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GENERAL RELATIVISTIC BINARY MERGER SIMULATIONS AND SHORT GAMMA-RAY BURSTS
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ABSTRACT

The recent localization of some short-hard gamma-ray bursts (GRBs) in galaxies with low star formation rates
has lent support to the suggestion that these events result from compact object binary mergers. We discuss how
new simulations in general relativity are helping to identify the central engine of short-hard GRBs. Motivated
by our latest relativistic black hole—neutron star merger calculations, we discuss a scenario in which these events
may trigger short-hard GRBs and compare this model to competing relativistic models involving binary neutron
star mergers and the delayed collapse of hypermassive neutron stars. Distinguishing features of these models
may help guide future GRB and gravitational wave observations to identify the nature of the sources.

Subject headings: black hole physics — gamma rays: bursts — gravitational waves — stars: neutron

1. INTRODUCTION AND OBSERVATIONS merger rate of their putative sources are consistent, but the latter
. are uncertain by at least 2 orders of magnitu@;.; =
characienzed by fme-varying, hgh-onergy, nontherialeleciro- (U 4T)Ry = (/2R whered is the beaming angle. The most

y ying, nig 9y, recent GRB rate estimates yieRl,zz~ 1-3  Mymer Milky

magnetic emission. On the basis of their duration and energy , .
. o . Way (Guetta & Piran 2006; Nakar et al. 2005a), over an order
spectra, they are typically categorized into two categories: “short/ of mya(gnitu de larger than previous results (Guet%a & Piran 2005:

hard” and “long/soft” (Kouveliotou et al. 1993). Many optical . .
) - Ando 2004). Breaks in the observed X-ray spectra infply
and X-ray counterparts of long bursts have been seen, some i 2-0.3 and thust4r = 0.02-0.05 (Soderberg et al. 2008).

coincidence with Type Ib/c supernovae, representing extremel : ; .
energetic coIIapseZpof massi\F/)e stars (Pégka'yli998;gHjorth yThe predicted compact objegf merger rates per Milky Way fall
2003). By contrast, it has been much more difficult to identify I(? ;hior ?Any%iz]zﬂo: é;ll\(l)g n'\1/|eyrrgef?sr R‘ZSNSS &m_le_;%fi;s ;&%T NBeI

for sh RB RB for the k T ’ S
counterparts for short GRBSs (SGRBS), except for the known soft ynski et al. 2002; Kalogera et al. 2004). The rates are uncertain

gamma repeaters, which may be observed as SGRBs (Palmer | der of itud dthe b ) le b
al. 2005) but cannot explain more than a small fraction of the 2 &t least an order of magnitude, and the beaming angle by a

observed SGRB sample (Lazzati et al. 2005; Nakar et al. 2005b) factor of a few. An extremely high SGRB rate may indicate that

Recently, theSwift and HETE-2 satellites have localized for at least some SGRBs are the products of NSNS mergers, as these
the first time the X-ray afterglow following short-period GRBs:; &' much more common than BHNS mergers in population syn-
GRBs 050509b (Gehrels et al. 2005), 050724 (Barthelmy et al. thesis Calc-ulat|ons .(Voss & Tauris 2003; Belczynski et al. 2002).
2005; Berger et al. 2006), 050813 (Berger 2005)’ and 051221 The prO]eCtEd dllst.ance from a localized SGRB to.the qenter
(Soderberg et al. 2006) bgwift: GRB 050709 (Hjorth et al. pf its host galaxy is insensitive to whether the merging binary
2005; Fox et al. 2005) by{ETE-2. Details about the physical 1S @ NSNS or BHNS system. Recent results show the re-
parameters observed and inferred from these bursts can be foungPective projected distance likelihood functions are nearly the
in Berger (2006). In all cases, the inferred host had a rather lowSame for large galaxies, and have only minor differences in
star formation rate. This finding disfavors the collapse of a mas- Smaller ones, which would rule out positive identifications
sive star as a progenitor, since those systems have very shofR@sed on location alone (Belczynski et al. 2006). _
lifetimes. Instead, it favors the identification of a compact object _ The range of fluxes seen from SGRBs is rather large, in-
binary merger as the progenitor, as originally suggested bydicating that the burst energy must depend sensitively on at
Paczyiski (1986); a significant fraction of both neutron star— least one parameter of the progenitor system. The observed
neutron star (NSNS) and black hole—neutron star (BHNS) bi- fluxes of SGRBs typically fall in the rangg x 10° to 10
naries will take longer than 1 Gyr between formation and merger ergs cm? s*, and fluences 10 to 10 *° ergs cm? (Balazs
(Belczynski et al. 2002). Other scenarios, such as the accretion€t al. 2003). Assuming a characteristic distance of 1 Gpc, we
induced collapse of an NS with a white dwarf companion have see that the luminosities and total energy releasésifor the
been proposed (Dermer & Atoyan 2006) but have not beenburst satisfy(4r/Q)L = 10°°°-10° ergs's and (4/Q)E =
studied numerically in as much detail. 10%8°-10°°%ergs, respectively.

