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Abstract: We review the properties of hybrid stars with a quark matter core and a hadronic mantle,
focusing on the role of key micro-physical properties such as the quark/hadron surface and curvature
tensions and the conversion speed at the interface between both phases. We summarize the results
of works that have determined the surface and curvature tensions from microscopic calculations.
If these quantities are large enough, mixed phases are energetically suppressed and the quark core
would be separated from the hadronic mantle by a sharp interface. If the conversion speed at the
interface is slow, a new class of dynamically stable hybrid objects is possible. Densities tens of
times larger than the nuclear saturation density can be attained at the center of these objects. We
discuss possible formation mechanisms for the new class of hybrid stars and smoking guns for their
observational identification.

Keywords: neutron star; equation of state; surface tension of dense matter; gravitational waves;
stellar stability

1. Introduction

A longstanding unsolved problem in neutron star (NS) physics is whether deconfined
quark matter can be present at their cores, which would imply the existence of the so-called
hybrid stars, composed by a quark matter core and a hadronic mantle. At present, the state
of matter in the crust and in the inner core of NSs (up to∼1− 2n0, being n0 = 0.16 fm−3 the
nuclear saturation density) is reasonably well understood and constrained by theory and
experiments. However, the behavior of matter occupying the inner core, where the density
exceeds 2n0, still faces theoretical challenges and can only be constrained by astrophysical
observations.

Fortunately, in recent years, many substantial advances have been made in the de-
termination of some key properties of NSs that can be directly related to their internal
composition. In particular, a set of pulsars with masses around ∼2 M� have been discov-
ered (PSR J1614-2230 [1], PSR J0348+0432 [2], PSR J0740+6620 [3], and PSR J2215-5135 [4]),
which require that any model for the equation of state of dense matter must be able to
produce stellar configurations with at least two solar masses. Additionally, joint mass-
radius measurements with increasing precision are available from the Neutron Star Interior
Composition Explorer (NICER) which is the first mission specifically designed for the
study of NSs. Using the pulse profile modeling technique that exploits hotspots on the
NS surface, the mass and radius of the millisecond-pulsars PSR J0030+0451 [5,6] and PSR
J0740+6620 [7,8] has been measured with great precision. Interestingly, the inferred radius
of PSR J0740+6620 (with ∼2 M�) is very similar to that of PSR J0030+0451 (with ∼1.4 M�),
even though they have very different masses [7,8].
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New limits on the EOS were posed recently by the LIGO/Virgo detection of gravitational-
waves (GWs) coming from the NS-NS merger event GW170817 [9–13]. Assuming that
both NSs are described by the same EOS and have spins within the range observed in
Galactic binary NSs, the dimensionless tidal deformability Λ1.4 of a 1.4 M� NS was found
to be in the range 70–580 at the 90% level [14]. The event was also accompanied by a
multi-wavelength electromagnetic counterpart, from γ-rays to radio. In addition, the fact
that the postmerger remnant of GW170817 did not suffer a prompt collapse was used to
constrain the maximum gravitational mass of a nonrotating NS (Mmax ≈ 2.3 M�) [15].
Later, the LIGO Livingston detector observed the event GW190425, a compact binary
coalescence with total mass ∼3.4 M� [16]. This was the first confirmed GW detection
based on data from a single observatory and no electromagnetic counterpart was found. If
interpreted as a double NS merger, the total gravitational mass is substantially larger than
that of binary systems identified in the Galaxy. This raises the possibility of GW190425
being a NS-black hole (BH) binary merger [17,18]. Next, the LIGO/ Virgo Collaboration
announced the discovery of a gravitational wave binary, GW190814 [19] from which no
electromagnetic counterpart was identified. One component of this binary is a 23 M� BH
while the other is a 2.6 M� object. The mass of the secondary leaves the nature of this
component ambiguous: while the Bayesian analysis of Reference [20] favors the scenario
that the event was a binary BH merger, the secondary of GW190814 can also be interpreted
as a massive rapidly-rotating NS with exotic degrees of freedom [21] or a color-flavor-
locked strange quark star [22]. Finally, the LIGO/Virgo collaboration announced the
discovery of GW200105 and GW200115 [23]. The first binary, GW200105, was later reported
as a marginal candidate [24]. The second one, GW200115, has a 5.7 M� BH and a 1.5 M�
NS. No electromagnetic counterparts were detected for either system. More recently, the
LIGO/Virgo O3b run reported new events involving NSs, cf. GW191219 (NS-BH) and
GW200210 (NS-BH or BH-BH) [24].

