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| have come to believe that the whole world is an enigma, a hasm@aigma that is made
terrible by our own mad attempt to interpret it as though it fladunderlying truth.
- UMBERTO ECO

Everything passes away - suffering, pain, blood, hungetjlpaese. The sword will pass
away too, but the stars will still remain when the shadows of oasence and our deeds
have vanished from the earth.

-MIKHAIL BULGAKOV, THE WHITE GUARD
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Chapter 1

Introduction

1.1 OVERVIEW

This thesis explores dynamical and radiative processeé®ttar in accretion flows around

various stellar-mass objects. The work is divided into tepasate themes: the interaction
between strong stellar magnetic fields and accretion flonagers 2, 3, and 4) and radiative
processes and accretion flow geometry in black holes at lovinlesity (chapter 5).

1.2 ACCRETION PROCESSES AROUND STARS

Accretion in astrophysics is defined as the process in whashfglls into a gravitational
potential well (such as a star or a black hole), which cosvigstgravitational energy into
kinetic, thermal or radiative energy. Typically a largectian of the gravitational potential
energy is released as radiation, making accretion-powstaad much brighter than their
non-accreting counterparts. The amount of energy releagkedepend on the depth of the
accreting object’s potential well. This is often expresasdhecompactnessf an object,
M../R., or the ratio of the object’s mass to radius (in a black hdle,radius is given by the
event horizon). The more compact a star, the deeper itsfmtemll. Both neutron stars and
black holes are so compact that the fraction of energy reteésompared to the rest mass
energy of the accreted matter) is considerably larger thanuclear fusion. Unsurprisingly,
accretion-powered objects are some of the brightest, biegreergy observable sources in
the Universe.

The luminosity of an accreting object is frequently chagdzed by itsEddington lu-
minosity This is defined as the luminosity at which the radiation gues from accretion
equals the gravitational potential, which then slows aamngthus decreasing the luminos-
ity, which is derived from accretion energy). The Eddingtominosity thus acts to set a
rough upper boundary on the luminosity of a source. If theetmn is spherically symmet-
ric and electron scattering is the dominant form of radiafwessure (assuming the gas is
entirely hydrogen), the Eddington luminosity will be giviey:

Ledd = 4TGM.mpc/or, (1.1)
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wherear is the Thomson cross-section of the electron, @mp the proton mass (Frank et al.
2002). The Eddington luminosity will have a correspondingration rateMgqq, Which will
depend on the efficiency at which gravitational potentiargg is converted to radiation,
and the depth of the potential well. For comparison, in arsolass stat, gqq ~ 10%%ergs 2,
or roughly 25 000L,, while both accreting neutron stars and black holes showimmax
luminosities~ Lgqg.

A number of objects in our galaxy primarily radiate due toration. These generally
fall into two categories: binaries and single stars. In thet fiategory, compact stars accrete
from a binary companion, which donates mass either via Ratfeedverflow or by a stellar
wind. The second process arises in the late stages of staafion, after the protostar
has formed out of a collapsed molecular cloud but mattericoes to fall inwards. The
accretion processes are similar in both, although acgetimpact stars radiate at much
higher energies and generally evolve on much shorter tiablescMost significantly, the gas
accreted in both cases will have a large amount of angularentum, which the gas must
shed in order to move inwards.

The initial angular momentum of the accreting gas slows #te of accretion onto the
star. Unless the accretion time is very short compared wighcoboling time of the gas,
the gas will rapidly cool as it orbits around the star. Sirtee accretion flow is pressure-
supported, the gas will fall into an axisymmetric disc inibavound the star, with a pressure
scale-height /r < 1. Except in unusual cases (such as an ADAF, described i) 1this
condition will generally hold, and accretion will procegdrm anaccretion disc Gas will
thus rotate in the disc in nearly Keplerian orbits, slowlgrating inwards.

In order to accrete onto the star, the angular momentum neustabsported outwards
in the disc, which requires that gas in adjacent orbits autsr viscously. The magnitude
of viscosity needed to power observed accreting sourcesicharger than the molecular
viscosity of the gas and is generally attributed to some fofrturbulence generated by
instabilities in the disc, which act over some radial extard produce an effective viscosity
in the disc. Discovering likely instability candidates faiscosity has been a major area
of research in accretion physics. Currently the leadingogig candidate is the Magneto-
Rotational Instability (MRI; Balbus & Hawley 1991), which isqutuced by weak magnetic
fields being sheared by the relative rotation in the disc.SQoies such as the magnitude of
instability (Fromang & Papaloizou 2007), or whether it cao@unt for accretion in weakly
ionized young star discs (Gammie 1996) remain unansweosg\Ver.

Even without knowing the exact source of the effective v&s$igoin an accretion disc,
researchers have still been able to make tremendous psoigresiderstanding accretion
physics. One of the most fruitful achievements if'aentury astrophysics was an estimate
for the effective viscosity in an accretion disc by Shakur&ényaev (1973). They specu-
lated that some (unknown) source of turbulence was redplerfsir the viscosity in the disc,
which would then have some characteristic lengthscale pedds They assumed, the
pressure scale height in the disc, to be the charactemstith scale for the turbulent eddies,
andcs, the sound speed in the disc, to be a characteristic speéslalldwed them to write
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down a definition for viscosity:
V ~ acsH, (1.2)

in whicha < 1 is a dimensionless number that parameterizes the unagriaithe viscosity.
The magnitude oft and its functional dependence on other parameters remakrsown,
but this description of the viscosity has allowed for corsable progress.

1.2.1 Thin accretion discs

Using (1.2) for the viscosity, and defining an inner boundzogdition for the disc (where
material deviates from Keplerian orbits to crash onto tlag) sShakura & Sunyaev (1973)
constructed a solution for the density and temperaturetstrel of a thin, diffusive accretion
disc with a fixed accretion ratdk). Assuming that the disc is optically thick, their results
predict a disc radiating thermally with a maximum tempem@atbhat depends on the compact-
ness of the accreting object and the accretion rate. In aorestar or black hole accreting at
a moderately high rate, the thermal peak will be in the sofa){tand, corresponding well
with observed luminosities and X-ray spectra. This eartyreting disc model has provided
the basis for accretion physics.

1.3 ACCRETING STARS WITH STRONG MAGNETIC FIELDS

Many accreting stars (X-ray pulsars, Intermediate Polafguri stars) have large organized
magnetic fields that govern the gas dynamics in the inneonsgif the accreting flow, dis-
rupting the disc and channelling material along field linedhe surface of star. The point
where the disc will be disrupted is usually called thagnetospheric radiusr Alfvén ra-
dius, which we here define as the inner edge of the digc,It can be (somewhat crudely)
estimated as the location where the magnetic presBéydrt, is equal to the ram pressure
of the infalling gasMv; (Pringle & Rees 1972).

We assume for simplicity that the magnetic field is a dipoigredd with the star’s spin
axis and the disc (so that the problem is axisymmetric). Aidgpcylindrical coordinates

[r,@ 2 with the z-axis aligned with the star’'s spin axis, the magnitude of fikkl in the
3

ok

plane of the disc i3, = Bs - (whereBs is the field at the stellar surface, aRd is

the star’s radius). If the radial velocity of the gas is ofartb the Keplerian velocity so that
Vi ~ (GM,r)¥/2, the magnetospheric radius will be approximately:

B2\’
Material passing through, will be channelled onto a small region near the magnetic,pole

and add a considerable amount of angular momentuid (GM. ri,)Y/) to the star, causing
the star to spin faster.
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Sincerj, can be considerably larger th&y, a rapidly-spinning star could in principle
spin faster than the Keplerian rotation rateajgt In this case, the spinning magnetosphere
will create a centrifugal barrier af, that can prevent gas from accreting (Pringle & Rees
1972; lllarionov & Sunyaev 1975). This introduces a secdmaracteristic length scale into
the problem, theorotation radius defined as the point where the Keplerian frequency in the
disc is equal td,, the star’s rotation frequency:

GM, 1/3

Whenrj, < r¢, accretion can proceed normally, while fgy > r¢ the centrifugal barrier will
likely reduce or even halt accretion onto the star. As werdles section 1.4, the behaviour
of the disc in the latter case is subject to considerablerntamoges.

Beyondrj, the magnetic field is not strong enough to completely disthiptisc, but can
still strongly influence its behaviour. This is especiatiyet for the region close tg, where
the magnetic pressure and gas pressure are still of sinmdar.oExactly how the magnetic
field and disc interact in this region remains the subjectafsiderable controversy and
active research. (For an excellent review of the currerie sthmagnetospheric accretion
studies, please see Uzdensky 2004). The picture summdr&ed represents the closest
current consensus between analytical and numerical study.

Provided that the disc is somewhat ionized, magnetic figldsliwill likely become
strongly embedded in the disc’s surface, so that the fietsi$pbint rotates with the Kep-
lerian rate of the disc (Lovelace et al. 1995). The othergdowtt of the field line is of course
attached the star and will rotate@t. Except for atr = r, the relative rotation rate of the
star and the disc will distort the field lines and create antauithl B, component. This will
generate a magnetic torque which allows additional angutamentum exchange between

the star and the disc:
Iin+Ar

2BpBo,,
1=+ . a1 = 2, (1.5)
whereAr is the width of the region coupling the disc and the star. Tige ef the angular
momentum exchange depends on the relative location of theeoted field line and,: if
r <re, this exchange adds angular momentum to the star, while if;, angular momentum
is extracted.

Analytic arguments suggest that the region of coupling betwthe magnetic field lines
and the disc (which we call thateraction region Ar in our work) will be small, withAr <
rin (Lovelace et al. 1995). This is because the induBgccomponent can only grow to
a maximum of~ By before the twisted magnetic field line inflates and evenjuafiens,
severing the connection between the star and the disc (A%;19zdensky et al. 2002). The
opened field lines could then launch an outflow of materiahftbe disc (e.g. Blandford &
Payne 1982; Lovelace et al. 1999), or provide a site for neeotion (Uzdensky et al. 2002).
In the late 1990’s, magnetohydrodynamical simulations wiagnetic field interacting with
a disc confirmed this basic picture (Hayashi et al. 1996;évil Stone 1997; Goodson et al.
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1999). Simulations have typically found that the field adaplargely open geometry (shown
schematically in fig. 2.1 in the next chapter), with only theer regions of the disc strongly
interacting with the star. Both outflows and accretion are gfpically seen, as field lines
open and then reconnect.

A number of questions remain unresolved within the pictwimed above. Particularly
unclear is the relative importance of the interaction wité tlisc and outflows in regulating
the angular momentum of the star. Outflows provide an additiay for the star and disc
to shed angular momentum, but the details of how they are ygasend how much mass can
be lost via outflow is uncertain (Spruit 2010). The star-disapling can in principle be very
efficient in transporting angular momentum, but this degemtthe extent of the connected
region (which in turn depends on the rate at which field lines iconnect above the disc
or diffuse through it). Additionally, some authors have gested that on long timescales the
field itself could evolve radially through the disc, eithereading out radially (Agapitou &
Papaloizou 2000), or being dragged in by the accreting mgitein the X-wind model of
Shu et al. 1994). All of these factors will influence the eéfiaty and importance of disc-field
coupling on angular momentum transport through the disc.

In our work we construct a parameterized model for the dilcHinteraction that in-
corporates most of the uncertainties listed above, andres#uat any variability created by
field line opening and reconnection can be time-averaged theetimescales that we are
interested in. We explicitly neglect the (unknown) role aftftows in our calculations, in
order to focus on the evolution as a result of the couplingvben the disc and the field.

1.3.1 Observations of magnetospheric accretion

Observations of accreting magnetic stars offer both supgmd challenges for the basic
picture of magnetospheric accretion outlined above. Belessummarize the evidence for
magnetospheric accretion in two different types of acegetnagnetic stars: T Tauri stars and
X-ray pulsars. Both these stars show strong evidence for etiagily-regulated accretion,
as well as unexplained observations.

T Tauri Stars

T Tauri stars are often observed to have strong stellar ntiagiredds (up to 1— 2 kG), and
show some evidence of spin regulation by the interactiowéen the disc and magnetic
field. They also show a significant amount of X-ray activitpigh is attributed to magnetic
flares in either the star or the star-disc coupling (Getmaah. @008). In this thesis we focus
particularly on observations of one class of T Tauri starsvkm as ‘EXors’. EXors, like
their prototype, EX Lupi are characterized by repeatedelargtbursts: changes by up to
four magnitudes in luminosity lasting several months, vatbharacteristic total period of
several years (Herbig 2007, 2008). The timescale of theuosib suggests variations in the
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disc structure in the inner region of the disc, which coulideas a result of the interaction
between a disc and field.

X-ray pulsars

Accreting X-ray pulsars show direct evidence of magnetesphaccretion, through their
pulsations on timescale betweenl0 3 — 10? seconds, which is attributed to the magnetic
pole sweeping through our line of sight (Davidson & Ostrikéi73). In some pulsars, this
probe of the star’s rotational period shows an evolutioriritet(e.g. Bildsten et al. 1997),
and variations in the derivative of the period that coref@atr anticorrelate) with luminosity
changes in the star.

X-ray pulsars also show more indirect evidence of magnedld-ilisc interaction. Two
millisecond accreting X-ray pulsars, NGC 6440 X-2 (Patrenal. 2010; Hartman et al.
2010) and SAX J1808.4-3658 (Patruno et al. 2009) show styolagi-periodic oscillations
on timescales similar to the evolution timescales in theiirdisc, which might be powered
by the same mechanism as the accretion bursts in EXors. N@C %42 also shows short-
duration outbursts of accretion with a very short recuregitme, which could be a result of
magnetic fields suppressing accretion.

1.4 MAGNETIC ACCRETION AT LOW M: ‘PROPELLERS,
OUTFLOWS AND DEAD DISCS

In sec. 1.3 we presented the standard argument for detexgniiné truncation radius of an
accretion disc in the presence of a magnetic field. This tatiom presupposes that there is
some accretion at the inner edge of the disc. However, whenr, the interaction between
the disc and the field creates a centrifugal barrier that sggpaccretion onto the star, so this
reasoning no longer holds. Matter will continue to move irdgafrom large distances, but
will be prevented from accreting onto the star. What then bapgn this case?

A common assumption is that oncg > r¢, the interaction between the disc and the
magnetic field will completely expel the massrgtin an outflow. This is known as the
‘propeller’ regime, with the behaviour of the spinning matpsphere likened to a propeller
flinging matter out of the system (lllarionov & Sunyaev 197bhe propellering disc ‘solves’
the problem of (1.3) by assuming that whgn> r. the matter flowing through the disc will
be expelled rather than accreted.

It is not clear what the accretion rate (if any) onto the stayudd be for the propeller
regime, although one would assume that it should decreasplglaround, = r¢ if most
of the mass flowing through the disc is being expelled in afimutand only a small amount
accreted onto the star (and hence render the source oblggniabspite this, observational
results often refer to sources as being in the ‘propellegime, meaning only that[egn
(1.4)] is larger thami, (as calculated using (1.3) for the observed accretion.rate} clearly
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does not make sense: if the ratio of accreted to outflowingemetere very small, then the
total accretion rate through the disc (incorporating thehserved outflow) could be large
enough to make (1.3) smaller than (1.4)!

The problem is caused by what is understood by ‘propellenrey The original sug-
gestion referred to systems in which the disc is truncatedcansiderable distance outside
re, SO thatQ, > Qk(rin). In this case the rotational energy of the magnetospheraichm
larger than that of the disc, so it seems reasonable to ettpd¢he majority of the disc mass
will be expelled in the disc-field interaction. However, irder to avoid a logical problem
(i.e. what happens if most but not all the mass is expellegha}, models of the propeller
regime are typicallyonstructedo ensure that the disc is completely expelled in a magnetic
outflow by the time it reaches,(e.g. Lovelace et al. 1999). This is in spite of the fact that
the physics of powering magnetospheric outflows (e.g. hoatnemergy is required, or how
much mass can be expelled) is still uncertain (Spruit 198djther adding to the confusion
is the tendency (as noted above), to define the ‘propellgihte as the one whemg, > r¢
as determined by (1.3) and (1.4), despite the fact that tfieitien of a propeller implies a
system in which matter is expelled rather than accreted.Iddie is thus: a) the centrifugal
barrier atrj, will prevent accretion onto the star, b) there is (probaklypugh energy in the
rotation of the magnetosphere to expel the disc in an outfipwince the accretion rate in
the disc is determined far from,, the discmustbe expelled, otherwise, where would the
mass go?

This logic fails most obviously for cases wherg < 1.26 rc, where the rotation rate
of the magnetosphere is less than the escape speed of thAg#we gas atj, is brought
into corotation with the star, the added rotational energlynet be enough to expel it, but
the centrifugal barrier will prevent it from accreting orttee star (Spruit & Taam 1993).
The same condition could of course hold for a disc truncatea éurther fromr¢: having
enough energy for the gas to escape is a necessary but noiesifiondition for the disc to
be expelled, and some of the gasjatcould remain confined in the disc.

The solution to this problem is that the standard disc smtuthat describes accretion
onto a star or magnetosphere (Shakura & Sunyaev 1973) doescessarily apply to discs
truncated outside.. This is not such a problem as it initially appears, sincedlage in fact a
whole class of time-independent accretion disc solutioitis eifferent boundary conditions
atri,. The most well-known of these is the solution for a disc aegeonto the surface of
a non-magnetic star spinning close to break-up. Popham &jyar(1991) and Paczynski
(1991) independently demonstrated that the interactidwesn the disc and the rapidly
spinning star can transfer angular momentum outwards $@ttaetion can proceed while
the star remains spinning at breakup. This changes the lbmerdary condition, and alters
the surface density profile in the inner regions of the disthst the angular momentum
added atj, can be transported outward.

A similar disc solution exists for the case where accretintodhe star is completely
suppressed but the disc-field interaction adds angular mtmmeto the inner edge of the
disc. This solution (described in more detail in chapter as\irst proposed by Sunyaev
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& Shakura (1977), who dubbed it a ‘dead disc’ since the amreatate onto the star is
close to zero and the temperature of the disc itself is lonughdo render the disc nearly
undetectable. The inner edge of the disc in a dead disc isndlieted by the location where
the rate of angular momentum being injected into the disg,dialances the rate at which
the disc can transport it outwards (which depends on thesgidensity of the disc). In a
dead disc, the inner radius is thus determined by the amdumass in the disc, rather than
the accretion rate through it. More mass in the inner partietlisc means that the disc can
transport more angular momentum outwards, indill move torc. This disc solution will
also be relevant for systems in which there is an outflow ngéhat is not strong enough to
expel gas at the same rate at which it is being accreted frameiuaway.

If the average accretion rate falls enough that accretido thre star is suppressed, then
mass can begin to pile up in the inner regions of the disc. Whidast until there is enough
mass in the disc to pugthy, insiderc, where the excess mass can be accreted. The result
will be bursts of accretion onto the star, with the timescatpilated by the viscous diffusion
timescale in the inner regions of the disc (Sunyaev & Shak@rd; Spruit & Taam 1993). A
new physical description of this instability (which incomates the dead disc phase) is pre-
sented in chapter 2, where we investigate the nature of thatireg outburst (e.g. its shape,
amplitude and duration). In chapter 4 we continue this itigaon more quantitatively, and
explore how the instability evolves together with the spialetion of the star.

This picture for magnetospheric accretion has a numbehefaonsequences in addition
to accretion bursts. It also predicts that the disc will rentiauncated very close tiq as long
as there is acretion onto the star. As a result, the disc dareetly spin down the star
even when the accretion rate is essentially zero. In ch&ptez investigate the long-term
evolution of dead and marginally accreting discs, follagvtheir evolution as the spin-rate
of the star also changes.

1.5 ACCRETION AROUND BLACK HOLES AT LOW LUMI-
NOSITIES

Observations of accreting black hole binaries offer a uaiqpportunity to test accretion
physics. Since black holes themselves have no detectablesio radiation, virtually all of
the detectable radiation comes from accretion processesiel, the deep potential well of
a black hole means that accreted matter will lose a subatdréction (between 6-40%) of
its rest mass energy as it falls into the hole (Frank et al2P0Bccreting black holes thus
also offer the opportunity to probe the physics of mattereay\nhigh energies and densities,
far above what is accessible to terrestrial laboratorid® darly development of the theory
of accretion flows and discs (e.g. Pringle & Rees 1972; ShakBanyaev 1973) arose as
a consequence of early X-ray observations of black holesttanfield of accretion physics
has evolved in tandem with improving spectral and photometoservations. Chapter 5
concerns accretion around black holes at very low accretites. As we outline below,
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= Figure 1.1: High M and lowM spec-
= tral states for Cyg X-1. The high state
'g 1 L spectrum peaks at 2 keV, and has
= 2 a power-law tail that continues up to
5, y-ray energies. The low state shows
:“ Al Gogons X1 much harder power-law emission that

peaks at~ 200 keV then rapidly de-
clines. (Figure taken from McConnell

wd N etal. 2002).
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much of the physics of accretion at these low accretion rat@sins uncertain.

1.5.1 X-ray spectra of black holes

The X-ray spectra of accreting black hole binaries changendtically as a function of the
accretion rate. This is illustrated in figure 1.1, which isgia from McConnell et al. (2002).
The crosses (with spectral fit models overlaid) shows twenolagions of X-ray ang-ray
emission for Cyg X-1 (a~ 10 M accreting black hole) at different accretion rates. At
high accretion rates (above 10% Lgqq, the ‘high/soft’ state), the spectrum is typically
dominated by a soft X-ray quasi-thermal profile, peaking at2lkeV, with a steep, power
law tail extending up toj-rays. As the X-ray luminosity of the source drops, the X-ray
spectrum becomes dominated by hard roughly power-law @nigisat cuts off in the hard
X-rays (~ 200 keV), and the soft X-ray thermal component disappehesigw/hard’ state).
Both spectra show excess emission arourd7keV produced by iron Kx emission and
broadened by rotation and relativistic effects (Remillar&Clintock 2006).

The interpretation of black hole X-ray spectra is somewbatmoversial. In the high/soft
state, the quasi-thermal spectrum is attributed to a stdnalatically thick accretion disc
(Shakura & Sunyaev 1973), and the iroroKine (and related ‘reflection’ spectrum, Ross &
Fabian 2007) is attributed to back-scattering of the higérgy spectral component off the
surface of the disc. The power-law component itself is lilggnerated by inverse Compton
scattering, the up-scattering of soft { keV) X-ray photons to much higher energies as they
collide with a population of high-energy«(100 keV) electrons (e.g. Rybicki & Lightman
1986) in an optically-thin corona above the disc. In the lwawvd state, the power-law emis-
sion is usually also attributed to inverse Compton scatjeffut both the geometry of the
upscattering plasma and the fate of the optically thick digcunclear.
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1.5.2 s the thin disc truncated at low M?

The change in X-ray spectra indicate dramatic changes iadbeetion flow as the accretion
rate decreases. The thermal disc becomes nearly undééedtaticating that it does not
contribute much to the overall accretion energy budget. Upgseattering electrons must be
hot enough to produce the hard X-ray spectrum, which meatstty a small fraction of the
disc can interact with the corona (Haard & Maraschi 1991)is Has led some researchers
to suggest that the optically thick disc might vanish in theer regions of the accretion flow
when the mean accretion rate drops. Instead, the innernggibthe flow are filled with
an optically thin, hot plasma that is the source of upsdatjezlectrons needed to produce
Inverse Compton radiation.

The most well-known model of this type is the ‘Advection-Dioated Accretion Flow’
(ADAF) solution proposed by Narayan & Yi (1994). In an ADAFetigas is fully ionized,
and the density of the plasma is so low that the collision sicaée between protons and
electrons becomes comparable to the viscous timescale @ibth (the time it takes material
to flow into the black hole). Since the protons can only effety cool through collisions
with electrons (which can then cool via bremsstrahlung eeise Compton scattering), as
viscous turbulence heats up the plasma, the protons will keating up while the electrons
can cool. The result is a two-temperature plasma, with astrele temperature of about 200
keV and a proton temperature of about 20 MeV. Since the psotarry most of the energy
of the flow (due to their much larger mass), the majority ofdberetion energy is advected
into the hole rather than radiated (hence ‘advection dotadia The electrons will upscatter
seed photons (either from the truncated disc or other psesdgke synchrotron radiation),
which then produce the observed spectra.

The ADAF solution is only one of a large class of radiativatgfficient accretion so-
lutions for the inner disc region. However, for the entirasd the picture is very different
from a standard optically thick accretion disc. Instead, itiner disc is truncated when the
accretion rate is very low, and the inner regions close tstheare optically thin, radiatively
inefficient, and much hotter.

1.5.3  Accretion discs bombarded by ions

It is not known how the accretion flow transitions from an owteol disc to a hot inner
ADAF, although in order for the ADAF to accrete, it must beealh shed excess angular
momentum outward (cf. sec. 1.2). Spruit (1997) considemnedriteraction between the 20
MeV protons of an ADAF and a cool (1 keV) accretion disc. Hegagied that as the protons
bombarded the disc, the large energy transfer would evegptita upper layers of the disc
into a hot ¢~ 100 keV) surface corona. Deufel & Spruit (2000); Deufel ef(2001, 2002)
further developed this work using Monte Carlo simulationsoof bombarding a cool disc
to confirm the presence of a surface corona and determirenifserature and optical depth.
Since the surface corona has a much higher temperatureitb@od! disc, its viscosity will
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also be higher (1.2), so that the corona will flow inside thelabsc. In Spruit & Deufel
(2002) the authors found that this process would heat updtane in this inner region until
it finally evaporated back into an ADAF, making the cycle slftaining. Finally, Dulle-
mond & Spruit (2005) constructed a steady-state model foatitretion flow, incorporating
the interaction between the ADAF and the disc. This allowezht to calculate the ener-
getic contribution of each part of the flow. The main conauasof this work is that some
fraction of energy from the ADAF (which would otherwise besadted) can instead be con-
verted somewhat indirectly into detectable radiation. fidslt emphasizes the importance
of energy exchange (either by radiation or matter) betwhkerdifferent components of the
accretion flow — particularly at low luminosities when theadoes not directly contribute
much to the overall energy budget.

1.5.4 Soft excesses: evidence of an untruncated disc?

Recent observations of two X-ray sources (GX339-4 and SWIF535-0127) have chal-
lenged the picture of a truncated emission disc at low aicereates (Mlller et al. 2006a,b).
These researchers found soft emission below 2 keV in botttesin excess of the power-
law component. By fitting their data with thermal disc mod#igy claimed that the spectra
showed direct evidence of very faint thermal accretionglgd ~ 0.2 — 0.3 keV), consis-
tent with being untruncated. Their interpretation of thep was somewhat simplistic (in
particular, they account for reflected emission off the atist but not reprocessing), but
nonetheless posed a challenge for the truncated disc garadi

In Chapter 5 we re-examine this conclusion, considering tteegy exchange between
different components of the accretion flow. Using the rasoftDullemond & Spruit (2005)
we construct a model spectrum for the accretion flow, to destnate that the soft excesses
seenin the low/hard state of black hole binaries can be stamgiwith a moderately truncated
accretion disc.

1.6 SUMMARY OF THE MAIN RESULTS OF THESIS

e When an accretion disc is truncated by a strong stellar mexgfield close to the
corotation radiusrg; where the spin of the star equals the Keplerian rotatiorhef t
disc), the angular momentum transferred from the star tdigecan remain confined
in the disc and be transferred outward, preventing the dam faccreting (called a
‘dead disc’). A dead disc is characterized by a very low aemneor outflow rate, but
active angular momentum transport outward. Chapter 2

e The dead disc state can result in cyclic accretion burstshich mass builds up and
is periodically accreted onto the star. The presence, idarahagnitude, and outburst
profile of these bursts depend on the time-averaged accnetie in the disc, and the
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radial width of the transition region between accreting € r¢) and non-accreting
(rin > rc) regions. The timescale for the accretion bursts varies byenthan five
orders of magnitude. Chapter 2

The instability timescale and burst magnitude agrees wieoved variability in sev-
eral classes of magnetic stars. In particular, low-frequ&pPOs observed in accreting
Neutron Stars (such as appear in the tail of outbursts in SE808.-3658 and NGC
6440-X2) happen on the order of viscous frequencies in theriaccretion disc, and
could be the result of this instability. As well, a class of dufi stars known as ‘EX-
ors”, show periodic outbursts that could also be caused ibyriktability. Chapters 2
and 4.

If the accretion rate in the disc falls to zero, a dead discpmsist and spin down the
star. The evolution of the system in this case will follow @féwo paths. In the first,
the disc will move gradually away from as angular momentum is added, and stellar
spin-down will effectively stop. In the second, the dead didl remain trapped close
to rc asrc moves outwards, and the star can spin down indefinitely. \fég te these

as ‘trapped’ discs. This bifurcation could account for atsed magnetic white dwarfs
and Ap stars, some of which rotate rapidly, and some verylgld@hapter 3

Accretion in a trapped disc will typically be very low, anchgaroceed either as steady-
state accretiofilChapter 3)or accretion bursté€Chapter 4) The presence of cycles in
a trapped disc can appear transiently as the star’s spirgea@hapter 4

Whether or not a disc will become trapped will depend on thesjalay extent of the
disc, and whether it has a sink for angular momentum at ther @dlge of the disc (for
example, a companion). It will also depend on the detailsd-field coupling, and
ratio of the viscous diffusion timescale gtcompared to the spindown timescale of
the starChapter 3

Two forms of accretion instability exist: one at loM with periods of quiescence
(as envisioned in previous work), and one at higklewith no periods of quiescence
and much higher frequency. The presence of the instahilityoth cases can modify
the rate of angular momentum transfer between the star andish (with respect to
steadily accreting casesIhapter 4

In the low-luminosity state around accreting black holeedent components in the
accretion flow are responsible for different componenthadbserved X-ray spec-
trum. These different components exist in close proximitgt Bkely exchange energy
via matter or radiation, so that considering this energebigpling is critical when
modelling the spectrunChapter 5

The energy exchange (by matter and radiation) between drcoghted accretion disc
and a hot ADAF produces a 10@V corona above the disc and hot ring 208V just
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inside it. The energy exchange between the corona and tbevididheat the disc and

produce an excess of soft X-ray emission even at low lumiiessi This excess can
reproduce the soft excesses observed in black hole binarties low-luminosity state.

Chapter 5
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Chapter 2

Episodic Accretion on to Strongly Magnetic
Stars

Caroline R. D’Angelo and Hendrik C. Spruit
MNRAS 406, 1208, 2010

O me accreting neutron stars and young stars show unexplained

S episodic flares in the form of quasi-periodic oscillatiomgecurrent
outbursts. In a series of two papers we present new work onsaahility
that can lead to episodic outbursts when the accretion slisancated by
the star’'s strong magnetic field close to the corotationusdivhere the
Keplerian frequency matches the star’s rotational frequenn this paper
we outline the physics of the instability and use a simplepeaterization
of the disc-field interaction to explore the instability nemcally, which
we show can lead to repeated bursts of accretion as well adysttate
solutions, as first suggested by Sunyaev and Shakura (19Té)cycle
time of these bursts increases with decreasing accretten fidhese so-
lutions show that the usually assumed ‘propeller’ statayliich mass is
ejected from the system, does not need to occur even at wegdoretion
rates.
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2.1 INTRODUCTION

The interaction between a strong stellar magnetic field anacaretion disc can affect both
the evolution and observational properties of the star. e€Ctosthe star the field is strong
enough that the accretion disc is truncated, and mass isieled along field lines to ac-
crete on to the star’'s surface. At the inner edge of the tiiedcdisc, the field and disc
interact directly over some finite region, allowing for algunomentum exchange from the
differential rotation between the Keplerian accretiorcdiad the star.

Angular momentum exchange between the field and the diss teddo different states
that can exist for a disc truncated by a magnetic field. Théndison depends on the position
of the truncation radius relative to the corotation radiyss (GM., /Q?)/23 (whereM, and
Q. are respectively the mass and spin frequency of the stanjattius at which the Keplerian
frequency in the disc equals the star’s rotational frequeticthe disc is truncated inside
rc then the field-disc interaction extracts angular momentromfthe disc and accretion
can proceed. If on the other hand the disc is truncated @utgidhe star-field interaction
will create a centrifugal barrier that inhibits accretiorhis is usually called the ‘propeller
regime’, under the assumption that most of the mass in theislisxpelled as an outflow
(Ilarionov & Sunyaev 1975).

Accreting stars with strong magnetic fields such as T Taarsstand X-ray millisecond
pulsars show a large degree of variability in luminosityresponding to changes in accre-
tion rate), which may be ascribable to magnetic activity. &@ample, the protostar EX Lupi
(the prototype of the ‘EXor’ class), a T Tauri star, increaaed decreases in brightness by
several magnitudes every 2—3 years (Herbig 2007). At mughenienergies, a 1 Hz quasi-
periodic oscillation in accreting millisecond pulsar SAX808.8-3658 has been observed
during the decay phase of several outbursts (Patruno €@9)2The time-scale and magni-
tude of the variability in both sources suggest changesdretion rate in the inner regions
of the accretion disc, where it interacts with the star’s neg field.

In this paper we revisit a disc instability first suggeste8imyaev & Shakura (1977) and
developed in Spruit & Taam (1993) (hereafter ST93), which lead to episodic bursts of
accretion. The instability arises when the magnetic field¢ates the disc near the corotation
radius. The magnetic field initially truncates the disc wésbut close to the corotation
radius, thus transferring angular momentum from the sttiré¢alisc and inhibiting gas from
accreting on to the star (the propeller state). Howevesector., the energy and angular
momentum transferred by the field to the gas will not be endagimbind much of the disc
mass from the system and drive an outflow. Instead, the ttterawith the magnetic field
will prevent accretion (Sunyaev & Shakura 1977). As gas @itimer regions of the disc
piles up, the local gas pressure increases, forcing the édge of the disc to move inwards
until it crosses .. When the inner region of the disc cross insidethe centrifugal barrier
preventing accretion disappears (since now the diffesenditation between star and disc
has changed sign) and the accumulated reservoir of gasristed®n to the star. Once the
reservoir has been accreted, the accretion rate througligbs inner edge decreases, and
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the disc will again move outsidg, allowing another cycle to start.

