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Abstract

The fact that strange sea quarks are abundant in the nucleons, but with zero net strangeness,
is of great importance for understanding the nature of matter condensed by strong inter-
action, particularly in the context of the “gigantic nucleus” created after the gravitational
collapse of an evolved massive star. We hypothesize that the basic unit of bulk strong
matter with the approximately light-flavored symmetry of valence quarks is “strangeon”,
which is the counterpart of the nucleon found in atomic nuclei. In addition to strangeon
stars (SnSs) with a large baryon number of A ≈ 1057, strange nuggets (SnNs) with A ≳ 1010

could also exist in the universe. Both the SnSs and the SnNs are explained, with particular
focus on the evidence obtained from observation and detection.

Keywords: dense matter; dark matter; compact star

1. Introduction
The motivation of Physics is to understand the material world. Phenomenologically,

physics aims to reveal the fundamental building blocks of matter and the interactions that bind
them together, allowing us to know the nature of matter. The normal material of atoms/ion-
electrons condensed by electromagnetic (or simply electric) force was the only form of matter
known until the discovery of Ernest Rutherford in 1911 [1]. At that time, Geiger and Marsden,
under the guidance of Rutherford, shot α particles towards a stationary gold target and
observed particles larger than 1/10,000 scattered back at a deflection angle greater than
90 degrees, which was much higher than the prediction given by Thomson’s “plum-pudding”
atomic model. From this result, Rutherford concluded that the vast majority of the atomic
mass and all positive charges are concentrated in a region of about a few femtometers’ radius
at its center, which is called the atomic nucleus. In 1919, Rutherford shot nitrogen nuclei with
α particles and obtained protons. In 1932, Chadwick shot beryllium nuclei with α particles
and analyzed the presence of neutrons in the product, confirming Rutherford’s conjecture
from the charge-to-mass ratio of atomic nuclei in 1920. These results revealed a novel matter
of nucleons, condensed by what is now known as the fundamental “strong interaction”. For
simplicity, we will refer to the former as electric matter, and the latter as strong matter.

Can strong matter manifest only in the form of atomic nuclei? The answer was, for a
long time, considered to be “yes”, even pondering the remnants of evolved massive stars,
i.e., the “gigantic nucleus” initiated by Lev Landau in 1932 [2], the so-called “neutron
sphere”. It is noteworthy that the key point of Landau’s idea of a “neutron star” is to
neutralize the constituent elements—creating an almost charge-neutral state for nucleons
so that a relatively small amount of electrons would contribute negligible kinetic energy.
As an exemplar of fermions following the Fermi–Dirac statistics, an electron must populate
a higher energy level if the lower levels are occupied, as is in the case with atoms that have
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many electrons. For a number density of n, the mean separation between electrons ∆x is
approximately n ∼ ∆x−3. From the Heisenberg relation, ∆x · ∆p ∼ h̄, we can obtain the
Fermi momentum of an electron pF ≃ h̄n1/3. So when the number density of electrons n is
low, the Fermi kinetic energy contained in the electrons is also relatively low. The number
density of electrons in a neutral system can only be lowered by reducing the charge-to-mass
ratio of quarks or nucleons. Therefore, a small charge-to-mass ratio, Rem, is preferred in
terms of kinetic energy. We would therefore think that a gigantic nucleus should be a
neutron star because Rem(neutron) = 0, whereas Rem(proton) = 1. In this sense, Landau’s
neutron star is, in fact, a neutral star [3]. Besides the electron gas, nonetheless, there are
also nucleons in the system, and the so-called symmetry energy emerges dramatically
for a neutron-rich gigantic nucleus. But Landau was unaware of the symmetry energy in
1932. This can be likened to the Chinese proverb “press down the gourd, but the ladle
pops up”. The symmetry energy of nuclei was first addressed by Weizsäcker in 1935 [4].
The symmetry energy is higher when there is a significant difference in the number of
neutrons and protons in a nucleus, that is, the state now known as isospin asymmetry or
two-flavor asymmetry.

