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It was conjectured that the basic units of the ground state of bulk strong matter may be strange-

clusters called strangeons, and they can form self-bound strangeon stars that are highly compact.

Strangeon stars can develop a strange quark matter (SQM) core at high densities, particularly in

the color-flavor-locking phase, yielding a branch of hybrid strangeon stars. We explore the stellar

structure and astrophysical implications of hybrid strangeon stars. We find that hybrid strangeon

stars can meet various astrophysical constraints on pulsar masses, radii, and tidal deformabilities.

Finally, we show that the strangeon-SQM mixed phase is not preferred if the charge-neutrality

condition is imposed at the strangeon-SQM transition region.

INTRODUCTION

The detection of gravitational waves (GWs) from the

coalescence of compact binaries by LIGO/Virgo collabo-

rations [1–7] has greatly improved our knowledge of black

holes and compact stars. They offer unique opportunities

to probe unconventional QCD matter phases, such as

quark matter and strangeon matter.

Quark matter (QM), a state comprised of deconfined

free-flowing quarks, can possibly exist inside the neutron

star core (i.e. conventional hybrid stars [8, 9]). If they

are stable at zero pressure, either in form of strange

quark matter (SQM) [10–13] or up-down quark mat-

ter (udQM) [14], they can constitute an entire quark

star [15–27] or the crust (i.e. inverted hybrid stars [28]),

both with potentially distinct astrophysical implica-

tions [29–43]. Effects from QCD interactions such as

color-superconductivity and perturbative QCD (pQCD)

corrections can help quark stars meet various astrophysi-

cal constraints [44–46]. Generally, it is expected that at

very high densities quark matter should be in the color-

flavor-locking phase (CFL), where u, d, s quarks form

cooper pairs antisymmetrically in color-flavor space with

equal fractions by the attractive one-gluon exchange chan-

nel, providing a lowered energy state.

Strangeon matter (SM) is similar to strange quark

matter where both are composed of a nearly equal num-

ber of u, d, s quarks [47–50]. However, strangeon matter

has quarks localized as clusters in a globally solid state

due to the large masses of and the strong coupling be-

tween strangeons. Strangeon stars [47–56] composed of

strangeon matter have intrinsic stiff equation of state

(EOS) and large compactness, and they had already been

proposed to support massive pulsars (≳ 2M⊙ [50]) before

the announcement of the first massive pulsar PSR J1614-

2230 [57]. Recently, we have shown that all strangeon

stars are compact enough to feature a photonsphere that

is essential to the generation of GW echoes [58].

The transition from strangeon matter to strange quark

matter is likely to occur, considering such “deconfinement”

originates from a shrinking of strangeon lattice spacing as

density or pressure increases so that the lattice constant

becomes smaller than the radius of individual quark bags,

as described by the linked bag model in Ref. [49]. This

gives rise to a new type of stellar objects, the Hybrid

Strangeon Stars, consisting of a strangeon crust and a

strange quark matter core. Pure strangeon stars can

form from neutron stars absorbing strangeon nuggets, or

quantum nucleation in the interior. If SQM is more stable

than SM at some density, then the same process can take

place and form hybrid strangeon stars directly or through

the SQM quantum nucleation inside strangeon stars. Such
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first-order phase transition needs the center pressure to be

larger than some critical value at the corresponding central

chemical potential. Such lift of center pressure beyond

critical point can happen from spin-down, accretion or

merger of strangeon stars.

As for the organization of this paper, we first introduce

the EOSs of SM and SQM, and constrain the EOS pa-

rameters from the stability considerations. Then, with

Maxwell constructions where a sharp interface is assumed,

we solve the hybrid stellar structures and study their

compatibility with astrophysical constraints. Finally, we

explore the possibility of mixed phase (Gibbs construc-

tion) where the transition region is with mixed SM and

SQM rather than a sharp interface.

EQUATIONS OF STATES

For the quark matter sector, we adopt the unified treat-

ment of interacting quark matter that recently developed

in [46] and later applied in several studies [59–65].

