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Gravitational wave(GW) signals from coalescing binary neutron stars may soon become detectable by
laser-interferometer detectors. Using our new post-Newto(®a) smoothed particle hydrodynami¢SPH
code, we have studied numerically the mergers of neutron star binaries with irrotational initial configurations.
These are the most physically realistic initial conditions just prior to merger, since the neutron stars in these
systems are expected to be spinning slowly at large separation, and the viscosity of neutron star matter is too
small for tidal synchronization to be effective at small separation. However, the large shear that develops
during the merger makes irrotational systems particularly difficult to study numerically in 3D. In addition, in
PN gravity, accurate irrotational initial conditions are much more difficult to construct numerically than coro-
tating initial conditions. Here we describe a new method for constructing numerically accurate initial condi-
tions for irrotational binary systems with circular orbits in PN gravity. We then compute the 3D hydrodynamic
evolution of these systems until the two stars have completely merged, and we determine the corresponding
GW signals. We present results for systems with different binary mass ratios, and for neutron stars represented
by polytropes withl'=2 orI'=3. Compared to mergers of corotating binaries, we find that irrotational binary
mergers produce similar peak GW luminosities, but they shed almost no mass at all to large distances. The
dependence of the GW signal on numerical resolution for calculations performedwitlt® SPH particles is
extremely weak, and we find excellent agreement between runs utifing0°> and N=10° SPH particles
(the largest SPH calculation ever performed to study such irrotational binary meiyeralso compute GW
energy spectra based on all calculations reported here and in our previous works. We find that PN effects lead
to clearly identifiable features in the GW energy spectrum of binary neutron star mergers, which may vyield
important information about the nuclear equation of state at extreme densities.
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I. INTRODUCTION AND MOTIVATION now being tested at GEO600, and will be used by the next
generation of ground-based interferometers. Point-mass in-
Coalescing neutron stédNS) binaries are likely to be one spiral templates break down during the final few orbits. In-
of the most important sources of gravitational radiation forstead, 3D numerical hydrodynamic calculations are required
the ground-based laser-interferometer detectors in the Lasé® describe the binary merger phase and predict theoretically
Interferometer Gravitational Wave ObservationallGO)  the GW signals that will carry information about the NS
[1], VIRGO [2], GEO600[3], and TAMA [4]. These inter- €duation of stat¢EOS.

ferometers are most sensitive to gravitational WaAGAV) The first hydrodynamic calculations of binary NS mergers

signals in the frequency range from about 10 Hz to 300 Hz/N Newtonian gravity were performed by Nakamura, Oohara
nd collaborators using a grid-based, Eulerian finite-

which corresponds to the last several thousand orbits of thgiﬁerence codd]. Rasio and ShapirfL0], (RS) later used

inspiral. During this period, the binary orbit is decaying very Lagrangian smoothed particle hydrodynam@®h calcula-

tSrLZWIs){érvl\g?rc}h;:gr%?irciﬂoinrégtriggtpfg?sﬁi(t?n;dilglv";? tWotions to study both the stability properties of close NS bina-
: . P ries and the evolution of dynamically unstable systems to
point massegsee, e.g.[5]). Theoretical templates for the

. I . ) complete coalescence. Since then, several groups have per-
corresponding quasiperiodic GW signals covering an approgymeq increasingly sophisticated calculations in Newtonian
priate range_of yalu_es for the NS masses, as well as Orb'tﬂravity, exploring the full parameter space of the problem
phases and inclination angles, can be calculated to great pr&ith either SPH[11-13 or the Eulerian, grid-based piece-
cision (see, e.g.[6] and references therginand template \yise parabolic methotPPM) [14—16, and focusing on top-
matching techniques can therefore be used to extract signglss as diverse as the GW energy spectfti, the produc-
from noisy interferometer data. When the binary separatiofion of r-process elemenfd.3], and the neutrino emission as
r(t) has decreased all the way down to a few NS radii, thea possible trigger for gamma-ray burgis). Some of these
system becomes dynamically unstapfé¢ and the two stars Newtonian calculations have included terms to model ap-
merge hydrodynamically in-1 ms. The characteristic GW proximately the effects of the gravitational radiation reaction
frequency of the final burstlike signal is1 kHz, outside [16].

the range accessible by current broadband detectors. TheseThe first calculations to include the first-order post-
GW signals may become detectable, however, by the use ®lewtonian(1PN) corrections to Newtonian gravity, as well
signal recycling techniques, which provide increased sensias the lowest-order dissipative effects of the gravitational
tivity in a narrow frequency banfB]. These techniques are radiation reaction(2.5PN were performed by Shibata,
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Oohara, and Nakamura, using an Eulerian grid-based methagtavitational force at any point in the NS contains terms
[17]. More recently, the authors[18,19], hereafter paper 1 proportional to the gravitational potential and pressure at
and paper 2, respectivglyas well as Ayalet al. [20], have 1PN order.

performed PN SPH calculations, using the PN hydrodynam- Another serious problem for hydrodynamic calculations
ics formalism developed by Blanchet, Damour, and Smha with irrotational initial conditions is the issue of spatial reso-
[21], (BDS). These calculations have revealed that the additution and numerical convergence. As was first pointed out in
tion of 1PN terms can have a significant effect on the resultRS2, in a frame corotating with the binary orbital motion,
of hydrodynamic merger calculations, and on the theoreticairrotational stars appear counterspinning so that, when they
predictions for GW signals. For example, paper 1 showed &irst make contact during the coalescence, a vortex sheet is
comparison between two calculations for initially corotating, formed along the interface. This tangential discontinuity is
equal-mass binary NS systems. In the first calculation, radiakelvin-Helmholtz unstable at all wavelengtf6]. The sheet
tion reaction effects were included, but no 1PN terms wergs expected to break into a turbulent boundary layer which
used, whereas a complete set of both 1PN and 2.5PN termsopagates into the fluid and generates vorticity through dis-
were included in the second calculation. It was found that th%ipa’[ion on small scales. How well this can be handled by 3D

inclusion of 1PN terms affected the evolution of the systemymerical calculations with limited spatial resolution is un-
both prior to merger and during the merger itself. The final oo,

inspiral rate of the PN binary just prior to merger was much

d. indicating that the orbit b g icall The outline of our paper is as follows. Section Il presents
more rapid, Indicating that the orbit became dynamically un-, summary of our numerical methods, including a brief de-

stable at a greater separation. Additionally, the GW luminos-._ . . :
ity produced by the PN system showed a series of severg]C“ptlon of our PN SPH code, and an explanation of the

peaks, absent from the Newtonian calculation. method useq.to construct irrotational initial conditions in PN
Most previous hydrodynamic calculations of binary ngravny. Additionally, we give .the paramete_rs and assump-
mergers have assumed corotating initial conditions, andions for all new calculgtlons discussed in this paper. Secyon
many modeled the stars as initially spherical. However, rea)!! Presents our numerical results based on SPH calculations
binary NS are unlikely to be described well by such initial _folr.severall reprgsentatlve blngry systems, gll with irrotational
conditions. Just prior to contact, tidal deformations can bdnitial configurations, but varying mass ratios and NS EOS.
quite large and the stars can have very nonspherical shapé8 test our numerical methods, we also study the effects of
[7]. Nevertheless, because of the very low viscosity of thechanging the initial binary separation and the numerical reso-
NS fluid, the tidal synchronization time scale for coalescinglution. Section IV presents GW energy spectra calculated
NS binaries is expected to always be longer than the orbitdrom the runs in this and previous papers, as well as a dis-
decay time scal¢22]. Therefore, a corotating state is un- cussion of how the measurement of spectral features could
physical. In addition, at large separation, the NS in thesgonstrain the NS EOS. A summary of our PN results and
systems are expected to be spinning slogge, e.g.[23]; possible directions for further research, including the possi-
observed spin periods for radio pulsars in double NS systen‘tg“ity of fully relativistic SPH calculations, are presented in
are =50 ms, much longer than their final orbital perinds Sec. V.
Thus, the fluid in close NS binaries should remain nearly
irrotational (in the inertial framg and the stars in these sys-
tems can be described approximately by irrotational Rie- Il. NUMERICAL METHODS
mann ellipsoids][7,22,24,2%. In paper 2, we showed that
nonsynchronized initial conditions can lead to significant dif-
ferences in the hydrodynamic evolution of coalescing bina- All our calculations were performed using the post-
ries, especially in the amount of mass ejected as a result dlewtonian(PN) SPH code described in detail in papers 1
the rotational instability that develops during the merger. and 2. It is a Lagrangian, particle-based code, with a treat-
There are many difficulties associated with numerical caliment of relativistic hydrodynamics and self-gravity adapted
culations of binary mergers with irrotational initial condi- from the PN formalism of BDS. As in our previous work, we
tions, especially in PN gravity. Foremost of these is the dif-use a hybrid 1PN/2.5PN formalism, in which radiation reac-
ficulty in preparing the initial, quasiequilibrium state of the tion effects are treated at full strengfte., corresponding to
binary system. In synchronized binaries, the two stars are atalistic NS parametersbut 1PN corrections are scaled
rest in a reference frame which corotates with the systengown by a factor of about 3 to make them numerically trac-
and thus relaxation techniques can be used to construct atble (see below. We did not perform any new Newtonian
curately the hydrostatic equilibrium initial state in this coro- calculations for this paper. All the Poisson-type field equa-
tating frame(see[10] and paper 1L For irrotational systems, tions of the BDS formalism are solved on grids of size 256
no such frame exists in which the entire fluid would appeaincluding the space for zero-padding, which yields the proper
to be in hydrostatic equilibrium. Instead, one must determindoundary conditions. Shock heating, which is normally
self-consistently the initial velocity field of the fluid in the treated via an SPH artificial viscosity, was ignored, since it
inertial frame. Otherwisée.g., when simple spherical mod- plays a negligible role in binary coalescence, especially for
els are useqd spurious oscillations caused by initial devia- fluids with a very stiff EOS. All runs, except those used to
tions from equilibrium can lead to numerical errors. This isstudy the effects of numerical resolution on our results, use
especially of concern in PN gravity, where the strength of thes x 10* SPH particles per N$i.e., the total number of par-

