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Detecting Energy Emissions
from a Rotating Black Hole

Maurice H. P. M. van Putten™ and Amir Levinson?

The rotational energy of a black hole surrounded by a torus is released through
several channels. We have determined that a minor fraction of the energy is
released in baryon-poor outflows from a differentially rotating open magnetic
flux tube, and a major fraction of about n/2 is released in gravitational radiation
by the torus with angular velocity n ~ 0.2 to 0.5 relative to that of the black
hole. We associate the energy emitted in baryon-poor outflows with gamma-
ray bursts. The remaining fraction is released in torus winds, thermal emissions,
and (conceivably) megaelectron-volt neutrino emissions. The emitted gravi-
tational radiation can be detected by gravitational wave experiments and
provides a method for identifying Kerr black holes in the Universe.

Gravitation is a universal force in nature, and it
ultimately leads to black holes as fundamental
objects. Supermassive black holes are believed
to form the nuclei of galaxies (/), and stellar-
mass black hole candidates are found in soft
x-ray transients (2) and galactic microquasars
(3). Rotating black holes, discovered by Kerr as
exact solutions to general relativity (4), are of
great astrophysical interest because their emis-
sions provide a method for identifying and
studying black holes. Kerr black holes build up
angular momentum, and this energy can be
emitted in accord with the Rayleigh criterion
and the first law of thermodynamics. Spontane-
ous emissions in vacuo are suppressed by ca-
nonical angular momentum barriers (5), but
Kerr black holes—surrounded by a torus mag-
netosphere supported by surrounding matter—
do not behave in this way. Frame-dragging on
magnetic flux tubes introduces potential drops
by Faraday induction, which, in the limit of
superstrong magnetic fields, may suppress
these barriers to allow spontaneous emission of
electrons and positrons at gamma-ray burst lu-
minosities, with an associated electromagnetic
radiation (6).

A Kerr space-time has three properties: (i)
Its horizon surface is compact, like those of
nonrotating Schwarzschild black holes. The ra-
dius of this surface is proportional to the mass
of the object. It causally separates the interior of
the black hole from its surrounding environ-
ment. (ii) It exhibits frame-dragging, a general
relativistic effect that causes physical objects to
be dragged into orbital motion with respect to
distant stars by the black hole rotation (7). (iii)
It has a compact reservoir of rotational energy,
which can be parameterized as E,, = 2M
sin?(\/4) in terms of sin A = a/M, the ratio of
specific angular momentum a=J,/Mto the
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black hole mass M. A maximally rotating black
hole thus stores about half of its rotational
energy in the top 10% of its angular velocity
Q,, = tan(\/2)/2M. Here, we describe a strate-
gy to identify Kerr black holes from emissions
in the electromagnetic and gravitational wave
spectrum. Black hole emissions will be pro-
cessed simultaneously along the axis of rotation
and through the surrounding matter. Kerr black
holes, therefore, can be identified from addi-
tional fractions of rotational energy emitted into
these two channels and their compactness be-
yond the neutron star limit.

We consider a system consisting of a Kerr
black hole surrounded by a magnetized torus
(Figs. 1 and 2). It exhibits a topology similar to
a pulsar magnetosphere, with a coaxial struc-
ture of open magnetic flux tubes. The inner flux
tube extends from the horizon of the black hole
(with ingoing radiative boundary conditions) to

Fig. 1. Artist's impres-
sion of a black hole-
torus system in a state
of suspended accretion.
The black hole supports
an open magnetic flux
tube (red) by a magnetic
moment pg, ~ aBJ, in
equilibrium with the sur-
rounding torus magne-
tosphere. It forms an ar-
tery for the spin energy
of the black hole, pro-
ducing baryon-poor out-
flows as input to GRBs
by dissipation due to
differential frame-drag-
ging. The torus forms a
catalytic converter of
black hole spin energy
by equivalence in poloi-
dal topology to pulsar
magnetospheres  (blue
magnetic field-lines on

infinity (with outgoing radiative boundary con-
ditions). It thereby satisfies slip boundary con-
ditions on the horizon and at infinity. The outer
flux tube is anchored to the torus and corotates
with it. A black hole surrounded by a magne-
tized torus assumes a lowest energy state with a
magnetic moment given by

by = aBpJH (1)

