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Abstract: It is hypothesized that, at low temperature, though atomic nuclei are made of 2-flavored nucleons (i.e.,
nucleon matter as nuclear droplet), strongly interacting matter (i.e., gigantic nucleus) with baryon number from
A=10>"° to ~10 would be composed of 3-flavored strangeons if Nature favors always the flavor symmetry of
quarks. According to that logic, strangeon matter with A~10% could manifest in the form of pulsar-like compact
stars, and multi-messenger observations with advanced facilities (e.g., China’s FAST) could eventually provide a dis-
proof/proof. It is worth emphasizing that this point of view, based on established “old physics”(i.e., the standard
model of particle physics), may have particular consequences for understanding our material world, for both normal

luminous matter and even the dark sector.

Key words: dense matter; elementary particle; symmetry energy; neutron star; pulsar

CLC number: 0571.6 Document code: A
DOI: 10.11804/NuclPhysRev.41.QCS2023.19

Human civilization began when humans started using
tools made of materials, that is, a condensation of basic
units. Besides normal atomic matter condensed by the elec-
tromagnetic (or simply electric) force, another option is to
be condensed by the fundamental strong interaction which
was first noted when Ernest Rutherford, in 191 1[1], recog-
nized that nearly all the mass of an atom is concentrated in
a nucleus which was necessary to account for experiments
that showed the scattering of alpha particles off gold foil.
By convention, we call the former electric matter and the
latter strong matter. Could atomic nuclei be the only form
of strong matter? The answer is “ no” if we consider
massive star evolution, i.e., resulting in the formation of
possible “gigantic nucleus” in Lev Landau’s words presen-
ted in 1932121,

What is the essential difference between a microscop-
ic atomic nucleus and a macroscopic gigantic one? The
mass spectrum of strong matter might be continuous, as in
the case of electric matter from dust to white dwarfs up to
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the Chandrasekhar limit?), if there is not any conceptual
difference. However, the baryon numbers A of atomic nuc-
lei are usually <107, even for the speculated stable island
of super heavy elements, while we expect A~10% if neut-
ron stars are actually gigantic nuclei. Therefore, it seems
then there could be a huge mass-gap, from A~10° to
~10, for strong matter.

In this paper, we argue that the mass-gap would get
narrower considerably if Nature favors flavor symmetry. In
this sense, both electric and strong matter seem to share an
approximate continuous mass spectrum, from almost zero-
mass to either the Chandrasekhar or the Oppenheimer mass-
limit®. Tt is worth adding that the physics of strong matter
at zero pressure® is in the regime of nonperturbative
quantum-chromodynamics (QCD), so that the basic units of
an atomic or a gigantic nucleus should be quark-clusters
rather than free quarks, nucleons for the former and
strangeons ™ for the latter. This will be explained in the fol-
lowing sections.

Foundation item: National SKA Program of China (2020SKA0120100); Strategic Priority Research Program of Chinese Academy of Sciences

(XDB0550300)

Biography: XU Renxin(1967-), male, Beijing, Professor, working on nuclear and particle astrophysics; E-mail: r.x.xu@pku.edu.cn

(DThe mass spectrum of black holes, to some extent, is similar, but without a mass-limit.

(@The approximation of pressure free is certainly good on the surface of strong matter. Nonetheless, it might still be fine even in the center of a star

not approaching the mass limit because of very stiff equation of state indicated by the discovery of massive pulsars. Certainly, perturbative QCD might

work in the center of a compact object near the mass limit, forming a hybrid star*].

(®We suggested a “condensation” in position space for strange quark matter and discussed the possibility of a solid state in 2003. The basic unit of

such matter is called quark cluster or strange cluster. The term “cluster” was then renamed strangeon in 2017, coined by combining “strange nucleon”, in

order to avoid misunderstandings in the academic society.
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0 Introduction

Astrophysics is that in which gravity cannot be neg-
lected. In Einstein’s theory of general relativity, gravity res-
ults from distorted space-time, and the formation of a sin-
gularity inside an event horizon seems inevitablel®]. Never-
theless, there are three types of realistic outward pressure
that could prevent a massive object dominated by radial self-
gravity from collapsing to a black hole:

a)Thermal pressure, originating from Maxwell-
Boltzmann statistics, which works at non-zero temperature.
One of the typical examples is a main sequence star with
nuclear fusion as source providing the thermal pressure;

b)Degeneracy pressure, originating from the
Fermi—Dirac statistics, which works even at zero temperat-
ure. It is well known that white dwarfs are supported by the
degeneracy pressure of an electron gas;

c)Interaction pressure of a solid, the result of residual
force (see footnote 4) from neighbouring units in con-
densed matter, which can even be present in the limit of
zero temperature. Certainly, this pressure works also for li-
quids which, “in some ways, has no right to exist”l®), at fi-
nite temperature.

The difference between pressures b and ¢ could be of
arbitrary choice rather than of principle, though both kinds
of pressures would be responsible for stable astronomical
objects without persistent energy output, from asteroid,
planets to white dwarfs. Let us, hence, go back to the glori-
ous era when quantum mechanics was being developed and
talk about “wave-particle duality”, which we will use to ex-
plain further.

