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Young Black Holes Accreting From Fallback Disks

1. INTRODUCTION

Stellar mass black holes (BHs) form in the core collapse cfsiva stars. Some of the ejected
matter may remain bound to the gravitational potential efgiistem and fall back [1, 2]. As the
progenitors of stellar mass BHs are rapidly rotating masstars, the fallback matter may carry
sufficient angular momentum to form a fallback disk [3, 4].

In the “collapsar” model [5, 6] of gamma ray bursts (GRBs)d¢katral engine is a BH rapidly
accreting from a torus formed by fallback matter. After thitef episode of rapid accretion in
which accretion proceeds first via neutrino cooling [7] ahent by photon cooling [8], the mass
flow rateM drops below the Eddington limit and the thin disk regime [@\ails. Finally, wherm
drops below~ 0.01Mgqq, the disk becomes an optically thin advection dominatedegion flow
(ADAF) [10].

During the early accretion processes mass of the disk @scliary rapidly while the angular
momentum of the disk remains nearly constant, increasm@vbrage specific angular momentum
of the disk. The mass leftover from the rapid accretion ejgsand the enhanced specific angular
momentum determine the initial conditions for the thin disgime.

Mineshige et al. [11] studied fallback disks around BHs im$him-disk regime and suggested
that the hyphothetical BH in SN 87A is accreting from such skdiLi [12] suggested that the
ultraluminous X-ray sources (ULXs) associated with supearremnants are BHs accreting from
fallback disks which are descendants of fallback disks oB&R

The detection of a debris disk around a young neutron stgrgkihdled interest in possible
implications of fallback disks[14, 15]. The presence oltfatk disks around such young neutron
stars was suggested by [16] and [17]. In an attempt to adthresdusivity of fallback disks around
neutron stars [18] argued that the rapidly rotating magptere of a neutron star could blow away
the disk and suggested that fallback disks would more likatyive around BHSs.

In the present study the evolution of a viscous thin disk scdbed by its initial masand
angular momentum. The luminosity of a fallback disk aroustetiar mass black hole is calculated
for a reasonable range of initial mass and angular momenliigishown that even at the age of
10* years the disk can be in the thin disk regime.

2. MASSAND ANGULAR MOMENTUM BUDGET OF THE DISK

The progenitors of BHs are massive stars rotating very lapiith a surface speed of
250— 400 km s [19]. The specific angular momentum of matter on the surfage-i 101°gcn?.
The origin of the fallback matter is the inner part of the Isyeutside the collapsing core. The
specific angular momentum of this region should be less thar10'°gcn?.

The angular momentum distribution inside the star is a stilgjedebate but we can estimate
a minimum value for the specific angular momentum of the &lkomatter. A maximally rotating
BH will have an angular momentum Gf,ax= GM?/c = 8.8 x 10°°(M, /10M,)? corresponding to
a specific angular momentum ¢f= 4.4 x 10*%(M, /10M.,) gcn?. It is expected that a newborn
BH is close to this maximal rotation meaning that 10*gcn? is a reasonablaveragespecific
angular momentum for the core. Outermost part of the caltgpsore should have a larger specific
angular momentum than this average value, posgiblyl0'’ — 108gcn?. The inner part of the
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layers outside the collapsing core, the origin of the fallbenatter, should have specific angular
momentum in this range possibly favoring the higher end.

Woosley & Heger [20] calculated the specific angular mommndistribution inside massive
stars just before the supernova explosion. Figure 2 of thaer shows thag ~ 1018 gcn? right
outside the sphere containingMy.

The mass of the fallback matter is not very well determinedHgysimulations but can be
in the wide range of @ — 5M, [5]. After the initial rapid mass accretion stage, the méasthe
matter left can be as small asF0- 1072M.,. The material with the lowest angular momentum
is accreted in the first few seconds while the total angulamerdum of the disk remains almost
constant. WheiM drops to the Eddington limitj can be as high as #ycn?.

