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ABSTRACT

We analyze the temporal evolution of accretion onto rotating black holes subject to large-scale magnetic torques.
Wind torques alone drive a disk toward collapse in a finite time ~tE,/E;, wWhere t; is the initial free-fall time
and E,/E, is the ratio of kinetic energy to poloidal magnetic energy. Additional spin-up torques from a rapidly
rotating black hole can arrest the disk’s inflow. We associate short/long gamma-ray bursts with hyperaccretion/
suspended-accretion onto slowly/rapidly spinning black holes. This model predicts afterglow emission from short

bursts and may be tested by HETE-2.

Subject headings: black hole physics — gamma rays: bursts — gamma rays: theory

1. INTRODUCTION

Active black holes are believed to be surrounded by mag-
netized disks or tori. In particular, such systems are the most
favorable inner engines of cosmological gamma-ray bursts
(GRBs). The BATSE catalog shows a broad, bimodal distribution
of GRB durations (7Ty,) centered on short bursts of ~0.3 s and
long bursts of ~30 s (Kouveliotou et al. 1993; Paciesas et al.
1999). The cosmological origin of GRBs and their rapid vari-
ability indicate an association with stellar-mass progenitors
(Woosley 1993; Paczyriski 1991, 1997, 1998; Fryer, Woosley,
& Hartman 1999). Proposed scenarios include the coalescence
of compact object binaries (Paczyfiski 1991) and the core col-
lapse of massive stars (Woosley 1993). Both scenarios involve
a black hole disk or torus system. This disk will be magnetized
because of seeding from the progenitor’s magnetic flux and disk
dynamo amplification (Narayan, Paczynski, & Piran 1992; Pacz-
yiiski 1997; Brandenburg et al. 1995; Hawley, Gammie, & Bal-
bus 1996; Hawley 2000). Various lines of observational evidence
support the collapsar scenario, at least for long bursts (e.g., van
Putten 2001); here we shall suggest that both short and long
bursts can be explained in a unified model with durations ex-
tended by coupling to a high-spin black hole.

Accretion provides a definite power source for GRBs, but
the black hole’s spin energy, e.g., 2 M(Dc2 for a 7 Mg, black
hole, can be at least as important. Efficient spin energy ex-
traction requires an external magnetic field supported by sur-
rounding matter. Magnetically mediated energy extraction
mechanisms include radiation in DC Alfvén waves (Blandford
& Znajek 1977; Thorne, Price, & Macdonald 1986, p. 145; see
also, e.g., Lee, Wijers, & Brown 2000; Beskin & Kuznetsova
2000; Krolik 2001) or, as a potential source of intermittency,
superradiant scattering of fast magnetosonic waves (Uchida
1997a, 1997b; van Puiten 1999).

The evolution of the disk or torus surrounding a black hole
depends crucially on magnetic torques. Negative torques are
expected from magnetic winds, which can dramatically stim-
ulate accretion rates (e.g., Blandford & Payne 1982; Lee &
Kim 2000). Positive torques T = —J, may derive from cou-
pling to the black hole’s angular momentum J;,; by equivalence
in poloidal topology to pulsar magnetospheres (van Putten
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1999; Brown, Bethe, & Lee 2001) and may be key to driving
hypernovae (Brown et al. 2000). The disk may also redistribute
its mass and angular momentum via internal, turbulent, mag-
netic, and Reynolds stresses (Balbus & Hawley 1998). The
relative contributions from external (wind/black hole) stresses
versus internal stresses is presently unknown and may depend
crucially on the net poloidal flux introduced to the disk (see,
e.g., Matsumoto 1999).

In this work, we focus on the duration of magnetized ac-
cretion regulated by external torques. We show that wind
torques alone drive the disk to a finite-time collapse singularity.
The additional positive torque from the black hole, when its
angular velocity exceeds a critical value, may arrest accretion
onto the black hole for the duration of its spin-down lifetime.
This introduces two cases: a short-lived state of “hyperaccre-
tion” for low-spin black holes and a long-lived state of “sus-
pended accretion” for high-spin black holes. The respective
timescales are consistent with the bimodal distribution in GRB
durations for plausible values of two presently uncertain ratios:
the kinetic—to—poloidal magnetic energy ratio in the disk and
the black hole—to—disk mass ratio. Numerical simulations that
will soon be within reach may establish the likely ranges of
these ratios.

Previously, bimodality in GRB durations has been attributed
to, e.g., hydrodynamic timescales in Newtonian versus relativ-
istic reverse shocks in shells decelerating in the interstellar me-
dium (Sari & Piran 1995) or to the formation of millisecond
pulsars spinning above or below a gravitationally unstable limit
(Yi & Blackman 1998). Previous studies of Poynting-dominated
winds in GRBs have focused on plasma processes and possible
connections to gamma-ray emission (e.g., Usov- 1992, 1994,
Mészéros & Rees 1997; Blackman & Yi 1998; Lyutikov &
Blackman 2001).

2. ORBITAL EVOLUTION OF ROTATING, MAGNETIZED RINGS
SUBJECT TO WIND TORQUES

Magnetic disk winds transport angular momentum by Rey-
nolds and Maxwell stresses, which, for outgoing (ingoing)
flows, have the same (opposite) sign. A force-free limit is de-
fined by neglecting Reynolds stresses. Applied to outgoing






