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Fig. 1.: The QCD phase diagram as conjectured based on the current understand-
ing. Red circles mark the location of freeze-out points determined experimentally.
Trajectories followed by hydrodynamically expanding matter in the fireball are
indicated schematically by white lines. These trajectories are labeled by the
initial collision energies

→
sNN in GeV, demonstrating how a beam-energy scan

translates into the scan of the QCD phase diagram. The range covered by the
second phase of the Beam Energy Scan program is marked as “BES-II” (collider
mode) and “FXT” (fixed target). Figure modified from Ref.7

Quark-Gluon Plasma (QGP) and Hadron Resonance Gas (HRG) — occur
(see Fig. 1). Another avenue for exploration of the QCD phase diagram
has been recently opened by gravitational wave observations of neutron
star mergers.8,9 While, in contrast to laboratory experiments, these natu-
ral phenomena cannot be planned or controlled, they have the advantage
of probing the QCD phase diagram in the regime complementary to that
explored by heavy-ion collisions, that is at high baryon densities and low
temperatures as well as at substantial isospin fractions.

The ultimate goal of research centered on the QCD phase diagram is
to determine the QCD EOS quantitatively. In using heavy-ion collision
experiments to explore the QCD phase diagram, the challenge for theory is
predicting the experimental signatures of the phenomena associated with
the QCD phase structure and interpreting experimental observations in
terms of the QCD EOS. The task of connecting theory and experiment is

Du, Sorensen, Stephanov 2402.10183

๏The QCD phase diagram is long conjectured to have a FOPT
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Quark-Gluon Plasma (QGP) and Hadron Resonance Gas (HRG) — occur
(see Fig. 1). Another avenue for exploration of the QCD phase diagram
has been recently opened by gravitational wave observations of neutron
star mergers.8,9 While, in contrast to laboratory experiments, these natu-
ral phenomena cannot be planned or controlled, they have the advantage
of probing the QCD phase diagram in the regime complementary to that
explored by heavy-ion collisions, that is at high baryon densities and low
temperatures as well as at substantial isospin fractions.

The ultimate goal of research centered on the QCD phase diagram is
to determine the QCD EOS quantitatively. In using heavy-ion collision
experiments to explore the QCD phase diagram, the challenge for theory is
predicting the experimental signatures of the phenomena associated with
the QCD phase structure and interpreting experimental observations in
terms of the QCD EOS. The task of connecting theory and experiment is
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๏The QCD phase diagram is long conjectured to have a FOPT

๏Direct searchers in colliders are (still) inconclusive
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Quark-Gluon Plasma (QGP) and Hadron Resonance Gas (HRG) — occur
(see Fig. 1). Another avenue for exploration of the QCD phase diagram
has been recently opened by gravitational wave observations of neutron
star mergers.8,9 While, in contrast to laboratory experiments, these natu-
ral phenomena cannot be planned or controlled, they have the advantage
of probing the QCD phase diagram in the regime complementary to that
explored by heavy-ion collisions, that is at high baryon densities and low
temperatures as well as at substantial isospin fractions.

The ultimate goal of research centered on the QCD phase diagram is
to determine the QCD EOS quantitatively. In using heavy-ion collision
experiments to explore the QCD phase diagram, the challenge for theory is
predicting the experimental signatures of the phenomena associated with
the QCD phase structure and interpreting experimental observations in
terms of the QCD EOS. The task of connecting theory and experiment is
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๏The QCD phase diagram is long conjectured to have a FOPT

๏Direct searchers in colliders are (still) inconclusive

๏We may only be able to test this with Neutron Stars physics
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Fig. 1 NR simulation of a BNS merger showing the GW signal and the matter evolution. Top panel: GW
signal emitted during the last orbits before the merger (late-inspiral phase) and during the postmerger phase
of the BNS coalescence. Bottom panel: Rest-mass density evolution for the inspiral (first panel), the merger
(second panel) and the postmerger phase after the formation of the black hole (third panel)

GW signature. An illustration of the density evolution and the emitted GWs of a
BNS merger are presented in Fig. 1, where we show approximately 60 ms around
the moment of merger. The figure includes the density profile obtained from a NR
simulation during the late inspiral (bottom left panel), around the moment of merger
(bottommiddle panel), and the final BH surrounded by an accretion disk (bottom right
panel).

Naturally, the full GW signal is composed of an inspiral and a postmerger evolution.
These two regimes are separated by the moment of merger, i.e., the time when the
amplitude of the GW signal reaches its maximum; cf. Fig. 1.

2.1 Inspiral

The inspiral of a BNS coalescence reaches frequencies up to about 1–2kHz, where
the exact frequency depends on the binary properties. Current GW detectors are most
sensitive at frequencies around ! 100Hz and get less sensitive with increasing fre-
quencies. Because of this frequency-dependent sensitivity only the inspiral phase of
BNS coalescences have been detected for GW170817 [9,12] and GW190425 [13].
While the detection of the postmerger signature is anticipated in the next years or
decades, most information about the binary properties will come from the measure-
ment of the inspiral.

Therefore, the GW community has made significant efforts for a proper modeling
of this regime. Here, we will focus mainly on the dominant tidal effects arising from
the deformation of theNSs due to the external gravitational field of the companion, and
matter effects introduced by the intrinsic rotation of the stars leading to a deformation
related to the rotation frequency of the individual stars. These individual components
affect the GW signal at different frequencies, cf. Fig. 2. While the pure tidal effects
dominate the late inspiral, the spin-induced quadrupole moment is mostly detectable
from the GW signal around 20–30Hz or at even lower frequencies for 3rd generation
GW detectors.

123
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∼100 s (calculated starting from 24 Hz) in the detectors’
sensitive band, the inspiral signal ended at 12∶41:04.4 UTC.
In addition, a γ-ray burst was observed 1.7 s after the
coalescence time [39–45]. The combination of data from
the LIGO and Virgo detectors allowed a precise sky
position localization to an area of 28 deg2. This measure-
ment enabled an electromagnetic follow-up campaign that
identified a counterpart near the galaxy NGC 4993, con-
sistent with the localization and distance inferred from
gravitational-wave data [46–50].
From the gravitational-wave signal, the best measured

combination of the masses is the chirp mass [51]
M ¼ 1.188þ0.004

−0.002M⊙. From the union of 90% credible
intervals obtained using different waveform models (see
Sec. IV for details), the total mass of the system is between
2.73 and 3.29 M⊙. The individual masses are in the broad
range of 0.86 to 2.26 M⊙, due to correlations between their
uncertainties. This suggests a BNS as the source of the
gravitational-wave signal, as the total masses of known
BNS systems are between 2.57 and 2.88 M⊙ with compo-
nents between 1.17 and ∼1.6 M⊙ [52]. Neutron stars in
general have precisely measured masses as large as 2.01#
0.04 M⊙ [53], whereas stellar-mass black holes found in
binaries in our galaxy have masses substantially greater
than the components of GW170817 [54–56].
Gravitational-wave observations alone are able to mea-

sure the masses of the two objects and set a lower limit on
their compactness, but the results presented here do not
exclude objects more compact than neutron stars such as
quark stars, black holes, or more exotic objects [57–61].
The detection of GRB 170817A and subsequent electro-
magnetic emission demonstrates the presence of matter.
Moreover, although a neutron star–black hole system is not
ruled out, the consistency of the mass estimates with the
dynamically measured masses of known neutron stars in
binaries, and their inconsistency with the masses of known
black holes in galactic binary systems, suggests the source
was composed of two neutron stars.

II. DATA

At the time of GW170817, the Advanced LIGO detec-
tors and the Advanced Virgo detector were in observing
mode. The maximum distances at which the LIGO-
Livingston and LIGO-Hanford detectors could detect a
BNS system (SNR ¼ 8), known as the detector horizon
[32,62,63], were 218 Mpc and 107 Mpc, while for Virgo
the horizon was 58 Mpc. The GEO600 detector [64] was
also operating at the time, but its sensitivity was insufficient
to contribute to the analysis of the inspiral. The configu-
ration of the detectors at the time of GW170817 is
summarized in [29].
A time-frequency representation [65] of the data from

all three detectors around the time of the signal is shown in
Fig 1. The signal is clearly visible in the LIGO-Hanford
and LIGO-Livingston data. The signal is not visible

in the Virgo data due to the lower BNS horizon and the
direction of the source with respect to the detector’s antenna
pattern.
Figure 1 illustrates the data as they were analyzed to

determine astrophysical source properties. After data col-
lection, several independently measured terrestrial contribu-
tions to the detector noise were subtracted from the LIGO
data usingWiener filtering [66], as described in [67–70]. This
subtraction removed calibration lines and 60 Hz ac power
mains harmonics from both LIGO data streams. The sensi-
tivity of the LIGO-Hanford detector was particularly
improved by the subtraction of laser pointing noise; several
broad peaks in the 150–800 Hz region were effectively
removed, increasing the BNS horizon of that detector
by 26%.

FIG. 1. Time-frequency representations [65] of data containing
the gravitational-wave event GW170817, observed by the LIGO-
Hanford (top), LIGO-Livingston (middle), and Virgo (bottom)
detectors. Times are shown relative to August 17, 2017 12∶41:04
UTC. The amplitude scale in each detector is normalized to that
detector’s noise amplitude spectral density. In the LIGO data,
independently observable noise sources and a glitch that occurred
in the LIGO-Livingston detector have been subtracted, as
described in the text. This noise mitigation is the same as that
used for the results presented in Sec. IV.

PRL 119, 161101 (2017) P HY S I CA L R EV I EW LE T T ER S week ending
20 OCTOBER 2017

161101-2

Inspiral phase 
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Fig. 23 The power spectral density for the merger of two
M = 1.3M� neutron stars with the V-QCD(SLy) EOS with
ntr = 1.61. The dashed and solid curves are with and without
including the inspiral part of the signal. I also compare to
the sensitivity of advanced LIGO/Virgo and the projected
sensitivity of the Einstein telescope assuming the distance
40 Mpc of GW170817.

The power spectral density is then obtained by com-
puting the average over polarizations:

h̃(f) ⌘

s
|h̃+(f)|2 + |h̃⇥(f)|2

2
. (144)

I show the power spectral density for the merger of two
M = 1.3M� neutron stars in Fig. 23, i.e., for the signal
of Fig. 22 (top). I plot 2h̃(f)

p
f assuming the estimated

distance to GW170817, i.e., 40 Mpc. The dashed (solid)
curve is the signal with (without) the inspiral part. We
therefore see that the signal for f . 2 kHz arises mostly
from the inspiral, whereas the signal from f & 2 kHz
arises mostly from the remnant.

The postmerger part of the signal shows, for merg-
ers with a neutron star remnant, three characteristic
peaks at frequencies f1,2,3. The origin of these peaks
is relatively simple [367]: After the merger the cores of
the two neutron stars oscillate, causing variation of the
mass of inertia of the whole remnant. The extremal ro-
tation frequencies of the system due to the oscillation of
the mass of inertia give rise to f1 and f3. After a while
the oscillations cease, and the final rotation frequency
gives the most prominent f2 peak. Another interesting
frequency is the instantaneous frequency of the gravi-
tational signal at the time of the merger fmrg, which is
typically close to f1 [368].

We find that the holographic EOS favor relatively
low characteristic frequencies of the power spectral den-
sities. For example, the signal of Fig. 23, which uses
the V-QCD(SLy) EOS with ntr = 1.61ns, has f2 ⇡

2.53 kHz, the same simulation with the V-QCD(SLy)
EOS and ntr = 1.94ns gives f2 ⇡ 2.80 kHz, whereas us-
ing the “pure” SLy EOS gives f2 ⇡ 3.19 kHz. Also the

other frequencies are shifted towards zero with respect
to the SLy results. These results reflect the sti↵ness of
the holographic EOS at high densities.

I also remark that, whenever a collapse to a black
hole happened in the simulations, it was always trig-
gered by the phase transition to quark matter, which
may be detectable by analyzing the gravitational wave
signal [369,370]. Consequently, only limited amounts of
quark matter was produced in the simulations. This is
expected because the V-QCD quark matter EOS above
the transition is quite soft so that formation of a quark
matter of mixed phase leads to an immediate collapse.

Notice also that the f2 peak in Fig. 23 lies well above
the sensitivity estimate for advanced LIGO/Virgo when
the distance to the event is the same as for GW170817,
so it is expected that the postmerger signal will be ob-
served for future events. For GW170817 only the inspi-
ral signal was detected. Studies of the electromagnetic
signal from the GW170817 kilonova [11] suggest that
a (rather long lived) hypermassive neutron star was
formed in the event, so that a nontrivial postmerger
signal was generated in the event, but missed detection
(see, e.g., [371,372,106]). This happened because at
the time of the event the sensitivity of the experiment
was a bit lower than that marked in the figure.

The main feature of the electromagnetic signal from
GW170817 was its relative brightness, which implies
that a large amount (around 0.05M�) of matter was
ejected during and after the merger [373,374,375,376,
377,378]. This is actually the reason, together with the
delay of the observed gamma ray burst GRB 170817A
[11], that the hypermassive remnant must have been
long lived, otherwise not enough material would have
been ejected [371,372,106]. Notice that the amount of
ejected matter also a↵ects the estimates for the maxi-
mum of MTOV from GW170817 [107,108,109] which I
discussed in Sec. 2.4.

As I discussed above, the signal in Fig. 23 naturally
divides into the inspiral and postmerger regions, which
naively appear to be essentially independent. However
this not true: The inspiral signal contains information
about the EOS through its dependence on the tidal
deformability ⇤. Both the characteristic frequencies of
the postmerger signal and ⇤ depend on the sti↵ness of
the EOS, so there are approximate relations between
them [379,380,368]. Such relations were studied for the
hybrid EOSs in [330], and we also compared our numer-
ical results from the simulations of [329] to predictions
from the relations of [368] and found deviation of at
most 7%. That is, our results with the intermediate V-
QCD(SLy) EOS with ntr = 1.61ns agreed well with the
relations at M = 1.4M� (0.3% deviation) but the de-
viation was larger at M = 1.35M� and M = 1.3M�
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FIG. 3. From top to bottom rows we show snapshots of the baryon-number density, temperature and quark fraction in the orbital plane at
three different times t � tmer = 1.4, 3.3, 5.6 ms (from left to right) that are representative for HQ, WQ and CQ stages in the Soft q07

simulation. In addition we mark contours for the quark fraction Yquark = 0.01, 0.1, 0.5 by dotted, dashed and solid lines, respectively.

a black-hole horizon.
To further explore the appearance of HQ, WQ and CQ we

show in Fig. 3 snapshots of the number density (top), temper-
ature (middle) and quark fraction (bottom) in the orbital plane
at three representative subsequent times (left to right) of the
post-merger evolution of the Soft q07 configuration. The
times have been chosen based on the times of significant HQ,
WQ, and CQ production, respectively, as denoted by vertical
dotted lines in Fig. 2. Additionally in Fig. 3 we indicate by
dotted, dashed and solid lines the outer contours of regions
that contain quark fractions larger than 0.01, 0.1 and 0.5, re-
spectively. The plots for t � tmer = 1.4 ms clearly show the
presence of HQs in the hottest regions outside the dense core
of the HMNS. Typical for this early post merger state is the
formation of multiple disconnected hot pockets with tempera-
tures well above 50 MeV inside the HMNS which, in this case,
result in two disconnected regions where HQs are formed.
The second column shows snapshots at t�tmer = 3.3 ms cor-
responding to the formation of a single patch of WQs. We note
that a precise definition of the WQ stage is difficult since it
sensitively depends on the combination of densities and tem-

peratures outside the hottest and densest regions of the star
such that a transition to a mixed-phase is possible. These con-
ditions are typically realized in regions outside, but close to
the center of the HMNS where both temperature and density
are significantly below their maximal values. Finally, in the
third column we show snapshots at t� tmer = 5.6 ms where a
pure quark matter core (Yquark = 1) has already been formed
and ultimately leads to a phase-transition-triggered collapse
of the HMNS. The maximal density of the quark matter core
is well above 9ns (and rising), but the temperature is very low
further motivating our classification of quark matter in this re-
gion as CQs. Also noteworthy is the appearance of a small
disconnected portion of WQs that forms in a small region out-
side the dense and cold centre. It is interesting to compare our
cold quark core to [75], who find the quark core to be hot. The
reason for this difference is that [75] models the temperature
dependence by adding a gamma-law to the cold EOS model
where the temperature simply scales with the density and does
not take into account the change in composition as in V-QCD.

To study the composition of matter in terms of the maxima
of hYquarki compared to Tmax and nmax

b , we show in Fig. 4

S. Tootle et al. 2205.05691

๏ Large regions in the quark matter phase
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ature (middle) and quark fraction (bottom) in the orbital plane
at three representative subsequent times (left to right) of the
post-merger evolution of the Soft q07 configuration. The
times have been chosen based on the times of significant HQ,
WQ, and CQ production, respectively, as denoted by vertical
dotted lines in Fig. 2. Additionally in Fig. 3 we indicate by
dotted, dashed and solid lines the outer contours of regions
that contain quark fractions larger than 0.01, 0.1 and 0.5, re-
spectively. The plots for t � tmer = 1.4 ms clearly show the
presence of HQs in the hottest regions outside the dense core
of the HMNS. Typical for this early post merger state is the
formation of multiple disconnected hot pockets with tempera-
tures well above 50 MeV inside the HMNS which, in this case,
result in two disconnected regions where HQs are formed.
The second column shows snapshots at t�tmer = 3.3 ms cor-
responding to the formation of a single patch of WQs. We note
that a precise definition of the WQ stage is difficult since it
sensitively depends on the combination of densities and tem-

peratures outside the hottest and densest regions of the star
such that a transition to a mixed-phase is possible. These con-
ditions are typically realized in regions outside, but close to
the center of the HMNS where both temperature and density
are significantly below their maximal values. Finally, in the
third column we show snapshots at t� tmer = 5.6 ms where a
pure quark matter core (Yquark = 1) has already been formed
and ultimately leads to a phase-transition-triggered collapse
of the HMNS. The maximal density of the quark matter core
is well above 9ns (and rising), but the temperature is very low
further motivating our classification of quark matter in this re-
gion as CQs. Also noteworthy is the appearance of a small
disconnected portion of WQs that forms in a small region out-
side the dense and cold centre. It is interesting to compare our
cold quark core to [75], who find the quark core to be hot. The
reason for this difference is that [75] models the temperature
dependence by adding a gamma-law to the cold EOS model
where the temperature simply scales with the density and does
not take into account the change in composition as in V-QCD.

To study the composition of matter in terms of the maxima
of hYquarki compared to Tmax and nmax

b , we show in Fig. 4
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ature (middle) and quark fraction (bottom) in the orbital plane
at three representative subsequent times (left to right) of the
post-merger evolution of the Soft q07 configuration. The
times have been chosen based on the times of significant HQ,
WQ, and CQ production, respectively, as denoted by vertical
dotted lines in Fig. 2. Additionally in Fig. 3 we indicate by
dotted, dashed and solid lines the outer contours of regions
that contain quark fractions larger than 0.01, 0.1 and 0.5, re-
spectively. The plots for t � tmer = 1.4 ms clearly show the
presence of HQs in the hottest regions outside the dense core
of the HMNS. Typical for this early post merger state is the
formation of multiple disconnected hot pockets with tempera-
tures well above 50 MeV inside the HMNS which, in this case,
result in two disconnected regions where HQs are formed.
The second column shows snapshots at t�tmer = 3.3 ms cor-
responding to the formation of a single patch of WQs. We note
that a precise definition of the WQ stage is difficult since it
sensitively depends on the combination of densities and tem-

peratures outside the hottest and densest regions of the star
such that a transition to a mixed-phase is possible. These con-
ditions are typically realized in regions outside, but close to
the center of the HMNS where both temperature and density
are significantly below their maximal values. Finally, in the
third column we show snapshots at t� tmer = 5.6 ms where a
pure quark matter core (Yquark = 1) has already been formed
and ultimately leads to a phase-transition-triggered collapse
of the HMNS. The maximal density of the quark matter core
is well above 9ns (and rising), but the temperature is very low
further motivating our classification of quark matter in this re-
gion as CQs. Also noteworthy is the appearance of a small
disconnected portion of WQs that forms in a small region out-
side the dense and cold centre. It is interesting to compare our
cold quark core to [75], who find the quark core to be hot. The
reason for this difference is that [75] models the temperature
dependence by adding a gamma-law to the cold EOS model
where the temperature simply scales with the density and does
not take into account the change in composition as in V-QCD.

To study the composition of matter in terms of the maxima
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I. INTRODUCTION

A variety of arguments suggest that at least two first-order phase transitions (FOPT) may be present in the phase
diagram of Quantum Chromodynamics (QCD) as a function of temperature and baryon chemical potential [1–4],
as sketched in Fig. 1. One is the transition from hadronic matter to quark matter. The other is the transition
from a non-superconducting to a color-superconducting phase. While these transitions are well motivated, rigorously
establishing their existence is a fundamental open problem in nuclear and particle physics whose solution has resisted
both theoretical and experimental attempts for decades.

Gravitational waves produced in neutron star (NS) mergers could provide direct experimental access to these phase
transitions [5]. Numerical simulations of NS mergers based on equations of state (EoS) with a hadronic-quark matter
phase transition include [6–11]. These studies have shown that the dynamics of the merger results in the formation of
regions in which the matter is su!ciently heated and/or compressed that the thermodynamically preferred phase is
the quark-matter phase. In other words, the matter in these regions is pushed along the black dotted curve in Fig. 1.
For brevity, we will refer to these regions simply as “superheated regions”. Although no simulation based on an EoS
with a color-superconducting phase has been performed, the large baryon densities found in existing simulations make
it conceivable that color-superconducting matter may also be formed in NS mergers.

The energy density along the black dotted curve in Fig. 1 displays the multivalued form characteristic of a FOPT,
as shown in Fig. 2. The superheated region is pushed from left to right along the lower branch of the phase diagram.
Once the superheating is large enough, namely once the region of interest is su!ciently deep into the metastable
branch, bubbles of the stable phase begin to nucleate.1 The point where this happens is labeled “B” in Fig. 2, the
nucleated phase is labelled “C”, and the transition is indicated by a vertical, solid, black arrow. We will refer to these
nucleated bubbles as “superheated bubbles”. The dynamics of these bubbles can produce gravitational waves that
would provide direct experimental access to the QCD phase transition [5]. The order-of-magnitude estimate in this
reference shows that the frequency of these gravitational waves falls roughly in the MHz range, and that they may be
potentially observable with future detectors.

The direction of the “superheated” transition is opposite to that of a cosmological FOPT. In this case the Universe
is supercooled, namely pushed from right to left along the upper branch into the upper metastable region, until it
transitions down to the lower stable branch, as indicated in Fig. 2 by the dashed, vertical, red arrow. We will refer to
the nucleated bubbles in this case as “supercooled bubbles”. This type of transition will also occur in a NS merger if
the superheated region cools down again.

T

Hadronic Quark Matter

in the cosmological case the metastable phase is supercooled. In this first paper we will take

advantage of the physical picture that emerges from the large body of work devoted to the

cosmological case to give an order-of-magnitude estimate of the frequency and amplitude

of the GW signal in a neutron star merger. A more refined analysis will be presented

elsewhere [14].

In the cosmological case the separation of scales is provided by the fact that the

expansion rate of the Universe, H�1, with H the Hubble rate, is much longer than the

microscopic time scale given by the inverse of the local temperature, T�1. As the Universe

expands and cools down it eventually enters the metastable phase. At some point bubbles

of the stable phase begin to nucleate. These bubbles then grow and collide and eventually

leave behind a superposition of long-lived sound waves propagating on the stable phase.

At su�ciently late times turbulence may also develop. Although each of these processes

contributes to the GW spectrum, it is believed that the dominant contribution comes from

collisions of sound waves with one another. As a first approximation, we will assume that

the same may be true in a NS merger. We will first determine the peak frequency of the

GWs and then we will estimate their characteristic strain.

The peak wavelength of the produced GWs is given by the characteristic wavelength

of the sound waves, which in turn is determined by the mean bubble separation, R. To

estimate the latter we recall that, once the system is in the metastable phase, the bubble

nucleation rate per unit volume takes the form

�(t)

V
= µ(t)4 e�S[µ(t)] , (2.1)

where S is the action of the critical bubble at the chemical potential µ

. This scale, which is the dominant one in NS, would be replaced by the temperature in

the cosmological case. The phase transition starts when the nucleation rate in the available

volume of metastable phase becomes comparable to the characteristic evolution rate of the

system. NS merger simulations show that the typical size of a HoCS is L ⇠ 1 km. In the

cosmological case this would be the Hubble radius, H�1. The evolution rate has units of

inverse time and measures the rate at which the physical properties of the system change,

for example
1

⌧
=

1

µ

dµ

dt
. (2.2)

NS simulations show that this is of order ⌧ ⇠ 1 ms. In the cosmological case this would be

the Hubble expansion rate, H�1. Using these values, together with µ ⇠ 1 GeV, we see that

the phase transition starts when the action of the critical bubble reaches the numerical

value

S ⇠

for the HoCS with a characteristic time scale set by the merger ⌧ ⇠ 1ms. Its relation

to the heating/compression rate is,

Recent NS merger simulations show that a typical size LHoCS ⇠ 1km for the HoCS

with a characteristic time scale set by the merger ⌧ ⇠ 1ms. Its relation to the heat-

ing/compression rate is,

– 3 –
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. This scale, which is the dominant one in NS, would be replaced by the temperature in

the cosmological case. The phase transition starts when the nucleation rate in the available

volume of metastable phase becomes comparable to the characteristic evolution rate of the

system. NS merger simulations show that the typical size of a HoCS is L ⇠ 1 km. In the

cosmological case this would be the Hubble radius, H�1. The evolution rate has units of

inverse time and measures the rate at which the physical properties of the system change,

for example
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NS simulations show that this is of order ⌧ ⇠ 1 ms. In the cosmological case this would be

the Hubble expansion rate, H�1. Using these values, together with µ ⇠ 1 GeV, we see that

the phase transition starts when the action of the critical bubble reaches the numerical

value

S ⇠

for the HoCS with a characteristic time scale set by the merger ⌧ ⇠ 1ms. Its relation
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Recent NS merger simulations show that a typical size LHoCS ⇠ 1km for the HoCS

with a characteristic time scale set by the merger ⌧ ⇠ 1ms. Its relation to the heat-
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T

A’

FIG. 1. Two possible phase transitions in QCD, indicated by the solid red curves. T and µ are the temperature and the baryon
chemical potential, respectively. The dotted black curve on the left panel shows a possible evolution of a region of a NS merger
as this region is heated and/or compressed. The points dubbed A, A

→ and C correspond to the states shown in Fig. 2. See text
and Ref. [5].

1 To avoid confusion, we clarify that by “bubble” we mean the volume of a given phase separated from the outside phase by the “bubble
wall”, which is a surface.

๏ Matter compression leads to phase transition

λ(𝜇)
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A variety of arguments suggest that at least two first-order phase transitions (FOPT) may be present in the phase
diagram of Quantum Chromodynamics (QCD) as a function of temperature and baryon chemical potential [1–4],
as sketched in Fig. 1. One is the transition from hadronic matter to quark matter. The other is the transition
from a non-superconducting to a color-superconducting phase. While these transitions are well motivated, rigorously
establishing their existence is a fundamental open problem in nuclear and particle physics whose solution has resisted
both theoretical and experimental attempts for decades.

Gravitational waves produced in neutron star (NS) mergers could provide direct experimental access to these phase
transitions [5]. Numerical simulations of NS mergers based on equations of state (EoS) with a hadronic-quark matter
phase transition include [6–11]. These studies have shown that the dynamics of the merger results in the formation of
regions in which the matter is su!ciently heated and/or compressed that the thermodynamically preferred phase is
the quark-matter phase. In other words, the matter in these regions is pushed along the black dotted curve in Fig. 1.
For brevity, we will refer to these regions simply as “superheated regions”. Although no simulation based on an EoS
with a color-superconducting phase has been performed, the large baryon densities found in existing simulations make
it conceivable that color-superconducting matter may also be formed in NS mergers.

The energy density along the black dotted curve in Fig. 1 displays the multivalued form characteristic of a FOPT,
as shown in Fig. 2. The superheated region is pushed from left to right along the lower branch of the phase diagram.
Once the superheating is large enough, namely once the region of interest is su!ciently deep into the metastable
branch, bubbles of the stable phase begin to nucleate.1 The point where this happens is labeled “B” in Fig. 2, the
nucleated phase is labelled “C”, and the transition is indicated by a vertical, solid, black arrow. We will refer to these
nucleated bubbles as “superheated bubbles”. The dynamics of these bubbles can produce gravitational waves that
would provide direct experimental access to the QCD phase transition [5]. The order-of-magnitude estimate in this
reference shows that the frequency of these gravitational waves falls roughly in the MHz range, and that they may be
potentially observable with future detectors.

The direction of the “superheated” transition is opposite to that of a cosmological FOPT. In this case the Universe
is supercooled, namely pushed from right to left along the upper branch into the upper metastable region, until it
transitions down to the lower stable branch, as indicated in Fig. 2 by the dashed, vertical, red arrow. We will refer to
the nucleated bubbles in this case as “supercooled bubbles”. This type of transition will also occur in a NS merger if
the superheated region cools down again.
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in the cosmological case the metastable phase is supercooled. In this first paper we will take

advantage of the physical picture that emerges from the large body of work devoted to the

cosmological case to give an order-of-magnitude estimate of the frequency and amplitude

of the GW signal in a neutron star merger. A more refined analysis will be presented

elsewhere [14].

In the cosmological case the separation of scales is provided by the fact that the

expansion rate of the Universe, H�1, with H the Hubble rate, is much longer than the

microscopic time scale given by the inverse of the local temperature, T�1. As the Universe

expands and cools down it eventually enters the metastable phase. At some point bubbles

of the stable phase begin to nucleate. These bubbles then grow and collide and eventually

leave behind a superposition of long-lived sound waves propagating on the stable phase.

At su�ciently late times turbulence may also develop. Although each of these processes

contributes to the GW spectrum, it is believed that the dominant contribution comes from

collisions of sound waves with one another. As a first approximation, we will assume that

the same may be true in a NS merger. We will first determine the peak frequency of the

GWs and then we will estimate their characteristic strain.

The peak wavelength of the produced GWs is given by the characteristic wavelength

of the sound waves, which in turn is determined by the mean bubble separation, R. To

estimate the latter we recall that, once the system is in the metastable phase, the bubble

nucleation rate per unit volume takes the form

�(t)

V
= µ(t)4 e�S[µ(t)] , (2.1)

where S is the action of the critical bubble at the chemical potential µ

. This scale, which is the dominant one in NS, would be replaced by the temperature in

the cosmological case. The phase transition starts when the nucleation rate in the available

volume of metastable phase becomes comparable to the characteristic evolution rate of the

system. NS merger simulations show that the typical size of a HoCS is L ⇠ 1 km. In the

cosmological case this would be the Hubble radius, H�1. The evolution rate has units of

inverse time and measures the rate at which the physical properties of the system change,

for example
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⌧
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dµ

dt
. (2.2)

NS simulations show that this is of order ⌧ ⇠ 1 ms. In the cosmological case this would be

the Hubble expansion rate, H�1. Using these values, together with µ ⇠ 1 GeV, we see that

the phase transition starts when the action of the critical bubble reaches the numerical

value

S ⇠

for the HoCS with a characteristic time scale set by the merger ⌧ ⇠ 1ms. Its relation

to the heating/compression rate is,

Recent NS merger simulations show that a typical size LHoCS ⇠ 1km for the HoCS

with a characteristic time scale set by the merger ⌧ ⇠ 1ms. Its relation to the heat-
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. This scale, which is the dominant one in NS, would be replaced by the temperature in

the cosmological case. The phase transition starts when the nucleation rate in the available

volume of metastable phase becomes comparable to the characteristic evolution rate of the

system. NS merger simulations show that the typical size of a HoCS is L ⇠ 1 km. In the

cosmological case this would be the Hubble radius, H�1. The evolution rate has units of

inverse time and measures the rate at which the physical properties of the system change,

for example
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NS simulations show that this is of order ⌧ ⇠ 1 ms. In the cosmological case this would be

the Hubble expansion rate, H�1. Using these values, together with µ ⇠ 1 GeV, we see that

the phase transition starts when the action of the critical bubble reaches the numerical

value

S ⇠

for the HoCS with a characteristic time scale set by the merger ⌧ ⇠ 1ms. Its relation
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Recent NS merger simulations show that a typical size LHoCS ⇠ 1km for the HoCS

with a characteristic time scale set by the merger ⌧ ⇠ 1ms. Its relation to the heat-
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FIG. 1. Two possible phase transitions in QCD, indicated by the solid red curves. T and µ are the temperature and the baryon
chemical potential, respectively. The dotted black curve on the left panel shows a possible evolution of a region of a NS merger
as this region is heated and/or compressed. The points dubbed A, A

→ and C correspond to the states shown in Fig. 2. See text
and Ref. [5].

1 To avoid confusion, we clarify that by “bubble” we mean the volume of a given phase separated from the outside phase by the “bubble
wall”, which is a surface.
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in the cosmological case the metastable phase is supercooled. In this first paper we will take

advantage of the physical picture that emerges from the large body of work devoted to the

cosmological case to give an order-of-magnitude estimate of the frequency and amplitude

of the GW signal in a neutron star merger. A more refined analysis will be presented

elsewhere [14].

In the cosmological case the separation of scales is provided by the fact that the

expansion rate of the Universe, H�1, with H the Hubble rate, is much longer than the

microscopic time scale given by the inverse of the local temperature, T�1. As the Universe

expands and cools down it eventually enters the metastable phase. At some point bubbles
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contributes to the GW spectrum, it is believed that the dominant contribution comes from
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The phase transition starts when the nucleation rate in the available volume of metastable

phase becomes comparable to the characteristic evolution rate of the system. NS merger

simulations show that the typical size of a HoCS is L ⇠ 1 km. In the cosmological case

this would be the Hubble radius, H�1. The evolution rate has units of inverse time and
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NS simulations show that this is of order ⌧ ⇠ 1 ms. In the cosmological case this would be

the Hubble expansion rate, H�1. Using these values, together with µ ⇠ 1 GeV, we see that
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FIG. 2. Energy density as a function of the position along the black dotted curve in Fig. 1. Both T and µ increase from left to
right. The black, dotted, vertical line indicates the location of the phase transition, determined by the condition that the states
A and A

→ have the same free energy density. The green and blue curves indicate stable and metastable states, respectively. As
some region of the NS merger is su!ciently heated and/or compressed, it enters the lower metastable branch. At the point B

bubbles of the preferred state C on the upper stable branch are nucleated. The direction of this phase transition is the opposite
of that in a supercooled phase transition, which would take place as indicated by the vertical, dotted, red arrow.

The dynamics of relativistic supercooled bubbles has been extensively studied in the literature, motivated by
their potential implications for cosmological FOPT — see e.g. [12] for a review. Motivated by their possible role
in NS mergers, in this paper we initiate the study of relativistic, charged, superheated bubbles, focusing on their
hydrodynamic properties in the simple case of a bag-model, conformal EoS. We find two qualitative di!erences
compared to supercooled bubbles. First, the pressure inside a superheated bubble may be higher or lower than the
pressure outside the bubble. In contrast, in supercooled bubbles the inside pressure is always higher than the outside
pressure. By “inside” and “outside” we do not mean “right behind” and “right in front” of the bubble wall, but deep
inside the bubble (in the stable phase) and asymptotically far away from the bubble (in the metastable phase) — see
Fig. 6(top). The fact that hydrodynamics allows this pressure di!erence to take either sign in superheated bubbles
is remarkable because it shows that the usual intuition, according to which the bubble expands because the pressure
inside wins over the combination of outside pressure plus surface tension, is overly simplistic. The second di!erence
is that some fluid flows develop regions behind the bubble wall that are necessarily metastable which would therefore
decay at su"ciently long times. As we will explain, this is not true for supercooled transitions.

The physics of relativistic and non-relativistic bubbles is expected to be qualitatively similar if the two phases
that determine the phase transition have comparable compressibilities in the range of pressures accessed by the
bubble dynamics. For example, relativistic supercooled bubbles find a non-relativistic analog in non-relativistic
chemical combustions, for this reason often referred to as “relativistic combustions”. Thus, one may expect that
these similarities are also present for relativisitic superheated bubbles. However, a qualitative di!erence appears in a
particular case of obvious phenomenological interest: the nucleation and expansion of vapor bubbles in a superheated
liquid. In this case the liquid is e!ectively incompressible, and this leads to a bubble wall velocity that decreases as
t
→1/2 at asymptotically late times. For completeness, we review this case in Appendix A.

λ(𝜇)

๏ Over-compressed matter: locally stable, globally unstable
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I. INTRODUCTION

A variety of arguments suggest that at least two first-order phase transitions (FOPT) may be present in the phase
diagram of Quantum Chromodynamics (QCD) as a function of temperature and baryon chemical potential [1–4],
as sketched in Fig. 1. One is the transition from hadronic matter to quark matter. The other is the transition
from a non-superconducting to a color-superconducting phase. While these transitions are well motivated, rigorously
establishing their existence is a fundamental open problem in nuclear and particle physics whose solution has resisted
both theoretical and experimental attempts for decades.

Gravitational waves produced in neutron star (NS) mergers could provide direct experimental access to these phase
transitions [5]. Numerical simulations of NS mergers based on equations of state (EoS) with a hadronic-quark matter
phase transition include [6–11]. These studies have shown that the dynamics of the merger results in the formation of
regions in which the matter is su!ciently heated and/or compressed that the thermodynamically preferred phase is
the quark-matter phase. In other words, the matter in these regions is pushed along the black dotted curve in Fig. 1.
For brevity, we will refer to these regions simply as “superheated regions”. Although no simulation based on an EoS
with a color-superconducting phase has been performed, the large baryon densities found in existing simulations make
it conceivable that color-superconducting matter may also be formed in NS mergers.

The energy density along the black dotted curve in Fig. 1 displays the multivalued form characteristic of a FOPT,
as shown in Fig. 2. The superheated region is pushed from left to right along the lower branch of the phase diagram.
Once the superheating is large enough, namely once the region of interest is su!ciently deep into the metastable
branch, bubbles of the stable phase begin to nucleate.1 The point where this happens is labeled “B” in Fig. 2, the
nucleated phase is labelled “C”, and the transition is indicated by a vertical, solid, black arrow. We will refer to these
nucleated bubbles as “superheated bubbles”. The dynamics of these bubbles can produce gravitational waves that
would provide direct experimental access to the QCD phase transition [5]. The order-of-magnitude estimate in this
reference shows that the frequency of these gravitational waves falls roughly in the MHz range, and that they may be
potentially observable with future detectors.

The direction of the “superheated” transition is opposite to that of a cosmological FOPT. In this case the Universe
is supercooled, namely pushed from right to left along the upper branch into the upper metastable region, until it
transitions down to the lower stable branch, as indicated in Fig. 2 by the dashed, vertical, red arrow. We will refer to
the nucleated bubbles in this case as “supercooled bubbles”. This type of transition will also occur in a NS merger if
the superheated region cools down again.

