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ABSTRACT: The nature of the central engine powering short gamma-ray bursts (sGRBs) in
binary neutron star (BNS) mergers remains a key open question in the era of multi-messenger
astronomy. The ergostar hypothesis, that a rapidly rotating star with an ergoregion can act
as a powerful energy source, offers an alternative explanation to the black hole-accretion
disk paradigm. In this work, however, we examine this hypothesis using a phenomenological
EOS of strangeon matter, i.e., condensed matter with nucleon-like units for three flavors
of quarks. By constructing a large suite of uniformly rotating equilibrium models, we
systematically investigate the parameter space of the stable ergostars and calculate their
maximum extractable energy. We demonstrate that strangeon matter supports a vast and
robust parameter space for dynamically stable ergostars, even without requiring differential
rotation. We find that the extractable rotational energy from these configurations can be
on the order of 0.01 M, representing a massive energy reservoir, even when accounting
for baryonic mass variations (e.g., mass ejection and particle capture during the Penrose
process). Our results suggest that BNS merger remnants composed of exotic matter could
play a crucial, previously underestimated role in high-energy astrophysics.
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1 Introduction

Short gamma-ray bursts (SGRB) are among the most violent astrophysical phenomena in
the universe. The multi-messenger observation of the binary neutron star (BNS) merger
GW170817 provided decisive evidence that such mergers are a primary progenitor of sGRB [1—-
3]. In the standard paradigm, the central engine is a nascent black hole surrounded by
an accretion disk [4]. However, the viability of alternative scenarios — particularly those
involving a long-lived, hypermassive neutron star (or magnetar) remnant — remains an
open and important question [5-7].

Alternatively, Komissarov [8, 9] proposed that the central engine could be a rapidly
rotating compact star containing an ergoregion, often referred to as an ergostar. In general
relativity, the ergoregion is a region of spacetime where the stellar rotation is so strong that
no particle can remain stationary with respect to a distant observer. Instead, all trajectories,
including those of light, are forced to co-rotate with the star. Mathematically, this corresponds
to the condition where the metric component gy > O.

Such extreme frame-dragging allows for the existence of negative-energy states rela-
tive to infinity. These states open a physical channel for energy extraction from a BNS
merger remnant, analogous to the Penrose process for black holes [10], provided that the
ergostar remains stable for a sufficient duration. If the configuration proves unstable, the
ergoregion may disappear, or the star may collapse entirely, before substantial energy ex-
traction occurs.

This stability problem is intrinsically connected to the equation of state (EOS) of
dense matter. While ergostar models have been discussed for decades, such as the seminal
differentially rotating polytropic models by Komatsu, Eriguchi, and Hachisu (KEH) [11, 12],
recent full general relativistic simulations by Tsokaros et al. [13] demonstrated that these
KEH ergostars are unfortunately dynamically unstable. Furthermore, for conventional nuclear
matter EOSs (where the density drops to zero at the surface), dynamically stable ergostars
are extremely rare and typically require substantial differential rotation [14]. However,
Tsokaros et al. [13, 14] also revealed a crucial mechanism: the most important factor for the
existence of a stable ergosphere is having a sufficiently large density close to the surface of the



compact star, resembling the density profile of a bare quark star [13-16]. When this condition
is met, differential rotation becomes secondary, and stable ergostars can readily form.

In fact, the true EOS of supranuclear matter remains still unknown due to the difficulty
from ab-initio calculations. Nevertheless, strangeness matters [e.g., 17, 18]. Witten [19]
proposed that the true ground state of dense matter might be quark matter, composed of
nearly free u, d, and s quarks. This idea implies that compact objects resembling pulsars
could be strange quark stars (SqSs) rather than traditional neutron stars (NSs), as modeled
in the MIT bag model within the asymptotic freedom regime [20]. Can quarks really be
asymptotically free there? Could nucleon-like units form due to the non-perturbative nature
of the fundamental strong interaction at low energies as in the case of atomic nucleus? Xu [21]
suggested then that the building blocks of supranuclear matter could instead be strange
quark clusters, termed strangeons,! rather than itinerant quarks. This is because the coupling
between quarks remains very strong [23]. These strangeons, formed by bound u, d, and
s quarks, represent a unique state of matter in which quarks condense in position space
rather than momentum space. The term strangeon stars (SnSs) was coined to describe
such compact objects [23-26].

