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Measuring neutron-star properties via gravitational waves from binary mergers
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We demonstrate by a large set of merger simulations for symmetric binary neutron stars (NSs)
that there is a tight correlation between the frequency peak of the postmerger gravitational-wave
(GW) emission and the physical properties of the nuclear equation of state (EoS), e.g. expressed

by the radius of the maximum-mass Tolman-Oppenheimer-Volkhoff configuration.

Therefore, a

single measurement of the peak frequency of the postmerger GW signal will constrain the NS
EoS significantly. For plausible optimistic merger-rate estimates a corresponding detection with
Advanced LIGO is likely to happen within an operation time of roughly a year.

PACS numbers: 04.30.Db,26.60.Kp,95.85.52,97.60.Jd

The properties of high-density matter as in the cores of
NSs, in particular the EoS, are still incompletely known,
because the physical conditions are not directly accessi-
ble by experiments. Theoretical models for supernuclear
matter are ambiguous and suffer from uncertainties of
nuclear data required as input for these calculations @]

NS properties are intimately linked to the adopted EoS
because the latter determines stellar structure through
the Tolman-Oppenheimer-Volkhoff (TOV) equations ﬁ,
E] Hence, constraints on the NS EoS can be deduced
from astrophysical observations (e.g. E]), as alternatives
to nuclear models [4] and laboratory experiments (see [2]
for a review).

NS mergers may also yield information about the nu-
clear EoS, because the dynamics of the coalescence de-
pend sensitively on the behavior of high-density matter
(see ﬂﬂ, ] for a review). Consequently, the EoS leaves
an imprint on the GW signal of NS mergers. However,
the systematic dependences of the inverse problem, i.e.
which EoS (or NS) properties can be derived from a par-
ticular GW detection, are still not completely explored
(see A, [7-15] and refs. therein). In this letter we report
on a tight correlation between NS parameter and thus
EoS characteristics and the dominant frequency of the
postmerger GW emission revealed by a systematic study
with 19 microphysical EoSs. Our survey is in particular
important, because the second-generation interferomet-
ric GW detectors of Advanced LIGO HE] and Advanced
Virgo ﬂﬂ] go into operation within the next years. NS bi-
naries are considered a major target of these instruments
with an estimated detection rate of 0.4 to 400/yr [15].

Our simulations are performed with a 3-D relativistic
smoothed particle hydrodynamics (SPH) code [19, [20],
which solves the Einstein field equations assuming con-
formal flatness. The implementation allows the usage of
tabulated microphysical EoSs including thermal effects,
or arbitrary barotropic EoSs (e.g. zero-temperature EoSs
for matter in equilibrium to weak interactions, the so-
called S-equilibrium). The latter are supplemented by
an ideal-gas component with an ideal-gas index I'yy = 2
to mimic thermal effects [21].

The calculations start from quasi-equilibrium orbits
about two revolutions before the merging of the NSs,
which are assumed to be initially cold and in neutrino-
less B-equilibrium. The stars are set up with an irrota-
tional velocity profile. If not noted otherwise the NSs are
modeled by about 340,000 SPH particles.

In total we employ 19 different microphysical EoSs (see
Tab. [l for the nomenclature and references). Seven of
these EoSs include thermal effects consistently. The re-
maining ones describe nuclear matter at zero tempera-
ture and are labeled with “+TI,” in Tab.[ll The MIT60
EoS models selfbound strange quark matter (SQM; see
e.g. 11,120, 29] for this case).

The mass-radius (M-R) relations, the maximum
masses My ax of non-rotating NSs and the corresponding
(minimum) radii, denoted as Ry,ax, for all employed EoSs
are shown in Fig. [l The maximum-mass configurations
(Tab. ) are marked by symbols. The scatter in Fig. [
illustrates the diversity of the underlying microphysical
models of our study.

We consider EoSs with M.y in the range of 1.80 Mg
to 2.76 Mg and Ryax from 9.30 km to 14.30 km with-
out any special selection procedure except that we re-
quire Myax > 1.8 Mg. The lower limit of 1.8 My is
motivated by the detection of a pulsar with a mass of
(1.97 + 0.04) Mg [3]. Although this observation rules
out some EoSs of our sample, we do not disregard these
models, because at lower densities (as present in 1.35 Mg
NSs and in the merger remnant where strong rotational
and thermal effects come into play) these EoSs may still
provide a viable description of nuclear matter. Further-
more, the inclusion of these EoSs demonstrates the valid-
ity of the relations between merger and EoS properties
discussed below over a wider parameter range.

For each EoS listed in Tab. [ we simulate the merger
of two stars with 1.35 M. This setup is chosen because
pulsar observations @] and population synthesis studies
@] suggest these systems to be most abundant.

After energy and angular momentum losses by GWs
have driven the inspiral of the NSs for several 100 Myrs,
there are different outcomes of the coalescence. Either
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TABLE I: Used EoSs with references. Mmax and Rmax are
the gravitational mass and radius of the maximum-mass TOV
configurations, fpeak is the dominant frequency of the post-
merger GW emission (a cross indicates prompt collapse of the
merger remnant). The tables of the first five and next seven
EoSs are taken from [23] and [24], respectively.

