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Quasiequilibrium sequences of synchronized and irrotational binary neutron stars in general
relativity. III. Identical and different mass stars with gÄ2
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We present the first computations of quasiequilibrium binary neutron stars with different mass components
in general relativity, within the Isenberg-Wilson-Mathews approximation. We consider both cases of synchro-
nized rotation and irrotational motion. A polytropic equation of state is used with the adiabatic indexg52. The
computations have been performed for the following combinations of stars: (M /R)`, star 1 vs (M /R)`, star 2

50.12 vs (0.12,0.13,0.14), 0.14 vs (0.14,0.15,0.16), 0.16 vs (0.16,0.17,0.18), and 0.18 vs 0.18, where
(M /R)` denotes the compactness parameter of infinitely separated stars of the same baryon number. It is found
that for identical mass binary systems there is no turning point of the binding energy~ADM mass! before the
end point of the sequence~mass shedding point! in the irrotational case, while there is one before the end point
of the sequence~contact point! in the synchronized case. On the other hand, in the different mass case, the
sequence ends by the tidal disruption of the less massive star~mass shedding point!. It is then more difficult to
find a turning point in the ADM mass. Furthermore, we find that the deformation of each star depends mainly
on the orbital separation and the mass ratio and very weakly on its compactness. On the other side, the decrease
of the central energy density depends on the compactness of the star and not on that of the companion.

DOI: 10.1103/PhysRevD.66.104019 PACS number~s!: 04.25.Dm, 04.40.Dg, 97.60.Jd, 97.80.2d
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I. INTRODUCTION

Coalescing binary neutron stars are expected to be on
the most promising sources of gravitational waves that co
be detected by the ground based, kilometer size laser in
ferometers such as the Laser Interferometric Gravitatio
Wave Observatory ~LIGO!, VIRGO, GEO600, and
TAMA300,1 and also are considered as one of candidate
gamma-ray burst source@2#.

Because of the emission of gravitational radiation, bin
neutron stars decrease their orbital separations and fin
merge. When discussing the evolution of the system, i
convenient to separate it into three phases. The first on
the inspiraling phasein which the orbital separation is muc
larger than the neutron star radius, and the post-Newto
~PN! expansion constitutes an excellent approximation.
cently, two groups succeeded in deriving the 3PN equatio
motion of point-mass binary systems@3,4#, and the equiva-
lence of the results between these groups is shown in@5,6#.
The second stage is theintermediate phasein which the or-
bital separation becomes only a few times larger than
radius of a neutron star, so that hydrodynamics as wel
general relativity play an important role. In this phase, sin
the shrinking time of the orbital radius due to the emission
gravitational waves is still larger than the orbital period, it
possible to approximate the state as quasiequilibrium.
final stage is themerging phasein which the two stars coa
lesce dynamically. As in the intermediate phase, since hy
dynamics as well as general relativity play an important ro

1For TAMA300, data taking started in summer 1999, and the fi
results of the data analysis have been published@1#.
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fully relativistic hydrodynamical treatments are required
this phase which therefore pertains to the field of numer
relativity. The first successful computations of the evoluti
of binary neutron stars from their innermost stable circu
orbits ~ISCO! to black hole or massive neutron star form
tion have been performed by Shibata and Uryu@7,8#. Other
efforts are presented in@9,10#.

The present paper belongs to the series of works@11,12#
~hereafter paper I!, @13# ~hereafter paper II!, and@14# devoted
to the intermediate phase. This stage is interesting bec
we may get information about the equation of state of n
tron stars through the ISCO@15#. Furthermore, it is importan
from a numerical point of view since it provides initial da
for the dynamical simulation in the merging phase@7,8#.
Then numerous theoretical efforts are devoted in this ph
including ~semi!analytic Newtonian @16,17# and post-
Newtonian @18–21# approaches and numerical Newtonia
@13,14,22–24#, post-Newtonian@25#, and general relativistic
@11,12,26–32# ones. Among these studies, we concentrate
numerical computations in the general relativistic fram
work. Kochaneck@33# and Bildsten and Cutler@34# have
shown that the gravitational-radiation driven evolution is t
rapid for the viscous forces to synchronize the spin of e
neutron star with the orbit as they do for ordinary stel
binaries. Rather, the viscosity is negligible and the fluid v
locity circulation~with respect to some inertial frame! is con-
served in these systems. Provided that the initial spins are
in the millisecond regime, this means that close binary c
figurations are well approximated by zero vorticity~i.e., ir-
rotational! states. Formulations for irrotational binaries
general relativity have been developed by several auth
@35–38# ~see Appendix A of paper I for a comparison b
tween them!. In addition to the quasiequilibrium and irrota
t
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tional assumptions, we use the approximation of a con
mally flat spatial 3-metric, introduced by Isenberg@39# and
Wilson and Mathews@40# ~IWM; see Sec. IV C of@41# and
Sec. III A of paper I for a discussion!.

Until now, several groups have produced quasiequilibri
configurations of binary neutron stars, as listed abo
Among them, there are results for synchronized@26,27# and
irrotational@11,12,28–30# rotation states in the general rel
tivistic framework, within the IWM approximation, an
those for the synchronized one within some axisymme
approximation@31,32#. However, they all deal withidentical
star binaries, and calculations for adifferentmass binary sys-
tem in general relativity have not been performed yet~in
Newtonian theory they have been performed in the synch
nized case@23,14#, and recently in the irrotational one@14#!.

We will present here the first numerical results of relat
istic binary systems composed of different mass stars
addition, we give results for systems of identical stars wh
extend to those already presented in paper I. As a first ste
the study of different mass systems, we restrict our com
tations to a polytropic equation of state, with the adiaba
index g52.

The plan of the paper is as follows. A brief overview
our method is given in Sec. II. In Sec. III, new tests of t
numerical code are shown, which were not given in pape
and II. We present the numerical results in Sec. IV and d
cuss them in Sec. V. Finally Sec. VI is devoted to the su
mary.

Throughout this paper, we adopt geometrical units:G
5c51, whereG andc denote the gravitational constant an
speed of light, respectively.

FIG. 1. Relative error in the virial theorem for numerical sol
tions of a relativistic quasiequilibrium binary system, as a funct
of the orbital separation. Solid, dashed, and dotted lines denote
relative errors defined by Eqs.~10!, ~11!, and~12!, respectively. The
left panel is for synchronized binaries, and the right one for irro
tional ones. Both of them are drawn for identical mass binary s
tems with the compactnessM /R50.14 vs 0.14.
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II. METHOD

The reader is referred to Secs. II, III, and IV of paper I f
the complete set of equations governing perfect fluid bin
stars under the assumption of quasiequilibrium and con
mally flat spatial metric, as well as the numerical meth
which we use. We simply give here some outline of t
method.