The observed characteristics of SGRBs can be examined in The first localized short burst, GRB 050509b, has an ex-
light of population synthesis calculations for compact object bi- tremely low measured isotropic energy yarays,E, = 3 x
naries, but it is difficult to disentangle BHNS versus NSNS 10 (@/4r) ergs, compared to previously observed SGRBs. If
merger scenarios given the current observational and theoreticalve assume that the GRB is at the measured redshift -of
uncertainties. The inferred rate of observed SGRBs and the0.225 the luminosity of the burst is actually similar to the other

localized bursts~10°° ergs s*, but it lasted for a much shorter

* Department of Physics, University of lllinois at Urbana-Champaign, Loomis time. In general, as we see from Table 1 of Janka et al. (2006),
Laboratory, 1110 West Green Street, Urbana, IL 61801; jfaber@uiuc.edu. there is significantly smaller variation in the peak luminosity

2 NSF Astronomy and Astrophysics Postdoctoral Fellow. than in the isotropic energy output.

® Department of Physics and Astronomy, Bowdoin College, 8800 College
Station, Brunswick, ME 04011, We note that the low energy for GRB 050509b argues for

* Also Department of Astronomy and NCSA, University of llinois at Urbana-  @n extremely low density of baryons surrounding the GRB.
Champaign, Urbana, IL 61801. Typically, it is assumed that the Lorentz factor of theljewill
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be no bigger than the ratig of the energy in the jet to the maximum mass is slightly higher than the highest measured
rest energy of the baryons through which it must travel, i.e., pulsar massM = 2.1+ 0.2M_ for PSR J0751807 (Nice

I' <9 = E,/M,c? (Shemi & Piran 1990). For GRB 050509b, et al. 2005). These simulations set a lower limit for the critical
the least energetic of the observed bursts, assuming the LorentmassM,,, = 2.7 M, . This exceeds all known NSNS binaries
factorT" = 100 (Oechslin & Janka 2006) implies that at most containing a radio pulsar, with the possible exception of PSR
1078 (@/4w) M, of material can surround the progenitor. These 1913+16 (M,,, = 2.83M_; Stairs 2004). Thus, it appears that
results are confirmed by the numerical calculations of Aloy et HMNS formation is likely in most merging NSNS binaries.
al. (2005), who find that the density of baryons surrounding MHD simulations in full GR show that the HMNS undergoes
the burst must fall rapidly with increasing radius. For suffi- a delayed collapse, resulting in a hot, magnetized torus sur-
ciently large baryonic loading, they find the observational rounding a rotating BH, together with a magnetic field colli-

counterpart to a merger is not a GRB. mated along the polar axis. These conditions are favorable for
a burst powered by either neutrino annihilation or MHD effects
2. PROGENITOR MODELS: THEORETICAL AND (Duez et al. 2006; M. D. Duez et al. 2006, in preparation;
OBSERVATIONAL CONSTRAINTS Shibata et al. 2006).

Alternatively, for higher mass NSs, mergers with binary
mass ratios sufficiently far from unity might lead to the for-
mation of a relatively massive disk around a BH formed
é)romptly during the merger (Shibata & Taniguchi 2006). For
mass ratiog| ~ 0.7 , disk masses @001-0.IM,  are possible,
whereas more equal-mass mergers produce much lower mass
disks, with insufficient thermal energy to power an SGRB (Shi-
bata et al. 2005).