Strangeon matter, like strange quark matter, consists of nearly equal numbers of u, d, and
s quarks. In contrast to strange quark matter, quarks in strangeon matter are localized inside
strangeons due to the strong quark-quark coupling. NSs, SqSs and SnSs have similarities
but also differ significantly. In SnSs, quarks are localized in strangeons, much like neutrons
in NSs. However, unlike neutrons, a strangeon can contain more than three valence quarks,
restoring light-flavour symmetry. SnSs are self-bound by the strong force, with their surface
matter also composed of strangeons, similar to SqSs [21].

The SnSs model can account for many key observational phenomena in astrophysics.
The EOS of SnSs is sufficiently stiff to explain the observed masses of pulsars [27, 28],
while pulsar glitches may be naturally attributed to starquakes [29]. Moreover, SnSs pro-
vide a potential explanation for X-ray flares and bursts in magnetar candidates [30], the
plateau phase observed in gamma-ray bursts [31], and the quasi-periodic oscillations in
SGR 1806—20 [32]. They also help to shape the energy budget of various astrophysical
power sources within the framework of magnetar starquake triggering mechanisms [33].
In addition, the strangeness barrier plays a crucial role in understanding Type I X-ray
bursters [34], X-ray-dim isolated neutron stars [35, 36], and the nature of the Ultraluminous
X-ray sources [37].

In this work, we investigate the dynamic stability of the ergostars based on the SnS
model. We utilize the publicly available rns code to construct equilibrium sequences of
rotating stars and identify ergostar solutions using the gy > 0 criterion. The dynamical
stability of these solutions is analyzed via the turning-point method [38]. On this basis, we
estimate the maximum extractable rotational energy by calculating the amount of energy
loss required for the ergoregion to vanish or for the star to collapse into a black hole. We
find that strangeon matter supports a robust population of dynamically stable ergostars
with a massive available energy budget (~ 1052 erg).

!This kind of nucleon-like bound state could also have a dramatic impact on our understanding of the
material world in the present universe. See [22] for a brief review.



The paper is organized as follows. In section 2, we introduce the EOS of SnSs adopted
in this work. We discuss in section 3 the results of our systematic survey, identifying the
parameter space for stable ergostars and calculating their maximum extractable energy.
Finally, we summarize and discuss our results in section 4.

2 Equation of state

As an analogy of the interaction between nucleons, we assume that the interaction potential
between two strangeons is parameterized by the Lennard-Jones potential [21, 25, 26, 39-42],

U(r) = 4e [(:)12 - (‘;)6] , (2.1)

where r is the distance between two strangeons, € is the depth of the potential well representing

the interaction strength, and o is the characteristic distance scale where the potential is zero.
From this two-body potential, the energy density p and pressure P of bulk strangeon

matter at zero temperature can be derived by assuming a crystal lattice structure [39]:

p = 2¢ (A12012n5 — A606n3) +nNgmyg ,
2.2
P = n27d(p/n) = 4e (214120’12715 — A606n3) s ( )
dn
where Ajp = 6.2, Ag = 8.4, n is number density of strangeons, N, is number of quarks in
a strangeon, and m, is the average constituent quark mass.

The EOS can be recast in terms of two parameters through a normalization procedure.
This procedure begins by replacing the microscopic parameter ¢ with the macroscopic
surface baryon number density, ns,y = (4s /2A12)1/ 2 Ny/303, the density at which the
pressure vanishes. Then, the potential depth ¢ and the number density n are normalized.
The normalized potential depth is defined as € = €/N,, representing the potential depth
contribution per quark, which serves as a measure of interaction strength independent of
the strangeon’s size. The number density is normalized as n, relating the local density
to the surface density.