We study this process by following the time evolution of anthkisymmetric viscous
disc, with a paramaterization of the interaction betweendisc and the magnetic field both
inside and outside.. This approach allows us to investigate the behaviour ofdike on
time-scales much longer than the rotation period of the ktamg time-scales are important
since the instability evolves on viscous rather than dyeahtime-scales of the disc. We are
able to reduce the uncertainties in the detailed MHD intésadetween the field and the
disc to two free (but constrained) parameters. Using trssidation we can then investigate
the physical conditions for which the instability develops

In this paper we describe in detail the physics that can leagisodic bursts of accretion
and give a brief overview of the observed oscillations. laterd paper we will explore the
range of outbursts seen in our simulations in more detad, discuss their prospects for
observability in specific stellar systems.

2.2 MAGNETOSPHEREDISCINTERACTIONS

2.2.1 Interaction region between a disc and magnetic field

We consider a star with a strong dipolar magnetic field surded by a thin Keplerian ac-
cretion disc. We assume that the dipole is aligned with bo¢rstar’'s spin axis and the spin
axis of the disc, so that the system is axisymmetric. Neasthface of the star the mag-
netic field will truncate the disc, forcing gas into corotatiwith the star. This inner region
(in which the gas dynamics is regulated by the magnetic fisldalled the magnetosphere,
and we define thenagnetospheric radiysy, as the radius at which the magnetic field is no
longer strong enough to force the disc into corotation (B Traam 1993). Outsiden, the
magnetic field will penetrate the disc and become stronglypltam over some radial extent,
which we call thenteraction regionAr. Beyond the interaction region the disc and magnetic
field are decoupled, so that the outer parts of the disc ardireaitly affected by the stellar
magnetic field. Figure 2.1 shows a schematic picture for tagmatic field configuration,
with a closed magnetosphere close to the star, and a lariga r@fgopened field lines further
out.

In the interaction region, the differential rotation beemethe Keplerian disc and star
shears the magnetic field, generating an azimuthal comp@&gdrom the initially poloidal
field. This in turn creates a magnetic stress which exertscuéoon the disc, transferring
angular momentum between the disc and star. The torque fiearaa exerted by the field
on the disc is given by@dr = rS,yz, where

Sp=+ (2.1)

is the magnetic stress generated by the twisted field lines sign of the torque will depend
on the location of the coupled disc region relative to thetation radiust = (GM../Q2)/3,
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If the coupling takes place insidg the torque will extract angular momentum from the disc,
spinning down the disc (and spinning up the star), while & toupling is outside. the
torque adds angular momentum to the disc, spinning it up ¢pithing down the star).

The radial extent of the interaction region has been a pdiloing-standing controversy
in the study of accretion discs. In an early series of infliapapers, Ghosh et al. (1977;
Ghosh & Lamb 1979a,b) argued that the coupled region is l@kggr > 1), so that the
magnetic field exerts a torque over a considerable fractidgheodisc with a resulting large
influence on the spin evolution of the star. However, theipalgnodel proposed by Ghosh
& Lamb was shown to be inconsistent by Wang (1987), since tagnetic pressure they
derived from field winding far fronmc is high enough to completely disrupt the majority of
the disc.

More recent analytical and numerical work has shown thairiieeaction region is likely
much smaller, and much of the disc is disconnected from tire(s¢e Uzdensky 2004 for a
recent review). This comes about from the fact that in fdree-regions (where the magnetic
pressure dominates over the gas pressure) as are likelyigbadove an accretion disc,
field lines will tend to become open as the twisting increggdyg 1985; Lynden-Bell &
Boily 1994). As the disc and star rotate differentially, thereasing twistA@ in the field
line will only increase théB, component to some maximuBy, ~ B, before the increased
magnetic pressure above the disc causes the field lines tomeemflated and eventually
open, severing the connection between the disc and stalytinstudies of a sheared force-
free magnetic field (Aly 1985; van Ballegooijen 1994; Uzdsgnsekal. 2002) have shown
that theB, component will grow to a maximum twist anghep ~ 1t before opening. The
twist angle grows on the time-scale of the beat frequeadf, — Qx |1, which is very
short compared to the viscous time-scale in the disc excegtviery small region around
corotation.

To prevent field lines from opening, they must be able to slipugh the disc faster
than the field is being wound up. The rate at which the field camarthrough the disc
is set by the effective diffusivity), of the disc. Like the effective viscosity, that drives
the transport of angular momentum, the effective diffugivs also assumed to be driven
by turbulent processes in the disc. Recent numerical stadi®RI turbulence (believed
to be responsible for angular momentum transport in at kda&sinner regions of accretion
discs) have tried to measuredirectly. In these simulations, an external magnetic fisld i
imposed on a shearing box simulation, and the effective etagdiffusivity is estimated as
the flow becomes unstable. The results suggest that theiedfetiffusivity and viscosity
are of similar size, that is, the effective magnetic Prandthber,Pr = v/n is of order unity
(Fromang & Stone 2009). Such a large magnetic Prandtl numigares that for realistic
disc parameters the magnetic field will not be able to slipulgh the majority of the disc
fast enough enough to prevent field lines from opening (Lamekt al. 1995; Uzdensky et al.
2002). Outside this region there will still be some coupliggween the disc and the star (as
the disc moves from Keplerian to corotating orbits), bus #stimate suggests that the actual
extent of coupling is smallyr /r < 1) regardless of where the disc is truncated relative to the
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z
Figure 2.1 Global magnetic field
configuration for a strongly magnetic
star surrounded by an accretion disc.
In this picture, the majority of the field
exists in an open configuration, and
the connected region between the field
and the disc is very small. Adapted
/diSC from Lovelace et al. (1995).
|

magnetosphere

corotation radius.

Once the field lines are opened, there may be some reconmectioss the region above
the disc between open magnetic field lines (e.g. Aly & Kuifp£®90; Goodson et al. 1997,
Uzdensky et al. 2002). The effective size of the interact@mion would then depend on the
efficiency of reconnection, and could also then become tieygendent (although likely on
time-scales of order the dynamical time, which is much ghdttan the viscous evolution
time-scale). The opening and reconnection of field lineslsasbeen suggested as a possible
launching mechanism for strong disc winds and a jet (e.g. 8Kuijpers 1990; Hayashi
et al. 1996; Goodson et al. 1997). This picture of a smallraton region with some
reconnection was first proposed by Lovelace et al. (199%) hais been supported by 2 and
3D simulations of accretion discs interacting with a magngeld (e.g. Miller & Stone
1997; Goodson et al. 1997; Hayashi et al. 1996; Romanova 20@9).

In summary, although the extent of the interaction regiamisertain (subject to uncer-
tainties in the effective diffusivity of magnetic field indgldisc and its possible reconnection
in the magnetosphere, as well as the detailed interactibmele® the disc and field near
the magnetosphere), numerical and analytic work sugdeststtis small. Except for very
special geometries for the magnetic field (such as Agapit®®egfaloizou 2000; Shu et al.
1994), the low effective magnetic diffusivity in the disclMiorce the magnetic field into a
largely open configuration, and the majority of the accretisc will be decoupled from the
star, in strong contrast to the prediction of the Ghosh & Lgtty9a) model.

The extent of the interaction region as well as the averagminale of theB, component
generated by the disc-field interaction will depend on theitkzl interaction between the
disc and the field as it varies from Keplerian orbits to caiotawith the star, as well as the
frequency and magnitude of possible reconnection evenmthel present work we therefore
assume that the time-averag@glcomponent generated by field-line twisting will be some



Truncated Accretion Discs

constant fraction 0B, so thatBy/B, =y < 1. We also assume thAt /r is small 1) but
leave it as a free parameter.

2.2.2 Accretion and angular momentum transport

In this paper we describe the evolution of an accretion disahich the conditions at the
inner boundary are changing in time. Before doing this, h@reve review how the condi-
tions at the inner boundary affect the angular momentunspain and density structure of a
thin accretion disc. In the thin-disc limit the evolutionuegjon for the surface densiBycan
be written:

65 30 9 1/2 0
ot ror
wherev is the effective viscosity in the disc that enables angulam@ntum transport. In a

steady state (in which the accretion rate is constant throuigthe disc), the general solution

for v is given by:
1/2
vZ_3<1 B( ) ) (2.3)

wherer;j is the inner edge of the disujis the accretion rate arfilis a dimensionless measure
of the angular momentum flux through the disc per unit maseetert (Popham & Narayan
1991; Paczynski 1991).

All accretion discs have a boundary layer at their inner etigeconnects the disc with
either the surface of the star or the star's magnetospherehel boundary layer the gas
must transition from Keplerian orbits to orbits corotatiwgh the star in order to accrete.
The structure of this boundary layer will determine the eadifif in (2.3). In the standard
accretion scenario, that is, for accretion on to a slowhgting star or on to the star’'s mag-
netosphere inside the corotation radius, the gas in thedaoyrayer will be decelerated,
meaning that there will be a maximum in the rotation profiér). At the maximum in
Q(r), there is no longer an outward transfer of angular momentam fviscous torques,
which in the thin-disc approximation will cause the surfaemsity to decrease sharply, so
that3 = 1in (2.3) (Pringle & Rees 1972; Shakura & Sunyaev 1973). Theimum inQ(r)
effectively corresponds to the inner radius of the disgesinside this radius gas is viscously
decoupled from the rest of disc. The gas falling through timei boundary of the disc will
add its specific angular momentum Q) to the star, spinning it up.

However, there are in fact a wide range of solutions for thiéase density profile of an
accretion disc depending on the conditions imposed by thmdeary layer, which in turn
set the rate of angular momentum transport across the irmerdary of the disc. In a
nonmagnetic star spinning close to breakup (Paczynski;F&iham & Narayan 1991), the
angular momentum flux can be inward or outward, depending®adtcretion history of the
star. The dimensionless angular momentum fwoan in principle have any value less than

(rl/sz)} (2.2)
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1 in this case. The top panel of Fig. 2.2 shows the steadg-statace density profile for a
range of different values @ from -1 to 1.

Sunyaev & Shakura (1977) studied a similar situation in Whiere is outward angular
momentum transport in an accretion disc, and showed addipga momentum at the inner
edge of the accretion can in fact halt accretion altogethike evolution of the disc in this
case depends on the rate at which angular momentum is bééugeid at the inner edge of
the disc compared to the rate at which it is carried outwarasigcous coupling. If angular
momentum is injected into the inner boundary of the disc at#y the same rate as viscous
transport carries it outwards, then all accretion on to the sill cease. For a steady state
like this to exist, the outward angular momentum flux due &orttagnetic torque at the inner
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edge of the disc has to be taken up at some larger distancebitagy system, this sink of
angular momentum can be the orbit of the companion star.elfitec is sufficiently large,
the angular momentum can also be taken up by the outer pattte afisc, while the inner
parts of the disc are close to a steady state. The inner eddpe a@lisc then slowly moves
outward under the influence of the angular momentum flux. Thase density distribution
in this case can be found from (2.3) by taking the limit> 0, while letting3 — —co (noting
that it measures the angular flux per unit accreted mass3.yl¢lds:

vE = (1) (%)1/2, (2.4)

where f(ri) is a measure of the torque exterted at the inner edge of tke @ise bottom
panel of Fig. 2 shows the surface density, scaled to the \@#ldér;), for two instances of
(2.4) with different values ofjp,.

Sunyaev & Shakura (1977) refer to this solution as a ‘dead,digice there is no accre-
tion on to the star. In this paper we call non-accreting digitisout large outflows ‘quiescent
discs’, to avoid confusion with ‘dead zones’ thought to besgnt in proto-stellar discs (re-
gions in which there is insufficient ionization to drive ategumomentum transport via MRI
but are too hot for efficient angular momentum transport vavigational instabilities; e.qg.
Gammie 1996). These quiescent discs play a role in the cymlitions discussed in Section
2.3. In these solutions accreting phases are separatedhgyritervals in which the inner
disc is close to the quiescent state described by (2.4).

2.2.3 Evolution of a disc truncated inside the corotation radius

When the accretion disc is truncated by a magnetic field ingidecorotation radius, the
standard3 = 1 case applies for a steady-state solution. The locationeoiitner edge of the
discri,will be determined by the interaction between the disc angmatic field, and change
with changing conditions at the inner edge (such as the taoreate on to the star). Here
we estimate the location of,, and use it to show how the inner boundary of the disc will
change in a non-steady disc.

We define the inner edge of the disc as the point at which nadierthe disc is forced
into corotation with the star. We use the azimuthal equatiamotion for gas at the magne-
tospheric radius to obtain an estimateifgm a disc (see, e.g. ST93):

2@%(%) - @%(rvq,) + 21y =0, 2.5)
whereny, = —21r2V; is the accretion rate through the inner edge of the disc) (&§lects
viscous angular momentum transport through the inner nsgibthe disc, under the assump-
tion that it will be much smaller than angular momentum tpemsfrom the magnetic field.
Using vy = Q.r (since atri, the gas corotates with the star), and assuming a steady-stat
solution @/0t = 0), (2.5) becomes:
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mQ, rinBoB
e linSe = m4;_’; Z>
whereSy, is the magnetic stress from the coupling between the dissmdintroduced in
Section 2.2.1). As long as the wind-up time for the field isrdrdhan the rate at whiafy, is
changingBy/B; will be roughly constant, so we make the assumptionBgat nB,, where
n < 1 andis constant.

For a dipole field aligned with the star’s axis of rotati@ & p/r®, wherep = BsRS is
the star’'s magnetic dipole moment), (2.6) can be re-written

1/5
AL
lin = <4Q*mn> . (2.7)

Forn = 0.1, this estimate gives a value fof about 40% smaller than the simple estimate
found by equating the magnetic pressure from the fiBf/§mn) to the ram pressure from
spherically-symmetric gas in free-fall on to the star (€gngle & Rees (1972)).

The derivation forr;, above holds for steady accretion. For the problem studieel the
position of the inner edge (set by the location of the magpmtere) will change in time,
which requires a minor reinterpretation of (2.7).rilf is moving in time, the mass fluxg
in the reference frame comoving witf differs from the mass fluxn, ’measured in a fixed
frame:

(2.6)

whererj, is the time derivative ofj,.

Since the torque between the magnetosphere and the dist #utsnner edge, the mass
flux entering the magnetosphere (used in (2.7)) is givemgy notm. As before mitself is
given in terms of the surface density by the usual thin digression:

M= 3ri1n/2§ (rl/zvz) - (2.9)

2.2.4 Evolution of a disc truncated outside the corotation radius

If the star is spinning fast enough, the magnetic field camdate the disoutside g. In this
case the interaction with the magnetic field veitldangular momentum to the disc, creating
a centrifugal barrier that inhibits accretion. This scémavas first described by lllarionov
& Sunyaev (1975) and is often termed the ‘propeller’ regiomger the assumption that the
interaction with the magnetic field will expel the discrgtas an outflow via the ‘magnetic
slingshot’ mechanism (Blandford & Payne 1982).

However, in order for the gas to be ejected from the systemuit be accelerated to
at least the escape speegdst= +/GM.,/2r). At the inner edge of the interaction region
the gas is brought into corotation with the star, wheye= Q,r. If this is less than the
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escape speed, the majority of the gas will not be accelesatedgh to be expelled. Setting
Vesc= V¢ = 1/GM.,/rgr implies that forrj,< 1.26r. most of the gas will not be expelled.

Part of the disc could still be expelled in an outflow, but whihe majority of the gas
remains confined in the disc, the disc can act as an efficiektfer angular momentum
from the star and accretion can effectively be halted. Thendield lines at larger radii
could launch a disc wind which would provide an additionaksior angular momentum
and somewhat change the structure of the disc (e.g. Matt &R2@0D05). As well, numer-
ical studies of the field-disc interaction find that recorimecacross field lines can lead to
intermittent accretion (e.g. Goodson et al. 1997, see astidh 2.6). However, models of
disc winds typically include mass loss rate as a parametiieqroblem, so that the amount
of mass actually lost to the wind is uncertain. In this papemake the assumption that the
disc becomes quiescent, that is, fpr> rc no accretion or outflows occur. The steady-state
disc solution is then given by (2.4).

In the next section we will derivé(ri,), the boundary condition for the surface density
at the inner edge of a quiescent disc. Like for cases when r¢, we want to study non-
steady-state solutions in which, moves in time. As in the steady-state case, to deatjve
we consider the difference in accretion rate;gin a fixed frame and in a frame comoving
with rip. Since for a quiescent disc no matter is being accreted dretstarme.,= 0, so that
(2.8) can be written:

21 Sy = —3r/? % (rl/ZVz) - (2.10)

Together with (2.2), a viscosity prescription and conditfor the outer boundary, we can
use the results from this section and the previous one ty shedtime-dependent behaviour
of an accretion disc.

2.3 CyCLIC ACCRETION

The existence of quiescent disc solutions can naturallg teabursts of accretion. Since
there is very little accretion on to the star or outflow, if masntinues to accrete from larger
radii it will pile up in the inner regions in the disc until tigas pressure is high enough to
overcome the centrifugal barrier from the magnetic fiegkdnteraction and accretion can
proceed. Once the reservoir has been emptied the inner édge disc will move back
outside the corotation radius and the reservoir will s@huild up again.

In Sections 2.2.3 and 2.2.4 we showed how the inner radiugtihaviscous accretion
disc will evolve inside and outside corotation. To study timee-dependent evolution of
a disc, we must connect these two states as the inner edge dfsth passes through the
corotation radius. We also require a descriptionfigr, ), the inner boundary condition for
the disc truncated outside.
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2.3.1 Surface density profile for rin > r¢

When the interaction region is outsidg the star is rotating faster than the Keplerian disc
and the magnetic field lines lead the disc, adding angular emtwm to the material in the
inner regions. As discussed in Section 2.2.1, the torquemiearea exerted on the disc will
be (Sy)r, so that the torque exerted across the entire interact@ongassuming it is small)

is approximately:

T ~ 4T Sye)MinAr2, (2.11)

where the extra factor 2 comes from coupling to both sidekefiisc.

As argued in the previous section, if the disc is truncatedeclto but outside, the
majority of the gas in the interaction region will not be elpe in an outflow. Instead, the
angular momentum from the magnetic field is transferred atdw to the rest of the disc.
We can derive a relationship between the position of andasartlensity at the inner edge
of non-interacting disc from the conservation of angulammeatum across the interaction
region.

Since the interaction region is small we do not consider é@ssity profile explicitly,
focusing instead on its influence on the non-interacting.dWe therefore defing, as the
point in the disc just outside the interaction region, whitrere is no magnetic coupling
between the disc and the star. Across the interaction reéf@density in the disc decreases
sharply (since the gas is forced into nearly corotatingterbith the star). We make the
simplifying assumption that none of the mass in the discgesaeither into an outflow or
through the magnetosphere on to the star. The inner edge aftdraction regior;, — Ar,
is therefore defined as the point at which the surface dedsitys to zero.

To determineX at ri,we consider the angular momentum flux acrassvhenri, > re.
The flux of angular momentum must be continuous acfssmeaning that the viscous
angular momentum transport outsifiemust balance the angular momentum flux added by
the magnetic field across the interaction region. This lz@as written:

mr2Q — 2mr (vz)*r2Q = (2.12)
rm+Ar
mreQ — 2mr (vs) r?Q’ +/ ATr2S,dr.
'm

In this equationy™ and>* are the viscosity and surface density insidg &énd outside
(1) Ar, m= 21w (2v; )* is the mass flux throughr (wherey; is the radial velocity of the gas)
andQ is the orbital frequency at,. The first term on either side of the equation denotes the
advection of angular momentum acrogs while the second is the angular momentum trans-
ported by viscous stresses. The final term on the right hatelisithe angular momentum
added by the magnetic field to the coupled region of the dig® first term on both sides
cancel (to enforce conservation of mass actugs and we make the further assumption
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that in the interaction region most of the angular momentutrainsported through external
magnetic torques rather than viscous stress, sq#at < (vZ)™. For a small interaction
region, the last term in (2.12) can be re-written:

lin
/ ATUSydr ~ ATAIT iy (S (2.13)
rin—Ar

(2.12) can then be re-written to yield the surface density,dor r > r:
2(Sp)Ar
)= 2.14
V)= (2.14)
As predicted in Section 2.2.4, (2.14) shows that the surdesity atrj, will be large,
a consequence of the torque being applied by the disc-madietl coupling (Sunyaev
& Shakura 1977; Popham & Narayan 1991; Paczynski 1991).4)Z&rresponds to the
function f(rjy) introduced in Section 2.2.2 fag, > r¢, that is, the boundary condition at
the inner edge of the disc. In a time-dependent system, ascgastes from larger radii (via
viscous torques) it will pile up neaf,and the increased gas pressure will push the inner edge
of the disc further inwards towards.

2.3.2 Transition region

When the inner edge,, is well insider, conditions at the inner edge are the standard ones
for accretion of a thin disc on a slowly rotating object:

3(rin) =0, (2.15)
while the time-dependent position of the inner edge is detexd by (2.7):

1/5
i = e\ (2.16)
4Q*n‘b0 7

whereni is the mass flux in a frame comoving witfy as discussed above.
When the inner edge is outside the corotation radius, the etagphere does not accrete:

o =0, (2.17)

while the surface density a}, is determined by a magnetic torque, as discussed above. With
the Keplerian value fof(rijn) and assuming a dipolar magnetic field, the results of Section
2.3.1 can be re-written:

nw  Ar

Ot=— " __—
(V ) 3]'[(GM*)1/2 ri9n/2

(2.18)
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To connect these two limiting cases, we assume that thet efféfte interaction processes
is equivalent to a smooth transition in the conditions. Tigalid since the time-scales we
are interested in are much longer than the orbital timeesgalwhich the conditions of the
transition region between disc and magnetosphere vary. aShemption is thus that the
effect of the fast processes in the transition region carpeesented by averages. The mass
flux on to the magnetosphere is therefore taken to vary srhyofstim O for ri, well outside
corotation to the value in (2.16) valid well inside:

Meo = YmM™, (2.19)

wherem™ is given by (2.16). For the connecting functigq we take a simple function that
varies from 0 to 1 across the transition:

1 lin—T¢
Ym = > 1 tanh( Ar, >] (2.20)
whereAr; is the nominal width of the disc-magnetosphere transitiwhaparameter of the

problem.
Similarly the surface density at the inner edge makes a dmtaasition from its value
in (2.18) to O:
Sin=ysZ", (2.21)

where the connecting function is:

_1 rin_rc
yz_E 1+tanh( Ar )} (2.22)

All the uncertainties in the transition region are thus susd in the parametefs and
Ar,. In Section 2.5 we study the effect of these uncertainti¢s wiparameter survey. The
effective widths of the transition of magnetospheric atiorerate and inner-edge surface
density need not be the same, and we in fact find that the eliféer betweeAr andAr; is
important for the form of the resulting accretion cycles.

2.3.3  Physical constraints on Ar and Arp

In this paper we treakr andAr; as free parameters. However, a lower limit on both param-
eters can be set by considering the stability of the inneonsgof the disc to the interchange
instability. In the quiescent disc, the low-density magsphere must support the high-
density disc against infall. This configuration will be waisle to interchange instability (the
analog of the Kelvin-Helmholz instability), unless thefsice density gradient in the inter-
action region is shallow enough to suppress it. This setaiidin the minimum width of the
interaction region/r, where the density gradient falls from its maximumrig} to close to
zero in the magnetosphere.
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This instability also sets a limit on the minimum widthif,, the transition length over
which the disc moves from a non-accreting quiescent disaéim which there is accretion
through the inner boundary. As, moves closer ta. the width of the interaction region
preventing accretion (i.e. where the field lines are addimguiar momentum to the disc)
decreases. When the width of the interaction region outsjdeecomes smaller than is
stable against the interchange instability, accretioough the magnetosphere will begin.
Arp must therefore be larger or equal to this value, that is,iatnttinimum distance fromg
accretion onto the star will take place.

Spruit et al. (1995) studied the stability of a disc inteiragtwith a magnetic field to
interchange instabilities, and derived the following &nstability criterion:

BB, d | b2

dQ\?
and—rn B, >2(rdr) . (2.23)

Assuming thaB; ~ By, in our formulation this inequality becomes:

2 S \3/2\ 2
s <H) >2(1- (r'”) . (2.24)
1+tanh(&> r fe

Ar

Fora = 0.1 and assumingl /r is in the range 0.07-0.1, the rangefof/r = [0.05,0.1]
will satisfy this inequality forAry/r = [0.01,0.02). In this inequality larger values @ cor-
respond to smaller possible values fop, since largeAr correspond to smaller maximum
>(rin) and hence shallower gradients. This instability has régdmen studied using 3D
numerical simulations (Kulkarni & Romanova 2008), who findnaxically approximately
the same criterion for stability as Spruit et al. (1995). $haded regions of Figs. 2.7 and 2.8
show the values fofir, andAr that are unstable to the instability studied in this papée T
simple analysis of this section suggests that at least péinecshaded sections in Figs. 2.7
and 2.8 will be stable against the interchange instabgitythat the larger magnetosphere-
disc instability could occur.

2.4 NUMERICAL IMPLEMENTATION

2.4.1 Disc equation and viscosity prescription

To study the surface density evolution of an accretion ditgracting with a magnetic field as
outlined in the previous section, we use a time-dependanenigal simulation of a diffusive
accretion disc. Our assumption that the interaction reggosmall @r/r < 1) means that
rather than calculate the disc behaviour in the interaatémion explicitly we can instead

use the physics of the interaction region to derive boundanglitions for the inner edge of
the non-interacting disc.
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We assume that the accretion disc (outside the interactigiom) can be treated in the
thin-disc limit, so that the evolution equation for the swwd density is given by (2.2). We
assume that the viscosity in the disc follows a power-lanedelence, so that:

v =vorY, (2.25)

wherevy = a(GM,)Y2(H /R)2 andy = 0.5 following the standardi-viscosity prescription
(Shakura & Sunyaev 1973). To evolve (2.2) in time, we regbibendary conditions at
rin androyt, plus an additional equation to describe the movement ofrther edge of the
disc, rin. We set the outer boundary by defining the mass accretiorthredagh the outer
edge of the discr()), which we vary as a parameter of the problem. This definesirte
averaged mass accretion rate in the disc. The surface gandite inner edge of the disc is
given by (2.21):

N Ny Ar Fin — T
3(rin) = 6T[(G|V|*)1/2V0r§1/2+y [tanh( Ar ) +1} . (2.26)

We calculate the displacement of the inner boundary usiegebults of Sections 2.2.3
and 2.2.4, by considering the difference between the totdsnflux atr;, in a fixed and
comoving frame of reference:

Meo = M+ 210 Zfjn, (2.27)

whereniy, is given by (2.19). This expression can be re-written:
61T 20, (VETin) = —2MinZ(rin)Fin + (2.28)
o 2
1tanh(r'n rc)] rw5.
Arp 8Q.r>

Taken together, (2.2), (2.25), (2.26), (2.28) and an outendary condition describe the
time-dependent evolution of an accretion disc.

2.4.2 Steady-State solution

From the results of the previous sections, we can calcufeesteady-state solutions for a
givenm, the average mass accretion rate. For certain valuasfafandAry, this equilibrium
is unstable, leading to oscillationsiip and corresponding accretion bursts.

In a steady-state, the accretion rate is constant throdgheulisc, i.eme, =

o1 fin—rc\] nee
m= = |1—tanh . 2.29
2 ( Arp >] 4Qri5;1 ( )

Implicitly solving (2.29) forr;, yields the inner radius of the disc in a steady-state saiutio
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The general steady-state surface density profile was eadtliin Section 2.2.2, and is
given by (2.4) with an additional term sinae+ O in the disc. The functiori (ri,) is given
by equation (2.18). The steady-state surface density pnofil thus be:

Vs = 3% [1 (r‘r“)l/z} (2.30)

NU2Ar lin—Trc
— (14 tanh[ ——
+61'tri‘;(GMr)1/2[ +tan ( Ar )}

The numerical simulations described in the following smtdiof the evolution of a vis-
cous accretion disc show that the equilibrium solution gibe (2.29) and (2.30) can become
unstable to episodic bursts of accretion by the procesmedtin Section 2.3.

2.4.3 Numerical setup

To follow the time-dependent evolution of a viscous acoretiisc interacting with a mag-
netic field we use a 1D numerical simulation, first making #esesf mathematical transfor-
mations.

The power-law prescription for the viscosity, (2.25), altous to define a new function,
u, for convenience:

u=srli/2ty (2.31)

To make our results more readily applicable to different nedig stars (e.g. neutron stars,
magnetic white dwarves and protostars), we adopt scateeioerdinates. The instability
studied in this paper varies on viscous time-scales of theridisc, which are in general
much shorter than the time-scale over which the transfemgtiar momentum between
the star and the disc can substantially change the stagagntperiod. A constant rotation
period implies that a constant corotation radius, makireyriatural choice for scaling our
variables. We thus scale the radial coordinate to the ciiwataadius, and the time in terms
of the viscous time-scaleq/v) at the corotation radius. Further, since we are most istede
in the behaviour of inner regions of the disc, we adopt a doatd system comoving with
lin:

, I —Tin,

it =t——. (2.32)

lc re

r

Dropping the prime notation, the surface density evoluggoation in the new coordinate
system then becomes:

Ju o] ou Ju
0U_ gy-1/20 [L120u] . Ou 233
a2 ol ar| g (2:33)
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with the boundary condition at, given by:

L a's Ar g fin—1
U(rm)i4n(GM*)1/2vor§rinri” tanh{ —— | +1|. (2.34)

The evolution of the inner edge of the disc is given by:

o 2 rl—ll/2+V
fin = {1—tanh<r'”A 1)} Wi (2.35)
r2 /1 16mQ.v3re u(rin)
_ 3 @|
u(rin) ar 'min”

Finally, to increase the resolution at the inner edge of the @e make a further coordi-
nate transformation to an exponentially scaled grid:

(r_r"‘> + 1} , (2.36)
Fout — Fin

wherea is a scaling factor to set the clustering of grid points arbin

We calculate the second-order discretization of the dpdéevatives on an equally-
spaced grid inx. To evolve the resulting system of equations in time reguine algorithm
suitable for stiff equations. This is necessary to follow #volution of the inner boundary,
(2.28). Whenrij, > r¢, (2.28) reduces to a differential equation that is first oidetime.
However, forri, < re, Z(rin) becomes very small, and the equation essentially becomes
time-independent. We have formulated the problem soZfrgt) stays small but non-zero
for all values ofrj, (so that the solutions is continuous at all valuesg)f but its small value
insider; means that the differential equation is stiff (since thel@von equation forj, in
(2.28) contains terms of very different sizes). To perfanetime evolution, we therefore use
the semi-implicit extrapolation method (Press et al. (3992 724), which is second-order
accurate in time and suitable for stiff equations.

Since the grid comoves with the inner radius, the outer bagndf our disc also moves.
We set the accretion rate at the outer boundary to be fixeceimibving coordinate system,
so that it changes slightly as the outer boundary moves. Treetés negligible as long as
the disc is large enough that the outer parts of the disc aaffaated by the changing inner
boundary condition, which we confirm by varying the positadrthe outer boundary of the
disc.

The solutions are sensitive to the changing conditionseairther boundary of the disc.
To confirm that our results are robust for the grid we have ehpsve varied the various
numerical parameters of the problem: grid resolution, ttpoaential stretch parametaiat
the inner boundary (see (2.36)) and the fractional accus&tlye solution computed by the
semi-implicit extrapolation method (which sets the maximpossible timestep).

1
Xx=-|In
a
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2.5 RESULTS

Our primary goal in this paper is to study the conditions fdiah the disc is unstable to
episodic outbursts. To do this we follow the evolution of awration disc in which the
mean mass accretion rate,s a parameter of the problem by settimgs the accretion rate
through the disc’s outer boundary. The other system paeasef the problem are the stellar
mass M., frequencyQ,, and magnetic momenf, The interaction between the magnetic
field and the disc introduces three additional parametgrs: B,/B,, the fractional width
of the interaction regiodyr /r, andArz/r, the length scale over which the inner edge of the
disc moves from a non-accreting to accreting state. Finailly description of the viscosity,
(2.25), introduces three additional parametersthe aspect ratio of the diskl,/R (assumed
constant), ang, the radial power-law dependence of the viscosity.

The problem has two scale invariances, which reduces théewuof free parameters.
As seen in (2.25)p andH /R are degenerate. Additionally, the system parameiehs.,
Q. andm can be re-written as the ratia/m., whereni is the accretion rate in (2.7) that
puts the magnetospheric radiusrat This ratio is equivalent to the ‘fastness parameter’,
Qin/Q. (whereQj, is the Keplerian frequency aj,) which is sometimes used to describe
disc-magnetosphere interactions.

For reference, our dimensionless parametamn. can be expressed in terms of physical
parameters appropriate for protostellar systems:

i i M, %3
me <2.3>< 1(%7M@yr1> (0.6M@> (2.37)

B. \ 2/ R \ ¢/ P\

(ZOOOG) (2.1R@) <1 day) ’

We assume that the time-averag&ocomponent will be constant with radius in the cou-
pled region, and set the parameter 0.1. For the viscosityy = a(GM.)Y2(H/R)?rY, we
takea = 0.1 andH /R= 0.1 to calculate the magnitude vf, and assume= 0.5 everywhere
in the disc. Varyingx, H/R andy will change the time-scale over which outbursts occur, but
will not change the general character of our outburst smhsti

This leaves three scale-free parameters in the probleyim, Ar/r andArp/r. We
vary each of these parameters to explore the range of uasahitions. For small values
of Ar/r (~ 0.1) andAry/r (~ 0.01), andm/m; < 1, the position of the inner boundary
quickly becomes unstable and begins oscillating. Sinceptisition ofr;, determines the
mass accretion rate on to the star, (2.19), the changg leads to an accretion outburst. We
use the steady-state solution (given by (2.29) and (2.30gnainitial condition for all our
simulations.