(8), where B, denotes the mean of the poloi-
dal magnetic field in the surrounding torus
magnetosphere. This magnetic moment cor-
responds to the Wald equilibrium charge g
(9) and is a consequence of the no-hair the-
orem (8, 10, 11); the torus has a charge of
opposite sign by equivalence to pulsars (/2).
Equation 1 holds in the force-free limit (/3,
14), so that the black hole maintains a max-
imal and uniform magnetic flux at the hori-
zon at arbitrary rotation rates.

The open flux tube supported by w§, of
Eq. 1 may serve as an artery for black hole
spin energy in a manner somewhat analogous
to the Penrose process. Indeed, it has been
shown (/5) that the total specific energy of
magnetohydrodynamic inflow becomes neg-
ative when certain conditions are satisfied—
in particular when 0 < Q. < Q,, (where (0,
is the angular velocity of magnetic field lines
threading the horizon)—thereby giving rise
to an outward flow of energy. The mecha-
nism that creates the open coaxial flux tube is
not understood. It could be due to a fast
magnetosonic wave in the surrounding torus
magnetosphere, perhaps initiated by superra-
diance (/6), thereby accompanied by an outer
flux tube supported by the inner face of the
torus with magnetic flux of equal magnitude

the inner face of the torus). In a state of suspended accretion, the torus reradiates this input into
various channels, including gravitational radiation, Poynting flux—dominated winds (red magnetic
field-lines on the other face of the torus), thermal emissions, and (conceivably) neutrino emissions.
The gravitational radiation is emitted by a quadrupole moment in the torus as a result of a mass
inhomogeneity of about 0.15% relative to the mass of the black hole (30).
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and opposite sign. We emphasize that the
formation of the coaxial flux tube structure
envisioned here involves processes different
from dragging of magnetic field lines by
magnetohydrodynamical wind ejecta. In
terms of a vector potential 4, the flux in the
inner tube is +2mA,, and the flux in the outer
tube is —2mA4,,.

The charge density p, exhibits a polarization
cone (in poloidal cross section) about the torus
similar to that in pulsars (/7) and a bifurcation
in the charge density along the inner flux tube.
The charge density about the axis of rotation of
the black hole satisfies p, = —(Q) + B)B/2,
where () now denotes the angular velocity of
the flux tube, which may vary along the axis of
rotation, and B is the frame-dragging angular
velocity (/). A sign change from positive (in a
lower section attached to the black hole) to
negative (in the semi-infinite section above)
occurs at some height above the black hole
when 0 < ) < ). This permits a continuous
flow of electric current along the open flux tube
from infinity into the black hole, with outflow
of excess negative charges to infinity and in-
flow of excess positive charges into the black
hole. Beyond the critical points of the inflow
and outflow, the four-current (a contravariant
tensor j of electric current) becomes asymptot-
ically null (2 = 0), consistent with a wave
impedance of an open wave guide. For a net
magnetic flux of 274 & it can be shown formal-
ly that in the small-angle approximation the
lower section of the inner tube carries a current
I, ~ —Q, - Q,)4, into the horizon (18),