Referring to [46], we first rewrite the thermodynamic

potential Ω of the superconducting quark matter [8, 66–69]

in a general form with the pQCD correction [70] included:

Ω =− ξ4
4π2

µ4 +
ξ4(1− a4)

4π2
µ4 − ξ2a∆

2 − ξ2bm
2
s

π2
µ2

− µ4
e

12π2
+B,

(1)

where µ and µe are the respective average quark and elec-

tron chemical potentials. The first term represents the

unpaired free quark gas contribution. The second term

with (1 − a4) represents the pQCD contribution from

one-gluon exchange for gluon interaction to O(α2
s) order.

To phenomenologically account for higher-order contri-

butions, we can vary a4 from a4 = 1, corresponding to a

vanishing pQCD correction, to very small values where

these corrections become large [8, 45, 70]. The term with

ms accounts for the correction from the finite strange

quark mass if applicable, where ms = 95 ± 5MeV [71],

and we choose ms = 95MeV as its benchmark value. The

term with the gap parameter ∆ represents the contribu-

tion from color superconductivity. (ξ4, ξ2a, ξ2b) represents

different state of color-superconducting phases. B is the

effective bag constant that accounts for the nonperturba-

tive contribution from the QCD vacuum.

The corresponding equation of state was derived in

Ref. [46]:

P =
1

3
(ρ−4B)+

4λ2

9π2

(
−1 + sgn(λ)

√
1 + 3π2

(ρ−B)

λ2

)
,

(2)

where

λ =
ξ2a∆

2 − ξ2bm
2
s√

ξ4a4
. (3)

Note that sgn(λ) represents the sign of λ. The chemical

potential (per baryon number) has the following form:

µQM =
3
√
2

(a4ξ4)1/4

√
[(P +B)π2 + λ2]1/2 − λ . (4)

Taking the zero pressure limit of µQM, we obtain the

energy per baryon number, which can be converted into

the following form:(
E

A

)
QM

=
3
√
2π

(ξ4a4)1/4
B1/4√

(λ2/B + π2)1/2 + λ/
√
B
, (5)

where we see a larger λ lowers the energy as expected.

We have examined that hybrid strangeon star with

a core of unpaired strange quark matter (∆ = 0) can-

not support 2M⊙ while retaining radial stability that

requires ∂M/∂Pc > 0. This is not a surprise consider-

ing strangeon EOS is much stiffer than that of unpaired

SQM, and a transition to a much softer EOS is likely

to induce radial instabilities due to insufficient degener-

ate pressure to resist the gravitational pulling. We can

thus stabilize the hybrid strangeon stars by introducing

color-superconductivity effects to stiffen the SQM EOS 1.

Therefore, in the following discussions, we specify the

SQM phase to be CFL (ξ4 = 3, ξ2a = 3, ξ2b = 3/4), con-

sidering the shared flavor composition and the fact that

color superconductivity stiffens the EOSs. Besides, we

set a4 = 1 (no extra QCD corrections) for simplicity.

Following previous studies [47–56], we assume the in-

teraction potential between two strangeons is described

1Such instabilities can also be cured by considering the scenario

of slow SM-SQM conversions (with respect to radial-oscillation

timescale) [72, 73]. Considering both SM and CFL have the three-

flavor symmetry, we expect that the surface tension of SM-SQM is

not large, thus the conversion is likely to be fast and correspondingly

the stability criteria retains to be ∂M/∂Pc > 0, i.e. the star mass

increases with center pressure.
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by the Lennard-Jones potential [74]:

U(r) = 4ϵ

[(σ
r

)12
−
(σ
r

)6]
, (6)

where r is the distance between two strangeons, and σ is

the distance when U(r) = 0. The parameter ϵ describes

the depth of the interaction potential between strangeons.

A larger ϵ will then indicate a larger repulsive force at

short range and thus maps to a stiffer EOS.

The mass density ρ and pressure p of zero-temperature

dense matter composed of strangeons derived from the

Lennard-Jones potential [50] reads

ρ = 2ϵ
(
A12σ

12n5 −A6σ
6n3
)
+ nNqmq , (7)

P = n2 d(ρ/n)

dn
= 4ϵ

(
2A12σ

12n5 −A6σ
6n3
)
, (8)

where A12 = 6.2, A6 = 8.4, and n is the number density

of strangeons. Nqmq is the mass of a strangeon with Nq

being the number of quarks in a strangeon and mq being

the average constituent quark mass. The contributions

from degenerate electrons and vibrations of the lattice

are neglected due to their expected smallness.

