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Simulation of merging binary neutron stars in full general relativity: I'=2 case
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We perform 3D numerical simulations for the merger of equal mass binary neutron stars in full general
relativity. We adopt d'-law equation of state in the forfd=(I'—1)pe whereP, p, ¢ andI" are the pressure,
rest mass density, specific internal energy, and the adiabatic constant wizh As initial conditions, we
adopt models of corotational and irrotational binary neutron stars in a quasiequilibrium state which are ob-
tained using the conformal flatness approximation for the three geometry as well as the assumption that a
helicoidal Killing vector exists. In this paper, we pay particular attention to the final product of the coalescence.
We find that the final product depends sensitively on the initial compactness parameter of the neutron stars: In
a merger between sufficiently compact neutron stars, a black hole is formed in a dynamical time scale. As the
compactness is decreased, the formation time scale becomes longer and longer. It is also found that a differ-
entially rotating massive neutron star is formed instead of a black hole for less compact binary cases, in which
the rest mass of each star is less than 70—80 % of the maximum allowed mass of a spherical star. In the case
of black hole formation, we roughly evaluate the mass of the disk around the black hole. For the merger of
corotational binaries, a disk of mass0.05—-0.1M, may be formed, wher&l, is the total rest mass of the
system. On the other hand, for the merger of irrotational binaries, the disk mass appears to be very small:
<0.0M,, .

PACS numbd(s): 04.25.Dm, 04.30-w, 04.40.Dg

[. INTRODUCTION sion [6]. These processes might dissipate or redistribute the
angular momentum, and induce eventual gravitational col-
Several neutron-star—neutron-star binaries are known ttapse to a black hole. However, the time scales for such
exist in our galaxy 1]. According to high precision measure- secular instabilities are in general much longer than the dy-
ments of the general relativistiGR) effects on their orbital namical time scale of the system. Hence, the merged objects
motion, three of these binaries are going to merge as a resultay not collapse to a black hole promptly, but remain as a
of gravitational radiation reaction within the Hubble time massive neutron star supported by differential rotation at
scale~10' yr. What is the final fate of these binaries after least for these secular time scales. These facts imply that the
merger? Their total gravitational masses are in a narrovfinal product of the merger of binary neutron stars is an open
range ~2.65-2.85M o where M, denotes the solar mass. question depending not only on the nuclear equation of state
The stars will not be tidally disrupted before the merger,for high density neutron matter but also on the rotational
since the masses of the two stars in each binary are nearpyofile of the merged object.
equal. Hence, the mass loss from the binary systems is ex- Interest in the final product of binary coalescence has
pected to be small during their evolution and the mass of théeen stimulated by the prospect of future observation of ex-
merged object will be approximately equal to the initial tragalactic binary neutron stars by gravitational wave detec-
mass. The maximum allowed gravitational mass for spheritors. A statistical study shows that mergers of binary neutron
cal neutron stars is in a rangel.5—2.3M depending on stars may occur at a few events per year within a distance of
the nuclear equation of stafg,3]. Even if we take into ac- a few hundred Mp¢7]. This suggests that binary merger is a
count the effect ofigid rotation, it is increased by at most promising source of gravitational waves. Although the fre-
~20% [4]. Judging from these facts, the compact objectsquency of gravitational waves in the merging regime will be
formed just after the merger of these binary systems seemarger than 1 kHz and lies beyond the upper end of the fre-
bound to collapse to a black hole. guency range accessible to laser interferometers such as the
However, this is not the case if the merged object rotateaser Interferometric Gravitational Wave Observatory
differentially. The maximum allowed mass can be increasedLIGO) [8] for a typical event at a distance 200 Mpc, it
by a larger factor ¥50%) due to the differential rotation may be observed using specially designed narrow band in-
[5], which suggests that the merged objects-d#.5-3M  terferometers or resonant-mass detedi®fsSuch future ob-
may be dynamically stable against gravitational collapse to aervations will provide valuable information about the
black hole. Such differentially rotating stars could be secuimerger mechanism of binary neutron stars and the final prod-
larly unstable, since viscosity or magnetic field could changeicts.
the differential rotation into rigid rotation. A star with a high Interest has also been stimulated by a hypothesis about
ratio of rotational energy to the gravitational binding energythe central engine ofy-ray bursts(GRB9 [10]. Recently,
could also be secularly unstable to gravitational wave emissome of GRBs have been shown to be of cosmological origin
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[11]. In cosmological GRBs, the central sources must supplynd the dependence of these outcomes on the initial velocity
a large amount of the energy10°* ergs in a very short time  field and the compactness parameter of the binary neutron
scale of order from a millisecond to a second. It has beetars. Simulations are performed not only for irrotational bi-
suggested that the merger of binary neutron stars is a likelparies but also for corotational ones to clarify the difference
candidate for the powerful central soufd®)]. In the typical ~ due to the initial velocity field.
hypothetical scenario, the final product should be a system Throughout this paper, we adopt the unis=c=Mq
composed of a rotating black hole surrounded by a massive 1 WhereG and ¢ denote the gravitational constant and
disk of mass>0.1M,, which could supply the large amount spegd of light, respectively. Latin and Qreek indices denote
of energy by neutrino processes or by extracting the rotaSPatial components (13) and space-time components (0
tional energy of the black hole. —3), respectively.5;;(= ") denotes the Kronecker delta.
To investigate the final product of the merger theoreti-We use Cartesian coordinate=(x,y,2) as the spatial co-
cally, numerical simulation appears to be the unique promisordinates withr = \x?+y?+z%; t denotes coordinate time.
ing approach. Considerable effort has been made for this in
the framework of Newtonian and post-Newtonian gravity Il. METHODS
[12—-17. Although these simulations have clarified a wide
variety of physical features which are important during the
coalescence of binary neutron stars, a fully GR treatment is We have performed numerical simulations using the same
obviously necessary for determining the final product beformulation as in[21], to which the reader may refer for
cause GR effects are crucial. details about the basic equations, the gauge conditions and
Intense efforts have been made for constructing a reliabléhe computational method. The fundamental variables used
code for 3D hydrodynamic simulation in full general relativ- in this paper are as follows.
ity in the past decadel8—21. Recently, Shibata presented a  p is the rest mass density the specific internal energgp,
wide variety of numerical results of test problems for hispressurep* the four velocity,v'=u'/u®, « the lapse func-
fully GR code and showed that simulations for many inter-tion, ¥ the shift vector,y;; a metric in 3D spatial hypersur-
esting problems are now feasilji21]. face, y= det(yij)=e12¢: P12, ;,ij :e_4¢')’ij , Kij here ex-
To perform a realistic simulation, we also need realistictrinsic curvature.
in_itial_ conditions fqr the merger, i.e., a realistic dens_ity dis-  These variablegtogether with auxiliary function§; and
tribution and velocity field for the component stars. Since thene trace of the extrinsic curvatuig,X) are numerically
time scale of gravitational wave emission is longer than thgglved as an initial value problefsee[26,27] for details of
orbital period, we may consider the binary neutron stars to bghe numerical method for handling the evolution equations
in a quasiequilibrium state even just before the merger. Thgpq injtial value equationsSeveral test calculations, includ-
velocity field in the neutron stars has been turned out to by spherical collapse of dust, stability of spherical neutron
nearly irrotational becaus@) the shear viscosity is too small giars; and the evolution of rotating neutron stars as well as
to rec.ilstn.bute an_gular momentum to producg a corotationadgrotational binary systems have been presente@2i.
velocity field during the time scale of gravitational wave y/ig|ations of the Hamiltonian constraifie8] and conserva-
emission and2) the !nltlal vor_t|C|ty of each star is negl!glble tion of rest mass and angular moment[28] are monitored
as long as the rotational period of the neutron stars isnot 5 check the accuracy, and we stop simulations before the
milliseconds[22]. Therefore, as realistic initial conditions, accuracy becomes too poor. Black holes which are formed