Fig. 2. (A) The B topology of the magnetic field
in poloidal cross section of a black hole-torus
system. The torus is endowed with a magnetic
moment density ;. The inner and outer face of
the torus each support a torus magnetosphere
that is equivalent to that of a pulsar, wherein
the horizon of the black hole is identified with
infinity. The black hole supports an open mag-
netic flux tube by its equilibrium magnetic
moment wf, ~ aBJ,, in the external poloidal
magnetic field B, where a = J_/M denotes the
specific angular momentum of the black hole
with mass M and angular momentum J,,. The
labels S and NS respectively denote slip and
no-slip boundary conditions on a magnetic field
line. The dashed lines delimit inner and outer
bags of last closed field lines attached to the
torus with no-slip/no-slip boundary conditions.
[Reprinted from (8) with permission from
Elsevier Science.] (B) The charge distribution of
a black hole-torus system in poloidal cross
section. The equilibrium charge separation is
described by positive and negative charges sep-
arated by curves of zero charge density (solid
lines). Along the axis of rotation, the charge
distribution around a Kerr black hole consti-
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whereas the outflow in the upper section carries
a current /_ ~ —() A4, from infinity (8) (where
()_ is the angular velocity of the upper section).
Charge conservation (/. = I ) then implies that
in general ), — Q_ # 0, as stated above. This
differential rotation induces a potential drop
AV = (Q, — Q)4 along the inner magnetic
flux tube (Fig. 3).

The inner tube mediates Poynting fluxes
(19) S, = Eg.B,/4m = Q% A/TR? near the
horizon and at infinity, where Ej; is the radial
component of the electric field and B, is the
azimuthal component of the magnetic field
(in cylindrical coordinates). Assuming a uni-
form current density across the inner tube, the
associated power is

P = J (S¢ = S_)2mR dR = —IAV/2
2

This dissipation energy constitutes a minor
fraction of the black hole spin energy, given
by
E 1 — 27\ /0%\2

Rl S [CORNC
where n = () /Q,, < V2 for an open flux tube
with half-opening angle 6,, on the horizon.
Here, we have converted the outflow lumi-
nosities of (20) to output energies over the
duration of suspended accretion. Under the
above assumption that there are no transverse
currents, global current closure should take
place over the outer flux tube that is corotat-

tutes a bifurcation from that around a Schwarzschild black hole, whose zero charge density curves
are indicated by the dotted lines. The circulation patters of Faraday-induced electric currents
between the inner face of the torus and the black hole, and between the outer face of the torus
and infinity, are indicated by the two circles with counterclockwise and clockwise orientations,
respectively. The equilibrium charge Q,, of the black hole generates the magnetic moment (7). The
torus has a corresponding equilibrium charge Q, with opposite sign, analogous to that on a pulsar

(12).
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ing with the torus. The corresponding one-
sided poloidal current flowing in the outer
flux tube is given by I, = .4, on either
side of the equatorial plane. The total power
carried by these outflows is 17.43. Current
closure, I,. + I_ = 0, then implies )_ = Q,
and hence m = Q,/Q,,

The differentially rotating gap between
the upper and lower sections of the inner
magnetic flux tube also serves as a plasma
source that replenishes the particles lost from
the inner tube. This is accomplished through
generation of electron-positron pairs by cur-
vature photons, emitted by the charged parti-
cles in their motion along curved magnetic
field lines. Because the component of the
electric field E along the magnetic field B
does not vanish in the gap, a test particle will
instantaneously accelerate to a terminal
Lorentz factor at which curvature drag bal-
ances the Lorentz force. For a curvature ra-
dius p = 10%, cm (where p, denotes the
radius in units of 10° cm), the energy of a
curvature photon is

g, = 15 fic/p = 107" %/ps eV (4)

where I is the average Lorentz factor of the
charged particles, % is Planck’s constant
divided by 2, and c is the velocity of light.
The pair production threshold, €, = 2m c*
in terms of the electron mass m,, then
implies that I' > T'_ =~ 10°-%p ! is required
for pair creation to ensue. We find that the
interaction length of particles having I just
above the threshold is much smaller than
the gap size, and so catastrophic pair pro-
duction would ensue once I' sufficiently
exceeds I',. Because the potential drop
along magnetic field lines in the gap is
imposed by external conditions, the com-
ponent of E parallel to B cannot be screened
out by charge separation in the gap, as envi-
sioned in the case of pulsar inner gaps (21).
Consequently, the Lorentz factors of the
charged particles should be maintained near
I, so that the average pair creation rate is
just about equal to their escape rate. Collec-
tive effects and radiative backreaction may
further play an important role in the process
of plasma production. The resulting bulk
Lorentz factor of the emerging outflow may
turn out to be smaller than I',.