At the surface of strangeon stars, the pressure be-

comes zero, and we obtain the surface number density of

strangeons as
[
A6/(2A12σ

6)
]1/2

. For convenience, it is

transformed into baryon number density, i.e.,

ns =

(
A6

2A12

)1/2
Nq

3σ3
, (9)

so that the EOS can be rewritten into the following simpler

form

ρ

ns
=

a

9
ϵ̃

(
1

18
n̄5 − n̄3

)
+mqn̄,

P

ns
=

2 a

9
ϵ̃

(
1

9
n̄5 − n̄3

)
,

(10)

where a = A2
6/A12 = 8.42/6.2 ≈ 11.38, ϵ̃ = ϵ/Nq and

n̄ = Nq n/ns. Note that n̄ = 3 at star surface where

P = 0.

The chemical potential of strangeon matter can be

derived via the thermodynamic relation µ = (ρ+ P )/n.

Note that to study its crossings with µQM, one needs to

further convert it to the chemical potential per baryon

number

µstrangeon =
3µ

Nq
= 3

ρ/ns + P/ns

n̄
= 3mq+aϵ̃(

5

54
n̄4−n̄2).

(11)

Referring to Eq. (10), we see that both the EOS P (ρ)

and µB(P ) for strangeons only depends on parameters

ns and ϵ̃ with the dependence on Nq absorbed. Taking

the zero pressure limit of µstrangeon, we obtain the energy

per baryon number at the bulk limit:

(
E

A

)
strangeon

= 3mq −
3a

2
ϵ̃, (12)

where we see that E/A has no dependence on ns, decreases

as ϵ̃ increases, so that strangeon matter can be the ground

state of matter at the bulk limit for a finite ϵ̃. In this

proof-of-concept work, we adopt 3mq = 930 MeV for

simplicity, ensuring that, at the bulk limit, strangeon

matter is always more stable than nucleon matter, since

(E/A)strangeon < (E/A)Fe = 930MeV, the energy per

baryon number of the most stable nucleus 56Fe. Requiring

a positive E/A (or a non-negative ρ at zero pressure) sets

a theoretical bound: ϵ/Nq ≤ 2mq/a ≈ 54.5MeV.

The transition pressure or density can be determined

by the crossings of their chemical potentials. A necessary

condition for such chemical potential crossing is that the

zero-pressure chemical potential (i.e., energy per baryon

number E/A) of strangeon (Eq. (12)) is smaller than that

of CFL (Eq. (5)). We show the related parameter space

as the blue-shaded bands of Fig. 1. We see that overall,

the existence of such a hybrid configuration prefers a

relatively stiff strangeon EOS (large ϵ̃) but a relatively

soft CFL phase (large B or small ∆).

On the other hand, the hybrid configuration would

become radially unstable (∂M/∂Pc < 0) if the transition

pressure Ptrans is too large [9], as we have also examined

explicitly. Referring to Eq. (4) and Eq. (11), we see that

the strangeon matter to SQM transition is more likely to

occur at smaller Ptrans in the case of a smaller B, a larger

∆ (stiffer SQM EOS), a smaller ϵ̃ (softer SM EOS) or

smaller ns. These conditions compete with those from the

stability condition mentioned in the previous paragraph,

constraining the allowed parameter space.
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Figure 1: Allowed parameter space (blue-shaded) for the

existence of hybrid strangeon stars from stability

consideration (E/A)Strangeon < (E/A)CFL. Top: CFL

bag constant B and bottom: CFL superconductivity gap

∆ versus parameter ϵ/Nq of strangeon matter. For the

bottom sub-figure, the shaded region with lighter-colored

contour lines represents larger bag constant, sampling

B = 60, 80, 100, 120MeV/fm3 (bottom to top).

ASTROPHYSICAL IMPLICATIONS

The stellar structure can be solved via the Tolman-

Oppenheimer-Volkoff (TOV) equation [75, 76],

dm

dr
= 4πρr2 ,

dP

dr
= (ρ+ P )

m+ 4πPr3

2mr − r2
,

(13)

where the profiles P (r) and m(r) are solved as functions

of the center pressure Pc. The radius R and physical mass

M of the compact stars are determined by P (R) = 0 and

M = m(R), respectively. One then obtains the mass-

radius relation M(R) of hybrid strangeon stars by solving

the TOV equations together with the EOSs of the two

matter phases, where the transition point is determined

by the crossing of their chemical potentials, as introduced

in the last section.

