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Gravitational radiation from the coalescence of binary neutron stars:
Effects due to the equation of state, spin, and mass ratio
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We calculate the gravitational radiation produced by the coalescence of inspiraling binary neutron stars in
the Newtonian regime using three-dimensional numerical simulations. The stars are modeled as polytropes and
start out in the point-mass regime at wide separation. The hydrodynamic integration is performed using smooth
particle hydrodynamics with Newtonian gravity, and the gravitational radiation is calculated using the quad-
rupole approximation. We have run a number of simulations varying the neutron star radii, equations of state,
spins, and mass ratio. The resulting gravitational waveforms and spectra are rich in information about the
hydrodynamics of coalescence, and show characteristic depende@dd c?, the equation of state, and the
mass ratio[ S0556-282(196)05424-Q

PACS numbe(s): 04.30.Db, 04.80.Nn, 95.85.Sz, 97.80.Gm

[. INTRODUCTION ity. Davieset al. [19] have carried out SPH simulations of
the inspiral and coalescence of nonsynchronously rotating
Coalescing binary neutron stars are among the mogteutron stars, focusing on the thermodynamics and nuclear
promising sources of gravitational waves for detection byphysics of the coalescence. All of these studies used the
interferometers such as the Laser Interferometricquadrupole approximation to calculate the gravitational ra-
Gravitational-wave ObservatoriL IGO) [1], VIRGO [2], diation emitted. Finally, Wilson, Mathews, and Marronetti
and GEQ[3]. Recent studiep4] suggest that binary inspiral [20] have developed an Eulerian code that incorporates gen-
due to gravitational radiation reaction, and the eventual coaeral relativistic effects in the limit in which the metric re-
lescence of the component stars, may be detectable by thes®ins conformally flat and gravitational radiation is ne-
instruments at a rate of several per year. The inspiral phasglected. A multipole expansion is used to calculate the
comprises the last several thousand binary orbits and covergavitational radiation.
the frequency rangé~10-1000 Hz, where the broadband We have carried out three-dimensioridD) simulations
interferometers are most sensitive. During this stage, thef binary neutron star coalescence in the Newtonian regime
separation of the stars is much larger than their radii and thasing SPH, with particular application to the resulting gravi-
gravitational radiation can be calculated using posttational wave energy spectrudE/df. The neutron stars are
Newtonian expansions in the point-mass liffi]. Analysis initially modeled as spherical polytropes on circular orbits,
of the inspiral waveform is expected to reveal the masses andith separations sufficiently large that tidal effects are neg-
spins of the neutron stars, as well as the orbital parameters tfjible. The stars thus start out effectively in the point-mass
the binary systemg6—9]. regime. The gravitational field is purely Newtonian, with the
When the binary separation is comparable to the neutrogravitational radiation calculated using the quadrupole ap-
star radius, hydrodynamic effects become dominant and cogroximation. To cause the stars to spiral in, we mimic the
lescence takes place within a few orbits. The coalescenceffects of gravitational radiation reaction by introducing a
regime probably lies at or beyond the upper end of the frefrictional term into the equations of motion to remove orbital
guency range accessible to broadband detectors, but it manergy and angular momentum at the rate given by the
be observed using specially designed narrow band interfelequivalent point-mass inspiral. As the neutron stars get
ometers[10] or resonant detectofd 1]. Such observations closer together the tidal distortions grow and eventually
may yield valuable information about neutron star radii, anddominate, and coalescence quickly follows. The resulting
thereby the nuclear equation of st§&12,13. gravitational wave forms match smoothly onto the point-
Three-dimensional numerical simulations are needed tmass inspiral wave forms, facilitating analysis in the fre-
study the detailed hydrodynamical evolution of the coalesquency domain. In paper[R1] we considered equal mass
cence. Shibata, Nakamura, and OoHd, 15 have studied neutron stars wittM =1.4M and varied the neutron star
the behavior of binaries with both synchronously rotatingradius and equation of state. We demonstrated that the result-
and nonrotating stars, using an Eulerian code with gravitaing gravitational wave signatures are rich in information
tional radiation reaction included. Ruffeet al. [16] have  about the hydrodynamics of coalescence and are sensitive to
also used Eulerian methods with radiation reaction includedoth GM/Rc® and the equation of state. In this paper, we
to study coalescence of neutron stars with a physical equaxtend our study to include the effects of unequal masses as
tion of state and various spins. Rasio and Shaplr,1§  well as spin.
have simulated the coalescence of synchronously rotating It is important to understand the context of these models.
neutron-star binaries using the Lagrangian smooth particl®ur work is carried out in the Newtonian regime and there-
hydrodynamicg§SPH method with purely Newtonian grav- fore is a first step toward understanding the gravitational ra-
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diation signatures of binary coalescence. With these simpliaxis atd=0,=0 of a spherical coordinate system with its
fied models we are able to study binaries that start out witlorigin located at the center of mass of the source, the gravi-
fairly wide separations and make3 orbits before contact, tational wave amplitudes for the two polarization states are
and to concentrate on the hydrodynamical properties of thgiven by

merger. Of course, the Newtonian approximation does break

down for systems involving neutron stars, since ~G1. -
; h+__4_(+xx_+ )r (2)
GM/RE~0.2 for a typical neutron star of mass ctr vy
M=1.4M, and radiusR=10 km. General relativistic effects
can therefore be expected to play an important role in the G2.
final stages of inspiral and coalesceh2g], and Newtonian hx oA F“ny- )

results must be viewed with appropriate caution. We believe

that Newtonian models provide an interesting first look at theHere, an overdot indicates a time derivatielt. The stan-

properties of coalescence waveforms and spectra. In additard definition of gravitational-wave luminosity is

tion, they can be used for comparison with general relativis-

tic calculations to help determine where relativistic effects de_1G

become important and how they show up in the resulting L=5t~ §§<<+i

gravitational waveforms and spectra. Finally, the valuable

experience gained in carrying out these Newtonian calculawhere there is an implied sum dnand j, the superscript

tions is important for the development of fully general rela-(3) indicates the third time derivative, and the double angle

tivistic models. brackets indicate an average over several wave periods.
This paper is organized as follows. In Sec. Il we present &ince such averaging is not well defined during coalescence,

brief description of the techniques used in our simulationswe simply display the unaveraged quanti@/5c5).|_i(j3)+i(j3)

The use of frictional terms in the equations of motion toin the plots below. The gravitational wave energy spectrum

mimic the effects of gravitational radiation reaction is dis-dE/df, which gives the energy emitted as gravitational ra-

cussed in Sec. lll. Section IV revisits the standard modebiation per unit frequency interval, is a key diagnostic tool

(with identical neutron stars having masdé¢s-1.4M, and  for understanding the results of our simulations. It is given

radii R=10 km), extending and expanding the analysis be-py Thorne[28] in the form

gun in paper |. The effects of changing the neutron star ra-

dius, equation of state, and spin are examined in Sec. V. dE cw

Binaries with unequal mass components are considered in df G 2

Sec. VI. Finally, Sec. VIl contains a summary and discussion _

of our results. whereh(f) is the Fourier transform ofi(t), and the angle

brackets denote an average over all source angles. See paper
II. SIMULATION TECHNIQUES | for details.

We use the techniques ¢23] to calculate the reduced
The methods we used to produce our models have been ) o i .
presented in some detail in papef21] and Ref.[23]. We  duadrupole momerk; and its derivatives. In particulak;;
therefore give a only brief description of these methods ir@nd+;; are obtained using particle positions, velocities, and
this section, and refer the reader to the literature for furthefccelerations already present in the code to produce very
information. smooth waveforms. This yields expressions similar to those
Lagrangian techniques such as SP2] are especially of Finn and Evan$29]. However,-lri(f‘) requires the derivative
attractive for modeling neutron star coalescence since thef the particle accelerations, which must be determined nu-
computational resources can be concentrated where the masgerically and introduces noise into the gravitational-wave
is located instead of being spread over a grid that is mosthuminosity L. We have applied smoothing to reduce this
empty. We have used the implementation of SPH by Hernnoise in producing all graphs &f in this paper; seg23] for
quist and Katz[25] known asTREESPH In this code, the further discussion.
gravitational field is purely Newtonian, and a hierarchical The neutron stars are initially modeled as widely sepa-
tree method 26] optimized for vector computers is used to rated polytropes with equation of state
calculate the gravitational forces. This leads to a significant
gain in efficiency and allows the use of larger numbers of P=Kp'=Kp**h, (6)
particles than would be possible with methods that simply . .
sum over all possible pairs of particles. whereK is a constant that measures the specific entropy of

We calculate the gravitational radiation quantities in theth® material anch is the polytropic index. The stars are
quadrupole approximation, which is valid for nearly New- placed on orbits with wide enough separation that tidal ef-

tonian source$27]. The reducedi.e., tracelessquadrupole fects.are neglig_ible. An individqal star may be allowed to be
moment of the source is given by in uniform rotation about an axis through its center of mass.