Standard models for merger-induced short-duration GRBs
involve hot, massive accretion disksl ¢ 0.01 M, ) around
spinning BHs (see Piran 2005 for a thorough review). As the
disk is accreted, one of two possible mechanisms is responsibl
for the creation of a gamma-ray jet. One suggestion is that the
hot material emits neutrino-antineutrino pairs that annihilate
above and below the disk to produce a relativistic jet containing

e -e" pairs and photons (see, e.g., Pdcyr1986; Goodman . o

et al. 1987). Calculations of accreting disks have shown thatwrgﬁ el:?gal:ng'? svc\)/ﬁlﬁgngler%sr;t]lomnefrorertréeeCHtg/lzl;llinsct?]r;arlc())lz;rs
they can generate sufficient energy to power a GRB (POphamaxis can be glearped out of the funn%l thgough whi?:h thg pre-
et al. 1999). The viscosity in the disk primarily determines the sumed GRB jet will propagate. Relativistic numerical calcu-

timescale of the resulting burst (Narayan et al. 2001), while lations (Duez et al. 2006; M. D. Duez et al. 2006, in preparation;

the mass of the BH may determine the overall energy scale, . 0
: hibata et al. 2006) indicate that MHD effects seem to be
(Popham et al. 1999). These results are supported by Set'"’“N"’“?ufficient to accomplish this task, producing baryon densities

et al. (2004, 2005), who find that the viscosity (and to a Iesseralong the polar axis that satisfy the constraints described in

extent, BH spin and disk mass) is responsible for determining : .
: L Shemi & Piran (1990). For the unequal-mass NSNS merger
the overall burst energy. Roughly speaking, luminosities of up case, the polar axis is essentially free of intervening matter,

to 10° ergs s* can be produced, so long as the disk is suffi- - . .
ciently massive (rpresenting 5% ofthe ot binary mass) and o, Iethood of s scenario depends on how fe from
the effective viscosity sufficiently strong:(= 0.1 ). tems containing radio pulsars haye= 0.9 . Systems with com-

Alternatively, general relativistic (GR) magnetohydrody- . o
namic (MHD))(/affgcts may allow infalligg rr)latterqco tap %e sp?/n ponents too clos_e together in mass produce_3|gn|f|c§mtly_ lower
mass disks, which lack the required neutrino luminosity to

energy of a BH via the Blandford-Znajek effect to produce an . X .
energetic jet (Blandford & Znajek 1977). In this case, the cru- power the SGRB (Shibata & Taniguchi 2006).

cial parameters to determine the energetics are the mass ac-

cretion rate and the spin of the BH. A review of GRB models 2.2. Black Hole-Neutron Sar Binaries
tapping spin energy can be found in Zhang &3$deos (2004). The defining parameter for determining the qualitative evo-
o lution of a BHNS merger is the binary mass ratip=
2.1. Neutron Star—Neutron Sar Binaries Mys/Mg,. If we assume that the tidal disruption of the NS begins
and Hypermassive Remnants at a separatioa;, where its volume in isolation is equal to the

There has been a great deal of numerical work performedvolume of its Roche lobe,
to study merging NSNS binaries, including recent calculations
performed using fully GR hydrodynamics and physically re- ag/Mgy = 2.17°°(1 + )€™ (1)
alistic nuclear equations of state (EOSs; Shibata et al. 2005;
Shibata & Taniguchi 2006). From these results, two separatefor an NS of compactnegs= M,¢/R,s (Pac¢sknl1971), us-
channels have been identified that could lead from a mergering geometrized units wite = ¢ = 1 . For a sufficiently large
to the production of an SGRB. BH (and thus smald)), a, is smaller than the innermost stable