Let us summarize the assumptions expressed in Se
The first one isquasiequilibrium, resulting from the fact that
the time scale of orbital shrinking is larger than that of t
orbital revolution until the ISCO. This assumption is tak
into account by demanding that the spacetime is endo
with a helical Killing vector,

l5
]

]t
1V

]

]w
, ~1!

whereV is the orbital angular velocity and the vectors]/]t
and ]/]w are associated with the time coordinatet and the
azimuthal coordinatew of an asymptotical inertial observe
The second assumption regards the matter stress-energy
sor, which we assume to have theperfect fluidform:

Tmn5~e1p!umun1pgmn , ~2!

wheree denotes the fluid proper energy density,p the fluid
pressure,um the fluid 4-velocity, andgmn the spacetime met
ric. The third assumption concerns the rotation state of
binary system. Although the realistic rotation state will be
irrotational one~cf. Sec. I!, we consider both cases ofsyn-
chronizedand irrotational states in order to exhibit their dif

he

-
-

FIG. 2. Relative change in central energy density as a func
of the orbital separation between the centers of mass of each
Left ~right! panel is for synchronized~irrotational! binaries with an
adiabatic indexg52. The solid line denotes the identical mass ca
M /R50.14 vs 0.14. The results of the different mass caseM /R
50.14 vs 0.16 are shown as dotted~less massive star! and dashed
~massive star! lines.
9-2
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FIG. 3. ADM mass of the binary system as a function of the orbital angular velocity. Left~right! panel is for synchronized~irrotational!
binaries. In each panel, the three subpanels correspond to the compactness ofM /R50.12 vs 0.12, 0.12 vs 0.13, and 0.12 vs 0.14 from
left to the right.
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ferences. The fourth assumption is on the equation of s
For simplicity, we use apolytropic one,

p5kng, ~3!

wheren is the fluid baryon number density andk andg are
some constants. Here we assume that the two neutron
have the same equation of state, i.e., the constantsk andg
are identical for both stars. The fifth and last assumption
the IWM one, namely aconformally flat spatial metric. Then
the full spacetime metric takes the form

ds252~N22BiB
i !dt222Bidtdxi1A2f i j dxidxj , ~4!

N being the lapse function,Bi the shift vector,A the confor-
mal factor, andf i j the flat spatial metric. Under these a
sumptions, the equations for fluid motion and gravitatio
field are presented in paper I.

III. CODE TESTS

In this series of studies@11–14#, we use a multidomain
spectral method with surface-fitted coordinates@42–44#.
This method is implemented by a numerical code c
structed upon the C11 library LORENE @45#. Numerous tests
of the code have been already presented in papers I and
particular, the comparison with results from other grou
@26,29# has been given in Sec. V D of paper I for the iden
cal mass case. We will give here new tests based on
relative error in a general relativistic generalization of t
virial theorem.

In Newtonian gravity, the virial theorem has proved to
useful to check the global error in numerical solutions
stationary fluid systems. A general relativistic version of t
virial theorem has been obtained by Gourgoulhon and B
azzola @46# for stationary spacetimes. It has been recen
extended to binary star spacetimes within the IWM appro
10401
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mation by Friedman, Uryu, and Shibata@41#.2 The virial re-
lation is equivalent to

MADM2MKomar50, ~5!

whereMADM is the Arnowitt-Deser-Misner~ADM ! mass:

MADM52
1

2p R̀ ¹̄ iA1/2dSi , ~6!

andMKomar is a Komar-type mass, defined by

MKomar5
1

4p R̀ ¹̄ iNdSi . ~7!

The virial theorem obtained by Friedman, Uryu, and Shib
@41# @see also Eq.~5.7! of Ref. @47## writes

VE~FUS!5E F2NA3S1
3

8p
NA3Ki

jK j
i

1
1

4p
NA~¹̄ib¹̄ ib2¹̄in¹̄ in!G

50. ~8!

By a straightforward manipulation, this integral can be rec
in the form of the virial theorem as obtained by Gourgoulh
and Bonazzola@46#:

2The spacetime generated by a binary system is not stationary
to gravitational radiation. However, within the IWM approximatio
the gravitational radiation is neglected in the global spacetime
namics, so that one is able to recover the virial theorem.
9-3
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FIG. 4. Same as Fig. 3, but for the compactness ofM /R50.14 vs 0.14, 0.14 vs 0.15, and 0.14 vs 0.16 from the left to the right in e
panel.
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VE~GB!5E F2A3S1
3

8p
A3Ki

jK j
i

1
1

4p
A~¹̄ib¹̄ ib2¹̄in¹̄ in22¹̄ib¹̄ in!G

50. ~9!

Let us stress that the above identity has been derived
Gourgoulhon and Bonazzola@46# only for stationary space
times and that its validity for IWM spacetimes with a helic
Killing vector has been obtained by Friedman, Uryu, a
Shibata@41#.

As error indicators of our numerical solutions, we ha
evaluated the quantities
10401
by

UMADM2MKomar

MADM
U, ~10!

UVE~FUS!

MADM
U, ~11!

UVE~GB!

MADM
U. ~12!

The results are presented in Fig. 1 as a function of the orb
separation. One can see from this figure that the typical vi
error is;131025 through the sequence.
ach
FIG. 5. Same as Fig. 3, but for the compactness ofM /R50.16 vs 0.16, 0.16 vs 0.17, and 0.16 vs 0.18 from the left to the right in e
panel.
9-4
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IV. NUMERICAL RESULTS

In this section we present the numerical results for qu
equilibrium sequences of constant baryon number bina
~evolutionary sequences! for both synchronized and irrota
tional cases and for the adiabatic indexg52. Although the
interesting case is the irrotational one, as mentioned in Se
we have computed configurations for both rotation state
order to compare their properties. The number of compu

FIG. 6. Total angular momentum of the binary system as a fu
tion of the orbital angular velocity for the compactnessM /R
50.18 vs 0.18. The left panel is for the synchronized case and
right for the irrotational one.

FIG. 7. Equatorial to polar ratio of the radial derivative of th
enthalpy as a function of the orbital separation. The left~right!
panel is for synchronized~irrotational! binaries. Solid, dotted,
dashed, and long-dashed lines denote the cases of the compa
M /R50.12 vs 0.12, 0.14 vs 0.14, 0.16 vs 0.16, and 0.18 vs 0
respectively.
10401
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tional domains is 4 or 5 for each star and the space aroun
The domains have an onion-like structure, being centered
each star: the innermost domain covers the star, two or th
domains~shells! are placed outside it, and the external d
main extends to infinity thanks to some compactification~cf.
Sec. IV A of paper I for all details!. The total number of
domains is therefore 23458 or 235510. We use eight
domains for close orbital separation and ten domains
large orbital separation. The numbers of collocation points
each domains areNr3Nu3Nw533325324 or 25317
316, whereNr , Nu , andNw denote the number of colloca
tion points of the radial, the polar, and the azimuthal dire
tions, respectively.