However, more than 90 years later, especially after the establishment of the standard
model of particle physics, can an alternative, and possibly better way, to form a charge-
neutral system be devised today? Yes, the strangeness matters! In comparison with the
low-energy system of an atom (nucleus and electrons), there are abundant quark-pairs
inside the high-energy system of the nucleon (e.g., the complex proton1). It is then conve-
nient to consider the charge-neutrality using the triangle illustrated in Figure 1. Given that
the charges of d- and s-quarks are equal, the depth of the color of the image in Figure 1
can be used to represent the charge-to-mass ratio, Rem. When a massive star reaches the
end of its life, its core loses energy from nuclear reactions and undergoes gravitational
collapse. Under extreme compression, the density increases to that of nuclear matter.
At this point, the Fermi kinetic energy of electrons can reach about 400 MeV, higher than
the energy required for the inverse β reaction and even higher than the remaining mass of s
quarks. So, the compressed core of the star undergoes a neutralization transition to reduce
the enormous electron Fermi energy. Landau (1932) [2] only superficially predicted the
transition of atomic nuclei from point “A” to a gigantic one at point “n”, but allowing only
for two asymmetric flavors of valence quarks. However, the most beautiful (i.e., symmetric)
place in the triangle should be at the point “s”, with both charge neutrality and 3-flavored
symmetry [5]. By reducing the charge-to-mass ratio, the electron Fermi energy of the system
can be lowered without encountering the problem of increasing symmetry energy. We refer
to the matter at the point “s” as “strange matter”, which contains almost equal numbers of
u, d, and s valence quarks.
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Figure 1. Triangle of light-quark flavors (u, d, and s) [6]. A point inside the triangle defines a state
with a specific ratio of up, down, and strange quarks, as measured by the point’s distance from each
of the triangle’s edges. So the −s axis represents the negative strangeness. The charge-to-mass ratio
of the baryonic component, Rem, is illustrated by the depth of the color. Atomic nuclei are at point
“A”, pure neutron matter is at point “n”, pure proton matter is at point “p”, strange quark matter
and strangeon matter (SnM) are at point “s”. Landau’s neutralization process is shown by the blue
dashed arrow, but we can do the neutralization from point “A” to any point on the Rem = 0 line.

The strange matter was already proposed in the 1970s. Since then, the models of
strange matter have continued to evolve. Bodmer hypothesized that strange quark matter
would be produced when atomic nuclei collapse and squeeze together [7]. Bodmer’s main
focus is on medium-sized nuclei with baryon number O(10). After collapse, the nucleons
disintegrate, forming quark clusters. Bodmer discussed the properties of collapsed nuclei
and the possibility of their widespread existence in the universe. He also proposed that
although existing ordinary atomic nuclei are in a metastable state, the average collapse time
scale is as long as 1031 s. Then, in the well-known MIT bag quark matter model [8], strange
quarks were also taken into account. The main idea of the MIT bag model is to introduce
a non-perturbative QCD vacuum in which quarks are confined. This vacuum, which
separates it from the real vacuum with no deconfined quarks, has an additional constant
vacuum energy, commonly known as the “bag constant” B. Witten further proposed
that strange matter is the true ground state of the strong interaction, and explored the
consequences of the emergence of strange quark matter in the early universe [9]. In addition,
from the perspective of high quark chemical potential and Fermi energy balance, Witten also
believed that strange quark matter composed of almost equal amounts of u, d, and s quarks
has lower energy than other ratios such as 2:3:1 of u, d, and s quarks. Farhi and Jaffe [10]
discussed in more detail the properties of small baryon number (A < 100), intermediate
baryon number (100 < A < 107), and bulk strange quark matter under the modified
MIT theoretical framework, including O(αc)-order correction of perturbative QCD and
correction from s quark mass ms. Alcock et al. [11] calculated macroscopic parameters such
as mass, radius, and moment of inertia of strange quark stars; discussed some observable
phenomena such as the absence of thermal X-ray photons and the influence of the possible
crust; and speculated on some ways of formation of the strange quark stars such as weak-
interaction transition from two-flavor quark matter, clustering and deconfining from Λ
hyperons that transitioned from the protons and neutrons, crossing the strangenization
barrier with temperature at the birth of the neutron star, high-energy neutrino induction,
and external strange particle incidence and induction.

