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The gravitational wave (GW) emission from a set of relativistic neutron-star (NS) merger simulations is
analyzed and characteristic signal features are identified. The distinct peak in the GW energy spectrum
that is associated with the formation of a hypermassive merger remnant has a frequency that depends
strongly on the properties of the nuclear equation of state (EOS) and on the total mass of the binary
system, whereas the mass ratio and the NS spins have a weak influence. If the total mass can be
determined from the inspiral chirp signal, the peak frequency of the post-merger signal is a sensitive

indicator of the EOS.

DOI: 10.1103/PhysRevLett.99.121102

Among the strongest known sources of gravitational
wave (GW) emission are the merging events of double
neutron-star (DNS) binaries. Recent population synthesis
studies (e.g., [1]) and the discovery of the DNS J0737-
3039 [2] suggest a possible detection rate of GW radia-
tion from DNS mergers of one in ~30y for Laser
Interferometer Gravitational Wave Observatory (LIGO I)
and one every two days for advanced LIGO. To detect such
GW signals and to filter them out of the detector output,
theoretical waveform templates are needed. While the
inspiral phase prior to the actual merger can be described
very accurately within the post-Newtonian (PN) frame-
work (e.g., [3]), hydrodynamical simulations are needed
to model the dynamical merging phase. In addition, differ-
ent aspects of physics enter the problem at this stage.
Besides general relativity (GR), nuclear and particle phys-
ics play a role in the description of the hot and dense NS
fluid via an equation of state (EOS) and in the treatment of
energy losses (e.g., by neutrinos) after the merging. The
GW signal of the late inspiral and merging phases is there-
fore expected to contain information not only on the binary
parameters such as masses and spins but also on the nuclear
EOS.

Efforts to investigate NS mergers have concentrated
either on the relativistic aspects while simplifying the
microphysics (e.g., [4] and references therein), or have
employed a microphysical EOS together with an approx-
imative neutrino treatment while describing gravity in a
Newtonian framework (e.g., [5,6] ). The conformal flatness
approach, a middle ground between PN and full GR,
combined with a nuclear physics-based nonzero-
temperature (7 # 0) EOS has recently been chosen by
Oechslin et al. [7].

The generic GW signal from a NS merger can be split
into a chirplike part emitted by the inspiraling binary, the
burst amplitude from the final plunge when the two stars
collide (when time is set to = 0 in Fig. 1), and a quasi-
periodic post-merger signal caused either by the rotation
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and internal oscillation of a newly formed, nonaxisymmet-
ric hypermassive NS (HMNS) as merger remnant or by the
quasinormal ringing of a newly born black hole (BH) in
case of a prompt gravitational collapse of the remnant after
the final plunge. A first maximum of the compactness of
the relic HMNS is associated with a minimum of the
amplitude /1 = (i, |> + |hy|*)"/? at about 0.5 ms after
the merging, followed by the onset of the characteristically
different, quasiperiodic post-merger emission. For some of
our computed models, the quantity 4 is plotted in Fig. 1. It
contains the combined information from both polarizations
h, and hy of the wave amplitude and therefore represents
the envelope of the high-frequency wave pattern. Its post-
merger modulation is caused by the oscillation of the
nonaxisymmetric remnant. Since the pre- and post-merger
signals are emitted in different frequency bands, they can
be clearly identified in the corresponding luminosity spec-
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FIG. 1. The GW amplitude % for different EOSs and spins as
radiated perpendicularly to the orbital plane of the merging
binary and measurable at a distance of 20 Mpc. The minimum
at about 0.5 ms is considered to mark the onset of the quasiperi-
odic wave train caused by oscillations of the rapidly spinning,
nonaxisymmetric merger remnant.

© 2007 The American Physical Society


http://dx.doi.org/10.1103/PhysRevLett.99.121102

PRL 99, 121102 (2007)

PHYSICAL REVIEW LETTERS

week ending
21 SEPTEMBER 2007

trum. The inspiral signal leads to a broadband contribution
below ~1 kHz and depends mainly on the NS masses and
their spins, while an EOS dependence is only present in the
very last stage before merging [8]. On the other hand, the
post-merger signal is dominated by a quasiperiodic wave
pattern with a frequency of about 2—4 kHz or about 6—
7 kHz, depending on whether a HMNS forms or a prompt
collapse to a BH happens [9]. The associated peak in the
luminosity spectrum can become very pronounced in cases
where the remnant keeps radiating GWs for several tens of
ms as suggested by recent merger simulations [4,7]. The
bare presence of a contribution in the frequency range of
about 2—4 kHz indicates the formation of a HMNS and a
nuclear EOS that is sufficiently stiff to prevent prompt BH
formation.