We take the direction of this spin angular velodidy, (which

PH, (4)

(4mr2) (. (H]2+ (DD, ()

1. .\ is measured in an inertial frah& be either parallel or an-
Hij :f P Xixi_g‘sijr d°r, @ tiparallel to the direction of the orbital angular momentum.
Because the time scale for tidal effects to develop is far
wherei,j=1,2,3 are spatial indices and= (x>+y?+2z%)Y?  greater than the dynamical timtgy for an individual star,

is the distance to the source. For an observer situated on thehere
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R3 |12 simply on which body it happened to belong to initially.
tD:(G_M) , (7)  Since the frictional term is turned off before coalescence
occurs, the question of what to do after the stars have merged
we start with stable, “cold” polytropes. The nonrotating does not arisg. _
stars (0,=0) were produced by the method discussed in The stars are initially placed on theaxis on a counter-
[23]. The rotating stars were produced using the method declockwise circular orbit with separatioay, in the center-of-

scribed in[30] and[31]. mass frame of the system in tke-y plane. Thus, the center
of mass ofM is located at X,y) position @;,0) and that of
IIl. MODELING INSPIRAL BY GRAVITATIONAL M; is located at € a,,0), whereapg=a, +a,, a,=aou/My
RADIATION REACTION and similarly fora, [32]. The stars are then given the equiva-

lent point-mass circular velocitieg, ;= (G/Mag) M, and

Widely separated binary neutron stétisat is, with sepa- v, ,= —(G/Map) M.
rationa>R) spiral together due to the effects of energy loss ~ To ensure that the stars start out on the correct point-mass
by gravitational radiation reaction. Once the two stars arénspiral trajectories, we also give them an initial inward ra-
close enough for tidal distortions to be significant, hydrody-dial velocity V, as follows. For point-mass inspiral the sepa-
namical effects dominate and rapid inspiral and coalescenaeition a(t) is given by[27]
ensue. In our calculations the neutron stars are placed on
(nearly circular orbits with wide enough separation that the
stars are effectively in the point-mass limit. Since the gravi-
tational field is purely Newtonian and does not take radiation
reaction into account, we must explicitly include these lossesvherea, is the separation at the initial tinte=0 and
to cause inspiral until hydrodynamical effects take over. 5 .4

We accomplish this by adding a frictional term to the _ic_ A
particle acceleration equations to remove orbital energy at a 707256 G2 uwM?
rate given by the point-mass inspiral expresgisee[19] for
a similar approach The gravitationa' wave |uminosity for is the inSpiI‘al time, i.e., the time needed to reach Sepal‘ation

1/4
a(t)=ag| 1— —) , (12)
70

(12

point-mass inspiral on circular orbits [i27,32 a=0. We write
dE 32G* u?M? da 64 G® uM?
Lem=—77 :——5M—5, (8) Vieqil TE S 2 (13
dt|,, 5 ¢ a t=0 o

where M=M;+M, is the total mass of the system, Requiring the center of mass of the binary system to have
w=M;M,/M is the reduced mass, and the subscript “PM” zero  velocity then gives V,,=—(M,/M)V, and
refers to point-mass inspiral. We assume that this energyx2=(M1/M)V,. The use of the correct initial inspiral tra-
change is due to a frictional forck that is applied at the Jectory allows us to match our gravitational WaVEfOTm_S
center of mass of each star, so that each point in the star feignoothly to the equivalent point-mass waveforms. This is
the same frictional deceleration. For star 1, we obtain Important when analyzing the signals in the frequency do-
’ main.
“ldE
dt

My

M_2 €) IV. BINARY COALESCENCE: THE STANDARD MODEL

fuva= s ,
PM
R We begin by examining binary coalescence for the case of
whereV, is the center-of-mass velocity of star 1; an analo-equal mass neutron stars with masss;=M,=M
gous expression in which the subscripts “1” and “2” are =1.4M,, radii R;=R,=R=10 km (so GM/Rc¢?=0.21),

interchanged holds for star 2. Sinée acts in the direction and polytropic indexn=1 (I'=2). The stars start out with

opposite toV, this gives an acceleration zero spin (1,=0) on (nearly circular orbits with initial
separatiorag=40 km in the point-mass limit. Time is mea-
) 1?1 1 M,dE \71 sured in units of the dynamical tintg for a singl_e star using
Q=g T MM, dtl ooz (10 Eq. (7); here,tp=7.3x10 °s. We consider this to be our
1 1 pm V1l standard run and refer to it as Run 1; the parameters of this

¢ 1 and similarly f > Th frictional model are summarized in Table I. This run was first dis-
or star 1 and similarly for star 2. These frictional terms are¢ sqeq in paper I, which also included tests of our numerical

added to the particle acceleration so that all particles in gnethoq with varying particle number and artificial viscosity
given star experience the same frictional deceleration. Th@oefficients. In this section we revisit the standard model,

net effect is that the centers of mass of the stars follow traéxtending and expanding the analysis begun in paper I, de-

jectories that approximate point-mass inspiral. The frictionakining our terminology, and reintroducing some key features
terms are applied until tidal effects dominate, leading to

R _~of the problem.
more rapid inspiral and coalescence by purely Newtonian
hydrodynamical process€33]. For each of the runs reported

in this paper, we determine the optimal time to turn off the
frictional terms experimentally; see paper | for detaifSp- The evolution of this model witiN=4096 particles per

erationally, our assignment of a particle to a “star” is basedstar is shown in Fig. 1. In each frame all particles are pro-

A. General features of the coalescence
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TABLE |. Parameters of the models are given. For all ruM;=1.4M,. The mass ratio is
g=M,/M4, the stellar radii areR; and R,, and the initial separation iay;. The dynamical timety is
calculated using the parameters of staff 1gives the spin period of each star, with a positfee negative
value denoting a spin in the sam@r opposit¢ direction as the orbital angular momentum. The polytropic
indexn and thel" refer to the equation of state. Each star conthinSPH particles.

Model

q Ry Ro ap tp Tsa Ts2 n r N
(km) (km) (km) (mg) (mg (mg)

Run 1 1 10 10 40 0.073 0 0 1 2 4096
Run 2 1 15 15 60 0.13 0 0 1 2 1024
Run 3 1 10 10 45 0.073 0 0 1/2 3 4096
Run 4 1 10 10 40 0.073 0 0 3/2 5/3 2048
Run 5 1 10 10 40 0.073 2.6 2.6 1 2 4055
Run 6 1 10 10 40 0.073 26 -26 1 2 4055

Run 7 0.85 10 10 40 0.073 0 0 1 2 4096
Run 8 0.85 10 9.7 40 0.073 0 0 12 3 4096
Run 9 0.5 10 10 40 0.073 0 0 1 2 4096
Run 10 0.5 10 8.7 40 0.073 0 0 1/2 3 4096

jected onto thex—y plane. As the stars spiral together, their tational torques and lost to the spiral arms. The arms expand
tidal bulges grow. Byt=100Qp, the center-of-mass separa- and merge to form a disk around the central object. At the
tion of the two stars is-2.5R. At this point the stars undergo end of the run, the system is roughly axisymmetric.

a dynamical instability driven by Newtonian tidal forces

The tidal interactions between the stars increase as they

[33], causing the stars to fall together faster than they wouldpiral together. Even in the absence of fluid viscosity, Lai
on point-mass orbits. We therefore turn off the frictional and Shapirg34] have shown that a dynamical tidal lag angle
term in the code at= 100 and follow the rest of the evo- «agy, develops due to the finite time needed for the structure
lution using purely Newtonian hydrodynamics and gravity.of the stars to adjust to the rapidly changing tidal potential.
The stars rapidly merge and coalesce into a rotating barlik&his leads to the formation of tidal bulges that are not di-
structure. Spiral arms form as mass is shed from the ends oéctly aligned, and the resulting gravitational torques cause
the bar. Angular momentum is transported outward by gravieach star to spin. As the stars spiral together and the separa-

