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Neutron star (NS) merger simulations are conducted for 38 representative microphysical descriptions of
high-density matter in order to explore the equation-of-state (EoS) dependence of the postmerger ring-
down phase. The formation of a deformed, oscillating, differentially rotating very massive NS is the
typical outcome of the coalescence of two stars with 1.35M, for most candidate EoSs. The oscillations of
this object imprint a pronounced peak in the gravitational wave (GW) spectra, which is used to
characterize the emission for a given model. The peak frequency of this postmerger GW signal correlates
very well with the radii of nonrotating NSs, and thus allows us to constrain the high-density EoS by a GW
detection. In the case of 1.35-1.35M, mergers the peak frequency scales particularly well with the radius
of an NS with 1.6M,, where the maximum deviation from this correlation is only 60 m for fully
microphysical EoSs which are compatible with NS observations. Combined with the uncertainty in the
determination of the peak frequency it appears likely that a GW detection can measure the radius of a
1.6M o NS with an accuracy of about 100-200 m. We also uncover relations of the peak frequency with the
radii of nonrotating NSs with 1.35M, or 1.8M, with the radius or the central energy density of the
maximum-mass Tolman-Oppenheimer-Volkoff configuration, and with the pressure or sound speed at a
fiducial rest mass density of about twice the nuclear saturation density. Furthermore, it is found that a
determination of the dominant postmerger GW frequency can provide an upper limit for the maximum
mass of nonrotating NSs. The effect of variations of the binary setup are investigated and corresponding
functional dependences between the peak frequency and radii of nonrotating NSs are derived. With higher
total binary masses, correlations are tighter for radii of nonrotating NSs with higher masses. The prospects
for a detection of the postmerger GW signal and a determination of the dominant GW frequency are
estimated to be in the range of 0.015-1.2 events per year with the upcoming Advanced Laser

Interferometer Gravitational Wave Observatory detector.
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L. INTRODUCTION

Neutron stars (NSs) are the smallest, densest, and most
compact stellar objects known to exist in the universe. The
conditions in the cores of NSs at several times nuclear
saturation density (po = 2.7 X 10'* g¢/cm?) have re-
mained a mystery since the discovery of these objects. In
particular, the composition and the equation-of-state (EoS)
of high-density matter are only incompletely known [1-3].
This results from the impossibility of directly accessing NS
matter by laboratory experiments, although some con-
straints are provided by the properties of neutron-rich
nuclei and by heavy-ion collisions [1,4], as well as from
uncertainties in nuclear forces and in solving the strongly
interacting many-body problem (see e.g., Refs. [1-3]).

From the astrophysical point of view the EoS is crucial
because it uniquely determines the NS structure and there-
fore the mass-radius relation of NSs, via the stellar struc-
ture equations (see e.g., Refs. [1-3,5]). This one-to-one
correspondence between the EoS and the mass-radius re-
lation of NSs allows one in principle to determine or at
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least to constrain the EoS from the simultaneous measure-
ment of the mass and the radius of an NS. While NS masses
have been measured very precisely in binary systems
[1,5-7], the determination of radii has not yet been
achieved with high precision (see e.g., Refs. [1,2,8,9] and
references therein). However, mass measurements alone
already constrain the possible EoSs because all mass-
radius relations feature a maximum-mass configuration,
where more massive objects are unstable and collapse to
a black hole (BH). The detection of a pulsar with
(1.97 = 0.04)M, via the determination of the Shapiro
delay in an NS-white dwarf binary rules out a variety of
theoretical descriptions of the EoS [10].

To date about ten NS binaries are known, which contain
at least one star visible as a pulsar. The stellar masses in
these systems have partially been measured very accu-
rately and cluster at about 1.35M, [1,5-7]. Because of
observational selection effects one expects many more
NS binaries to exist, which is also predicted by theoretical
models of the NS population [11]. Observationally it has
been confirmed that the NSs in a binary slowly approach
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each other because of the emission of gravitational waves
(GWs), which are generated by the orbital motion and
which carry away angular momentum and energy. As a
consequence of these losses, it is the fate of (isolated) NS
binaries to inspiral and finally to merge on timescales
which are found to be of the order of several hundred
Megayears for the known systems [5,12].

NS mergers have been identified as events whose dy-
namics depend crucially on the high-density EoS (see e.g.,
Refs. [13-15] for a review). Consequently, in numerical
models potentially observable signals of NS coalescences
have been found to show an EoS dependence. For instance,
short gamma-ray bursts are speculated to originate from
the BH-torus system forming milliseconds after the merg-
ing of the binary components [16]. In particular the sur-
vival time of the merger remnant before BH formation and
the torus mass providing the energy input to the burst has
been found to depend on the binary masses and the EoS
[17,18], where also the accurate treatment of thermal ef-
fects plays a role [19]. In the most extreme cases, the direct
collapse of the merger remnant to a BH or a very long
phase of stability before it becomes gravitationally un-
stable, might disfavor the gamma-ray burst production, a
possibility that depends sensitively on the mass of the
hypermassive remnant relative to the NS mass limit of
the EoS. It has also been shown that the amount of matter
becoming gravitationally unbound from the merger site for
a given binary configuration is influenced by the adopted
model of supranuclear matter [20]. These ejecta (typically
a few 1073M,) are observationally relevant because nu-
cleosynthetic reactions in the outflow can form the so-
called r-process elements; heavy neutron-rich nuclei whose
astrophysical production site has not been identified
yet (see Ref. [21] for calculations which take into account
in particular the detailed properties of the EoSs).
Observationally, the nucleosynthesis yields are important,
as is the possibility of detecting an electromagnetic coun-
terpart of an NS merger [21-25]. The signal, which is
powered by the radioactive decay of the freshly synthe-
sized nuclei, may provide information about the host gal-
axy of an event.

However, it appears unlikely that the aforementioned
observations can significantly constrain the properties of
the high-density matter because the EoS effects are too
indirect or still not fully explored, and additional informa-
tion e.g., about the involved binary masses is required.
More promising in this respect is the detection of GWs
from inspiraling and merging NS binaries by Advanced
Laser Interferometer Gravitational Wave Observatory
(LIGO) [26] or Advanced VIRGO [27], which are going
into operation within the next few years. Indeed, NS merg-
ers are among the prime targets for these detectors with
expected event rates of 0.4—400 [28]. It is clear that the
determination of the involved NS masses will be possible
by the matched filtering technique [29]. However, it is
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crucial for constraining the EoS to measure simultaneously
the mass and the radius of an NS. Information on the radius
can be obtained from the late inspiral signal when finite-
size effects become important and cause deviations from a
point particle behavior and finally terminate the inspiral
phase (see Refs. [30-32] and references therein). In
Ref. [31] it was worked out that NS radii can be determined
with an uncertainty of about 1 km. Only symmetric bi-
naries with two NSs of 1.35M, have been considered
there, employing simplified EoSs. The effects of the initial
mass ratio, the total binary mass, and especially of micro-
physical EoSs have been left unexplored. Apart from these
open questions, alternative methods for determining NS
radii are desirable in any case.

Besides the impact on the inspiral signal, different EoSs
have been recognized to have a strong influence on the
postmerger GW signal in the cases when the merging stars
do not directly form a BH [18,33-39]. Based on calcula-
tions for a limited set of EoSs it has been shown that the
EoS determines the total binary mass for which such a
prompt collapse does not occur, which may provide a
handle on the maximum mass of NSs [34,38]. This proce-
dure, however, requires additional knowledge of the radius
of a 1.4M g NS, which is not yet available. Furthermore, in
the simulations of [38] shock heating was assumed to be
very inefficient.

In order to identify the EoS influence on the postmerger
GW emission the full functional dependence of the GW
signal on the EoS has to be determined. With a systematic
survey based on a large set of representative candidate
EoSs we have demonstrated a strong correlation between
the dominant GW frequency of the postmerger phase and
the radii of nonrotating NSs [40]. This relation allows us to
deduce the supranuclear EoS when the dominant post-
merger GW frequency is observationally determined, and
therefore represents a complementary approach to methods
relying on the inspiral signal.

The purpose of this paper is 1) to extend our recent study
of the EoS effects on the postmerger GW signal by con-
sidering an enlarged set of 38 microphysical EoSs, 2) to
investigate the influence of the total binary mass and the
initial mass ratio, 3) to explore the scatter inherent to the
relations between the postmerger GW frequency and NS
radii and thus to specify the accuracy to which NS radii can
be determined, 4) to evaluate additional dependences be-
tween the late-time GW signal and EoS features, and
finally 5) to present details on the employed EoSs, the
detectability of the GW signature, and the involved
uncertainties.

The paper is organized as follows. First we introduce the
code used for our study focussing in particular on the
implementation of the EoS. Section III outlines details on
the considered EoSs and the corresponding stellar proper-
ties of NSs. Then we describe the simulations and the
analysis of the GW emission including a discussion of
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the detectability (Sec. IV). In Sec. V the relations between
features of the GW signal and stellar parameters are de-
scribed. Here, we also discuss the spread in the presented
relations and interpret the findings. Section VI examines
direct correlations between the dominant GW frequency of
the postmerger phase and the microphysical properties of
the EoS. Variations of the binary mass and the mass ratio
are investigated in Sec. VII. Finally, Sec. VIII presents a
summary and our conclusions.

Note that in this paper we refer to the gravitational mass
of an object in isolation if not specified otherwise.

II. METHODS AND INITIAL DATA

The simulations of our survey are conducted with a
three-dimensional relativistic smoothed particle hydrody-
namics (SPH) code, where the gravitational fields are
obtained by solving the Einstein equations within the
conformal flatness approximation [41,42]. A detailed de-
scription of the code can be found in Refs. [20,37,43].
Within the SPH approach the stellar fluid is modelled by
a set of particles with constant rest mass, which are con-
sidered not to be pointlike but to be spread out over a small
spatial domain. Hydrodynamical quantities are assigned to
the particles and are evolved comoving with the fluid, i.e.,
according to the Lagrangian formulation of hydrodynam-
ics. Specifically, we evolve a set of so-called conserved
quantities, the conserved rest mass density p*, the con-
served specific momenta #; and the conserved energy
density 7, by a system of coupled ordinary differential
equations. These conserved quantities are functions of
the metric potentials and the ‘“‘primitive”” quantities, the
rest mass density p, the coordinate velocities v;, the spe-
cific internal energy e, and the pressure P. In every time-
step the primitive variables are recovered from the evolved
quantities (p*, fi;,, 7) by an inversion procedure, which
requires us to invoke the EoS P = P(p, Y., €) with the
electron fraction Y, to close the system of hydrodynamical
equations. This step is necessary because the pressure
explicitly occurs in the evolution equations. The electron
fraction is evolved according to d d’;e = 0, i.e., advected with
the fluid, because the timescale of lepton number transport
through neutrinos is long compared to the dynamical time-
scale (at least for the bulk of the stellar matter).

Concerning technical aspects the EoSs employed in our
survey can be grouped into four categories.

(i) Some EoSs provide the full dependence P =
P(p, Y., T), where the temperature T is obtained by
inverting € = €(p, Y., T). These EoSs are available
in the form of tables, where we use a trilinear inter-
polation scheme.

(i) Many published EoSs describe high-density matter
at zero temperature and in equilibrium with respect
to weak interactions (so-called neutrinoless beta
equilibrium with the neutrino chemical potential
M, = 0). Thus, for these ‘“‘barotropic”’ EoSs the
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pressure is given as a unique function of the rest
mass density or, alternatively, the energy density
e = p(1 + €). In these cases a thermal component
of the EoS can be taken into account approxima-
tively by means of an ideal gas-like ansatz. This is
necessary because temperature effects become im-
portant when the NSs collide. To this end we em-
ploy a scheme detailed in Ref. [19], where a thermal
contribution of the specific internal energy is com-
puted via €5, = € — €.,4(p). The rest mass density
p and the specific internal energy e are given by the
evolution of the hydrodynamical scheme. The cold
contribution €4 is determined by p only by calling
the “cold” barotropic EoS. The thermal contribu-
tion to the pressure reads Py, = (I'y, — 1)p€ey, with
the ideal gas index I'y. It is added to the cold
component to yield the total pressure P =
P.a(p) + Pg. Here, the cold part for a given rest
mass density is again obtained only from the baro-
tropic EoS. The validity and the involved uncertain-
ties of this approach have been discussed in
Ref. [19]. There it has been shown that in the con-
text of NS mergers a value of I'y, = 2 represents a
suitable choice to mimic thermal effects of nuclear
matter. We therefore use I'y, = 2 if not mentioned
otherwise. In particular, the collapse timescale of
the merger remnant is reproduced very well by this
choice of T'y,.

Additional barotropic EoSs which are not
available to us as tables can be included by their
parametrized versions provided in Ref. [44] in the
form of piecewise polytropes. Also for this class of
models we make use of the thermal ideal gas
extension outlined above. One should bear in
mind that the polytrope fits imply approximations
that will have to be considered later in our discus-
sion. First, the parametrized versions do not per-
fectly match the underlying microphysical EoSs
(see Ref. [44]) and hence simulation results may
differ because of the use of the piecewise polytrope
instead of the original EoS. Second, the properties
(e.g., radii) of cold NSs obtained from the fitted
versions are slightly different, thus shifting our
results when presented in dependence of these NS
properties.

The fourth class of EoSs is based on the calcula-
tions of Ref. [45]. Detailed computations of the EoS
below nuclear saturation density using chiral effec-
tive field theory interactions are extended by piece-
wise polytropes for higher densities requiring a
maximum mass of NSs above 1.97M. At densities
below 5 X 10'° g/cm? we extend the original ta-
bles with an additional crust. The resulting baro-
tropic relations are again supplemented with the
ideal gas component for thermal effects.
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Note that the classes (ii) to (iv) involve an additional
approximation beside the treatment of thermal effects be-
cause matter is assumed to adjust instantaneously to beta
equilibrium as given by the barotropic EoSs (see the dis-
cussion in Ref. [19]). In these cases the electron fraction is
not used as an input for the EoS call because the pressure is
entirely determined by the rest mass density and the spe-
cific internal energy.

The details of the different EoSs employed here, their
properties and the underlying microphysical models are
discussed in Sec. III. Note that for indicating the different
classes of EoSs in figures we use the same color scheme
throughout this paper [class (i) in red (gray), class (ii) in
black, class (iii) in green (light gray), class (iv) in blue
(dark gray)].