We parametrize the different mass systems by the va
of (M /R)`,star 1 vs (M /R)`,star 2, where (M /R)` denotes the
compactness of the isolated spherical star with the sa
baryon number.

First of all, the relative changes in central energy dens
for the cases ofM /R50.14 vs 0.14 and 0.14 vs 0.16 a
depicted in Fig. 2 as a function of the orbital separatio
@Hereafter we abbreviate (M /R)`,star 1 vs (M /R)`,star 2 as
M /R for simplicity.# One can see from these figures that t
central energy density decreases monotonically in both s
chronized and irrotational cases.3 The decrease of the centra

3In paper I~Table III!, as well as in@11# ~Fig. 1!, there was a slight
increase in the central energy density for irrotational binaries at
large and medium separations. However, from paper II we h
improved the method to determine the surface of the star, wh
leads to a better accuracy in the present work.

-

e

ess
8,

FIG. 8. Same as Fig. 7, but for different mass binaries. The
~right! panel is for synchronized~irrotational! binaries. The solid
line denotes the case of identical mass binary with the compact
M /R50.14. Thin and thick dotted lines are for the compactn
M /R50.14 vs 0.15 of the more massive and less massive s
respectively. Thin and thick dashed lines are for the compactn
M /R50.14 vs 0.16 of the more massive and less massive s
respectively.
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FIG. 9. Isocontours of the baryon density for synchronized binary systems. The left panel is for the compactnessM /R50.14 vs 0.14, the
center panelM /R50.14 vs 0.15, and the right panelM /R50.14 vs 0.16. The orbital axis is located onx50 in each panel.
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energy density for the synchronized case is about 10%
more at the end of the sequence, while for the irrotatio
case, it is only about 1%.

Next, the ADM mass of the binary system@Eq. ~6!# is
shown in Figs. 3–5 as a function of the orbital angular v
locity, for different mass ratios and different states of ro
tion. One can clearly see the turning point in the synch
nized cases for identical mass binaries. For more com
stars the turning points appear relatively earlier than thos
less compact ones. On the other hand, we do not find
turning point in irrotational binaries. Moreover, it becom
more difficult for the turning point to appear even in th
synchronized case when the mass difference in the bin
system increases.

In Fig. 6 we show the total angular momentum of t
binary system as a function of the orbital angular velocity
the compactnessM /R50.18 vs 0.18. For synchronized bina
ries, the turning point of the total angular momentum co
cides with that of the ADM mass within the numerical acc
racy.

The equatorial to polar ratios of the radial derivative
the enthalpy are shown as a function of the orbital separa
normalized by the radius of a star to the companion sta
10401
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l
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ct
of
ny
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Figs. 7 and 8. As explained in papers I and II, this quant

xª
~]H/]r !eq,comp

~]H/]r !pole
~13!

is a good dimensionless indicator to detect the appearanc
cusp at the stellar surface, which corresponds to the m
shedding limit. It is worth to plot the variation ofx with
respect to the orbital separation normalized by the sum of
radius of each star toward its companion:d/(a11a18), where
d denotes the orbital separation between the two coordin
center~maximum of density!, a1 the radius of the less mas
sive star in the direction of its companion, anda18 that of the
more massive star. Note here that the separationd and the
radii a1 and a18 are coordinate lengths. If the quantityx
becomes zero, we can conclude that the sequence end
mass shedding. On the other hand, if the quantityd/(a1

1a18) becomes unity, the two stars will contact each other
is found from Fig. 7 that for synchronized identical ma
binaries the sequences seem to terminate by the contac
tween the two stars~the quantityx will become zero at the
same time!. The important feature of the sequences is t
FIG. 10. Same as Fig. 9, but for irrotational binary systems.
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TABLE I. Orbital angular velocity, ADM mass, total angular momentum, virial errors, axial ratios, relative change in central e
density, and the cusp indicatorx along constant baryon number sequences of identical mass binaries in synchronized motion, for
compactness. The symbol † denotes the turning point of the sequences.

Identical mass stars, Synchronized case

d̄G d̃ V̄ M̄ J̄ uV̄E(M )u uV̄E(GB)u uV̄E(FUS)u a2 /a1 a3 /a1 dec x

M /R50.12 vs 0.12, M̄B50.1299 vs 0.1299
4.873 2.757 4.299(22) 0.2432 7.675(22) 8.840(26) 1.453(25) 1.350(25) 0.9846 0.9773 21.136(22) 0.9395
3.655 2.033 6.473(22) 0.2429 7.057(22) 6.931(26) 1.142(25) 1.042(25) 0.9637 0.9438 22.675(22) 0.8500
3.046 1.639 8.366(22) 0.2427 6.793(22) 6.181(26) 8.837(26) 7.788(26) 0.9317 0.8970 24.736(22) 0.7236
2.864 1.509 9.125(22) 0.2427 6.733(22) 4.256(26) 7.069(26) 6.307(26) 0.9126 0.8713 25.820(22) 0.6531
2.742 1.415 9.701(22) 0.2426 6.703(22) 5.475(26) 6.589(26) 5.809(26) 0.8942 0.8478 26.772(22) 0.5875
2.650 1.338 1.018(21) 0.2426 6.688(22) 8.194(27) 8.531(26) 7.661(26) 0.8752 0.8246 27.666(22) 0.5214

† 2.565 1.255 1.066(21) 0.2426 6.684(22) 8.662(26) 2.064(25) 1.707(25) 0.8492 0.7949 28.698(22) 0.4353
2.559 1.249 1.070(21) 0.2426 6.684(22) 4.567(26) 2.755(25) 2.337(25) 0.8470 0.7924 28.781(22) 0.4278
2.528 1.215 1.089(21) 0.2426 6.685(22) 1.195(26) 3.725(25) 3.236(25) 0.8342 0.7783 29.223(22) 0.3858

M /R50.14 vs 0.14, M̄B50.1461 vs 0.1461
4.873 2.979 4.505(22) 0.2708 9.090(22) 1.558(25) 2.677(25) 2.525(25) 0.9877 0.9821 21.119(22) 0.9513
3.655 2.211 6.764(22) 0.2704 8.357(22) 1.271(25) 2.189(25) 2.026(25) 0.9720 0.9560 22.588(22) 0.8805
3.046 1.803 8.719(22) 0.2702 8.031(22) 9.695(26) 1.673(25) 1.527(25) 0.9494 0.9209 24.480(22) 0.7846
2.742 1.581 1.008(21) 0.2700 7.902(22) 9.415(26) 1.372(25) 1.214(25) 0.9253 0.8864 26.247(22) 0.6900
2.620 1.485 1.074(21) 0.2700 7.864(22) 3.142(26) 1.728(25) 1.568(25) 0.9099 0.8658 27.263(22) 0.6326
2.499 1.380 1.147(21) 0.2700 7.839(22) 1.412(25) 2.865(25) 2.280(25) 0.8878 0.8378 28.559(22) 0.5538

