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Be star discs: powered by a non-zero central torque
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ABSTRACT

Be stars are rapidly rotating B stars with Balmer emission lines that indicate the presence of a
Keplerian, rotationally supported, circumstellar gas disc. Current disc models, referred to as “decretion
discs”, make use of the zero torque inner boundary condition typically applied to accretion discs, with
the ‘decretion’ modelled by adding mass to the disc at a radius of about two per cent larger than the
inner disc boundary. We point out that, in this model, the rates at which mass and energy need to be
added to the disc are implausibly large. What is required is that the disc has not only a source of mass
but also a continuing source of angular momentum. We argue that the disc evolution may be more
physically modelled by application of the non-zero torque inner boundary condition of Nixon & Pringle
(2020), which determines the torque applied at the boundary as a fraction of the advected angular
momentum flux there and approaches the accretion and decretion disc cases in the appropriate limits.
We provide supporting arguments for the suggestion that the origin of the disc material is small-scale
magnetic flaring events on the stellar surface, which, when combined with rapid rotation, can provide
sufficient mass to form, and sufficient angular momentum to maintain, a Keplerian Be star disc. We
discuss the origin of such small-scale magnetic fields in radiative stars with differential rotation. We
conclude that small-scale magnetic fields on the stellar surface, may be able to provide the necessary
mass flux and the necessary time-dependent torque on the disc inner regions to drive the observed disc
evolution.

Keywords: accretion, accretion discs — dynamo — hydrodynamics — magnetic fields — stars:
emission-line, Be — Sun: coronal mass ejections (CMEs)

1. INTRODUCTION

Be stars are rapidly rotating, main sequence stars that
somehow manage to form low density, equatorial, cir-
cumstellar discs in Keplerian rotation. These circum-
stellar discs of gas, that are the origin of the defining
Balmer lines in Be stars, are generally seen to be vari-
able, and sometimes to come and go (see, for example,
the reviews by Porter & Rivinius 2003; Owocki 2006;
Rivinius et al. 2013; Okazaki 2016). Not all rapidly ro-
tating B stars display circumstellar discs; for example,
the Bn stars are as numerous as the Be stars and show
rapid rotation when seen equatorially through shallow
and broad atmospheric lines, but no Balmer emission.
We can define the break-up, or maximal, angular veloc-
ity of the star as Qx = (GM,/R3)Y/? where M, is the
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stellar mass and R, the stellar radius.! Then a typi-
cal Be star has an angular velocity of (Q,) =~ 0.8 Qk
(Porter & Rivinius 2003; Rivinius et al. 2013).

In this Letter, we concern ourselves with the forma-
tion, variability and disappearance of the circumstellar
disc material. In Section 2, we discuss current models for
these variations. We show that the assumptions made
in these models are not physically reasonable, in terms
of the magnitudes of the required fluxes of mass, en-
ergy and angular momentum. In Section 3, we discuss
current ideas for disc formation — hydrodynamic and
magnetic — and argue strongly for the latter, in terms
of variable, small-scale, equatorial magnetic fields. In
Section 4 we discuss the origins of such fields and why

! Note that a rapidly rotating star is strongly distorted with the
equatorial radius being larger than the polar one. Thus the def-
inition of R4 is somewhat uncertain. We gloss over this diffi-
culty here, but refer the reader to Porter & Rivinius (2003) and
Rivinius et al. (2013) for a fuller discussion.
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they are likely only to be found in objects such as Be
stars. We conclude in Section 5.

2. CURRENT MODELS OF BE STAR DISC
VARIABILITY

Models for the time-variability of Be stars discs,
and their use in modelling observations, especially
of w CMa, are provided by a number of au-
thors (Hanuschik et al. 1993; Carciofi et al. 2012;
Haubois et al.  2012;  Ghoreyshi & Carciofi 2017,
Rimulo et al. 2018; Ghoreyshi et al. 2018). In these
the modelling of the disc variations proceeds as follows:

1. The disc is assumed to have an inner boundary,
Ri,, close to the stellar surface, R,, which has a
zero-torque boundary condition (f = 0 in the no-
tation of Nixon & Pringle 2020 — see Section 3.2
below). 2

2. The disc is assumed to have an outer boundary at
which the disc sound speed is approximately equal
to the escape velocity, typically at around Ry, =
400 — 1,000 R,. There the boundary condition is
also zero-torque, so that the disc loses mass freely
at that radius.

