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ABSTRACT

We use numerical relativity simulations of binary neutron star mergers to show that high density
deconfinement phase transitions (PTs) to quark matter can be probed using multimodal postmerger
gravitational wave (GW) spectroscopy. Hadron-quark PTs suppress the one-armed spiral instability in
the remnant. This is manifested in an anti-correlation between the energy carried in the [ = 2,m =1
GW mode and energy density gap which separates the two phases. Consequently, a single measurement
of the signal-to-noise ratios of the [ = 2,m =1 and [ = 2, m = 2 GW modes could constrain the energy
density gap of the PT.
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1. INTRODUCTION

Binary neutron star (BNS) mergers produce some
of the most extreme conditions in nature, compressing
matter to several times the nuclear density and to tem-
peratures of tens of MeV (Perego et al. 2019). More
extreme conditions are only found in the early Universe
and in the interior of black holes (BHs). Multimessen-
ger observations of binary neutron star (BNS) mergers
can be used to probe the properties of matter in these
conditions, providing a unique avenue to study the non-
perturbative regime of QCD (Shibata 2005; Hinderer
et al. 2010; Damour et al. 2012; Sekiguchi et al. 2011;
Hotokezaka et al. 2011; Bauswein et al. 2013; Radice
et al. 2017; Abbott et al. 2017a; Margalit & Metzger
2017; Bauswein et al. 2017; Radice et al. 2018b; Most
et al. 2019, 2020; Bauswein et al. 2019; Coughlin et al.
2019; De et al. 2018; Abbott et al. 2019, 2018; Radice &
Dai 2019; Dietrich et al. 2020; Breschi et al. 2021, 2022;
Kashyap et al. 2022; Perego et al. 2022; Fujimoto et al.
2022; Prakash et al. 2021).

Presently, there are large uncertainties in the funda-
mental physics of strongly-interacting matter at densi-
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ties of a few times nuclear saturation (Capano et al.
2020; Pang et al. 2021; Annala et al. 2022). It is not
even clear what the relevant degrees of freedom are for
the densities and temperatures reached in the core of
remnant massive neutron stars (RMNS) of BNS merg-
ers. It is possible that matter remains composed of nu-
cleons, together with leptons (electrons, positrons, and
muons) and photons (Perego et al. 2019; Loffredo et al.
2022). The appearance of more exotic baryons, such as
hyperons, is not excluded (Sekiguchi et al. 2011; Radice
et al. 2017; Logoteta 2021). It is also possible for a
transition to the deconfined quark-gluon plasma phase
to take place in BNS mergers (Most et al. 2019, 2020;
Bauswein et al. 2019; Prakash et al. 2021). The deter-
mination of the state of matter formed in BNS mergers
is one of the most pressing scientific objectives of mul-
timessenger astronomy (Evans et al. 2021; Lovato et al.
2022).

Previous work has shown that the presence of phase
transitions to deconfined quarks can be revealed by a
shift of the postmerger gravitational wave (GW) peak
frequency f5 from the value expected for hadronic equa-
tions of state (EOSs) (Bauswein et al. 2019; Weih et al.
2020; Blacker et al. 2020; Kedia et al. 2022). However,
such frequency shifts can be degenerate with deviations
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from universal relations due to hadronic physics or other
effects (Most et al. 2019; Weih et al. 2020; Liebling et al.
2021; Prakash et al. 2021; Fujimoto et al. 2022; Tootle
et al. 2022). It has also been suggested that the presence
of a phase transition could be inferred from a measure-
ment of the threshold mass for prompt collapse of BNS
systems (Bauswein et al. 2020, 2021; Perego et al. 2022;
Kashyap et al. 2022). In this Letter, we use 8 state-
of-the-art numerical relativity simulations to show, for
the first time, that the presence and strength of a QCD
phase transition could be unambiguously determined
through multimodal GW spectroscopy of RMNS. Such
measurements will be possible with the next-generation
of GW experiments like Cosmic Explorer (Reitze et al.
2019), Einstein Telescope (Punturo et al. 2010), and
NEMO (Ackley et al. 2020).