To compare with gravitational wave observations, we

can further compute the dimensionless tidal deformability

Λ = 2k2/(3C
5), where C = M/R is the compactness

and k2 is the Love number that characterizes the stars’

response to external disturbances [77–80]. The Love num-

ber k2 can be determined by solving a function y(r) from

a specific differential equation [80] and the TOV equation

Eq. (13), with the boundary condition y(0) = 2. For

hybrid configurations, the matching condition [81, 82]

y(r+d )− y(r−d ) = −4πr3d∆ρd/(m(rd) + 4πr3d P (rd)) should

be imposed at rd (i.e., the core radius and the star radius),

where an energy density jump ∆ρd occurs.

For illustration, we show various benchmark TOV so-

lutions and corresponding tidal deformabilities in Fig. 2

for B = 60, 80 MeV/fm3 with ϵ̃ and ∆ choices satisfying

(E/A)Strangeon < (E/A)CFL (shaded bands in Fig. 1).

We see that all the benchmark examples shown

in Fig. 2 satisfy NICER constraints 2, while the

GW170817 constraints (Λ1.4M⊙ ≤ 800) can be met

by hybrid strangeon stars with (ϵ̃, ns/fm
−3,∆/MeV) =

(80/9, 0.22, 80) for B = 60MeV/fm3 (upper panels), and

(ϵ̃, ns/fm
−3,∆/MeV) = (80/9, 0.22, 120), (80/9, 0.3, 120)

for B = 80MeV/fm3 (lower panels).

The general features of correlations between constraints

and parameters are summarized in Table I. For example,

as the second row of Table I summarizes, hybrid strangeon

stars with small ϵ̃ (black lines) and ns (thin lines), or large

∆ (darker colored lines) and small B (such as upper pan-

els) tend to be radially unstable (∂M/∂Pc < 0), which

means radial stabilities require CFL to be not too soft

compared to the stiffness of strangeon EOS, considering

∆ and ϵ/Nq signal the stiffness of each of the two matter

phases. However, we also see that the MTOV ≳ 2M⊙ con-

straint [57] prefers overall stiff EOSs for both two matter

phases (a large ϵ̃ or ∆), while GW170817 tidal deforma-

bility constraint (Λ1.4M⊙ ≤ 800 [4]) prefers the opposite

at low center densities. These together set bounds on the

allowed parameter space.

2Note that we show the NICER X-ray constraints in the graph but

neglect them in the table considering the X-ray analyses of hybrid

strangeon stars may be different from those of neutron stars.
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Figure 2: The curves M -R (left) and Λ-M (right) of hybrid strangeon stars (solid lines) with ϵ/Nq = 80/9 ≈ 8.9

(black), 120/9 ≈ 13.3 (blue) MeV, ns = 0.22 (thin), 0.30 (thick) fm−3 for the strangeon composition, and B = 60

(top), 80 (bottom) MeV/fm3 for the CFL composition. Lines with darker colors denote larger ∆, sampling 60, 80

MeV for top panels and 60, 100, 120 MeV for bottom panels, respectively. (no large-∆ lines in top panels due to

stability constraints referring to Fig. 1.) Dashed lines are pure strangeon star configurations. Shaded regions are

constraints with 90% credibility from the NICER mission PSR J0030+0451 (green colored) [83, 84], PSR J0740+6620

(cyan colored)[85, 86]. The cyan-dotted vertical line in the right panels denotes the GW170817’s Λ(1.4M⊙) ≤ 800

constraint [4].

ϵ̃ ns ∆ B

(E/A)Strangeon < (E/A)CFL + \ − +

∂M/∂Pc > 0 − − + −

MTOV ≳ 2M⊙ + − + −

Λ1.4M⊙ ≤ 800 − + − +

Table I: Correlations of constraints and the EOS

parameters. Plus(minus) sign means positive (negative)

correlation, while slash sign means no correlation.

