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Gamma-ray bursts are believed to originate in the core collapse of massive stars. This produces an active
MeV-nucleus containing a rapidly rotating Kerr black hole of miks and angular velocitf)y=1/2M,,,
surrounded by a uniformly magnetized torus of angular veld@ity= (), represented by two counteroriented
current rings. We quantify black-hole—spin interactions with the torus and charged particles along open mag-
netic flux tubes subtended by the event horizon at a finite half-opening apglé major output ofEgy,~4
X 10°(7/0.1)(M4/7TM) erg is radiated in gravitational waves of frequerfigy=500(7/0.1)(TM ¢ /M) Hz
by a quadrupole mass moment in the torus when its minor-to-major radius is less than 0.3260. The durations
correspond to the lifetim&g of black hole spin, determined by a stability condition of poloidal magnetic field
energy-to-kinetic energy<1/15 in the torus. Consistent with observations of GRB-SNe, we (ihdlg
=90 s(tens of $, (ii) aspherical SNe of kinetic enerdigy=2x 10°* erg (2x 10°* erg in SN1998bw; and(iii )
GRB-energiesE,~2x 10°° erg (3x 10°° erg), upon associatingy with poloidal curvature of the magneto-
sphere. GRB-SNe occur perhaps about once a year within00 Mpc. Correlating LIGO-VIRGO detectors
enables searches for nearby events and their spectral closure dexdify Baround 250 Hz in the stochastic
background radiation in gravitational waves. At current sensitivity, LIGO-Hanford may place an upper bound
around 150 in GRB030329. Upcoming all-sky supernovae surveys may provide distances to GRB-SNe,
conceivably coincident with weak wide-angle GRB emissions similar to the nearby event GRB980425/
SN1998bw. Detection o, thus provides a method for identifying Kerr black holes by calorimetry.
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[. INTRODUCTION chastic background in gravitational waves. Of particular in-
terest is the quest for identifying Kerr black holes in the
Gravitational wave detectors such as the Laser Interferniverse, and these objects may be at the center of cosmo-
ometer Gravitational Wave ObservatofiZIGO) [1] and logical GRBs.
VIRGO [2], are broadband detectors, most sensitive in 20— The events GRB980425/SN1998h¥0] and GRB030329
1000 Hz. They introduce new opportunities for probing[11,12 demonstrate that long GRBs are associated with type
strongly gravitating astrophysical sources and the stochastic supernovae. This provides considerable support for GRBs
background radiation in gravitational waves—g8&¢ for a  as core-collapse events in massive stars in binatigs15,
recent overview. Notable candidates for burst sources ofnd hence an association with star-forming regions. A corre-
gravitational radiation are binary coalescence of neutroration of the current flux-limited sample of 33 GRBs with
stars and black holelgt,5], newborn neutron staf€], and  individually measured redshifts with the cosmic star forma-
gamma-ray bursté§GRBS: long bursts associated with su- tion rate shows a true-to-observed GRB event rate of 450
pernovad 7—9] and short bursts, conceivably associated with[16], which is very similar to the beaming factor of 500
black-hole—neutron-star coalescence. Collectively, these asbtained from a subsample of GRBs with achromatic breaks
trophysical sources may contribute appreciably to the stoin their light curveq17]. The true GRB-event rate is hereby
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about one per year within a distance of 100 Mpc. The asso-
ciated supernova and late-time GRB afterglows may present
wide-angle optical and radio emissions as orphan transients
to nearby events. Because the event rate of GRB980425/
SN1998bw is roughly consistent with the true GRB-event
rate, nearby events are conceivably detectable by extremely
weak but nonvanishing GRB emissions at large viewing
angles.

Here, we report on signal-to-noise ratios for gravitational
radiation from GRBs from rotating black holes in matched
filtering and in correlating two detectors of LIGO and
VIRGO, both in targeting GRBs as nearby point sources and
in their contribution to the stochastic background radiation.
Detection of these emissions from GRBs with measured red-
shifts enables calorimetry on their inner engines, as a method
for rigorously identifying Kerr black holes as objects in the
Universe.

We propose a radically new modéFig. 1): GRB-SNe
produced by an active nucleus in a remnant stellar envelope
comprising a Kerr black hole, surrounded by a uniformly
magnetized torus in suspended accretion represented by two
counteroriented current ring48,19,7,20,9 Our model pre-
dicts an energetic output in gravitational waves from black-
hole—spin energy with energy output and frequency

7 My
E;n=02Mg| — ,
aw ©10.1/\ 7Mg
FIG. 1. Cartoon of the proposed model for GRB supernovae
7 \[7Mg from (otating black holegnot to_ scalg core-collapse ir? an evolved
fqw=500H 01/l m (1) massive star produces an active MeV-nucleus consisting of a rotat-
. H

ing black holg[13,15 surrounded by a torus which may be magne-
I(tized with the magnetic field of the progenitor sfa#]. The torus
assumes a state of suspended accretion, wherein it catalyzes black-

. . hole-spin energy at an efficiency given by the rafie QO+ /Q of
4
x10° erg, andy denotes the ratio of the angular velocity of the angular velocity); of the torus and(},, of the black hole.

the torus to that of the black hole of malsk,, which rep-  gecause the nucleus s relativistically compact, the torus radiates
resents the efficiency of converting black-hole—spin energyyis input predominantly into gravitational radiation, and, to a lesser
into radiation by the torus. Because the system is relativistigegree, into magnetic winds and MeV-neutrino emissions. A small
cally compact, most of the torus output is in gravitationalfraction of aboutf, of black-hole—spin energy is released in

radiation by multipole mass momeritg]. It has not eluded baryon-poor jets along open magnetic flux-tubes along the rota-
us, that the output in gravitational radiatigf) surpasses tional axis of the black hole, wher, denotes the half-opening

E,=3X 10°° erg in gamma-rayg§17] by three orders of angle on the event horizon. This output serves as input to the GRB-

emitted by a nonaxisymmetric torus surrounding the blac
hole. Here, we measure energy in units dy=2

magnitude. afterglow emissions. As these jets punch through the remnant stellar
A quadrupole mass moment associated with a massnvelope[21], the GRB may be delayed by second¥], and
inhomogeneitydM ; produces a luminositj22] thereby appear after the onset of gravitational wave-emissions. A

radiatively driven supernova appears subsequently in response to
32 32 high-energy continuum emissions produced by the magnetic torus
|—gw:g(w/\/l)mlslz(e)2 g(MH/R)SwMT/MH)Z, winds. When the envelope has expanded sufficiently to becoming
) optically thin, x-ray line-emissions may appear conceivably accom-
panied by radio emissions.
where w=MY%R%? denotes the orbital frequency of the
torus with major radius R, M= (MM (8M;  quadrupole inhomogeneitydSM; is determined self-
+My)¥5=My(8M1/M)°? denotes the chirp mass, and consistently in a state of suspended accretion for the lifetime
F(e) denotes a geometric factor representing the elliptieity of rapid spin of the black hole. A quadrupole mass moment
of the oribital motion. Application of Eq.(2) to  appears spontaneously as a Papaloizou-Pringle Wave
PSR1913 16 with ellipticity e=0.62[23] provided the first whenever the torus is sufficiently slender, i.e., for a ratio
evidence for gravitational radiation consistent with the lin-b/R<0.3260, wherédy denotes the minor radius of the torus
earized equations of general relativity to within 0.12¢l]. [25]. In the suspended accretion state, most of the black-
Here, we apply the right-hand side of EQ) to a nonaxi- hole—spin energy is dissipated in the event horizon for typi-
symmetric torus around a black hole, whose masseal ratios»~0.1 of the angular velocity of the torus to that
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of the black hole. Hence, the lifetime of rapid spin of the published bounds on gravitational wave emissions from
black hole is effectively determined by the rate of dissipationGRBs are provided by bar detectd28,39. These studies
of black-hole—spin energy in the event horizon, itselfand results are important in identifying various detection
bounded by a finite ratigg/£,<1/15 of the poloidal mag- strategies and channels for producing gravitational waves.
netic field energy to kinetic energy in the tor{@]. This  We suggest that the design of optimal detection strategies for
gives rise to long durations of tens of seconds for the lifetimegravitational radiation from GRBs may be facilitated by
of rapid spin of the black hole. The resulting gravitational@ Priori knowledge from a specific model.
wave-emissions should be limited in bandwidth, changing in_ In the presented studies, we describe a model for GRB-
frequency about 10% during the emission of the first 50% ofSNe from rotating black holes Whlch is consistent with the
its energy output. This change mirrors a decrease of 10% iRPServed durations and true energies in gamma rays from
the angular velocity of a maximally spinning black hole in magnetized baryon-poor jets subtended by the event horizon
converting 50% of its spin-energy. Thus, gravitational radia-Cf @ black hole(i), the observed total kinetic energies in an
tion is connected to Kerr black holes, representing a conne@ssociated supernova, possibly radio loud, with aspherical
tion between the linearized equations of general relativitydistribution of high velocity ejectaii), and x-ray line-
and, respectively, fundamental objects predicted by the fulfgMissions produced by underlying continuum emissiéis
nonlinear equations of general relativity. Qn thls_ bg3|s, we predict band-llmlted gravitational wave
To date, short GRBs appear to have featureless afterglofin€-eémissions contemporaneous with the GRB according to
emissions, and their cosmological origin is based on an isgth€ scaling relationgl) at an event rate of probably once a
tropic distribution in the sky and &V/Vp,)=0.385 Y&ar within a distance of 100 Mpc.
+0.019 distinctly less than 1/26]. These events are prob- [N Sec. I, we describe elements of current GRB phenom-
ably disconnected from star-forming regions, and may b&nology. In Secs. lll and IV we summarize a theory of GRB
produced by black-hole—neutron-star coalescddg pos-  Supernovae _from rotating black holes. In_Sgc. V, we d|_scuss
sibly associated with hyperaccretion onto slowly rotating!ine-broadening in response to Lense-Thirring precession. A
black holeg/19]. While the wave-form of binary inspiral is sem|ana_lyt|cal estimate is given _of the contr|_but|on to the
well-understood up to 3.5 post-Newtonian ordeee[3]), stochastic background in grawtaponal waves in Seg. VI. In
gravitational wave emissions from the coalescence an®ec: _VII, we present the dimensionless chara(_:terlsnc str_ain-
merger of a neutron star onto a slowly rotating black hole aré@mPplitudes, and in Sec. VIl we calculate the signal-to-noise
highly uncertain. Depending on the black hole mass andatios in advancgd LIGO .and VI_RGO operations in various
spin, the neutron star may break up by tidal forces outsidgetectmn strategies. Section IX mtrpduce; a proposed detec-
the innermost stable circular orbit, and subsequently form &0n strategy for time-frequency trajectories of slowly vary-
torus which merges with the black hole. A torus formed fromiNd line-emissions. We summarize our findings in Sec. X.
the debris of a neutron star outside the ISCO of a stellar mass
black hole should be unstable. Quite geperally, nonqxisym- Il PHENOMENOLOGY OF GRB SUPERNOVAE
metries may develop as Papaloizou-Pringle wa\#&§ in
tori of finite slendernesf25]. In the case of a massive torus  X-ray localization of GRBs by BeppoSax introduced the
formed from the debris of a neutron star, self-gravity maypost-BATSE development of providing a sample of GRBs
also excite nonaxisymmetric instabilities. Gravitational ra-with individually measured redshiftéTable ). The recent
diation emitted in the inspiral phase is aboutN2, fol- HETE-II burst GRB 030329 has greatly enhanced our confi-
lowed by the emission of conceivably ®1%, during the dence in a GRB association to type Ib/c supernovae, based
merger phase with the black hole. This suggests that shogetn a similarity of its optical light curve and emission-lines to
GRBs are potentially as energetic in their gravitational waveéhat of SN1998bw[11,12. This observational association
emissions as long bursts. supports a GRB event rate which is locked to the star-
Gravitational radiation associated with collapsars hadormation rate, as core-collapse events in evolved massive
been considered in a number of other stud@&-34, also  stars[13—15. This is consistent with recent statistical corre-
in model-independent search strategies associated wilations over a broad range of redshif&0]. It appears that
GRBs[35,36. These studies focus on gravitational radiationtype Ib/c SNe occur only in spiral galaxi¢d1]. Further
produced by the release of gravitational binding energy durevidence for the GRB-supernova association is found in
ing collapse and in accretion processes on a newly formex-ray line-emissions in GRB9705(42], GRB97082443],
black hole(e.g,[37]). We note that accretion flows are be- GRB99121644], GRB00021445] and GRB01121146].
lieved to be strongly turbulent, which may imply a broad When attributing the x-ray line-emissions to excitation by
spectrum of gravitational radiation. The aforementionechigh-energy continuum emissions with enefgpy{47], based
studies on gravitational radiation in core-collapse of a masen[48], estimate substantial lower bounds Eyr: long-lived
sive star do not invoke the spin-energy of a newly formedron-line emissions in GRB99126 may requirg,=4
black hole. They appear to indicate an energy output, whichk 10°? erg, while lines from lighter elements in GRB011211
leaves a range of detectability by current ground based damay likewise requireE,=4.4x 10°X. These lower bounds
tectors of up to about 10 Mpc. These events should therefongoint towards an energy reservoir in excess of that required
be considered in the context of core-collapse events indepeffier the true GRB energie§, . We interpret this as support
dent of the GRB phenomenon, in light of current estimatedor the notion that GRB inner engines may be processing
on the local GRB event rate as referred to above. Currentlpther channels, which are contemporaneous with the baryon-
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TABLE I. A sample of 33 GRBs with individually determined redshiftempiled from S. Barthelmy’s
IPN redshifts and fluxeghttp://gcn.gsfc.nasa.gov/ggrand J.C. Greiner’s catalogue on GRBs localized with
WFC (BeppoSa¥ BATSE/RXTE or ASM/RXTE, IPN, HETE-II or INTEGRAL(http://www.mpe.mpg.de/
jcg/grbgeb.htm)]. Asterisks denote values extrapolated to the BATSE energy range 50—300 keV using the
Sethi-Bhargavi procedure as referencedify.

