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ABSTRACT

The galactic microquasar GRS194505 has been in a continuous state of outburst since
1992, over 20 times longer than any other black hole X-ragdient. Assuming that the
outburstis powered via accretion of an irradiated gaseisgs\we calculate how the predicted
outburst duration varies according to the efficiency of #l&isradiation mechanism. At least
one current model leads to the conclusion that the end ofuti®icst is imminent. The timing

of the decline of GRS1915105, whenever it arrives, will be an excellent discrimimaib

the self-irradiation mechanism in X-ray transients, alloyws to infer the fraction of the disc
that is heated by the incident X-rays and the magnitude ofrthss loss rate in the form of a
wind.
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1 INTRODUCTION (2004) made a simple estimate for the outburst duration geh0s,

. . . based on an outer disc radifisc ~ 10'%cm. Clearly, this dura-
The galagtlc microquasar G.RSl;ELE:S (V1.4 87 Aq.l) Iay. gndls- tion has been exceeded and this is the motivation for uridega
covered in quiescence until 1992, when it was identified as an

. . : more detailed calculation. We begin by considering the maxn
extremely bright X-ray transieni_(Castro-Tirado, Brandt &ndt . . gin by ) 9
. < - available disc mass. The outburst duration will be given by
1992). The outburst that started in that year has continoed t

the present day, with no sign of an imminent decline. The bi- _ Maisc
nary comprises a4 + 4.4 M black hole accreting from a com- ™™ = (p7,. )’

panion of about a solar mass_(Harlaftis & Greiher 2004), and r . . . -
mains the brightest accreting black hole in the galaxy, dpen where Mg;sc is the mass of the accretion disc at the beginning of
ing much of its time at a super-Eddington X-ray luminosity the outburst. We assume that the mass transfer rate fromﬂtgd
(Done. Wardzinski & Gierlinski 2004). s_tar,—Mz, remains constant t_hroughout the outburst an_d consider a
time-averaged central accretion rate onto the black Kalg,) and

The unusually long outburst is over 20 times longer than any r d wind | . The ti d
other black hole X-ray transient outburst. The duratiornnkdd to a time-averaged wind mass 10Ss réMY”i“d)' € ime-average
rate of mass loss from the accretion disc is then

the size of the accretion disc, which is very large: GRS 491H

@)

hgs an extremely Ipng orbital period of 33.5 days, and as ﬂ}mh (Maise) = (M) + (Myina) — Mo. )
disc will have a radius of sever#'? cm. However, the reservoir of

mass in the disc that is available to fuel an outburst is fiitel in GRS1915-105 spends much of its time radiating with a super-
this work we use a simple calculation to show how long the st Eddington luminosity L(Done, Wardzinski & Gierlinski_200430

is likely to continue if the current mean accretion rate isntsned. we infer that the mass accretion rate is consistently vegi.hhs-

We present this calculation in Sections 2 and 3 below. IniGest ~ suming a distancé = 12.5 kpc (Greiner, Cuby & McCaughrean

4 and 5, we discuss the implications for our understandingnef ~ (2001), see the discussion in Section 4), the mean luminosit

accretion process in X-ray transients. is close to Eddington_(Done, Wardzinski & Gierliriski_2004g+
ure 5), implying a mass accretion rate at the black hole oérord
Mgaq ~ 2 x 10*° gs~1. This is much larger than the estimate for
the mass transfer rate from the companion, even taking autount

2 FUELLING THE OUTBURST its evolved nature. We use the formula for mass transfeedriy
Assuming that the outburst of GRS194505 is fuelled by the ac- nuclear evolution given in equation 6 lof King el al. (1997hieh
cretion of gas contained in a disc, an absolute upper limitHe for the parameters of GRS191305 and a core mass 0f28 Mg
outburst duration can be found by considering the time taser- (Vilhu 2002) gives—Mz =~ 107 Moyr ™" = 6.3 x 10" gs™".

crete the entire reservoir of maks. Done. Wardzinski & @Giski We now wish to estimate the mass of the disc at the start of the

outburst. Ideally, this would be determined from the daratf an
interval of quiescence, but this is not possible with GRS}9105.
* m.r.truss@durham.ac.uk Only one outburst has ever been observed - the current ong - an
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the quiescent interval for such a large disc is likely to hetages.
Therefore, we must assume an appropriate surface densiilepr
for the disc,X(R), at the onset of an outburst.
The mass of the disc is given by
Rdisc
Maise :/ 2rRY(R)dR, 3)
0
and we assume that the surface density at all radii in theiglisc

equal to the critical surface density required to triggeoatburst
via the thermal-viscous instability:

¥ = Simax = 1140 "% My 0% Ry 4

(Cannizzo, Shafter & Wheeler 1988), whelg, is the radius in
units of 10'° cm. We take the massés; = 14 Mg, My = 1 Mg
and a cool state viscosity. = 0.02. We discuss the effects of tak-
ing different values for these parameters in Section 4 ghating
equatior B, we are left with

) ~086 (M, -0.35 08
14 disc,12

where the radius is now scaled to unitsléf? cm.

It is not immediately clear how to make a secure estimate for
the maximum outer radius of the disc in quiescence. The maxim
possible streamline radius in the three-body model of Hekiy
(1977) is aboub.5a. For Py, = 33.5d andM; + My = 15 Mg,
the binary separation = 7.5 x 10'2 cm so this estimate for the
radius giveRaisc ~ 3.7 X 10'? cm. However, this is likely to be an
overestimate. Taking a cue from low mass ratio cataclysmic v
ables, the radius of the disc in quiescence is always mustthes
the maximum streamline radius, only approaching it as the ef-
pands in the hot, highly eccentric outburst state. A moréstéa
estimate for the disc radius in a quiescent X-ray transegiven
byiShahbaz. Charles & King (1998), who use angular momentum
conservation arguments to show that in the case of negdigibt
cretion onto the primarnRaisc = 1.36 Reirc. An expression for the
circularisation radius.ic is given by

Rcirc
a

Qc

0.02

Moo = 3.4 x 10% < g (5)

= 0.0859¢ %6 (6)
(Hessman & Hopp 1990), which is accurate icd5 < ¢ < 1. For

q = ﬁ we haveRc,. = 0.26a, giving us the refined estimate
Raisc = 2.7 x 10" cm.

For Raisc1i2 = 2.7, equation[b gives an estimate for the
disc massMyise = 7.0 x 10%° g. It follows from equationgdl
and2 that the time taken to accrete the entire disc is in fect e
tremely long:tmax ~ 1150 years if there is no mass loss due to
a wind. The huge discrepancy between this estimate andrhat i
Done, Wardzinski & Gierlinskil(2004) is due to differencesaur
estimates 0fRq;sc and Mgisc. Clearly, the outburst duration is sen-
sitive to Raisc and the initial surface density profil(R): in the
simple model described above, the disc mass scald®}ds. In
the next section, we make a more detailed estimate of thensitb
duration by considering a more realistic surface densitfilerand
estimating the fraction of the total disc mass that is alsgléo be
accreted onto the black hole.

3 OUTBURST DURATION

The simple calculation described above makes two impogdant
sumptions. The first assumption is that the surface densiffjigp
follows X(R) = Ymax at all radii at the onset of the outburst. This

is not physically realistic, as the only requirement togggan out-
burst is that>(R) > Ymax at a single radius. The second is that
the entire disc mass is consumed in an outburst.

We begin by addressing the problem of the surface density
profile at the onset of an outburst. Detailed models of owstbur
cycles in X-ray transients (Dubus, Hameury & L alota 200bpsh
that the surface density crosses thg.x threshold in thein-
ner region of the disc. Indeed, the model presented in Figure 15
of IDubus, Hameury & Lasdta (2001) shows thafollows ., ax
closely only in the inner 10 - 15 % of the disc and flattens off
somewhat at larger radii. If the surface density profile @ tsc
in GRS1915-105 follows a similar structure, we calculate the to-
tal disc mass to be much smaller than the value given in Sectio
2 above. Very simply, assuming that = 3.« for 0 < R <
0.1R4isc andYX = Ypax(R = 0.1Raisc) for 0.1Rgisc < R <
Raisc, we have

Maise = M(R < 0-1Rdisc) + M(R > 0-1Rdisc)~ (7)

In practise, the first term is negligible, and to a very googreagpi-
mation

Raisc
Maise =
0.1Rgjsc

or

27TR2max(0~1Rdisc)dR7 (8)