(2)

845 t,

(b)

92 t,

(e)

99.5 tp

(@)

105 t,

FIG. 1. Particle positions are shown projected
onto the x—y plane for Run 1. Here,
M=14M,, R=10 km, I'=2, andtp;=0.073
ms. The initial separatioa,=4R. The stars are
orbiting in the counterclockwise direction. The
vertical axis in each frame ig/R and the hori-
zontal axis isx/R.
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tion decreasesyqy, becomes larger. In Fig.(d) we estimate ~74% of the angular momentum in a central ceres2R,
the lag angle of the stars near contact to-b#5°. For non-  and the remainder in a disisee paper)! As the evolution
spinning stars with the parameters of Run 1, Lai and Shapir§™0c€eds, the core mass and angular momentum remain

; o ; ; nearly constant, while the angular momentum in the disk is
34] find ~12° at contact, in good agreement with our ! -
Eesilts ey 9 9 transported outward due to the effects of gravitational

torques. By the end of the simulationtat 20Qt, the central

. ) . ) , %ore is axisymmetric with material on the edge of the rem-
tating with the binary. As seen from this corotating frame,nant atw~ 2R rotating atQ~0.6t51, near the critical an-

the stars appear to be spinning in opposite directions. As thSular velocity for breakup. We believe the reason for this
stars begin to merge, the fluid in star 1 is moving in theaxisymmetry can be understood as follows. Consider an
direction opposite to the fluid in star 2 at the point of contact.gqilibrium sequence of uniformly rotating axisymmetric
This velocity difference over a short spatial scale gives riS&yolytropes parametrized b= T,q/|W|, where T, is the
to a shear layer between the stars, which is subject to thgyiational kinetic energy an is the gravitational potential
Kelvin-Helmholtz |ns'Fat_>|I|ty[_35,36|. For real neutron stars, energy. Asp is increased along such a sequence, a point is
vortices can form within this layer on small scales; theseayentually reached at which mass is lost at the equator. Uni-
eddies can grow and merge together, and turbulence can dﬁ)'rmly rotating polytropes witm=0.808 ['<2.24) reach
velop. The behavior of this turbulent region can be importantys mass-shedding limit before the point at which ellipsoidal
in determining the mixing of Fhe material from the individual configurations can exi§89,40. Although the central core in
neutron stars to produce a final remnant. For example, a tugyr simulation does show differential rotation, we believe
bulent viscosity could be generated and thereby the final conpat a similar mechanism is operating here, causing the core
figuration may not be irrotational. to be essentially axisymmetric at the end of the run.
However, these processes are difficult to model accurately gtaple, nonrotating neutron stars are believed to have a
using 3D numerical simulations due to their limited resolu- avimum mass in the range1.4M, to ~2.2M, [41,42]
tion[37,38,. For example, vortices can form on spatial scalegjepending on the equation of state. Rotation can increase this
determined by the resolution of the model and spurious NUpy up to~ 17%, yielding a maximum mass2.6M , [43,44]
merical shear viscosity, rather than on the smaller phys'ca(lagain depending on the equation of safer rotation near
scales expected in real fluids. These shortcomings must Qgeakup speed. Because the gravitational field in these mod-
taken into account when interpreting the results of numericalg s purely Newtonian, the merged remnant in these simu-
models of binary coalescence. _ lations cannot collapse to a black hole. However, since the
We have examined our simulations to see if these effectg,5| core mass is greater than or comparable to the maxi-

are occurring. We find that, as the stars merge, a couple qfm allowed neutron star mass, general relativity may cause
eddies form across the shear layer where the two stars meet.y|5ck hole to form.

By t~127 [Fig. 1(g)], the stars have coalesced to the point  The apility of rotation to prevent gravitational collapse to
that there is only a single density maximum at the center of, pjack hole can be estimated by examining the dimension-
the remnant. Each star in Run 1 hbis=4096, giving an e parameted = cJ/GM?2, whereM refers to the mass of

effective resolution of~N'3=16 particles across the diam- {ne entire system. Piran and Stdd6] modeled the gravita-
eter of each star. The Eulerian models of Ruffert, Janka, angyn collapse of rigidly rotating polytropes with=2 and

Schder [16] have somewhat better resolution with the diam-g< <15 using a fully general relativistic 2D axisymmetric

eter of a single star covering 20—40 zones. Their calcula- gqe. They found that ford<.A;, the collapsing object
tions show the developmer_1t of two eddies across the she@timed a black hole, whereas fot> A, the collapse was
layer. Recent work by Rasi(88], using SPH with a larger pajed by centrifugal forces leading to a bounce with no

N and increased resolution of the shear layer due to thg5ck hole formation. For the cases they considered, they
placement of many smaller mass particles in the outer regy ,nq 4 ~0.8-1.2
cri . il

gions of each star, shows the development of more eddies on ; i5 interesting to estimate the value df for our simu-

smaller scales. lations. Since this rotation parameter is a general relativistic

For thesg reasons, we suspect that numeripal effects m@bncept and the values dfand M that we determine from
be influencing the be.hawor of the shear Iayer_ln our mod_elsour simulations are purely Newtonian, this discussion must
For example, they might cause the stars to mix more rapidl

: . Ye treated with caution. With these caveats, we can examine
than they would in reality. Also, the bar phase of the evolu-Fig. 2, which shows4 versus cylindrical radiuss for sev-

tion might be of shorter duration, and the final remnant mighteral times during the coalescence of Run 1tAtL27t, the
have different properties. However, Ruffetal. [16] point innermost regions havel>1. As the evolution proé:eeds,

out that, in real neutron stars, the Kelvin-Helmholtz mecha- ravitational torques transport angular momentum outward

nism may develop into the macroscopic regime on the spatiagnd the central value oA drops. In all casesd< A at the

scgle of the coalescing stars as the edglie_s grow and MeT9%re radiusw~2R. Thus, our Newtonian results indicate
This could produce a final flow pattern similar to that seen Nat it is likely a black h,ole will form. Of course. a firm

the simulations. They also suggest alternative explanatiory etermination of the final result of binary neutron star coa-

for th_e development of the final TIOW pattern. Qlearly, MOre ascence must await a fully general relativistic calculation.
work is needed to resolve these issues. In particular, simula-

tions with many more particle@nd more grid zones in the
Eulerian casgneed to be done.

The two neutron stars merge to form an object of total Figure 3a) shows the gravitational wavefornh . for an
mass~2.8Mq, with ~94% (~2.6Mg) of the matter and observer located on the axis 8 ¢=0 at distanca from

B. Properties of the emitted gravitational radiation
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FIG. 2. The dimensionless parametér cJ/GM?, where M
refers to the mass of the entire system, is shown as a function of FIG. 3. (a) The gravitational waveformh_. for Run 1 is shown
cylindrical radiusw /R for several times during the coalescence of for an observer located on the axisét ¢=0 at distance from
Run 1. HereR=10 km as in Fig. 1. the source. The solid line is the code waveform and the dashed line

is the point-mass resultth) The gravitational-wave luminosity
the source(For simplicity, we show only one polarization, L/L,, whereL,=c>G. The solid line is the code result, and the
rh . . For all runs presented in this pap#h,y is very similar  dashed line gives the point-mass profil. The gravitational-wave
in appearance toh ., with a phase shift of 90y .The solid  energy spectrundE/df. The code waveforms have been matched
line gives the code waveform and the dashed line the pointento point-mass results to produce a long region of point-mass in-
mass result. The code waveform matches the point-mass casgiral at low frequencies. The solid line shows the spectrum for the
for the first couple of orbitgnote that the orbital period is entire run, and the short dashed line shows the spectrum for the
twice the gravitational wave period,y,i=2Tgw). As the queforms truncated at=120,. The long dashed line is the
tidal bulges grow and the stars spiral together faster thaRoint-mass spectrude/df~f~ 1%,
they would on point-mass trajectories, the gravitational
waves increase in both amplitude and frequefafy [33]).
Figure 3b) gives the gravitational wave luminosity/L,

near a given frequency as it spirals in. Although our runs do
start out in the point-mass regime, the stars merge and coa-