GRB Redshiftz Photon flux® Luminosity® 0;° Instrument
970228 0.695 10 2.1810°%® SAX/WFC
970508 0.835 0.97 3.2410°7 0.293 SAX/WFC
970828 0.9578 15 7.0410°7 0.072 RXTE/ASM
971214 3.42 1.96 2.0810”° >0.056 SAXIWFC
980425 0.0085 0.96 1.5410° SAX/WFC
980613 1.096 0.5 3.2810°7 >0.127 SAXIWFC
980703 0.966 2.40 1.2610° 0.135 RXTE/ASM
990123 1.6 16.41 2.7410°° 0.050 SAX/WFC
990506 1.3 18.56 1.8510°° BAT/PCA
990510 1.619 8.16 1.4010°° 0.053 SAX/WFC
990705 0.86 0.054 SAX/WFC
990712 0.434 11.64 7.5710°7 >0.411 SAXIWFC
991208 0.706 11.2* 2.4810°8 <0.079 Uly/KOINE
991216 1.02 67.5 3.7010°° 0.051 BAT/PCA
000131 4.5 1.5* 3.0510”° <0.047 Uly/KO/INE
000210 0.846 29.9 1.0810°° SAXIWFC
000301C 0.42 1.32% 8.3710°° 0.105 ASM/Uly
000214 2.03 SAXIWFC
000418 1.118 3.3* 2.2710°8 0.198 Uly/KO/NE
000911 1.058 2.86 1.310°% Uly/KO/NE
000926 2.066 10* 3.1810%° 0.051 Uly/KO/NE
010222 1.477 SAXIWFC
010921 0.45 HE/Uly/SAX
011121 0.36 15.04* 6.6810°7 SAX/WFC
011211 2.14 SAXIWFC
020405 0.69 7.52% 1.5810%® Uly/MO/SAX
020813 1.25 9.02* 8.1910°® HETE
021004 2.3 HETE
021211 1.01 HETE
030226 1.98 0.48* 1.3810°8 HETE
030323 3.37 0.0048* 4.9410° HETE
030328 1.52 2.93* 4.3110°® HETE
030329 0.168 0.0009* 7.0810°2 HETE

4ncm ?s L.

PPhoton luminosities in ' derived from the measured redshifts and observed gamma-ray fluxes for the
cosmological model described in Sec. Il.
“Opening angle®); in the GRB-emissions refer to the sample listed in Table | of Frail gtial.

poor input to the GRB-afterglow emissions. 0.5x 10° per year or, equivalently, 1 per year within a dis-
The discovery of achromatic breaks in the light curves oftance of 100 Mpc. This event rate agrees with that based on
some of these GRBs allowed the determination of the truea fraction of about 1% of SNe Ib/c that might be associated
GRB energies of about310°° erg, upon correcting the iso- with GRBs[49]. Note that our event rate is a lower bound on
tropic equivalent emissions by an observed beaming factahe rate of formation of GRB inner engines, since we are
of about 500[17]. The redshift distribution of the flux- seeing only those events in which the remnant stellar enve-
limited sample of 33 GRBs, locked to the SFR, allows us tolope is successfully penetrated by a baryon poor jet, e.g.,
estimate the unseen-to-observed GRB rate to be about 4%hen the jet is sufficiently collimated. The true rate of for-
based on a log-normal fit of the peak-luminosity function—mation of GRB inner engines is therefore an important open
see Fig. 2[16]. This result is very similar to the observed question.
beaming factor of 500, with the ratio 450 of the unseen-to- The relatively narrow distribution of GRB energies
observed GRBs, the true-but-unseen GRB event rate to aboatound 3< 10°° erg is indicative of a standard energy reser-
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0.8 inhomogeneous circumburst medium or latent activity of the
unseen true probability inner enging 56,53
[ flim = 0.04 ph/icm?/s (SWIFT) ~ Furthermore, type Ib/c SNe tend to be radio-l46a], as
[ fim = 0.2 phicm®/s (BATSE) in SN1990B [58]. This includes GRB980425/SN1998bw
n _ ‘ ) [59,6Q as the brightest type Ib/c radio SN at a very early
Hie=1 phigmis stage[61]. GRB030329 might also feature some radio emis-
B flim = 10 ph/cm’/s (ULYSSES) sion associated with the associated SN200R#]. Radio
emissions in these SNe are well described by optically thick
(at early timeg and optically thin(at late time$ synchrotron
radiation of shells expanding into a circumburst medium of
stellar winds from the progenitor stf83]. All core-collapse
SNe are strongly nonsphericgb4], as in the type I
SN1987A[65] and in the type Ic SN1998by66], based, in
part, on polarization measurements and direct observations.
Observed is a rotational symmetry with axis ratios of 2 to 3.
This generally reflects the presence of rotation in the pro-
genitor star and/or in the agent driving the explosion. The
aforementioned x-ray line-emissions in GRB011211 may be
excited by high-energy continuum emissions of much larger
energies[47]. For type Ib/c supernovae association with a
GRB, these considerations have led some to suggest the
I:_Zw Ehz_ presence of a new explosion mechanig].
Ultimately, GRB-supernova remnants take the form of a
z black hole in a binary with an optical companion, surrounded
by a supernova remnaf®]. This morphology is illustrated
FIG. 2. Redshift distributions of the flux-limited sample of 33 by RX J050736-6847.868], if its x-ray binary harbors a

GRBs with individually determined redshifts, the true-but-unseenp|gck hole. The accreting binary may hereby appear as a soft
sample assuming the GRB event rate is locked to the star-formatiog_ray transient in the scenario p5].

rate (hachured, and the sample of detectable GRBs predicted by
our model according to a log-normal peak-luminosity distribution
function (gray). The continuous line represents the cosmic SFR
(A-dominated CDM univerge The unseen-to-observed event rate
for standard sources with anisotropic emissions is hereby (#&5.
printed from[16].)
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Ill. GRB SUPERNOVAE FROM ROTATING BLACK
HOLES

GRBs are believed to be produced in the core collapse of
massive star$13], whose angular momentum most likely

derives from orbital angular momentum during a common

voir [17]. An ant'icorr'elation betwee.n the observed OF?en.ingenvelope staggl4]. The common envelope stage must ensue
angle and redshift points towards wide-angle GRB em|53|0n8n|y when the progenitor star is evolvéts]. Core collapse

which are eﬁtrérgggsvgiglg, ﬁals_ir;f|5|898_0425. ﬁ%liven thf‘lt the, this scenario describes an initial implosion which pro-
event rate o p PC 1S roughly CONSIS® ;00 an active nucleus consisting of a Kerr black hole sur-

tent W.ith 1 per year withirD =100 Mpc, these Wide-angle_ rounded by a magnetized torus, inside a remnant stellar en-
emissions may also be standard. Thus, we are led to Cons'd\%lope Evidently, the black-hole—torus system is

;trongly_amsotropm GRB emissions in response to Outf.lOV‘feIativisticaIIy compact, in that its linear size is on the order
in two directions along the rotational axis of the progenitor f its Schwarzschild radius. The nucleus is active, by virtue

star, accompanied by extremely weak GRB emissions in al fth - f the black hol i |
directions(see furthef50-52). In this regard, GRB980425 the spin-energy of the black hole, as outiined below.

(E,iso=10% erg, z=0.0085) is not anomalous, and A MeV nuclel i . |
GRB030329 E,=3x10" erg, z=0.167) is intermediate - Mevinucietin a remnant enveliope
[53]. GRBs may be geometrically standard, in that this an- We consider a uniformly magnetized torus around a rap-
isotropy is similar in its angular distribution in all sources. In idly rotating black hole in its lowest energy stdfé]. This
this event, the inferred beaming factor depends on redshifintroduces radiative processes through two spin-interactions
i.e., is a function of the flux-limit in the sample at hand. with the black hole: a spin-connection to the torus and a
Current GRB samples with individually measured redshifts,spin-orbit coupling to charged particles along open magnetic
including that of Frailet al. [17], are dominated by sources flux-tubes. The torus hereby catalyzes black-hole—spin en-
with redshifts around unity. ergy into gravitational radiation, accompanied by winds,
Recent detection of linear polarization GRB021206 pro-thermal and MeV-neutrino emissions. The open magnetic
vides evidence of synchrotron radiation in magnetized outflux-tubes produce baryon poor outflows and subsequent
flows, which may indicate large-scale magnetic fields of orhigh-energy radiation. The result is a broad range of emis-
produced by the inner engif&4]. Afterglow emissions to sions. In what follows (2, denotes the angular velocity of
GRB030329 include optical emissiof3] with intraday de- the black hole and); denotes the angular velocity of the
viations from power-law behavi¢b5], possibly reflecting an  torus.
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FIG. 3. (Color) A causal spin-connection between the torus and the event horizon of the black hole arises by virtue of an inner torus of
open magnetic field-lines, equivalent to the connection between pulsars and asymptotic infinity when viewed in poloidal cross section. These
open magnetic field-lines are endowed with Dirichlet-radiative boundary conditions. The inner face of tHangular velocity() ;) and
the black holgangular velocity(),) herein corresponds to a pulsar surrounded by infinity with relative angular velogityQ) ., (Mach’s
principle). It hereby receives energy and angular momentum from the black hole, whefigvef) , >0. The outer face of the torus
(angular velocityQ) _) is equivalent to a pulsar with angular veloci€y_, and it looses energy and angular momentum by the same
equivalence. This spin-connection is established by an approximately uniformly magnetized torus, represented by two counter-oriented
current rings, and, for rapidly rotating black holes, an equilibrium magnetic moment of the horizon. In poloidal topology, the magnetic
flux-surfaces are illustrated in the approximation of flat space-time. The dashed line is the separatrix between the flux-surfaces of the inner
and the outer magnetospheres. Moving it by a stretch-fold-cut to infinity leaves an open magnetic flux-tube subtended by the event horizon
of the black hole(not shown. (Reprinted from128].)