Although the strange matter is called “strange”, it is not unusual at all. Because the
size of the nucleus is about 1 fm, the momentum of quarks inside nucleons obtained from
Heisenberg’s uncertainty relation is approximately 200 MeV/c. Meanwhile, due to the
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presence of strong interactions, many high-order Feynman diagrams play a role in the
interactions between quarks. So, strange quark s (and anti-strange quark s) components will
definitely appear in the quark sea. In fact, people have already measured the composition
of strange sea quarks in nuclear physics experiments. Note that the momentum fraction
ratio carried by the strange sea quarks is from ∼5% to 10% [12,13]. This result reflects
the breaking of flavor SU(3) symmetry, but at the same time suggests that flavor SU(3)
symmetry may be a relatively good symmetry at several times the nuclear saturation
density inside the compact stars. The specific process of exciting s quarks from the Dirac
Sea to the Fermi Sea remains uncertain. Alcock [11] mentioned some possible pathways,
such as direct vacuum polarization of quark–anti-quark pair ss, weak interaction transition
from u or d quarks, or excitation by high-energy incident particles or strange particles.
Charm quarks or heavier ones also contribute to the quark sea, but due to their bare mass
greater than 1 GeV, this contribution is minimal. We should consider lighter three flavor
quarks (u, d, s), which play an important role in the properties of dense matter that is under
zero pressure and is condensed by the strong interaction.

Are quarks truly the fundamental building blocks of strange matter? Yes, strange mat-
ter is favored by both the charge neutrality and the flavor symmetry of quarks, but the
puzzling non-perturbative nature of the quantum chromo-mechanism (i.e., NQCD) does
work in this case. There would then be two significant consequences of NQCD: quark-
clustering (grouped in position space) and core-repulsing (hard core). Both these two
are phenomenologically understood for atomic nuclei, but can hardly be explained by
NQCD even today. In fact, there have been many theoretical attempts in this problem.
Glendenning [14] proposed that there may be a hadron-quark first-order phase transition in
the compact star; in the high-density and high-pressure region of the core, matter exists in
the form of deconfined quarks. Hatsuda et al. [15] applied the Nambu-Jona-Lasinio (NJL)
model [16,17], a chiral effective field theory, to the calculation of the internal structure of
neutron stars. Color superconductivity, neutron superfluid, color–flavor locking, and pin-
ning phenomena in the compact star were subsequently considered [18–23]. Some people
have attempted to introduce hyperon components into compact stars [24,25], but this often
softens the equation of state, and causes a smaller maximum mass, which is not consistent
with existing observations such as PSR J1614-2230 [26]. This problem is called the “hyperon
puzzle”, and some studies attempt to explain this issue by limiting the abundance of hyper-
ons or altering the description of interactions [27–29]. A summary of various nuclear states
and simple MIT bag quark states, and the influence of equations of state on the structure
and evolution of compact stars can be found in [30,31]. A detailed review of the NJL model,
color superconductivity, color–flavor locking, and their existence in the compact stars can
be found in [32]. In recent years, a review of the structure and equation of state of compact
stars can be referred to [33–35].

Nevertheless, as an analogy of nucleons in point “A”, one could also expect a nucleon-
like unit in point “s” [36]. We name this unit “strangeon”,2 and are explaining strangeon
matter (SnM) in the following sections. It is worth noting that the main difference be-
tween SnM (including strangeon nuggets) and strange quark matter (including Witten’s
strangelets) is their basic unit. The basic units of SnM are hadron-like strangeons, but the
basic units of strange quark matter are deconfined quarks. The strangeon matter is solid at
zero temperature because the basic units, strangeons, are massive, act like classical particles,
and form a classic solid. The quark matter is usually liquid, due to the small mass of quarks
and the formation of color–flavor locking and color superconducting quantum states.
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2. An Evolving Trend During Gravitational Contraction
Let us begin with a gravitational system (mass M and radius R) that has spherical

symmetry. It seems that the system would be most stable when R → 0 (i.e., becoming a
black hole), since its gravitational energy is the minimum, Eg ≃ −GM2/R → −∞, in this
case. However, there is an internal energy of matter, and the system could temporarily
reach a stable state during gravitational contraction if the internal energy is comparable to
−Eg. This is why, besides black holes, both main-sequence and compact stars do exist in
the universe.