3. At the start of an outburst event, mass is added
to the disc at some rate M , at a radius Ra.qq =
Rin (1 + €) which is very close to the inner radius
with typically € ~ 0.02. The matter is added to
the disc with the Keplerian velocity for that ra-
dius. For the decline phase of an event, M is set
to zero, and (almost) all of the disc drains through
the inner boundary back onto the star.

These models imply that the rate at which mass is
added to the disc greatly exceeds the rate at which
matter finds its way into the observable circumstel-
lar disc. For example, in a steady disc with a zero
torque inner boundary, the fraction of added mass
that finds its way into the circumstellar disc is =
0.5¢(Rin/Rout)*/? ~ 3 x 10~* (Nixon & Pringle 2020).
This agrees with the estimate given by Rimulo et al.
(2018, see also Ghoreyshi et al. 2018). During the
growth phase, Rimulo et al. (2018) find that the disc is
required to grow at a rate Mgise = 1072 Mg /yr, which
can be comparable to a typical mass loss rate in the
stellar wind (Krticka 2014)3. This implies that typically

mass is added to the disc at a rate M ~ 3x 1076 Mg /yr,
which is around 3 x 103 times the stellar wind mass loss
rate. For a typical Keplerian velocity of ~ 700 km/s this
requires an energy input of several per cent of the stellar
luminosity. Moreover, because the addition of mass im-
plies the addition of angular momentum, it is apparent
that adding mass, and therefore angular momentum, at
these rates would imply an unrealistically large flux of
angular momentum (i.e. torque) at the stellar surface.
We conclude that while the current models provide a
simple means of modelling the Be star discs at radii away
from the stellar surface, as they stand, they also contain
hidden assumptions which are not physically plausible.

3. MODELS FOR DISC FORMATION

Rivinius and colleagues (Rivinius et al. 2013), in an
extensive and authoritative review article, provide a dis-
cussion and historical overview of the many mechanisms
that have been proposed for the formation and variabil-
ity of discs in Be stars. Rivinius et al. (2013) conclude
that the current best options for providing sources of
mass and angular momentum to the circumstellar Be
star discs are either (i) material launched hydrodynami-
cally from the stellar surface by non-radial pulsations, or
(ii) material launched by small-scale magnetic fields. *

3.1. Hydrodynamic disc launching

The attraction of tying the launching of Be star discs
to the observed non-radial pulsations is that there seems
to be a strong correlation between the disc launching
and variability and the presence and detailed behaviour
of such pulsations (for example Baade et al. 2016, 2018;
Semaan et al. 2018; Neiner et al. 2020). In Section 2 we
have detailed the physical requirements for the launch-
ing and maintenance of a Be star disc in terms of the
current models. Owocki (2006) explains why such re-
quirements cannot be met by a purely hydrodynamic
mechanism (such as disc launching by non-radial pul-
sations). The fundamental, and insuperable, problem
is that the velocity of the launched material, relative
to the stellar surface, typically exceed the sound speed
at the stellar surface by factors of ~ 5 — 30. Further-
more, as we have seen, unless the launching mechanism
can also provide a continuous supply of angular momen-
tum the mass and energy fluxes within the star/disc in-
terface are implausibly large. Providing such a supply
of angular momentum by purely hydrodynamic means

2 This means that, contrary to the impression given in these pa-
pers, these discs are not bona fide decretion discs (Pringle 1991;
Nixon & Pringle 2020).

3 Here we use the stellar parameters given by Okazaki (2016) for
a typical BO main sequence star.

4 There is a long history of discussion of disc formation by large-
scale (quasi-dipole) fields, but Rivinius et al. (2013) rule these
out on both theoretical and observational grounds (see also Sec-
tion 4).
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would involve hypersonic, severely dissipative fluid mo-
tions. Thus, a more plausible picture for the relationship
between disc launching and maintenance and non-radial
pulsations might be one in which the launching mech-
anism and/or presence of a disc causes the non-radial
pulsations, rather than the other way round.”

