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A strong stellar magnetic field significantly alters the babar of an accretion disc around the
star. In particular, at low accretion rates it is often assditinat the interaction between the field
and the disc will expel the gas out of the disc in an outfloweathan allow it to accrete onto
the star — a state known as the “propeller regime". Howewesent work has suggested that if
the disc is truncated close to the co-rotation radius (whteeestar's spin frequency equals the
Keplerian frequency of the disc) the disc-field interactict mostly confine the gas, preventing
it from escaping from the disc. The interaction changes #esitly profile of the disc, and can
completely halt accretion onto the star without producingatflow. In turn, this forces the inner
edge of the disc to stay trapped close to the co-rotatiorusaglien when there is no net mass
flow through the disc, so that the disc never moves into threegrapeller regime. Below | explain
how a trapped disc can form and show how this can sometimak ne$ursts of accretion onto
the star, such as have been observed as low-frequency QRP@=synpulsars SAX J1808.4-3658
and NGC 6440 X- 2. Finally, | discuss how trapped discs coldd be responsible for the weak
recurrent outbursts seen in NGC 6440 X-2 and IGR J00291+5934
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1. Introduction

The strong stellar magnetic fields of neutron stars exert a large influengasosurrounding
them, affecting both observational properties and evolution of the acgrggstem. In the inner
regions of the accretion flow the magnetic field regulates the flow and faiceettion along field
lines onto the surface of the star, which is observed as pulsed X-rayiemas a result of the
rotating hot spot(1). Some X-ray pulsars show an evolution in their pesfgdning up or down,
an evolution usually attributed to interactions between the magnetic field andrtberaling ac-
cretion flow (e.g. (2)).

Many details surrounding the interaction between matter in a Keplerian accitio and
a strong stellar magnetic field remain uncertain, and a number of accretit@metars show
unexplained behaviour that could be a result of this interaction. For deathe outbursting X-
ray pulsar, SAX J1808.8-3658, has shown a high-amplitude, 1 Hz geaisidic oscillation in the
decay phase of several outbursts (3), a behaviour that has atstlygoeen observed in another
X-ray pulsar, NGC 6440 X-2, (4). The comparatively low frequentihe QPO suggests that it
might be regulated by viscous timescales in the inner accretion disc as opgp@sgdthe rotation
frequency of the star, and hence caused by interaction between thetndgrid and the disc.
NGC 6440 X-2 also undergoes weak, recurrent outbursts (5) on shater timescales (around
30 days) than predicted by a standard outburst model. This suggestsdiigaificant amount of
mass remains in the disc during quiescence in order to fuel the outbursiscssed below, both
these observations can be explained by a revised understanding ainhaecretion disc interacts
with a magnetic field, especially at low accretion rates.

1.1 Magnetically-regulated accretion

A strong stellar magnetic field regulates the trajectory of infalling ionized matteeiretfion
close to the star. The distance at which gas is controlled by the field is usuatlgd¢he magne-
tospheric radiusry,. For spherically-symmetric infall, this radius can be estimated by equating the
ram pressure of the infalling gas to the magnetic pressure (6):
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whereBs is the star’s surface dipole fiel®, andM, are respectively the star’s radius and mass,
andM is the accretion rate.

In stars accreting from a Keplerian disc, this radius must be modified taatfw the disc’s
angular momentum. The modified radius can be estimated by considering the atieguthtion
of motion for the gas in the disc at the point where it is forced to co-rotate watistdr (7)):
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In this equationQ, is the spin frequency of the star, and= B,/B;, which is a measure of the
azimuthal magnetic field componeiy) induced by differential rotation between the star and the
disc in the field lines that connect the two. This estimatg,ois typically somewhat smaller than
that given by eq. 1.1.
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The relative rotation between the star and the disc causes angular momechange along
the coupled field lines. The amount of angular momentum exchange depemutsy other things,
on the extent of the disc that is coupled to the star. Both analytic arguments(g.9)) and
numerical simulations (such as (10)) suggest that the coupled field lieea@idly wound up by
the differential rotation between star and disc, causing them to inflate ard dghis limits the
growth of the inducedB, component of the field t8, = nB,, with n of order unity, and reduces
the radial extent of the interaction region, since beyond a given radiusield lines are always
open and the disc-field connection will be severed. We assume the intargagion to be small,
with Ar /r < 1.