A uniformly magnetized torus introduces an ordered po-ample: there exist corresponding annuliBx 0 between the
loidal magnetic flux, represented by two counteroriented curlast closed field-lines of the torus and the event horizon, and
rent rings. The equilibrium moment of the black hole pre-between the last closed field-lines of the pulsar and infinity,
serves essentially uniform and maximal horizon flux. Whernwhere the former features a spark gap which is absent in the
viewed in poloidal cross section, the inner and the outer torutatter; both the event horizon and asymptotic infinity are
magnetospheres are topologically equivalent to that of a ramull-surfaces, where the former but not the latter is endowed
idly rotating neutron star with angular velocities (Qy with finite surface gravity and the no-hair theorem.

— Q) andQ, respectively. The interface between the inner  Equivalently to pulsars, the inner face of the torus emits
and the outer torus magnetospheres is an ellipsoidal sepanaegative angular momentum Alfwewaves into the event
trix (Fig. 3). An open magnetic flux-tube subtended by thehorizon, while the outer face emits positive angular momen-
event horizon of the black hole may form by moving the tum Alfven waves to infinity. Both emissions satisfy causal-
separatrix of the inner and outer torus magnetosphere to irity. The torus hereby develops a state of suspended accretion,
finity [9]. We emphasize that the equivalence between théescribed by a balance of energy and angular momentum
inner face of the torus and a pulsar is exact in topology, yeflux received by the spin-connection to the black hole and
refers to similar but not identical physical states. For ex-emitted in various channels. In response to this catalytic pro-
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cess, the black hole evolves by conservation of energy andverage is subject to current continuity and may include dis-
angular momentum consistent with the no-hair theoremsipation of magnetic field-energy in and differential rotation
While most of the spin-energy is dissipated in the event hoof the flux-tube as discussed j8]. In response to the in-
rizon of the black hole, most of the black-hole luminosity is duced charged outflows, the black hole evolves by conserva-
incident onto the inner face of the torus. The latter representéon of energy, angular momentum and charge consistent
a substantial fraction of black-hole—spin energy, given by théVith the no-hair theorem and, if present, current closure. The
ratio of the angular velocity of the torus to that of the blackfraction of black-hole—spin energy released in baryon-poor

hole, and is mostly reradiated into gravitational radiation byoutflows along open magnetic flux-tubes tends to be small
or a finite horizon half-opening angle on the horizon. We

multipole mass moments in the torus. Dominant emissions i . h C7 ih the b : h
gravitational radiation are typical for systems whose linea@SSOciate these emissions with the baryon-poor input to the

size is on the order of their Schwarzshild radius, and simila{(rue energy output in GRBs. These represent dissipation of
to those from newborn neutron stdé9]. The catalytic emis-

sions by the torus last for the lifetime of rapid spin of the

inetic energy according to the internal shock model
[73,74,8. Note that the true energf,=3x 10°° [17] in

. .~ gamma rays represents a mere 0.01% of the rotational energy
black hole. Contemporaneously, the torus radiates a mlnogf a stella¥ mapss black hole. The magnetized baryon-poor

output in baryon-rich magnetic winds, thermal and MeV- g ii5vs are surrounded by magnetized baryon-rich winds
neutrino emissions. The remnant stellar envelope is herebé’oming off the torus. The latter may provide collimation to
iradiated fromwithin by high-energy radiation coming off the former[75)]. Scattering of photons onto the boundary
the torus winds. This associated outgoing radial momentunyer petween the two produces highly polarized radiation,
drives a nonspherical supernova with subsequently X-rawhich may exceed that attainable in synchrotron emissions
line-emissions when the expanding envelope reaches an ofithin the collimated baryon-poor j¢76].
tical depth of unity or less. Ultimately, this leaves a super-  Our model is parametrized as follows. The nucleus con-
nova remnant around a black hole in a binary with an opticatains a black hole of masM,, angular momentumly
companion. =aMy and electric chargg, wherea/My=sin\ denotes
A spin-orbit coupling between the black hole and chargedhe specific angular momentum. Because all particles ap-
particles creates charged outflows along open magnetic fluproaching the event horizon assume the angular velocity
tubes subtended by the event horizon of the black hole. Move) , =tan(\/2)/2M,,, there is a magnetic moment,,=qa
ing the separatrix in Fig. 3 to infinity by a stretch-fold-cut aligned with its axis of rotatiofi77]. It preserves essentially
creates these open flux-tubes with a finite opening angle oginiform and maximal horizon flux at arbitrary rotation rates
the horizon(Fig. 10 in[9]). In the lowest energy state of the in equilibrium with a surrounding torus magnetosphere of
black hole, the spin-orbit coupling introduces a potential enfield-strength B with uy=2BMyr?, where ry
ergy[71] =2Mycog(\/2) denotes the radius of the event horiZ@h
) Upon balance with various radiation channels, the torus de-
My ) (ﬁ) eV (3) velops a state of suspended accretion at MeV temperatures in
Mg 0.1 equilibrium with its input in energy and angular momentum
through the spin-connection to the central black hole. The
to charged particles of angular momentymin radiative  fractions of black-hole—spin energy radiated into various
Landau states, wherg, is equal to the azimuthal quantum channels depend on the angular veloejtpf the torus rela-
number v=eA, of their wave-functions on flux-surfaces tive to that of the black hole, the slendernéssb/2R of the
A, = const with half-opening anglé, on the event horizon. torus in terms of one-half the ratio of the minor radluso
Here, 27A, denotes the magnetic flux arde the charge of  the major radiu®, and the mass-fraction=M+/My of the
the electron. The enerd®) represents the Fermi-level in the torus mas ; relative toM, . The half-opening angle of the
distribution of radiative Landau states at infinify0,71. open magnetic flux tube on the event horizon of the black
This coupling between the particle angular momentum andhole is denoted by, .
Qy enables the black hole to perform mechanical work, pro- In the suspended accretion state, the torus assumes a state
ducing electrical currentalong the axis of rotation. Medi- of differential rotation which exceeds that of Keplerian mo-
ated by frame-dragging, this process is causal and local ition. The inner face is super-Keplerian, while the outer face
origin in thatV-=eEMF,,, corresponding to the line-integral is sub-Keplerian due to competing surface stresses on the
EMF, of the electric field along the magnetic field[in2]. It inner face and the outer face of the torus by, respectively, the
may be compared with currents induced by Lorentz forces omaction of the black hole and torus winds to infinity. Both
charged particles when forced to cross magnetic field-linedaces may develop surface waves, similar to water waves in
with the remarkable distinction that the former produces archannels of finite depth, since the effective gravity is outgo-
EMF parallel to and the latter produces an EMF orthogonalng in the inner face and ingoing on the outer face. In the
to magnetic field-lines. The former arises as the net result oforotating frame, the inner and outer faces may carry retro-
Faraday-induced potentials across disks between rim angtade, respectively prograge waves. This allows the former
center in response to differential frame-draggifég. 10 in  to decrease its angular momentum and the latter to increase it
[7]), when these disks are stacked along the axis of rotatiorangular momentum. Any coupling between these inner and
The net current along the open flux-tube is determined by theuter surface waves would lead to angular momentum trans-
detailed and complex state of the magnetosphere, and bounfér from the inner to the outer face, which may result in
ary conditions on the horizon and at infinity whose time-instability. This picture describes the Papaloizou-Pringle

B
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waves[27], originally discovered as an azimuthal symmetry strong shocks in the remnant envelope and dissipation of
breaking instability in tori of infinite slendernes®/Q  magnetic field-energy into radiation. We note that the latter is
—0). An extension of this theory to tori of finite slendernessa long-standing problem in the pulsars, blazars and GRBs
(b/R=0-1) shows that then# 0 wave-modes become suc- alike (see[85] and references thergirConceivably, this pro-
cessively unstable as the torus becomes more slender. Wess is aided by magnetoturbulence downstré8687.
have[25] These supernovae will be largely nonspherical, as deter-
mined by the collimation radius of the magnetic torus winds,
b/R<0.7506, 0.3260, 0.2037,0.1473, 0.1152,0.56m, see, e.9.[88] and references therein.
(4 L ) NP .
The proposed association of the x-ray line-emissions with

for the onset of instability of thenth buckling mode at the the supernova explosion, based on the same underlying large
point of Rayleigh stability(stability of them=0 mode be- €nergy in high-energy continuum emissions within the rem-
tween the two facésIn the proposed suspended accretionnant envelope, leads to the prediction that the intensity of
state, the amplitude of the resulting quadrupole mass mdine-emissions and the kinetic energy in the ejecta are posi-
ment, possibly accompanied by higher order mass momenttiyely correlated.

saturates in energy and angular momentum balance between
input from the black hole and output in the aforementioned
radiation channels. These hydrodynamic instabilities may be
accompanied by other instabilities, such as those associated _ . .
with a strong magnetic field. The strength of the poloidal A Small fraction of the black-hole—spin energy is chan-

magnetic field-energy is subject to the stability criterf&h neled along the black hole rotation axis in_ the form of
baryon-poor outflows along an open magnetic flux-tube, as

& 1 input to the estimated GRB energi&s,=3x 10 erg of
5_k<1_57 ©) Frail et al.[17]. The baryon content and the loading mecha-
nism of these jetgand essentially of GRB fireballs in any
based on a linear analysis of nonaxisymmetric bucklingnode) are yet an open issue. In one scenario proposed re-
modes. A similar stability analysis for the tilt mode replacescently [89], baryon loading is accomplished through pickup
the right-hand side i5) with 1/12. This upper bound on the of neutrons diffusing into the initially baryon-free jet from
magnetic field-strength sets a lower bound on the dissipatiothe hot, baryon-rich matter surrounding it. The free neutrons
rate of black-hole—spin energy in the event horizon, andhre produced in the hot torus that maintains temperatures of
hence a lower bound on the lifetime of rapid spin of thethe order of a few MeV, and stream with the baryon-rich
black hole. For the parameters at hand, the lifetime of blackyind emanating from the torus to a radius 6f10'° cm,
hole spin is hereby tens of seconi®low). The torus itself  apove which they recombine with protons to fofile. The
develops MeV temperatures in a state of suspended accreti%kup process involves a collision avalanche inside the
[9]. baryon-poor jet(BPJ, owing to the large optical depth for
inelastic nuclear collisions contributed by the inwardly dif-
B. Supernovae powered radiatively by black-holespin energy  fusing neutrons. The hadronic shower saturates quickly, giv-

The remnant stellar envelope is irradiated from within bying rise to a viscous boundary layer at the outer edge of the
high-energy continuum emissions from powerful torusBPJ where most of the pickups occur. This boundary layer
winds, which were released during the preceding GRB. Thidias a moderate bulk Lorentz factor. The Lorentz factor of the
continuum emissiomadiatively drives a supernova by ejec- BPJ core, where the baryon density is smaller, is much larger
tion of the remnant envelope and, when the remnant envanitially. The picked-up neutrons in the hot boundary layer
lope has expanded sufficiently so that its optical depth to thisan remain free up to a radius of about6m where they
continuum emission has dropped below unity, excites x-rayecombine, and continue to diffuse into the BPJ core as the
line-emissions as observed in GRB011246,101). This su- BPJ expands. This leads to further collisions in the BPJ core
pernova mechanism is novel in that the supernova-energwith highly relativistic baryons coming from below. The to-
derivesab initio from the spin-energy of the black hole, and tal number of picked-up neutrons is estimated to~E0*%-
is otherwise similar but not identical to pulsar driven super-although it depends somewhat on the outflow parameters.
nova remnants by vacuum dipole-radiat{ai®], and magne- The asymptotic bulk Lorentz factor of the BPJ is established
torotationally driven type Il supernovae by Maxwell stressesn this model at rather large radir~{10'2 cm) after neutron
[79—-83 and associated heating4]. pickup is completed, and lies in the range between a few

The energy output in torus winds has been determined ihundred to a few thousand. The expected variation of the
a detailed calculation on the suspended accretion state, andlisrentz factor across the BPJ should give rise to orientation
found to be consistent with the lower bound[df7] on the effects that still need to be assessed. The inelastic nuclear
energy in continuum emissions for the line-emissions incollisions inside the BPJ lead to efficient emission of very
GRB011211/101]. In our proposed mechanism for superno- high-energy neutrinogenergies well above 1 TeMwith a
vae with x-ray line-emissions, therefore, we envision effi-very hard spectrum. The neutrino fluxes predicted are high
cient conversion of the energy output in torus winds intoenough to be detected by the upcoming®kmeutrino detec-
high-energy continuum emissions, possibly associated witkors, even for a source at a redshift of 1.