3.2. Non-zero central torque accretion discs

Recently, Nixon & Pringle (2020) have noted that a
more appropriate inner boundary condition might be
one in which the torque at the inner boundary is fi-
nite, but non-zero. They show the properties of both
steady and time-dependent discs for which there is an
angular momentum source (torque) at the inner edge
which is a factor f times the advective angular momen-
tum sink there. In this notation, standard accretion
discs (e.g. Pringle 1981) correspond to f = 0, and stan-
dard decretion discs (e.g. Pringle 1991) correspond to
the limit f — oco. In the Be star case, a source of an-
gular momentum (f > 0) can be achieved if the inner
disc boundary is now at the Alfvén radius, R = Ry,
(Pringle & Rees 1972), which is determined by the ra-
dius at which the disc is being truncated by small-scale
magnetic fields (cf. Rivinius et al. 2013). We then re-
quire that radius, Ry, to be greater than the co-rotation
radius Rqo at which the stellar angular velocity equals
the disc Keplerian velocity. If we define the break-up
angular velocity of the star as Qx = (GM,/R3)'/?,
then for a typical rotation velocity of Q, ~ 0.8Qk
(Porter & Rivinius 2003; Rivinius et al. 2013) we find
that Ro/R, ~ (Qx/Q)?/? ~ 1.16. For a typical inner
disc density of pg ~ 10719 — 10712 g/cm? (Silaj et al.
2010), and temperature of Ty ~ 15,000 — 20, 000 K, the
field strengths required to ensure that Ry > Rq would
be around B ~ 5 — 50 G, on radial scales of around
~ 0.2R,. Such fields are not currently observable (for
example Wade et al. 2016).

If these conditions could be achieved, then more phys-
ically plausible, time-dependent disc models, essentially
equivalent to those described in Section 2, could operate
as follows:

1. In the disc growth phase, matter (and angular
momentum) is added to the disc at some radius
R.qa > Rq. The inner disc boundary is such
that a continuing (magnetic) torque is provided
to the disc material. In the parameterization of

Nixon & Pringle (2020) this implies f > 1 6. It
would be plausible for the matter to be provided to
the disc by the same magnetic processes that pro-
vide the inner torque (like solar coronal mass ejec-
tions, but on a much reduced scale, or a small-scale
multipole version of the “slingshot prominences”
discussed by Villarreal D’Angelo et al. 2018, 2019
and Jardine & Collier Cameron 2019).

2. In the decline phase, magnetic activity declines un-
til Ry < Rq, decreasing the rate at which mass
is added to the disc, and removing the inner mag-
netic torque (so that now f < 1).

We have argued above that in order for most of the
material launched into the disc to remain there (at least
initially) it is necessary for the launching mechanism
to be able to provide a continuing source of angular
momentum. Thus, we conclude that the existence and
the evolution of the disc is most plausibly provided by
the time-dependent behaviour and activity of small-scale
magnetic fields close to the equatorial stellar surface.

4. MAGNETIC FIELDS

The idea that the inner parts of Be star accretion discs
are controlled by small-scale magnetic fields is not new.
Smith (1989) interpreted the transients and ejections in
A Eri in terms of small-scale magnetic flaring processes
similar to those on the Sun, T Tauri stars, and several
other types of magnetically active cool stars. He sug-
gests that “quasi-cycles” in at least some classical Be
stars find their origin in chaotic knots of magnetic field
that periodically drift to the surface, as on the Sun, and
dissipate through flaring triggered by sudden changes in
field topology, perhaps jostled by surface velocity fields
provided by, for example, their nonradial pulsations.
Further, Smith et al. (1994, 1997) suggest that their ob-
servations of variability in A Eri can be interpreted as
being due to magnetic loops and magnetically induced
flares. More recently (Smith et al. 2016) he has applied
such ideas to the X-ray production in v Cas. Owocki
(2006, see also ud-Doula & Owocki 2002) consider large-
scale dipole magnetic fields as a means of providing
torques on an outflowing channeled wind and conclude
that this mechanism is not viable. Rivinius et al. (2013)
note that no magnetic fields have yet been detected on

5 For example, if, as we argue below, disc launching comes about
as a result of a peak in dynamo action, and if such a peak is able
to lead to the excitation of non-radial pulsations.

6 Note that simply increasing the value of f from f = 0 (standard
accretion) to f > 1 at the inner boundary is likely not sufficient as
significant accretion can then still continue, despite the net flow
of angular momentum being reversed (cf. Popham & Narayan
1991). Note too that a true decretion disc occurs only in the
limit f — oo (Nixon & Pringle 2020).
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any Be star, and suggest an upper limit to a ordered,
net, line-of-sight field component of around 100 G. They
also discuss the evidence for small-scale magnetic ac-
tivity as a explanation for rapid line variability in the
optical and the UV.