T

Hadronic Quark Matter

in the cosmological case the metastable phase is supercooled. In this first paper we will take

advantage of the physical picture that emerges from the large body of work devoted to the

cosmological case to give an order-of-magnitude estimate of the frequency and amplitude

of the GW signal in a neutron star merger. A more refined analysis will be presented

elsewhere [14].

In the cosmological case the separation of scales is provided by the fact that the

expansion rate of the Universe, H�1, with H the Hubble rate, is much longer than the

microscopic time scale given by the inverse of the local temperature, T�1. As the Universe

expands and cools down it eventually enters the metastable phase. At some point bubbles

of the stable phase begin to nucleate. These bubbles then grow and collide and eventually

leave behind a superposition of long-lived sound waves propagating on the stable phase.

At su�ciently late times turbulence may also develop. Although each of these processes

contributes to the GW spectrum, it is believed that the dominant contribution comes from

collisions of sound waves with one another. As a first approximation, we will assume that

the same may be true in a NS merger. We will first determine the peak frequency of the

GWs and then we will estimate their characteristic strain.

The peak wavelength of the produced GWs is given by the characteristic wavelength

of the sound waves, which in turn is determined by the mean bubble separation, R. To

estimate the latter we recall that, once the system is in the metastable phase, the bubble

nucleation rate per unit volume takes the form

�(t)

V
= µ(t)4 e�S[µ(t)] , (2.1)

where S is the action of the critical bubble at the chemical potential µ

. This scale, which is the dominant one in NS, would be replaced by the temperature in

the cosmological case. The phase transition starts when the nucleation rate in the available

volume of metastable phase becomes comparable to the characteristic evolution rate of the

system. NS merger simulations show that the typical size of a HoCS is L ⇠ 1 km. In the

cosmological case this would be the Hubble radius, H�1. The evolution rate has units of

inverse time and measures the rate at which the physical properties of the system change,

for example
1

⌧
=

1

µ

dµ

dt
. (2.2)

NS simulations show that this is of order ⌧ ⇠ 1 ms. In the cosmological case this would be

the Hubble expansion rate, H�1. Using these values, together with µ ⇠ 1 GeV, we see that

the phase transition starts when the action of the critical bubble reaches the numerical

value

S ⇠

for the HoCS with a characteristic time scale set by the merger ⌧ ⇠ 1ms. Its relation

to the heating/compression rate is,

Recent NS merger simulations show that a typical size LHoCS ⇠ 1km for the HoCS

with a characteristic time scale set by the merger ⌧ ⇠ 1ms. Its relation to the heat-

ing/compression rate is,
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NS simulations show that this is of order ⌧ ⇠ 1 ms. In the cosmological case this would be

the Hubble expansion rate, H�1. Using these values, together with µ ⇠ 1 GeV, we see that
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FIG. 1. Two possible phase transitions in QCD, indicated by the solid red curves. T and µ are the temperature and the baryon
chemical potential, respectively. The dotted black curve on the left panel shows a possible evolution of a region of a NS merger
as this region is heated and/or compressed. The points dubbed A, A

→ and C correspond to the states shown in Fig. 2. See text
and Ref. [5].

1 To avoid confusion, we clarify that by “bubble” we mean the volume of a given phase separated from the outside phase by the “bubble
wall”, which is a surface.
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where S is the action of the critical bubble at the chemical potential µ. This scale, which

is the dominant one in NS, would be replaced by the temperature in the cosmological case.

The phase transition starts when the nucleation rate in the available volume of metastable

phase becomes comparable to the characteristic evolution rate of the system. NS merger

simulations show that the typical size of a HoCS is L ⇠ 1 km. In the cosmological case

this would be the Hubble radius, H�1. The evolution rate has units of inverse time and

measures the rate at which the physical properties of the system change, for example
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NS simulations show that this is of order ⌧ ⇠ 1 ms. In the cosmological case this would be

the Hubble expansion rate, H�1. Using these values, together with µ ⇠ 1 GeV, we see that

the phase transition starts when the action of the critical bubble reaches the numerical
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FIG. 2. Energy density as a function of the position along the black dotted curve in Fig. 1. Both T and µ increase from left to
right. The black, dotted, vertical line indicates the location of the phase transition, determined by the condition that the states
A and A

→ have the same free energy density. The green and blue curves indicate stable and metastable states, respectively. As
some region of the NS merger is su!ciently heated and/or compressed, it enters the lower metastable branch. At the point B

bubbles of the preferred state C on the upper stable branch are nucleated. The direction of this phase transition is the opposite
of that in a supercooled phase transition, which would take place as indicated by the vertical, dotted, red arrow.

The dynamics of relativistic supercooled bubbles has been extensively studied in the literature, motivated by
their potential implications for cosmological FOPT — see e.g. [12] for a review. Motivated by their possible role
in NS mergers, in this paper we initiate the study of relativistic, charged, superheated bubbles, focusing on their
hydrodynamic properties in the simple case of a bag-model, conformal EoS. We find two qualitative di!erences
compared to supercooled bubbles. First, the pressure inside a superheated bubble may be higher or lower than the
pressure outside the bubble. In contrast, in supercooled bubbles the inside pressure is always higher than the outside
pressure. By “inside” and “outside” we do not mean “right behind” and “right in front” of the bubble wall, but deep
inside the bubble (in the stable phase) and asymptotically far away from the bubble (in the metastable phase) — see
Fig. 6(top). The fact that hydrodynamics allows this pressure di!erence to take either sign in superheated bubbles
is remarkable because it shows that the usual intuition, according to which the bubble expands because the pressure
inside wins over the combination of outside pressure plus surface tension, is overly simplistic. The second di!erence
is that some fluid flows develop regions behind the bubble wall that are necessarily metastable which would therefore
decay at su"ciently long times. As we will explain, this is not true for supercooled transitions.

The physics of relativistic and non-relativistic bubbles is expected to be qualitatively similar if the two phases
that determine the phase transition have comparable compressibilities in the range of pressures accessed by the
bubble dynamics. For example, relativistic supercooled bubbles find a non-relativistic analog in non-relativistic
chemical combustions, for this reason often referred to as “relativistic combustions”. Thus, one may expect that
these similarities are also present for relativisitic superheated bubbles. However, a qualitative di!erence appears in a
particular case of obvious phenomenological interest: the nucleation and expansion of vapor bubbles in a superheated
liquid. In this case the liquid is e!ectively incompressible, and this leads to a bubble wall velocity that decreases as
t
→1/2 at asymptotically late times. For completeness, we review this case in Appendix A.

λ(𝜇)

๏ Over-compressed matter: locally stable, globally unstable
๏ Transition proceed via bubble nucleation 
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I. INTRODUCTION

A variety of arguments suggest that at least two first-order phase transitions (FOPT) may be present in the phase
diagram of Quantum Chromodynamics (QCD) as a function of temperature and baryon chemical potential [1–4],
as sketched in Fig. 1. One is the transition from hadronic matter to quark matter. The other is the transition
from a non-superconducting to a color-superconducting phase. While these transitions are well motivated, rigorously
establishing their existence is a fundamental open problem in nuclear and particle physics whose solution has resisted
both theoretical and experimental attempts for decades.

Gravitational waves produced in neutron star (NS) mergers could provide direct experimental access to these phase
transitions [5]. Numerical simulations of NS mergers based on equations of state (EoS) with a hadronic-quark matter
phase transition include [6–11]. These studies have shown that the dynamics of the merger results in the formation of
regions in which the matter is su!ciently heated and/or compressed that the thermodynamically preferred phase is
the quark-matter phase. In other words, the matter in these regions is pushed along the black dotted curve in Fig. 1.
For brevity, we will refer to these regions simply as “superheated regions”. Although no simulation based on an EoS
with a color-superconducting phase has been performed, the large baryon densities found in existing simulations make
it conceivable that color-superconducting matter may also be formed in NS mergers.

The energy density along the black dotted curve in Fig. 1 displays the multivalued form characteristic of a FOPT,
as shown in Fig. 2. The superheated region is pushed from left to right along the lower branch of the phase diagram.
Once the superheating is large enough, namely once the region of interest is su!ciently deep into the metastable
branch, bubbles of the stable phase begin to nucleate.1 The point where this happens is labeled “B” in Fig. 2, the
nucleated phase is labelled “C”, and the transition is indicated by a vertical, solid, black arrow. We will refer to these
nucleated bubbles as “superheated bubbles”. The dynamics of these bubbles can produce gravitational waves that
would provide direct experimental access to the QCD phase transition [5]. The order-of-magnitude estimate in this
reference shows that the frequency of these gravitational waves falls roughly in the MHz range, and that they may be
potentially observable with future detectors.

The direction of the “superheated” transition is opposite to that of a cosmological FOPT. In this case the Universe
is supercooled, namely pushed from right to left along the upper branch into the upper metastable region, until it
transitions down to the lower stable branch, as indicated in Fig. 2 by the dashed, vertical, red arrow. We will refer to
the nucleated bubbles in this case as “supercooled bubbles”. This type of transition will also occur in a NS merger if
the superheated region cools down again.
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in the cosmological case the metastable phase is supercooled. In this first paper we will take

advantage of the physical picture that emerges from the large body of work devoted to the

cosmological case to give an order-of-magnitude estimate of the frequency and amplitude

of the GW signal in a neutron star merger. A more refined analysis will be presented

elsewhere [14].

In the cosmological case the separation of scales is provided by the fact that the

expansion rate of the Universe, H�1, with H the Hubble rate, is much longer than the

microscopic time scale given by the inverse of the local temperature, T�1. As the Universe

expands and cools down it eventually enters the metastable phase. At some point bubbles

of the stable phase begin to nucleate. These bubbles then grow and collide and eventually

leave behind a superposition of long-lived sound waves propagating on the stable phase.

At su�ciently late times turbulence may also develop. Although each of these processes

contributes to the GW spectrum, it is believed that the dominant contribution comes from

collisions of sound waves with one another. As a first approximation, we will assume that

the same may be true in a NS merger. We will first determine the peak frequency of the

GWs and then we will estimate their characteristic strain.

The peak wavelength of the produced GWs is given by the characteristic wavelength

of the sound waves, which in turn is determined by the mean bubble separation, R. To

estimate the latter we recall that, once the system is in the metastable phase, the bubble

nucleation rate per unit volume takes the form

�(t)

V
= µ(t)4 e�S[µ(t)] , (2.1)

where S is the action of the critical bubble at the chemical potential µ

. This scale, which is the dominant one in NS, would be replaced by the temperature in

the cosmological case. The phase transition starts when the nucleation rate in the available

volume of metastable phase becomes comparable to the characteristic evolution rate of the

system. NS merger simulations show that the typical size of a HoCS is L ⇠ 1 km. In the

cosmological case this would be the Hubble radius, H�1. The evolution rate has units of

inverse time and measures the rate at which the physical properties of the system change,

for example
1

⌧
=
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dµ

dt
. (2.2)

NS simulations show that this is of order ⌧ ⇠ 1 ms. In the cosmological case this would be

the Hubble expansion rate, H�1. Using these values, together with µ ⇠ 1 GeV, we see that

the phase transition starts when the action of the critical bubble reaches the numerical

value

S ⇠

for the HoCS with a characteristic time scale set by the merger ⌧ ⇠ 1ms. Its relation

to the heating/compression rate is,

Recent NS merger simulations show that a typical size LHoCS ⇠ 1km for the HoCS

with a characteristic time scale set by the merger ⌧ ⇠ 1ms. Its relation to the heat-
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FIG. 1. Two possible phase transitions in QCD, indicated by the solid red curves. T and µ are the temperature and the baryon
chemical potential, respectively. The dotted black curve on the left panel shows a possible evolution of a region of a NS merger
as this region is heated and/or compressed. The points dubbed A, A

→ and C correspond to the states shown in Fig. 2. See text
and Ref. [5].

1 To avoid confusion, we clarify that by “bubble” we mean the volume of a given phase separated from the outside phase by the “bubble
wall”, which is a surface.
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is the dominant one in NS, would be replaced by the temperature in the cosmological case.

The phase transition starts when the nucleation rate in the available volume of metastable

phase becomes comparable to the characteristic evolution rate of the system. NS merger

simulations show that the typical size of a HoCS is L ⇠ 1 km. In the cosmological case

this would be the Hubble radius, H�1. The evolution rate has units of inverse time and

measures the rate at which the physical properties of the system change, for example
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NS simulations show that this is of order ⌧ ⇠ 1 ms. In the cosmological case this would be

the Hubble expansion rate, H�1. Using these values, together with µ ⇠ 1 GeV, we see that

the phase transition starts when the action of the critical bubble reaches the numerical

value

for the HoCS with a characteristic time scale set by the merger ⌧ ⇠ 1ms. Its relation
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Recent NS merger simulations show that a typical size LHoCS ⇠ 1km for the HoCS
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FIG. 2. Energy density as a function of the position along the black dotted curve in Fig. 1. Both T and µ increase from left to
right. The black, dotted, vertical line indicates the location of the phase transition, determined by the condition that the states
A and A

→ have the same free energy density. The green and blue curves indicate stable and metastable states, respectively. As
some region of the NS merger is su!ciently heated and/or compressed, it enters the lower metastable branch. At the point B

bubbles of the preferred state C on the upper stable branch are nucleated. The direction of this phase transition is the opposite
of that in a supercooled phase transition, which would take place as indicated by the vertical, dotted, red arrow.

The dynamics of relativistic supercooled bubbles has been extensively studied in the literature, motivated by
their potential implications for cosmological FOPT — see e.g. [12] for a review. Motivated by their possible role
in NS mergers, in this paper we initiate the study of relativistic, charged, superheated bubbles, focusing on their
hydrodynamic properties in the simple case of a bag-model, conformal EoS. We find two qualitative di!erences
compared to supercooled bubbles. First, the pressure inside a superheated bubble may be higher or lower than the
pressure outside the bubble. In contrast, in supercooled bubbles the inside pressure is always higher than the outside
pressure. By “inside” and “outside” we do not mean “right behind” and “right in front” of the bubble wall, but deep
inside the bubble (in the stable phase) and asymptotically far away from the bubble (in the metastable phase) — see
Fig. 6(top). The fact that hydrodynamics allows this pressure di!erence to take either sign in superheated bubbles
is remarkable because it shows that the usual intuition, according to which the bubble expands because the pressure
inside wins over the combination of outside pressure plus surface tension, is overly simplistic. The second di!erence
is that some fluid flows develop regions behind the bubble wall that are necessarily metastable which would therefore
decay at su"ciently long times. As we will explain, this is not true for supercooled transitions.

The physics of relativistic and non-relativistic bubbles is expected to be qualitatively similar if the two phases
that determine the phase transition have comparable compressibilities in the range of pressures accessed by the
bubble dynamics. For example, relativistic supercooled bubbles find a non-relativistic analog in non-relativistic
chemical combustions, for this reason often referred to as “relativistic combustions”. Thus, one may expect that
these similarities are also present for relativisitic superheated bubbles. However, a qualitative di!erence appears in a
particular case of obvious phenomenological interest: the nucleation and expansion of vapor bubbles in a superheated
liquid. In this case the liquid is e!ectively incompressible, and this leads to a bubble wall velocity that decreases as
t
→1/2 at asymptotically late times. For completeness, we review this case in Appendix A.

λ(𝜇)

๏ Over-compressed matter: locally stable, globally unstable
๏ Transition proceed via bubble nucleation 

How do bubble dynamics drive the transition? 
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Dynamics of the transition
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FIG. 3. FOPT dynamics inside a HoCS. Once a HoCS enters the metastable region, it takes a time of order ω → 1 ms for the
first few bubbles to nucleate inside the metastable phase (left). Bubbles then grow to a macroscopic size R and collide in a time
ε→1 → 6µs (center). They leave behind long-lived sound waves (with lifetime ω → 1 ms) of characteristic size R propagating
on top of the stable phase (right).

corrections, they depend in a simple way on ω and vw.
The former is well constrained by simulations. The main
uncertainty comes from vw. Allowing this to increase or
decrease by an order of magnitude around the ballpark
value (4) results in a peak frequency roughly between

100 kHz ↭ f0 ↭ 10MHz . (11)

To recap, when a region enters the metastable region,
bubbles start nucleating after a time of order a milisec-
ond, see Fig. 3-left. The typical number of nucleated bub-
bles in each regions is of order Nbubble = L

3
/R

3 → 1150.
Once nucleation stars, it takes few microseconds for the
FOPT to complete, namely to go from left to right in
Fig. 3. The lifetime of the sound waves left behind after
the transition in Fig. 3-right is of the order of miliseconds
too. They represent the dominant contribution to GW
emission, which is peaked at a frequency of order a MHz.

CHARACTERISTIC STRAIN

We follow the physical picture developed in the cosmo-
logical case and assume that the dominant GW produc-
tion mechanism is due to the long-lived sound waves left
behind after all the bubbles have collided. The produced
GW energy density and its relation to the characteristic
strain (see e.g. [22]), can be estimated as

εGW =
2ϑ

2

8ϑG

h
2
0

ϖ2
→ (8ϑG) v

4
f (E + P)2 !t R ”̄GW . (12)

A detailed derivation of this formula can be found in
e.g. [16]. We will not reproduce the derivation here, but
we will provide intuition for the origin of each term.

E , P and v
2
f are the energy density, the pressure

and the root mean velocity of the fluid in the HoCS
left behind by the bubble collisions, as illustrated in
Fig. 3(right). We take E → P → #4 with #4 in the range
(7).

GWs are metric perturbations sourced by the
transverse-traceless part of the energy-momentum ten-
sor, which for sound waves on a fluid hij ↑ 8ϑGT

TT
ij ↑

8ϑG(E + P)vivj , leading to the 8ϑGv
4
f (E + P)2 factor in

(12).

!t is the e$ective time duration of the source for the
purpose of determining εGW. In the cosmological case
!t → H

→1. In the NS case, however, GW contributing to
the growth of εGW leave the HoCS after a light-crossing
time of the region, shorter than the characteristic mil-
lisecond time of the merger,

!t → L → 1.7 ↓ 10→2 ms , (13)

where we have used (1).

R is a necessary characteristic length scale in the fluid
flow on dimensional grounds, which has been seen to coin-
cide with the mean separation between the bubbles that
produces the fluid flow in the first place.

Finally, ”̄GW is a dimensionless factor quantifying the
e%ciency with which shear stress in the fluid is converted
to GWs. Although its precise value depends on the de-
tails of the flow, simulations show that its ballpark value,
”̄GW ↑ 10→2, is rather insensitive to these details.

Extracting the strain from (12), and taking into ac-
count that the GW amplitude decreases with the distance
d to the source, we arrive to the observed characteristic
strain,

h
obs
0 = h0

L

d
→ 6.2 ↓ 10→24

v
2
f

(
#4

0.5 GeV/fm3

)(
L

5 km

)3/2 (0.6 MHz

f

)3/2 (100 Mpc

d

)
. (14)

The fluid velocity depends on details of the phase transi- tion such as the strength of the transition, the bubble wall
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in the cosmological case the metastable phase is supercooled. In this first paper we will take

advantage of the physical picture that emerges from the large body of work devoted to the

cosmological case to give an order-of-magnitude estimate of the frequency and amplitude

of the GW signal in a neutron star merger. A more refined analysis will be presented

elsewhere [14].

In the cosmological case the separation of scales is provided by the fact that the

expansion rate of the Universe, H�1, with H the Hubble rate, is much longer than the

microscopic time scale given by the inverse of the local temperature, T�1. As the Universe

expands and cools down it eventually enters the metastable phase. At some point bubbles

of the stable phase begin to nucleate. These bubbles then grow and collide and eventually

leave behind a superposition of long-lived sound waves propagating on the stable phase.

At su�ciently late times turbulence may also develop. Although each of these processes

contributes to the GW spectrum, it is believed that the dominant contribution comes from

collisions of sound waves with one another. As a first approximation, we will assume that

the same may be true in a NS merger. We will first determine the peak frequency of the

GWs and then we will estimate their characteristic strain.

The peak wavelength of the produced GWs is given by the characteristic wavelength

of the sound waves, which in turn is determined by the mean bubble separation, R. To

estimate the latter we recall that, once the system is in the metastable phase, the bubble

nucleation rate per unit volume takes the form

�(t)

V
= µ(t)4 e�S[µ(t)] , , E (2.1)

where S is the action of the critical bubble at the chemical potential µ. This scale, which

is the dominant one in NS, would be replaced by the temperature in the cosmological case.

The phase transition starts when the nucleation rate in the available volume of metastable

phase becomes comparable to the characteristic evolution rate of the system. NS merger

simulations show that the typical size of a HoCS is L ⇠ 1 km. In the cosmological case

this would be the Hubble radius, H�1. The evolution rate has units of inverse time and

measures the rate at which the physical properties of the system change, for example
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NS simulations show that this is of order ⌧ ⇠ 1 ms. In the cosmological case this would be

the Hubble expansion rate, H�1. Using these values, together with µ ⇠ 1 GeV, we see that

the phase transition starts when the action of the critical bubble reaches the numerical

value

for the HoCS with a characteristic time scale set by the merger ⌧ ⇠ 1ms. Its relation

to the heating/compression rate is,

Recent NS merger simulations show that a typical size LHoCS ⇠ 1km for the HoCS

with a characteristic time scale set by the merger ⌧ ⇠ 1ms. Its relation to the heat-

ing/compression rate is,
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FIG. 2. Energy density as a function of the position along the black dotted curve in Fig. 1. Both T and µ increase from left to
right. The black, dotted, vertical line indicates the location of the phase transition, determined by the condition that the states
A and A

→ have the same free energy density. The green and blue curves indicate stable and metastable states, respectively. As
some region of the NS merger is su!ciently heated and/or compressed, it enters the lower metastable branch. At the point B

bubbles of the preferred state C on the upper stable branch are nucleated. The direction of this phase transition is the opposite
of that in a supercooled phase transition, which would take place as indicated by the vertical, dotted, red arrow.

The dynamics of relativistic supercooled bubbles has been extensively studied in the literature, motivated by
their potential implications for cosmological FOPT — see e.g. [12] for a review. Motivated by their possible role
in NS mergers, in this paper we initiate the study of relativistic, charged, superheated bubbles, focusing on their
hydrodynamic properties in the simple case of a bag-model, conformal EoS. We find two qualitative di!erences
compared to supercooled bubbles. First, the pressure inside a superheated bubble may be higher or lower than the
pressure outside the bubble. In contrast, in supercooled bubbles the inside pressure is always higher than the outside
pressure. By “inside” and “outside” we do not mean “right behind” and “right in front” of the bubble wall, but deep
inside the bubble (in the stable phase) and asymptotically far away from the bubble (in the metastable phase) — see
Fig. 6(top). The fact that hydrodynamics allows this pressure di!erence to take either sign in superheated bubbles
is remarkable because it shows that the usual intuition, according to which the bubble expands because the pressure
inside wins over the combination of outside pressure plus surface tension, is overly simplistic. The second di!erence
is that some fluid flows develop regions behind the bubble wall that are necessarily metastable which would therefore
decay at su"ciently long times. As we will explain, this is not true for supercooled transitions.

The physics of relativistic and non-relativistic bubbles is expected to be qualitatively similar if the two phases
that determine the phase transition have comparable compressibilities in the range of pressures accessed by the
bubble dynamics. For example, relativistic supercooled bubbles find a non-relativistic analog in non-relativistic
chemical combustions, for this reason often referred to as “relativistic combustions”. Thus, one may expect that
these similarities are also present for relativisitic superheated bubbles. However, a qualitative di!erence appears in a
particular case of obvious phenomenological interest: the nucleation and expansion of vapor bubbles in a superheated
liquid. In this case the liquid is e!ectively incompressible, and this leads to a bubble wall velocity that decreases as
t
→1/2 at asymptotically late times. For completeness, we review this case in Appendix A.

๏Over Heated region

๏Bubbles nucleate
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in the cosmological case the metastable phase is supercooled. In this first paper we will take

advantage of the physical picture that emerges from the large body of work devoted to the

cosmological case to give an order-of-magnitude estimate of the frequency and amplitude

of the GW signal in a neutron star merger. A more refined analysis will be presented

elsewhere [14].
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�1, with H the Hubble rate, is much longer than the

microscopic time scale given by the inverse of the local temperature, T
�1. As the Universe
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of the stable phase begin to nucleate. These bubbles then grow and collide and eventually

leave behind a superposition of long-lived sound waves propagating on the stable phase.

At su�ciently late times turbulence may also develop. Although each of these processes

contributes to the GW spectrum, it is believed that the dominant contribution comes from

collisions of sound waves with one another. As a first approximation, we will assume that

the same may be true in a NS merger. We will first determine the peak frequency of the

GWs and then we will estimate their characteristic strain.

The peak wavelength of the produced GWs is given by the characteristic wavelength

of the sound waves, which in turn is determined by the mean bubble separation, R. To

estimate the latter we recall that, once the system is in the metastable phase, the bubble

nucleation rate per unit volume takes the form
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where S is the action of the critical bubble at the chemical potential µ. This scale, which

is the dominant one in NS, would be replaced by the temperature in the cosmological case.

The phase transition starts when the nucleation rate in the available volume of metastable

phase becomes comparable to the characteristic evolution rate of the system. NS merger

simulations show that the typical size of a HoCS is L ⇠ 1 km. In the cosmological case

this would be the Hubble radius, H
�1. The evolution rate has units of inverse time and

measures the rate at which the physical properties of the system change, for example

1

⌧
=

1

µ

dµ

dt
. (2.2)

NS simulations show that this is of order ⌧ ⇠ 1 ms. In the cosmological case this would be

the Hubble expansion rate, H
�1. Using these values, together with µ ⇠ 1 GeV, we see that

the phase transition starts when the action of the critical bubble reaches the numerical

value

for the HoCS with a characteristic time scale set by the merger ⌧ ⇠ 1ms. Its relation

to the heating/compression rate is,

Recent NS merger simulations show that a typical size LHoCS ⇠ 1km for the HoCS

with a characteristic time scale set by the merger ⌧ ⇠ 1ms. Its relation to the heat-
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FIG. 2. Energy density as a function of the position along
the dashed black curve in Fig. 1. Both T and µ increase
from left to right. The dotted black vertical line indicates
the location of the phase transition, determined by the con-
dition that the states A and A→ have the same free energy
density. Stable, metastable and unstable states are shown
as solid green, dashed blue and doted red respectively. As
a region is heated/compressed it enters the lower metastable
branch. At B the nucleation probability has been su!ciently
enhanced, and bubbles of the preferred state C on the upper
stable branch are quickly nucleated.

Consequently, in order to determine the GW wavelength,
we must estimate the duration of the phase transition, for
which we need to recall how the phase transition takes
place dynamically.

Suppose that some region of the NS follows the trajec-
tory indicated by the dashed black curve in Fig. 1(left).
The energy density of the available phases of the system
as T and µ vary along this curve is shown in Fig. 2, where
the multivaluedness is a hallmark of a FOPT. The di!er-
ent colors in Fig. 2 indicate stable, metastable and un-
stable states. Note that only the stable states are shown
in the phase diagram of Fig. 1(left), whose hadronic and
quark-matter phases correspond to the lower and upper
stable branches of Fig. 2, respectively. Points A and A

→

are reached as the phase transition curve is approached
along the hadronic and the quark-matter phases, respec-
tively. The qualitative details of Fig. 2 do not depend on
the specific trajectory crossing the FOPT line.

As the region in the NS is heated and/or compressed
along the trajectory of Fig. 1(left), the corresponding
state moves along the lower stable branch in Fig. 2 until
it eventually enters the lower metastable branch. Once
this happens, bubbles of the stable phase can begin to
nucleate. On general grounds, the probability per unit
volume and per unit time for this to happen takes the
form

dP

dt d3x
= ”4

e
↑S[!]

. (6)

The exact value of the ”4 prefactor depends on the spe-
cific point on the metastable branch, but its scale is set
by the characteristic values of the energy and pressure
in NS matter. At zero temperature these are of order
E → P → 0.5GeV/fm3 [19].

Since a non-zero temperature will increase these values,
we take as a plausible range

0.1 GeV/fm3 ↭ ”4 ↭ 1GeV/fm3 (7)

and adopt as a reference value the intermediate point
”4 → 0.5 GeV/fm3.

S is the action of the critical bubble, defined as the
bubble for which the inward-pointing force due to the sur-
face tension is exactly balanced by the outward-pointing
force due to the pressure di!erence between the inside
and the outside of the bubble. The action of this bubble
controls the nucleation probability in the semiclassical
approximation, hence the exponential dependence in (6).
S is infinite at the point A where the metastable phase
meets the stable phase, and it decreases until it reaches
zero at the turning point where the metastable phase
meets the unstable phase. At an arbitrary point on the
metastable branch the value of S depends on the cor-
responding values of the temperature and the chemical
potential. The exponential enhancement of the nucle-
ation probability with time implies that the transition
will happen rapidly around a time tf (point B in Fig. 2).
By performing a Taylor expansion around tf we obtain
[14, 20, 21]

ω
↑1 =

(
dS

dt

)↑1

→ ε

S
→ ε

log (8ϑv3
wε4”4)

, (8)

where we have assumed that ”dS/d” ↑ S.
Plugging (8) into (5) we arrive at the following expres-

sion for the peak frequency f0 = ϖ
↑1:

f0 → 0.1

vw

1 ms

ε

(
0.62 + 0.0034 log

[(
vw

0.1

)3 ( ε

1 ms

)4 ”4

0.5 GeV/fm3

])
MHz . (9)

Using the reference values given above leads to

R → 477 m , ω
↑1 → 5.43µs , f0 → 0.6MHz . (10)

These values are fairly robust. Up to small logarithmic
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in the cosmological case the metastable phase is supercooled. In this first paper we will take

advantage of the physical picture that emerges from the large body of work devoted to the

cosmological case to give an order-of-magnitude estimate of the frequency and amplitude

of the GW signal in a neutron star merger. A more refined analysis will be presented

elsewhere [14].

In the cosmological case the separation of scales is provided by the fact that the

expansion rate of the Universe, H
�1, with H the Hubble rate, is much longer than the

microscopic time scale given by the inverse of the local temperature, T
�1. As the Universe

expands and cools down it eventually enters the metastable phase. At some point bubbles

of the stable phase begin to nucleate. These bubbles then grow and collide and eventually

leave behind a superposition of long-lived sound waves propagating on the stable phase.

At su�ciently late times turbulence may also develop. Although each of these processes

contributes to the GW spectrum, it is believed that the dominant contribution comes from

collisions of sound waves with one another. As a first approximation, we will assume that

the same may be true in a NS merger. We will first determine the peak frequency of the

GWs and then we will estimate their characteristic strain.

The peak wavelength of the produced GWs is given by the characteristic wavelength

of the sound waves, which in turn is determined by the mean bubble separation, R. To

estimate the latter we recall that, once the system is in the metastable phase, the bubble

nucleation rate per unit volume takes the form
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where S is the action of the critical bubble at the chemical potential µ. This scale, which

is the dominant one in NS, would be replaced by the temperature in the cosmological case.

The phase transition starts when the nucleation rate in the available volume of metastable

phase becomes comparable to the characteristic evolution rate of the system. NS merger

simulations show that the typical size of a HoCS is L ⇠ 1 km. In the cosmological case

this would be the Hubble radius, H
�1. The evolution rate has units of inverse time and

measures the rate at which the physical properties of the system change, for example
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NS simulations show that this is of order ⌧ ⇠ 1 ms. In the cosmological case this would be

the Hubble expansion rate, H
�1. Using these values, together with µ ⇠ 1 GeV, we see that

the phase transition starts when the action of the critical bubble reaches the numerical

value

for the HoCS with a characteristic time scale set by the merger ⌧ ⇠ 1ms. Its relation

to the heating/compression rate is,

Recent NS merger simulations show that a typical size LHoCS ⇠ 1km for the HoCS
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FIG. 2. Energy density as a function of the position along
the dashed black curve in Fig. 1. Both T and µ increase
from left to right. The dotted black vertical line indicates
the location of the phase transition, determined by the con-
dition that the states A and A→ have the same free energy
density. Stable, metastable and unstable states are shown
as solid green, dashed blue and doted red respectively. As
a region is heated/compressed it enters the lower metastable
branch. At B the nucleation probability has been su!ciently
enhanced, and bubbles of the preferred state C on the upper
stable branch are quickly nucleated.

Consequently, in order to determine the GW wavelength,
we must estimate the duration of the phase transition, for
which we need to recall how the phase transition takes
place dynamically.

Suppose that some region of the NS follows the trajec-
tory indicated by the dashed black curve in Fig. 1(left).
The energy density of the available phases of the system
as T and µ vary along this curve is shown in Fig. 2, where
the multivaluedness is a hallmark of a FOPT. The di!er-
ent colors in Fig. 2 indicate stable, metastable and un-
stable states. Note that only the stable states are shown
in the phase diagram of Fig. 1(left), whose hadronic and
quark-matter phases correspond to the lower and upper
stable branches of Fig. 2, respectively. Points A and A

→

are reached as the phase transition curve is approached
along the hadronic and the quark-matter phases, respec-
tively. The qualitative details of Fig. 2 do not depend on
the specific trajectory crossing the FOPT line.

As the region in the NS is heated and/or compressed
along the trajectory of Fig. 1(left), the corresponding
state moves along the lower stable branch in Fig. 2 until
it eventually enters the lower metastable branch. Once
this happens, bubbles of the stable phase can begin to
nucleate. On general grounds, the probability per unit
volume and per unit time for this to happen takes the
form
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The exact value of the ”4 prefactor depends on the spe-
cific point on the metastable branch, but its scale is set
by the characteristic values of the energy and pressure
in NS matter. At zero temperature these are of order
E → P → 0.5GeV/fm3 [19].

Since a non-zero temperature will increase these values,
we take as a plausible range

0.1 GeV/fm3 ↭ ”4 ↭ 1GeV/fm3 (7)

and adopt as a reference value the intermediate point
”4 → 0.5 GeV/fm3.

S is the action of the critical bubble, defined as the
bubble for which the inward-pointing force due to the sur-
face tension is exactly balanced by the outward-pointing
force due to the pressure di!erence between the inside
and the outside of the bubble. The action of this bubble
controls the nucleation probability in the semiclassical
approximation, hence the exponential dependence in (6).
S is infinite at the point A where the metastable phase
meets the stable phase, and it decreases until it reaches
zero at the turning point where the metastable phase
meets the unstable phase. At an arbitrary point on the
metastable branch the value of S depends on the cor-
responding values of the temperature and the chemical
potential. The exponential enhancement of the nucle-
ation probability with time implies that the transition
will happen rapidly around a time tf (point B in Fig. 2).
By performing a Taylor expansion around tf we obtain
[14, 20, 21]
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advantage of the physical picture that emerges from the large body of work devoted to the

cosmological case to give an order-of-magnitude estimate of the frequency and amplitude

of the GW signal in a neutron star merger. A more refined analysis will be presented

elsewhere [14].
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expansion rate of the Universe, H
�1, with H the Hubble rate, is much longer than the

microscopic time scale given by the inverse of the local temperature, T
�1. As the Universe

expands and cools down it eventually enters the metastable phase. At some point bubbles

of the stable phase begin to nucleate. These bubbles then grow and collide and eventually

leave behind a superposition of long-lived sound waves propagating on the stable phase.

At su�ciently late times turbulence may also develop. Although each of these processes

contributes to the GW spectrum, it is believed that the dominant contribution comes from

collisions of sound waves with one another. As a first approximation, we will assume that

the same may be true in a NS merger. We will first determine the peak frequency of the

GWs and then we will estimate their characteristic strain.

The peak wavelength of the produced GWs is given by the characteristic wavelength

of the sound waves, which in turn is determined by the mean bubble separation, R. To
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where S is the action of the critical bubble at the chemical potential µ. This scale, which

is the dominant one in NS, would be replaced by the temperature in the cosmological case.
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FIG. 2. Energy density as a function of the position along
the dashed black curve in Fig. 1. Both T and µ increase
from left to right. The dotted black vertical line indicates
the location of the phase transition, determined by the con-
dition that the states A and A→ have the same free energy
density. Stable, metastable and unstable states are shown
as solid green, dashed blue and doted red respectively. As
a region is heated/compressed it enters the lower metastable
branch. At B the nucleation probability has been su!ciently
enhanced, and bubbles of the preferred state C on the upper
stable branch are quickly nucleated.
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→
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dP

dt d3x
= ”4

e
↑S[!]

. (6)

The exact value of the ”4 prefactor depends on the spe-
cific point on the metastable branch, but its scale is set
by the characteristic values of the energy and pressure
in NS matter. At zero temperature these are of order
E → P → 0.5GeV/fm3 [19].

Since a non-zero temperature will increase these values,
we take as a plausible range

0.1 GeV/fm3 ↭ ”4 ↭ 1GeV/fm3 (7)

and adopt as a reference value the intermediate point
”4 → 0.5 GeV/fm3.

S is the action of the critical bubble, defined as the
bubble for which the inward-pointing force due to the sur-
face tension is exactly balanced by the outward-pointing
force due to the pressure di!erence between the inside
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controls the nucleation probability in the semiclassical
approximation, hence the exponential dependence in (6).
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[14, 20, 21]

ω
↑1 =

(
dS

dt

)↑1

→ ε

S
→ ε

log (8ϑv3
wε4”4)

, (8)

where we have assumed that ”dS/d” ↑ S.
Plugging (8) into (5) we arrive at the following expres-

sion for the peak frequency f0 = ϖ
↑1:

f0 → 0.1

vw

1 ms

ε

(
0.62 + 0.0034 log

[(
vw

0.1

)3 ( ε

1 ms

)4 ”4

0.5 GeV/fm3

])
MHz . (9)

Using the reference values given above leads to

R → 477 m , ω
↑1 → 5.43µs , f0 → 0.6MHz . (10)

These values are fairly robust. Up to small logarithmic

๏Bubbles start to expand

5 Km



CSQCD 2026 J. Casalderrey-Solana 19/05/2026

Expanding Bubbles

7

10

0.3 0.4 0.5 0.6
0.7

0.8

0.9

1.0

1.1

1.2

1.3

0.3 0.4 0.5 0.6
0.70

0.75

0.80

0.85

0.90

0.95

1.00

0.45 0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85

0.6

0.8

1.0

1.2

1.4

1.6

0.45 0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85

0.0

0.2

0.4

0.6

0.8

1.0

0.45 0.50 0.55 0.60

0.4

0.6

0.8

1.0

1.2

0.45 0.50 0.55 0.60

0.2

0.4

0.6

0.8

1.0

FIG. 6. Energy density (left) and pressure (right) profiles, normalized to their values at infinity, of the fluid flows shown in
Fig. 5.

homogeneous region behind the wall that is necessarily thermodynamically disfavoured with respect to the L-phase
at the same temperature and chemical potential. This region will eventually decay by nucleating bubbles of the
L-phase if the bubble is allowed to expand for arbitrarily long times. Whether this happens in practice will depend
on the nucleation rates in front and behind the bubble wall, on the bubble wall velocities, etc. Nevertheless, from
the viewpoint of the dynamics of a single bubble, flows with negative pressure may regarded as thermodynamically
unstable. In Fig. 7 these flows correspond to points above the blue curve labelled as p→ = 0. Note that deflagrations
cannot su!er from this problem since the phase right behind the wall is directly the stable H-phase.