Fig. 2.3 shows the growth of the instability fioy/m; = 1,Ar /r = 0.05 andAr,/r = 0.014.
The solid line shows the evolution i, scaled to the corotation radius. The horizontal
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Figure 2.3 Growth of instability
from steady-state solution, (2.29) and
(2.30), form/m. = 1,Ar /r = 0.05, and
Arp/r =0.014. The inner radius (solid
line) evolves around its steady-state
value (dashed horizontal line), causing
the net accretion rate on to the star to
change as well (dashed line).

corot])

[Rin/R

dotted line shows the steady-state valuerfgr The right-hand axis plots the accretion rate
on to the star as a function of time (the dashed line). Theesicer rate is scaled to units
of the steady-state accretion rate, The instability quickly grows out of the equilibrium
solution, and saturates into steady oscillations.

We observe a wide range of oscillatory solutions that spesetbrders of magnitude in
frequency, depending on the valuesnofrii,, Ar/r andAry/r. The shape of the accretion
burstitself also changes dramatically depending on thesyparameters. Atlarga/in. the
bursts are quasi-sinusoidal oscillations, as in Fig. 2d8tae bottom panel of Fig. 2.4. As
the mean accretion rate is decreased, the bursts take the sha relaxation oscillator,
where the bursts are characterized by an initial sharp gizecretion which then relaxes to
a quasi-steady accretion rate for the duration of the bhesgre abruptly turning off as the
reservoir is emptied angh, quickly moves well outside;. During the outburst phase, higher
frequency sub-oscillations are also sometimes seen witlingaintensity.

Figs. 2.4 and 2.5 show the evolution g and accretion rate as we vany/r. but
the other parameters stay fixed. From bottom to top, the pasfefig. 2.4 show the in-
stability for m/r, = [0.095, 0.052, 0.031]n6 = [2.2,1.2,0.73] x 10-8M,yr~1 for the pa-
rameters in (2.37)). At the highest mean accretion mgt€the solid line) oscillates with a
high frequency around its steady-state value (dotted,linih corresponding bursts of ac-
cretion on to the star (dashed line). Ag'ri is decreased, the accretion profile changes
to much lower frequency outbursts, with long periods of qoéce as;, moves away
from rc and accretion ceases completely. The high-frequencylatsail that dominates for
m/me = 0.095 is superimposed over the low-frequency accretiastddor lowermi/me.

Fig. 2.5 shows the continuation of Fig. 2.4 for/m. = [0.019,0.0084,0.003,0.0022]
(m=[4.5,1.9,0.950.38 x 10-°M,yr~1). The characteristic accretion burst profile essen-
tially stays the same a®/im. is decreased, with sharp spikes at the beginning and end of
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Figure 2.4 Outburst profiles ofi, andm for moderate values ah/m.. From bottom to topm/rm;
=1[0.095,0.052, 0.031]. For adopted protostellar parameters this conéspom = [2.2,1.2,0.73] x
10-8M,yr~L. The lines are the same as in Fig. 2.3.

an accretion outburst. The overall amplitude of the outidesreases only slightly with de-
creasing mean accretion rate. The initial spike decreasabdut 20% as the mean accretion
rate drops fronm/me = 0.052 tomi/m; = 0.0022. The more significant effect is that the length
of time between outbursts increases with decreasifgy, since at low average accretion
rates it takes longer to build enough mass to drive anothibucst. The overall shape of the
outburst is relatively insensitive to changingm, becoming shorter as/in; decreases. At
the lowest accretion rate @x 10~ %M. yr—1; the top panel of Fig. 2.5), the burst consists of
only one sharp spike. As we have formulated the problem,rsibility will persist down
to arbitrarily low accretion rates.

Changing the other parametefs,/r andAr,/r, has a much stronger effect on the shape
of the outburst than changing the mean accretion rate. F@stws the outburst profiles
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Figure 2.5 Outburst profiles of;, and m for small values ofm/m;.From bottom to topm/m;
= [0.019,0.0084,0.003,0.0022]. For adopted protostellar parameters thissponds tom'=
[4.5,1.9,0.95,0.38 x 10 °M.yr 1. The lines are the same as in Fig. 2.3.

for different values foi\r /r, settingni/rme = 0.04 andAry/r = 0.014. From the bottom to
top, Ar /r =[0.03,0.05,0.07,0.09], which spans the unstable regfalr ¢r for the adopted
m/me. For smallAr /r the instability manifests itself as repeating short buo$taccretion,
with comparatively long quiescent phases. X&gr increases, the frequency of the outburst
decreases, and the duty cycle increases dramatically. éfprlargeAr /r the outburst lasts
about 200 times as long as for the minimémyr but at lower accretion rate after the initial
spike. The burst profile of the instability is thus sensitisesmall changes idr /r, but
the range im\r /r over which the instability exists is quite small.We find a &mrange of
outburst profiles by changintyz/r and keepind\r /r fixed, except with the opposite trend:
for largeAr,/r the instability manifests as a series of short spiky bubtsspming longer as
Arp/r decreases.
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Figure 2.6: Outburst profiles ofj, andm for changingAr /r, with Arp/r = 0.014 andm/rne = 0.04.
From bottom to topAr /r = [0.03,0.05,0.07,0.09. The lines are the same as in Fig. 2.3.

We next considered the parameter spacenji:, Ar/r andAry/r over which the in-
stability occurs. We have briefly explored the effect of wagybothAr /r andAry/r over
a small range inm/m; and found that although the outburst profile changes sontettiea
range over whicli\r /r andAr,/r produce unstable solutions are independent of each other.
We therefore assume that /r andAry/r vary independently of each other for afl/r,
and consider the range of the instability over the'fie, Ar/r] and [m/e, Arp/r] spaces
separately.

Fig. 2.7 shows the range of unstable solutions (shown asesheatjions) changing
m/me andAr /r, but keepingiry/r fixed at 0.014. Although there is a small unstable branch
aroundm/m; =1, in general aAr /r increases, a lowen/ is required before the instability
sets in.

Fig. 2.8 shows the unstable solutions changmygn: andAr,/r but keepingAr /r fixed
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at 0.05. The opposite trend from Fig. 2.7 is seen, with a fargege of unstable accretion
rates. There is again a range of unstable solutions anoyrig = 1, although in this case the
unstable region extends over the enfirg/r parameter space. The instability likely extends
to smallerAry/r, but we do not explore the region smaller tharp = 0.005 on physical
grounds, since such a small transition length will likelyumstable to other instabilities like
the interchange instability (see Section 2.3.3). As witaredingAr /r, the outburst profile
changes substantially over the small rang&mwf/r in which the instability occurs.
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2.6 DISCUSSION

In this paper we studied a disc instability first explored mngev & Shakura (1977) and
ST93, with a more physically motivated and general formatedf the problem than was
used in ST93. In particular, we have improved the descnptibthe disc-field interaction
when the disc is truncated outside corotation by derivingd@gons for a ‘quiescent’ state,
in which the angular momentum transferred from the startinéodisc halts accretion alto-
gether. In agreement with ST93, we observe a wide range dfatscy behaviour, and the
frequency range of individual outbursts spans three omfersagnitude.

The period of the cycle seen in Figs. 2.3-2.5 varies from @02(., wheret. is the
nominal viscous time-scale at the corotation radius rg/v(rc). Though cycle times scale
with tc, this is evidently not the only factor. As discussed in ST9®, viscous time-scale
relevant for the cycle period depends on the size of the @gion involved. This depends
itself on the cycle period, hence the period must be detexdhby additional factors. One
of these is the mean accretion rate, but the physical conditin the magnetosphere-disc
interaction region have an equally important effect.

From Figs. 2.7 and 2.8 it appears that there are two diffddens of instability. One of
these operates in a narrow range of accretion rates, arbendtue where steady accretion
would put the inner edge at corotation. The instability iis tase is of the type shown in Fig.
2.3: an approximately sinusoidal modulation, charadierfer a weak form of instability.
The inner edge of the disc oscillates about a mean value téys s1side the width of the
transition region. The longer cycles in the upper parts g6Fi2.7 and 2.8 are a strongly
non-linear, relaxation type of oscillation. The inner edggsomewhat outside the transition
region for much of the cycle with no accretion taking plad¢es(fguiescent’ phase), and dips
in for a brief episode of accretion before moving back outimgahis is the kind of cycle
envisaged by Sunyaev & Shakura (1977). During the quiestieage, the disc (Sunyaev &
Shakura (1977) call it a ‘dead disc’) extracts angular manomanfrom the star by the mag-
netic interaction at its inner edge. These two forms of inifitg are merged into a continuum
in ST93, as a result of the different (and less realisticyieggions made there about the in-
teraction between disc and magnetosphere outside cartafihis difference also affects
the dependence on the mean accretion rate. Whereas in ST@3lsfeavior was found
only in a limited range of accretion rates, our results shmat tycles can occur in principle
at arbitrarily low accretion rates, with steadily increapsiycle period and decreasing duty
cycle of the accretion phase.

Figs. 2.4 and 2.5 show that the radius of the inner edge of igedbes not move by
more than 10% around corotation, even at the lowest meaetamtrates. For example in
the casen/ri, = 9.5 x 102 of Fig. 2.4, the standard ‘ram pressure’ estimate wouldygel
much larger magnetosphere radius, alrgut 3.6rc. The difference arises because in our
cyclic accretion states the conditions in the inner discvarg different from those assumed
in conventional estimates of;; the density in the inner disc, for example, is much higher.

At rj, < 1.1r¢, the velocity difference between the magnetosphere andisiteis only
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5%, much less than the 40% which mass would need in order tppedcom the system.
‘Propellering’ of mass out of the system is thus unlikely ® d&ffective. This does not
exclude that some mass loss powered by a magnetic wind frerdigic or the interaction
region around the inner edge of the disc may also take plat®ub results show that this is
not a necessary consequence for a disc in what is tradilyocedlled ‘propeller’ regime.

At sufficiently low accretions rates one would expect, hosvethat propellering would
also be a possible outcome: if the rotation rate of the sthigis enough, matter could be
ejected before it has the time to form a dense disc. The existef a cyclic form of accretion
at low accretion rates thus suggests that two differentedicer states are possible, and that
there would be a second parameter determining which of tleigwealised. This might
simply be the history of the system.

If a disc is initially absent and accretion is started, thesity will initially be low enough
that ejection by propellering can prevent accretion alfogie The cataclysmic variable AE
Agr (e.g. Wynn et al. 1997) is likely to be such a case. On therdtand, if a disc is initially
in a high accretion state such that the inner edge is insid®at@mn, a subsequent decline to
low accretion rates could lead to the cyclic accretion dbsdrhere. Such a situation could
be at work in the T Tauri star EX Lupi (where the initial highcagtion phase has ended).
It could also be appropriate for the X-ray millisecond pul&AX J1808.8-3658, which has
shown a 1-Hz QPO in the decline phase of several outburstsriRegt al. (2009). The pile-
up of mass at the magnetosphere will maintain the disc thite sand prevent propellering
even when the mean accretion rate drops to very low values.

The instability studied in this work has not yet been obsgimenumerical simulations,
partly because most numerical simulations do not run fog kemough to observe it, but also
because most simulations have focused on either accratistgomg propeller cases. How-
ever, in virtually all numerical simulations outflows andieility in the disc are observed,
with an intensity that varies between different simulasioGas pile-up at the inner edge of
the disc is also observed, with the amount of pile-up tiedheodffective diffusivity of mag-
netic field at the inner edge of the disc (e.g. Romanova et@D4y. The process of closing
and opening field lines provides a source of mass to laundh deteakly-collimated out-
flow (the disc wind) and a well-collimated jet (e.g Hayashaketl996; Goodson et al. 1997;
Romanova et al. 2009). The whole cycle takes place on timesstiaat can vary between
the dynamical and viscous time-scales at the inner edgeedfitit, but are generally higher
frequency than the disc instability studied in this papdie hner edge of the disc also oscil-
lates significantly (although it remains on average outsm®tation), from between a few
stellar radii (Romanova et al. 2009) up to 30 stellar radiig@on et al. 1997). Even if such
variability is present, the instability studied in this gagan still occur provided the out-
flows/accretion bursts generated by field lines opening erstnong enough to fully empty
the reservoir of matter accumulating just outsige
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2.7 CONCLUSIONS

We have studied the accretion of a thin viscous disc on to anetagphere of a magnetic
star, under the influence of the magnetic torque it exertbewulisc. We focused in particular
on cases with low accretion rates. For high accretion ratels that the inner edgg, of the
disc is inside the corotation radius, standard steady tktous disc solutions are recovered.
However, when the inner edge is near corotation we find theattretion becomes time-
dependent, and takes the form of cycles consisting of a@temgaccreting and non-accreting
(‘quiescent’) states. The period of this cycle varies frosmaall fraction of the characteristic
viscous time scale in the inner disﬁ‘/v, to a large multiple of it, depending on the mean
accretion rate as well as on the precise conditions assuttiee magnetosphere.

These cyclic accretion solutions continue to exist indtflpiwith decreasing accretion
rate. The cycle period increases, while the duty cycle oftweting phase decreases with
decreasing accretion rate. In the quiescent phase aftestadiaccretion, the inner edge of
the disc moves outward, and mass starts piling up in the neggons of the disc. In response,
the inner edge eventually starts moving back in again aneton picks up as, crosses the
corotation radius. This empties the inner regions of the,diausing the inner edge to move
outward again. The cycle thus has the properties of a retaxascillator, as found before in
ST93. The reservoir involved is the mass in the inner regitheodisc. These results (as well
as those of Sunyaev & Shakura (1977) and ST93) show thattextréthout mass ejection
can occur at accretion rates well inside what is usuallyedathe ‘propeller’ regime. Instead
of the mass being ejected, the accreting mass can stay pilathigh surface density in the
inner disc, just outside corotation. We have suggestedsirsiems with very low accretion
rates can be in either of these states. Propellering wowdraghen a disc is initially absent
and mass transfer is first initiated (the case of AE Aqr fomeple), while a system with an
accretion rate that drops from an initially high value woaltl in the cyclic accretion state
described in this paper. This would apply to most CVs and Xhiagries, as well as some
T Tauri stars.
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Chapter 3

Long-term Evolution of Discs Around
Magnetic Stars

Caroline R. D’Angelo and Hendrik C. Spruit
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E investigate the evolution of a thin viscous disc surrougdirag-
W netic star, including the spindown of the star by the magrnetues
it exerts on the disc. The transition from an accreting to a-accreting
state, and the change of the magnetic torque across thetorotadius
rc are included in a generic way, the widths of the transitidketain the
range suggested by numerical simulations. In additionesstandard ac-
creting state, two more are found. An accreting state caeldpunto a
‘dead’ disc state (SS76), with inner edgewell outside corotation. More
often, a ‘trapped’ state develops, in which stays close to corotation
even at very low accretion rates. The long-term evolutiotheke two
states is different. In the dead state the star spins dovamiptetely, re-
taining much of its initial spin. In the trapped state the ssymptotically
can spin down to arbitarily low rates, its angular momentramgfered to
the disc. We identify these outcomes with respectively #mdly rotat-
ing and the very slowly rotating classes of Ap stars and miagmédite
dwarfs.
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3.1 INTRODUCTION

Accreting stars with strong magnetic fields are generalseoked to rotate more slowly than
their less-magnetic or discless counterparts. In pratestarauri systems (which often have
strong surface magnetic fields ©f107 — 10° G) with discs rotate more rapidly than systems
without discs (Getman et al. 2008). Most (but not all) maipnsnce Ap stars (with surface
fields of up to 10 G) are observed to rotate much slower than normal A starpigte
& Landstreet 2002), and recent work has suggests this oakttip extends down to their
pre-main-sequence progenitors, the Herbig Ae stars (Afeet al. 2008). In high energy
systems the result is similar: accreting neutron stars withk (~ 10 G) fields rotate up to
10* times faster than neutron stars with strorgl(0'? G) fields. These observations suggest
that the interaction between the accretion disc and steliametic field plays a critical role
in regulating the spin-rate of the star.

Early theoretical studies of accretion predicted that angfrstellar field would truncate
the accretion disc some distance from the surface of thewsithr the truncation radius lo-
cated roughly where the magnetic press@%/4m) equals the ram pressure of the infalling
gas (Mv/2rr?), so that infalling matter is channelled onto the surface miagnetic field
lines, causing the star to spin up. (Pringle & Rees 1972). a$ssimes that the disc is trun-

cated inside the corotation radiug € (GM*/Qf) l/3), where the star’s spin frequency is
equal to the disc’s Keplerian frequency). If instead the nedig field spins faster than the
inner edge of the disc, a centrifugal barrier prevents aicerelnteraction between the mag-
netic field and the disc will then spin down the star (lllager& Sunyaev 1975; Mineshige
et al. 1991; Lovelace et al. 1999; Romanova et al. 2004; Ustyaugt al. 2006).

The presence of the centrifugal barrier is often equateldaniterature with the idea that
the accreting gas will be flung out, or ‘propellered’ out o thystem so as to maintain a
steady state. This assumption turns out to be both arbitragdyunnecessary. For example,
in order for the accreting material to be flung out of the systthe disc must be truncated
a sufficient distance away frong. Otherwise the rotational velocity difference between the
disc and the magnetosphere is too small (Spruit & Taam (3993)

Steady disc solutions with a centrifugal barrier at the iredge were first described by
Sunyaev & Shakura (1977), who called them ‘dead discs’, ieeaven though the disc is
actively transporting angular momentum outwards, no dicerento the star takes place and
the disc itself is very dim.

As pointed out already in Sunyaev & Shakura (1977) and Sgrdiaam (1993), in a
system with an externally imposed mass flux the likely effdca centrifugal barrier is to
cause the accretion onto the star todyelic. Accretion phases alternate with quiescent
periods during which mass piles up outside the barrier, svithmass having to leave the
system. In the quiescent phase, the angular momentum &dritom the star by the disc-
field interaction is carried outward through the disc by sisestress. This alters the surface
density profile of the disc from the usual accreting solution

In our previous paper (D’Angelo & Spruit, 2010; hereafterIDywe studied this form
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of cyclic accretion with numerical solutions of the viscalifusion equation for a thin disc
subject to a magnetic torque. As in the (somewhat more adrhodgl of ST93, limit cycles
of the relaxation oscillator type were found. The cycle peémf these oscillations depends
on the accretion rate, from fast oscillations at higher nilassto arbitrarily long periods at
low accretion rates.

Instead of the two states: accreting and dead as suggesteel, dfee results in DS10 are
actually described better by including a third, interméslistate we call here the ‘trapped’
state:

1. rip<r¢: accreting state, star spins up,
2. re—A <rip<rc+A: trapped state, spinup or spindown,
3. rip-re>>> A star spins down, no accretion (dead disc),

whereA <r¢ is a narrow range around corotation, to be specified latestalte (ii), the inner
edge of the disc remains close to corotation over a rangecoéton rates onto the star, and
the net torque on the star can be of either sign, dependinigeoprecise location of the inner
edge of the disc.

For a given accretion rate, a disc that starts in state (l)gsldually move into state (ii)
or (iii) as the star spins up amgmoves inward. In state (ii) accretion can proceed steadily o
happen in bursts, depending on the disc-field interactiof.afor steady externally imposed
accretion a disc in this state will eventually move into spiuilibrium with the star, so that
the net torque on the star is zero. In the dead state (iii)adgtstate can exist if the torque
exterted by the star is taken up at the outer edge of the dist diympanion star. If we
neglect the transition to the propeller regime, then in théloe dead disc solution can exist
for a disc truncated at any distance outgigeSuch a disc will remain static as the star spins
down and; moves outward. Our model is thus qualitatively differeonfrthe conventional
‘propeller’ picture since at very low accretion rates a édesable amount of mass remains
confined in the disc, and the star can be efficiently spun down.

In the following we study the long-term evolution of the sthgc system by using the
description of magnetospheric accretion in DS10, allowimgstar’s spin rate to evolve. Of
special interest will be the trapped state (ii), since in yneamses the evolution of the system
ends in it. The accretion cycles found in DS10 also take péssentially within a trapped
state.

The inner edge of the disc is near corotation in the trappete,shs is the case also for
a disc in spin equilibrium with the accreting star. Spin éiQuium is only a special case of
a trapped state, however. In general a trapped state is eaif@pin equilibrium, spinup is
possible as well as spindown.

Questions we address with the calculations are: under vamatittons does the disc get
into a trapped state, when does it instead evolve into a dagalslt will turn out that this is
determined by the details of the disc-field interaction dredratio of the spin-down timescale
of the star Tsp) to the viscous timescale of the disk;ic). The initial conditions of the disc
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also significantly influence the outcome. In section 3.5.2slehow an initially trapped disc
could become untrapped as a dead disc state. In particoles, tthis depend on the initial
location of the inner edge of the disc, the initial accretiate, the presence or absence of a
companion or the size of the disc? Finally, in sec. 3.5.3 Wwendsether a trapped disc could
plausibly regulate the slow spins observed in Ap stars, soimeéhich have spin periods of
up to a decade.

In a companion paper we investigate the observable consegsi®f a trapped disc,
focusing in particular on how the burst instability studied>S10 will change the spin evo-
lution and observable properties of the star. In that pagesigo discuss our model’s predic-
tions in terms of observations of magnetospherically ragual accretion in both protostars
and X-ray binaries.

We use the code developed in DS10, adding the star’s momartifi as a parameter of
the problem in order to follow the spin evolution of the starésponse to the disc interaction.
We can then simultaneously follow the viscous evolutionhaf tisc and spin evolution of
the star as the star’s spin changes, and explore how thesatevact with each other. We
describe our model in more detail in the following section.

3.2 MAGNETOSPHERIC INTERACTIONS WITH A THIN DISC

3.2.1 Magnetic torque

The interaction between a strong stellar magnetic field andsnding accretion disc trun-
cates the disc close to the star, and forces incoming matterdrete along closed field lines
onto the surface of the star in a region called the magnetwsplAt the outer edge of the
magnetosphere (termed here the magnetospheric radieiglthlines become strongly em-
bedded in the disc over some small radial extent that we teemmteraction regionAr. The
differential rotation between the star and the Kepleriat dvill cause the field lines to be
twisted, which will generate a toroidal component to aniaflif poloidal field (e.g. Ghosh
et al. 1977). This will allow the transfer of angular momentbetween the disc and star,
with the torque per unit area exerted by the field on the digergbyt = rS,yz, where:

_ BgB;
S = 41

(3.1)

is the magnetic stress generated by the twisted field lineth Beoretical arguments (e.g.
Aly 1985; Lovelace et al. 1995) and numerical simulationgfsas Miller & Stone 1997,

Goodson et al. 1997; Hayashi et al. 1996) suggest that thiegstoupling between magnetic
field lines and the disc will cause the field lines to inflate apdn. The inflation and opening
of field lines limits the growth of th&, component for the field tB, = nB, with n of order

unity, and reduces the radial extent of the interactionamegsince beyond a given radius
the field lines are always open and the disc-field connectitirbe severed. We take the
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interaction region to be narrouy /r < 1 (as found in numerical simulations, see section 2
of DS10 for a more detailed discussion). Assuming the sthpsle field strengttBy(r) as

an estimate oB,, and taking into account th&acts on both sides of the disc, (3.1) yields
the magnetic torqué exterted on the disc:

To=4TTArrS,y = nrzArBﬁ. (3.2)

This torque exists only if the inner edgg of the disc is outside the corotation radigs
Forriy < re, we have instead a disc accreting on an object rotating sltvea the Kepler
rate atri,. By the standard theory of thin viscous discs, the torquered®n the disc by the
accreting object then vanishes, independent of the nattine object. The torqu@s(r;) thus
changes over a narrow range arougpdTo model this transition we introduce a ‘connecting
function’ys:

Ta(rin) = Y= (rin) To(rin), (3.3)
with the propertieys — O (rc — rin > Ar), ys — 1 (rin — r¢ > Ar). As in DS10, we take for
this function

— 1t tann(n"Te (34)

273 ar )| '

The width of the transition is thus described4wy We take the same value for it as used in
eg. (3.2).

3.2.2 Model for disc-magnetosphere interaction

In DS10 we derived a description of the interaction betweelisa and magnetic-field for
a disc truncated either inside or outside and introduced two numerical parameters to
connect the two regimes. To keep the problem axisymmete@sgumed a dipolar magnetic
field, with the dipole axis aligned with the stellar and distation axis. Since the region of
interaction between the disc and the field is small, we usealescription of the interaction
as a boundary condition for a standard thin accretion diseKSra & Sunyaev 1973).

To evolve a thin disc in time, we must choose a descriptiotifereffective viscosityv)
that allows transport of angular momentum. We adopt @nescription for the viscosity and
assume a constant scale heightfor the disc, so that:

v = a(GM,)Y2(h/r)?rl/2, (3.5)

Atthe inner edge of the disc the behaviour is regulated bdigefield interaction. However,
since the interaction region is small, we incorporate theraction as a boundary condition
on the inner disc, and assume that the majority of the didué&ded from the magnetic field
and then evolves as a standard viscous disc, albeit withyadiféerent inner boundary con-
dition from the standard one. Below we summarize our anabfdise disc-field interaction
and how these translate into boundary conditions on the (f#sc the detailed derivation of
our boundary conditions, see sections 2.3, 2.4, and 3.2 @ODS
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Surface density atrjy,

In a dead disc, the disc-field interaction prevents matnfaccreting or being expelled
from the system, instead retaining matter that interactis thie magnetic field. This implies
that the angular momentum injected via magnetic torquelsdnrtteraction regiothr must
be transported outwards by viscous torques in the disc. A dest will therefore have a
maximum in surface density gt, andZ(r;,) will depend on the amount of angular momen-
tum being added by the disc-field interaction.

By equating the amount of angular momentum added by the fidltetamount carried
outwards by viscous processes, we can calculate the sudéansity at the inner boundary
of the disc needed to carry away the injected angular momentthis yields (see DS10) a
value for the surface densi®yat the inner edge of a dead disc, proportional to the magnetic
torque (eq. 3.3):

3vI(rin) = rZTTBK rin’ (3.6)

whereQx is the Keplerian rotation frequency. If the stellar field idipole and we use (3.5)
to describe the viscosity, then fop > re, Z(rin) O ri;“. 3(rin) thus decreases rapidly with
increasingin.

Accretion rate acrossrc

If the inner edge is well inside the corotation radigswe use a standard result to estimate
the location ofrj, as a function of the accretion rate. ‘It is obtained from the azimuthal
equation of motion for gas at the point at which it is forcecctwotate with the star (c.f.
Spruit & Taam 1993). This gives:

M TUSy) / Q. = I, (3.7)

[Note that we take the sign ah positive forinward mass flow.] It is not necessary that
stationarity holds: (3.7) can alsobe applied when the iedge of the disc moves. However,
since it describes the accretion through the magnetosphgreboundaryr,, it has to be
applied in a frame comoving withy,. If mis the mass flow rate in a fixed frame, it is related
to the accretion rate in this comoving frameg) by

Moo = M4 2TTin Z(Tin) Fin, (3.8)

whererij, is the rate of change of the inner disc edge.

To connect the accreting case with the dead disc case, fahwihi= 0, we need one
more prescription, this time for the accretion rate as atfon®f the inner edge radius. We
introduce a connecting functigm, for this (DS10):

Meo(Tin) = Ym(Tin)Ma(rin), (3.9)
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with the propertieym — 1 (frc — rin > Ar2), Ym — 0 (rin — re > Ary), with
1
Ym= 3

lin —TIc
3 1tanh(Ar2>], (3.10)

whereAr; describes the width of the transition (different in genéman Ar).
With the star's assumed field of dipole momenBy = p/r3 and Keplerian orbits in the
disc, (3.8) becomes, with the viscous thin-disc expres&iomn:

ny?
4Q,r>

*in

9
6 It~y

— 210 inZ(fin)Fin, (3.12)

wheren is a numerical factor of order unity andthe dipole moment of the star (see DS10
for details).

Along with our description for the viscosity, (3.6) and (B)Hefine a boundary condition
atrij; and an equation far,(t), for a disc over a continuous range of accretion ratesnfr
strongly accreting systemg{ < r¢) to dead-disc systems(~ 0).

Evolution of corotation radius

In order to study the response of a disc to changes in spined$ttr, we must incorporate
the angular momentum exchange between the star and disc:

| dQ, dJ

* dt - dt’
which introduces the moment of inertia of the star= kM, R? as an additional parameter
of the problem.

The disc-star angular momentum exchanggdtl has two components: matter accreting
onto the star adds angular momentum at amtfeizn'QK(rin), while the disc-field coupling
outside co-rotation extracts angular momentum spinniegstar down. The rate of angular
momentum exchange between the disc to the star will thus e 82, 3.3, 3.4):

dJ
ot

(3.12)

I"rbor%QK(rin) —Ts

e [1/re\%? Ar
ML Bl i} ~ Tyl 1
I’% |:4 (rin> Ym rmyz (3 3)

The corotation radius (a function €,) evolves as:

% — ,gdj|fl GM* 2
rg '

(3.14)

dt 3dt *

Eqg. (3.13) shows that there is a valuenofor which there is no net angular momentum
exchange with the star. This is the ‘spin equilibrium’ stdiecussed in previous work.
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This zero-point will depend on our adopted connecting fiomst, as well as the size of the
transition widthsAr andAr»,. If m= 0, there is no spin-equilibrium solution: the star will
spin down by the magnetic torque.

Steady-state solutions

In the presence of a magnetic torques at the disc inner eugete¢ady solution®(ot = 0)
of the thin viscous disc diffusion equation with the abovarary conditions have the form
(cf. DS10):

e (7)o, s

n

wherem is the accretion rate onto the star, given by (3.9). If theeimedge is inside coro-
tation (Tg = 0), X has the standard form for steady accretion on an objecingtaélow the
Keplerian rate (second term on the RHS).

Forri, well outside corotationr(,-rc> Ar), mJ 0 and we have a dead disc. The surface
density is then determined by the first term on the RHS. Thelgteatward flux of angular
momentum in this case has to be taken up by a sink at some Bigjance, otherwise the
disc could not be stationary as assumed. This sink can betlitalangular momentum of
a companion star, or the disc can be approximated as infifilte.latter is a good approx-
imation for changes in the inner regions of the disc, if tirnales short compared with the
viscous evolution of the outer disc are considered.

3.2.3 Numerical method

We use the one-dimensional numerical code described in D$&@olve the standard dif-
fusive thin-disc equation with our viscosity prescripti(5) and our description of the
disc-field interaction (which gives the inner boundary dtods the boundary conditions
(3.6) and (3.11)). At the outer boundary a mass flux and a fluxngiular momentum are
specified in various combinations (described in sec. 3.2.3)

The calculations are done in dimensionless coordinateganmbles. In DS10 we scaled
all physical lengthscales 1@, and physical time scales t@sc(rc). Since in this paper we
want to follow the evolution of¢, we instead use the stellar radinsand Tyise(r«) = t.
to scale our physical length and timescales. The grid isrithgmically spaced (to ensure
sufficient resolution in the inner disc to capture the distability). It is an is adaptive mesh,
such that the inner boundary moves wigh

Since the grid used is time dependent, the outer boundajitcamis also applied at a
time-varying location. As discussed in DS10, the artefttuts causes are small, compared
to specification at a fixed location (at least for the largeslstudied in most cases).
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The size of the discs studied range from 10 t tiies the inner edge radius, the number
of grid points needed for sufficient resolution varies adeggly, from 90 for the smallest to
560 for the largest discs.

Time stepping is done with an implicit method, so the shartetiscales encountered
during episodes of cyclic accretion can be followed, as welthe much slower viscous
evolution of the disc as a whole and the spin down the stas.dtlapted to the stiff nature of
the equation to be solved (see DS10 for details).

Outer Boundary Condition

The lifetime and evolution of a star surrounded by a deadiglizc inherently time-dependent
problem, so the initial conditions in the disc can be critfoaits evolution. Since the spin-
down timescale for the star can be much larger than viscmestales throughout the disc,
the conditions in the outer disc will also strongly influertice evolution of the system.

We thus consider the effect of varying the outer boundaryditmms for the disc. The
first condition we study is the simplest: a fixed mass fhux iy (> 0, corresponding to
accretion). As discussed in the introduction, a key asplediso-magnetosphere interaction
is that accretion is possible even as the star is spun downfixdd m > 0, the angular
momentum flux can be either inward or outward.

If the mass flux specified vanishesrgi:, the boundary condition is

0 12
il /2vz)|, =0 (3.16)
On long evolution timescales, the finite extent of the diselftcould be relevant in a
star without a companion where the disc can spread outwd@snodel this, as our final
boundary condition we tak&(rout) = 0, so that the angular momentum added,gis carried
away by the outer parts of the disc, causing the disc to spreeards. In section 3.5.2 we
discuss the consequences of these assumptions in lintinlgfétime of a trapped disc.

The Evolution of r¢

The final modification to our code used in DS10 is to allguo evolve as the spin rate of the
star changes (3.14). The characteristic evolution tirledoarc, the spin-down timescale
for the star, is much longer than the nominal viscous timesitathe disc (see the next
section). The code updates by an explicit time step, rather than implicitly, as we do
the other variables. Rather than discretizing (3.14) andiatidour system of linearized
equations that are solved numerically at each timestepnstead approximate the evolution
in rq to first order in time, that is:

dre

to
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This scheme is simpler than adding additional equationfi¢ocbde, and is sufficient to
describe the co-evolution of the disc and stellar spin-rétewever, as we discuss in sec.
3.4.3, itis not accurate enough whepis close ta. and the spindown timescale comparable
to the viscous timescale in the inner regions of the disc.