On the theoretical front, a reliable description of the equation of state of matter above
∼1− 2n0 still faces many difficulties that are bypassed by using phenomenological models
that match experimental data at low densities and perturbative QCD at asymptotically
large ones. Within such an approach, many internal compositions are possible that agree
with all present theoretical and empirical requirements. Among them, hybrid stars have
attracted much attention because quantum chromodynamics predicts that at sufficiently
high energy densities, hadronic matter undergoes a deconfinement transition to a phase of
quarks and gluons. There are still many open questions related to hybrid stars, probably the
most important one being whether the central densities of these objects are large enough
to allow for deconfined quark matter. In the present review we assume as a working
hypothesis that deconfined matter do exist at NS cores and explore the role of several
microphysical properties of dense matter on the internal structure of these objects. In
particular, we pay special attention to the behavior of the quark hadron interface (surface,
tension, curvature energy, speed of conversion reactions) and their consequences on stellar
structure and stability.

This review is organized as follows. In Section 2 we discuss the relevance of dense
matter surface (and curvature) tension for the quark–hadron interface in hybrid stars. In
particular, it is known that the surface tension determines the formation (or not) of the so
called quark–hadron mixed phase, made of lumps of one phase embedded in a background
of the other one. We summarize the results of works that have determined the surface
tension from microscopic calculations and explore the implications for NS physics. In
Section 3, we discuss recent results on the dynamic stability of hybrid stars. It is shown
that the speed of hadron↔quark conversion reactions that may occur when the interface
of a hybrid star is perturbed has a determinant impact on the dynamic stability of the
hybrid star. If conversions have a sufficiently large timescale, a new branch of stable hybrid
stars is possible, with several physical and astrophysical consequences. Unfortunately,
the conversion timescale is unknown at present, but we provide some arguments and
model dependent results that indicate that it would be slow. In Section 4 we examine
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some possible mechanisms for the formation of the new class of hybrid stars in realistic
astrophysical situations. In Section 5 we identify some signatures that can help in their
observational identification, in particular by means of the detection of gravitational waves.
We finish with some conclusions in Section 6.

2. The Nature of the Quark Hadron Interface: Sharp or Mixed?

A comprehensive study of the surface tension σ of deconfined quark matter is of
greatest importance for a better understanding of the internal composition of
NSs [25–28] as well as for determining the nucleation rate and the associated critical
size of the nucleated drops [29,30] at the deep core of NSs. In addition, surface tension
affects decisively the properties of the most external layers of a strange star which may frag-
ment into a charge-separated mixture, involving positively-charged strangelets immersed
in a negatively charged sea of electrons, presumably forming a crystalline solid crust [31].
This would happen below a critical surface tension which is typically of the order of
∼10 MeV/fm2 [32,33]. The surface tension is also crucial for the quark–hadron interface
of a hybrid star, which might form a mixed phase for values of σ below some tens of
MeV/fm2 [34–37]. Here we will focus on the hybrid star case.

In the core of compact stars, when the density exceeds the nuclear saturation density,
a deconfinement transition from hadronic to quark matter might occur. Usually, a hybrid
description of strongly interacting matter is used, in which a hadronic model which is
reliable at low densities is extrapolated to higher ones and matched with a quark model.
This situation is qualitatively depicted in the right panel of Figure 1, where the Gibbs free
energy per baryon G/nB of both phases intersect at a transition pressure ptr, being the
energetically preferred phase the one with lower G/nB. Then, the quark–hadron transition
is of the first order by construction and the resulting equation of state predicts a stellar
configuration that contains a sharp interface separating a pure quark matter core from a
purely hadronic mantle.

Figure 1. Sketch of the interior of a hybrid star and schematic representation of the Gibbs free energy
per baryon in the case of a sharp interface.