General relativistic gravity cannot be treated within the
SPH scheme. Therefore, the five coupled nonlinear elliptic
equations resulting from the Einstein equations by impos-
ing a conformally flat spatial metric are solved on an
overlaid grid covering well the binary orbit and the post-
merger remnant at later times. By the conformal flatness
approximation the effects of GWs are neglected, for which
reason an additional GW backreaction scheme is imple-
mented in the code to account for the loss of energy and
angular momentum by the emission of gravitational radia-
tion. This procedure requires us to solve additional elliptic
equations to compute corrections to the conformally flat
metric. Details are reported in Ref. [20].

Magnetic fields or neutrino transport physics are not
included in our model, because it has been shown that
these effects have only little influence on the dynamics of
a merger as long as the initial field strength inside the stars
is below 10'* G and only a few dynamical timescales are
tracked after the merging [46-50].

Our simulations start from a quasi-equilibrium orbit
about two to three revolutions before the actual merging
of the binary components. Initially we impose a nonrotat-
ing (irrotational) velocity profile of the NSs, because the
inspiral time is not sufficient to enforce synchronous rota-
tion [51,52]. This state can be considered to be a good
approximation also for NSs spinning with millisecond
periods because even in such cases the rotation is still
slow compared to the orbital period. Furthermore, the
initial stars are assumed to have zero temperature and to
be in neutrinoless beta equilibrium. The two NSs are set up
typically with about 340 000 SPH particles, but we perform
additional higher resolved calculations to ensure that our
results do not depend on the resolution (see Sec. IV B).

III. EQUATIONS OF STATE AND
STELLAR PROPERTIES

The EoSs used in our survey are listed in Table I, where
it is also indicated to which technical category a particular
EoS belongs. Seven out of the 38 models include thermal
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effects consistently (class i). The remaining EoSs have
been computed for high-density matter at zero temperature
and in equilibrium with respect to weak interactions (baro-
tropic EoSs).

The EoSs of classes (i), (ii) and (iii) have been derived
within different frameworks, including nonrelativistic and
relativistic nuclear energy-density functionals, Brueckner-
Hartree-Fock calculations, and phenomenological models,
such as the liquid-drop model (see e.g., Refs. [2,3,70] for
an overview). All but two microphysical models describe
interacting neutrons, protons and electrons (possibly also
muons), where some also include hyperons (Glendnh3, H3,
H4). MIT60 and MIT40 consider strange quark matter and
are discussed below. In addition, the nonzero temperature
EoSs include positrons and photons. Also the models for
the (nuclear) interactions have been varied, which implies
that the EoSs explore a range of nuclear experimental data.
Some EoSs take into account three-body forces.

Figure 1 shows the six EoSs of class (iv). The dark blue
(dark gray) band at low energy densities e¢ shows the
uncertainty band of the pressure obtained from micro-
scopic calculations based on chiral two- and three-nucleon
interactions [45,71]. This band is extended in a general
way to higher densities using piecewise polytropes as a
function of the rest-mass density [45,72]. The extensions
are constrained by the causality of the polytropes and the
heaviest observed NS [10]. The light blue (light gray)
extension band covers all possible EoSs that are compat-
ible with the constraints based on chiral effective field
theory interactions at low densities and are able to support
NSs of mass M = 1.97M¢, [45,72]. In addition, we overlay
a dark blue (dark gray) extension band, which is obtained
by requiring a maximum NS mass M = 2.4M,. The 6
EoSs of class (iv) within these bands are a representative
sample of EoSs characterized by different stiffness ful-
filling these constraints. For our choice of polytropes the
EoSs become acausal (the speed of sound exceeds the
velocity of light) beyond a density pj;n;; Where the speed
of sound is v, (pymi) = c. We replace this unphysical
regime by P = e — const, which is by construction causal,
and choose the constant in a way that the pressure is
continuous. The revised parts of the EoSs can be recog-
nized by the short pieces of the lines sticking out of the
blue (gray) bands at high densities. [The upper edge of the
blue (gray) bands (parallel to the dotted P = e line) in-
dicates pjin;].- Note that the EoSs are only replaced at very
high densities slightly below the central density p ., of the
maximum mass configuration of static NSs shown by the
black dots. Because of this, the density regime above pj;m;ic
does not play a role during the evolution of NS mergers for
the cases considered here, and the replacements of the
acausal part of the EoSs affect only the exact values of
stellar properties of very massive static NSs.

The thermodynamic properties of all EoSs available for
our study are illustrated in Fig. 2 showing the pressure P as
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TABLE I. Models for the EoS with their thermodynamical properties and resulting stellar parameters. M, is the maximum mass of
nonrotating NSs with the radius R,,,, corresponding to this maximum mass configuration. The next three columns provide the radii of
nonrotating NSs with 1.35M, 1.6M, and 1.8 M. P is the pressure at a fiducial rest mass density of 1.85 times nuclear saturation
density. The sound speed at the same reference density is given in the eighth column. The central energy density of the maximum mass
configuration of the TOV solutions is listed as e ,,. ‘“‘Class’ identifies how an EoS is implemented in our code (see Sec. III for details).
References for the EoSs are listed in the last column. For EoSs marked with an “x” in parentheses the merging of two NSs with

1.35M, leads to the direct formation of a BH.

Mmax Rmax R1.35 R1.6 RI.S P(185P0) Us(lgsp()) €max

EoS [My] [km] [km] [km] [km] [10%**dyne/cm?] [c] [10 g/cm?]  Class  Reference
GS1 275 1327 1472 1479 1481 6.9920 0.6348 1.55 i [53]
LS375 271 1234 1356 1371 1378 5.3904 0.5791 1.75 i [54]
Shen 224 1263 1464 1453 1435 5.3480 0.5202 1.40 i [55]
GS2 209 1178 1338 1331 13.13 42195 0.4847 2.04 i [56]
LS220 204 1061 1264 1243 1210 3.3569 0.4170 2.54 i [54]
MIT60 1.88 1035 1043 1074  10.75 1.4654 0.5630 2.20 i [57]
LS180 1.83 1004 1213 11.65 10.68 2.9883 0.3840 2.70 i [54]
eosL 276 1430 1574 1577 1579 9.5635 0.5900 1.35 i [58]
eosO 239 1156 1285 1287 1283 3.9106 0.4786 2.04 ii [59]
MIT40 228 1256 1208 1259 1289 5.0864 0.5687 1.49 ii [60,61]
eosUU 221 984 11.18 11.12  11.00 1.8118 0.3477 2.80 ii [62]
SKA 221 1117  13.07 1291 1268 3.5929 0.4446 2.30 i [54]
APR 2.19 990 1133 1125 1112 1.9152 0.3533 2.80 ii [63]
eosAU (x) 214 945 1044 1042 1033 1.1812 0.2906 3.00 ii [62]
BurgioNN 207 1058 1199 1187 11.67 2.4720 0.3936 2.50 ii [64]
Sly4 205 1001 1179 1159 11.29 24012 0.3830 2.85 i [65]
Glendnh3 1.96 1148 1452 1398 1322 4.4281 0.4326 2.35 ii [66]
BBB2 1.92 955 1130 1097 1049 2.0949 0.3549 3.15 ii [67]
eosC 1.87 989 1206 11.57 10.79 2.6024 0.3693 3.04 i [68]
eosWS (x)  1.85 958 1099 1072 10.16 1.9070 0.3357 3.09 ii [62]
FPS (x) 1.80 930 1091 1052 938 1.8720 0.3344 3.35 i [69]
MS1 277 1339 1499 1504 15.04 7.1495 0.6218 1.60 iii [44]
MS1b 276 1330 1459 1469 1474 7.0970 0.6194 1.60 iii [44]
MPA1 247 1135 1249 1254 1254 3.0980 0.4693 2.10 iii [44]
APR3 238 1073 1204 1204  12.00 2.4451 0.4202 2.35 iii [44]
ENG 225 1041 1205 1199 11.87 2.7104 0.4136 2.55 iii [44]
H4 202 1172 1395 1374 1335 4.6293 0.4447 2.15 iii [44]
ALF2 1.98 1148 1278 1272 1249 4.0893 0.4396 2.10 iii [44]
ALF4 1.94 1079 11.60 11.55 1143 2.0437 0.3789 2.30 ii [44]
MS2 1.80  11.81 1425 1352 1210 3.9987 0.4088 2.20 iii [44]
APR2 (x) 1.79 8.65 10.13 9.74 - 1.3266 0.2887 3.80 iii [44]
H3 1.79 1177 1395  13.48 - 43852 0.4153 2.15 iii [44]
Heb6 3.00 1317 1333 1354  13.69 5.7020 0.6967 1.50 iv [45]
Heb5 279 1225 1238 1259 1273 3.3927 0.5537 1.70 iv [45]
Heb4 274 1208 1251 1265 1274 3.0665 0.5270 1.80 iv [45]
Heb3 242 1094 1203 1209 1209 2.7306 0.4414 2.25 iv [45]
Heb2 222 1015 1142 1135 11.24 1.8099 0.3625 2.65 iv [45]
Hebl 2.13 971 1081 1077  10.66 1.4685 0.3289 2.90 iv [45]

“The full temperature dependence of this EoS is available for T =< 30 MeV, which is exceeded in NS merger simulations. Therefore,
we use the ideal gas ansatz for thermal effects combined with the zero-temperature slice of this EoS.

a function of the rest mass density p. One observes that in
the range of one to several times nuclear saturation density
(pop = 2.7 X 10" g/cm?) the spread of the pressure be-
tween the various models is nearly one order of magnitude.
It has been pointed out that the pressure at a density
between one and two times p, serves as a characteristic

quantity that correlates with the radius of a 1.4My NS
[1,73]. We provide the pressure at 1.85p in Table I, which
is chosen in order to be consistent with the fiducial rest
mass density for the piecewise polytrope fits presented
in Ref. [44]. It ranges from 1.18 X 10* dyne/cm? to
9.56 X 10** dyne/cm?. In comparison to the high-density
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FIG. 1 (color online). Pressure versus energy density for the 6
EoSs of class (iv) [red (gray) lines]. The dark blue (dark gray)
band at low densities shows the results of microscopic calcu-
lations based on chiral effective field theory interactions [45,71].
The light blue (light gray) extension band covers possible poly-
tropic extensions compatible with causality and NSs of M =
1.97M . The darker blue extension is for M = 2.4M [45,72].
The black dots mark the central density of the maximum mass
configuration and the dotted line indicates the causal limit
P=e.
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FIG. 2 (color online). Pressure as a function of the rest mass
density for all candidate EoSs at zero temperature and in
neutrinoless beta equilibrium. Microphysical EoSs which pro-
vide the full temperature dependence are shown in red (gray)
[class (i)], microphysical EoSs that are given at zero temperature
and in neutrinoless beta equilibrium are displayed in black [class
(i1)], green (light gray) lines correspond to piecewise polytropes
[class (iii)] and EoSs of class (iv) are depicted in blue (dark
gray). Dashed lines are used for strange quark matter EoSs. The
vertical line marks a rest mass density of p = 1047 g/cm?® =
1.85p. The filled circles indicate the central rest mass density of
the maximum mass TOV solution for every EoS.
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regime the pressure differences decrease towards lower
densities (not shown in Fig. 2), see e.g., Refs. [2,45].

As another EoS property we display the speed of sound
in Fig. 3 for all EoSs. The diversity among the models is
obvious, where the differences are larger at higher den-
sities. We extract the sound speed at 1.85p as a character-
istic quantity for all EoSs and give the values in Table 1.
The values vary between 0.29 and 0.70 times the speed of
light. Note that for some EoS models the sound velocity
exceeds the speed of light at high densities, i.e., the EoSs
become acausal (e.g., the eosAU, eosUU and APR EoS).

The variety of the microphysical models employed in
our study is also reflected in the mass-radius relations of
nonrotating NSs, which are obtained by solving the rela-
tivistic equations of hydrostatic equilibrium (Tolman-
Oppenheimer-Volkoff (TOV) equations). The TOV equa-
tions yield a unique relation between the NS mass and
radius for each EoS, which allows us to characterize an
EoS by the resulting stellar properties. Figure 4 displays
the TOV solutions for all EoSs. Red (gray) curves corre-
spond to EoSs whose temperature dependence is given by
the microphysical model, while fully microphysical zero-
temperature EoSs (which in the simulations are supple-
mented with an ideal gas component to mimic thermal
effects) are shown with black lines. The green (light
gray) curves exhibit the mass-radius relations of EoSs of
class (iii), while EoSs belonging to class (iv) are shown in
blue (dark gray).

All mass-radius relations feature a maximum mass con-
figuration. More massive objects collapse to a BH if not
additionally supported, e.g., by rotation or thermal effects.
The corresponding solutions are marked with symbols in

14 14.2 14.4 14.6 14.8 15 15.2 15.4
log p [g/cma]

FIG. 3 (color online). Sound speed for all EoSs used in our
survey. Colors and line style have the same meaning as in Fig. 2.
The vertical line marks a rest mass density of p =
1047 g/cm?® = 1.85p,. The filled circles indicate the central
rest mass density of the maximum mass TOV solution for every
EoS; if not visible the EoS becomes acausal for stable TOV
solutions.
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FIG. 4 (color online). Mass-radius relations for all EoSs with
the gravitational mass M in isolation and the areal radius R. The
color scheme is the same as in Fig. 2. The dashed lines denote
mass-radius relations for strange quark matter EoSs. The hori-
zontal line corresponds to the observed 1.97Mg NS [10]. For
EoSs where the merger of two stars with 1.35M leads to
the prompt formation of a BH the maximum mass configuration
is indicated by a cross. Maximum mass configurations depicted
by a circle correspond to EoSs where in the simulation of this
binary setup the formation of a differentially rotating object is
found.

Fig. 4, and their stellar properties are listed in Table I.
Furthermore, Table I gives the central energy density of
these maximum mass configurations: they range from
1.35 X 103 g/cm?® to 3.80 X 10" g/cm?®. The corre-
sponding rest mass densities are indicated by circles in
Figs. 2 and 3. Note that EoSs where the dot is not visible in
Fig. 3 become acausal (speed of sound larger than the
speed of light) at densities below the maximum density.
Our survey considers EoSs that lead to maximum
masses in the range of 1.79M¢ to 3.00M, and to corre-
sponding radii, denoted as R, spanning from 8.65 to
14.30 km (Fig. 4, Table I). There has not been any special
selection procedure for the EoSs, except that we require a
maximum mass larger than roughly 1.8M,. This being
fulfilled we include every EoS that is available to us. The
lower bound of about 1.8M, is motivated by the discovery
of an NS with a gravitational mass of (1.97 = 0.04)M
[10]. This measured mass is indicated by a horizontal line
in Fig. 4. This detection practically rules out some EoSs of
our sample with M, below the limit. We do not dismiss
such excluded models because they may still provide a
viable model at lower densities (see also Sec. V C). For
instance, during the first 5 ms after merging the central
density in the merger remnant described by the excluded
LS180 EoS remains below the central density of a non-
rotating 1.5My, NS modeled by this EoS. For such
“low-mass” stars the mass-radius relations of excluded
EoSs are partially similar to those obtained from EoSs
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compatible with the observation of Ref. [10]. Hence, in
the corresponding density regimes relevant for the low-
mass stars and the merger remnant such EoSs can still yield
a viable description of high-density matter. In addition to
that, the inclusion of EoSs with relatively low M, ex-
tends (maybe artificially) the range of variations of stellar
parameters, and correlations between NS properties and
GW characteristics that hold over a wider parameter range
can be inferred more easily. We note that all of the four
technical EoS categories cover a similar range of stellar
parameter values. Only the mass-radius relations of class
(iv) lie in a more narrow band, which was the main result of
Ref. [45].