3.3 CHARACTERISTICTIMESCALES OFDISC-STAR EVO-
LUTION

Three kinds of time scale play a role in the evolution of a starpled magnetically to an
accretion disc. These are the spin period of the star, treegoale for changes in spin period
of the star, and viscous evolution timescales of the dise.vi$tous evolution does not have
a single characteristic time scale; it can vary over mangieof magnitude depending on
which regions in the disc participate in the evolution.

The spin period of the staPf) determines the location of the corotation radius. This
then sets the accretion rate at which the transition fromediog to non-accreting disc takes
place. It also determines the timescale for magnetosphariability (from processes like
reconnection of field lines), which can lead to variability Ar, Ar, and theB, component
of the magnetic field (which sets the magnitude of the torgBe)s much shorter than the
other characteristic timescales studied in this paper,th@domplex variability processes
are best studied with detailed MHD simulations, so in thisknee assume time-averaged
values form, Ar, Ar, andBg and neglect shorter timescales.

A convenient unit of time for measuring changes in a viscass dt a distance from
the center ig, = r2/v(r), sometimes called the accretion- or viscous time scalestrtie
r. If a is the viscosity parameter amtl the disc thickness, it is longer than the orbital time
scaltez1 by a factora—1(r/H)?, a large number for most observed discs. Natural choices
for r in this expression would be the inner edge radig®r the corotation radiug.. Both
of these are functions of time. The actual time scales oftian in our discs can be much
shorter thart,, however, since the extent of the disc that participatelénvariation can be
much smaller thami,. In the cyclic accretion mode described in DS10, for instamycle
times as short as.Qlt, are found. The time scale for viscous adjustment in the aliter
regions, on the other hand, can be very large compargd to

The longest timescale is the rate at which the star’s spirchénge, which is determined
both by the rate of angular momentum exchange with the didctlaa star's moment of
inertia. The spin-down torque of a dead disc (with= 0 andr;, =r¢) is, from eq. (3.13):

dQ, nues
I =——, 3.18
T (3.18)
whered = Ar /riy. The characteristic spindown time is:
- LQ.r8
Tsp= P*/P ~ n (3.19)

nu2s -
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Table 3.1 Spindown and viscous timescales for different type of magnetic stars

Source Mass| Radius B. P, I, Tsp Tisc(re)/Tsp
Mo) (Ro) (G) (M@R;z:;) (years)

slow Pulsar 14 [14%x10°] 102 | 5.0s | 29x10° 1T 4400 3x 107

ms Pulsar 14 | 14x105| 108 0.1s | 29x10 M | 26x10 | 2x10°17

Magnetic Ae stdt | 3.0 55 10* | 10yrs| 4.0 3x10° 0.06

T Tauri StaP 0.6 3.0 1500 7 days| 0.54 2.3x10* 0.001

@B, andl. from Stepié (2000)
bSipos et al. (2009)

If the inner edge stays near corotati®x = Q., replacingri, by re, this yields:

GM.l,

= m&, (Qk (rin) = Q,). (3.20)

Tsp

The spindown timescale varies considerably between diftesources. Adopting = 1 and

Ar /rin = 0.3, this spindown timescale is short enough to account forgggjulation in slowly
rotating magnetic stars. In Table 3.3 we summarize the piedispin-down timescales for a
slowly rotating X-ray pulsar, a millisecond pulsar, a slpwdtating Ap star, and a typical T
Tauri star. For all these examples but the millisecond pufsaspin-down timescale is much
shorter than the lifetime of the star. Provided the condgiare such that the inner edge of
the disc can stay near corotation (i.e. what we have calledrdpped disc’ state), it will be
able to spin down a star to very slow rotation periods. In tbet sections we will explore
how this could work in detail by evolving a viscous disc in éimumerically.

The last column of Table 3.3 lists the ratio of the viscousetiscalerZ/v and (3.19).
Note that for our description of viscosity, the viscous apohglown timescales both scale
asr—3/2, The quantityTyisc/ Tsp thus defines the ratio of the time that gas at that radius
takes to travel inwards onto the star and the time it woul@ takspin-down, independent
of radius. In all cases, the spin-down timescale is muchdotigan the viscous timescales
in the disc, so that at least part of the disc is able to adfu#it¢ new spin rate of the star.
However, the exact ratio between the two timescales vasiesten orders of magnitude,
from 0.06 for a strongly magnetic Herbig Ae star to 10for an accreting millisecond pulsar.
This ratio implies that the extent of spin-down will be inflwed by the viscous evolution
of the disc itself in response to the disc-field interactiang that this evolution will vary
substantially between different systems, breaking théesosariance usually assumed in
disc-magnetospheric interactions. In section 3.4.3 weathstnate how the ratio of these
two timescales is critical in determining the ratiorgfto rc in a trapped disc.
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3.3.1 Representative Model

In sections 3.4 and 3.5.2 we study how a trapped disc can fodreeolve, as well as how
it can become untrapped. In order to simplify comparisowben different simulations, we
adopt a set of parameters for a representative model, wiecth@n vary between solutions
as necessary.

For the dimensionless parameters we adogtiy = 0.1, Ara/rip = 0.04, andBy/B; =
n = 0.1. The values ofAr /ri, andAr,/rin are small enough to provide an abrupt transition
between an accreting and non-accreting disc, but do not giewayclic instability discussed
in DS10. Neglecting the star’'s spin change, the problem hssake invariance (DS10),
whereby the parametefs M., Q. andm can be re-written as the ratio/fn., andni; is
the accretion rate in (3.7) that puts the magnetospheriasar:, a natural unit ofm for
magnetospheric accretion. The results in DS10 were predémthis unit.

As discussed in the previous section, the variatiomcwfith time during spindown of
the star makes this unit impractical. Instead, we presentdpresentative model in units
suitable for a protostellar system wilisc/ Tsq = 2.6 x 10~3 (which is as large a ratio as the
present version of the code allows), and explore the effeetrying this ratio. As unit of
length we use,, the star’s radius, and for timescalg the nominal viscous timescale of the
disc at the star’s radius.

3.4 TRAPPED DISCS

3.4.1 Trapped disc evolving from an accreting disc

For our description of the disc-field interaction (whichages outflows), once the accretion
rate falls to zero, the inner edge of the disc could be locatgtivhere outside;, depending
on the amount of mass in the disc. What then determines thédoazt the inner radius of a
dead disc? To answer this question, we simulate an initdlgdily accreting disc in which
the accretion rate at,; suddenly decreases to zero. As the reservoir of gas in theuhs
out, the accretion rate onto the star declines, and the nadars of the disc moves outwards.

In the simulation we use our representative disc paramdesrsribed above, and set the
initial inner radius of the disc to be just insidg rin(t = 0) = 0.88, and the outer radius
rout = 100ri,. We can calculate the corresponding accretion rate froi),(&nd use the
static solution forz given by (3.15) as our initial surface density profile. tAt 0, we set
Or (erl/z)]rout =0, so that no mass is added to the disc or allowed to escaps.s&ts a
constant angular momentum fluxrg.

The results are shown in Fig. 3.1. The bottom panel of Fig.sBdws the change in
accretion rate onto the star, scaledhtg The top panel of Fig. 3.1 shows the evolution of
the inner radius (solid black curve) ang (dashed red curve) in response to the changing
accretion rate. After initial steady accretion over abdit,3(less than 1/10th the viscous
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timescale atoyt), M through the inner edge of the disc begins to decrease assbe/o@
of mass in the disc is accreted onto the star, gndbegins to move outward. From 30
1500T,, mdecreases exponentially with a decay timescale of abouit. 241 the disc moves
outwards. However;, increases by only about 20% as the accretion rate decreptieeb
orders of magnitude. (The structure gf aroundr is an artifact of the tanh connecting
functions we adopted to descrihg andm across the transition region).

After ~ 1500t, the star begins to spin down (so tligtmoves outwards), and the inner
radius of the disc begins to track so that the ratioy, /rc remains nearly constant thereafter.
The behaviour of the accretion rate at this point also chengdthough it continues to
decrease exponentially, the decay timescale lengthersdawably and the accretion rate
(~ 10* of the initial M) is regulated by the spin-down rate of the star. Instead oficoing
to move away fronr. into the ‘dead disc’ regime (in whicim= 0), the inner radius instead
remaingrappedat nearly a constant fraction of while the star continues to spin down. We
thus call this disc solution a ‘trapped disc”, since ratlamntcontinue to move outwards,
becomes trapped at a nearly constant fraction.of

At the outer edge of the dism = 0 and there is an outward angular momentum flux.
The accretion onto the star comes from the disc being slowlgezl (although at a very low
rate) agij, moves outward. The evolution of, and the inner parts of the disc is determined
by the spin down rate of the star itself, which is itself infleed by how close;, can stay
nearrc. In Sec. 3.4.3 we demonstrate haw/r is mostly determined by the parametérs
andArz, and the ratiolyisc/ Tsp. However, the main conclusion of this section is clear: if
a trapped disc forms and can efficiently carry away the amgntamentum of the star, over
spin-down timescales the disc will accrete at such a rate $oeainner edge of the disc can
move outwards together witla and the star could in theory spin down completely.

3.4.2 Trapped disc evolving from a dead disc

Consider next a case where the initial condition is a dead @tigc> r¢) given by the steady
profile ((3.15) withm = 0 andys = 1). As the star spins downs moves out until it catches
up with the inner edge,,. From then on, the same evolution is as in the previous agse:
andr; move outward together indefinitely. A small amount of masacisreting while the
star’'s angular momentum is transferred to the disc.

The asymptotic evolution of this dead disc can be comparéu the case when a fixed
mass flux is imposed at the outer edge. The asymptotic sttensa steady state wipin
equilibrium the spin-up torque due to the accreted mass is balancee: ogabnetic torque
atrc transfering angular momentum outward.

We illustrate the distinction between these two cases indi§2. This shows the evolu-
tion of an initially dead disc (black, thick curves) and aatirg disc (red, thin curves). Both
discs have the same representative parameters (Sec.&hdr}); = 100r;,, but with differ-
ent initial inner radii (a few times the stellar radius), @ton rates and appropriate initial
surface density profiles given by (3.15). For the dead disctakkeri, = 1.3r¢ o (Whererc
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Figure 3.1 Transition from an ac-
creting to a ‘trapped disc’ state. The
initial X profile of the disc setsj, =
1.5r,, but the accretion rate through
Iout IS Set to zero at = 0. As a result

of mass loss by accretion through
the disc quickly evolves away from a
steady accretion state and after about
1500t, settles into a slowly evolving
state in whichrj, tracksr.. Top: The
black solid curve shows the evolution
of the inner radius in time, while the
red dashed curve shows the evolution
of rc. Bottom: The accretion rate onto
the star, which decreases sharplyias
moves outwards across the corotation
radius.

Figure 3.2 Comparison of the evolu-
tion of ri; andr. between a dead disc
(black solid and dashed curves) and
accreting disc (red dot-dashed curves).
Top: The evolution ofrc andrj, in
units of the stellar radius. Black
curves: rip (solid) andr (dashed) in
the dead disc; red curves: the accreting
disc (in, dot-dashed curvey, triple-
dot dashed curve). Bottom: The ratio
rin/rc for the dead disc (solid) and the
accreting disc (dot-dashed). The dead
disc keeps evolving indefinitely, the
accreting case reaches a steady state in
spin equilibrium with the star around

t ~ 106,

is the initial corotation radius) which correspondsmia- 0 for our chosen value dfra/rip.
For the accreting disc, we choosg = 1.1r¢ o, which corresponds to a low but non-zero

accretion raterg= 8 x 10~3n).

Sincenifor the accreting disc is initially low compared g, at early times evolves at
the same rate in both simulations (accreting: red, triglshe&d curve; non-accreting: black,
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dashed curve), and the star spins down. Eventually, how#weramount of angular mo-
mentum added by the accreted gas becomes comparable to teta@moved, and spin
equilibrium is reached at 10° t.. In contrast, for then= 0 case, the disc at first remains
unaffected, while; moves outwards. (This is because the magnetic torque depmetiygl
on distance, not on the rotation rate of the star). Aftemoves close enough tg, that
accretion can begin (around410* t,), the two start to move outwards at approximately the
same rate. The (low) accretion rate onto the star is detedry the (slow) rate at whiah
moves outwards, and the star continues to spin down indgfiniThe bottom panel of fig.
3.2 shows the ratio afiy /r¢ for the accreting (dashed) and non-accreting disc (soléier
the non-accreting disc passes out of the dead disc phase4(at10%), in both systems the
ratio changes by less than 10%, apgdalways remains close 1@. The non-accreting disc,
however, differs in that it never reaches spin equilibrium.

The main difference between the evolution of a dead disc anacareting disc is the
behaviour of the inner edge radius. As seen in sec. 3.4.4anritially dead disc the
accretion rate onto the star is determined by the disc’s\hetnlawhen it reaches, ~ r¢,
while in an accreting disc the accretion rate is governedhbyéalue set at the outer boundary.

Both the accretion rate on the star and the outward angularemtam flux in our trapped
discs depend sensitively on the distance betwgeandr. compared with the transition
widths Ar andAr»,. In the results of figure 3.2j,- r¢ is of the order G — 2Ar. In the next
section we develop an analytic estimate of this number antpece it with the numerical
results.

3.4.3 Analytic estimates for a trapped disc

As we showed above, an initially dead disc will eventuallgrisaccreting at a low rate, in
such a way that, moves outwards together with at a nearly constant ratio. The accretion
rate onto the star is determined by how clagecan move torj, before the disc moves
outwards in response. The actual distance on whijcéettles in cases like those show in the
previous section depends on the details of the disc-fieltaation (namely the parameters
Ar andAr») and the ratio of timescale$yisc/Tsp.

The spin-down timescale derived above assumes thatoves steadily outwards at the
same rate ag.. This timescale is an upper limit, since @sapproachesi, there is reduced
transport of angular momentum through and accretion onto the star begins. In addition,
in order for spin-down to remain efficient, the angular motnenadded by the disc-field
interaction can be transported through the disc and caaney atrqy;, otherwiser;, will
move quickly away fromrc and spin-down will effectively cease.

Whenrj, is far enough fronr; thatm~ 0, rj, stays fixed as the star is spun down and
rc moves outwards (3.15). However, onge moves closer tj, (within Ar or Ary), this
static state is no longer possible: either matter,astarts accreting onto the stag( 0),
or the surface density af, declines ¥s # 1), which causes;, to move closer ta; until
accretion throughri, can begin. Since the viscous timescale in the inner partefithc
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is much shorter than the spindown timescale, after acerghimughr;, begins, a pseudo-
steady-state develops, and moves slowly outwards withg. If the disc can maintain a
steady-state for the givem, thenr;j, will track r¢, and the disc will remain a nearly dead disc
as the star spins down to a small fraction of its initial spémniqd.

We can study this quantitatively by considering the equitiorri, andre. The evolution
of the inner edge of the disc ((3.11) from Sec. 3.2.2), defjnie:= Zr for convenience is:

1/20uU

Nl
in g|rin'

4Q,r3

*in

21(rin)fin = Ym — ot (3.21)

As long as the two terms on the right of (3.21) balange~= 0 even after accretion
throughri, begins. This will continue until the surface density profilearri, no longer
satisfies (3.15). Since the changerins the only source of variability in the problemj,
will approximately trackrc.

Eqg. (3.21) cannot be solved as is, sidegdr depends on solving the full time dependent
diffusion problem. As an estimate we assume thiathanges as a result of the changing
boundary condition (which will increase the surface dgngitdient), divided by the rate at
which the rest of the disc can respond to that change (whitlsmboth it out). This can be
approximated by:

ou ou(rin) _q
E‘rin ~ atm Wise: (3.22)
wherewisc is the viscous speed g, of order:wisc ~ V/r.
The time derivative foo(ri,) follows from the boundary condition far.
ou ou . ou .
—| = =—Fjn+=—TFc. 2
ot o I TR (323
The equation forj, then becomes:
_ voymf¥2 [\t 4 10 s -1
— = ; — = -1 3.24
fi <8rm6rmyz i) T B o yen ’ (524
wheref = (r¢/rin), and we have used the definition yf from Sec. 3.2.2 so tha, ys =

—0r.Ys.

The evolution ofr¢ depends on the rate of angular momentum exchange with the sta
Matter falling onto the star spins it up, while the interaativith the disc outside. transfers
angular momentum outward and spins the disc down. The enpufati this evolution is given
by (3.14), which can be re-written:

2 e B Ymap] 12
rC_3(GM*)1/2|*f )z i L (3.25)
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We can study the evolution of andri, in two limiting cases. In the limit wheng, —r¢ >
Ar,Aro:

2 n@rpt A 7

f - 3.26
e 3(GM*)1/2|* i l'c ( )
fin — 0.,
so that:
B —2/5
5 r]uzrin4 Ar -5/2
= |———F——t 3.27
lc < 3 (GM*)1/2|* = + rc,O ( )
lin = Tino-

This is the limiting ‘dead disc’ case, where the amount ofudagmomentum being
injected atrj, can be extracted at,; and the disc remains steady while the star is spun
down. It predicts a slightly smaller spin-down torque thaswestimated in Sec. 3.3 because
the torque scales with,.

. . . . . . oo Ar\ 1
The inner radius of the disc will remain approximately canstntil elthet)? or 6;yz (r)
z b2 in
become non-negligible (3.24). Based on our assumptiontieatisc will remain in a quasi-

steady-state whilg, moves i, will evolve only in response to changesrig which means
that f is a constant. This simplifies (3.24) and (3.25) considgrabl

e = (Aof2— A4 Y2 (3.28)
. Bof¥r i
n — B]_—l 1)
where,
2 n  Ar
_ = S 3.29
AO S(GM*)l/Zl*rinyz ( )
S

By — vwﬂ(N>*
8rinor,, (yz) \lin

B, — L.YZ
3rindr;, (¥s)
The solution is then:
3.4 3 9/2\; | 3/2 2
re = (Z(Aof — A f )t+rc7o) (3.30)

2/3
3 [ Bof¥2—Agf7/24 A4 3/2 !
lin = > B, 1 t+r, .
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Figure 3.3 Comparison between nu-
20 —r merical solution and analytic estimate
; ] for an idealized dead disc around a
. star spinning close to break-og= 1.7,
5 ] with Ar /rin = 0.1 andAr,/ri, = 0.05.
20 - 3 Top: Numerical solution of the evolu-
15k 3 tion of r¢ (black, dashed curve) amg
135k ] (black, solid curve) in time. Overplot-
130E 3 ted is our analytic estimate foy, (red
1250 3 dash-dotted curve) and. (red dash-
: 1 triple dotted curve) for the same phys-
ical conditions. Bottom: The ratio
110E E rc/rin for our numerical solution (solid
i Py 0° l curve) and analytic estimate (dash-
Time [t] dotted curve). The disagreement in the
two solution arises from our simplified
treatment of the viscous disc.

250
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We can use (3.28) to calculafe that is, how close. can move towards, before the disc
will start moving outwards in response. Setting= ffi,, we can re-express the constants in

(3.30) as:
Ar ymf/?2 < 10ys >
2—fys — +f-1 3.31
( rin yz 2 3rinarinyz ( )
(rinarinYZ> _3Tsp
Ym 8Tvisc7

and solvef numerically to give the approximate evolution fgrandr;, in time.

In Fig. 3.3 we compare our estimates for the evolution.aindr;, to the solution from
our numerical simulation. We consider a rapidly spinnirag §t. = 1.7), with Ar /rj, = 0.1
andAra/rin = 0.05. In the top panel we compare the two solutionsrfer(estimate: dot-
dashed red curve vs. numerical solution: black solid cuavelr; (estimate: triple-dotted-
dashed red curve vs. numerical solution: black dashed uhvéhe bottom panel we plot
the ratiorin /rc for the numerical (solid curve) and analytic (dashed cures)lt. At early
times,re < rip (3.27), and the solutions match exactly. However, at labesi the solutions
disagree somewhat. Most obviously, the valueffaalculated by (3.30) is smaller than the
numerical solution, that is thag, = O for longer than we predict, and there is some evolution
in f over long timescales. This mismatch comes from our simglifieatment for@ru|r ,
which over long timescales will depend on the surface dggséadients in the entire disc.

By comparing the sizes of each term on the left-hand size &fl§3.some insightful
approximations can be made. Since the solution is nearlyad disc, the disc’s accretion
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rate will be very low, so thaym < 1,ys ~ O(1), andoy, ys < 1. As well,ri, is close torc
so thatf ~ O(1). Since in generalyisc/Tsp < 1, (3.31) can be approximated:

160Ar . y2  Tsp
il FORYNR S 3.32
9 rin Ym Tisc ( )

and used to estimate. The left-hand side of (3.32) is dominated Wy, which quickly
grows asri; moves away fronr;, and must balance the right-hand side. The ability to
sustain a dead disc will thus depend lwsth the interaction between the disc and the field
(through the parametdry), andthe ratio between the spin-down timescale and the accretion
timescale.

For a givenTsp/ Tvisc, if Ara/rin < 1, thenyn, is nearly a step function, anfiwill stay
close to 1 even ifflsp/Tyisc is very large. On the other hand,Af,/riy ~ 1, and accretion
continues even whem, moves a fair distance from, then it is possible that the solution to
(3.31) will predict a larger value fat, than can support a dead disc. In this case no dead disc
solution exists: even if the disc initially begins as a det,doncer; moves close enough
to ri, that accretion begins, the disc will begin to move outwandsl matter atrj, can be
expelled from the system. The outflow of material will theogred at a moderate rate as
the surface density profile of the disc evolves away from tdddisc solution (3.15 with
m= 0) to the standard disc solution, with outflow rather tharretian onto the star.

3.5 TRAPPED AND UNTRAPPED

3.5.1 Accreting discs evolving to trapped or dead disc states

The results found so far and in DS10 indicate the strong tenydéor the inner edge of the
disc to track the corotation radius, what we call here a fieghdisc’. This does not happen
in all cases, however. We would like to find out under what dtoras a disc gets stuck in
this way, and when instead the inner edge proceeds to moveuiside corotation into the
‘dead disc’ state.

Armed with qualitative understanding from the previoustiee; we can address this
question with a few numerical experiments. We take the caseneutron star with field
strengthBs = 10'2, initial spin periodP, = 5s, and initial inner edge radiug, = 0.95r .
The disc is thus initially in an accreting state. The (idjtieuter boundary is located at
rout = 100rin, and we sem’= 0 there so that no matter can escape the system. The other
parameters are the same as for our representative model.

We first investigate the effect of varying the viscosity oa thay the transition from an
accreting to a dead disc takes place. This is shown in fig. Bl spindown timescale
(3.20) for the initialr. is Tsp = 10° years. From top to bottom, we plot this transition for
decreasing values of viscosity (and hence increasing usstmescales). To compare these
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two quantities we defin@,jsc as the viscous timescale at the initigl In the different plots,
the ratioTyisc/ Tsp increases from B x 10° to 1074,

The most striking change in behaviour occurs between thepémel and the second
panel. At the shortest viscous time scale, the disc does etointp a trapped state, but
evolves directly through corotation, while at lower visgothe it always settles into the
trapped state, with the inner edge moving in step with withdbrotation radius.

In all the discs, the initial evolution is the same: mIlécreases;, moves outwards,
crossingr. over about 18 years. Once that happens, however, the subsequent ewatiitio
the disc and star differes substantially between simuiatién the most viscous discs (top),
rin continues moving steadily outwards overf4@ears — roughly 1®0times longer than the
nominal spin-down timescale of the disc. Simgekeeps moving outwards, the torque on
the star decreases too, so that the disc moves far awayrfrbefore it is able to spin down
the star.

As the viscosity is reduced, the ratio between the two tirmlescbecomes smaller, and
rin does not move so far away frorg beforer;, ~ .. Thus for the disc with the lowest
viscosity (bottom)ri, andr. begin to move outwards after abouti@ars, and the trapped
disc (wheramis regulated by¢) has a much larger accretion rate onto the star (seven orders
of magnitude larger after ears) than for higher viscosities.

By the initial condition chosen, the magnetic torque pushesitiner edge out across
corotation. This causes mass to pile up outsigle The higher the viscosity, the faster this
pile is reduced again by outward spreading, and the faséeintier edge can continue to
move outward in response. The experimental result is thertridpping behavior is avoided
when the transition takes place fast enough. We return $artthe discussion.

The pile up is also influenced by the way in which accretiontendtar changes ag,
crossesc, hence we expect that the parameter controlling this, will have a strong effect
as well.

In fig. 3.5 we show three discs in which the initial rafigp/ Tvisc is kept fixed, but the
value ofAr, changes, from top to bottorry/rin = [0.4,0.04,0.004. The largerAry, the
further awayr;, must move fronr¢ in order for the accretion rate to decrease sufficiently
to form the trapped disc. In the top panel (wh&m is largest), the disc must move out a
considerable distance before becoming trapped, suffigiartto significantly decrease the
efficiency of the spin-down torque (and hence increase timedgavn timescale of the star).
As well as decreasing the spin-down efficiencyyis is large enough, the inner radius could
move far enough away from that material could begin to be launched from the disc in an
outflow, and the disc would become untrapped.

As was shown in Section 3.3, the raflgsc/Tsp itself can vary over many orders of
magnitude in different systems, from 14 in neutron stars with weak magnetic fields to
102 in discs around massive young stars. The size of this rati@lsb determine whether
a trapped disc can form.

This analysis would suggest that, assumimg/ri, does not vary much from system to
system, trapped discs are much more likely to form in prettstdiscs than in strongly ion-
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Figure 3.4 The evolution from an accreting to a non-accreting disc, for incregsopgto bottom)
ratios of Tyisc/Tsp (with Ar /rin = 0.1, Ara/rin = 0.04). From top to bottom, the rati@isc/Tsp is
25x[107°,1077,10°5,104]. As the ratio between the two timescales decreases, the disc is not able
to move outwards as quickly before the star begins to spin down, sohetl always remain close

tore. Black solid curve: evolution afi,. Red dashed curve: evolution f

ized discs around neutron stars. Furthermore, the clgsertorc, the higher the accretion
rate in the trapped disc disc. Conceivably, especially ifviseosity in the disc were very
low, this accretion rate could be larger than the averageetion rate in the disc itself, so
that the disc could spin down the star for a long time withmetr@eaching spin equilibrium,
even with a finite accretion rate onto the star.

As the results reported above show, the evolution can ehdreit a dead disc state in
which the star has lost only a fraction of its angular momemtar a trapped state in which
corotation is maintained and the star can spin down muchédurtWhich outcome results
depends details of the interaction between the star andisbeghrametrized in our model
by the transition widthé&r andAr». It also depends on the rate at which the disc can respond
viscously compared to the spin change rate of the star. Adapbnse of the disc makes the
transition through corotation faster thaynchanges, and the disc is more likely to enter the
dead state. This makes it far more likely to occur in youngastsystems than in neutron
star binaries.

In the results presented above, the initial conditions veken from steady solutions of
the viscous thin disc equation. These included dead disadich a steady state was made
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Figure 3.5 The evolution from an accreting to a non-accreting disc, for stable @s¢si, = 1) with
differentAr,. From top to bottomAr,/rin = [0.4,0.04,0.004. Curves showi, andr as in fig. 3.4.

possible by a sink of angular momentum at the outer boundaheamumerical grid, which
takes up the angular momentum added by the magnetic torgjtlesianer edge.

3.5.2 Dead discs evolving into trapped discs

In this example we investigate the opposite case of sectmrddscs withr;, initially outside
corotation, and conditions chosen such that the disc béyirspreading inward. The mass
flux at the outer boundary is set to zero. Varying the initiateo radiusrouto varies the
amount of mass in it, and the time scale of its long-term eiaican change.

We adopt the representative model parameters used befitheanvinitial inner radius
set to 13r. (corresponding to a negligible accretion rate for our chase/ri,), and set
louto = [10,100,10%, 104 rin 0. The evolution of, andr is plotted in Figs. 3.6 and 3.7. Fig.
3.6 compares the evolution of, /r¢ for different sizes of disc, while fig. 3.7 compares the
evolution ofr;, andr. for different disc sizes to the simulation wheggio = 10rin 0. In both
simulations, the different curves correspond to diffeieitial roy: 10ri,(dotted curve), 100
rin (dashed curve), 1006, (dash-dotted curve), fﬂn,o (dash-triple-dotted curve).

Fig. 3.6 shows the evolution of, /r¢ in time for different initialroy. For the simulations
with routo/rin,0 = [10,100, 1000, the ratior, /r¢ declines to a minimum value that decreases
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Figure 3.6 Discs starting outside
corotation and spreading inward. Evo-
lution of ri, /r¢ for different initialr oyt
From top to bottom:rouo = 10rino
(dotted curve), 19 (dashed curve),
10° (dash-dotted curve), and 40
(triple dash-dotted curva), att = 0.
Larger discs have a larger reservoir of
matter, so that they can sustain a larger
m(so smaller;,) asr¢ increases due to
spindown of the star.

Figure 3.7: Evolution ofrj, andr¢ in
a dead disc with differentoyy:. Bot-
tom: The evolution of;, (solid black
curve) andr. (dashed red curve) for
the smallest dis@outo = 10Tin 0. TOp:
The evolution ofjj, (thin black curves)
andr (thick red curves) for different
sizes of disc, divided by theyo =
10rin o solution. The individual curves
are the same as in Fig. 3.6.

asroyt is taken larger, before again increasing approximatelgrditigmically. In the largest
disc, routo/rin0 = 104, the evolution is the same as in the smaller discs at earkystirout
rin/Tc continues to decline for much longer until it reaches a mimimat around 18, when

it finally turns over.

The minimum value ofj, /r¢ is determined by the amount of mass in the disc available
for accretion. The larger discs have more mass, which sissthe accretion rate onto the
star for a longer time before the drop in surface density esiysto move outward again.

The bottom panel of Fig. 3.7 shows the evolutiorrgfandrc for rougo = 10rin 0. The
evolution is qualitatively the same as we derived in the @iahpproximation in Sec. 3.4.3.
Initially ri, remains fixed as. starts to evolve outwards, untij moves close enough tg,
that accretion can begin. The inner radius then evolvesarghat approximately the same
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rate ag as the star spins down. The variation between differentlsitions is emphasized
in the top panel of Fig. 3.7. Here we plot the evolutionrgf(thick curves, red) andi,
(thin curves, black) for the discs witigyto/rino = [107,10°,10%, divided by the solution for
routo/fin,0 = 10. For larger discs the accretion rate is higher, sorthaan move closer to..

In the three smaller discs, the accreted mass adds a néglgitount of angular momentum
to the star, so that ag, moves closer toc. As a result, the spin-down torque simply becomes
more efficient, and. spins down faster. After 16, r. for the disc Withrouto/rino = 10% is
more than 10% larger than in the smallest disc. Howeverheldrgest disc, the accretion
rate putsi, close enough to. that the spin-down torque starts to drop in efficiency and the
spin-up from accretion becomes non-negligible. Althoughtill increases, after 0. r¢ is
30% smaller than for a small disc.

These results show that size of the disc can considerablyeimik the efficiency of spin-
down, emphasizing the fact that the spin-down of a star isdiali value problem. The
initial size of the disc can be as important as the ragg/Tyisc and the parametekrs in
determining whether the disc can become trapped, and tbeaffy of the spin-down torque.
The results of this section would suggest that larger digdth (their larger reservoirs of
mass) are more likely to become trapped than smaller discs.

3.5.3 Long-term behaviour of discs of finite size

As we found in section 3.5, the long-term evolution of thecéligar system tends to ‘bifur-
cate’. The end state is either a star that has lost little @ngnomentum, surrounded by a
dead disc, or a star continuously spun down by a disc trapipeatatation with the star.

We investigate this by a set of simulations in which the atisitate is a disc of finite size
ro, evolving in a grid that is 10 times largegy= 10rg . Apart from this change we use the
standard parameters (section 3.3.1), setting the inidlelevofri, /rc at 1.3 (for comparison
with the results of the previous section). Whether the didtheiable to substantially spin
down the star depends on the ratio the timesc)gs(ro) to Tsp. If the disc is very small (
Tvisc(fo) < Tsp), rin Will move outward too quickly to spin down the star, whil&{fsc(ro) >
Tsp, the moment of inertia in the disc is sufficiently high to bedeato absorb much more
angular momentum from the star, so that the disc can opesate efficient sink for the star’'s
angular momentum.

Fig. 3.8 shows results for three different sizes of disc.dohecurve, the dashed red line
shows the evolution of;, while the solid black curve shows the evolutionrgf. The top
panel of fig. 3.8 shows the disc evolution when the viscositghiosen such thai;sc(ro) <
Tsp, withrg = 100rj,. Since the angular momentum injected;ats carried away by viscous
spreading of the disc, the disc quickly evolves away fronmitgsal configuration. Since the
moment of inertia in the disc is much smaller than in the ster,disc becomes too spread
out to absorb the angular momentum injectedatandr;, moves outward before the star is
able to slow down substantially.

