fig. 5 shows the viscous time-scale as a function of radius for
varying s. Since the outer parts of the disc are depleted during the
outburst, material needs to spread outwards on a time-scale shorter
than the type II outburst time-scale. This requires the disc aspect
ratio at the outer disc edge to be H/R = 0.06.

We have constrained the disc aspect ratio at the outer edge of the
disc to be in the range 0.06 < H/R < 0.11. Even the shortest possible
viscous time-scale (for small outer truncation radius and (H/R), =
0.1) is only about a factor of 1.5-3 times smaller than the outburst
frequency. Thus, we suggest that the disc cannot be completely
depleted during an outburst in order to have such frequent outbursts.

3.2 Surface density of the disc

For a circular orbit binary, test particle orbits cross at a distance of
about 0.48 a = 45.6 R, (Paczynski 1977), and this corresponds to
the maximum radius at which a cold disc can exist. However a Be
star disc may extend to larger radii than this as it is stabilized by
pressure effects within it. The eccentricity of the binary orbit works
in the opposite direction and leads to a smaller disc (Artymowicz &
Lubow 1994). However, an inclined disc feels a weaker binary
torque than a coplanar disc and thus may be larger (Lubow, Martin &
Nixon 2015). Hydrodynamical simulations of such a disc find that
the tidal truncation radius varies in time, but for a disc that is
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initially misaligned by 70°, it is typically around 50 Ry (Martin
et al. 2014a). The tidal torque increases very strongly with radius
(e.g. Papaloizou & Pringle 1977; Martin & Lubow 2011) and the
surface density profile is sharply truncated at the outer disc edge.

In this work, we do not explicitly include the tidal torque from the
neutron star that truncates the outer edge of the disc, but the surface
density profile is truncated at radius R;. For the Be star decretion
disc the steady state surface density is

R —n+s+1
=% ( Rin) ; ®)

for Ri, < R < Ry, where X is a constant that is determined by the
total mass of the disc and n is a constant. We chose this power law so
that the density scales as p o< 2/H o« R™". The value for ¥, changes
in time depending on the total mass of the disc (e.g. Bjorkman &
Carciofi 2005; Carciofi et al. 2006). The amount of mass contained
in the disc depends upon the accretion rate of material from the Be
star to the disc and the mass loss rate from the disc. Since the disc
KL oscillation time-scale does not depend upon the total mass of
the disc, but rather the distribution of mass, we do not make any
assumption on the absolute value of the surface density of the disc.

The surface density of a steady state decretion disc satisfies
v o« R™12 (e.g. Pringle 1981; Martin et al. 2011). For the disc
to be steady we require the power law indices to be related by

n=23s+2. ©))

The more strongly flared the disc vertical structure, the sharper the
drop off with radius in the surface density profile of the steady state
disc.

Observationally, in the inner parts of Be star discs, the density
at the mid-plane scales as p o« R™", where n is in the range 2-3.5
for an isothermal disc (e.g. Cote & Waters 1987; Porter 1999). The
sound speed is ¢, = HS2 and thus an isothermal disc has H/R oc R,
or s = 0.5. With equation (9), the steady state isothermal disc has
n = 3.5, in agreement with the observations.

3.3 KL oscillation time-scale

If the KL disc mechanism drives giant outbursts, then the KL
oscillation time-scale for the disc corresponds to the time-scale
between subsequent type II outbursts. For an initially circular test
particle orbit, the eccentricity may go to zero between oscillations.
However, because of dissipation within the disc, the eccentricity
oscillation is damped and does not go all the way back to zero.
Thus, if there is significant remaining material in the disc after an
outburst, it may have high eccentricity without filling the Roche
lobe and transferring to the neutron star. The KL oscillation time-
scale is shorter for test particles that start on an already eccentric
orbit (see Fig. 2). Thus, the KL oscillation time-scale estimates in
this Section are upper limits to the predicted time-scale between
type II outbursts.

The time-scale for global KL oscillations of a disc is approxi-
mated by

Ry
Rin 2 R3 % dR

,
Ry _—1 3 /GM,
Rin kL R s dR

(kL) = (10)

(Martin et al. 2014b). The total mass of the disc does not affect
the time-scale for KL oscillations. The KL oscillation time-scale
is sensitive to the size of the disc and the distribution of material
within it. We consider the steady state Be star disc surface density
solution given in equations (8) and (9).