C. Baryon loading in the magnetized baryon-poor jet
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IV. TIME SCALES AND RADIATION ENERGIES consistent with the observed ratig,/E, ;=7 X 10 ° for ca-

Theoretical predictions in the model of GRBs from rotat- nonical veilues oM, =7Mo and a rapidly spinning black
hole (E;,t=0.2My).

ing black holes can be compared with observations on dura- In the suspended accretion state, the torus emits correlated
tions and true GRB energies. We shall do so in dimensionlesesner ies in \F/)arious channels nam,el in gravitational radia-
form, relative to the Newtonian time scale of orbiting matter g ' ying

and the rotational energy of a rapidly rotating Kerr blacktlon’. torus_wmds and_thermal _and MeV—neut_rlno emissions.
Their fractional energies, relative to the rotational energy of
hole of mass ¥ .

The durationsl oq are given by the time of activity of the the black hole, safisfy{101], corrected and simplifigd
inner engine of the GRB90]. We propose to identify the

lifetime of the inner engine with that time scalg of rapid o= Bow__ an - (11)
spin of the black hole. This time scale is effectively set by Erot  a(1+ 5)+f§v

the rate of dissipation of black-hole—spin energy in the event

horizon, by spin-down against the surrounding magnetic E 7f2(1—6)2

. w w 2

field of strength 7, (12

7 Erot B a(l+06)+ f&v
TMqg
My

B.=10"G (6)  and, the fractional energy dissipated and converted mostly in

6MH)2( MT )1/2
MeV-neutrino emissions,

R | |0.0av,

at the critical value in the aforementioned stability criterion
Es &< 1/15. We note the increasing observational evidence
for super-strong magnetic fields in SGRs and AXPs, see, e.g., Ya Erot
[91-95. We then havg9]

T.~90 d
s Mo

_Ediss

5. (13)

The right-hand side gives the asymptotic results in the limit
w7 of strong viscositylarge«) and small slendernegsmall ),
0.03 (7) in the case of a symmetric flux-distribution described by a

fraction f,,=1/2 of open magnetic flux supported by the
This estimate is consistent with durations of tens of secondsrus with connects to infinity. We remark that the strong
of long gamma-ray burst®6]. This gives rise to théarge  viscosity limit satisfiesy~ 1/(4«) in the limit asa becomes

n -8/3
0.1

parametery,=T QO+, large. These results imply a torus temperature of about 2
MeV, whereby the dominant emission is in MeV-neutrino
—8/3 -1 L . . ..
—1x 108 M ®) emissions accompanied by subdominant thermal emissions.
Yo 0.1 0.03 The MeV nucleus is relativistically compact, whereby the

dominant emission is in gravitational radiation, rather than
consistent with the observed raffgy(+~ 10°. electromagnetic radiation. Its compactness can be expressed
The true energy in gamma rays is attributed to baryonin terms of 2r/§9"f,,dE, which expressed the amount of
poor energy outflow along an open magnetic flux tube alongotational energy relative to the linear size of the system,
the axis of rotation of the black hole. As the torus developsyhich is invariant under rescaling of the mass of the black
MeV temperatures in the suspended accretion state, it Suprole according to the Kerr metricl02]. We have[[7,20],
ports a surrounding powerful baryon-rich wind with a mass-ypdated with Eq(13)]

loss rate of about 8 g s™* [9]. We envision that these torus

winds introduce a change in poloidal topology of the inner 7 \?

torus magnetosphere, upon moving the separatrix out to in- vs=0.003 01 (14)
finity. This creates an open magnetic flux tube with finite

horizon half-opening anglé,,. The open flux tube forms an ysing the trigonometric expressior,,=2M sirf(\/4),
artery for a small fraction of black-hole—spin energy, releas{) ,=tan(\/2)/2M, and 2mf g, =2Q+, produced by spin-
ing magnetized baryon-poor outflows. For a canonical valugiown of an extreme Kerr black hole with sira/M,~1,
€=15% of the efficiency of conversion of kinetic energy to wherea denotes the specific angular momentum. Valyes
gamma raysfor various estimates, s¢87-100), we have,  >0,005 rigorously rule out radiation from a rapidly spinning

based or{9], a small parametery; =E, /E,q, neutron star, using the upper bound of 0.005 for their spin-
4 down emissions in gravitational radiation obtained from a
Y1=€by. (9 Newtonian derivation for a sphere with uniform mass-

density.

Here, we propose to attributg, to poloidal curvature in the
inner torus magnetosphere, i.8,=My/R for a magnetic

field which is orthogonal to the polar regions of event hori- A. Alink between gravitational radiation

zon. This givesE,,~2x 10°% €/0.15) (5/0.1)®" erg, or and supernovae energies
. The gravitational wave-frequencil) is constrained by
_ 5 € U the total kinetic energy in the associated supernova, and the
0.1510.1 energy requirements for x-ray line-emissions.
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The asymptotic fractional energi€$3) introduce a rela-
tionship between the frequency in quadrupole radiafigp
and the energ¥,, released in torus-winds, namely

32
, (19

Ew

3.65x 10°% erg

1/2 7M
My

f qw=455 Hz(

where the nominal values correspondste-0.1. This sug-
gests that we seek observational estimategpmn order to

constrain the expected frequency in gravitational radiation

As mentioned in Sec. I, we identif,, with the energyg,

in high-energy continuum radiation which excites the x-ray

line-emission in GRB 01121f46]. This points towards

E,=E,=4X10 erg, (16)

which is consistent with the required energies Erbased
on [47]. The kinetic energyEgy in the supernova ejecta is
hereby identified with the radial momentum impartedey
on the remnant envelope. That 5¢\=0.58E,,, whereby

B

ESNZZX 105]'er% _) MH

Mg

17

2
0.1 0_.1)
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B. GRB980423SN1998bw and GRB03032%N2002dh

In our model,all emissions are driven by the spin-energy
of the central black hole, and henak ejecta are expected to
be nonspherical.

The supernova explosion is nonspherical, because the ex-
plosion energy(17) represents a fraction of black-hole—spin
energy which is catalyzed by the surrounding toisee Sec.
I1B). Egy in Eq. (17) is therefore distinct from and gener-
ally smaller than the observed isotropic equivalent kinetic
energyEy iso in the ejecta. Indeed, our canonical value for
Esn agrees remarkably well with the estimated explosion
energy of 2<10°! erg in SN1998bw[66], based on asphe-
ricity in the anomalous expansion velocities of the ejecta.
This estimate is consistent with the partial explosion energy
of about 16° erg in ejecta with velocities in excess of 6,5
wherec denotes the velocity of lighH63]. ConverselyE, iso
can readily assume anomalously large values in excess of
10°? erg, depending on the degree of asphericity.

In our model, the explosion energiék7) represent nor-
mal SNe Ic value$66]. The term “hypernova’{14] applies
only to the apparent energgy s,=2—3x10%erg in
GRB980425107,67 upon assuming spherical geometry, not
to the true kinetic energigy in the actual aspherical explo-
sion.

As pointed out in Sec. Il, the GRB emissions are strongly
anisotropic, produced by beamed baryon-poor jets along the
rotational axis of the black hole. Based on consistency be-
tween the true GRB event rate, based [dv,16, and

with B=v;/c denoting the velocity¢; of the ejecta relative GRB980425, we further infer that these beamed emissions
to the velocity of light,c. In the expected aspherical geom- are accompanied by extremely weak gamma-ray emissions
etry, B refers to a mass-average of the angular distribution obver wide angles or perhaps over all directions. The beaming
the ejecta. The canonical valyge=0.1 refers to the observed factor of the baryon poor jet is about 4507,16. Evidently,
velocity of the ejecta in GRB011211. We emphasize Fhgf  the degree of anisotropy in the GRB emissions exceeds the
refers to the true kinetic energy in the ejecta. Eventually, thexis ratio of 2 to 3 in the associated supernova ejgghby
expanding remnant envelope becomes optically thin, a@about two orders of magnitude. While viewing the source
which stage it may show x-ray line-emissions excited by theon-axis gives rise to the brightest GRB and the largest
underlying continuum emissioR, . Exiso, We conclude that viewing the source off-axis could

In Eg.(16), we envision efficient conversion of the energy give rise to an apparently dim GRB with nevertheless large
output in torus winds into high-energy continuum emissionsEy iso. This may explain the apparent discrepancy between
possibly augmented by strong shocks in the remnant envéhe dim GRB980425 in the presence of a lafgs,, yet
lope and dissipation of magnetic field-energy into radiationnormal Esy [[66], Eq. (17) abovd, in SN1998bw.
The magnetic field-strengt{6) indicates the existence of a  The remarkable similarity between the optical light-curve
transition radius beyond which the magnetic field strengtrof SN2003dh associated with GRB030324] supports the
becomes subcritical. While this transition may bring about anotion that GRBs are driven by standard inner engines.
change in the spectrum of radiation accompanying the toru6RB030329 was a bright event in view of its proximity,
wind, it is unlikely to affect conversion of wind energy to though it appeared with a slightly sub-energeig;s,. We
high-energy emissions at larger distances. The reader is rettribute this to viewing strongly anisotropic GRB emissions
ferred to[103] and [104] for radiative processes in super- slightly off the rotational axis of the black hole. Based on
strong magnetic fields. spectral data,110] note that the energl, ;s, of SN2003dh

We note a recent applicatidi05] of the suspended ac- is probably between that of SNe1997efg.[108,109) and
cretion state at keV temperatures to explain type B relativisSN1998bw, although SN2003dh and SN1998bw feature
tic jet events in the galactic microquasar GRS 19185  similar initial expansion velocities. If SN2003dh allows a
[106]. We find qualitative and quantitative agreement withdetailed aspherical model similar to that of SN1998bw, we
observations in energetics, time scales and spectral evolpredict that the true kinetic enerdysy will attain a normal
tion, including agreement with a spectrally smooth long-value.
duration (400—700 ¥ hard-dip state. This provides indirect The observational constrainEgyg=2%x10°terg on
support, albeit at different temperatures and densities, foBN1998bw 66] and consistency with the energy requirement
well-defined, conceivably quasiperiodic frequendi&s). in high-energy continuum emissions for the x-ray line-
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emissions in GRB011211, therefore, suggest an expectatioa(32/5)(M/R)>(m/M)?, where M=M(m/M)3> denotes

value of fg,~500 Hz according to Eqs15) and (17). It the chirp mass. The gravitational radiation thus produced is
would be of interest to refine this estimate by calorimetry ongpisotropic. For each of the two polarizations, we have
a sample of SNRs which are remnants of GRBs. Given the

true GRB event of about 1 per year within a distance of 100 4 1+cos
Mpc, we anticipate about 1 GRB-SNR within 10 Mpc. These hy =1 ————coq20q),
remnants will contain a black hole in a binary with an optical
companion, possible representing a soft x-ray transient. 4
hy=— T cose sin(2Q+t) (19
V. LINE-BROADENING FROM LENSE-THIRRING

PRECESSION where . denotes the angle between the angular momentum

Quadrupole emissions in gravitational radiation emitted"’_lnd the I_|ne-of-S|ght. F_’recessmn of the toru_s mtroduces a
by the torus, possibly accompanied by emissions frorj:me-varymg angle, which moQuIates the strain amplitudes
higher-order multipole mass moments, represent a ling,* andh_ at the observer. Given a mean angjgof the
which changes on the secular time scale of the change iA9ular momentum of the torus to the line-of-sight and a
black hole spin. This line will broaden, when the torus pre-WO.bb.IIng angles, the time-dependent angiét) of the same
cesses. Lense-Thirring precessfaal,113 describes the ef- Satisfies
fect of frame-dragging on a torus whose angular velocity
vector is misaligned with the spin-axis of the black hole.