we should prepare a quasiequilibrium state of binary neutrogyring the last phase of the merger are located with an ap-
stars with an irrotational velocity field. Recently, several parent horizon finder described [i80].

groups hgive dgvelopgd various numericgl meth_ods.t_o Com- e also define a densify, (= pau®e®®) from which the
pute GR irrotational binary neutron stars in quasiequilibriumygta| rest mass of the system can be integrated as
in a framework with the appropriate approximations that a
helicoidal Killing vector[see Eq.(3.1) for definition] exists 3
and that the three geometry is conformally fl@3—-25. M*:f d°Xpy - 2.1
Their numerical results have been compared and found to
agree to within a few percent error in the gravitational massVe have performed the simulations using a fixed uniform
and the central density as a function of orbital separation. grid with a typical size of 238233x117 for thex—y—z

In this paper, we perform simulations for the merger ofdirections, respectively, and assuming reflection symmetry
binary neutron stars of equal mass by using these new nwvith respect to the=0 plane. All of the results shown in
merical implementations developed recently. As a first stepSec. IV are obtained from simulations with this grid size. We
we adopt a simpld’-law equation of state with'=2 as a have also performed a number of test simulations with a
reasonable qualitative approximation to the high densitysmaller grid size of 198 193X 97 changing the grid spacing
nuclear equation of state. Although microscopic effects sucland location of the outer boundaries to confirm that the re-
as cooling due to neutrino emission or heating due to bullsults do not change significantly. For one mod&) (see
viscosity may become important for discussing the mergingSec. 1l and Table )| we performed a simulation with a
process in detail16], we neglect them here for simplicity. larger grid size of 293 293%x 147, widening the computa-
The purpose of this paper is to investigate the dynamicalional domain to investigate the effect of the outer boundary
nature of the mergers, the final products after the mergersn the gravitational wave forms.

A. Summary of formulation
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TABLE I. A list of several quantities for initial conditions of binary neutron stars. The maximum density, total restNhass

gravitational mas y, J/Mso, compactnes@iE(Mgoﬂ)2’3(~Mgola wherea is orbital separation ratio of the emission time scale of

gravitational waves to the orbital peri(Ri,:S(Mgoﬂ)’s’?’/lZSn-, the ratio of the rest mass of each star to the maximum allowed mass for
a spherical sta€,,s=M, /2M ip'r‘nax, the ratio ofM g, to the grid spacing in the simulatiofM(g,/AX), the type of velocity field and final
products are shown. HerMi”ﬂm denotes the maximum allowed mass for a spherical stat.435). Here, we quote values féf
=200/7. The mass and density can be scaled by the MigéK /200)2 M o(K 7/200)"2, and p s K7/200)* for arbitrary K, while

other nondimensional quantities are invariant.

Pma{1073) M, Mgo JIME, C R, Cmass  Mgo/Ax  Velocity field Final product ~ Model
1.50 2.22 2.06 1.10 0.10 3.7 0.77 4.26 corotational neutron star C1l
2.00 2.52 2.31 1.04 0.12 2.3 0.88 5.27 corotational black hole Cc2
3.00 2.84 2.56 0.98 0.15 1.4 0.99 6.84 corotational black hole C3
1.14 2.08 1.93 0.98 0.09 4.9 0.72 3.95 irrotational neutron star 11
1.88 2.34 2.15 093 0.11 3.2 0.82 4,78 irrotational black hole 12
2.79 2.65 2.40 0.88 0.14 1.9 0.92 6.13 irrotational black hole 13

Ve initially reduced the angular momentum from the corresponding quasiequilibrium state2.6%.

The slicing and spatial gauge conditions which we use irarbitrary K using Egs.(2.4). [For example, the maximum
this paper are basically the same as those adopted walue of M, for spherical stars is 1.48%6, for K
[26,27,2]; i.e., we impose an “approximate” maximal slic- :200/77(G3Mé/c4) with the rest mass density
ing condition «kk:O) and an “approximate” minimum
distortion gauge conditiofD;(4,y')=0 whereD; is the

covariant derivative with respect t;z,j]. However, for the  |f \we want to choosél. as M., , we should chang& to
* 1

cases when a merged object collapses to form a black h°|§23.7(G3Mé/c4) and the corresponding density is then

we slightly modify the spatial gauge condition in order _to =1.6X 10'® g/cn?; cf. Fig. 1] In other words, the invariant

_ e . ) gquantities are only the dimensionless quantities such as
region. The method of the modification is described in SecM* Mg, Mg/R, My /P andJ/Mé.

I1B.

