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We introduce a classification scheme of the postmerger dynamics and gravitational wave emission in
binary neutron star mergers, after identifying a new mechanism by which a secondary peak in the
gravitational wave spectrum is produced. It is caused by a spiral deformation, the pattern of which rotates
slower with respect to the double-core structure in the center of the remnant. This secondary peak is
typically well separated in frequency from the secondary peak produced by a nonlinear interaction between
a quadrupole and a quasiradial oscillation. The new mechanism allows for an explanation of low-frequency
modulations seen in a number of physical characteristics of the remnant, such as the central lapse function,
the maximum density and the separation between the two cores, but also in the gravitational wave
amplitude. We find empirical relations for both types of secondary peaks between their gravitational wave
frequency and the compactness of nonrotating individual neutron stars, that exist for fixed total binary
masses. These findings are derived for equal-mass binaries without intrinsic neutron star spin analyzing
hydrodynamical simulations without magnetic field effects. Our classification scheme may form the basis
for the construction of detailed gravitational wave templates of the postmerger phase. We find that the
quasiradial oscillation frequency of the remnant decreases with the total binary mass. For a given merger
event, our classification scheme may allow one to determine the proximity of the measured total binary
mass to the threshold mass for prompt black hole formation, which can, in turn, yield an estimate of the
maximum neutron star mass.
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I. INTRODUCTION

Neutron star (NS) mergers are strong emitters of gravi-
tational waves (GWs) and thus among the prime targets for
the upcoming GW detectors Advanced LIGO [1] and
Advanced Virgo [2]. Future GW observations of such
events [3] could reveal the properties of high-density matter
and NSs (see e.g. Refs. [4–8] for reviews). The merger will
likely result in the formation of a differentially rotating,
strongly oscillating remnant [9–38]. Specifically, it has
been shown that detections of its dominant postmerger GW
frequency fpeak would strongly constrain the radius and the
maximum mass of nonrotating NSs [28,29,33,39,40].
Additionally, there exist potentially detectable secondary
peaks at lower frequencies [9,12,13,16,17,19,22,23,
25–29,33,35–41], which could improve the constraints
on NS properties if the mechanism by which they appear
is understood.
In this study we find that two different mechanisms are at

work for producing the low-frequency secondary peaks in
the GW spectrum at frequencies below the main peak of the
postmerger phase. Specifically, we show that apart from a
nonlinear combination frequency [25], there exists also a
distinct mechanism that generates a secondary GW peak by
the rotating pattern of a deformation of spiral shape. This
deformation is initially produced at the time of merging and
is then sustained for a few rotational periods. The consid-
eration of the two different mechanisms leads to a unified

classification scheme for the postmerger dynamics and GW
emission. For high-mass binaries (relative to the threshold
mass to prompt black-hole collapse), the nonlinear combi-
nation frequency dominates, while for low-mass binaries it
is the spiral deformation that produces the strongest
secondary peak. Both are simultaneously present and
can produce peaks of comparable strength for intermediate
binary masses. Hence, the secondary peaks cannot simply
be explained by the dynamics of the double-core structure
alone, which forms the inner part of the remnant, as in
Refs. [36–38]. Identifying the importance of the rotating
deformation, we explain for the first time the existence of a
low-frequency modulation appearing in addition to the
quasiradial oscillation mode in several physical quantities
characterizing the remnant.
After clarifying the nature of the secondary peaks in the

GW spectrum, we find mass-dependent empirical relations
for the different peaks as a function of NS compactness. We
rule out the existence of a universal, mass-independent and
equation of state (EOS)-independent relation for the sec-
ondary peaks, a relation recently proposed in Refs. [36,37].
Such a relation can only be found within a small sample of
EOSs for a very limited mass range (not the same for all
EOSs). Our new relations can be used to optimize the
constraints on the EOS in the case of the simultaneous
detection of several postmerger frequencies. The under-
standing of the most prominent features of the GW
spectrum is a prerequisite for constructing GW templates
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for the postmerger phase, which could enhance the detec-
tion prospects compared to unmodeled searches [40,41] for
the Advanced LIGO and Advanced Virgo detectors and
their discussed upgrades [42–44]. For the planned Einstein
Telescope [45], direct detections of secondary peaks are a
viable prospect [36,37,40,41].