Lense-Thirring precession is well-known in a different con-gypstitution of cos(t) into Eq. (19 produces phase-
text, as a possible mechanism for QPOs in x-ray binariegyodulation. Figure 4 illustrates the resulting observed strain-

[113] as well as in black-hole—neutron-star binafis4]. A amplitudes for various values of. We may linearize phase-
torus which is misaligned with the spin-axis of the black hole,oquiation in the case ofi< Lo, Wherebyh, = h(f)+ gh(+1)

precesses with essentially the frame-dragging angular velocj; o(6?), hX:h(XO)Jr ah(xl)Jro(ez)’ where h(f)=h+(Lo)
ity desc'rlbed by the Kerr metric. This |s_accompan|ed byand hO=h, (1) refer to the strain-amplituded9) with ¢
precession of the black hole, by conservation of angular mo-_
mentum. Quite generally, the angular momentum of the torus ‘*’
is much less than that of the black hole, whereby the wob- sin(2¢g)
bling angle of the black hole is relatively small and can be h{V=— 0
neglected.

Precession of the orientation of the torus modulates its
cosine with the line-of-sight. The observed strain-amplitudes, g4
are hereby phase-modulated. Phase-modulation of gravita-
tional radiation from an intrinsic quadrupole moment intro- 1 2sine) _
duces line-broadening. For small phase-modulations, this is h(><):f[sm(ZQT"_QLT)+S|r(ZQT_QLT)]-
manifest in phase-coherent side-bands, which are separated (22)
from twice the orbital frequency by the frequency of Lense-
Thirring precession. The origin of a misaligned torus mayThe ratio of the line-strengths of the side-bands to that of the
result from misaligned spin-up of the progenitor star, prior tocarrier at 22 in terms of the ratio of the respective strain-
core-collapse, when the progenitor star is itself misalignecamplitudes satisfies
with the orbital plane of the binary.

In Boyer-Lindquist coordinates, we have to leading order 1+cogeg .
the Lense-Thirring angular frequendy, +=2J,/R® for a K=60 146 col 3 sineg, (23
black hole angular momentudy,=M?2sin\ in terms of the T6C0StytCoS o

mgssM and the specifip angular momentum s#ma/M.  \ynere we used), ;<20 . Averaged over all angles,, we
Given the angular velocitf},=tan(x/2)/2M of the black haveK = 6/2. Thus a wobbling angle of about 30° typically

i ~ N 12p—3/2
Cvﬂeh:\?g the angular velocithr=M™R of the torus, produces side-bands of relative strength 2@gaking to-
getherh, andh, in each side-band
Q 2 The above shows that Lense-Thirring precession, if
£~2X10—2(l) SiA(\/2) (18  bresent, may introduce line-broadening by up to 5%.
01 The same precession introduces time-harmonic modula-
tion of the two principal projections of the torus onto the
in terms of the ratiop=Q+/Qy of the angular velocities of celestial sphere, one at once and one at twice the precession
the torus to that of the black hole. We expect nominal valuesrequency. The strength of the two low-frequency lines de-
7~0.1[9], so thatQ), ; is about 10% ofQ}¢, or, equiva- fines the decay time of the misalignment of the torus. These
lently, about 1% of() . lines are extremely small, in view of their low-frequencies,
An intrinsic mass-inhomogeneity in a torus introduces a allowing Lense-Thirring to persist for time scales at least as
luminosity of gravitational radiation according tba,, long as the durations of long GRBs.

cosi(t) =sinwsinf cog w| t) +cosigcosh. (20

[cog2Q 1+ Q1) +cog2Q7r—Q7)]
(21)

r

1/2
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FIG. 4. The observed strain-
amplitudesh, andh, are subject
to amplitude modulation by vary-
ing orientation of the torus
relative to the line-of-sight, in re-
sponse to Lense-Thirring preces-
sion. This introduces side-bands
about the carrier frequency(E;,
where(); denotes the angular ve-
locity of the torus. These side-
bands are separated from the car-
rier frequency by oncén bothh
and hy) and twice (in h,) the
Lense-Thirring frequency. Shown
are the strain-amplitudes for the
case 0of 1n=0,7/8,7/4,7/2 for a
wobbling angle of 30° and a
Lense-Thirring precession fre-
quency of 1/8 of the orbital fre-
quency. The amplitude corre-
sponds to a source at unit
distance, and the index refers to
the number of orbital periods.
(Reprinted from[115].)

VI. STOCHASTIC BACKGROUND RADIATION The quantity S (z)=[1/4mwd?(2)|[Rsx(z)/Rsr(0)](dV/d2)
FROM GRBS is observable, representing a count-rate per unit of redshift

We may calculate the contribution of GRBs from rotating and luminosity surface arganferred with reference to a set

black holes to the stochastic background in gravitationan sta_ndard (_:andleasHe_re,_ciL(z)z(1+z)r n terms of a
waves, for a distribution which is locked to the star- spherical radiug. Considering a closed universe of matter

formation rate. Below is a semianalytic summation of theand vacuum energf)y +{,=1, we have the transforma-

; — 2

sources, similar but not identical to the numerical summatior! " rules —  dVidz=4mr7/E(z,0,) and
in [116], and includes a correction to the amplitudes reported?SF(Z'QA)/E(Z’QA) =Rse(2,0)/E(z,0) [117],  where
therein.

E(z,Q,)=[Qu(1+2)%*+Q,]*2 Here we suppress a di-
The spectral energy densityE,,/df of a single point mensionful factorc/Hy in dV/dz, wherec is the velocity
gw

source is a redshift-independent distribution, in view of Ein-Of light andH, the Hubble constant. A cancellation ¥(2)
stein’s adiabatic relationshif,,/f=const. The observed Ieavg:zs a. model _ mtEI?pen.derltl expressiob(z) = (1
energyEg,(f,z) at an observed frequendyof a source at +2) “Rse(z,0)RsH(0;0) "E(z,0) 7, reflecting that it is
redshift z hereby satisfies Eg,(f,z) = (1+2) 1Eg,((1 &N observable. It follows that
+2)f,0). Hence, we haveey,(f,2) =E,((1+2)f,0) with emeF(Z: 04 dz
'=d/df. At redshift zero, gravitons emitted by a source at TZB(f):hGRBJ' mad st _
redshiftz are distributed over a surface areadf(z), where 1+z E(z:Q,)

d, (z) denotes the luminosity area. This gives rise to a spec- (25
tral energy-density, or equivalently, a flux per unit area at the _ _ _ .
observer, satisfying=q(f,z)=E{,/4md{(z). Given a star- Whe[% Az Q\)/(112)=Rs(2,024)Rse(0:0,) (1
formation rateRg(z) as measured in the local rest frame per+z) represents an observed fl(bount-rate per unit ar¢a

unit of comoving volumeV at redshiftz, the GRB event rate evolvec_l per unit of surface area and timezai0, ab Initio
o . proportional to the star-formation rate as measured in the
R as seen by the observer satisfié®(z)/dz=ncre(l |ocal rest frame of an Einstein—de Sitter universe per unit of

+2) [RsH(2)/Rs(0)](dV/dZ), where nggrg denotes the comoving volume. The reader is referred[id 8] and[119]
GRB rate-density at=0. The result contributes to the spec- for related(but not identical expressions.
tral energy density, i.e., flux per unit area to the stochastic |n the present case, we may use the comoving star-
background in gravitons by formation density[120] Rg(z;0)=0.16,3U(2)U(5—2)[1
+660e 341217 IM,yr I Mpc~2 with Hubble constant
, h,3 and Heaviside functiotJ(-). We shall further use the
= _ JZ”““XEGWE(Z) estimated GRB event rate of 250 }Gpc 2, which in-
Fg(f)=ngrs (24) :
(1+2) cludes a beaming factor of 507,16

Efu(1+2)f,0
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The expressioii25) can be evaluated semianalytically, by where f5(x) = fg(x)/maxfg(-). The associated dimension-
noting that the gravitational wave-emissions are effectivelyjess strain amplitude SB(f):(ZG/WCS)l/folFEIZ(f),

band limited to a relative bandwid®= Af/f,,, s on the or-
der of 10% around Eq.(1). Substituting u=1+z in

Eq. (25 gives the equivalent integral Fg(f)

=hGRBEgWB‘1fg_\,§'sf;g:vvvzxg;gD(u)du, where Z=B and
D(1+2)=Re(z;EdSRA(0;:EAS)(1+2) 92 To leading
order, the result satisfieTéB(f)thRB (Eqw/f)D(fgw,s/f)

=ngre(Eo/fo)(fo/f) (M/M@)D(fgy,s/f) independent of
B<1. Here, we use the scaling relations

E = Eo| o], £ o= fo| 0
gw— =0 M_O v Igws— 1o V
Where M0:7M®, EOZOZOC'M@(n/01) and fo
=455 Hz(»/0.1). Hence, we havg="fg, /f=f,My/fM.

The average over a uniform mass-distributidiM,
M, (AM=M,—M,) then satisfies

ol 7l

My f f
fol(T"yl)D<y>(T°dyl> 27)

(26)

@B(f)):hGRB

ie.,
_ . [Eo\{ My
<FB(Xf0)>:nGRBE AM fg(x), (28
where
Mo/Mox
fB(x)=X*3f y 3D(y)dy, x=f/f,. (29
Mg /M1x

The functionfg(x)=fg(x,M,M>) displays a broad maxi-
mum of order unity, reflecting the cosmological distribution

whereG denotes Newton’s constant, satisfies

-1
JSg(f)=2.45x 1026(011) f¥2x) HZ7 Y2, (31

wherefs(x) =fg(x)/maxfg(-), f5(x)=Ffg(x)/x2. Likewise,

we have for the spectral closure densitfg(f)
=fFg(f)/p.c® relative to the closure densityp,
=3H3/87G

04(f)=6.11x 109(§1 t0(%), (32)

wheref o =fo(x)/maxfqo(-), fo(x)=xfg(x). This shows a
simple scaling relation for the extremal value of the spectral
closure density in its dependency on the model paramgter
The location of the maximum scales inversely witf) in
view of x=f/fy. The spectral closure density hereby be-
comes completely determined by the SFR, the fractional
GRB rate thereofy, and the black-hole—mass distribution.
Figure 5 shows the various distributions. The extremal value
of Qg(f) is in the neighborhood of the location of maximal
sensitivity of LIGO and VIRGO(see Fig. 6.

VIlI. DIMENSIONLESS CHARACTERISTIC STRAIN
AMPLITUDES

The strain-amplitude for a band-limited signal is com-
monly expressed in terms of the dimensionless characteristic
strain-amplitude of its Fourier transform. For a signal with
small relative bandwidthB<1, we have(adapted from
[122])

z=0-—1, preceded by a steep rise reflecting the cosmologi-

cal distribution at high redshift, and followed by a tail 2
reflecting a broad distribution of mass 20 (Fig. 4 in

[116]). The broad maximum arises because the luminosity
factor 1Uf(z) in energy flux effectively cancels against
dV/dz in this region. In contrast, the spectral strain ampli-

hoo_ Ltz [ 2B 12 23
charmrdy (2) | fgwsB/) 33
which may be reexpressed as
h grar= 6.55¢ 10721 oo || 222.MPG (9.1 " 34
char— Y- 7MO d|_ B ’ ( )

tude1/d, (z) i_s sub_dominant at low redshift, giving rise to upon ignoring dependence on redshiftNote thath ., is
a sharp peakFig. 6 in[116]) produced by the source popu- independent ofy. The signal-to-noise ratio as an expectation

lation at intermediate redshifts=1. BecauseEéWocME',

value over random orientation of the source is

these peaks are dominated by high-mass sources, and, for the

spectral strain amplitude, at about one-fourth the character-

istic frequency off,.
We may average EQ(28 over a uniform mass-

distribution[ M ,M,]=[4,14M, assuming that the black

hole mass and the angular velocity ra®f the torus to that
of the black hole are uncorrelated. Using E26), we have,
in dimensionful units,

erg

. o
(Fa(f))=7.45¢10 fB(x)—scm2 —

(30

) - [

where h,=h,ms/\/5, and h,ms=VfS,(f) in terms of the
spectral noise-energy densiBy(f) of the detector. The fac-
tor 1/5 refers to averaging over all orientations of the source
[122]. In light of the band-limited signal at hand, we shall
consider a plot of

= (35

h char ZB
5 L

2
dInf=<

h rms

h charV B/5

(36)
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Normalized observed rate-density of events x 10%  Spectral flux—density