Throughout this paper, we assumd’daw equation of ] -
state in the form B. Spatial gauge condition
(T When a black hole is not formed as a final product of the

P=(I'=1)pe, (2.2) merger, we adopt the approximate minimum distortion

wherel is the adiabatic constant. For the hydrostatic prob-AMD) gauge condition as our spatial gauge condition.
lem, which appears in solving for initial value configura- HOWeVer, as pointed out in previous papg24,27, during
tions, the equation of state can be rewritten in the polytropi®/@ck hole formationi.e., for an infalling radial velocity

=3.1x 10" g/ent.

form 0 0.001  0.002  0.003
l [ T T T T | T T T )I( I T T T T |_
P=Kp', F=1+—, (2.3 14l —:2
whereK is a constantdifferent fromK,*) andn is the poly- i 118
tropic index. We adopf’=2 (n=1) as a qualitative ap- Cle ]
proximation to realistic, moderately stiff equations of state = i J16
for neutron stars. L 1) ]
Physical units enter only through the const&ntwhich 1 ~corotation 1.4
can be chosen arbitrarily or completely scaled out of the i “irrotation 1
problem. In the following, we quote values f&r= 200/, L —q1.2
L N I S SR S

for which in our units G=c=Mg=1) the radius of a 0.8

spherical star iR= (7K /2)>=10(~ 15 km) in the Newton- 0 0'002p 0.004  0.006
ian limit. SinceK™? has units of length, dimensionless vari- e
ables can be constructed as FIG. 1. Rest mas#, as a function of maximum densifyax
_ _ o for each star in the binary fdk=200/r. The binaries which are
M,=M,K "2 M g= MgK_“/z, R=RK "2 used in the simulations are marked wWitd1), (C2), (C3), (11), (12),
and(I3). The solid line denotes the relation for the spherical stars.
J=JK™", Pou=P,K "2 p=pK", (2.4)  We note that the mass and the density can be scaled by the rules

M, (K7/200)2 and pa{ K /200)~* for arbitrary K. Scales for
whereM, J andP, denote the gravitational mass, angularthe top and right axes are shown #r123.7 in which the maxi-
momentum and orbital period. All results can be rescaled fomum rest mass for spherical stars 12 .
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field), the expansion of the shift vectof; 8 and d,¢6  gravitational waves is several times longer than the orbital
=¢,8'/6 become positive using this gauge condition togetheperiod even just before the mergef. Table ) so that this
with our slicing Kkkzo, Accordingly, the coordinates di- assumption can be acceptable for obtaining an approximate
verge outwards and the resolution around the black hol@uasiequilibrium state. In addition to this assumption, we
forming region becomes worse and worse during the coladopt the so-called conformal flatness approximation in
lapse. This undesirable property motivates us to modify thavhich the three geometry is assumed to be conformally flat,
AMD gauge condition when we treat black hole formation. for simplicity.
Following [27], we modify the AMD shift vector as In this paper, we consider irrotational and corotational
binary neutron stars. Then, the geomefi88] and hydro-

O b static equationg34] for solutions of the quasiequilibrium
B'=Banp~ f(t,1) ——Bavo - (29 states are described as
i : S
Here B \p denotes the shift vector for the AMD gauge con- Ag=—2m(phw2—Kp") 5 — %5“‘5"L”Lk|, (3.2

dition, BrA,MDEXk,B!;MD/(I’-FE), € is a small constant much
smaller than the grid spacing, aft,r) is a function chosen

specifically as A(ay)=2may’[ ph(3w?—2)+5Kp"]
Tay® i
f(t,r)="fo(t) (2.6 +—g 9 dLijLu, (3.3

1+(r/3Mgp)®’

1 . 6a
where My, denotes the gravitational mass of a systemt at  §;AB'+ §,Bf‘kj—2ij5k'((?ia— — 0 111) =16maphwy,
=0. We determinefy(t) from ¢o= ¢(r=0). Taking into i

account the fact that the resolution aroundO deteriorates (3.4
when ¢, becomes large, we choo$g as oh
— +hu Vk=const, (3.5
1 for ¢¢=0.8, w
0 for ¢y<0.4.
o w=au’= 1+ g *sluu;, (3.6
Note that for spherical collapse witfp=1, 4;8'=0 and h=1+KLp"'"Y(I'-1), (3.7
dip=0 atr=0. We employ this modified gauge condition
whenever a merged object collapses to form a black hole. 1 ) . 2 .

It is worth mentioning that, with this modification, the Li=5, Ojkd B"+ 6y d; B —§5ijt9kﬁ )
coordinate radius of the apparent horiz@rhen it is formed 3.8
becomes larger than without the modification. This implies '
that more grid points are located along the radius of the au,
apparent horizon and accuracy for determination of the ap- Vk=— g+ 6k'W—|k, 3.9
parent horizon is improved.

and A denotes the flat Laplacian in the three space. Equa-
lI. INITIAL CONDITIONS tions (3.2 —(3.4) are the geometric equations and E2}5) is

- I i k
Even just before the merger, the binary neutron stars arg]e sdq C?"e?h Bernom:lh $qgatl?hm can tbf. regfarded ast t?e
considered to be in a quasiequilibrium state because the finordinate three velocily in the corotating frame rotating

scale of gravitational radiation reaction5464Q (M 4Q)%3%} W'tlhn ?ﬂg%gg;’ﬂ?igﬁéﬂonal binaries in whish=0. U is
[2], where() denotes the orbital angular velocity of the bi- . e
nary neutron stars, is several times longer than the orbita‘11vrltten as
period. Thus, for performing a realistic simulation of the u-=w¢4(e- ka_'_&“Bj)/a. (3.10
merger, we should prepare a quasiequilibrium state as the ' 12k !
initial condition. In this paper, we construct such initial con- |y the case of irrotational binaries, on the other hamdis
ditiOI’lS as fO”OWS. Written as

First, we assume the existence of a helicoidal Killing vec-

tor u=h"19,d, (3.1

1#=(1,—-yQ,xQ,0). (3.1)  where® denotes the velocity potential which satisfies an

. .. L . ~ elliptic PDE[34]
Since emission of gravitational waves violates the helicoidal

symmetry, this assumption does not strictly hold in reality. 81 di(payh™1a;®)—gi[pah~1yS(1'+ ') ]=0,
However, as mentioned above, the emission time scale of (3.12
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with the following boundary condition at the stellar surface: simulation are located at 0.3\ g, with 233x 233x 117 grid
_ points, where\ (= /()) denotes the characteristic wave-
V'9ip|su=0. (3.13  length of gravitational waves emitted from the binaries in a
quasiequilibrium state. With this setting, gravitational wave