MNRAS 489, 1797-1804 (2019)
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Figure 6. The KL oscillation time-scale for an initially circular steady state
decretion disc with surface density distributed as equation (8) between the
stellar radius Rj, = 8 Rp and R; for s = 0.5 (solid line), s = 0.25 (dashed
line), and s = 0 (dotted line).

Fig. 6 shows the KL oscillation time-scale for varying disc outer
radius for different values of the disc aspect ratio power law, s. Note
that the time-scale does not depend on the scaling of the disc aspect
ratio, (H/R)o, only the power law, s. The larger the disc outer radius,
the shorter the time-scale. This is because closer to the neutron star
perturber, the KL oscillation time-scale is shorter (see equation 2).
The time-scale is relatively insensitive to the value of s, but the
smaller its value, the more mass that is located farther out in the
disc and thus the shorter the oscillation time-scale.

The observed time-scale between two subsequent type II out-
bursts is around 3 yr. The KL oscillation time-scales predicted by
the initially circular orbit disc model are longer than the observed
outburst time-scales except for very large truncation radius and for
a constant disc aspect ratio (s = 0). We note that the error in the
masses of the binary components may lead to a decrease of a few tens
of per cent in the time-scale (see Section 2.1). This is not sufficient
to explain this discrepancy. However, we showed in Section 2.2
that the KL oscillation time-scale may be up to a factor of a few
shorter for an initially eccentric disc. Thus, in order to reproduce
the time-scale between two subsequent type II outbursts, there must
be eccentric orbit material left in the disc after the outburst. This is
in agreement with our finding in Section 3.1 that the disc cannot be
completely destroyed during the outburst as the viscous time-scale
in the disc is long.

The isothermal (s = 0.5) 3D hydrodynamical simulation de-
scribed in Martin et al. (2014a) had a peak eccentricity at a time
of about 22 Py, &~ 1.5yr. Since this is half of the KL oscillation
time-scale, (T ki.)/2, this appears to be consistent with the recurring
type II outburst time-scale observed, despite the fact that the disc
was initially circular. However, the disc was able to undergo the
first KL oscillation on an artificially short time-scale due to the
initial surface density profile which had % oc R~!. Since there is no
source of mass in the disc simulation, the surface density evolves
towards a steady state accretion disc with v = const., which gives
¥ o R=*2 for an isothermal accretion disc. The isothermal decretion
discs described in this work have ¥ o« R~2. Thus, the initial disc

MNRAS 489, 1797-1804 (2019)

set-up had artificially too much mass in the outer parts of the disc
and this led to a shorter KL oscillation time-scale. A second outburst
was not seen in the simulation because there was no material added
at the disc inner edge and the resolution of the disc became too poor
after the first outburst. In the future we will model the evolution of
a disc that includes the accretion of material at the inner edge from
the star. Three dimensional simulations would take into account
not only the surface density evolution, but non-axisymmetric spiral
arms (e.g. Panoglou et al. 2018, 2019) that cannot be included
into our one-dimensional approach. However, the advantage of our
analytic model is that we can explore a wide range of parameters.
Simulations of accretion discs undergoing KL oscillations pre-
viously have shown damped oscillations that decay in time. The
inclination of the disc gradually decreases until the inclination is
below the critical KL angle (e.g. Martin et al. 2014b; Fu et al.
2015a,b). However these simulations did not have any source of
material to the disc that would keep the inclination of the disc
high. We suggest that the Be star disc can continue to undergo
KL oscillations provided that the spin of the Be star remains
misaligned to the orbital plane and thus provides a source of
highly inclined material to the disc. Damping of the spin-orbit
misalignment is expected to occur on the same time-scale as rotation
synchronization (Hut 1981; Eggleton & Kiseleva-Eggleton 2001).
The synchronization time-scale (Hurley, Tout & Pols 2002) is much
longer than the lifetime of the Be star except for the smallest orbital
period Be/X-ray binaries (Stoyanov & Zamanov 2009). Thus we
expect that a spin-orbit misalignment imparted by the supernova that
formed the neutron star to last for the lifetime of the Be/X-ray binary.