: : : : FIG. 5. (Left) Shown is the ob-
““““ served fluxF(z,EdS)/(1+2)% in
gravitational radiation from GRBs
"""" R as a function of the SFR
ﬁ : ﬁ : [Mgyr *Mpc 3] in an
"""" Einstein—de Sitter universeHg
: : : j =73kms ! Mpc1), evolved to
"""" a per unit of surface area and unit
3 - ~ : of time atz=0. Note the peak at

— = e -

0 : ; o

0 1 2 3 4 5 0 200 400 600 800 1000 z=1. (Righ) Shown is the spec-
Redshift z frequency [Hz] tral flux-densityQg(f) for a cos-
mological distribution of GRBs
x 1072 Background spectral strain x10% Spectral closure density from rotating black holes as burst
3 T g ; g 1 T T

sources of gravitational radiation
assuming a uniform mass distribu-

08fF---- - ................ . .
: : tion in the range oMy =4-14
N A XMg (top curve and My=5
= ' —8X Mg (lower curve. The re-
Sl LN sults are shown forp=0.1. The
: : extremal value of)g(f) is in the
0ol . e \\ ______________ neighborhood of the location of
; =l maximal sensitivity of LIGO and
ol S S ERNp oLl =77 : L —= VIRGO.
0 200 400 600 800 1000 0 200 400 600 800 1000
frequency [HZ] frequency [Hz]
vclersus'fg\,v,s according to the depgndence on black holg mass S Sﬁ/2(500 H2) -1 | 32
given in EqQ.(26), using a canonical valug=0.1. The in- (—) = (—)
stantaneous spectral strain-amplitutéollows by dividing N/me \5.7x102Hz 12/ 101
h .har DY the square root of the number ofravave periods M |52 d -1
N="f4u sTog=27 according to Eq(8). It follows that X IV 100Mp4;) ) (39
e s 0.1 1/2 7 4/3 w 1/4 M 100Mp
=3x10 B 0.1 0.03 |7Mg d The expression(39) shows a strong dependence on black
37) hole mass. For a uniformly distributed mass-distribution, we

have the expectation valu®N= 18 for an average over the
VIII. SIGNAL-TO-NOISE RATIOS black-hole—mass distributiodl ;=4 —14X M as observed
) o ) in galactic soft x-ray transients; we ha®N=7 for a nar-
GRBs from rotating black holes produce emissions in thgqer mass-distributioM ;=5—8X M. The cumulative
shot-noise region of LIGO a/rz]d VIRGO, where the noisegyent rate for the resulting strain-limited sample satisfies
strain-energy density saﬂsﬁéﬁ (f)of. We will discuss the N(S/N>s)os3
signal-to-noise ratios in various techniques. We discuss "1y,o signal-to-noise rati¢39) in matched filtering is of

matchgd filtering.as a theoretical_ upper bour)d on the a_ChieV'reat theoretical significance, in defining an upper bound in
able signal-to-noise ratios. We discuss the signal-to-noise r%

H0S | lating two detect both f hes for b ingle-detector operations. Figure 6 shows the characteristic
10S 1n corrélating two detectors both Tor searcnes for ursrstrain—amplitude of the gravitational wave-signals produced

sources and for searches for the stochastic background Bﬂ/ GRBs from rotating black holes, for a ranlye=4— 14

gravitational radiation. <M B .
. . . I . o of black hole masses and a range 0.1-0.15 in the
The S/N-ratio of detections using matched filtering with ratio of the angular velocities of the torus to the black hole.

accurate wave-form templates is given by the ra’qo of StralnI'he ratio of the characteristic strain-amplitude of a particular
amplitudes of the signal to that of the detector noise. Includ-event to the strain-noise amplitude of the detedtr the

ing averaging over all orientations of the source, we havesame frequendy represents the signal-to-noise ratio in

[122,3 matched filtering. We have included the design sensitivity
—_— curves of initial LIGO and VIRGO, and Advanced LIGO and
(E) — (1+2) 2E9W_ (39) Cryogenic VIRGO. The VIRGO sensitivity curve is a current

N/ e md (2) Y%, evaluation, to be validated in the coming months, during the

commissioning phase of VIRGO.
Here we may neglect the redshift for distances on the order Evidently, matched filtering requires detailed knowledge
of 100 Mpc. Consequently, for matched filtering this gives of the wave-form through accurate source modeling. The
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FIG. 6. (Color) GRBs from rotating black holes produce a few tenthlef in long duration bursts of gravitational radiatiph9]. These
emissions are parametrized by the black hole nvags-4—14M 5 and the ratiop~ 0.1-0.15 of the angular velocities of the torus and the
black hole. The signal is band limited with relative bandwi@ 10%. The dark region shows,,BY%\/5 of the orientation-averaged
characteristic dimensionless spectral strain-amplitugg,. The source distance 3=100 Mpc, corresponding to an event rate of once per
year. The dimensionless strain-noise amplitutesyf) = fS,(f) of Initia/Advanced LIGO(lines), Initial/Cryogenic VIRGO (dashed
[121]) are shown with lines removed, including various narrowband modes of Advanced (d@&@lashel] whereS,(f) is the spectral
energy-density of the dimensionless strain-noise of the detector. Short GRBs from binary black-hole—neutron-star coalescence may produce
similar energies distributed over a broad bandwidth, ranging from low frequencies during inspiral up to 1 kHz during the merger phase.

magnetohydrodynamical evolution of the torus in the susimodel-independent procedure that circumvents the need for
pended accretion state has some uncertainties, such as reating wave-templates in matched filtering. An optimal
accompanying accretion flow onto the torus from an ex-Choice of the central frequency in narrowband mode is given
tended disk. These uncertainties may become apparent in th¥ the expectation value of E¢l) in the ensemble of GRBs

gravitational wave-spectrum over long duratiotSimilar ~ from rotating black holes. _
uncertainties apply to models for gravitational radiation in _ 1NiS optimal choice corresponds to the most likely value
accretion flows. For this reason, it becomes of interest to ©f Mn @nd# in our model. As indicated, present estimates

consider methods which circumvent the need for exact wavendicate an optimal frequency within 0.5 to 1 kHA good
forms. In the following, we shall consider detection methods€XPectation value awaits calorimetry on GRB associated su-

based on the correlation of two detectors, such as the coldemnova remnantsA single burst producesza spectral closure

cated pair in Hanford, or correlation between two of the threelensityQds, satisfyingToo(s=2E,f4,/3H 0d? in geometri-

LIGO and VIRGO sites. cal units. The signal-to-noise ratio obtained in correlating
As mentioned in Sec. I, the gravitational wave-spectrumfWO detector signals over an integration periddsatisfies

is expected to be band-limited to within 10% of EJ),

corresponding to spin-down of a rapidly spinning black hole

during conversion of 50% of its spin-energy. We may exploit (

this by correlating two detectors in narrowband mode—a

§>2_9Hg Im Q2(f)df -

N/ 5074 Jo 6S,,(f)Sna(f)’
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FIG. 7. Shown are the achiev-
able upper bounds on the mass of
the black hole in GRB030329%(
=0.167,Tqo=25s) at current
LIGO  sensitivity  (St?=4
X 10 ?2Hz"Y?), assuming a no-
detection result in applications of
matched filteringsolid), in corre-
lating two detectors in narrow-
band mode(dot-dashey and in
correlating two detectors in broad-
band modddotted. The labels re-
fer to signal-to-noise ratios 1, 2
and 3. In broadband mode, corre-
lation between the two LIGO
Hanford detectors at current sensi-
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per bound on the black hole mass
20 in GRB030329 D =800 Mpc) of
about 15(0M, .
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n
This may be integrated over the bandwiddfg,<f,,, searches for the contribution of GRBs to the stochastic back-
whereby ground in gravitational waves. According to Eq40) and
(32) for a uniform mass-distributioM ;=4x14M , corre-
S) 1 ( 1 )1’2( S)Z lation of the two advanced detectors at LIGO-Hanford gives
(N N J2\BN N/ (41)
s S¥500 Hp | *
where 1BN<1 by the frequency-time uncertainty relation. (N) =5 YT
The number of perioddl of frequencyf y,, during the burst B 5.7x10""" Hz H1
of duration Toq satisfiesN=2Tgy/P=4X 10%7, ¥3u, 3. 2 -1
Hence, we have BN~ 10 3. Following Eqs.(39) and(40), Sn (500 H2 —7/ T2 43)
we find 5.7x10 24 Hz 12| Ly
S¥2500 Hp |t

Here, the coefficient reduces to 2.2 for a mass-distribution
b1 My=5—8M . The estimaté€43) reveals an appreciable de-
pendence om.

S
N) =12fD1fD2

5.7X10 %*Hz 12

-1
—5/3 5 2 1/2 1/4
M d8 B0 M0.03
D2 IX. ADETECTION ALGORITHM FOR TIME-FREQUENCY

TRAJECTORIE
(42) JECTORIES

SH4(500 H2)
5.7x 10 2Hz 1?2

The proposed gravitational wave-emissions produced by
where 79,=7/0.1, M7=M/7Mq, dg=d/100 Mpc, Bo1  GRBs from rotating black holes are characterized by emis-
=B/0.1 andugz=w/0.03, and the factors;'=fP'/4 refer  sjon lines which evolve slowly in time. In this two-timing
to enhancement in sensitivity in narrowband mode, relativeyehavior, the Newtonian time scalg on the order of mil-
to broadband mode. The cumulative event rate for the reSU'lrseconds serves as the short time scale, and the timeBgale
ing flux-limited sample satisfieN(S/N>s)os™ 32 of evolution of black-hole—spin on the order of tens of sec-

The S/N-ratios of Eqs(39) and (42) may be used to de- onds serves as the long time scale. In order to circumvent
rive upper bounds on black hole masses in GRBs, by definexact wave-form analysis, consider Fourier transforms on an
ing a “no-detection” to correspond to a signal-to-noise ratiointermediate time scale during which the spectrum is ap-
of 3 (or less. This is illustrated in Fig. 7. proximately monochromatic. Furthermore, as mentioned in

Given the proximity of the extremal value é1z(f) in  the previous section, we may consider applying correlation
Eq. (32) and the location of maximal sensitivity of LIGO and techniques. In what follows, we consider the output of the
VIRGO, we consider correlating two colocated detectors fortwo colocated Hanford detectors, with output
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FIG. 8. (Color) GRBs from rotating black holes are expected to produce line emissions in gravitational radiation which evolve slowly in

time, on the time scale of spin-down of the black hole. This produces trajectories in the temporal evolution of the spectrum of the signal. We

may search for these trajectories, by performing Fourier transforms over time-windows of intermediate size, during which the signal is
approximately monochromatic. The results shown illustrate a slowly evolving line-emission for a long burst, partitibreti28 subwin-
dows of M =256 data points, in the presence of noise with an instantaneous signal-to-noise ratio of 0.15. The left two windows show the

absolute values of the Fourier coefficients, obtained from two simulated detectors with uncorrelated noise. The trajectory of a simulated

slowly evolving emission-line becomes apparent in the correlation between these two ¢pghtravindow). The frequency scales with
Fourier indexi according tof=(i—1)/7 (i=1, ... M/2+1), wherer denotes the time-period of the subwindow.

si(ty=h(t)+n;(t) (i=1,2), (44) are greater than a certain positive number, e.g., those for
which ¢,,,>0.3Xmax,Ccnn. These results are illustrated in

whereh(t) denotes the strain amplitude of the source at therig, 8.
detector andhj(t) the strain-noise amplitude of H1 and H2.  The TFT algorithm may also be applied to a single detec-
- We may take advantage of the two distinct time scalegoy, j.e., LIGO at Livingston and VIRGO at Pisa, provided
involved, by considering the time-evolution of the spectrumnat the intermediate time scald5) is much larger than the
evaluated over the intermediate time scalesatisfyingTx  aytocorrelation time in each of the detectors. LIGO and
<7<Ts. We may cgloose-_as follows. Consider the phase \/ RGO detectors have sample frequencies of 16 kHz and 20
(1) = wt+(1/2)ewt” of a line of slowly varying frequency i, This provides the opportunity for down-sampling a de-
O (t)=w[1+(1/2)et], where B=€T,=0.1 denotes the tector signaks(t) into two separate and interlaced sequences

change in frequency over the duratidg of the burst. For a si(t) and sy(t)) (t/=t,+At) that samplefy,~500 Hz,

QUration 7, this phase (_evolution is essezntially that of a Sty hile remaining sufficiently separated for the noise between
tionary frequency, provided that (1/@¥ <2, or

them to be uncorrelated. The coefficie($) would then be
formed out of the Fourier coefficients;(m,n) and

7/ Tg<\2/BN=1/30. (45) eimmsz(m,n)_

The TFT algorithm is of intermediate order, partly first-

SPf.deﬁa_mp'e’j‘ t%/picaLbu.rsé duratifon of one rr?inute may b, ger in light of the Fourier transform, and partly second-
Ivided intoN =120 sub-windows 0f 0.5 s, eac representingyger in light of the correlation between the Fourier coeffi-

about 250 wave pv_anods ata fre_quency of 500 Hz. cients of the two detector signals. Consequently, its detection

Consider the discrete evolution of the spectrum of the IR S . :

. ; . sensitivity is between matched filtering and direct correlation
signal of durationTg of the burst overN subwindowsl

—[(n—1)r.n7], by taking successive Fourier transforms of in the time-domain, as discussed in the previous section. The
the s(t) 0 ’er e:ac)r/ﬂ Tr?e W0 Spectra(m.n). wherem gain in signal-to-noise ratio obtained in taking Fourier trans-
i \4 n- W i 1 1 W

' - forms over subwindows may circumvent the need for nar-
_denotes thenth Fourier coefficient, can be correlated accord'rowband operation, allowing use of the two Hanford detec-
Ing to tors in their current broadband configuration.