The previous scenario presumes that the electric charge is locally neutral. However,
there is a change in G/nB when global (instead of local) electric charge neutrality is
allowed, which is due to the formation of electrically charged geometric structures that
have a surface, curvature, and Coulomb energy cost. Calculations show that in general
the surface contribution dominates over the others. As a consequence (see right panel
of Figure 2), there is a decrease of G/nB if the surface tension is low enough (orange
line) or an increase of G/nB in the opposite case (blue line). The value of σ for which the
globally neutral and the locally neutral phases have the same G/nB at ptr is known as
critical surface tension σcrit. If the surface tension exceeds σcrit (which is of the order of
tens MeV/fm2 [34–37]) the energy cost of global charge neutrality is too high and a sharp
interface is expected as described in Figure 1. On the contrary, if the surface tension is
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smaller than σcrit, a mixed phase where lumps of one phase are embedded in a background
of the other one is expected (see Figure 2). Depending on the models and on the value of
σ, the mixed phase would include different geometrical structures (droplets, rods, slabs,
tubes, and bubbles [38–40]) present over a wide density range of the stellar core.

Figure 2. Same as in the previous figure but for a mixed interface.

Several works in the literature have used the quark matter surface tension as a free pa-
rameter to describe the possible structure of mixed phases and to evaluate under which con-
ditions it would be favored over a sharp quark–hadron interface (see e.g., [32,34,38,41–44]
and references therein). However, there are fewer works that have determined the sur-
face tension σ and the curvature tension γ from microscopic calculations. In Table 1 we
summarize the results obtained for σ within different effective equations of state and
using different techniques for the microscopic calculation. For comparison, we include
also lattice QCD results in the vanishing baryon number density and high temperature
regime. The results span a wide range of values. Assuming σcrit of some tens of MeV/fm2,
some calculations suggest the existence of a mixed phase while others indicate that a sharp
interface would be favored. On the other hand, the curvature tension γ has been less
explored than σ. Within the Multiple Reflection Expansion (MRE) formalism [45,46], light
quarks tend to have a minor contribution to σ but have a dominant role in γ. However,
both effects, surface and curvature, are relevant in principle for massive enough species,
like the s quark. Since the grand thermodynamic potential is Ω = −PV + σS + γC (being
V, S and C the volume, surface, and curvature of a quark lump), the quantity γC/(σS)
encodes the relative influence of the surface and the curvature contribution. For spherical
drops the ratio is 2γ/(Rσ), showing that the curvature may be relevant and even dominant
for small enough droplets [33,47].

The surface tension σh of hadronic matter is roughly below 1 MeV/fm2 in the
crust [34,48–50]. If the same order of magnitude is assumed for typical core densities,
it turns out that the nuclear matter contribution would be much smaller than the quark
matter one, as seen in Table 1. With that assumption, the existence of the quark–hadron
mixed phase would be determined primarily by the surface tension of quark matter.
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Table 1. Summary of microscopic calculations of the surface tension. See the works listed in the second column and
references therein.

Equation of State + Method Reference σ [MeV/fm2] Remarks

Lattice QCD [51–54] 5–20
vanishing baryon chemical

potential, finite T

MIT bag model
+ Multiple Refection Expansion [33,55–57] <25

for nB < 10n0, finite T,
magnetic field, ν-trapping

Nambu-Jona-Lasinio model
+ geometric approach/thin wall [26,58,59]

<25–30 for B = 0,
∼70 for B = 15m2

π

finite T,
with/without magnetic field B

Linear sigma model
+ geometric approach/thin wall [26,28,60]

<15 for B = 0,
<60 for B < 20m2

π

zero/finite T,
with/without magnetic field B

Polyakov-quark-meson model
+ thin wall [61] <30 finite T

Dyson-Schwinger equation
+ thin wall approximation [62] <40 finite T

Nucleon-meson model
+ domain wall or bubble profiles [63] <15

finite T, model does not contain
explicit quark degrees of freedom

Equivparticle model + Multiple
Refection Expansion/finite box [64] 3–10 T = 0

Quasiparticle model
+ Multiple Refection Expansion [27] 30–70 T = 0

Nambu-Jona-Lasinio model
+ Multiple Refection Expansion [65] 145–165 finite T

vector MIT bag model
+ Multiple Refection Expansion [47] 5–300

for nB < 10n0, finite T, ν-trapping,
huge vector contribution to σ

3. The Speed of Phase Conversions at the Quark-Hadron Interface and Its Role in
Stellar Stability

In this section we will analyze the dynamic stability of hybrid stars. As shown by
Chandrasekhar [66], stability can be assessed by inspecting the response of equilibrium
configurations to small radial disturbances. When a dynamically stable star is perturbed,
fluid elements along the interior oscillate around their equilibrium positions, compressing
and expanding periodically. Instead, in a dynamically unstable star, small perturbations
grow without limit, leading to the collapse or disruption of the object. The formalism of
small radial perturbations of spherically symmetric stars shows that stellar configurations
are stable if the frequency ω0 of the fundamental mode verifies ω2