II. NATURE OF SECONDARY GW PEAKS

We investigate mergers of equal-mass, intrinsically non-
spinning NSs with a 3D relativistic smoothed particle
hydrodynamics (SPH) code, which imposes the conformal
flatness condition on the spatial metric [46,47] to solve
Einstein’s field equations and incorporates energy and
angular momentum losses by a GW backreaction scheme
[18,48] (see Refs. [12,18,28,29,49] for details on the code,
the setup, resolution tests and model uncertainties).
Comparisons to other numerical setups and also models
with an approximate consideration of neutrino effects
show an agreement in determining the postmerger spectrum
within a few percent in the peak frequencies [27–29,33,
36–38]. Magnetic field effects are negligible for not-too-
high initial field strengths [24]. We explore a representative
sample of ten microphysical, fully temperature-dependent
equations of state (EOSs) (see Table I in Ref. [39] and
Fig. 5 in this work for the mass-radius relations of non-
rotating NSs of these EOSs) and consider total binary
massesMtot between 2.4 M⊙ and 3.0 M⊙. In this work we
consider only NSs with an initially irrotational velocity
profile, because known spin periods in observed NS
binaries are slow compared to their orbital motion (see
e.g. Ref. [50]), and simulations with initial intrinsic NS spin
suggest an impact on the postmerger features of the GW
signal only for very fast spins [19,35,38].
First, we focus on a reference model for the moderately

stiff DD2 EOS [51,52] with an intermediate binary mass of
Mtot ¼ 2.7 M⊙. Figure 1 shows the x-polarization of the
effective amplitude heff;x ¼ ~hxðfÞ · f (with ~hx being the
Fourier transform of the waveform hx) vs frequency f
(reference model in black). Besides the dominant fpeak
frequency [53], there are two secondary peaks at lower
frequencies (f2−0 and fspiral) with comparable signal-to-
noise ratio. Both are generated in the postmerger phase,
which can be seen by choosing a time window covering
only the postmerger phase for computing the GW
spectrum.
The secondary peak shown as f2−0 is a nonlinear

combination frequency between the dominant quadrupolar
fpeak oscillation and the quasiradial oscillation of the
remnant, as described in Ref. [25]. We confirm this by
performing additional simulations, after adding a quasir-
adial density perturbation to the remnant at late times. The
frequency f0 of the strongly excited quasiradial oscillation
is determined by a Fourier analysis of the time evolution of
the density or central lapse function and coincides with the

frequency difference fpeak − f2−0. As in Ref. [25], the
extracted eigenfunction at f0 confirms the quasiradial
nature.
The secondary fspiral peak is produced by a strong

deformation initiated at the time of merging, the pattern
of which then rotates (in the inertial frame) slower than the
inner remnant and lasts for a few rotational periods, while
diminishing in amplitude. Figure 2 shows the density
evolution in the equatorial plane, in which one can clearly
identify the two antipodal bulges of the spiral pattern,
which rotate slower than the central parts of the remnant. In
this early phase the inner remnant is still composed of two
dense cores rotating around each other (this is the nonlinear
generalization of an m ¼ 2 quadrupole oscillation produc-
ing the dominant fpeak). Extracting the rotational motion of
the antipodal bulges in our simulations, we indeed find that
their frequency equals fspiral=2 producing gravitational
waves at fspiral (compare the times in the right panels in
Fig. 2; recall the factor 2 in the frequency of the GW signal
compared to the orbital frequency of orbiting point par-
ticles). In Fig. 2 the antipodal bulges are illustrated by
selected fluid elements (tracers), which are shown as black
and white dots, while the positions of the individual centers
of the double cores are marked by a cross and a circle. (We
define the centers of mass of the double cores by computing
the centers of mass of the innermost 1000 SPH particles of
the respective initial NSs and then following their time
evolution.) While in the right panels the antipodal bulges
completed approximately one orbit within one millisecond
(≈ 2