Whether the star loses or gains angular momentum will depend aothegation radiusre,
the radius at which the spin frequency of the star equals the Keplerigunginey of the disc:

GM., )1/3
Q? '

re=( (1.3)

If rin < r¢, angular momentum is removed from the disc and accretion can proceecevelp if

re > rip angular momentum is added to the disc, creating a centrifugal barrier tii@tsrdccretion.
This is usually termed the “propeller” regime, under the assumption that theiah@tethe disc
will be expelled from the system when it reachigs(11). As we argue below, this description of
the disc when¢ > rj, is simplistic and likely sometimes at least incorrect.

2. Magnetic accretion at lowM: “propellers”, outflows and dead discs

Above we presented a standard argument used to estimate the inner fadiuoretion disc
in the presence of a magnetic field (eq. 1.2). This calculation presupgizddberes accretion
through the inner edge of the disc. However, whgn- r¢, the interaction between the disc and the
field creates a centrifugal barrier that opposes accretion onto thestdnis reasoning is invalid.
Matter will continue to move inwards from large radii, but will be preventexirfraccreting onto
the star. What then happens in this case?

A common assumption is that ongg > r, the interaction between the disc and the magnetic
field will completely expel the mass af, in an outflow. This is known as the propeller regime,
with the spinning magnetic field likened to a propeller flinging matter out of the rsy&té). The
propellered disc ‘solves’ the problem presented by 1.2 by assuming Heatry > r. the matter
moving through the disc will be expelled rather than accreted.

It is not clear what the accretion rate (if any) onto the star should be inrtdpejer regime,
although one would assume that it should decrease sharply arguad. if most of the mass
flowing through the disc is being expelled in an outflow. Despite this, obSeneh results often
refer to sources as being in the propeller regime, meaning onlyr¢HaB is larger tham;, (as
calculated using 1.1 or similar for the observed accretion rate). This cldagly not make sense:
if the ratio of accreted to outflowing matter were very small, then the total acenette through
the disc (incorporating the unobserved outflow) could be large enougtake 1.1 smaller than
1.3!

The problem is caused by what is understood by propeller regime. Tdiearsuggestion
referred to systems in which the disc is truncated at a considerable disiatsiger;, so that
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Q. > Qg (rin). In this case the rotational energy of the magnetosphere is much largehétari
the disc, so the majority of the disc mass is likely expelled by the disc-field intemadtiowever,

in order to avoid a logical problem (i.e. what happens if most but not alirtass is expelled at
rin?), models of the propeller regime are typicallynstructedo ensure that the disc is completely
expelled in a magnetic outflow by the time it reachgsThis is in spite of the fact that the physics
of powering magnetic outflows (e.g. how much energy is required, or hoshmass can be
expelled) is still strongly uncertain.

Further adding to the confusion is the tendency (as noted above), te tefipropeller regime
asriy > r¢ as determined by 1.1 and 1.3, despite the fact that the definition of a prapgilees a
system in which matter is expelled rather than accreted. The logic is thus: @rtrdugal barrier
atri, will prevent accretion onto the star, b) there is (probably) enouglygnethe rotation of the
magnetosphere to expel the disc in an outflow, c) since the accretion ragedisthis determined
far fromrj,, the discmustbe expelled, otherwise, where would the mass go?

This logic fails most obviously for cases whage< riy < 1.26 r¢, where the rotation rate of
the magnetosphere is less than the escape speed of the gas. As thegesbabught into co-
rotation with the star, the added rotational energy will not be enough td gxbet the centrifugal
barrier will prevent it from accreting onto the star (7). The same condaibahd of course hold for
a disc truncated even further frong having enough energy for the gas to escape is not sufficient
to require that the disc be expelled, and some of the gas @uld remain confined in the disc.

The solution to this problem is that the standard disc solution that describedian onto a
star or magnetosphere (12) does not necessarily apply to discs tidiocaséder.. This is not
such a problem as it initially appears, since there are in fact a whole diassesindependent
accretion disc solutions with different boundary conditiong.atThe most well-known of these is
the solution for a disc accreting onto the surface of a non-magnetic staiirgpitiose to break-up
(13), where the disc surface density structure changes to carrytheaxcess angular momentum
from the star while accretion continues.