We have also constructed detonations with ωw < cs. In these, the wall connects the outside v = 0 state with some
state below the blue line in Fig. 3, then the flow extends until the blue line and connects with the inside v = 0 state
through a shock. We checked that the entropy production in these solutions can be positive. These solutions could
in principle compete with the deflagrations and hybrids. However, they may be unstable and decay into the hybrids
if perturbed, in analogy to what happens in the supercooled case with deflagrations and hybrids for ωw > cs [14]. We
leave this stability analysis for future work.

All the flows above can be labeled by three independent parameters, that is, Tn, µn and ωw or, equivalently, en, nn

๏Hydrodynamic analysis: self-similar regime with constant wall velocity 
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Hadron Phase

Quark Phase

2

characteristic size of these HoCS is [12]

L → 5 km . (1)

To our knowledge, no simulation based on an EoS that
includes a transition to a color-superconducting phase
has been performed. Nevertheless, existing simulations
have shown that the merger leads to the formation of cold
quark-matter regions in which the baryon density can be
ten times larger than the nuclear saturation density. This
makes it conceivable that color-superconducting matter
may be formed in NS mergers.

Numerical simulations have shown that the presence
of HoCS a!ects the overall merger dynamics, mainly be-
cause of a softening of the EoS, and leads to detectable
modifications of the GW spectrum in the usual kilo-
hertz (kHz) frequency range. One may think of this as a
“macroscopic” consequence of the phase transition. How-
ever, to the best of our knowledge, the phase transition
dynamics in HoCS has not been previously considered.
The purpose of this paper is to show that this dynamics
leads to a characteristic signal in the megahertz (MHz)
range. One may think of this as a “microscopic” con-
sequence of the phase transition. We will see that this
conclusion is extremely robust since it only depends on
generic properties of a FOPT. Therefore we do not need
to commit ourselves to a particular type of FOPT. The
only assumptions we need to make are that some FOPT
is present in QCD and that this is accessed by the merger
dynamics.

The key idea is that the millisecond characteristic time
scale for the evolution of the merger,

ω → 1ms , (2)

is much longer than the characteristic nuclear time scale,
1 fm → 10→23 s. This huge separation of scales means
that, from the viewpoint of QCD processes, the merger
evolution is adiabatic to an extremely good approxima-
tion. In turn, this implies that the HoCS are initially
born as carefully prepared metastable regions of super-
heated and/or supercompressed matter. Once the super-
heating or supercompression are large enough, namely
once the HoCS is su”ciently deep into the metastable
branch, bubbles of the stable phase begin to nucleate.
The point where this happens is labeled “B” in Fig. 2.
These bubbles then expand to a macroscopic size and
collide, leaving behind long-lived sound waves propagat-
ing on top of the stable phase, as illustrated in Fig. 3.
As we will explain below, this dynamics gives rise to a
characteristic GW spectrum whose peak frequency is in
the MHz range.

As usual, we work with units such that ⊋ = c = 1. G

will be Newton’s constant, related to the reduced Planck
mass through

(8εG)→1/2 = Mp → 2.4 ↑ 1018 GeV . (3)

FREQUENCY

We begin by noting that the dynamics of a FOPT in a
NS merger is very similar to that of a cosmological FOPT
(for a review, see e.g. [14]), except for the fact that in the
cosmological case the metastable phase is supercooled.
In this case there is a compelling physical picture that
emerges from the large body of work developed over sev-
eral decades. Here we will take advantage of this picture
to give an order-of-magnitude estimate of the GW signal
in a NS merger.

In the cosmological case the separation of scales is pro-
vided by the fact that the expansion rate of the Universe,
H

→1, with H the Hubble rate, is much longer than the
microscopic time scale given by the inverse of the local
temperature, T

→1. As the Universe expands and cools
down, it eventually enters the metastable phase. At some
point bubbles of the stable phase begin to nucleate.These
bubbles then grow and collide leaving behind a superpo-
sition of long-lived sound waves propagating on the stable
phase. At su”ciently late times turbulence may also de-
velop. Although each of these processes contributes to
the GW spectrum, for many models of the transition it
has been shown that the dominant contribution comes
from collisions of sound waves with one another [15]. As
a first approximation, we will assume that the same may
be true in a NS merger. We will now determine the peak
frequency of the GWs, and in the next section we will
estimate their characteristic strain.

Let R be the mean bubble-centre separation at the end
of the phase transition, as in Fig. 3. This scale is inherited
by the sound waves left behind after the bubbles collide,
and it is further imprinted on the GWs produced by the
subsequent fluid dynamics. The peak GW wavelength, is
therefore ϑ → R [14, 16].

Nucleated bubbles grow with a constant bubble wall
velocity vw, which is usually assumed to be a fraction of
the speed of light — see e.g. [17]. We therefore take the
ballpark value

vw → 0.1 . (4)

This estimate is consistent with holographic simulations
[18]. Changing it has a simple e!ect on the peak GW
frequency — see (9).

Let ϖ
→1 be the duration of the phase transition, whose

precise definition is in (8). Intuitively it can be under-
stood as the time from the moment that the first few
bubbles are nucleated to the moment when all the bub-
bles have collided and disappeared, leaving behind sound
waves on top of the stable phase, as illustrated in Fig. 3.
The duration of the phase transition is related to the
mean bubble separation through [14]

R = (8ε)1/3
vw

ϖ
. (5)
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scale for the evolution of the merger,

ω → 1ms , (2)

is much longer than the characteristic nuclear time scale,
1 fm → 10→23 s. This huge separation of scales means
that, from the viewpoint of QCD processes, the merger
evolution is adiabatic to an extremely good approxima-
tion. In turn, this implies that the HoCS are initially
born as carefully prepared metastable regions of super-
heated and/or supercompressed matter. Once the super-
heating or supercompression are large enough, namely
once the HoCS is su”ciently deep into the metastable
branch, bubbles of the stable phase begin to nucleate.
The point where this happens is labeled “B” in Fig. 2.
These bubbles then expand to a macroscopic size and
collide, leaving behind long-lived sound waves propagat-
ing on top of the stable phase, as illustrated in Fig. 3.
As we will explain below, this dynamics gives rise to a
characteristic GW spectrum whose peak frequency is in
the MHz range.

As usual, we work with units such that ⊋ = c = 1. G

will be Newton’s constant, related to the reduced Planck
mass through

(8εG)→1/2 = Mp → 2.4 ↑ 1018 GeV . (3)

FREQUENCY

We begin by noting that the dynamics of a FOPT in a
NS merger is very similar to that of a cosmological FOPT
(for a review, see e.g. [14]), except for the fact that in the
cosmological case the metastable phase is supercooled.
In this case there is a compelling physical picture that
emerges from the large body of work developed over sev-
eral decades. Here we will take advantage of this picture
to give an order-of-magnitude estimate of the GW signal
in a NS merger.

In the cosmological case the separation of scales is pro-
vided by the fact that the expansion rate of the Universe,
H

→1, with H the Hubble rate, is much longer than the
microscopic time scale given by the inverse of the local
temperature, T

→1. As the Universe expands and cools
down, it eventually enters the metastable phase. At some
point bubbles of the stable phase begin to nucleate.These
bubbles then grow and collide leaving behind a superpo-
sition of long-lived sound waves propagating on the stable
phase. At su”ciently late times turbulence may also de-
velop. Although each of these processes contributes to
the GW spectrum, for many models of the transition it
has been shown that the dominant contribution comes
from collisions of sound waves with one another [15]. As
a first approximation, we will assume that the same may
be true in a NS merger. We will now determine the peak
frequency of the GWs, and in the next section we will
estimate their characteristic strain.

Let R be the mean bubble-centre separation at the end
of the phase transition, as in Fig. 3. This scale is inherited
by the sound waves left behind after the bubbles collide,
and it is further imprinted on the GWs produced by the
subsequent fluid dynamics. The peak GW wavelength, is
therefore ϑ → R [14, 16].

Nucleated bubbles grow with a constant bubble wall
velocity vw, which is usually assumed to be a fraction of
the speed of light — see e.g. [17]. We therefore take the
ballpark value
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This estimate is consistent with holographic simulations
[18]. Changing it has a simple e!ect on the peak GW
frequency — see (9).

Let ϖ
→1 be the duration of the phase transition, whose

precise definition is in (8). Intuitively it can be under-
stood as the time from the moment that the first few
bubbles are nucleated to the moment when all the bub-
bles have collided and disappeared, leaving behind sound
waves on top of the stable phase, as illustrated in Fig. 3.
The duration of the phase transition is related to the
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In this case there is a compelling physical picture that
emerges from the large body of work developed over sev-
eral decades. Here we will take advantage of this picture
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velop. Although each of these processes contributes to
the GW spectrum, for many models of the transition it
has been shown that the dominant contribution comes
from collisions of sound waves with one another [15]. As
a first approximation, we will assume that the same may
be true in a NS merger. We will now determine the peak
frequency of the GWs, and in the next section we will
estimate their characteristic strain.

Let R be the mean bubble-centre separation at the end
of the phase transition, as in Fig. 3. This scale is inherited
by the sound waves left behind after the bubbles collide,
and it is further imprinted on the GWs produced by the
subsequent fluid dynamics. The peak GW wavelength, is
therefore ϑ → R [14, 16].

Nucleated bubbles grow with a constant bubble wall
velocity vw, which is usually assumed to be a fraction of
the speed of light — see e.g. [17]. We therefore take the
ballpark value

vw → 0.1 . (4)

This estimate is consistent with holographic simulations
[18]. Changing it has a simple e!ect on the peak GW
frequency — see (9).

Let ϖ
→1 be the duration of the phase transition, whose

precise definition is in (8). Intuitively it can be under-
stood as the time from the moment that the first few
bubbles are nucleated to the moment when all the bub-
bles have collided and disappeared, leaving behind sound
waves on top of the stable phase, as illustrated in Fig. 3.
The duration of the phase transition is related to the
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FIG. 7. Possible fluid flows for di!erent strength factors ωn and wall velocities εw. The bounds (25), (26) and (27) are
represented as black solid curves. The flows allowed by the entropic bound (29) at zero chemical potential for di!erent values
of aL/aH are those below the corresponding discontinuous black curves. The flows for which the pressure inside the bubble is
lower (higher) than the pressure outside the bubble are those below (above) the red curve labelled as pin = pn. The flows for
which the fluid pressure becomes negative at some point behind the wall are those above the blue curve labelled as p→ = 0.

11
an

d
ω

w
.

In
th

e
cu

rr
en

t
ca

se
in

w
hi

ch
p

=
c

2 s
e

+
co

ns
ta

nt
, o

ne
ca

n
so

lv
e

fo
r

th
e

en
th

al
py

(o
r

en
er

gy
de

ns
ity

)
an

d
th

e
flu

id
ve

lo
ci

ty
fir

st
, a

nd
th

en
ob

ta
in

th
e

de
ns

ity
fo

r
a

gi
ve

n
ch

oi
ce

of
n

n
.

T
he

re
fo

re
, f

or
ea

ch
ch

oi
ce

of
(e

n
,
ω

w
)

w
e

ca
n

ex
tr

ac
t

a
w

ho
le

fa
m

ily
of

an
al

og
ou

s
so

lu
tio

ns
pa

ra
m

et
er

iz
ed

by
n

n
.

A
s

in
th

e
ca

se
of

su
pe

rc
oo

le
d

bu
bb

le
s,

it
is

us
ef

ul
to

ch
ar

ac
te

riz
e

th
is

ch
oi

ce
in

te
rm

s
of

th
e

so
-c

al
le

d
“s

tr
en

gt
h

fa
ct

or
”

ε
n
.

It
s

ge
ne

ra
l d

efi
ni

tio
n

is4
(s

ee
e.

g.
[1

2,
17

])

ε
n

→
1 3

(e
H

↑
3p

H
)↑

(e
L

↑
3p

L
)

w
L

∣ ∣ ∣ ∣ (T
,µ

)=
(T

n
,µ

n
)
.

(2
3)

In
th

e
pr

es
en

t
ca

se
th

is
re

du
ce

s
to

ε
n

=
ϑ

e
L
(T

n
,
µ

n
)

=
ϑ e
n

,
(2

4)
so

ch
oo

sin
g

ε
n

is
eq

ui
va

le
nt

to
ch

oo
sin

g
th

e
nu

cl
ea

tio
n

en
er

gy
de

ns
ity

in
un

its
of

ϑ
.

H
ow

ev
er

, f
or

ge
ne

ra
l E

oS
bo

th
th

e
st

re
ng

th
fa

ct
or

an
d

th
e

en
er

gy
de

ns
ity

m
us

t b
e

sim
ul

ta
ne

ou
sly

sp
ec

ifi
ed

in
or

de
r t

o
ch

ar
ac

te
riz

e
a

bu
bb

le
so

lu
tio

n.
T

he
so

lu
tio

ns
pr

es
en

te
d

in
Fi

gs
. 5

an
d

6
de

pe
nd

on
th

e
va

lu
es

of
ω

w
an

d
ε

n
, b

ut
ar

e
in

de
pe

nd
en

t
on

th
e

va
lu

es
of

th
e

co
ns

ta
nt

s
{
a

H
,
b

H
,
c

H
,
a

L
,
b

L
,
c

L
}

in
(1

3)
.

H
ow

ev
er

, t
he

en
tr

op
y

pr
od

uc
tio

n
de

pe
nd

s
on

th
es

e
co

ns
ta

nt
s

in
(1

3)
,

an
d

th
e

so
lu

tio
ns

w
ill

pr
od

uc
e

po
sit

iv
e

or
ne

ga
tiv

e
en

tr
op

y
de

pe
nd

in
g

on
th

e
va

lu
es

of
th

es
e

co
ns

ta
nt

s.
B

el
ow

w
e

co
m

m
en

t
fu

rt
he

r
on

th
is

po
in

t.

IV
.

B
O

U
N

D
S

W
e

w
ill

no
w

se
e

th
at

th
e

pr
es

en
ce

of
a

fo
rb

id
de

n
re

gi
on

in
Fi

g.
3,

to
ge

th
er

w
ith

th
e

ex
ist

en
ce

of
a

lo
w

er
bo

un
d

on
th

e
en

er
gy

de
ns

ity
in

ea
ch

br
an

ch
, i

m
po

se
s b

ou
nd

s o
n

th
e

po
ss

ib
le

va
lu

es
of

th
e

pa
ra

m
et

er
s (

ω
w

,
ε

n
) t

ha
t c

ha
ra

ct
er

iz
e

ea
ch

po
ss

ib
le

flu
id

flo
w

.
Le

t
us

st
ar

t
w

ith
de

to
na

tio
ns

.
G

iv
en

a
w

al
l

ve
lo

ci
ty

ω
w
,

co
ns

id
er

in
cr

ea
sin

g
th

e
st

re
ng

th
ε

n
or

,
eq

ui
va

le
nt

ly
,

de
cr

ea
sin

g
th

e
nu

cl
ea

tio
n

en
er

gy
e

n
re

la
tiv

e
to

th
e

ba
g

co
ns

ta
nt

ϑ
.

T
hi

s
de

cr
ea

se
s

th
e

en
er

gy
be

hi
nd

th
e

w
al

l e
→

an
d

in
cr

ea
se

s
th

e
sp

ee
d

v
→

.
C

le
ar

ly
, t

he
st

ro
ng

es
t

tr
an

sit
io

n
w

e
ca

n
co

ns
id

er
is

th
at

fo
r

w
hi

ch
th

e
en

er
gy

de
ns

ity
in

th
e

flu
id

be
hi

nd
th

e
w

al
l

re
ac

he
s i

ts
va

cu
um

en
er

gy
, t

ha
t i

s,
e

→
=

ϑ
.

Pr
ec

ise
ly

at
th

is
po

in
t w

e
al

so
re

ac
h

th
e

m
ax

im
um

po
ss

ib
le

ve
lo

ci
ty

be
hi

nd
th

e
w

al
l,

v
→

=
1.

So
lv

in
g

th
e

m
at

ch
in

g
co

nd
iti

on
s

w
ith

th
es

e
va

lu
es

re
su

lts
in

th
e

bo
un

d

ε
n

,d
et

↓
ω

w
↑

c
2 s

1
+

ω
w

.
(2

5)
D

et
on

at
io

ns
ar

e
th

er
ef

or
e

co
nfi

ne
d

to
th

e
re

gi
on

sim
ul

ta
ne

ou
sly

al
lo

w
ed

by
th

e
co

nd
iti

on
s

(2
5)

an
d

c
s

↓
ω

w
↓

1.
T

hi
s

re
gi

on
is

di
sp

la
ye

d
in

pi
nk

in
Fi

g.
7.

In
th

e
ca

se
of

de
fla

gr
at

io
ns

, a
sim

ila
r u

pp
er

bo
un

d
ca

n
be

ob
ta

in
ed

fo
r t

he
st

re
ng

th
, a

lth
ou

gh
it

ca
nn

ot
be

ex
pr

es
se

d
in

te
rm

s
of

a
sim

pl
e

an
al

yt
ic

al
fo

rm
ul

a.
Fi

g.
3

sh
ow

s
th

at
, g

iv
en

a
ω

w
, t

he
sp

ee
d

ah
ea

d
of

th
e

w
al

l c
an

at
m

os
t

re
ac

h
th

e
bo

un
da

ry
of

th
e

ex
cl

ud
ed

re
gi

on
.

T
hi

s h
ap

pe
ns

w
he

n
th

e
sp

ee
d

of
th

e
flu

id
in

fr
on

t o
f t

he
w

al
l m

ov
es

at
th

e
sp

ee
d

of
so

un
d

w
ith

re
sp

ec
t

to
th

e
w

al
l,

v
+

=
c

s
.

N
ot

ic
e

th
at

th
is

is
pr

ec
ise

ly
th

e
va

lu
e

at
w

hi
ch

hy
br

id
so

lu
tio

ns
be

gi
n

to
ex

ist
.

T
he

m
at

ch
in

g
co

nd
iti

on
s

at
th

e
w

al
l t

he
n

le
ad

to
th

e
fo

llo
w

in
g

bo
un

d
fo

r
th

e
st

at
e

in
sid

e
th

e
bu

bb
le

:

ε
→

↓
(c

s
↑

ω
w
)2

c
2 s

↑
2c

s
ω

w
+

1.
(2

6)
Tr

an
sla

tin
g

th
is

bo
un

d
to

on
e

on
ε

n
ca

n
on

ly
be

do
ne

nu
m

er
ic

al
ly

, a
nd

it
re

qu
ire

s
so

lv
in

g
fo

r
th

e
en

tir
e

flu
id

flo
w

fo
r

de
fla

gr
at

io
ns

.
T

he
re

su
lt

ca
n

be
se

en
in

Fi
g.

7,
w

he
re

de
fla

gr
at

io
ns

ar
e

co
nfi

ne
d

to
th

e
gr

ay
sh

ad
ed

re
gi

on
.

Fi
na

lly
, w

e
ca

n
ob

ta
in

a
bo

un
d

on
hy

br
id

so
lu

tio
ns

.
O

nc
e

ag
ai

n,
w

e
se

e
in

Fi
g.

3
th

at
, g

iv
en

a
ω

w
, t

he
flo

w
be

hi
nd

th
e

w
al

l h
as

to
fa

ll
be

lo
w

th
e

ex
cl

ud
ed

re
gi

on
.

T
hi

s
pu

ts
th

e
fo

llo
w

in
g

co
ns

tr
ai

nt
on

th
e

ve
lo

ci
ty

be
hi

nd
th

e
w

al
l:

↑
1

↓
v
(ω

w
) ↓

↑
c

2 s
↑

ω
w

ω
w
(1

↑
c

2 s
).

(2
7)

T
he

up
pe

r
bo

un
d,

w
hi

ch
de

pe
nd

s
on

th
e

sp
ee

d
of

so
un

d,
m

ea
ns

th
at

th
e

w
al

l m
us

t
m

ov
e

fa
st

er
th

an
th

e
sh

oc
k,

i.e
.

th
e

flo
w

m
us

t
lie

be
lo

w
th

e
sh

ad
ed

re
gi

on
in

Fi
g.

3.
B

y
so

lv
in

g
fo

r
th

e
w

ho
le

flo
w

, t
he

se
tw

o
bo

un
ds

tr
an

sla
te

in
to

4
W

e
ha

ve
in

ve
rt

ed
th

e
or

de
r

in
th

e
nu

m
er

at
or

w
ith

re
sp

ec
t

to
th

e
su

pe
rc

oo
le

d
ca

se
to

en
su

re
th

at
it

is
po

sit
iv

e.

๏ In this limit, we can get an estimate for the wall velocity
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In turn, this means that the strength factor diverges as

ωn = ε

eL

→ x
→1

. (31)

In view of Fig. 7, this immediately tells us that the flow must be a deflagration with very small wall velocity, since
this is the only type of flow that exists for arbitrarily large strength factors. We have verified that the black solid
curve on the left of Fig. 7 at small ϑw is given by

ϑw → ω
→1
n

. (32)

Comparing the two equations above we conclude that the velocity must scale at small x as

ϑw → x . (33)

This can also be seen from the following argument. In the limit x ↑ 0 the critical temperature and chemical potential
approach finite, x-independent values Tc, µc. At temperatures and chemical potentials that are not parametrically
separated from these the ratios of the following quantities in front and behind the wall obey

e+
e→

→
s+
s→

→
w+
w→

→ x . (34)

The pressure jump works slightly di!erently. By definition, pH(Tc, µc) = pL(Tc, µc). This means that near the critical
curve not only pL but also pH are O(x), and therefore so is their di!erence. It then follows that

v+v→ = p+ ↓ p→
e→

→ x ,
v+
v→

= e→
e+ + p→

→ x
→1

. (35)

From this we conclude that fluid velocity behind the wall in the rest frame of the wall is v→ → x. This is related to
the velocity in the lab frame, v, through

v→ = v ↓ ϑw

1 ↓ vϑw

. (36)

For deflagrations v = 0 behind the wall and hence

ϑw → |v→| → x , (37)

in agreement with Eq. (33).

VII. DISCUSSION

Motivated by their possible role in NS mergers, in this paper we have studied the hydrodynamics of relativistic
superheated bubbles in the presence of a conserved charge akin to baryon number. Equations (8) determine the
possible flow profiles. In general, these equations are coupled to one another and one must solve for the velocity
and the charge density simultaneously. Here we have observed that this problem simplifies if the speed of sound is
constant in each branch of the EoS. In this case one can solve sequentially for v, w and n, meaning that the velocity
profile is una!ected by the presence of the charge. For simplicity, in this paper we have restricted ourselves to this
case by choosing a bag-model EoS for which c

2
s

= 1/3 in both branches. One tantalizing result is that, in the case
of a large jump in the number of degrees of freedom between the two phases, only deflagrations are possible and the
bubble wall velocity is related to the strength of the transition through (32). Extrapolating to the hadronic-quark
matter transition in QCD this would predict a value for the wall velocity around ϑw → 0.1, in agreement with the
ballpark value suggested in [5]. It would be interesting to verify these estimates with a more realistic approximation
to the QCD EoS. In this case the velocity and the charge profiles will not decouple from one another and the fluid
flows could be qualitatively di!erent.

We have found two qualitative di!erences between superheated and supercooled flows. The first one is that some
superheated detonations and hybrids can develop a necessarily metastable region behind the bubble wall, which at
su"ciently long times will decay by nucleating bubbles of the L-phase. The second di!erence is that the pressure
inside an expanding superheated bubble (at ϑ = 0) can be higher or lower than the pressure asymptotically far away
from the bubble (at ϑ = 1). Even in the latter case, the bubble still expands by accreting energy from the outside.

15

In turn, this means that the strength factor diverges as
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characteristic size of these HoCS is [12]

L → 5 km . (1)

To our knowledge, no simulation based on an EoS that
includes a transition to a color-superconducting phase
has been performed. Nevertheless, existing simulations
have shown that the merger leads to the formation of cold
quark-matter regions in which the baryon density can be
ten times larger than the nuclear saturation density. This
makes it conceivable that color-superconducting matter
may be formed in NS mergers.

Numerical simulations have shown that the presence
of HoCS a!ects the overall merger dynamics, mainly be-
cause of a softening of the EoS, and leads to detectable
modifications of the GW spectrum in the usual kilo-
hertz (kHz) frequency range. One may think of this as a
“macroscopic” consequence of the phase transition. How-
ever, to the best of our knowledge, the phase transition
dynamics in HoCS has not been previously considered.
The purpose of this paper is to show that this dynamics
leads to a characteristic signal in the megahertz (MHz)
range. One may think of this as a “microscopic” con-
sequence of the phase transition. We will see that this
conclusion is extremely robust since it only depends on
generic properties of a FOPT. Therefore we do not need
to commit ourselves to a particular type of FOPT. The
only assumptions we need to make are that some FOPT
is present in QCD and that this is accessed by the merger
dynamics.

The key idea is that the millisecond characteristic time
scale for the evolution of the merger,

ω → 1ms , (2)

is much longer than the characteristic nuclear time scale,
1 fm → 10→23 s. This huge separation of scales means
that, from the viewpoint of QCD processes, the merger
evolution is adiabatic to an extremely good approxima-
tion. In turn, this implies that the HoCS are initially
born as carefully prepared metastable regions of super-
heated and/or supercompressed matter. Once the super-
heating or supercompression are large enough, namely
once the HoCS is su”ciently deep into the metastable
branch, bubbles of the stable phase begin to nucleate.
The point where this happens is labeled “B” in Fig. 2.
These bubbles then expand to a macroscopic size and
collide, leaving behind long-lived sound waves propagat-
ing on top of the stable phase, as illustrated in Fig. 3.
As we will explain below, this dynamics gives rise to a
characteristic GW spectrum whose peak frequency is in
the MHz range.

As usual, we work with units such that ⊋ = c = 1. G

will be Newton’s constant, related to the reduced Planck
mass through

(8εG)→1/2 = Mp → 2.4 ↑ 1018 GeV . (3)

FREQUENCY

We begin by noting that the dynamics of a FOPT in a
NS merger is very similar to that of a cosmological FOPT
(for a review, see e.g. [14]), except for the fact that in the
cosmological case the metastable phase is supercooled.
In this case there is a compelling physical picture that
emerges from the large body of work developed over sev-
eral decades. Here we will take advantage of this picture
to give an order-of-magnitude estimate of the GW signal
in a NS merger.

In the cosmological case the separation of scales is pro-
vided by the fact that the expansion rate of the Universe,
H

→1, with H the Hubble rate, is much longer than the
microscopic time scale given by the inverse of the local
temperature, T

→1. As the Universe expands and cools
down, it eventually enters the metastable phase. At some
point bubbles of the stable phase begin to nucleate.These
bubbles then grow and collide leaving behind a superpo-
sition of long-lived sound waves propagating on the stable
phase. At su”ciently late times turbulence may also de-
velop. Although each of these processes contributes to
the GW spectrum, for many models of the transition it
has been shown that the dominant contribution comes
from collisions of sound waves with one another [15]. As
a first approximation, we will assume that the same may
be true in a NS merger. We will now determine the peak
frequency of the GWs, and in the next section we will
estimate their characteristic strain.

Let R be the mean bubble-centre separation at the end
of the phase transition, as in Fig. 3. This scale is inherited
by the sound waves left behind after the bubbles collide,
and it is further imprinted on the GWs produced by the
subsequent fluid dynamics. The peak GW wavelength, is
therefore ϑ → R [14, 16].

Nucleated bubbles grow with a constant bubble wall
velocity vw, which is usually assumed to be a fraction of
the speed of light — see e.g. [17]. We therefore take the
ballpark value

vw → 0.1 . (4)

This estimate is consistent with holographic simulations
[18]. Changing it has a simple e!ect on the peak GW
frequency — see (9).

Let ϖ
→1 be the duration of the phase transition, whose

precise definition is in (8). Intuitively it can be under-
stood as the time from the moment that the first few
bubbles are nucleated to the moment when all the bub-
bles have collided and disappeared, leaving behind sound
waves on top of the stable phase, as illustrated in Fig. 3.
The duration of the phase transition is related to the
mean bubble separation through [14]

R = (8ε)1/3
vw

ϖ
. (5)
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FIG. 3. FOPT dynamics inside a HoCS. Once a HoCS enters the metastable region, it takes a time of order ω → 1 ms for the
first few bubbles to nucleate inside the metastable phase (left). Bubbles then grow to a macroscopic size R and collide in a time
ε→1 → 6µs (center). They leave behind long-lived sound waves (with lifetime ω → 1 ms) of characteristic size R propagating
on top of the stable phase (right).

corrections, they depend in a simple way on ω and vw.
The former is well constrained by simulations. The main
uncertainty comes from vw. Allowing this to increase or
decrease by an order of magnitude around the ballpark
value (4) results in a peak frequency roughly between

100 kHz ↭ f0 ↭ 10MHz . (11)

To recap, when a region enters the metastable region,
bubbles start nucleating after a time of order a milisec-
ond, see Fig. 3-left. The typical number of nucleated bub-
bles in each regions is of order Nbubble = L

3
/R

3 → 1150.
Once nucleation stars, it takes few microseconds for the
FOPT to complete, namely to go from left to right in
Fig. 3. The lifetime of the sound waves left behind after
the transition in Fig. 3-right is of the order of miliseconds
too. They represent the dominant contribution to GW
emission, which is peaked at a frequency of order a MHz.

CHARACTERISTIC STRAIN

We follow the physical picture developed in the cosmo-
logical case and assume that the dominant GW produc-
tion mechanism is due to the long-lived sound waves left
behind after all the bubbles have collided. The produced
GW energy density and its relation to the characteristic
strain (see e.g. [22]), can be estimated as

εGW =
2ϑ

2

8ϑG

h
2
0

ϖ2
→ (8ϑG) v

4
f (E + P)2 !t R ”̄GW . (12)

A detailed derivation of this formula can be found in
e.g. [16]. We will not reproduce the derivation here, but
we will provide intuition for the origin of each term.

E , P and v
2
f are the energy density, the pressure

and the root mean velocity of the fluid in the HoCS
left behind by the bubble collisions, as illustrated in
Fig. 3(right). We take E → P → #4 with #4 in the range
(7).

GWs are metric perturbations sourced by the
transverse-traceless part of the energy-momentum ten-
sor, which for sound waves on a fluid hij ↑ 8ϑGT

TT
ij ↑

8ϑG(E + P)vivj , leading to the 8ϑGv
4
f (E + P)2 factor in

(12).

!t is the e$ective time duration of the source for the
purpose of determining εGW. In the cosmological case
!t → H

→1. In the NS case, however, GW contributing to
the growth of εGW leave the HoCS after a light-crossing
time of the region, shorter than the characteristic mil-
lisecond time of the merger,

!t → L → 1.7 ↓ 10→2 ms , (13)

where we have used (1).

R is a necessary characteristic length scale in the fluid
flow on dimensional grounds, which has been seen to coin-
cide with the mean separation between the bubbles that
produces the fluid flow in the first place.

Finally, ”̄GW is a dimensionless factor quantifying the
e%ciency with which shear stress in the fluid is converted
to GWs. Although its precise value depends on the de-
tails of the flow, simulations show that its ballpark value,
”̄GW ↑ 10→2, is rather insensitive to these details.

Extracting the strain from (12), and taking into ac-
count that the GW amplitude decreases with the distance
d to the source, we arrive to the observed characteristic
strain,

h
obs
0 = h0

L

d
→ 6.2 ↓ 10→24

v
2
f

(
#4

0.5 GeV/fm3

)(
L

5 km

)3/2 (0.6 MHz

f

)3/2 (100 Mpc

d

)
. (14)

The fluid velocity depends on details of the phase transi- tion such as the strength of the transition, the bubble wall
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The fluid velocity depends on details of the phase transi- tion such as the strength of the transition, the bubble wall
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in the cosmological case the metastable phase is supercooled. In this first paper we will take

advantage of the physical picture that emerges from the large body of work devoted to the

cosmological case to give an order-of-magnitude estimate of the frequency and amplitude

of the GW signal in a neutron star merger. A more refined analysis will be presented

elsewhere [14].

In the cosmological case the separation of scales is provided by the fact that the

expansion rate of the Universe, H�1, with H the Hubble rate, is much longer than the

microscopic time scale given by the inverse of the local temperature, T�1. As the Universe

expands and cools down it eventually enters the metastable phase. At some point bubbles

of the stable phase begin to nucleate. These bubbles then grow and collide and eventually

leave behind a superposition of long-lived sound waves propagating on the stable phase.

At su�ciently late times turbulence may also develop. Although each of these processes

contributes to the GW spectrum, it is believed that the dominant contribution comes from

collisions of sound waves with one another. As a first approximation, we will assume that

the same may be true in a NS merger. We will first determine the peak frequency of the

GWs and then we will estimate their characteristic strain.

The peak wavelength of the produced GWs is given by the characteristic wavelength

of the sound waves, which in turn is determined by the mean bubble separation, R. To

estimate the latter we recall that, once the system is in the metastable phase, the bubble

nucleation rate per unit volume takes the form

�(t)

V
= µ(t)4 e�S[µ(t)] , , E (2.1)

where S is the action of the critical bubble at the chemical potential µ. This scale, which

is the dominant one in NS, would be replaced by the temperature in the cosmological case.

The phase transition starts when the nucleation rate in the available volume of metastable

phase becomes comparable to the characteristic evolution rate of the system. NS merger

simulations show that the typical size of a HoCS is L ⇠ 1 km. In the cosmological case

this would be the Hubble radius, H�1. The evolution rate has units of inverse time and

measures the rate at which the physical properties of the system change, for example

1

⌧
=
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µ

dµ

dt
. (2.2)

NS simulations show that this is of order ⌧ ⇠ 1 ms. In the cosmological case this would be

the Hubble expansion rate, H�1. Using these values, together with µ ⇠ 1 GeV, we see that

the phase transition starts when the action of the critical bubble reaches the numerical

value

for the HoCS with a characteristic time scale set by the merger ⌧ ⇠ 1ms. Its relation

to the heating/compression rate is,

Recent NS merger simulations show that a typical size LHoCS ⇠ 1km for the HoCS

with a characteristic time scale set by the merger ⌧ ⇠ 1ms. Its relation to the heat-

ing/compression rate is,
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FIG. 2. Energy density as a function of the position along the black dotted curve in Fig. 1. Both T and µ increase from left to
right. The black, dotted, vertical line indicates the location of the phase transition, determined by the condition that the states
A and A

→ have the same free energy density. The green and blue curves indicate stable and metastable states, respectively. As
some region of the NS merger is su!ciently heated and/or compressed, it enters the lower metastable branch. At the point B

bubbles of the preferred state C on the upper stable branch are nucleated. The direction of this phase transition is the opposite
of that in a supercooled phase transition, which would take place as indicated by the vertical, dotted, red arrow.

The dynamics of relativistic supercooled bubbles has been extensively studied in the literature, motivated by
their potential implications for cosmological FOPT — see e.g. [12] for a review. Motivated by their possible role
in NS mergers, in this paper we initiate the study of relativistic, charged, superheated bubbles, focusing on their
hydrodynamic properties in the simple case of a bag-model, conformal EoS. We find two qualitative di!erences
compared to supercooled bubbles. First, the pressure inside a superheated bubble may be higher or lower than the
pressure outside the bubble. In contrast, in supercooled bubbles the inside pressure is always higher than the outside
pressure. By “inside” and “outside” we do not mean “right behind” and “right in front” of the bubble wall, but deep
inside the bubble (in the stable phase) and asymptotically far away from the bubble (in the metastable phase) — see
Fig. 6(top). The fact that hydrodynamics allows this pressure di!erence to take either sign in superheated bubbles
is remarkable because it shows that the usual intuition, according to which the bubble expands because the pressure
inside wins over the combination of outside pressure plus surface tension, is overly simplistic. The second di!erence
is that some fluid flows develop regions behind the bubble wall that are necessarily metastable which would therefore
decay at su"ciently long times. As we will explain, this is not true for supercooled transitions.

The physics of relativistic and non-relativistic bubbles is expected to be qualitatively similar if the two phases
that determine the phase transition have comparable compressibilities in the range of pressures accessed by the
bubble dynamics. For example, relativistic supercooled bubbles find a non-relativistic analog in non-relativistic
chemical combustions, for this reason often referred to as “relativistic combustions”. Thus, one may expect that
these similarities are also present for relativisitic superheated bubbles. However, a qualitative di!erence appears in a
particular case of obvious phenomenological interest: the nucleation and expansion of vapor bubbles in a superheated
liquid. In this case the liquid is e!ectively incompressible, and this leads to a bubble wall velocity that decreases as
t
→1/2 at asymptotically late times. For completeness, we review this case in Appendix A.

๏Collide at a characteristic time 1/𝜷

2

characteristic size of these HoCS is [12]

L → 5 km . (1)

To our knowledge, no simulation based on an EoS that
includes a transition to a color-superconducting phase
has been performed. Nevertheless, existing simulations
have shown that the merger leads to the formation of cold
quark-matter regions in which the baryon density can be
ten times larger than the nuclear saturation density. This
makes it conceivable that color-superconducting matter
may be formed in NS mergers.

Numerical simulations have shown that the presence
of HoCS a!ects the overall merger dynamics, mainly be-
cause of a softening of the EoS, and leads to detectable
modifications of the GW spectrum in the usual kilo-
hertz (kHz) frequency range. One may think of this as a
“macroscopic” consequence of the phase transition. How-
ever, to the best of our knowledge, the phase transition
dynamics in HoCS has not been previously considered.
The purpose of this paper is to show that this dynamics
leads to a characteristic signal in the megahertz (MHz)
range. One may think of this as a “microscopic” con-
sequence of the phase transition. We will see that this
conclusion is extremely robust since it only depends on
generic properties of a FOPT. Therefore we do not need
to commit ourselves to a particular type of FOPT. The
only assumptions we need to make are that some FOPT
is present in QCD and that this is accessed by the merger
dynamics.

The key idea is that the millisecond characteristic time
scale for the evolution of the merger,

ω → 1ms , (2)

is much longer than the characteristic nuclear time scale,
1 fm → 10→23 s. This huge separation of scales means
that, from the viewpoint of QCD processes, the merger
evolution is adiabatic to an extremely good approxima-
tion. In turn, this implies that the HoCS are initially
born as carefully prepared metastable regions of super-
heated and/or supercompressed matter. Once the super-
heating or supercompression are large enough, namely
once the HoCS is su”ciently deep into the metastable
branch, bubbles of the stable phase begin to nucleate.
The point where this happens is labeled “B” in Fig. 2.
These bubbles then expand to a macroscopic size and
collide, leaving behind long-lived sound waves propagat-
ing on top of the stable phase, as illustrated in Fig. 3.
As we will explain below, this dynamics gives rise to a
characteristic GW spectrum whose peak frequency is in
the MHz range.

As usual, we work with units such that ⊋ = c = 1. G

will be Newton’s constant, related to the reduced Planck
mass through

(8εG)→1/2 = Mp → 2.4 ↑ 1018 GeV . (3)

FREQUENCY

We begin by noting that the dynamics of a FOPT in a
NS merger is very similar to that of a cosmological FOPT
(for a review, see e.g. [14]), except for the fact that in the
cosmological case the metastable phase is supercooled.
In this case there is a compelling physical picture that
emerges from the large body of work developed over sev-
eral decades. Here we will take advantage of this picture
to give an order-of-magnitude estimate of the GW signal
in a NS merger.