. _— lesce within just a few orbits. To achieve a reasonably long
—_ b
wherelL o=c>/G. The code resultésolid lineg initially track region of point-mass inspiral in the frequency domain, we

the point-mass caselashed lines then depart significantly o the code waveforms for all runs in this paper onto
from the point-mass predictions somewhat before the Onsedoint—mass waveforms extending back to much larger binary

of dynamical instability. The "?‘mp”t‘%des of the wavgforms separations and thus lower frequencies. See paper | for de-
and luminosity both reach their maximum values during thetails.

early stages of the merger &t 105- 110, when the nu- Figure 3c) shows the energy spectrudiE/df for Run 1.
merical effects discussed above are least important. The a e short dashed line is the spectrum for the waveforms

plitudes  then degrea}se as the coalescence proceeds. B¥ncated at timeé=12Qp; this probes the initial stages of
t~18Qp, the gravitational waves have shut off and the SYSthe merger, during which any numerical effects due to

tem |s|essenfually ?]X|symrr_1etr|c. itudes of th _ Kelvin-Helmholtz mixing should be less important. The

. Table 1l gives the maximum amp ltudes of the grawta_— solid line shows the spectrum for the fifile., untruncated
tional waveforms and luminosities for the runs presented iR, eforms. In paper | we defined a number of characteristic
this paper. For Run 1, we find that the_ maximum value of thq“requencies based on features observed in the energy spec-
waveform for a source located at distancdrom the ob- 0 “ang identified these features with various dynamical

. 2 .
server is ¢%/GM)r|hpg|~2.0GM/RC?). For comparison, phases of the coalescence. Starting in the point-mass regime,
Rasio and Shapir¢ [18]; this is listed as entry RSa in our g ¢ increasesdE/df first drops below the point-mass in-

Table 1) found (¢*/G M_)r|hma>4~2'4(GM/RCZ) fora syn-  ohiral value and reaches a local minimumfat1500 Hz.
chronous binary witf"=2. Also, the maximum luminosity pacq) that, for point masses at separatigthe gravitational

. 5 - -
IS (Lmax/L0)~O.39(GM/Rg2) - Rasio and Shapiro found ;5 frequency(which is twice the orbital frequengyis
(L max/Lo) ~0.55(GM/R?)S.

S given by
The gravitational wave energy spectrudE/df has
proved very useful for analyzing the models in the frequency 1/GM\12
domain. For point-mass inspiralE/df~f 1 [28], where fow,pv=—| 73~ (14)

the decrease in energy with frequency is due to the fact that
the binary spends fewer cyclésnd hence emits less enefgy For point-mass inspiral, the frequency at separation
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TABLE Il. The maximum amplitudes of the gravitational waveform and luminosity are given for each
model. The valued?/GM,)r|hya~ 0.4 corresponds to an amplitutle- 1.4x 102! for a source at distance
r =20 Mpc (the approximate distance to the Virgo cluster of galaxi8saled versions of these quantities, in
terms of the parameterzGMllRlcz, are also presented. The entries RSa,b, ¢, and d refer to models of
synchronous binaries run by Rasio and Shapiro and are taken from Table | ifl1BefModel RSa has
I'=2 andq=1; compare this with our Runs 1, 2, 5, and 6. Model RSbIhas8 andq=1; this should be
compared with our Run 3. Model RSc hBs-3 andg=0.85 and Model RSd hds=3 andq=0.5; compare
these with our Runs 8 and 10, respectively.

Model (2IGM)r|himad (c2IGM)r|hmada ™t 10%(Lmax/Lo) (Lmax/Lo) ™
Run 1 0.43 2.0 1.6 0.39
Run 2 0.29 2.1 0.21 0.39
Run 3 0.40 1.9 1.2 0.29
Run 4 0.48 2.3 2.4 0.59
Run 5 0.48 2.3 2.2 0.59
Run 6 0.42 2.0 1.6 0.39
Run 7 0.33 1.6 0.75 0.18
Run 8 0.33 1.6 0.76 0.19
Run 9 0.14 0.67 0.044 0.011
Run 10 0.16 0.76 0.083 0.020
RSa — 2.4 — 0.55
RSb — 2.2 — 0.37
RSc — 1.6 — 0.14
RSd — 0.8 — 0.018

a~2.5R (where dynamical instability is predicted to sej in V. BINARIES WITH EQUAL-MASS COMPONENTS
is f4n~1500 Hz. We therefore identify this dip with the
onset of dynamical instability.

Beyondfgy,, the spectrum for the truncated waveforms
(short dashed linerises to a local maximum dt~2000 Hz,
then drops off sharply at higher frequencies. Using @4),

Gravitational radiation from the coalescence of binary
neutron stars is expected to contain important information
about both the stars themselves and the interaction between
them. We have parametrized the binary components as poly-
X A tropes of masseld; andM,, radii R; andR;, spins() ; and
we see that the point-mass gravitational wave frequency +», and equation of stat. In this section we present the

“contact” (i.e., at separatiom=2R) is f.pace~ 2200 Hz. . .

We associate the peak with the formation of a rapidly rotat-resliltS cif rE”S with compo_r)enti hT/mg equal Masses

. M;=M,=M=1.4M, and radiiR;=R,=R, and varying

ing merged system. R,I', andQ4. The parameters of these runs are summarized
The solid line in Fig. &), which showsdE/df for the T s P

. . - in Table I.
entire waveforms, contains features characterizing the later

stages of the coalescence. We see that the peak shifts to
higher frequencied,pea~ 2500 Hz, which we attribute to the
formation of a transient, rotating barlike structure as the stars Run 2 is the same as Run 1 except that the neutron star
coalesce, betweert=120, and t=150. Continued radius R=15 km; with M=1.4M, this gives GM/R¢?
shrinking of the merged system as the coalescence proceedgd).14. Aspects of this run have already been presented in
causes the rotation speed of the bar to increase. We note thagper |; we include it here for completeness. In Run 2, the
if numerical effects due to Kelvin-Helmholtz mixing are stars start out at initial separati@ap=4R=60 km and the
shortening the duration of the bar phase of the evolution, ougravitational friction terms are turned off &t 245, just
simulations could be substantially underestimating theébefore the stars come into contact. As in the standard run

A. Varying the neutron star radius R

strength of this feature. rapid coalescence takes place, with mass shed through spiral
Beyond f e, the (untruncateyl spectrum drops sharply, arms, producing a roughly axisymmetric final remnant.
then rises to a secondary maximumfgt~3200 Hz. It ap- Figure 4a) shows the gravitational wave fornh | for an

pears that this feature is due to transient oscillations inducedbserver on the axis a#=¢=0 at distancer from the

in the merged remnant during coalescence, and therefore thé®urce. The gravitational wave luminosltyis shown in Fig.
region of the spectrum is undoubtedly influenced by the nu4(b). The maximum amplitudes of the waveforms and lumi-
merical effects discussed above. We point out that, whetharosity both occur at~26Q. The maximum value of the
or not the final outcome of actual neutron star coalescence iwaveform (see Table I for a source located at distance

a black hole, it seems reasonable that a spectrum of quadrom the observer is @/GM)r|hp.d ~2.1(GM/Rc?) and
normal mode oscillations will be produced as the remnanthe maximum luminosity is [(ay/Lo) ~0.39(GM/R)5;
“rings down.” Higher resolution simulations that are able to both of these peak amplitudes are essentially the same as
track the detailed mixing of the stars during coalescence, anthose obtained in the standard run.

that fully incorporate general relativity, are needed to calcu- The gravitational-wave energy spectrat&/df for Run 2
late this region of the spectrum accurately. is shown in Fig. 4c). For this run, dynamical instability is
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FIG. 4. (a) The gravitational waveformh, for Run 2 is shown FIG. 5. (a) The gravitational waveformh , for Run 3 is shown

for an observer located on the axisét ¢=0 at distance from for an observer located on the axisét ¢=0 at distancea from

the source.(b) The gravitational-wave luminosity./L,, where the source.(b) The gravitational-wave luminosity/L,, where
Lo,=c®/G. (c) The gravitational-wave energy spectrati/df. The Lo=c®/G. (c) The gravitational-wave energy spectrat&/df. The

solid line shows the spectrum for the entire run, and the dashed lingolid line shows the spectrum for the entire run, and the dashed line
shows the spectrum for the waveforms truncatetF=a27Qt, . shows the spectrum for the waveforms truncatet=at 75 .