† 2.413 1.297 1.203(21) 0.2700 7.833(22) 1.192(25) 3.127(25) 2.535(25) 0.8652 0.8108 29.715(22) 0.4761
2.377 1.258 1.229(21) 0.2700 7.834(22) 9.280(26) 3.548(25) 2.930(25) 0.8522 0.7960 21.030(21) 0.4328
2.346 1.221 1.252(21) 0.2700 7.836(22) 1.396(25) 7.557(25) 6.519(25) 0.8390 0.7814 21.084(21) 0.3893

M /R50.16 vs 0.16, M̄B50.1600 vs 0.1600
4.264 2.829 5.634(22) 0.2935 9.912(22) 2.509(25) 4.471(25) 4.242(25) 0.9862 0.9791 21.699(22) 0.9417
3.655 2.414 6.990(22) 0.2933 9.497(22) 2.255(25) 4.021(25) 3.777(25) 0.9786 0.9662 22.641(22) 0.9059
3.046 1.983 8.992(22) 0.2930 9.114(22) 1.815(25) 3.248(25) 3.011(25) 0.9626 0.9397 24.486(22) 0.8328
2.620 1.659 1.104(21) 0.2928 8.898(22) 1.382(25) 2.393(25) 2.181(25) 0.9367 0.9005 27.066(22) 0.7240
2.438 1.506 1.218(21) 0.2927 8.836(22) 2.887(25) 4.340(25) 3.510(25) 0.9153 0.8708 28.872(22) 0.6414
2.316 1.393 1.306(21) 0.2927 8.813(22) 2.270(25) 3.892(25) 3.056(25) 0.8929 0.8419 21.053(21) 0.5597

† 2.255 1.331 1.354(21) 0.2927 8.810(22) 2.050(25) 3.994(25) 3.153(25) 0.8771 0.8226 21.156(21) 0.5042
2.194 1.261 1.405(21) 0.2927 8.815(22) 3.159(26) 6.903(25) 5.741(25) 0.8556 0.7975 21.277(21) 0.4312
2.164 1.220 1.432(21) 0.2927 8.821(22) 3.129(25) 5.921(25) 5.015(25) 0.8409 0.7813 21.350(21) 0.3837

M /R50.18 vs 0.18, M̄B50.1710 vs 0.1710
3.655 2.650 7.156(22) 0.3108 1.040(21) 3.917(25) 7.192(25) 6.851(25) 0.9840 0.9745 23.007(22) 0.9273
3.046 2.188 9.193(22) 0.3104 9.968(22) 3.292(25) 6.062(25) 5.706(25) 0.9726 0.9547 25.015(22) 0.8716
2.559 1.796 1.163(21) 0.3101 9.679(22) 2.624(25) 4.584(25) 4.207(25) 0.9512 0.9201 28.243(22) 0.7743
2.316 1.581 1.330(21) 0.3100 9.582(22) 3.933(25) 6.381(25) 5.182(25) 0.9284 0.8865 21.108(21) 0.6802
2.194 1.463 1.428(21) 0.3100 9.555(22) 3.324(25) 3.124(25) 2.506(25) 0.9094 0.8607 21.308(21) 0.6071

† 2.134 1.398 1.482(21) 0.3100 9.550(22) 2.666(25) 6.812(25) 5.487(25) 0.8962 0.8436 21.431(21) 0.5585
2.073 1.328 1.540(21) 0.3100 9.554(22) 2.113(25) 7.194(25) 5.803(25) 0.8788 0.8220 21.574(21) 0.4966
2.042 1.290 1.571(21) 0.3100 9.559(22) 1.005(27) 1.085(24) 8.977(25) 0.8675 0.8087 21.656(21) 0.4581
2.012 1.248 1.602(21) 0.3100 9.567(22) 4.965(25) 1.943(24) 1.632(24) 0.8537 0.7930 21.747(21) 0.4120
a
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they take almost the same track regardless of the comp
ness. On the contrary, one can see from Fig. 7 that for i
tational binaries the sequences seem to terminate by a
point ~mass shedding!. Such a behavior is enhanced for mo
compact cases. In Fig. 8, we compare the quantityx of iden-
tical mass binary of the compactnessM /R50.14 with that of
different mass binaries of the compactnessM /R50.14 vs
0.15 and 0.14 vs 0.16. It is found that the sequences see
terminate by a cusp point of the less massive star for b
10401
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synchronized and irrotational binaries when we extrapo
the lines, while the more massive star keeps its shape ne
spherical one~see the next paragraph!. When we increase the
difference in mass between two stars, this tendency is
hanced.

It is worth mentioning that as soon as the two mas
differ, even slightly, the sequence of a synchronized bin
system terminates by a cusp point, because the line for
less massive star is always located below that for the ide
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TABLE II. Same as Table I but for different mass binary systems. The prime denotes the values for the more massive sta

Different mass stars, Synchronized case

d̄G d̃ V̄ M̄ J̄ uV̄E(M )u uV̄E(GB)u uV̄E(FUS)u a2 /a1 a3 /a1 dec x

a28/a18 a38/a18 dec8 x8

M /R50.12 vs 0.14, M̄B50.1299 vs 0.1461
4.873 2.863 4.404(22) 0.2570 8.347(22) 1.201(25) 2.022(25) 1.895(25) 0.9827 0.9754 21.197(22) 0.9345

0.9891 0.9833 21.066(22) 0.9548
3.655 2.117 6.621(22) 0.2567 7.675(22) 9.690(26) 1.633(25) 1.501(25) 0.9593 0.9391 22.824(22) 0.8376

0.9750 0.9592 22.467(22) 0.8891
3.046 1.715 8.547(22) 0.2565 7.382(22) 7.292(26) 1.220(25) 1.106(25) 0.9234 0.8882 25.023(22) 0.7001

0.9547 0.9265 24.264(22) 0.8001
2.864 1.583 9.317(22) 0.2564 7.312(22) 6.226(26) 1.043(25) 9.430(26) 0.9018 0.8600 26.189(22) 0.6227

0.9434 0.9095 25.169(22) 0.7532
2.742 1.488 9.899(22) 0.2564 7.275(22) 1.408(25) 1.812(25) 1.523(25) 0.8807 0.8338 27.209(22) 0.5501