In the cosmological case the separation of scales is pro-
vided by the fact that the expansion rate of the Universe,
H

→1, with H the Hubble rate, is much longer than the
microscopic time scale given by the inverse of the local
temperature, T

→1. As the Universe expands and cools
down, it eventually enters the metastable phase. At some
point bubbles of the stable phase begin to nucleate.These
bubbles then grow and collide leaving behind a superpo-
sition of long-lived sound waves propagating on the stable
phase. At su”ciently late times turbulence may also de-
velop. Although each of these processes contributes to
the GW spectrum, for many models of the transition it
has been shown that the dominant contribution comes
from collisions of sound waves with one another [15]. As
a first approximation, we will assume that the same may
be true in a NS merger. We will now determine the peak
frequency of the GWs, and in the next section we will
estimate their characteristic strain.

Let R be the mean bubble-centre separation at the end
of the phase transition, as in Fig. 3. This scale is inherited
by the sound waves left behind after the bubbles collide,
and it is further imprinted on the GWs produced by the
subsequent fluid dynamics. The peak GW wavelength, is
therefore ϑ → R [14, 16].

Nucleated bubbles grow with a constant bubble wall
velocity vw, which is usually assumed to be a fraction of
the speed of light — see e.g. [17]. We therefore take the
ballpark value

vw → 0.1 . (4)

This estimate is consistent with holographic simulations
[18]. Changing it has a simple e!ect on the peak GW
frequency — see (9).

Let ϖ
→1 be the duration of the phase transition, whose

precise definition is in (8). Intuitively it can be under-
stood as the time from the moment that the first few
bubbles are nucleated to the moment when all the bub-
bles have collided and disappeared, leaving behind sound
waves on top of the stable phase, as illustrated in Fig. 3.
The duration of the phase transition is related to the
mean bubble separation through [14]

R = (8ε)1/3
vw

ϖ
. (5)
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FIG. 3. FOPT dynamics inside a HoCS. Once a HoCS enters the metastable region, it takes a time of order ω → 1 ms for the
first few bubbles to nucleate inside the metastable phase (left). Bubbles then grow to a macroscopic size R and collide in a time
ε→1 → 6µs (center). They leave behind long-lived sound waves (with lifetime ω → 1 ms) of characteristic size R propagating
on top of the stable phase (right).

corrections, they depend in a simple way on ω and vw.
The former is well constrained by simulations. The main
uncertainty comes from vw. Allowing this to increase or
decrease by an order of magnitude around the ballpark
value (4) results in a peak frequency roughly between

100 kHz ↭ f0 ↭ 10MHz . (11)

To recap, when a region enters the metastable region,
bubbles start nucleating after a time of order a milisec-
ond, see Fig. 3-left. The typical number of nucleated bub-
bles in each regions is of order Nbubble = L

3
/R

3 → 1150.
Once nucleation stars, it takes few microseconds for the
FOPT to complete, namely to go from left to right in
Fig. 3. The lifetime of the sound waves left behind after
the transition in Fig. 3-right is of the order of miliseconds
too. They represent the dominant contribution to GW
emission, which is peaked at a frequency of order a MHz.

CHARACTERISTIC STRAIN

We follow the physical picture developed in the cosmo-
logical case and assume that the dominant GW produc-
tion mechanism is due to the long-lived sound waves left
behind after all the bubbles have collided. The produced
GW energy density and its relation to the characteristic
strain (see e.g. [22]), can be estimated as

εGW =
2ϑ

2

8ϑG

h
2
0

ϖ2
→ (8ϑG) v

4
f (E + P)2 !t R ”̄GW . (12)

A detailed derivation of this formula can be found in
e.g. [16]. We will not reproduce the derivation here, but
we will provide intuition for the origin of each term.

E , P and v
2
f are the energy density, the pressure

and the root mean velocity of the fluid in the HoCS
left behind by the bubble collisions, as illustrated in
Fig. 3(right). We take E → P → #4 with #4 in the range
(7).

GWs are metric perturbations sourced by the
transverse-traceless part of the energy-momentum ten-
sor, which for sound waves on a fluid hij ↑ 8ϑGT

TT
ij ↑

8ϑG(E + P)vivj , leading to the 8ϑGv
4
f (E + P)2 factor in

(12).

!t is the e$ective time duration of the source for the
purpose of determining εGW. In the cosmological case
!t → H

→1. In the NS case, however, GW contributing to
the growth of εGW leave the HoCS after a light-crossing
time of the region, shorter than the characteristic mil-
lisecond time of the merger,

!t → L → 1.7 ↓ 10→2 ms , (13)

where we have used (1).

R is a necessary characteristic length scale in the fluid
flow on dimensional grounds, which has been seen to coin-
cide with the mean separation between the bubbles that
produces the fluid flow in the first place.

Finally, ”̄GW is a dimensionless factor quantifying the
e%ciency with which shear stress in the fluid is converted
to GWs. Although its precise value depends on the de-
tails of the flow, simulations show that its ballpark value,
”̄GW ↑ 10→2, is rather insensitive to these details.

Extracting the strain from (12), and taking into ac-
count that the GW amplitude decreases with the distance
d to the source, we arrive to the observed characteristic
strain,

h
obs
0 = h0

L

d
→ 6.2 ↓ 10→24

v
2
f

(
#4

0.5 GeV/fm3

)(
L

5 km

)3/2 (0.6 MHz

f

)3/2 (100 Mpc

d

)
. (14)

The fluid velocity depends on details of the phase transi- tion such as the strength of the transition, the bubble wall
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FIG. 3. FOPT dynamics inside a HoCS. Once a HoCS enters the metastable region, it takes a time of order ω → 1 ms for the
first few bubbles to nucleate inside the metastable phase (left). Bubbles then grow to a macroscopic size R and collide in a time
ε→1 → 6µs (center). They leave behind long-lived sound waves (with lifetime ω → 1 ms) of characteristic size R propagating
on top of the stable phase (right).

corrections, they depend in a simple way on ω and vw.
The former is well constrained by simulations. The main
uncertainty comes from vw. Allowing this to increase or
decrease by an order of magnitude around the ballpark
value (4) results in a peak frequency roughly between

100 kHz ↭ f0 ↭ 10MHz . (11)

To recap, when a region enters the metastable region,
bubbles start nucleating after a time of order a milisec-
ond, see Fig. 3-left. The typical number of nucleated bub-
bles in each regions is of order Nbubble = L

3
/R

3 → 1150.
Once nucleation stars, it takes few microseconds for the
FOPT to complete, namely to go from left to right in
Fig. 3. The lifetime of the sound waves left behind after
the transition in Fig. 3-right is of the order of miliseconds
too. They represent the dominant contribution to GW
emission, which is peaked at a frequency of order a MHz.

CHARACTERISTIC STRAIN

We follow the physical picture developed in the cosmo-
logical case and assume that the dominant GW produc-
tion mechanism is due to the long-lived sound waves left
behind after all the bubbles have collided. The produced
GW energy density and its relation to the characteristic
strain (see e.g. [22]), can be estimated as

εGW =
2ϑ

2

8ϑG

h
2
0

ϖ2
→ (8ϑG) v

4
f (E + P)2 !t R ”̄GW . (12)

A detailed derivation of this formula can be found in
e.g. [16]. We will not reproduce the derivation here, but
we will provide intuition for the origin of each term.

E , P and v
2
f are the energy density, the pressure

and the root mean velocity of the fluid in the HoCS
left behind by the bubble collisions, as illustrated in
Fig. 3(right). We take E → P → #4 with #4 in the range
(7).

GWs are metric perturbations sourced by the
transverse-traceless part of the energy-momentum ten-
sor, which for sound waves on a fluid hij ↑ 8ϑGT

TT
ij ↑

8ϑG(E + P)vivj , leading to the 8ϑGv
4
f (E + P)2 factor in

(12).

!t is the e$ective time duration of the source for the
purpose of determining εGW. In the cosmological case
!t → H

→1. In the NS case, however, GW contributing to
the growth of εGW leave the HoCS after a light-crossing
time of the region, shorter than the characteristic mil-
lisecond time of the merger,

!t → L → 1.7 ↓ 10→2 ms , (13)

where we have used (1).

R is a necessary characteristic length scale in the fluid
flow on dimensional grounds, which has been seen to coin-
cide with the mean separation between the bubbles that
produces the fluid flow in the first place.

Finally, ”̄GW is a dimensionless factor quantifying the
e%ciency with which shear stress in the fluid is converted
to GWs. Although its precise value depends on the de-
tails of the flow, simulations show that its ballpark value,
”̄GW ↑ 10→2, is rather insensitive to these details.

Extracting the strain from (12), and taking into ac-
count that the GW amplitude decreases with the distance
d to the source, we arrive to the observed characteristic
strain,

h
obs
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→ 6.2 ↓ 10→24
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The fluid velocity depends on details of the phase transi- tion such as the strength of the transition, the bubble wall
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in the cosmological case the metastable phase is supercooled. In this first paper we will take

advantage of the physical picture that emerges from the large body of work devoted to the

cosmological case to give an order-of-magnitude estimate of the frequency and amplitude

of the GW signal in a neutron star merger. A more refined analysis will be presented

elsewhere [14].

In the cosmological case the separation of scales is provided by the fact that the

expansion rate of the Universe, H�1, with H the Hubble rate, is much longer than the

microscopic time scale given by the inverse of the local temperature, T�1. As the Universe

expands and cools down it eventually enters the metastable phase. At some point bubbles

of the stable phase begin to nucleate. These bubbles then grow and collide and eventually

leave behind a superposition of long-lived sound waves propagating on the stable phase.

At su�ciently late times turbulence may also develop. Although each of these processes

contributes to the GW spectrum, it is believed that the dominant contribution comes from

collisions of sound waves with one another. As a first approximation, we will assume that

the same may be true in a NS merger. We will first determine the peak frequency of the

GWs and then we will estimate their characteristic strain.

The peak wavelength of the produced GWs is given by the characteristic wavelength

of the sound waves, which in turn is determined by the mean bubble separation, R. To

estimate the latter we recall that, once the system is in the metastable phase, the bubble

nucleation rate per unit volume takes the form

�(t)

V
= µ(t)4 e�S[µ(t)] , , E (2.1)

where S is the action of the critical bubble at the chemical potential µ. This scale, which

is the dominant one in NS, would be replaced by the temperature in the cosmological case.

The phase transition starts when the nucleation rate in the available volume of metastable

phase becomes comparable to the characteristic evolution rate of the system. NS merger

simulations show that the typical size of a HoCS is L ⇠ 1 km. In the cosmological case

this would be the Hubble radius, H�1. The evolution rate has units of inverse time and

measures the rate at which the physical properties of the system change, for example

1

⌧
=

1

µ

dµ

dt
. (2.2)

NS simulations show that this is of order ⌧ ⇠ 1 ms. In the cosmological case this would be

the Hubble expansion rate, H�1. Using these values, together with µ ⇠ 1 GeV, we see that

the phase transition starts when the action of the critical bubble reaches the numerical

value

for the HoCS with a characteristic time scale set by the merger ⌧ ⇠ 1ms. Its relation

to the heating/compression rate is,

Recent NS merger simulations show that a typical size LHoCS ⇠ 1km for the HoCS

with a characteristic time scale set by the merger ⌧ ⇠ 1ms. Its relation to the heat-

ing/compression rate is,
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FIG. 2. Energy density as a function of the position along the black dotted curve in Fig. 1. Both T and µ increase from left to
right. The black, dotted, vertical line indicates the location of the phase transition, determined by the condition that the states
A and A

→ have the same free energy density. The green and blue curves indicate stable and metastable states, respectively. As
some region of the NS merger is su!ciently heated and/or compressed, it enters the lower metastable branch. At the point B

bubbles of the preferred state C on the upper stable branch are nucleated. The direction of this phase transition is the opposite
of that in a supercooled phase transition, which would take place as indicated by the vertical, dotted, red arrow.

The dynamics of relativistic supercooled bubbles has been extensively studied in the literature, motivated by
their potential implications for cosmological FOPT — see e.g. [12] for a review. Motivated by their possible role
in NS mergers, in this paper we initiate the study of relativistic, charged, superheated bubbles, focusing on their
hydrodynamic properties in the simple case of a bag-model, conformal EoS. We find two qualitative di!erences
compared to supercooled bubbles. First, the pressure inside a superheated bubble may be higher or lower than the
pressure outside the bubble. In contrast, in supercooled bubbles the inside pressure is always higher than the outside
pressure. By “inside” and “outside” we do not mean “right behind” and “right in front” of the bubble wall, but deep
inside the bubble (in the stable phase) and asymptotically far away from the bubble (in the metastable phase) — see
Fig. 6(top). The fact that hydrodynamics allows this pressure di!erence to take either sign in superheated bubbles
is remarkable because it shows that the usual intuition, according to which the bubble expands because the pressure
inside wins over the combination of outside pressure plus surface tension, is overly simplistic. The second di!erence
is that some fluid flows develop regions behind the bubble wall that are necessarily metastable which would therefore
decay at su"ciently long times. As we will explain, this is not true for supercooled transitions.

The physics of relativistic and non-relativistic bubbles is expected to be qualitatively similar if the two phases
that determine the phase transition have comparable compressibilities in the range of pressures accessed by the
bubble dynamics. For example, relativistic supercooled bubbles find a non-relativistic analog in non-relativistic
chemical combustions, for this reason often referred to as “relativistic combustions”. Thus, one may expect that
these similarities are also present for relativisitic superheated bubbles. However, a qualitative di!erence appears in a
particular case of obvious phenomenological interest: the nucleation and expansion of vapor bubbles in a superheated
liquid. In this case the liquid is e!ectively incompressible, and this leads to a bubble wall velocity that decreases as
t
→1/2 at asymptotically late times. For completeness, we review this case in Appendix A.

๏Collide at a characteristic time 1/𝜷

2

characteristic size of these HoCS is [12]

L → 5 km . (1)

To our knowledge, no simulation based on an EoS that
includes a transition to a color-superconducting phase
has been performed. Nevertheless, existing simulations
have shown that the merger leads to the formation of cold
quark-matter regions in which the baryon density can be
ten times larger than the nuclear saturation density. This
makes it conceivable that color-superconducting matter
may be formed in NS mergers.

Numerical simulations have shown that the presence
of HoCS a!ects the overall merger dynamics, mainly be-
cause of a softening of the EoS, and leads to detectable
modifications of the GW spectrum in the usual kilo-
hertz (kHz) frequency range. One may think of this as a
“macroscopic” consequence of the phase transition. How-
ever, to the best of our knowledge, the phase transition
dynamics in HoCS has not been previously considered.
The purpose of this paper is to show that this dynamics
leads to a characteristic signal in the megahertz (MHz)
range. One may think of this as a “microscopic” con-
sequence of the phase transition. We will see that this
conclusion is extremely robust since it only depends on
generic properties of a FOPT. Therefore we do not need
to commit ourselves to a particular type of FOPT. The
only assumptions we need to make are that some FOPT
is present in QCD and that this is accessed by the merger
dynamics.

The key idea is that the millisecond characteristic time
scale for the evolution of the merger,

ω → 1ms , (2)

is much longer than the characteristic nuclear time scale,
1 fm → 10→23 s. This huge separation of scales means
that, from the viewpoint of QCD processes, the merger
evolution is adiabatic to an extremely good approxima-
tion. In turn, this implies that the HoCS are initially
born as carefully prepared metastable regions of super-
heated and/or supercompressed matter. Once the super-
heating or supercompression are large enough, namely
once the HoCS is su”ciently deep into the metastable
branch, bubbles of the stable phase begin to nucleate.
The point where this happens is labeled “B” in Fig. 2.
These bubbles then expand to a macroscopic size and
collide, leaving behind long-lived sound waves propagat-
ing on top of the stable phase, as illustrated in Fig. 3.
As we will explain below, this dynamics gives rise to a
characteristic GW spectrum whose peak frequency is in
the MHz range.

As usual, we work with units such that ⊋ = c = 1. G

will be Newton’s constant, related to the reduced Planck
mass through

(8εG)→1/2 = Mp → 2.4 ↑ 1018 GeV . (3)

FREQUENCY

We begin by noting that the dynamics of a FOPT in a
NS merger is very similar to that of a cosmological FOPT
(for a review, see e.g. [14]), except for the fact that in the
cosmological case the metastable phase is supercooled.
In this case there is a compelling physical picture that
emerges from the large body of work developed over sev-
eral decades. Here we will take advantage of this picture
to give an order-of-magnitude estimate of the GW signal
in a NS merger.

In the cosmological case the separation of scales is pro-
vided by the fact that the expansion rate of the Universe,
H

→1, with H the Hubble rate, is much longer than the
microscopic time scale given by the inverse of the local
temperature, T

→1. As the Universe expands and cools
down, it eventually enters the metastable phase. At some
point bubbles of the stable phase begin to nucleate.These
bubbles then grow and collide leaving behind a superpo-
sition of long-lived sound waves propagating on the stable
phase. At su”ciently late times turbulence may also de-
velop. Although each of these processes contributes to
the GW spectrum, for many models of the transition it
has been shown that the dominant contribution comes
from collisions of sound waves with one another [15]. As
a first approximation, we will assume that the same may
be true in a NS merger. We will now determine the peak
frequency of the GWs, and in the next section we will
estimate their characteristic strain.

Let R be the mean bubble-centre separation at the end
of the phase transition, as in Fig. 3. This scale is inherited
by the sound waves left behind after the bubbles collide,
and it is further imprinted on the GWs produced by the
subsequent fluid dynamics. The peak GW wavelength, is
therefore ϑ → R [14, 16].

Nucleated bubbles grow with a constant bubble wall
velocity vw, which is usually assumed to be a fraction of
the speed of light — see e.g. [17]. We therefore take the
ballpark value

vw → 0.1 . (4)

This estimate is consistent with holographic simulations
[18]. Changing it has a simple e!ect on the peak GW
frequency — see (9).

Let ϖ
→1 be the duration of the phase transition, whose

precise definition is in (8). Intuitively it can be under-
stood as the time from the moment that the first few
bubbles are nucleated to the moment when all the bub-
bles have collided and disappeared, leaving behind sound
waves on top of the stable phase, as illustrated in Fig. 3.
The duration of the phase transition is related to the
mean bubble separation through [14]

R = (8ε)1/3
vw

ϖ
. (5)
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FIG. 3. FOPT dynamics inside a HoCS. Once a HoCS enters the metastable region, it takes a time of order ω → 1 ms for the
first few bubbles to nucleate inside the metastable phase (left). Bubbles then grow to a macroscopic size R and collide in a time
ε→1 → 6µs (center). They leave behind long-lived sound waves (with lifetime ω → 1 ms) of characteristic size R propagating
on top of the stable phase (right).

corrections, they depend in a simple way on ω and vw.
The former is well constrained by simulations. The main
uncertainty comes from vw. Allowing this to increase or
decrease by an order of magnitude around the ballpark
value (4) results in a peak frequency roughly between

100 kHz ↭ f0 ↭ 10MHz . (11)

To recap, when a region enters the metastable region,
bubbles start nucleating after a time of order a milisec-
ond, see Fig. 3-left. The typical number of nucleated bub-
bles in each regions is of order Nbubble = L

3
/R

3 → 1150.
Once nucleation stars, it takes few microseconds for the
FOPT to complete, namely to go from left to right in
Fig. 3. The lifetime of the sound waves left behind after
the transition in Fig. 3-right is of the order of miliseconds
too. They represent the dominant contribution to GW
emission, which is peaked at a frequency of order a MHz.

CHARACTERISTIC STRAIN

We follow the physical picture developed in the cosmo-
logical case and assume that the dominant GW produc-
tion mechanism is due to the long-lived sound waves left
behind after all the bubbles have collided. The produced
GW energy density and its relation to the characteristic
strain (see e.g. [22]), can be estimated as

εGW =
2ϑ
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A detailed derivation of this formula can be found in
e.g. [16]. We will not reproduce the derivation here, but
we will provide intuition for the origin of each term.

E , P and v
2
f are the energy density, the pressure

and the root mean velocity of the fluid in the HoCS
left behind by the bubble collisions, as illustrated in
Fig. 3(right). We take E → P → #4 with #4 in the range
(7).

GWs are metric perturbations sourced by the
transverse-traceless part of the energy-momentum ten-
sor, which for sound waves on a fluid hij ↑ 8ϑGT

TT
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8ϑG(E + P)vivj , leading to the 8ϑGv
4
f (E + P)2 factor in

(12).

!t is the e$ective time duration of the source for the
purpose of determining εGW. In the cosmological case
!t → H

→1. In the NS case, however, GW contributing to
the growth of εGW leave the HoCS after a light-crossing
time of the region, shorter than the characteristic mil-
lisecond time of the merger,

!t → L → 1.7 ↓ 10→2 ms , (13)

where we have used (1).

R is a necessary characteristic length scale in the fluid
flow on dimensional grounds, which has been seen to coin-
cide with the mean separation between the bubbles that
produces the fluid flow in the first place.

Finally, ”̄GW is a dimensionless factor quantifying the
e%ciency with which shear stress in the fluid is converted
to GWs. Although its precise value depends on the de-
tails of the flow, simulations show that its ballpark value,
”̄GW ↑ 10→2, is rather insensitive to these details.

Extracting the strain from (12), and taking into ac-
count that the GW amplitude decreases with the distance
d to the source, we arrive to the observed characteristic
strain,
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The fluid velocity depends on details of the phase transi- tion such as the strength of the transition, the bubble wall
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FIG. 3. FOPT dynamics inside a HoCS. Once a HoCS enters the metastable region, it takes a time of order ω → 1 ms for the
first few bubbles to nucleate inside the metastable phase (left). Bubbles then grow to a macroscopic size R and collide in a time
ε→1 → 6µs (center). They leave behind long-lived sound waves (with lifetime ω → 1 ms) of characteristic size R propagating
on top of the stable phase (right).
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in the cosmological case the metastable phase is supercooled. In this first paper we will take

advantage of the physical picture that emerges from the large body of work devoted to the

cosmological case to give an order-of-magnitude estimate of the frequency and amplitude

of the GW signal in a neutron star merger. A more refined analysis will be presented

elsewhere [14].

In the cosmological case the separation of scales is provided by the fact that the

expansion rate of the Universe, H�1, with H the Hubble rate, is much longer than the

microscopic time scale given by the inverse of the local temperature, T�1. As the Universe

expands and cools down it eventually enters the metastable phase. At some point bubbles

of the stable phase begin to nucleate. These bubbles then grow and collide and eventually

leave behind a superposition of long-lived sound waves propagating on the stable phase.

At su�ciently late times turbulence may also develop. Although each of these processes

contributes to the GW spectrum, it is believed that the dominant contribution comes from

collisions of sound waves with one another. As a first approximation, we will assume that

the same may be true in a NS merger. We will first determine the peak frequency of the

GWs and then we will estimate their characteristic strain.

The peak wavelength of the produced GWs is given by the characteristic wavelength

of the sound waves, which in turn is determined by the mean bubble separation, R. To

estimate the latter we recall that, once the system is in the metastable phase, the bubble

nucleation rate per unit volume takes the form

�(t)

V
= µ(t)4 e�S[µ(t)] , , E (2.1)

where S is the action of the critical bubble at the chemical potential µ. This scale, which

is the dominant one in NS, would be replaced by the temperature in the cosmological case.

The phase transition starts when the nucleation rate in the available volume of metastable

phase becomes comparable to the characteristic evolution rate of the system. NS merger

simulations show that the typical size of a HoCS is L ⇠ 1 km. In the cosmological case

this would be the Hubble radius, H�1. The evolution rate has units of inverse time and

measures the rate at which the physical properties of the system change, for example

1

⌧
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µ

dµ

dt
. (2.2)

NS simulations show that this is of order ⌧ ⇠ 1 ms. In the cosmological case this would be

the Hubble expansion rate, H�1. Using these values, together with µ ⇠ 1 GeV, we see that

the phase transition starts when the action of the critical bubble reaches the numerical

value

for the HoCS with a characteristic time scale set by the merger ⌧ ⇠ 1ms. Its relation

to the heating/compression rate is,

Recent NS merger simulations show that a typical size LHoCS ⇠ 1km for the HoCS

with a characteristic time scale set by the merger ⌧ ⇠ 1ms. Its relation to the heat-

ing/compression rate is,

1
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dµB

dt
. (2.3)

– 3 –

position along the dashed black curve in Fig. 1 

C

BA

A’e

FIG. 2. Energy density as a function of the position along the black dotted curve in Fig. 1. Both T and µ increase from left to
right. The black, dotted, vertical line indicates the location of the phase transition, determined by the condition that the states
A and A

→ have the same free energy density. The green and blue curves indicate stable and metastable states, respectively. As
some region of the NS merger is su!ciently heated and/or compressed, it enters the lower metastable branch. At the point B

bubbles of the preferred state C on the upper stable branch are nucleated. The direction of this phase transition is the opposite
of that in a supercooled phase transition, which would take place as indicated by the vertical, dotted, red arrow.

The dynamics of relativistic supercooled bubbles has been extensively studied in the literature, motivated by
their potential implications for cosmological FOPT — see e.g. [12] for a review. Motivated by their possible role
in NS mergers, in this paper we initiate the study of relativistic, charged, superheated bubbles, focusing on their
hydrodynamic properties in the simple case of a bag-model, conformal EoS. We find two qualitative di!erences
compared to supercooled bubbles. First, the pressure inside a superheated bubble may be higher or lower than the
pressure outside the bubble. In contrast, in supercooled bubbles the inside pressure is always higher than the outside
pressure. By “inside” and “outside” we do not mean “right behind” and “right in front” of the bubble wall, but deep
inside the bubble (in the stable phase) and asymptotically far away from the bubble (in the metastable phase) — see
Fig. 6(top). The fact that hydrodynamics allows this pressure di!erence to take either sign in superheated bubbles
is remarkable because it shows that the usual intuition, according to which the bubble expands because the pressure
inside wins over the combination of outside pressure plus surface tension, is overly simplistic. The second di!erence
is that some fluid flows develop regions behind the bubble wall that are necessarily metastable which would therefore
decay at su"ciently long times. As we will explain, this is not true for supercooled transitions.

The physics of relativistic and non-relativistic bubbles is expected to be qualitatively similar if the two phases
that determine the phase transition have comparable compressibilities in the range of pressures accessed by the
bubble dynamics. For example, relativistic supercooled bubbles find a non-relativistic analog in non-relativistic
chemical combustions, for this reason often referred to as “relativistic combustions”. Thus, one may expect that
these similarities are also present for relativisitic superheated bubbles. However, a qualitative di!erence appears in a
particular case of obvious phenomenological interest: the nucleation and expansion of vapor bubbles in a superheated
liquid. In this case the liquid is e!ectively incompressible, and this leads to a bubble wall velocity that decreases as
t
→1/2 at asymptotically late times. For completeness, we review this case in Appendix A.

๏Collide at a characteristic time 1/𝜷
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FIG. 2. Energy density as a function of the position along
the dashed black curve in Fig. 1. Both T and µ increase
from left to right. The dotted black vertical line indicates
the location of the phase transition, determined by the con-
dition that the states A and A→ have the same free energy
density. Stable, metastable and unstable states are shown
as solid green, dashed blue and doted red respectively. As
a region is heated/compressed it enters the lower metastable
branch. At B the nucleation probability has been su!ciently
enhanced, and bubbles of the preferred state C on the upper
stable branch are quickly nucleated.

Consequently, in order to determine the GW wavelength,
we must estimate the duration of the phase transition, for
which we need to recall how the phase transition takes
place dynamically.

Suppose that some region of the NS follows the trajec-
tory indicated by the dashed black curve in Fig. 1(left).
The energy density of the available phases of the system
as T and µ vary along this curve is shown in Fig. 2, where
the multivaluedness is a hallmark of a FOPT. The di!er-
ent colors in Fig. 2 indicate stable, metastable and un-
stable states. Note that only the stable states are shown
in the phase diagram of Fig. 1(left), whose hadronic and
quark-matter phases correspond to the lower and upper
stable branches of Fig. 2, respectively. Points A and A

→

are reached as the phase transition curve is approached
along the hadronic and the quark-matter phases, respec-
tively. The qualitative details of Fig. 2 do not depend on
the specific trajectory crossing the FOPT line.

As the region in the NS is heated and/or compressed
along the trajectory of Fig. 1(left), the corresponding
state moves along the lower stable branch in Fig. 2 until
it eventually enters the lower metastable branch. Once
this happens, bubbles of the stable phase can begin to
nucleate. On general grounds, the probability per unit
volume and per unit time for this to happen takes the
form

dP

dt d3x
= ”4

e
↑S[!]

. (6)

The exact value of the ”4 prefactor depends on the spe-
cific point on the metastable branch, but its scale is set
by the characteristic values of the energy and pressure
in NS matter. At zero temperature these are of order
E → P → 0.5GeV/fm3 [19].

Since a non-zero temperature will increase these values,
we take as a plausible range

0.1 GeV/fm3 ↭ ”4 ↭ 1GeV/fm3 (7)

and adopt as a reference value the intermediate point
”4 → 0.5 GeV/fm3.

S is the action of the critical bubble, defined as the
bubble for which the inward-pointing force due to the sur-
face tension is exactly balanced by the outward-pointing
force due to the pressure di!erence between the inside
and the outside of the bubble. The action of this bubble
controls the nucleation probability in the semiclassical
approximation, hence the exponential dependence in (6).
S is infinite at the point A where the metastable phase
meets the stable phase, and it decreases until it reaches
zero at the turning point where the metastable phase
meets the unstable phase. At an arbitrary point on the
metastable branch the value of S depends on the cor-
responding values of the temperature and the chemical
potential. The exponential enhancement of the nucle-
ation probability with time implies that the transition
will happen rapidly around a time tf (point B in Fig. 2).
By performing a Taylor expansion around tf we obtain
[14, 20, 21]

ω
↑1 =

(
dS

dt

)↑1

→ ε

S
→ ε

log (8ϑv3
wε4”4)

, (8)

where we have assumed that ”dS/d” ↑ S.
Plugging (8) into (5) we arrive at the following expres-

sion for the peak frequency f0 = ϖ
↑1:

f0 → 0.1

vw

1 ms

ε

(
0.62 + 0.0034 log

[(
vw

0.1

)3 ( ε

1 ms

)4 ”4

0.5 GeV/fm3

])
MHz . (9)

Using the reference values given above leads to

R → 477 m , ω
↑1 → 5.43µs , f0 → 0.6MHz . (10)

These values are fairly robust. Up to small logarithmic

๏ Exponential growth ⇒ 
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Supplemental Material

In this supplemental material we display in detail the derivation of the expressions for the duration of the phase
transition, ω

→1, and the mean bubble separation, R, in the letter. The calculation is an adaptation of the same
computation performed in the context of cosmological phase transitions and can be found in [14, 21], for example.

Duration of the phase transition

Let tc be the time when the system enters the metastable phase. At a later time t > tc, the fraction of the HoCS
volume still in the metastable phase is [21, 35]

q(t) = e
→I(t)

, (20)

with

I(t) =

∫ t

tc

dt
↑ 4

3
εv

3
w(t → t

↑)3 !4
e
→S(t→)

. (21)

Eqn. (20) is easily interpreted. The integrand in (21) is the volume of a bubble nucleated at a time tc < t
↑

< t

multiplied by the bubble nucleation probability at that time. At early times I(t) ↑ 1 and

q(t) ↓ 1 → I(t) . (22)

This is the expected expression if bubble overlaps are ignored. The exponentiation in (20) accounts for these overlaps.
As time progresses beyond tc the system penetrates deeper into the metastable branch and the action S decreases.

This implies that the integrand in (21) is dominated by times t
↑ near t. We can therefore Taylor-expand the action

to linear order in t → t
↑ to obtain

q(t) ↓ exp

[
→4

3
εv

3
w !4

e
→S(t) 6ω

→4

]
, (23)

where

ω = →dS

dt
. (24)

The phase transition takes place at the time tf where the exponent in (23) becomes unity, namely when

8εv
3
w !4

e
→S(tf )

ω(tf )→4 = 1 . (25)

At this time a fraction 1/e ↓ 37% of the volume remains in the metastable phase. Expanding (23) around tf we see
that q(t) takes the very simple form

q(t) ↓ exp
[
→e

ω(t→tf )
]

. (26)
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In this and in subsequent equations, S and ω are understood to be evaluated at t = tf . Eqn. (26) justifies the
interpretation of ω

→1 as the duration time of the transition. This time can be determined from the condition (25).
To do so, we first use the chain rule to rewrite (24) as

ω =

(
→!

dS

d!

)(
1

!

d!

dt

)
. (27)

The first factor on the right-hand side is purely microscopic since it measures the variation of the microscopic action
with the microscopic scale. The second factor is simply the expansion rate of the system

1

ε
=

1

!

d!

dt
. (28)

The time ε is the characteristic evolution time of the system which, based on NS merger simulations, is of order

ε ↑ 1ms . (29)

Generically, we expect the dimensionless derivative of S in the first factor on the right-hand side of (27) to be of the
same order as S itself. Therefore

ωε ↑ S . (30)

Substituting in (25) we then have

S
4
e
S ↑ 8ϑ v

3
wε

4!4
, (31)

whose solution, approximating the left hand side by the exponential term, is

S ↑ log
(
8ϑv

3
wε

4!4
)
. (32)

As a reference, the value for the action once we plug in all the reference values we are considering (vw ↓ 0.1,
!4 ↓ 0.5GeV/fm3, ε ↓ 1ms) is S ↑ 184, which implies that ω

→1 ↑ 5.43µs, as presented in the main text.
We can now determine the mean bubble center separation. The number of bubbles per unit volume at a time t > tc

is the integral until that time of the probability of nucleating bubbles in the metastable phase, times the available
volume of metastable phase. Thus at a time t > tc this is given by

nbubble(t) =

∫ t

tc

dt
↑
q(t↑)

dP

dt↑ d3x
. (33)

Using the Taylor expansions around tf introduced above, this becomes

nbubble(t) = !4
e
→S(tf )

∫ t

tc

dt
↑ exp

[
→e

ω(t→tf )
]

e
ω(t→tf ) = →!4

e
→S(tf )

ω
→1

∫ t

tc

dt
↑ d

dt↑
exp

[
→e

ω(t→tf )
]

= !4
e
→S(tf )

ω
→1

[
1 → q(t)

]
. (34)

At late times q(t ↔ ↗) ↔ 0 and, using (25), we arrive at the final density of bubbles

nbubble =
ω

3

8ϑv3
w

, (35)

from which the mean bubble size at the time of collision follows,

R = (nbubble)
→1/3 = (8ϑ)1/3

vw

ω
. (36)
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As a reference, the value for the action once we plug in all the reference values we are considering (vw ↓ 0.1,
!4 ↓ 0.5GeV/fm3, ε ↓ 1ms) is S ↑ 184, which implies that ω

→1 ↑ 5.43µs, as presented in the main text.
We can now determine the mean bubble center separation. The number of bubbles per unit volume at a time t > tc

is the integral until that time of the probability of nucleating bubbles in the metastable phase, times the available
volume of metastable phase. Thus at a time t > tc this is given by

nbubble(t) =

∫ t

tc

dt
↑
q(t↑)

dP

dt↑ d3x
. (33)

Using the Taylor expansions around tf introduced above, this becomes

nbubble(t) = !4
e
→S(tf )

∫ t

tc

dt
↑ exp

[
→e

ω(t→tf )
]

e
ω(t→tf ) = →!4

e
→S(tf )

ω
→1

∫ t

tc

dt
↑ d

dt↑
exp

[
→e

ω(t→tf )
]

= !4
e
→S(tf )

ω
→1

[
1 → q(t)

]
. (34)

At late times q(t ↔ ↗) ↔ 0 and, using (25), we arrive at the final density of bubbles

nbubble =
ω

3

8ϑv3
w

, (35)

from which the mean bubble size at the time of collision follows,

R = (nbubble)
→1/3 = (8ϑ)1/3

vw

ω
. (36)
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In this and in subsequent equations, S and ω are understood to be evaluated at t = tf . Eqn. (26) justifies the
interpretation of ω

→1 as the duration time of the transition. This time can be determined from the condition (25).
To do so, we first use the chain rule to rewrite (24) as
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dS

d!

)(
1

!

d!

dt

)
. (27)

The first factor on the right-hand side is purely microscopic since it measures the variation of the microscopic action
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ε
=

1

!

d!

dt
. (28)
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is the integral until that time of the probability of nucleating bubbles in the metastable phase, times the available
volume of metastable phase. Thus at a time t > tc this is given by
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, (35)

from which the mean bubble size at the time of collision follows,

R = (nbubble)
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vw

ω
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characteristic size of these HoCS is [12]

L → 5 km . (1)

To our knowledge, no simulation based on an EoS that
includes a transition to a color-superconducting phase
has been performed. Nevertheless, existing simulations
have shown that the merger leads to the formation of cold
quark-matter regions in which the baryon density can be
ten times larger than the nuclear saturation density. This
makes it conceivable that color-superconducting matter
may be formed in NS mergers.

Numerical simulations have shown that the presence
of HoCS a!ects the overall merger dynamics, mainly be-
cause of a softening of the EoS, and leads to detectable
modifications of the GW spectrum in the usual kilo-
hertz (kHz) frequency range. One may think of this as a
“macroscopic” consequence of the phase transition. How-
ever, to the best of our knowledge, the phase transition
dynamics in HoCS has not been previously considered.
The purpose of this paper is to show that this dynamics
leads to a characteristic signal in the megahertz (MHz)
range. One may think of this as a “microscopic” con-
sequence of the phase transition. We will see that this
conclusion is extremely robust since it only depends on
generic properties of a FOPT. Therefore we do not need
to commit ourselves to a particular type of FOPT. The
only assumptions we need to make are that some FOPT
is present in QCD and that this is accessed by the merger
dynamics.

The key idea is that the millisecond characteristic time
scale for the evolution of the merger,

ω → 1ms , (2)

is much longer than the characteristic nuclear time scale,
1 fm → 10→23 s. This huge separation of scales means
that, from the viewpoint of QCD processes, the merger
evolution is adiabatic to an extremely good approxima-
tion. In turn, this implies that the HoCS are initially
born as carefully prepared metastable regions of super-
heated and/or supercompressed matter. Once the super-
heating or supercompression are large enough, namely
once the HoCS is su”ciently deep into the metastable
branch, bubbles of the stable phase begin to nucleate.
The point where this happens is labeled “B” in Fig. 2.
These bubbles then expand to a macroscopic size and
collide, leaving behind long-lived sound waves propagat-
ing on top of the stable phase, as illustrated in Fig. 3.
As we will explain below, this dynamics gives rise to a
characteristic GW spectrum whose peak frequency is in
the MHz range.