This process yields the final “two-parameter model” form used in our analysis [42]:

p a_ (1 5 3) -

_a N 2.3
— 96(18n n° | +mgyn, (2.3)
P 2 /1. _3>

_ 1os 53\ 2.4
s 96(9” ! 24)

Here, the normalized number density is 7 = (Ngn)/ng.:. The model contains several fixed
constants. Following the original paper [26, 41], the number of quarks per strangeon, N, = 18,
the parameter a derived from lattice sum constants of the Lennard-Jones potential, is defined
as a = A2/A;5 = 8.4%2/6.2 ~ 11.38, the average constituent quark mass m, is taken to
be 300 MeV.

The entire thermodynamic behavior of the strangeon matter is uniquely determined by
two free parameters. The first is the normalized potential depth, € (in MeV), which primarily



controls the stiffness of the EOS, a larger € corresponds to stronger short-range repulsion
and thus a stiffer EOS. The second parameter is the surface baryon number density, ngy;
(in fm™3), which sets the saturation density of the self-bound matter. A lower value of ngyy
also contributes to a stiffer EOS.

An important feature of this EOS, inherited from its non-relativistic form of Lennard-
Jones potential, is that the so-called adiabatic speed of sound, defined as ¢2 = dP/dp, can
exceed the speed of light at high densities. This seemingly acausal behavior is a known
characteristic of models employing classical, action-at-a-distance potentials [43, 44]. Following
the established arguments [39, 44], it is important to distinguish this adiabatic sound speed
from the true physical signal propagation speed. The quantity ¢ is derived from the static
equilibrium relation of the EOS and should therefore be interpreted as a measurement of the
stiffness of the matter rather than the propagation speed of a physical disturbance.

In phenomenological models based on classical interaction potentials, such as the Lennard-
Jones-type interaction adopted here, the interparticle forces are effectively treated as in-
stantaneous. As discussed by Bludman and Ruderman [43] and Caporaso and Breche [44],
this approximation leads to a thermodynamic derivative dP/dp that formally exceeds c?.
However, this does not imply a violation of relativistic causality. More importantly, for the
specific case of strangeon matter, Lu et al. [45] have explicitly calculated the actual physical
signal speed by analyzing the time-domain impulse response in a discrete lattice model
with retarding interactions. They rigorously demonstrated that the true signal propagation
speed Cgignal is bounded by

—1
1 1
csom = (T te) < 25

Thus, the actual causal signal speed remains subluminal regardless of the macroscopic
derivative dP/dp.

An order-of-magnitude estimation shows that the strangeons inside condensed matter
tend to be particle-like. This particle-like property could be quantified by the ratio of the
characteristic kinetic energy, Ey, to the potential depth, U. For a particle with mass m,
confined within a separation r, one has Ey ~ h?/(2mr?), and then

U 2mr2U

0= — ~
By h?2

~ 0.5mGevU107’% s (2.6)

where m = maey GeV, U = 10U19 MeV and r = r1 fm. This suggests that strangeon matter,
compared to nucleon matter, could be better described by a potential force acting on classical
particles,? and consequently, we have large c, since mqey ~ 1 for nucleon whereas mgey = 10
for strangeon [26].

Throughout this work, we therefore interpret ¢ as a thermodynamic quantity character-
izing the stiffness of the EOS. The apparent superluminal value of ¢, arises from the idealized
instantaneous interaction assumed in the effective potential model, while the fundamental
causality of the underlying strong interaction is strictly preserved as explicitly demonstrated

2This results in the conjecture of classical solid (rather than super-solid [46]) for cold strangeon matter [21],
though historically, the atomic nucleus was also speculated in a solid state [47].



in previous works [45]. It is worth noting that macroscopic numerical relativity (NR) sim-
ulations cannot be used to calculate or verify this true physical signal speed. In any NR
framework, the EOS and its corresponding sound speed are required as inputs to close the
general relativistic hydrodynamics equations. An NR simulation merely evolves the system
according to these provided macroscopic inputs, rather than determining the fundamental
causality limit, which must be derived from microscopic many-body physics. Consequently,
for our main systematic survey of uniformly rotating stars, we do not artificially restrict
the parameter space by enforcing a mathematical ¢y < ¢ limit. Nevertheless, to ensure the
absolute robustness of our proposed astrophysical mechanism and to dispel any potential
concerns regarding relativistic causality, we will first explicitly verify our central engine model
against a stringent test case that strictly imposes c¢s < ¢ in section 3.