Q¢

—0.86 /My O
002) ( 14 ) Rdle,lQ ( )

Note that the coefficient in equatih 9 is specific to this eyst
because it assumes a value ;<. that depends on the binary
parameters. WittRgisc,12 = 2.7, o = 0.02 and M; = 14, this
gives Myise = 9.5 x 1028 g, reducing the maximum outburst time
to about 160 years (again assuming zero mass loss in a wind).
However, this is the maximum mass of the cold disc at the
start of the outburst, but in an accretion disc as large asrtkean
GRS1915-105, a significant fraction of the outer parts of the disc
may be too cool to support an outburst at bll (Hameury & [ asota
2005). The only way that a significant fraction of such a large
disc can remain in the hot, ionised state is by self-irréoinat
Heating by incident X-ray radiation produced near the aocre
(or scattering of some small fraction of the radiation baokd
onto the disc by some form of corona) prevents the disc from
switching back into the cool state, so prolonging the owgbur
(Dubus, Hameury & Lasata 2001). The radius of influence of the
incident X-rays,Ri.. is usually estimated by matching the irradia-
tion temperature to the hydrogen ionization temperatuch soat

Maiee = 1.3 x 102 (

. Lx _ enM02
drocR2.~ 4moR2

where the constant of proportionalitydepends on the geometry of
the disc, the nature of the illuminating X-ray source andXhay
albedo of the gas. We will refer toas theirradiation efficiencyto
distinguish it from theaccretion efficiencyn. This notation differs
slightly from that used by Dubus, Hameury & L asata (2001)pwh
useC for the irradiation efficiency._King, Kolb & Burder| (1996)
andiKing (2000) have pointed out that the Eddington limitdor
cretion imposes a limit ork;,., leading to the conclusion that sys-
tems with orbital periods longer than about 2 days must be tra
sient, because at these peridéls, can never be larger thaRisc,
even for accretion beyond the Eddington limit. The paransatsed
in this model give

T =Ti = (10)

1

l .=
Rir = 2.3 x 10" < )2 MZ cm (11)

/a
0.1



Rir x 1012cm e x 1073 M x 1028 g o (yr)  tywind (y1)
0.5 0.17 0.29 4.7 2.3
1.0 0.69 1.3 21 10
15 1.6 2.9 47 23
2.0 2.8 5.2 85 42
2.5 4.3 8.2 130 66
2.7 5.1 9.5 160 76

Table 1. Predicted maximum outburst durations for various irraatietac-
tions of the accretion disc. The calculation of the avadabisc mass is
described in Section 3 and the durations assume that aleahttss inside
R, is accreted during the outburst. The irradiation efficiengyis cal-
culated from equatiof13. Columns 4 and 5 give the predictagimum
duration assumingMinq) = 0 and2 x 1019 gs—! respectively.

(King & Ritted[1998{ Truss & Wyrlii 2004), wher®/ys is the cen-
tral accretion rate in units of0'®gs™'. For accretion at the Ed-
dington limit, with efficiencyn = 0.1, this predicts

Rpaqa ~ 10*2 cm. (12)

Other models - with an equally sound observational foot-
ing - predict a more efficient irradiating flux than the one
assumed byl King & Ritter [(1998)L_Dubus el al.__(1999) and
Dubus, Hameury & | asdta (2001) use a constant of propoftiona
ity that is typically about seven times larger in equafiohiich
leads to an estimate faRgqq more than twice as large. Indeed,
the alternative spherical inner X-ray source geometry icensd
by IKing & Rittel (1998) also leads to a larger estimate fqq.

If we make no assumptions about the irradiation efficieney/can
write the more general expression

€ % n %M%
1043) (()._1) 1s CHll-
We will return to this point in more detail in Section 4, but fo
the time being we use equatidnd 11 12 as our example,deecau
they give the smallest value &rqq and hence leads to the shortest
possible predicted outburst duration.

Since the mean source luminosity of GRS19185 is ob-
served to be around EddingtoRgqq represents the maximum
radius of the hot, outburst region of the disc. The remairafer
the disc outside this point stays too cool to participateriroat-
burst, so the fraction of total disc mass accreted is muchthemn
unity for a large discl(Shahbaz, Charles & Kihg 1998). Adding
this piece of information to the more realistic estimatehsf sur-
face density profile allows us to calculate the maximum avail
able mass of gas for the outburst. Repeating the calculakien
scribed above, but now using a maximum radiu¢@f cm gives
Muax = 1.2x10% g. Thisis simply the disc mass insidé'? cm.