As usual, we work with units such that ⊋ = c = 1. G

will be Newton’s constant, related to the reduced Planck
mass through

(8εG)→1/2 = Mp → 2.4 ↑ 1018 GeV . (3)

FREQUENCY

We begin by noting that the dynamics of a FOPT in a
NS merger is very similar to that of a cosmological FOPT
(for a review, see e.g. [14]), except for the fact that in the
cosmological case the metastable phase is supercooled.
In this case there is a compelling physical picture that
emerges from the large body of work developed over sev-
eral decades. Here we will take advantage of this picture
to give an order-of-magnitude estimate of the GW signal
in a NS merger.

In the cosmological case the separation of scales is pro-
vided by the fact that the expansion rate of the Universe,
H

→1, with H the Hubble rate, is much longer than the
microscopic time scale given by the inverse of the local
temperature, T

→1. As the Universe expands and cools
down, it eventually enters the metastable phase. At some
point bubbles of the stable phase begin to nucleate.These
bubbles then grow and collide leaving behind a superpo-
sition of long-lived sound waves propagating on the stable
phase. At su”ciently late times turbulence may also de-
velop. Although each of these processes contributes to
the GW spectrum, for many models of the transition it
has been shown that the dominant contribution comes
from collisions of sound waves with one another [15]. As
a first approximation, we will assume that the same may
be true in a NS merger. We will now determine the peak
frequency of the GWs, and in the next section we will
estimate their characteristic strain.

Let R be the mean bubble-centre separation at the end
of the phase transition, as in Fig. 3. This scale is inherited
by the sound waves left behind after the bubbles collide,
and it is further imprinted on the GWs produced by the
subsequent fluid dynamics. The peak GW wavelength, is
therefore ϑ → R [14, 16].

Nucleated bubbles grow with a constant bubble wall
velocity vw, which is usually assumed to be a fraction of
the speed of light — see e.g. [17]. We therefore take the
ballpark value

vw → 0.1 . (4)

This estimate is consistent with holographic simulations
[18]. Changing it has a simple e!ect on the peak GW
frequency — see (9).

Let ϖ
→1 be the duration of the phase transition, whose

precise definition is in (8). Intuitively it can be under-
stood as the time from the moment that the first few
bubbles are nucleated to the moment when all the bub-
bles have collided and disappeared, leaving behind sound
waves on top of the stable phase, as illustrated in Fig. 3.
The duration of the phase transition is related to the
mean bubble separation through [14]

R = (8ε)1/3
vw

ϖ
. (5)
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FIG. 3. FOPT dynamics inside a HoCS. Once a HoCS enters the metastable region, it takes a time of order ω → 1 ms for the
first few bubbles to nucleate inside the metastable phase (left). Bubbles then grow to a macroscopic size R and collide in a time
ε→1 → 6µs (center). They leave behind long-lived sound waves (with lifetime ω → 1 ms) of characteristic size R propagating
on top of the stable phase (right).

corrections, they depend in a simple way on ω and vw.
The former is well constrained by simulations. The main
uncertainty comes from vw. Allowing this to increase or
decrease by an order of magnitude around the ballpark
value (4) results in a peak frequency roughly between

100 kHz ↭ f0 ↭ 10MHz . (11)

To recap, when a region enters the metastable region,
bubbles start nucleating after a time of order a milisec-
ond, see Fig. 3-left. The typical number of nucleated bub-
bles in each regions is of order Nbubble = L

3
/R

3 → 1150.
Once nucleation stars, it takes few microseconds for the
FOPT to complete, namely to go from left to right in
Fig. 3. The lifetime of the sound waves left behind after
the transition in Fig. 3-right is of the order of miliseconds
too. They represent the dominant contribution to GW
emission, which is peaked at a frequency of order a MHz.

CHARACTERISTIC STRAIN

We follow the physical picture developed in the cosmo-
logical case and assume that the dominant GW produc-
tion mechanism is due to the long-lived sound waves left
behind after all the bubbles have collided. The produced
GW energy density and its relation to the characteristic
strain (see e.g. [22]), can be estimated as

εGW =
2ϑ

2

8ϑG

h
2
0

ϖ2
→ (8ϑG) v

4
f (E + P)2 !t R ”̄GW . (12)

A detailed derivation of this formula can be found in
e.g. [16]. We will not reproduce the derivation here, but
we will provide intuition for the origin of each term.

E , P and v
2
f are the energy density, the pressure

and the root mean velocity of the fluid in the HoCS
left behind by the bubble collisions, as illustrated in
Fig. 3(right). We take E → P → #4 with #4 in the range
(7).

GWs are metric perturbations sourced by the
transverse-traceless part of the energy-momentum ten-
sor, which for sound waves on a fluid hij ↑ 8ϑGT

TT
ij ↑

8ϑG(E + P)vivj , leading to the 8ϑGv
4
f (E + P)2 factor in

(12).

!t is the e$ective time duration of the source for the
purpose of determining εGW. In the cosmological case
!t → H

→1. In the NS case, however, GW contributing to
the growth of εGW leave the HoCS after a light-crossing
time of the region, shorter than the characteristic mil-
lisecond time of the merger,

!t → L → 1.7 ↓ 10→2 ms , (13)

where we have used (1).

R is a necessary characteristic length scale in the fluid
flow on dimensional grounds, which has been seen to coin-
cide with the mean separation between the bubbles that
produces the fluid flow in the first place.

Finally, ”̄GW is a dimensionless factor quantifying the
e%ciency with which shear stress in the fluid is converted
to GWs. Although its precise value depends on the de-
tails of the flow, simulations show that its ballpark value,
”̄GW ↑ 10→2, is rather insensitive to these details.

Extracting the strain from (12), and taking into ac-
count that the GW amplitude decreases with the distance
d to the source, we arrive to the observed characteristic
strain,

h
obs
0 = h0

L

d
→ 6.2 ↓ 10→24

v
2
f

(
#4

0.5 GeV/fm3

)(
L

5 km

)3/2 (0.6 MHz

f

)3/2 (100 Mpc

d

)
. (14)

The fluid velocity depends on details of the phase transi- tion such as the strength of the transition, the bubble wall

๏Self-similar regime:

๏Bubbles expand at constant

๏Prob. of a bubble within its volume ~1 
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FIG. 3. FOPT dynamics inside a HoCS. Once a HoCS enters the metastable region, it takes a time of order ω → 1 ms for the
first few bubbles to nucleate inside the metastable phase (left). Bubbles then grow to a macroscopic size R and collide in a time
ε→1 → 6µs (center). They leave behind long-lived sound waves (with lifetime ω → 1 ms) of characteristic size R propagating
on top of the stable phase (right).

corrections, they depend in a simple way on ω and vw.
The former is well constrained by simulations. The main
uncertainty comes from vw. Allowing this to increase or
decrease by an order of magnitude around the ballpark
value (4) results in a peak frequency roughly between

100 kHz ↭ f0 ↭ 10MHz . (11)

To recap, when a region enters the metastable region,
bubbles start nucleating after a time of order a milisec-
ond, see Fig. 3-left. The typical number of nucleated bub-
bles in each regions is of order Nbubble = L

3
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3 → 1150.
Once nucleation stars, it takes few microseconds for the
FOPT to complete, namely to go from left to right in
Fig. 3. The lifetime of the sound waves left behind after
the transition in Fig. 3-right is of the order of miliseconds
too. They represent the dominant contribution to GW
emission, which is peaked at a frequency of order a MHz.
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We follow the physical picture developed in the cosmo-
logical case and assume that the dominant GW produc-
tion mechanism is due to the long-lived sound waves left
behind after all the bubbles have collided. The produced
GW energy density and its relation to the characteristic
strain (see e.g. [22]), can be estimated as
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A detailed derivation of this formula can be found in
e.g. [16]. We will not reproduce the derivation here, but
we will provide intuition for the origin of each term.

E , P and v
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f are the energy density, the pressure

and the root mean velocity of the fluid in the HoCS
left behind by the bubble collisions, as illustrated in
Fig. 3(right). We take E → P → #4 with #4 in the range
(7).

GWs are metric perturbations sourced by the
transverse-traceless part of the energy-momentum ten-
sor, which for sound waves on a fluid hij ↑ 8ϑGT

TT
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8ϑG(E + P)vivj , leading to the 8ϑGv
4
f (E + P)2 factor in

(12).

!t is the e$ective time duration of the source for the
purpose of determining εGW. In the cosmological case
!t → H

→1. In the NS case, however, GW contributing to
the growth of εGW leave the HoCS after a light-crossing
time of the region, shorter than the characteristic mil-
lisecond time of the merger,

!t → L → 1.7 ↓ 10→2 ms , (13)

where we have used (1).

R is a necessary characteristic length scale in the fluid
flow on dimensional grounds, which has been seen to coin-
cide with the mean separation between the bubbles that
produces the fluid flow in the first place.

Finally, ”̄GW is a dimensionless factor quantifying the
e%ciency with which shear stress in the fluid is converted
to GWs. Although its precise value depends on the de-
tails of the flow, simulations show that its ballpark value,
”̄GW ↑ 10→2, is rather insensitive to these details.

Extracting the strain from (12), and taking into ac-
count that the GW amplitude decreases with the distance
d to the source, we arrive to the observed characteristic
strain,

h
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The fluid velocity depends on details of the phase transi- tion such as the strength of the transition, the bubble wall
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in the cosmological case the metastable phase is supercooled. In this first paper we will take

advantage of the physical picture that emerges from the large body of work devoted to the

cosmological case to give an order-of-magnitude estimate of the frequency and amplitude

of the GW signal in a neutron star merger. A more refined analysis will be presented

elsewhere [14].

In the cosmological case the separation of scales is provided by the fact that the

expansion rate of the Universe, H�1, with H the Hubble rate, is much longer than the

microscopic time scale given by the inverse of the local temperature, T�1. As the Universe

expands and cools down it eventually enters the metastable phase. At some point bubbles

of the stable phase begin to nucleate. These bubbles then grow and collide and eventually

leave behind a superposition of long-lived sound waves propagating on the stable phase.

At su�ciently late times turbulence may also develop. Although each of these processes

contributes to the GW spectrum, it is believed that the dominant contribution comes from

collisions of sound waves with one another. As a first approximation, we will assume that

the same may be true in a NS merger. We will first determine the peak frequency of the

GWs and then we will estimate their characteristic strain.

The peak wavelength of the produced GWs is given by the characteristic wavelength

of the sound waves, which in turn is determined by the mean bubble separation, R. To

estimate the latter we recall that, once the system is in the metastable phase, the bubble

nucleation rate per unit volume takes the form

�(t)

V
= µ(t)4 e�S[µ(t)] , , E (2.1)

where S is the action of the critical bubble at the chemical potential µ. This scale, which

is the dominant one in NS, would be replaced by the temperature in the cosmological case.

The phase transition starts when the nucleation rate in the available volume of metastable

phase becomes comparable to the characteristic evolution rate of the system. NS merger

simulations show that the typical size of a HoCS is L ⇠ 1 km. In the cosmological case

this would be the Hubble radius, H�1. The evolution rate has units of inverse time and

measures the rate at which the physical properties of the system change, for example

1

⌧
=

1

µ

dµ

dt
. (2.2)

NS simulations show that this is of order ⌧ ⇠ 1 ms. In the cosmological case this would be

the Hubble expansion rate, H�1. Using these values, together with µ ⇠ 1 GeV, we see that

the phase transition starts when the action of the critical bubble reaches the numerical

value

for the HoCS with a characteristic time scale set by the merger ⌧ ⇠ 1ms. Its relation

to the heating/compression rate is,

Recent NS merger simulations show that a typical size LHoCS ⇠ 1km for the HoCS

with a characteristic time scale set by the merger ⌧ ⇠ 1ms. Its relation to the heat-

ing/compression rate is,

1

⌧
=

1

T

dT

dt

1

⌧
=

1

µB

dµB

dt
. (2.3)
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FIG. 2. Energy density as a function of the position along the black dotted curve in Fig. 1. Both T and µ increase from left to
right. The black, dotted, vertical line indicates the location of the phase transition, determined by the condition that the states
A and A

→ have the same free energy density. The green and blue curves indicate stable and metastable states, respectively. As
some region of the NS merger is su!ciently heated and/or compressed, it enters the lower metastable branch. At the point B

bubbles of the preferred state C on the upper stable branch are nucleated. The direction of this phase transition is the opposite
of that in a supercooled phase transition, which would take place as indicated by the vertical, dotted, red arrow.

The dynamics of relativistic supercooled bubbles has been extensively studied in the literature, motivated by
their potential implications for cosmological FOPT — see e.g. [12] for a review. Motivated by their possible role
in NS mergers, in this paper we initiate the study of relativistic, charged, superheated bubbles, focusing on their
hydrodynamic properties in the simple case of a bag-model, conformal EoS. We find two qualitative di!erences
compared to supercooled bubbles. First, the pressure inside a superheated bubble may be higher or lower than the
pressure outside the bubble. In contrast, in supercooled bubbles the inside pressure is always higher than the outside
pressure. By “inside” and “outside” we do not mean “right behind” and “right in front” of the bubble wall, but deep
inside the bubble (in the stable phase) and asymptotically far away from the bubble (in the metastable phase) — see
Fig. 6(top). The fact that hydrodynamics allows this pressure di!erence to take either sign in superheated bubbles
is remarkable because it shows that the usual intuition, according to which the bubble expands because the pressure
inside wins over the combination of outside pressure plus surface tension, is overly simplistic. The second di!erence
is that some fluid flows develop regions behind the bubble wall that are necessarily metastable which would therefore
decay at su"ciently long times. As we will explain, this is not true for supercooled transitions.

The physics of relativistic and non-relativistic bubbles is expected to be qualitatively similar if the two phases
that determine the phase transition have comparable compressibilities in the range of pressures accessed by the
bubble dynamics. For example, relativistic supercooled bubbles find a non-relativistic analog in non-relativistic
chemical combustions, for this reason often referred to as “relativistic combustions”. Thus, one may expect that
these similarities are also present for relativisitic superheated bubbles. However, a qualitative di!erence appears in a
particular case of obvious phenomenological interest: the nucleation and expansion of vapor bubbles in a superheated
liquid. In this case the liquid is e!ectively incompressible, and this leads to a bubble wall velocity that decreases as
t
→1/2 at asymptotically late times. For completeness, we review this case in Appendix A.

๏Collide at a characteristic time 1/𝜷
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in the cosmological case the metastable phase is supercooled. In this first paper we will take

advantage of the physical picture that emerges from the large body of work devoted to the
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the same may be true in a NS merger. We will first determine the peak frequency of the
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phase becomes comparable to the characteristic evolution rate of the system. NS merger
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FIG. 2. Energy density as a function of the position along
the dashed black curve in Fig. 1. Both T and µ increase
from left to right. The dotted black vertical line indicates
the location of the phase transition, determined by the con-
dition that the states A and A→ have the same free energy
density. Stable, metastable and unstable states are shown
as solid green, dashed blue and doted red respectively. As
a region is heated/compressed it enters the lower metastable
branch. At B the nucleation probability has been su!ciently
enhanced, and bubbles of the preferred state C on the upper
stable branch are quickly nucleated.

Consequently, in order to determine the GW wavelength,
we must estimate the duration of the phase transition, for
which we need to recall how the phase transition takes
place dynamically.

Suppose that some region of the NS follows the trajec-
tory indicated by the dashed black curve in Fig. 1(left).
The energy density of the available phases of the system
as T and µ vary along this curve is shown in Fig. 2, where
the multivaluedness is a hallmark of a FOPT. The di!er-
ent colors in Fig. 2 indicate stable, metastable and un-
stable states. Note that only the stable states are shown
in the phase diagram of Fig. 1(left), whose hadronic and
quark-matter phases correspond to the lower and upper
stable branches of Fig. 2, respectively. Points A and A

→

are reached as the phase transition curve is approached
along the hadronic and the quark-matter phases, respec-
tively. The qualitative details of Fig. 2 do not depend on
the specific trajectory crossing the FOPT line.

As the region in the NS is heated and/or compressed
along the trajectory of Fig. 1(left), the corresponding
state moves along the lower stable branch in Fig. 2 until
it eventually enters the lower metastable branch. Once
this happens, bubbles of the stable phase can begin to
nucleate. On general grounds, the probability per unit
volume and per unit time for this to happen takes the
form

dP

dt d3x
= ”4

e
↑S[!]

. (6)

The exact value of the ”4 prefactor depends on the spe-
cific point on the metastable branch, but its scale is set
by the characteristic values of the energy and pressure
in NS matter. At zero temperature these are of order
E → P → 0.5GeV/fm3 [19].

Since a non-zero temperature will increase these values,
we take as a plausible range

0.1 GeV/fm3 ↭ ”4 ↭ 1GeV/fm3 (7)

and adopt as a reference value the intermediate point
”4 → 0.5 GeV/fm3.

S is the action of the critical bubble, defined as the
bubble for which the inward-pointing force due to the sur-
face tension is exactly balanced by the outward-pointing
force due to the pressure di!erence between the inside
and the outside of the bubble. The action of this bubble
controls the nucleation probability in the semiclassical
approximation, hence the exponential dependence in (6).
S is infinite at the point A where the metastable phase
meets the stable phase, and it decreases until it reaches
zero at the turning point where the metastable phase
meets the unstable phase. At an arbitrary point on the
metastable branch the value of S depends on the cor-
responding values of the temperature and the chemical
potential. The exponential enhancement of the nucle-
ation probability with time implies that the transition
will happen rapidly around a time tf (point B in Fig. 2).
By performing a Taylor expansion around tf we obtain
[14, 20, 21]

ω
↑1 =

(
dS

dt

)↑1

→ ε

S
→ ε

log (8ϑv3
wε4”4)

, (8)

where we have assumed that ”dS/d” ↑ S.
Plugging (8) into (5) we arrive at the following expres-

sion for the peak frequency f0 = ϖ
↑1:

f0 → 0.1

vw

1 ms

ε

(
0.62 + 0.0034 log

[(
vw

0.1

)3 ( ε

1 ms

)4 ”4

0.5 GeV/fm3

])
MHz . (9)

Using the reference values given above leads to

R → 477 m , ω
↑1 → 5.43µs , f0 → 0.6MHz . (10)

These values are fairly robust. Up to small logarithmic
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Supplemental Material

In this supplemental material we display in detail the derivation of the expressions for the duration of the phase
transition, ω

→1, and the mean bubble separation, R, in the letter. The calculation is an adaptation of the same
computation performed in the context of cosmological phase transitions and can be found in [14, 21], for example.

Duration of the phase transition

Let tc be the time when the system enters the metastable phase. At a later time t > tc, the fraction of the HoCS
volume still in the metastable phase is [21, 35]

q(t) = e
→I(t)

, (20)

with

I(t) =

∫ t

tc

dt
↑ 4

3
εv

3
w(t → t

↑)3 !4
e
→S(t→)

. (21)

Eqn. (20) is easily interpreted. The integrand in (21) is the volume of a bubble nucleated at a time tc < t
↑

< t

multiplied by the bubble nucleation probability at that time. At early times I(t) ↑ 1 and

q(t) ↓ 1 → I(t) . (22)

This is the expected expression if bubble overlaps are ignored. The exponentiation in (20) accounts for these overlaps.
As time progresses beyond tc the system penetrates deeper into the metastable branch and the action S decreases.

This implies that the integrand in (21) is dominated by times t
↑ near t. We can therefore Taylor-expand the action

to linear order in t → t
↑ to obtain

q(t) ↓ exp

[
→4

3
εv

3
w !4

e
→S(t) 6ω

→4

]
, (23)

where

ω = →dS

dt
. (24)

The phase transition takes place at the time tf where the exponent in (23) becomes unity, namely when

8εv
3
w !4

e
→S(tf )

ω(tf )→4 = 1 . (25)

At this time a fraction 1/e ↓ 37% of the volume remains in the metastable phase. Expanding (23) around tf we see
that q(t) takes the very simple form

q(t) ↓ exp
[
→e

ω(t→tf )
]

. (26)
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In this and in subsequent equations, S and ω are understood to be evaluated at t = tf . Eqn. (26) justifies the
interpretation of ω

→1 as the duration time of the transition. This time can be determined from the condition (25).
To do so, we first use the chain rule to rewrite (24) as

ω =

(
→!

dS

d!

)(
1

!

d!

dt

)
. (27)

The first factor on the right-hand side is purely microscopic since it measures the variation of the microscopic action
with the microscopic scale. The second factor is simply the expansion rate of the system

1

ε
=

1

!

d!

dt
. (28)

The time ε is the characteristic evolution time of the system which, based on NS merger simulations, is of order

ε ↑ 1ms . (29)

Generically, we expect the dimensionless derivative of S in the first factor on the right-hand side of (27) to be of the
same order as S itself. Therefore

ωε ↑ S . (30)

Substituting in (25) we then have

S
4
e
S ↑ 8ϑ v

3
wε

4!4
, (31)

whose solution, approximating the left hand side by the exponential term, is

S ↑ log
(
8ϑv

3
wε

4!4
)
. (32)

As a reference, the value for the action once we plug in all the reference values we are considering (vw ↓ 0.1,
!4 ↓ 0.5GeV/fm3, ε ↓ 1ms) is S ↑ 184, which implies that ω

→1 ↑ 5.43µs, as presented in the main text.
We can now determine the mean bubble center separation. The number of bubbles per unit volume at a time t > tc

is the integral until that time of the probability of nucleating bubbles in the metastable phase, times the available
volume of metastable phase. Thus at a time t > tc this is given by

nbubble(t) =

∫ t

tc

dt
↑
q(t↑)

dP

dt↑ d3x
. (33)

Using the Taylor expansions around tf introduced above, this becomes

nbubble(t) = !4
e
→S(tf )

∫ t

tc

dt
↑ exp

[
→e

ω(t→tf )
]

e
ω(t→tf ) = →!4

e
→S(tf )

ω
→1

∫ t

tc

dt
↑ d

dt↑
exp

[
→e

ω(t→tf )
]

= !4
e
→S(tf )

ω
→1

[
1 → q(t)

]
. (34)

At late times q(t ↔ ↗) ↔ 0 and, using (25), we arrive at the final density of bubbles

nbubble =
ω

3

8ϑv3
w

, (35)

from which the mean bubble size at the time of collision follows,

R = (nbubble)
→1/3 = (8ϑ)1/3

vw

ω
. (36)
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characteristic size of these HoCS is [12]

L → 5 km . (1)

To our knowledge, no simulation based on an EoS that
includes a transition to a color-superconducting phase
has been performed. Nevertheless, existing simulations
have shown that the merger leads to the formation of cold
quark-matter regions in which the baryon density can be
ten times larger than the nuclear saturation density. This
makes it conceivable that color-superconducting matter
may be formed in NS mergers.

Numerical simulations have shown that the presence
of HoCS a!ects the overall merger dynamics, mainly be-
cause of a softening of the EoS, and leads to detectable
modifications of the GW spectrum in the usual kilo-
hertz (kHz) frequency range. One may think of this as a
“macroscopic” consequence of the phase transition. How-
ever, to the best of our knowledge, the phase transition
dynamics in HoCS has not been previously considered.
The purpose of this paper is to show that this dynamics
leads to a characteristic signal in the megahertz (MHz)
range. One may think of this as a “microscopic” con-
sequence of the phase transition. We will see that this
conclusion is extremely robust since it only depends on
generic properties of a FOPT. Therefore we do not need
to commit ourselves to a particular type of FOPT. The
only assumptions we need to make are that some FOPT
is present in QCD and that this is accessed by the merger
dynamics.

The key idea is that the millisecond characteristic time
scale for the evolution of the merger,

ω → 1ms , (2)

is much longer than the characteristic nuclear time scale,
1 fm → 10→23 s. This huge separation of scales means
that, from the viewpoint of QCD processes, the merger
evolution is adiabatic to an extremely good approxima-
tion. In turn, this implies that the HoCS are initially
born as carefully prepared metastable regions of super-
heated and/or supercompressed matter. Once the super-
heating or supercompression are large enough, namely
once the HoCS is su”ciently deep into the metastable
branch, bubbles of the stable phase begin to nucleate.
The point where this happens is labeled “B” in Fig. 2.
These bubbles then expand to a macroscopic size and
collide, leaving behind long-lived sound waves propagat-
ing on top of the stable phase, as illustrated in Fig. 3.
As we will explain below, this dynamics gives rise to a
characteristic GW spectrum whose peak frequency is in
the MHz range.

As usual, we work with units such that ⊋ = c = 1. G

will be Newton’s constant, related to the reduced Planck
mass through

(8εG)→1/2 = Mp → 2.4 ↑ 1018 GeV . (3)

FREQUENCY

We begin by noting that the dynamics of a FOPT in a
NS merger is very similar to that of a cosmological FOPT
(for a review, see e.g. [14]), except for the fact that in the
cosmological case the metastable phase is supercooled.
In this case there is a compelling physical picture that
emerges from the large body of work developed over sev-
eral decades. Here we will take advantage of this picture
to give an order-of-magnitude estimate of the GW signal
in a NS merger.

In the cosmological case the separation of scales is pro-
vided by the fact that the expansion rate of the Universe,
H

→1, with H the Hubble rate, is much longer than the
microscopic time scale given by the inverse of the local
temperature, T

→1. As the Universe expands and cools
down, it eventually enters the metastable phase. At some
point bubbles of the stable phase begin to nucleate.These
bubbles then grow and collide leaving behind a superpo-
sition of long-lived sound waves propagating on the stable
phase. At su”ciently late times turbulence may also de-
velop. Although each of these processes contributes to
the GW spectrum, for many models of the transition it
has been shown that the dominant contribution comes
from collisions of sound waves with one another [15]. As
a first approximation, we will assume that the same may
be true in a NS merger. We will now determine the peak
frequency of the GWs, and in the next section we will
estimate their characteristic strain.

Let R be the mean bubble-centre separation at the end
of the phase transition, as in Fig. 3. This scale is inherited
by the sound waves left behind after the bubbles collide,
and it is further imprinted on the GWs produced by the
subsequent fluid dynamics. The peak GW wavelength, is
therefore ϑ → R [14, 16].

Nucleated bubbles grow with a constant bubble wall
velocity vw, which is usually assumed to be a fraction of
the speed of light — see e.g. [17]. We therefore take the
ballpark value

vw → 0.1 . (4)

This estimate is consistent with holographic simulations
[18]. Changing it has a simple e!ect on the peak GW
frequency — see (9).

Let ϖ
→1 be the duration of the phase transition, whose

precise definition is in (8). Intuitively it can be under-
stood as the time from the moment that the first few
bubbles are nucleated to the moment when all the bub-
bles have collided and disappeared, leaving behind sound
waves on top of the stable phase, as illustrated in Fig. 3.
The duration of the phase transition is related to the
mean bubble separation through [14]

R = (8ε)1/3
vw

ϖ
. (5)

๏Plugging numbers: characteristic time for the transitions is
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in the cosmological case the metastable phase is supercooled. In this first paper we will take

advantage of the physical picture that emerges from the large body of work devoted to the

cosmological case to give an order-of-magnitude estimate of the frequency and amplitude

of the GW signal in a neutron star merger. A more refined analysis will be presented

elsewhere [14].

In the cosmological case the separation of scales is provided by the fact that the

expansion rate of the Universe, H
�1, with H the Hubble rate, is much longer than the

microscopic time scale given by the inverse of the local temperature, T
�1. As the Universe

expands and cools down it eventually enters the metastable phase. At some point bubbles

of the stable phase begin to nucleate. These bubbles then grow and collide and eventually

leave behind a superposition of long-lived sound waves propagating on the stable phase.

At su�ciently late times turbulence may also develop. Although each of these processes

contributes to the GW spectrum, it is believed that the dominant contribution comes from

collisions of sound waves with one another. As a first approximation, we will assume that

the same may be true in a NS merger. We will first determine the peak frequency of the

GWs and then we will estimate their characteristic strain.

The peak wavelength of the produced GWs is given by the characteristic wavelength

of the sound waves, which in turn is determined by the mean bubble separation, R. To

estimate the latter we recall that, once the system is in the metastable phase, the bubble

nucleation rate per unit volume takes the form

�(t)

V
= µ(t)4 e

�S[µ(t)]
, , E (2.1)

where S is the action of the critical bubble at the chemical potential µ. This scale, which

is the dominant one in NS, would be replaced by the temperature in the cosmological case.

The phase transition starts when the nucleation rate in the available volume of metastable

phase becomes comparable to the characteristic evolution rate of the system. NS merger

simulations show that the typical size of a HoCS is L ⇠ 1 km. In the cosmological case

this would be the Hubble radius, H
�1. The evolution rate has units of inverse time and

measures the rate at which the physical properties of the system change, for example

1

⌧
=

1

µ

dµ

dt
. (2.2)

NS simulations show that this is of order ⌧ ⇠ 1 ms. In the cosmological case this would be

the Hubble expansion rate, H
�1. Using these values, together with µ ⇠ 1 GeV, we see that

the phase transition starts when the action of the critical bubble reaches the numerical

value

for the HoCS with a characteristic time scale set by the merger ⌧ ⇠ 1ms. Its relation

to the heating/compression rate is,

Recent NS merger simulations show that a typical size LHoCS ⇠ 1km for the HoCS

with a characteristic time scale set by the merger ⌧ ⇠ 1ms. Its relation to the heat-

ing/compression rate is,

1

⌧
=

1

T

dT

dt

1

⌧
=

1

µB

dµB

dt
. (2.3)
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position along the dashed black curve in Fig. 1 
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FIG. 2. Energy density as a function of the position along
the dashed black curve in Fig. 1. Both T and µ increase
from left to right. The dotted black vertical line indicates
the location of the phase transition, determined by the con-
dition that the states A and A→ have the same free energy
density. Stable, metastable and unstable states are shown
as solid green, dashed blue and doted red respectively. As
a region is heated/compressed it enters the lower metastable
branch. At B the nucleation probability has been su!ciently
enhanced, and bubbles of the preferred state C on the upper
stable branch are quickly nucleated.

Consequently, in order to determine the GW wavelength,
we must estimate the duration of the phase transition, for
which we need to recall how the phase transition takes
place dynamically.

Suppose that some region of the NS follows the trajec-
tory indicated by the dashed black curve in Fig. 1(left).
The energy density of the available phases of the system
as T and µ vary along this curve is shown in Fig. 2, where
the multivaluedness is a hallmark of a FOPT. The di!er-
ent colors in Fig. 2 indicate stable, metastable and un-
stable states. Note that only the stable states are shown
in the phase diagram of Fig. 1(left), whose hadronic and
quark-matter phases correspond to the lower and upper
stable branches of Fig. 2, respectively. Points A and A

→

are reached as the phase transition curve is approached
along the hadronic and the quark-matter phases, respec-
tively. The qualitative details of Fig. 2 do not depend on
the specific trajectory crossing the FOPT line.

As the region in the NS is heated and/or compressed
along the trajectory of Fig. 1(left), the corresponding
state moves along the lower stable branch in Fig. 2 until
it eventually enters the lower metastable branch. Once
this happens, bubbles of the stable phase can begin to
nucleate. On general grounds, the probability per unit
volume and per unit time for this to happen takes the
form

dP

dt d3x
= ”4

e
↑S[!]

. (6)

The exact value of the ”4 prefactor depends on the spe-
cific point on the metastable branch, but its scale is set
by the characteristic values of the energy and pressure
in NS matter. At zero temperature these are of order
E → P → 0.5GeV/fm3 [19].

Since a non-zero temperature will increase these values,
we take as a plausible range

0.1 GeV/fm3 ↭ ”4 ↭ 1GeV/fm3 (7)

and adopt as a reference value the intermediate point
”4 → 0.5 GeV/fm3.

S is the action of the critical bubble, defined as the
bubble for which the inward-pointing force due to the sur-
face tension is exactly balanced by the outward-pointing
force due to the pressure di!erence between the inside
and the outside of the bubble. The action of this bubble
controls the nucleation probability in the semiclassical
approximation, hence the exponential dependence in (6).
S is infinite at the point A where the metastable phase
meets the stable phase, and it decreases until it reaches
zero at the turning point where the metastable phase
meets the unstable phase. At an arbitrary point on the
metastable branch the value of S depends on the cor-
responding values of the temperature and the chemical
potential. The exponential enhancement of the nucle-
ation probability with time implies that the transition
will happen rapidly around a time tf (point B in Fig. 2).
By performing a Taylor expansion around tf we obtain
[14, 20, 21]

ω
↑1 =

(
dS

dt

)↑1

→ ε

S
→ ε

log (8ϑv3
wε4”4)

, (8)

where we have assumed that ”dS/d” ↑ S.
Plugging (8) into (5) we arrive at the following expres-

sion for the peak frequency f0 = ϖ
↑1:

f0 → 0.1

vw

1 ms

ε

(
0.62 + 0.0034 log

[(
vw

0.1

)3 ( ε

1 ms

)4 ”4

0.5 GeV/fm3

])
MHz . (9)

Using the reference values given above leads to

R → 477 m , ω
↑1 → 5.43µs , f0 → 0.6MHz . (10)

These values are fairly robust. Up to small logarithmic

5 Km
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FIG. 3. FOPT dynamics inside a HoCS. Once a HoCS enters the metastable region, it takes a time of order ω → 1 ms for the
first few bubbles to nucleate inside the metastable phase (left). Bubbles then grow to a macroscopic size R and collide in a time
ε→1 → 6µs (center). They leave behind long-lived sound waves (with lifetime ω → 1 ms) of characteristic size R propagating
on top of the stable phase (right).

corrections, they depend in a simple way on ω and vw.
The former is well constrained by simulations. The main
uncertainty comes from vw. Allowing this to increase or
decrease by an order of magnitude around the ballpark
value (4) results in a peak frequency roughly between

100 kHz ↭ f0 ↭ 10MHz . (11)

To recap, when a region enters the metastable region,
bubbles start nucleating after a time of order a milisec-
ond, see Fig. 3-left. The typical number of nucleated bub-
bles in each regions is of order Nbubble = L

3
/R

3 → 1150.
Once nucleation stars, it takes few microseconds for the
FOPT to complete, namely to go from left to right in
Fig. 3. The lifetime of the sound waves left behind after
the transition in Fig. 3-right is of the order of miliseconds
too. They represent the dominant contribution to GW
emission, which is peaked at a frequency of order a MHz.

CHARACTERISTIC STRAIN

We follow the physical picture developed in the cosmo-
logical case and assume that the dominant GW produc-
tion mechanism is due to the long-lived sound waves left
behind after all the bubbles have collided. The produced
GW energy density and its relation to the characteristic
strain (see e.g. [22]), can be estimated as

εGW =
2ϑ

2

8ϑG

h
2
0

ϖ2
→ (8ϑG) v

4
f (E + P)2 !t R ”̄GW . (12)

A detailed derivation of this formula can be found in
e.g. [16]. We will not reproduce the derivation here, but
we will provide intuition for the origin of each term.

E , P and v
2
f are the energy density, the pressure

and the root mean velocity of the fluid in the HoCS
left behind by the bubble collisions, as illustrated in
Fig. 3(right). We take E → P → #4 with #4 in the range
(7).

GWs are metric perturbations sourced by the
transverse-traceless part of the energy-momentum ten-
sor, which for sound waves on a fluid hij ↑ 8ϑGT

TT
ij ↑

8ϑG(E + P)vivj , leading to the 8ϑGv
4
f (E + P)2 factor in

(12).

!t is the e$ective time duration of the source for the
purpose of determining εGW. In the cosmological case
!t → H

→1. In the NS case, however, GW contributing to
the growth of εGW leave the HoCS after a light-crossing
time of the region, shorter than the characteristic mil-
lisecond time of the merger,

!t → L → 1.7 ↓ 10→2 ms , (13)

where we have used (1).

R is a necessary characteristic length scale in the fluid
flow on dimensional grounds, which has been seen to coin-
cide with the mean separation between the bubbles that
produces the fluid flow in the first place.

Finally, ”̄GW is a dimensionless factor quantifying the
e%ciency with which shear stress in the fluid is converted
to GWs. Although its precise value depends on the de-
tails of the flow, simulations show that its ballpark value,
”̄GW ↑ 10→2, is rather insensitive to these details.

Extracting the strain from (12), and taking into ac-
count that the GW amplitude decreases with the distance
d to the source, we arrive to the observed characteristic
strain,
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The fluid velocity depends on details of the phase transi- tion such as the strength of the transition, the bubble wall
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in the cosmological case the metastable phase is supercooled. In this first paper we will take

advantage of the physical picture that emerges from the large body of work devoted to the

cosmological case to give an order-of-magnitude estimate of the frequency and amplitude

of the GW signal in a neutron star merger. A more refined analysis will be presented

elsewhere [14].

In the cosmological case the separation of scales is provided by the fact that the

expansion rate of the Universe, H�1, with H the Hubble rate, is much longer than the

microscopic time scale given by the inverse of the local temperature, T�1. As the Universe

expands and cools down it eventually enters the metastable phase. At some point bubbles

of the stable phase begin to nucleate. These bubbles then grow and collide and eventually

leave behind a superposition of long-lived sound waves propagating on the stable phase.

At su�ciently late times turbulence may also develop. Although each of these processes

contributes to the GW spectrum, it is believed that the dominant contribution comes from

collisions of sound waves with one another. As a first approximation, we will assume that

the same may be true in a NS merger. We will first determine the peak frequency of the

GWs and then we will estimate their characteristic strain.

The peak wavelength of the produced GWs is given by the characteristic wavelength

of the sound waves, which in turn is determined by the mean bubble separation, R. To

estimate the latter we recall that, once the system is in the metastable phase, the bubble

nucleation rate per unit volume takes the form
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= µ(t)4 e�S[µ(t)] , , E (2.1)

where S is the action of the critical bubble at the chemical potential µ. This scale, which

is the dominant one in NS, would be replaced by the temperature in the cosmological case.

The phase transition starts when the nucleation rate in the available volume of metastable

phase becomes comparable to the characteristic evolution rate of the system. NS merger

simulations show that the typical size of a HoCS is L ⇠ 1 km. In the cosmological case

this would be the Hubble radius, H�1. The evolution rate has units of inverse time and

measures the rate at which the physical properties of the system change, for example
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NS simulations show that this is of order ⌧ ⇠ 1 ms. In the cosmological case this would be

the Hubble expansion rate, H�1. Using these values, together with µ ⇠ 1 GeV, we see that

the phase transition starts when the action of the critical bubble reaches the numerical

value

for the HoCS with a characteristic time scale set by the merger ⌧ ⇠ 1ms. Its relation

to the heating/compression rate is,

Recent NS merger simulations show that a typical size LHoCS ⇠ 1km for the HoCS

with a characteristic time scale set by the merger ⌧ ⇠ 1ms. Its relation to the heat-
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1

⌧
=

1

T

dT

dt

1

⌧
=

1

µB

dµB

dt
. (2.3)

– 3 –

position along the dashed black curve in Fig. 1 

C

BA

A’e

FIG. 2. Energy density as a function of the position along the black dotted curve in Fig. 1. Both T and µ increase from left to
right. The black, dotted, vertical line indicates the location of the phase transition, determined by the condition that the states
A and A

→ have the same free energy density. The green and blue curves indicate stable and metastable states, respectively. As
some region of the NS merger is su!ciently heated and/or compressed, it enters the lower metastable branch. At the point B

bubbles of the preferred state C on the upper stable branch are nucleated. The direction of this phase transition is the opposite
of that in a supercooled phase transition, which would take place as indicated by the vertical, dotted, red arrow.