For completeness, we plot in Fig. 3 the EOSs of the

branches of Fig. 2 that have stable hybrid strangeon

stars. We see that the transition mass density ρtrans, as

determined from chemical potential crossing, is around the

nuclear saturation mass density (ρsat ≈ 157MeV/fm3)

for ns = 0.22 /fm3 lines, and increases to 1.5ρsat for

ns = 0.30 /fm3 lines. The mass density jumps at the

transition points vary from 100MeV/fm3 to 370MeV/fm3,

mainly affected by the variations of parameter ∆.

To elaborate on the explicit layer structure, we dissect

hybrid strangeon stars by showing the masses and radii

of their CFL cores as functions of the centre pressure

in Fig. 4. Here, we choose two benchmark examples of
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Figure 3: The relations of ρ(P ) for stable hybrid

strangeon stars, with ϵ/Nq = 80/9 MeV, ns = 0.22

(thin), 0.30 (thick) fm−3 for the strangeon composition,

and B = 60 (green dashed), 80 (black solid) MeV/fm3

for the CFL composition. Lines with darker colors

denote larger ∆, sampling 60, 80 MeV for green lines and

100, 120 MeV for black lines, respectively.

bag constant B = 60, 80MeV/fm3 with different CFL

gaps and a fixed strangeon phase (ns = 0.22/fm3, ϵ̃ =

80/9MeV). We find that, as a general feature, the com-

pact stars are pure strangeon stars at low Pc, and then

develop a CFL core as Pc increases. At the maximum

mass points, the strangeon crusts have widths of 1 ∼ 5 km

and masses of 0.1 ∼ 1M⊙, where a smaller bag constant

or a smaller ∆ maps to a thicker crust. At the M = 2M⊙

point, all cases map to hybrid strangeon stars, with a core

of mass 1.13 (1.86)M⊙ for ∆ = 100 (120) MeV case when

B = 80 MeV/fm3, and a core of mass 0.27 (1.50)M⊙

for ∆ = 60 (80) MeV case when B = 60MeV/fm3. At

the M = 1.4M⊙ point, for B = 60 (80)MeV/fm3, the

∆ = 60 (100) MeV case is a pure strangeon star, while the

∆ = 80 (120) MeV case is a hybrid strangeon star with a

core of mass 0.64 (1.16)M⊙.

MIXED PHASE

A strangeon-quark mixed phase is possible around the

intersurface of the strangeon crust and quark matter

core, in analogy to the hadron-quark mixed phase in the

conventional hybrid neutron stars.

To construct mixed phase of hybrid strangeon stars,

we need µe ̸= 0, thus the strange quark matter sector

should be in either the normal unpaired phase (∆ = 0)3

or the charged CFL phase [8], where s quarks no longer

have an equal fraction as u, d quarks. We keep the flavor-

symmetry in the strangeon sector considering its solid

state with charge-neutrality being enforced, since the

Compton wavelength of dilute electrons is much larger

than the scale of a strangeon.

We adopt here the Gibbs construct for the mixed phase

as outlined in Ref. [87]. In this case, one may achieve the

charge neutrality where the pressures of both strangeon

and quark matter are functions of the baryon and electron

chemical potentials µB and µe. The Gibbs condition for

the equilibrium between the two phases (at zero tempera-

ture) is

PSnP(µB , µe) = PQkP(µB , µe) = PMxP(µB , µe), (14)

where the pressure function for strangeon phase PSnP(µB)

can be inferred from Eq. (10) and Eq. (11) with addi-

tion of background electrons PSnP(µB , µe) = PSnP(µB) +

µ4
e/(12π

2). Besides, for quark matter phase PQkP can

be inferred from Eq. (1) with the identities p = −Ω,

µ = µB/3. Their intersection yields the mixed phase

PMxP(µB , µe), as shown in Fig. 5.

The global charge neutrality condition reads

(1− χ) nSnP
c + χ nQkP

c = 0, (15)

where, nSnP
c and nQkP

c denote the total charge densities in

strangeon phase and quark matter phase (either unpaired

SQM or CFL) respectively, with

nSnP
c = −ne

c, (16)

nQkP
c =

2

3
nu − 1

3
nd −

1

3
ns − ne

c, (17)

where ne
c = µ3

e/(3π
2), nu,d = µ3

u,d/π
2, ns = (µ2

s−m2
s)

3/π2

with µi the quark chemical potential of flavor i. χ defines

the volume fraction of the quark matter in mixed phase

defined as χ = VQkP/(VQkP + VSnP).