If the total binary mass is below some critical threshold, circular orbit (ISCO)a,s., , SO that the NS passes through the
M., a differentially rotating hypermassive neutron star ISCO before being disrupted tidally. For a typical NS of com-
(HMNS) can be formed that is initially stable against gravi- pactnesg = 0.15 , the critical mass ratio at which tidal dis-
tational collapse, even though its mass is above the maximumruption occurs af,s., IS approximatety= 0.24 . It has been
value for uniformly rotating configurations (Baumgarte et al. argued that even for this “fiducial” binary the rapid plunge
2000; Morrison et al. 2004). Delayed gravitational collapse timescale at the ISCO might prevent significant disk formation
follows, triggered either by gravitational wave dissipation if (Miller 2005). Our simulations suggest, however, that rapid
the remnant forms a bar or by magnetic redistribution of angular angular momentum transfer during tidal disruption ejects a sig-
momentum (Baumgarte et al. 2000; Shapiro 2000; Cook et al.nificant fraction of the matter back outside the ISCO, leading
2003; Duez et al. 2006; M. D. Duez et al. 2006, in preparation; to a sizable disk. Clearly, a detailed understanding of this dy-
Shibata et al. 2006). The numerical simulations of Shibata etnhamical process requires an accurate description of the strong
al. use a stiff, realistic EOS (Akmal et al. 1998), for which the field BHNS spacetime, as we discuss below.
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Fic. 1.—Initial (Ieft), early enter), and intermediateright) configurations Fic. 2.—Matter configuration at the end of the simulatidh= 990My,,

of the NS in case B, projected into the orbital plane. The NS has a compactnessgrojected onto the equatoridéft panel) and meridionalright panel), showing

M/R = 0.09 and the binary mass ratio M,JMg, = 0.1 . We see the NS the hot torus located withim <50M,, . Bound fluid elements (satisfying
disrupts near the ISCQigshed curve) to produce a single mass transfer stream, u, — 1 < 0 are shown as crosses, unbound elements as points. Note the different
which eventually wraps around the Bldolid curve) to form a torus. The scales.

initial orbital period isP = 109Mg,, .

(Mg; = 0.1Vl 9. Here we distinguish bound and unbound tra-

We performed 3-1-dimensional smoothed particle hydrody- jefctr?ries by thf Si?n ‘.]jo _hl' r,]wheu.% Is th? time component
namics calculations of BHNS mergers in the conformal flatness ©' the matter 4-velocity, which remains nearly constant in time
(CF) approximation to GR (Faber et al. 2006, hereafter FBSTR). fOr outflowing gas on approximately geodesic trajectories. We
For a Schwarzschild BH. our scheme iden’tifies including the note that this configuration satisfies all the geometric constraints
relativistic ISCO exactly and accounts for relativistic dynamics r?quwedtfrcl)r atERBtﬁrogelmtor, as all matter lies in the equatorial
within the ISCO, unlike previous pseudo-Newtonian calculations P'3N€ rather than the poiar axis. . .

(Lee & Kluzniak 1999; Janka et al. 1999; Rosswog et al. 2004 The bound matter in the disk is relatively cold at first, as the
2005). We adopt the’relativistic, irrotatiénal binary models of, matter.mthe arm s initially ejected W|thqut strong shock heating.
Taniguchi et al. (2005) as initial data. Our adiabatic evolution OVEr time, this disk generates heat via shocks as matter falls
scheme is the same as that described in FBSTR, but we solvé?ack and wraps around the BH forming a torus out to a radius
the coupled nonlinear elliptic field equations of the CF scheme of r 7.5(.)MBH within t =.100(MBH ~0.07 s(see Fig. 2). The
using an iterative fast Fourier transform convolution—based SPECIfiC internal energy in the inner part of the torus corresponds
solver and add atrtificial viscosity to the hydrodynamical equa- Eﬁha temfperagjr@ ~ 3_—1(;].MeV-f (25;) x2 12 K101(7see F'gz' 3).
tions in order to study the shock heating of the material during e surface gensity in this region (2-3) x . gcm

: Assuming an opacity = 7 x 10" (T/10** K)? (Di Matteo et
the merger process (compare Hernquist & Katz 1989). Both the | 2002 lude that the disk i ically thick
initial data and the evolution scheme represent the state of the?" ), we conclude that the disk is optically thick out to

; ; ] ; 3 ; s r ~ 15M. Using the diffusion limit, the neutrino flux is given by
ﬁ;}d];%rdlynncalﬁggl fl:l)rsmzelil;%rawty self-consistently within & GR F, = (7N,/3)(cT “/kL), whereN, = 3 is the number of neutrino

We consider two models, both containing= 1 polytropic families ando is the Stefan-Boltzmann constant. The neutrino