2. METHODS

We consider binaries in quasi-circular orbits and ec-
centric encounters on nearly parabolic orbits. Although
BNS mergers with highly eccentric orbits are expected to
be significantly more rare than those with quasi-circular
inspirals, these events may still have appreciable rates
of as high as 50 Gpc ™2 yr—! (Lee et al. 2010; Paschalidis
et al. 2015); we include results from both types of merg-
ers to consider as wide a variety of scenarios as possible.
Initial data for the quasi-circular binaries is created us-
ing the conformal thin sandwich formalism (York 1999)
and assuming a helical Killing vector and irrotational
flows. The resulting elliptic equations are solved us-
ing the pseudo-spectral code LORENE (Gourgoulhon et al.
2001; Taniguchi et al. 2001; Taniguchi & Gourgoulhon
2002). Initial data for the eccentric encounters is con-
structed by superimposing two isolated, boosted, neu-
tron stars, following Radice et al. (2016b). The initial
separation of the stellar barycenters for parabolic en-
counters is set to 100 km, which is sufficiently large so
that the level of constraint violation in the initial data is
comparable to that of the quasi-circular binaries (Radice
et al. 2016b).

We perform BNS merger simulations using the
WhiskyTHC code (Radice & Rezzolla 2012; Radice et al.
2014a,b). WhiskyTHC makes use of the CTGamma space-
time solver (Pollney et al. 2011), which is a part of the
Einstein Toolkit (Zlochower et al. 2022). The adap-
tive mesh refinement driver Carpet (Schnetter et al.
2004) is used to generate the dynamical grid structure
employed in the simulations. All simulations considered
in the present work have been performed using at least
two grid resolutions. Although there are quantitative
differences in the GW waveforms computed at different
resolutions, the qualitative features discussed here are

robust across all simulations. Unless otherwise speci-
fied, we discuss results from simulations using the fidu-
cial grid resolution (with grid spacing Az ~ 184.6 m in
the finest refinement level). The grid structure for the
simulations is described in detail in Radice et al. (2018a)
and Radice et al. (2016b) for the quasi-circular and ec-
centric simulations, respectively.

For a clear understanding of the role that high-density
deconfinement phase transitions could play in the de-
velopment of the one-armed spiral instability, we con-
sider a total of 7 EOS models and run a total of 8
simulations with varying phase transition features. In
particular, the size of the energy density gap which
separates the hadronic and quark phases is a useful
way to classify hybrid hadron-quark EOS models and
provides a qualitative measure of the ‘strength’ of the
phase transition (Alford & Han 2016). As such, we con-
sider EOS models that cover several sizes of the energy
density gap, ranging from non-existent (i.e., a purely
hadronic EOS) to large, while maintaining consistency
with current astrophysical constraints on the dense mat-
ter EOS. We consider both phenomenological EOS mod-
els (Paschalidis et al. 2018; Alvarez-Castillo & Blaschke
2017; Alford & Sedrakian 2017; Bozzola et al. 2019; Es-
pino & Paschalidis 2022) (in the form of piecewise poly-
tropic approximations using the prescription of Read
et al. (2009)) and microphysical, finite temperature EOS
models (Bastian 2021; Bombaci & Logoteta 2018; Lo-
goteta et al. 2021; Prakash et al. 2021). We only con-
sider equal-mass ratio binary configurations, with the
total binary mass ranging from 2.6 Mg — 2.7Mg. The
lack of m-rotational symmetry in BNS configurations
with unequal-masses may be a suitable way of effec-
tively seeding non-axisymmetric fluid instabilities that
can take hold in the post-merger environment. Neu-
trino emission and reabsorption are not included for bi-
naries in eccentric orbits, while all quasi-circular bina-
ries include a neutrino treatment via the moment based
MO scheme (Radice et al. 2018a). However, neutrinos
are not expected to influence the dynamics on the time
scales considered in our study (Radice et al. 2020, 2022).
Additionally, magnetic fields are not accounted for in
any of our simulations, but these are also expected to
be subdominant (Palenzuela et al. 2022). We find that,
despite the diversity in binary properties and differences
in the evolution, the effects presented in this work are
robust.

3. RESULTS

The one-armed spiral instability is a non-
axisymmetric mode in a rapidly rotating fluid which,
when saturated, leads to the dominance of a single
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Figure 1. Left panel: Energy carried by GWs in the [ = 2, m = 1 mode as a function of time, scaled by the value at a fixed
normalization time thorm = tmer + 0.5 ms. The development of the one-armed spiral instability can be observed in the purely
hadronic simulation as the energy in the [ = 2,m = 1 GW mode continues to grow, but is suppressed in the hadron-quark
simulation. Right panel: The same quantity depicted in the left panel, but time-averaged over a fixed time window and shown
as a function of the energy density gap Ae for each simulation. We normalize by the same quantity for the complementary
hadronic EOS. We include approximate error bars, obtained using lower resolution simulations, to represent the uncertainty
introduced by our numerical methods. The black solid line represents a linear fit to the data from our simulations. We find that
the normalized energy emitted by the I = 2,m = 1 GW mode decreases for simulations that employ EOS models with larger

values of Ae.