0.9330 0.8946 25.930(22) 0.7121
2.681 1.437 1.022(21) 0.2563 7.261(22) 1.605(25) 2.080(25) 1.631(25) 0.8665 0.8170 27.840(22) 0.5026

0.9265 0.8856 26.392(22) 0.6870
2.620 1.383 1.055(21) 0.2563 7.249(22) 1.185(25) 2.514(25) 2.050(25) 0.8486 0.7965 28.565(22) 0.4439

0.9190 0.8753 26.900(22) 0.6582
2.577 1.342 1.080(21) 0.2563 7.243(22) 1.161(26) 4.051(25) 3.446(25) 0.8327 0.7789 29.144(22) 0.3923

0.9128 0.8671 27.294(22) 0.6352
M /R50.14 vs 0.16, M̄B50.1461 vs 0.1600

4.873 3.102 4.586(22) 0.2823 9.688(22) 2.076(25) 3.649(25) 3.473(25) 0.9865 0.9810 21.164(22) 0.9484
0.9912 0.9869 21.119(22) 0.9635

3.655 2.307 6.879(22) 0.2818 8.905(22) 1.736(25) 3.055(25) 2.855(25) 0.9694 0.9534 22.691(22) 0.8733
0.9805 0.9679 22.550(22) 0.9110

3.046 1.888 8.858(22) 0.2816 8.552(22) 1.370(25) 2.420(25) 2.232(25) 0.9449 0.9161 24.664(22) 0.7717
0.9657 0.9429 24.331(22) 0.8417

2.742 1.662 1.024(21) 0.2814 8.408(22) 1.132(25) 1.941(25) 1.771(25) 0.9186 0.8794 26.518(22) 0.6711
0.9507 0.9193 25.931(22) 0.7762

2.620 1.564 1.090(21) 0.2814 8.364(22) 2.342(25) 3.453(25) 2.770(25) 0.9016 0.8572 27.584(22) 0.6096
0.9416 0.9056 26.817(22) 0.7384

2.499 1.460 1.163(21) 0.2814 8.329(22) 2.577(25) 3.575(25) 2.861(25) 0.8774 0.8271 28.945(22) 0.5251
0.9295 0.8882 27.911(22) 0.6897

2.438 1.403 1.203(21) 0.2813 8.318(22) 1.268(25) 4.801(25) 3.990(25) 0.8603 0.8071 29.800(22) 0.4677
0.9217 0.8775 28.567(22) 0.6595

2.377 1.341 1.245(21) 0.2813 8.310(22) 1.713(25) 1.014(24) 8.814(25) 0.8376 0.7814 21.079(21) 0.3927
0.9124 0.8650 29.308(22) 0.6238

M /R50.16 vs 0.18, M̄B50.1600 vs 0.1710
4.264 2.957 5.704(22) 0.3023 1.037(21) 3.359(25) 6.089(25) 5.824(25) 0.9852 0.9782 21.745(22) 0.9393

0.9901 0.9848 21.904(22) 0.9566
3.655 2.526 7.074(22) 0.3020 9.936(22) 3.049(25) 5.543(25) 5.256(25) 0.9772 0.9648 22.712(22) 0.9021

0.9850 0.9754 22.934(22) 0.9301
3.046 2.080 9.094(22) 0.3017 9.529(22) 2.522(25) 4.605(25) 4.311(25) 0.9602 0.9373 24.608(22) 0.8260

0.9743 0.9564 24.896(22) 0.8764
2.620 1.747 1.116(21) 0.3015 9.293(22) 1.940(25) 3.529(25) 3.267(25) 0.9328 0.8963 27.264(22) 0.7127

0.9577 0.9289 27.522(22) 0.7990
2.438 1.592 1.230(21) 0.3014 9.221(22) 3.520(25) 5.539(25) 4.539(25) 0.9100 0.8653 29.132(22) 0.6266

0.9448 0.9089 29.288(22) 0.7431
2.316 1.479 1.318(21) 0.3013 9.188(22) 3.541(25) 5.009(25) 4.242(25) 0.8862 0.8350 21.085(21) 0.5411

0.9324 0.8907 21.081(21) 0.6915
2.237 1.398 1.381(21) 0.3013 9.177(22) 1.418(25) 7.574(25) 6.303(25) 0.8633 0.8075 21.226(21) 0.4625

0.9214 0.8753 21.204(21) 0.6480
2.194 1.350 1.417(21) 0.3013 9.174(22) 1.249(25) 1.266(24) 1.084(24) 0.8465 0.7883 21.315(21) 0.4063

0.9141 0.8655 21.278(21) 0.6200
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TABLE III. Same as Table I, but for irrotational binaries.

Identical mass stars, Irrotational case

d̄G d̃ V̄ M̄ J̄ uV̄E(M )u uV̄E(GB)u uV̄E(FUS)u a2 /a1 a3 /a1 dec x

M /R50.12 vs 0.12, M̄B50.1299 vs 0.1299
6.090 3.472 3.120(22) 0.2434 8.076(22) 9.264(26) 1.530(25) 1.439(25) 0.9916 0.9945 28.061(25) 0.9837
4.872 2.780 4.304(22) 0.2432 7.365(22) 8.394(26) 1.371(25) 1.266(25) 0.9846 0.9882 22.038(24) 0.9654
3.653 2.072 6.488(22) 0.2428 6.589(22) 5.992(26) 9.535(26) 8.445(26) 0.9631 0.9681 28.804(24) 0.9055
3.044 1.694 8.397(22) 0.2425 6.180(22) 3.377(26) 4.933(26) 3.962(26) 0.9299 0.9369 22.613(23) 0.8082
2.861 1.570 9.164(22) 0.2423 6.058(22) 6.164(26) 8.369(26) 6.394(26) 0.9100 0.9183 23.929(23) 0.7459
2.738 1.478 9.746(22) 0.2423 5.978(22) 4.595(26) 6.938(26) 5.079(26) 0.8896 0.8988 25.328(23) 0.6692
2.616 1.375 1.040(21) 0.2422 5.900(22) 1.337(25) 1.239(25) 7.816(26) 0.8582 0.8705 27.548(23) 0.5655
2.554 1.304 1.076(21) 0.2422 5.864(22) 5.612(27) 1.134(26) 6.392(26) 0.8283 0.8428 29.566(23) 0.4476
2.523 1.259 1.095(21) 0.2421 5.846(22) 2.005(25) 5.038(26) 1.880(25) 0.8064 0.8223 21.111(22) 0.3720