In the present Letter, we concentrate on the HMNS
formation case and assess the question, to which extent
the nuclear EOS and the binary parameters can be con-
strained when such a post-merger peak is detected. Based
on a set of simulated binary merger models [7], we identify
characteristic features of the simulated GW signals and
link them to the merger properties. The simulations were
carried out with our relativistic smoothed particle hydro-
dynamics (SPH) code [10,11], which solves the relativistic
hydrodynamics equations together with the Einstein field
equation in the conformally flat approximation (CFC;
[12,13]). The simulations were started from a stable equi-
librium configuration slightly outside the innermost stable
circular orbit and the corresponding initial data were gen-
erated by relaxing the fluid to a velocity field that includes
the orbital motion and the proper spins of the NSs. Two
T # 0 EOSs, the Shen-EOS [14] and the Lattimer-Swesty-
EOS [15], an ideal-gas EOS with parameters chosen to
mimic the Shen-EOS, and the APR-EOS [16] were used.
The APR-EOS was extended by an ideal-gas-like thermal
pressure contribution that is proportional to the internal
energy increase due to shock heating and viscous heating
[4]. The size of this contribution is determined by an
adiabatic index I';, for which we chose two different values
Ty, = 1.5, 2) in order to investigate its influence on the
merger outcome. Finally we calculated two models with
the Shen-EOS, restricting the latter to 7 = 0 in order to
investigate the influence of temperature-dependent pres-
sure terms (see [7]).

The Shen-EOS is relatively stiff and for NSs with typical
masses around 1.4M, leads to radii as big as Ryg =
14 km. Its maximum mass of nonrotating NSs is
~2.25M,. In contrast, the LS-EOS is much softer and
yields a radius near 12 km for a 1.4M, NS. The APR-
EOS is still softer below and around nuclear density, but
becomes very stiff at higher densities (=3 X
10'* gcm™3). Therefore, it makes NSs even more compact
(Rns ~ 11 km), although it allows for a rather large maxi-
mum NS mass of ~2.2M compared to about 1.8M for
the LS-EOS (see Fig. 2 in [7] ). Besides the EOS, we have
also varied the NS masses, the mass ratio, and the NS spins
in our calculated set of models (see Table I).

TABLE I. Characteristic quantities of our computed models.
Models with names starting with S use the 7 # 0 Shen-EOS, C
models the restriction of this EOS to 7 = 0, the LS model uses
the LS-EQOS, the P model the ideal-gas EOS, and the A15 and A2
models the APR-EOS extended by ideal gases with different
values of I'y,. All models were computed with irrotating initial
conditions except the last four cases where the ending “co”
(““ct’”) of the model names indicates initially corotating (counter-
rotating) spin states of the NSs (for the spin frequencies, see
[71). M, and M, are the individual gravitational masses in
isolation, and g = M, /M, is the mass ratio. fuma, fpeaks AEin,
and AE,, are defined in the text. SNR means the estimated
signal-to-noise ratios in advanced LIGO (left) and DUAL (right)
for the GW emission after merging and a source distance of
20 Mpc.

Model M, M, gq fpeak Sfmax AE;, AEpm
My M, kHz kHz 1073M,

S1414 14 14 1.0 224 131 6.2 53 27 32
S135145 1.35 1.45 093 227 135 62 6.4 28 33
S1315 1.3 15 087 226 129 55 6.6 27 33
S1216 12 1.6 075 220 1.18 44 41 22 26
S1515 1.5 15 1.0 245 145 84 84 2.8 3.6
S1416 14 16 088 237 132 78 9.4 31 38
S1317 1.3 1.7 076 239 120 64 6.4 24 3.1
S1313 1.3 1.3 1.0 216 139 46 40 26 29
S1214 12 14 086 208 124 41 38 25 28
S1115 1.1 15 073 210 1.10 42 38 1.8 22