The concepts of waves and particles are clearly distin-
guishable in classical physics until de Broglie’s discovery
of duality, which initiated the quantum era. At an opera-
tional level, the viewpoint of different particles in classical
physics works if the wavelet size (A~ h/p, with h the
Planck constant and p the momentum) is much smaller
than the separation between particles (£ ), while it becomes
a quantum gas of identical particles if 2> . In the case of
high temperature and low density, we have always 1< ¢
and thus we face classical Maxwell-Boltzmann systems. On
the other hand, quantum statistics applies for materials
without stable energy production. To facilitate the analysis,
we categorize these materials into 4 types, { pF, pB, cF,
¢B}, as listed in Table 1.

Firstly, let us turn off the interactions between units.
Matter made up of Boson units, “ pB” and “ ¢B”, should be
in a Bose-Einstein condensate (BEC) state. However,

Table 1
stable energy production. The building blocks could be

The quantum statistics of cold matter without

either point-like (p) or composite (c).

Fermion Boson
point-unit pF pB
composite-unit cF cB

quantum degenerate pressure would be significant for Fer-
mion units, with white dwarfs being the archetype of “ pF”
and normal neutron stars of “ cF”. Although the electro-
magnetic force could be negligible due to a relatively weak
coupling quantified by «,, =€*/(hic) ~1/137 (with e the
electron charge), the fundamental color interaction should
play an important role especially at low-energy scale where
the coupling is closer to a,~1. This is why we can model
white dwarfs (“ pF”) to a high precision, while we are in an
awkward situation when one tries great efforts to under-
stand neutron stars (“ ¢cF”).

Secondly, let us then turn on the interactions. In cases
of “ pF” and “ pB”, the interactions are fundamental, which
is well defined in the standard model of particle physics, so
a description of a particle system in full quantum field the-
ory should be valid. On the other hand, for “ cF” and *“ ¢B”,
the interactions could be regarded as the residual of funda-
mental ones@, which have to be quantified in phenomeno-
logical models. It is not an easy task to model the residual
interactions, even for normal atomic matter: it is well
known that strongly correlated electrons should be respons-
ible for high-temperature superconductivity, which is still
one of the most challenging topics in condensed matter
physics. Strictly speaking, for atomic matter, the difference
between materials with free electrons (e.g., white dwarfs)
and with bound electrons (e.g, rocky planets) could be
quantitative rather qualitative, since electrons inside both
are essentially wandering, but electrons are just traveling
with a higher probability in the former than in the latter. In
this sense, the difference between pressures b and c is not
essential.

Certainly, the interaction between units does matter
for the states of different types of particle systems listed in
Table 1. It may change “pF” into “ pB” if two Fermions are
pairing to behave as a boson. The Bardeen-Cooper-Schrief-
fer (BCS) theory developed in 1957 is successful in ex-
plaining the behavior of low-temperature superconductiv-
ity, involving Cooper pairs formed on the Fermi surface of
electrons in metal. Similarly, quarks could also pair in cold
quark matter, resulting in states of color superconductivity
(CSC), either 2SC (2-flavor superconductivity) or CFL

@In fact, point-like particles (electrons and quarks) cannot be confined inside a composite unit because of the duality-caused quantum tunneling

between neighbor units, resulting thus in the residual forces. The Lennard-Jones-like form could be an example of characterizing such forces quantitatively,

which could be effective in modeling insulators and also condensed matter made of noble-gas atoms. That form, without surprise, might also be valid to

model even strong matter, i.e., the interaction between either nucleons or strangeons.



3 1

XU Renxin: Rutherford’s Atomic Nucleus versus Landau’s Gigantic Nucleus: Does Nature Favor Flavor... - 865 -

(color flavor locked). Certainly, a completely different state
of matter, rather than superconductivity, emerges if the in-
teraction is high enough to group point-units into compos-
ite ones. This is the reason why CSC occurs in the regime
of perturbative quantum chromodynamics (QCD), but the
nonperturbative QCD force can bind quarks together into
hadrons, especially nucleons in a nucleus at pressure free.

One may also change the statistics of “cF” and “cB”
into the classical Maxwell-Boltzmann statistics if compos-
ite-units are trapped in the potential shaped by the residual
interactions. Quantum statistics would, indeed, apply to
“cF” and “cB” if the interactions between units can be neg-
ligible, and even BCS-like states appear too (e.g., the super-
fluid neutrons in normal neutron stars). However, for in-
stance, the quantum zero-energy of a non-relativistic bary-
on-like unit trapped in 6x is ~ A*/(m 6x*), with m its rest
mass. It is then evident that classical statistics would be
suitable if the potential depth is much deeper than ~40 MeV
(1 GeV/m) (1 fm/6x)?*. We will explain, in the next sec-
tion, that this requirement could be satisfied for strangeon
matter. In a sense, strangeon matter is more akin to usual
atomic matter in three aspects: obeying classical Maxwell-
Boltzmann statistics (except for free electrons), existing at
zero pressure and having a broad mass spectrum.