If the mean accretion rate continues at its current valuacdwis
approximately2 x 10'% gs™') and 100% of the mass originally
inside R = 102 cm is accreted, we expect the outburst to last ap-
proximately 20 years if there is no mass lost in the form oft@je

a wind.

However, there is considerable evidence for mass losssn thi
system via a wind. Relativistic velocities which might bepep
priate for a jet mean that its mass loss rate can be small aethpa
to the mass accretion rate, even if it makes a significantribont
tion to the energy budgel_(Nayakshin, Rappaport & Melia 2000
The same isot true for a much slower outflow such as a wind.
Numerical simulations bl Proga & Kallmah (2002) show that ac
cretion in Galactic binary systems with high Eddington fiarcs

Rir = 2.7 x 10" ( (13)
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can power a strong disc wind. These are driven by radiaties-pr
sure on the electrons as opposed to line driven as the nilateria
so highly ionised it has little absorption opacity. At Edgtion, the
mass loss rate in this wind should be comparable to the mass ac
cretion rate |[(Proga & Kallmah 2002), and there is obseraatio
evidence for such high mass loss rates in GRS391% from
detection of blueshifted, extremely ionised X-ray absormptines
(Lee et al[ 2002). If approximately/qq is being lost to the wind,
then the outburst timescales need to be halved. Table 1 sthews
predicted maximum outburst durations for a range of irtadialisc
fractions, with and without a significant wind mass loss.rdfe in-
terpret these two durations (no wind and an Eddington-rae v
as reasonable upper and lower limit estimates for the osithiore-
scales for each given irradiated fraction of disc. If an BEdthn
wind loss rate is taken into account, we can see immedidtealy t
since the outburst has already progressed for at least 18, yb&s
supports the assertion madelby King & Ritler (1998) that toeem
appropriate source geometry for a black hole system in ositli

in fact that of a central point source, leading to slightlsosger
irradiation and a hot area of disc beyoh@!'? cm. Furthermore, it
is clear that forRyr < 1.5 x 10'2 ¢m, the total mass of irradiated
gas will be consumed in the next few years and we would expect
the outburst to terminate.

4 DISCUSSION

We have shown that the total mass of the accretion disc in
GRS1915-105 just before the onset of an outburst is of order
~ 10%° g. At the current mean mass accretion rate, inferred for an
accretion efficiency; ~ 0.1, this is enough to power the outburst
for 160 years. However, given the large scale of the disc,ure s
mise that a large fraction of the outer regions will remamdool to
sustain an outburst. Thus even the mass added to the outeoédg
the disc from the companion star cannot replenish the heridisc
region. Instead, it is stalled at larger radii where it doespartic-
ipate in the outburst. In this scenario, equafibn 2 only lves the
mass accretion rate and the wind loss rate. This is imporemnt
cause the outburst time-scale is not affected by unceigaiit the
mass transfer rate, which is extremely sensitive to the rsizoy
core mass.(King et &l. 1997; Ritter 1999).

In fact, the values in Table 1 are calculated includiafyl, =
108 Mgpyr~! in equatior R, but since- M, << M, this is no
different from the case-M, = 0. If —M> is higher than our es-
timate, either due to uncertainties in the evolutionaryestd the
system or due to an irradiation-induced burst of mass-feaf®m
the companion star, the outburst still cannot be prolongerhibse
the additional mass remains in the cool outer disc. We can est
mate the required-M, at which this assumption breaks down.
Dubus, Hameury & L asdta (2001) give an expression for thesmas
transfer rate required to trigger a heating wave at the adge of
the disc:

. 0.2 / M\ %0
M =3.3x10"§05 (2 b
x (0.02) 7

T 2.6 1
(2000 K) Rdiso,ll gs (14)

where § is a parameter with typical valué.05 — 0.1. So, for
GRS1915-105 at Rgisc,11 = 27, 6 = 0.1 and7. = 1000K,
we have a required mass transfer rafe= 1.5 x 10%° gs—*
2 x 107*Mgpyr~". While this is below the rate required to make
the source persistent, it is still more than two orders of mtage

~
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larger than would be expected from standard theories ofypma-
lution.