Ci216 12 1.6 075 234 1.19 45 34 19 24
Cl1315 1.3 1.5 087 237 127 56 6.1 26 32
P1315 1.3 15 087 213 128 59 40 24 28

LS1414 14 14 1.0 367 1.81 11.1 25 1.0 14
Al51414 14 14 10 363 190 153 200 21 37
A21414 14 14 10 345 190 160 192 22 38
S1414co 14 14 1.0 228 147 77 34 19 25
S1414ct 14 14 10 224 119 53 93 3.0 4.1
S1216co 1.2 1.6 075 223 1.13 46 06 08 1.0
S1216ct 1.2 1.6 075 214 1.11 3.6 57 27 33

SNR

The GW waveform h;; is extracted by making use of the
quadrupole formula and is given by h;; = (2/D)d*Q;;/dr?,
where Q;; is the Newtonian mass quadrupole and D is the
distance from the source (the indices i, j denote the spatial
directions). Compared to a more detailed extraction tech-
nique in the wave zone using the gauge-invariant Moncrief
variables as done, e.g., in [4], this approximation is able to
describe the GW signal only qualitatively. The wave phase
and thus the frequency information can be well reproduced
but the amplitudes are underestimated by about 30% in the
inspiral regime and by about 40% in the post-merger
regime [Fig. 12, panel (a) in [17]]. Based on the thus
obtained waveform, the GW luminosity spectrum can be
determined according to [18] by dEgw/df =
Z4xD?f2(|h.|* + |h|?), where i, and /. denote the
Fourier transforms of the waveforms of “+” and “X”
polarization, respectively. The angular brackets indicate
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averaging over all possible source detection angles. The
energy emitted in GWs is then given by AEgw =
[dfdEGw/df. Because of the underestimation of the
GW amplitude, the GW luminosity spectra, which depend
quadratically on the amplitude, are systematically too low
by ~70%.

Bearing this in mind, we consider in the following
quantities that are not directly affected by this shortcoming
and independent of the source orientation, namely (see
Table I): (i) funax as the frequency of the GW signal
when the amplitude becomes maximal at about the time
of the final plunge. It is determined by fitting a function of
the form A(7) cos[w (1)t + ¢ ] to the waveform, (ii) feax as
the frequency of the post-merger peak in the luminosity
spectrum, (iii) the ratio AE;,/AE,,, of AE;, as the energy
emitted over a time interval of 3 ms before merging, and
AE,y, as the energy radiated over a time interval of 5 ms
after merging. The energies are determined as described
above from the waveforms produced in the corresponding
time intervals. The values thus obtained agree with time
integrals of the quadrupole-formula-based expression
dE/dt = 1/5(0;;0y) to within ~20%.

In cases where a HMNS forms, [, turns out to depend
sensitively on the EOS (Fig. 2, bottom) and to a lesser
extent on the total mass of the binary system (Fig. 2, top).
The NS spins and the mass ratio have very little influence
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FIG. 2. GW luminosity spectra for different total masses, mass
ratios, spin configurations, and EOSs (from top to bottom). Note
that the spectrum below 1 kHz is not represented correctly
because we started the simulations when the GW frequency
was ~1 kHz.

(Fig. 2, middle panels). Indeed, all models using the Shen-
EOS lead to values around 2.1-2.4 kHz for f .., where the
variation among the Shen models of about 0.3 kHz is
mostly due to the total system mass. On the other hand,
the models using the APR-EOS and LS-EOS with their
more compact NSs do not only yield larger values for f.«
[8,9] but also much larger ones (around 3.6 kHz) for f -
The latter quantity mainly depends on the behavior of the
EOS in the density regime between 0.5p, and 2p, (pg =
2.7 X 10" gcm™3 being the nuclear saturation density),
where the bulk of the remnant mass is located. While peak
temperatures of several 10 MeV are present in the HMNS
at such densities (see [7]), T # 0 contributions to the gas
pressure affect the basic properties of the post-merger
oscillations only moderately. A comparison of models
C1315, C1216, and A151414 with S1315, S1216, and
A21414, respectively, shows that f.. decreases by at
most ~0.2 kHz when thermal pressure is included
(Table I). This is caused by the less compact structure of
the HMNS in these cases. Considering the radiated ener-
gies before and after merging, AE;, and AE,,, respec-
tively, we find a characteristic variation of the GW signal
with the NS spins. As shown in Fig. 3, the ratio of AEpm to
AE;, is highest for counterrotating cases and lowest for
corotating NSs. This is so because corotation leads to a
stronger inspiral signal due to a positive contribution from
the NS spins, while damping the amplitude of the post-
merger part due to a smaller nonaxisymmetry of the rem-
nant [7]. Counterrotation has the opposite effect
(cf. Fig. 1). The degeneracy of f,,,. visible in Fig. 3 for
cases with APR and LS-EOS can be lifted when the ratio
AE,,,/AE;, is taken into account.