0 ≥ 0 and unstable if
ω2

0 < 0 [66].
For cold compact stars in chemical equilibrium (cold catalyzed matter) and without

density discontinuities, it can be shown that changes of stability (ω0 = 0) occur at maxima
or minima in the M− εc diagram, being M the stellar mass and εc the energy density at
the stellar center [67]. Thus, the following much simpler static stability criterion holds [67]:

∂M
∂εc

< 0 ⇒ ω2
0 < 0 (unstable star), (1)

∂M
∂εc

> 0 ⇐ ω2
0 ≥ 0 (stable star). (2)

For cold catalyzed hybrid stars with mixed phases, the latter static conditions remain
valid, because the density varies continuously all along the stellar interior. However,
in the case of hybrid stars with sharp discontinuities, Chandrasekhar’s analysis is not
straightforward, since radial perturbations may induce the phase conversion of fluid
elements in the neighborhood of the interface. Indeed, it has been shown that the conversion
speed between quarks and hadrons at a sharp interface may produce significant changes
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in the dynamic stability of the object [68–74]. In the following subsection we will describe
the conditions under which the standard Equations (1) and (2) are not valid for hybrid stars
with sharp interfaces.

3.1. Extended Dynamical Stability

When analyzing the response of hybrid stars to small radial perturbations, caution
must be taken with fluid elements close to the quark–hadron interface, because, as the fluid
oscillates, their pressures take values above and below the phase transition pressure ptr.
There are two essentially different behaviors depending on the speed of the quark–hadron
conversion mechanism. If the conversion timescale is much shorter than the oscillation
period (rapid conversions), fluid elements change periodically from one phase to the other
as the pressure oscillates around ptr. On the other hand, if the conversion timescale is
much larger than the oscillation period (slow conversions), the motion around the interface
involves only the stretch and squash of volume elements without any phase transformation
(see Figure 3). Calculations show that ω0 is of the order of magnitude of ∼1–100 kHz for
essentially all known dense matter EOSs [75–79]. Therefore, oscillations would be rapid or
slow depending on whether the conversion timescale is smaller or larger than ∼0.01–1 ms.

Figure 3. Neighborhood of the quark–hadron interface at three different times t1 < t2 < t3 for rapid
conversions (left) and slow conversions (right). At t1 the interface is unperturbed; at t2 a perturbation
shifts a quark fluid element radially to a region with pressure below ptr. If the conversion timescale
is smaller than the oscillation period, the fluid element converts into hadrons before returning to the
region with p > ptr at time t3. If the conversion timescale is larger than the oscillation period, the
fluid element has not enough time for converting into hadrons before returning to the region with
p > ptr at time t3.

In spite of the complexity of the phase changing mechanism, the fact that the phase
splitting surface stays at the same place if conversions are rapid, and oscillates with the
same period of perturbations if conversions are slow (see Figure 3), implies that the nature
of the conversion can be encoded into simple junction conditions on the radial fluid
displacement ξ and the corresponding Lagrangian perturbation of the pressure ∆p at the
interface [69].

For slow conversions, the resulting condition is that the jump of ξ and ∆p across the
interface should always be null [69]:

[ξ]+− ≡ ξ+ − ξ− = 0, [∆p]+− ≡ ∆p+ − ∆p− = 0, (3)

where [x]+− ≡ x+ − x− is the jump of a quantity x across the interface, being x+ the value
of x just above the interface (i.e., at the hadronic side) and x− the value just below it (i.e., at
the quark side).
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For rapid phase transitions it was found that [69]:

[ξr]+− = ∆p
[

1
p′0

]+
−

, [∆p]+− = 0, (4)

where p′0 ≡ dp0/dr is the gradient of the background pressure at the interface.
Using the junction conditions of Equations (3) and (4), the dynamic stability of hy-

brid stars with rapid and slow interface conversions has been analyzed in several re-
cent works [68–74,80]. If conversions at the interface are rapid, calculations show that
Equations (1) and (2) remain valid, and changes of stellar stability occur only at maxima or
minima in the mass versus radius or the mass versus central energy density diagram. This
is easy to understand physically because, in the case of rapid conversions, fluid elements
around the interface are able to attain chemical equilibrium very fast. This means that the
hypothesis of cold catalyzed matter necessary for the fulfillment of Equations (1) and (2) is
always verified. On the contrary, changes of stability do not occur necessarily at critical
points if the interface conversions are slow. Indeed, calculations show that ω0 can be a
real number (indicating stability) even if ∂M/∂εc < 0 [68–74]. Thus, in the case of slow
conversions, many configurations that were believed to be radially unstable are in fact
radially stable under small perturbations. These configurations have been called slow-stable
hybrid stars in Reference [74].

Some practical consequences of the behavior described above are shown in the
schematic curves of Figures 4 and 5, which were constructed based on the results of
References [68–74]. In Figure 4, it is assumed that the quark–hadron interface occurs at
high densities. The typical result that emerges from calculations is shown in the right
panel where a branch of slow-stable hybrid stars appears for central densities higher than
the one of the object with maximum mass. The baryon number density at the center of
these hypothetical objects can be as high as some tens of n0 (in fact, models with up to
66 n0 at the center of the last stable object were obtained in Reference [74]). Such high
central densities were obtained in Reference [74] for density jumps at the quark–hadron
interface of 1000–3000 MeV/fm3. In Figure 5, it is assumed that the quark–hadron interface
occurs at low densities. If interface reactions are rapid, the totally stable hybrid branch
may be connected or disconnected from the hadronic one. In the left panel of Figure 5, we
show a situation where the hybrid branch is disconnected from the hadronic one by a short
segment of unstable models that starts at the onset of a quark matter core and ends at the
local minimum of the curve’s valley. However, if interface conversions are slow, objects in
that short segment become stable (ω2

0 ≥ 0), and disconnected branches become connected
(see right panel of Figure 5). For these models there exist low mass triplets of stars with
the same gravitational mass but different radii in the vicinity of the valley. Models like the
one shown in the right panel of Figure 4 can be obtained very easily provided one adopts a
sufficiently stiff hadronic matter equation of state. However, models like the one presented
in the right panel of Figure 5 require some fine tuning of the equations of state to fulfill
the requirement of a maximum mass above ∼2 M�. Other geometries of the mass-radius
relation are possible in principle, but the most common one involving slow-stable hybrid
stars is by far the one shown in the right panel of Figure 4.
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Figure 4. Mass–radius relationships for hybrid stars in the case of rapid and slow conversions. The
curves represent qualitatively results that have been obtained with several combinations of realistic
hadronic and quark equations of state [68–74,80]. In this figure, it is assumed that the hadron–quark
interface occurs at high densities, thus, purely hadronic stars are possible up to ∼2M�. When rapid
conversions are assumed (left panel), calculations show that the fundamental oscillation frequency of
hybrid stars verifies ω2

0 < 0, indicating that hybrid configurations (dashed lines) are dynamically
unstable. Considering the same equations of state, but assuming that interface conversions are slow
(right panel), it is found that many hybrid stars have ω2

0 > 0 in spite of being in a branch with
∂M/∂εc < 0 (slow-stable hybrid stars). They are represented by thick lines in the right panel.

Figure 5. Same as in the previous figure but for a scenario where the hadron–quark interface occurs at
low densities. Purely hadronic stars do not have large masses. For rapid conversions (left panel), there
is a hybrid star branch for which the fundamental oscillation frequency verifies ω2

0 > 0, indicating
stability. There is also a small segment of the curve (with dashed lines) which is unstable because
ω2

0 < 0 (this segment also verifies ∂M/∂εc < 0). Considering the same equations of state, but
assuming that interface conversions are slow (right panel), it is found that the short segment that is
unstable in the left panel becomes dynamically stable (ω2

0 > 0) in spite of having ∂M/∂εc < 0.

3.2. Interface Conversions: Slow or Rapid?

As discussed before, the speed of reactions converting hadrons into quarks and vice
versa in the neighborhood of a sharp interface at the core of a hybrid star is essential for
determining its dynamic stability. Unfortunately, present calculations of the conversion
timescale are model dependent. In the following we comment briefly on the predictions of
some models.