A. Conventions and basic parameters
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ticles N=10°), independent of the binary mass ratjioThe =~ =0.96, andag/a;,=0.96, wherea,, a,, anda; are measured
number of SPH particle neighbors is setNg=100 for all ~ @long the binary axis X direction, the orbital motion ¥
runs withN=10°. direction, and the rotation axisz(direction, respectively.

Unless indicated otherwise, we use units such f@at For an initial separationro=3.5, we find a,/R=1.05,
=M=R=1, whereM andR are the mass and radius of one a2/a1~—~0_.93, anda3/a1~—~0._93. For the initial velocity fie_Id
NS. In calculations for unequal-mass binaries, we use th&f the fluid we adopt the simple form assumed for the inter-
mass and radius of the primary. As in our previous papers‘?a' fluid motion in irrotational Riemann ellipsoidg],
we compute the gravitational radiation reaction assuming

that the speed of light, spn=2.5 in our units, which corre- ve=—0yl 1- Zai %)
sponds to a neutron star compactn@®l/Rc; o= 0.16. X as+aj
For a standard NS mass of M4, this also corresponds to a
radiusR=13 km. The unit of frequencyused throughout 2a§
Sec. IV is then vy=Qx| 1- — 2) 3
ajta;
GM 1/2 M 1/2
fdynz<—) =92 kHz( where(} is the orbital angular velocity. It is easy to verify
R 1.4Mo that this initial velocity field has zero vorticity in the inertial
R |92 frame.
X (_) (1) Calculating self-consistently the correct value(bicorre-
13 km sponding to a quasiequilibrium circular orbit proves to be

much more difficult in PN gravity than in Newtonian gravity,

In order to keep all 1PN terms sufficiently small with respectespecially for irrotational configurations. In Newtonian grav-
to Newtonian quantities, we calculate them assuming &y, the gravitational force between the two stars is indepen-
somewhat larger value of the speed of lightp=4.47, dent of the magnitude of the tidal deformation of the bodies
which would correspond to NS wit6 M/RépN=0-05- to lowest order. Thus, even if the initial configuration of

As in our previous work, all calculations in this paper usematter in the binary is slightly out of equilibrium, the orbit
a simple polytropic EOS, i.e., the pressure is given in term&alculated for the two stars wiII_stiII.be aI.mos.t perfectly cir-
of the mass-energy density By=kp! . We useI'=3 to cular. In PN gravity, the situation is quite different. From
represent a typical stiff NS EOS, afdt=2 to represent a APPendix A of paper 1, we see that the gravitational accel-
somewhat softer EOS. The values of the polytropic constarfration, in our PN formalism, denoted there g, , is
k for all our NS modelgdetermined by the mass-radius re- calculated as
lation) are the same as those used in papésee Table 1

therein. Models for single NS are taken frompapers1and2. o _ | i 3r-2 E UL+ 3_""2} VU +-..

It should be noted that models of NS with identical masses ~ 9 2l r-1r, ~* 2 * '
and polytropic constants but different numbers of SPH par- (4
ticles may have slightly different effective radii, due to nu- ) ) )

merical resolution effects near the stellar surface. wherew is the the 1PN-adjusted velocity, aRdr, , andU,

It is not easy to define a meaningful and accurate origin oftf€ the pressure, rest-mass density, and gravitational poten-
time for merger calculations. The moment of first contacttial, respectively, as defined in the BDS formalisnote that
between the two stars is difficult to determine accuratelyUx as defined here is a positive quantitfhe quantity in
since it involves the smoothing lengths of particles located’rackets is the 1PN correction to the gravitational force, and
near the surface of each NS, where the method is least accdepends explicitly on the initial thermodynamic state of the
rate. Therefore, following the convention in our earlier pa-NS- Small oscillations of each star about equilibrium result
pers, we set the absolute time scale for each run by definintj errors when calculating the gravitational force felt by each
the moment of peak GW luminosity to be &20 in our ~ component of the binary. In addition, the gravitational force
units. Many runs therefore startigi<0, but this is merely a 1S affected by the orbital velocity of the NS. Thus, when we

matter of convention. try to calculate the orbital velocity from the centripetal ac-
celerations of the respective NS, as in Et). of paper 2,
B. Constructing irrotational initial configurations W4,
X X
To construct irrotational binary configurations in quasi- Q= V or ' ®)

o i 0
equilibrium, we start from our relaxed, equilibrium models

for single NS(paper 2, Sec. lIA These models are trans- wherev™ andv® are the center-of-mass velocities of the
formed linearly into irrotational triaxial ellipsoids, with prin- primary (located initially on the positiver axis) and the sec-
cipal axes taken from the PN models of Lombardi, Rasioondary(located on the negativeaxis), respectively, we face
and Shapiro for equilibrium NS binari¢g4]. For example, the problem that the right-hand si¢RHS) of the equation is
for an equal-mass system containing tWe=3 polytropes itself a function of(}.

with an initial separatiomy=4.0, we find from their Table For an initially synchronized system, we solve this prob-
[l that the principal axes are given b, /R=1.02, a,/a,; lem by relaxing the matter in a frame corotating with the
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I'=3, q=1.0, Irrot.
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binary, and in the process find the equilibrium value(bf in greater detail in the middle panel of Fig. 1. We see that it
self-consistently(see paper 1, Appendix)AFor an irrota- occurs not on the orbital period time scale, but rather on the
tional binary, this is not possible, since we cannot desaibe internal dynamical time scale of the stars. It is the direct
priori the proper velocity field toward which the matter must result of small-amplitude pulsations of each NS about equi-
relax. We solve the problem instead by a more direct methodibrium. This is illustrated more clearly in the bottom panel
Realizing that any simple approximation of the orbital veloc-of the figure, which shows the clear correlation between the
ity should be near the correct PN value, we alter the expres-adial acceleration of each NShown as a fraction of the
sion for() to include a correction factor which, we hope, will total inward gravitational acceleratipand the central den-
remove the effect of any small deviations away from equi-sity of each NS. The numerical noise is an artifact of the
librium on the gravitational accelerations felt by each NS.small number of particles located near the very center of

Therefore, we introduce a parametesuch that each star for the density curve, and of precision limits in the
calculation for the acceleration curve. When averaged over

— o453 time, we see nearly perfect correlation between the two

O=« BT (6)  quantities. Also shown in the middle panel of Fig. 1 is a thick

solid line depicting the dynamical evolution of a run with
x=1.11 and radiation reaction included, to give a sense of
the proper inspiral velocity in relation to the spurious radial
velocities resulting from oscillations.