fspiral
), the double cores moved further ahead, i.e. with a

significantly higher orbital frequency. Examining the GW
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FIG. 1 (color online). GW spectra of 1.35–1.35 M⊙ mergers
with the DD2 [51,52] (black), NL3 [51,54] (blue) and LS220 [55]
(red) EOSs (cross polarization along the polar axis at a reference
distance of 20 Mpc). Dashed lines show the anticipated unity
SNR sensitivity curves of Advanced LIGO [1] (red) and of the
Einstein Telescope [45] (black).
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spectrum and considering different time intervals, we find
that the presence of the fspiral peak agrees with the
appearance and duration of the spiral deformation of the
remnant.
In the upper-right panel of Fig. 2, the spiral deformation

can be seen to initially reach deep inside the remnant. We
approximately determine the amount of matter which
belongs to the two antipodal bulges that are rotating more
slowly compared to the double cores. This matter amounts
to several tenths of M⊙ and is thus sufficient to explain the
strength of the fspiral GW peak. In addition, we find that the
fspiral GW peak can be roughly reproduced in a toy model,
where the two bulges orbit as point particles around the
central double-core structure for a duration of a few
milliseconds. Note that this toy model differs significantly
from the one in Ref. [37], which considers only the
two cores to be contributing to the GW signal and
considers only a single instantaneous orbital frequency
of the system.

Furthermore, we take advantage of the quadrupole
formalism to compute GW spectra considering only certain
parts of the remnant, which are defined by using either a
density or a spatial cutoff. In Fig. 3 we demonstrate that the
dominant quadrupole fpeak frequency is generated mainly
by those regions of the remnant which encompass densities
exceeding 50% of the instantaneous maximum density
ρmax. In contrast, most power of the fspiral peak originates
from densities below 0.5ρmax, which corresponds to the
outer parts of the remnant, where the two bulges form (see
Fig. 2). Similar conclusions are reached when a spatial
cutoff instead of a density cutoff is used.
In models where fspiral dominates over f2−0 (see our

classification below), the presence of the two rotating
antipodal bulges explains the appearance of a particular
low-frequency modulation with fpeak − fspiral seen in the
time evolution of the central lapse function (blue curve in
Fig. 4), of ρmax, of the size of the central remnant and of the
separation between the two cores. The same modulation
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FIG. 2 (color online). Rest-mass density evolution in the equatorial plane for the 1.35–1.35M⊙ merger with the DD2 EOS (rotation
counterclockwise). (The rest-mass density is shown with a variable linear scale relative to ρmax. A low number of contour levels is chosen
for illustrative reasons; the underlying simulation data is smoother than it appears with the chosen color coding.) Black and white dots
trace the positions of selected fluid elements of the antipodal bulges, which within approximately one millisecond complete one orbit
(compare times of the right panels). The orbital motion of this pattern of spiral deformation produces the fspiral peak in the GW spectrum
at 2=ð1 msÞ (Fig. 1). The cross and the circle mark the double cores, which rotate significantly faster than the antipodal bulges
represented by the dots (compare times of the different panels).
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occurs as a beat frequency in the time evolution of the GW
amplitude (see e.g. Fig. 1 in Ref. [19]). The low-frequency
modulation with fpeak − fspiral can coexist with the quasir-
adial oscillation, which has a higher frequency f0.
The above modulation frequency is associated with the

rotating bulges and is explained as follows: the central
remnant forms an elongated structure, around which the
two bulges rotate, lagging behind. The characteristics of
the remnant are modulated depending on the orientation of

the antipodal bulges with respect to the double cores: the
compactness is smaller, the central lapse function larger and
the GW amplitude maximal when the bulges and the cores
are aligned (lower-right panel in Fig. 2). Instead, when the
bulges and the cores are orthogonal to each other (lower-
left panel), the compactness is largest, the central lapse
function smaller and the GW amplitude small.
In a frame corotating with the central remnant (i.e. a

frame rotating with frequency ∼fpeak=2 with respect to the
inertial frame), the two bulges counterrotate with a fre-
quency of Δf ¼ ðfpeak − fspiralÞ=2 which corresponds to
the fpeak − fspiral modulation in various quantities (notice
the π-symmetry of the system, which compensates the
factor 1=2).
Our simulations also show that the rotational frequency

of the centers of the double-core structure, although not
constant, significantly exceeds fspiral=2 at any time.
Hence, variations in the angular frequency of the dou-
ble-core structure alone are not sufficient to interpret the
secondary peaks, and the simultaneous presence of both
fpeak and fspiral cannot simply be attributed to a single
instantaneous angular frequency of the system, as sug-
gested in Refs. [36–38]. We note that the simultaneous
presence of two (orbital) frequencies (of the double-core
structure and of the antipodal bulges) naturally explains
strong time variations of the instantaneous GW frequency
as seen in many simulations, e.g. Refs. [33,38].
Also, a single, initially strongly varying instantaneous