M /R50.14 vs 0.14, M̄B50.1461 vs 0.1461
4.872 3.001 4.510(22) 0.2707 8.755(22) 1.494(25) 2.565(25) 2.409(25) 0.9877 0.9914 21.870(24) 0.9736
3.653 2.249 6.780(22) 0.2702 7.858(22) 1.136(25) 1.924(25) 1.748(25) 0.9717 0.9766 27.114(24) 0.9284
3.044 1.856 8.753(22) 0.2699 7.384(22) 7.459(26) 1.222(25) 1.054(25) 0.9483 0.9545 21.940(23) 0.8594
2.739 1.645 1.014(21) 0.2697 7.146(22) 5.141(26) 6.971(26) 5.511(26) 0.9231 0.9309 23.673(23) 0.7812
2.617 1.553 1.080(21) 0.2696 7.053(22) 8.504(26) 1.243(25) 9.189(26) 0.9067 0.9154 25.005(23) 0.7255
2.495 1.453 1.154(21) 0.2695 6.962(22) 1.532(25) 2.005(25) 1.304(25) 0.8819 0.8929 26.999(23) 0.6432
2.433 1.392 1.195(21) 0.2694 6.918(22) 1.200(25) 1.575(25) 7.702(26) 0.8616 0.8742 28.502(23) 0.5623
2.403 1.353 1.216(21) 0.2694 6.896(22) 5.376(26) 1.547(26) 1.295(25) 0.8453 0.8591 29.722(23) 0.4950
2.372 1.305 1.238(21) 0.2694 6.874(22) 6.626(25) 6.375(25) 8.573(25) 0.8227 0.8382 21.187(22) 0.4140

M /R50.16 vs 0.16, M̄B50.1600 vs 0.1600
4.263 2.858 5.643(22) 0.2934 9.499(22) 2.404(25) 4.283(25) 4.043(25) 0.9863 0.9903 23.097(24) 0.9689
3.653 2.452 7.007(22) 0.2931 8.988(22) 2.093(25) 3.718(25) 3.456(25) 0.9786 0.9833 26.159(24) 0.9468
3.044 2.037 9.028(22) 0.2927 8.461(22) 1.544(25) 2.709(25) 2.441(25) 0.9621 0.9679 21.548(23) 0.8975
2.739 1.821 1.044(21) 0.2924 8.194(22) 1.117(25) 1.921(25) 1.659(25) 0.9454 0.9522 22.795(23) 0.8464
2.556 1.684 1.147(21) 0.2922 8.036(22) 1.693(25) 1.689(25) 1.253(25) 0.9291 0.9368 24.126(23) 0.7937
2.434 1.585 1.227(21) 0.2921 7.933(22) 1.539(25) 2.183(25) 1.667(25) 0.9127 0.9213 25.743(23) 0.7351
2.312 1.478 1.316(21) 0.2920 7.833(22) 1.866(25) 2.815(25) 1.727(25) 0.8876 0.8986 28.268(23) 0.6512
2.251 1.405 1.365(21) 0.2919 7.783(22) 1.504(25) 1.274(25) 2.947(25) 0.8614 0.8745 21.052(22) 0.5389
2.220 1.355 1.390(21) 0.2919 7.754(22) 1.168(24) 1.423(24) 1.751(24) 0.8386 0.8535 21.314(22) 0.4546

M /R50.18 vs 0.18, M̄B50.1710 vs 0.1710
3.654 2.692 7.173(22) 0.3106 9.902(22) 3.784(25) 6.963(25) 6.598(25) 0.9842 0.9887 26.028(24) 0.9618
3.044 2.247 9.228(22) 0.3101 9.334(22) 3.055(25) 5.616(25) 5.218(25) 0.9728 0.9781 21.402(23) 0.9269
2.740 2.018 1.066(21) 0.3099 9.046(22) 2.478(25) 4.546(25) 4.136(25) 0.9617 0.9677 22.408(23) 0.8923
2.557 1.877 1.170(21) 0.3097 8.874(22) 2.091(25) 3.724(25) 3.304(25) 0.9513 0.9579 23.502(23) 0.8597
2.313 1.678 1.340(21) 0.3094 8.650(22) 2.473(25) 4.064(25) 3.310(25) 0.9287 0.9367 26.232(23) 0.7855
2.191 1.570 1.441(21) 0.3092 8.542(22) 3.136(25) 5.104(25) 3.558(25) 0.9091 0.9188 28.975(23) 0.7201
2.130 1.508 1.497(21) 0.3092 8.490(22) 2.370(25) 3.947(25) 2.302(25) 0.8934 0.9044 21.088(22) 0.6571
2.099 1.466 1.525(21) 0.3091 8.461(22) 1.552(25) 1.699(25) 3.932(25) 0.8783 0.8905 21.254(22) 0.5868
2.068 1.411 1.553(21) 0.3091 8.421(22) 1.832(24) 2.664(24) 3.122(24) 0.8547 0.8691 21.612(22) 0.4960
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cal mass stars which will reachx50 atd/(a11a18)51. This
implies that the line for the less massive star seems to alw
reachx50 at d/(a11a18).1. Note here that the sequenc
for identical mass binaries and less massive stars in diffe
mass binaries should reach the pointx50. However, in our
numerical method, we cannot treat a cuspy figure becaus
adapt the innermost numerical domain to the surface of
star and the multidomain spectral method that we use
sumes that the domain boundaries are smooth surfaces
very close configurations, it becomes therefore difficult
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make the iterative procedure converge to a sufficient le
i.e., to have the relative differencedH in the enthalpy field
between two steps lower than 1025. This explains why we
stop the sequences atx.0.4. We usedH510210 for very
large separations,dH51028 to 1027 for medium ones, and
dH51026 to 1025 for very close ones.

In Figs. 9 and 10, isocontours of the baryon density
various binary systems are shown. There are three pane
each figure. The left panel shows the result for identical m
binary with the compactnessM /R50.14 vs 0.14. The cente
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TABLE IV. Same as Table III but for different mass binary systems. The prime denotes the values for the more massive st

Different mass stars, Irrotational case

d̄G d̃ V̄ M̄ J̄ uV̄E(M )u uV̄E(GB)u uV̄E(FUS)u a2 /a1 a3 /a1 dec x

a28/a18 a38/a18 dec8 x8

M /R50.12 vs 0.14, M̄B50.1299 vs 0.1299
6.090 3.602 3.199(22) 0.2572 8.790(22) 1.249(25) 2.119(25) 2.011(25) 0.9904 0.9938 21.076(24) 0.9819

0.9940 0.9964 25.955(25) 0.9889
3.653 2.156 6.637(22) 0.2565 7.191(22) 8.519(26) 1.408(25) 1.267(25) 0.9586 0.9645 21.116(23) 0.8950

0.9748 0.9789 25.560(24) 0.9355
3.044 1.769 8.579(22) 0.2562 6.751(22) 5.310(26) 8.355(26) 7.043(26) 0.9212 0.9295 23.284(23) 0.7858