For each value ok, we iterate Eqs(2), (3), and(6) over ()

to determine a self-consistent velocity fieldtat0. We then
perform trials for each value o, i.e., we perform purely
dynamical integrationgwith radiation reaction turned off
for about one full orbit, until we find one which produces a
nearly circular orbifsuch that (t) changes by no more than We have performed several large-scale SPH calculations
1%]. The results of one such set of calculations, for equalof NS binary coalescence, assuming an irrotational initial
mass NS with al’'=3 EOS and an initial separatiory ~ condition for the binary system. Table | summarizes the rel-
=4.0, is shown in the top panel of Fig. 1. We see that forevant parameters of all runs performed, listing the adiabatic
«=1.0, which works extremely well for all runs performed exponentl’, the mass rati@, the initial separatiorr,, and

in Newtonian gravity, the orbital angular velocity is too the number of SPH particles.

small, and the pericenter of the orbit lies within the dynami- We continue to use the same nomenclature for our SPH
cal stability limit, causing the system to mer¢gatificially) runs introduced in paper 2, although we present here a new
within the first orbital period. Foik=1.2, we see that the run E1, using an improved initial configuration calculated by
orbit is elliptical, with our initial state corresponding to peri- the method described in the previous section. Run E1 is for a
center. For a value ok=1.11 we obtain a very nearly cir- system with al'=3 EOS, equal-mass NS, and an initial
cular orbit. A residual small-amplitude oscillation is shown separatiorr y=4.0, and is similar in all respects to run B1 of

C. Summary of calculations
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TABLE I. Input parameters for the runs described in this paper: E1l: P, '=3.0, q=1.0, Irrotational

I' is the adiabatic exponengj the binary mass ratio, and, the 2T e -;‘ AR S Sl tez0 ]
initial separation. All runs used T(BPH particles, except testing r T g D ]
runs T1 and T3, with 1Dand 16 SPH particles, respectively. Test- 1 b T ]
ing run T2 differs from run E1 only in the initial separation. All r T ]
runs in this paper were started from an irrotational initial condition. o L E 3
Run r q ) log;oN - 1

_1 f— —_— —
El 3.0 1.00 4.0 5 C I 1
E2 3'0 0'80 3'5 5 y _2 _I __I 111 | 11 |TI 1 I 11 | r

2 [ HH

F1 2.0 1.00 4.0 5 - 1 ]
F2 2.0 0.80 3.5 5 b 1 b
T1 3.0 1.00 35 4 .
T2 3.0 1.00 3.5 5 ar ]
T3 3.0 1.00 3.5 6 E ]

-1 f .
paper 2(called the PN run in papenlexcept that the initial 20 T e T
condition is irrotational. It was continued until a quasista- -2 -1 0 1 R-2 -1 0 1 2
tionary remnant configuration was reached. Run E2 is for a
system with the samé& =3 EOS, but a mass ratio af FIG. 2. Density contours in the orbital plane and velocity field

=0.8, and was started from a smaller initial separatign shown in the corotating frame for the evolution in run H1<3,
=3.5, since binaries with smaller masses take longer to cod@=1). The physical speed of light, sox= 2.5, is shown to indicate
lesce. In runs F1 and F2, the EOS Has 2, but we use the the scale. Upon first contact of the NS, two counterstreaming layers
same mass ratios and initial separations as runs E1 and Eferm a turbulent vortex sheet. As the cores of the respective NS
respectively. continue to inspiral, we see the formation of a merger remnant with
Additionally, to assess the numerical accuracy and conthe beginnings of a more coherent differential rotation pattern.
vergence of calculations for irrotational binaries, we per-
formed three runs which were primarily designed to test theyusly try to maintain equilibrium while the coalescence time
dependence of the physical results on numerical parameter§gale gets shorter and shorter. The inner edge of each NS
First, we performed one run, labeled T2, identical to E1 exyotates forward relative to the binary axis, and the outer edge
cept for a smaller initial separation,=3.5. This run was of each NS rotates backward. We defifig, to be the angle
used to study how accurately the irrotational flow is main-j, the horizontal plane between the axis of the primary mo-
tained during the eaf'Y staggs of inspiral, ,a”O,' the effects of 8ot of inertia of each NS and the axis connecting the cen-
small amount of spurious tidal synchron|zat|on on the GW rs of mass of the respective NS. For equal-mass systems,
signal. We then repeated run T2 using 5000 and 500 000 SP e angle is the same for both NS. For binaries wjth1 we

particles per NSfor a total of N=10" andN=10" particles, always find a larger lag angle for the secondary than the
respectively, to study the effect of numerical resolution on primary

calculations where we know small-scale instabilities will de- Mass shedding through the outer Lagrange points is sup-

Yslt?gNTrlesrau;%e,\; Oi rzlg'ghrizrsevggje?djl%iﬁidcwoﬁzg ?\s’\'gignﬁressed in irrotational binaries, but the formation of a differ-

tated bN_the conveh;_ence’ andpconsis)t/'enc roperties of 0erntially rotating remnant is quite similar. That said, it is im-
y 9 y prop %ortant to understand the different computational challenges

basic SPH sgheme: convergence toward a physically aCC?)'resented by irrotational systems. To demonstrate this, in
rate solution is expected whémth N and Ny-—-e, but Fig. 2 we show the evolution of run E1, withl&=3 EOS, a

with Ny /N—0 [27]. The primary consideration behind the mass ratioq=1.0, and an initial separatian,=4.0. It is in

choice of the |n|t!al separatlon' alp=3.5 (rather thanrg all ways similar to run B1, except that the NS start from an
i4'02) was the high computational cost of a run with irrotational configuration. Rather than plot SPH particle po-
=10 sitions, we instead show the density contours of the matter in
the orbital plane, overlaying the velocity of the material in
IIl. NUMERICAL RESULTS AND TESTS the corotating frame, defined by taking a particle-averaged
A. Overview tangential velocity, such that

The coalescence process for binary NS systems is essen-
tially the same qualitatively whether they are initially syn- Z MiL(Xvy = Yv,)/T cyili
chronized or irrotational. Prior to merger, both NS show tidal Q.= (7)
elongation as well as the development of a tidal lag angle S mi(r o),
flag, as noted in papers 1 and 2, created as the NS continu- tey
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TABLE Il. Selected results from each run. Hetgjs the time at TABLE Ill. Properties of the merger remnants. Hevk is the
which the run was started, artthg is the lag angle at first contact, rest mass of the remnam, is its gravitational mass, is its Kerr
given for the primary and secondary, respectively, for systems witlparameter(). and ), are the angular rotation velocities at the
g+ 1.0. Quantities involving the first and second GW luminosity center and at the equator, and thé andl;’s are the radii of the

peaks are labeled with superscripts (1) #&9l. principal axes and moments of inertia.

Run  to  Oag(deg) LE, hE, L, h@ @ Run M, My a Q. Q a aya; agla; 1,/l;

E1l —86 7.5 0.374 2.023 0.093 0.807 33 E1 195 1.88 0.73 0.668 0.435 1.81 0.94 0.55 1.07

E2 -39 65,84 0156 1524 0.045 0602 35 F1 194 1.79 0.81 0.838 0.436 183 0.96 049 1.01

F1 105 100 0479 2129 0.050 0545 30 T1 197 191 0.74 0.711 0433 181 094 054 1.10
B : ’ ' ' ’ T2 197 191 0.74 0.735 0.414 180 0.98 0.57 1.07

F2 —55 3.8,121 0.098 1.364 0.056 0.564 35

T1 -21 7.8 0.358 2.009 0.125 0.932 32 . .

T2 _3 12.0 0337 1972 0087 0746 30 tify the remnant masM, , defining the edge of the remnant

by a density cut, >0.005, as well as the gravitational mass
of the remnant in the PN runs, where the gravitational mass,
which differs from the rest mass, is given by, =/r, (1

+ 8)d3x (see paper 1 for more detail\dditionally, we list

I}he Kerr parametea, =cJ, / Mgr, central and equatorial val-
ues of the angular velocity) . and{}.,, the semi-major axis
and ratios of the equatorial and vertical radj/a, and

/a;, and the ratio of the principal moments of inertia
/5.