frequency as explanation for the peaks in the spectrum is
incompatible with the fact that the most pronounced peak in
the spectrum occurs already at early times. Initially, the
instantaneous frequency strongly oscillates around the
frequency of the dominant peak. According to the picture
of Ref. [38], peaks form at frequencies at which the
instantaneous frequency spends most time, i.e. at the
extrema of the instantaneous frequency. In this case, one
would thus not expect that the dominant fpeak is strong at
early times. In contrast, in our simulations the dominant
fpeak has a substantial strength if one considers only the
first few milliseconds.

III. CLASSIFICATION OF POSTMERGER
DYNAMICS AND GW EMISSION

We have applied the above analysis tools (GW spectra,
determination of f0 from perturbed models, rotational
frequency of the antipodal bulges and of the double cores,
GW spectra with different cutoff densities) for a number of
representative models, varying the binary mass and stiff-
ness of the EOS. The results fully confirm the generic
picture described above. Considering this larger set of
models, we identify, based on the relative strength between
f2−0 and fspiral, three different types of postmerger dynam-
ics and GW spectra for remnants which survive for more
than several milliseconds.
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FIG. 3 (color online). Early postmerger spectrum of
1.35–1.35 M⊙ merger with the DD2 EOS (black) and GW
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10 15 20 25 30 35
0.45

0.5

0.55

0.6

0.65

0.7

t [ms]

α

Type III

Type I

FIG. 4 (color online). Evolution of the central lapse function for
1.35–1.35M⊙ mergers with the NL3 (blue) and LS220 (red) EOS
(time-shifted to the same merging time). The evolution of models
with an added quasiradial perturbation is shown (green). For type
II and type III mergers, like the model with the NL3 EOS shown
here, one recognizes a low-frequency oscillation in addition to the
quasiradial mode, which is also strongly excited in the perturbed
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(i) Type I:When the total binary massMtot is not too far
from the threshold mass for prompt quasiradial
collapse of the remnant for a given EOS [32], the
evolution of the central lapse function (and of ρmax)
is dominated by a very strong quasiradial oscillation
of the remnant, see lower curve in Fig. 4. For such
models the two initial NSs are more centrally
condensed, and they merge with higher impact
velocity (Fig. 3 in Ref. [56]). Because of the strongly
excited quasiradial oscillation, f2−0 is the strongest
secondary peak in the GW spectrum, while fspiral is
much weaker, likely because for more compact NSs
the formation of the spiral pattern is less pro-
nounced. There can be a partial overlap between
f2−0 and fspiral, see red curve in Fig. 1.

(ii) Type II: For intermediate total binary masses,
f2−0 and fspiral have a comparable strength in the
GW spectrum and the two types of secondary
peaks are well separated (see black curve in Fig. 1).
This is the generic type, which we discussed earlier
in our reference model. In characteristic quantities
such as the central lapse function, the quasiradial
oscillation frequency f0 as well as the low-
frequency modulation with fpeak − fspiral are clearly
noticable.

(iii) Type III: When the total binary mass Mtot is
significantly below the threshold mass for quasir-
adial collapse, the time evolution of the central lapse
function (as well as that of ρmax and of the radius of
the remnant) is dominated by the fpeak − fspiral
modulation that we explained in the previous section
as a result of the rotating spiral pattern with the two
antipodal bulges. In the evolution of the central lapse
function, this modulation typically has a smaller
amplitude than type-I variations (Fig. 4). The qua-
siradial oscillation f0 is also present, but with much
smaller amplitude than the dominant modulation,
because the smaller NS compactness implies a
smaller impact velocity and thus a weaker excitation
of the quasiradial oscillation. The smaller NS com-
pactness also allows for a stronger spiral deforma-
tion. Consequently, the dominant secondary peak in
the GW spectrum is fspiral, while f2−0 is either very
weak or hidden inside the background (see blue
curve in Fig. 1).