First, we emphasize that phase transitions are highly collective and nonlinear phe-
nomena, thus, the hadron–quark transition timescale is not expected to be simply the
consequence of particles that confine or deconfine independently. Actually, it is known
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from a wide variety of systems that the two major mechanisms in which first-order phase
transitions proceed are nucleation and spinodal decomposition (see e.g., [81]).

In the case of nucleation, a large conversion timescale is expected due to the exis-
tence of a high activation barrier. To understand this argument, we show in Figure 6 a
schematic representation of the Gibbs free energy per baryon inside a hybrid star. As
already explained in Figure 1, the curves for hadronic matter and quark matter in chemical
equilibrium under weak interactions intersect at the pressure ptr. Let us consider a small
lump of hadron matter in the neighborhood of the interface, resting in equilibrium at the
‘hadronic side’ of the discontinuity. If the star is unperturbed, this lump is in thermal,
mechanical, and chemical equilibrium, like any other fluid element inside the star. In par-
ticular, chemical equilibrium under weak interactions determines univocally the particle
abundances of all baryon and lepton species at that place. When this small hadronic lump
is perturbed radially, it moves to the ‘quark side’ of the interface, which is at a pressure
slightly above ptr. At this new position, it is subject to an overpressure that could convert
hadrons into quarks if the deconfined quark-matter state had a lower Gibbs free energy
per baryon. However, since deconfinement is driven by strong interactions, the quark and
lepton abundances Yi of just deconfined quark matter are determined by the composition
of the hadronic phase from which the new state emerges; more specifically, by the flavor
conservation conditions [30,82–85]:

 Yu
Yd
Ys

 =

 2 1 1 2 1 0 1 0
1 2 1 0 1 2 0 1
0 0 1 1 1 1 2 2





Yp
Yn
YΛ
YΣ+

YΣ0

YΣ−

YΞ0

YΞ−


, (5)

where Yi ≡ ni/nB is the concentration per baryon of the i-th particle species, and we assume
that hadronic matter, in addition to protons and neutrons, may contain some hyperons.
Since in general, such condition results in quark matter out of chemical equilibrium against
weak interactions, the corresponding state cannot be along the curve Qeq of Figure 6.
Calculations show that, if quark matter is to be formed under flavor conservation conditions
around the pressure ptr, then its state would be represented by a point 1∗ on the curve
Q∗, which is always above the point 1eq of phase coexistence in chemical equilibrium (see
Figure 6). Since the transition to the point 1∗ is energetically suppressed, the perturbed
(compressed) hadronic lump will move to the right along the dashed black line of Figure 6.
A phase conversion would be possible if the lump is able to reach the point 2∗ where
the free energy of Heq and Q∗ are equal. Therefore, the phase conversion would be
rapid if the pressures ptr and p∗tr are close enough to each other and slow if they are
sufficiently different. Numerical results using several phenomenological equations of state
and different nucleation models [30,84–86] show that the relevant nucleation times are
huge, strongly suggesting that the hadron–quark conversion near the interface is slow. A
similar reasoning to the one given before holds for the conversion of a quark lump into
hadron matter in the vicinity of the interface.
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Figure 6. Gibbs free energy per baryon as a function of pressure for catalyzed hadronic matter (curve
Heq), catalyzed quark matter (curve Qeq), and quark matter in the ’transition states’ (curve Q∗).

In the case of spinodal decomposition, the system must reach the spinodal unstable
region after crossing the coexistence frontier. Large enough fluctuations of the density
are necessary for this to occur, especially if the density jump between the quark and
the hadronic phase is large. Additionally, we must take into account that dissipation
mechanisms in quark matter are so strong that they would saturate oscillations at extremely
low amplitude. Thus, it is quite possible that the interface oscillates always in the metastable
zone, without ever reaching the spinodal region, keeping the over compressed and the
over rarefied stellar layers unconverted. In such a case the conversion time would be slow.

Finally, it is worth mentioning that the periodic conversion between quark matter and
hadronic matter due to the movement of the interface between them, induced by pressure
oscillations in the star, has been analyzed in Reference [87]. In that reference, the analysis
suggests that damping grows nonlinearly with the amplitude of the oscillation and that this
mechanism is powerful enough to saturate the r-mode at very low saturation amplitude,
of order 10−10, being probably the dominant r-mode saturation process in hybrid stars
with a sharp interface. The above mechanism should also saturate large amplitude radial
oscillations having a strong stabilizing effect on slow-stable hybrid stars.