expected to occur at separatian 2.5R [33], corresponding  Version of this run(with N:10_24 particles per stawas
to a point-mass inspiral frequendy,,~850 Hz. As before, or_lglna!y presented in paper I, here we repeat this model
this behavior is evident in the data as the spectrum drop@’Ith N_40962
below the point-mass value, reaching a minimum at The key d|fferenc_e between the c_oalescence of equal-
. mass neutron stars in Runs 1 and 3 is that the core of the

~800-900 Hz. The truncated spectrufdashed ling then fi . : : : .
. . : inal remnant in Run 3 is nonaxisymmetric. This result was
rises to a local maximum dt~980 '__'Z before drqppmg off  also found by Rasio and Shapifa8] for the case of syn-
at higher frequencies. For comparison, the point-mass frés onqus binaries with stiff equations of state. As remarked
quency at separatioa~2R IS feonaer~ 1200 Hz. The solid - 4paye, uniformly rotating polytropes with>2.24 can sus-
line in Fig. 4c) showsdE/df for the full run; once again, the t5in ellipsoidal shapes, since the mass-shedding limit along a
peak becomes more pronounced and moves to higher fregzquence of equilibrium models is reached after the point at
quencies {peax~1350 H2 when the late-time waveform is which the ellipsoidal sequence bifurcates from the spheroidal
included. Note that the spectrum does not rise above thgequence_ Although the coalesced remnant in Run 3 does
point-mass result as in Run 1. Nevertheless, it drops sharplyave some differential rotation, we expect that this mecha-
just beyondf ., rising again to a secondary maximum at nism is operating in this model. In particular, the movement
fsec— 1800 Hz. The lack of a strong peak may be due to theof mass out of the central core region through spiral arms
weaker tidal forces at the point of dynamical instability, indicates that the system is rotating at the mass-shedding
which occurs at a larger physical separation than in Run 1ljmit. This process is shown in Figs(é—1(i) for Run 1. In
producing a less-pronounced and shorter-lived bar. As disRun 3, the spiral arms are somewhat narrower, as expected
cussed above, numerical effects may well also be weakenin@r & stiffer equation of state, and the core of the merged
this feature. remnant is slightly nonaxisymmetric.

Itis quite instructive to compare the spectra of Runs 1 and The signature of this rotating, nonaxisymmetric core is
2. Since Eq(14) gives the frequency of gravitational radia- ¢l€arly seen in the gravitational wavefomrh,, shown in
tion for point-mass inspirak-a~¥2~R~32 at contact, we Fig. 5(a). After reaching a maximum value &t 160, the

expect that the characteristic frequencies in the Run 2 spe@"—'ﬁnpl'tUde initially drops rather sharply, and then dgca_ys
trum should scale relative to those in Run 1 roughly a ore gradually on a much longer timescale. The luminosity

N ; i also reaches its maximum value &t 1605, and de-
:falvfi(l)r 0.54. Our results foff ;o5 and fgec do show this be creases slowly at late timefsee Fig. $b)]: we find

(c2IGM)r|hpmad ~1.9(GM/R?) and Lmax/Lo)
~0.29(GM/R)® (see Table I\,
For this run, dynamical instability is expected to occur at
Run 3 is the same as Run 1, except that we use a stiffeseparatiora~2.76R [33], corresponding to a point-mass in-
polytropic equation of statE=3 (n=0.5). A low-resolution  spiral frequencyf,,~ 1340 Hz. Figure &) shows that the

B. Varying the equation of stateI’
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spectrumdE/df for the early stages of the merg@tashed - 3
. . 0.5 1
line) drops below the point-mass value and reaches a local (a) (b)
minimum nearfg,. It then rises to a local maximum at
f~1800 Hz, reaching an amplitude above the point-mass
value. The spectrum for the entire r(solid line) has a very
pronounced peak atpe,~2200 Hz due to contributions
from the rotating, nonaxisymmetric core. -0.5¢ , ] 0 —~

As T increases the polytrope becomes less centrally con- ° 100 =00 0 100 =00
densed, with a larger fraction of its mass in its outer regions. t/t t/t
Therefore, tidal effects between the two stars become impor- 100
tant at larger separations fbr=3 than forI'=2 [46]. Dy-
namical instability is thus predicted to occur at a larger
physical separation in Run 3 than in Run 1, and we expect J
that the spectral features will appear at correspondingly &
lower frequencies. Using point-mass inspiral we estimate the 7
ratio to bef;/f,;~0.86, and our results do indeed show this >
behavior. ~

0.0

c?*rh,/GM
10*L/L,

E/df

0.01

Run 4 is the same as Run 1, except tHat5/3 10';00 o8 —TT
(n=1.5) and we usetll=2048. We note in passing that the f (Hz)
equation of state for nuclear matter is generally believed to
be stiff, withI'’=2, and that the casé=5/3 applied to com- FIG. 6. () The gravitational waveformh , for Run 4 is shown

pact objects may be more appropriate for low-mass whit@or an observer located on the axis@t ¢=0 at distance from
dwarfs[47]. Nevertheless, this run allows us to explore thethe source.(b) The gravitational-wave luminosity./L,, where
effects of a softer equation of state on binary neutron stak,=c%G. (c) The gravitational-wave energy spectrat&/df. The
coalescence, and we include it here for comparison. solid line shows the spectrum for the entire run, and the dashed line
Rasio and Shapirp47] have shown that, for a synchro- shows the spectrum for the waveforms truncatet=at 25, .
nous binary composed of equal-mass stars With5/3, dy-
namical instability occurs at separatiar~2.4R. At this
time, the stars in their model were already in contact. In our Thus far, we have studied neutron binary systems in
case, the separation of the centers of mass of the two stavdhich the components have zero spin at large separations
does drop sharply near=2.4R, and the stars are just on the (a=4R), as seen from a nonrotating frame. Of course, neu-
verge of contact at the time. As in Run 1, the stars in Run 4ron star binaries are not expected to be synchronously rotat-
merge to produce a rotating, axisymmetric final remnanting, since the time scale for synchronization is in general
During this process, spiral arms form and move mass out ofuch longer than the time scale for orbital decay and inspiral
the central region into a flattened halo surrounding the cendue to gravitational radiation reactidd8]. However, it is
tral core. The spiral arms in Run 4 appear somewhat widevery likely on both theoretical and observational grounds
than in Run 1, as expected, since a softer equation of state igat neutron stars are born with nonzero spin, as evidenced
used. by the many short-period pulsars known in the Milky Way
The gravitational waveformh , and the luminosity. are  galaxy. We have therefore run two models to investigate the
shown in Figs. @) and &b), respectively. Both quantities effects of spin on the coalescence and the resulting
reach their maximum values att~11%,, with  gravitational-wave signals.
(c2IGM)r|himad ~2.3(GM/RE?) and L max/Lo) The stars used in these models are taken to be uniformly
~0.59(GM/R)5. rotating with spin angular velocitf2;. They were produced
The spectrumdE/df for Run 4 is shown in Fig. @). using the method described [80] (see also[31]), with
Comparison with Fig. &) shows that the spectrum in Run 4 N=4055.(In this method, one does not have complete con-
follows the point-mass inspiral result to somewhat highertrol over the number of particles accepted into the star; this
frequencies, and therefore smaller separations, than in Run accounts for the somewhat unusual valueNof We have
This is due to the fact that polytropes wilh=5/3 are more  chosen|Qg=0.17%5", which is about 30% of the maxi-
centrally condensed than those with=2, and hence ap- mum rotation rate that a uniformly rotating neutron star can
proximate point masses to smaller separations. Using theave before it sheds mass at its equafls nql=<0.6p !
valuea=2.4R as the separation at which dynamical instabil-[43,49. For M =1.4M, andR=10 km, this corresponds to
ity takes place, we find,~1650 Hz. The spectrum does a spin periodTs~2.6 ms. The stars in our runs have negli-
dip below the point-mass result to reach a shallow minimunygible rotational flattening, with the polar radits98% of the
around fqy,, then rises above it to a broad peak atequatorial radius. Their spins are allowed to be either posi-
f~2100-2500 Hz. We estimaté,, for the full spectrum tive (i.e., parallel to the orbital angular momentuor nega-
(solid line) to bef 5~ 2300 Hz. This is followed by a steep tive.
drop and a rise to a secondary maximunii@i~4000 Hz. If In Run 5, both stars are spinning in the positive sense,
we again use the point-mass scalinga™ %2, along with the  with Qg 1=0g = 0.178,* at initial separatiora,=4R. The
above value offgy,, we find f,/f;~1.05. Our numerical waveformrh reaches its maximum amplitude tat 105
results give ratios in the range1.05-1.20. as shown in Fig. @®). It attains a higher maximum amplitude