The dynamics of relativistic supercooled bubbles has been extensively studied in the literature, motivated by
their potential implications for cosmological FOPT — see e.g. [12] for a review. Motivated by their possible role
in NS mergers, in this paper we initiate the study of relativistic, charged, superheated bubbles, focusing on their
hydrodynamic properties in the simple case of a bag-model, conformal EoS. We find two qualitative di!erences
compared to supercooled bubbles. First, the pressure inside a superheated bubble may be higher or lower than the
pressure outside the bubble. In contrast, in supercooled bubbles the inside pressure is always higher than the outside
pressure. By “inside” and “outside” we do not mean “right behind” and “right in front” of the bubble wall, but deep
inside the bubble (in the stable phase) and asymptotically far away from the bubble (in the metastable phase) — see
Fig. 6(top). The fact that hydrodynamics allows this pressure di!erence to take either sign in superheated bubbles
is remarkable because it shows that the usual intuition, according to which the bubble expands because the pressure
inside wins over the combination of outside pressure plus surface tension, is overly simplistic. The second di!erence
is that some fluid flows develop regions behind the bubble wall that are necessarily metastable which would therefore
decay at su"ciently long times. As we will explain, this is not true for supercooled transitions.

The physics of relativistic and non-relativistic bubbles is expected to be qualitatively similar if the two phases
that determine the phase transition have comparable compressibilities in the range of pressures accessed by the
bubble dynamics. For example, relativistic supercooled bubbles find a non-relativistic analog in non-relativistic
chemical combustions, for this reason often referred to as “relativistic combustions”. Thus, one may expect that
these similarities are also present for relativisitic superheated bubbles. However, a qualitative di!erence appears in a
particular case of obvious phenomenological interest: the nucleation and expansion of vapor bubbles in a superheated
liquid. In this case the liquid is e!ectively incompressible, and this leads to a bubble wall velocity that decreases as
t
→1/2 at asymptotically late times. For completeness, we review this case in Appendix A.
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R R

FIG. 3. FOPT dynamics inside a HoCS. Once a HoCS enters the metastable region, it takes a time of order ω → 1 ms for the
first few bubbles to nucleate inside the metastable phase (left). Bubbles then grow to a macroscopic size R and collide in a time
ε→1 → 6µs (center). They leave behind long-lived sound waves (with lifetime ω → 1 ms) of characteristic size R propagating
on top of the stable phase (right).

corrections, they depend in a simple way on ω and vw.
The former is well constrained by simulations. The main
uncertainty comes from vw. Allowing this to increase or
decrease by an order of magnitude around the ballpark
value (4) results in a peak frequency roughly between

100 kHz ↭ f0 ↭ 10MHz . (11)

To recap, when a region enters the metastable region,
bubbles start nucleating after a time of order a milisec-
ond, see Fig. 3-left. The typical number of nucleated bub-
bles in each regions is of order Nbubble = L

3
/R

3 → 1150.
Once nucleation stars, it takes few microseconds for the
FOPT to complete, namely to go from left to right in
Fig. 3. The lifetime of the sound waves left behind after
the transition in Fig. 3-right is of the order of miliseconds
too. They represent the dominant contribution to GW
emission, which is peaked at a frequency of order a MHz.

CHARACTERISTIC STRAIN

We follow the physical picture developed in the cosmo-
logical case and assume that the dominant GW produc-
tion mechanism is due to the long-lived sound waves left
behind after all the bubbles have collided. The produced
GW energy density and its relation to the characteristic
strain (see e.g. [22]), can be estimated as
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A detailed derivation of this formula can be found in
e.g. [16]. We will not reproduce the derivation here, but
we will provide intuition for the origin of each term.

E , P and v
2
f are the energy density, the pressure

and the root mean velocity of the fluid in the HoCS
left behind by the bubble collisions, as illustrated in
Fig. 3(right). We take E → P → #4 with #4 in the range
(7).

GWs are metric perturbations sourced by the
transverse-traceless part of the energy-momentum ten-
sor, which for sound waves on a fluid hij ↑ 8ϑGT

TT
ij ↑

8ϑG(E + P)vivj , leading to the 8ϑGv
4
f (E + P)2 factor in

(12).

!t is the e$ective time duration of the source for the
purpose of determining εGW. In the cosmological case
!t → H

→1. In the NS case, however, GW contributing to
the growth of εGW leave the HoCS after a light-crossing
time of the region, shorter than the characteristic mil-
lisecond time of the merger,

!t → L → 1.7 ↓ 10→2 ms , (13)

where we have used (1).

R is a necessary characteristic length scale in the fluid
flow on dimensional grounds, which has been seen to coin-
cide with the mean separation between the bubbles that
produces the fluid flow in the first place.

Finally, ”̄GW is a dimensionless factor quantifying the
e%ciency with which shear stress in the fluid is converted
to GWs. Although its precise value depends on the de-
tails of the flow, simulations show that its ballpark value,
”̄GW ↑ 10→2, is rather insensitive to these details.

Extracting the strain from (12), and taking into ac-
count that the GW amplitude decreases with the distance
d to the source, we arrive to the observed characteristic
strain,
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The fluid velocity depends on details of the phase transi- tion such as the strength of the transition, the bubble wall
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characteristic size of these HoCS is [12]

L → 5 km . (1)

To our knowledge, no simulation based on an EoS that
includes a transition to a color-superconducting phase
has been performed. Nevertheless, existing simulations
have shown that the merger leads to the formation of cold
quark-matter regions in which the baryon density can be
ten times larger than the nuclear saturation density. This
makes it conceivable that color-superconducting matter
may be formed in NS mergers.

Numerical simulations have shown that the presence
of HoCS a!ects the overall merger dynamics, mainly be-
cause of a softening of the EoS, and leads to detectable
modifications of the GW spectrum in the usual kilo-
hertz (kHz) frequency range. One may think of this as a
“macroscopic” consequence of the phase transition. How-
ever, to the best of our knowledge, the phase transition
dynamics in HoCS has not been previously considered.
The purpose of this paper is to show that this dynamics
leads to a characteristic signal in the megahertz (MHz)
range. One may think of this as a “microscopic” con-
sequence of the phase transition. We will see that this
conclusion is extremely robust since it only depends on
generic properties of a FOPT. Therefore we do not need
to commit ourselves to a particular type of FOPT. The
only assumptions we need to make are that some FOPT
is present in QCD and that this is accessed by the merger
dynamics.

The key idea is that the millisecond characteristic time
scale for the evolution of the merger,

ω → 1ms , (2)

is much longer than the characteristic nuclear time scale,
1 fm → 10→23 s. This huge separation of scales means
that, from the viewpoint of QCD processes, the merger
evolution is adiabatic to an extremely good approxima-
tion. In turn, this implies that the HoCS are initially
born as carefully prepared metastable regions of super-
heated and/or supercompressed matter. Once the super-
heating or supercompression are large enough, namely
once the HoCS is su”ciently deep into the metastable
branch, bubbles of the stable phase begin to nucleate.
The point where this happens is labeled “B” in Fig. 2.
These bubbles then expand to a macroscopic size and
collide, leaving behind long-lived sound waves propagat-
ing on top of the stable phase, as illustrated in Fig. 3.
As we will explain below, this dynamics gives rise to a
characteristic GW spectrum whose peak frequency is in
the MHz range.

As usual, we work with units such that ⊋ = c = 1. G

will be Newton’s constant, related to the reduced Planck
mass through

(8εG)→1/2 = Mp → 2.4 ↑ 1018 GeV . (3)

FREQUENCY

We begin by noting that the dynamics of a FOPT in a
NS merger is very similar to that of a cosmological FOPT
(for a review, see e.g. [14]), except for the fact that in the
cosmological case the metastable phase is supercooled.
In this case there is a compelling physical picture that
emerges from the large body of work developed over sev-
eral decades. Here we will take advantage of this picture
to give an order-of-magnitude estimate of the GW signal
in a NS merger.

In the cosmological case the separation of scales is pro-
vided by the fact that the expansion rate of the Universe,
H

→1, with H the Hubble rate, is much longer than the
microscopic time scale given by the inverse of the local
temperature, T

→1. As the Universe expands and cools
down, it eventually enters the metastable phase. At some
point bubbles of the stable phase begin to nucleate.These
bubbles then grow and collide leaving behind a superpo-
sition of long-lived sound waves propagating on the stable
phase. At su”ciently late times turbulence may also de-
velop. Although each of these processes contributes to
the GW spectrum, for many models of the transition it
has been shown that the dominant contribution comes
from collisions of sound waves with one another [15]. As
a first approximation, we will assume that the same may
be true in a NS merger. We will now determine the peak
frequency of the GWs, and in the next section we will
estimate their characteristic strain.

Let R be the mean bubble-centre separation at the end
of the phase transition, as in Fig. 3. This scale is inherited
by the sound waves left behind after the bubbles collide,
and it is further imprinted on the GWs produced by the
subsequent fluid dynamics. The peak GW wavelength, is
therefore ϑ → R [14, 16].

Nucleated bubbles grow with a constant bubble wall
velocity vw, which is usually assumed to be a fraction of
the speed of light — see e.g. [17]. We therefore take the
ballpark value

vw → 0.1 . (4)

This estimate is consistent with holographic simulations
[18]. Changing it has a simple e!ect on the peak GW
frequency — see (9).

Let ϖ
→1 be the duration of the phase transition, whose

precise definition is in (8). Intuitively it can be under-
stood as the time from the moment that the first few
bubbles are nucleated to the moment when all the bub-
bles have collided and disappeared, leaving behind sound
waves on top of the stable phase, as illustrated in Fig. 3.
The duration of the phase transition is related to the
mean bubble separation through [14]

R = (8ε)1/3
vw

ϖ
. (5)
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in the cosmological case the metastable phase is supercooled. In this first paper we will take

advantage of the physical picture that emerges from the large body of work devoted to the

cosmological case to give an order-of-magnitude estimate of the frequency and amplitude

of the GW signal in a neutron star merger. A more refined analysis will be presented

elsewhere [14].

In the cosmological case the separation of scales is provided by the fact that the
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�1, with H the Hubble rate, is much longer than the
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At su�ciently late times turbulence may also develop. Although each of these processes

contributes to the GW spectrum, it is believed that the dominant contribution comes from

collisions of sound waves with one another. As a first approximation, we will assume that

the same may be true in a NS merger. We will first determine the peak frequency of the

GWs and then we will estimate their characteristic strain.

The peak wavelength of the produced GWs is given by the characteristic wavelength

of the sound waves, which in turn is determined by the mean bubble separation, R. To

estimate the latter we recall that, once the system is in the metastable phase, the bubble

nucleation rate per unit volume takes the form
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where S is the action of the critical bubble at the chemical potential µ. This scale, which

is the dominant one in NS, would be replaced by the temperature in the cosmological case.

The phase transition starts when the nucleation rate in the available volume of metastable

phase becomes comparable to the characteristic evolution rate of the system. NS merger

simulations show that the typical size of a HoCS is L ⇠ 1 km. In the cosmological case

this would be the Hubble radius, H
�1. The evolution rate has units of inverse time and

measures the rate at which the physical properties of the system change, for example
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NS simulations show that this is of order ⌧ ⇠ 1 ms. In the cosmological case this would be

the Hubble expansion rate, H
�1. Using these values, together with µ ⇠ 1 GeV, we see that

the phase transition starts when the action of the critical bubble reaches the numerical

value

for the HoCS with a characteristic time scale set by the merger ⌧ ⇠ 1ms. Its relation

to the heating/compression rate is,

Recent NS merger simulations show that a typical size LHoCS ⇠ 1km for the HoCS

with a characteristic time scale set by the merger ⌧ ⇠ 1ms. Its relation to the heat-
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FIG. 2. Energy density as a function of the position along
the dashed black curve in Fig. 1. Both T and µ increase
from left to right. The dotted black vertical line indicates
the location of the phase transition, determined by the con-
dition that the states A and A→ have the same free energy
density. Stable, metastable and unstable states are shown
as solid green, dashed blue and doted red respectively. As
a region is heated/compressed it enters the lower metastable
branch. At B the nucleation probability has been su!ciently
enhanced, and bubbles of the preferred state C on the upper
stable branch are quickly nucleated.

Consequently, in order to determine the GW wavelength,
we must estimate the duration of the phase transition, for
which we need to recall how the phase transition takes
place dynamically.

Suppose that some region of the NS follows the trajec-
tory indicated by the dashed black curve in Fig. 1(left).
The energy density of the available phases of the system
as T and µ vary along this curve is shown in Fig. 2, where
the multivaluedness is a hallmark of a FOPT. The di!er-
ent colors in Fig. 2 indicate stable, metastable and un-
stable states. Note that only the stable states are shown
in the phase diagram of Fig. 1(left), whose hadronic and
quark-matter phases correspond to the lower and upper
stable branches of Fig. 2, respectively. Points A and A

→

are reached as the phase transition curve is approached
along the hadronic and the quark-matter phases, respec-
tively. The qualitative details of Fig. 2 do not depend on
the specific trajectory crossing the FOPT line.

As the region in the NS is heated and/or compressed
along the trajectory of Fig. 1(left), the corresponding
state moves along the lower stable branch in Fig. 2 until
it eventually enters the lower metastable branch. Once
this happens, bubbles of the stable phase can begin to
nucleate. On general grounds, the probability per unit
volume and per unit time for this to happen takes the
form

dP

dt d3x
= ”4

e
↑S[!]

. (6)

The exact value of the ”4 prefactor depends on the spe-
cific point on the metastable branch, but its scale is set
by the characteristic values of the energy and pressure
in NS matter. At zero temperature these are of order
E → P → 0.5GeV/fm3 [19].

Since a non-zero temperature will increase these values,
we take as a plausible range

0.1 GeV/fm3 ↭ ”4 ↭ 1GeV/fm3 (7)

and adopt as a reference value the intermediate point
”4 → 0.5 GeV/fm3.

S is the action of the critical bubble, defined as the
bubble for which the inward-pointing force due to the sur-
face tension is exactly balanced by the outward-pointing
force due to the pressure di!erence between the inside
and the outside of the bubble. The action of this bubble
controls the nucleation probability in the semiclassical
approximation, hence the exponential dependence in (6).
S is infinite at the point A where the metastable phase
meets the stable phase, and it decreases until it reaches
zero at the turning point where the metastable phase
meets the unstable phase. At an arbitrary point on the
metastable branch the value of S depends on the cor-
responding values of the temperature and the chemical
potential. The exponential enhancement of the nucle-
ation probability with time implies that the transition
will happen rapidly around a time tf (point B in Fig. 2).
By performing a Taylor expansion around tf we obtain
[14, 20, 21]

ω
↑1 =

(
dS

dt

)↑1

→ ε

S
→ ε

log (8ϑv3
wε4”4)

, (8)

where we have assumed that ”dS/d” ↑ S.
Plugging (8) into (5) we arrive at the following expres-

sion for the peak frequency f0 = ϖ
↑1:

f0 → 0.1

vw

1 ms

ε

(
0.62 + 0.0034 log

[(
vw

0.1

)3 ( ε

1 ms

)4 ”4

0.5 GeV/fm3

])
MHz . (9)

Using the reference values given above leads to

R → 477 m , ω
↑1 → 5.43µs , f0 → 0.6MHz . (10)

These values are fairly robust. Up to small logarithmic

5 Km
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FIG. 3. FOPT dynamics inside a HoCS. Once a HoCS enters the metastable region, it takes a time of order ω → 1 ms for the
first few bubbles to nucleate inside the metastable phase (left). Bubbles then grow to a macroscopic size R and collide in a time
ε→1 → 6µs (center). They leave behind long-lived sound waves (with lifetime ω → 1 ms) of characteristic size R propagating
on top of the stable phase (right).

corrections, they depend in a simple way on ω and vw.
The former is well constrained by simulations. The main
uncertainty comes from vw. Allowing this to increase or
decrease by an order of magnitude around the ballpark
value (4) results in a peak frequency roughly between

100 kHz ↭ f0 ↭ 10MHz . (11)

To recap, when a region enters the metastable region,
bubbles start nucleating after a time of order a milisec-
ond, see Fig. 3-left. The typical number of nucleated bub-
bles in each regions is of order Nbubble = L

3
/R

3 → 1150.
Once nucleation stars, it takes few microseconds for the
FOPT to complete, namely to go from left to right in
Fig. 3. The lifetime of the sound waves left behind after
the transition in Fig. 3-right is of the order of miliseconds
too. They represent the dominant contribution to GW
emission, which is peaked at a frequency of order a MHz.

CHARACTERISTIC STRAIN

We follow the physical picture developed in the cosmo-
logical case and assume that the dominant GW produc-
tion mechanism is due to the long-lived sound waves left
behind after all the bubbles have collided. The produced
GW energy density and its relation to the characteristic
strain (see e.g. [22]), can be estimated as

εGW =
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f (E + P)2 !t R ”̄GW . (12)

A detailed derivation of this formula can be found in
e.g. [16]. We will not reproduce the derivation here, but
we will provide intuition for the origin of each term.

E , P and v
2
f are the energy density, the pressure

and the root mean velocity of the fluid in the HoCS
left behind by the bubble collisions, as illustrated in
Fig. 3(right). We take E → P → #4 with #4 in the range
(7).

GWs are metric perturbations sourced by the
transverse-traceless part of the energy-momentum ten-
sor, which for sound waves on a fluid hij ↑ 8ϑGT

TT
ij ↑

8ϑG(E + P)vivj , leading to the 8ϑGv
4
f (E + P)2 factor in

(12).

!t is the e$ective time duration of the source for the
purpose of determining εGW. In the cosmological case
!t → H

→1. In the NS case, however, GW contributing to
the growth of εGW leave the HoCS after a light-crossing
time of the region, shorter than the characteristic mil-
lisecond time of the merger,

!t → L → 1.7 ↓ 10→2 ms , (13)

where we have used (1).

R is a necessary characteristic length scale in the fluid
flow on dimensional grounds, which has been seen to coin-
cide with the mean separation between the bubbles that
produces the fluid flow in the first place.

Finally, ”̄GW is a dimensionless factor quantifying the
e%ciency with which shear stress in the fluid is converted
to GWs. Although its precise value depends on the de-
tails of the flow, simulations show that its ballpark value,
”̄GW ↑ 10→2, is rather insensitive to these details.

Extracting the strain from (12), and taking into ac-
count that the GW amplitude decreases with the distance
d to the source, we arrive to the observed characteristic
strain,
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The fluid velocity depends on details of the phase transi- tion such as the strength of the transition, the bubble wall
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The peak wavelength of the produced GWs is given by the characteristic wavelength

of the sound waves, which in turn is determined by the mean bubble separation, R. To

estimate the latter we recall that, once the system is in the metastable phase, the bubble

nucleation rate per unit volume takes the form
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where S is the action of the critical bubble at the chemical potential µ. This scale, which

is the dominant one in NS, would be replaced by the temperature in the cosmological case.

The phase transition starts when the nucleation rate in the available volume of metastable

phase becomes comparable to the characteristic evolution rate of the system. NS merger

simulations show that the typical size of a HoCS is L ⇠ 1 km. In the cosmological case

this would be the Hubble radius, H�1. The evolution rate has units of inverse time and

measures the rate at which the physical properties of the system change, for example
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NS simulations show that this is of order ⌧ ⇠ 1 ms. In the cosmological case this would be

the Hubble expansion rate, H�1. Using these values, together with µ ⇠ 1 GeV, we see that

the phase transition starts when the action of the critical bubble reaches the numerical

value

for the HoCS with a characteristic time scale set by the merger ⌧ ⇠ 1ms. Its relation

to the heating/compression rate is,

Recent NS merger simulations show that a typical size LHoCS ⇠ 1km for the HoCS
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FIG. 2. Energy density as a function of the position along the black dotted curve in Fig. 1. Both T and µ increase from left to
right. The black, dotted, vertical line indicates the location of the phase transition, determined by the condition that the states
A and A

→ have the same free energy density. The green and blue curves indicate stable and metastable states, respectively. As
some region of the NS merger is su!ciently heated and/or compressed, it enters the lower metastable branch. At the point B

bubbles of the preferred state C on the upper stable branch are nucleated. The direction of this phase transition is the opposite
of that in a supercooled phase transition, which would take place as indicated by the vertical, dotted, red arrow.

The dynamics of relativistic supercooled bubbles has been extensively studied in the literature, motivated by
their potential implications for cosmological FOPT — see e.g. [12] for a review. Motivated by their possible role
in NS mergers, in this paper we initiate the study of relativistic, charged, superheated bubbles, focusing on their
hydrodynamic properties in the simple case of a bag-model, conformal EoS. We find two qualitative di!erences
compared to supercooled bubbles. First, the pressure inside a superheated bubble may be higher or lower than the
pressure outside the bubble. In contrast, in supercooled bubbles the inside pressure is always higher than the outside
pressure. By “inside” and “outside” we do not mean “right behind” and “right in front” of the bubble wall, but deep
inside the bubble (in the stable phase) and asymptotically far away from the bubble (in the metastable phase) — see
Fig. 6(top). The fact that hydrodynamics allows this pressure di!erence to take either sign in superheated bubbles
is remarkable because it shows that the usual intuition, according to which the bubble expands because the pressure
inside wins over the combination of outside pressure plus surface tension, is overly simplistic. The second di!erence
is that some fluid flows develop regions behind the bubble wall that are necessarily metastable which would therefore
decay at su"ciently long times. As we will explain, this is not true for supercooled transitions.

The physics of relativistic and non-relativistic bubbles is expected to be qualitatively similar if the two phases
that determine the phase transition have comparable compressibilities in the range of pressures accessed by the
bubble dynamics. For example, relativistic supercooled bubbles find a non-relativistic analog in non-relativistic
chemical combustions, for this reason often referred to as “relativistic combustions”. Thus, one may expect that
these similarities are also present for relativisitic superheated bubbles. However, a qualitative di!erence appears in a
particular case of obvious phenomenological interest: the nucleation and expansion of vapor bubbles in a superheated
liquid. In this case the liquid is e!ectively incompressible, and this leads to a bubble wall velocity that decreases as
t
→1/2 at asymptotically late times. For completeness, we review this case in Appendix A.

4

R R

FIG. 3. FOPT dynamics inside a HoCS. Once a HoCS enters the metastable region, it takes a time of order ω → 1 ms for the
first few bubbles to nucleate inside the metastable phase (left). Bubbles then grow to a macroscopic size R and collide in a time
ε→1 → 6µs (center). They leave behind long-lived sound waves (with lifetime ω → 1 ms) of characteristic size R propagating
on top of the stable phase (right).

corrections, they depend in a simple way on ω and vw.
The former is well constrained by simulations. The main
uncertainty comes from vw. Allowing this to increase or
decrease by an order of magnitude around the ballpark
value (4) results in a peak frequency roughly between

100 kHz ↭ f0 ↭ 10MHz . (11)

To recap, when a region enters the metastable region,
bubbles start nucleating after a time of order a milisec-
ond, see Fig. 3-left. The typical number of nucleated bub-
bles in each regions is of order Nbubble = L

3
/R

3 → 1150.
Once nucleation stars, it takes few microseconds for the
FOPT to complete, namely to go from left to right in
Fig. 3. The lifetime of the sound waves left behind after
the transition in Fig. 3-right is of the order of miliseconds
too. They represent the dominant contribution to GW
emission, which is peaked at a frequency of order a MHz.

CHARACTERISTIC STRAIN

We follow the physical picture developed in the cosmo-
logical case and assume that the dominant GW produc-
tion mechanism is due to the long-lived sound waves left
behind after all the bubbles have collided. The produced
GW energy density and its relation to the characteristic
strain (see e.g. [22]), can be estimated as

εGW =
2ϑ

2

8ϑG

h
2
0

ϖ2
→ (8ϑG) v

4
f (E + P)2 !t R ”̄GW . (12)

A detailed derivation of this formula can be found in
e.g. [16]. We will not reproduce the derivation here, but
we will provide intuition for the origin of each term.

E , P and v
2
f are the energy density, the pressure

and the root mean velocity of the fluid in the HoCS
left behind by the bubble collisions, as illustrated in
Fig. 3(right). We take E → P → #4 with #4 in the range
(7).

GWs are metric perturbations sourced by the
transverse-traceless part of the energy-momentum ten-
sor, which for sound waves on a fluid hij ↑ 8ϑGT

TT
ij ↑

8ϑG(E + P)vivj , leading to the 8ϑGv
4
f (E + P)2 factor in

(12).

!t is the e$ective time duration of the source for the
purpose of determining εGW. In the cosmological case
!t → H

→1. In the NS case, however, GW contributing to
the growth of εGW leave the HoCS after a light-crossing
time of the region, shorter than the characteristic mil-
lisecond time of the merger,

!t → L → 1.7 ↓ 10→2 ms , (13)

where we have used (1).

R is a necessary characteristic length scale in the fluid
flow on dimensional grounds, which has been seen to coin-
cide with the mean separation between the bubbles that
produces the fluid flow in the first place.

Finally, ”̄GW is a dimensionless factor quantifying the
e%ciency with which shear stress in the fluid is converted
to GWs. Although its precise value depends on the de-
tails of the flow, simulations show that its ballpark value,
”̄GW ↑ 10→2, is rather insensitive to these details.

Extracting the strain from (12), and taking into ac-
count that the GW amplitude decreases with the distance
d to the source, we arrive to the observed characteristic
strain,

h
obs
0 = h0

L

d
→ 6.2 ↓ 10→24

v
2
f

(
#4

0.5 GeV/fm3

)(
L

5 km

)3/2 (0.6 MHz

f

)3/2 (100 Mpc

d

)
. (14)

The fluid velocity depends on details of the phase transi- tion such as the strength of the transition, the bubble wall
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phase becomes comparable to the characteristic evolution rate of the system. NS merger

simulations show that the typical size of a HoCS is L ⇠ 1 km. In the cosmological case

this would be the Hubble radius, H
�1. The evolution rate has units of inverse time and

measures the rate at which the physical properties of the system change, for example
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NS simulations show that this is of order ⌧ ⇠ 1 ms. In the cosmological case this would be

the Hubble expansion rate, H
�1. Using these values, together with µ ⇠ 1 GeV, we see that

the phase transition starts when the action of the critical bubble reaches the numerical
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for the HoCS with a characteristic time scale set by the merger ⌧ ⇠ 1ms. Its relation
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Recent NS merger simulations show that a typical size LHoCS ⇠ 1km for the HoCS
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FIG. 2. Energy density as a function of the position along
the dashed black curve in Fig. 1. Both T and µ increase
from left to right. The dotted black vertical line indicates
the location of the phase transition, determined by the con-
dition that the states A and A→ have the same free energy
density. Stable, metastable and unstable states are shown
as solid green, dashed blue and doted red respectively. As
a region is heated/compressed it enters the lower metastable
branch. At B the nucleation probability has been su!ciently
enhanced, and bubbles of the preferred state C on the upper
stable branch are quickly nucleated.

Consequently, in order to determine the GW wavelength,
we must estimate the duration of the phase transition, for
which we need to recall how the phase transition takes
place dynamically.

Suppose that some region of the NS follows the trajec-
tory indicated by the dashed black curve in Fig. 1(left).
The energy density of the available phases of the system
as T and µ vary along this curve is shown in Fig. 2, where
the multivaluedness is a hallmark of a FOPT. The di!er-
ent colors in Fig. 2 indicate stable, metastable and un-
stable states. Note that only the stable states are shown
in the phase diagram of Fig. 1(left), whose hadronic and
quark-matter phases correspond to the lower and upper
stable branches of Fig. 2, respectively. Points A and A

→

are reached as the phase transition curve is approached
along the hadronic and the quark-matter phases, respec-
tively. The qualitative details of Fig. 2 do not depend on
the specific trajectory crossing the FOPT line.

As the region in the NS is heated and/or compressed
along the trajectory of Fig. 1(left), the corresponding
state moves along the lower stable branch in Fig. 2 until
it eventually enters the lower metastable branch. Once
this happens, bubbles of the stable phase can begin to
nucleate. On general grounds, the probability per unit
volume and per unit time for this to happen takes the
form

dP

dt d3x
= ”4

e
↑S[!]

. (6)

The exact value of the ”4 prefactor depends on the spe-
cific point on the metastable branch, but its scale is set
by the characteristic values of the energy and pressure
in NS matter. At zero temperature these are of order
E → P → 0.5GeV/fm3 [19].

Since a non-zero temperature will increase these values,
we take as a plausible range

0.1 GeV/fm3 ↭ ”4 ↭ 1GeV/fm3 (7)

and adopt as a reference value the intermediate point
”4 → 0.5 GeV/fm3.

S is the action of the critical bubble, defined as the
bubble for which the inward-pointing force due to the sur-
face tension is exactly balanced by the outward-pointing
force due to the pressure di!erence between the inside
and the outside of the bubble. The action of this bubble
controls the nucleation probability in the semiclassical
approximation, hence the exponential dependence in (6).
S is infinite at the point A where the metastable phase
meets the stable phase, and it decreases until it reaches
zero at the turning point where the metastable phase
meets the unstable phase. At an arbitrary point on the
metastable branch the value of S depends on the cor-
responding values of the temperature and the chemical
potential. The exponential enhancement of the nucle-
ation probability with time implies that the transition
will happen rapidly around a time tf (point B in Fig. 2).
By performing a Taylor expansion around tf we obtain
[14, 20, 21]

ω
↑1 =

(
dS

dt

)↑1

→ ε

S
→ ε

log (8ϑv3
wε4”4)

, (8)

where we have assumed that ”dS/d” ↑ S.
Plugging (8) into (5) we arrive at the following expres-

sion for the peak frequency f0 = ϖ
↑1:

f0 → 0.1

vw

1 ms

ε

(
0.62 + 0.0034 log

[(
vw

0.1

)3 ( ε

1 ms

)4 ”4

0.5 GeV/fm3

])
MHz . (9)

Using the reference values given above leads to

R → 477 m , ω
↑1 → 5.43µs , f0 → 0.6MHz . (10)

These values are fairly robust. Up to small logarithmic
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characteristic size of these HoCS is [12]

L → 5 km . (1)

To our knowledge, no simulation based on an EoS that
includes a transition to a color-superconducting phase
has been performed. Nevertheless, existing simulations
have shown that the merger leads to the formation of cold
quark-matter regions in which the baryon density can be
ten times larger than the nuclear saturation density. This
makes it conceivable that color-superconducting matter
may be formed in NS mergers.

Numerical simulations have shown that the presence
of HoCS a!ects the overall merger dynamics, mainly be-
cause of a softening of the EoS, and leads to detectable
modifications of the GW spectrum in the usual kilo-
hertz (kHz) frequency range. One may think of this as a
“macroscopic” consequence of the phase transition. How-
ever, to the best of our knowledge, the phase transition
dynamics in HoCS has not been previously considered.
The purpose of this paper is to show that this dynamics
leads to a characteristic signal in the megahertz (MHz)
range. One may think of this as a “microscopic” con-
sequence of the phase transition. We will see that this
conclusion is extremely robust since it only depends on
generic properties of a FOPT. Therefore we do not need
to commit ourselves to a particular type of FOPT. The
only assumptions we need to make are that some FOPT
is present in QCD and that this is accessed by the merger
dynamics.

The key idea is that the millisecond characteristic time
scale for the evolution of the merger,

ω → 1ms , (2)

is much longer than the characteristic nuclear time scale,
1 fm → 10→23 s. This huge separation of scales means
that, from the viewpoint of QCD processes, the merger
evolution is adiabatic to an extremely good approxima-
tion. In turn, this implies that the HoCS are initially
born as carefully prepared metastable regions of super-
heated and/or supercompressed matter. Once the super-
heating or supercompression are large enough, namely
once the HoCS is su”ciently deep into the metastable
branch, bubbles of the stable phase begin to nucleate.
The point where this happens is labeled “B” in Fig. 2.
These bubbles then expand to a macroscopic size and
collide, leaving behind long-lived sound waves propagat-
ing on top of the stable phase, as illustrated in Fig. 3.
As we will explain below, this dynamics gives rise to a
characteristic GW spectrum whose peak frequency is in
the MHz range.

As usual, we work with units such that ⊋ = c = 1. G

will be Newton’s constant, related to the reduced Planck
mass through

(8εG)→1/2 = Mp → 2.4 ↑ 1018 GeV . (3)

FREQUENCY

We begin by noting that the dynamics of a FOPT in a
NS merger is very similar to that of a cosmological FOPT
(for a review, see e.g. [14]), except for the fact that in the
cosmological case the metastable phase is supercooled.
In this case there is a compelling physical picture that
emerges from the large body of work developed over sev-
eral decades. Here we will take advantage of this picture
to give an order-of-magnitude estimate of the GW signal
in a NS merger.

In the cosmological case the separation of scales is pro-
vided by the fact that the expansion rate of the Universe,
H

→1, with H the Hubble rate, is much longer than the
microscopic time scale given by the inverse of the local
temperature, T

→1. As the Universe expands and cools
down, it eventually enters the metastable phase. At some
point bubbles of the stable phase begin to nucleate.These
bubbles then grow and collide leaving behind a superpo-
sition of long-lived sound waves propagating on the stable
phase. At su”ciently late times turbulence may also de-
velop. Although each of these processes contributes to
the GW spectrum, for many models of the transition it
has been shown that the dominant contribution comes
from collisions of sound waves with one another [15]. As
a first approximation, we will assume that the same may
be true in a NS merger. We will now determine the peak
frequency of the GWs, and in the next section we will
estimate their characteristic strain.

Let R be the mean bubble-centre separation at the end
of the phase transition, as in Fig. 3. This scale is inherited
by the sound waves left behind after the bubbles collide,
and it is further imprinted on the GWs produced by the
subsequent fluid dynamics. The peak GW wavelength, is
therefore ϑ → R [14, 16].

Nucleated bubbles grow with a constant bubble wall
velocity vw, which is usually assumed to be a fraction of
the speed of light — see e.g. [17]. We therefore take the
ballpark value

vw → 0.1 . (4)

This estimate is consistent with holographic simulations
[18]. Changing it has a simple e!ect on the peak GW
frequency — see (9).

Let ϖ
→1 be the duration of the phase transition, whose

precise definition is in (8). Intuitively it can be under-
stood as the time from the moment that the first few
bubbles are nucleated to the moment when all the bub-
bles have collided and disappeared, leaving behind sound
waves on top of the stable phase, as illustrated in Fig. 3.
The duration of the phase transition is related to the
mean bubble separation through [14]

R = (8ε)1/3
vw

ϖ
. (5)
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phase becomes comparable to the characteristic evolution rate of the system. NS merger
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this would be the Hubble radius, H
�1. The evolution rate has units of inverse time and
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1

⌧
=

1

µ

dµ

dt
. (2.2)

NS simulations show that this is of order ⌧ ⇠ 1 ms. In the cosmological case this would be

the Hubble expansion rate, H
�1. Using these values, together with µ ⇠ 1 GeV, we see that

the phase transition starts when the action of the critical bubble reaches the numerical

value

for the HoCS with a characteristic time scale set by the merger ⌧ ⇠ 1ms. Its relation

to the heating/compression rate is,

Recent NS merger simulations show that a typical size LHoCS ⇠ 1km for the HoCS

with a characteristic time scale set by the merger ⌧ ⇠ 1ms. Its relation to the heat-

ing/compression rate is,

1

⌧
=

1

T

dT

dt

1

⌧
=

1

µB

dµB

dt
. (2.3)

– 3 –

position along the dashed black curve in Fig. 1 

C

BA

A’

FIG. 2. Energy density as a function of the position along
the dashed black curve in Fig. 1. Both T and µ increase
from left to right. The dotted black vertical line indicates
the location of the phase transition, determined by the con-
dition that the states A and A→ have the same free energy
density. Stable, metastable and unstable states are shown
as solid green, dashed blue and doted red respectively. As
a region is heated/compressed it enters the lower metastable
branch. At B the nucleation probability has been su!ciently
enhanced, and bubbles of the preferred state C on the upper
stable branch are quickly nucleated.

Consequently, in order to determine the GW wavelength,
we must estimate the duration of the phase transition, for
which we need to recall how the phase transition takes
place dynamically.

Suppose that some region of the NS follows the trajec-
tory indicated by the dashed black curve in Fig. 1(left).
The energy density of the available phases of the system
as T and µ vary along this curve is shown in Fig. 2, where
the multivaluedness is a hallmark of a FOPT. The di!er-
ent colors in Fig. 2 indicate stable, metastable and un-
stable states. Note that only the stable states are shown
in the phase diagram of Fig. 1(left), whose hadronic and
quark-matter phases correspond to the lower and upper
stable branches of Fig. 2, respectively. Points A and A

→

are reached as the phase transition curve is approached
along the hadronic and the quark-matter phases, respec-
tively. The qualitative details of Fig. 2 do not depend on
the specific trajectory crossing the FOPT line.

As the region in the NS is heated and/or compressed
along the trajectory of Fig. 1(left), the corresponding
state moves along the lower stable branch in Fig. 2 until
it eventually enters the lower metastable branch. Once
this happens, bubbles of the stable phase can begin to
nucleate. On general grounds, the probability per unit
volume and per unit time for this to happen takes the
form

dP

dt d3x
= ”4

e
↑S[!]

. (6)

The exact value of the ”4 prefactor depends on the spe-
cific point on the metastable branch, but its scale is set
by the characteristic values of the energy and pressure
in NS matter. At zero temperature these are of order
E → P → 0.5GeV/fm3 [19].

Since a non-zero temperature will increase these values,
we take as a plausible range

0.1 GeV/fm3 ↭ ”4 ↭ 1GeV/fm3 (7)

and adopt as a reference value the intermediate point
”4 → 0.5 GeV/fm3.

S is the action of the critical bubble, defined as the
bubble for which the inward-pointing force due to the sur-
face tension is exactly balanced by the outward-pointing
force due to the pressure di!erence between the inside
and the outside of the bubble. The action of this bubble
controls the nucleation probability in the semiclassical
approximation, hence the exponential dependence in (6).
S is infinite at the point A where the metastable phase
meets the stable phase, and it decreases until it reaches
zero at the turning point where the metastable phase
meets the unstable phase. At an arbitrary point on the
metastable branch the value of S depends on the cor-
responding values of the temperature and the chemical
potential. The exponential enhancement of the nucle-
ation probability with time implies that the transition
will happen rapidly around a time tf (point B in Fig. 2).
By performing a Taylor expansion around tf we obtain
[14, 20, 21]

ω
↑1 =

(
dS

dt

)↑1

→ ε

S
→ ε

log (8ϑv3
wε4”4)

, (8)

where we have assumed that ”dS/d” ↑ S.
Plugging (8) into (5) we arrive at the following expres-

sion for the peak frequency f0 = ϖ
↑1:

f0 → 0.1

vw
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ε
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0.62 + 0.0034 log
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vw
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)3 ( ε

1 ms

)4 ”4

0.5 GeV/fm3

])
MHz . (9)

Using the reference values given above leads to

R → 477 m , ω
↑1 → 5.43µs , f0 → 0.6MHz . (10)

These values are fairly robust. Up to small logarithmic
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FIG. 3. FOPT dynamics inside a HoCS. Once a HoCS enters the metastable region, it takes a time of order ω → 1 ms for the
first few bubbles to nucleate inside the metastable phase (left). Bubbles then grow to a macroscopic size R and collide in a time
ε→1 → 6µs (center). They leave behind long-lived sound waves (with lifetime ω → 1 ms) of characteristic size R propagating
on top of the stable phase (right).

corrections, they depend in a simple way on ω and vw.
The former is well constrained by simulations. The main
uncertainty comes from vw. Allowing this to increase or
decrease by an order of magnitude around the ballpark
value (4) results in a peak frequency roughly between

100 kHz ↭ f0 ↭ 10MHz . (11)

To recap, when a region enters the metastable region,
bubbles start nucleating after a time of order a milisec-
ond, see Fig. 3-left. The typical number of nucleated bub-
bles in each regions is of order Nbubble = L

3
/R

3 → 1150.
Once nucleation stars, it takes few microseconds for the
FOPT to complete, namely to go from left to right in
Fig. 3. The lifetime of the sound waves left behind after
the transition in Fig. 3-right is of the order of miliseconds
too. They represent the dominant contribution to GW
emission, which is peaked at a frequency of order a MHz.