For a given EOS, there is a continuous transition between
the different types of postmerger dynamics depending on
the total binary mass. Types I and III are the limiting cases
of the more generic type II. Notice that since the threshold
for quasiradial collapse is EOS dependent [32], the differ-
ent types cover a different mass range for each EOS. For a
total binary mass of Mtot ¼ 2.7 M⊙ all three types are
possible depending on the EOS, where very soft EOSs
yield type-I mergers and very stiff EOSs lead to type-III
dynamics (see GW spectra in Fig. 1). This is also shown in

Fig. 5, which provides an overview of the types of the
different models considered in this study. The type of a
given simulation is indicated by a symbol plotted at the
mass of the individual inspiraling stars on the mass-radius
relation of the EOS which was used in the calculation (e.g.
the results of the 1.2–1.2 M⊙ binaries are displayed at the
radii of NSs with 1.2 M⊙). As described, there is a
continuous transition between the different classes, which
is why one should consider the transitions between the
different types in Fig. 5 as being tentative, and a slightly
different classification may be possible at the borders
between the different types. More quantitative definitions
of the types may be useful in the future. Still, one can
clearly identify a diagonal band of type-II mergers for
intermediate binary masses, and also the binary setups
leading to the limiting cases of type I or type III are seen to
form roughly diagonal bands.
For 2.4M⊙ ≤ Mtot ≤ 3.0 M⊙, we find that fspiral typi-

cally ranges between fpeak − 0.5 kHz and fpeak − 0.9 kHz,
while f2−0 ranges between fpeak − 0.9 kHz and
fpeak − 1.3 kHz. This property will be useful for identify-
ing either f2−0 or fspiral (or both) in future GW observa-
tions. Furthermore, we find that fpeak − f2−0ð¼ f0Þ
decreases with increasing Mtot in all models for which
f2−0 is clearly present, in agreement with the fact that the
quasiradial frequency decreases near the threshold to
collapse. This observation may be useful to estimate the
proximity to prompt gravitational collapse. Very near the
threshold, one thus may expect f2−0 → fpeak. In contrast,
fpeak − fspiral typically increases with increasing Mtot, and
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FIG. 5 (color online). Different types of postmerger dynamics
and GW emission of the different merger models visualized by
the mass-radius relations of nonrotating NSs of the EOSs
considered in this work. The outcome of a given calculation
with Mtot is shown as a symbol at Mtot=2 plotted on the mass-
radius relation of the EOS employed in the simulation. Red
squares indicate type I, black crosses stand for type II, and blue
circles mark type III. See text for definitions of different types of
postmerger dynamics and GW emission.
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above the threshold to collapse a spiral pattern during the
dynamical collapse could still produce a weak peak in the
GW spectrum, as in Ref. [57].

IV. EMPIRICAL RELATIONS FOR DOMINANT
AND SECONDARY PEAK FREQUENCIES

For our sample of EOSs, Fig. 6 shows fpeak, fspiral and
f2−0 as functions of the compactness M=R of the non-
spinning, individual NSs (at infinite separation) for Mtot ¼
2.7 M⊙ (with the compactness in units of c ¼ G ¼ 1).
We find strong correlations that can be described by the
following quadratic fits:

fpeak½kHz� ¼ 199ðM=RÞ2 − 28.1ðM=RÞ þ 2.33; ð1Þ

fspiral½kHz� ¼ 358ðM=RÞ2 − 82.1ðM=RÞ þ 6.16; ð2Þ

f2−0½kHz� ¼ 392ðM=RÞ2 − 88.3ðM=RÞ þ 5.95: ð3Þ

The maximum deviations of the data used for these fits are
140 Hz, 86 Hz and 153 Hz for fpeak, fspiral and f2−0,
respectively. If the compactness is determined from a
measured frequency by inverting Eqs. (1)–(3), these maxi-
mum deviations imply errors of 3%, 3% and 4% in the
compactness for fpeak, fspiral and f2−0, respectively. (Note
that the slope in the relation for fspiral is somewhat flatter.)
Thus, the accuracy of these empirical relations is similarly
good for fpeak and fspiral and only slightly worse for f2−0.
Even if one assumes an error of 10% uncertainty in the
frequency determinations from an actual GW observation
(which at least for fpeak is too pessimistic [40]), this would
add 6%, 8% and 5% error, respectively, in the compactness