The above Poisson type equations such as Bj8—(3.5)  forms are not accurately evaluated because the outer bound-
and(3.12 as well as the Bernoulli equatidB.5) are solved aries are not located in the wave zone. In this paper, we pay
iteratively with appropriate boundary conditions. Corota-particular attention to the merger process, final products, and
tional binaries are calculated using the same numericalependence of these outcomes on initial parameters of the
method as adopted if21]. Irrotational binaries are calcu- binaries, but we do not treat the accurate extraction of gravi-
lated using the method developed recently by Uayid Eri-  tational wave forms and hence the accurate computation of
guchi ([24], to which the reader may refer for details gravitational radiation back reaction. As mentioned above,

For the corotational case, we prepare binaries with severaye start with binaries in almost dynamically unstable orbits.
compactness parameters, with the surfaces of the two stafdis implies that the effect of radiation reaction is not very
coming into contact. As shown if83], such binaries with important in the early phase of the merger. In the later phase
I'=2 are located near to the energy minimum along the seof the merger, the dynamical time scale seems to be shorter
quence of corotational binaries of constant rest mass. Ther#han the emission time scale of gravitational waves and the
fore, they are expected to be located near to a marginallgvolution of the merged object due to gravitational radiation
stable point for hydrodynamic4] or GR orbital instability.  is secular. Hence, we deduce that the effect due to the error

For the irrotational case, the sequence of binaries of conin evaluating the radiation reaction is small throughout the
stant rest mass ends when cufips., LagranggL1) points) ~ evolution.
appear at the inner edge of the stE#8,24. This is the case In Fig. 1, we show the relation between the rest ndsgs
for any compactness parameter. If the stars in the binargnd the maximum density,,,, Of each star for binaries in
system approach further, mass transfer will begin and thguasiequilibrium states. The solid line denotes the relations
resulting state is not clear. As shown [ia3], the closest for spherical neutron stars. The crosses and filled circles de-
binaries with cusps are far outside the energy minimum fonote those for the corotational and irrotational binary neutron
I'=2, which indicates that they are stable against hydrodystars, respectively. The binaries which are used in the follow-
namic and GR orbital instability. Furthermore, the gravita-ing simulation as initial conditions are marked wit€1),
tional radiation reaction time scale is several times longefC2), (C3), (11), (12) and(I3) [C and | denote “corotational”
than the orbital periodcf. Table ). Thus, if we choose such and “irrotational,” respectively. The relevant quantities for
a binary as the initial condition for a simulation, a few orbits these initial conditions are shown in Table I. We note that
are maintained stably before the merger starts, decreasing tHee orbital period is calculated as
orbital separation and changing the shapes in a quasiadia-
batic manner. ¥ My

It is still difficult to perform an accurate simulation for Pob=1.5 mseéo_—l) (m) (3.1
such a quasiadiabatic phase. It is desirable to choose a binary

state which is located near to the unstable point against hyy, 5 regjistic situation, each star of the binary has a small
drodynamic or GR orbital instability and starts merging 5n5r6aching velocity because of gravitational radiation reac-
soon; i.e., a state a_ifter the nearly adiabatic phase. Howevera, \we approximately add this to the above quasiequilib-
method for obtaining such a state has not yet been devefn siate in setting the initial conditions. According to the

oped. Hence, in this paper, we prepare the following initialg ;2 qrupole formula with Newtonian equations of motion, the

conditions modifying the quasiequilibrium state slightly. 5pqiyte value of the approaching velocity of each star is
First, we prepare a binary in which cusps appear at the sufyitten as[2]

faces. Then, we reduce the angular momentum=8:5%

from the quasiequilibrium state to destabilize the orbit and to _ 2

induce the merger promptly32]. We deduce that such an va=1.8Mgol1)" (3.19
initial condition can be acceptable for the investigation of the L .
final products after the merger since the decrease factor i'ghus, in giving initial conditions, we changg; 1o be

still small. We performed test simulations changing the de-

crease factor slightly in the range 2-3%, and we indeed Uy = (Uy) o= v m (3.16
found that the results shown in Sec. IV are only weakly XoATXed A '
dependent on this parameter.

In the numerical computation of the quasiequilibrium where ()., denotesu, of the quasiequilibrium state. Here,
states as initial conditions, we typically adopt a grid spacingve implicitly assume that the center of mass of each star is
in which the major diameter of each star is covered~b85 initially located on thex axis (see Figs. 2—4 and 9-11
grid points. With this resolution, the error for the estimation  For models(C1), (C2) and (C3), we performed simula-
of My andJ s less than 1%e.g.,[24]), and the gravitational tions without the approaching velocity and found that the
radius of the system defined @Mgo/c2 is covered with  outcomes such as the final products and the disk mass de-
~4-7 grid points(cf. Table ). Keeping this grid spacing, pend only weakly on this approaching velocity. Thus, it does
the outer boundaries of the computational domain in thenot seem to affect the following results significantly.
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FIG. 2. Snapshots of the density contour linesdgrand the velocity field €*,vY) in the equatorial plane for modéC1). The contour
lines are drawn forp, /p, ma=10""3, where p, nax denotes the maximum value qf, at t=0 (here it is 0.00441), forj
=0,1,2...,10. Vectors indicate the local velocity field and the scale is as shown in the top left-hand Ratanotes the initial orbital
period P,,. The length scale is shown in units GfMgolcz.