C. Varying the neutron star spin Qg
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FIG. 7. (a) The gravitational waveformh , for Run 5 is shown FIG. 8. (a) The gravitational waveformh . for Run 6 is shown

for an observer located on the axiséat ¢=0 at distance from  for an observer located on the axisét ¢=0 at distance from

the source.(b) The gravitational-wave luminosity/L,, where  the source.(b) The gravitational-wave luminosity./L,, where
Lo=c’/G. (c) The gravitational-wave energy spectrat®/df. The | =c%G. (c) The gravitational-wave energy spectraif/df. The

solid line shows the spectrum for the entire run, and the dashed lingolid line shows the spectrum for the entire run, and the dashed line
shows the spectrum for the waveforms truncatetFat12.5 . shows the spectrum for the waveforms truncatet=at07.5,.

than in Run 1, then drops abruptly to a considerably lower Run 6 is the same as Run 5, except that the stars have
amplitude; cf. Fig. 8). The luminosity, which is presented SpPins Q.= —0Q;,=0.1785" The gravitational waveform

in Fig. 7(b), also reaches a larger maximum value than in[Fig. 8@)] reaches its maximum amplitudetat 100, . This

Run 1 at t~10%,; see Table Il. We find maximum value is notas large as that obtained in Run 5, and
(c2IGM)r|himad ~2.3(GM/RE?) and Lmax/Lo)  the subsequent drop in the amplitude of the waveform is
~0.59(GM/Rc)®. The spectrumdE/df is given in Fig. more gradual. The luminosity, shown in Fig(b8 also
7(c). Overall, the spectral features are similar in appearanckeaches a maximum at-100tp. Here, the maximum lumi-

to those shown in Fig.(8) for Run 1. However, botH e nosity is also somewhat less than in Run 5, although greater

andf..occur at somewhat higher frequencies in Run 5; seéhan in Run 1, and there is no secondary maximum. In this
Table IIL. case we find ¢%GM)r|hyl~2.0GM/RE), (Lmax/Lo)

~0.39(GM/Rc)5. Finally, Fig. §c) shows the spectrum
dE/df. Comparison with Fig. @) shows that the spectral
spectrad E/df are given. The frequencidgay and forefer to the features for Run 6 are again similar in appearance to those of
spectra calculated from the full waveforms and give the bar rotatiorBun 1 and O_CCW _at about the same frequencies. These results
speed and the oscillation frequency for the remnant. The truncate@'® SUmmarized in Table IIl.

spectra peak at somewhat lower frequenci@hie value off e,

given here for Run 2 is somewhat smaller than that used in paper I; VI. BINARIES WITH UNEQUAL-MASS COMPONENTS

the difference is due to some arbitrariness in estimating the location
of the “cliff” in Fig. 4 (c).]

TABLE lIl. Various frequencies of the models relating to the

In this section we present the results of simulations with
binary components of unequal masses. The primary is taken

Model f pea (H2) oo (H2) to have mas#;=1.4M, and radiusR;=10 km. We then

let the secondary have masaM,=qM,, where
Run 1 2500 3200 g=M,/M ;<1 is the mass ratio. To calculate the radius of
Run 2 1350 1750 the secondanR,, we follow Rasio and Shapirpl8] and
Run 3 2200 2600 assume that the system has constant specific entropy. Thus,
Run 4 2700 4000 the initial state of both components is constructed using Eq.
Run 5 2700 3500 (6) with the same polytropic constaKt =K, and the same
Run 6 2500 3200 value ofI'. This gives the mass-radius relation
Run 7 2300 3000
Run 8 2200 2600 Ry ( Ml)(r_z)/(3r_4)

—=|— (15

Run 9 940 — R, My
Run 10 1000 2300

Both components are taken to have zero spin,
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(a) 110 t, (b) 120 t, (c) 125 t,
0 .II 0 ot “
-5 -5 . -5
-5 [} 5 -5 ] 5 -5 0 5
5 5

(d) 130 t (e) 135 1 FIG. 9. Particle positions are shown projected
; i onto the x—y plane for Run 7. Here,
M;=1.4M,, M,=0.88M;, R;=R,=10 km,
I'=2, andtp=0.073 ms. The initial separation
ao=4R;. The stars are orbiting in the counter-
clockwise direction. The vertical axis in each

frame isy/R; and the horizontal axis is/R;.

i

Q¢ 1= 0 ,=0. We useN=4096, with all particles in a given r from the observer is ®/GM)r|hyal~1.6(GM;/R;c?)
star having the same mass. The dynamical ttmeised to and the maximum  luminosity is  L(pa/Lo)
describe the evolution of these runs is calculated using the-0.18(GM, /R;c?)°. Figure 1@c) shows the gravitational-
parameters of the primary. Table | summarizes the paramwave energy spectrumhe/df for this run.

eters of these models.

For this paper, we have carried out runs with two different
mass ratios,q=0.85 and q=0.5, using both'=2 and
I'=3. The valueg=0.85 is believed to be the most probable
mass ratio for the binary pulsar PSR 230® [50]. Al-
though this is the smallest observed valuegdbr a binary
pulsar with a neutron star companiph8], we consider it
important at this early stage in our understanding of the . . . .
gravitational-wave signals from binary coalescence to ex- 0 100 =00 0 100 200
plore more extreme mass ratios. For this reason we have also t/ty t/tp
considered the casp=0.5. 100 : :

Run 7 is a slightly asymmetric binary wittp=0.85 and

(b)

c®rh,/GM
10*L/L,

o
I'=2. By Eqg. (15, both components have equal radii, Q
R,=R;. In Fig. 9 all particles are projected onto tke-y = L
plane to show the evolution of this model. Tidal bulges de- -~
velop as the stars spiral together, and mass transfer begins by =
t~120tp. As the merger proceeds, a single spiral arm or < 001
D .
elongated “tail” is formed from the secondary, seen in Figs. 2 ;
9(d)-9g). By the end of the simulation &t=25Qp, the 10-4 , ,
secondary has completely merged with the primary. The ro- 300 10° 3x10°
tating, axisymmetric remnant has a central core of radius f (Hz)
~1.5F§1 and is surrounded by a flattened halo consisting of 5 10 (@ The gravitational wavefornth, for Run 7 is
material from the secondary. shown for an observer located on the axisaté=0 at distance

The gravitational waveformh.,. for Run 7 is shown in | from the source(b) The gravitational-wave luminosity./Lo,
Fig. 10@), and the luminosity is shown in Fig. 1(). Both  where Ly=c%G. (c) The gravitational-wave energy spectrum
quantities reach their maximum amplitudes-atl2%p, dur-  dE/df. The solid line shows the spectrum for the entire run, and the
ing the early stages of the merger. The maximum value oflashed line shows the spectrum for the waveforms truncated at
the waveform(see Table Il for a source located at distance t=125.
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(a) 975 1y (b) 105 t, (c) 110 &,
0 I of “ 1 0
-5 -5 , -5
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(@) ' 15 4, FIG. 11. Particle positions are shown pro-

jected onto thex—y plane for Run 8. Here,
M1:1.4M@, MZZO.SH\A]_, R1=10 km,
ok R,=9.7 km,I'=3, andt,=0.073 ms. The initial
separatioray=4R;. The stars are orbiting in the
counterclockwise direction. The vertical axis in
each frame isy/R; and the horizontal axis is
-5k S s x/R;.

In Run 8g=0.85 and" =3 so that, according to E¢15),
R,=9.7 km. Figure 11 shows the evolution of this run,
which proceeds in a similar way to that in Run 7. In this
case, however, the stiffer equation of state leads to a nar-
rower extended tail. The central region also retains an elon- 0.4
gated shape for a longer time. By the end of the simulation at
t=200Qp, the central core is essentially axisymmetric with
radius~1.5R; and a flattened halo composed of mass from
the secondary. The remnant is also slightly displaced from
the system center of mass. Rasio and Shdpi8palso notice
this behavior in their synchronous merger witk 0.85 and .
I'=3, attributing it to the asymmetric, single-arm mass out- “o 100 200 o 106 500
flow. Interestingly, Run 7 withl'=2 also has asymmetric t/ty t/t,
outflow, yet the final remnant suffers a much smaller dis-
placement from the system center of mass.