The total energy of the system reads

E(M) = ϵ
M
mu

+ Eg ≃ ϵ
M
mu

− GM2

R
= (ϵ − GMmu

R
)

M
mu

, (1)

where ϵ is the internal energy of matter per baryon, muc2 = 931.5 MeV ∼ 1 GeV is the
atomic mass unit, and M/mu represents the total baryon number, A. When the system
reaches an equilibrium, its internal energy is comparable to the absolute value of gravita-
tional energy; one then has

R ≈ GMmu

ϵ
=

GM⊙
c2

M
M⊙

muc2

ϵ
≃ 1.5 km

M
M⊙

1 GeV
ϵ

. (2)

In other words,

ϵ ≃ 1 GeV
M

M⊙

1.5 km
R

. (3)

As a system with negative heat capacity, the kinetic internal energy, ϵ, increases as
the gravity-bound object releases more energy (i.e., as the radius decreases). This fact
results in the emergence of various objects, from main-sequence stars (ϵ ∼ keV) to white
dwarfs (ϵ ∼ MeV) and neutron stars (ϵ ∼ 102 MeV), and eventually black holes (ϵ → +∞),
as illustrated in Figure 2. Certainly, we assume that the initial mass of the system is high
enough to move toward a black hole; otherwise, it would stop at the step of a white dwarf
or a neutron star.

Figure 2. (a) A schematic diagram of a star that balances gravitational energy and internal energy;
(b) The three equilibrium steps before an object with a high initial mass collapses into a black hole.
The three steps are as follows: first, main-sequence stars, which are supported by thermal gas pressure
and nuclear power; second, white dwarfs, which are supported by fermionic degeneracy pressure
supplied by the electron gas; and third, neutron stars, which are supported by the strong interaction
(e.g., hard core) between baryons in the non-perturbative regime. These are ordered by radius from
large to small and by internal energy per particle from low to high.
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In Figure 2, the first step represents the main-sequence stars. The nucleosynthesis
process is ongoing in the core of the main-sequence stars, maintaining a temperature
gradient throughout the stars that allows the thermal pressure of the ionized gas to be
strong enough to compete with gravity. The thermal kinetic energy of a particle in the
core of the stars is 10−3 MeV (corresponding to the nucleosynthesis temperature, 107 K);
the radius of a main-sequence star is then R ≃ 106 km · M/M⊙ from Equation (2), for
example, for the sun.

The second step represents the white dwarfs. When low-mass stars (about 0.5 M⊙ ∼ 8 M⊙)
run out of their nuclear energy, their cores will undergo gravitational collapse and become
white dwarfs. When the electron gas reaches high density to become a relativistic de-
generate Fermi gas, the equilibrium between the star’s self-gravity and the degeneracy
pressure will become unstable; therefore, there exists a maximum mass ∼1.44 M⊙ for white
dwarfs, called the Chandrasekhar limit [49]. So, the internal energy in a white dwarf is
comparable to the rest energy of the electrons at 0.5 MeV. The radius of a white dwarf is
then R ≃ 103 km from Equation (2).

The third step represents the “neutron stars”3, which are manifested in the form of
pulsar-like compact stars. A typical observed pulsar has ∼1.4 M⊙ mass and ∼10 km radius,
so the internal energy4 of a particle is ϵ ≃ 102 MeV according to Equation (3). Within this
energy range, quantum chromodynamics (QCD) is non-perturbative; the strong interaction
is non-negligible but hard to calculate [51]. The basic unit of neutron stars may not be
deconfined quarks but be hadron-like particles. In addition, the energy scale is high enough
to excite strange quarks as valence ones, and the matter in the neutron star may have
non-zero strangeness. As Figure 1 explains, the color-confined, hadron-like strange particle
is called a “strangeon”, and “neutron stars” may actually be strangeon stars (SnSs) in
this sense.