IV. NUMERICAL RESULTS for other cases, a black hole is formed. We note that for
model (C2), we could not determine the location of the ap-
parent horizon before the simulation crashed, because the
In Figs. 2—4, we show snhapshots of the density contougrid spacing was too wide to satisfactorily resolve the black
lines forp, and velocity field ¢*,vY) in the equatorial plane hole forming region. However, the central value of the lapse
at selected times for model€1), (C2), and (C3), respec- function is small enoughk<0.01 at the crash so that we may
tively. For (C1), a new massive neutron star is formed, whilejudge that a black hole is formed in this simulation. On the

A. Corotational cases
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FIG. 3. The same as Fig. 2, but for mod€l2). The contour lines are drawn far, /p, ma—= 1023, wherep, ma.=0.00757, forj
=0,1,2; --,10. The dashed line in the last figure denotes the circle with.5M 4, within which ~95% of the total rest mass is included.

other hand, for mod€IC3), we can determine the location of crease rate of the orbital separation is larger because the
the apparent horizofsee the thick solid line in the last snap- initial approach velocity is larger, and the orbit soon be-
shot of Fig. 4. comes unstable. We deduce that the neutron stars for model
Irrespective of the compactness parameters, the orbitdC3) are initially located near to the innermost stable circular
distance gradually decreases due to the initial approach verbit against GR orbital instability because their initial com-
locity. When it becomes small enough to destabilize the orbipactness(:iE(Mgoﬂ)z’3~ Myo/a, wherea denotes the or-
due to the hydrodynamic or GR orbital instability, the orbital bital separation, is nearly equal to 1ee Table)l Indeed,
distance begins to quickly decrease and in the outer parthey begin merging soon after the simulation is started. Once
spiral arms are formed. For more compact binaries, the demerger begins, the spiral arms continue to develop transport-
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FIG. 4. The same as Fig. 2, but for mod€l3). The contour lines are drawn fgr, /p, max=10""3, wherep, m.=0.0171, forj
=0,1,2...,10. The dashed line in the last snapshot denotes the circle wi8M 4, within which ~95% of the total rest mass is included.
The thick solid line forr ~M g in the last snapshot denotes the location of the apparent horizon. Note that therg gréd points along
the radius of the apparent horizon.

ing angular momentum outward in the outer part of theneutron star. In Figs. 5 and 6, we show the density contour
merged object. lines for p, in the x—z plane and the angular velocitp

For model (C1), the inner part first contracts after the =(xvY—yv*)/(x3+y?) along thex andy axes in the equa-
orbit becomes unstable, but subsequently it bounces due torial plane att=2.07P,,,. It is found that the new neutron
the pressure and centrifugal force. The shape of the mergesdar is highly flattened and differentially rotatifgl]. Note
object changes from ellipsoidal to spheroidal, redistributingthat the mass inside=7.5M 4, which appears to constitute
the angular momentum as well as dissipating it by gravitathe merged object is~0.9™ , (=2.16). Since the maxi-
tional radiation. Eventually, it forms a new rapidly rotating mum allowed mass of a spherical star wikh=200/7 is
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FIG. 5. The density contour lines fgr, in they=0 plane at FIG. 7. « atr=0 as a function of/P, for models(C1), (C2)

t=2.07P,, for model (C1). The contour lines are drawn in the and(c3).

same way as in Fig. 2. The length scale is shown in units of

GMyo/c?. bouncing because the pressure and centrifugal force are not
strong enough to balance the self-gravity. Subsequently it

MSPh ~1.435, the mass of the new neutron star-i50%  collapses to form a black hole. Since the compactness is

larger than thig35]. We point out that we have monitored Sufficiently large for mode(C3), the inner part quickly col-
the evolution ofk’ (x*)=P/p" which is initially equal toK lapses to form a black hole without a significant bounce. On
anywhere in the star and can be regarded as a measure of ¢ other hand, in the case of mod€D), the formation time
entropy distribution. Since shock heating is not very effec-Scale of the black hole is longer because the compactness is
tive in the merging, we have found that the valuetof ~ Smaller.
increases by at most 10% in the regions of high density. To show the features of the collapse around the central
(Note that in the low density regions such as near to thd€9ion, we showy atr=0 as a function ot/Pqy, in Fig. 7.
surface of the merged objedt; is slightly larger) Thus, the ~ For model(C3), a(r=0) quickly approaches zero, but for
role of thermal energy increase is not significant for supportodel (C2), the decrease rate becomes smali-afl.2P .
ing the large mass in contrast with the case of head-on collhis difference indicates that the collapse is decelerated by
lision [36,20. The effect of differential rotation is important the pressure and/or centrifugal for_ce... 5
in the present case. We note that for mode|C2), the initial value of.J/Mg is
We note that the new rotating neutron star has a nonaxiarger than unity. Nevertheless, a black hole appears to be
symmetric structure at the time when we stopped the simuformed after the merger. This indicates that some mecha-
lation. Therefore it will evolve further as a result of gravita- Nisms for angular momentum transfer or dissipation act to
tional wave emission, and may become unstable againstecrease/My to less than unity during the merger. We can
gravitational collapse to become a black hole after a substarexpect that the following two mechanisms are effectig.
tial amount of angular momentum is carried awWay)|. In the case of corotational binaries, the outer part has a large
For models(C2) and (C3), after the orbit becomes un- amount of the angular momentum and spreads outwards
stable, the inner part contracts due to self-gravity withouforming the spiral arms. As a result, the specific angular
momentum in the inner part which finally forms a black hole

po | T T ] is smaller than that of the outer part aiH(MS can be smaller
C ] than unity in the inner regior(b) The effect of gravitational
r ] radiation can reduce the magnitudeJﬁMS which is esti-
0.15 - . mated as follows: If the system has a characteristic angular
r ] velocity (), the relation between the energy la88(>0)
= - . and the angular momentum lo83(>0) due to gravitational
s olrp g radiation can be written a€.6J=6E. If we assumesE
L ~ ] <My and 6J<J, whereJ, denotes the initial value o,
0.05 [ T ] the resultingd/M? becomes
. /\ Jo— 83 Jo 8] 25E
3 J) APERFIIN A ERFFIN I WU R S IR —22—2(1——4——)
o 2 4 6 8 10 (Mgo—68E)* Mg\ Jo Mgo
X/ M, Y /M,
Jo 8J 2J,
FIG. 6. The angular velocity) along thex axis (solid line) and = M_2 + J_O[ -1+ M_Z (QcMgo) 1 |-
y axis (dotted ling att=2.07P,,, for model(C1). The length scale 90 90
and() are shown in units 06 My, /c? andc®/G My, respectively. (4.1
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[ L I radius ~3Mg, is formed eventually for mode{C3). For
model (C2), we cannot discuss details because we could not
determine the apparent horizon. As shown in Fig. 8, the frac-
tion of matter inside = 1.5M  is still increasing at the time

< when we terminated the simulation, so that the mass fraction
~ of the compact disk ar~3My, seems to be at most
= C 0.05M,, . Thus, a disk of mass at most0.05-0.1M, may
S o4l /‘"’ P be formed around black holes in an optimistic estimation.
LT AR C3,r=4.5M]
" / ——- c2r=15M] .
0.2 = L VA— - cor=3M B. Irrotational cases
L 7 car-asu] . ;
e In Figs. 9—-11, we show snapshots of the density contour
0 0 05 1 15 lines forp, and velocity field ¢*,vY) in the equatorial plane
t /P at selected times for mode(kl), (12), and(13), respectively.