CHARACTERISTIC STRAIN

We follow the physical picture developed in the cosmo-
logical case and assume that the dominant GW produc-
tion mechanism is due to the long-lived sound waves left
behind after all the bubbles have collided. The produced
GW energy density and its relation to the characteristic
strain (see e.g. [22]), can be estimated as

εGW =
2ϑ

2

8ϑG

h
2
0

ϖ2
→ (8ϑG) v

4
f (E + P)2 !t R ”̄GW . (12)

A detailed derivation of this formula can be found in
e.g. [16]. We will not reproduce the derivation here, but
we will provide intuition for the origin of each term.

E , P and v
2
f are the energy density, the pressure

and the root mean velocity of the fluid in the HoCS
left behind by the bubble collisions, as illustrated in
Fig. 3(right). We take E → P → #4 with #4 in the range
(7).

GWs are metric perturbations sourced by the
transverse-traceless part of the energy-momentum ten-
sor, which for sound waves on a fluid hij ↑ 8ϑGT

TT
ij ↑

8ϑG(E + P)vivj , leading to the 8ϑGv
4
f (E + P)2 factor in

(12).

!t is the e$ective time duration of the source for the
purpose of determining εGW. In the cosmological case
!t → H

→1. In the NS case, however, GW contributing to
the growth of εGW leave the HoCS after a light-crossing
time of the region, shorter than the characteristic mil-
lisecond time of the merger,

!t → L → 1.7 ↓ 10→2 ms , (13)

where we have used (1).

R is a necessary characteristic length scale in the fluid
flow on dimensional grounds, which has been seen to coin-
cide with the mean separation between the bubbles that
produces the fluid flow in the first place.

Finally, ”̄GW is a dimensionless factor quantifying the
e%ciency with which shear stress in the fluid is converted
to GWs. Although its precise value depends on the de-
tails of the flow, simulations show that its ballpark value,
”̄GW ↑ 10→2, is rather insensitive to these details.

Extracting the strain from (12), and taking into ac-
count that the GW amplitude decreases with the distance
d to the source, we arrive to the observed characteristic
strain,
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The fluid velocity depends on details of the phase transi- tion such as the strength of the transition, the bubble wall

๏After bubbles collide

๏Macroscopic disturbances
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in the cosmological case the metastable phase is supercooled. In this first paper we will take

advantage of the physical picture that emerges from the large body of work devoted to the

cosmological case to give an order-of-magnitude estimate of the frequency and amplitude

of the GW signal in a neutron star merger. A more refined analysis will be presented

elsewhere [14].

In the cosmological case the separation of scales is provided by the fact that the

expansion rate of the Universe, H�1, with H the Hubble rate, is much longer than the

microscopic time scale given by the inverse of the local temperature, T�1. As the Universe

expands and cools down it eventually enters the metastable phase. At some point bubbles

of the stable phase begin to nucleate. These bubbles then grow and collide and eventually

leave behind a superposition of long-lived sound waves propagating on the stable phase.

At su�ciently late times turbulence may also develop. Although each of these processes

contributes to the GW spectrum, it is believed that the dominant contribution comes from

collisions of sound waves with one another. As a first approximation, we will assume that

the same may be true in a NS merger. We will first determine the peak frequency of the

GWs and then we will estimate their characteristic strain.

The peak wavelength of the produced GWs is given by the characteristic wavelength

of the sound waves, which in turn is determined by the mean bubble separation, R. To

estimate the latter we recall that, once the system is in the metastable phase, the bubble

nucleation rate per unit volume takes the form

�(t)

V
= µ(t)4 e�S[µ(t)] , , E (2.1)

where S is the action of the critical bubble at the chemical potential µ. This scale, which

is the dominant one in NS, would be replaced by the temperature in the cosmological case.

The phase transition starts when the nucleation rate in the available volume of metastable

phase becomes comparable to the characteristic evolution rate of the system. NS merger

simulations show that the typical size of a HoCS is L ⇠ 1 km. In the cosmological case

this would be the Hubble radius, H�1. The evolution rate has units of inverse time and

measures the rate at which the physical properties of the system change, for example

1

⌧
=

1

µ

dµ

dt
. (2.2)

NS simulations show that this is of order ⌧ ⇠ 1 ms. In the cosmological case this would be

the Hubble expansion rate, H�1. Using these values, together with µ ⇠ 1 GeV, we see that

the phase transition starts when the action of the critical bubble reaches the numerical

value

for the HoCS with a characteristic time scale set by the merger ⌧ ⇠ 1ms. Its relation

to the heating/compression rate is,

Recent NS merger simulations show that a typical size LHoCS ⇠ 1km for the HoCS

with a characteristic time scale set by the merger ⌧ ⇠ 1ms. Its relation to the heat-

ing/compression rate is,
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. (2.3)
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FIG. 2. Energy density as a function of the position along the black dotted curve in Fig. 1. Both T and µ increase from left to
right. The black, dotted, vertical line indicates the location of the phase transition, determined by the condition that the states
A and A

→ have the same free energy density. The green and blue curves indicate stable and metastable states, respectively. As
some region of the NS merger is su!ciently heated and/or compressed, it enters the lower metastable branch. At the point B

bubbles of the preferred state C on the upper stable branch are nucleated. The direction of this phase transition is the opposite
of that in a supercooled phase transition, which would take place as indicated by the vertical, dotted, red arrow.

The dynamics of relativistic supercooled bubbles has been extensively studied in the literature, motivated by
their potential implications for cosmological FOPT — see e.g. [12] for a review. Motivated by their possible role
in NS mergers, in this paper we initiate the study of relativistic, charged, superheated bubbles, focusing on their
hydrodynamic properties in the simple case of a bag-model, conformal EoS. We find two qualitative di!erences
compared to supercooled bubbles. First, the pressure inside a superheated bubble may be higher or lower than the
pressure outside the bubble. In contrast, in supercooled bubbles the inside pressure is always higher than the outside
pressure. By “inside” and “outside” we do not mean “right behind” and “right in front” of the bubble wall, but deep
inside the bubble (in the stable phase) and asymptotically far away from the bubble (in the metastable phase) — see
Fig. 6(top). The fact that hydrodynamics allows this pressure di!erence to take either sign in superheated bubbles
is remarkable because it shows that the usual intuition, according to which the bubble expands because the pressure
inside wins over the combination of outside pressure plus surface tension, is overly simplistic. The second di!erence
is that some fluid flows develop regions behind the bubble wall that are necessarily metastable which would therefore
decay at su"ciently long times. As we will explain, this is not true for supercooled transitions.

The physics of relativistic and non-relativistic bubbles is expected to be qualitatively similar if the two phases
that determine the phase transition have comparable compressibilities in the range of pressures accessed by the
bubble dynamics. For example, relativistic supercooled bubbles find a non-relativistic analog in non-relativistic
chemical combustions, for this reason often referred to as “relativistic combustions”. Thus, one may expect that
these similarities are also present for relativisitic superheated bubbles. However, a qualitative di!erence appears in a
particular case of obvious phenomenological interest: the nucleation and expansion of vapor bubbles in a superheated
liquid. In this case the liquid is e!ectively incompressible, and this leads to a bubble wall velocity that decreases as
t
→1/2 at asymptotically late times. For completeness, we review this case in Appendix A.

4

R R

FIG. 3. FOPT dynamics inside a HoCS. Once a HoCS enters the metastable region, it takes a time of order ω → 1 ms for the
first few bubbles to nucleate inside the metastable phase (left). Bubbles then grow to a macroscopic size R and collide in a time
ε→1 → 6µs (center). They leave behind long-lived sound waves (with lifetime ω → 1 ms) of characteristic size R propagating
on top of the stable phase (right).

corrections, they depend in a simple way on ω and vw.
The former is well constrained by simulations. The main
uncertainty comes from vw. Allowing this to increase or
decrease by an order of magnitude around the ballpark
value (4) results in a peak frequency roughly between

100 kHz ↭ f0 ↭ 10MHz . (11)

To recap, when a region enters the metastable region,
bubbles start nucleating after a time of order a milisec-
ond, see Fig. 3-left. The typical number of nucleated bub-
bles in each regions is of order Nbubble = L

3
/R

3 → 1150.
Once nucleation stars, it takes few microseconds for the
FOPT to complete, namely to go from left to right in
Fig. 3. The lifetime of the sound waves left behind after
the transition in Fig. 3-right is of the order of miliseconds
too. They represent the dominant contribution to GW
emission, which is peaked at a frequency of order a MHz.

CHARACTERISTIC STRAIN

We follow the physical picture developed in the cosmo-
logical case and assume that the dominant GW produc-
tion mechanism is due to the long-lived sound waves left
behind after all the bubbles have collided. The produced
GW energy density and its relation to the characteristic
strain (see e.g. [22]), can be estimated as

εGW =
2ϑ

2

8ϑG

h
2
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→ (8ϑG) v

4
f (E + P)2 !t R ”̄GW . (12)

A detailed derivation of this formula can be found in
e.g. [16]. We will not reproduce the derivation here, but
we will provide intuition for the origin of each term.

E , P and v
2
f are the energy density, the pressure

and the root mean velocity of the fluid in the HoCS
left behind by the bubble collisions, as illustrated in
Fig. 3(right). We take E → P → #4 with #4 in the range
(7).

GWs are metric perturbations sourced by the
transverse-traceless part of the energy-momentum ten-
sor, which for sound waves on a fluid hij ↑ 8ϑGT

TT
ij ↑

8ϑG(E + P)vivj , leading to the 8ϑGv
4
f (E + P)2 factor in

(12).

!t is the e$ective time duration of the source for the
purpose of determining εGW. In the cosmological case
!t → H

→1. In the NS case, however, GW contributing to
the growth of εGW leave the HoCS after a light-crossing
time of the region, shorter than the characteristic mil-
lisecond time of the merger,

!t → L → 1.7 ↓ 10→2 ms , (13)

where we have used (1).

R is a necessary characteristic length scale in the fluid
flow on dimensional grounds, which has been seen to coin-
cide with the mean separation between the bubbles that
produces the fluid flow in the first place.

Finally, ”̄GW is a dimensionless factor quantifying the
e%ciency with which shear stress in the fluid is converted
to GWs. Although its precise value depends on the de-
tails of the flow, simulations show that its ballpark value,
”̄GW ↑ 10→2, is rather insensitive to these details.

Extracting the strain from (12), and taking into ac-
count that the GW amplitude decreases with the distance
d to the source, we arrive to the observed characteristic
strain,
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The fluid velocity depends on details of the phase transi- tion such as the strength of the transition, the bubble wall

๏Frequency off emitted GW from sound waves 
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in the cosmological case the metastable phase is supercooled. In this first paper we will take

advantage of the physical picture that emerges from the large body of work devoted to the

cosmological case to give an order-of-magnitude estimate of the frequency and amplitude

of the GW signal in a neutron star merger. A more refined analysis will be presented

elsewhere [14].

In the cosmological case the separation of scales is provided by the fact that the

expansion rate of the Universe, H
�1, with H the Hubble rate, is much longer than the

microscopic time scale given by the inverse of the local temperature, T
�1. As the Universe

expands and cools down it eventually enters the metastable phase. At some point bubbles

of the stable phase begin to nucleate. These bubbles then grow and collide and eventually

leave behind a superposition of long-lived sound waves propagating on the stable phase.

At su�ciently late times turbulence may also develop. Although each of these processes

contributes to the GW spectrum, it is believed that the dominant contribution comes from

collisions of sound waves with one another. As a first approximation, we will assume that

the same may be true in a NS merger. We will first determine the peak frequency of the

GWs and then we will estimate their characteristic strain.

The peak wavelength of the produced GWs is given by the characteristic wavelength

of the sound waves, which in turn is determined by the mean bubble separation, R. To

estimate the latter we recall that, once the system is in the metastable phase, the bubble

nucleation rate per unit volume takes the form
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where S is the action of the critical bubble at the chemical potential µ. This scale, which

is the dominant one in NS, would be replaced by the temperature in the cosmological case.

The phase transition starts when the nucleation rate in the available volume of metastable

phase becomes comparable to the characteristic evolution rate of the system. NS merger

simulations show that the typical size of a HoCS is L ⇠ 1 km. In the cosmological case

this would be the Hubble radius, H
�1. The evolution rate has units of inverse time and

measures the rate at which the physical properties of the system change, for example
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NS simulations show that this is of order ⌧ ⇠ 1 ms. In the cosmological case this would be

the Hubble expansion rate, H
�1. Using these values, together with µ ⇠ 1 GeV, we see that

the phase transition starts when the action of the critical bubble reaches the numerical

value

for the HoCS with a characteristic time scale set by the merger ⌧ ⇠ 1ms. Its relation

to the heating/compression rate is,

Recent NS merger simulations show that a typical size LHoCS ⇠ 1km for the HoCS

with a characteristic time scale set by the merger ⌧ ⇠ 1ms. Its relation to the heat-

ing/compression rate is,
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FIG. 2. Energy density as a function of the position along
the dashed black curve in Fig. 1. Both T and µ increase
from left to right. The dotted black vertical line indicates
the location of the phase transition, determined by the con-
dition that the states A and A→ have the same free energy
density. Stable, metastable and unstable states are shown
as solid green, dashed blue and doted red respectively. As
a region is heated/compressed it enters the lower metastable
branch. At B the nucleation probability has been su!ciently
enhanced, and bubbles of the preferred state C on the upper
stable branch are quickly nucleated.

Consequently, in order to determine the GW wavelength,
we must estimate the duration of the phase transition, for
which we need to recall how the phase transition takes
place dynamically.

Suppose that some region of the NS follows the trajec-
tory indicated by the dashed black curve in Fig. 1(left).
The energy density of the available phases of the system
as T and µ vary along this curve is shown in Fig. 2, where
the multivaluedness is a hallmark of a FOPT. The di!er-
ent colors in Fig. 2 indicate stable, metastable and un-
stable states. Note that only the stable states are shown
in the phase diagram of Fig. 1(left), whose hadronic and
quark-matter phases correspond to the lower and upper
stable branches of Fig. 2, respectively. Points A and A

→

are reached as the phase transition curve is approached
along the hadronic and the quark-matter phases, respec-
tively. The qualitative details of Fig. 2 do not depend on
the specific trajectory crossing the FOPT line.

As the region in the NS is heated and/or compressed
along the trajectory of Fig. 1(left), the corresponding
state moves along the lower stable branch in Fig. 2 until
it eventually enters the lower metastable branch. Once
this happens, bubbles of the stable phase can begin to
nucleate. On general grounds, the probability per unit
volume and per unit time for this to happen takes the
form

dP

dt d3x
= ”4

e
↑S[!]

. (6)

The exact value of the ”4 prefactor depends on the spe-
cific point on the metastable branch, but its scale is set
by the characteristic values of the energy and pressure
in NS matter. At zero temperature these are of order
E → P → 0.5GeV/fm3 [19].

Since a non-zero temperature will increase these values,
we take as a plausible range

0.1 GeV/fm3 ↭ ”4 ↭ 1GeV/fm3 (7)

and adopt as a reference value the intermediate point
”4 → 0.5 GeV/fm3.

S is the action of the critical bubble, defined as the
bubble for which the inward-pointing force due to the sur-
face tension is exactly balanced by the outward-pointing
force due to the pressure di!erence between the inside
and the outside of the bubble. The action of this bubble
controls the nucleation probability in the semiclassical
approximation, hence the exponential dependence in (6).
S is infinite at the point A where the metastable phase
meets the stable phase, and it decreases until it reaches
zero at the turning point where the metastable phase
meets the unstable phase. At an arbitrary point on the
metastable branch the value of S depends on the cor-
responding values of the temperature and the chemical
potential. The exponential enhancement of the nucle-
ation probability with time implies that the transition
will happen rapidly around a time tf (point B in Fig. 2).
By performing a Taylor expansion around tf we obtain
[14, 20, 21]

ω
↑1 =

(
dS

dt

)↑1

→ ε

S
→ ε

log (8ϑv3
wε4”4)

, (8)

where we have assumed that ”dS/d” ↑ S.
Plugging (8) into (5) we arrive at the following expres-

sion for the peak frequency f0 = ϖ
↑1:

f0 → 0.1

vw

1 ms

ε

(
0.62 + 0.0034 log

[(
vw

0.1

)3 ( ε

1 ms

)4 ”4

0.5 GeV/fm3

])
MHz . (9)

Using the reference values given above leads to

R → 477 m , ω
↑1 → 5.43µs , f0 → 0.6MHz . (10)

These values are fairly robust. Up to small logarithmic

2

characteristic size of these HoCS is [12]

L → 5 km . (1)

To our knowledge, no simulation based on an EoS that
includes a transition to a color-superconducting phase
has been performed. Nevertheless, existing simulations
have shown that the merger leads to the formation of cold
quark-matter regions in which the baryon density can be
ten times larger than the nuclear saturation density. This
makes it conceivable that color-superconducting matter
may be formed in NS mergers.

Numerical simulations have shown that the presence
of HoCS a!ects the overall merger dynamics, mainly be-
cause of a softening of the EoS, and leads to detectable
modifications of the GW spectrum in the usual kilo-
hertz (kHz) frequency range. One may think of this as a
“macroscopic” consequence of the phase transition. How-
ever, to the best of our knowledge, the phase transition
dynamics in HoCS has not been previously considered.
The purpose of this paper is to show that this dynamics
leads to a characteristic signal in the megahertz (MHz)
range. One may think of this as a “microscopic” con-
sequence of the phase transition. We will see that this
conclusion is extremely robust since it only depends on
generic properties of a FOPT. Therefore we do not need
to commit ourselves to a particular type of FOPT. The
only assumptions we need to make are that some FOPT
is present in QCD and that this is accessed by the merger
dynamics.

The key idea is that the millisecond characteristic time
scale for the evolution of the merger,

ω → 1ms , (2)

is much longer than the characteristic nuclear time scale,
1 fm → 10→23 s. This huge separation of scales means
that, from the viewpoint of QCD processes, the merger
evolution is adiabatic to an extremely good approxima-
tion. In turn, this implies that the HoCS are initially
born as carefully prepared metastable regions of super-
heated and/or supercompressed matter. Once the super-
heating or supercompression are large enough, namely
once the HoCS is su”ciently deep into the metastable
branch, bubbles of the stable phase begin to nucleate.
The point where this happens is labeled “B” in Fig. 2.
These bubbles then expand to a macroscopic size and
collide, leaving behind long-lived sound waves propagat-
ing on top of the stable phase, as illustrated in Fig. 3.
As we will explain below, this dynamics gives rise to a
characteristic GW spectrum whose peak frequency is in
the MHz range.

As usual, we work with units such that ⊋ = c = 1. G

will be Newton’s constant, related to the reduced Planck
mass through

(8εG)→1/2 = Mp → 2.4 ↑ 1018 GeV . (3)

FREQUENCY

We begin by noting that the dynamics of a FOPT in a
NS merger is very similar to that of a cosmological FOPT
(for a review, see e.g. [14]), except for the fact that in the
cosmological case the metastable phase is supercooled.
In this case there is a compelling physical picture that
emerges from the large body of work developed over sev-
eral decades. Here we will take advantage of this picture
to give an order-of-magnitude estimate of the GW signal
in a NS merger.

In the cosmological case the separation of scales is pro-
vided by the fact that the expansion rate of the Universe,
H

→1, with H the Hubble rate, is much longer than the
microscopic time scale given by the inverse of the local
temperature, T

→1. As the Universe expands and cools
down, it eventually enters the metastable phase. At some
point bubbles of the stable phase begin to nucleate.These
bubbles then grow and collide leaving behind a superpo-
sition of long-lived sound waves propagating on the stable
phase. At su”ciently late times turbulence may also de-
velop. Although each of these processes contributes to
the GW spectrum, for many models of the transition it
has been shown that the dominant contribution comes
from collisions of sound waves with one another [15]. As
a first approximation, we will assume that the same may
be true in a NS merger. We will now determine the peak
frequency of the GWs, and in the next section we will
estimate their characteristic strain.

Let R be the mean bubble-centre separation at the end
of the phase transition, as in Fig. 3. This scale is inherited
by the sound waves left behind after the bubbles collide,
and it is further imprinted on the GWs produced by the
subsequent fluid dynamics. The peak GW wavelength, is
therefore ϑ → R [14, 16].

Nucleated bubbles grow with a constant bubble wall
velocity vw, which is usually assumed to be a fraction of
the speed of light — see e.g. [17]. We therefore take the
ballpark value

vw → 0.1 . (4)

This estimate is consistent with holographic simulations
[18]. Changing it has a simple e!ect on the peak GW
frequency — see (9).

Let ϖ
→1 be the duration of the phase transition, whose

precise definition is in (8). Intuitively it can be under-
stood as the time from the moment that the first few
bubbles are nucleated to the moment when all the bub-
bles have collided and disappeared, leaving behind sound
waves on top of the stable phase, as illustrated in Fig. 3.
The duration of the phase transition is related to the
mean bubble separation through [14]

R = (8ε)1/3
vw

ϖ
. (5)
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in the cosmological case the metastable phase is supercooled. In this first paper we will take

advantage of the physical picture that emerges from the large body of work devoted to the

cosmological case to give an order-of-magnitude estimate of the frequency and amplitude

of the GW signal in a neutron star merger. A more refined analysis will be presented

elsewhere [14].

In the cosmological case the separation of scales is provided by the fact that the

expansion rate of the Universe, H
�1, with H the Hubble rate, is much longer than the

microscopic time scale given by the inverse of the local temperature, T
�1. As the Universe

expands and cools down it eventually enters the metastable phase. At some point bubbles

of the stable phase begin to nucleate. These bubbles then grow and collide and eventually

leave behind a superposition of long-lived sound waves propagating on the stable phase.

At su�ciently late times turbulence may also develop. Although each of these processes

contributes to the GW spectrum, it is believed that the dominant contribution comes from

collisions of sound waves with one another. As a first approximation, we will assume that

the same may be true in a NS merger. We will first determine the peak frequency of the

GWs and then we will estimate their characteristic strain.

The peak wavelength of the produced GWs is given by the characteristic wavelength

of the sound waves, which in turn is determined by the mean bubble separation, R. To

estimate the latter we recall that, once the system is in the metastable phase, the bubble

nucleation rate per unit volume takes the form
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where S is the action of the critical bubble at the chemical potential µ. This scale, which

is the dominant one in NS, would be replaced by the temperature in the cosmological case.

The phase transition starts when the nucleation rate in the available volume of metastable

phase becomes comparable to the characteristic evolution rate of the system. NS merger

simulations show that the typical size of a HoCS is L ⇠ 1 km. In the cosmological case

this would be the Hubble radius, H
�1. The evolution rate has units of inverse time and

measures the rate at which the physical properties of the system change, for example
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NS simulations show that this is of order ⌧ ⇠ 1 ms. In the cosmological case this would be

the Hubble expansion rate, H
�1. Using these values, together with µ ⇠ 1 GeV, we see that

the phase transition starts when the action of the critical bubble reaches the numerical

value

for the HoCS with a characteristic time scale set by the merger ⌧ ⇠ 1ms. Its relation

to the heating/compression rate is,

Recent NS merger simulations show that a typical size LHoCS ⇠ 1km for the HoCS

with a characteristic time scale set by the merger ⌧ ⇠ 1ms. Its relation to the heat-
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FIG. 2. Energy density as a function of the position along
the dashed black curve in Fig. 1. Both T and µ increase
from left to right. The dotted black vertical line indicates
the location of the phase transition, determined by the con-
dition that the states A and A→ have the same free energy
density. Stable, metastable and unstable states are shown
as solid green, dashed blue and doted red respectively. As
a region is heated/compressed it enters the lower metastable
branch. At B the nucleation probability has been su!ciently
enhanced, and bubbles of the preferred state C on the upper
stable branch are quickly nucleated.

Consequently, in order to determine the GW wavelength,
we must estimate the duration of the phase transition, for
which we need to recall how the phase transition takes
place dynamically.

Suppose that some region of the NS follows the trajec-
tory indicated by the dashed black curve in Fig. 1(left).
The energy density of the available phases of the system
as T and µ vary along this curve is shown in Fig. 2, where
the multivaluedness is a hallmark of a FOPT. The di!er-
ent colors in Fig. 2 indicate stable, metastable and un-
stable states. Note that only the stable states are shown
in the phase diagram of Fig. 1(left), whose hadronic and
quark-matter phases correspond to the lower and upper
stable branches of Fig. 2, respectively. Points A and A

→

are reached as the phase transition curve is approached
along the hadronic and the quark-matter phases, respec-
tively. The qualitative details of Fig. 2 do not depend on
the specific trajectory crossing the FOPT line.

As the region in the NS is heated and/or compressed
along the trajectory of Fig. 1(left), the corresponding
state moves along the lower stable branch in Fig. 2 until
it eventually enters the lower metastable branch. Once
this happens, bubbles of the stable phase can begin to
nucleate. On general grounds, the probability per unit
volume and per unit time for this to happen takes the
form

dP

dt d3x
= ”4

e
↑S[!]

. (6)

The exact value of the ”4 prefactor depends on the spe-
cific point on the metastable branch, but its scale is set
by the characteristic values of the energy and pressure
in NS matter. At zero temperature these are of order
E → P → 0.5GeV/fm3 [19].

Since a non-zero temperature will increase these values,
we take as a plausible range

0.1 GeV/fm3 ↭ ”4 ↭ 1GeV/fm3 (7)

and adopt as a reference value the intermediate point
”4 → 0.5 GeV/fm3.

S is the action of the critical bubble, defined as the
bubble for which the inward-pointing force due to the sur-
face tension is exactly balanced by the outward-pointing
force due to the pressure di!erence between the inside
and the outside of the bubble. The action of this bubble
controls the nucleation probability in the semiclassical
approximation, hence the exponential dependence in (6).
S is infinite at the point A where the metastable phase
meets the stable phase, and it decreases until it reaches
zero at the turning point where the metastable phase
meets the unstable phase. At an arbitrary point on the
metastable branch the value of S depends on the cor-
responding values of the temperature and the chemical
potential. The exponential enhancement of the nucle-
ation probability with time implies that the transition
will happen rapidly around a time tf (point B in Fig. 2).
By performing a Taylor expansion around tf we obtain
[14, 20, 21]

ω
↑1 =

(
dS

dt

)↑1

→ ε

S
→ ε

log (8ϑv3
wε4”4)

, (8)

where we have assumed that ”dS/d” ↑ S.
Plugging (8) into (5) we arrive at the following expres-

sion for the peak frequency f0 = ϖ
↑1:

f0 → 0.1

vw

1 ms

ε

(
0.62 + 0.0034 log

[(
vw

0.1

)3 ( ε

1 ms

)4 ”4

0.5 GeV/fm3

])
MHz . (9)

Using the reference values given above leads to

R → 477 m , ω
↑1 → 5.43µs , f0 → 0.6MHz . (10)

These values are fairly robust. Up to small logarithmic

5 Km
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Section 3: Overview of Detector Sensitivities and Possible Signals 17

Figure 1: Overview of achieved and projected strain sensitivities of high-
frequency gravitational wave detectors up to 100GHz. Solid (dashed) lines
indicate broadband (resonant) detectors. The color coding (see text for details)
indicates the development stage ranging from published GW results (orange)
to active R&D e!orts (purple) and proposed concepts (cyan). Details on the
di!erent proposals are given in Section 5.

e!ort is underway in the community supporting the proposal. This category
includes concepts whose development is driven by physics goals other than
GWs, for instance light dark matter searches. Finally, cyan curves indicate
detector concepts which have been proposed but are, to our knowledge, not
yet under active R&D. This classification is necessarily somewhat subjective
and will evolve over time; it should therefore be taken as indicative only. For
better visibility, we have split these summary plots into two frequency regimes,
namely below 100GHz (Fig. 1) and above (Fig. 2).

Given the sensitivity curves in Figs. 1 and 2, the detectability of possible
signals can be estimated by determining the corresponding signal-to-noise ratio
as given in Eqs. (22) and (23). Various types of sources and signals will be
comprehensively discussed in Section 4; here, we focus on three exemplary
cases: a monochromatic signal, a PBH binary inspiral, and a stochastic GW
background.

For a persistent, monochromatic GW signal (arising e.g. from black
hole superradiance, see Section 4.1.5) and a detector performing a linear meas-
urement of the GW, the sensitivity to the GW amplitude can be estimated as

Aggarwal et al. 2501.11723 
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FIG. 3. FOPT dynamics inside a HoCS. Once a HoCS enters the metastable region, it takes a time of order ω → 1 ms for the
first few bubbles to nucleate inside the metastable phase (left). Bubbles then grow to a macroscopic size R and collide in a time
ε→1 → 6µs (center). They leave behind long-lived sound waves (with lifetime ω → 1 ms) of characteristic size R propagating
on top of the stable phase (right).

corrections, they depend in a simple way on ω and vw.
The former is well constrained by simulations. The main
uncertainty comes from vw. Allowing this to increase or
decrease by an order of magnitude around the ballpark
value (4) results in a peak frequency roughly between

100 kHz ↭ f0 ↭ 10MHz . (11)

To recap, when a region enters the metastable region,
bubbles start nucleating after a time of order a milisec-
ond, see Fig. 3-left. The typical number of nucleated bub-
bles in each regions is of order Nbubble = L

3
/R

3 → 1150.
Once nucleation stars, it takes few microseconds for the
FOPT to complete, namely to go from left to right in
Fig. 3. The lifetime of the sound waves left behind after
the transition in Fig. 3-right is of the order of miliseconds
too. They represent the dominant contribution to GW
emission, which is peaked at a frequency of order a MHz.

CHARACTERISTIC STRAIN

We follow the physical picture developed in the cosmo-
logical case and assume that the dominant GW produc-
tion mechanism is due to the long-lived sound waves left
behind after all the bubbles have collided. The produced
GW energy density and its relation to the characteristic
strain (see e.g. [22]), can be estimated as

εGW =
2ϑ

2

8ϑG

h
2
0

ϖ2
→ (8ϑG) v

4
f (E + P)2 !t R ”̄GW . (12)

A detailed derivation of this formula can be found in
e.g. [16]. We will not reproduce the derivation here, but
we will provide intuition for the origin of each term.

E , P and v
2
f are the energy density, the pressure

and the root mean velocity of the fluid in the HoCS
left behind by the bubble collisions, as illustrated in
Fig. 3(right). We take E → P → #4 with #4 in the range
(7).

GWs are metric perturbations sourced by the
transverse-traceless part of the energy-momentum ten-
sor, which for sound waves on a fluid hij ↑ 8ϑGT

TT
ij ↑

8ϑG(E + P)vivj , leading to the 8ϑGv
4
f (E + P)2 factor in

(12).

!t is the e$ective time duration of the source for the
purpose of determining εGW. In the cosmological case
!t → H

→1. In the NS case, however, GW contributing to
the growth of εGW leave the HoCS after a light-crossing
time of the region, shorter than the characteristic mil-
lisecond time of the merger,

!t → L → 1.7 ↓ 10→2 ms , (13)

where we have used (1).

R is a necessary characteristic length scale in the fluid
flow on dimensional grounds, which has been seen to coin-
cide with the mean separation between the bubbles that
produces the fluid flow in the first place.

Finally, ”̄GW is a dimensionless factor quantifying the
e%ciency with which shear stress in the fluid is converted
to GWs. Although its precise value depends on the de-
tails of the flow, simulations show that its ballpark value,
”̄GW ↑ 10→2, is rather insensitive to these details.

Extracting the strain from (12), and taking into ac-
count that the GW amplitude decreases with the distance
d to the source, we arrive to the observed characteristic
strain,

h
obs
0 = h0

L

d
→ 6.2 ↓ 10→24

v
2
f

(
#4

0.5 GeV/fm3

)(
L

5 km

)3/2 (0.6 MHz

f

)3/2 (100 Mpc

d

)
. (14)

The fluid velocity depends on details of the phase transi- tion such as the strength of the transition, the bubble wall

๏After bubbles collide

๏Macroscopic disturbances

3

in the cosmological case the metastable phase is supercooled. In this first paper we will take

advantage of the physical picture that emerges from the large body of work devoted to the

cosmological case to give an order-of-magnitude estimate of the frequency and amplitude

of the GW signal in a neutron star merger. A more refined analysis will be presented

elsewhere [14].

In the cosmological case the separation of scales is provided by the fact that the

expansion rate of the Universe, H�1, with H the Hubble rate, is much longer than the

microscopic time scale given by the inverse of the local temperature, T�1. As the Universe

expands and cools down it eventually enters the metastable phase. At some point bubbles

of the stable phase begin to nucleate. These bubbles then grow and collide and eventually

leave behind a superposition of long-lived sound waves propagating on the stable phase.

At su�ciently late times turbulence may also develop. Although each of these processes

contributes to the GW spectrum, it is believed that the dominant contribution comes from

collisions of sound waves with one another. As a first approximation, we will assume that

the same may be true in a NS merger. We will first determine the peak frequency of the

GWs and then we will estimate their characteristic strain.

The peak wavelength of the produced GWs is given by the characteristic wavelength

of the sound waves, which in turn is determined by the mean bubble separation, R. To

estimate the latter we recall that, once the system is in the metastable phase, the bubble

nucleation rate per unit volume takes the form

�(t)

V
= µ(t)4 e�S[µ(t)] , , E (2.1)

where S is the action of the critical bubble at the chemical potential µ. This scale, which

is the dominant one in NS, would be replaced by the temperature in the cosmological case.

The phase transition starts when the nucleation rate in the available volume of metastable

phase becomes comparable to the characteristic evolution rate of the system. NS merger

simulations show that the typical size of a HoCS is L ⇠ 1 km. In the cosmological case

this would be the Hubble radius, H�1. The evolution rate has units of inverse time and

measures the rate at which the physical properties of the system change, for example

1

⌧
=

1

µ

dµ

dt
. (2.2)

NS simulations show that this is of order ⌧ ⇠ 1 ms. In the cosmological case this would be

the Hubble expansion rate, H�1. Using these values, together with µ ⇠ 1 GeV, we see that

the phase transition starts when the action of the critical bubble reaches the numerical

value

for the HoCS with a characteristic time scale set by the merger ⌧ ⇠ 1ms. Its relation

to the heating/compression rate is,

Recent NS merger simulations show that a typical size LHoCS ⇠ 1km for the HoCS

with a characteristic time scale set by the merger ⌧ ⇠ 1ms. Its relation to the heat-

ing/compression rate is,

1

⌧
=

1

T

dT

dt

1

⌧
=

1

µB

dµB

dt
. (2.3)
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FIG. 2. Energy density as a function of the position along the black dotted curve in Fig. 1. Both T and µ increase from left to
right. The black, dotted, vertical line indicates the location of the phase transition, determined by the condition that the states
A and A

→ have the same free energy density. The green and blue curves indicate stable and metastable states, respectively. As
some region of the NS merger is su!ciently heated and/or compressed, it enters the lower metastable branch. At the point B

bubbles of the preferred state C on the upper stable branch are nucleated. The direction of this phase transition is the opposite
of that in a supercooled phase transition, which would take place as indicated by the vertical, dotted, red arrow.

The dynamics of relativistic supercooled bubbles has been extensively studied in the literature, motivated by
their potential implications for cosmological FOPT — see e.g. [12] for a review. Motivated by their possible role
in NS mergers, in this paper we initiate the study of relativistic, charged, superheated bubbles, focusing on their
hydrodynamic properties in the simple case of a bag-model, conformal EoS. We find two qualitative di!erences
compared to supercooled bubbles. First, the pressure inside a superheated bubble may be higher or lower than the
pressure outside the bubble. In contrast, in supercooled bubbles the inside pressure is always higher than the outside
pressure. By “inside” and “outside” we do not mean “right behind” and “right in front” of the bubble wall, but deep
inside the bubble (in the stable phase) and asymptotically far away from the bubble (in the metastable phase) — see
Fig. 6(top). The fact that hydrodynamics allows this pressure di!erence to take either sign in superheated bubbles
is remarkable because it shows that the usual intuition, according to which the bubble expands because the pressure
inside wins over the combination of outside pressure plus surface tension, is overly simplistic. The second di!erence
is that some fluid flows develop regions behind the bubble wall that are necessarily metastable which would therefore
decay at su"ciently long times. As we will explain, this is not true for supercooled transitions.

The physics of relativistic and non-relativistic bubbles is expected to be qualitatively similar if the two phases
that determine the phase transition have comparable compressibilities in the range of pressures accessed by the
bubble dynamics. For example, relativistic supercooled bubbles find a non-relativistic analog in non-relativistic
chemical combustions, for this reason often referred to as “relativistic combustions”. Thus, one may expect that
these similarities are also present for relativisitic superheated bubbles. However, a qualitative di!erence appears in a
particular case of obvious phenomenological interest: the nucleation and expansion of vapor bubbles in a superheated
liquid. In this case the liquid is e!ectively incompressible, and this leads to a bubble wall velocity that decreases as
t
→1/2 at asymptotically late times. For completeness, we review this case in Appendix A.
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FIG. 3. FOPT dynamics inside a HoCS. Once a HoCS enters the metastable region, it takes a time of order ω → 1 ms for the
first few bubbles to nucleate inside the metastable phase (left). Bubbles then grow to a macroscopic size R and collide in a time
ε→1 → 6µs (center). They leave behind long-lived sound waves (with lifetime ω → 1 ms) of characteristic size R propagating
on top of the stable phase (right).

corrections, they depend in a simple way on ω and vw.
The former is well constrained by simulations. The main
uncertainty comes from vw. Allowing this to increase or
decrease by an order of magnitude around the ballpark
value (4) results in a peak frequency roughly between

100 kHz ↭ f0 ↭ 10MHz . (11)

To recap, when a region enters the metastable region,
bubbles start nucleating after a time of order a milisec-
ond, see Fig. 3-left. The typical number of nucleated bub-
bles in each regions is of order Nbubble = L

3
/R

3 → 1150.
Once nucleation stars, it takes few microseconds for the
FOPT to complete, namely to go from left to right in
Fig. 3. The lifetime of the sound waves left behind after
the transition in Fig. 3-right is of the order of miliseconds
too. They represent the dominant contribution to GW
emission, which is peaked at a frequency of order a MHz.