When the energy scale reaches≳1 GeV, a (1 M⊙)-star would contract to its Schwarzschild
radius from Equation (3). This hints that itinerate quarks could hardly appear in “neutron
stars” because the deconfined quarks may only emerge at the energy scale ϵ ≳ 1 GeV,
except for objects with masses approaching the maximum mass (e.g., a hybrid SnS that
contains a strange quark core and a strangeon crust [52]). When all other forms of energy
cannot compete with gravitational energy, the internal energy of a particle tends towards
infinity and the star inevitably collapses to form a black hole.

3. Strangeon Stars
From the analogy that non-perturbative strong interaction makes quarks form nu-

cleons, we conjecture that the base unit of cold dense matter inside the pulsar is not
quarks, but strangeons. This model was proposed in 2003 [36], and is constantly evolving,
e.g., [42,53–55].

We have proposed numerous equations of state of strangeon matter. The most ex-
tensively studied among them is the equation of state based on the Lennard–Jones po-
tential [42,53,56]. This model assumes that the strageons are non-relativistic and classical
particles, and form classical solid state at zero temperature. The interaction between two
strangeons departed by a distance r can be described by a potential energy,

V(r) = 4ϵLJ[(
r0

r
)12 − (

r0

r
)6], (4)

in which ϵLJ is the depth of the potential well, and r0 is the distance where V(r0) = 0.
The reason for choosing this potential function is analogous to the residual electromagnetic
potential between inert gas atoms that are electrically neutral.
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By summing up the interaction potentials of strangeons on each lattice point of an
infinite simple-cubic grid, we can obtain the total interaction potential energy. To derive the
equation of state, we can calculate the energy density ρ under a certain strangeon number
density nSN by adding the rest energy density mSNnSN of strangeons to the total potential
energy, and then calculate the pressure using p = n2

SN
d(ρ/nSN)

dnSN
(in the unit system where

c = 1):

ρ = 2ϵLJ(A12r12
0 n5

SN − A6r6
0n3

SN) + nSNNqmq,

p = 4ϵLJ(2A12r12
0 n5

SN − A6r6
0n3

SN),
(5)

where A12 = 6.2 and A6 = 8.4 are the simple-cubic lattice summation constant of the
Lennard–Jones potential, Nq is the number of quarks in a strangeon (so the baryon number
density nB = 3nSN/Nq), and mq is the average constituent quark mass. Eliminating the
variable nSN, we yield the equation of state p(ρ).

The following question concerns the speed of sound. It reflects the stiffness of the
equation of state, and it directly affects the physical quantities such as the mass and radius
of compact stars. The expression for fluid sound speed is cs = (dp/dρ)1/2, and it is the
most commonly used sound speed. The causality reads cs < 1, or dp/dρ < 1. But if we
calculate the square of sound speed dp/dρ in the Lennard–Jones potential model, we obtain

dp
dρ

=
dp/dnSN

dρ/dnSN
=

4ϵLJ(10A12r12
0 n4

SN − 3A6r6
0n2

SN)

2ϵLJ(5A12r12
0 n4

SN − 3A6r6
0n2

SN) + Nqmq
. (6)

When nSN → ∞, dp/dρ → 4, that means cs → 2. We plot the result in Figure 3, where we
can see in a wide range of baryon number density that dp/dρ > 1.

Figure 3. The figure shows the relation of square of fluid sound speed (dp/dρ) and baryon number
density nB of the Lennard–Jones potential equation of state. The parameters chosen are Nq = 18,
ϵLJ = 12 MeV, and r0 = 2.74 fm to let the baryon number density nB = 0.24 fm−3 when pressure
p = 0. The selection of these parameters can refer to [42]. In a wide range of nB, dp/dρ > 1, but we
will soon demonstrate that it does not violate the causality.

Causality is a basic assumption from the specific relativity. Special relativity has
been proven by numerous experiments to be highly reliable, and we should not violate
it. The core problem here is that we use a non-relativistic potential function to describe
the interaction between two strangeons. We did not use a delayed potential, which means
we actually viewed the interactions between strangeons as an action at a distance, so the
violation of causality happens. If we consider the effect of delayed potential, which means
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the propagation of the variation in the potential field cannot be faster than light in the
vacuum, speeds of any true signal will not exceed the speed of light. Actually, this problem
has been studied earlier [57–59]. The authors concluded that because the propagation speed
of any potential field must be slower than the speed of light in the vacuum, the conditions
p/ρ > 1 or dp/dρ > 1 need not be non-causal and are not excluded by special relativity.
We can see the result of delayed potential effect on the speed of true signal in Figure 4.
The figure is from Lu et al. [59] and shows the relation between the speed of signal and
dp/dρ. No matter how large dp/dρ is, the speed of signal will not exceed the speed of light
in the vacuum.