A common feature of most EoSs is a relatively small
variation of the NS radius between about 0.5M and about
(M pax — 0.5M ). This suggests using the radii in this mass
range as a characteristic feature of a given EoS.

Finally, the MIT60 and MIT40 EoSs deserve a com-
ment. These models describe absolutely stable strange
quark matter within the MIT bag model [74,75], i.e., a
deconfined quark phase with an energy per baryon lower
than that of nucleonic matter (E/A = 860 MeV for MIT60
and E/A = 844 MeV for MIT40). As a consequence of
the strange matter hypothesis [76,77] underlying these two
EoSs, the compact stars observed in the universe, com-
monly referred to as NSs, would actually be strange quark
stars (consisting of strange quark matter). This possibility
has not yet been ruled out theoretically or observationally
(see e.g., Refs. [2,3,70] for details and for observational
consequences discriminating this scenario from ordinary
NS; see Refs. [37,78] for the consequences of this hypo-
thetical state of matter in the context of compact binary
mergers). As a striking difference to nucleonic NSs,
strange quark stars show an inverse mass-radius relation
typical of this class of objects because of the self-binding
of strange quark matter. The particular model MIT60 with
M.« = 1.88M, is excluded by the observation of the two-
solar-mass pulsar. The MIT40 EoS, however, is compatible
with present knowledge. For the MIT40 EoS belonging to
class (ii), we adopt I'y, = 1.34.

Note that throughout this paper we use the more com-
mon term NS instead of compact star for all compact stellar
objects including strange quark stars. With “purely” or
“fully”” microphysical EoSs we refer to models of class (i)
or (ii), which do not involve piecewise polytropes (see
Sec. II). Moreover, in this paper “accepted” EoSs denote
models which are compatible with the detection of the
1.97M, NSs taking into account the error bars of the
observation by Ref. [10].

IV. SIMULATIONS

A. Dynamics

According to pulsar observations [6,7] and population
synthesis studies [11] binaries of two NSs with a gravita-
tional mass of about 1.35M each are the most abundant

063001-7



A. BAUSWEIN et al.

systems in the binary NS population. Therefore, we choose
a symmetric binary with M| = M, = 1.35M and simu-
late for all EoSs discussed in Sec. III the late inspiral phase,
the merging, and the early postmerger evolution of this
system until an approximately stationary state has formed
(10-20 ms after merging). The inspiral is driven by the loss
of angular momentum and energy due to the GW emission
and lasts between some ten and several hundred million
years depending on the initial binary separation. Only
shortly before the merging takes place, when the orbital
period has reached milliseconds, finite-size and post-
Newtonian effects become important.

It is known that the remnant formation after the coales-
cence depends on the total binary mass M,,, = M| + M,
and the EoS (see e.g., Ref. [14]). In this and the following
two sections the total binary mass is fixed, thus the out-
come depends on the EoS only. We distinguish two scenar-
ios. For four out of the 38 EoSs considered in our study, we
observe the direct formation of a BH within less than a
millisecond after the stars come in contact, because the
merged object cannot be stabilized against the gravitational
collapse. This “prompt collapse” scenario is found only
for EoSs that lead to relatively small R,,,, (EoSs labelled
with an “x” in Table I). The maximum mass configura-
tions of these EoSs are marked with a cross in Fig. 4.

In the simulations with the remaining EoSs the colliding
stars form a differentially rotating object (DRO), which is
supported against the gravitational collapse—at least for a
longer period—by centrifugal forces. Furthermore, shock
heating at the contact interface and compression lead to an
increase of the temperature to several 10 MeV (in some
cases even more than 100 MeV), which has an additional
stabilizing effect. After angular momentum is partially lost
by GW emission and redistributed to the outer remnant
layers, the merger remnant may collapse to a BH. This
“delayed collapse” happens typically after several 10—
100 ms and only takes place if the mass of the DRO
exceeds the upper mass limit of rigidly rotating NSs, which
for most EoSs is about 1.2M . [2,5,79]. We explicitly
point out that for some EoSs the total remnant mass may
not overstep this threshold and the DRO finally will settle
to a uniformly and rapidly rotating NS. In these cases the
1.35 — 1.35M, NS binaries might be excluded as progen-
itors of short gamma-ray bursts, at least for models of
gamma-ray bursts that rely on the formation of a BH
with a hot accretion torus (see Ref. [16] for a review).
Rigidly spinning ‘“‘supermassive” NSs (whose gravita-
tional mass is larger than M,,,,) may form BHs on much
longer timescales due to the loss of angular momentum
e.g., by electromagnetic emission [2,5]. Note that the
gravitational mass of a remnant resulting from a
1.35-1.35M, binary is of the order of 2.6M because the
gravitational mass of the initial binary is already below
2.7M . Moreover, energy is radiated away by GWs, matter
becomes gravitationally unbound during merging, and
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energy converted into heat is lost by neutrino emission.
The latter effect is not modelled here.

Independent of whether a BH is the final outcome, NS
mergers evolve dynamically similarly for all systems
which form a DRO. As the stars approach each other
increasingly faster during the late inspiral phase, the binary
components get more strongly deformed and finally collide
with a relatively big impact parameter. The bulk matter of
the initial stars assembles into a rotating double-core struc-
ture, where the dense cores bounce against each other.
While matter is shed off from the surface to feed a halo
around the central object, the two cores merge into a single
core after a few bounces. On a timescale of several milli-
seconds the oscillations of the initially highly deformed
remnant are damped and an approximately stationary, axi-
symmetric object is left, which is still rotating differen-
tially and ringing with much lower amplitude. We simulate
all models resulting in a DRO for about 15 ms after the
plunge until the nearly stationary phase is reached. In none
of these calculations do we actually observe the delayed
collapse except for the MIT60 EoS, where the merger
remnant forms a BH after about 3 ms, and for the H3
EoS, where the DRO is stable for 25 ms.

B. Analysis of the gravitational wave signal

The dynamical stages of a merger can also be identified
in the GW signal, which is computed by means of a
modified quadrupole formula that takes into account
post-Newtonian effects [20]. A typical waveform is shown
in Fig. 5 for the Shen EoS as measured perpendicular to the
orbital plane at a distance of 20 Mpc. Figure 5 displays the
plus polarization: the cross polarization looks very similar

—22
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FIG. 5. Gravitational wave amplitude of the plus polarization

measured along the polar axis at a distance of 20 Mpc for the
simulation with the Shen EoS.
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but is phase-shifted by 77/2. The characteristic inspiral
phase with an increasing frequency and an increasing
amplitude until 5 ms is clearly visible. Following the
plunge the ringdown of the postmerger remnant can be
seen by high-frequency oscillations that cease over
10-15 ms until the object has reached approximate statio-
narity. For rather stiff EoSs with R,, = 11 km we observe
a low-frequency modulation of the postmerger signal as in
Fig. 5. In contrast, for soft EoSs with relatively small R,
such a feature is absent or less pronounced, as for instance
in the waveform calculated for the model with the Sly4
EoS, which is shown in Fig. 6. The reason for this differ-
ence could not be clarified and deserves further investiga-
tion, e.g., in terms of an oscillation mode analysis as in
Ref. [80]. Furthermore, one recognizes in Fig. 6 that for
this EoS the inspiral phase lasts about 2 ms longer and ends
with a larger wave amplitude, which is a consequence of
the higher compactness of the inspiraling NSs. Note that all
simulations start with the same initial coordinate distance
between the stars.

To obtain spectral information of the GW signal we
compute the dimensionless quantity he 4 = A4 (f)f with
the Fourier transformed waveform /. (f) of the plus po-
larization. The results are displayed in Figs. 7 and 8 for the
Shen EoS and the Sly4 EoS, respectively. The thick lines
show the spectra calculated from the whole signal during
the simulation time, while the thin lines correspond to the
postmerger phase alone. (Note that slight differences be-
tween the spectrum for the postmerger signal and the
spectrum for the full signal at the highest frequencies
depend on the time chosen to define the beginning of the
postmerger phase). The dashed lines belong to the unity

signal-to-noise ratio (SNR) sensitivity curves for
8x10_22
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FIG. 6. Gravitational wave amplitude of the plus polarization
measured along the polar axis at a distance of 20 Mpc for the
simulation with the Sly4 EoS.
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(20 Mpc)

heff,+

f [kHz]

FIG. 7 (color online). Fourier spectrum of the plus polarization
of the GW signal at a distance of 20 Mpc for the Shen EoS. The
thick line displays the spectrum computed from the signal of the
full simulation time, while the thin line shows the spectrum of
the postmerger phase only. The dashed lines give the unity SNR
sensitivity curve of Advanced LIGO [red (gray)] and of the
Einstein Telescope (black).

Advanced LIGO [red (gray)] (broadband configuration)
[26] and the planned Einstein Telescope (black) [81].
Note that the low-frequency part of the spectra below
1 kHz computed for the full signal is not reliable because
our simulations start only a few revolutions before merging

f [kHz]

FIG. 8 (color online). Fourier spectrum of the plus polarization
of the GW signal at a distance of 20 Mpc for the Sly4 EoS. The
thick line displays the spectrum computed from the signal of the
full simulation time, while the thin line shows the spectrum of
the postmerger phase only. The spectrum of a simulation starting
5.5 revolutions before merging is given by the blue (dark gray)
line. The dashed lines give the unity SNR sensitivity curve of
Advanced LIGO [red (gray)] and of the Einstein Telescope
(black).
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TABLE II.
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All EoS models for which the merging of two 1.35M NSs results in the formation of a DRO. f,.,x denotes the dominant

GW frequency in the postmerger phase, and FWHM characterizes the corresponding width of the peak in the spectrum. SNRs are
computed for a distance of 20 Mpc assuming an optimal source and detector orientation considering the postmerger signal only
(SNRy,,) and the full signal above 1 kHz (SNR,). Uncertainties in the determination of the peak frequency are estimated by 8 f;,, and
O f ot for the postmerger phase and the signal above 1 kHz, respectively (see main text for details). The last column provides the radius
of a sphere enclosing a rest mass of 2.6M g at 8 ms after merging (see Sec. V C). EoSs marked with an asterisk are incompatible with

the observation of the 1.97M, pulsar.

EoS fre [KHz]  FWHM [kHz]  SNR,,  SNRy  8fpm [KHz]  8fi [KHZl  Rpepypan(8 ms) [km]
eosL 1.84 0.102 4.59 11.74 0.062 0.060 15.20
MS1 2.08 0.127 3.58 12.23 0.024 0.012 13.58
GS1 2.10 0.117 3.81 13.08 0.047 0.034 13.48
Shen 2.19 0.151 3.62 13.07 0.0 0.0 12.92
MS1b 2.19 0.104 3.56 12.52 0.054 0.040 13.14
Glendnh3 2.33 0.130 2.54 15.39 0.041 0.026 12.31
H4 2.37 0.131 2.83 13.96 0.027 0.015 11.99
LS375 2.40 0.133 3.16 11.35 0.015 0.011 11.96
MS2* 2.42 0.181 2.04 16.03 0.010 0.007 12.07
H3* 243 0.146 2.66 14.52 0.007 0.007 11.72
Heb6 2.44 0.129 3.05 14.32 0.046 0.037 11.69
GS2 2.53 0.121 2.78 15.51 0.061 0.035 11.14
MIT40 2.62 0.194 3.67 13.84 0.008 0.005 9.33
SKA 2.64 0.131 2.83 14.86 0.015 0.013 10.73
eosO 2.66 0.112 2.81 15.61 0.050 0.031 10.60
ALF2 2.71 0.145 2.64 14.00 0.0 0.0 10.73
Heb5 2.71 0.122 2.78 14.41 0.048 0.035 10.46
MPA1 2.80 0.159 2.49 13.94 0.108 0.043 10.42
Heb4 2.87 0.148 2.64 14.89 0.012 0.014 10.48
LS220 2.89 0.205 2.58 14.38 0.036 0.033 9.68
Heb3 2.96 0.153 2.50 14.82 0.044 0.034 9.49
ENG 3.02 0.180 2.19 14.25 0.0 0.0 9.39
APR3 3.02 0.188 2.23 14.52 0.107 0.077 9.58
BurgioNN 3.20 0.183 2.29 16.29 0.047 0.031 8.53
LS180* 3.26 0.250 1.66 15.35 0.028 0.018 8.34
ALF4 3.29 0.172 2.13 14.52 0.047 0.031 8.90
Sly4 3.32 0.194 2.16 14.82 0.011 0.006 8.63
eosC* 3.33 0.220 1.52 15.87 0.051 0.032 8.37
Heb2 3.39 0.154 2.10 16.59 0.027 0.008 8.69
MIT60* 343 0.460 2.01 8.83 0.023 0.008 6.11
APR 3.46 0.182 2.36 15.12 0.048 0.026 8.34
eosUU 3.50 0.169 2.07 14.60 0.100 0.084 8.30
Hebl 3.72 0.152 2.20 15.90 0.009 0.006 7.56
BBB2* 3.73 0.249 1.34 15.20 7.07

and therefore lower frequencies of the preceding inspiral
phase are underrepresented.

A pronounced peak in the spectra at a frequency fcax
between about 2 and 4 kHz is generic to all models result-
ing in a DRO. It has a frequency of fpe,c = 2.19 kHz for
the Shen model and of f.,x = 3.32 kHz for the Sly4 EoS.
This feature clearly originates from the postmerger phase
and is produced by the violent oscillations of the deformed
merger remnant. As can be seen in the spectra of the
postmerger evolution, the structure at f ., is accompanied
by additional, weaker peaks. In a first step towards astro-
seismology of NS merger remnants it has been shown that

the remnant can be considered as an isolated self-
gravitating object, where certain oscillation modes are
excited by the formation process of the object [80]. The
different structures in the postmerger spectrum are caused
by the various oscillation modes in the merger remnant and
their couplings. The study of Stergioulas et al. [80] has also
identified the mode corresponding to the peak frequency
S peak as the fundamental quadrupolar fluid mode.