Application of the TFT algorithm to searches for the con-
tribution of GRBs to the stochastic background radiation
could be pursued by taking the sum of the coeffici€d)

The signalh(t) contributes to a correlation between the over successive windows of the typical burst duration, in
si(t), and hence to non-negative valugs,. In general, the light of the GRB duty cycle of about or{d16]. The contri-
presence of noise introduces valuescgf, which are both  butions of the signals from distant event add linearly, but are
positive and negative. Negative valuescgf, only appear in  distributed over a broad range of frequencies around 250 Hz.
response tduncorrelateyl noise. A plot of positive values A further summation over all subwindows of 0.5 s would
Cmn, therefore, will display the evolution of the spectrum of result in a net sum over $Qoefficients during a one-year
the signal. For example, we may plot all valuexgf, which  observational period. The result should be an anomalous

c(m,n)=3,(m,n)s} (m,n)+s* (m,n)s,(m,n). (46)
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TABLE 1. Model predictions versus observations GRB-Sifkased on a critical ratiédg/&=1/15 of
poloidal magnetic field energy-to-kinetic energy in the torus with ratifR<0.3260 of minor-to-major

radiug.
Quantity Units Expression Observation
Egw erg 4x10% 9o My 7
fow Hz 500 79,M;*
Qg 1 6X10 °@250 Hz
Esn erg 2X10°! Bo1m5 M 7 2% 10" erg?
Ey erg 2X10° €9.1570Mp 7 3x 107 erg®
E, x° erg 4X107% end My >4.4x10°" erg?
T s 90 75 2*My 712003 Too Of tens of °
Event rate yrl 1 within D= 100 Mpc'

a8SN1998bw with aspherical geometry, estimated bylielo et al. [66].

®True energy in gamma rays produced along open magnetic flux-tubes; seetFiafl17].

‘Continuum gamma-ray emission produced by torus winds with undetermined effiEeamynergy input to
x-ray line emissions.

dGhisellini et al. [47].

€Kouveliotouet al.[96].

fLocal estimate based on Frait al.[17] and van Putten and RegimbfL6].

broad bumb in the noise around 250 Hz with a signal-tuning. We are not aware of other models for GRB inner
to-noise ratio of order unity, assuming advanced detectoengines which provide similar qualitative and quantitative
sensitivity. agreement with a broad range of GRB-SNe phenomenology.

Our model predicts an output in gravitational radiation of
about 4x 10°2 erg (seevy,) that surpassei,, by three orders
of magnitude and exceeds the output in any other channel of

We consider signal-to-noise ratios for emissions in gravi-emissions, including the associated SN and MeV-neutrino
tational radiation for GRB-SNe from rotating black holes. emissions. This may be contrasted with type la SNe, whose
Our model predicts GRBs to be powerful burst sources foprimary output is a few times #®erg in neutrinos.

LIGO and VIRGO in the frequency range above a few hun- We have calculated the signal-to-noise ratios for the

dred Hz, described by the scaling relatidgdg and the “big  gravitational wave-emissions with fractional energigsin

blue bar” in Fig. 6. Based on a true-to-observed GRB eventjarious detection methods. Estimates are presented for
rate ratio of about 45017,16, the true event rate is esti- matched filtering, as well as narrow- and broadband correla-
mated to be one per year within a distance of 100 Mpction techniques for nearby point sources. For the contribution

Collectively, these events contribute a spectral energyof GRBs to the stochastic background radiation in gravita-

densityQg=6x10"? to the stochastic background in gravi- tional waves, estimates are given for broadband correlation
tational waves, which peaks around 250 Hz. between two colocated detectors.

Our model predicts time scales and energetics in GRBs For nearby point sources, matched filtering provides a
and provides a new mechanism for the associated supernovegeoretical upper bound in detector sensitivity using a single-
(Table Il). The model predictions are based on first principlesdetector(which can be in broad- or narrowband madé/e
and some assumptions, such as an ordered magnetic field propose to exploit the predicted narrowband emissions by
the torus and a successful creation of an open, collimategorrelating two detectors in narrowband mode, to circumvent
magnetic flux tube subtended by the event horizon of thehe need for exact wave-forms in matched filtering. In either
black hole. The predicted durations of about 9®Geey,),  case, the position in the sky can be determined using time-
radiation energies of about210° erg from two-sided jets of-arrival analysis at three of the LIGO and VIRGO interfer-
(seey;), and kinetic energies 210°! erg in nonspherical ometers at different locations. Recall further that enhanced
ejecta(seeyy), are in excellent agreement with the observedsensitivity in narrowband mode enhances the detection rate
durations of tens of secondi86], energiesE ,=3X 10°*erg  considerably, by an increase in sensitivity volume beyond the
in gamma rays[17], and inferred kinetic energy 2 loss of event rates due to frequency selection. Burst sources
X 10°* erg in SN1998bw with aspherical geomefB6]. The  may also be searched for using the proposed TFT-algorithm,
proposed radiation driven ejection process, derived fronwhose sensitivity is intermediate between matched filtering
torus wind energies, is consistent with the energy requireand time-domain correlation techniques. This technique
ment for x-ray line-emissions in GRB011211. This observatakes advantage of the anticipated secular time scale in the
tional agreement imposes three constraints on the model ievolution of the line-frequencies, and may be used in the
good agreement with canonical valueM(~7My,n  correlation of two detectors in broadband mode. The stochas-
~0.1u4~0.03), thereby obviating the need for any fine-tic background radiation from GRBs can be searched for by

X. CONCLUSIONS
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correlation between the two colocated LIGO detectors atinlikely even with Advanced LIGO sensitivity, since the
Hanford. Direct correlation in the time-domain gives an ex-typical distances of observed GRBs are then a factor of about
pected S/N-5 in broadband mode over a one-year integra-8 farther away than their unseen counterparts. In this event,
tion period. Conceivably, correlation in the Fourier domainwe should search for events which are noncoincident with
allows an improved performance. We note that, after instruGRBs. However, there is increasing belief that GRB emis-
mental line-removal, spurious correlations between the twaions are not conical. Instead, their emissions may be geo-
Hanford detectors are considered less likely in the highmetrically standard with strong anisotrof®2,51], which in-
frequency range than in the low frequency range. cludes extremely weak emissions extending over wide-

At current LIGO sensitivity{ 126], we may derive upper angles [50,16. If so, GRB980425/SN1998bw is not
bounds to black hole masses in nearby GRB events, by denomalous, and we may search for coincidences with such
fining a no-detection to correspond to a signal-to-noise rati@pparently weak GRBs. At the same time, we may consider
of less than 3 in either matched filtering or correlating twosearches for the associated supernova, using upcoming all-
detectors in broad- or narrowband mode. If performed, thisky surveys such as Pan-STARIRR7]. The prediction of
procedure would allow an upper bound of about M50to  very similar time-of-onset of the burst in gravitational radia-
be put on the mass of the black hole in GRB030229, ation, weak wide-angle GRB emissions and a radio supernova
current LIGO Hanford sensitivity levels in broadband mode.provides an important observational test for our model.
We note that published bounds on strain-amplitudes from Detection of the accompanying supernova allows us to
burst events based on bar detectors apply only to the vergetermine the distance to the source, and hence the energy
highest frequencies predicted by our model. Furthermore, themitted by a nearby GRB in gravitational radiation. This
range of sensitivity implied by these limits corresponds topredicted energy output gives rise to a relativistic compact-
volume with negligible GRB event ratégiven the estimated ness parameteys=2mEgy,fg,, which is predicted to be
true GRB rate of 1 per year within 100 Mpc about 3<1073(/0.1)? in units ofc®/G. A sufficiently high

The burst in gravitational radiation is expected to be convalue rigorously rules out rapidly rotating neutron stars. Ul-
temporaneous with the GRB emissions, extending from théimately, detection of the proposed source of gravitational
time-of-onset of the GRB, or earlier on the time scale ofradiation provides a method for identifying Kerr black holes
seconds during which the baryon-poor outflows punchedn the Universe, and for determining their mass-range in
through the remnant stellar envelof&7], to the end of the GRBs.
GRB. Nearby GRBs are conceivably observable through
their weak wide-angle emissions, similar to GRB980425
[50]. Up to days thereafter, they may appear as radio super-
nova, representing the ejection of the remnant stellar enve- The authors express their thanks for constructive com-
lope by the magnetic torus winds. Months thereafter, wideiments from the MIT-LIGO Laboratory, A. Brillet, D. Cow-
angle radio afterglows may appept24,123. Ultimately, ard, R. Burman, C. Cutler, D. Shoemaker, R. Weiss, P.
these events leave a supernova remnant surrounding a blaEkitchel, S. Marka, R. Araya-Gochez, L.S. Finn, R. Frey, P.
hole in a binary with an optical compani¢@], which may  Hoflich, G.J. Tee and R.P. Kerr. This work is supported by
appear as a soft x-ray transient in the scenarid6f. Thus, = Grant No. R01-1999-00020 from the Korean Science and
long GRBs provide a unique opportunity for integrating Engineering Foundation, and by the LIGO Observatories,
LIGO and VIRGO detections with current astronomical ob-constructed by Caltech and MIT with funding from NSF un-
servations. der cooperative agreement PHY 9210038. The LIGO Labo-

There has been a long-standing interest in gravitationalatory operates under cooperative agreement PHY-0107417.
wave-burst detections coincident with GREB$,36]. f GRB  This paper has been assigned LIGO document number
emissions are conical, then coincident GRB-GWB events arelGO-P030041-00-D.

ACKNOWLEDGMENTS

[1] A. Abramovici et al., Science292, 325(1992. [10] T.J. Galameet al., Nature(London 395, 670(1998.
[2] C. Bradaschiat al, Phys. Lett. A163 15 (1992. [11] K.Z. Staneket al, Astrophys. J. Lett591, L17 (2003.
[3] C. Cutler and K.S. Thorne, in Proc. GR16, Durban, South Af-[12] J. Hjorthet al, Nature(London 423 847 (2003.
rica, 2002. [13] S. Woosley, Astrophys. 305 273(1993.
[4] R. Narayan, T. Piran, and A. Shemi, Astrophys. J. L8R9, [14] B.P. Paczynski, Astrophys. J. Lett94, L45 (1998.
L17 (199). [15] G.E. Brownet al,, New Astron.5, 191 (2000.
[5] E.S. Phinney, Astrophys. J. Le880, L17 (1991). [16] M.H.P.M. van Putten and T. Regimbau, Astrophys. J. [598
[6] V. Ferrari, G. Miniutti, and J.A. Pons, Mon. Not. R. Astron. L15 (2003.
Soc.342, 629(2003. [17] D.A. Frail et al, Astrophys. J. Lett567, L41 (2001.
[7] M.H.P.M. van Putten, Phys. Rep45, 1 (2001). [18] M.H.P.M. van Putten, Scienc84, 115 (1999.
[8] P. Meszaos, Annu. Rev. Astron. Astrophyd0, 137 (2002. [19] M.H.P.M. van Putten and E.C. Ostriker, Astrophys. J. Lett.
[9] M.H.P.M. van Putten and A. Levinson, Astrophys584, 937 552 L31 (2001).
(2003. [20] M.H.P.M. van Putten and A. Levinson, Scien284, 1837

044007-19



van PUTTENet al.