The gravitational wavefornnh , for Run 8 is shown in
Fig. 12a), and the luminosity is shown in Fig. 18b). Both
guantities reach their maximum amplitudes-atl 10, dur-
ing the early stages of the merger. More gravitational radia-
tion is produced after the maximum is reached than in Run 7,
due to the more strongly nonaxisymmetric central region.
The peak value of the waveforfsee Table Il for a source
located at distance r from the observer is 10‘3400 o T
(c2/IGM)r|hmad ~1.6(GM, /R;¢?); the maximum luminos- t (Hz) i
ity is (Lmax/Lo)~0.19(GM;/R;c?)°. Figure 12c) shows
the gravitational-wave energy spectrut&/df for this run. FIG. 12. (a) The gravitational wavefornth. for Run 8 is
Comparing the spectrum for the full waveforms with that ghown for an observer located on the axisfaté=0 at distance
given in Fig. 1@c) for Run 7, we see that Run 8 with | fom the source(b) The gravitational-wave luminosity./Lo,
I'=3 shows a more pronounced peak at a slightly lowekyhere L,=c%G. (c) The gravitational-wave energy spectrum
frequencyf hear. This behavior is similar to that seen in com- dE/df. The solid line shows the spectrum for the entire run, and the
paring Runs 1 and 3 and is attributed to the stronger barlik@ashed line shows the spectrum for the waveforms truncated at
central region; cf. Sec. V B. t=112.55.

10*L/L,

100 T T

0.01

(c/GM?) dE/df
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(a) I 160 t, (b) ' 180 4 (c) ' 190 &,
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(9 195 1 (e) 200 tp 4] 210 t FIG. 13. Particle positions are shown pro-
X . jected onto thex—y plane for Run 9. Here,
M;=1.4My, M,=05M;, R;=R,=10 km,
I'=2, andtp;=0.073 ms. The initial separation
a,=4R;. The stars are orbiting in the counter-
clockwise direction. The vertical axis in each
frame isy/R; and the horizontal axis is/R;.

) @ =0y,

Run 9 hasqg=0.5 andIl’=2 which implies that the com-
ponents have equal radiR,=R;. The evolution of this
model is shown in Fig. 13, where all particles are projected
onto thex—y plane. As the stars spiral together, the second-
ary develops a tidal bulge and starts to lose mass to the 0.2 : .
primary. Although this mass transfer completely disrupts the (a) | (b)
secondary, the primary is not strongly affected. At the end of
the runt=300y, most of the mass oM, is spread in a
flattened halo of radius-5R; aroundM 4, with a single spi-
ral arm extending out to very large radii, up to40R,. The
halo and core contair-96% of the total system mass, and
~70% of the total angular momentufrelative to the center O o506 500 066566 500
of mass of the system t/t, t/t,

Figure 14a) shows the gravitational waveformh for
this run, and Fig. 1) shows the luminosity.. Both the
waveform and the luminosity reach their peak values at
t~195%,, during the early stages of mass transfer. The
gravitational waves shut off less than 1.5 orbits later, indi-
cating that the secondary is quickly disrupted. The maximum
value of the wavefornisee Table Il for a source located at
distance r from the observer is @/GM)r|hmad
~0.67(GM;/R;c?) and the maximum luminosity is
(Limax/Lo) ~0.011GM, /R;c?)5. The gravitational-wave 10 e D
energy spectrund E/df for this run is shown in Fig. 14). f (Hz)

Since the evolution of the system proceeds rapidly by mass
transfer, there is little difference between these two curves, g 14. (@ The gravitational wavefornth, for Run 9 is

with fpeac~900 Hz; there is no discernible high-frequency shown for an observer located on the axisfat$=0 at distance
secondary feature present at late times. r from the source(b) The gravitational-wave luminosity./L,,

Run 10 useg|=0.5 andl'=3, soR,=8.7 km. The evo- where L,=c%G. (c) The gravitational-wave energy spectrum
lution of this model is shown in Fig. 15. As before, the tidal dE/df. The solid line shows the spectrum for the entire run, and the
bulge on the secondary grows and the resulting mass transfaished line shows the spectrum for the waveforms truncated at
starts to disrupt it. The primary feels little effect as mattert=21%,.

0.0

c*rh,/GM

100 T

0.01

(c/GM?) dE/df
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5 5 5
(a) 2025 t, (b) 215 t, (c) 220 t,
of ‘ . 0 .‘ . 0
-5 . -5 L —5
-5 [ 5 -5 0 5 -5 0 5
5 5 5
(d) 225 t, (e) 235 t, 6] 245 t,

from the secondary spreads around it. However, this period
of mass transfer ends 1.5 orbits after it began when the
secondary, how much reduced in size, moves out to a wider
orbit. At the end of the simulationt & 30Qp), the primary
contains~86% of the total system mass and has a radius
~1.5R4, whereR; is the initial primary radius. The second-
ary has a mass-0.29M,, about 42% of its original mass,
and is in orbit about the primary at center-of-mass separation
roughly ~4.5R,. Although we ended the simulation at this
point, in reality the inspiral will begin again due to gravita-
tional radiation reaction.

The gravitational waveformh , is shown for this run in
Fig. 16a), and the luminosity in Fig. 1®). Both the wave-
form and luminosity attain their maximum amplitudes in the
early stages of mass transfertat22(t,. At late times, the
waveform shows the signature of the final binary orbit. The
maximum value of the waveforifsee Table Il for a source
located at distance r from the observer is
(c?/GM)r|hmad ~0.76(GM; /R;c?) and the peak luminos-
ity is (Lmax/Lo)~0.02(GM; /R;c?)°.

The gravitational-wave spectrumE/df for Run 10 is
given in Fig. 16c¢). We findf ¢, 900 Hz. The spectrum for
the full run shows a signal in the region arourab00 Hz.
Since the point-mass gravitational-wave frequency for the
end state of the system at separation4.5R; is ~610 Hz,
we believe that this feature is due to the final binary orbit. In
addition, a high-frequency featuffg..~2300 Hz appears at

cfrh,/GM

(c/GM?) dE/df

0.2

ZHUGE, CENTRELLA, AND McMILLAN

FIG. 15. Particle positions are shown pro-
jected onto thex—y plane for Run 10. Here,
M;=1.dM4,, M,=0.5M;, R;=10 km,R,=8.7
km, I'=3, andt,=0.073 ms. The initial separa-
tion ap=4.0R;. The stars are orbiting in the
counterclockwise direction. The vertical axis in
each frame isy/R; and the horizontal axis is
x/R;. At the end of the run, fram@), the second-
ary has roughly 1/3 of its original mass.

0.0

-02

(a)

1(‘)0 2(‘)0
t/ty

300

10°L/L,

0106 200
t/t

300

100

0.01

107

300

10°

3x10°

f (Hz)

FIG. 16. (a) The gravitational wavefornth, for Run 10 is

shown for an observer located on the axis#até=0 at distance
r from the source(b) The gravitational-wave luminosity./L,
where Lo=c5%G. (c) The gravitational-wave energy spectrum

late times. Since the amplitude of this secondary feature is SQE/df. The solid line shows the spectrum for the entire run, and the

much smaller than the main signal arouig,,, we suspect
that it may be a numerical artifact.

dashed line shows the spectrum for the waveforms truncated at
t=220p.
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VII. SUMMARY AND DISCUSSION shedding limit at smaller values @=T,,/|W|. However,

We have used SPH to perform 3D simulations of the coalV€N this parameter is increasede 3 in Run 3 the wave-

lescence of binary neutron stars with the goal of determininiorm amplitude falls off more gradually at late times due to

the gravitational radiation signals produced and understan he rotating, slightly nonaxisymmetric core; cf. Figéajdand

. . : (a). We attribute this to the ability of polytropes with
ing the mf_ormgyon that can be extracted f“’”.‘ 't.he Wave-r 5 4 to sustain ellipsoidal shapes since the mass-shedding
forms, luminosities, and spectra. The stars are initially mod

led herical pol ith .~ ~limit along a sequence of equilibrium models is reached after
eled as spherical polytropes with masség andM,, radil  yhe hoint at which the ellipsoidal sequence bifurcates from