To systematically investigate the properties of this EOS and the potential for ergostar
formation, we explore a broad parameter space, extending beyond the specific regions
constrained by recent Bayesian analyses [26]. We select a representative series of values
for the normalized potential depth, é: 0.1, 1.0, and 3.0 MeV. These values correspond to
scenarios that are, respectively, softer, slightly stiffer, and significantly stiffer than the
observationally favored results. For each fixed value of €, we generate a sequence of EOSs by
uniformly sampling 30 points for the surface baryon number density, ng,,, within the range
of (0.1,0.36) fm 3. This comprehensive grid allows us to robustly map the scaling relations,
identify the dynamically stable domain, and evaluate the energy extraction potential of
strangeon ergostars.

3 Results

3.1 Overview of ergostar analysis

To investigate the properties of ergostars, we perform a systematic analysis for the EOS
model. Our equilibrium models of rotating compact stars are constructed using the publicly
available rns code [48]. This code solves the Einstein field equations for a stationary and
axisymmetric spacetime, whose metric is given by

ds? = —eBaA2 4 2 (dr? + r2d6%) + & Pr2 sin? 0(de — wdt)2 , (3.1)

where v, B, a, and the frame dragging frequency w are functions of the coordinates r and
f. The energy-momentum tensor is given by

T = (p + P)utu” + Pg"", (3.2)

where P is the pressure and p is the energy density. In this work, we employ the phenomeno-
logical strangeon EOS, the details and parameterizations of which are presented in section 2.

For the majority of this work, we assume that the stars are in rigid (uniform) rotation,
which means the angular velocity {2 is constant throughout the star. The computational
procedure is as follows: for a given EOS, we generate a sequence of equilibrium solutions by
incrementally increasing the central baryon density, p.. For each resulting stellar model, we
then test for the existence of an ergoregion by evaluating the sign of gi across the stellar



interior. An ergoregion is identified where the following condition is satisfied:
g = —P 1 Pr2sin? w? > 0. (3.3)

For each EOS, the analysis proceeds via a two-dimensional parameter space scan over
the angular momentum J and central baryon density p.. We map the resulting equilibrium
solutions onto the gravitational mass-central density (M—p.) plane. In this plane, the domain
of dynamically stable ergostars is delineated by the intersection of two physical conditions.
First, the solution must satisfy the condition g; > 0 (eq. (3.3)) to possess an ergoregion.
Second, the solution must lie on the stable branch of the equilibrium sequence, defined
by the turning-point criterion [38]. Based on this domain, we isolate the stable ergostar
population and identify two critical boundary solutions: the stable ergostar with the minimum
gravitational mass (Mmm_ergo) and the one with the maximum gravitational mass (Mmax_ergo).

After projecting these stable solutions onto the angular momentum-mass (J—M) plane, the
stable ergostar solutions are strictly confined between the points corresponding to Mmin-ergo
and Myax-ergo- This feature provides a practical diagnostic for astrophysical viability. By
overlaying this stable ergostar region with the specific J—M relation imposed by the BNS
merger process — specifically the angular momentum budget of the remnant — one can
rapidly assess whether a specific EOS is capable of supporting stable ergostars consistent
with post-merger conditions.

3.2 Extractable energy

To connect these theoretical models to the astrophysical outcomes of BNS mergers, we
employ the empirical relation derived by Bauswein and Stergioulas [49]. The empirical
relation between angular momentum of the remnant and the total binary mass is largely
insensitive to the underlying EOSs:

Jmerger ~ a Mot — b’ (34)

where Jierger is the angular momentum of merger remnant, My is total binary mass, and
the fitting constants are a = 4.041 and b = 4.658. To apply this relation, we adopt the
approximation that the gravitational mass of the remnant is equal to the total binary mass
(Myemnant = Miot), neglecting the small percentage of mass lost during the merger process.