In the middle panel of 3.8 we show the evolutionrgf andrc when the spin-down
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Figure 3.8 Top: Evolution ofrj, andr¢ in a dead disc with mass transport throughy, where
Tuisc(Touto) = Tsp. The moment of inertia in the disc is sufficiently large to prevgnfrom moving
out asr; evolves. Middle: Evolution of;, andrc in a dead disc with mass transport through,
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whereTyisc(fouto) ~ Tsp. The disc is initially massive enough to spin down the star, but after some

time evolves away from the equilibrium solution angl moves rapidly out. Bottom: Evolution of
rin andrc in a dead disc with mass transport through, whereTyis¢(routo) > Tsp. The moment of
inertia in the disc is sufficiently large to prevemt from moving out as evolves. Curves showy,
andr¢ as in fig. 3.4.

timescale is comparable to the viscous timescalg.afhe disc also initially diffuses out-
wards (as seen by the increasejiparoundt = 5 x 10°), so that the rate of angular momen-
tum exchange from the starttg decreases. This allowgto catch up, and the two radii start
to evolve together. Eventually, however, viscous spregadirthe disc wins, and;, begins
to move outwards.

The bottom panel of 3.8 shows the evolutionrgfandrc whenTyisc(ro) > Tsp. The
result is essentially the same as in Sec. 3.5.2, since thesdi®w so large that additional
angular momentum from the star does not reaghon the spindown timescale. In other
words, the moment of inertia of the disc itself is large erfotlwat the star is able to spin
down without causingi, to move rapidly outward.
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The rotation of Ap stars and magnetic white dwarfs

An intriguing clue to the spindown of magnetic stars comesifislowly rotating Ap stars.

As a class these stars are observed to have very strong dipatgetic fields (up to 10 kG).
A few of them have extremely long rotation periods (up to D@ $ears), while others have
rotation periods as short as 0.5 d. A similar phenomenonssmid in the magnetic white
dwarfs. Most of these have periods of a few days or weeks,dmesotate as slowly as the
slowest Ap stars. We suggest that the bifurcation of outsowefound in the above is the
underlying reason for the remarkable range of spin peribdsagnetic stars.

3.6 CONCLUSIONS

As found before in SS and DS10, a disc in contact with the mtagpéere of a star can be in
a ‘dead’ state, with its inner edge well outside the corotatadius so the accretion rate onto
the star vanishes, and the torque exerted by the magneti¢ri@smitted outward by viscous
stress. In the calculations reported in DS10, an additistete was found, intermediate
between the accreting and dead state. In this state, theaédge of the disc stayed close to
the corotation radius, even as the accretion rate onto the star varied by largerfaciVe
call this phenomenotrapping of the disc. Accretion can be stationary or in the form of a
limit cycle in this state.

One of the goals of this investigation was to find out undertwebaditions this trapping
takes place, using a series of numerical experiments witfinginitial and boundary con-
ditions. If initial conditions are such that the inner ed¢gerts inside corotation and slowly
moves outward, we find that the disc gets stuck in a trapped fa a long time if the
disc viscosityv is low (up to about 1®times shorter than the spindown timescale of the
star). The accretion rate then slowly vanishes but the irdge always stays close to coro-
tation. At higher viscosity ¥ 10°x the spindown timescale) on the other hand, the disc
evolves through corotation into a ‘dead’ disc state, witheinedge well outside the coro-
tation radius. In terms of the standard viscosity paramationv = a(H /r)?, compared
with the spin-down timescale of the disc, a trapped stateoi®rtikely to happen in strongly
magnetic Bs ~ 102G) X-ray pulsars and protostellar discs than the weaker ntagfields
(Bs ~ 10%G) of millisecond X-ray pulsars.

Our second goal was to find out how a star spins down in the lemg,tunder the in-
fluence of the angular momentum it loses by the magnetic éoexerted on the disc. The
results show an interesting ‘bifurcation’ of long-term canes: if the disc evolves into a
dead state, the star loses only a fraction of its initial dagmomentum, and can remain
spinning rapidly throughout its life. If on the other hanceitters a trapped state at some
point, it remains in this state. The star can then slow dowvety low rotation rates, the
inner edge of the disc tracking the corotation radius outw#Ye suggest that these two out-
comes can be identified respectively with the rapidly rataind slowly rotating classes of
magnetic Ap stars and magnetic white dwarfs. The evolutidhetrapped state could also
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be reproduced with a simplified model that does not requikerspthe full viscous diffusion
equation.

This picture of magnetosphere-disc interaction diffeosrfithe standard view that mass
will be ‘propellered’ out of the system instead of accretiogce the star rotates more rapidly
than the inner edge of the disc. As shown already by Sunyaeha&Ba (1977) and again
argued in Spruit & Taam (1993) and DS10 this assumption is1aokssary, in many cases
unlikely, and ignores some of the theoretically and obd@mally most interesting aspects
of the disc-magnetosphere interaction.

Though the dead stateis a regime where a significant fraofitime disc mass could in
principle be expelledr(,>> r¢), the results presented here show that magnetospherically
accreting systems often avoid this regime. Instead, thdyuerin the trapped state, in which
the disc-field interaction keeps the inner radius truncegey close to the co-rotation radius,
even at very low accretion rates. Both the trapped aget(rc) and the dead state;, (> r¢)
allow the disc to efficiently spin down the star. The discireta large amount of mass, but
in the absence of accretion onto the central star appeagsagiit.

3.7 DiscUsSsION

By assuming a given dependence of viscosity on distance, welhygpassed the physics that
determines it. In terms of the standareparametrization of viscosity, we have left out the
physics that determines the disc temperature and hendeaknéssH /r. Additional time
dependence or instabilities may arise from feedback betaeeretion and disc temperature.
The radiation produced by matter accreting on the star cbalthrge enough to change
temperature, the ionization state and hence the thickrighe &nner edge of the disc. In a
trapped disc, this is just the region that controls the dimreate onto the star. The size of
the transition region, which we have parametrized with tidthve Ar, Ar, may well depend
on disc thickness. Positive feedback may be thus possible.le@e this possibility for
future work.

In systems such as the accreting X-ray pulsars the accristiepisodic on long time
scales. This is attributed to the instability of viscouscdishat is also responsible for the
outbursts of cataclysmic variables. In these cases, inhwthiere is a large change m
andrj, is far fromr in the quiescent phase, there is the possibility of hysigréise same
accretion rate will lead to a different value Gf (and therefore disc torque) depending on
whether the source is moving into or out of outburst. As th&re® goes into outburst, the
disc will not have as much mass in its inner regions, sorthatill move inward gradually
from large radii until it crossess, and the outburst begins. In the decline phase, however, the
disc will become trapped around the inner radius of the diserwthe accretion rate drops,
allowing for a larger spin-down in the disc and accretionsktaivia the instability of DS10.
The net effect of such episodic accretion on the spin histbtye star, as compared with
the case of steady accretion, is not obvious. We discusgthsre depth in the companion
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paper.

Some work on disc-magnetosphere interaction assumes t@atprgues to act over a
significant part of the disc(Konigl 1991; Armitage & Clarke9B). More recent work (and
in particular numerical MHD simulations of the disc-fielderaction) finds the interaction
region to be much narrower (as we have also assumed herepiaabwn torques on the star
are correspondingly smaller. The difference for the lomgrtspin evolution is not dramatic,
however, as our trapped disc results demonstrate.

Interestingly, Armitage & Clarke (1996) also observed thnirt discs would become
trapped around. as the accretion rate in the disc decreased by several mersgnitude.

In their model, the magnetic field-disc interaction alscsdikte a boundary condition at
low accretion rates and the disc evolved viscously in respoiihis is presumably because
although the disc in their model is threaded by a magnetid Bgkrywhere, the disc-field
interaction is by far the strongest in the inner regionshs they see a similar behaviour to
the one described in this paper.

MHD simulations of interaction between the disc and the ne#igrfield are becoming
increasingly realistic. These simulations can only runviary short timescales (the longest
of orderTy;sc atrin), so they tend to emphasize initial transients. Still, tbéfgr insight in
how the disc and magnetic field will interact. To date, mostudations have concentrated
on strongly accreting (Hayashi et al. 1996; Goodson et &7 1Miller & Stone 1997) or
propellering (Romanova et al. 2004) cases. Simulationscibvae closest to the conditions
of a trapped disc are the study of a so-called ‘weak propekgime by Ustyugova et al.
(2006). The authors found that discs in whighwas initially truncated close tr. launch
much weaker outflows than discs truncated further away. Ht®y found some evidence
of the field changing the disc structure (as shown from mdsgypip in the inner regions),
although in their simulation the majority of the angular nertum in the star was carried
away via a wind, rather than through the disc. These sinmratalso did not run for very
long, however, so it is hard to separate transient behadoero the initial conditions from
the longer-term systematic effects we are interested in.

Perna et al. (2006) did calculations were done for a caseentherstar’s field is inclined
with respect to the disc axis. The authors’ results suggesthe transition width which we
have parametrized b&r, would increase with the inclination of the magnetic fieldycai
there will be some values fay, at which which both accretion and disc mass trapping can
occur. This then would suggest that dead discs are morg likdbrm in systems with small
inclinations between the spin axis and magnetic axis, sswthht the disc instability studied
in DS10 (which also tends to occur for smaller valuedf). This prediction is supported
by the observation that Ap stars with the longest periodd terhave the lowest inclination
angles for the magnetic field (Landstreet & Mathys 2000).

The transition widths of disc-magnetosphere interacti@t tan be inferred from these
simulations are significant, and are in the range we havereshere. They are much larger
than the very narrow interaction regions assumed by Matt éiatt & Pudritz 2004, 2005;
Matt et al. 2010).
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We have found that the distance fragiat which the inner edge of the disc gets trapped
is determined by the ratio of two timescales for the discl@ion: the viscous evolution
timescale in the disc (which determines the rate at whicb density profile can change)
and the star’s spin-down timescale (which sets the rate athwh moves outwards). The
viscous timescale is in general much shorter than the spimdimescale, and the ratio of
the two timescales varies from 102 (in protostellar discs) te- 10-17 (in millisecond X-
ray pulsars). The larger the ratio, the longer the disc aiktto respond to changesrin As
a resultrj, remains closer to. than it would if the ratio were smaller, and the trapped disc
has a higher accretion rate onto the star. If the ratio isdwg thenrj, moves much further
away fromr¢, and the system likely enters the dead disc regime.

For the parameters characterizing the interaction regétnwden disc and magnetosphere
in our model, we have used here values such that the cyclietamt behavior found in DS10
does not develop. This was done for convenience, since tretshe steps needed to follow
these cycles makes it harder to calculate the long-ternuBwal The time-averaged effect
of these cycles is not expected to make a big difference #lahg-term evolution.

These cyclic accretion bursts can persist in the trapped, stdnen the star is spinning
down efficiently. They are observed to occur both over sé\aders of magnitude of ac-
cretion rates and transiently (over a small range of aametite), and depend on the ratio
of timescales discussed above. Whether or not the instabiiturs is determined by the
detailed disc-field interaction (the paramet&rsandAr», in our model). The peak of the ac-
cretion bursts is typically much larger(10x) than the mean accretion rate for the system,
and the period is typically between0d — 10°Tyisc(rin). The properties and conditions for
occurrence of these cycles are studied further in a compaaper.

3.7.1 ‘Propellering’

In our calculations we have left out the possibility thatenatction of the magnetosphere
with the disc will cause of mass ejection from the system. pbiat being that, contrary
to common belief, such interaction can function without regstion by ‘propellering’, as
pointed out already by (SS76). Understanding of this restli case, as we have developed
here, is prerequisite for understanding the much less wéled case of mass loosing discs.

On energetic grounds, mass loss from the system is nedgswaited, unless the inner
edge is well outside corotation (ST93). This point has atssnimade by Perna et al. (2006),
who propose that mass lifted g} may fall back on the disc at some finite distance. This
would create a feedback loop in the mass flux through the dEming the possibility of ad-
ditional forms of time-dependent behaviour that do nottarigaccretion onto non-magnetic
stars. In the trapped disc state we have studied here tlezatiffe in rotation between disc
and star is small, so any significant amount of mass kickedap the interaction region
cannot move very far before returning to the disc. Its effece then secondary, at least for
the long-term evolution of the disc.
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The possibility of significant effects of mass loss is mowistic for the dead disc states,
where the distance of the inner edge from corotation canrbecouch larger.

Real propellering is expected to happen when mass transfardrcompanion star sets
in for the first time onto a rapidly spinning magnetic star.eTdataclysmic binary AE Agr
is evidently such a case (Pearson et al. 2003). A disc is &lisehis CV, and all mass
transfered appears to be ejected in a complex outflow asedaiath strong radio emission.
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Chapter 4

Accretion Discs Trapped Near Corotation

Caroline R. D’Angelo and Hendrik C. Spruit
to be submitted to MNRAS

I scs accreting onto the magnetosphere of a rotating stamzhope
D in a ‘trapped’ state, in which the inner edge of the disc stagar
the corotation radius, even at low accretion rates. Theetioorin these
trapped states can be steady or cyclic. The conditions foureence of
such cycles, their amplitudes, cycle periods, and thedcefin the average
torque on the accreting star are investigated. Two formgdéare found,
one of them corresponding to those proposed by Sunyaev aakliZh
(1976) and Spruit and Taam (1993). The presence of cyclesndispon
the details of the interaction between disc and magnetespingoarticular
the width of the region of interaction. Observational evicke of such
cycles would provide important clues on the physics of m&ggmheric
accretion. Recent observations of cyclic and other unusargbility in
T Tauri stars (EXors) and X-ray binaries are discussed sabntext.
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4.1 INTRODUCTION

Many accreting stars show evidence of the effects of a ststeigr magnetic field regulating
the accretion flow onto the star. Accreting X-ray pulsars,eieample, show flux modula-
tion on timescales between 102 — 10? seconds, which is attributed to the magnetic pole
sweeping through our line of sight, illuminated by mattesrating along field lines (David-
son & Ostriker 1973). In some pulsars, this probe of thestzetiod has shown an evolution
in the spin period of the star in time (e.g. Bildsten et al. J99hich is attributed to the
interaction with the surrounding material. On the other efithe energy scale, T Tauri stars
also often have strong magnetic fields (up to 1-2 kG), and ssmwe evidence that their
period is regulated by the disc-field interaction (Getmaal.€2008).

From the earliest studies of stellar accretion researcheagnized that a strong magnetic
field could substantially influence an accretion disc surddng the star. Pringle & Rees
(1972) estimated the ‘magnetospheric radius’ of the disee+adius at which the magnetic
field would truncate the disc — by equating the ram pressureedfalling gas to the magnetic
pressure of the field. The inner radius of the disc will thuslbeermined by the magnetic
field strength (assumed dipolar with a magnetic momest Bsr3), stellar mass and the
accretion rate onto the star,zq/2 O uzM*fl/Zr'nfl. The infalling material will then add its
angular momentum to the star, causing it to spin fasteriditev & Sunyaev (1975) noted
that if the magnetospheric radius extends beyond the daotadius (. = (G M*)1/3Q*_3/2;
where the Keplerian frequency of the disc equals the stat&ion frequency), the stellar
magnetic field will spin faster than the gas at the inner edgledisc. This is generally
called the ‘propeller’ regime. A standard view expresseth@literature is that in this case
the accreting mass is expelled from the system (see below).

Analytic (Aly & Kuijpers 1990; Lovelace et al. 1995; Matt et 2010) and numerical
(Hayashi et al. 1996; Miller & Stone 1997; Goodson et al. t9R@manova et al. 2008)
has demonstrated that embedded field lines in the disc vpitigopen, decoupling the
majority of the disc from the star, in contrast with what haei assumed in most of the
early literature. The small radial extent of the interactb®etween the disc and the field has
led some authors to question whether the disc is able toatgthe spin rate of the star
altogether (Matt & Pudritz 2005; Matt et al. 2010).

A number of persistent X-ray pulsars show spin-down as we#n-up (e.g. Bildsten
et al. 1997), or a rate of spin-up much lower than expecteédas the accretion rate.
In addition, many sources show hysteresis, where the lwsitinadiffers between spin-up
and spin-down phases (Camero-Arranz et al. 2010), or everc@mnelates with spin-down
(Chakrabarty et al. 1997). Finally, in persistent sources$ shhow both spin-up and spin-
down, the magnitude df/| often stays nearly constant when the torque changes sigohwh
is not naturally explained in a model where the torque scdespower of.

More recently, two transient X-ray pulsars were observedridergo brief weak out-
bursts (lasting about 6-7 days) followed by a short periogudéscence (Heinke et al. 2010;
Hartman et al. 2010). The outburst recurrence time (on tleraf a month in both sources)
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is too short to be naturally explained by the ionizationabdity model (e.g. Lasota 2001),
and Hartman et al. (2010) have suggested (based on the tdibalrst luminosity) that mass
could remain stored in the disc when the accretion rate drdastar drops by at least 3-4
orders of magnitude. This explanation is inconsistent withstandard relation between ac-
cretion rate and inner radius, in which 0?7, so that a change of 40n accretion rate
corresponds to an increase-ofLOx in ri,. In one of these sources, NGC 6440 X-2, Patruno
et al. (2010) recently reported the detection of a strong @PCHz. A similar QPO was
previously detected in SAX J1808.4-3658 (Patruno et al920This QPO period is of the
order of 102 — 101 times the viscous timescale at the the corotation ragius

Similar outburst time scales, in units of the viscous timalecare seen in a class of
young stars called ‘EXors’. These stars typically show egiis changes in luminosity (of
between 2-5 magnitudes) on timescales of a few years. Thabildy timescale implies
accretion rate variability in the inner regions of the atioredisc, where it interacts with the
magnetic field.

Together, these puzzling observations suggest that signtfphysics is missing in cur-
rent interpretations of the phenomena seen in accretingietagpheric systems.

4.1.1 Accretion at a centrifugal barrier

One of the things missing in these interpretations is thggimghat mass prevented from
accreting by the presence of a ‘centrifugal barrier’ doesnezessarily have to leave the
system at all. In other words, that mass transferred fronmarpicompanion onto a spinning
magnetosphere does not have to be ‘propellered’ out.

This was already noted by (Sunyaev & Shakura 1977) and (Sfrtaam 1993). With-
out mass loss, accretion on the magnetosphere can jegthe with periods of accumula-
tion outside the corotation radius alternating with adogephases. Mass loss in a magneti-
cally driven wind may happen as well, but this bit of (stillggty known) physics is separate
from the effect of a centrifugal barrier on a viscous disce Phoblem of disc responding to
the torque exerted at its inner edge by a spinning magnetosias a well-defined solution
within the standard thin viscous disc formalism without mbss.

This is the problem we have studied in D’Angelo & Spruit (281@nd D’Angelo &
Spruit 2010b (hereafter DS10a and DS10b respectively fehs@ and 3]). There we clas-
sified the properties of time dependent solutions of the dige diffusion equation with a
magnetic torque acting at its inner edge (DS10a), and siutiie long term evolution of
discs with such torques, including the spindown of the & 10b).

Due to the magnetic torques transporting angular momentuweaod, the density profile
of the disc is altered substantially. The disc remains ttext only slightly outside; even
when the accretion rate declines by several orders of matmitVe found that the formation
of a dead disc often results in the instability described pyu & Taam (1993), which we
suggested could be operating in EXors as in SAX J1808.4-3@%88NGC 6440 X-2. In
the instability, the disc is initially truncated outsideand accretion is suppressed, causing



Truncated Accretion Discs

material to build up in the inner regions of the disc. Eveliyu#he surface density in the
disc becomes high enough to overcome the centrifugal bameaccrete onto the star. Once
the reservoir is emptied, the disc again moves outsjdand the cycle begins again. In that
paper we concluded that the presence of the instabilityrt#gmbon the mean accretion rate,
mand the details of the disc-field interaction.

The modes of accretion of a viscous disc on a rotating magpb&ye can be classified
in three states, all of which have a different appearancesfiadt on the star’s evolution. We
explicitly neglect the possibility of outflows, so that this@never crosses into the propeller
regime for anym.

The disc state depends on the ratio of the mean accretiothratggh the disc tong, the
accretion rate that puts, atre:

1. m> mg: rip<re, star spins up

2. M=~ rip=re, star spins either up or down, inner edge stays near carntatiile m
varies.

3. m~ 0: rip>r¢, star spins down, negligible accretion (dead disc).

State ii) can be further divided into cases where accretigag place in a continuous way,
and cases where accretion is cyclic, with bursts of acereti@rnating with quiescent phases.
The latter case will the main subject of interest in the follay. If there is a long-term im-
posed accretion rate at the outer edge of the disc, as in atraasferring binary, dead disc
states can occur as part of the cycle, as suggested by Suty&iteakura (1977).

4.1.2 Trapped discs

In DS10b, we turned our attention to the long-term evolutiba viscous disc, and its effect
on the spin evolution of the star. This added a new parametttet problem, the moment
of inertial, of the star, and introduced a new characteristic timesdalg, the spin-down
timescale of the star.

When initial conditions are chosen such thats initially insider. but moves gradually
outward, we found that the evolution of the disc often getiscls’ with ri, near corotation,
with slowly decreasing accretion rate. The same happena whis initially outsider, but
spindown of the star causes to move out. When it catches up, the following evolution
again tends to be one in which the inner edge hovers slightiside corotation. The out-
ward angular momentum transport due to the magnetic togaedompanied by low-level
accretion onto the star. We called this phenomenon of a digtimner edge stuck at the
corotation radius a ‘trapped disc'. It is the intermediadtgesii) mentioned above.

The disc does not stay trapped in all cases, howaygican also evolve well beyond
re, the end result being a ‘dead disc’: the state iii) above. Wérebr not the disc be-
comes trapped depends on the details of the disc-field sttera(see below) and on the
ratio Tyisc/ Tsp (WhereTisc is the viscous accretion timescale of the disc measureg.at
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The trapped disc state presents a very different picture fhe traditional accreting/propellering
view. For one, the small velocity difference between disd aragnetosphere in this state
makes significant mass loss unlikely. It also leads to difieobservational characteristics,
in particular modification to the expected relationshipaAmgn spin-down torque and lumi-
nosity, and the appearance of cyclic accretion. These ar®tus of this paper.

Accretion in the trapped state can be continous or cycli©®®10b we limited ourselves
mostly to parameter regimes that lead to continous aceresioce the short time scale of
the cycles makes it difficult to follow the long-term evohuii of the disc. Here we study
the cyclic case of trapped discs in more detail, with lessheamjs on long-term evolution.
In DS10a, we found two forms of cyclic behavior. Their nataral interpretation will be
explored in more detail here, addressing also the questimnthe characteristics of the
instability (such as its period and amplitude) change withrhodel parameters.

When accretion is cyclic, the torque between disc and magpkése varies over a cycle;
its average over a cycle is what determines the net spindowpioup torque on the star. In
sec. 4.4.4 we address the question how this net torque siiifem the steadily accreting
case.

In Sec. 4.5 we discuss the results in the context of the vardaservations mentioned
above (persistent X-ray pulsars, the short recurrent ostthin X-ray pulsars, and the episodic
accretion bursts seen in both X-ray pulsars and young stes)will find there that trapped
discs may be related to a number of currently unexplainedgmnena seen in magnetospher-
ically accreting sources.

4.2 THE MODEL FOR MAGNETOSPHERIC ACCRETION

We briefly summarize the characteristics of our model for neagspheric accretion, review-
ing our description of the disc-field interaction and howstéiters the structure of the disc
whenri, > rc. For a compact description see DS10b; for more detail andchauarerical
implementation, see DS10a.

As mentioned above, the interaction between an accretien atid magnetic field is
likely confined to the innermost regions of the disc, so thasiof the disc is shielded from
the field. The coupling between the disc and the field distbedield lines by differential
rotation, which generates a toroidal field component, arats»xa magnetic torque on the
disc. In a very short time, the field lines become sulfficieditorted that they inflate and
open, which can temporarily sever the connection betweefighd and disc, before recon-
nection events reestablish connection with the star. Asutréhe variations in the magnetic
field associated with the magnetosphere interaction vkiél flace on timescales of order the
rotation period of the staP, (Aly 1985; Hayashi et al. 1996; Miller & Stone 1997; Goodson
et al. 1997) much shorter than the cycle times, which takeepten a variety of viscous time
scales in the disc.

It is sufficient to adopt a time-averaged value for the stiferd the generated toroidal
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field componentn = B,/B; and the width of the interaction regidw /ri,. The size of the
interaction region is unknown, so it is a free parameter inmadel; we assume only that
Ar/r < 1, and explore values in the range suggested by numericalations.

When the inner edge of the disg is outside corotation;, a magnetic torquég acts at
the inner edge. The condition that this torque is transohittetward by the viscous stress
yields:

3NV (rin)r?Qk (in) = T. (4.1)

This yields a boundary condition on the surface density,atVhenrj, is insiderc however,
the viscous torque and the surface densitgatanish: the standard case of a viscous disc
accreting on a slowly rotating object applies. The viscaugue atri, thus varies rapidly
over the transition widtlAr aroundr . This can be taken into account in (4.1) by makiiag
a function ofrj,,

Tg = ys(rin) To, (4.2)

whereys is a suitably steep function with the property that it varfiesn O to 1 over the
width Ar: ys — 0 for r¢ —rinp > Ar, ys — 1 for rij, —re > Ar. For Top we approximate the
field strength atj, as that of the star’s dipole component, so the magnetic ¢oegarted by
the field is

To = n2ar/r4, (4.3)

wherepis the star’s dipole moment amga coefficient of order unity. For numerical reasons,
it is important thats be a smooth function, we use a-tanh -profile of widthAr.

For the viscosity we use a fixed radial dependeneek,r/2, corresponding to am-disc
of constantr and aspect ratibl /r.

Whenrj, < r¢ the disc can accrete onto the star. The position of the indge ef the
disc is then related to the accretion rate. We use a standérdate (e.g. Spruit & Taam
(1993)), which equates the magnetic torque with the torqeerlad to keep the accreting
mass corotating with the star. It can be written as
W
40,12

= (4.4)

(the subscript, standing for ‘only in the case of accretion’). It holds onbr fin<rc. For
rin>rc, the accretion rate drops to zero due to the centrifugaldyarfhe relation between
rin andm thus also changes steeply arougdThis is another critical element that needs to
be taken into account. We incorporate it by writing:

Meo(Tin) = Ym(Fin)Ma(in) (4.5)

whereym(rin) describes the steep variation in the transition zone,ragads the mass flux
measured in frame comoving with the inner edge of the disc

Meo = M+ 2Tin Z(Tin ) Fin, (4.6)
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wherer;, is the rate of change of the inner edge radius (the distindiEtweenm andmc,
was a crucial point missing in the formulation of ST93). Hue tconnecting functionym,
with limiting values 1 inside corotation and 0 outside, waiagise a smooth tanh- function.
The width of this transition must be of the same order as #esttion widthAr introduced
above, but the physics determining it is rather differentye keep it as a separate parameter
Ar,, and explore it independently.

Eq. (4.4) and (4.6) define an equation fgy(t). Together with the standard thin disc
diffusion equation, we have a set of equations, second ardene and space, fax andrj,.
The equations are stiff inside corotation since one of the tilerivatives (forj,) disappears.
A numerical method appropriate for this circumstance hdetased.

The steady-state cask,= 0, is illustrative. The solution of the thin disc diffusiogua-
tion can be written as

3-8 (””)l/zm{l— (””)1/2], @4.7)
Q(rin)r \ r r
whereTg is given by (4.2) andanby (4.4, 4.6).

For ri, well outside corotationr(, - re>> Ar), mvanishes and we have a dead disc. The
surface density is then determined by the first term on the RH8.steady outward flux
of angular momentum in this case has to be taken up by a sin@na¢ $arger distance,
otherwise the disc could not be stationary as assumed. Tiki€an be the orbital angular
momentum of a companion star, or the disc can be approxinsestédfinite. The latter is a
good approximation for changes in the inner regions of the, ditime scales short compared
with the viscous evolution of the outer disc are considered.

421 Characteristic numbers

We chooser. (the star’s initial co-rotation radius) for our length ssahnd defing. =
v/rZ, the viscous accretion timescaleratas our characteristic timescale. We adept=
a (H/r)2 = 103 for the dimensionless viscosity parameter, gnd 0.1 as the relative size
of the B, component. We also define a characteristic accretiommngte

2
: ny
L 4.8
me 0.5 (4.8)
This is the accretion rate in (4.4) that would put the magsgteric radius at.. For a typical
ms-pulsar:
M -5/3 / B \2
e =10 “Moyr? . > 4.
Me = 107" Moyr (1.4M@) (108(3 (4.9)

R \¢/ p \ 73
(1060m) (100 ms) ’
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while for the case of a T Tauri star disc,

-5/3
e =1.4x10°M.yr 1 M, ! 4.10
me = L1.4X oyr 0.5M. (4.10)

B, \2/ R \%/p\ /3
(s000) (2) (7a) -

To characterize the spin change of the star, we adopt a dkéasdic torque based on the
definition form:

Je = ie(GMLre) 2, (4.11)

which is the rate at which angular momentum is added by masstawy atni.. This defini-
tion is somewhat arbitrary, but has the advantage of behgpendent ofvr /ri, andAry/rip.

4.3 SPIN EVOLUTION AND PHYSICAL PROPERTIES OF A
TRAPPED DISC

4.3.1 Observability of trapped discs

The density structure of a trapped disc deviates from thedsta accreting disc. In a dead
disc (the limiting case of a trapped disc), the accretioa stzero and the surface density
profile is determined by the rate of angular momentum trari$pmm the star to the disc.
Provided that the thin disc approximation remains a goodrifggon for the disc, so that
the energy generated by viscous turbulence is dissipatedlydhe temperature of the dead
disc can be estimated (Sunyaev & Shakura 1977) from the wssdissipation.
The local energy dissipation rate in a viscous disc is:

Qf =vz(rQ)? = %vzgﬁ. (4.12)

Near the inner edge of the disc where most of the energy ispdissl, the disc can be
approximated as steady, so eq. (4.7) applies. For a deadrdiscO andr;, well outside
corotation),Tg = To, and the surface density as a functiorr & given by

s— — (9 /2, 4.1
v 3n(Qr2>rri(r) (4.13)
If this energy is radiated locally as a blackbody, then

Q"' =Q =20T2 (4.14)
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whereTs is the surface temperature of the disc as a function of redlesfactor 2 arising
because the energy is lost from the two surfaces of the diad)igg the Stefan-Boltzmann
constant. With (4.3,4.13) this yields

3 Ar GM r;
T¢= "l — = (H¥? 4.1
OBlg 8.‘_[”“ (Qre)rri r3 (r) ) (4.15)

which varies withr asr~7/2, showing that most of the energy is radiated away near the
inner edge by the mass piled up at the ‘centrifugal barrién. ~ r'/2 as we assume in the
calculations to follow, (4.15) implie® ~ r 2.

With the nominal object parameters used in 4.2.1, a deadvdibcits inner edge near
corotation will have a maximum temperaturergat of Ts ~ 30K in the case of a T Tauri
star andTs =~ 20000 K for a ms X-ray pulsar. This estimate, however, onbjudes the
internal energy dissipation in the disc. Both in protostars X-ray binaries, reprocessing
of radiation from the central object by the disc usually doatés over internal dissipation,
especially at larger distances from the centre. It might bssible to identify a disc as
belonging to the dead class with more detailed informatiothe spectral energy distribution

4.3.2 Accretion rate and angular momentum exchange with the star

The interaction between the magnetic field and the discaeitsiremoves angular momen-
tum from the star, while the gas accreting onto the star spus The net torque on the star
is thus a function of both the average accretion rate thralgldisc and the location of,.
Itis given by:

J=m(GM.rin)¥? - - "ys, (4.16)

where the first term gives the spin-up from accretion and doersd term is the spin-down
from the disc-field interaction. (The spin-down torque ghgis for, < rc, which we impose
with theys smoothing function.) In sec. 4.2 we defined the relationbleifpveerm andri,,
so thatJ will just be a function ofm, Ar andArz/rin. In the rest of the section we illustrate
the implications of this relationship for the spin-evotutiof the star.

Fig. 4.1 shows the relationship betwegnandm asAr,/ri, changes, to demonstrate
how the disc can become trapped. The three bottom curves sh@s a function ofm’
for Ary/rin = 0.05 (solid blue), 0L (dashed green) and3)(triple-dot dashed red). At high
accretion ratesr{, < r¢), all three curves scale ag O m-1/5. However asm decreases
the solutions quickly diverge. For smadit,/rin (Arz/rin =[0.05, 0.1]), there is a knee in
the solution aroundi, = r¢, andrj, increases much more slowly asdecreases, so that
rin remains close to. even whenm has decreases by several orders of magnitude. For
Arz/rin = 0.5, the knee straightens out since the transition from aogréd non-accreting
solutions is much more gradual.
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Figure 4.2 Change in net torque on
the star as a function an for different
values ofAr /ri, andAr,/rin. From top

to bottom, the individual panels cor-
respond toAry/riy = [0.05,0.1,0.5].
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Fig. 4.2 shows the dependence of the net tordjoa the star on accretion rate, for
different values ofAr, Arp]. At high accretion rates, the disc is strongly accretings; spins
up with the torquel 0 m?/10, At lower accretion rates, the interaction region movesidet
re, causing the net angular momentum exchange to change sidjspaning the star down.
As the accretion rate decreases further gpdnoves increasingly far outsidg into the
effectively ‘dead’ state, the spindown torque decreasesalme of the decline of the star’s
field strength with distance.

The detailed shape of the curves in figs 4.1,4.2 reflects émb{} shape of the transition
functionsys andym, we have used.
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4.4 CYCLIC ACCRETION

In DS10b we studied parameter combinatioms 4r, Ar) that avoided the cyclic behav-
ior, since these complicate the study of the long-term ei@iwof the disc-star system. The
possibility of identifying cycles like those seen in DS18ahe observations is a interesting
prospect, however. Cycles would provide a direct obsematiconnection with the trapped
disc state phenomenon identified here as a likely consequribe disc-magnetosphere in-
teraction. The shape of the cycles and circumstances afdbeurrence would provide im-
portant clues about the details of the interaction regidricivwe have simply parametrized
with the two transition widthér (for the torque) andr, (for the mass flux).