high-density mode in the fluid density which is dis-
placed from the fluid barycenter (Pickett et al. 1996;
Centrella et al. 2001; Saijo et al. 2002; Ou & Tohline
2006). The one-armed spiral instability has been ob-
served to develop commonly in BNS merger simulations
that produce long-lived, massive post-merger remnants
on timescales of O(10ms) (Paschalidis et al. 2015; East
et al. 2016; East et al. 2016; Radice et al. 2016a; Lehner
et al. 2016) and in simulations of many other astro-
physical systems including supernovae (Ott et al. 2005;
Kuroda et al. 2014), white dwarfs (Kashyap et al. 2015,
2017) and accretion disks (Kashyap et al. 2017; Wessel
et al. 2021). Each fluid density mode that arises during
the evolution of a massive NS remnant is associated
with GW emission at characteristic frequencies stem-
ming from its pattern speed. As such, the development
of the one-armed spiral instability in astrophysical sys-
tems may be observed by considering multimodal GW
spectroscopy (Radice et al. 2016a). For the simulations
considered in this work we extract multimodal GW in-
formation within the Newman-Penrose formalism. We
compute the coefficients of s = —2 spin-weighted spher-
ical harmonic decompositions of the Newman-Penrose
scalar ¥4 which we label as \Ili’m. The one-armed spiral
instability can therefore be observed in the GW spec-
trum extracted from our simulations as a growth in the
power and amplitude of the | = 2,m = 1 GW mode

(ie., ¥3') and simultaneous decay of the dominant
I=2,m=2GW mode (ie., U3?).

Our simulations show that high-density deconfinement
phase transitions act to suppress the one-armed spiral
instability. Depending on the features of the phase tran-
sition, the one-armed spiral mode may either arise on a
significantly longer timescale when compared to simula-
tions which employ purely hadronic EOS models, or it
may be suppressed altogether on the timescales probed
by our simulations. There are several potential mecha-
nisms via which the instability may be suppressed. For
example, it has been shown that the physical extent of
the remnant plays an important role in the development
of the instability, with larger remnants being more con-
ducive to the development of the instability on shorter
timescales (Radice et al. 2016a; Lehner et al. 2016; Saijo
& Yoshida 2016; Saijo 2018). The significant softening
at high densities introduced by the phase transition re-
sults in more compact post-merger remnants (relative
to scenarios that consider only hadronic degrees of free-
dom). As such, the more compact hybrid star remnants
may see a weaker development of the one-armed spiral
instability when compared to neutron star remnants.

In the left panel of Fig. 1 we show the energy car-
ried by the I = 2, = 1 GW mode (scaled by the en-
ergy emitted at a time shortly after the merger t,opm =
tmer + 0.5ms) as a function of time for simulations em-
ploying the DD2F (hadronic) and DD2F-SF5 (hybrid
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Multimodal GW amplitude spectrum computed for symmetric binaries of total mass M = 2.6 M in an edge-on

configuration. Also shown are the noise sensitivity curves for advanced LIGO (aLIGO), Einstein Telescope (ET), the 20 km
postmerger-optimized configuration for the Cosmic Explorer (CE20) and the 40 km configuration for Cosmic Explorer (CE40).
A suppression in the amplitude spectral density (ASD) as a result of the deconfinement phase transition may be detectable with

the third generation detectors and most cleanly with CE40.

hadron-quark) EOSs. We find that the energy carried
in the [ = 2,m = 1 mode of the GWs is significantly
smaller in the simulation employing a hybrid hadron-
quark EOS, indicating that the one-armed spiral in-
stability is suppressed in scenarios with deconfinement
phase transitions at densities relevant for BNS mergers.
We emphasize that in the left panel of Fig. 1 we show-
case results for a set of EOS models which are identical
below the threshold for a phase transition, and as such
the simulations have identical initial conditions. In the
right panel of Fig. 1, we show the time-averaged energy
emitted by the [ = 2,m = 1 GW mode (Eé\l,v> (again
scaled by the energy emitted at a time shortly after the
merger tnorm = tmer +0.5 ms) as a function of the energy
density gap Ae, where we define the energy density gap
as the difference between the energy density e at the end
of the hadronic phase and beginning of the quark phase
for cold matter in S-equilibrium (Alford & Han 2016),