For model(l1), a new massive neutron star is formed, while
FIG. 8. Fraction of the rest mass inside a coordinate radas  for the other cases, a black hole is formed. We note that we

a function oft/ P, for models(C2) and(C3) in which a black hole  could not determine the location of the apparent horizon for
is formed after the merger. model(I12) before the simulation crashed. However, the cen-

tral value of the lapse function is small enougl®.01 at the
Here,Jo/M3~1, and because of the fact that gravitationalcrash, so that we judge that a black hole is formed in this
waves are eff|C|entIy emitted in the early phase of mergersimulation as in the cas&€?2). On the other hand, we could
we may sef).~() and consequentlf2 . M,,<1 (see Table determine the location of the apparent horizon for model
). Thus, 2052, /Mq [the second term ifi } of Eq.(4.D]is  (13).
much less than unity, and Eq4.1) is approximately As in the corotational case, the orbital distance decreases
(JO/Méo)(l— 6J/Jp). Using the quadrupole formula and the gradually in the initial stages, and then when the orbital in-
Newtonian expression for the angular momentdi#v,J, in  stability is triggered, it quickly decreases leading to merger.
one orbital period for a binary system of point massd®]s However, the behavior of the merger is different from that in

the corotational cases. For the irrotational binary, the initial

6J 53— > distribution of angular velocity around the center of mass is
J_O (M go{2) 0.087 0.15 15 : (4.2) a decreasing function of the distance from the ce(eed the
absolute value of the velocity'| is almost independent of
Therefore,J/Mé can decrease by 10%. position; cf. Figs. 9—11 at=0). Hence, the centrifugal

Since the gradient of the metric becomes very steep in théorce in the outer region of the merged objects is not as
high density region of the merged object, the simulationstrong as that in the corotational cases. Consequently, spiral
could not be accurately continued for modé?2) and (C3) arms are not formed in a significant way. On the other hand,
after a at r=0 becomes less tharn 10" 2. Although we the magnitude of the centrifugal force in the inner region is
cannot strictly calculate the final states of the disks arounstronger than that in the corotational cases. As a result, two
the black holes for these models, we may extrapolate thescillating cores are formed in the inner region, and this
final state from the evolution of the central region as follows.structure is maintained for a short while. These features have
In Fig. 8, we show time evolution of the fraction of the rest been found also in Newtonian simulatiofis3,16].

mass inside a coordinate radiusdefined as In the case of mod€ll), the two cores bounce after their
first collision, and then they merge to form an oscillating

My(r) 1 3 new neutron star. In Figs. 12 and 13, we show the density
M, M, fx |<r XPs 4.3 contour lines forp, in thex—z plane and the angular veloc-

ity defined byQ=(xvY—yv*)/(x?>+y?) along thex andy
for models(C2) and (C3). We choose =1.5,3 and 4.5 4 axes in the equatorial plane tat 1.81P,,. We find that the
as coordinate radii. It is found that more than 95% of thenew neutron star has a toroidal structure which is sustained
total rest mass is inside=4.5My,, and a small fraction by differential rotatior] 31]. Note that 99.5% of the total rest
<3-5 % of the total rest mass can be in a disk around themass is inside=6M 4, and appears to constitute the merged
black hole ar =4.5M,,. For model(C3), the location of the — object att=1.81P, in this case. Thus, the rest mass of the
apparent horizon is at~1.2My, at t=1.08P,y;,, So that new neutron star is=45% larger thaM 1 ., [35]. As in the
most of the matter inside=1.5M 4, seems to be swallowed corotating case<’ increases only by a small fact¢at most
by the black hole eventually. On the other hand, since thd0%) in the high density region, so that the role of the ther-
newly formed black hole seems to be rotating rapidlymal pressure increase for supporting the large mass is not
(J/M2~0 8—0.9, see Table)] the innermost stable circular significant.
orbit is located near the event horizon and so even some of In this model(I1), the initial value ofJ/M?2 is less than
the matter located between-1.5M 4, and V4o may go to  unity and the final value should be even smaller as argued in
form the disk around the black hole. Hence, it may still beSec. IV A. Nevertheless, the merged object does not collapse
possible that a very compact disk of mas9.05M, and to form a black hole. Axisymmetric simulations of stellar
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FIG. 9. The same as Fig. 2, but for modél). The contour lines are drawn fgr, /p, ma=10"%3, wherep, ma=0.00401, forj
=0,1,2...,10.

core collaps¢38] have indicated that a black hole is formed gravitational collapse to a black hole after a substantial
for J/M?<1 in most cases if the mass is large enough, anémount of the angular momentum has been carried away by
that the angular momentum parameter is a good indicator fogravitational radiatioi37].
predicting the final product. The present simulation suggests For model(I3), the inner part contracts due to self-gravity
that this is not always the case for the merger of binarywithout bouncing because the pressure and centrifugal force
neutron stars. are not strong enough to balance the self-gravity. Conse-
We note again that the new rotating neutron star was nonguently, it quickly collapses to form a black hole. For model
axisymmetric when we stopped the simulation. Therefore i{12), on the other hand, the self-gravity is weaker than that
will evolve secularly and may become unstable againsfor model(13), so that the two cores bounce at the first col-
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FIG. 10. The same as Fig. 2, but for modi&). The contour lines are drawn far, /p, ma=10"%3, wherep, ma.=0.00642, forj
=0,1,2...,10. The dashed line in the last figure denotes the circle mith.5M 44 within which more than 99% of the total rest mass is
included.

lision for t~1.2P,,. Then, they approach again redistribut- process towards the final state depends considerably on the
ing the angular momentum as well as dissipating it by graviinitial compactness of the neutron stars.