It should be noted that eq. (3.4) was originally derived from numerical simulations of
conventional neutron stars. However, full general relativistic hydrodynamic simulations of
self-bound bare quark stars [50] have explicitly demonstrated that the angular momentum
contained in the merger remnant is highly consistent with this empirical relation. As further
corroborated by effective-one-body analyses [51], the inspiral dynamics and the resulting
angular momentum budget are predominantly governed by macroscopic properties (e.g., total
mass and tidal deformability) rather than the surface density discontinuity. Given that the
relation between the angular momentum acquired by the merger remnant and the total binary
mass is predominantly governed by the dynamics of this inspiral phase, eq. (3.4) remains a
robust and accurate approximation for strangeon stars despite their non-zero surface density.

Building on this scenario, we hypothesize an energy-extraction process that proceeds along
a sequence of constant baryon mass. FEach evolutionary path begins from a configuration



located below the merger-remnant line and terminates at the point of minimum gravitational
mass along that sequence, provided it remains within the stable ergostar region. The released
energy for a given path is then evaluated as

AFE = A(M - MO) - (Minitial - MO,initial) - (Mﬁnal - MO,ﬁnal) . (35)

While the above expression reduces to the gravitational mass difference for constant baryon
mass sequences, the actual post-merger stage often involves changes in baryon mass (e.g.,
mass ejection). The physical rationale for this formulation becomes clear when considering the
energetics of mass ejection. Although the total energy carried away by the ejecta is not exactly
equal to its baryonic rest mass M,jo, it is strongly dominated by it. In reality, the ejecta also
carries kinetic, internal, and gravitational potential energies. However, the asymptotic kinetic
energy of typical dynamical ejecta in BNS mergers is only a small fraction of its rest mass
(Ey ~ 0.05Mej002). The internal energy of the expanding, decompressing ejecta is similarly
subdominant. Consequently, A(M — M) is a reliable metric for the rotational energy release.

This metric enables us to identify the trajectory that maximizes the energy release and to
quantify its capacity. Crucially, the ergoregion acts as an independent, geometrically originated
energy budget. While conventional mass ejection inevitably occurs during the merger, the
rotational energy stored within the ergoregion constitutes an additional energy channel.

While our fiducial estimation calculates the extraction along an idealized constant baryon
mass sequence (My = const.), a realistic BNS merger environment involves a complex interplay
of mass-loss and mass-gain mechanisms. On one hand, mass ejection (e.g., dynamical ejecta
and disk winds) reduces the remnant’s baryon mass. On the other hand, the energy extraction
mechanism itself — analogous to the Penrose process — typically increases the star’s baryon
mass. Specifically, the fragments that fall into the star from the ergoregion carry negative
conserved energy (reducing the star’s total gravitational mass M) but still possess a positive
rest mass. Therefore, the capture of these negative-energy particles, along with potential
fallback accretion, adds to the total baryon mass (My) of the remnant.

To accommodate these competing physical realities and provide a conservative estimate,
we evaluate the energy extraction bounds by allowing the remnant’s rest mass to fluctuate by
AMy = £0.01 Mg, during the ergoregion phase. This bidirectional mass fluctuation introduces
a bounded variation in the final extractable energy. As we will demonstrate in the following
models, even when accounting for this +0.01 Mg fluctuation, the evolutionary trajectory of
the ergostar remnant remains largely within the stable ergostar parameter space, ensuring
that a substantial fraction of this energy reservoir remains viable.

Applying this energy-extraction framework, we first construct a stringent test model to
address potential concerns regarding relativistic causality upfront. In this setup, we impose
a strict relativistic causality correction (capping the adiabatic sound speed at ¢s < ¢) and
incorporate differential rotation (with a degree of differential rotation A = 5). The differential
rotation is described by the Komatsu-Eriguchi-Hachisu law [11, 12] ufuy = A%(Q. —Q), where
A is a parameter that controls the degree of differential rotation, and 2. is the angular
velocity at the center of the star.