In this section we expand the analysis in DS10a to invetita properties of the in-
stability more quantitatively. In Sec. 4.4.1, we investigthe presence of the instability as
a function of the system parameters. In sec. 4.4.2 we showtiheweriod and amplitude
vary with m, Ar/ri, andAra/rin. In sec. 4.4.4 we investigate how the presence of cycles
will change the spin evolution of the star in comparison tteadily accreting disc. Finally,
in sec. 4.4.5 we investigate the appearance of cycles fosteaty accretion in systems in
which the star’s spin is evolving.

4.4.1 Parameter map of the instability

In DS10a we showed that the disc instability dependf\pfrin, Arp/rin and m, and ran
simulations in the parameter spadés, m| and [Ary, | to determine when the instability
occurred. Additional simulations of trapped discs at very accretion rates show the insta-
bility is present for a larger parameter space than we igagstd in DS10a, so here we have
repeated our analysis on a larger parameter space.

As in DS10a, we keep the rotation rate of the star fixed, sinediine scale of the cycles
is much shorter than the time scale of spin changes of theTtarcorotation radius is then
a fixed distance, and defines a unit of mass flaxgiven in sec. 4.2.1. As unit of length
we can usé., and as unit of time the viscous time sca§¢v(rc). Apart from a parameter
specifying the radial dependencewfwhich we keep fixed throughout, the problem is then
defined by the three dimensionless parameieysi,, Ary/rin, andm/me.

It turns out (discussed below) that this 3-dimensional petar space contains 2 nearly
separate regions of instability, which can be charactdrirmng a few two 2-dimensional
slices instead of having to scan the entire space.

In comparison to DS10a, the present results survey a lagy@ngeter range at higher
resolution for all three variables. The individual simidat at higher spatial and time res-
olution. In total we ran 1545 simulations: 855 in a 2-dimensil slice]Ar, m], and 690 in
a[Arp,m| slice. To be determined are the regions in parameter spaeeevelyclic behav-
ior occurs, as well as how the characteristics of the cydasH as period, amplitude and
appearance) change as a function of the parameters.
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Figure 4.3 Instability map in
[M,Ar /rin], keepingAry/rin = 0.014
fixed. The shaded regions denote
unstable simulations. The instability
occurs in two nearly disconnected
regions of the parameter space.In this
slice, one (RI) is present over a large
range inAr/rip and m, the other in

a small region inAr/rip at m ~ me
(RI).
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Figure 4.4 Instability map in
[MAra/rin], keeping Ar/rin fixed
at 0.05, with shaded areas denoting
1072 - unstable cases. The two regions of the

RIl

.Eu . e

E instability are more clearly separated
10 ol T than in the slice of fig. 4.3. Rl only
10 i occurs for very small values &fr,/rin

while RII occurs arounan ~ ., over
107 - a large range inAry/rin, extending

: : : : : : : beyond the region of the graph.
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Figures 4.3 and 4.4 show the unstable regions adfissl and [Arp, ). In fig. 4.3,
we keptAry/ri, fixed at 0.014 and surveyed the ranfye/ri, = [0.02,0.28] and m/m; =
[1076,6]. Figure 4.4 surveys the same rangemirarid the rangé\r,/ri, = [0.004,0.14],
keepingAr /ri, fixed at 0.05. The figures (especially figure 4.4) show thatettage two
distinct regions in which the instability is active, whictewall Rl and RIL.

The instability has different properties in the two regiotige period, shape and ampli-
tude of the outburst are all qualitatively different, as veembnstrate further below.

The first instability region (RI) appears in a small range\of/ri, = [0.002 0.03], but
over a considerable range/n/ri, (up to 0.25) and five orders of magnitude in accretion rate:
m/me ~ [1076,1071]. This instability region was the focus of our study in DS1Where we
discussed in detail the appearance of the instability. fFfeomena summarized below can
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Figure 4.5 The accretion instability in RIl, the second instability region Aoy'ri, = 0.05 andm =
1.05m¢. The instability only manifests arourd ~ ., but occurs over a large rangen;/ri,, the
transition length between accreting and non-accreting states. Unlike thst&biiity, the accretion
rate never drops to zero during the quiescent phase of the instability.

be seen in figs. 4,5 and 6 of that paper.) The instability isadtarized by large amplitude
outbursts followed by long periods of quiescence in whiahdhcretion rate drops to zero.
The duty cycle for the instability depends on all three pastars, decreasing significantly
as the mean accretion rate drops (and mass takes longerumualete to power another
cycle). The outburst profile generally takes the shape dbaation oscillator, with an initial
accretion peak followed by a tail of much lower amplituderation. Additionally, during the
long phase of the outburst suboscillations sometimes appélae accretion profile. These
suboscillations have a much higher frequency than the mrest, and appear to be the
second instability (RIl) superimposed on the outburst wthike mean acccretion rate onto
the star is temporarily higher. As the mean accretion radedseased, the outburst becomes
shorter and shorter, until finally it simply appears as alsisgike of accretion followed by
a long period of quiescence.

The second instability region (RII) occurs only aroundri; ~ 1, in a relatively small
range ofAr /riy = [0.01,0.07], but over a large range ifry/ri,. (We have truncated the
figure off atAr,/ri, to make Rl more prominent, but additional simulations shoat the
instability continues to larger values &f/riy, up to at least 0.4). Fig 4.5 shows four
sample simulations for RIl taken from the output of ddr,, M| set of simulations. The
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simulations all haven= 1.05m; andAr /ri, = 0.05, with increasing\rz/ri, from bottom

to top: Arp/rin = [0.028/0.05,0.1,0.15]. The instability has a different character from the
Rl instability. The quiescent phase is absent and there iayal\ome accretion onto the
star, even during the low phase of the cycle. The shape oh#tehility is also significantly
different from the RI instability: there is no additional hiy frequency oscillation, and
the outburst profile is smoother. In particular, the inispike of accretion seen in Rl is
completely absent. The profile is nearly sinusoidal for $nalles ofAr,/ri, (although the
duty-cycle is always less than 0.5). For larger valuerefri,, the outburst is characterized
by a rapid rise, followed by a decaying plateau and then rdgaline to the low phase of the
cycle.

4472 Period and Amplitude of Instability

We can use our high resolution survey of the instability pagger space to study quantita-
tively how the properties of the instability change as a fiomcof the different parameters.
This allows us to see the differences between the Rl and RHbilgYy regions more clearly,
and better understand how the instability operates. It alleovs us to make more general
predictions for the appearance of the instability that cattelsted against observations.

To measure the period of the instability we autocorrelagediitput of each simulation,
and take the first peak in the autocorrelation. All our siriafes take as initial conditions the
stable solution given by (4.7) that then becomes unstaldeeer, the instability generally
takes some time to reach a stable period and amplitude, whidgs significantly between
simulations. This introduces some error in the estimatéefperiod (particularly in R,
where the instability takes longer to emerge), which is ctié in the figures below.

Figs. 4.6 and 4.7 show the instability period [top] and atogi [bottom] as a function of
accretion rate for each unstable simulation in figs. 4.3 aAdebpectively. Each individual
curve represents a different value for/ri, or Ar/riy, with the colours evolving from purple
(smallest parameter value) to red (largest). In the top Isatiee gaps in the curves denote
stable cases. In the bottom panels, daghed line shows the mean accretion rate for each
simulation.

Some general properties of the period and amplitude of thieucst are valid for both
for RI (low m; cf. sec. 4.4.1) and RII (higim). The period of the instability shows an
approximately power-law dependence on accretion ratl,antindex independent &F /ri,
andAry/rin. It also varies strongly with bothr /ri, andAra/rin. The period scales directly
with Ar /rin. It shows the opposite trend fdr,/ri,, decreasing adr,/ri, increases. On the
other hand, the amplitude of the outburst is nearly indepenhdf the mean accretion rate
onto the star for a giver /ri, or Ary/rin, as is seen in the bottom panel of figs. 4.6 and
4.7. Rather than producing a weaker outburst, atriothe duration of the low phase of the
outburst increases as mass accumulates in the disc.

This result demonstrates that the details of the outbupstitdrom the period of the
cycle, are largely independentmwf and depend almost only & /ri, andAry/ri,. For large
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Ar /rin a larger reservoir of mass is available for outburst, sottiaturation of each burst
increases. Smallexr,/ri, means a more abrupt transition arougdrom accreting to non-
accreting states, so that for the samea simulation with smallir,/ri, can build up more
mass in quiescence than a simulation with lagdyer/ri,, leading to a longer outburst phase
and longer period.

Although the trends described above apply to both Rl and RH, g6 and 4.7 clearly
demonstrate significant differences between the two regitmRI the accretion amplitude
scales inversely with bothr /ri, andAry/rin, so that a largévr /ri, (or Ara/rin) corresponds
to an outburst with an amplitude up to 29@maller than for the samme and smallet\r /ri,
(Ary/rin). The transition between accreting and non-accretingsthécomes more grad-
ual asAr /rin (Arz/rin) increase, so it makes sense that the initial peak of theucsttivill
be lower for larged\r /rin(Ar2/rin). Interestingly, the cycle amplitude scales inverselyhwit
Ar /rin, while the period scales directly. The opposite behavisurue ofArz/ri,. Insta-
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bilities with largeAr /ri, thus have weaker outbursts with a longer duty cycle (contpare
to an instability with smallefr /ri,), while those with a largér,/ri, instead have weaker
outbursts with a shorter period, and less variation betveegiourst and quiescence.

The RIl instability is presently not as well-sampled as RI, $mrhe general characteris-
tics are evident. Most significantly, the amplitude is muafgér ¢ 40%) than the largest
amplitude RI instability, and the period of oscillation is taqp~ 60% shorter. As well, our
present results suggest that the outburst amplitude forsRitependenof Ar /rin, Ara/rin,
andm, staying fixed at about 16/in.. Instead of changing in amplitude, a®) decreases
(or Ar/rin increases), the period increases as well and the sourcdssp@re time in the
low phase of the cycle (as is seen in fig. 4.5).

In summary, the instability is very different in Rl and RII. In,Rhe period of the in-
stability is 1-1000 times longer than the viscous accretiorescale in the inner parts of
the disc, and is a strong function Af /ri,, Ara/rip andm. The amplitude and duty cycle
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of outburst is a strong function of the detailed disc-fielteiaction around, but appears
nearly independent ah.” The instability occurs over a wide rangermandAr /riy, but is
confined to small values dfr,/rin, the parameter describing the transition from accretion to
‘centrifugal barrier’. RIl is confined to a small rangerm but extends to much larger values
of Ara/rin. The cycle period is typically shorter than the viscous So@des in the inner disc
(Peye ~ 102 — 1t¢), and the amplitude of the outburst is higher than RII. The laoye of

the outburst appears to be independemhphr andAr,, with a typical value ok 10m.

4.4.3 Interpretation of the instability regions

The instability in region 1 is easiest to understand; it esponds to the cyclic accretion
predicted by SS73, and studied in ST93. Mass piling up ateéhé&i€ugal barrier eventually
becomes large enough to ‘open the gate’, and the resultigten rate is large enough
to push the inner edge of the disc inside corotation for aeyhihtil the reservoir outside
corotation has been drained. Unlike a fixed reservoir, thesnmrait is not a fixed number,
since it depends on the extent of the disc participating éncijcle. This explains the large
range in cycle period over which it operates (ST93).

This view of the RI cycle implicitly assumes a sharp transitimm accretion to pile-up
outsider¢. If the transition is not sharp, the centrifugal barriea#tg’, the cyclic behavior
can be avoided. Mass still piles up outsidebut accretion can be matched by mass leaking
through the barrier. This explains why the cycles are lithitelow values ofAry/rin. As in
ST93, the cycles can start from a steady accreting stateifotin a linear instability, which
sets in only if the transition is steep enough.

Region Il is restricted to accretion rates close to transitm steady accretion. Its re-
stricted range of oscillation periods, a fraction the visctime scale at. shows that it op-
erates on a region of finite extent, of the order of the widttheftransitiongr /rin, Ara/rin.
This makes it likely that it is sensitive to the details of fitgysics in the transition region.

4.4.4 The effect of cycles on angular momentum exchange

The accretion instability can have a significant effect anghin change with the star. When
accretion is stable, the rate of angular momentum exchaetyeesken the star and the disc is
given by (4.16), and illustrated in fig. 4.2. When accretioogeieds via cycles, the amplitude
of the outburst is generally much higher, and the disc sparmslgnificant amount of time
in the low phase of the cycle, in which little or no accretiaikéds place (sec. 4.4.2). This
will affect the net angular momentum exchange between #reasid the disc: since the low
phase of the instability almost always lasts longer tharotitburst phase, the star will spin
down faster than if accretion proceeded steadily.
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Using the results of the simulations presented in sec. 4ddl4.4.2, we can compare
the torque exerted on the star for stable and unstable amtret

AJ _ <~jsim? —jcons (4 17)

Jcons Jcons

Here Jeons is the torque exerted on the star in the initial state (cated using 4.16), and
(Jsim) is the average torque exerted over one full cycle once aeskiafit cycle is reached.

Figs. 4.8and 4.9 showJ/Jconsas a function of accretion rate for the simulations in figs.
4.3 (varyingAr /ri) and 4.4 (varyingAry/rin), respectively. The individual curves show
Ar /rin (or Ary/rin), with the colours from purple to red showing increasinguesal of the
parameter. Lines along the x-axis indicate stable solation
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Figure 4.1Q Evolution from an accreting to a non-accreting disc, for increasingt{tbpttom) ratios

of Tyisc/ Tsp for stable discsr /rin = 0.1, Ary/rin = 0.04). From top to bottom, the ratiBisc/Tsp is
25x[107°,1077,10°5,10°%). The instability appears in all four panels, for varying lengths of time.
As the ratio between the two timescales decreases, the disc is not able to measlswas quickly
before the star begins to spin down, so thawvill always remain close to. and the instability persists
for longer.

The results are easily separated into the RI (loyand RII (highm) instability regions.
In RI, both Jeons and Jsim are negative (cf. 4.2) over the entire unstable region, hadtar
spins down. As expected, the presence of the instabilityeases the efficiency of the spin-
down torque considerably: by up to 60% fidr /ri,,Arz/rin] = [0.05,0.01]. For a given
value ofAr /rin or Ara/rin, AJ/Jconsis largest at the highest and decreases for smaller
Whenm stays fixedA.]'/Jcons is largest for the smallest valuesf/ri, andAra/riy (where
the outburst amplitude is largest, cf. sec. 4.4.2). Thisbighr is readily understandable:
the added angular momentum from accretion is most relevénglam, and the rate at which
this material is accreted (i.e. the duty cycle of the outusdl determine how much the
star will spin up or down. The larger the amplitude of the owsl, the faster the reservoir of
mass will be accreted, and so the shorter the duty cycle.

In RIl the situation is quite diﬁe.rent. In the parameter rafay Ar /ri, andArz/rin where
the solution is unstabl€Jsin) andJeons> 0 whenm = . (fig. 4.2). The presence of the
instability decreases the rate of spin-up by a maximum bywgbbut 20%.
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445 Transient instability cycles

In DS10b we studied how discs in our model evolved as the dgimecstar changed. To do
this we introduced the star's moment of inertiaas an additional parameter of the problem,
which introduced a new characteristic timescale for thébl@m, the spindown timescale
Tsp:

1. Q.
nu2ar -

Tsp=P./P, ~ (4.18)
We found that the ratio oflyisc, the viscous accretion timescale rgt and Tsp plays an
important role in determining whether a disc will becomeprad withr;, close tor; when
m, the mean accretion rate through the disc drops to zero.

The spin change of the star can also determine whether ohaaidcretion instability
occurs. For a given set ¢hr, Arp] the instability frequently appears over a narrow range in
m/m, so that changing: (and hencen) will cause the instability to appear or disappear.
This effect is difficult to observe in our simulations, sirthe timescale of the instability~(
102-10° Tvisc) is in general much shorter than the spin-down timescalaestar Tsp ~
10° — 10Y Tyisc; DS10b), so once the instability occurs the simulationdgfly proceeds
on the instability timescale. Despite this, we do find somletsms that show transient
oscillations (typically with the long period® ~ 10°Tyisc) for a constantn, which appear
and disappear ag changes.

This transient instability is illustrated in figs. 4.11 and @ For these simulations we
have adopted the same scaling parameters as we used in DSWdleker,, the star's
radius, as our characteristic lengthscale, and deéfisev /r2, the nominal viscous timescale
at the star’s radius, as the characteristic timescale. \Wésse= 380T,isc (Where Tyisc is
the viscous timescale fag(t = 0)), which is appropriate for a protostellar system. We set
re(t=0) =1.8r..

Infig. 4.11 we show the evolution of an initially dead dist=£ 0) with [Ar /rin, Ar2/rin] =
[0.2,0.02. The disc is initially in the steady-state solution given(dy7) with ri; = 1.3rc.
The top panel shows the evolutionmf (black) andr¢ (red) in time, while the bottom panel
shows the accretion rate onto the star, scalecdd@tt = 0. At early times [not shown]
there is no accretion onto the star apdremains fixed whiler; moves steadily outwards.
Oncer. moves close enough 1, (at ~ 10%,) to begin accreting matter, gradients in the
surface density caugg, to move quickly closer t.. At riy/rc ~ 1.1, however, the disc
suddenly becomes unstable and accretion proceeds viaes sériarge amplitude bursts,
which increase the maximum accretion rate onto the stamemasly. r; continues to move
outwards as the source oscillates, which cans€g. to decrease as well. Eventualty/rme
moves out of the unstable range, and the disc settles baxl isteadily accreting solution
with a gradually decreasing accretion rate. This resultteasjzes the fact the instability can
depend sensitively om/m, so that as. evolves, cycles can appear and then disappear.

For constanfr /ri, andAr,/rin, the appearance of cycles dependsandny.. As we
showed in DS10b, when the mean accretion rate through theldigs so low that the disc
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Figure 4.11 Unstable disc solution
for [Ar,Arp] = [0.2,0.02rih. At t =
0, rin/rc = 1.3, so thatm ~ 0. Ini-
tially ri, remains constant, before de-
creasing sharply ag increases. This
prompts the onset of the accretion in-
stability, which continues even while
the star spins down. At later times,
the amplitude and frequency of the in-
stability decrease and the disc reverts
back to accreting steadily. Top: Evo-
lution in ri, (black curve) and. (red
curve), before, during, and after the
instability appears. Bottom: Corre-
Time [T,ed sponding accretion rate onto the star.
The accretion rate is given in terms of
m corresponding toc at (t = 0).
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becomes trapped, the accretion ratgadepends strongly ofiisc/ Tsp. This ratio also plays
an important role in determining the presence and duratiomstable accretion phases.

We illustrate this in fig. 4.10, which shows a disc evolvingnfr an accreting disc to a
trapped disc for differenityisc/ Tsp, adopting parameters appropriate for a neutron star. We
take the field strength 38 G, initial spin period 5s, and initial inner edge radiu8®.. The
disc is thus initially in an accreting state. The outer bamds located at 10¢,. The initial
spindown timescale of the starTgp = 10° years. We adopt the same system parameters as
for fig. 4.11, with[Ar /rin,Ar2/rin] = [0.2,0.02]. Att =0 we seim = 0 at the outer boundary
of the disc, so that the accretion rate through the disc gidgddrops.

The figure shows the evolution of (dashed curve) angl, (solid curve) as a function of
time for increasindyisc, With Tyise/Tsp = 2.5x [107°,10~7,107°,10~4] from top to bottom.
In all four simulations, the disc initially move outwards @sdecreases to aboutQbrg,
where the accretion rate triggers the onset of the instabili

The appearance of the disc changes dramatically with chgngscosity. Discs with a
high viscosity are able to diffuse outwards at a faster raten declines, so that;, in the
top panel (with the highest viscosity) moves far fropbefore the star can begin to spin
down, and the disc never becomes trapped closg. tdhe instability (which only occurs
betweerm/ri, ~ [10~3,0.1]) will only appear briefly beforej, moves too far fronr. and
the accretion rate drops. In the middle two panels the iilgtaslso appears briefly, but the
star does begin to spin down quickly enough thabegins to move outwards at the same
rate agj, and the disc remains trapped. In the bottom panel (with tedbviscosity), the
disc diffuses outwards slowly, and the star spins down mapélty. Once the instability is
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Figure 4.12 The 2008 outburst of EX
Lupi. From January to August, the
E source was up to 4 magnitudes larger
. -.-.-..-'-,3; than its quiescent valuefigure cour-
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L L L L
4500 4600 4700 4800 4900
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triggered,ri, remains close enough tg that the instability persists as the star continues to
spin down.

4.5 RELEVANCE FORASTROPHYSICALSOURCES

451 Trapped discs and the disc instability in EXors

We have previously suggested that the disc instabilityugised in this paper is operating in
a class of T Tauri stars known as ‘EXors’. EXors, like theintptype, EX Lupi are charac-
terized by repeated large outbursts: changes by up to fognituaes in luminosity lasting
several months, with a characteristic total period of sswsars (Herbig 2007, 2008). Ob-
servations of these sources in both outburst and quiescamggroduce valuable constraints
on both the disc instability and the trapped disc itself.

Figure 4.12 shows they, brightness of EX Lupi over 500 days, taken from the AAVSO
and ASAS archives (from Attila Juhagarivate communication In January 2008, EX Lupi
underwent a large outburst, increasing by 3 magnitudes) fnp = 11 tomy = 7.9 (Aspin
et al. 2010) in about 20 days. In July 2008 EX Lupi wasngt= 12.4 Sipos et al. (2009),
so the total change in luminosity was probably more than 4mitages. EX Lupi remained
in outburst for eight months, decaying from maximum to aboyt= 10 before abruptly
dropping tomy = 14 over about 40 days. The data show evidence of an additioglad:r-
frequency modulation with a period of about 30 days and aogwi of 1-2 magnitudes.

The outburst profile looks similar to some of the profiles sieevur simulations, with a
rapid rise and a gradual decreasing plateau phase, follbyedrapid decay as the source
returns to quiescence. The higher frequency modulatiorsis suggestive of the higher
frequency oscillations seen in the RI instability discusakdve and in DS10a, although its
short timescale- 30 days, or 4—10x longer tharP, (Sipos et al. 2009) might also indicate
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direct modulation between the disc and magnetic field (eapdSon et al. 1997; Romanova
et al. 2008).

Spectral observations taken both during the outburst amesgence allow additional
constraints on the disc model. Aspin et al. (2010) analysseri@s of spectra of EX Lupi
from the 2008 outburst to constrain the parameters of the disey calculated an accretion
rate of 2x 10~ 'M.yr~1 in outburst, and modelled the 2.2988 CO overtone emission to
suggest an inner gap of aboutrln the disc. They also used previously published results
to calculate 6< 10-°M.yr~! for the quiescent emission. Sipos et al. (2009) analysed a
series of spectra for EX Lupi in quiescence (witly ~ 12), and did a detailed fit for the
spectrum. They estimated an accretion rate efi91°M_yr—1, and fit the spectrum with
a dust-dominated disc truncated at about 0.2 AU. These wdtgans thus suggest that the
accretion rate increased by30— 500x during the outburst, and that close to the star, gas is
either absent or optically thin.

To see whether these observations are compatible with odehod a trapped disc, we
adopt the best-fit parameters of Sipos et al. (2009), With= 0.6Mg, r, = 1.6R, and
P, = 6.3d (based orvsini = 4.4km/s and an inclination of 20 degrees). The magnetic field
is unknown, so we assume a strong dipolar field ith= 1500G, which is comparable to
field strengths observed in T Tauri stars such as BP Tau (Detali 2008). The rest of the
parameters we adopt are the same as for our representatiled (gec. 4.2.1). This puts the
co-rotation radius at 7r6, and sets;, ~ r¢ for the quiescent disc. The viscous timescale at
is thus~ 30 yrs. If we assume that the period of the instability-i§0 yrs (the time between
the 2008 outburst and the similar amplitude outburst in 1966~ Tyisc. The instability
would then fall in the RIl region.

Additional information could come from directly detectitige accretion disc itself in
quiescence. A trapped disc will have both a higher surfaceitieand temperature than
a purely accreting disc with the samg. For EX Lupi in quiescence (using the parame-
ters given above), our model predicts a surface temperétome internal viscous dissipa-
tion of 530-650K (depending om), compared with 290-570K for a Shakura-Sunyaev disc.
This modest temperature increase is likely insignificamhjgared to heating from the cen-
tral star, which will thus still determine the gas behaviatithese low accretion rates (e.g.
Muzerolle et al. 2004). The surface density in the disc wibancrease modestly, from
a maximum of between 3-40 gcrfi(p ~ 4 x 1011 — 6 x 10710 gcm 3 to 40-80 gcm?
(p~4x10719-1079). At these low densities the disc is probably optically tfgrgy. Dulle-
mond & Monnier 2010), so that it islikely not possible to diflg distinguish between a
trapped disc and normal accreting one except through ddtaibdelling of spectral features
in the disc.

Unlike the accretion instability (which only occurs underrtain conditions in the disc-
field interaction), the build-up of mass just outside thea@tion radius should be generic
in stars with strong magnetic fields and relatively low atiorerates. The best opportunity
to detect a trapped disc directly would come from a star witrang dipolar magnetic field,
high spin rate and low accretion rate, so that the disc woeloldtically thick rather than thin
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(as would be expected for the given accretion rate), andddoeildirectly detected through
modelling of its spectral features.

4.5.2 NS transients w/ weak recurrent outbursts

In DS10b we suggested that the large ratio between the gpim-énd viscous timescales
in accreting millisecond pulsars makes it unlikely that ttec will become trapped, since
asm dropsri, moves outwards much faster thep This agrees with the typical outbursts
seen in transient X-ray pulsars, which show outbursts aélsée duration followed by long
periods of quiescence and are believed to be triggered hgaitton instabilities in the disc
(e.g. Lasota (2001)).

However at least two accreting X-ray pulsars, NGC 6440 X-gi(lKe et al. 2010) and
IGR J00291+5934 (Hartman et al. 2010) have been observeddergo weak, recurrent
outbursts on much shorter timescales (around 30 days) tloaitdvibe predicted from an
ionization-instability model (Lasota (2001)). The weags®f the outburst has been inter-
preted to mean that the disc is never completely ionizechdutie outburst Hartman et al.
(2010), which suggests the ratio®p,/ Tvisc becomes small enough to trap the disc as when
the accretion rate drops. This large reservoir of matterlevthen be present when the ac-
cretion rate again increases, and so could allow more frequebursts. These sources thus
offer an excellent opportunity for comparison with our mioafea trapped disc.

IGR J00291+5934 is a 599Hz X-ray pulsar in a 147 minute oxbltich historically
has shown standard single outbursts (in 1998, 2001, and) 260dwed by long periods
of quiescence. However, in 2008 it underwent a substaptilifferent outburst, with two
weaker outbursts (respectively lasting nine and 13 daysraéed by 27 days of quiescence
(Hartman et al. 2010). The authors estimated that the togaisrflux of weaker outbursts
together was approximately equal to the single 2004 outb&isilar outbursts have been
seen in NGC 6440 X-2, a recently discovered X-ray binary \aitihequency of 442Hz in
a 57 minute orbit (Altamirano et al. 2010). Since discovemyJaly 28, 2009, five distinct
outbursts have been observed, each typically lasting dréour days at a luminosity of
aroundLy ~ 10%%rg s°1, with a minimum recurrence time of around 31 days.

The short recurrence timescales suggest that a considexafaunt of mass is stored in
the disc when the accretion rate drops, which can then futhanoutburst whemincreases
again. In both sources the quiescent X-ray luminosity isas$t 4 orders of magnitude lower
than the outburst luminosity, indicating a large changecitretion rate (although the X-ray
luminosity may not be a good indicator of bolometric lumiitypat such low accretion rates,
so there is some uncertainty in the changen)n However, if we assume that falls by at
least 2-3 orders of magnitude, this requites/ri, < 0.1 to prevent the disc from moving
into the propeller regime.

During two outbursts, the power spectrum of NGC 6440 X-2 wasidated by a strong
low-frequency QPO~{ 1 Hz) (Patruno et al. 2010; Hartman et al. 2010). A similar Q3
previsouly detected in the tail an outburst in X-ray pulsaixS1808.4-3658 (Patruno et al.



Accretion Discs Trapped Near Corotation 99

2009) which was attributed to the disc instability presdriteDS10a and Spruit & Taam
(1993). A much weaker QPO at8Hz was observed in the outbursts IGR J00291+5934 and
might also be attributed to the disc instability Hartmanle(2010).

The fact that all of these QPOs were observed at a similauéecy presents a challenge
to our interpretation. The outbursts seen in SAX J1808 &336llow the more conventional
pattern of a large outburst followed by a long quiescenceaghvivould suggest that a dead
disc does not form. However, the similarity of the QPO fragrye(which is roughly corre-
lated with the viscous timescale neaay in our model) suggests that the viscous timescale
is similar in all these sources. This contrasts with our gstjgn that the viscosity in these
weak outbursts is substantially smaller than in larger astis. The number of uncertain
parameters in our model (in particular this assumes Mngtri, is similar in all sources)
means that the picture we have presented could still be\alicthen the similarity in QPO
frequency in both (or all three) of these sources is cointile On the other hand, a strong
low-frequency QPO has currently been observed in only twocas, while as Altamirano
et al. (2010) have noted, weakly outbursting sources likeCN8840 X-2 will generally be
missed in current surveys.

In our present model, the disc-field interaction is not resiae for directly regulating
the accretion rate onto the star to control the outburstejasssuggested by Hartman et al.
(2010). The field can temporarily halt accretion onto the, &at only on the much shorter
timescale on which the 1Hz QPO is seen. Thus the mechanidnditieatly triggers an
accretion outburst remains undertermined.

453 Persistent X-ray pulsars

A small subset of accreting pulsars with low-mass compantave sufficiently persistent
X-ray emission to measure the spin change directly and ghelgonnection between spin
change and luminosity. Three well-studied persistentcasifHer X-1, 4U 1626-67, and
GX 1+4) all show episodes of spin-up and spin-down, althaihghpattern of spin-up and
spin-down is different in all three (Bildsten et al. 1997). @ufth, (GRO J1744-28) shows
clear spin-up when in outburst, allowing the relationsheépieernv andmto be constrained.

The binary properties of all these sources varies conditiertaoth in their companions
and orbital periods. However, it is still possible to makmeayeneral observations that apply
to all sources. First, there is a clear correlation betweemiriosity and spin change, with
higher luminosity corresponding to spin up, and vice ve@scond, when the star is spinning
up, the spin-up rate is substantially lower than would beligted from the X-ray luminosity.
Third, where the relationship betweemndm can be measured,(] mY, wherey > 6/7, i.e.
the scaling expected fof, O m~2/7. Finally, the spin-up torque is often comparable (within
a factor 2) to the spin-down torque, with only a change in sign

The first observation is universally expected in magnetesplaccretion, since in order
to spin up the star the matter must be able to overcome thefagal barrier imposed at..
The second point is also readily understandable in our medgth assumes that there is
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a transition region forj, ~ r¢ in which there is both accretion and spin-down torque. This
behaviour is also seen in MHD simulations of the disc-staaraction (e.g. Romanova et al.
2004). For high accretion rates, our model predictsm?°, which is close to the depen-
dence measured in some X-ray pulsars in outburst. For exarthg 1995/1996 outburst of
GRO J1744-28 (a disc-fed binary), was measured to folldwin? % (Bildsten et al. 1997).
This is closer to observation than the standard model, wirieticts an index of 67.

The final point is most puzzling in a model in whigh O =27, because it requires that
the change in accretion rate is finely tuned to preserve ymsretry. It is more plausible
for our model, however, which shows a steep decreaseairoundni/r. = 1, and then a
flattening around the minimum ¥ Thus, a small decrease nwill cause an initial steep
transition to spin-down before settling around the minimiarw. There is no comparable
turnover at highm, but in order to switch between spin-up and spin-down, the istust
have an average accretion rate such that rc, while in order to be a persistent source,
the accretion rate at large distances cannot be very varidtlve assume that the average
accretion rate has been steady enough on long timescaléf&d¢o the star’s rotation rate,
then there will be a natural spin-down torque, set by the mimn in 4.2, and we would
expect that on average the accretion rate would fluctuatendrthe level that keeps, close
to rc. This still does not account for the observations (for exenop4U 1626-27) in which
the magnitude of the torque is very nearly symmetric.

Our present model is too simple to make quantitative corspas to data. For one
thing, the relation betweenandmdepends on the least certain parts of our model: both the
transition widthsAr /ri, andAr,/ri, and the connecting functiong, andys. There is also
much more variation in the luminosity at which the system esivom spin-up to spin-down
than is generically predicted in any simple magnetosplasicetion model. This variability
could indicate fluctuations ifn), andAr /ri,, which would both affect the magnitude of spin-
down torque. Agapitou & Papaloizou (2000) demonstratetltti@value ofB, changes if
field lines are able to diffuse radially through the disc. @ifeusion of field lines is expected
to happen on viscous timescales (Fromang & Stone 2009)asthi details of the disc-field
interaction could in fact rely on the complicated interplagtween the accretion rate and
the field strength and geometry. Such questions requirdetttdHD modelling which are
beyond the scope of the present work.

4.6 DISCUSSION

At low accretion rates, the strong magnetic field of a starsteongly alter the structure of an
accretion disc, preventing it from either accreting or dbpg material outward, and prevent-
ing the inner edge of the disc from moving considerably awamfr.. As we have discussed
in this paper, this disc state can lead to substantialleifit behaviour from what is con-
ventionally assumed, and could explain a variety of obgskpfeenomena in magnetically
accreting stars. However, in order to construct our modeligexl a parameterized descrip-
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tion for the interaction between the magnetic field, intrwidg the free parametels /ripn,
andAry/rin. Here we discuss what sets the value of these parametersyteitler these
parameters could vary in time, which could account for sofrteeadditional behaviour not
described by our current model.