T3 —16 5.8 0.356 1.989 0.111 0.907 32

where the cylindrical radius is defined gg,= WE+y2. In
synchronized binaries, the material maintains only a sma
velocity in the corotating frame prior to first contact. In con-
trast, for irrotational binaries material on the inner edge of1
each NS is counterspinning in the corotating frame, and thu$§3
we see a large discontinuity in the tangential velocity when 2
first contact is made. This surface layer, initially at low den- _
sity, is Kelvin-Helmholtz unstable to the formation of turbu- B. Dependence on EOS stiffness
lent vortices on all length scales. Meanwhile, material on the To study the effect of the EOS on the evolution of irrota-
outer edge of each NS has less angular momentum in afbnal NS binaries, we calculated mergers of bbth 3 and
irrotational binary configuration than in a synchronized oneI" =2 polytropes(runs E1 and F1, respectivélyA compari-
Thus, there is less total angular momentum in the systenson of the binary separations as a function of time, along
and mass shedding is greatly suppressed, as we will discuggth the dimensionless GW luminosities and amplitudes are
further in Sec. Ill B. At late times, though, the remnant ro- shown in Fig. 3. Immediately apparent is a difference in the
tates differentially, with the same profile seen in the synchrotgcation of the dynamical stability limit found in the two
nized case, namelf(r) attaining its maximum value at the calculations. The orbit of the binary system containing NS
center of the remnant, and decreasing as a function of radiugith a softer EOS(run F1) remains stable at separations
In Table I, we show some basic quantities pertaining oufwhere the binary system with the stiffer EOS has already
GW results, as well as the initial time for all runs, and thebegun to plunge inward dynamically. We see that, as in the
tidal lag angle0|ag which existed at the moment of first synchronized case presented in paper 2, the peak GW lumi-
contact. The negative values gfmerely reflect the fact that nosity in dimensionless form is larger for the softer EOS, but
our runs require more than 20 dynamical times before reachafter a secondary luminosity peak the remnant relaxes toward
ing peak GW luminosity. Lag angleg,q are listed for the a spheroidal, non-radiating configuratiwith essentially no
primary and secondary, respectively, in systems withl.  emission whatsoever aftés=40). We also note that the sec-
Each GW signal we compute typically shows an increasingndary peak occurs sooner after the primary peak, by a factor
GW luminosity as the stars approach contact, followed by &f =30%.
peak and then a decline as the NS merge together. Most runs Even though they are presumed to be unphysical, calcu-
then show a second GW luminosity peak of smaller ampliHations started from a synchronized initial condition make up
tude. For all of our runs we list the maximum GW luminosity much of the body of work performed to date on the binary
Lmax=maxLgw(t)) and maximum GW amplituden,,x NS coalescence problem. Noting this, we compare our irro-
=max(vh_(t)?+h.(t)?), whereh, , hy, andLg are de- tational run E1, with parameters detailed above, to one simi-
fined by Egs(23)—(25) of paper 1[see also Eq¥8) and(9) lar in every respect but started with a synchronized initial
below)]. Quantities referring to the first and second luminos-condition, our run B1. In the top panel of Fig. 4, we see that
ity peaks are denoted “1” and “2,” respectively. In addition, the inspiral tracks do not align particularly well. Synchro-
we show the tima(®) at which the second peak occurs. nized binaries contain more total energy, and are thus less
We continued several of our runs to late times to study thelynamically stable than irrotational ones, leading to a more
full GW signal produced during the coalescence, as well asapid inspiral, even before the stability limit is reached. Ad-
to study the properties of the merger remnants that may forrditionally, the binary separation “hangs up” earlier, at a
in these situations. For each of these runs, we list several afeparatiorr =~ 2.0, indicating the onset of mass shedding, as
the basic parameters of the merger remnant in Table 1ll, usmatter begins to expand radially outward from the system.
ing the values computed for the remnantat65. We iden- The middle and bottom panels of the figure show the GW
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q=1.0, Irrot.
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FIG. 3. Binary separatioftop panel, GW amplitudes in both FIG. 4. Binary separatioftop panel, GW amplitudesmiddle
polarizationgmiddle panelsand GW luminosity(bottom panglas  panel$ and GW luminosity(bottom paneélas a function of time for
a function of time for runs E1 and F1. The solid lines correspond taruns E1 and B1, started from an irrotatioriablid ling) and a syn-
run E1 (C=3), and the dashed lines to run A2 2). The dynami-  chronized(dashed linginitial condition, respectively. The synchro-
cal stability limit for the softer EOS lies within that of the stiffer nized run contains more energy and is relatively more dynamically
one. The softer EOS also results in a higher peak GW luminosityunstable. While the initial peaks in the GW luminosities are of
but smaller amplitude post-merger GW emission. similar amplitude, the secondary peaks are much more luminous for

the synchronized binary.

signals and luminosity, respectively, for the two runs. While

the initial luminosity peaks are similar for both runs, both in much less from the irrotational runs. There is significantly

amplitude and morphology, the secondary peaks are vastiyore mass shedding from the run with the softer EOS, but
different. The secondary peak for the synchronized system ig,ost of the material remains extremely close to the remnant.
of considerably greater' magmtude than in the |rrota't|onal,:ina”y’ by t=45, we see that the softer EOS produces a
case, and delayed relative to it. We conclude that, while th‘?ﬁearly spherical remnant, whereas the calculations with a

adiabatic index seems to be the dominant factor in determins-t”;fer choice of EOS produce remnants which are clearly
ing the GW signal during the merger itself, the initial veloc- ellipsoidal, and will continue to radiate GWs for some time

ity profiles of the NS play a key role in the evolution of the . .
. . . .~ albeit at a much lower amplitude than at the peak.
remnant, as well as affecting the orbital dynamics during The strong influence of the choice of both EOS and initial

inspiral. ) ; . . .
To better understand the features found in the GW signalgeloc'ty profile on the final state of the remnant is shown in

of these calculations, particle plots for runs E1, B1, and F1719- 6 for the same three runs. In the top panel, we see the
are shown in Fig. 5. Comparing the leftmost panels, we se@ngular velocity profiles of the remnants tat 65. We see
that att= 20, when the GW luminosity peaks, the mass con-that the choice of EOS plays an important role near the cen-
figurations are qualitatively similar, although more low- ter of the remnant, but at>1.0, the velocity profiles are
density material is seen at the edges of the newly formingssentially identical. The pattern holds as well for the mass
remnant in the run with th& =2 EOS, conforming to the profiles, which are shown in the bottom panel. The softer
general density profile expected for a softer EOS. MoreEOS leads to a more centrally condensed remnant, as we
subtle is the greater extension of the matter found in thevould expect, but the remnants formed in both irrotational
synchronized run. Since material on the outer edge of eactalculations contain virtually all the system mass within
NS has greater angular momentum when a synchronized ini=2.0, with no more than 1% escaping to larger radii. There
tial condition is chosen, the calculation shows that such ais slightly more mass shedding past-2.0 for the softer
initial condition allows for greater efficiency at channeling choice of EOS, since more of the low-density material origi-
material outward during the final moments of inspiral. Thisnally found at the edges of the NS is shed through the outer
difference is made abundantly clear by a comparison of théagrange points of the system. By comparison, the synchro-
calculations att=30, shown in the center panels. We seenized run sheds almost 5% of the total system masspast
extensive mass shedding from the synchronized run, and 2.0, even though the angular velocity profile at small radii
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FIG. 5. Particle plots for runs EII'(= 3; top panels B1 (syn-
chronized,I'=3; middle panels and F1 {"=2; bottom panels
described in Figs. 3 and 4. The orbital rotation is in the counter-
clockwise direction. The plots show projections of all SPH particles
at t=20 (left), t=30 (centey, andt=45 (right). Mass shedding is
more sensitively dependent on the initial velocity field, but the rem-
nant equatorial ellipticity, and thus the post-merger GW emission, is

dominated by the choice of EOS.
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FIG. 7. Particle plots for runs E2q&0.8, I'=3; top panels
and F2 ¢=0.8, I'=2; bottom panels respectively. From left to
right, we see snapshots takentat20, t=30, andt=45, showing
in both cases the tidal disruption of the secondary, the formation of
a single spiral arm during mass shedding, and the eventual creation
of a massive torus around the merger remnant.

is nearly the same as for the irrotational run with the same
choice of EOS.