0.9538 0.9591 21.541(23) 0.8732
2.861 1.643 9.359(22) 0.2561 6.619(22) 8.448(26) 1.253(25) 9.948(26) 0.8985 0.9081 24.941(23) 0.7131

0.9420 0.9480 22.256(23) 0.8374
2.739 1.553 9.949(22) 0.2560 6.533(22) 1.412(25) 1.903(25) 1.371(25) 0.8750 0.8867 26.731(23) 0.6375

0.9311 0.9379 22.988(23) 0.8038
2.677 1.503 1.027(21) 0.2559 6.490(22) 1.371(25) 1.827(25) 1.285(25) 0.8583 0.8712 27.965(23) 0.5768

0.9243 0.9316 23.465(23) 0.7824
2.616 1.446 1.061(21) 0.2559 6.448(22) 9.790(26) 1.443(25) 8.245(26) 0.8333 0.8481 29.742(23) 0.4796

0.9163 0.9242 24.057(23) 0.7563
2.585 1.412 1.079(21) 0.2559 6.428(22) 6.266(27) 5.076(26) 3.032(26) 0.8146 0.8308 21.118(22) 0.4100

0.9115 0.9197 24.414(23) 0.7404
M /R50.14 vs 0.16, M̄B50.1461 vs 0.1600

4.872 3.125 4.591(22) 0.2822 9.348(22) 2.010(25) 3.534(25) 3.351(25) 0.9865 0.9907 22.313(24) 0.9714
0.9913 0.9944 21.466(24) 0.9819

3.653 2.346 6.896(22) 0.2817 8.401(22) 1.587(25) 2.772(25) 2.558(25) 0.9691 0.9746 28.582(24) 0.9225
0.9805 0.9846 25.065(24) 0.9509

3.044 1.941 8.893(22) 0.2813 7.901(22) 1.123(25) 1.927(25) 1.713(25) 0.9436 0.9507 22.314(23) 0.8477
0.9653 0.9703 21.292(23) 0.9052

2.739 1.726 1.029(21) 0.2810 7.650(22) 1.417(25) 2.285(25) 1.876(25) 0.9161 0.9249 24.405(23) 0.7630
0.9498 0.9558 22.366(23) 0.8577

2.617 1.634 1.096(21) 0.2809 7.551(22) 1.342(25) 2.021(25) 1.619(25) 0.8974 0.9072 25.894(23) 0.6942
0.9405 0.9470 23.135(23) 0.8285

2.495 1.534 1.171(21) 0.2808 7.454(22) 1.867(25) 2.751(25) 1.896(25) 0.8692 0.8817 28.357(23) 0.6020
0.9278 0.9353 24.218(23) 0.7882

2.434 1.472 1.211(21) 0.2808 7.406(22) 6.809(26) 1.456(25) 4.008(26) 0.8423 0.8569 21.046(22) 0.4925
0.9195 0.9276 24.967(23) 0.7611

2.403 1.434 1.232(21) 0.2808 7.382(22) 2.180(25) 1.778(25) 3.298(25) 0.8210 0.8372 21.249(22) 0.4165
0.9146 0.9230 25.427(23) 0.7442

M /R50.16 vs 0.18, M̄B50.1600 vs 0.1710
4.263 2.988 5.713(22) 0.3022 9.963(22) 3.261(25) 5.931(25) 5.653(25) 0.9853 0.9897 23.607(24) 0.9671

0.9904 0.9939 22.793(24) 0.9789
3.044 2.136 9.130(22) 0.3014 8.885(22) 2.260(25) 4.105(25) 3.774(25) 0.9597 0.9660 21.765(23) 0.8917

0.9745 0.9793 21.225(23) 0.9308
2.618 1.821 1.123(21) 0.3010 8.498(22) 1.484(25) 2.691(25) 2.391(25) 0.9312 0.9393 24.138(23) 0.8036

0.9578 0.9636 22.732(23) 0.8786
2.435 1.676 1.239(21) 0.3008 8.336(22) 3.135(25) 5.044(25) 3.855(25) 0.9072 0.9171 26.569(23) 0.7268

0.9448 0.9516 24.189(23) 0.8376
2.312 1.568 1.328(21) 0.3007 8.230(22) 2.650(25) 4.263(25) 2.981(25) 0.8791 0.8912 29.320(23) 0.6225

0.9323 0.9400 25.731(23) 0.7972
2.282 1.536 1.352(21) 0.3007 8.204(22) 1.853(25) 3.204(25) 1.787(25) 0.8661 0.8793 21.047(22) 0.5663

0.9284 0.9363 26.185(23) 0.7842
2.251 1.498 1.377(21) 0.3006 8.177(22) 1.672(25) 1.483(25) 3.366(25) 0.8461 0.8609 21.245(22) 0.4852

0.9240 0.9322 26.763(23) 0.7692
2.233 1.473 1.392(21) 0.3006 8.159(22) 6.054(25) 7.237(25) 9.823(25) 0.8318 0.8478 21.447(22) 0.4392

0.9210 0.9294 27.143(23) 0.7589
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and right ones show the results for different mass bina
with the compactnessM /R50.14 vs 0.15, and 0.14 vs 0.16
respectively. In these panels, the left-hand side star is the
massive star. It is clearly seen that the less massive st
tidally deformed and elongated while the more massive
relatively does not deviate from the spherical shape so m
~see the right panel!. The orbital separations of these isoco
tours are listed in the last line of each case in tables be
which corresponds to the closest figure we can calcul
except for the case ofM /R50.14 vs 0.15 which we do no
show in the present paper as a table.

Finally, our numerical results for constant baryon numb
sequences are presented in Tables I–IV. We represen
orbital separation by two quantities:

d̄G5
dG

Rpoly
, ~14!

d̄5
d

Rpoly
. ~15!

dG is the coordinate separation between the centers of m
of each star~same definition as Eq.~107! of @29# or Eq.~128!
of paper I!, d between the two stellar centers is defined as
maxima of the density field, andRpoly the length constructed
from the polytropic constantsk andg @Eq. ~3!#

Rpolyªk1/2(g21). ~16!

The dimensionless orbital angular velocity is defined by

V̄ªVk1/2(g21), ~17!

FIG. 11. Axial ratiosa2 /a1 or a3 /a1 as a function of the cusp
indicatorx. The left ~right! panel is for synchronized~irrotational!
binaries. Solid and dotted lines denote the axial ratiosa2 /a1 and
a3 /a1 for the compactnessM /R50.12 vs 0.12, respectively
Dashed and long-dashed lines are the axial ratiosa2 /a1 anda3 /a1

for the compactnessM /R50.16 vs 0.16, respectively.
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the dimensionless ADM mass by

M̄ªMADMk21/2(g21), ~18!

the dimensionless baryon mass by

M̄BªMBk21/2(g21), ~19!

and the dimensionless total angular momentum by

J̄ªJk21/(g21). ~20!