4 DISC KL OSCILLATION TIME-SCALE
DEPENDENCE ON BINARY ORBITAL PERIOD

The models presented so far have focused on the orbital parameters
of the Be/X-ray binary system 4U 0115+634. We now examine
how the mechanism operates for parameters relevant for Be/X-ray
binary systems with different orbital period. Fig. 7 shows the KL
oscillation time-scale for a disc in a system with varying orbital
period. We assume that the disc is truncated at R, = (50/95)a,
which is relevant for binary eccentricity e, = 0.34 and disc
inclination of i = 70°. We vary the semimajor axis a such that
the orbital period changes in the range 10d < P, < 500d. Note
that smaller binary eccentricities and larger disc inclinations lead
to wider discs (Artymowicz & Lubow 1994; Lubow et al. 2015;
Miranda & Lai 2015; Brown et al. 2019) and hence shorter KL
oscillation time-scales. Generally, the KL oscillation time-scale is
quite insensitive to the orbital period of the binary, within a factor
of 2, assuming that the disc has expanded out to the tidal truncation
radius. The viscous time-scale at the outer edge of the disc increases
with binary separation. This viscous time-scale exceeds the KL
oscillation time-scale for longer orbital period binaries.

The flared disc model lines in Fig. 7 are truncated where H/R(R =
R) = (H/R).j. For the isothermal disc model, we estimate the
critical binary orbital period below which the Be star disc is
unstable to the KL mechanism. We require that the disc aspect
ratio (equation 5 with s = 0.5) is less than or equal to (H/R); at
the tidal truncation radius and find

—3/2 -3
PSJPCm%150< i ) <(H/R)°) d, (11

50/95 0.06

where (H/R), is the disc aspect ratio at Ry = 50 R and we defined
the ratio n = R//a. For longer binary orbital period, P > P, (i.e.
higher aspect ratios) the disc is stable against KL oscillations. We
have assumed that the disc is wide and viscous enough to reach
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Figure 7. The KL oscillation time-scale for an initially circular steady state
decretion disc with surface density distributed as equation (8) between the
stellar radius Rin = 8 Rg and Ry = 50/95a for s = 0.5 (solid lines), s = 0.25
(dashed lines), and s = 0 (dotted lines). The thick blue lines have (H/R)o =
0.08 and the thin black lines have (H/R)y = 0.06. The lines are truncated
where H/R = (H/R)i;. The blue lines lie exactly on top of the black lines.

its tidal truncation radius. If the disc does not expand out to the
truncation radius, type II outbursts are not likely to occur. Therefore
equation (11) represents a necessary but not sufficient condition for
the disc to be KL unstable and thus for type II outbursts to occur.

Note that this critical period should also depend on both the
eccentricity and the inclination of the binary orbit, but we have only
taken that into account through the parameter 7. If the binary is less
eccentric, or the disc is more inclined, the size of the disc relative
to the binary separation increases, i.e. n increases (Artymowicz &
Lubow 1994; Lubow et al. 2015). This leads to a smaller critical
orbital period since the more extended disc has larger H/R in the
disc outer parts and is more stable to KL oscillations.

In summary, if the disc has a flared vertical structure, the disc
aspect ratio at the outer edge may exceed the critical value required
for it to be unstable to KL oscillations in systems with long binary
orbital periods. Thus, KL oscillations are more likely in smaller
orbital period binaries. This is in agreement with observations that
show that type II outbursts are more likely to occur in short-period
binaries (Cheng et al. 2014). The critical orbital period depends on
the disc aspect ratio and the disc radial extent, which depends on
the eccentricity of the binary orbit, the inclination of the disc, and
the mass ratio of the binary.

5 DISCUSSION

It KL disc oscillations drive type II outbursts, then any Be star X-
ray binary is expected to have type II outbursts providing that two
conditions are satisfied. First, the Be star decretion disc must be
misaligned to the binary orbital plane by more than the critical angle
required for KL oscillations. For a test particle in an initially circular
orbit around one component of a circular orbit binary, this is 39°.
However this angle varies for thick decretion discs depending upon
the properties of the disc (Lubow & Ogilvie 2017). Secondly, the
orbital period of the binary must be short enough to allow the Be star
disc to expand sufficiently far to overflow its Roche lobe during a KL
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oscillation while still being unstable to KL oscillations (see equa-
tion 6). This is in agreement with the observational data provided
in Cheng et al. (2014) that show that Be/X-ray binaries with short-
orbital period are more likely to undergo type Il outbursts. However,
there are some observed systems with long orbital periods that ex-
hibit type II outbursts. GRO J1008-57 has an orbital period of 250 d
and shows giant outbursts (e.g. Kiihnel et al. 2017). For this system
to undergo KL oscillations, the disc aspect ratio must be close to
constant with radius for the mechanism to operate. Swift J1626.6—
5156, with an orbital period of 132d (e.g. Reig et al. 2011), and 1A
0535+262, with an orbital period of 111 d (Acciari et al. 2011) also
show giant outbursts. In order for the KL disc mechanism to drive
giant outbursts in these systems the disc must not be very flared. The
disc aspect ratio must scale H/R o< R* with s < 0.25. The KL disc
driven giant outburst mechanism could be ruled out through obser-
vations of a disc with a low misalignment or a high-disc aspect ratio.