determination. Similar empirical relations hold, with
varying accuracy, for each total binary mass. As already
pointed out and explained for fpeak in Ref. [29], even
better empirical relations are obtained for 1.35–1.35 M⊙
binaries when the above three frequencies are examined as
functions of the radius of a nonrotating NS with 1.6 M⊙.
Notice that all three empirical relations follow similar
trends.
Because the frequency of the fspiral peak agrees with

the rotational frequency of the antipodal bulges near the
surface of the remnant, a scaling of fspiral with the
compactness is not unexpected, which explains the simi-
larities with the behavior of fpeak. In fact, for the models
with Mtot ¼ 2.7 M⊙ one finds very tight relations between
fspiral and fpeak, and between f2−0 and fpeak.
A measurement of fpeak is already sufficient to accu-

rately constrain the radii of nonrotating NSs (and thus the
EOS) [28,29,39] if the total mass has been obtained
accurately from the inspiral signal, as is likely to be the
case for distances within which fpeak has the required
signal-to-noise ratio to be detectable with second-
generation interferometers (e.g. Refs. [40,58]). A detection
of the weaker secondary peaks, with similar M=R depend-
ence as fpeak, could further optimize the constraints on
the EOS.
Figure 7 displays fspiral as a function of the compactness

M=R of the nonspinning, individual NSs for different EOSs
and for different Mtot in the range 2.4–3.0 M⊙ (the most
likely range of total binary masses [59]). The same figure,
but for f2−0, is shown in Fig. 8. Especially for fspiral, we
discover that there exist tight relations between the com-
pactness and the secondary frequencies for fixed binary
masses.
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In Refs. [36,37] the existence of a single, universal,
mass-independent relation (dashed line in Figs. 6 to 8)
between the frequency of the strongest secondary GW peak
(denoted there as f1) andM=R was proposed (there was no
distinction of two different secondary peaks, as we find
here). However, this result was based on using a limited
set of five EOSs of soft or moderate stiffness (with
corresponding maximum masses of nonrotating NS only
up to 2.2 M⊙), as well as on different chosen mass ranges
for each EOS with a spread of only 0.2 M⊙ in the total
binary mass.
In contrast to Refs. [36,37], within our larger sample of

ten EOSs (that includes stiff EOSs with maximum masses
reaching up to 2.8 M⊙) and for a more representative total
binary mass range of 2.4–3.0 M⊙ (the same for all EOSs),
such a mass-independent, universal relation does not exist
(dashed curve in Figs. 6 to 8). Figures 7 and 8 show that
there is a large spread of up to 500 Hz both in the fspiral vs
M=R relation and in the f2−0 vs M=R relation for an
expected range of total binary masses, and that the data
cannot be described by a single function (dashed line).
Even if one consistently chooses the strongest secondary
peak among fspiral and f2−0 in each case, there does not
exist a mass-independent universal relation with compact-
ness. The absence of a mass-independent, universal relation
implies that the procedure for EOS constraints and binary
mass determinations as described in Refs. [36,37] is not
valid. Notice also that in Fig. 6, the relation proposed in
Refs. [36,37] describes either fspiral at low compactness or
f2−0 at high compactness, which is consistent with the
expectations from our classification scheme describing
which of the secondary peaks dominates the GW spectrum.
However, for intermediate values of the compactness the
merger will be of type II, and both types of secondary peaks
can be present with comparable amplitude, which further

complicates the definition of a single f1 frequency, as was
assumed in Refs. [36,37]. We also point out that detections
of the secondary peaks may possibly be less accurate since
the peaks are broader in comparison to the main peak and
sometimes do not stand out clearly.
Instead of a universal mass-independent relation, we find