A similar disc solution called a “dead disc” exists for the case where accretitmthe star
is completely suppressed but the disc-field interaction adds angular momentbeninner edge
of the disc (14; 15)). The inner edge of a dead disc is determined by thgdoavhere the rate
of angular momentum being injected into the disa;atbalances the rate at which the disc can
transport it outwards. In a dead disc, the inner radius is thus determyrtbe lamount of mass in
the disc, rather than the accretion rate through it. More mass in the inneoopé#nesdisc means
that the disc can transport more angular momentum outwards;anidl move tore.

If the average accretion rate falls enough that accretion onto the stgpeessed, then mass
can begin to pile up in the inner regions of the disc. This will last until theredsigin mass in the
disc to pushi, insider., where the accumulated mass can be accreted. The result will be bursts of
accretion onto the star, with the timescale regulated by the viscous diffusiorctirees the inner
regions of the disc (15; 7).

A dead disc solution will manifest in other ways in addition to accretion burstiseXample,
the disc will remain truncated very closerpas long as there is any accretion onto the star, which
allows the star to be efficiently spun down by the disc.

The following sections briefly present our investigations of these acaoretists and the long-
term evolution of a dead disc. This work is presented in greater detail jri614.7).
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Figure 1: Accretion instability observed in our simulations. Theiddine shows the change in disc inner
radius, while the dashed line shows the change in accretteronto the star with respectng, the accretion
rate that would put;, atrc.. LEFT : The low-frequency region of instability. The disc movesotigh distinct
periods of outburst and quiescence and the outburst prakiéstthe form of a relaxation oscillat&tIGHT :
The high-frequency region of instability. In addition to ach higher frequency of oscillation, the instability
has a smoother outburst profile, and accretion continuesdweéng the low phase of the instability.

3. Episodic Accretion Bursts

As the accretion rate decreases, the inner edge of the disc moves outibtide centrifugal
barrier increases enough to suppress accretion onto the star. THe&adao an instability at the
inner edge of the disc, where material periodically piles up and is dumpedtioatstar. This
instability was investigated in (7; 14; 17).

The properties of the instability are determined by the mean accretion rate enstaththe
width of the coupling between the star and disc, and the radial extentdaomirotation around
which the disc moves from accreting to non-accreting. These three haridbtermine whether
the instability appears (14), its period, and the shape and duty cycle of¢hetian burst. Figure
1 shows some sample bursts.

In DS11b we found two distinct regions of instability, shown in figure 1. I finst region
(left panel), accretion proceeds as outlined above, and accretiothenstar is mostly suppressed
while matter builds up. The period of the outburst increases with decreasig aceretion rate,
since a lower accretion rate requires a longer time to build up enough matetialdisc to power
an outburst. The period of the outbursts can vary over four ordensaghitude, from~ 0.1 —
100T,isc, WhereT,isc is the viscous timescale af. The outburst shape also changes substantially
with changing accretion rate, although it is most sensitive to the conditionsedanribr boundary
(our other two parameters). The outburst profile is typically a relaxatiofiatsr, with an initial
spike followed by a longer tail, although higher-frequency oscillations witherotiitburst are also
frequently observed.

The second region of instability (right panel) occurs when the mean tamtmate is high
enough to keepj, close tor.. The instability has a much higher frequency than the first region
(with periods between 0.01— 1T,isc, and the disc continues to accrete (although at a much lower
rate) throughout the instability. The shape of the outburst also chawifesa smooth transition
between high and low accreting states. It seems likely that the high-fregosaillations observed
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Figure 2: LEFT: The transition from an accreting to a trapped disc. The tmmepshows the inner radius
(solid line) and co-rotation radius (dashed line) evolutas a function of time. As the star spins down,
the co-rotation radius moves outward, and is tracked by nheriradius of the disc. The bottom panel
shows the decreasing accretion rate onto the star as thertise the trapped regimRIGHT : The 1-Hz
QPO detected from SAX J1808.4-3658. The strongly pulseubsigould be caused by the disc instability
presented in this paper. Figure from (3).

in some outbursts in the first instability region are this higher frequency ifistalSince this
instability occurs exactly around the transition between accreting and covating states, the
detailed properties of the instability are likely sensitive to the way in which thesitian takes
place, which in our simulation is parameterized by two numerical parameters.