It is instructive to quantify the potential effect on our @a
lations of uncertainties in the accretion process itsetf anthe
observed parameters of GRS194H5. Taking the simplest case
where Mying = 0 and—M- = 0, we see from equatiofd 1 afb 2
thattmax o< Maiee/ M, . Using equationgl9 affidi0, we find that

(15)

allowing us to immediately identify the relative importanaf un-
certainties in the different parameters. It is surprisifd@t never-
theless a very desirable aspect of the model - that neitleeluth
minosity nor the inferred accretion rate enter this rela@ball. A
lower accretion rate leads to a lowss,, and a smaller available
mass of hot gas. This means that the effect that any uncéetain

the distance have on the outburst time-scale is weakendedctn

in our simple model for the surface density of the disc, wtbkee
profile is flat at most radii, we find in equati@h 9 that the mass

1

—0.35 _—0.86
tmax o< My Qg ne,

scales ask?. In this case, sincéri: o L2, the accretion rate
doesn't appear in equati@nl15. This is very important, beeanl-
servational uncertainties in the distance - here weiusel2.5kpc
after|Mirabel & Rodmuer (1994) but a more recent work using
proper motions of jet components places the source abkpt
closer (Miller-Jones et &l. 2005) - do not make any diffeesatall

to the predicted outburst duration.

approximately 20 years assuming no wind loss. More effidiest
diating geometries mean that more of the disc can be illuratha
so increasing the mass available to power the outburst arzblits
duration.

The only uncertainty not present in equatioh 15 is the magni-
tude of the mass loss in a wind, and we can see immediately from
Table 1 that there is a factor of two difference in outburgation
between the case of zero and Eddington wind losses. Theveloser
wind loss rate is substantial (Lee etlal. 2002), but this ddpeon
the (unknown) opening angle of the wind. Numerical simolagi
suggest that this should be fairly lar@ie (Proga & Kallrnanz)0h
which case the inferred mass loss rates are comparabledodhe
tion rates required to sustain the outburst. In this caserdbervoir
of available disc mass will last only half as long as expedtech
accretion alone.

5 CONCLUSIONS

We have calculated upper and lower limits for the outburseti
scale of GRS1915105 for different values of the irradiation ef-
ficiency (i.e. different irradiation geometries). Thesmits corre-
spond to zero and Eddington wind mass loss rates respgciied
time scales in Table 1 are computed for reasonable valudack b

The black hole mass enters equafigh 15 rather weakly, though hole mass, disc viscosity and accretion efficiency. Theiteins

the observational uncertainties in this quantity are lat§ahe
system is aligned with the jet, Harlaftis & Greiner (2004atet
that M1y = 14 £+ 4.4My for a jet inclinationi = 66 £ 2°
(Eender et al._1999). If the jets are misaligned with the @lah
the disc and are precessing, the range of possible massesswid
Harlaftis & Greinelr (2004) consider a system inclinatiofsef by

of our results to uncertainties in these properties areudsad in
Section 4, in particular equatifnll15s.

The crucial factor that remains to be discovered is how effi-
cient the irradiation actually is. It is clear that the masddet for
GRS1915-105 already seems very tight given all the competing
factors. We are faced with the very interesting possibiligt the

10° to the jets. At the extremes of this range, the mass could be outburst will come to an end in the next few years. If the orgbu

anything from11.6 + 3.3 Mg to 16.9 &+ 5.9 M. Over the entire
range of possible mass&8d1, < M; < 23Mg, our predicted
outburst duration only changes by a maximum of 21%.

The quiescent viscosityy. is a much more significant un-
certainty. While the origin of viscous shear is well-undeosl
for hot, ionized gases in terms of the magneto-rotationaiain
bility, our understanding of viscous processes in a coolitraé
gas is very limited. Therefore, an appropriate valuedpiis hard
to estimate. Our choice af. = 0.02 is well-motivated by the
disc instability model and observations of quiescent irasr in
dwarf novae, although rather different values have beegesigd.
Meyer-Hofmeister & Mever (2001) argue that = 0.05 based on
a study of the quiescent intervals of shorter period X-raggrents.
This woulddecreaseur predicted time scales in Table 1 by a factor
of two. Similarly, the accretion efficienaycould be higher than 0.1
given that the black hole is spinning. A higher efficiency neethat
a smaller accretion rate is required to power the same Iusitino
and would result in a longer outburst.= 0.1 is appropriate for a
black hole spiru ~ 0.7; ata = 0.9, n ~ 0.15 is more appropriate,
leading to an outburst duration 50% longer.

continues for substantially longer then we would have tcchaie
that there are additional factors at work.