(2002.

[21] A. MacFadyen and S.E. Woosley, Astrophys. 524, 262
(1999.

[22] P.C. Peters and J. Mathews, Phys. R84, 435(1963.

[23] R.A. Hulse and J.H. Taylor, Astrophys. J. Left95 L51
(1975.

[24] J.H. Taylor, Rev. Mod. Phy$6, 711(1994).

[25] M.H.P.M. van Putten, Astrophys. J. Le§75 L71 (2002.

[26] J.I. Katz and L.M. Canel, Astrophys. 471, 915 (1996.

PHYSICAL REVIEW D 69, 044007 (2004

[58] S.D. van Dyk, R.A. Sramek, K.W. Weiler, and N. Panagia,
Astrophys. J409 162(1993.

[59] S.R. Kulkarni, NaturgLondon 395 663 (1998.

[60] K. Iwamoto, Astrophys. J. Let612 L47 (1999.

[61] K.W. Weiler, N. Panagia, and M.J. Montes, Astrophys562,
670 (2002.

[62] R. Willingale, J.P. Osborne, P.T. O'Brien, M.J. Ward, A. Le-
van, and K.L. Page, astro-ph/0307561.

[63] Z.-Y. Li and R. Chevalier, Astrophys. 326, 716 (1999.

[27] J.C.B. Papaloizou and J.E. Pringle, Mon. Not. R. Astron. Soc[64] P.J. Hdlich, A. Khoklov, and L. Wang, in Proc. Texas Conf.

208 721(1984.

[28] T. Nakamura and M. Fukugita, Astrophys.3B7, 466 (1989.

[29] R. Monchmeyer, G. Schar, E. Muler, and R.E. Kates, As-
tron. Astrophys246, 417 (1991).

[30] I.LA. Bonnell and J.E. Pringle, Mon. Not. R. Astron. S@7.3
L12 (1995.

[31] M.B. Davies, A. King, S. Rosswog, and G. Wynn, Astrophys.
J. Lett.579 L63 (2002.

[32] C.L. Fryer, D.E. Holz, and S.A. Hughes, Astrophys.585,
430(2002.

[33] S. Mineshige, T. Hosokawa, M. Machida, and R. Matsumoto,

Publ. Astron. Soc. Jprg4, 655 (2002.

[34] S. Kobayashi and P. \gaos, Astrophys. J. Lett585 L89
(2002.

[35] L.S. Finn, S.D. Mohanty, and J.D. Romano, Phys. ReG&
121101(1999.

[36] G. Modestino and A. Moleti, Phys. Rev. &, 022005(2002.

[37] C.L. Fryer, S.E. Woosley, and A. Heger, Astrophy<550, 372
(2002.

[38] P. Tricaricoet al, Phys. Rev. D63, 082002(2002.

[39] P. Astoneet al,, Phys. Rev. D66, 102002(2002.

[40] B.E. Schaefer, M. Deng, and D.L. Band, Astrophys. J. Lett.

563 L123(2001).

[41] E. Cappellaro, M. Turatto, D.Yu. Tsvetkov, O.S. Bartunov, C.
Pollas, R. Evans, and M. Hamuy, Astron. Astrophy22, 431
(1997.

[42] L. Piro et al, Astrophys. J. Lett514, L73 (1999.

[43] A. Yoshida et al, Astron. Astrophys., Suppl. Set38 433
(1999.

[44] L. Piro et al., Science290, 955 (2000.

[45] L.A. Antonelli et al, Astrophys. J. Lett545 L39 (2000.

[46] J.N. Reeve®t al, Nature(London 416, 512(2002.

[47] G. Ghisellini, D. Lazatti, E. Rossi, and M.J. Rees, Astron. As-
trophys.389 L33 (2002.

[48] D. Lazzati, E. Ramirez-Ruiz, and M.J. Rees, Astrophys. J
Lett. 572 L57 (2002.

[49] J.D. Salmonson, Astrophys. J. Le®46, L29 (2001).

[50] D. Eichler and A. Levinson, Astrophys. J. Le21, L117
(1999.

[51] B. Zhang and P. Meszaros, Astrophys531, 876 (2002.

[52] E. Rossi, D. Lazzati, and M.J. Rees, Mon. Not. R. Astron. Soc
332 945(2002a.

[53] P.A. Priceet al, Nature(London 423, 844 (2003.

[54] W. Coburn and S.E. Boggs, Natuileondon 423 415(2003.

[55] M. Uemuraet al., Nature(London 423 843 (2003.

[56] R.A. Chevalier and Z.-Y. Li, Astrophys. J. Let620, L29
(1999.

[57] M. Turatto, in Proc. Supernovae and GRBs, edited by K.W.

Weiler, 2003, astro-ph/0301107.

Relat. Astroph., AIP-Publ, 2001, astro-ph/0104025.

[65] P.J. Hdlich, Astron. Astrophys246, 481 (1991).

[66] P.J. Hdlich, J.C. Wheeler, and L. Wang, Astrophys521, 179
(1999.

[67] S.E. Woosley, R.G. Eastman, and B.P. Schmidt, Astrophys. J.
516, 788(1999.

[68] Y.-H. Chu, S. Kim, S.D. Points, R. Petre, and S.L. Snowden,
Astrophys. J119 2242(2000.

[69] S.L. Shapiro and S.A. TeukolskBlack Holes White Dwarfs
and Neutron StargWiley, New York, 1983.

[70] S.w. Hawking, Commun. Math. Phy43, 199 (1975.

[71] M.H.P.M. van Putten, Phys. Rev. Le&4, 3752(2000.

[72] R. Wald, Phys. Rev. [10, 1680(1974.

[73] M.J. Rees and P. Meszaros, Astrophys. J. Lé80 L93
(1994.

[74] T. Piran, Phys. ReB14, 575(1999; 333 529 (2000.

[75] A. Levinson and D. Eichler, Phys. Rev. Le85, 236 (2000.

[76] D. Eichner and A. Levinson, Astrophys. J. Le®96 L147
(2003.

[77] B. Carter, Phys. RewW74, 1559(1968.

[78] J.P. Ostriker and J.E. Gunn, Astrophys. J. Ldi64, L95
(1972.

[79] G.S. Bisnovatyi-Kogan, Astron. ZH7, 813 (1970.

[80] J.M. LeBlanc and J.R. Wilson, Astrophys.161, 541(1970.

[81] G.S. Bisnovatyi-Kogan, Yu.P. Popov, and A.A. Samochin, As-
trophys. Space Scill, 287 (1976.

[82] J.C. Wheeler, 1. Yi, P. Hitich, and L. Wang, Astrophys. 537,
810 (2000.

[83] S. Akiyama, J.C. Wheeler, D.L. Meier, and I. Lichtenstadt,
Astrophys. J584, 954 (2003.

[84] W. Kundt, Nature(London 261, 673(1976.

[85] A. Levinson and M.H.P.M. van Putten, Astrophys.488 69
(1997.

[86] D. Layzer, Astrophys. J141, 837 (1965.

[87] E.M. Burbidge, Annu. Rev. Astron. Astrophys, 399 (1967).

[88] M. Camenzind, Rev. Mod. Astrorg, 234 (1990.

[89] A. Levinson and D. Eichler, Astrophys. J. Le®94, L19
(2003.

[90] T. Piran and R. Sari, ifProceedings of the 18th Texas Sympo-
sium on RelativityAstrophysics and Cosmologgdited by A.

. V. Olinto, J.A. Friedman, and D.N. Schram@orld Scien-

tific, Singapore, 1998 p. 34.

[91] C. Kouveliotouet al, Astrophys. J. Lett510, L115 (1999.

[92] C. Thompson and R.C. Duncan, Astrophys561, 980(2001).

[93] M. Feroci, K. Hurley, R.C. Duncan, and C. Thompson, Astro-
phys. J.549 1021 (2001).

[94] A.l. Ibrahim et al,, Astrophys. J558 237 (2002J.

[95] F.P. Gavriil, V.M. Kaspi, and P.M. Woods, Natufeondon
419, 142(2002.

044007-20



GRAVITATIONAL RADIATION FROM GAMMA-RAY . .. PHYSICAL REVIEW D 69, 044007 (2004

[96] C. Kouveliotouet al, Astrophys. J. Lett413 L101 (1993. Palumbo, AIP Conf. Proc. Nd&99 (AIP, New York, 1999.

[97] S. Kobayashi, T. Piran, and R. Sari, Astrophys.490, 92 [114] T.A. Apostolatos, C. Cutler, G.J. Sussman, and K.S. Thorne,
(1997. Phys. Rev. D49, 6274(1994).

[98] F. Daigne and R. Mochkovitch, Mon. Not. R. Astron. SB86,  [115] M.H.P.M. van Putten, H.K. Lee, C.H. Lee, and H. Kin-
275(1998. published.

[99] A. Panaitescu and P. Kumar, Astrophys543, 66 (2000. [116] D.M. Coward, M.H.P.M. van Putten, and R.R. Burman, As-

[100] D. Guetta, M. Spada, and E. Waxman, Astrophy&59, 101 trophys. J580, 1024(2002.
(2002. [117] C. Porciani and P. Madau, Astrophys.538 522 (200J.

[101] M.H.P.M. van Putten, Astrophys. 383 374 (2003. [118] V. Ferrari, S. Matarrese, and R. Schneider, Mon. Not. R. As-

[102] R.P. Kerr, Phys. Rev. Letill, 237 (1963.

[103] C. Thompson and R.C. Duncan, Mon. Not. R. Astron. Soc.
275, 255(1995.

[104] R.C. Duncan, astro-ph/0002442.

tron. Soc.303 258(1999.
[119] E.S. Phinney, astro-ph/0108028.
[120] P. Madau and L. Pozzetti, Mon. Not. R. Astron. S8t2 L9

. (2000.
[105] S. Eikenberry and M.H.P.M. van Putten, astro-ph/0304386.
[106] IF. Mirabel and L.F. Rodguez, Nature(London 371, 46 [121] M. Punturo, VIRGO Internal Note VIR-NOT-PER-1390-51,
' 2003.
(1994).
[107] K. Iwamotoet al, Nature(Londor) 395, 672 (1998. [122] E. Flannagan and S. Hughes, Phys. Re%sD4535(1998.

[108] K. Nomotoet al, in Supernovae and Gamma-ray Burstd- 123l B- A”ef] and J.D. Romano, Phys. Rev.99, 102001(1999.
ited by M. Livio, N. Panagia, and K. SahiCambridge Uni-  [124] A. Levinson, E. Ofek, E. Waxman, and A. Gal-Yam, Astro-

versity Press, Cambridge, 200p. 144. phys. J.576, 923(2002.
[109] D. Branchet al, in Ref.[108], p. 144. [125] B.P. Paczynski, Acta Astroral, 81 (200D.
[110] K.S. Kawabateet al, Astrophys. J. Lett593 L19 (2003. [126] A. Lazzarini, E-030000-R, http://www.ligo.caltech.edu, 2003.
[111] J. Lense and H. Thirring, Phys. Z9, 156 (1918. [127] R.  Kudritzki (private communication see http://
[112] D. Wilkins, Phys. Rev. Db, 814(1972. www.ifa.hawaii.edu/pan-starrs, 2003.
[113] L. Stella, inProceedings of X-ray Astronomgologna Italy, [128] M.H.P.M. van Putten and A. Levinson, Astrophys584, 937
1999 edited by N. E. White, G. Malaguti, and G. G. C. (2003.

044007-21