A large portion of the Be star disc may be destroyed during the
KL oscillation. The material can be re-accreted on to the Be-star
(because the disc is highly eccentric), transferred to the neutron
star or to a circumbinary orbit (Franchini et al. 2019), or be ejected
from the binary star system. However, the disc continues to be
fed at the inner edge from the Be star. The eccentricity of the
disc evolves due to the KL mechanism and due to the addition
of circular orbit material at the inner edge. The KL oscillations
occur on a shorter time-scale with smaller amplitude for a larger
initial particle eccentricity. Thus in the disc, this leads to a shorter
time-scale before the next outburst. Since this leaves less time for
material to accumulate in the outer parts of the disc, we expect
a smaller outburst, as is observed for closely spaced outbursts in
4U 01154634 (e.g. Reig & Blinov 2018). Thus, in a disc the KL
oscillations depend sensitively on how much material is left over
after the outburst, the eccentricity of the material and the decretion
rate of material into the disc from the star.

The amount of material that is transferred from the Be star disc
to the neutron star depends on several parameters. In particular
Franchini et al. (2019) found that for a globally isothermal accretion
disc (s = 0.5) the amount of material around the secondary star was
smaller compared to the case with a constant disc aspect ratio (s =
0). Also, a higher disc aspect ratio as well as higher initial circum-
primary disc inclination leads to larger amount of material being
transferred. Furthermore the lower the binary mass ratio, the higher
the mass transfer to the secondary star. This is relevant to this work
because of the extreme mass ratios of these systems. We expect the
mass transfer to be very high in Be star X-ray binaries undergoing
KL oscillations and with Be star discs filling the Roche lobe.

The inclination of the disc also has a significant affect on the
amount of mass transfer. The higher the initial disc inclination,
the stronger the eccentricity growth and the more mass that is
transferred to the companion. For an inclination of 70° (but for
an equal mass binary), most of the material in the Be star disc was
transferred to the companion (see fig. 10 in Franchini et al. 2019).

6 CONCLUSIONS

We have found that KL oscillations of the Be star disc in the Be/X-
ray binary 4U 01154364 operate on a time-scale that matches the
observed frequency of type II (giant) X-ray outbursts provided that
the disc is not completely destroyed during the outburst. A highly
inclined disc around a Be star becomes eccentric and overflows its
Roche lobe so that material flows on to the companion neutron star.
The KL oscillation time-scale for a disc depends sensitively on the
distribution of material within the disc and the eccentricity of the
material. Since the disc is depleted during a giant outburst, material

MNRAS 489, 1797-1804 (2019)
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must be replenished between outbursts. The viscous time-scale must
be short enough for the disc to spread outwards between outbursts.
For 4U 01154634 this requires the disc aspect ratio at the outer disc
edge to be H/R Z 0.06. However, the disc aspect ratio at the outer
disc edge must be small enough for the KL mechanism to operate,
H/R < 0.11. KL mechanism driven type II X-ray outbursts are more
likely to occur in shorter period binaries, if the disc is flared.

ACKNOWLEDGEMENTS

We thank an anonymous referee for a thorough review. We acknowl-
edge support from NASA through grant NNX17AB96G.