EoS Mmax [Mo]| Rmax [km]| fpeax [kHz]
Sly4 [25] +Ten 2.05 10.01 3.32
APR [26] 4T, 2.19 9.90 3.46
FPS [27] 4T 1.80 9.30 X
BBB2 [28] +T'i 1.92 9.55 3.73
Glendnh3 [29] +T| 1.96 11.48 2.33
eosAU [30] +Tn 2.14 9.45 X
eosC [31] +Tn 1.87 9.89 3.33
eosL [32] +T¢n 2.76 14.30 1.84
eosO [33] +T'n 2.39 11.56 2.66
eosUU [30] +Ty | 2.21 9.84 3.50
eosWS [30] +Tn 1.85 9.58 X
SKA [34] + T 2.21 11.17 2.64
Shen [35] 2.24 12.63 2.19
LS180 [34] 1.83 10.04 3.26
LS220 [34] 2.04 10.61 2.89
LS375 [34] 2.71 12.34 2.40
GS1 [36] 2.75 13.27 2.10
GS2 [37] 2.09 11.78 2.53
MIT60 [38] 1.88 10.35 3.43

the two stars directly form a black hole (BH) shortly af-
ter they fuse (“prompt collapse”), or the merging leads
to the formation of a differentially rotating object (DRO)
that is stabilized against the gravitational collapse by ro-
tation and thermal pressure contributions emerging from
compression and shock heating during the collision. Con-
tinuous loss of angular momentum by GWs and redistri-
bution to the outer merger remnant will finally lead to a
“delayed collapse” on timescales of typically several 10—
100 ms depending on the mass and the EoS. For EoSs
with a sufficiently high Mpax stable or very long-lived
rigidly rotating NSs are the final product.

A prompt collapse occurs for three EoSs of our sample
(marked by x in Tab. [ and Fig. ). One observes this
scenario only for EoSs with small Ry.x. In the simula-
tions with the remaining EoSs DROs are formed. The
evolution of these mergers is qualitatively similar. De-
tails of the dynamics of the coalescence, in particular the
formation of spiral arms and torus-like structures around
the central merger remnant are described in HE, @]

For all models that produce a DRO the GW signal is
analyzed by a post-Newtonian quadrupole formula HE]
The inset of Fig. 2 shows the GW amplitude of the plus
polarization at a polar distance of 50 Mpc for NSs de-
scribed by the Shen EoS. Clearly visible is the inspiral
phase with an increasing amplitude and frequency (un-
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FIG. 1: NS M-R relations for all considered EoSs. Red curves
correspond to EoSs that include thermal effects consistently,
black lines indicate EoSs supplemented with a thermal ideal
gas, the SQM EoS MIT60 is displayed in blue. The horizontal
line corresponds to the observed 1.97 My NS E]

til 5 ms), followed by the merging and the ringdown of
the postmerger remnant (from 6 ms). In Fig. 2lthe scaled
power spectral density h(f)y/f with the Fourier trans-
formed waveform h (f) is given for the Shen EoS (black)
and eosUU (blue) assuming optimal orientation of source
at 50 Mpc and detector together with the anticipated
sensitivity for Advanced LIGO [16] and the planned Ein-
stein Telescope (ET) ﬂA_JJ] As a characteristic feature of
the spectrum a pronounced peak at fpeax = 2.19 kHz for
the Shen EoS and 3.50 kHz for eosUU is found, which
is known to be connected to the GW emission of the
merger remnant ﬂ] Recently, this peak has been iden-
tified as the frequency of the fundamental quadrupolar
fluid mode (f-mode) [42]. The peak in the kHz range is
generic for all mergers producing a DRO and it has been
estimated to be measurable with Advanced LIGO out to
~35 Mpec [L1] or even ~50 Mpc [13]. Values of fpeak
for all our models are listed in Tab. [l Higher resolved
runs with 550,000 and 1,270,000 SPH particles confirm
that fpeak is determined to an accuracy of about one per
cent. Furthermore, our fpeak values agree within a few
per cent with the results of fully relativistic simulations
(e.g. 3.35 kHz for the APR EoS in [10]; the prompt col-
lapse for the FPS EoS has been confirmed in E]) The
uncertainties associated with the I'y;, —ansatz for thermal
effects are below 10 per cent ﬂﬂ]

Our systematic study reveals that the peak frequency
fpeak of the postmerger GW signal and characteristic NS
properties are closely related. In Fig. 3] fycax is plotted
against Ryax (crosses and triangles) and an obvious cor-
relation between these two quantities is visible. The peak
frequency is higher for smaller R,,.x with a slight change
of the slope around 11 km. The two outliers (trian-
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FIG. 2: Scaled power spectral density of the GW signal for
the Shen (black solid line) and the eosUU (blue line) EoSs
compared to the Advanced LIGO (red dashed line) and ET
(black dashed line) unity SNR sensitivities. The inset shows
the GW amplitude of the + polarization at 50 Mpc for the
Shen EoS.