A NS merger therefore produces a GW signal whose
location in the space of the parameters f.x, fpeak> and
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FIG. 3. Ratio AE,,/AEp, VS fpea (top) and frax VS fpea
(bottom) for the models considered. Shen-EOS models are
shown with a circle, APR-EOS models with triangles, and the
LS-EOS model with a star. The two corotating models are
indicated by X, while the counterrotating models are marked
with +. The horizontal spread of the model group with the Shen-
EOS is mainly caused by different total system masses. Lines
connect cases with the same total mass and spin setup.
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FIG. 4. GW spectra 2f|h. (f)| for two typical models with
different EOSs, assuming a source distance of 20 Mpc. Also
shown is the strain noise amplitude 4, of advanced LIGO and
of the resonant spheres detector DUAL.

AE,,/AE;, depends distinctively on the properties of the
nuclear EOS. The latter determines the compactness of the
merging stars and of the HMNS and thus the GW frequen-
cies and energies emitted during the final plunge and post-
merger oscillations. Characterizing a GW measurement in
terms of the three parameters therefore provides direct
information about the NS EOS, in particular, if the system
mass is known from the inspiral chirp signal. This is a
promising alternative to constraining the EOS by NS mass
and very difficult radius determinations (e.g., [19]). More
work, however, is needed to understand the post-merger
oscillations in terms of involved eigenmodes of the HMNS
([20] and references therein), and the GW parameters for a
large variety of EOSs should be computed by accurate GR
merger simulations.

To assess the detectability of the post-merger GW emis-
sion we follow Ref. [21] and consider the advanced LIGO
interferometer and the omnidirectional DUAL detector,
which consists of two nested resonant spheres [22]. The
signal-to-noise ratio (SNR) for a given GW signal /() can
be written as SNR? = [*_ dInfI2fh(f)|?/ hums(f), where
h(f) is the Fourier transform of A(r) and A, (f) is the
strain noise of the detector. In Fig. 4, we take h(r) = h ()
and compare the spectrum 2f|A, | for two representative
models with the strain noise of the LIGO and DUAL
instruments. For an interferometer, 4 depends on the
source orientation and direction relative to the interferome-
ter arms and in the optimally aligned case is equal to A or
hy. For DUAL, |A(f)]? = |h(f)+|* + |A(f)«|?, because
both polarizations can be measured simultaneously. In
Table I the SNRs are listed for all of our models. Note
that only the post-merger waveforms are considered and a
distance of 20 Mpc is assumed. Since we have underesti-
mated the wave amplitudes by ~40% (see above), our
SNRs may be too low by up to a factor of 1.7. Moreover,
the post-merger signals are likely to be emitted for longer
times than the considered window of 5 ms. Fitting an
exponential decay to the GW amplitudes, we find a decay

time of about 5 ms. From this, a further increase of the SNR
by ~15% is estimated. Taking these corrections into ac-
count, we obtain for typical models like S1414 and
APR21414 a SNR of ~5 in LIGO and ~6.5 in DUAL.
Assuming that a minimal value of about 3 is needed for
detection in case the preceding inspiral chirp has been
measured, such GW signals may be identified up to
~35 Mpc (LIGO) and ~45 Mpc (DUAL). According to
[2,23], these distances correspond to event rates of 0.04—
0.5 (LIGO) and 0.08-1.1 (DUAL) per year.
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