The first parametefr /ri, is the width of the direct interaction between the field arel th
disc in the disc’s innermost region. We have assumed in aksthat\r /i, < 1, so that
the interaction region (where the field lines remain closed)lenough to exert a significant
stress on the disc) remains fixed. MHD simulations suggesttiis region will fluctuate in
time as field lines open and reconnect, but we have assumtgtligwill occur on timescales
of ~ P,, which are much shorter than the viscous timescale of thabilgy (Tyisc > 10°P,).
Numerical MHD simulations do sometimes show variabilitylonger timescales (e.g. Ro-
manova et al. (2009)), which could lead to changeArifr;, between individual outbursts.
Given that even small changesAn/ri, can significantly change the appearance and ampli-
tude of the outburst (seen in figure 4.6), variability in tigcefield interaction could produce
variability in the appearance of the instability, espdyidlthe instability occurs in RII.

A second possible source of variability could come from #wial evolution of the mag-
netic field itself. This was studied by (Agapitou & Papalaizz000), who found that radial
field-line diffusion through the disc can reduce the effeetorque atj,, and increase the ex-
tent of the closed-field line region. The timescale for maigraffusion is typically assumed
to be about the same as for viscous diffusion (which is supgdyy recent MRI calcuations;
Fromang & Stone 2009), so that the radial diffusion of cld$eld-lines outward could com-
pete with accretion of matter (and field lines) inward, dregaén additional, longer timescale
source of variability imr /ri,. This could allow the instability to appear and disappednet
samm (as has been seen in Patruno et al. (2009), where the 1-Hz @B®Gegn in portions
of the outburst but not others at the same flux).

The physics that sefs»/ri, (the transition length between the accreting and non-&ingre
solutions) is considerably less clear, although presuyritablsame variations in the disc-field
interaction that chang#r /ri, could also changAr,/ri,. In DS10b we discussed the model
proposed by Perna et al. (2006), which considers a stronglined dipole, so that the disc
truncation radius lies both inside and outsige allowing for simultaneous accretion and
confinement of material. If this is the case thtn/ri, should remain constant for a given
system, and the variability must come from fluctuationAripiriy.

Another open question remains what regulates the meantiaccrate onto the star. In
all our simulations we have treated the accretion rates a free parameter, and shown
how the instability and spin-evolution of the star change assult. However, observations
of neutron star binaries suggest that the accretion rate fh@ donor star remains roughly
constant Bildsten et al. (1997), and variationgiaré often assumed to arise from ionization
instabilities Lasota (2001). Hartman et al. (2010) suggpkshat the disc-field interaction
could regulate the accretion rate onto the star by storing,iin a similar way to what we
have discussed here. However, our model does not agreehigtbanclusion: the disc-field
interaction can only halt accretion long enough to build wgssto drive the disc instability
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and only substantially alters the inner regions of the d®wr trapped disc solutions evolve
as a response the decreased accretion rate in the disc, and only beceleeant once the
average accretion rate has decreased below a thresiwldine ~ 44r /rin (sec. 4.3.1).

On the other hand, if radiation feedback from accretion ¢mostar plays an important
role in regulating the viscosity (and so accretion ratepmdisc, then temporarily suppress-
ing accretion onto the star might cause the level of iomzatdo drop and drive the source
back into quiescence.

A final question remains: why do some sources show the acnreistability and trapped
disc behaviour and not others? The vast majority of outngsteutron stars show long
periods of quiescence, consistent with being driven by dhé&ation instability withri, far
fromr¢, rather than remaining trapped near Of the two sources we have considered, IGR
J00291+5934 has previously shown a normal outburst pafeemuch stronger outburst
followed by a long quiescence; Hartman et al. 2010.

In their discovery paper for NGC 6440 X-2, Altamirano et &010) remark that the
short recurrence time and weak outburst likely cause simlia sources to be missed by
current surveys, so it is possible that such sources are ocorbot remain undiscovered. As
well, in DS10b we showed that the very small rafig./Tsp ~ 1017 for rapidly spinning
pulsars made it more likely that the disc would become upedwithri, moving rapidly
away fromrc) asm— 0. Hartman et al. (2010) suggested that the disc might remeakly
ionized during the entire outburst, which would then deseetihe viscosity and increase
Tvise, Perhaps enough to prevent the disc from becoming untrappdoe RI instability is
responsible for the 1Hz QPO seen in NGC 6440 X-2 and SAX J#8B@58, then the fact
that only sometimes manifests is consistent with the idadZth/ri, is variable (since the
instability only occurs over a small rangedn/ri,).

For T Tauri stars, the main constraint on the instabilithespresence of a strong (L kG)
dipolar magnetic field. Although most T Tauri stars show arggrsurface field component,
the dipolar component can vary considerably, to the poiat ithis not clear whether the
disc-field interaction considered here is primarily respble for the low spin-rate of the
star. The inclination between the rotation axis of the stal the magnetic field could also
affect the instability by changingrz/rin (as above). This would suggest that, as a class,
EXors are T Tauri stars with moderate accretion rates antgtraligned dipolar magnetic
fields compared with normal T Tauri stars.

4.7 CONCLUSIONS

As found in DS10, accretion from a disc onto a magnetosplkeeustto take place inwhatin a
companion paper (DS10b) we have called ‘trapped’ states.irirfer edge of the disc hovers
around the corotation radius in this state, even at very loevedion rates. The accretion in
this state can be steady or cyclic. We have investigatedthereonditions under which the
cyclic form takes place, the kinds of cycles, their ampl@sidcycle periods and their effect
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on the average torque on the accreting star.

Two forms of cycle are found; the first form (labeled RI herethis accretion/dead disc
cycle already surmised by Sunyaev & Shakura (1977). A pil@fumass at the ‘centrifugal
barrier’ outside corotation is followed by an episode ofration emptying the pile and the
beginning of a new cycle. Mass loss or ‘propellering’, whegtht takes place or not, is a
separate piece of physics not needed for understandindféwt ef a centrifugal barrier on
a viscous disc accreting on a magnetosphere.

Whether accretion is cyclic or continuous is found to depentthe width of the transition
from an accreting state (inner edge inside corotation) tospended accretion state (edge
outside corotation). A narrow width leads to RI cycles, a Heyaransition to continous
accretion. The effect of these cycles is to increase theageespindown torque on the star.
A second form of cycle takes places when the average acenetie is close to the standard
accreting case (edge inside corotation). It decreasevérage torque on the star.

A review of the available literature shows forms of variépithat may be related the
the cyclic forms of accretion found here, the most promisings may be the ‘EX Ori’
outbursts, and a new form of cyclic accretion found in X-ratyabies NGC 6440 X-2 and
SAX J1808.4-3658.
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Chapter 5

Soft X-ray Components in the Hard State of
Accreting Black Holes

Caroline D’Angelo, Dimitrios Giannios, Cornelis Dullemond Hendrik Spruit
A&A, 488, 441, 2008

E cent observations of two black hole candidates (GX 339-4 and
R J1753.5-0127) in the low-hard statiex(/Lgqq ~ 0.003— 0.05) sug-
gest the presence of a cool accretion disk very close to tregmmost stable
orbit of the black hole. This runs counter to models of the-fmavd state
in which the cool disk is truncated at a much larger radius.stMey the
interaction between a moderately truncated disk and a het iitow. lon-
bombardment heats the surface of the disk in the overlapmdagtween
a two-temperature advection-dominated accretion flow astdredard ac-
cretion disk, producing a hokTe ~ 70keV) layer on the surface of the
cool disk. The hard X-ray flux from this layer heats the innartp of the
underlying cool disk, producing a soft X-ray excess. Togethith inter-
stellar absorption these effects mimic the thermal specfinom a disk
extending to the last stable orbit. The results show thatesafesses in
the low-hard state are a natural feature of truncated disketso
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5.1 INTRODUCTION

The geometry of the low-luminosity (“low-hard”) state of laetic Black Hole Candidates
(GBHC), in which the spectrum is dominated by a power law X-ray #xtending to high
energies, has been an open question for several decade® iW&ijenerally believed that
the power law spectrum is formed by inverse Compton scatjgitiere is no consensus about
the geometry of the flow, source of seed photons or energytalison for the Comptonizing
electrons.

Broadly speaking, there are two classes of model to explarsgectrum in the low-
hard state. The first is the “corona” model, in which the distains untruncated or nearly
untruncated at luminositidsg ~ 10 3Lgqq. The hard power law spectrum comes from a hot
and patchy corona (perhaps powered by magnetic flares (dedMa998; Beloborodov 1999;
Merloni & Fabian 2001)) on top of the disk, while the surroingdregion is bombarded with
high energy photons, producing the observed reflection aAld ffluorescence components.
In the alternate, “truncated disk” model the thin disk isntated at some distance from
the black hole and the inner region is filled with a hot, radé&y-inefficient flow, which
produces the hard spectrum. The reflection spectrum andfie#escence is then produced
by the interaction of the hard X-rays with the inner part & ttuncated disk, or in some cool
outflow moving away from the disk. For a recent discussioreflow-hard state see sect. 4
of Done et al. (2007).

In theory, the presence or absence of a cool disk should bimaible through direct
detection of a soft X-ray blackbody component at low energie practice however, this is
made difficult by the fact that at low accretion rates the terafure of even an untruncated
disk will drop from about 1-2keV in the high soft statet00.1-0.3keV, which puts it out
of the range of most X-ray detectors. Additionally, the efeof interstellar absorption be-
come very strong at around 0.1keV, so that detecting a softssxand accurately measuring
its parameters will depend somewhat on how accurately teesiellar absorption can be
determined.

Even with these challenges, a soft excess in the low-hate ktes previously been re-
ported in several sources. The first was Cyg X-1 (Balucinskar¢Phet al. 1995; Di Salvo
et al. 2001), although its association with an accretiok giscomplicated by the fact that
Cyg X-1is a high mass X-ray binary accreting from a wind. Thigstion was also the fo-
cus of two recent papers, Miller et al. (2006a,b), in whiah éluthors studied long-exposure
XMM-Newtonspectra of two different GBHCs, SWIFT J1753.5-0127 and GX 33&-fbw
luminosities [x/Lgddq ~ 0.003— 0.05). Soft excesses at similar luminosities in these two
sources have also been reported in Ramadevi & Seetha (2A0B3(5-0127) and Tomsick
et al. (2008) (GX 339-4). Since these two observations ethewe also been observations
of soft excesses in several other sources. Rykoff et al. (2@@de several observations of
the soft component of XTE J1817-330 wiHwi ft during the outburst decline of that source
down to a luminosity olLx /Lgqq ~ 0.001, while a soft component in GRO J1655-40 has
been reported by both Brocksopp et al. (2006) and Takahasthi €2008) using different
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telescopes.

To interpret the soft excesses in SWIFT J1753.5-0127 and @X438/iller et al. (2006a,b)
fit the data with a severadl SPECmodels, trying various black-body disk models and sim-
ple hard X-ray components (both a power law and various Conigaton models). In GX
339-4 a broad Fe-K line was also observed and fit with a rédéitally broadened reflection
model. Using blackbody models for a standard accreting, digkauthors found disks with
maximum temperatures &fT ~ 0.2-0.4 keV, and inner radii consistent with the innermost
stable circular orbit of a black hole.

At the inferred low accretion rates in the hard state, a digkraling to the last stable
orbit would produce a soft X-ray component with peak clostheocutoff due to interstellar
absorption. Unless an accurate independent measure oiténstellar absorption column is
available, spectral fitting procedures cannot reliablyimiggiish between a thermal peak at
kT = 0.3 keV with one interstellar absorption column and a coolengonent with a lower
energy component cutoff by a slightly higher interstellas@rption column.

For energetic reasons the hard X-ray component which ddesribe luminosity in the
hard state must originate near the black hole, the samenregidhe proposed cool disk.
Some form of interaction of hard X-rays with the cool disk mizke place, and this im-
plies that the isolated cool disk models used as ‘compohierits to observed spectra are
unrealistic. In fact, most models for the hard X-ray compariaclude some prescription
for the reprocessing of hard into soft radiation, whethes#be truncated disks or extended
disk models. As shown by Haardt and Maraschi (1991), suchetaagenerically produce
a similar energy flux in soft and hard X-rays. A strong soft poment is thus a natural
consequence in truncated as well as extended disk modetseftiard state.

The main difference in a truncated disk model is that thefioftoriginates from a larger
surface area and consequently has a lower temperaturangpitst spectral peak below 0.5
keV. After interstellar absorption the soft component hagak around 0.5 keV that can be
mistaken for an apparent thermal peak with the temperatugedisk near the last stable
orbit.

In this paper we examine this with a more quantitative modetriincated disks. At the
inner edge of a truncated disk the accretion flow must changature from a relatively cool,
thin disk into a much hotter, vertically-extended inner flolihere will thus necessarily be
some interaction between the two, either through radiggogn Haardt & Maraschi (1991))
or matter exchange (Spruit 1997), or both. Our goal is tordgte whether such a model
could reproduce the soft spectral components reported Higrit al. (2006a,b). We will
find that disks truncated at 15-20 Schwarzschild radii caadhproduce soft components
of the observed strength and shape. An alternative modesiigating re-condensation fron
am ADAF is considered by Taam et al. (2008).
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5.2 PHYSICS OF INTERACTION REGION

5.2.1 Origin of soft excesses

Determining the inner radius of an accretion disk from itsctpum relies on (among other
things) an accurate understanding of how luminosity in tisk @ produced. In the higher
luminosity “high-soft” state, (approximately) blackbodlyx from the disk dominates the
spectrum. The disk’s inner radius can be inferred, provitieddistance and inclination of
the source are known, from the assumption that the radiaiproduced by internal viscous
dissipation in the disk as it accretes, and an assumed ‘coloection’ to the blackbody
spectrum.

However, when the spectrum becomes dominated by very haeay #Andy-ray radiation,
the radial temperature and luminosity profile of the disk @iépend on the interaction be-
tween the hard radiation and the disk. This is because malseafccretion power is now in
the hot gas producing the hard radiation, some of which niiact with the cool disk (as is
seen in the reflection spectrum and Fe fluorescence), and mnayg@ a substantial source of
heating. This heating of the disk surface converts the teti@tion into a soft component. In
the simplest version of this model, Haardt & Maraschi (19€lyulated the energy balance
for a hot corona covering a cool disk and found that the fluxédoft and hard components
will be roughly equal. This predicts that a substantial 36fay component is a universal
feature of the hard-state spectrum, whether the disk isated or not. Its detectability de-
pends on the sensitivity of detectors in the 0.1-1 keV raage, the interstellar absorption
column.

For models in which a cool, truncated accretion disk enesr@ very hot inner flow
(which cools through inverse Compton scattering), therémweitessarily be a region of in-
teraction near the truncation radius, which will heat theeinedge of the disk. This will
come either from hard photons bombarding the disk as in trerd#dviaraschi model, or
through matter interaction, with hot protons from the inflew directly colliding with the
cool disk. In both cases previous work has shown that a saffppoment is produced, but a
more detailed model is needed to predict the radiation gpctThe first case, examining
the structure of a thin accretion disk bombarded by hard@isohas been studied by for
AGN disks Ballantyne et al. (2001) and Nayakshin & KallmanQ2)) and more recently for
GBHC disks by Ross & Fabian (2007). In this paper we focus onebersd case, in which
a moderately truncated disk is embedded in a hot, two-testyper advection-dominated
accretion flow (ADAF).

5.2.2 Definition of the model

We begin with the results from a prototype model for ion bordb@ent on cool disks, ini-
tially proposed by Spruit (1997), and extended in Spruit &uf2é (2002), Deufel et al.
(2002) and Dullemond & Spruit (2005) (hereafter DS05). lis thodel a cool disk is em-
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Figure 5.1: Schematic structure of a
cool disk embedded in an ADAF. Here
the ADAF (the transparent outer re-
gion) extends over the inner edge of
the cool Shakura-Sunyaev disk (SSD),
shown by the solid thin disk, bombard-
ing it with high energy protonsk{l, ~

20 MeV). This evaporates the sur-
face of the disk into al{Te ~ 70keV)
corona, called here the hot layer (HOT
LAYER, hatched). The higher vis-
cosity of the hot layer causes it to
spill over the inner edge of the SSD
where cooling through inverse Comp-
ton scattering is no longer efficient
(HOT RING), and thermal instabil-
ity causes the layer to evaporate into
the ADAF. The mass transfer is repre-
sented by the small arrows.

bedded in a two-temperature ADAF in which the protons arsecto their virial temperature
(~ 20 MeV). The protons bombard the disk, and are stopped viad@dulcollisions with
the disk’s electrons, thus transferring their energy todis&. The energy from the protons
is sufficient to evaporate the upper layers of the disk int@taclrona withkTe ~ 60— 80
keV (called the “hot layer” in our nomenclature, althouglke temperature in this layer is
still much cooler than the virial temperature), whose terapee is set by a balance between
heating from the ions and cooling, predominantly througheise Compton scattering of
disk photons. Deufel & Spruit (2000) found that the opticapth of the hot layer is around
unity, varying only weakly with irradiating flux and distamérom the hole.

The higher viscosity of the hot layer also allows it to spileoinside the inner edge of
the cool disk (see fig. 5.1). Using 1-D simulations, Deufehle{2002) suggested that the
lack of seed photons in this layer will cause the temperdturise to aboukTe ~ 200— 300
keV, since cooling from inverse Compton scattering will becimless efficient. Spruit &
Deufel (2002) found that this region will become unstabld amaporate into the ADAF.
This shows how an ADAF can be maintained inside a truncatetidisk. The key for the
whole process is the presence of a component of intermetiatperature (the hot layer).
On one hand this component produces a hard, Comptonizedwwpeethile on the other its
evaporation feeds the ADAF.

DSO05 extended this work to examine the radial dependendeedhtee components of
the flow. They set up a model in which the truncation radiushefcool disk is a free pa-
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rameter, and the three layers are assumed to interact cmlgheimass transfer processes
outlined above. They assumed the cool disk was a standakdieh&unyaev disk (Shakura
& Sunyaev 1973), and that the ADAF flow temperature followselmodel of Narayan & Yi
(1994). They approximated the temperature in the hot laybetconstant, and also assumed
a constant temperature for its extension inside the innge @d the cool disk (which we
will call here the “hot ring”}. With these assumptions, the radial profiles of the three-com
ponents can then be determined by solving the equationsdses mnd angular momentum
conservation for a thin disk.

This simplified analysis yields for each component estisiafehe mass accretion rate
M, heating rat&); (from internal viscous dissipation and ion heating), amfese density;
as a function of radius. For further discussion of the mosks, sect. 2 of DS05The input
parameters for the model are the black hole midgg, the magnitude of the viscosity
parameter (Shakura & Sunyaev 1973), and the truncations&dipfor the disk. A sketch
of the model with its various components is seenin fig. 5. suf\eing we know the dominant
radiation mechanisms, we can determine the spectrum fremesulting energy distribution
for each layer. This is the primary goal of the current work.

5.2.3 Energy and mass balance

The three components of the model exchange mass and enetfg $teady state assumed
here, the sources and sinks balance in each. The topmosttlagDAF, loses mass and
energy to the hot layer, at rates per unit area of the arger andcs;w;, respectively. Here
Csi, Pi, andw; are respectively the thermal speed in the ADAF (i.e. neavitia speed or
orbital velocity), the density, and enthalpy. Dependingtemadiative efficiency the ADAF
could make a substantial contribution to the hard X-ray flugddition to the flux from the
ion-heated hot layers. For our prototype model we ignorec¢bntribution, since Esin et al.
(1997) estimate the efficiency of an ADAF to be abeut ma? ~ 1.5 x 10~4 (whereniis
the accretion rate scaled in terms of Eddington). If thishis ¢tase, the luminosity of the
ADAF will scale with m?, while the energy influx into the cool disk scalespas- m, (since
T ~ Tyir in the ADAF), meaning that the ADAF’s indirect contributiom radiation through
heating the cool disk will dominate at low luminosities. Hoxer, the radiative efficiency of
hot inner ring is strongly model dependent, and may be mugihenj which would make the
spectral contribution of the ADAF important. We discuss thuestion further in sect. 5.4.
There is a mass flux by evaporation from the hot layer into tBAR as derived in
Spruit & Deufel (2002). The energy flux into the ADAF assoe@tvith this evaporation
can be neglected, since the temperature of the hot layewisdmpared with the temper-

The nomenclature we adopt in this paper is slightly diffefesm DSO05. They referred to the ADAF as an
“ISAF”, or lon-Supported Accretion Flow, while what we hawalled the “hot inner ring” they term the “hot
layer”, and our “hot surface layer” is in that paper referreds the “warm layer”.

2We note that in that work the numerical factor of equationig2ncorrect, it should be.84 x 10°, and
equation (3) should be the same as equation (16) in Spruit &dD¢2002).
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ature of the ion flow. The hot layer is heated in similar meadwy viscous dissipation
and the hot ions it absorbs from the ion flow abo@idew = 2 x 10'¢ ergsicm—2, and

Qiw =7 x 10*° ergs tcm2, respectively for the reference model). It is cooled by Campt
upscattering of disk photons passing through it, which pritiduce a hard X-ray spectrum.

There is also a mass flux feeding mass into the hot layer frencdlol disk underneath;
it is parametrized as in sect. 2.2 of DS05. The cool disk isdtem three ways: by internal
viscous dissipation, by reprocessing of hard (ComptonixXedys from the hot layer above,
and by the (small) number of hot ions from the ADAF that passugh the hot layer.

The reprocessing of the hard X-rays is further divided infoaation a that isreflected
and a fraction1— a) that is absorbed and assumed to thermalize completely.€Fleetion
process and the spectrum resulting from it are based ortsésuh the literature; this is de-
scribed in sect. 5.2.4. The spectrum of the cool disk feedhmjons to the Comptonization
process in the hot layer thus consists of a blackbody compgtes a reflection spectrum.

The surface temperature of the cool disk, assumed to be tddtseeffective temperture,
is given by

08Tet = Qovise+ (L —a)F, + feQ;, (5.1)

whereQq visc is the viscous heating rate of the cool disla its X-ray reflection albedds,

the flux of downward directed X-ray photons from the hot layemd f.Q; the fractionf; of

the energy fluxQ; in hot ions that make it through the hot layer and are absaristdad in
the cool disk. The albedaof the disk depends on how ionized the disk is, which we discus
more in sec. 5.2.4.

Compton upscattering of the soft flux from the cool disk detees the detailed shape
of the spectrum emerging from the hot layer. In additionéheran X-ray component from
the ‘hot ring’ interior to the inner edge of the cool disk. &nit receives fewer of the soft
photons and hence is hotter, it adds a harder component spéotrum.

These ingredients are the same as in DS05, except that theti@fl process is included
more realistically, and the Comptonization of soft photaseated in detail with the Monte
Carlo code of Giannios (see sec. 5.3) so a realistic X-raytapeds obtained.

5.2.4 Reference model

We illustrate the model first with representative parameadues for a black hole binary. In
sects 5.3.1 and 5.3.2 the parameters are adjusted for aghido observations of specific
objects.

We takeMpgy = 10M, for the massR;, = 20Rs for the truncation radius (wheiRs =
2GM/c? is the Schwarzschild radius). A typical if somewhat largeceisity parametex =
0.2 is used for all accretion components. The flow model of DSe&ly an accretion rate
of M = 3.1 x 106 g/s for these parameter values. In terms of the Eddingtoretion rate
(defined here with an assumed bolometric efficiency of 1096)ttanslates tdl = 2.2 x
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r 3 T Figure 5.2 Effect of ion-
0.06 3 bombardment on the surface
i ] temperature of a cool (SSD) disk
with inner edge at 2Rs (for the other
model parameters see text). Black
solid line: radial temperature profile

oot when disk heating is considered.
0.02F Green dashed line: radial temperature
profile in disk without considering
sor heating from hot layer. Blue dotted
0.00 line: radial temperature profile for an

untruncated disk at the same accretion
rate.

10 3Mgqq®, and bolometric luminosity ikx = 4.2 x 10~ *Lgqq, which is significantly lower
than observed luminosities for the low/hard state. We disc¢his discrepancy and possible
solution further in sects 5.3 and 5.4.

In fig. 5.2 we show the temperature profile of the cool disk congmt of this reference
model. The dashed line shows the temperature profile thaldwesult if only the viscous
dissipation in the cool disk were included. The cool diskampletely evaporated into the
hot layer before the inner edge of the accretion disk, heiscaurface density drops to zero
at the inner edge of the disk in the same way as for a standalddisk accreting on a
slowly rotating object (the standard “zero-torque inneuttiary condition”). If there were
viscous coupling between the inner edge of the disk and therm however, the resulting
temperatures near the inner edge would be higher than inwtert model. This would
result in a stronger soft component, whose contributionldoemain observable for larger
truncation radii than we have considered here. The soledlows the effect when heating
from the hot layer is included. As can be seen in the figureeffezt of heating extends to
large radii. The dotted line shows the temperature profiteafostandard untruncated disk
for the same accretion rate.

We can also compute the bolometric radiative efficiencytermodel, assuming that the
hot layer and inner ring radiate efficiently. For our refe@model with a disk truncated at 20
Rs, we find a radiative efficiency (the ratio of the total lumiitpgo the accreting rest-mass
energy flux) of about 4%. In comparison, the radiative efficieof a disk truncated at 20R
alone is about 1%, which demonstrates that the ion-bombemtiprocess can significantly
increase the radiative efficiency.

3In DSO05 a plotting error resulted in the mass accretion rated figures being overstated by a factor of
100 with respect to the Eddington rate.
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! Figure 5.3 Surface densityX) pro-
oo :Tu-mr.q_: e ] file for reference model, wheMgy =

: ] 10Ms, o = 0.2 and Resq = 20Rs.
Green dashed line: Shakura-Sunyaev
disk. Blue dotted line: Hot layer. Or-
ange dash-dotted line: Hot ring. Red
solid line: ADAF.
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Cool disk emission

We begin by estimating the spectrum of the radiation prodisgethe thin disk, i.e. the seed
photons of the Comptonization in the hot layer. At large dffecoptical depths in the disk
the radiation field is a blackbody. The flux emerging from thetpsphere of the disk is
reduced, however, by Thomson scattering, resulting in aifieml blackbody’, a spectrum
with same temperature but reduced flux. In the literature gften described equivalently by
a ‘color correction’ factorfo, measuring the effect instead as the ratio of color tempegat
to effective temperaturelg = fooTesr. Several papers have done extensive calculations
of this spectral hardening in the outer layers of a disk dateid by electron scattering,
including Shimura & Takahara (1995), Merloni et al. (200énd Davis et al. (2005), and
concluded that the the color-correction is of the orfigr~ 1.4 — 2, with the magnitude of
correction increasing gradually as the luminosity incesasThe approximation of a single
parameter across the entire spectrum become less goodfasctiecreases.

In a cool disk the (vertically integrated) viscous dissipat),;sc is balanced by radiative
loss at its surface,

Quisc = 08Tk = 08(Teol/ feot) . (5.2)

The value forfeo will change the determination of the inner disk radius, sitiee lumi-
nosity will be depressed by a factor 03;"‘ relative to the temperature, so that when color
ctz)rrection is considered, the inner radius of the accretisk will be increased by a factor
fcol'

In this work we have the additional complication of the hatface layer, which will heat
the upper layers of the disk substantially and may changesjketral hardening. Ross &
Fabian (2007) have estimated the effects of incident hardyXradiation on galactic black

hole disks, although they focus on systems in which the diskaitter KT ~ 0.35 keV)
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than ours and dominates the overall spectrum. However, dbejnd substantial spectral
hardening, and disk temperatures which increase with &sing X-ray flux (fig. 4 of that
paper). They also find that the incident radiation can changéonization structure of the
upper layers of the cool disk, so that the shape of the disktapa is significantly altered
by absorption lines (see their fig. 6).

Since it is beyond the scope of this work to do a similar raoliatransfer calculation,
we instead choose a single color correction facfgy, = 1.7 as a typical value for all our
models.

Reflection spectrum

The hard flux incident on the cool disk undergoes reprocgdsynelectron scattering and
atomic processes, giving rise to a series of emission liegsecially the Fe-K fluorescence
line) and a Compton reflection hump. In the course of theseess®ms, part of the incident
energy flux ends up heating the plasma. Detailed calcuktibithese processes is beyond
the scope here. Instead, we simplify the physics by separétie incident flux into a re-
flected part and a part that is treated as being absorbed. eakethre absorbed part in the
same way as the energy input by viscous dissipation in the des a fraction(1— a) is
added to the left hand side in (5.2).

The remaining part is treated by a modified version of the XSktodel “REFLION”
described in (Ross & Fabian 2005). This model calculatesaftection spectrum of a power
law flux between 0.1-300 keV hitting a constant density AGskdWe set the lower cutoff of
this power law at 0.2 keV, since we expect disk temperatucaswa 01— 0.2 keV. REFLION
calculates the reflection spectrum for a fixed ionizatiorapeter,§ = 4T|Fxng1, the ratio
of the incident flux on the disk to the hydrogen number densitye disk, however, is
stratified, so an estimate has to be made of the depth in thetiivosphere where most of
the reprocessing takes place. We assume here that this idgpst the electron scattering
photosphere of the cool diskes= 1. By hydrostatic balance, the pressure at this depth is
approximately

p~ 9 (5.3)

Kes

whereg is the vertical component of the acceleration of gravityhat height oftes= 1
above the midplane. Assuming this height is about twice tivainal disk thicknes$l =
cs/Qk, the pressure i ~ 2csQk. Herecs is the sound speed at the midplane of the disk,
which is determined from the heating ra@gisc by a standard thin disk model. To fix the
density corresponding to this pressure the temperaturt@sdetermined. We assume for
this the effective surface temperat(ig that follows from the viscous heating rate Hf is
the incident X-ray flux from the hot layer, the ionization gaueter is then

£ ~ 2T KletrKes (5.4)

QKCS
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The value of¢ varies with distance from the black hole; an energy-weighted mean is
& ~ 10 erg cm st for the reference model. We use this as a representative Vaiuthe
reflection calculation instead of an integration over thskdFor this value of, the resulting
albedo is low ¢ 0.2), so that most of the hard flux is absorbed and thermaiiz#uk disk.
The total reflection and disk spectrum (before being passedigh the hot layer), is seen in
the red long-dashed line in fig. 5.4. This is the input speatfar the Comptonization by
the hot layer. Since the optical depth of the hot layer is @ntyund unity, it will also make
a significant direct contribution to the output spectrum.

Uncertainties in the reflection spectrum

Through its effect on the gas density, the temperature asgumthe reprocessing region
has a direct effect on the ionization parameter and thetiegukflection spectrum. Unfor-
tunately, there is a significant uncertainty in this tempem since it depends itself on the
ionization parameter. At low densities higher in the atnhesp, the ionization parameter
is high and the temperature will be close to the Compton teatpe of the incident X-ray
spectrum. For our reference model, this would be around 3 Re¥per in the atmosphere,
the ionization parameter would be lower and the temperafioser to equilibrium with the
energy density of the radiation field, of the order of theffe temperature of the cool disk.
Since the transition between these regimes takes placedtba reprocessing layer itself,
all depends on details of the radiation physics.

Several groups (Ballantyne et al. 2001; Nayakshin et al. Po@@e calculated the change
in the vertical structure of AGN disks as a result of incideatd radiation, and found the
upper layers become stratified, with the top being heateld$e ¢o the Compton temperature
and a sharp transition to the inner layer which radiateseattbk’s effective temperature.
They find that this stratification will change the disk’s reflen properties substantially.
Although Ross & Fabian (2007) study a similar situation inagét black holes, and find
no similar stratification, they focus on cases in which thekdiominates the luminosity.
For lower disk temperatures stratification could presumatill occur. However, Nayakshin
& Kallman (2001) studied the case where a disk was overlattl wisurface corona, and
included the effect of its weight on the gas pressure. Thapdahat this was sufficient to
prevent stratification.

An additional caveat in using the constant density modelRaxs & Fabian (2005) is
that they consider AGN disks, which are much cooler and lessel than those in GBHCs.
As aresult, the reflection spectra do not consider the flulerdisk itself (which can change
the ionization state significantly), and the effects froings like three-body recombination,
which will become important as the disk densities becoméérigRecent work by Ross &
Fabian (2007) has examined reflection spectra in GBHCs, gththey focus on systems
in which the disk dominates the spectrum and is hotkdg £ 0.35 keV) than the disks
considered in this work.
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Comptonization

To calculate the spectrum from inverse Compton scatteriregtfh the hot layers of the disk
we use a one-dimensional Monte Carlo simulation. The radiahtion of quantities in the
disk and hot layer is replaced by representative valuesyfich we use energy-weighted
means. The simulation assumes a slab geometry, with theoptichlly thick disk below

a much hotter surface layer with moderate optical depth.tff@iseed photons, we use the
disk+reflection spectrum found in the previous two sectidioscapture the emission lines in
this spectrum, we set the resolution of the simulatioAEyE = 0.046. The number of seed
photons followed through the hot layer is of the ordef, Hfficient to represent the result to
a noise level comparable with typical observations. Theuwigpectrum is angle dependent
(because of the increasing optical depth with inclinati@o)a value has to be assumed for
the inclination anglé to the line of sight (measured from the normal of the disk)r ¢tar
reference model we uge= cost = 0.5 as a representative value.