Figure 4. The calculated relation between the speed of signal csignal and the fluid sound speed
(dp/dρ)1/2. This figure is from [59]. Under the effect of the delayed potential, i.e., the propagation
speed of the potential field which cannot exceed the speed of light in the vacuum c, csignal will never
exceed c.

In fact, there are other models in which p/ρ > 1 and dp/dρ > 1, such as a class of
systems of classical particles which interact with each other by a repulsive Yukawa potential
or a double Yukawa potential (repulsive at a short distance and attractive at a long distance)
at rest, and a class of systems of classical Lorentz-invariant non-linear fields which reduce
to a non-interacting Klein–Gordon field in the limit of low density [57,60].

Because of the extreme stiffness, the strangeon equation of state can support more
massive stars. There are a lot of mass–radius observations to support the SnS model.
The photospheric radius expansion bursts of 4U 1746-37 constrain the mass–radius range
of low-mass pulsars, and strangeon star equations of state [53] meet the constraint better
than neutron star equations of state [61]; see Figure 5. The discovery of massive neutron
stars with mass M ≳ 2M⊙ such as PSR J1614-2230 [26], PSR J0740+6620 [62], and PSR
J0952-0607 [63] supports a stiffer equation of state. As seen in Figure 5, SnM is stiffer and
can reach a 3M⊙ maximum mass.
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Figure 5. The mass–radius curve calculated using the Tolman–Oppenheimer–Volkoff equation and
equations of state, the theoretical limits from general relativity, and the observational constraints from
4U 1746-37. This figure is from [61]. The green lines and red lines are from the strangeon star equations
of state with different parameters; the purple dotted-dashed line is from the MIT bag equation of state;
the black curves are from the neutron star equations of state. The black dashed line is M = 2M⊙; due
to the presence of PSR J0740+6620, the highest point of the MR curve should be higher than this line.
The gray regions from deep to shallow are 1σ, 2σ, and 3σ mass–radius confidence regions of 4U 1746-37
based on the assumption that the touchdown flux and emission area were partially obscured by the
accretion disk. It can be seen that the MIT bag quark star and strangeon star models better conform to
4U 1746-37 observation than neutron stars, while the strangeon star model has a larger maximum mass
and is more suitable for observing large-mass neutron stars like PSR J0740+6620.

Furthermore, the SnM state can help us to understand subpulses (referring to a short
signal structure within a single pulse cycle) in the observed single pulse signals. Because the
base unit of SnM are non-relativistic strangeons, the strong interaction between strangeons
is strong enough to make the matter solid at low temperature. Due to the large rest mass
of the strangeon, its de Broglie wavelength is relatively small, so it behaves more like
a classical particle. Taking an example of electromagnetic matter, when inert gases are
cooled at standard atmospheric pressure, only helium will exhibit superfluidity, and heavier
elements will combine to form classical solids. Assuming that the Lennard–Jones potential
is used to describe the interaction between strangeons, Bayesian analysis of observations
shows that the potential well depth of the interaction potential between adjacent strangeons
can reach over 10 MeV [42]. When the temperature of strangeon matter is much lower than
10 MeV (which is met by most of neutron stars), we believe that strangeon matter will
also combine into classical solids. This solid SnM is stiffer than a neutron star’s solid crust
because the former is combined by strong interaction, but the latter is mainly combined
by electromagnetic interaction. So, an SnS could support a higher and longer lasting “zit”
(little hill) than a neutron star’s crust could support. These zits may be the spark origin of
some highly linear-polarized subpulses [64–66]; see Figure 6.
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Figure 6. Schematic diagram of the highly linear-polarized spark signal at certain pulse phases
caused by zits in the polar cap of the pulsar. The point µ is the projection of the magnetic pole in the
magnetic polar coordinate plane, the Θ and Phi represents the magnetic co-latitude and magnetic
longitude. The point Ω is the projection of the spin axis, when the pulsar spins, the line of our sight
sweeps along the sky-blue line. The black circle represents the boundary of the polar cap, i.e. the
projection of last open magnetic field lines. The red solid closed curve represents the boundary of
the core gap, i.e. the projection of critical magnetic field lines. The red dashed circle represents the
regular sparking zone, which generates conventional main pulse and intermediate pulses. Some
possible zits, shown by pink dots, spark occasionally and generate extra coherent linear-polarized
subpulses. This figure refers to [65,66].