that there exist useful empirical relations only for fixed
binary masses (shown as thin line segments in Figs. 7
and 8), such as the case shown in Fig. 6. For merger events
sufficiently close to allow a detection of postmerger GW
peaks, an accurate determination of the binary masses is
expected (e.g. Ref. [58]). With the upcoming GW detectors,
the dominant postmerger oscillation frequency has been
shown to be detectable with high precision for mergers
within several Mpc using a morphology-independent burst
analysis [40]. Significant improvements in the detectability
are possible for more sophisticated search algorithms, e.g.
matched filtering, which, however, require detailed model-
ing of the expected signal features to which our present
study should contribute by clarifying the relation between
dominant and secondary GW peaks. Depending on the
highly uncertain binary NS merger rate, a detection may
succeed with Advanced LIGO/Virgo [40] or with discussed
upgrades [42–44] (the latter may yield a sensitivity increase
at high frequencies of a factor 3). Since the strength of the
secondary features is somewhat lower than that of the
dominant peak (in relation to the anticipated instrument
noise curves), direct detections of the secondary GW peaks
can be expected for the planned Einstein Telescope
[36,37,40,41,45], unless the merger rate is on the more
optimistic side as defined in Ref. [3], which may enable an
earlier observation. The exact detection rate of secondary
peaks is hard to quantify not only because of the uncertain
merger rate, but also because of the varying strength and
prominence of the secondary peaks depending on the
exact model.
In this study we focus on equal-mass binaries. To assess

the impact of the binary mass ratio, we perform additional
simulations for 1.3–1.4 M⊙ binaries with the DD2 EOS
[51,52], LS220 EOS [55] and NL3 EOS [51,54]. The GW
spectra in comparison to the symmetric case exhibit
qualitatively the same features. The frequencies of the
three different GW peaks are very similar to the equal-mass
case with only small deviations of at most 2%, 4% and 6%
for fpeak, fspiral and f2−0, respectively, compared to the
results of the 1.35–1.35 M⊙ binaries. Also, the evolution of
the central lapse function shows qualitatively the same
behavior. This suggests that, at least for moderately
asymmetric binaries, our classification scheme applies as
well. It also implies that the frequency dependencies and
their implications discussed above hold quantitatively with
a good accuracy, although the secondary peaks show
somewhat larger deviations, which may impede their use
for EOS constraints if the mass ratio is not measured
accurately from the GW inspiral signal.
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FIG. 8. f2−0 vs the compactness, but for different binary
masses. Solid lines show empirical relations. The dashed line
is taken from Ref. [37] (see text for explanations).
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V. SUMMARY AND OUTLOOK

We present a unified picture of the postmerger dynamics
and GW emission in binary NS mergers. Aside from the
secondary GW peak produced by a nonlinear coupling
between quadrupole and quasiradial oscillations, we iden-
tify a new mechanism by which another secondary peak in
the GW spectrum appears: it is caused by a spiral deforma-
tion, the pattern of which rotates more slowlywith respect to
the double-core structure of the inner remnant. Based on the
presence and strength of these two secondary peaks, we
introduce a classification scheme of the postmerger dynam-
ics and of the GW spectrum. Moreover, the new mechanism
allows for an explanation of low-frequency modulations
seen in a number of physical characteristics of the remnant,
such as the central lapse function, the maximum density, the
separation between the two cores and the GW amplitude.
We find that for fixed total binary masses, the frequen-

cies of the secondary GW peaks show a tight relation with
the compactness of nonrotating, individual NSs. These
relations follow similar trends as the relation between the
dominant peak frequency and the NS compactness (or,
equivalently, the NS radius, as shown in Refs. [28,29]). For
the dominant peak and for the secondary peak associated
with the orbital motion of the antipodal bulges, we find the
relations between frequency and compactness to be sim-
ilarly tight. We rule out the existence of a universal, mass-
independent relation for secondary peaks as proposed in
Refs. [36,37].
Identifying the type of a merger event and especially

he determination of the quasiradial frequency by
f0 ¼ fpeak − f2−0 can lead to an estimate of the threshold

mass for black hole collapse and thus to an estimate of
the maximum mass of nonrotating NSs (see Ref. [32]). The
insights from our classification scheme and from the
frequency dependencies found here can provide a basis
for constructing future GW template waveforms, increasing
the changes for the observation of the postmerger GW
emission [40].
We will further investigate whether the frequency

differences between the dominant and secondary peaks
can clarify the nature of a detected secondary peak or if
detailed comparisons between spectra of different binary
masses are needed. We will also explore unequal-mass
binaries (anticipating a strong impact of the mass ratio on
fspiral) and analyze the relevance of our classification
scheme for the mass ejection and torus formation of NS
mergers and for accompanying phenomena, such as
r-process nucleosynthesis [60,61], electromagnetic coun-
terparts [62–64] and short gamma-ray bursts [61,65].
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