NS. First is an NS of compactness 0.15, denoted “case A.” As luminosity isL, ~ 2.”2':” ~ 10" ergs s*. This va}lue is roughly
in FBSTR, our current method is limited to extreme mass ratios, &7 0rder of magnitude larger than that seen in the collapse of
so we choosg = 0.1 , for which, = 3.2M,,, according to " HMNS (Shibata et al. 2006) and should produce at least a
equation (1). We cannot directly simulate the fiducial case compar_abl_e annihilation Ium|n03|ty,,_;~ 10 _106 €rgs s
(q = 0.24 C = 0.15) under these assumptions, so we take an Q}Jz?\l_ltatlvely, the hot torus described he.re is similar bloth to
alternate approach for our second calculation. Simultaneouslyt€ initial data used to study hydrodynamic disk evolution in
reducing the mass ratio @ = 0.1 and the NS COmp(,ju:,messearl|er GRB models (Setiawan et al. 2004, 2005; Aloy et al.
to C = 0.09 leavesa /M, virtually unchanged. From the ar- 2005) as well as to that formed by the collapse of an HMNS
gument above, this binary, denoted “case B,” should tidally
disrupt slightly within the ISCO, mimicking the dynamics of 12 [ ]
the fiducial binary. S 1 f
The evolution of case A is straightforward and probably =,
uninteresting as an SGRB source: the entire NS spirals toward &
the BH, and no matter is ejected outside the ISCO to forman ~
accretion disk. Case B, on the other hand, does lead to the 3¢
formation of an accretion disk, as we show in Figure 1. Note g
that radii are measured in isotropic coordinates, in which the
BH radius isrg, = 0.5Mg, and the ISCO radiugg.o=
5Mg,. We see that while the NS inspirals until 98% of its mass
lies within the ISCO, rapid redistribution of angular momentum 0 : S —
during tidal disruption causes an outwardly directed spiral arm r/Mgy
to form, sending some matter back outside the- ISCO. . Fic. 3.—Temperaturd and surface densit§ as a function of cylindrical
Eventually, the BH accreted,..~ 0.79V s  directly, while radius for the configuration shown in Fig. 2. The solid vertical line denotes

part of the remaining mass forms a disk of madg,, ~ the ISCO, and the dashed line the transition radius between matter optically
0.12Ms and part is ejected completely from the system thick to neutrinos within and optically thin outside.
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(Shibata et al. 2006; M. D. Duez et al. 2006, in preparation). higher density clumps of material, but further simulations are
However, we note that the torus described here is physicallyrequired to establish this identification.

larger. Unlike previous pseudo-Newtonian calculations of  Future observations should help to determine which pro-
BHNS mergers (Janka et al. 1999; Lee & Khigk 1999; Ross-  genitor candidates are responsible for the observed SGRB pop-
wog et al. 2004), we find prompt disruption of the NS during ulation. G(avitatio_rlal wave measurements would provide im-
the plunge (rather than an NS core that survives the initial Portant ewdence_ if detected in coincidence: a GRB resulting
mass-loss phase) and a lower mass disk, but at a temperaturf®m hypermassive collapse would occur noticeably delayed

similar to those calculations that included a detailed micro- '¢lative to the gravitational wave signal from the inspiral and
physical treatment (Janka et al. 1999) plunge phases of nearly equal mass objects, whereas one re-

. . sulting from a BHNS binary would occur almost immediately
While we do not follow the long-term evolution of the ac- .
cretion torus and surrounding material, we can estimate theafter the signal from a very unequal mass merger.

fallback time for the bound component, assuming geodesic s 4 pleasure to thank Y. T, Liu, M. Shibata, and B. Stephens
orbits. Approximately0.03Vl,s should return back toward the o yseful conversations. J. A. F. is supported by an NSF As-
BH on timescales equal to or longer than a second, which couldtronomy and Astrophysics Postdoctoral Fellowship under
in principle produce lower energy bursts at later times. It is award AST-0401533. T. W. B. gratefully acknowledges support
conceivable that this fallback accretion might explain the sec- from the J. S. Guggenheim Memorial Foundation. This work
ondary X-ray flares observed in SGRBs many seconds afterwas supported in part by NSF grants PHY-0205155 and PHY-
the initial burst (see Berger 2006 for a summary of the ob- 0345151 and NASA grant NNGO4GK54G to the University of

servations), especially if self-gravity leads to the formation of lllinois and NSF grant PHY-0456917 to Bowdoin College.
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