In Table II the peak frequencies for all models forming a
DRO are given, where the lowest peak frequency is found
for the eosL. model with fp..x = 1.84 kHz. The highest

peak frequency of 3.73 kHz is obtained in the simulation
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with the BBB2 EoS. In addition, the full width at half
maximum (FWHM) is provided for every model.
Typically, the FWHM is in the range of 100-200 Hz,
with the exception of the MIT60 calculation, which yields
a broad peak with a FWHM of 460 Hz.

For the Shen EoS we have performed higher resolved
simulations with 550000 and 1270000 SPH particles,
which confirm that f},, is determined to an accuracy of
about one percent (see also the discussion and Fig. 2 in
Refs. [19,40]). Moreover, a run starting 3.5 orbits before
the merging of the binary components does not yield
differences in the peak frequency (see Ref. [40]).
Additionally, we show in Fig. 8 the resulting spectrum of
a calculation starting 5.5 orbits before merging for the Sly4
EoS [blue (dark gray) line]. The peak frequency is unaf-
fected by the duration of the simulated inspiral phase
(difference in feq below 0.5%).

C. Detectability of the gravitational wave signal
The prospects to determine f,., are estimated by com-

puting the SNR via (SNR)? =4 [ %df (see e.g.,
Ref. [82]), adopting the one-sided spectral density Sy(f)
of the strain noise of the Advanced LIGO detector, which
has a comparable sensitivity to the Advanced VIRGO
observatory. In Table II we list the SNRs for the postmerger
signal and the emission during the whole simulation time
starting from the late inspiral phase. Here we correct the
underestimation of the GW amplitude due to the usage of
the quadrupole formula (see Appendix A). The SNRs are
computed for a distance of D = 20 Mpc assuming an
optimal inclination of the binary and an optimal orientation
of the detector. Because the GW amplitude scales with
1/D, the SNR is also proportional to 1/D and one can
easily obtain the optimal detection horizon for a chosen
SNR. Requiring for instance an SNR of 2, the postmerger
signal alone can be detected up to a distance of about 20—
45 Mpc depending on the EoS if we ignore results for EoSs
which are incompatible with the observation of the 1.97M,
NS [10] (marked by an asterisk in Table II) and that yield
somewhat lower SNRs. Including also the EoS-dependent
late inspiral wave train boosts the optimal detection hori-
zon to about 150 Mpc. While an SNR of 2 is rather low, the
preceding inspiral signal (not covered by our calculations)
provides detailed information on important emission fea-
tures such as the time of merging, the distance, and the
involved masses, justifying a low threshold SNR (in par-
ticular, the inspiral signal means a warning that one should
search for the postmerger emission in the close temporal
vicinity). Interestingly, models with EoSs that result in a
high SNR in the postmerger phase yield in general a lower
SNR for the full signal of the simulation and vice versa.
This can be understood from the observation that for more
compact stars the inspiral phase lasts longer, increasing the
full SNR. In these cases the frequencies of the late-time
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GW emission are generally relatively high, which leads to a
low SNR in the postmerger phase because of the reduced
sensitivity of the GW detector at high frequencies.

For an estimate of the detection rate with Advanced
LIGO one considers the Milky Way-equivalent galaxies
(MWEGs) accessible by the detector. The reduction of the
rate due to random source and detector orientations can be
accounted for by dividing the optimal detection horizon by
1/ NG [28]. For the chosen SNR the number of MWEGs
equals 145-1190 for the postmerger signal alone, taking
advantage of the local over-density of potential host gal-
axies [28]. The inclusion of the late inspiral signal in-
creases the number of probed MWEGSs to more than
14000. Adopting the ‘“‘realistic”’ and the ‘“high” merger
rates listed in Ref. [28], the prospects for the detection of
the postmerger signal alone are estimated to be 0.015-1.2
events per year. For the combined signal 1.4—14 detections
per year can be expected. Finally, we emphasize that with
the increased sensitivity of the proposed Einstein
Telescope [83] a significant number of detections with
high SNRs will be possible.

The uncertainties in the determination of the peak fre-
quency by a GW detection can be estimated by evaluating
the Fisher information matrix for a single-parameter family
of waveforms parametrized by f... This approach con-
siders the extent to which two different waveforms are
distinguishable by a detector with a certain noise level
(see e.g., Ref. [82]). Following the procedure of
Ref. [31], we arrange our models in Table II with increas-
ing foeak and compute for two subsequent models A and B
with corresponding GW amplitudes 4% and h®

A B )2
( peak - peak)

S5 = , 1
f (hA _ hBlhA _ hB) ( )
with the inner product between two signal 4; and A,
) (f)ﬁ;(f )
(h |h)=4Re/ —————df, 2)
e oS

where the Fourier transforms of the signal enters (an
asterisk marks the complex conjugate). In Table II the
entry of 6f for a given EoS corresponds to the value
obtained by (1) for the waveforms of this EoS and the
subsequent EoS in the table (e.g., for the eosL and the MS1
EoS we compute §f,, = 0.062 kHz). Here, a polar dis-
tance of 20 Mpc and optimal detector alignment are as-
sumed. We observe uncertainties in f.q of typically better
than 50 Hz (on average 40 Hz). Note that these values are
smaller than the ones reported in Ref. [40] because a larger
number of models are employed, leading to a finer cover-
age of the f).,x parameter space. It is important to mention
that 6 f computed for the postmerger phase serves only as a
rough estimate for the uncertainties in the fp., determi-
nation because the procedure is not fully applicable in the
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low-SNR limit [31,84]. However, we conduct the same
analysis including the late inspiral phase of the signal,
i.e., with a sufficiently high SNR. For a fair comparison
the signal is constrained to f = 1 kHz. In this case smaller
uncertainties are found (on average 27 Hz), see column 7 in
Table I1.

V. DEPENDENCE ON STELLAR PARAMETERS

It is the goal of this work to establish the relations
between features of the GW signal and properties of the
EoS, which can be either thermodynamical properties or
stellar parameters. To this end we determine the dominant
frequency fpeu of the postmerger GW emission as dis-
cussed in the previous section for all EoSs which lead to
the formation of a DRO (see Table II). In the following we
investigate the dependence of [, on various NS and EoS
properties, which in turn allows us to constrain or measure
these quantities when fp., is determined from a GW
observation. We stress that the total binary mass and the
initial mass ratio of the binary components can be deter-
mined from the GW inspiral signal [29]. Throughout this
and the following section we discuss exclusively binaries
with two 1.35M NSs.

A. Neutron star radii

In Ref. [40] we have identified an anticorrelation be-
tween the peak frequency and the minimum radius of
nonspinning NSs. Figure 9 shows this relation for our
extended set of EoSs. All data points correspond to simu-
lations of 1.35M,-1.35M, binaries. The figure adopts the
same color scheme as Fig. 4, i.e., the colors represent the
four different possibilities for the technical implementa-
tions of the EoSs including the treatment of thermal ef-
fects. The crosses denote the results of simulations with
EoSs consistent within the error bars with the observation
of the 1.97M pulsar [10], while plus signs belong to
calculations employing EoSs which are excluded by this
detection. The triangles correspond to the two EoSs de-
scribing absolutely stable strange quark matter (MIT60 in
red (gray), MIT40 in black). Note that we keep this nota-
tion in all figures of this paper except for Fig. 25. In Fig. 9
one observes a clear anticorrelation between feq and Ri,ax
with a slightly steeper slope at smaller radii. Note that the
data points for EoSs implemented as piecewise polytropes
[class (iii)] or with a high-density regime described by
piecewise polytropes [class (iv)] tend to show some scatter
from the relation established by the purely microphysical
EoSs (black and red (gray) symbols). Since these models
involve additional approximations or simplifications (see
Sec. III and reasoning below), the corresponding data
points are shown with smaller symbols to emphasize the
correlation of the different cases. Moreover, excluded
models with M, < 1.93M, (lower bound of the error
bar given by Demorest et al. [10]) are plotted with smaller
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FIG. 9 (color online). Peak frequency of the postmerger GW
emission versus the radius of the maximum mass configuration
of nonrotating NSs for different EoSs. Red (gray) symbols
correspond to microphysical EoSs with a consistent temperature
treatment [class (i)], black symbols show data points for baro-
tropic microphysical EoSs (without temperature and electron
fraction dependence) [class (ii)], green (smaller) symbols belong
to EoSs implemented as piecewise polytropes fitting barotropic
microphysical EoSs [class (iii)], and blue (dark gray) symbols
display results for microphysical EoSs at low densities with
high-density extensions by piecewise polytropes [class (iv)].
Classes (ii) to (iv) are supplemented with an ideal gas component
for mimicking thermal effects. Plus signs indicate EoSs which
are excluded by the observation of a 1.97M, pulsar [10]. EoSs
describing absolutely stable strange quark matter are denoted by
triangles. Note that the MIT60 EoS [red (gray) triangle] is ruled
out by the 1.97M mass limit.

plus signs, although they are not extraordinary outliers in
this figure.

The somewhat displaced black cross (microphysical,
barotropic EoS) at Ry, = 11.48 km and fpex =
2.33 kHz displays the data of the Glendnh3 EoS, which
has a strikingly different mass-radius relation in compari-
son to other microphysical EoSs (see black curve with R =
17 km and M = 0.5M,, in Fig. 4 or black dashed line in
Fig. 1 of Ref. [40]). Note that this EoS leads to a mass-
radius relation which seems incompatible with theoretical
calculations of the EoS of subnuclear matter [45].
Furthermore, we stress that among the purely microphys-
ical models only the strange quark matter EoSs behave as
outliers. However, if strange quark matter was the true
ground state of matter and one of these EoSs was the
correct EoS of high-density matter, this would lead to clear
observational signatures (e.g., in the form of nuggets of
strange quark matter in the cosmic ray flux) which would
discriminate this scenario from ordinary NSs composed of
nucleonic matter (see Refs. [2,37,78]). For all of these
reasons we classify the results of these three particular
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EoSs as outliers that do not spoil the quality of the relation
evident from the black and red (gray) crosses.

Figure 10 shows the peak frequencies from our set of
models versus the radius R;g of the corresponding non-
rotating NS with 1.8M. Considering in Fig. 10 only EoSs
which are in agreement with the NS mass limit of
Demorest et al. [10], one recognizes that the relation
between the GW frequency and the NS radius is closer in
comparison to Fig. 9. In particular, some of the EoSs
modeled as piecewise polytropes [green (light gray) and
blue (gray) symbols] better fulfill the relation indicated by
the purely microphysical EoSs. As will be discussed in
Sec. VC, the density regime probed with the merger
remnant, i.e., affecting f .., corresponds roughly to the
densities encountered in nonrotating NSs with masses
below 1.8M,.

It is striking in Fig. 10 that EoSs incompatible with the
(1.97 = 0.04)M, limit (plus signs) appear as outliers at
smaller radii. This can be understood from the fact that for
these EoSs the radius of a 1.8M¢ NS is near the radius of
the maximum mass configuration because M, is close to
1.8 M. This means that R, g is outside of the region of the
mass-radius relation with approximately constant radius
and its location near the limiting mass corresponds to a
smaller radius (see Fig. 4). Also in Fig. 10 the data point of
the Glendnh3 EoS slightly deviates from the anticorrela-
tion between fe,c and R g.

In contrast to Fig. 10, a plot using the radius R; 4 of a
1.6M, static NS as a characteristic EoS property reveals all
EoSs fulfilling a very tight anticorrelation (see Fig. 11).
Even the black cross belonging to the Glendnh3 simulation
is now located on the relation. Again, one finds a slight
steepening of the slope at smaller radii. The EoSs of
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FIG. 10 (color online). Peak frequency of the postmerger GW
emission versus the radius of a nonrotating NS with 1.8 M for
different EoSs. Symbols have the same meaning as in Fig. 9.
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FIG. 11 (color online). Peak frequency of the postmerger GW
emission versus the radius of a nonrotating NS with 1.6M for
different EoSs. Symbols have the same meaning as in Fig. 9. The
solid lines indicate the fits described by Eq. (3).

strange quark matter lie slightly off the relation, whereas
in Fig. 10 the MIT40 data point is consistent with the
correlation (MIT60 has a relatively low M, and is there-
fore expected to appear at a smaller radius as argued
above). In this context we stress that MIT40 and MIT60
describe bare strange stars. In principle, strange stars could
carry a nuclear crust with a density below the neutron drip
density of 4 X 10'! g/cm? (see e.g., Ref. [2]). This crust
would have only a little mass of the order of 10™°>M, and,
thus, would be dynamically unimportant, i.e., it is unlikely
to change f,.- But the crust would increase the radius of a
nonrotating strange star by a few hundred meters. This
means that by considering the nuclear crust the triangles
would move to the right, for instance about 500 m for
MIT40 and about 300 m for MIT60 in the case of stars
with 1.6M. Hence, these EoSs, in particular MIT40, are
also consistent with the relation that exists between fcqx
and R, ¢ for the nuclear EoSs.

Finally, Fig. 12 shows the dominant GW frequency as a
function of the radius R 35 of a 1.35M NS. In comparison
to Fig. 11 the scattering is larger, although the relation in
particular for the accepted purely microphysical models is
still very tight (excluding the data point of the Glendnh3
EoS). Interestingly, in Fig. 12 outliers are on the opposite
side of the basic relation as compared to their location in
the plot using R, (Fig. 9).

Note that the different EoS classes (colors) in Figs. 9—12
sample in each case nearly the full parameter range and do
not indicate any trend or bias due to the different imple-
mentations of the EoSs aside from the increased scatter for
implementations using piecewise polytropes. The EoSs of
class (iv) [blue (gray)] cover a broad range of possible
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FIG. 12 (color online). Peak frequency of the postmerger GW
emission versus the radius of a nonrotating NS with 1.35M, for
different EoSs. Symbols have the same meaning as in Fig. 9.

behaviors at intermediate and high densities, which are
partially very extreme (e.g., very high pressure and sound
speed at high densities, see Figs. 2 and 3). Therefore, it is
expected that the resulting variations will also span a broad
range, which is however consistent with the chiral effective
field theory constraints at saturation densities and below.
The models of class (iii) involve a twofold simplification
that can explain the larger deviations from the correlations.
First, the fits of the EoSs do not perfectly match the under-
lying microphysical model (e.g., in the sound speed, see
Ref. [44]), leading to peak frequencies which may be
slightly different from those obtained by the original
model. Second, due to the usage of the fit the stellar
parameters of nonrotating NSs also differ slightly from
those obtained with the original EoSs. Bear in mind that
the same reasoning for EoSs of class (iii) and class (iv)
EoSs also applies to all following relations discussed in
this paper (Figs. 13-21).