C. Unequal-mass binaries

Even though all well-measured NS masses in relativistic
binary pulsars appear roughly consistent with a single NS
massMyg~1.4M o [28], it is important to consider cases
where the two NS have somewhat different masses. The
roles played by the primary and secondary in unequal-mass
binary mergers are remarkably different compared to the pic-
ture developed above for equal-mass systems. In paper 2, we
found that the primary NS in the system remains virtually
undisturbed, simply settling at the center of the newly
formed merger remnant. The secondary is tidally disrupted
prior to merger, forming a single thick spiral arm. Most of
the material originally located in the secondary eventually
forms the outer region of the merger remnant, but a signifi-
cant amount of material is shed to form a thick torus around
the central core. In Fig. 7, we show patrticle plots for runs E2
and F2, with al'=3 andI’=2 EOS, respectively, both with
mass ratiog=0.8. In the leftmost panels, at20, we see
that the secondary, located on the left, is tidally disrupted as
it falls onto the primary. For the softel,=2 EOS(run F2,

we see a greater extension of the secondary immediately
prior to merger, as well as early mass shedding from the
surface of the primary, as material from the secondary essen-
tially blows it off the surface of the newly forming remnant.
This process continues, so that ty 30 (center pane)s the
secondary has begun to shed a considerable amount of mass
in a single spiral arm which wraps around the system. Much

pane) and enclosed mass as a function of radius for the remnants dfe in the equal-mass case, the spiral arm is much broader
runs B1, E1, and F1, described in Figs. 3 and 4. The profiles, affor the softer EOS. Mass loss from the primary is greatly

taken att=65, correspond to irrotational run ET € 3; solid line,
run F1 '=2; dashed ling and run B1(synchronized]' = 3; dot-

ted line.

reduced in the system with the stiffer EOS, with only a scat-
tering of particles originally located in the primary lifted off

the surface. Finally, by=45 (right panel$, we see that the
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q=0.8, Irrot. found in paper 2 for PN calculations of synchronized bina-
—_ T " " %31 ries, especially a steeper decrease in the GW luminosity as a
function of the mass ratio for binaries with a soft EOS.

In the middle and bottom panels of Fig. 8 we show the
GW signals and luminosity, respectively, for runs E2 and F2.
We find the same strong decrease in the GW power, espe-
cially for the softerl’=2 EOS. We expect that there should
be a strong observational bias towards detecting mergers of

[N

g ! A .
T 0F) equal-mass components, especially if the EOS is softer.
-1
1 D. Dependence on initial separation
\ All our results presented above for equal-mass binaries
§ 0 used an initial binary separatiag=4.0, in part for the sake
1 of comparison with previous calculations for synchronized
| binaries. This choice agrees with the standard approach of
0.15 - . . .
utilizing the largest possible separation for which the calcu-
x 0.1 lation can be performed using a reasonable amount of com-
=) . .
% 005 putational resources. This also has the advantage that any

—-
[T T[T T [T v T [ T [T T T[T A [T T[T T [T T T [T T L[ T T IO [T T T [ TTi T[T g
N
'

|
gy .
(=4

3 small deviations from equilibrium will generally be damped
L _'20 e (‘) e 2‘0 lnalE 4'0 = away before the NS actually make contact. It. glsq qllows for
¢ the best determination of the dynamical stability limit. How-
ever, a large initial separation can create problems in the case
FIG. 8. Binary separatioftop panel, GW amplitudesimiddle  of jrrotational binaries, since numerical shear viscosity inher-
panely and GW luminositybottom panelas a function of time for  antly present in SPH codes can lead to some degree of tidal
our irrotational runs E2 and F2, as shown in Fig. 7. The solid andsynchronization of the NS during the inspiral phase. Thus, by
dashed curves correspond to run H2<(3) and run F21'=2), e time the merger takes place, the NS will no longer be
][esr’:c“vi'ty' ¥Vf ;e.fc;gaéew prr?dl]ff’t'on IS E'gn'f'cam'y SUPPTESSElompletely irrotational. To study this effect, we calculated
or the softerl = uring the first peax. mergers for equal-mass NS with1&=3 EOS starting at
initial separations of botty=4.0 (the aforementioned run
spiral arm has in both cases begun to dissipate, leaving B1) andr,=3.5(run T2. In the top panel of Fig. 9, we show
torus around the merger remnant containing approximatelyhe binary separation as a function of time for both runs,
3—-4 % of the total system mass. noting the good agreement throughout. At the very end, dur-
Although the merger process is significantly different foring the merger itself, we do see the beginning of a slight
equal-mass and unequal-mass binaries, the details of the idiscrepancy, attributable in large part to greater mass shed-
spiral phase are reasonably similar. In particular, the evoluding in the calculation started at greater separation. This is
tion of the binary separation for runs with=0.8, shown in  similar to what was seen in Sec. Il B, where run B1, which
the top panel of Fig. 8 is roughly similar to what was found had greater spin angular momentum, showed greater mass
in Fig. 3 for binaries withg=1.0. For both choices of the shedding, but the effect is greatly reduced in magnitude here
EOS, the dynamical stability limit is located at approxi- since the NS in run T2 are nowhere near complete synchro-
mately the same separation for batk 0.8 andg=1.0 bina-  nization at the moment of first contact.
ries, although prior to the onset of instability the more mas- In the bottom panel of the figure, we plot the ratio of the
sive equal-mass binaries show a more rapid stable inspirahet spin angular momentum of the NS about their own cen-
As we found before, the dynamical stability limit occurs fur- ters of mass to the total angular momentum of the binary
ther inward for the softer choice of the NS EOS. system, as a function of time. We see that the NS do gradu-
In paper 2, we found that the scaling of the maximum GWally acquire a rotation pattern which corresponds to the di-
amplitude and luminosity as a function of the system massection of corotation, although there is nowhere near enough
ratio followed a steeper power law in synchronized binariegime to synchronize the binary. The effect is greatly en-
than would be predicted by Newtonian point-mass estimateshanced immediately prior to merger in both cases, as the NS
Newtonian physics predicts tha,,q and Ln,<q?  develop tidal lag angles and become distorted. By the time
(1+q) for merging binary systems. RS found the scaling inthe binary initially started fromy=4.0 reaches a separation
their numerical calculations to roughly follow empirical of r=3.5, the net angular momentum around each NS
power law relationships given biiya,<9% and L ,a,9°. around its center of mass is equal to approximately 0.5% the
The discrepancy results from the unequal role played by thgalue we would expect should the binary be synchronized.
two components during the final moments before plungeThis difference persists throughout the inspiral phase when
The primary, which remains relatively undisturbed, contrib-the two calculations are compared.
utes rather little to the GW signal, especially during the final In Fig. 10, we compare the GW signals and luminosities
moments before coalescence. Thus, the GW power is rder the two runs. We find excellent agreement between the
duced as the mass ratio is decreased. Similar results wet@o waveforms, both in amplitude and in phase. Both runs

|
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FIG. 9. Binary separatioftop panel and the ratio of each star’s t

spin angular momentum to its total angular moment{battom
pane) as a function of time for runs E1 and T2 which started from

?;Smég?l zlfspa;itéorgg;f.o (S"?kildlarrn(-:gra'nnqtrglzis;?:tsgr?d dltlangelo sscribed in Fig. 9. The agreement is excellent throughout, except for
pectively. inary wi ger ini paration develops, slight difference in the amplitude of the second GW peak.
greater spin angular momentum throughout the calculation prior to

FIG. 10. GW amplitudes in both polarizatioft®p and middle
pane) and GW luminositiegbottom panel for the two runs de-

merger.
show the modulated, damped GW luminosity which is char- r=3, q=1.0, Irrot.
acteristic of all runs we have computed using PN gravity. ¢4 F= L L
There is a slight difference in the amplitude of the signal L. 0]
during the second GW luminosity peak, but we expect such C 5]
differences to be minor in light of such issues as the uncer- 0.3 - N
tainty in the equation of state and the larger problem of ag r ]
proper relativistic treatment of gravitation. 0o [ E
To focus on the effect of varying, on the final results, s .
we show the final mass and angular velocity profiles of the L ]
remnants for the two calculations in Fig. 11. The resultsare o F | | . | . 4
in good agreement, although we see that the greater spil 05 1 r 15 2
angular momentum of the run started at greater initial sepa- o
ration leads to approximately three times as much mass be 2F Ll LT
ing deposited in a halo which surrounds the remnant while . g
remaining gravitationally bound to it. In both cases, however, %[ oo ER.
the total mass in the halo is less than 1% of the total systemy; , | = =
mass. The inner region of the remnant in the run started from “° S
ro=4.0 actually spins slightly slower than in the run started o5 [ SHENEEEENS: R
further inward, even though the NS have a greater spin an- : 19 195 2 4
gular momentum at the moment of first contact, but only oF 1I5 NI é_

because angular momentum transport outward was margin
ally more efficient in this case. We conclude that the choice
of initial separation plays very little role in determining the  FIG. 11. Angular velocity as a function of cylindrical raditiep
results of our calculations, so long as we start from an initiapane) and enclosed mass as a function of radius for the remnants of
separation ;=3.5. the runs shown in Fig. 9. The profiles are takert-a65 for both
runs. We see that mass shedding to larger radii is very slightly
increased for the calculation started fragy 4.0, but that in both
cases virtually all the matter in the system ends up in the remnant

As discussed in Sec. Il C, 3D calculations with limited itself. The inset shows the profile at the outer edge of the system,
spatial resolution could lead to GW signals which are depenindicating that no more thar=0.5% of the material is ejected to
dent upon the number of particles used. To test this, GWarger radii.