Because E -+ B # 0, charged particles
experience a transverse drift. Consequently,
their streamlines may diverge radially out-
ward. We therefore expect the fluid to accu-
mulate near the boundary separating the inner
and outer flux tubes, where E - B approaches
zero. This may require some external support
of the inner tube. A plausible scenario for
support is confinement of the outflow by the
ram pressure of a baryon-rich wind (22) or, at
larger distances, static pressure from the ex-
ternal medium.

The ratio of magnetic to kinetic energy in
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the expelled outflow is

S_ Q,
S, —S.  Q,-2Q;, )

which, for a rapidly rotating black hole, is of
order unity because 0.2 < 0,/€),, < 0.5 for a
canonical range 2 < R/M < 4 of the radius of
the torus around an extreme Kerr black hole.
Consequently, for these parameters a differ-
entially rotating gap is an efficient converter
of electromagnetic energy into kinetic ener-
gy. The regime where {),, = 2(), is not
considered here, in part because it represents
black holes with modest rotational energy. A
fraction of the outflow energy is carried by
MeV photons associated with the aforemen-
tioned pair creation threshold. We therefore
predict that this class of transient sources
should exhibit prodigious high-energy emis-
sion. Further analysis is required to determine
the properties of the emitted spectrum. For
instance, additional dissipation of the bulk
energy of the outflow may occur beyond the
gap by interactions with baryon-rich material
(e.g., a confining wind that can lead to
oblique shocks).

Here we propose that these low-a output
energies E; given by Eqs. 3 and 5 represent the
baryon-poor input to cosmological gamma-ray
bursts (GRBs). GRBs are characteristically
nonthermal emissions in the range of a few
hundred keV, with a bimodal distribution in
durations of short bursts around 0.3 s and long

o=

Fig. 3. An open flux
tube along the axis of
rotation contains up-
per (U) and lower (L)
sections with angular
velocities {)_and Q,
in view of the slip/slip
boundary conditions at
infinity and on the ho-
rizon of the black hole.
In the limit of super-
critical ideal magneto-
hydrodynamics, flows
out to infinity and into
the black hole have
current  four-vectors
satisfying j2 — 0. The
currents mediated by
the upper and lower
sections within A, (=
constant) become’/_ = -Q A pand/, = -, -
Q,)A, (in the small-angle approximation), where
Q_and —(2,, - Q) denote the angular velocities
as seen by an observer with local zero angular
momentum, as indicated by the large arrows with
opposite orientation. In the present sign conven-
tion, this corresponds to retrograde rotation in
the lower section. Current continuity /_ = /__ with
no cross-currents between neighboring flux tubes
implies differential rotation between the upper
and lower sections. This results in a Faraday-
induced potential difference AV = ((_-Q,)A,
across a gap between the two sections. Global
current closure is an outer flux tube supported by
and in corotation with the torus, whose magnetic
flux is —2mA,, (not shown).

REPORTS

bursts around 30 s (23). Black hole plus disk or
black hole-torus systems are believed to be a
canonical outcome of high angular momentum
progenitors, notably in failed supernovae (24),
hypernovae (25), or black hole-neutron star
coalescence (26), where the former is connect-
ed to star-forming regions (25, 27). The recent-
ly inferred true GRB energy is £, ~ 3 X 10°°
to 5 X 10°° ergs (28). In our model, the ener-
gies E; represent a minor fraction E/E, , ~
10~*/¢ of the rotational energy of the black hole
for M = 7 M, where € ~ 0.15 may serve as a
fiducial value for the radiative efficiency of
GRBs. By Eq. 3, the open flux tubes have 8,, ~
35°, which provides a natural limit for the
observed opening angles 6, on the celestial
sphere (20). This depends only weakly on M ~
3to 14 M, & and m.