3. FORMATION AND EVOLUTION OF THE DISK

The disk can form if the circularization radiégc = j2/G M, of the leftover fallback material
is greater than the innermost circular stable orbit (ISC@ictvis equal to the Schwarzschild radius
Rs = 2GM, /c? for a maximally rotating BH or Bs for a non-rotating BH. The circularization radius

in terms ofRg is
I'_\’circ J 2 M, -2
Rs 250( 1018> 10M, (3.1)

which shows that formation of a disk is highly feasible aglasj > 10" gcn?.
The viscous evolution of a thin disk with keplerian angulefoeity, Qx = /GM/r3, is de-
scribed by the diffusion equation

%33 [0

= 1/2
ot ror dr(er )] (3.2)

whereZ is the surface mass density ands the turbulent viscosity. For a general dependence of
the formv = CrPx9, whereC, p andq are constants, the equation is nonlinear.

Following [21] we calculate the evolution of the disk by emphg the Pringle solutions [22].
As Equation(3.2) is symmetric under— t +to we modified the original solutions by a time shift
so that the solution does not diverge at 0. Of course this does not solve the initial value problem
but pushes the problematic point out of the domain of intee have compared the time-shifted
analytical solution with a numerical solution and foundttttze shifted solution is remarkably
succesful (see [23]). Of course neither the original swigi nor the time-shifted solutions can
accomodate the inner boundary condition, a charactepsticlem of a self-similar solution. Thus
the solution we use is

2z k(1 t ~ s opra r —a1 1 r 2-5b 1/ (3.3)
2o ( t0> <Rout(t)> <Rout(t)>
whereRou(t) = ro(1+t/t)%/(54-2p+4) andk = ((4q72p+4)q(5q72p+4))1/q. The mass flow rate of the
disk declines as Ly
Md = Mo <l—|— t£> (3.4)
0
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Figure 1: The iso-luminosity lines for a range of initial mass and dagmomentum around a BH with
mass 10, at an age of = 10" years (left panel) and at an agetef 10° years (right panel). The horizontal
lines are the specific angular momentum corresponding totie@most stable orbitijsco = +/GMRs¢o, Of

a non-rotating (a=0) and maximally rotating (a=1) BH.

wherea = 19/16 for a disk dominated by electron scattering opacity g e (a —1)Mo/to (see
[21] for detalils).

For a disk of initial mas#p and angular momentuidy the other scale factors can be found
through

2 2
_ (%" (Jo/Mo)
o = <V1> GM. (3.5)
Mo
3o = 3.6
vo = Cr§zg (3.7)
to = 4r§/3vo (3.8)

wherey;, = 3.685x 10~% andy, = 6.263x 104 for electron scattering opacity (see [23] for detail).
Thus, the evolution of the disk is determined given theahithass and angular momentum of the
disk.

4. RESULTS

We have calculated the luminosity of the disk= nMgc? where the efficiency factap ~ 0.1
depends on the spin of the BH. Figure 1 shows the iso-luntintiaies for a range of initial mass,
Mg and specific angular momentujg of the disk.

It is seen that at Y0years the disk can still be in the thin disk regime if the leélomass is
greater than 1M, after the initial brief rapid mass accretion stage. The @skost likely in an
ADAF phase [10] at the age of ¥@ears for most reasonable mass and angular momentum ranges.
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5. DISCUSSION

We presented the evolution of a viscous thin thin disk in seohinitial mass and angular
momentum. We argued that the initial rapid mass accretiagesincreases the average specific
angular momentum of the disk. We have seen that the disk dhbesin the radiatively efficient
thin disk regime if the initial mass of the thin disk aftertial rapid accretion stage is greater than
10* years.

How many BH can we expect to be accreting from a fallback dislour galaxy? If the
supernova rate per galaxy is 100 years then there can be Ab@@xplosions with ages less than
10* years. If only 10 per cent of these supernova explosionsuse&Hs then there could be 10
BH accreting from a fallback disk in our galaxy.

As a final note we would like to stress that fallback disks Wwdlve high abundance of iron
and heavy elements compared to disks in binary systemsnidkes them suitable candidates for
studying the strong gravity effects by measuring the Fe Edin
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