Ae = €quark,initial — €hadron,final, (1)

where we assume units where the speed of light ¢ = 1.
We identify the end and beginning of each phase by
considering the change in the approximate adiabatic in-
dex T' = dlogp/dlog(p), where p is the fluid pressure
of the cold, beta-equilibrium, barotropic EOS for each
EOS model considered. The region corresponding to
the phase transition is always unambiguously marked
by discontinuities in, or sudden changes in the slope of,
the adiabatic index for the EOS models we consider.
For the results depicted in the right panel of Fig. 1, we
time-average over a window of At ~ 40ms after the

merger except for cases that lead to a remnant collapse
on shorter timescales (in such cases, we time-average
until the collapse of the NS remnant). Additionally, for
each simulation, we normalize by a complementary sim-
ulation that uses identical initial data but employs a
hadronic EOS having the same low-density behavior be-
low the phase transition threshold as the hybrid hadron-
quark EOS. As such, we depict the point corresponding
to all hadronic EOS simulations with a black square at
Ae = 0. Each simulation is time-averaged to the same
extent as its complementary hadronic simulation. We
find an anti-correlation between the energy carried in the
Il =2,m=1 GW mode and the size of the energy density
gap. In other words, as the size of the energy density
gap (and thereby the qualitative ‘strength’ of the phase
transition) increases, GW emission in the [ = 2;m =1
mode decreases, which signifies that the one-armed spi-
ral instability is further suppressed for EOS models with
‘stronger’ deconfinement phase transitions. We elabo-
rate on the choice of quantities depicted in Fig. 1 in
App. A.

4. DISCUSSION

The characteristic frequency associated with peak
emission in the [ = 2,m = 1 GW mode has half the
value of that associated with the | = 2,m = 2 mode
(i.e., fﬁ(’;k = 1i’fak/2). Observationally, a GW signal
would contain information at all contributing frequen-
cies. However, the dominant GW emission associated
with binary coalescence is always expected to be from

the [ = 2, m = 2 contribution, such that fpeax = fs(;ik.



Therefore, a potential observational signature of the
one-armed spiral instability is the growth in power of an
incoming GW signal at a frequency that is half of the
dominant frequency; if it develops in the post-merger
environment, the one-armed spiral instability will con-
tinuously power the emission of GWs at fpeax/2, while
emission in the dominant fpeax decays in time (Bernuzzi
et al. 2015).

In Fig. 2 we show the post-merger GW amplitude
spectrum density (ASD) for a symmetric, edge-on binary
situated at a distance of 40 Mpc, which is consistent with
the luminosity distance observed for GW170817 (Abbott
et al. 2017b). The edge-on configuration is the most op-
timal for the detection of an m = 1 mode. As expected,
we see a relative suppression of power in the m = 1
mode (with respect to the complementing hadronic sim-
ulation) with the onset of a deconfinement phase tran-
sition. In this realistic configuration, coupled with the
40 km Cosmic Explorer detector (Reitze et al. 2019), the
appearance of quarks in the post-merger remnant results
in a suppression of the postmerger signal-to-noise ratio
(SNR) of the (I = 2,m = 1) mode by a factor of 2, from
2.14 in the hadronic case to 1.08 in the hadron-quark
case. The GW ASD peak of the [ = 2, m = 1 mode
(between 1-2 kHz) and the postmerger ASD peak of the
Il =2, m =2 mode (between 2-4 kHz), lie respectively
in the most sensitive regions of the 40 km and the 20 km
postmerger optimized Cosmic Explorer configurations.
Our analysis recommends an increase in detector sen-
sitivities in the high-frequency regimes (see also Zhang
et al. (2022)) for best possible constraints on deconfine-
ment phase transitions in BNS mergers.

In this letter we have highlighted, for the first time,
that high-density deconfinement phase transitions act
to suppress the one-armed spiral instability. We find
an anti-correlation between the energy carried in the
l=2,m =1 GW mode and the size of the energy den-
sity gap which qualitatively separates the hadronic and
quark phases. Our findings reveal a deep connection
between observable multimodal GW emission and the
microphysical description of matter in the post-merger
environment. We expect the one-armed spiral instability
to be detectable at distances of 40 Mpc using future gen-
eration detectors (Radice et al. 2016a). If evidence of a
strong one-armed spiral mode can be inferred from GW
observations of the post-BNS merger environment, our
findings suggest that a strong high-density deconfine-
ment phase transition at the densities relevant to BNS
mergers would be disfavored. On the other hand, if ev-
idence for the one-armed spiral instability is not found
for close-by BNS mergers, this could also point to the
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possibility of a deconfinement phase transition taking
place at densities relevant to BNS mergers.