The inner and outer face of the torus are
each equivalent to a pulsar magnetosphere as
seen in a frame of reference fixed, respectively,
to the horizon and infinity (Mach principle).
When the black hole spins rapidly, the inner
face of the torus receives energy and angular
momentum, as does a pulsar when infinity
wraps itself around the star with the same rel-
ative angular velocity Q,, — Q,. (16, 29, 30).
The outer face always loses energy and angular
momentum, as does a pulsar in flat space-time
with angular velocity €). The state of suspend-
ed accretion exists for the lifetime of rapid spin
of the black hole (29). This equivalence to
pulsars indicates a high incidence of the black
hole luminosity onto the inner face of the torus.
The torus thereby forms an efficient catalytic
converter of the spin energy of the black hole.
The torus is thus expected to become luminous
in gravitational radiation, Poynting flux—domi-
nated winds, thermal emissions, and, when suf-
ficiently hot, megaelectron-volt emissions. Its
energetic output in gravitational radiation may
reach a major fraction

ng/Erot ~ 1]/2 (6)

of the rotational energy of the black hole, in
terms of the ratio of black hole—to—torus an-
gular velocities m (31, 32); that is, the grav-
itational wave energy £, reaches a few per-
cent of M and is some two orders of magni-
tude larger than £, for canonical values of 6,,.

The output £, in gravitational waves
emitted by the torus may be detected by the
upcoming broadband gravitational wave ob-
servatories LIGO (33) and VIRGO (34). This
offers a potential test for the existence of Kerr
black holes: Events for which the inferred
compactness satisfies

Egy
2m J' fdE > 0.005¢3/G (7
0

(31)—where fis the frequency in gravitation-
al waves, and G is Newton’s constant—can-
not be produced by rapidly spinning neutron
stars (30). We expect a positive correlation

between 7/(1 + z) and E,,, set by the lumi-
nosity of the black hole into the inner face of
the torus. This follows from £, « £, o« M
and a black hole-torus coupling proportional
to M~! for a universal poloidal magnetic
energy/kinetic energy ratio in the torus (29).

A future distribution of durations of
LIGO/VIRGO detections of the predicted
gravitational wave emissions is expected to
be consistent with the currently known distri-
bution of redshift-corrected durations of
GRBs. Including a beaming factor of about
500 and strong cosmological evolution, the
local event rate is estimated to be about one
event per year with a distance of 100 Mpc
(28); if the GRB rate per comoving volume is
roughly constant, the same beaming factor
would imply a much higher event rate. 1den-
tification of bright orphan radio afterglows
that emerge several months after the GRB
event could be used to search for the pro-
posed gravitational wave emissions in future
LIGO/VIRGO archive data.
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Spontaneous Air-Driven
Separation in Vertically

Vibrated Fine Granular Mixtures
N. Burtally, P. J. King,* Michael R. Swift

We report the observation of the spontaneous separation of vertically vibrated
mixtures of fine bronze and glass spheres of similar diameters. At low fre-
quencies and at sufficient vibrational amplitudes, a sharp boundary forms
between a lower region of glass and an upper region of the heavier bronze. The
boundary undergoes various oscillations, including periodic tilting motion, but
remains extremely sharp. At higher frequencies, the bronze separates as a
mid-height layer between upper and lower glass regions, and the oscillations
are largely absent. The mechanism responsible for the separation can be traced
to the effect of air on the granular motion.

Granular materials occur widely in nature, and
the ability to handle grains and powders is
central to numerous industrial processes (I, 2).
The dynamics of large grains is controlled by
the inelastic collisions between grains and with
constraining surfaces (3); under vibration the
grains may exhibit flow (4), convection (5, 6),
arching (7, 8), and the formation of striped,
square, or hexagonal patterns (9, 10). The “Bra-
zil nut effect,” in which a larger grain moves to
the top of a collection of smaller grains (/1), is
also well known.