REFERENCES

Acciari V. A. etal., 2011, ApJ, 733, 10

Artymowicz P., Lubow S. H., 1994, ApJ, 421, 651

Balbus S. A., Hawley J. F,, 1991, ApJ, 376, 214

Bjorkman J. E., Carciofi A. C., 2005, in Ignace R., Gayley K. G., eds, ASP
Conf. Ser. Vol. 337, The Nature and Evolution of Disks Around Hot
Stars. Astron. Soc. Pac., San Francisco, p. 75

Brandt N., Podsiadlowski P., 1995, MNRAS, 274, 461

Brown R. O., Coe M. J., Ho W. C. G., Okazaki A. T., 2019, MNRAS, 488,
387

Campana S., 1996, Ap&SS, 239, 113

Carciofi A. C. et al., 2006, ApJ, 652, 1617

Carciofi A. C., Bjorkman J. E., Otero S. A., Okazaki A. T., Stefl S., Rivinius
T., Baade D., Haubois X., 2012, ApJ, 744, 5

Cassinelli J. P., Brown J. C., Maheswaran M., Miller N. A., Telfer D. C.,
2002, ApJ, 578,951

Cheng Z.-Q., Shao Y., Li X.-D., 2014, ApJ, 786, 7

Cote J., Waters L. B. F. M., 1987, A&A, 176, 93

Cyr I. H., Jones C. E., Panoglou D., Carciofi A. C., Okazaki A. T., 2017,
MNRAS, 471, 596

Eggleton P. P., Kiseleva-Eggleton L., 2001, ApJ, 562, 1012

Franchini A., Martin R. G., 2019, ApJ, 881, 2

Franchini A., Martin R. G., Lubow S. H., 2019, MNRAS, 485, 315

Fu W., Lubow S. H., Martin R. G., 2015a, ApJ, 807, 75

Fu W., Lubow S. H., Martin R. G., 2015b, ApJ, 813, 105

Fu W, Lubow S. H., Martin R. G., 2017, ApJ, 835, 5

Ghoreyshi M. R., Carciofi A. C., 2017, in Miroshnichenko A., Zharikov
S., Kor¢akova D., Wolf M., eds, ASP Conf. Ser. Vol. 508, The Bl[e]
Phenomenon: Forty Years of Studies. Astron. Soc. Pac., San Francisco,
p- 323

Giacconi R., Murray S., Gursky H., Kellogg E., Schreier E., Tananbaum H.,
1972, ApJ, 178, 281

Hanuschik R. W., 1996, A&A, 308, 170

Hayasaki K., Okazaki A. T., 2004, MNRAS, 350, 971

Hummel W., 1998, A&A, 330, 243

Hurley J. R., Tout C. A., Pols O. R., 2002, MNRAS, 329, 897

Hut P, 1981, A&A, 99, 126

Jones C. E., Sigut T. A. A., Porter J. M., 2008, MNRAS, 386, 1922

Kato S., 2014, Publ. Astron. Soc. Japan, 66, 12

Kozai Y., 1962, AJ, 67, 591

Kretschmar P., Nespoli E., Reig P., Anders F., 2012, in Goldwurm A., Lebrun
F., Winkler C., eds, Proceedings of ’An INTEGRAL view of the high-
energy sky (the first 10 years)’, (INTEGRAL 2012), Paris, France, p.
16

Kuehnel M. et al., 2015, in Proc. ‘A Synergistic View of the High Energy
Sky’. Annapolis, Maryland, p. 78

Kiihnel M. et al., 2017, A&A, 607, 13

Lee U., Osaki Y., Saio H., 1991, MNRAS, 250, 432

Lidov M. L., 1962, Planet. Space Sci., 9, 719

Lubow S. H., Ogilvie G. I., 2017, MNRAS, 469, 4292

Lubow S. H., Martin R. G., Nixon C., 2015, ApJ, 800, 96

Martin R. G., Lubow S. H., 2011, ApJ, 740, 5

Martin R. G., Tout C. A., Pringle J. E., 2009, MNRAS, 397, 1563

MNRAS 489, 1797-1804 (2019)

Martin R. G., Pringle J. E., Tout C. A., Lubow S. H., 2011, MNRAS, 416,
2827

Martin R. G., Nixon C., Armitage P. J., Lubow S. H., Price D. J., 2014a,
AplJ, 790, L34

Martin R. G., Nixon C., Lubow S. H., Armitage P. J., Price D. J., Dogan S.,
King A., 2014b, ApJ, 792, L33

Martin R. G., Nixon C. J., Pringle J. E., Livio M., 2019, New Astron., 70, 7

Miranda R., Lai D., 2015, MNRAS, 452, 2396

Monageng I. M., McBride V. A., Coe M. J., Steele 1. A., Reig P., 2017,
MNRAS, 464, 572

Moritani Y., Nogami D., Okazaki A. T., Imada A., Kambe E., Honda S.,
Hashimoto O., Ichikawa K., 2011, Publ. Astron. Soc. Japan, 63, 25