We have examined various combinations of parameter

sets for SQM in either the normal unpaired phase or

3As aforementioned for the sharp transition, normal strange quark

matter core with a strangeon crust are not likely to be radially-

stable. We expect the situation may be alleviated in the mixed

phase scenario.
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Figure 4: Mass (left) and radius (right) versus center pressure, Pc, for hybrid strangeon stars with strangeon crusts of

{ns = 0.22/fm3, ϵ̃ = 80/9MeV}, and CFL cores of {B = 60MeV/fm3, ∆ = 60, 80 MeV} (top) and {B = 80MeV/fm3,

∆ = 100, 120 MeV} (bottom). Darker color denotes larger ∆ values. Dashed lines denote pure strangeon stars. Solid

lines denote hybrid strangeon stars. The dot-dashed lines denote the CFL cores. The right ends of the solid and

dot-dashed lines are truncated at the corresponding maximum mass points.

CFL phase, finding that the mixed phase PMxP(µB , µe)

that satisfies the global charge neutrality condition only

resides in a very tiny segment of the intersection line, with

variations of µB smaller than 1 MeV range near the zero

µe point, where µe lift to 6 ∼ 8 MeV. Thus the mixed-

phase region for hybrid strangeon stars is negligible, and

all results should approximately be the same as those

obtained from the Maxwell construction studied in the

last section, i.e., the system is effectively reduced into

one conserved charge due to the negligible contribution

of electrons. As we have examined, introducing QCD

corrections (a4 < 1) will lift the intersecting µB but does

not help enlarge the charge-neutral region of the mixed

phase. This matches the expectation that the flavor-

symmetry breaking effects are small in both strangeon and

SQM sectors, resulting in a very small µe and its limited

variation range when considering charge neutrality.

SUMMARY AND DISCUSSION

We have explicitly shown the new possibility of the

hybrid configuration of strangeon stars with a strange

quark matter core and a thick strangeon crust. We also

demonstrated their compatibility with astrophysical con-

straints with selected benchmark examples. It is shown

that mixed phase is not preferred for hybrid strangeon

stars with a CFL core.

Hybrid strangeon stars can naturally accommodate the

pulsar glitch phenomena as a result of the star quakes in

the thick strangeon crust [88–91], in contrast to compact

stars with the crystalline color superconducting phase

where glitches are a result of superfluid vortices pinned

to the solid component [92–95]. The large density discon-

tinuity at the SM-CFL intersurface (referring to Fig. 3)

will induce g-mode gravitational waves from nonradial

oscillations that might help differentiate hybrid strangeon
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Figure 5: Pressure is plotted as a function of µB and µe

for strangeon phase (green) and strange quark matter

(red) of normal unpaired (top panel) and charged CFL

phase (bottom panel) of ∆ = 100 MeV. The mixed phase

sits in the intersection of the two surfaces. For

illustration, here B = 80MeV/fm3, ms = 95MeV for the

SQM phase and ϵ/Nq = 80/9, ns = 0.3 /fm3 for

strangeon phase.

stars and other types of compact stars [96–100]. Besides,

the large shear modulus change and density continuities

at the crust-core interface are likely to result in large

and distinct crust-core interfacial modes that can also be

probed by gravitational-wave observations [101, 102].

As aforementioned, the conversions from strangeon mat-

ter to strange quark matter (either unpaired or CFL) is

likely to be fast from intuitive expectations. However,

due to the intrinsic uncertainties of the SM-SQM surface

tension in nonperturbative QCD, it is not entirely impos-

sible that the conversion is slow compared to the radial

oscillation timescale, corresponding to the slow conver-

sion scenario where branches of ∂M/∂Pc < 0 can also

be stable. In this case, referring to Table I, the allowed

parameter space for stable hybrid strangeon stars can

be enlarged. In particular, superconducting gap ∆ can

now have smaller values without ruining the radial sta-

bility. Similar relaxation of parameter constraints would

also be possible when considering the merger remnants

with extremely spinning where the unstable branches may

have gravitational-wave signals. We leave these for future

studies.
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