We point out that other effects relevant in the post-
merger environment - such as the presence of strong
magnetic fields (Franci et al. 2013) and additional de-
grees of freedom that can cause a sudden softening of
the EOS - may affect the development of the one-armed
spiral instability. However, the relevant timescales and
extent to which the aforementioned phenomena can af-
fect the development of non-axisymmetric instabilities
or the GW spectrum remains uncertain (Radice et al.
2016a; Muhlberger et al. 2014), and may not impact
our conclusions (Palenzuela et al. 2022; Zappa et al.
2022). The effects discussed in the present work arise
on dynamical timescales ~ O(10ms), and may be the
dominant mechanism for suppression of the one-armed
spiral instability. Additionally, although we find a trend
in the decrease of energy carried by the [ = 2,m =1
GW mode for larger values of Ae, additional studies
will help establish a more robust trend and provide
an understanding of the potential spread in the trend.
In particular, future lines of investigation will include:
(1) considering the combined effects of the mass ratio
and high-density phase transitions on the development
of the one-armed spiral instability; (2) considering the
effects of accurate neutrino transport on high-density
deconfinement phase transitions, as neutrinos may mod-
ify the composition of matter and thereby potentially
affect the onset of the phase transition; (3) employing
EOS models at systematically increasing values of Ae
while holding the hadronic region of the EOS fixed, as
a limitation of the present work is the assumption that
the [ = 2,;m = 1 GW mode is perfectly known in the
case of hadronic EOSs; and (4) investigating the effects
discussed in this work in scenarios with a crossover to
quark matter, as our present work only considers EOS
models with phase transitions. We leave such studies to
future work.
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APPENDIX

A. GW PROBE OF THE ONE-ARMED SPIRAL INSTABILITY
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Figure 3. Left panel: Energy in the [ = 2;m = 1 GW mode as a function of time for simulations employing a hadronic
(DD2F) and hadron-quark (BBKF1.5) EOS; the simulations use identical initial conditions and are run with a grid resolution of
Az = 369.2m in the finest grid. These results showcase that the one-armed spiral instability may be seeded at different levels in
the postmerger environment for different simulations. Right panel: Same quantity as the left panel, but normalized to the value
at a time shortly after merger, tnorm = tmerger + 0.5 ms. Normalizing at this time accounts for the one-armed spiral instability
being seeded at disparate levels across simulations.

In Fig. 1 we depict an example of GW quantities that exhibit the suppression of the one-armed spiral instability for
simulations that employ hadron-quark EOSs. In particular, we calculate the GW energy carried in the [ = 2,m =1
mode. In Fig. 1 we show Eéév normalized to its value at a time shortly after the merger; we depict normalized quantities
because of the variable nature in which the one-armed spiral instability is seeded in the immediate post-merger
environment in the context of numerical studies. Unless it is explicitly excited as a non-axisymmetric perturbation of
a known amplitude (e.g., as a fixed-amplitude perturbation in the rest mass density), the one-armed spiral instability
arises numerically from error at the level of floating-point precision (Espino et al. 2019). As such, small differences in
the early post-merger evolution of the fluid can result in the instability being seeded at different strengths. We do not
explicitly seed the one-armed spiral instability using fluid perturbations in this work and, as a result, simulations that
either run on different machines, use different grid resolutions, or use different numerical libraries result in different
strengths for the initial instability seed. In Fig. 3 we show the energy in the [ = 2,m = 1 GW mode Eé\l,v as a
function of time for a set of low resolution simulations used to produce the error bars of Fig. 1. The left panel of Fig. 3
shows Eé\l,v as extracted from our simulations and appears to show that the simulation employing a hadron-quark
EOS produces a larger energy in the [ = 2,m = 1 GW mode. However, it is clear the energy at a time shortly after the
merger Eé’\l,v(tmerger + €) (where € is a small additive time) is larger for the hadron-quark simulation, suggesting that
the one-armed spiral instability was seeded at a larger amplitude in that case. In order to account for the different
levels at which the one-armed spiral instability is seeded in the immediate post-merger environment, we normalize
the quantities depicted in Fig. 1 at a time shortly after the merger t,orm = tmer + €. We find that setting ¢ = 0.5ms
results in all simulations in our work having roughly equal values of Eé\l,v in the few ms immediately following merger.
Normalizing at a time shortly after merger ensures that all simulations have approximate parity in the level at which
the one-armed spiral instability is seeded and leads to the robust trend established in the right panel of Fig. 1, regardless
of grid resolution used.
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