4. Strangeon Nuggets
The SnM can also form small nuggets, called strangeon nuggets (SnNs). The baryon

number of smallest stable SnN, i.e., the critical baryon number Ac, is uncertain due to the
difficulty of computation of the non-perturbative strong interaction. If one considers the
role of the electron in breaking the symmetry of e± [67], the critical baryon number can
be estimated from the Compton wavelength of the electron, Ac ≈ (λC/rnucleon)

3 ≈ 1010.
In fact, we have not yet conducted a very detailed calculation on the analysis of weak
interaction effects on the stability of strangeon matter, because the strong interaction plays a
decisive role in the absolute stability of strange matter in terms of energy. Like the Bodmer–
Witten assumption, we assume that the energy of bulk strangeon matter at zero temperature
and zero pressure is less than 930 MeV. For low-temperature and little strangeon nuggets
with A < Ac, nucleons would evaporate from them. At the same time, finite volume
effects such as surface tension cannot be ignored. The evaporation rate is suppressed by the
weak interaction because the evaporation requires inverse-strangenization. We have only
ever observed strong interacting matter with a baryon number A < 300 (atomic nuclei)
or A ≈ 1057 (pulsars). If this assumption holds, the mass spectrum of strong interacting
matter can be broadened considerably [1,68]; see Figure 7.
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Figure 7. The mass spectrum of the black hole, the strong matter, and the electric matter (i.e., the
ordinary matter). The minimum mass of the black hole is the Planck mass. The minimum mass of the
strong matter depends on the critical baryon number Ac, which is uncertain because of the unknown
behavior of the non-perturbative strong interaction. This picture is from [69].

SnNs with 1025 < A < 1035, similarly to quark nuggets, are among the candidates for
dark matter. Since the light three-flavor symmetry in SnM is only slightly broken by the
larger strange quark mass, the charge-to-mass ratio of SnM is low and the electromagnetic
signals from SnN are too weak to be observed. SnNs move in a virial equilibrium in the
universe at a typical speed of about 10−3c; when they hit Earth, they may not generate
a high-energy shower signal, but rather an acoustic shock wave. So, we can detect these
non-relativistic nuggets using the acoustic method [70]. Due to the extremely high density
of SnNs, their interaction cross-section with the ordinary matter is small. The cross-section
of strangeon nuggets is defined as σSN = k · (A/1030)2/3 · 8.0 × 10−6 cm2, in which
(A/1030)2/3 · 8.0 × 10−6 cm2 is the geometric cross-section. Therefore, SnNs’ penetration
depth in rock or water is very large, even exceeding the radius of the Earth. The calculation
results are shown in Figure 8.

Figure 8. The penetration depth x of the strangeon nugget (SnN) in Earth. The black line, 108.8 cm, is
the radius of the Earth. The dimensionless k factor is the ratio of the assumed interaction cross-section
between the SnN and the ordinary matter and the geometric cross-section of the SnN. This picture is
from [70].

The initial shock wave is strong and sharp but will decay and widen during propa-
gation in the medium due to diffusion, dispersion, dissipation, and scattering. The decay
can be described as an exponential function, and the frequency drop can be described as a
polytropic function of the propagation distance, such as R−1/4 or R−1, depending on the
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medium. At a distance of about 1 km, the frequency of the pulse signal is about 0.5 kHz
to 5 MHz. At a critical distance Rcrit, the acoustic signal decay to the level of surround-
ing noise, Rcrit, is the maximum detectable distance. This distance depends on the state,
the temperature, and the uniformity of the medium. An estimated result is displayed in
Figure 9, Rcrit ≃ 30 km. More accurate results require on-site acoustic experiments.