B. Fits and residuals

To quantify the discussion above and to introduce a
measure for the scatter inherent to the presented relations,
we fit power laws of the type Rroy = a - (fpea)” + ¢
through the data points of Figs. 9-12 with a, b, ¢ being
parameters to be obtained by a least-square fit. Rygy
denotes the corresponding radius of nonrotating NSs used
as the characteristic EoS parameter in Figs. 9—12. Because
of the reasons mentioned in the last paragraph of Sec. VA
we restrict the set of EoSs determining the parameters to
the accepted purely microphysical models, omitting also
the EoSs of strange quark matter and the Glendnh3, which
is in conflict with radius constraints discussed in [45]. The
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derived parameters are given in Table III for the four
different characteristic radii of nonrotating NSs. Table III
also quantifies the deviations of the data points from the
corresponding fit. We list the maximum value and the
average value of the residuals for the accepted models
only and for all models except for the strange quark matter
EoSs. As is already apparent from Figs. 9-12, the radius of
a star with 1.6M, represents the best choice for character-
izing an EoS in the sense that a tight relation between the
dominant GW frequency of the postmerger remnant and
the radius of the nonrotating NS is desired.

Considering only the eight purely microphysical models
[classes (i) and (ii)] that yield a peak frequency below
2.8 kHz [85], one finds that in Fig. 11 the maximum
residual from a straight line is only 50 m (average of
residuals is 26 m), allowing for an even better constraint
of the NS radius. For the five accepted fully microphysical
models (red (gray) and black crosses) with fi,c. > 2.8 kHz
[86] we observe a maximum deviation from a linear fit of
only 58 m (average of residuals is 35 m). Hence, in Fig. 11
a broken straight line represents the best approximation to
the presented scaling with

_ [—0.2823 - Ry + 6.284  for foey < 2.8 kHz,
oeak =1 -0.4667 - R, ¢ + 8713 for Fpeak > 2.8 kHz,

3

where radii are in km and frequencies are in kHz. The fits
are shown with solid lines in Fig. 11.

In order to quantify to what accuracy the radius of a
1.6M, NS can be obtained from a GW detection of the
postmerger phase, we consider the maximum deviation
from the derived fits and add the uncertainty in the mea-
surement of the peak frequency: for f .. we adopt an
uncertainty of 40 Hz (see Sec. IV C), which via Eq. (3)
corresponds to 86 m for f. > 2.8 kHz and 142 m for
Speak < 2.8 kHz. The larger error bar for low peak frequen-
cies is caused by the flatter slope of Eq. (3) in this fre-
quency range. We then add the maximum deviation of
58 m (50 m for fpe < 2.8 kHz) from the broken line
[Eq. (3)] found for the accepted fully microphysical can-
didate EoSs (ignoring the outliers Glendnh3 and MIT40 for
the reasons described in Sec. VA). In total this amounts to
144 m for fp..x > 2.8 kHz and to 192 m for a lower peak
frequency. Being conservative one may add an uncertainty
of up to 200 m due to the use of the conformal flatness
approximation, subsuming also general effects by differ-
ences in the details of the implementation of different
codes (see Appendix A). We do not take into account an
error resulting from the approximate treatment of thermal
effects (see Appendix B) because this does not apply to all
EoSs. (As estimated in Appendix B for an ideal gas index
I'y, = 1.75 instead of 2, the maximum residual of the data
points from a power law is 126 m.) Note that the latter two
effects are not fundamental sources of errors and can be
overcome by a more elaborate modeling of NS mergers
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4 identify a well-defined surface of the object (see e.g.,
*ox Fig. 5 in Ref. [37]). Using arbitrarily the radius of a sphere
35 X enclosing 2.6M of rest mass as the radius of the DRO,
1?3 Fig. 13 confirms the close relation between f,.. and the
53 X ghosen radius of the merger .remnant Rremnam.. Her.e, R emnant
= X is measured 8 ms after merging when the oscillations of the
E A XX DRO are sufficiently damped (see Figs. 5 and 6). The radii
=257 iy of the merger remnants for different EoSs are also provided
X % in Table II. [The data point in Fig. 13 with f.,c = 3.2 kHz,
27 ) which is located slightly below the relation (R mpant =
X 8.53 km), corresponds to the fully microphysical
15 s \ s s BurgioNN EoS, where our somewhat arbitrary definition
6 8 ::;0 [k1? 14 16 of Riemnant fails. In particular the time, when R .pnane 1S

m

remnant

FIG. 13 (color online). Peak frequency of the postmerger GW
emission versus the radius of a sphere enclosing 2.6M of rest
mass of the merger remnant for all fully microphysical EoSs
8 ms after merging. Symbols have the same meaning as in Fig. 9.

and the high-density EoS. We also mention the possibility
that the residuals from a fit might be further reduced by
using different radii of nonrotating NSs to characterize the
EoSs in different ranges of the peak frequency.

C. Interpretation

In a previous paper we presented arguments why the
dominant oscillation frequency of the differentially rotat-
ing merger remnant scales with the radius of a nonrotating
NS whose mass is generally smaller than that of the
remnant [40]. As has been shown in Ref. [80], the GW
emission at the peak frequency is generated by the funda-
mental quadrupolar oscillation mode. The frequency of
this mode is known to be proportional to the square root

of the mean density, % with M and R being the mass and

the radius of the oscillating object (see Refs. [87,88]). The
mass of the merger remnant is approximately given by the
total binary mass and therefore it is the same for all models
discussed in this section neglecting small amounts of ejecta
and differences in the inflated torus surrounding the central
object. Hence, the peak frequency is entirely determined
by the radius of the DRO. The radius of the merger remnant
cannot be defined unambiguously because one cannot

TABLE III.

determined, is arbitrarily chosen. It should be sufficiently
early to characterize the GW emission, but not too early
when the DRO, and thus R, nane»> are still strongly oscillat-
ing, which is the case for the BurgioNN model].

To understand the correlations found in Figs. 9-12,
where the frequency shows a tight anticorrelation with
radii of static TOV configurations, we hypothesize that
for a given EoS the radius of the differentially rotating
merger remnant of about 2.6M, scales with the radius
Rty of a nonrotating NS for a chosen mass. This hypothe-
sis is confirmed when considering R .pnan: @S @ function of
RTOV = R1_35, Rl.6’ RLS’ or RmaX’ of which the relation
with R; ¢ shows the smallest scatter. Neglecting effects due
to thermal contributions and differential rotation, a linear
relation between R, and the radius of the most massive,
uniformly rotating NS configuration was reported in
Ref. [79]. Adopting therefore a linear dependence between
Riemnant and Rpoy, one expects that fp..x is proportional to
R;3/7. When fitting a power law Sreak = @’ - Ro? to the
data points of Figs. 9-12 similar residuals as those listed in
Table III are found, which implies that in fact there exists a
tight relation between R .pn.: and Rpoy. Additionally,
quantity which according to the above reasoning is pro-
portional to the mean density of the merger remnant. This
behavior is confirmed by the linear scaling evident from
Fig. 14, which should be considered as an empirical finding
of this work.

The fact that the relation between f ., and the radius

of an NS with 1.6M, shows the best quality, can be

Fig. 14 shows the peak frequency as a function of a

Parameters of power laws fitted to the data points shown in Figs. 9-12. See the main text for definitions; units are such

that NS radii are measured in km and f o in kHz. Rroy denotes which radius of nonrotating NSs is used to characterize the different
EoSs. The last four columns provide the maximum value of the residuals and the average of the residuals for all accepted models of
fully microphysical EoSs (without MIT60, MIT40, Glendnh3) and for all models except for the strange quark matter EoSs.

Rrov a b ¢ Arecerted ) Adcerted Tym) A2l [km] AL [km]
R 17.35 —1.053 5.201 0.281 0.142 1.187 0.307
Ris 20.57 —-0.7019 2.466 0.190 0.084 1.726 0.272
Ris 21.53 —0.5598 0.523 0.124 0.064 0.357 0.103
R 35 21.28 —-0.5276 0.3394 0.232 0.109 0.565 0.211
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Peak frequency of the postmerger GW
in geometrical units for different EoSs.

understood by investigating the involved density regimes.
For a given EoS the central density in the merger remnant
is well below the central density p.x of the nonrotating
maximum mass configuration as specified in Table I, but
typically above the central density of the initial binary
components, i.e., of 1.35M, NSs in the considered case
(exceptions to this relatively general behavior are rather
stiff EoSs like Shen or GS1). This can be seen by the
density evolution in Fig. 15. Hence, the density regime
probed by the merger remnant and thus determining the

A ————— |

0 5 10 15 20
t [ms]

FIG. 15 (color online). Evolution of the maximum rest mass
density for the models with the Shen EoS (black), the Sly4 [red
(gray)] EoS and the MIT60 EoS [blue (dark gray)]. At the
beginning of the evolution the shown maximum rest mass
density corresponds to the central density in the inspiraling
NSs, while after merging the maximum value of the rest mass
density is found in the center of the DRO.

PHYSICAL REVIEW D 86, 063001 (2012)

GW emission is comparable to the densities encountered in
nonrotating NSs with masses above 1.35M but below
M .x- On the one hand this means that the value of R,
as a characteristic EoS property is determined by a density
regime of the EoS that does not occur in the merger
remnant. This explains the larger scatter in Fig. 9. On the
other hand, the radius R, 35 depends only on the EoS at
relatively low densities, whereas the structure of a DRO of
a merger with M, = 2.7M,, is determined by the EoS at
higher densities. Thus, the relatively large deviations in
Fig. 12 are a consequence of the inability of a 1.35M, NS
to capture the EoS behavior at densities realized in the
merger remnant.

D. Additional dependences

Though we identify NS radii as the crucial characteristic
EoS-dependent quantity that affects the late-time GW
emission, additional constraints on NS properties by GW
signal features can be derived from our survey of NS
mergers for a large set of EoSs. Figure 16 shows the
peak frequency as a function of the maximum mass M,
of nonrotating NSs. The vertical line indicates the mass
limit set by the observation of the 1.97M, pulsar [10]. Note
that some EoS on the left of the vertical line (crosses) are
not excluded because they are compatible with the mass
measurement within the error bars. Figure 16 shows that
high peak frequencies tend to exclude high values of M.
Note that the three blue (gray) symbols with very high
M.« belong to EoSs of class (iv) (with piecewise-
polytrope extension at high densities), and that these three
particular EoSs are subject to an extreme stiffening of the
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\
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FIG. 16 (color online). Peak frequency of the postmerger GW
emission versus the maximum mass M, of nonrotating NSs for
different EoSs. Symbols have the same meaning as in Fig. 9. The
vertical solid line marks the 1.97M g mass limit set by Demorest
et al. [10]. The dashed line represents an upper limit of M, for
fully microphysical EoSs (see main text).
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FIG. 17 (color online). FWHM of the peak structure of the
postmerger GW emission versus the maximum mass M, of
nonrotating NSs for different EoSs. Symbols have the same
meaning as in Fig. 9.

EoS at high densities (see Figs. 2 and 3). Considering our
set of representative EoSs one can conclude that for a given
peak frequency fpe, the maximum mass of nonrotating
NSs can be constrained to roughly M., = 4.25Mq —
0.5(Mo/KHz) - feax (see dashed line in Fig. 16).

In addition to the peak frequency one may also consider
using the width of the peak to characterize the GW emis-
sion during the postmerger phase, although it is unlikely to
be obtained precisely from a GW observation by Advanced
LIGO or Advanced VIRGO. However, the situation may
change with the increased sensitivity of the Einstein
Telescope. Since the peak frequency is determined by the
size of the merger remnant, the width of the peak can be
considered as a measure for the change of the structure of
the DRO and its evolution. In the following we quantify the
width of the peak by the FWHM (see Table II). Figure 17
illustrates the dependence of the FWHM on M,,,,, whereas
in Fig. 18 the peak width is shown as a function of the
radius of a nonrotating NS with 1.6M,. Using R, to
characterize the different models results in a picture quali-
tatively similar to Fig. 18. It is striking that the FWHM
does not show a clear dependence on the stellar parameters
characterizing a given EoS; instead, for a given FWHM a
large spread in M, and R;¢ is found. A slight trend is
noticeable that EoSs with high M, or larger R ¢ tend to
have smaller peak widths. Furthermore, one recognizes
that only models that are excluded by the observation of
the 1.97M, pulsar yield increased FWHMs, though even in
these cases the absolute values are not higher than about
250 Hz (except for the strange quark matter MIT60 EoS).
However, we emphasize that not all excluded models show
this behavior.

The broadest peak with FWHM = 460 Hz is found for
the MIT60 EoS describing absolutely stable strange quark

‘ ‘ ‘ X
10 11 12 13 14 15 16
Ris km]

FIG. 18 (color online). FWHM of the peak structure of the
postmerger GW emission versus the radius of nonrotating NSs
with 1.6M,, for different EoSs. Symbols have the same meaning
as in Fig. 9.

matter. It seems unlikely that this finding is a particular
consequence of the fact that this EoS models strange quark
stars because for MIT40 a narrow peak is found. Rather,
what distinguishes MIT60 from the other EoSs is the early
occurrence of the delayed BH formation taking place about
3 ms after merging, i.e., during a period when the post-
merger remnant is still vividly emitting GWs. This leads to
the conclusion that the broadening of the peak is connected
to the dramatic structural changes in the DRO prior to
collapse, visible for example in the evolution of the central
density (see Fig. 15). See also the discussion in Sec. VII.

We stress that MIT60 is the only model out of the 38
discussed here where the delayed collapse occurs in the
period of strong GW emission, i.e., at a time when the peak
in the GW spectrum is shaped. In the remaining simula-
tions either the prompt collapse to a BH takes place or the
forming DROs are stable for at least 10-15 ms until the
GW emission has significantly decreased. Only in one
other case, namely the H3 EoS, do we observe the delayed
collapse before the end of the simulation about 25 ms after
merging. Note that MIT60 yields an M ,,, by which this
EoS is excluded because of M,,,, < 1.97M . The broadest
peak among the accepted models of our survey is only
205 Hz (for the LS220 EoS).

Considering these observations and the large variety in
our representative sample of EoSs we conclude that the
early occurrence of a delayed collapse of the DRO is very
unlikely to happen and, therefore, a broadening of the peak
in the postmerger GW spectrum seems improbable, at least
for the binary setup considered here. Besides this empirical
finding, to our knowledge there is no case reported in the
literature where the merger of two stars with 1.35M, yields
an extraordinary broad peak in the GW spectrum for an
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EoS which is compatible with the NS mass measurement
of Demorest et al. [10].