Moritani Y. et al., 2013, Publ. Astron. Soc. Japan, 65, 25

Naoz S., Farr W. M., Lithwick Y., Rasio F. A., Teyssandier J., 2013, MNRAS,
431, 2155

Negueruela I. et al., 1997, MNRAS, 284, 859

Negueruela I., Okazaki A. T., 2001, A&A, 369, 108

Negueruela I., Reig P., Coe M. J., Fabregat J., 1998, A&A, 336, 251

Negueruela I., Okazaki A. T., Fabregat J., Coe M. J., Munari U., Tomov T.,
2001, A&A, 369, 117

Okazaki A. T., 2016, in Sigut T. A. A., Jones C. E., eds, ASP Conf. Ser. Vol.
506, Bright Emissaries: Be Stars as Messengers of Star-Disk Physics.
Astron. Soc. Pac., San Francisco, p. 3

Okazaki A. T., Negueruela L., 2001, A&A, 377, 161

Okazaki A. T., Bate M. R., Ogilvie G. I, Pringle J. E., 2002, MNRAS, 337,
967

Okazaki A. T., Hayasaki K., Moritani Y., 2013, Publ. Astron. Soc. Japan,
65, 41

Ozel E,, Psaltis D., Narayan R., Santos Villarreal A., 2012, ApJ, 757, 55

Paczynski B., 1977, Apl, 216, 822

Panoglou D., Faes D. M., Carciofi A. C., Okazaki A. T., Baade D., Rivinius
T., Borges Fernandes M., 2018, MNRAS, 473, 3039

Panoglou D., Fernandes M. B., Baade D., Faes D. M., Rivinius T., Carciofi
A. C., Okazaki A. T., 2019, MNRAS, 486, 5139

Papaloizou J., Pringle J. E., 1977, MNRAS, 181, 441

Porter J. M., 1996, MNRAS, 280, L31

Porter J. M., 1999, A&A, 348, 512

Porter J. M., Rivinius T., 2003, PASP, 115, 1153

Pringle J. E., 1981, ARA&A, 19, 137

Pringle J. E., 1991, MNRAS, 248, 754

Quirrenbach A. et al., 1997, AplJ, 479, 477

Rappaport S., Clark G. W., Cominsky L., Joss P. C., Li F.,, 1978, ApJ, 224,
L1

Reig P., 2007, MNRAS, 377, 867

Reig P., Blinov D., 2018, A&A, 619, 7

Reig P, Larionov V., Negueruela I., Arkharov A. A., Kudryavtseva N. A.,
2007, A&A, 462, 1081

Reig P., Nespoli E., Fabregat J., Mennickent R. E., 2011, A&A, 533, 9

Reig P., Nersesian A., Zezas A., Gkouvelis L., Coe M. J., 2016, A&A, 590,
31

Rimulo L. R. et al., 2018, MNRAS, 476, 3555

Rivinius T., Carciofi A. C., Martayan C., 2013, A&AR, 21, 69

Rouco Escorial A., Bak Nielsen A. S., Wijnands R., Cavecchi Y., Degenaar
N., Patruno A., 2017, MNRAS, 472, 1802

Rouco Escorial A., Wijnands R., van den Eijnden J., Patruno A., Degenaar
N., Parikh A., Ootes L. S., 2019, preprint (arXiv:1907.04724)

Shakura N. I., Sunyaev R. A., 1973, A&A, 24, 337

Stella L., White N. E., Rosner R., 1986, ApJ, 308, 669

Stoyanov K. A., Zamanov R. K., 2009, Astron. Nachr., 330, 727

Vacca W. D., Garmany C. D., Shull J. M., 1996, ApJ, 460, 914

Whitlock L., Roussel-Dupre D., Priedhorsky W., 1989, ApJ, 338, 381

Wood K., Bjorkman K. S., Bjorkman J. E., 1997, ApJ, 477, 926

Zamanov R. K., Reig P., Marti J., Coe M. J., Fabregat J., Tomov N. A.,
Valchev T., 2001, A&A, 367, 884

Zanazzi J. J., Lai D., 2017, MNRAS, 467, 1957

This paper has been typeset from a TEX/I&TEX file prepared by the author.