The outer disc is the only feasible additional mass source in
the system, and one way to tap this is via the wind. Scatténing
this material can enhance the illumination of the outer ,dise
there is observational evidence for this effect inferrearfra de-
tailed consideration of the outburst characteristics oftrom stars
and black holes (Dubus eflal. 1999). Indeed, scatteringi®kthd
may be the only way to irradiate the disc at all: many simatzi
of discs irradiated by a central source show that the diséspuf
up and self-shields itself from the X-rays (Cannizzo, Chehido
199%; Dubus et al. 1999), in contradiction with observatishow-
ing conclusively that discs in these systeansirradiated.

The fraction of X-rays scattered onto the dSc~ 7../2,
wherer., is the electron scattering optical depth &n¢lr is the
solid angle subtended by the material. The wind simulatiohs
Proga & Kallmah|(2002) sho&/27 ~ 0.3 — 0.5, while the col-
umn density measured in the ionised absorber in GRS$205
implies r.s ~ 0.01 (similar optical depths are inferred for the ac-
cretion disc coronal sources) i@.~ 5 x 1073, If we assume that

The key parameter in determining the size of the mass reser-all of this X-ray flux incident on the disc goes into heating tfas,

voir to power the outburst is the irradiation efficieney,Of the
disc irradiation models considered, the smallest fractibinradi-
ated disc is predicted by the inner disc source geometryrithesc
inKing & Rittell (1998). Here, even for accretion at the Edon
limit, only the parts of the disc insid® = 10'2 cm are illumi-
nated by the incident X-rays. Defining this region as the qalst
of the disc capable of supporting an outburst, we calculseits
mass, of orders 1028 g, is only sufficient to power an outburst for

thenC' ~ ¢, giving a heated disc radius 2 x 10*? cm. However, if
only a fraction of the incident X-rays heat the gas, we wouloket
€ and R;,, to be smaller.

The presence of the wind can give rise to a interesting feed-
back. A high accretion rate can lead to a strong wind that neay b
associated with more efficient irradiation. This will leactfurther
increase in the central accretion rate. However, this dagordinue
unchecked, because too strong a wind will deplete the mab®in



inner disc region, and the accretion rate will fall. We wixpéore
these ideas in a later paper.

Our calculation can be applied to the outbursts of shorter pe
riod X-ray transients. In many ways these are far simplerabse
we would expect the whole disc to become irradiated andgparti
pate in the outburst. For example, taking the parametergedilack
hole systems A0620-003 and GS2000+25, which both haveabrbit
periods around 8 hours, we find that the total mass consunred du
ing each outburst is about 55-70% of the calculated initiltdisc
mass. This assumes= 0.1, zero wind mass loss and an exponen-
tial decay in central accretion rate calculated from tha daten in
Chen, Shrader & Liviol(1997). However, we should point owttth
we do not expect this simple approach to work in all casesevithi
general itis true that longer period systems tend to radiate en-
ergy (and thereby have a higher inferred accretion rati) jgmot
always the case. For example, Agl X-1, with an orbital peiadd
about 19 hours, does not undergo rare long outbursts, ludre
very short ones.

It is clear that there is still much to be learnt about acoreti
disc structure and how it is affected by irradiation in X-tagn-
sients: for example, can the disc be directly illuminatecua the
X-rays scattered down onto the disc? How efficient is thedifra
ating flux? If the current outburst of GRS194505 goes on and
on, the conclusion that a large fraction of the disc is itaseti is
inescapable. Since GRS194505 has the longest orbital period
of any known transient (by some distance) and hence thestrge
disc, we may be faced with the possibility thet discs in X-ray
transients can be fully, or almost fully, irradiated. Theatary of
this is that should the outburst terminate in the next fewsese
will have the exciting opportunity to determine the fraatiof the
disc that was irradiated and learn much about the efficiefityeo
process and the importance of mass loss in a wind.
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