E. Dependence on numerical resolution
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I'=3, q=1.0, Irrotational ence is due in part to initial oscillations of the NS about
T gy T N=10t T quasiequilibrium. Such oscillations are greatly reduced by
increasing the number of SPH particles. Since all three cal-
culations started with the same approximate ellipsoidal mod-
els (see Sec. Il B we conclude that the amplitudes of the
initial fluctuations result primarily from numerical noise. The
two runs with higher resolution show good agreement from
E beginning to end, producing nearly identical GW luminosi-
E ties. Reassuringly, the GW signals also remain in phase
E throughout, indicating that calculations with=10° can in-
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5 deed model well these irrotational binary mergers. To esti-
E mate the precision which can be achieved for these numeri-
3 cal resolutions, we show in Table IV a comparison of GW

3 quantities computed at various times for each of the three
E runs. Att=10, t=20, andt=30, we show the total GW

c*(dh,)
o

|
o]
A RRARE R R EARRRRARRN RN

TTT

strain h(t), and the instantaneous frequency of the GWs
Qew(t)=0gw(t), defined by the relations

c*(dh,)
o

h,(t)=h(t)cosfew(t), (8)

(l) I 10 - 20 30 I I 40
t hy (t)=h(t)sin fgu(t). 9)
FIG. 12. GW luminosities(top) and waveforms(middle and
bottom for calculations using increasing number of particles. TheWWe see that for the two high resolution runs, no quantity
dotted lines correspond to run TNE10%), the solid lines to run ~ shown varies by more than about 2%, whereas the difference
T2 (N=10°), and the dashed lines to run TR€ 10°). We see that  is more than 10% in the computed GW strains at late times
the two highest resolution runs agree almost perfectly. The lowedbetween our highest and lowest resolution runs.
resolution run is more susceptible to initial deviations from equilib-  The vortices forming at the surface of contact are shown
rium, and shows some significant differences from the higher resoin detail in Figs. 13 and 14. Density contours in the orbital
lution runs, especially after the first GW luminosity peak. plane are overlaid with velocity vectors, which are plotted in
the corotating frame of the binary, as defined by & The
signals computed from NS merger calculations, we perupper left panels show the evolution of run T1, with the
formed runs T1, T2, and T3, which all have equal-mass NSbhottom left and right panels representing runs T2 and T3,
start from the same initial separatiog=3.5, and use & respectively. In Fig. 13, we show the state of the three runs at
=3 EOS, but vary by two orders of magnitude in the numbert=20. Immediately apparent is that vortices have formed to
of SPH particles used, from run T1 with“.@ run T3 with  the largest extent in the lowest resolution run, whereas in the
10° SPH particles. Although we could have used=4.0 as  higher resolution run there is little sign of particles mixing,
an initial separation, we felt that the smaller initial separationexcept at a large distance along the vortex sheet from the
was justified given the large computational overhead recenter of the newly forming remnant. By=25, shown in
quired to do a calculation with a million SPH particles. To Fig. 14, we see that there is a slight difference between the
the best of our knowledge, run T3 is the largest and highedtigh resolution calculations with regard to the direction of
resolution SPH calculation of irrotational binary NS coales-the material flowing along the vortex sheet. In the highest
cence to date. resolution run, the streams of material flow nearly in a
A comparison of the GW signals in both polarizations, asstraight line from one vortex to the other, whereas in the
well as the GW luminosities, is shown in Fig. 12. We see thamiddle and lowest resolution runs, there is a larger region of
the lowest resolution run T1 produces a GW signal clearlymaterial which is accelerated toward the very center of the
different than higher resolution runs T2 and T3. The differ-remnant. Overall, though, there is excellent agreement be-

TABLE IV. GW quantities computed for runs with different numbers of partidiest representative
times. Hereh(t) is the GW strain, and)g\(t) is the instantaneous angular frequency of the GWst At
=10, the stars are about to make contaet20 is the moment of peak GW luminosity, and by 30 a
remnant has begun to form. In all cases, we see much better agreement between the two higher resolution
runs, at a level 0&=2%.

Run N h(t=10) Qguw(t=10) h(t=20) Qew(t=20) h(t=30) Qgu(t=30)
T1 10t 1.49 0.556 1.71 1.053 0.74 1.192
T2 100 1.57 0.584 1.91 0.978 0.90 1.166
T3 106 1.58 0.581 1.87 0.996 0.89 1.154
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1.0, Irrotational '=3.0, q=1.0, Irrotational
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FIG. 13. Density contours in the orbital plane and velocity field  FIG. 14. Density contours in the orbital plane and velocity field
in the corotating frame of the binary &t 20 for runs T1, T2, and in the corotating frame of the binary &t 25 for the runs shown in
T3, shown in Fig. 12. We see some discrepancies in the extent dfig. 13, with the same conventions as in that figure. We see that
vortex formation between the lowest resolution run and the twomatter between the large vortices is directed toward the center of
higher resolution runs, which agree well. the remnant in the two lower resolution runs, whereas the flow lines

are straighter along the vortex sheet in the highest resolution run.

tween the two highest resolution calculations. The agreement
of the GW signals calculated from runs T2 and T3 lead us to _ _
believe that the small-scale differences seen in the matter hx(f)Zf e Mh, (1) dt, (11
near the vortex sheet do not carry over into the bulk of the

mass, responsible for the GW emission. Essentially, thend we insert them into the following expression giving the

quadrupole moment at any given instant is most s_ensitivel)énergy loss per unit frequency intervake, e.g.[29]),
dependent upon the orientation of the densest regions at the
3

cores of the respective NS, which are unaffected by the dE c° =
small-scale motion in the vortex sheet. The infall of the cores df G 2
is driven by dynamical instability, leading them to plunge

inward and merge, disrupting the vortex sheet and leading tavhere the averages are taken over time as well as solid angle.

(A tX([ho(H]2+[he (D3, (12

the formation of the merger remnant. In terms of the components of the quadrupole tensor, we then
find
IV. GRAVITATIONAL RADIATION SPECTRA
dE w°G[8 _ ~ ~ ~ ~
H H H i 2 2 2 2 2
Zhuge, Centrella, and McMillan first pointed out the im- = = E(|Q§x)_Q§,y)|2+|Q§<X)—Q§Z)|2+|Q§,y)

portance of GW energy spectra for the interpretation of

merger signal$l11]. In particular, on the basis of Newtonian 48

SPH calculations, they showed how the observation of par- —Q@A+ (1P PP+ IRFIP+1QEP |, (13

ticular features in the spectra could directly constrain the NS 15 v

radii and EOS. Since the detection of NS merger events will -

likely be made in narrow-band interferometers, it is espeWhere Q(?) represents the Fourier transform of the second

cially important to understand the frequency dependence dierivative of the traceless quadrupole tensor.

the GW signals, and not just their time behavies repre- For point-mass inspiral, the energy spectrum takes the

sented by waveforms power-law formdE/dfocf =3 [29], the slowdecreasewith
Following the approach ifil1], we calculate the GW en- increasing frequency coming from the acceleration of the

ergy spectrum from each of our calculations as follows. Weorbital decay: although more energy is emitted per cycle,

first take the Fourier transforms of both polarizations of thefewer cycles are spent in any particular frequency interval as
GW signal, the frequency sweeps up. Near the final merger, large devia-

tions from this simple power-law spectrum are expected.

~ - However, our initial binary configurations are still reason-
_ 2mift ’

h+(f)_f e h () dt, (10 ably described by a point-mass model. Therefore, to con-
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struct the complete GW signal, we attach a point-mass in- Newtonian, I'=3, q=1.0, Synch.

spiral waveform (hereafter referred to as the inspiral
subcomponentonto the beginning of the signal calculated
numerically with SPHreferred to as the merger subcompo-
nenj. The quadrupole tensor for the inspiral subcomponent
is assumed to have the form

Qux(t')=—Qyy(t")=A(t")cods(t")) (14
Quy(t" ) =A(t")sin((t")) (19
QAt")=Qut") =Qy,(t")=0, (16)

wheret’ =t —tq is the timebeforeour dynamical calculation ;‘
starts, and the amplitude and phase given by L ) 4

(c/GM2)dE /df

2Mu i Lo 1
t/ 0.2 (17) l,
fo(l— —) T 0.1 | ; -

tmgr

A(t')=(1+e¢)

0.05 0.1 0.5
0
f/f
q’)(t’):—J w(t")dt’ (18 /Lo
tV
FIG. 15. Energy spectrum in GW calculated using &) from
a typical Newtonian calculatiofsynchronizedg=1, I'=3). We
—oE 3 show the inspiraldotted ling and mergefdashed ling subcompo-
1 t_ ' nents of the spectrum, as well as the total combined spectrum
Fo (heavy solid ling.

o(t")=(1.0+€")

(19

wherer q is the initial binary separation arid and u are the
total and reduced masses of the system, respectively. The

time constant,, iS given by the familiar expression
mgr 1S G y P r=3, q=1.0, Irrot.