In summary, there are strong arguments to believe that the conversion timescale would
be slow at the interface, although a rapid timescale cannot be discarded.

4. Astrophysical Scenarios for the Formation of Slow Stable Hybrid Stars

In this section we discuss a scenario where the slow-stable hybrid star branch can be
populated in a realistic astrophysical situation [74]. Many cold hadronic stars in the right
panel of Figure 4 are in metastable states because it is energetically convenient for them
to convert into more compact slow-stable hybrid stars with same baryonic mass. However,
these hadronic stars attain ptr only at the center of the maximum mass object. Therefore,
mass accretion onto them would not be able to produce slow-stable hybrid stars. Indeed, the
maximum mass object would collapse into a black hole if further mass were added to it
in order to increase the central pressure above ptr. Nonetheless, the situation is different
for hot hadronic stars formed in supernovae [88] or in compact star mergers [89,90]. From
the QCD phase diagram we expect that the transition density becomes smaller as the
temperature increases. Moreover, nucleation models show that the quantum and thermal
nucleation timescale of quark matter decreases drastically with temperature (see e.g.,
Figure 11 of Bombaci et al. [86]). As a consequence, as shown in Figures 14 and 15 of
Bombaci et al. [86], the critical stellar mass above which a metastable hadronic star could
undergo a phase transition is significantly reduced when the object is hot enough. Notice
that, although the critical mass is defined in Bombaci et al. [86], in the context of the
coexistence of hadronic stars and strange quark stars, the same reasoning and definitions
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can be extended without changes to the case analyzed here. For the equations of state used
in Bombaci et al. [86], the critical mass for a proto hadronic star with a typical entropy
per baryon s = 2kB is reduced by ∼10–20% with respect to the value for the cold star.
Thus, a significant portion of the upper part of the hadronic branch in the right panel of
Figure 4 would be able to decay to the slow-stable hybrid star branch in an early evolutionary
phase. Hot post-merger hadronic stars would be even more favorable environments for
conversion because they can attain temperatures up to 100 MeV [90,91]. Additionally, large
density fluctuations are possible in these objects [89,90] which may facilitate the conversion
even more. The above scenario does not imply that purely hadronic objects with masses
close to the maximum mass cannot exist. Below the ‘hot’ critical mass, a proto-hadronic
star would survive the early stages of its evolution without decaying to a slow-stable hybrid
star. When the hadronic object cools down, the critical mass rises and the star can accrete
additional mass from a companion keeping its hadronic nature. This qualitative analysis
deserves further investigation, but it suggests that there are feasible astrophysical channels
for populating the hadronic and the slow-stable hybrid star branch.

5. Implications for Gravitational Wave Astrophysics

Slow-stable hybrid stars tend to have smaller radii than hadronic objects of the same
gravitational mass; thus, precise mass and radius measurements could in principle allow
their observational differentiation. In addition, future GW detector networks will be
able to measure the masses and tidal deformabilities to high accuracy, as well as some
quasinormal mode frequencies to within tens of Hz [92]. It has been shown that the tidal
deformability of slow-stable hybrid stars is significantly smaller [73,74] and the f -mode
frequency considerably larger [71] than the corresponding values of hadronic and standard
hybrid stars of the same mass. This characteristic is in agreement with claims that hyper-
excited dynamical tides, i.e., anomalously small f -mode frequencies, are disfavored by
GW170817 [92]. In addition, it is known that discontinuity g-modes can be excited in
slow-stable hybrid stars but do not exist in the case of rapid conversions due to the absence
of a buoyancy force [71]. Moreover, contrary to g-modes of standard hybrid stars which
have frequencies below 1 kHz and very long damping times [93], g-modes of slow-stable
hybrid stars have larger frequencies (1–2 kHz) and much shorter damping times that would
make possible their detection by gravitational wave observatories [71].