As shown in figure 1, even under these strict relativistic constraints and with the inclusion
of the aforementioned baryonic mass fluctuations (AMy = £0.01 M), the formation of
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Figure 1. Ergostar solutions for a supplementary model with strict causality correction (¢s; < ¢)
and differential rotation (A = 5), using EOS parameters ¢ = 0.1 MeV and ng,, = 0.36 fm3. The
solid magenta line represents the fiducial maximum energy extraction path, while the shaded band
illustrates its allowed variation range incorporating a baryonic mass fluctuation of AMy = £0.01 Mg
(accounting for mass ejection and Penrose particle capture). The red open circle and the red cross
represent the starting and ending points, respectively, of the fiducial maximum energy extraction path
without considering baryonic mass fluctuations. The persistence of the stable ergostar region indicates
that our main conclusions are robust against causality constraints.

dynamically stable ergostars is completely preserved. The parameter space for stable ergostars
persists, yielding a comparable maximum extractable energy (AMpax ~ 0.0037 Mg). This
confirms that the existence of post-merger ergostars in our framework is a genuine consequence
of the extreme stiffness of strangeon matter.

However, as extensively discussed in section 2, the adiabatic sound speed c; = \/dP/dp
derived from the phenomenological Lennard-Jones potential is merely a thermodynamic
measure of the EOS stiffness rather than the true physical signal propagation speed. The
actual physical signal speed remains strictly subluminal due to the retarding nature of the
interactions [45]. Therefore, the artificial mathematical constraint ¢s < ¢ can be safely relaxed.

Taking advantage of the extreme stiffness of strangeon matter, we find that if we do not
artificially restrict the adiabatic sound speed, dynamically stable ergostar can form and provide
the required magnitude of energy release even under the strict assumption of uniform rotation.

To illustrate this, we select a highly representative uniformly rotating model from our
parameter space, characterized by € = 0.1 MeV and ng,, = 0.36fm 3. As shown in figure 2,
the stable ergostar domain spans a broad region.
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Figure 2. Gravitational mass versus central density for a uniformly rotating strangeon star with
EOS parameters € = 0.1 MeV and ng,, = 0.36 fm™=3 (without limiting the adiabatic sound speed).
Sequences of constant angular momentum are shown as black solid lines, with their turning points
connected by the blue dashed line. The cyan region highlights the inferred domain of stable ergostars.
The orange dashed line is the empirical relation for BNS merger remnants. The gold star marks the
minimum-mass dynamically stable ergostar that can be formed from a BNS merger for this EOS, with
its properties listed in the top-left corner. The solid magenta line indicates the path of maximum
energy extraction, with the red open circle and red cross denoting its starting and ending points,
respectively, as defined in figure 1.

Furthermore, it is important to address the physical uniqueness of the strangeon ergostar
model. As pointed out by Tsokaros et al. [14], phenomenological EOSs (such as the SLyccl
model) can also macroscopically produce stable ergostars with similar extractable energies by
artificially imposing a finite surface density. While such models serve as excellent mathemat-
ical proofs-of-concept for the general relativistic mechanism, exploring physically originated
EOSs is crucial to understanding whether the required mass and angular momentum can be re-
alistically achieved in binary mergers. The strangeon EOS, derived from the non-perturbative
nature of the strong interaction, naturally provides a vast and robust parameter space that
is highly compatible with the post-merger remnant. More importantly, possessing a self-
consistent physical model is essential for predicting other unique multi-messenger signatures,
which will be the ultimate key to observationally identifying the true nature of compact stars.