5 ¢® rg 20 10
tmgr_z_%EMMz- ( )

With e=¢€'=0, these expressions correspond to the well-
known quasi-Newtonian point-mass inspiral res{fits Here

the correction factoe is used to account for both finite-size
and PN effects and is determined by matching the amplitudes
of the point-mass signal to the initial amplitude calculated 23
from our SPH initial condition. Typically, it is no larger than
about 3%. The correction facter is used in a similar way
to match the initial angular velocity of the system, and is of
similar magnitude. With these corrections, E§$4)—(16)
describe well the inspiral subcomponent at late times, but
not, of course, at earlier times where one should have
—0 ande’—0 ast— —«. The discrepancy, however, is no
more than 5%, and affects only the nearly featureless low-
frequency part of the spectrum.

In Figs. 15 and 16, we show a comparison between the
energy spectra computed from a Newtonian calculation with
radiation reaction and from a PN calculation. The Newtonian
calculation is the N run from paper (teferred to in paper 2 FIG. 16. Energy spectrum from a typical PN calculation, run E1
as run Al, which was performed for equal-mass NS with (=10, T=3). Conventions are as in Fig. 15. We see that the
I’'=3 EQS, started at a separation=3.1 in a synchronized energy emitted during the late stages of inspiral is greatly sup-
initial state. The PN calculation is the run E1 described inpressed relative to the Newtonian case. The two prominent peaks at
Sec. Il D, with equal-mass NS,1a=3 EOS, and an irrota- higher frequencies correspond to the maximum GW luminosity and
tional initial condition with separationy=4.0. In both fig-  final merger remnant oscillation.

(c/CGM2)d

f/fdyn
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ures, the dashed and dotted lines represent the merger ar 10 F Cor T T ' '
I'=3, q=1.0, Irr.

inspiral subcomponents, respectively, with the heavy solid
line representing the total combined spectrum.

We see immediately that there is a significant difference
in the energy emitted betweenf/fy,,~0.06-0.17 1
[650—1600 Hz for our adopted NS parameters; sed H{.
This is directly attributable to the earlier dynamical instabil-
ity and faster inspiral rates found in PN calculations. Since 3
the binary system spends less time in this frequency interval? o1
the energy emitted is greatly suppressed by the addition of 10
1PN effects. The characteristic “cliff frequency,” at which &
the energy spectrum plunges below the point-mass powe
law, is the best indicator of the start of dynamical instability.
A measurement of this frequency, combined with theoretical
calculations such as those presented here, would lead directl
to the determination of the NS radii, since all frequencies
scale with M/R%)%® and the destabilizing 1PN effects scale
with M/R. For the system considered in Fig. 16 this “cliff
frequency” is aboutf=0.06 fg, (550 Hz), almost within
the reach of broad-band interferometers. Had the 1PN effect: /T apn
been taken into account at full strength, this frequency would .
likely have been even lower, suggesting that deviations from F!G: 17. Comparison of GW energy spectra calculated from
pontmass bhar nay even beeome messale WU st e s
:gfngg?::ncy range of current theoretical point-mass inspir 1 and T2, started fromg=4.0 (thin solid ling andr,/R=3.5

. . thick solid li tively. In the bott | how th
Two prominent features appear in the PN spectra at muc&klc solid ling, respectively. In the bottom panel, we show the

. . r ectra from runs T1 and T2 with= 10" (thin solid line and N
higher frequencies. In general, the characteristic frequency of 10P (thick solid line, respectively.
GW emission during mergers sweeps upward monotonically ’
throughout the evolution. The sharp peaksfat0.17 f g,
and f=0.23 fg,, (f=1600Hz andf=2200Hz) in Fig. 16
are then clearly seen to result from emission at the time
the GW luminosity peak and during the remnant oscillation

(“ring down” ) phase, respectively. In contrast to some pre- dr . (dE)—l
GW,|

I'=3, q=1.0, Irr.

a
=
(&)

<

Assuming that a quasiequilibrium description of the sys-
}em is appropriate in this range of separations, the inspiral
Otate should be given by

vious Newtonian resultgl1], we find the amplitude of these — = —
peaks to be well below the point-mass power [@y a factor dt dr
of almost 3 and 5, respectivelyNo calculation we have .
performed with our PN formalism has ever produced energywhereEg,y, is the energy loss rate to gravitational radiation,
above the point-mass power law in any frequency rangeand (E/dr)eqi is the rate of change of total energy as a
confirming that the PN effects not only accelerate the dy{function of separation along an equilibrium sequence of bi-
namical instability of the system, but also cause a suppresiary NS model$7]. Since the first factor is very insensitive
sion of the total GW emission during the entire mer¢@s  to PN effects, we conclude that the slope of the equilibrium
we first showed in paper)lMeasurements of these peak energy curve must be made smaller by the addition of 1PN
frequencies would also provide independent constraints ooorrections, in agreement with the results of PN equilibrium
the EOS, but this will certainly require advanced detectorgalculations[24]. While there must exist aminimumin the
operated in narrow-band mode in order to beat the very higlequilibrium energy curve at some critical separation, for-
laser shot noise abovel kHz mally representing the innermost stable circular off$CO)

We now examine the dependence of these calculated G\Wf the systen{7], this may be less relevant to the onset of
energy spectra on initial binary separation and numericatlynamical coalescence, which will occur earlier, as soon as
resolution. In the top panel of Fig. 17, we compare the specthe inspiral time scale becomes comparable to the orbital
tra computed from ouf’=3 EOS, equal-mass calculations period.
started at initial separations ofy=3.5 (run T2 and rg In the bottom panel of Fig. 17 we compare the energy
=4.0 (run EJ). We see excellent agreement abofe spectra from runs TAwith N=10* particle3 and T2 N
=0.1 fg, (=900 Hz), but a slight discrepancy near the =10"), used to study the dependence of the GW signal on
cliff frequency. At separations in the range=-3.5—-4.0, the numerical resolution. We find that the spectra are nearly
binary does inspiral faster than a point-mass model woulddentical in the frequency range 0.1%,,<f<0.27 fg,
predict. Since our code has been extensively tested and400 Hzf<2500 Hz), characteristic of the peak emis-
shown to reproduce Newtonian results in this separatiorsion and the following remnant oscillations, but disagree by
range(see Fig. 4 of paper)lwe attribute the difference to a significant amount at lower frequencies. Recall from Fig.
the 1PN effects. 12 that the lowest resolution run led to larger initial oscilla-

(21)

equil
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10 &=
F q=1.0, Irrot. r=2.0 q=0.8
o e r=so 1 B q=1.0
e E e E
F £ #
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FIG. 18. Comparison of GW energy spectra from runs which  FIG. 19. Comparison of GW energy spectra for binaries with
differ in the choice of EOStop panel and initial velocity profile  different mass ratios and NS with B=3 (top panel or I'=2
(bottom panel for equal mass NS. In the top panel, we show the(bottom panel EOS. Thin solid lines represent the spectra for
spectra for runs E1 and F1, withfa= 3 EOS(thin solid ling and a  equal-mass runs T2 and F1, thick solid lines for runs E2 and F2
I'=2 EOS(thick solid ling, respectively. In the bottom panel we with q=0.8. Binaries withq<1 not only have lower amplitude
show the comparison between run E1 and run(Bith a synchro-  through the lower frequency portion of the spectrum, but also lack
nized initial condition; thick solid ling clear peaks at the characteristic frequency of maximum GW emis-

. S . . o sion.
tions around equilibrium. While thegspurious oscillations

are at too high a frequency to appear in the energy spectrum

they do affect the initial inspiral rate significantly. The extra ferent binary mass ratios. In the top panel, we compare runs

energy present in the system, combined with the tendency fo]t:2 and E2, with mass ratios af=1.0 andq=0.8, respec-

the binary orbit to become slightly eccentric, leads to an. ; = e
artificially accelerated inspiral, and a further reduction of thet'VGIy (both with al’= 3 EOS and both started from an initial

energy above the cliff frequency. separatiorr = 3.5). We see a clear difference in the overall