Since f and g modes are probably the most promising signatures for identifying
slow-stable hybrid stars, we will give some orders of magnitude of the minimum energy
EGW that should be released through them to have detection in present and planned GW
observatories. EGW can be estimated from [94,95]:

EGW

M�c2 = 3.47× 1036
(

S
N

)2 1 + 4Q2

4Q2

(
D

10kpc

)2( f
1kHz

)2( Sn

1Hz−1

)
, (6)

where S/N is the signal-to-noise ratio, Q = π f τ is the quality factor, D the distance to the
source, f the frequency, τ the damping time, and Sn the noise power spectral density of the
detector. We consider a detector with S1/2

n ∼2× 10−23 Hz−1/2 which is representative of
the Advanced LIGO-Virgo at ∼kHz [9], and another one with S1/2

n ∼10−24 Hz−1/2 which is
illustrative of the planned third-generation ground-based Einstein Observatory at the same
frequencies [96]. Taking S/N = 8 we calculated the minimum energy EGW that a NS must
release through a mode in order to be detected at a distance D∼10 kpc (star in our Galaxy)
and D∼15 Mpc (star at the Virgo cluster). The results are shown in Table 2. Although it is
yet uncertain how much energy will be radiated through the oscillation modes, one can
reasonably expect that the energy stored in stellar pulsations is some fraction of the kinetic
energy of the formation event. In the case of a typical core collapse supernova, the total
released energy is ∼1053 ergs while the kinetic energy of mass ejecta is ∼1051 ergs. Thus,
we can expect that some fraction of 1051 ergs could be channeled in the f and g pulsation
modes of a newly born hybrid star. Notice that, according to Table 2, the g-mode is in some
cases easier to detect than the f -mode in spite of having a lower frequency. This is due to
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the fact that it has a larger damping time which gives a better quality factor Q. Based on
Table 2, we conclude that the observation of f and g modes from an object formed in a core
collapse supernova within the Milky Way or in a nearby galaxy looks feasible, since the
minimum detectable energy is significantly below ∼1051 ergs for current GW observatories.
For binary mergers a detection looks unlikely due to their distances of several Mpc.

Table 2. The minimum estimated energy (in ergs) required in each mode in order to lead to a detection
with signal-to-noise ratio of S/N = 8 from a pulsating slow-stable hybrid star at different distances
(local event or at the distance of the Virgo cluster). The results were obtained in Reference [71] using
for hadronic matter an EOS based on nuclear interactions derived from chiral effective field theory
and for quark matter a generic MIT bag model EOS.

Detector Distance f -Mode g-Mode

LIGO/Virgo 10 kpc 5× 1047–1048 8× 1046–8× 1047

LIGO/Virgo 15 Mpc 1–2× 1054 2× 1053–2× 1054

Einstein 10 kpc 1–2× 1045 1044–1045

Einstein 15 Mpc 2–5× 1051 4× 1050–3× 1051

Finally, we will briefly comment about the role of quark/hadron surface tension in
binary neutron star merger and core-collapse supernovae simulations. Recently, there has
been growing interest in including the possibility of a transition to deconfined quark matter
in numerical simulations of these events (see for example [88,90,91,97,98] and references
therein). Due to the present lack of knowledge of several aspects of the hadron–quark
deconfinement process at high densities, the dynamics of the phase conversion is handled
in a very simplified way. For example, no activation barriers for deconfiment are used,
equations of state are assumed to be always in chemical equilibrium, and mixed or sharp
phases are chosen arbitrarily. Since surface tension plays an important role in nucleation
and in the formation of a mixed phase, it would be important that numerical simulations
incorporate the results of detailed microscopic calculations of σ.

6. Summary and Conclusions

In this review we have explored some micro-physical properties of the quark–hadron
interface in hybrid stars, their consequences for stellar structure and stability, and possible
implications for gravitational wave astrophysics. Microscopic calculations of the surface
tension span a wide range of values depending the equations of state and the method
used for the calculation, which makes it uncertain whether the quark–hadron interface is
mixed or sharp. However, recent results show that repulsive vector interactions strongly
increase the quark matter surface tension [47], giving support to the scenario of a sharp
separation between both phases. We have also discussed the role of the conversion speed
between hadronic and quark matter at the interface, when the star is dynamically per-
turbed. If phase conversions have a slower timescale that the perturbation period (typically
around 1 millisecond), a new class of dynamically stable hybrid objects is possible. Huge
densities (tens of times larger than the nuclear saturation density) can be attained at the
center of these stars. These objects could be produced during the protoneutron star phase
after a core collapse supernova explosion or in the aftermath of a binary compact star
merger. Discontinuity gravity oscillation modes are the most clear signature for their
observational identification.
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