Figure 9. The estimated critical detectable distance Rcrit of the acoustic SnN signal. This picture is
from [70].

In addition to strangeon stars and nuggets, we note that strangeon planets with
A ∼ 1051–1055 could also exist [71], potentially forming during supernovae involving
strong turbulence [72].

5. Conclusions
We proposed that pulsar-like compact stars could be SnSs if Nature favors the three-

flavor symmetry of light quarks during core-collapse supernovae. With FAST’s polarization
observation, non-symmetric sparking is found, which could imply “zits” (i.e., small hills)
on the surface of solid SnSs. Additionally, SnNs with a baryon number of A ≳ 1010 could
also exist, and we could potentially detect them using an acoustic array in the future. These
nuggets, which could manifest in the form of dark matter, may have been produced during
the separation of the QCD phases in the early universe, setting the initial conditions for big
bang nucleosynthesis (BBN).
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Abbreviations
The following abbreviations are used in this manuscript:

SnM Strangeon matter
SnN Strangeon nugget
SnS Strangeon star

Notes
1 This is also simply due to the Heisenberg relation. An atom is a state bound by the electromagnetic force, while a proton is

a state bound by the strong force. This results in a relatively large atom but a smaller proton. According to the Heisenberg
relation, the typical kinematic energy of an electron in a hydrogen atom is ∼ 10 eV, whereas that of a quark in a proton is
Escale ∼ 300 MeV [5]. The fact that the bare masses of all the light-flavor quarks are < Escale (but the bare masses of all the
heavy-flavor quarks are ≫ Escale) means that abundant strange quark pairs do exist in a nucleon even without net strangeness.
In fact, like any other bound states (e.g., hadrons), the proton is an object of unspeakable complexity: filled with the dance of
short-lived uds-quarks (i.e., the sea quarks) as well as gluons! Nevertheless, the time-averaged number of net u-quarks is 2 (i.e.,
the number of u-quarks minus that of ū-quarks), and the number of net d-quarks is 1, but the number of net s-quarks is 0. We can
therefore conclude that the valence quarks in a proton are {uud} (or {u2d1s0}).

2 It should be noted that strangeon differs from hyperon in at least two ways. The hyperon’s baryon number, B, is 1, whereas
a strangeon, as a multiquark bound state, is not simply a baryon. Previous studies have discussed multiquark states such
as hidden-charm pentaquark states, hadronic molecules, and exotic hadrons consisting of undetermined number of quarks
and gluons, both theoretically and experimentally based on data [37–40]. A strangeon would behave like an exotic hadron
with baryon number B > 1, likely B = 6 (just as Michel’s quark alpha, Qα [41,42], it can satisfy color singlet, spin symmetry,
and flavor symmetry simultaneously) and would be even larger inside massive strangeon stars with masses approaching the
mass limit. Additionally, the interaction between two Λ-particles could be attractive without a hard core. Many previous studies
have shown this point [43–46]. However, strangeons are supposed to similar to nucleons with hard cores. The discussion on
the hard core between nucleons can be referred to [47,48]. A short-distance repulsive interaction between strangeons would
be naturally expected, although the physical reason for this is still unclear in non-perturbative quantum chromodynamics
(QCD). The hard-core and non-relativistic nature of massive strangeons could both result in an equation of state that is stiff in a
model-independent way.

3 Although these objects are commonly referred to as neutron stars in the literature, they do not necessarily consist of neutrons.
4 This energy is commonly referred to as the degenerate energy of fermions in current textbooks, whether they are neutrons or

quarks [50]. However, a conceptional mistake could be made here by following the well-trodden path of interpreting the nature of
white dwarfs as degenerate electrons, since the interaction energy with a hard-core potential resulting from the non-perturbative
QCD works well for the gravitational equilibrium of stable stars as well. From this perspective, we would expect the stabilization
mechanism against gravity, which plays a key role in the equation of state of supranuclear matter, to be revised in the era of
multimessenger astronomy.
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