0202 1990}20 6} U0 189NB Aq 6E/0GGS/26. 1/2/68Y/2I01ME/SEIUW/WOd"dNO"d1WapED.//:SA)Y WOy PaPEojuMod


http://dx.doi.org/10.1088/0004-637X/733/2/96
http://dx.doi.org/10.1086/173679
http://dx.doi.org/10.1086/170270
http://dx.doi.org/10.1093/mnras/274.2.461
http://dx.doi.org/10.1093/mnras/stz1037
http://dx.doi.org/10.1007/BF00653771
http://dx.doi.org/10.1086/507935
http://dx.doi.org/10.1088/2041-8205/744/1/L15
http://dx.doi.org/10.1086/342654
http://dx.doi.org/10.1088/0004-637X/786/2/128
http://dx.doi.org/10.1093/mnras/stx1427
http://dx.doi.org/10.1086/323843
http://dx.doi.org/10.1093/mnras/stz424
http://dx.doi.org/ 10.1088/0004-637X/807/1/75
http://dx.doi.org/ 10.1088/0004-637X/813/2/105
http://dx.doi.org/10.3847/2041-8213/835/2/L29
http://dx.doi.org/10.1086/151790
http://dx.doi.org/10.1111/j.1365-2966.2004.07702.x
http://dx.doi.org/10.1046/j.1365-8711.2002.05038.x
http://dx.doi.org/10.1111/j.1365-2966.2008.13206.x
http://dx.doi.org/10.1093/pasj/psu050
http://dx.doi.org/10.1086/108790
http://dx.doi.org/10.1051/0004-6361/201629131
http://dx.doi.org/10.1093/mnras/250.2.432
http://dx.doi.org/10.1016/0032-0633(62)90129-0
http://dx.doi.org/10.1093/mnras/stx990
http://dx.doi.org/10.1088/0004-637X/800/2/96
http://dx.doi.org/10.1088/2041-8205/740/1/L6
http://dx.doi.org/10.1111/j.1365-2966.2009.15031.x
http://dx.doi.org/10.1111/j.1365-2966.2011.19231.x
http://dx.doi.org/ 10.1088/2041-8205/790/2/L34
http://dx.doi.org/ 10.1088/2041-8205/792/2/L33
http://dx.doi.org/10.1016/j.newast.2019.01.001
http://dx.doi.org/10.1093/mnras/stv1450
http://dx.doi.org/10.1093/mnras/stw2354
http://dx.doi.org/10.1093/pasj/65.4.83
http://dx.doi.org/10.1093/mnras/stt302
http://dx.doi.org/10.1093/mnras/284.4.859
http://dx.doi.org/10.1051/0004-6361:20010146
http://dx.doi.org/10.1051/0004-6361:20010077
http://dx.doi.org/10.1051/0004-6361:20011083
http://dx.doi.org/10.1046/j.1365-8711.2002.05960.x
http://dx.doi.org/10.1093/pasj/65.2.41
http://dx.doi.org/10.1088/0004-637X/757/1/55
http://dx.doi.org/10.1086/155526
http://dx.doi.org/10.1093/mnras/stx2497
http://dx.doi.org/ 10.1093/mnras/stz1128
http://dx.doi.org/10.1093/mnras/181.3.441
http://dx.doi.org/10.1093/mnras/280.3.L31
http://dx.doi.org/10.1086/378307
http://dx.doi.org/10.1146/annurev.aa.19.090181.001033
http://dx.doi.org/10.1093/mnras/248.4.754
http://dx.doi.org/10.1086/303854
http://dx.doi.org/10.1086/182745
http://dx.doi.org/10.1111/j.1365-2966.2007.11657.x
http://dx.doi.org/10.1051/0004-6361/201833649
http://dx.doi.org/10.1051/0004-6361:20066217
http://dx.doi.org/10.1051/0004-6361/201117301
http://dx.doi.org/10.1051/0004-6361/201628271
http://dx.doi.org/10.1093/mnras/sty431
http://dx.doi.org/10.1007/s00159-013-0069-0
http://dx.doi.org/10.1093/mnras/stx2111
http://arxiv.org/abs/1907.04724
http://dx.doi.org/10.1086/164538
http://dx.doi.org/10.1002/asna.200811224
http://dx.doi.org/10.1086/177020
http://dx.doi.org/10.1086/167206
http://dx.doi.org/10.1086/303747
http://dx.doi.org/10.1051/0004-6361:20000533
http://dx.doi.org/10.1093/mnras/stx208