The virial errorsV̄E(M ), V̄E(GB), and V̄E(FUS) are de-
fined by Eqs.~10!, ~12!, and~11! respectively.a1 denotes the
coordinate radius toward the companion star,a2 the radius
perpendicular to it in the orbital plane, anda3 the radius
perpendicular to the orbital plane.dec is the relative change
in central energy density:decª(ec2ec,`)/ec,` , and the cusp
indicator x is defined by Eq.~13!. In the tables, the prime
denotes the values for the more massive star, and the sym
† denotes the turning point in the ADM mass along the
quence.

FIG. 12. Same as Fig. 11 but for different mass binaries. T
solid line with open and closed circles denotes the axial ra
a2 /a1 and a3 /a1 of the compactnessM /R50.14 vs 0.14, respec
tively. The dotted line with open and closed squares denotes
axial ratiosa2 /a1 and a3 /a1 of the compactnessM /R50.14 vs
0.15 for a less massive star, respectively. The dashed line with o
and closed diamonds denotes the axial ratiosa2 /a1 and a3 /a1 of
the compactnessM /R50.14 vs 0.15 for a more massive star, r
spectively. The long-dashed line with open and closed triangles
notes the axial ratiosa2 /a1 and a3 /a1 of the compactnessM /R
50.14 vs 0.16 for less massive star, respectively. The dot-das
line with open and closed inverted triangles denotes the axial ra
a2 /a1 anda3 /a1 of the compactnessM /R50.14 vs 0.16 for a more
massive star, respectively.
9-11
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V. DISCUSSION

In this section, we discuss the behaviors of the axial
tios, the relative change in central energy density, and
turning point of the synchronized sequences.

In Figs. 11 and 12, the axial ratios are shown as a func
of the cusp indicatorx. In Fig. 11, we show the axial ratio
a2 /a1 and a3 /a1 for identical mass binaries with the com
pactnessM /R50.12 vs 0.12 and 0.16 vs 0.16. One can s
from this figure that each axial ratio has almost the sa
track regardless of the difference of the compactness, in
ticular for synchronized binary systems.~The axial ratios in-
crease very slightly as we increase the compactness fixinx.!
Moreover, such a coincidence of the sequence appears i
cases of different mass binary systems~see Fig. 12!. In those
cases, the sequences almost coincide with each other re
less of the compactness of the companion star. Note tha
sequences of the axial ratios for more massive stars end
fore x50, while those for less massive stars should re
the point x50. However, we cannot treat a cuspy figu
with our numerical method because we adapt the innerm
numerical domain to the surface of the star and the dom
boundaries are assumed to be smooth~see discussion in Sec
IV !. Therefore we had to stop the sequences at arounx
50.4 for the less massive star.

The relative change in central energy density is presen
as a function ofx in Fig. 13. It is clearly seen that th

FIG. 13. Relative change in central energy density as a func
of the cusp indicatorx. The left ~right! panel is for synchronized
~irrotational! binaries. Solid lines with open circles, squares, d
monds, and triangles denote the cases of the identical mass bin
with the compactnessM /R50.12 vs 0.12, 0.14 vs 0.14, 0.16 v
0.16, and 0.18 vs 0.18, respectively. Thin and thick dotted lines
for the compactnessM /R50.12 vs 0.14 of the less massive an
more massive stars, respectively. Thin and thick dashed lines ar
the compactnessM /R50.14 vs 0.16 of the less massive and mo
massive stars, respectively. Thin and thick long-dashed lines ar
the compactnessM /R50.16 vs 0.18 of the less massive and mo
massive stars, respectively.
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sequences for the synchronized case with the same com
ness coincide with each other, while those with the differ
compactness split into curves with respect to each comp
ness. For example, the relative change for the identical
nary system with the compactnessM /R50.14 coincides
with that for the more massive star of the different ma
binary withM /R50.12 vs 0.14 and that for the less massi
star with M /R50.14 vs 0.16. However, the sequences
stars withM /R50.12, 0.14, and 0.16 are different from ea
other.

Finally, let us comment on the behavior of the turnin
point of the ADM mass~binding energy! along a sequence
We never found any turning points for irrotational bina
systems with the polytropic indexg52. On the other hand
it appeared clearly for the synchronized case. In Fig. 14,
cusp indicatorx at the turning point of synchronized ident
cal mass binary systems is plotted as a function of the c
pactnessM /R. Since the accuracy of the determination
the ADM mass is order of 1025 in our calculations, the rela
tive errors on the orbital angular velocity and the quantityx
at the turning point become a few percents. Even when
is taking this fact into account, it is possible to conclude th
the line in Fig. 14 increases proportionally to the compa
ness of the stars. This behavior agrees with the value
x turning that we have found in Newtonian calculations (M /R
50), namelyx turning50.2862~Table I of paper II!.

VI. SUMMARY

In the present paper, we have computed constant ba
number sequences of binary neutron stars in quasiequ
rium, in the case of both synchronized and irrotational m
tion and in the case of both identical and different ma
systems. We have performed a general relativistic treatm
within the IWM approximation~conformally flat spatial met-

n

-
ries

re

for

for

FIG. 14. Cusp indicatorx at the turning point of the ADM mass
along a sequence of synchronized identical mass binaries, as a
tion of the compactnessM /R.
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ric!. We have used a polytropic equation of state with
adiabatic indexg52.

The summary of our results is that~1! among the quasi-
equilibrium sequences we have calculated in the presen
per, only the synchronized identical star binaries termin
by the contact between two stars, while all the other type
sequences~synchronized different star binaries, irrotation
identical star, and different star binaries! end at the mass
shedding points. Note here that we cannot conclude ab
the end points ofnonquasiequilibriumsequences~i.e., dy-
namical sequences!, such as binary systems without viscos
but with intrinsic non-aligned spins, those with slight visco
ity and deviating from both the irrotational state and t
synchronized one, those with infalling radial velocity, and
on. ~2! For identical mass binary systems there is no turn
point of the ADM mass in the irrotational case, while there
clearly one before the end point of the sequence in the s
chronized case.~3! It is more difficult to see the turning
points of the ADM mass for different mass binary syste
et

um
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10401
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than for identical ones.~4! The deformation of the star is
determined by the orbital separation and the mass ratio an
not affected much by its compactness.~The axial ratios in-
crease very slightly as we increase the compactness fixingx.!
~5! The decrease of the central energy density depends on
compactness of the star and not on that of its companion
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