gles) belong to simulations for the MIT60 and Glendnh3
EoSs, which both have strikingly different M-R relations
(dashed lines in Fig. [[). Note that a SQM EoS could
lead to discriminating observational features, e.g. in the
cosmic ray flux m, é], but the particular model MIT60
is ruled out by the 1.97 Mg NS of B] The Glendnh3 EoS
seems in conflict with theoretical knowledge of EoS prop-
erties at subnuclear densities M] Ignoring the two out-
liers, the fpeak — Rmax correlation (crosses only) becomes
even stronger. Already one determination of fycax could
therefore seriously constrain the M-R relation and conse-
quently the nuclear EoS. Additionally, simulated merg-
ers of 1.2 Mg-1.5 Mg, binaries for selected EoSs (circles)
demonstrate that the relation between fpeak and Rimax is
not very sensitive to the initial mass ratio ﬂﬂ] Squares
in Fig. Bldisplay results for 1.2 M-1.2 Mg mergers. For
those fpeak is clearly lower ﬂﬂ] with differences being
larger for smaller Ry .x. But also for the symmetric bi-
naries with lower mass a correlation seems to exist. We
stress that the total binary mass Mo will be measurable
by the GW inspiral signal @]

fpeak turns out to correlate also with other NS proper-
ties: From Fig. @ (left panel) a close relation between the
radius Ry 35 of a 1.35 Mg star (or alternatively its com-
pactness GM/(c?R)) and fpeak is evident. Again only the
MIT60 and Glendnh3 EoSs occur as outliers. This find-
ing is not surprising, because the TOV solutions show
already an approximate correlation between R; 35 and
Riax. A similar coupling is found between fpeax and
the maximum central density pmax of non-rotating NSs,
where higher ppax yield higher fpeak.

However, no clear correlation exists between fpeak
and the maximum compactness of non-spinning NSs or
Miax, though typically a lower My, gives a higher
fpeak, and fpeax > 2.8 kHz seems incompatible with
Mpax > 2.4 Mg. We propose the following expla-
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FIG. 3: Peak frequency of the postmerger GW emission vs.
radius of the maximum-mass TOV solution. Blue cases are
excluded by [3]. See text for symbols.
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FIG. 4: Peak frequency vs. radius of a 1.35 Mg NS (left) and

vs. v/ Miot / Riax in geometrical units (right) with Mot being
the binary mass. Symbols have same meaning as in Fig.

nation for the fact that the postmerger GW emission
is determined by Rpax. Numerical calculations have
shown that for any EoS the frequency of the f-mode,
which generates the GW radiation at fpeax @], depends
nearly linearly on the square root of the mean density
(M/R3)'/? ﬂﬁ] Since we fix Mo, the mass-dependence
drops out. Assuming that the radius of the DRO re-
lates to the M-R relation of non-rotating NSs M], we
end up with fpeax o< Rpt:5. This hypothesis is verified
in the right panel of Fig. [ where fpcax is plotted versus
(Mot /RE,.)'/? and except for the mentioned outliers a
clear power-law scaling is visible.

Despite an estimated detection rate of only 0.1 to 1
events/yr for Advanced LIGO (accounting for random
orientation and adopting the “realistic” and the “high”
merger rates of ﬂﬁ]) the relations found in this work may
prove very useful, because already a single measurement
is likely to determine Ry.x and Rj 35 to within some
100 m. This will place significant constraints on the
M-R relation and thus the EoS (see ﬂ, @] for the in-
verse procedure). These prospects appear superior to the



1 km accuracy of the radius estimation for the initial NSs
from the inspiral GW signal of symmetric binaries sug-
gested in ﬂﬁ] for events within a maximal distance of 20—
100 Mpc, assuming optimal source orientation. Further-
more, only a weak correlation exists between M.« and
the threshold total binary mass Mipres that distinguishes
prompt (Mtot > Mthres) and delayed (Mtot < Mthres)
BH formation ], and the determination of Mipes TE-
quires more than one GW detection ] Therefore, our
finding provides a unique possibility to probe the very
high-density regime hard to explore by other astrophysi-
cal methods also because of the rare observations of very
massive NSs close to Mpyax. Moreover, the planned ET
] will have an increased sensitivity making several ob-
servations of fpcax per year very likely.

Future investigations should vary M. and confirm our
findings by more sophisticated models of binary mergers,
e.g. taking into account magnetic fields, neutrino physics
and full general relativity. Also the capabilities of data
analysis to measure fpecak €.g. in a detector network,
should be explored. Finally, our explanation should be
examined in more detail to develop an understanding of
the presented correlations.
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that for any EoS the radius of the most massive, rigidly ferentially rotating NS with 2.7 Mg .
rotating NS is correlated with Rmax ], and thus also
with Ri.35. This suggests a similar connection for a dif-