The input parameters of the Comptonization calculationfeeértput spectrum, the opti-
cal depth and the temperature of the hot layer. The resutibagenergy flux in Comptonized
photons (integrated over the spectrum and summed over luth of the hot layer) has to
match the energy input into the hot layer: the sum of ion hgaséind viscous dissipation.
We can estimate the optical depth for the hot layer from tifase density of the hot layer,
where (1) = Kes(ZHot). The temperature of the hot layer is adjusted iterativelshin cal-
culations to meet this condition to an accuracy of 10%. Ferrégference model, we find
kTe = 70keV, andt = 0.87. The resulting emergent spectrum of the hot layer is shiawn
the blue dotted line in fig. 5.4, for an inclination anglepof 0.5. The photon index of this
spectrum in the range 2-10 keV is abdut 1.96.

Treatment of the hot ring

In the hot ring (where the hot layer has spilled over insideimedge of the cool disk) there
is no underlying cool disk any more and it receives its sofitphs only by scattering from
larger distances: it is ‘photon starved’ compared with tiog¢ layer itself. Since the en-
ergy input by ion heating and viscous dissipation are stitlilar, the temperature is higher
and Comptonization correspondingly stronger. The hot fiegefore makes its contribution
mostly at the high energy end of the spectrum, and is lessriapofor the ‘soft compo-
nent’ of the spectrum that is the focus of our study. We inelitdhowever, since we also
want to achieve a reasonable fit to the overall spectral griisgyibution in the observations
discussed in the next sections.

The calculation of DS05 relied on the earlier one-dimersliomork of Deufel et al.
(2002) in order to set the temperature and energetic caoitisiib from the hot inner ring,
which predicts a very small contribution from the hot ringith\a sufficiently detailed ge-
ometrical model for the hot ring, the soft photon input bytsaéng could in principle be
modelled more accurately, but the level of detail neededabably beyond the limits of
the present model. We therefore treat the soft input flux isiédbmponent of the model as
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an adjustable unknown when fitting to spectra. For this, weduce a parametér, which
represents the fraction of seed photons from the cool dakctbol the hot layer, so that-1¢
goes to cool the hot ring. For the reference modd,set by the contribution predicted from
the DS05 model for the hot inner ring.

Also treated as adjustable is the temperature reached lilibeigm between heating and
Comptonization. We assume that cooling in this region isratiiderately efficient, choosing
temperatures in the ranggd. = 180— 200 keV. For simplicity (since the angular distribution
of seed photons is also uncertain) we model the hot ring wigtaae-parallel Monte Carlo
simulation with the same resolution as in the hot layer. V¢euls the limitations of this
approach in sect. 5.4.

As in the hot layer, the X-ray energy flux produced by Comptatiim has to match the
energy input by viscous dissipation and ion heating. TagretVith the now assumed value
for the temperature, this determinésand the optical depth of the ring. For the reference
parameters of this section, we figé= 0.99 and an optical depth ef 0.7. At a temperature
of 200 keV we find that the ring contributes only 11% of the alldrard flux (Fx =2— 200
keV) for the reference values= 0.2 of the viscosity andRj; = 20Rs.

This is because the radial width of the hot ring has a ratmeitdd extent, since the
evaporation process is very efficient. The hot layer evapsnzery quickly after it has flowed
over inner edge of the cool disk. The hot Comptonized comptdnam the hot ring is shown
in the orange dash-dotted line in fig. 5.4.

5.2.5 Results for the reference model

The final spectrum and its various components is shown indpepanel of fig 5.4. The
accretion rate for the reference modeMgMEdd = 0.002 assuming an efficiency of 10%,
while the luminosity in the 0.5-10 keV range lis /Leqq = 10~4. The total spectrum is
shown in black. The individual components run as followse Bineen thermal component
(dash-double dotted line) shows the spectral contributiom the outer part of the disk
where the hot layer is no longer significant (outsRjé&s = 100), while the red long-dashed
component shows the rest of the disk and reflection spectriar. the reference model
the reflection ionization parameter is small enough thatdéiflection and iron line are not
apparent in the final spectrum, although we again stressvhate using a reflection model
developed for AGN, so in reality the reflection could be sgrem The blue dotted line shows
the Comptonized spectrum from the hot layer, while the orategh-dotted line shows the
Comptonized spectrum from the hot ring. Fitting the ovenaéictrum with a photon index
=191 in the 1-10 keV range, we see a small soft excess below\3.Bken though the
maximum disk temperature is only 0.05keV. The bottom paffi€igo5.4 shows the total
spectrum divided by a power law with = 1.91. The observed deviation from a single
power law in the hard part of the spectrum (which leads to ecidefiound 1 keV and a
harder power law index above 10 keV) is caused by anisotr@pimptonization resulting
from considering a plane-parallel configuration (see egardt (1993) and sect. 5.4 of this
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Figure 5.4 Top: Relative contibu-
tion from each component for ref-
erence modelg = 0.2, R = 20R,

M = 10M,. Red long-dashed line:
Spectrum from the disk (modified
blackbody plus reflection spectrum).
Green dash-double dotted line: Spec-
trum from outer disk. Blue dot-
ted line: Comptonized spectrum from
hot layer. Orange dash-dotted line:
Comptonized spectrum from hot ring.

v F, [erg 5]

Ratio

. . . A R Black: total spectrum. Red short-
0.01 0.10 1.00 10.00 100.00 1000.00 dashed: power law with = 1.9. Bot-
Energy [kev] tom: Total spectrum divided by power
law with T = 1.9.

paper), and also by the contribution from the hot ring. Exéepthe very low accretion rate,
we see a spectrum that is qualitatively similar to those dfeviet al. (2006a) and Miller
et al. (2006b).

5.3 COMPARISON TO OBSERVATIONS

The luminosity of our reference model described above, efdfter 104Lgqq is substan-
tially lower than the luminosities (of the order@L0~2-103Lgqq) inferred for the observed
sources to which we want to apply the model. This is a consespef the flow model in
DSO05 that is the basis of our analysis. In it, the surfaceitenkthe hot layer is governed
by the physics of the Coulomb interaction of the hot ions patiey through it, and its tem-
perature by the energy balance between it and the undertiyghkg With temperature and
surface density constrained in this way, the mass flux theermtts only on the radial drift
speed, i.e. the viscosity parameter, The actual mass flux is low because the temperature
of the layer is only about 80keV. This suggests that the aamedel is incomplete, and we
discuss a possible solution in sect. 5.4. In this paper, Wierysve solve this problem by
introducing a parametet, by which the accretion rate (or equivalently the energypouof
each component of the flow) is increased. This makes thedihaisumption that increasing
the accretion rate causes the energy output in each comipnigicrease, but the relative
contribution of each component to the overall energy budgdtgeometric configuration of
the flow to stay constant. Scaling the accretion rate in tlag imcreases the luminosity in
all components, which thus causes an increase in temperfatuthe cool disk at a fixed
truncation radius.

With the introduction of the parameteZsand our model loses its predictive power, but
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the goal of this paper is to present a model that is plausdtteer than precise in its details.
In the next section we compare our spectra to the best fits dlugervations, and show that
for reasonable values of the hot layer and inner ring anceéiocrrate, we can reproduce the
observed soft excesses using a significantly truncate@@merdisk.

To illustrate how our model can be made consistent with aleskesoft excesses, we
perform a qualitative comparison between the soft exceslsssrved in SWIFT J1753.5-
0127 (Miller et al. 2006a) and GX 339-4 (Miller et al. 2006ldaour model. For each
object we use the estimates for black hole mass, inclinatiehdistance to source presented
in those two papers and take= 0.2 as a standard value for the viscosity parameter. We then
assume a moderate truncation radius and find a solution ésggiand surface density as was
discussed in sect. 5.2, and calculate the spectrum. We el4(tige accretion rate) arf(the
ratio between seed photons in the hot layer and inner ringhder to match the luminosity
and spectral index of the best fit to the observed spectrudg@mpare our soft excess to the
observed one. If necessary we also change the amount oftiltar absorption, although
for both the cases we consider we do not need to change it vecii.nGiven the systematic
uncertainties in our model, a more statistical comparisché data is not possible; our goal
is instead to demonstrate that we are able to reproduce se\@al spectra with physically
reasonably parameters.

5.3.1 SWIFT J1753.5-0127

We begin with the spectrum from the source SWIFT J1753.5-012ifler et al. (2006a)
took a 42 ksecXMM-Newtonobservation and estimated an X-ray luminosity (0.5-10 keV)
of Lx/Ledd = 2.6 x 1073(d/8.5kpc)2(M/10 M.). They fit the spectrum to a power law
with a photon indeX” = 1.67 (2-10 keV), and interstellar absorption g = 2.3 x 10°%
cm 2. Fitting the spectrum with an absorped power law componiemeareveals a small
soft excess below 2 keV, which they fit to a disk witi, ~ 0.22 keV and B, ~ Rs
(M/10M.,)) (d/8.5kpc) / cos"/2i.

A very truncated disk will be too cool to be observable in ¥sawhile an untruncated
disk will have a higher temperature than is observed (becafithe effects of heating from
the corona). To compare with the observed spectra we assumoeerate truncation radius
of 15Rs, which is qualitatively very different from an untruncateigk (which will have an
inner radius between®— 3Rs depending on the spin of the black hole). We make the same
assumptions for mass (M = 10M and distanced = 8.5kpc) as in Miller et al. (2006a)
and assume an inclination pf= 0.5. The simulation then predicts an accretion rate of
M /Mgqq = 1.5 x 10~ for an efficiency of 10%. In order to match the measured fluhén t
power law component, we increase the flux in each componeatfagtorC = 12, to give
an accretion ratM /Mgqg = 1.7 x 102

In the hot layer, the predicted surface density profile githesoptical deptit) = 0.87,
and the energy balance between the cool disk and hot layersés. 5.2.3) determines a
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Figure 5.5 Model spectrum for
" - SWIFT J1753.5-0127, for a truncated
107 =2 disk with inner radius of 15 Rwith
‘ - ] a=0.2 andM = 10M.,. Red long-
dashed line: Spectrum from the disk
(modified blackbody plus reflection
spectrum). Green dash-double dot-
ted line: Spectrum from outer disk.
Blue dotted line: Comptonized spec-
trum from hot layer. Orange dash-
: dotted line: Comptonized spectrum
0.01 010 100 1000 10000 1ooooo  Trom hotring. Black: total spectrum.
Energy [keV] Red short-dashed: power law with=
1.66.

temperature okTe = 75 keV, which gives a photon index bf= 1.87 (3-10 keV)? The den-
sity of the disk and flux in the hot layer also allows us to eatrthe ionization parameter,
& =50 erg cm s?, from which we get an albedo and find that the Comptonized flai in
dent on the disk heats it tdle = 0.11 keV, which looks likekTe = 0.19 keV when spectral
hardening is taken into account.

The predicted surface density in the hot inner ring alsonadlas to calculate the optical
depth of this layer, which we find to b&) = 0.7. Since we do not have a detailed model for
the radiative transfer in this component, we take a plaasiblue ofkT = 200 keV, which
gives a photon index df = 1.39 between 2 and 10 keV. The resulting spectrum is still too
soft, so we sef = 0.89, meaning that 89% of the disk and reflection photons artosseed
the hot layer, while the rest seed the hot inner ring. Figubesbows the resulting spectral
energy distribution for SWIFT J1753.5-0127. The differemtnponents shown in the figure
are the same as in fig. 5.4.

Figure 5.6 (taken from Miller et al. (2006a)) shows the speutdivided by an absorped
power law with an absorption column densityNf = 2.3 x 107lcm 2. Overlaid we show
their best fit using the XSPEC “diskbb+pow” model (in red) dhd soft excess predicted
by our model (in green). To obtain a better fit we change thergtisn column density to
Nh = 2.35x 10%1cm~2 to render the two excesses effectively indistinguishadlen though
the temperature and peak fluxes of both disks are very diffek®e discuss the reasons for
this at the beginning of sect. 5.4.3. Figure 5.6 also shoasttte deviation from a simple
power law in the range 2-100 keV is less than 10%, which isisterst with observation.

4The spectral index of a Comptonizing corona will change déjrey on viewing angle, since the mean
optical depth will change depending on whether the diskdefan or tilted, which will harden the spectrum.
To calculate the energy in the hot layer and thus its temperate take the spectral index for the spectrum
integrated from ©-180°.
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Figure 5.6: The soft excess in SWIFT
J1753.5-0127. The crosses show the
observed spectrum divided by a sim-
ple power law fit above 3 keV with
a best-fit column density ofNy =
2.3 x 10%em2, taken from fig. 2
of Miller et al. (2006a). The dashed-
dotted red line shows the best fit two-
component XSPEC “diskbb+pow” di-
vided by the same power law (as re-
ported in Miller et al. (2006a)). The
dashed blue line shows the ratio be-

Ratio

08 ; 10 100 tween our best fit model (see fig. 5.5)
Energy [kev] and the same power law, with an in-
crease of 0.0510%*cm2 in interstel-
lar absorption.
532 GX 339-4

Our second source for comparison is the relatively bettesttained X-ray source GX 339-
4. This source has an estimated mass Mf, 6 distance of around 8 kpc and inclination
p=0.9. Miller et al. (2006b) took a 280ksMM-Newtonobservation of this source, which
they observed at a flux of abolug /Lgqq =~ 0.05(M /10M,)(D/8kpc). They fit the data with
a moderate absorption column densily (= 3.72 x 107lcm~2) and very hard power law
(" = 1.44) and find a soft excess below 3 keV which they fit to a disk With= 0.6Rs and
kTin = 0.38 keV. Additionally, they observe a broad asymmetric Ferié lvith a maximum
at 6.9 keV, from which they measure a reflection fraction afal0.2-0.3 and ionization
paramete€ ~ 10° erg cm s1. Fitting the Fe-K line using relativistic broadening sugige
an inner radius of 0.7

For an assumed radius of the inner edge of the Risk= 19Rs, a good fit for this source
is obtained with the following set of parameter values: C=0fM/Mggq = 0.15), Z=0.63,
and the temperature of the hot layer and hot ring 75 keV, afidk2¥ respectively. The
resulting spectral energy distribution is shown in fig. =igure 5.8 shows the soft excess
observed in Miller et al. (2006b). The luminosity enhancetrfactor is higher than for
the SWIFT source because of the higher luminosity inferrechfthe observations. The
ionization parameter in the reflection region is also highéth & = 550 erg cm s?.

Note the structure in the data around 1 keV, which is suggesti the structure of the
interstellar absorption in this region of the spectrum. dntf we can best reproduce the
observation for a columiy = 4.9 x 10?'cm~2, some 30% higher than found by Miller
et al. (2006b).
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Figure 5.7 Model spectrum for
GX339-4, for a truncated disk with an
inner radius of 1Rs, a = 0.2 andM =
6M.,. Red long-dashed line: Spectrum
from the disk (modified blackbody
plus reflection spectrum). Green dash-
double dotted line: Spectrum from
outer disk. Blue dotted line: Comp-
tonized spectrum from hot layer. Or-
ange dash-dotted line: Comptonized
spectrum from hot ring. Black: total
spectrum. Red short-dashed: power
law with ' = 1.47.

Figure 5.8 The soft excess in GX
339-4, taken from fig. 3 of Miller et al.
(2006b). The crosses show the spec-
trum divided by a simple power law fit
to the XMM-Newtonand RXTE spec-
tra with an absorption column density
of Ny = 3.72x 10 cm™2. The 4-7
keV range, where a broad Fe-K line is
clearly visible, was omitted from the
fit. The dashed blue line shows the ra-
tio between our best fit model (see fig.
5.7) and the same power law fit with
interstellar absorptioNy = 4.9 x 107
cm 2,

As is seen in fig. 5.8, we also find an Fe-K emission line in oyrvith a strength
comparable to the observations. The combination of paemséiat fits the overall spectral
shape in our model therefore also fits the reflection compoofetihe spectrum. Since this
component depends on details of the interaction betweehdhéyer and the cool disk
under it, this adds some confidence in this part of the physiosir model.

5.4 DISCUSSION

In the paper thus far we have produced spectra of an ion-bahmi@at model with a trun-
cated disk for Low-Hard state accretion, incorporatingecsfally-hardened blackbody com-
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ponent, physical reflection models from the literature arddomte Carlo Comptonization
calculation.

Detailed fits to observations have shown that the model qaodece the observed soft
excess, high-energy spectral index and the approximategtr of the Fe-K line in GX 339-
4. We have also shown that the structure observed in thexsmse in GX 339-4 is consistent
with interstellar absorption features, suggesting thatahsorption column density for this
source might be underestimated.

However, we have also found that further work is necessadetelop the flow model
outlined in Deufel et al. (2002) and DS05. Most significanéyarge viscosity in the hot
regions of the flow (the hot layer and ADAF) is required to ease the accretion rate suf-
ficiently to match observations. This may suggest the prsehstrong ordered magnetic
fields in the inner regions of the accretion flow, which are &lslieved to be associated with
observed jets.

5.4.1 Mass flux in the hot layer

As was discussed in sect. 5.3, the global accretion rateeiprissent model is limited by the
rate at which the hot layer can flow over the cool disk. Theagfdensity and temperature
of the hot layer are in turn narrowly constrained by the ptysif the Coulomb interaction
which allow the layer to form and the energy balance betweand the underlying disk.
There are thus two ways to increase the flow rate in the hot:l&yencreasing the effective
viscosity or providing another mechanism besides viscassghtion to transport angular
momentum.

The interaction between the ion supported ADAF and the lyetrlprovides such a mech-
anism. The ion supported flow is partially suppoted agairetity by gas pressure and ro-
tates slower than Keplerian. The mass condensing from th&FA@h the hot layer thus acts
as a sink of angular momentum, which increases the mass flilneihot layer. This effect
was not included in DSO05 and the calculations above. An eséiraf its importance can be
made by evaluating the angular momentum exchangesteriorifrom the solutions in sect.
3. We find that, for the viscosity parameter= 0.2 assumed for the hot layer, the effect
increases the mass flux by a factor 2—3. The effect is thusfisigmt, but not sufficient to
increase the mass flux by the factors indicated by the cosgrariith observations in sect.
3.

The missing ingredient most likely to lead to the higher nfasses inferred from the
observations may well be a strong magnetic field. Strongretdenagnetic fields in the
inner regions of the flow are implied by the presence of jetpeeially in the hard X-ray
states discussed here. A bundle of strong ordered magreltichield together by a disk
(Bisnovatyi-Kogan & Ruzmaikin 1974) can have field strengtledl @wbove those produced
by magnetorotational turbulence. The angular momenturhage by interaction of such a
bundle with the disk (Stehle & Spruit 2001; Igumenshchel.€2@03; Narayan et al. 2003;
De Villiers et al. 2005) can be much more effective than tlehoe parametrized with a
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viscosity parameten ~ 1. This aspect is beyond the present study, and is a pronfisidg
for further study.

5.4.2  Spectrum of the hot ring

The spectrum from the hot ring in our model is hard to preditheut a more detailed
model. The uncertainty lies chiefly in the distribution anohber of seed photons available
for cooling. The more photon-starved the hot ring is, thehbigits temperature will be,
and (since the evaporation rate into an ADAF scales Wighthe smaller its contribution
to the overall spectrum. The temperature we assumed fordheirtg in practice could
be much lower, which would bring it more in line with obseivat of the high energy
cutoff observed in some spectra (which suggest a maximurpdeature of aboutTe ~ 150
keV). Additionally, the geometric distribution of seed pbies will change the structure of
the Compton spectrum. This is because photons that scatterpoeferentially scatter back
in the direction they were originally travelling, and thesea deficit of photons in the first
scattering hump in the spectrum. This effect is most pronedrin the plane-parallel case
(e.g. Haardt & Maraschi (1991)), but there will also be somis@ropy in the hot ring’s
spectrum if the seed photons are primarily from the disk. \&eehconsidered only seed
photons from the disk, but there may also be photons prodiioadother processes (such
as synchrotron emission) which would allow the hot ring tolenore efficiently and make
the effects of anisotropy less pronounced (since the seadmhwould be travelling through
the hot ring in essentially random directions). Finallythis paper we have neglected the
spectral contribution from the ADAF. Depending on its rdidiaefficiency, its contribution
could also harden the observed high-energy Comptonizedrapeconsiderably.

5.4.3 Comparison with other work

Our model of a disk truncated at 15-&} and surrounding corona is qualitatively very
different from the untruncated disk (witR, ~ 1Rs) models fit by Miller et al. (2006a) and
Miller et al. (2006b), and it is natural to ask how the obsdrseft excess can be so small
when the radiating area is so much larger. The answer liesviaral points. The most
important of these is that the temperature in our disks isiabdactor 2 smaller than is
found by Miller et al. (2006a), so that the flux is intrinsigauch smaller and (even after
the colour-correction is applied) most of the flux is cut offibterstellar absorption. There
is a further reduction from the hot surface layer, which atges about two-thirds of the
photons. Finally, the shape of the upscattered photonsasvirom a power law at low
energies, so that measuring the temperature of the sofsextepends very sensitively on
modelling the Comptonized spectrum correctly.

The effects of irradiation on the measured truncation dave also been studied using a
more phenomenological approach in Gieski et al. (2008), who re-analyzed the data from



Soft X-ray Components in the Hard State of Accreting Black Hole 127

J1817-330 (Rykoff et al. 2007) to demonstrate that irradiatan increase the measured
truncation radius in this source (although they assumeroamsitstress at the inner boundary
of the truncated disk, which we have not done here). In pddicthey note future plans to
test the effects of incomplete thermalization from incideliation (cf. sect. 5.2.4), which
can further increase the truncation radius.

Several well-studied sources show some evidence of dem&ffom a single power law.
Done et al. (2007) notes that spectra from Cyg X-1 have additistructure in their spectra
that can be fit with an additional very soft Comptonizing comgrat, while both the source
GX 339-4 and Cyg X-1 sometimes show an excess of very high gmrgtons compared
to a fit with a single power law, which suggests a second siteCfumptonization that is
naturally explained with this model.

For GX 339-4, Miller et al. (2006b) detected a broad Fe-K liwhich they fitted with
a relativistically broadened profile, implying an untrutezhdisk and a spinning black hole.
However, the observation of a broadened Fe-K line may alsmhsistent with a truncated
disk if the broadening instead comes from an outflow, as has Baggested in Done &
Gierlihski (2006) and Laurent & Titarchuk (2007).

The truncated disk picture of hard states in X-ray binarias teceived support from
analyses of the noise spectrum of the X-ray variability. Ha thodel by Churazov et al.
(2001), for example, the characteristic frequency-d@.01 Hz in Cyg X-1 corresponds to
the viscous frequency~(v; /r) of a geometrically thin accretion flow at a truncation radiu
of about 2Rs. X-ray timing data typically contain several charactéciftequencies, while
theoretical models allow for different mechanisms of Maitity (eg. Giannios & Spruit
(2004)). The model presented here does not contain enouggicgtto make predictions
about the source and nature of X-ray variability. For refeeewe note that, for a truncation
radius at 2@s, the viscous frequencies for our model ar®.8 Hz for the hot layer;w 2 Hz
for the hot ring, and- 50 Hz for the ADAF. 1 Hz is a characteristic frequency ofteserved
in Cyg X-1.

The physics of interaction of an ion-supported flow with aladisk is very well de-
fined. The process produces a hot layer of tightly constdathigkness and temperature.
The physics is detailed enough, for example, to be impleeteimt a numerical hydrody-
namic simulations of the accretion flow. The present modéd &hort of achieving this:
the inner hot ring where the evaporation into the ADAF taklesg, in particular, contains
parametrizations that would need to be improved with a meteailgd (2-D) treatment of
radiative transfer. Thus the model used here has adjuspabbéeneters but compared with
other hot corona models there is a straightforward path tieemigorous calculations.

Note, however, that the likely presence of a strong orderagnatic field in the inner
regions of the accretion (see 4.1 and 4.2 above) adds aulifinysics that is not included
either in existing hot corona models or the present ion ilhation model.
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5.5 CONCLUSIONS

From energetic considerations, the hard spectra obsenvétkilow-hard state of LMXBs
must be produced by hokTe ~ 100 keV) matter in the inner regions surrounding the black
hole. If there is also a much cooler disk present, there weilassarily be some degree of
interaction between the two components, and the disk wildmewhat heated by irradiation
from the hot Comptonizing component. The fits reported in&i#t al. (2006a) and Miller
et al. (2006b) neglect this interaction by fitting the diskldrard component separately. In
this paper we have shown that incorporating the effects isfittteraction heats the inner
regions of a moderately truncated disk so that, when coupiddthe effects of interstellar
absorption, the size of the soft excess matches obsersat@ar work also highlights the
potential pitfalls of using simple power law or analytic Cdimpization fits at low energies,
which can provide significant deviations in the soft X-ragfs)s changing the shape and
intensity of the observed soft excess.

In the case of GX 339-4, our model predicts an Fe-K componkcdmparable strength
to that observed, although we did not do a detailed comparistowever, work by others
has suggested that part of the broadening in the Fe-K lirneatha observed for GX 339-4
can be attributed to a large outflow, and detailed models ef Fleorescence in galactic
black holes show lines that are much broader than is found3N odels (and which are
normally used to fit spectra).

The model we have envisioned presents several opportifétiéurther improvement, in
order to better constrain the introduced fitting parame@endn. The spectrum from the
hot ring and ADAF are particularly uncertain, and dependen& more detailed model for
the radiative transfer through this region, as well as thecwand number of seed photons
(which will set the electron temperature in both regiong)e Thodel’s global accretion rate
(which is limited by the rate at which the hot layer spills ouao the hot ring and then
evaporates into the ADAF) is also very low, although this barincreased if the viscosity in
the warm layer can be increased, perhaps as a result ofiaoditgbugh an ordered magnetic
field.

CD’A acknowledges financial support from the National Scemnand Engineering Re-
search Council of Canada.
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Hoofdstuk 6

Samenvatting

In dit proefschrift gaat het over accretieschijven waardarbinnenste gebieden, rond het
accreterende object, gestoord zijn. Er worden twee vdhlsote oorzaken van storing be-
handeld. In het eerste geval gaat het om dunne schijvenki8&s5unyaev-schijven’) rond
zwarte gaten of neutronensterren, en wel in gevallen waavadenemingen erop lijken te
wijzen dat er een ‘gat’ in zit: alsof de binnengebieden cgltbn. In het tweede geval wordt
het binnengebied onderbroken door een in het accreterdajelet @erankerd sterk magneet-
veld. De fysica in de twee gevallen is verschillend.

6.1 RONTGENDUBBELSTERREN

De Rontgenspectra van accreterende neutronensterren ete gasen komen vaak aardig
overeen met de voorspellingen van het dunne schijfmodeSbakura en Sunyaev. In ieder
geval als de bronnen in hun ‘zachte Réntgentoestand’ zignpgireedt als de helderheid
het hoogst is. De fotonen hebben dan een gemiddelde enengidesorde van een keV.
Bij lagere helderheden, in de ‘harde toestand’ zien de spectheel anders uit, ze zijn dan
gedomineerd door fotonen rond de 100 keV.

Het ‘truncated disk’ model stelt voor dat die hardere fotoonetstaan in een binnenge-
bied rond het zwarte gat, waar de accretie anders verloopindze koele Shakura-Sunyaev
schijf. De temperatuur is er veel hoger, het plasma is dptism. De waargenomen harde
fotonen ontstaan door inverse Comptonstrooiing van zachoaén uit de koele schijf in dit
hete plasma. Op zijn weg naar het zwarte gat maakt het aceme gas dus om een of
andere reden een overgang van keell( keV) naar een heet(100 keV) plasma. In het
‘truncated disk’ model heeft de koele schijf een binnenrapden zekere afstand van het
centrale object.

Dit model is niet het enige, een alternatief is het ‘coronatel. Dit gaat ervan uit dat de
koele schijf wél tot aan het oppervlak van het accreterebgiroblijft bestaan. Aangenomen
wordt dat de harde fotonen geproduceerd worden in een resghplboven het opperviak van
de koele schijf (in analogie met hete corona van de zon). gsnecontroverse tussen deze
twee modellen ontstond door waarneming van een ‘koele caergbin het harde spectrum:
in de harde spactra zit vaak nog een zeker overschot aarefotoat energie- 0.1 — 1 keV.
Dit werd geinterpreteerd als bewijs dat er een koele schife zich tot aan de rand van het
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accreterende object uitstrekt.

In dit proefschrift (hoofdstuk 5) wordt aangetoond dat deaeclusie voorbarig is. In het
truncated disk model is er noodzakelijkerwijs een overggebied waar de het hete plasma
in het binnengebied interageert met de binnenrand van de kohijf. Met een gedetail-
leerd model voor het overgangsgebied kon aangetoond wataedeze wisselwerking de
binnenrand van de schijf verhit tot de temperatuur die négligm de koele component te
verklaren. De 'koele component’ is dus niet een waarnemiagrmee tussen de twee mo-
dellen kan worden onderscheiden. Overigens laat de anailyseofdstuk 5 ook zien dat
een belangrijk deel van de zachte component eigenlijk ¢efaat is van de manier waarop
modellen van de spectra aan de waarnemingen aangepastworde

6.2 ‘MAGNETOSFERISCHE ACCRETIE

De binnenkant van een koele schijf kan ook gestoord worden ldet magneetveld van de
accretor. In veel neutronensterren, witte dwergen en pt@ten worden veldsterkten waar-
genomen die sterk genoeg zijn om in de buurt van de ster hetteqmroces te domineren.
De energiedichtheid in het magneetveld hoger is dan deikaiet energie van de roterende
schijf. De veldsterkte valt snel af met de afstand van de gtafat de invloed ervan zich
slechts tot een eindig gebied rond de ster uitstrekt, de atagfeer. Binnen de magneto-
sfeer volgt het accreterende gas de veldlijnen en rotedrtienster mee, erbuiten heerst een
volgens Kepler roterende schijf. Ertussen is een overggaimed dat zich niet zo eenvoudig
laat beschrijven.

Het kan gebeuren dat het gas van de schijf accreteert op eedistsneller roteert dan
de Keplerrotatie aan de binnenrand van de schijf; de biramehligt dan binnen de zgn.
corotatieradius. Dit leidt tot een conceptueel probleenodrZ het gas de magnetosfeer
binnen dringt, roteert het sneller dan de schijf, en wordémrear buiten geslingerd. Wat
gebeurt er nu als er tegelijk continu gas door de schijf waaditgevoerd?

Een antwoord hierop werd gegeven door Sunyaev en Shaku@v/th (BS76): het gas
hoopt zich op in de schijf. De massa die aangevoerd wordetesnt niet op de ster (voor-
lopig niet in elk geval). Zij noemden dit ‘dead disks’. Waeneich een kritische hoeveel-
heid massa verzameld heeft kan een overgang plaatsvinde®@a accreterende toestand,
waarin de binnenrand van de schijf zover de magnetosfeengtddat de Keplersnelheid
hoger wordt dan de rotatie van de ster. De massaflux op desstanihoog, het reservoir in
de schijf loopt leeg, en er volgt weer een ‘dead disk’ fasd:ifeen proces van cyclische
accretie.

Dit aantrekkelijke beeld heeft tot nu toe weinig invioed gétin de literatuur. In plaats
daarvan overheerst het beeld van de zgn. ‘propellering’ide® dat het gas, dat niet kan
accreteren weggeslingerd wordt, dwz. het systeem moedtearl Hoofdstukken 2-4 volgen
het inzicht van Sunyaev en Shakura, dat propellering in dezaiet nodig is. Daarbij valt
nog op te merken dat het als verklaring van het conceptueldg®em niet eens voldoende is.
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Als het ‘wegslingeren’ namelijk minder dan exact 100% dffffds zou er toch nog massa
door de magnetosfeer moeten accreteren, en blijft het morkelijke conceptuele probleem
net zo onopgelost. Wegslingeren kan in de praktijk best @ddegren, maar staat als proces
nogal los van het eigenlijke magnetosferische accretidgeon.

In hoofdstukken 2-4 van het proefschrift wordt de logica &8776 verder ontwikkeld
met tijdsafhankelijke berekeningen van het magnetosfesisaccretieprobleem. Daarvoor
is een model nodig voor de overgang van de accreterende eadodk’ toestand. Aange-
nomen wordt dat de accretiesnelheid door de magnetosfémdelgk afneemt tot nul als
de binnenrand van de schijf door de corotatieradius naderbtieweegt. Verder is er een
aanname nodig voor het door het magneetveld van de ster aphijfeutgeoefende koppel.
Hiervoor is een soortgelijke overgang geconstrueerd.

Met dit eenvoudige model is het overgangsgebied rond deat@radius voldoende ge-
specificeerd om de evolutie te berekenen van een schijf deenpnagnetosfeer accreteert.
Het stelsel vergelijkingen blijkt mathematisch van hetjvst type te zijn. Een daarvoor
aangepast numeriek schema is in staat de evolutie de sohifl Dp korte als zeer lange
tijdschalen te vervolgen.

De resultaten laten zien hoe accretie op een magnetosfideopeals wegslingeren van
materie verwaarloosd wordt. De door SS76 vermoedde cyeisccretie vindt inderdaad
plaats, de berekeningen laten mooi zien hoe de periode veyctles langer wordt naarmate
de gemiddelde accretiesnelheid afneemt. Het blijkt edffeler naast dit cyclische gedrag
nog een andere mogelijkheid is, die hier ‘trapped disks'dvgenoemd. In deze toestand
blijft ook bij zeer lage accretiesnelheid de binnenrand darschijf dicht bij de corotatiera-
dius hangen. Dit is mogelijk omdat de accretiesnelheid tiebovergangsgebied een sterke
functie is van de afstand tussen corotatieradius en bianenvan de schijf. Welk van de
twee in een bepaald system plaats vindt is niet uit deze beirflen te voorspellen, het
hangt af van de details van de fysica van het overgangsgebied

Met de resultaten worden nieuwe interpretaties van waanganm van magnetosferische
systemen mogelijk, zowel van protostellaire schijven alatBéndubbelsterren.
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