tational radiation, and finally the merged object forms a In Fig. 15, we show the time evolution of the fraction of
black hole. To demonstrate this feature, we showtr=0  the rest mass inside a coordinate radiud1,(r)/M, , for

as a function oft/P,, in Fig. 14. For modell3), a(r=0) models(I2) and(I3). We again choose=1.5,3 and 4.8y,
monotonically approaches zero, but for modg), it in- as coordinate radii. It is found that more than 99% of the
creases again after it reaches a first minimum tat total rest mass was inside=4.5V 4o for both models when
~1.2P,,. These numerical results indicate that the mergingve stopped the simulations. Thus, in contrast with the coro-
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FIG. 11. The same as Fig. 2, but for modt). The contour lines are drawn far, /p, ma—=10"°3, wherep, m.=0.0136, forj
=0,1,2...,10. The dashed line in the last snapshot denotes the circler wi8M 4, within which more than 99% of the total rest mass is
included. The thick solid line for~M g, in the last snapshot denotes the location of the apparent horizon. Note that there grigl points
along the radius of the apparent horizon.

tational cases, only a tiny fraction of the total rest mass (<0.0IM,) for model (I13). For model(12), we could not
(<1%) can form a disk around the black hole at determine the location of the apparent horizon before the
=4.5M 4o. For model(I3), =99% of the total rest mass is simulation crashed, and so we cannot make any strong con-
inside r =1.5M 4, which almost coincides with the location clusion. However, Fig. 15 shows that the mass fraction out-
of the apparent horizon at the final snapshot of Fig. 11side r=3My, is <0.0IM, and that insider=1.5M is
Hence, we can conclude that the disk mass is very smatjuickly increasing at~1.8P,,. Hence, the final disk mass
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way as in Fig. 9. The length scale is shown in unitsGd¥l ;o /c2. '

For both corotational and irrotational cases, the amplitude
gradually rises with decreasing orbital separation, but after
the amplitude reaches the maximum, the wave forms for the
two cases have different characters. In the corotational cases,
To extract gravitational wave forms, we define nondimen-the amplitude soon becomes small after the maximum, while

again appears to be very small as in the dd3p

C. Gravitational waves

sional variables in the irrotational cases, it does not become small very
L quickly, but has a couple of fairly large peaks. The reason is

hy=r(yxx— vyy)/(2Mgo), (4.4 that the double core structure which enhances the amplitude
is preserved for a short while after the merger in the irrota-

thr;’xy/Mgo, (4.5 tional cases. Such a feature has been found also in Newton-

ian simulationd 13,16, indicating that the Newtonian simu-
along thez axis. Since we adopt the AMD gauge condition lations are helpful for investigation of the qualitative
and have prepared initial conditions for Whiéﬂgi}jk:o, outcome of gravitational wave fqrms. In particular, the
3/”- is approximately transverse and traceless in the Wav(\glaveforms for modelséCl).an'd(ll) n \.Nh'Ch new neutron
20ne[27]. As a resulth, andh,, are expected to be appro- Stars are formed are qualitatively similar to the correspond-
. i+ X

priate measures of gravitational waves ing Newtonian modeld13,16), although quantitative fea-
In Fig. 16, we show wave forms for.corotational rnodelstures such as amplitude and wavelength are different. There-

S . - fore, the Newtonian simulation is useful as a guideline for
(CY) (the solid lineg and(C2) (the dashed lingsand in Fig. ' : . ) ; X
17, for irrotational model$l1) (the solid lineg and(12) (the ];lu"ytrGr? stln:ulanons particularly when the final product is a
dashed linesas a function of retarded time « zy,9d/Porp eutron star.

. . : The maximum amplitude foh, andh, is typically 0.1
ag\e/;efé"r?;SZ':?Z;:Q;SS'W[ along tfeaxis at which the as shown in Figs. 16 and 17. This implies that the typical
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FIG. 13. The angular velocit{2 along thex axis (solid line) and FIG. 15. Fraction of the rest mass inside a coordinate radiss

y axis (dotted ling att=1.81P,, for model(I1). The length scale a function oft/P,,, for models(12) and(I3) in which a black hole
and() are shown in units oGMgO/c2 andc®/G Mgo, respectively. is formed after the merger.
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FIG. 16. h, andhy as functions of retarded time for the coro- FIG. 18.h_ andh, as functions of retarded time for irrotational
tational modelgC1) (solid lineg and(C2) (dashed lines models (12) with 293x293x147 grid size (solid lines,

233x233%x 117 grid size(dashed lines and 193<193x 97 grid
maximum amplitude of gravitational waves from a source atsize (dotted line$. In each case, the outer boundari@sd the
the distance is points where the wave forms are extragteate located atz

=0.35, 0.28 and 0.23,,, respectively.
100 Mpc) ( hy «

r 0.1 ) 49 late phase of merging, on the other hand, the magnitude of
the modulation does not change even with widening the
As we mentioned above, the outer boundaries of the complzomputational domain. This suggests that the resolution of
tational domain with 238233117 grid points are located the central regions of the merged object is not sufficient in
at =0.3\, on each axis. This implies that the wave formsthat phase to compute accurate wave forms. We also find that
extracted are not accurate asymptotic wave forms. For ethe wave amplitude increases slightly with widening the
ample, a slight unrealistic modulatidthe wave amplitude computational region. This indicates that the amplitudes
deviates gradually with time in the positive direciols  shown in Figs. 16 and 17 might underestimate the
found in the wave form foh, in every case which seems asymptotic one by several tens of percent especially in the
due to numerical error. early phase of the merger. All of these facts indicate that we
To estimate the magnitude of the error, we performed ongeed a larger scale computation to improve the accuracy of
large simulation for modell2) with grid size 29% 293 the gravitational wave forms.
X 147, fixing the grid spacing but widening the computa- Even in the case of black hole formation, the shapes of the
tional region. Even in this case, the outer boundaries arguave forms are similar to those in the neutron star formation
located at~0.35g, on each axis. In Fig. 18, we show the case before the gravitational collapse to a black hole has
wave forms for 29%293x147 (the solid line$,  occurredcompare the wave forms for modgld) and(12)].
233x233x 117 (the dashed lings and 193<193x 97 (the  The difference in the wave forms will appear after the gravi-
dotted line$. For the early phase of merging, the magnitudetational collapse. However, since we could not continue
of the modulation is smaller and smaller with increasingsimulations for a long time at this stage, we cannot describe
number of grid points, which implies that this effect is spu-the features of the wave form in detail. In the following, we
rious due to the restricted computational region. For the vergpeculate on the expected outcome and discuss the signifi-
cance of the wave forms from the observational point of