Ry andRp, spins(l; and(l,, and equation of staté, as  the spheroidal sequence. WhEr:2 and the stars have par-
summarized in Table I. At the start of each run, the stars argjie| spins in the direction of the orbital angular momentum
placed on(nearly circular orbits with wide separations so a5 in Run 5, the amplitude of the waveform drops quite
that the binaries are effectively in the point-mass limit. Thegpruptly after the maximum is reached:; this is shown in Fig.
gravitational field is purely Newtonian, and the gravitational7(g). Similar behavior was seen by Rasio and Shapl}
radiation quantities are calculated using the quadrupole agnd Shibatzet al. [14]. In Run 6 the spins are antiparallel,
proximation. Frictional terms are added to the equations ohnd Fig. §a) shows that the falloff in the waveform is less
motion to mimic the effects of gravitational radiation reac- abrupt than in the case of parallel spins, but more rapid than
tion and to cause the stars to spiral together. As the stars gt the case of zero spin. In addition, the luminosity drops
closer, tidal effects grow and eventually dominate. At thissharply after reaching its maximum value. All of these runs
point, the frictional terms are turned off and the coalescencshow three peaks with successively decreasing amplitudes in
proceeds by purely Newtonian hydrodynamics. the luminosity except for Run 6, which has only one peak.
Our first set of runs features binaries having component3he synchronous runs of Rasio and Shapitd,18 show a
with equal massesM;=M,=M=14M, and radii single peak in the luminosity fof=5/3, 2, and 3, with a
R;=R,=R. We varied the radiuR, equation of stat®', and  secondary peak appearing b= 10.
spin€). In all of these runs, coalescence occurs rapidly once The gravitational-wave energy spectruti/df is a use-
the dynamical stability limit is reached. The merging starsful tool for analyzing the models. In the point-mass regime,
form a rotating barlike structure, and spiral arms are prothe spectrum falls off according E/df~f~Y3[28]. When
duced as mass is lost from the ends of the bar. Gravitationdidal effects become dominant and the dynamical stability
torques cause angular momentum to be transported outwalihit is reached, the spectrum drops below the point-mass
and lost to the spiral arms. The arms expand supersonicaligurve and reaches a local minimum around the correspond-
and merge to form a disk around the central object. For théng frequency. For the early stages of the merger, the spec-
cases that we studied, the rotating core of the final mergetium then rises to a broad local maximum, then falls off
remnant is axisymmetric foF =5/3 andI’=2, and nonaxi- rather quickly at higher frequencies. At later times, the peak
symmetric forl'=3. sharpens and moves to higher frequencies, due to a transient,
The gravitational-wave signals for these runs start out fol+otating barlike structure that forms during the coalescence.
lowing the point-mass results. As the tidal effects growThe spectrum next drops off very sharply, and then rises to a
stronger and the stars begin to spiral in faster than thegecondary maximum. While we can explain this secondary
would on point-mass trajectories, the amplitudes and frepeak in terms of oscillations in the final remnant, it is unclear
quencies of the waveforms and the amplitude of the lumihow reliable the simulation is at late times. Table Il shows
nosities increase faster than the point-mass results. The#leat all runs withR=10 km andI’=2 give very similar
amplitudes reach their maximum values in the early stages ofalues forf,.,. WhenR=15 km, these features occur at
the coalescence, soon after the stars come into contact. Tablfsver frequencies which scale as expected, roughly as
Il shows the scaling relationships for these maximum values-R™*2. Changing the equation of state Fo=3 and using
for our runs as well as four runs for synchronous binaries byR=10 km produces a somewhat smaller decrease in these
Rasio and Shapirfl8] that are labeled RSa, b, c, and d. For frequencies, which we attribute to the occurrence of the dy-
nonspinning stars witH'=2, we find that increasing the namical instability at a slightly larger orbital separation.
value of I decreases the strength of these maxima; cf. RSa We performed two simulations with nonequal mass stars
and RSh. Allowing the stars to have identical spins in thehaving mass ratig=0.85. In Run 7 witH" =2, the two stars
same direction as the orbital angular momentum also inmerge to form a remnant that has a central core of radius
creases the maximum values. In particular, our Run 5 gives-1.5R; surrounded by a flattened halo formed out of matter
very similar results to RSa. Interestingly, our Run 6, infrom the secondary. The behavior of Run 8 with=3 is
which the stars have spins that are equal in magnitude bwimilar, except that the central rotating object remains elon-
opposite in direction, produces maximum values that are eggated for a longer period of time. This is reflected in the
sentially the same as Run 1 with nonspinning stars. gravitational-wave spectrumE/df shown as the solid line
Examination of the waveforms and luminosities after thein Fig. 12c), which shows a pronounced peak at
maximum values are attained also reveals certain trends.,~2200 Hz. In contrast, the spectrum for Run 7, which is
First consider the effects of changihg starting with Run 1 shown as the solid line in Fig. 1€), has a much weaker
which hasI'=2. When we decrease this parameter tofeature aff jeo~2300 Hz.
I'=5/3 in Run 4, the waves shut off more abruptly than in We have also carried out two runs with nonequal mass
Run 1, as can be seen by examining Figs) and &a). We  components having mass ratie=0.5. In Run 9 with['=2,
believe that this is due to the tendency for more compressibléhe merger proceeds by mass transfer that completely dis-
fluids (i.e., those with smaller values bf) to reach the mass- rupts the secondary. The gravitational waves shut off less
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than 1.5 orbits after the maximum amplitude is reachedmay be affected somewhat by numerical processes, and we
WhenI'=3, as in Run 10, mass transfer also initially dis- advise caution when interpreting these results. We remark
rupts the secondary. However, less than 1.5 orbits later thithat the simulations of nonsynchronous binaries carried out
process stops as the secondary moves out to a wider orbit. Ay other groups are also expected to suffer from these prob-
the end of the run the secondary had2% of its original lems; see Sec. IV. More work is needed to clarify these is-
mass and orbits the primary at center-of-mass separatiosues, including simulations with higher resolution.
~4.5R,, whereR; is the initial radius of the primary. Fur- The gravitational waveforms and spectra resulting from
ther evolution of this system will proceed on a secular timethese Newtonian simulations contain much information
scale by gravitational radiation reaction. Rasio and Shapir@bout the hydrodynamics of the merger. Of course, general
[18] also report the formation of a detached binary for therelativity is likely to bring in other physical effects that need
case of an initially synchronous system with=3 and to be studied in order to understand the data expected from
q=0.5. Interestingly, their maximum amplitudes for the the detectors. For example, Lai and Wisenhag] have re-
waveform and luminosity are very similar to ou@though  cently shown that the inclusion of certain general relativistic
their masses and final orbital separation arg;rdt Runs 10  effects along with Newtonian tidal processes causes the neu-
and RSd in Table II. tron stars to begin their final plunge towards merger at larger
It is important to understand the influence of numericalorbital separations, and hence at lower frequencies, than in
effects on the results of our simulations. In paper | we investhe purely Newtonian case. Such information is potentially
tigated the use of various artificial viscosity coefficients. Wevery important for the detection of the gravitational-wave
also showed that our results do not depend strongiMame  signals from binary neutron star coalescence by LIGO and
number of particles per star, fof = 1024, 2048, and 4096. other detectors. We intend to incorporate full general relativ-
However, as discussed in Sec. IV above, we suspect thdty in our future work.
numerical effects due to Kelvin-Helmholtz instabilities may
be influencing the behavior of the shear layer that forms
where the two merging stars meet. In particular, the bar
phase of the evolution may be artificially shortened and the We thank N. Andersson, J. Houser, D. Lai, R. Price, F.
final remnant may have different properties. These numericaRasio, and K. Thorne for interesting and helpful communi-
effects should become seveafter the maximum gravita- cations, and L. Hernquist for supplying a copy T{EESPH
tional radiation amplitudes are reached. Thus, we believ&Ve thank J. Houser for supplying the initial rotating stars
that the scaling of the maximum amplitudes, the shape of thased in Runs 5 and 6, and acknowledge the assistance of J.
spectrumdE/df for the early stages of the merger, and theGao and J. Houser in producing the figures. This work was
approximate location of the frequendy,.,. are reliable. supported in part by NSF Grants No. PHY-9208914 and No.
However, the shape of the gravitational radiation signals afAST-9308005, and by NASA Grant No. NAGW-2559. The
ter the maximum values are reached, steengthof the  numerical simulations were run at the Pittsburgh Supercom-
spectral feature af.,, and the secondary feature &, puting Center under Grant No. PHY910018P.
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