In Ref. [38] the delayed collapse within the first 5 ms of
the lifetime of the DRO was found to be generic in a certain
range of total binary masses slightly below the threshold
for the direct BH formation. In view of this it is unexpected
that we do not observe any case of such an early delayed
collapse except for the excluded strange quark matter
MIT60 EoS when we consider our very large sample of
EoSs. For instance, according to Ref. [38] the merger of
two NSs of 1.35M with the Sly4 EoS should have led to a
collapse within 5 ms after merging. To explore this differ-
ence we perform additional calculations for the Sly4 EoS
with slightly increased binary masses. The resulting life-
times of the remnants are summarized in Table IV for
simulations using I'y, =2 (our standard choice; see
Sec. II) and I'y, = 1.357 as employed in Ref. [38].

For I'y, = 2 we find either the prompt collapse to a BH
or the formation of relatively long-lived merger remnants
depending on the total binary mass. In contrast, with a
description of thermal effects that corresponds to a very
inefficient shock heating (I'y, = 1.357) we indeed identify
a parameter range for which short-lived merger remnants
with lifetimes below 5 ms occur. This is in qualitative
agreement with the findings of Hotokezaka et al. [38].
Our calculations thus suggest that the frequent occurrence
of short DRO lifetimes (below 5 ms) in Ref. [38] is a
consequence of the assumption of a very low shock-
heating efficiency and it shows that the choice of I'y, has
a crucial influence on the stability of the merger remnant.
This is understandable since thermal pressure support gen-
erally has a stabilizing effect. (In Ref. [19] the thermal
ideal gas index was extracted from microphysical EoSs
including a consistent description of temperature effects,
showing that I'y, in the range from 1.5 to 2 represents a
suitable approximation. See Fig. 2 in Ref. [19].)

The quantitative differences in Table IV might be ex-
plained by differences in the exact implementation of the
EoS (original table versus piecewise polytropic approxi-
mation of the EoS) and the different degree of sophistica-
tion of the simulations (SPH in combination with the
conformal flatness approximation and a GW backreaction
scheme versus grid-based hydrodynamics in full general
relativity where the simulations start more than five orbits
before merging). See also Appendix A.
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In the context of DRO lifetimes we also mention that a
slight decrease in the total binary mass (M, = 2.68M,
instead of M, = 2.7M,,) for the model with the eosAU
prevents the prompt collapse, and instead leads to the
formation of a DRO which is stable for at least 14 ms
and generates a narrow peak of 169 Hz at fp.. =
3.94 kHz. Hence, based on this marginal case and on our
survey we conclude that the generic outcome of an NS
merger of two stars with 1.35M is either the prompt
collapse or a relatively long-lived DRO (with a lifetime
of typically more than 5 ms) where shock heating is crucial
for the stability of the DRO. We stress that for a thorough
investigation of the stability and lifetime of merger rem-
nants the consideration of a large sample of temperature-
dependent EoSs is essential.

VI. DEPENDENCE ON THERMODYNAMICAL
PROPERTIES

Section V provides evidence that NS radii play a crucial
role in determining the GW emission of NS mergers.
Stellar parameters can be considered to be a consequence
of the bulk properties of the high-density EoS because they
are integral values associated with the solution of the TOV
equations taking into account the EoS behavior over a large
density regime. In this section we directly relate the domi-
nant GW frequency of the postmerger phase to specific
properties of the NS EoS (see Table I). Figure 19 shows a
clear correlation between fo. and the central energy
density of the nonrotating maximum mass configuration
of the TOV solutions. However, in comparison to
Figs. 9-12 one finds a wider scatter and one cannot infer
a clear functional dependence. At most, exclusion regions
can be identified. As argued in Sec. V the deviations are
understandable because only a certain density range, which
does not include e, is probed by the postmerger rem-
nant. This effect is most pronounced for hyperon EoSs,
where in contrast to nucleonic matter the behavior of the
high-density EoS is changed by the appearance of hyper-
ons. Consequently, the hyperon EoSs are found on the
lower right of the band established by the correlation of
other EoSs.

Figure 20, which displays fyc. as a function of the
pressure at 1.85p, confirms these arguments. Here, the
intrinsic scatter is smaller because one considers a

TABLE IV. Lifetime in ms of the postmerger remnant in simulations for the Sly4 EoS. In the first row the masses of the simulated
binary components are given in M. The entry “prompt BH” indicates direct BH formation. Bars mark cases where no calculations
have been performed. Note that we report lower bounds on the lifetime when the collapse to a BH does not occur until the end of the

simulation.

1.35-1.35 1.38-1.38 14-14 1.42-1.42 1.45-1.45
I'y, = 2 (this work) >15 >10 >12 >10 prompt BH
I'y, = 1.357 (this work) >11 >9 2.5 prompt BH prompt BH
I'y, = 1.357 (Ref. [38]) <5 - prompt BH - -
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FIG. 19 (color online). Peak frequency of the postmerger GW
emission versus the maximum central energy density of stable
nonrotating NSs for different EoSs. Symbols have the same
meaning as in Fig. 9.

characteristic quantity at a moderate density which is
realized in the merger remnants. One notices that a low
pressure at the fiducial rest mass density of 1.85p causes a
higher peak frequency. This is plausible because a reduced
pressure yields more compact stellar objects resulting in
higher oscillation frequencies, as discussed in Sec. V. A
direct correlation between P(1.85p,) and the radius of
nonrotating NSs has been pointed out in Ref. [1] and is
confirmed by the values given in Table I.

Using the speed of sound as a characteristic EoS prop-
erty reveals a relation as shown in Fig. 21. The sound speed
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FIG. 20 (color online). Peak frequency of the postmerger GW
emission versus the pressure at 1.85 times nuclear saturation
density for different EoSs. Symbols have the same meaning as in
Fig. 9.
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FIG. 21 (color online). Peak frequency of the postmerger GW
emission versus the sound speed at 1.85 times nuclear saturation
density for different EoSs. Symbols have the same meaning as in
Fig. 9.

is determined at 1.85p,. At high peak frequencies above
3 kHz the anticorrelation is rather tight, whereas the chosen
EoS feature cannot be constrained significantly in cases of
low peak frequencies. Note that using the speed of sound at
saturation density reduces the scatter at frequencies below
2.8 kHz but leads to an increase of the variations at high
fpeak (not shown). As a general finding we stress that
choosing other fiducial densities for the pressure or the
sound speed does not yield tighter correlations over the
whole parameter range. We also note that the locus of the
strange quark matter EoSs in diagrams like Figs. 20 or 21 is
highly sensitive to the chosen reference density (see Figs. 2
and 3 for the determination of the characteristic properties
depending on the fiducial density).

VII. VARIATION OF BINARY PARAMETERS

A. Dependence on stellar radii

In the previous sections NS mergers with a total binary
mass of 2.7 M, and a mass ratio g = M,/M, = 1 were
considered and very tight anticorrelations, in particular
between the dominant GW frequency in the postmerger
phase and the stellar radii of nonrotating NSs, were ob-
served. In the present section we explore these relations for
different binary setups. In our discussion we include the
results of simulations of binaries with total system masses
(i.e., the gravitational mass of the two components in
isolation added) of 2.4M¢, 2.7M and 3.0M, each with a
mass ratio ¢ = 1. Calculations are performed for all fully
microphysical EoSs [classes (i) and (ii)]. For the EoSs with
a consistent temperature treatment [class (i)] we also test
the effect of asymmetric initial masses by simulating
1.2-1.5M, mergers. All results are given in Tables V
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TABLE V. Models with varied total binary masses and an
initial mass ratio of ¢ = 1. M; and M, refer to the masses of
the binary components. In the second column the ideal gas index
for mimicking thermal effects is given. “full” denotes a con-
sistent temperature treatment. The third column lists the domi-
nant GW frequency f . in the postmerger phase, *“prompt BH”
indicates the prompt BH formation for the given model. The
width of the peak is provided in the last column. EoSs which are
excluded by the pulsar mass measurement of Demorest et al.
[10] are marked by an asterisk.

EoS M| — M, Iy Speak [kHz] FWHM [kHz]
Sly4 1.2-1.2 2 2.94 0.139
APR 1.2-1.2 2 3.15 0.143
FPS 1.2-1.2% 2 341 0.186
BBB2 1.2-1.2%* 2 3.15 0.183
Glendnh3 1.2-1.2 2 2.12 0.185
eosAU 1.2-1.2 2 3.51 0.244
eosC 1.2-1.2% 2 2.81 0.196
eosL 1.2-1.2 2 1.76 0.124
eosO 1.2-1.2 2 2.48 0.111
eosUU 1.2-1.2 2 321 0.127
eosWS 1.2-1.2% 2 3.35 0.170
SKA 1.2-1.2 2 2.40 0.129
Shen 1.2-1.2 Full 2.02 0.143
LS180 1.2-1.2% Full 2.77 0.195
LS220 1.2-1.2 Full 2.55 0.166
LS3751.2-1.2 Full 224 0.130
GS1 1.2-1.2 Full 1.97 0.129
GS2 1.2-1.2 Full 2.34 0.126
MIT60 1.2-1.2% Full 3.01 0.207
BurgioNN 1.2-1.2 2 2.85 0.157
MIT40 1.2-1.2 1.34 2.35 0.161
LS180 1.4-1.4* Full 3.87% 0.475
Sly4 1.5-1.5 2 Prompt BH

APR 1.5-1.5 2 Prompt BH

FPS 1.5-1.5* 2 Prompt BH

BBB2 1.5-1.5% 2 Prompt BH

Glendnh3 1.5-1.5 2 2.64 0.217
eosAU 1.5-1.5 2 Prompt BH

eosC 1.5-1.5% 2 Prompt BH

eosL 1.5-1.5 2 1.98 0.137
eosO 1.5-1.5 2 2.86 0.166
eosUU 1.5-1.5 2 Prompt BH

eosWS 1.5-1.5% 2 Prompt BH

SKA 1.5-1.5 2 3.01 0.200
Shen 1.5-1.5 Full 2.39 0.160
LS180 1.5-1.5% Full Prompt BH

L8220 1.5-1.5 Full 3.50° 0.326
LS375 1.5-1.5 Full 2.57 0.142
GS1 1.5-1.5 Full 2.27 0.130
GS2 1.5-1.5 Full 2.83 0.176
MIT60 1.5-1.5% Full Prompt BH

BurgioNN 1.5-1.5 2 Prompt BH

MIT40 1.5-1.5 1.34 2.83 0.280

ICollapse after 7 ms.
PCollapse after 9 ms.
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TABLE VI. Models with varied initial mass ratio and M, =
2.7My. M| and M, refer to the masses of the binary components.
In the second column the ideal gas index for mimicking thermal
effects is given. “full” denotes a consistent temperature treat-
ment. The third column lists the dominant GW frequency fpeqx in
the postmerger phase. The width of the peak is provided in the
last column. EoSs which are excluded by the pulsar mass
measurement of Demorest et al. [10] are marked by an asterisk.

Shen 1.2-1.5 Full 2.19 0.169
LS180 1.2-1.5% Full ~3.4° ~0.3
LS220 1.2-1.5 Full 2.80 0.260
LS375 1.2-1.5 Full 2.38 0.120
GS1 1.2-1.5 Full 2.03 0.190
GS2 1.2-1.5 Full 2.49 0.239
MIT60 1.2-1.5% Full ~3.4° ~0.6

Collapse after 9 ms.
®Collapse after 2 ms.

(symmetric binaries) and VI (asymmetric binaries).
Figures 22-24 display the peak frequency of the post-
merger stage as a function of the radii of nonrotating NSs
with 1.35M, 1.6M and 1.8M for the aforementioned
binary setups analogous to Figs. 10-12. The simulations
with M, = 2.7M, which were already discussed above,
are shown with the same symbols used previously, i.e.,
crosses and plus signs. The same color scheme as in the
previous sections is adopted. Low-mass binary mergers are
plotted with squares. The results of calculations with
M, = 3.0M, are given by diamonds. Data points corre-
sponding to excluded EoSs are displayed by smaller sym-
bols. Simulations with g # 1 are indicated by circles. Note
that the strange quark-matter cases are highlighted by
special symbols only for the 1.35-1.35M, mergers.
However, the symbols belonging to a certain EoS can be
readily identified by their location at the same NS radius.

The M, = 2.7M, simulations were extensively dis-
cussed in Sec. V. Considering the calculations with two
1.2M, stars one finds in Figs. 22-24 that for this binary
setup relations between fp.,c and the NS radii also exist.
The anticorrelation found with the radius R;3s5 is the
tightest in comparison to the others. This is fully consistent
with the interpretation in Sec. V C that the merger remnant
mostly probes a certain density regime which for lower
M, corresponds to the radii of lower-mass NSs.
Consequently, the scatter is enhanced when using the radii
of nonrotating high-mass NSs as characteristic properties
(Figs. 23 and 24). The strange quark matter EoSs are off the
relations in all three plots. In addition, only the result for
the Glendnh3 EoS (R35 = 14.52 km) seems to deviate
slightly from the very tight anticorrelation established by
the other EoSs in Fig. 22.

Choosing R;¢ as the characterizing EoS property in
Fig. 23, all excluded models (small symbols) occur
as outliers at smaller radii but seem to fulfill their own
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FIG. 22 (color online). Peak frequency of the postmerger GW
emission versus the radius of a nonrotating NS with 1.35M, for
different EoSs. The same color scheme as in Fig. 9 is adopted.
Squares mark the results of simulations with M, = 2.4M,
crosses and plus signs indicate the peak frequencies of mergers
of two stars with 1.35M, circles correspond to calculations of
1.2-1.5M, mergers, and diamonds denote the outcome of sym-
metric binary coalescences with M, = 3.0M,. Triangles belong
to the 1.35-1.35M, simulations with the strange quark matter
EoSs (MIT40 and MIT60). Note that the other binary setups for
these EoSs are not specially highlighted. Small symbols indicate
that the corresponding EoS is excluded by the 1.97M pulsar
observation (except for the strange quark matter EoS MIT40,
which is not excluded).

relation. This behavior is in analogy to the one in Fig. 10
(see discussion in Sec. V) and can be explained by the fact
that for these EoSs the NSs with 1.6M, are not located on
the nearly vertical sequence of the mass-radius relation, as
is the case for EoSs with higher M.