4. Trapped Discs

The accretion instability will appear when there is a mismatch between the anaedtati,
and that further out in the disc. However, we can also study what wilbéapvhen the accretion
rate in the disc falls close to zero. In the traditional accretion picture zeretian rate means that
there is no accretion in the disc, but in the picture outlined here, mass cateleed in the disc
even when no gas is accreted or expelled from the system.

In DS11a we studied the evolution of the disc-star system under thes#icosdSince the
interaction between the disc and the star removes angular momentum fronrthieestang-term
evolution of the system will cause the star to slow down and the co-rotatiarsradmove outward.

In many cases, we found that the inner edge tracks the co-rotation eamdiuse two move outward
together, with a nearly constant ratig/rc. We refer to this as a “trapped disc”, since the disc inner
radius remains trapped closertgas the star spins down. This behaviour is shown in the left panel
of figure 2.

The long-term evolution of the star’s spin rate will depend on the conditiotieidisc, which
must be large enough to absorb the star’'s angular momentum, or couplednto & angular
momentum at its outer edge (such as a binary companion). The ratio ottaratic spin-down
and viscous timescales in the system will also affect its evolution. The spin-tlmescale can be
estimated by calcuating the changing torque on the star as it spins down.difaia magnetic
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field, the timescale to spin down € is:

GM;I

~ o (4.1)

Tsp
If this timescale is too long compared with the viscous timesdgig, the disc will move outward
faster thamrcand the spin down of the star will cease.

5. Application to Accreting Neutron Stars

Several magnetically accreting sources show behaviour that couldcberded for by the
formation of a trapped disc and subsequent periodic accretion bursts.

At least two accreting X-ray pulsars, NGC 6440 X-2 (18) and IGR 9283934 (19) have
been observed to undergo weak, recurrent outbursts on muchrdirodscales (around 30 days)
than would be predicted from an ionization-instability model (20). This ssigglat a significant
amount of mass is retained in the inner disc during quiescence, i.e. that¢hmed@Emes trapped.

IGR J00291+5934 is an X-ray pulsar that historically has shown stdrsitagle outbursts (in
1998, 2001, and 2004) followed by long periods of quiescence. Menvi 2008 it underwent a
substantially different outburst, with two weaker outbursts (respectiasting nine and 13 days)
separated by 27 days of quiescence (19). The authors estimated ttaatimeass flux of weaker
outbursts together was approximately equal to the single 2004 outburst. Sauitarrsts have
been seen in NGC 6440 X-2, a recently discovered X-ray binary witbquéncy of 442Hz in a 57
minute orbit (5). Since discovery on July 28, 2009, five distinct outbinais been observed, each
typically lasting around four days at a luminosity of around~ 10%%rg s, with a minimum
recurrence time of around 31 days.

The short recurrence timescales suggest that a considerable amoum$éis stored in the
disc when the accretion rate drops, which can then fuel another outtheamincreases again. In
both sources the quiescent X-ray luminosity is at least 4 orders of magmhitwer than the outburst
luminosity, indicating a large change in accretion rate (although the X-ray lwitynmay not be
a good indicator of bolometric luminosity at such low accretion rates, so theagrie uncertainty
in the change im).

During two outbursts, the power spectrum of NGC 6440 X-2 was dominatedskrong low-
frequency QPOA 1 Hz) (4; 19). A similar QPO was previously detected in the tail an outburst in
X-ray pulsar SAX J1808.4-3658 (3) which was attributed to the disc instapi@gented in DS10a
and (7). Amuch weaker QPO at 0.5 Hz was observed in the outbursts0E&RIJ+5934 and might
also be attributed to the disc instability (19).

6. Conclusion

The interaction between a strongly magnetic star and a surrounding andietiosubstan-
tially alters the behaviour of the accretion, especially at low accretion rétds®n the accretion
rate drops below a critical threshold, the interaction could halt accretitmtba star altogether,
without powering a substantial outflow. This leads to the formation of a “edmjpsc” in which
there is little accretion but substantial mass in the circumstellar disc and the dwlgs of the disc
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remains close to co-rotation. A trapped disc can efficiently spin down theasthproduce regular
bursts of accretion.

This model is promising to explain the observed strong 1-Hz QPOs obser@#X J1808.8-

3658 and NGC 6440 X-2. It could also account for the weak and rapédiyrring outbursts seen
in NGC 6440 X-2 and IGR J00291+593.
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