The question then is: what is the source of such small-
scale magnetic fields? And why do they only appear in
Be stars? The presence of large-scale magnetic fields in a
subset of early-type stars (for example the Ap/Bp stars)
is usually ascribed to processes occurring at late stages
of the formation process, for example a late merger
which induces strong differential rotation (Ferrario et al.
2009; Jermyn & Cantiello 2020). But “conventional wis-
dom” suggests that early-type stars, lacking outer con-
vective zones, cannot produce active magnetic regions
(see, for example, Zinnecker & Preibisch 1994a,b). This
conclusion was questioned by Tout & Pringle (1995)
who argued that, even in a purely radiative star, dy-
namo activity could be driven by differential rotation
combined with the effects of buoyancy (Parker insta-
bility) on the sheared seed fields. This idea was fol-
lowed up in more detail by Spruit (2002) and by
Braithwaite & Spruit (2004). Recent MHD simulations
of the interaction between differential rotation and mag-
netic fields in radiatively stable fluids are presented by
Simitev & Busse (2017), and by Jouve et al. (2020). In
an investigation of spots on radiative A- and B-stars,
Balona (2019) concludes that in such stars “differential
rotation may be sufficient to create a local magnetic field
via dynamo action”.

Thus the next question is: why should these stars
possess sufficient differential rotation to power dynamo
action? Both Be stars and Bn stars are known to ro-
tate rapidly, although there is a value of the rotation
rate above which all the rapid rotators are Be stars
(Rivinius et al. 2013). Most modelling of the shape and
structure of these rapidly rotating stars is usually made
using the assumption of uniform rotation (for exam-
ple, Rivinius et al. 2013). However, it is well estab-
lished that stellar rotation, together with the require-
ments of local hydrodynamic and thermal equilibrium
leads to secondary flows within the star, which in turn
lead to redistribution of the stellar angular momen-
tum distribution. In radiative stars, such flows tend
to lead to differential rotation, with the rotation veloc-
ities peaking at the equator (Tassoul & Tassoul 1982;
Garaud 2002). Differential rotation would also be the
norm if, as suggested by Bodensteiner et al. (2020) and
El-Badry & Quataert (2020), Be stars are binary inter-
action products, spun-up by mass transfer. In the pres-
ence of differential rotation, all that is then required
is an initial source of magnetic flux. Seed fields for a

dynamo could be provided originally during the forma-
tion process, or latterly by subsurface convection zones
(Charbonneau & MacGregor 2001; Jermyn & Cantiello
2020), and by MRI-driven dynamo action in the disc
itself (e.g. Martin et al. 2019). Thus we propose that
the small-scale magnetic fields needed to power Be discs
(both in terms of mass and in terms of angular momen-
tum) are produced by small-scale dynamo action in a
differentially rotating zone close to the stellar equator.
On this hypothesis, it might also be these motions that
give rise to the behaviour of the non-radial pulsation
modes. ”

In this picture the Bn stars would be those rapid ro-
tators which currently have fields that are too weak to
ensure Ry > Rg, so that disc formation can take place.
We suggest that this might come about for a combina-
tion of reasons: (i) since Bn stars appear on average to
rotate more slowly than Be stars it follows that Bn stars
would need on average to have higher surface dynamo
fields in order to launch a circumstellar disc, and (ii)
stars which rotate more slowly would tend on average
to have less efficient dynamos, thus to have dynamo cy-
cles that spend more of the time in a low state, and so
to spend more of the time unable to launch a disc.

5. CONCLUSIONS

We suggest that the variability of the circumstellar
discs around Be stars should be modelled in terms of
accretion discs with variable, but finite, central torque
(Nixon & Pringle 2020). We have argued that both the
disc mass and the central torque are most likely pro-
vided by small-scale magnetic activity occurring close
to the equator of the rapidly spinning Be star. We have
put forward ideas as to how magnetic activity can be
initiated and maintained in rapidly rotating stars with
radiative envelopes, and have suggested that in this pic-
ture it is the nature of the dynamo that gives rise to the
distinction between Be stars and Bn stars.

7 It is worth noting here that material being re-accreted from the
disc can act as a source not only of magnetic flux, but also as a
source of shear that can act as a driving mechanism for non-radial
stellar pulsations (Papaloizou & Pringle 1978, 1980).
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