In Fig. 23 the two EoSs appearing at nearly the same
radius of about 13 km are the SKA EoS and eosO (black
symbols). While they show some difference in f ., for the
M,y = 2.4M, and M, = 3.0M, runs, the peak frequen-
cies of the 1.35-1.35M, mergers are very close. This
illustrates the importance of choosing an appropriate char-
acterizing NS radius dependent on the total binary mass, cf.
the location of these EoSs in Figs. 22 and 24. Accordingly,
for mergers of two stars with 1.5M, the radius of a non-
rotating 1.8M, NS leads to the most narrow anticorrela-
tion, although compared to the simulations with
M,y = 2.4M, or 2.7M, still larger scatter is visible.
However, note that only the three models based on baro-
tropic EoSs (black diamonds) seem to yield peak frequen-
cies that are systematically on the lower side, while the
remaining models form a clear relation (that can be de-
scribed for instance by a power law). The behavior of these
three class (ii) EoSs at smaller radii may be an artifact
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FIG. 23 (color online). Peak frequency of the postmerger GW
emission versus the radius of a nonrotating NS with 1.6M, for
different EoSs and varied binary setups. Symbols have the same
meaning as in Fig. 22.

connected to the approximate temperature treatment
needed for these models. The usage of I';, = 2 may under-
estimate [, in comparison to a consistent description of
thermal effects (see Appendix B and Ref. [19]), which
becomes particularly important for high-mass binaries
and EoSs yielding compact NSs.

Exploring the influence of M, on the peak frequency
for different EoSs, a stronger effect is found for models
with compact NSs, i.e., at higher GW frequencies. While
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FIG. 24 (color online). Peak frequency of the postmerger GW
emission versus the radius of a nonrotating NS with 1.8M, for
different EoSs and varied binary setups. Symbols have the same
meaning as in Fig. 22.
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for eosL, for example, f,.. ranges from 1.76 to 1.98 kHz
when M, varies from 2.4Mg, to 3.0M, differences in the
peak frequency exceeding 500 Hz are observed for EoSs
with smaller NS radii for the same variations in the total
binary mass. In comparison, the effect of the initial mass
ratio of the binaries is more modest. The peak frequencies
of 1.2-1.5M y mergers are in general slightly lower than the
corresponding f .. of the symmetric setup with the same
total binary mass. This trend can be expected because for
an asymmetric binary during the coalescence more matter
is spread into the torus surrounding the central object.
Hence, the DRO is less massive and thus oscillates at lower
frequencies. The increased frequency for the 1.2-1.5M¢
merger with the excluded LS180 EoS is a consequence of
the gravitational collapse only 9 ms after merging, which is
accompanied by a compactification of the remnant prior to
the collapse. Note that in Figs. 22—-24 we do not include the
result of the asymmetric merger with the MIT60 EoS
because this model collapses about 2 ms after merging.
For the accepted models the deviations of . from the
results of symmetric binaries seem to increase for smaller
NS radii, but the GS1 EoS makes an exception to this
tendency. The larger differences for smaller radii can
be understood from the finding above that changes in
the mass of the central DRO have a stronger effect on
Speak for such models. In summary, the influence of the
initial mass ratio is relatively small, at most 90 Hz for the
accepted models of class (i). This demonstrates the insen-
sitivity of the presented relations to small variations of the
initial mass ratio g and shows the robustness of our method
for constraining NS radii with respect to uncertainties in
the accurate determination of g from the GW inspiral
signal.

B. Prompt collapse

It can be noticed in Figs. 22—24 that in comparison to the
1.35-1.35M simulations there are more data points for
1.2-1.2M, binaries and less for 1.5-1.5M mergers be-
cause with higher total binary masses for more EoSs the
prompt collapse to a BH occurs. Characterizing a given
EoS by M.« and R 35, Fig. 25 illustrates the situation:
models are marked with asterisks there when the direct BH
formation is observed for 1.35-1.35M mergers. Crosses
indicate EoSs which lead to the prompt collapse for a total
binary mass of M, = 3.0M. The remaining fully micro-
physical models of 1.5-1.5M¢ mergers with DRO forma-
tion are denoted by dots. Note that we do not find cases
where the coalescence of two NSs with 1.2M, results in
the direct occurrence of a BH. The data point at R; 35 =
10.43 km and M, = 1.88M, marks the MIT60 EoS,
which as a strange quark matter EoS should be disregarded
in this discussion. Despite the coarse sampling in the
R, 35 — M, space one can identify the region in the
parameter space that allows for the direct BH formation
for a given M,,. For a fixed total binary mass the boundary
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FIG. 25. Equation of state properties for direct BH formation

are characterized by the corresponding maximum mass of non-
rotating NS and the radius of a nonrotating NS with 1.35M,,.
Models for which the merger of a symmetric binary with M, =
2.7M leads to the prompt formation of a BH are displayed with
asterisks. Crosses indicate cases where the coalescence of two
stars with 1.5M, each results in a prompt collapse. Dots denote
simulations where the formation of a DRO is found for binaries
with M, = 3.0M. Note that we only consider EoSs of classes
(i) and (ii). The small cross marks the MIT60 EoS describing
absolutely stable strange quark matter. Models collapsing
promptly for M, = 2.7M, also directly form a BH in a
1.5-1.5M, merger. The dashed lines indicate the approximate
boundary between prompt and delayed collapse for M, =
2. TMy and M, = 3.0M (see text).

between this scenario and the formation of a DRO may be
roughly approximated by

M
Mmax = _O'6<k—£)R1‘35 + Moffset(Mtot)’ (4)

where only the offset depends on M,,. We determine
Myfiei(2.7TM o) = 8.45M and M 4,(3.0M,) = 9.3M,,
(see dashed lines in Fig. 25). These findings are qualita-
tively consistent with the analysis of Hotokezaka et al.
[38], where a dependence My eehold = kM pax Was pro-
posed for the threshold binary mass distinguishing the
two scenarios of a prompt and a delayed collapse. The
parameter k was found to depend on the radius of a 1.4M
NS, which is confirmed by our calculations. A quantitative
comparison is not meaningful because of the coarse sam-
pling of our models in M, and because of the usage of
I'y, = 1.357 in Ref. [38] which implies a very low pressure
increase associated with shock heating. But we stress that
the relation between k and R, 4 is not very tight, which can
be also seen in the data of Hotokezaka et al. [38]. This
impedes the determination of M,,,, by means of this scal-
ing. Besides, there are indications that k is also sensitive to
M,. Note that in this subsection we have focused entirely
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FIG. 26 (color online). FWHM of the peak structure of the
postmerger GW emission versus the radius of nonrotating NSs
with 1.6M, for different EoSs and varied binary setups. Symbols
have the same meaning as in Fig. 22.

on symmetric mergers (¢ = 1). The picture may change
for asymmetric setups.

C. Width of the peak

Tables V and VI list the results of all simulations dis-
cussed in this section. In particular, the tables also provide
the widths of the peaks. As a general trend one finds that for
a higher total binary mass, the peak in the GW spectrum is
broader. This is demonstrated in Fig. 26 which shows the
FWHM as a function of the radius R, 4 of an NS with
1.6M, adopting the same notation as in Fig. 22. As already
indicated in Fig. 18 the simulations with EoSs yielding
more compact NSs result in broader peaks, which is also
confirmed by Fig. 26 for other total binary masses. It is
apparent that in calculations with excluded EoSs (small
symbols) larger FWHMs are generally observed.
Asymmetric binary setups also tend to generate broader
peaks (circles), which for many EoSs is a stronger effect
than varying M, by 0.3M,. Note that extraordinarily
broadened peaks occur only in simulations where the
DRO collapses in the phase that still produces a substantial
emission of GWs. This is the case for the models LS180-
1.2-1.5, MIT60-1.2-1.5, LS180-1.4-1.4, and LS220-1.5-
1.5. From these general observations we conclude that
the width of the peak in general is a measure of the
proximity of the DRO to collapse, prior to which strong
structural changes of the remnant occur. This can be seen,
for instance, by the outcome and the FWHM for all simu-
lations with the LS180 EoS when we include the calcula-
tion for a symmetric binary with M, = 2.8M (not
considered in the plots but listed in Table V). This also
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means that our study cannot confirm that a broadened peak
is a particular and generic consequence of the appearance
of hyperons, as has been concluded in Ref. [39] based on
the investigation of only two EoSs. These differ not only
with respect to their hyperon content but in particular also
in the resulting stellar parameters, both of which can have a
crucial influence on the dynamical behavior. For instance,
we also find broad peaks for purely nucleonic EoSs which
lead to a collapse a few ms after merging, while not every
EoS including hyperons causes an enlarged width of the
peak (cf., models Glendnh3-1.2-1.2, Glendnh3-1.35-1.35,
H3-1.35-1.35, H4-1.35-1.35, Glendnh3-1.5-1.5). We stress
that for the considered binary configurations broadened
peaks are rather rare, in particular with EoSs compatible
with the observation of a 1.97M, pulsar. Hence, it is
unlikely that the broadening of the dominant peak in the
postmerger GW spectrum jeopardizes the determination of
NS properties by the relations presented in this work,
because wide peaks occur only in the seldom cases when
the gravitational collapse of the DRO sets in during the
phase of strong GW emission. Moreover, for the models
examined here the peak frequency of broadened peaks still
fulfills the discussed relations.

VIII. CONCLUSIONS

In this work we have investigated an extended set of NS
merger simulations, considering in total 38 microphysical
EoSs. This representative sample of high-density EoS can-
didates shows a large diversity in its properties, e.g., con-
cerning the resulting stellar parameters, where the
maximum NS mass varies from 1.79 to 3.00M, with
corresponding radii ranging from 8.65 to 14.30 km
(Fig. 4). We emphasize that no selection procedure is
applied to the choice of the EoSs (except for requiring
M.« = 1.97M because of the pulsar mass measurement
of Demorest et al. [10]). Our models also include two EoSs
describing absolutely stable strange quark matter.

For 34 EoSs of our sample the coalescence of two stars
with 1.35M¢ leads to the formation of a DRO, whose
oscillations generate GW emission mainly in the kHz
range. In particular, the fundamental quadrupolar fluid
mode produces a pronounced peak between 1.84 and
3.73 kHz depending on the EoS employed. Except for
one strange quark matter EoS, which is incompatible
with observations, the peaks are very narrow, with
FWHMs typically below 200 Hz. This pronounced feature
of the postmerger GW emission is measurable up to a
distance of 20-45 Mpc with an SNR of 2. Including also
the late inspiral signal shifts the detection horizon up to
150 Mpc. Assuming a reasonably optimistic merger rate
(1000 MWEG ™! Myr~!) this implies a detection rate for
Advanced LIGO of about one event per year (up to 14 with
the inclusion of the late inspiral phase).

The frequency of the peak in the GW spectrum turns out
to be a direct measure for the size of the merger remnant.
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Furthermore, the peak frequency is found to anticorrelate
very well with the radii of nonrotating NSs (Figs. 9-12).
The relation is particularly tight when choosing the radius
of a 1.6M, NS as a property characterizing an EoS
(Fig. 11). For such a configuration the density regimes
encountered in the massive DRO and in the less massive,
nonrotating NS are similar. In this case the maximum offset
from a broken linear fit describing the relation between the
peak frequency and the radius is 60 m for all fully micro-
physical EoSs of our sample, which is in agreement with
current knowledge of NSs (mass limit set by the observa-
tion of the 1.97M pulsar). By also considering that the
peak frequency can be measured with an uncertainty of
about 40 Hz, NS radii can be determined by a GW detec-
tion with an accuracy of about 144-200 m depending on
the peak frequency. This should be compared with the 1 km
precision found for the radius determination from the GW
inspiral signal with an optimal detection horizon of
100 Mpc [31]. Our method as presented in this paper
therefore promises more accurate results, but with a lower
detection rate. In addition, the robustness concerning small
uncertainties in the initial mass ratio of the binary has been
shown (Figs. 22-24). It is also worth mentioning that
inspiral signals will provide NS radius information of the
inspiraling stars, thus typically for NSs with 1.35M,
which are expected to be the most abundant cases in NS
binaries. Using the postmerger signal of the same binary
will constrain the radius of a more massive star (R; ¢ for
M = 2.7My), which seems advantageous because it
probes higher densities of the supranuclear EoS.

Examining the correlations between the dominant GW
frequency of the postmerger signal and NS radii, we find
that EoSs relying on piecewise polytropes show a larger
scatter in these relations, which is probably a consequence
of the involved simplifications. In any case it is reassuring
that with these models the scatter in the observed relations
is still small (maximum deviation of 357 m).

Concerning the strange quark matter models, we note
that they approximately fulfill the relations established for
the nucleonic EoSs, particularly when including an addi-
tional nuclear crust of strange stars. However, the scenario
of absolutely stable strange quark matter is observationally
distinguishable from ordinary NSs, e.g., by strangelets in
the cosmic ray flux. Whether strange stars actually obey
their “own” peak frequency-radius relation should be ex-
plored if more evidence arose for the existence of these
objects.

As an advantage compared to the analysis of the GW
inspiral signal, the GW peak frequencies extracted from
our simulations can also be related to other NS and EoS
properties. By this, exclusion regions for the maximum
mass of nonrotating NSs are identified for certain values of
the peak frequency. High frequencies tend to exclude high
maximum NS masses, and a single determination of the
peak frequency may significantly constrain the maximum
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NS mass (Fig. 16). This provides an alternative to estimat-
ing the maximum mass via the determination of the binary
mass at the boundary between prompt and delayed col-
lapse, which requires several detections and an a priori
knowledge of NS radii [34,38].

Moreover, we found that the dominant GW frequency of
the DRO scales with the maximum central energy density
of nonrotating NSs and with the pressure and the speed of
sound at 1.85 times the nuclear saturation density
(Figs. 19-21). All these dependences can be used to con-
strain the high-density EoS, although in comparison to
stellar radii as a consequence of the bulk properties of
the high-density EoS, the relations with local EoS proper-
ties are less tight. Finally, we note that the widths of the
peaks in the GW spectra show the general trend of being
smaller in simulations with EoSs which yield higher maxi-
mum masses or less compact NSs (Figs. 17 and 18).

Variations with the binary parameters were investigated
and scalings between the peak frequency and NS radii were
determined for simulations with total binary masses of 2.4,
2.7 and 3.0M. Bear in mind that the binary masses are
measurable from the GW inspiral signal. It was noticed that
for mergers with M, = 2.4M, the radius of a nonrotating
NS with 1.35M, represents a better quantity to character-
ize EoSs, in the sense that a tighter correlation is found
(Fig. 22). Correspondingly, for M, = 3.0M, the radius of
a 1.8M, NS is preferable as an EoS characterizing feature
(Fig. 24). These trends are understandable from the density
regimes probed by the merger remnant.