CHARACTERISTIC STRAIN

We follow the physical picture developed in the cosmo-
logical case and assume that the dominant GW produc-
tion mechanism is due to the long-lived sound waves left
behind after all the bubbles have collided. The produced
GW energy density and its relation to the characteristic
strain (see e.g. [22]), can be estimated as

εGW =
2ϑ

2

8ϑG

h
2
0

ϖ2
→ (8ϑG) v

4
f (E + P)2 !t R ”̄GW . (12)

A detailed derivation of this formula can be found in
e.g. [16]. We will not reproduce the derivation here, but
we will provide intuition for the origin of each term.

E , P and v
2
f are the energy density, the pressure

and the root mean velocity of the fluid in the HoCS
left behind by the bubble collisions, as illustrated in
Fig. 3(right). We take E → P → #4 with #4 in the range
(7).

GWs are metric perturbations sourced by the
transverse-traceless part of the energy-momentum ten-
sor, which for sound waves on a fluid hij ↑ 8ϑGT

TT
ij ↑

8ϑG(E + P)vivj , leading to the 8ϑGv
4
f (E + P)2 factor in

(12).

!t is the e$ective time duration of the source for the
purpose of determining εGW. In the cosmological case
!t → H

→1. In the NS case, however, GW contributing to
the growth of εGW leave the HoCS after a light-crossing
time of the region, shorter than the characteristic mil-
lisecond time of the merger,

!t → L → 1.7 ↓ 10→2 ms , (13)

where we have used (1).

R is a necessary characteristic length scale in the fluid
flow on dimensional grounds, which has been seen to coin-
cide with the mean separation between the bubbles that
produces the fluid flow in the first place.

Finally, ”̄GW is a dimensionless factor quantifying the
e%ciency with which shear stress in the fluid is converted
to GWs. Although its precise value depends on the de-
tails of the flow, simulations show that its ballpark value,
”̄GW ↑ 10→2, is rather insensitive to these details.

Extracting the strain from (12), and taking into ac-
count that the GW amplitude decreases with the distance
d to the source, we arrive to the observed characteristic
strain,

h
obs
0 = h0

L

d
→ 6.2 ↓ 10→24

v
2
f

(
#4

0.5 GeV/fm3

)(
L

5 km

)3/2 (0.6 MHz

f

)3/2 (100 Mpc

d

)
. (14)

The fluid velocity depends on details of the phase transi- tion such as the strength of the transition, the bubble wall

๏Frequency off emitted GW from sound waves 
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in the cosmological case the metastable phase is supercooled. In this first paper we will take

advantage of the physical picture that emerges from the large body of work devoted to the

cosmological case to give an order-of-magnitude estimate of the frequency and amplitude

of the GW signal in a neutron star merger. A more refined analysis will be presented

elsewhere [14].

In the cosmological case the separation of scales is provided by the fact that the

expansion rate of the Universe, H
�1, with H the Hubble rate, is much longer than the

microscopic time scale given by the inverse of the local temperature, T
�1. As the Universe

expands and cools down it eventually enters the metastable phase. At some point bubbles

of the stable phase begin to nucleate. These bubbles then grow and collide and eventually

leave behind a superposition of long-lived sound waves propagating on the stable phase.

At su�ciently late times turbulence may also develop. Although each of these processes

contributes to the GW spectrum, it is believed that the dominant contribution comes from

collisions of sound waves with one another. As a first approximation, we will assume that

the same may be true in a NS merger. We will first determine the peak frequency of the

GWs and then we will estimate their characteristic strain.

The peak wavelength of the produced GWs is given by the characteristic wavelength

of the sound waves, which in turn is determined by the mean bubble separation, R. To

estimate the latter we recall that, once the system is in the metastable phase, the bubble

nucleation rate per unit volume takes the form

�(t)

V
= µ(t)4 e

�S[µ(t)]
, , E (2.1)

where S is the action of the critical bubble at the chemical potential µ. This scale, which

is the dominant one in NS, would be replaced by the temperature in the cosmological case.

The phase transition starts when the nucleation rate in the available volume of metastable

phase becomes comparable to the characteristic evolution rate of the system. NS merger

simulations show that the typical size of a HoCS is L ⇠ 1 km. In the cosmological case

this would be the Hubble radius, H
�1. The evolution rate has units of inverse time and

measures the rate at which the physical properties of the system change, for example

1

⌧
=

1

µ

dµ

dt
. (2.2)

NS simulations show that this is of order ⌧ ⇠ 1 ms. In the cosmological case this would be

the Hubble expansion rate, H
�1. Using these values, together with µ ⇠ 1 GeV, we see that

the phase transition starts when the action of the critical bubble reaches the numerical

value

for the HoCS with a characteristic time scale set by the merger ⌧ ⇠ 1ms. Its relation

to the heating/compression rate is,

Recent NS merger simulations show that a typical size LHoCS ⇠ 1km for the HoCS

with a characteristic time scale set by the merger ⌧ ⇠ 1ms. Its relation to the heat-

ing/compression rate is,

1

⌧
=

1

T

dT

dt

1

⌧
=

1

µB

dµB

dt
. (2.3)
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FIG. 2. Energy density as a function of the position along
the dashed black curve in Fig. 1. Both T and µ increase
from left to right. The dotted black vertical line indicates
the location of the phase transition, determined by the con-
dition that the states A and A→ have the same free energy
density. Stable, metastable and unstable states are shown
as solid green, dashed blue and doted red respectively. As
a region is heated/compressed it enters the lower metastable
branch. At B the nucleation probability has been su!ciently
enhanced, and bubbles of the preferred state C on the upper
stable branch are quickly nucleated.

Consequently, in order to determine the GW wavelength,
we must estimate the duration of the phase transition, for
which we need to recall how the phase transition takes
place dynamically.

Suppose that some region of the NS follows the trajec-
tory indicated by the dashed black curve in Fig. 1(left).
The energy density of the available phases of the system
as T and µ vary along this curve is shown in Fig. 2, where
the multivaluedness is a hallmark of a FOPT. The di!er-
ent colors in Fig. 2 indicate stable, metastable and un-
stable states. Note that only the stable states are shown
in the phase diagram of Fig. 1(left), whose hadronic and
quark-matter phases correspond to the lower and upper
stable branches of Fig. 2, respectively. Points A and A

→

are reached as the phase transition curve is approached
along the hadronic and the quark-matter phases, respec-
tively. The qualitative details of Fig. 2 do not depend on
the specific trajectory crossing the FOPT line.

As the region in the NS is heated and/or compressed
along the trajectory of Fig. 1(left), the corresponding
state moves along the lower stable branch in Fig. 2 until
it eventually enters the lower metastable branch. Once
this happens, bubbles of the stable phase can begin to
nucleate. On general grounds, the probability per unit
volume and per unit time for this to happen takes the
form

dP

dt d3x
= ”4

e
↑S[!]

. (6)

The exact value of the ”4 prefactor depends on the spe-
cific point on the metastable branch, but its scale is set
by the characteristic values of the energy and pressure
in NS matter. At zero temperature these are of order
E → P → 0.5GeV/fm3 [19].

Since a non-zero temperature will increase these values,
we take as a plausible range

0.1 GeV/fm3 ↭ ”4 ↭ 1GeV/fm3 (7)

and adopt as a reference value the intermediate point
”4 → 0.5 GeV/fm3.

S is the action of the critical bubble, defined as the
bubble for which the inward-pointing force due to the sur-
face tension is exactly balanced by the outward-pointing
force due to the pressure di!erence between the inside
and the outside of the bubble. The action of this bubble
controls the nucleation probability in the semiclassical
approximation, hence the exponential dependence in (6).
S is infinite at the point A where the metastable phase
meets the stable phase, and it decreases until it reaches
zero at the turning point where the metastable phase
meets the unstable phase. At an arbitrary point on the
metastable branch the value of S depends on the cor-
responding values of the temperature and the chemical
potential. The exponential enhancement of the nucle-
ation probability with time implies that the transition
will happen rapidly around a time tf (point B in Fig. 2).
By performing a Taylor expansion around tf we obtain
[14, 20, 21]

ω
↑1 =

(
dS

dt

)↑1

→ ε

S
→ ε

log (8ϑv3
wε4”4)

, (8)

where we have assumed that ”dS/d” ↑ S.
Plugging (8) into (5) we arrive at the following expres-

sion for the peak frequency f0 = ϖ
↑1:

f0 → 0.1

vw

1 ms

ε

(
0.62 + 0.0034 log

[(
vw

0.1

)3 ( ε

1 ms

)4 ”4

0.5 GeV/fm3

])
MHz . (9)

Using the reference values given above leads to

R → 477 m , ω
↑1 → 5.43µs , f0 → 0.6MHz . (10)

These values are fairly robust. Up to small logarithmic

๏Borrowing from the analysis of cosmological transitions
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FIG. 3. FOPT dynamics inside a HoCS. Once a HoCS enters the metastable region, it takes a time of order ω → 1 ms for the
first few bubbles to nucleate inside the metastable phase (left). Bubbles then grow to a macroscopic size R and collide in a time
ε→1 → 6µs (center). They leave behind long-lived sound waves (with lifetime ω → 1 ms) of characteristic size R propagating
on top of the stable phase (right).

corrections, they depend in a simple way on ω and vw.
The former is well constrained by simulations. The main
uncertainty comes from vw. Allowing this to increase or
decrease by an order of magnitude around the ballpark
value (4) results in a peak frequency roughly between

100 kHz ↭ f0 ↭ 10MHz . (11)

To recap, when a region enters the metastable region,
bubbles start nucleating after a time of order a milisec-
ond, see Fig. 3-left. The typical number of nucleated bub-
bles in each regions is of order Nbubble = L

3
/R

3 → 1150.
Once nucleation stars, it takes few microseconds for the
FOPT to complete, namely to go from left to right in
Fig. 3. The lifetime of the sound waves left behind after
the transition in Fig. 3-right is of the order of miliseconds
too. They represent the dominant contribution to GW
emission, which is peaked at a frequency of order a MHz.

CHARACTERISTIC STRAIN

We follow the physical picture developed in the cosmo-
logical case and assume that the dominant GW produc-
tion mechanism is due to the long-lived sound waves left
behind after all the bubbles have collided. The produced
GW energy density and its relation to the characteristic
strain (see e.g. [22]), can be estimated as

εGW =
2ϑ

2

8ϑG

h
2
0

ϖ2
→ (8ϑG) v

4
f (E + P)2 !t R ”̄GW . (12)

A detailed derivation of this formula can be found in
e.g. [16]. We will not reproduce the derivation here, but
we will provide intuition for the origin of each term.

E , P and v
2
f are the energy density, the pressure

and the root mean velocity of the fluid in the HoCS
left behind by the bubble collisions, as illustrated in
Fig. 3(right). We take E → P → #4 with #4 in the range
(7).

GWs are metric perturbations sourced by the
transverse-traceless part of the energy-momentum ten-
sor, which for sound waves on a fluid hij ↑ 8ϑGT

TT
ij ↑

8ϑG(E + P)vivj , leading to the 8ϑGv
4
f (E + P)2 factor in

(12).

!t is the e$ective time duration of the source for the
purpose of determining εGW. In the cosmological case
!t → H

→1. In the NS case, however, GW contributing to
the growth of εGW leave the HoCS after a light-crossing
time of the region, shorter than the characteristic mil-
lisecond time of the merger,

!t → L → 1.7 ↓ 10→2 ms , (13)

where we have used (1).

R is a necessary characteristic length scale in the fluid
flow on dimensional grounds, which has been seen to coin-
cide with the mean separation between the bubbles that
produces the fluid flow in the first place.

Finally, ”̄GW is a dimensionless factor quantifying the
e%ciency with which shear stress in the fluid is converted
to GWs. Although its precise value depends on the de-
tails of the flow, simulations show that its ballpark value,
”̄GW ↑ 10→2, is rather insensitive to these details.

Extracting the strain from (12), and taking into ac-
count that the GW amplitude decreases with the distance
d to the source, we arrive to the observed characteristic
strain,

h
obs
0 = h0

L

d
→ 6.2 ↓ 10→24

v
2
f

(
#4

0.5 GeV/fm3

)(
L

5 km

)3/2 (0.6 MHz

f

)3/2 (100 Mpc

d

)
. (14)

The fluid velocity depends on details of the phase transi- tion such as the strength of the transition, the bubble wall

Estimate of strain: 

2

characteristic size of these HoCS is [12]

L → 5 km . (1)

To our knowledge, no simulation based on an EoS that
includes a transition to a color-superconducting phase
has been performed. Nevertheless, existing simulations
have shown that the merger leads to the formation of cold
quark-matter regions in which the baryon density can be
ten times larger than the nuclear saturation density. This
makes it conceivable that color-superconducting matter
may be formed in NS mergers.

Numerical simulations have shown that the presence
of HoCS a!ects the overall merger dynamics, mainly be-
cause of a softening of the EoS, and leads to detectable
modifications of the GW spectrum in the usual kilo-
hertz (kHz) frequency range. One may think of this as a
“macroscopic” consequence of the phase transition. How-
ever, to the best of our knowledge, the phase transition
dynamics in HoCS has not been previously considered.
The purpose of this paper is to show that this dynamics
leads to a characteristic signal in the megahertz (MHz)
range. One may think of this as a “microscopic” con-
sequence of the phase transition. We will see that this
conclusion is extremely robust since it only depends on
generic properties of a FOPT. Therefore we do not need
to commit ourselves to a particular type of FOPT. The
only assumptions we need to make are that some FOPT
is present in QCD and that this is accessed by the merger
dynamics.

The key idea is that the millisecond characteristic time
scale for the evolution of the merger,

ω → 1ms , (2)

is much longer than the characteristic nuclear time scale,
1 fm → 10→23 s. This huge separation of scales means
that, from the viewpoint of QCD processes, the merger
evolution is adiabatic to an extremely good approxima-
tion. In turn, this implies that the HoCS are initially
born as carefully prepared metastable regions of super-
heated and/or supercompressed matter. Once the super-
heating or supercompression are large enough, namely
once the HoCS is su”ciently deep into the metastable
branch, bubbles of the stable phase begin to nucleate.
The point where this happens is labeled “B” in Fig. 2.
These bubbles then expand to a macroscopic size and
collide, leaving behind long-lived sound waves propagat-
ing on top of the stable phase, as illustrated in Fig. 3.
As we will explain below, this dynamics gives rise to a
characteristic GW spectrum whose peak frequency is in
the MHz range.

As usual, we work with units such that ⊋ = c = 1. G

will be Newton’s constant, related to the reduced Planck
mass through

(8εG)→1/2 = Mp → 2.4 ↑ 1018 GeV . (3)

FREQUENCY

We begin by noting that the dynamics of a FOPT in a
NS merger is very similar to that of a cosmological FOPT
(for a review, see e.g. [14]), except for the fact that in the
cosmological case the metastable phase is supercooled.
In this case there is a compelling physical picture that
emerges from the large body of work developed over sev-
eral decades. Here we will take advantage of this picture
to give an order-of-magnitude estimate of the GW signal
in a NS merger.

In the cosmological case the separation of scales is pro-
vided by the fact that the expansion rate of the Universe,
H

→1, with H the Hubble rate, is much longer than the
microscopic time scale given by the inverse of the local
temperature, T

→1. As the Universe expands and cools
down, it eventually enters the metastable phase. At some
point bubbles of the stable phase begin to nucleate.These
bubbles then grow and collide leaving behind a superpo-
sition of long-lived sound waves propagating on the stable
phase. At su”ciently late times turbulence may also de-
velop. Although each of these processes contributes to
the GW spectrum, for many models of the transition it
has been shown that the dominant contribution comes
from collisions of sound waves with one another [15]. As
a first approximation, we will assume that the same may
be true in a NS merger. We will now determine the peak
frequency of the GWs, and in the next section we will
estimate their characteristic strain.

Let R be the mean bubble-centre separation at the end
of the phase transition, as in Fig. 3. This scale is inherited
by the sound waves left behind after the bubbles collide,
and it is further imprinted on the GWs produced by the
subsequent fluid dynamics. The peak GW wavelength, is
therefore ϑ → R [14, 16].

Nucleated bubbles grow with a constant bubble wall
velocity vw, which is usually assumed to be a fraction of
the speed of light — see e.g. [17]. We therefore take the
ballpark value

vw → 0.1 . (4)

This estimate is consistent with holographic simulations
[18]. Changing it has a simple e!ect on the peak GW
frequency — see (9).

Let ϖ
→1 be the duration of the phase transition, whose

precise definition is in (8). Intuitively it can be under-
stood as the time from the moment that the first few
bubbles are nucleated to the moment when all the bub-
bles have collided and disappeared, leaving behind sound
waves on top of the stable phase, as illustrated in Fig. 3.
The duration of the phase transition is related to the
mean bubble separation through [14]

R = (8ε)1/3
vw

ϖ
. (5)
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in the cosmological case the metastable phase is supercooled. In this first paper we will take

advantage of the physical picture that emerges from the large body of work devoted to the

cosmological case to give an order-of-magnitude estimate of the frequency and amplitude

of the GW signal in a neutron star merger. A more refined analysis will be presented

elsewhere [14].

In the cosmological case the separation of scales is provided by the fact that the

expansion rate of the Universe, H
�1, with H the Hubble rate, is much longer than the

microscopic time scale given by the inverse of the local temperature, T
�1. As the Universe

expands and cools down it eventually enters the metastable phase. At some point bubbles

of the stable phase begin to nucleate. These bubbles then grow and collide and eventually

leave behind a superposition of long-lived sound waves propagating on the stable phase.

At su�ciently late times turbulence may also develop. Although each of these processes

contributes to the GW spectrum, it is believed that the dominant contribution comes from

collisions of sound waves with one another. As a first approximation, we will assume that

the same may be true in a NS merger. We will first determine the peak frequency of the

GWs and then we will estimate their characteristic strain.

The peak wavelength of the produced GWs is given by the characteristic wavelength

of the sound waves, which in turn is determined by the mean bubble separation, R. To

estimate the latter we recall that, once the system is in the metastable phase, the bubble

nucleation rate per unit volume takes the form

�(t)

V
= µ(t)4 e

�S[µ(t)]
, , E (2.1)

where S is the action of the critical bubble at the chemical potential µ. This scale, which

is the dominant one in NS, would be replaced by the temperature in the cosmological case.

The phase transition starts when the nucleation rate in the available volume of metastable

phase becomes comparable to the characteristic evolution rate of the system. NS merger

simulations show that the typical size of a HoCS is L ⇠ 1 km. In the cosmological case

this would be the Hubble radius, H
�1. The evolution rate has units of inverse time and

measures the rate at which the physical properties of the system change, for example

1

⌧
=

1

µ

dµ

dt
. (2.2)

NS simulations show that this is of order ⌧ ⇠ 1 ms. In the cosmological case this would be

the Hubble expansion rate, H
�1. Using these values, together with µ ⇠ 1 GeV, we see that

the phase transition starts when the action of the critical bubble reaches the numerical

value

for the HoCS with a characteristic time scale set by the merger ⌧ ⇠ 1ms. Its relation

to the heating/compression rate is,

Recent NS merger simulations show that a typical size LHoCS ⇠ 1km for the HoCS

with a characteristic time scale set by the merger ⌧ ⇠ 1ms. Its relation to the heat-

ing/compression rate is,

1

⌧
=

1

T

dT

dt

1

⌧
=

1

µB

dµB

dt
. (2.3)
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position along the dashed black curve in Fig. 1 
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FIG. 2. Energy density as a function of the position along
the dashed black curve in Fig. 1. Both T and µ increase
from left to right. The dotted black vertical line indicates
the location of the phase transition, determined by the con-
dition that the states A and A→ have the same free energy
density. Stable, metastable and unstable states are shown
as solid green, dashed blue and doted red respectively. As
a region is heated/compressed it enters the lower metastable
branch. At B the nucleation probability has been su!ciently
enhanced, and bubbles of the preferred state C on the upper
stable branch are quickly nucleated.

Consequently, in order to determine the GW wavelength,
we must estimate the duration of the phase transition, for
which we need to recall how the phase transition takes
place dynamically.

Suppose that some region of the NS follows the trajec-
tory indicated by the dashed black curve in Fig. 1(left).
The energy density of the available phases of the system
as T and µ vary along this curve is shown in Fig. 2, where
the multivaluedness is a hallmark of a FOPT. The di!er-
ent colors in Fig. 2 indicate stable, metastable and un-
stable states. Note that only the stable states are shown
in the phase diagram of Fig. 1(left), whose hadronic and
quark-matter phases correspond to the lower and upper
stable branches of Fig. 2, respectively. Points A and A

→

are reached as the phase transition curve is approached
along the hadronic and the quark-matter phases, respec-
tively. The qualitative details of Fig. 2 do not depend on
the specific trajectory crossing the FOPT line.

As the region in the NS is heated and/or compressed
along the trajectory of Fig. 1(left), the corresponding
state moves along the lower stable branch in Fig. 2 until
it eventually enters the lower metastable branch. Once
this happens, bubbles of the stable phase can begin to
nucleate. On general grounds, the probability per unit
volume and per unit time for this to happen takes the
form

dP

dt d3x
= ”4

e
↑S[!]

. (6)

The exact value of the ”4 prefactor depends on the spe-
cific point on the metastable branch, but its scale is set
by the characteristic values of the energy and pressure
in NS matter. At zero temperature these are of order
E → P → 0.5GeV/fm3 [19].

Since a non-zero temperature will increase these values,
we take as a plausible range

0.1 GeV/fm3 ↭ ”4 ↭ 1GeV/fm3 (7)

and adopt as a reference value the intermediate point
”4 → 0.5 GeV/fm3.

S is the action of the critical bubble, defined as the
bubble for which the inward-pointing force due to the sur-
face tension is exactly balanced by the outward-pointing
force due to the pressure di!erence between the inside
and the outside of the bubble. The action of this bubble
controls the nucleation probability in the semiclassical
approximation, hence the exponential dependence in (6).
S is infinite at the point A where the metastable phase
meets the stable phase, and it decreases until it reaches
zero at the turning point where the metastable phase
meets the unstable phase. At an arbitrary point on the
metastable branch the value of S depends on the cor-
responding values of the temperature and the chemical
potential. The exponential enhancement of the nucle-
ation probability with time implies that the transition
will happen rapidly around a time tf (point B in Fig. 2).
By performing a Taylor expansion around tf we obtain
[14, 20, 21]

ω
↑1 =

(
dS

dt

)↑1

→ ε

S
→ ε

log (8ϑv3
wε4”4)

, (8)

where we have assumed that ”dS/d” ↑ S.
Plugging (8) into (5) we arrive at the following expres-

sion for the peak frequency f0 = ϖ
↑1:

f0 → 0.1

vw

1 ms

ε

(
0.62 + 0.0034 log

[(
vw

0.1

)3 ( ε

1 ms

)4 ”4

0.5 GeV/fm3

])
MHz . (9)

Using the reference values given above leads to

R → 477 m , ω
↑1 → 5.43µs , f0 → 0.6MHz . (10)

These values are fairly robust. Up to small logarithmic
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velocity, etc., but a representative range can be taken to
be [17]

0.01 ↭ vf ↭ 0.3 , (15)

with higher values favoured for strong phase transitions,
as might be expected for QCD.

The strain estimated above corresponds to that at the
peak. Away from the peak frequency, the strain is ex-
pected to decrease following a power law with width
ωf → f0 [23].

DETECTOR SENSITIVITIES

Our signal lies in a MHz band that is highly active
in proposed concepts for gravitational-wave detection
[24, 25]. According to [25], detectors operating in this
band—such as magnetic Weber bars [26]—could feasibly
achieve a characteristic noise-equivalent strain (PSD) of
order Sn(f)1/2 → 2 ↑ 10→22 Hz→1/2. See also [27, 28] for
additional concepts that may achieve comparable sensi-
tivities. In this section we will compare the sensitivities
of these detectors with (14) evaluated with the upper
values in the ranges (7) and (15).

For a transient source of duration ε with a broad spec-
trum of width ωf centered at f0 and characteristic strain
h0, the expected sensitivity to h0 from a broadband
search is [29–31]

h
broad
0 ↫ 1

ε

(
Sn(f0)

ϑf0

)1/2

N 1/2

→ 10→21
(ms

ε

)(
Sn(f0)1/2

10→22 Hz→1/2

)(
0.6 MHz

f0

)1/2 N 1/2

10
,

(16)

where

N → 1.6 ↑ 102
(

ε

ms

)(
ωf

0.6 MHz

)
, (17)

denotes the number of bins to be fitted. Since ωf → f0,
the resulting sensitivity is approximately flat across the
entire frequency band of interest.

For a resonant search, the prospects for magnetic We-
ber bars discussed in [26] assume a quality factor of
Q → 2 ↑ 107, corresponding to a very narrow resonance
width !f → f0/Q. In this case [29]

h
resonant
0 ↫ 1

ε

(
Sn(f0)

ϑ!f

)1/2

↑ SNR

→ 10→21
(ms

ε

)(
0.6 MHz

f0

)(
Q

2 ↑ 107

)1/2

,

(18)

where we used that on resonance [26]

Sn(f0)
1/2 → 4 ↑ 10→25 Hz→1/2

(
0.6 MHz

f0

)1/2

, (19)
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FIG. 4. Sensitivity of the proposal in [26] (broadband and
resonant) compared with the expected signal from an NS–NS
collision at various distances from Earth.

and we have taken SNR → 1.
Fig. 4 shows a comparison between the predicted signal

(14) and the sensitivities (16) and (18). We will come
back to this plot below.

DISCUSSION

Numerical simulations suggest that a QCD FOPT is
accessed during NS merger dynamics. Due to the sepa-
ration between the merger dynamics characteristic time
scale and the nuclear one, the evolution can be considered
adiabatic from the QCD viewpoint. This results in the
formation of metastable regions of superheated and/or
supercompressed matter in which the phase transition
takes place via the formation and subsequent expansion
and collision of bubbles.

This physics is analogous to that of a cosmological
FOPT, except that in the latter, the metastable region
is supercooled. Exploiting this analogy we provided a
rough estimate of the features of the resulting GW spec-
trum. We found that the duration of the signal is of or-
der of milliseconds and the peak frequency is in the MHz
range. To date, this is the only astrophysical source of
GWs in this frequency range that is based exclusively on
Standard Model physics. Analogously to the cosmolog-
ical case, we expect the precise GW power spectrum to
be a broken power law centred around this frequency.

Since bubbles are initially microscopic, for almost all
of their evolution they behave as in flat space. Thus, the
main e”ect of the spacetime curvature in the NS is simply
to redshift the GW frequency. This does not change the
order of magnitude of our estimate — for reference, the
frequency of a GW emitted from the surface of a 2M↑
NS would be reduced by 36%.

The characteristic strain that would be observed com-
ing from a single HoCS is given by (14). Simulations
show that several spots are typically formed, and that
they can transition back to the original phase via the nu-
cleation and collision of supercooled bubbles, leading to
additional emission of GWs in a similar frequency range.

Fluid velocity

5 Km
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velocity, etc., but a representative range can be taken to
be [17]

0.01 ↭ vf ↭ 0.3 , (15)

with higher values favoured for strong phase transitions,
as might be expected for QCD.

The strain estimated above corresponds to that at the
peak. Away from the peak frequency, the strain is ex-
pected to decrease following a power law with width
ωf → f0 [23].

DETECTOR SENSITIVITIES

Our signal lies in a MHz band that is highly active
in proposed concepts for gravitational-wave detection
[24, 25]. According to [25], detectors operating in this
band—such as magnetic Weber bars [26]—could feasibly
achieve a characteristic noise-equivalent strain (PSD) of
order Sn(f)1/2 → 2 ↑ 10→22 Hz→1/2. See also [27, 28] for
additional concepts that may achieve comparable sensi-
tivities. In this section we will compare the sensitivities
of these detectors with (14) evaluated with the upper
values in the ranges (7) and (15).

For a transient source of duration ε with a broad spec-
trum of width ωf centered at f0 and characteristic strain
h0, the expected sensitivity to h0 from a broadband
search is [29–31]

h
broad
0 ↫ 1

ε

(
Sn(f0)

ϑf0

)1/2

N 1/2

→ 10→21
(ms

ε

)(
Sn(f0)1/2

10→22 Hz→1/2

)(
0.6 MHz

f0

)1/2 N 1/2

10
,

(16)

where

N → 1.6 ↑ 102
(

ε

ms

)(
ωf

0.6 MHz

)
, (17)

denotes the number of bins to be fitted. Since ωf → f0,
the resulting sensitivity is approximately flat across the
entire frequency band of interest.

For a resonant search, the prospects for magnetic We-
ber bars discussed in [26] assume a quality factor of
Q → 2 ↑ 107, corresponding to a very narrow resonance
width !f → f0/Q. In this case [29]

h
resonant
0 ↫ 1

ε

(
Sn(f0)

ϑ!f

)1/2

↑ SNR

→ 10→21
(ms

ε

)(
0.6 MHz

f0

)(
Q

2 ↑ 107

)1/2

,

(18)

where we used that on resonance [26]

Sn(f0)
1/2 → 4 ↑ 10→25 Hz→1/2

(
0.6 MHz

f0

)1/2

, (19)
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FIG. 4. Sensitivity of the proposal in [26] (broadband and
resonant) compared with the expected signal from an NS–NS
collision at various distances from Earth.

and we have taken SNR → 1.
Fig. 4 shows a comparison between the predicted signal

(14) and the sensitivities (16) and (18). We will come
back to this plot below.

DISCUSSION

Numerical simulations suggest that a QCD FOPT is
accessed during NS merger dynamics. Due to the sepa-
ration between the merger dynamics characteristic time
scale and the nuclear one, the evolution can be considered
adiabatic from the QCD viewpoint. This results in the
formation of metastable regions of superheated and/or
supercompressed matter in which the phase transition
takes place via the formation and subsequent expansion
and collision of bubbles.

This physics is analogous to that of a cosmological
FOPT, except that in the latter, the metastable region
is supercooled. Exploiting this analogy we provided a
rough estimate of the features of the resulting GW spec-
trum. We found that the duration of the signal is of or-
der of milliseconds and the peak frequency is in the MHz
range. To date, this is the only astrophysical source of
GWs in this frequency range that is based exclusively on
Standard Model physics. Analogously to the cosmolog-
ical case, we expect the precise GW power spectrum to
be a broken power law centred around this frequency.

Since bubbles are initially microscopic, for almost all
of their evolution they behave as in flat space. Thus, the
main e”ect of the spacetime curvature in the NS is simply
to redshift the GW frequency. This does not change the
order of magnitude of our estimate — for reference, the
frequency of a GW emitted from the surface of a 2M↑
NS would be reduced by 36%.

The characteristic strain that would be observed com-
ing from a single HoCS is given by (14). Simulations
show that several spots are typically formed, and that
they can transition back to the original phase via the nu-
cleation and collision of supercooled bubbles, leading to
additional emission of GWs in a similar frequency range.

๏Close to detection but not guaranteed with current designs
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velocity, etc., but a representative range can be taken to
be [17]

0.01 ↭ vf ↭ 0.3 , (15)

with higher values favoured for strong phase transitions,
as might be expected for QCD.

The strain estimated above corresponds to that at the
peak. Away from the peak frequency, the strain is ex-
pected to decrease following a power law with width
ωf → f0 [23].

DETECTOR SENSITIVITIES

Our signal lies in a MHz band that is highly active
in proposed concepts for gravitational-wave detection
[24, 25]. According to [25], detectors operating in this
band—such as magnetic Weber bars [26]—could feasibly
achieve a characteristic noise-equivalent strain (PSD) of
order Sn(f)1/2 → 2 ↑ 10→22 Hz→1/2. See also [27, 28] for
additional concepts that may achieve comparable sensi-
tivities. In this section we will compare the sensitivities
of these detectors with (14) evaluated with the upper
values in the ranges (7) and (15).

For a transient source of duration ε with a broad spec-
trum of width ωf centered at f0 and characteristic strain
h0, the expected sensitivity to h0 from a broadband
search is [29–31]

h
broad
0 ↫ 1

ε

(
Sn(f0)

ϑf0

)1/2

N 1/2

→ 10→21
(ms

ε

)(
Sn(f0)1/2

10→22 Hz→1/2

)(
0.6 MHz

f0

)1/2 N 1/2

10
,

(16)

where

N → 1.6 ↑ 102
(

ε

ms

)(
ωf

0.6 MHz

)
, (17)

denotes the number of bins to be fitted. Since ωf → f0,
the resulting sensitivity is approximately flat across the
entire frequency band of interest.

For a resonant search, the prospects for magnetic We-
ber bars discussed in [26] assume a quality factor of
Q → 2 ↑ 107, corresponding to a very narrow resonance
width !f → f0/Q. In this case [29]

h
resonant
0 ↫ 1

ε

(
Sn(f0)

ϑ!f

)1/2

↑ SNR

→ 10→21
(ms

ε

)(
0.6 MHz

f0

)(
Q

2 ↑ 107

)1/2

,

(18)

where we used that on resonance [26]

Sn(f0)
1/2 → 4 ↑ 10→25 Hz→1/2

(
0.6 MHz

f0

)1/2

, (19)
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FIG. 4. Sensitivity of the proposal in [26] (broadband and
resonant) compared with the expected signal from an NS–NS
collision at various distances from Earth.

and we have taken SNR → 1.
Fig. 4 shows a comparison between the predicted signal

(14) and the sensitivities (16) and (18). We will come
back to this plot below.

DISCUSSION

Numerical simulations suggest that a QCD FOPT is
accessed during NS merger dynamics. Due to the sepa-
ration between the merger dynamics characteristic time
scale and the nuclear one, the evolution can be considered
adiabatic from the QCD viewpoint. This results in the
formation of metastable regions of superheated and/or
supercompressed matter in which the phase transition
takes place via the formation and subsequent expansion
and collision of bubbles.

This physics is analogous to that of a cosmological
FOPT, except that in the latter, the metastable region
is supercooled. Exploiting this analogy we provided a
rough estimate of the features of the resulting GW spec-
trum. We found that the duration of the signal is of or-
der of milliseconds and the peak frequency is in the MHz
range. To date, this is the only astrophysical source of
GWs in this frequency range that is based exclusively on
Standard Model physics. Analogously to the cosmolog-
ical case, we expect the precise GW power spectrum to
be a broken power law centred around this frequency.

Since bubbles are initially microscopic, for almost all
of their evolution they behave as in flat space. Thus, the
main e”ect of the spacetime curvature in the NS is simply
to redshift the GW frequency. This does not change the
order of magnitude of our estimate — for reference, the
frequency of a GW emitted from the surface of a 2M↑
NS would be reduced by 36%.

The characteristic strain that would be observed com-
ing from a single HoCS is given by (14). Simulations
show that several spots are typically formed, and that
they can transition back to the original phase via the nu-
cleation and collision of supercooled bubbles, leading to
additional emission of GWs in a similar frequency range.

๏Close to detection but not guaranteed with current designs
๏Technically: Can motivate further improvements
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5

velocity, etc., but a representative range can be taken to
be [17]

0.01 ↭ vf ↭ 0.3 , (15)

with higher values favoured for strong phase transitions,
as might be expected for QCD.

The strain estimated above corresponds to that at the
peak. Away from the peak frequency, the strain is ex-
pected to decrease following a power law with width
ωf → f0 [23].

DETECTOR SENSITIVITIES

Our signal lies in a MHz band that is highly active
in proposed concepts for gravitational-wave detection
[24, 25]. According to [25], detectors operating in this
band—such as magnetic Weber bars [26]—could feasibly
achieve a characteristic noise-equivalent strain (PSD) of
order Sn(f)1/2 → 2 ↑ 10→22 Hz→1/2. See also [27, 28] for
additional concepts that may achieve comparable sensi-
tivities. In this section we will compare the sensitivities
of these detectors with (14) evaluated with the upper
values in the ranges (7) and (15).

For a transient source of duration ε with a broad spec-
trum of width ωf centered at f0 and characteristic strain
h0, the expected sensitivity to h0 from a broadband
search is [29–31]

h
broad
0 ↫ 1

ε

(
Sn(f0)

ϑf0

)1/2

N 1/2

→ 10→21
(ms

ε

)(
Sn(f0)1/2

10→22 Hz→1/2

)(
0.6 MHz

f0

)1/2 N 1/2

10
,

(16)

where

N → 1.6 ↑ 102
(

ε

ms

)(
ωf

0.6 MHz

)
, (17)

denotes the number of bins to be fitted. Since ωf → f0,
the resulting sensitivity is approximately flat across the
entire frequency band of interest.

For a resonant search, the prospects for magnetic We-
ber bars discussed in [26] assume a quality factor of
Q → 2 ↑ 107, corresponding to a very narrow resonance
width !f → f0/Q. In this case [29]

h
resonant
0 ↫ 1

ε

(
Sn(f0)

ϑ!f

)1/2

↑ SNR

→ 10→21
(ms

ε

)(
0.6 MHz

f0

)(
Q

2 ↑ 107

)1/2

,

(18)

where we used that on resonance [26]

Sn(f0)
1/2 → 4 ↑ 10→25 Hz→1/2

(
0.6 MHz

f0

)1/2

, (19)
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FIG. 4. Sensitivity of the proposal in [26] (broadband and
resonant) compared with the expected signal from an NS–NS
collision at various distances from Earth.

and we have taken SNR → 1.
Fig. 4 shows a comparison between the predicted signal

(14) and the sensitivities (16) and (18). We will come
back to this plot below.

DISCUSSION

Numerical simulations suggest that a QCD FOPT is
accessed during NS merger dynamics. Due to the sepa-
ration between the merger dynamics characteristic time
scale and the nuclear one, the evolution can be considered
adiabatic from the QCD viewpoint. This results in the
formation of metastable regions of superheated and/or
supercompressed matter in which the phase transition
takes place via the formation and subsequent expansion
and collision of bubbles.

This physics is analogous to that of a cosmological
FOPT, except that in the latter, the metastable region
is supercooled. Exploiting this analogy we provided a
rough estimate of the features of the resulting GW spec-
trum. We found that the duration of the signal is of or-
der of milliseconds and the peak frequency is in the MHz
range. To date, this is the only astrophysical source of
GWs in this frequency range that is based exclusively on
Standard Model physics. Analogously to the cosmolog-
ical case, we expect the precise GW power spectrum to
be a broken power law centred around this frequency.

Since bubbles are initially microscopic, for almost all
of their evolution they behave as in flat space. Thus, the
main e”ect of the spacetime curvature in the NS is simply
to redshift the GW frequency. This does not change the
order of magnitude of our estimate — for reference, the
frequency of a GW emitted from the surface of a 2M↑
NS would be reduced by 36%.

The characteristic strain that would be observed com-
ing from a single HoCS is given by (14). Simulations
show that several spots are typically formed, and that
they can transition back to the original phase via the nu-
cleation and collision of supercooled bubbles, leading to
additional emission of GWs in a similar frequency range.

๏Close to detection but not guaranteed with current designs
๏Technically: Can motivate further improvements
๏Theoretically: only crude estimates, addition of multiple sources…
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๏ A unique signal from phase transition; 

๏ Mhz burst in coincidence with the KHz signal of the NSNS 

๏ The only known signal in this band from Standar Model physics

๏ Additional motivation to push high-frequency GW detectors