Since the time of Faraday, air has been
known to strongly influence the motion of fine
particulates (/2), leading to the spontaneous for-
mation of heaps in vertically vibrated granular
layers (12, 13) and to the spontaneous tilting of
collections of fine grains vibrated vertically
within a box (/4). Recently it has been reported
that air also has an influence on the Brazil nut
effect (15). However, to date, there is no general
consensus on the basic mechanism responsible
for these air-driven effects (/5—18). Similarly,
there is now a substantial body of knowledge on
segregation and separation in granular compos-
ites (19), but a clear understanding of many of
the physical processes involved is still lacking
(20—24). Furthermore, much of the attention has
been focused on large particulate systems where
air effects do not play a major role.
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We report investigations of the behavior
of mixtures of fine particles when subjected
to vertical vibration in the presence of air,
carried out to explore the interplay between
granular separation and the influence of air
on the motion. We restrict ourselves to de-
scribing the surprising separation behavior
exhibited by a fine binary mixture having
components with very similar properties save
for their densities. The effect represents a
novel ordering mechanism in vibrated gran-
ular materials in the presence of a surround-
ing fluid. This phenomenon, being distinct
from size segregation, clearly has important
implications for the mineral extraction, phar-
maceutical, and powder processing indus-
tries, where the separation of fine particulates
of equal sizes has been notoriously difficult.

Initially we consider a mixture consisting of
bronze spheres of density 8900 kg/m> and of
diameters spanning the range 90 to 120 wm,
mixed with glass spheres of density 2500 kg/m3
and of the same 90 to 120 pm size range, in the
proportion 25%:75% by volume. The dynamic
angles of repose are 23.4° + 0.5° and 23.9° +
0.5° for the glass and bronze spheres, respec-
tively, and measurements in vacuum indicate
that, at low impact velocities, the coefficients of
normal restitution are both very close to unity.
The mixture, of mean depth 20 mm, is con-
tained in a glass box 50 mm high and of internal
dimensions 40 mm by 10 mm in the horizontal
plane. The box is attached to an electromechan-
ical transducer that is used to induce vertical
sinusoidal motion, with the axis of the trans-
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ducer and the sides of the box aligned to the
vertical to within 1°. The resulting motion is
monitored by accelerometers attached to the
box. The vertical vibration may conveniently be
characterized by a parameter I' = Aw?/g, where
A is the amplitude of the oscillation, ® = 27f is
the angular frequency, and I' is the ratio of the
maximum acceleration of the box to the accel-
eration due to gravity, g. At higher values of I,
some static attraction between the glass spheres
and the walls of the box occurs. A trace of
antistatic agent is added as an aid to photogra-
phy; this is observed not to affect the separation
phenomena that we now report.

We have studied the behavior between I' =
1 and T" = 20 and over the frequency range
from f = 10 Hz to f = 170 Hz. Figure 1
indicates the regions of the f-I" plane where the
various effects are observed. Once I slightly
exceeds unity, relative motion of the grains
occurs. For all frequencies, there is a low-T'
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Fig. 1. Schematic diagram showing the various
phenomena found at different conditions of I"
and f. Region A: region of convection and weak
separation. Region B: the lower limit indicates
appearance of sharp separation boundaries; the
upper limit indicates almost complete separa-
tion into bronze-rich and glass-rich phases. Re-
gions C and D: regions of oscillation of the
upper surface and separation boundaries. Re-
gion D: region of simple tilt oscillations. Region
E: region of intense throwing of the upper
grains. Region F: region of bronze sandwiched
between upper and lower glass domains. Re-
gion G: high-frequency region where inversion
occurs and the bronze layer moves to a lower
level.
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