The effects of the initial mass ratio of the binaries are
only partially addressed in this paper, and a full exploration
is left for the future. Moreover, further studies should
involve an even larger set of microphysical EoSs, espe-
cially models with a consistent description of thermal
effects. Also, a treatment in full general relativity is desir-
able, preferably with the inclusion of magnetic fields and
neutrino effects, to consolidate the scalings presented in
this work. Finally, a detailed examination of the possibility
of measuring the peak frequency is needed to establish the
practical use of the described concept based on the discov-
ered correlations. For instance, the extent to which the
simultaneous observation of electromagnetic emission (a
gamma-ray burst and/or optical transient) and the knowl-
edge of the preceding inspiral signal can support the GW
analysis should be explored. Moreover, the prospects of
detector networks should be investigated.
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APPENDIX A: COMPARISON TO FULLY
RELATIVISTIC CALCULATIONS

In this appendix we explore the reliability of using the
conformal flatness approximation (see Sec. II) instead of
solving the full Einstein equations. To this end we compare
the GW emission characterized by the amplitude and the
frequency extracted from our calculations to results which
are available in the literature focusing on the postmerger
phase as it pertains to the main subject of this work. From
earlier works it is known that the quadrupole formula
underestimates the GW amplitude by about 30-40%,
whereas the frequency is determined in agreement with
more sophisticated GW extraction methods [35]. In order
to judge the quality of the conformal flatness approach we
compare the peak frequencies obtained for the APR, SLy4,
FPS, H3, H4 and Shen EoSs to the values found in fully
relativistic simulations [18,35,38,89]. Note that in the cal-

TABLE VII.
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culations of Ref. [38] an ideal gas index I'y, = 1.357 was
used, and additional runs were performed with this value
for a better comparison. The values of f ., are listed in
Table VII together with the results of fully relativistic
studies. If the peak frequencies are not explicitly given in
the mentioned references, we extract them from the pro-
vided spectra.

Note that it is important to take into account differences
in the exact implementation of the EoSs: in Refs. [18,35]
analytical fits to the microphysical models have been used,
while piecewise polytropes have been employed in
Ref. [38]. For the FPS, Sly4 and APR models we utilize
tables provided for these EoSs. The corresponding differ-
ences in the implementation of the EoSs lead to differences
in the stellar structure and thus also affect the peak fre-
quency. For instance, for a NS with 1.6M we find that the
fit to the Sly4 EoS yields a stellar radius which is 160 m
smaller than the one obtained with our EoS table.
Therefore, in Table VII we recalibrate our values for
fpeak according to the differences found in the TOV solu-
tions for 1.6M g NSs for the various implementations of the
EoSs. A difference in the radius is translated into a differ-
ence in the frequency by using the fit formula derived in
Sec. V B. When such a correction is applied, the original
value is also given in parentheses. One observes a very
good quantitative agreement with maximum deviations in
S peak Of at most a few percent. Note that one cannot identify
a systematic over- or underestimation of the peak fre-
quency by our simulations based on the conformal flatness
approximation.

The comparison of the H3 EoS deserves a further com-
ment. In the fully relativistic simulation of Ref. [38] the
DRO collapses about 5 ms after the merging, whereas in
our calculation the collapse occurs only after 12 ms. In line

Models for a comparison between our work and fully relativistic calculations. The different setups are characterized by

the employed EoS and the binary components M; and M,. The second column provides the ideal gas index used for an approximate
treatment of thermal effects, “full” refers to a consistent description of temperature effects. In the third column peak frequencies
obtained in our simulations are listed where we correct for slight differences in the EoS implementation (see text). Values in
parentheses are the uncorrected peak frequencies. fgglf““re denotes the peak frequencies found in the literature with the corresponding
reference given in the last column. Models marked by “X” lead to a delayed collapse within the first 10 ms after merging. ““prompt
BH” indicates the prompt formation of a BH in the given model.

EoS M, — M, | IS Fpeax [KHZ] g;{fmre [kHz] Reference
APR 1.35-1.35 2 3.45 (3.46) 3.35 [18]
APR 1.35-1.35 1.357 3.69 (3.68) 3.58 [38]
H3 1.35-1.35 1.357 2.67 2.69-3.00 X [38]
H4 1.35-1.35 1.357 2.56 2.57 [38]
APR 1.5-1.5 2 Prompt BH Prompt BH [18]
Sly4 1.2-1.2 2 3.01 (2.94) 3.1 [35]
Sly4 1.35-1.35 2 3.39 (3.32) 36X [35]
FPS 1.2-1.2 2 3.47 (3.41) 35X [35]
Shen 1.35-1.35 full 2.19 2.18 [89]
Shen 1.5-1.5 full 2.39 2.30 [89]
Shen 1.6-1.6 full 2.57 249 X [89]
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with the reasoning in Secs. V and VII that an early collapse
broadens the peak structure, one observes a double peak in
the spectrum of Hotokezaka et al. [38], while we obtain a
somewhat sharper peak (FWHM = 255 Hz). The peak at
the lower frequency in Ref. [38] coincides very well with
fpeak found in our simulation, which is why we conclude
that the broadening of the peak is connected to the onset of
the collapse during the GW emission phase. We stress that
the determination of the exact collapse timescale is sensi-
tive to the numerical treatment (and e.g., corresponding
numerical viscosity leading to angular momentum redis-
tribution) [19,38]. Therefore differences in the particular
case of the H3 EoS are not surprising. (Note that the H3
EoS is excluded because of its low M,,,. The latter is
likely to be responsible for the early collapse.) A similar
reasoning applies to the 1.35-1.35M, merger with the Sly4
Eos, for which in Ref. [35] the gravitational collapse
occurs within the first 10 ms after merging, whereas in
our simulation the DRO remains stable until the end of the
simulation (14 ms after merging).

Notice also that the uncertainties in f ., due to different
resolutions and initial data can be up to a few 10 Hz (see
Ref. [19] and Sec. IV B). Furthermore, we note that in the
calculations of Ref. [89] an approximate treatment of
neutrino effects has been taken into account. These may
affect the exact value of fi.., but the detailed effect of
neutrinos on f ., is not clear from the results of Ref. [89].

Our approach predicts a prompt collapse in close agree-
ment with fully relativistic simulations, e.g., for the binary
with two 1.5Mg NSs described by the APR EoS (see
Table VII). In Ref. [35] a prompt collapse for the models
FPS1313 and Slyl414 has been reported, whereas we
observe for these models the formation of a DRO.
However, a slight increase in the total binary mass (M, =
2.64M, for FPS, M, = 2.9M, for Sly4) is already suffi-
cient to lead to a prompt collapse. Note that the transition
between prompt and delayed collapse is crucially deter-
mined by the EoS. Thus, the observed discrepancies in the
collapse behavior may be explained by the slight differ-
ences in the implementations of the EoSs, where larger
deviations are found for FPS and Sly4 in comparison to the
APR EoS (compare original and recalibrated values of
Speak in Table VII).

Despite the differences and the remaining uncertainties
it is reassuring that codes with different degrees of sophis-
tication yield quantitatively very similar results. Note that
not only the gravity treatment (conformal flatness approxi-
mation versus full general relativity) differs between our
implementation and the codes used in Refs. [18,35,38,89],
but also that different hydrodynamics schemes are em-
ployed (SPH versus grid-based methods), and that GWs
are extracted by different methods. Without a more de-
tailed exploration it is therefore unclear to what extent on
the one hand the different treatment of gravity and on the
other hand the different hydrodynamics schemes, numeri-
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cal implementations and resolutions cause the observed
differences in the peak frequency. After all, the good match
between fully relativistic calculations and the conformal
flatness approximation is not really astonishing in light of
the findings of Takami et al. [90], where agreement of both
methods in determining the frequency of the fundamental
quadrupole mode has been reported in the case of isolated
NSs. Moreover, the conformal flatness approximation is
known to yield exact results in spherical symmetry.

For assessing the reliability of the GW amplitudes ex-
tracted in our calculations we directly compare the ampli-
tudes for 1.35-1.35M, mergers with the APR, the H3, and
the H4 EoSs with T'y, = 1.357 to the results shown in
Ref. [38], where the GW signal has been computed by
means of the complex Weyl scalar. This comparison con-
firms earlier findings that GW amplitudes are underesti-
mated by the quadrupole formula by about 30—40% [35]. In
the ringdown phase we find even slightly larger
differences.

APPENDIX B: EFFECT OF THE THERMAL IDEAL
GAS COMPONENT

As mentioned in Secs. II and III, not all EoSs include
temperature effects consistently, for which reason these
models are supplemented with an ideal gas component to
mimic thermal effects. This description requires the speci-
fication of the corresponding ideal gas index I'y,. A choice
in the range from 1.5 to 2 seems reasonable [19].
Throughout this paper I'y, is fixed to 2, which can be
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FIG. 27 (color online). Peak frequency of the postmerger GW
emission versus the radius of a nonrotating NS with 1.6M for
fully microphysical EoSs [classes (i) and (ii)]. Red (gray)
symbols show the results for simulations including thermal
effects consistently. Squares mark the frequencies for computa-
tions with an approximate treatment of thermal effects using an
ideal gas index of I'y, = 2. Diamonds correspond to runs with
I'y, = 1.5. Small symbols indicate EoSs which are excluded by
the observation of the 1.97M, pulsar.
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considered a suitable approximation, but may be slightly
too high for EoSs yielding compact NSs [19].

To illustrate the uncertainties connected with the ap-
proximate treatment of thermal effects, Fig. 27 shows the
results of additional simulations of 1.35-1.35M mergers
with I'y, = 1.5 (see Table VIII). The plot displays the peak

TABLE VIII. Simulations for different EoSs with varied ideal
gas index I'y, for mimicking thermal effects. “full” in the second
column denotes results with a consistent temperature treatment.
All models refer to a binary setup with two stars of 1.35M,.
EoSs providing the full temperature dependence [class (i)] are
restricted to zero temperature and neutrinoless beta equilibrium.
Speax denotes the dominant GW frequency in the postmerger
phase. Note that models which lead to a prompt collapse with
I'y, = 2 are not simulated and not listed here. “prompt BH”
indicates the prompt formation of a BH in the given model.

EoS 1—‘th f peak [kHZ]
GS1 Full 2.10
GS1 2 2.09
GS1 1.5 2.18
LS375 Full 2.40
LS375 2 2.34
LS375 1.5 241
Shen Full 2.19
Shen 2 2.16
Shen 1.5 2.26
GS2 Full 2.53
GS2 2 2.52
GS2 1.5 2.65
LS220 Full 2.89
LS220 2 273
LS220 1.5 2.92
LS180 Full 3.26
LS180 2 3.08
LS180 1.5 3.34
eosL 2 1.84
eosL 1.5 1.95
eosO 2 2.66
eosO 1.5 2.77
eosUU 2 3.50
eosUU 1.5 3.70
SKA 2 2.64
SKA 1.5 2.81
APR 2 3.46
APR 1.5 3.63
BurgioNN 2 3.20
BurgioNN 1.5 3.33
Sly4 2 3.32
Sly4 1.5 3.53
Glendnh3 2 2.33
Glendnh3 1.5 2.51
BBB2 2 3.73
BBB2 1.5 Prompt BH
eosC 2 3.33
eosC 1.5 3.83
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FIG. 28 (color online). Peak frequency of the postmerger GW
emission versus the radius of a nonrotating NS with 1.6M for
fully microphysical EoSs [classes (i) and (ii)]. Symbols have the
same meaning as in Fig. 9. The data points for EoSs of class (ii)

(black symbols) are an average of the results for calculations
with I'y, = 1.5 and Ty, = 2.

frequency as a function of the radius of a nonrotating NS
with 1.6M for all purely microphysical EoSs. For all
temperature-dependent EoSs of our sample (Shen,
LS180, LS220, LS375, GS1 and GS2) we include addi-
tional calculations, where the EoSs are restricted to the
zero-temperature slice and are supplemented with the ideal
gas ansatz for thermal effects. For these EoSs we construct
barotropic relations by also assuming neutrinoless beta
equilibrium, and run simulations with I'y, = 2 and I'y, =
1.5. Peak frequencies obtained from these simulations
using I'y, = 2 are shown with squares, while diamonds
denote the results of I'y, = 1.5 runs. Red (gray) crosses
indicate the peak frequency when the full temperature
dependence of the EoS is considered. Small symbols cor-
respond to EoSs which are excluded by the 1.97M, pulsar.
For these models based on class (i) EoSs the I'y, = 1.5
results appear at a higher frequency compared to the fully
consistent model, and the I';, = 2 data points are located at
lower frequencies. An ideal gas index I'y, = 2 appears to
be a good choice except for the LS EoSs, for which a
slightly lower I'y, seems more suitable. Note that the
LS180 EoS is excluded.

In addition, we simulate for all EoSs of class (ii) (fully
microphysical EoSs at zero temperature) the symmetric
merger with M, = 2.7M, using I'y, = 1.5, which should
be considered a firm lower bound for I'y, [19]. The corre-
sponding peak frequencies (diamonds in Fig. 27) occur at
higher values, but the differences to the I'y, = 2 runs
(squares) seem to increase slightly with smaller R .
Note that for the BBB2 EoS a prompt collapse to a BH
occurs for I'y, = 1.5. The data points at R, ¢ = 13.98 km
belong to the Glendnh3 EoS whose behavior should
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be taken with a grain of salt because of its qualitatively
different mass-radius relation, as argued in Sec. V. For the
accepted models the largest difference between peak fre-
quencies extracted from I'y, = 2 and I'y, = 1.5 simulations
is 210 Hz for the Sly4 EoS. However, the I';, = 1.5 data
points should be considered as safe upper limits for the
peak frequencies. Because of the lack of better alternatives
we favor the use of I'y, = 2 in this work until more EoSs
including a consistent description of temperature effects
become available.

In Fig. 28 we display the relation between [y, and Ry 6
for the case that the peak frequencies for class (ii) EoSs
(black symbols) are averaged between the runs with I'y, =
1.5 and I'y, = 2, approximately estimating the outcome of
a choice of I'y, = 1.75. Also in this case a very tight

PHYSICAL REVIEW D 86, 063001 (2012)

correlation is found, but note that in comparison to
Fig. 11 the EoSs excluded by the pulsar mass measurement
of Demorest et al. [10] scatter more strongly from
the accepted models. Ignoring the result with the
Glendnh3 EoS one finds that the relation for the accepted
models approximately obeys a power law with a maximum
deviation from this functional relation of 126 m.
The scatter may be reduced by choosing a slightly different
radius of nonrotating NSs for characterizing the EoSs.

Moreover, we note that in comparison to nucleonic
EoSs the exact choice of the thermal ideal gas index I'y,
for strange quark matter is less relevant. For example,
neglecting thermal effects in a merger of two stars with
1.35M, described by the MIT60 EoS decreases the peak
frequency by only 80 Hz [37].
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