3.3 Scaling relations of ergostar solutions

Beyond the representative models discussed above, we conducted a systematic parameter
survey over the parameter space (¢ € {0.1,1.0,3.0} MeV and ng,, € (0.1,0.36) fm~3) to
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Figure 3. Scaling relation between the central density of the minimum-mass stable ergostar (p¢ min-ergo)
and the central density of the maximum-mass stable ergostar (p¢ max-ergo) for each EOS parameter
set. Each color corresponds to a different fixed value of the potential depth per quark, €. The solid
points denote individual parameter combinations from our systematic survey, while the dashed lines
represent the linear fits for each family of models. The best-fit formulas are displayed in the plot.

examine how the EOS parameters affect both ergostar stability and energy extraction. A
key feature of the strangeon EOS is the presence of simple scaling relations with respect
to the surface baryon density, ngy.

For a fixed potential depth per quark, €, this manifests as a strong linear correlation
between the macroscopic properties (e.g., mass and angular momentum) of stellar models
computed for different values of ng,r, as explicitly demonstrated in figures 3, 4, and 5. This
scaling behavior provides a powerful computational advantage, significantly simplifying the
exploration of the parameter space. It allows us to efficiently map the properties across the
full range of ng,y and accurately identify the regions of interest for our subsequent analysis
on ergostar formation.

Upon examining these scaling relations, a notable distinction emerges. For the central
densities (figure 3) and gravitational masses (figure 4), the linear fits are remarkably similar
across the different € families. The slopes of the best-fit lines exhibit only a very weak
dependence on €, resulting in the three dashed lines being nearly coincident. This suggests that
the properties of the minimum-mass stable ergostar scale in a nearly universal manner with
the properties of the maximum-mass stable ergostar, largely independent of the EOS stiffness.

In stark contrast, the scaling relation for the angular momentum (figure 5) demonstrates
a strong and systematic dependence on €. The slope of the linear fit decreases monotonically
as € increases, with values of 0.62, 0.51, and 0.46 for € = 0.1,1, and 3 MeV, respectively.
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Figure 4. Scaling relation between the gravitational mass of the minimum-mass stable ergostar
(Mmin-ergo) and the gravitational mass of the maximum-mass stable ergostar (Mmax-ergo). As in the
previous figure, each color corresponds to a fixed value of €. The solid points represent individual
parameter combinations, and the dashed lines are their respective linear fits. The fitting formulas are
shown in the plot.

This trend has a direct physical interpretation that is qualitatively visible in the J-M
plane (figure 6). A smaller slope in the Jmin-ergo—Jmax-ergo relation implies a larger vertical
separation between the lower and upper boundaries of the stable ergostar domain in the
J—M plane. Physically, this signifies that a stiffer EOS (larger €) supports a wider range
of angular momenta over which stable ergostars can exist.

From our pool of viable candidate models, we selected a subset of twelve representative
models to evaluate the maximum extractable energy. The key properties of these models —
including the maximum spherical mass, central density, and the maximum extractable energy
AF .« along with its allowed variation range — are summarized in table 1.

Nearly all models we considered can release energy on the order of 0.01 My, reinforcing
the conclusion that strangeon stars, and in general, compact stars with a sufficiently high
density close to their surface [13-15], can provide a robust parameter space for postmerger
ergostars with energy reservoirs relevant to sGRBs.

4 Discussion

We have explored the parameter space of dynamically stable ergostars with SnS EOS. In
particular, we investigated the possibility of a dynamically stable ergostar remnant that
could be formed during BNS mergers and the maximum extractable energy from them. A
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Case ID € Ngwr  MTOV Pe, TOV AF.x  Range of AE
MeV  fm™3 Mg gem ™3 Mo Mo
case A | 0.1 0.2061 2.6877 2.23x 10 0.0175 [0.0163, 0.0193]
case B 0.1 0.2539 2.5729 2.43 x 10' 0.0244 [0.0225, 0.0261]
case C | 0.1 0.3069 2.3400 2.94 x 10' 0.0296 [0.0278, 0.0312]
case D | 0.1 0.3600 2.1607 3.45x 10> 0.0196 [0.0177, 0.0200]
case E 1.0 0.2061 3.7876 1.11 x 10 0.0079 [0.0071, 0.0079]
case F 1.0 0.2539 3.4128 1.37 x 10% 0.0234 [0.0206, 0.0253]
case G | 1.0 0.3069 3.1039 1.66 x 10 0.0307 [0.0289, 0.0316]
case H | 1.0 0.3600 2.8660 1.95x 10 0.0447 [0.0437, 0.0453]
case I 3.0 02061 4.3558 8.89 x 10'* 0.0087 [0.0087, 0.0118]
case J 3.0 02539 3.9248 1.10 x 10'® 0.0283 [0.0253, 0.0311]
case K | 3.0 0.3069 3.5695 1.32x 10 0.0451 [0.0451, 0.0482]
case L 3.0 0.3600 3.2960 1.55x 10'® 0.0513 [0.0513, 0.0558]