Mo
2.8V

~1.4% 10—22(

o = S A B view.
0.05 g_ /\\ A [\/\E According to the standard sc_enarjo, the_ guasinormal
& 0 VAV \W \\\(/ (LVARVARE modes of the black hole are excited in the final phase of
-0.05 B¢ N = black hole formation, and the amplitudes of these modes
-0l E, subsequently damps. As we showed in the previous two sub-
0 0.5 1 1.5 sections, the formation time scale of the black hole is differ-
BT ent depending on the compactness of the neutron stars before
005 E P AN E the merger. This implies that the tim:_e dgration from the mo-
z ok /\\ /’/\\ V{\ /\ € ment when the amplitude of the gravitational waves becomes
005 ENA \/ AavvAl \/ E a maximum to the moment when the amplitude of the waves
01 E | | W from the merged object damps depends on the |n|t|a! com-
0o '0.5' I pactness parameter of the neutron staee Fig. 19, which

(t-z,.) / P shows a schematic picture for the expected_gravit_ational
wave formg: In the case of neutron star formatipef. Fig.
FIG. 17. h, andh, as functions of retarded time for the irro- 19(8)], the damping time for quasiperiodic gravitational
tational modelg11) (solid lineg and(12) (dashed lines waves of small amplitude emitted from nonaxisymmetric de-
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@ object forms a black hole on the dynamical time scale
~Pose; (b) if MSPh _is ~2M,, the final product is also a

black hole, but the formation time scale is longer thy,;
() if MSP" _is larger than~2.2M ¢, the final product will

* max
® [\ /\ be a massive neutron star. This fact provides us the following
/\ NN f\vﬁv interesting possibility. Suppose that we will be able to find
\j U U VAAAY the mass of each neutron star during the inspiraling phase by
means of the matched filtering methptD] with the aid of
© the post-Newtonian templafé1]. Then, if we observe the

merger process to the final products, in particular the time

scale for formation of a black hole, we can constrain the

maximum allowed neutron star mass, and consequently the
nuclear equation of state.

FIG. 1_9. Schematic pictures for expected gravitational wave Unfortunately, the frequency of gravitational waves after
forms during and after the merger ft@ the neutron star formation " . . -1 )
the merger will be so high(typically Pg~5Py,~2

casej(b) the black hole formation case in which the compactness o . .
the neutron stars before the merger is not very large and the forma_-3 kHz) that laser interferometers such as LI_(E@ will
tion time scale is fairly long(c) the black hole formation case in NOt be able to detect them. To observe such high frequency

which the compactness of the neutron stars before the merger @avitational waves, specially designed narrow band interfer-
large enough that the formation time scale is short. ometers or resonant-mass detectors are ne¢dgdWe

should keep in mind that such future gravitational wave de-

formation of the new neutron star is the time scale of gravi-temo_rS WOUIO_I have the possibility to provide us with impor-
tant information about the neutron star equation of state.

tational radiation reaction which is much longer than the her i £ th imulati
dynamical time scale. In the case of black hole formation, we ANOther important outcome of the present simulations
ncerns the mass of the disk around a black hole formed

have a number of possibilities: If the compactness paramet )
after the merger. A disk of mass0.05-0.1IM, may be

of the neutron stars before the merger is not very ldoje
g Y 1408 formed around a black hole after the merger of corotational

Fig. 19b)], the time scale for the formation process is fairly ~'"''S X : R
long and the quasiperiodic oscillations due to nonaxisymmetb'”a”es' However, for the merger of irrotational binaries, the

ric deformation of the merged object will be seen for a shorthass Of the disk appears to be very smab.0IM, . An
while after the merger. If the neutron stars are sufficientlyll"otational velocity field is considered to be a good approxi-
compact[cf. Fig. 190)], the black hole is formed quickly Mation for realistic binary neutron stars before merig.
and the amplitude of gravitational waves will also damp!nerefore, a massive disk of mass0.IM may not be
quickly. Therefore, the time duration from the gravitational formed around a black hole after the merger of binary neu-
wave burst to its dampingote that we do not need here the tron stars of nearly equal mass. This is not very promising
detail of the wave formswill constrain the initial compact- [OF S0me scenarios for GRBs, in which a black hole—toroid

ness of the neutron stars, and, consequently, the equation $¥Stem formed after the merger of nearly equal mass binary
state for high density neutron mat{@9]. neutron stars is considered to be its central engine.

We have performed simulations using a modified form of
the Arnowitt-Deser-MisnefADM) formalism for the Ein-
V. DISCUSSION stein field equation with the AMD gauge and approximate
maximal slicing condition§21]. Needless to say, simulations

by other groups using different formulations, gauge condi-

depend sensitively on the initial compactness of. the neutroHOnS and numerical implementatiofi$9,20] are necessary
stars. In the corotational cagd) the final product is a mas- to reconfirm the present results '

sive neutron star when the ratio of the rest mass of each star In this paper, we have performed simulations only for the

sph : . . .
0 M max (Cmasd is =0.8; (2) the final product is a black . oo T—5 " As Newtonian simulations have indicated

hole whenC_mass|s =0.9. Ifitis at most_~0.9,_ the formation [14,15, the merging process and final products may also
t'm? sc_ale IS _Ionger than the dyna_mlcal time scale the depend sensitively on the stiffness of neutron star matter. In
oscillation period of the merged obje@,s). On the other  f54hcoming paper, we will perform simulations changing
hand, if Cpassis ~1, the formation time scale of the black 14 jnyestigate the dependence on the stiffness of the equa-

hole is as short as the dynamical time scatePs). Inthe  ion of state and to clarify whether the present conclusions
irrotational case(3) the final product is a massive neutron are modified or not.

star whenC,,.ssis =0.7; (4) the final product is a black hole
whenC,.sis =0.8. If it is at most~0.8, the formation time
scale is longer thaR .. On the other hand, i€ ,,ssiS larger
than~0.9, the formation time scale is P ..

Let us consider the case where two irrotational neutron We thank T. Baumgarte, Y. Eriguchi, E. Gourgoulhon, T.
stars of rest mass M (i.e., the gravitational mass is Nakamura, K. Ochara, and S. Shapiro for helpful conversa-
~1.4My) merge. The numerical results in this paper indi-tions and discussions. We also thank J. C. Miller for careful

cate that(a) if Mff"r‘nax is less than~1.8M, the merged reading of the manuscript and useful suggestions. For warm

As we found in Sec. IV, the final products of the merger
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