Further comparisons are shown in Fig. 18. In the topMPplitude of the two spectra, but in general the low-
panel, we show the energy spectra for two different values off€duency behavior of the spectra is not qualitatively differ-
I'. These were computed from the two equal-mass run§nt In both cases, we see a smooth decline in the GW energy
started fromr,=4.0, run E1 withT =3, and run F1 with® ~ Which indicates the onset of dynamical instability, and levels
=2. Note that these two different values bfare compared Off as we reach the characteristic frequency of the maximum
here at constan and R, which is of course not realistic. €mission. A clear difference is the lack of a true peak in the
The dominant dependence of the GW emission on the EOS gpectrum for theg=0.8 binary, which reflects the suppres-
likely to be from the scaling of finite-size effects wily and  sion of GW emission in unequal-mass mergers, discussed in
from the scaling of PN effects witM/R, which we cannot Sec. lll C. There is a well defined peak in the energy spec-
study realistically given the limitations of our PN formalism trum characteristic of emission from the remnant, nearly
(Sec. Il A). At low frequencies the two spectra are nearlyequal in amplitude to the first peak, as was found for the
identical. For the softer EOS, the peak in the energy specequal-mass binary with the same EOS. The frequencies of
trum corresponding to maximum GW emission is of slightly hoth peaks in thej=0.8 spectrum are shifted lower relative
lower amplitude and frequency. The peak corresponding tgo their location in the equal-mass case. In the bottom panel
remnant oscillations is greatly suppressed, since the soft EO§ Fig. 19, we show the same comparison for runs F1 and F2
cannot support a stable triaxial configuratis®e RS2 In with ['=2. The results are similar except that now the first

the bottom panel of Fig. 18, we compare the energy spectrgeak for the binary witlg=0.8 is completely absent.
from synchronized binariggun B1) and irrotational binaries

(run EJ. We_find a sharper “cIiff" from the synchronized \, gyMMARY AND DIRECTIONS FOR FUTURE WORK
system, leading to lower energy in the frequency range up to

aboutf=0.09 fq, (800 Hz). At higher frequencies, how- Using the PN Lagrangian SPH code described in our pre-
ever, the two spectra are remarkably similar. In particular, thevious papers, which is complete to 1PN order and includes
spectral peak frequencies appear to be affected much moradiation reaction effects, we have investigated a wide pa-
strongly by the EOS than by the details of the initial velocity rameter space of binary NS mergers started from an irrota-
configuration. tional initial condition. This initial configuration represents

' In Fig. 19, we compare GW spectra for systems with dif-
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the most realistic approximation for NS binaries at separafinal state of the system, with regard to mass shedding as
tions of ry=3.5-4.0 R, corresponding to the onset of dy- well as the rotational profile of the remnant. We find, reas-
namical coalescence. suringly, that the phase and amplitude evolution of the GW
Based on these calculations, as well as those from owignal during the primary luminosity peak is unaffected by
previous papers, we have calculated the energy spectrum tie initial separation.
the gravitational wave emission for a variety of systems. The We believe that our results are unaffected by the limited
key result is the existence of a “cliff frequency” in all of the numerical resolution of 3D calculations. Although merging
energy spectra we have studied, i.e., a frequency abousinary NS systems develop small-scale instabilities, whose
which the energy emitted dips dramatically beneath thesyolution we cannot follow exactly, we see little effect on the
point-mass approximation. We attribute this effect to the ongywy signals we compute, so long as we use a sufficiently
set of dynamical instability in binary systems, which leads tojarge number of SPH particles. This is especially true for the
a much more rapid inspiral than the point-mass formula prephase of the GW signal. We conclude that numerical conver-
diCtS, an effect amp||f|8d when PN terms are taken into anence for a given set of initial conditions and physica| as-
count. If the cliff frequencies of binary systems are evensymptions is possible without requiring excessive computa-
smaller than those found hefwpically around 500 Hz for tional resources.
our standard NS parametgrsvhen general relativity is Based on these results, we believe that the fundamental
treated consistently, they may lie within the frequency bandimits of our method are not set by the numerical resolution
accessible to broad-band laser interferometers. For examplg; available Computationa| resources, but rather by short-
proposals for LIGO II[30] place its upper frequency limit comings in the PN formalism itself. All our PN calculations
around 1000 HZwhere the sensitivity in terms of a charac- are limited by the magnitude of the 1PN terms that appear in
teristic GW strain has been degraded by a factdO due to  the hydrodynamic equations. Since we cannot treat physi-
photon shot noise meaning that cliff frequencies should be cally realistic NS models, we deal with the 1PN terms at
seen if the true physical NS radius is sufficiently large, reduced strength. This hybrid method does in some sense
=10 km. Our results also suggest that the high frequencypproximate the cancellations found in GR between 1PN and
features in the GW energy spectrum, which result from emishigher-order terms, but in the end cannot fully model the
sion during the merger itselff &1600 Hz) and from late- non-linear nature of relativistic gravity. To do so in a more
time oscillations of the remnant(*ring down” f  complete manner, two different approaches have been em-
=2200 Hz), will be observable only by more advancedployed. The first is to attempt to integrate the hydrodynamics
narrow-band detectors, but if observed, could place strongquations in full GR, as done recently by Shibata and Uryu
constraints on the NS EOS. [32]. Starting from quasi equilibrium irrotational binary sys-
We also find from our calculations that initially irrota- tems at the moment of first contact, they calculate the fully
tional binaries evolve in a qualitatively different way than do relativistic evolution of the system. Such calculations repre-
initially synchronized systems. Regardless of the choice ogent a remarkable step forward, and can be considered the
EOS, runs started from an irrotational configuration result inforefront of the current efforts to understand binary NS coa-
much less mass shedding than do synchronized runs, depdescence. They are limited only by the accuracy to which
iting no more than 1% of the total system mass in an outethey can prepare their initial conditions and by the difficulty
halo which remains bound to the merger remnant at the cersf extracting accurate GW signals from the boundary of 3D
ter of the system. Additionally, there is a significant differ- grids at a finite distance, usually well within the near zone of
ence in the inspiral rate of such systems immediately prior tahe source. As of yet no formalism has proven stable enough
merger, with synchronized systems merging much more rapgo handle a calculation which starts from the dynamically
idly. Thus, since real NS binaries should be essentially irrostable region and ends after the merger is complete.
tational, it is important to exercise caution when interpreting A second approach is to use an approximation of full GR
the results drawn from calculations for initially synchronizedwhich is known to be numerically stable, known as toa-
systems, both before and after the merger occurs. The lack érmally flat (CF) approximation31,33,34. In this approxi-
mass shedding seen in our PN calculations of irrotationaiation to general relativity, assuming a specific form for the
systems leads us to conclude that essentially no mass shougatial part of the metric allows the equations of GR to be
be shed from realistic binary systems, since general relativeduced to a set of linked non-linealliptic equations. The
istic effects further suppress the mass shedding instabilitdrawback to the method is that the CF approximation is time
[31,32. symmetric, and thus does not include the dissipative gravita-
From a calculational standpoint, we find competing argu-tional wave effects seen in full GR. Such terms can be added
ments for the ideal initial binary separation of an irrotationalexternally to the formalism, though, to give the proper dy-
system. Runs started from larger separatidhgre r,  namical behaviof31]. The CF approximation has been used
=4.0R) require greater computational resources, and showuccessfully to compute quasi-equilibrium binary sequences
more spurious synchronization because of the numerical vigo high accuracy for both synchroniz¢d5,36 and irrota-
cosity of the SPH method. Such calculations do provide aional [35—37 binaries, showing good agreement with fully
better treatment of the deviations from point-mass inspiratelativistic calculations of synchroniz¢@8] and irrotational
prior to merger which result from both Newtonian and PN binaries39], except for the case of extremely compact NS at
finite-size effects. However, runs started from closerrip ( small separations. Additionally, a PN variant of the CF ap-
=3.5R) are more reliable for drawing conclusions about theproximation has been used to study rapidly rotating single-
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star configurationd40], giving excellent agreement with remnant, in a way that is consistent with GR throughout. The
fully GR calculationd41]. In addition to equilibrium studies, comparison of such calculations with those performed in full
dynamical SPH calculations have recently been performe@&R will serve as an important check of the shortcomings and
using relaxed, initially synchronized binary configurationssuccesses of either approach.
[31].
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