Table 1. Properties of selected cases and the corresponding maximum extractable energy from their

ergostar remnants. Columns show the identifier, EOS parameters (€ and ngy,,) [26], the maximum

Tolman-Oppenheimer-Volkoft limit (Mrov), its central density (pc,tov), and the calculated maximum
extractable energy (AEpax) evaluated via A(M — My). The table also lists the allowed variation range
of the extractable energy, considering a bidirectional baryonic mass fluctuation of AMy = +£0.01 Mg
during the post-merger phase.
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key finding of this work is that the formation of a dynamically stable, uniformly rotating
ergostar as a merger remnant is a robust outcome for a wide range of strangeon matter EOS
parameters. This confirms the results of [13-15] which have found that the formation of
stable ergostars requires a significant density close to the surface of the compact star. Our
analysis demonstrates that, for strangeon matter, the post-merger remnant can indeed settle
into a transient ergostar state capable of releasing significant energy.

While the energy extraction potential depends intricately on the geometry of the domain
of stable ergostar solutions, a crucial result is that nearly all models we considered can
release energy on the order of 0.01 M. More importantly, as we have demonstrated through
incorporating mass variation bands and testing against strict relativistic causality corrections,
this geometrically originated energy budget is exceptionally robust. This represents a
substantial and independent energy reservoir, potentially sufficient to power the central
engine of a large-scale sSGRB or its associated extended emission, irrespective of complex
post-merger mass variations such as ejecta or Penrose particle capture. As analyzed in
section 3.2, this robustness is physically guaranteed because such bounded mass fluctuations
do not fundamentally alter the stable evolutionary trajectory of the remnant towards the
collapse threshold.

It is important to note that demonstrating a sufficient energy budget (~ 10°2erg) is a
necessary but not sufficient condition for powering an sGRB. The detailed mechanism of
launching a highly relativistic jet must also be considered. For conventional hadronic ergostars,
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recent GRMHD simulations have revealed a major challenge: magnetic fields tend to strip
loosely bound matter from the stellar surface, leading to severe baryon pollution in the polar
funnel. This pollution prevents the formation of a force-free environment, resulting in only
mildly relativistic outflows (I';, ~ 2.5) rather than sGRB jets [15]. However, the situation is
physically different for self-bound stars. The surface of self-bound quark matter has been
argued to confine baryons while allowing photons, electron-positron pairs, neutrinos, and
electromagnetic fields to escape, thereby strongly suppressing baryon pollution originating
from the stellar surface [5, 52, 53|. Since strangeon matter is likewise self-bound by the strong
interaction, the same basic mechanism is expected to operate for strangeon ergostars. A
complete GRMHD treatment incorporating this surface physics is still required.

The Penrose process is invoked here only as an illustrative example of rotational-energy
extraction enabled by negative-energy states, rather than as a specific particle-ejection model.
The presence and angular distribution of the ergoregion do not by themselves determine the
direction of the resulting outflow. GRMHD simulations indicate that, for both black-hole and
long-lived neutron-star merger remnants, jet launching and collimation are mainly controlled
by whether the large-scale magnetic-field configuration establishes a magnetically dominated
polar funnel or magnetic tower [56-59]. In the present scenario, the ergoregion provides an
additional channel for extracting rotational energy, while the formation and collimation of
a possible jet would be governed by the magnetospheric structure. We plan to investigate
these processes in future work through dedicated GRMHD simulations with an improved
treatment of the finite-density self-bound surface of strangeon matter.
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