1 Strong matter: microscopic and macro-
scopic

After the establishment of Rutherford’s model to de-
scribe the structure of atoms in 1911 but before the discov-
ery of neutron in 1932, it was commonly thought that a
nucleus of mass number A and atomic number Z contains
A protons and (A—Z) electrons. By 1910, experiments
(e.g., scattering of X-rays by atoms, photoelectric effect,
etc.) showed that atoms seem to have roughly A/2 elec-
trons outside, except for hydrogen nuclei (A=Z=1), and
therefore the electrons (~A/2) inside nuclei should be
tightly combined with protons there®. In 1920, with a title
of “The Internal Constitution of the Stars”, Eddingtonm
wrote in a paper: “The nucleus of the helium atom, for ex-
ample, consists of four hydrogen atoms bound with two
electrons... If 5 per cent. of a star’s mass consists initially of
hydrogen atoms, which are gradually being combined to
form more complex elements, the total heat liberated will
more than suffice for our demands, and we need look no
further for the source of a star’s energy” ©. As his first
“postulate”, Harkins stated®] “The positive charge on the

nucleus of an atom is equal in magnitude to the sum of the
negative charges on all of the non-nuclear or planetary elec-
trons”.

The key to solve all of these dilemma problems is re-
lated to the novel statistics proposed independently by Pas-
cual Jordan in 1925 and Fermi and Dirac in 1926. It is then
not surprising that, before the discovery of neutron, Land-
au speculated[z] “all stars heavier than 1.5 © certainly pos-
sess regions in which the laws of quantum mechanics (and
therefore of quantum statistics) are violated.... this must oc-
cur when the density of matter becomes so great that atom-
ic nuclei come in close contact, forming one gigantic nucle-
us” when realizing the mass limit of white dwarfst 107111,
The quantum theory, accurately, applies to both Rutherford’s
microscopic nucleus and Landau’s macroscopic one, and
the latter, in modern words, involves the weak interaction
of converting protons to neutrons by p+e~ — n+v,, other-
wise electrons would be too energetic to be stable (see foot-
note 5). For simplicity, we may call the former microscop-
ic strong matter, while the latter macroscopic one. Landau,
in a word, tried to neutralize via neutronization in order to
have stable macroscopic strong matter, resulting in a con-
cept of neutron stars even in today’s mainstream society.

Now is the era of the standard model of particle phys-
ics, with 12 flavors of fundamental fermions®, interacting
with each other by the exchange of gauge bosons. Com-
pared with non-relativistic atoms (i.e., electrons and atomic
nuclei move non-relativistically or quasi-relativistically at
most), nucleons are relativistic systems due to the strong
force binding; the stronger the force is, the smaller the
scale, and thus more energetic the building blocks are. One
e ~ Hic/~0.5 GeV,
with €~ 0.5 fm being the separation between quarks, from
Heisenberg’s relation!!?], implying (a) non-perturbative
coupling between quarks and (b ) the existence of a sea of
light-flavored quarks besides valence ones, in view of

could have a typical energy scale, E

Amyy < E e <A, (1)

scale

where perturbative QCD works only if the energy scale is
higher than A, >1 GeV, and Am, ~0.1 GeV is the dif-
ference among the bare masses of light quarks. Heavy
quarks contribute negligibly to strong matter at zero pres-
sure because their bare masses are much larger than E_, .
Only valence quarks are usually noted in the structures of
protons and neutrons, which are then {uud} and {udd}, re-
spectively. It is, therefore, evident that Landau’s neutroniz-

(®This is, in terms of quantum physics, certainly wrong because of the unrealistically high zero-point energy ( ~200 MeV) if electrons are bound in a

nucleus.

(®Eddington summarized in his major monograph published in 1926,[8] with the same title, and dedicated a large discussion to puzzling white dwarfs.

He discussed seriously and argued that a white dwarf, in an awkward predicament, must expand and do work against gravity when it regains the normal

matter, concluding “The star will need energy in order to cool” .

(DHalf are quarks listed in Figure 1, and the other half leptons. The strong force takes effect for quarks, but not for leptons.
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ation is basically converting u-quarks to d-quarks by

ut+e —d+v, ®, as indicated in Figure 1.
Ge,
Chagliy| 1 2 3
g
+2/3 |2 u c t
gl
-13 |2 d s b

Fig. 1  (color online) Six flavors of quarks in the standard

model, which could further be divided into three gener-
ations. The bare masses of {u,d,s}-quarks are lower
than 100 MeV, while that of {c,t,b}-quarks are higher
than 1 GeV. We thus call the former light flavors and
the latter heavy ones. Note that quarks are not charged
anti-symmetrically, i.e., the electric charge of {d,s,b}-
quarks is not simply the negative of {u,c,t}-quarks.

An important property, unfortunately unknown during
Landau’s time, lurks in the option of neutronization: the
nuclear symmetry energy! Stable atomic nuclei have ap-
proximately equal numbers of protons and neutrons (i.e.,
the isospin symmetry), and the symmetry energy is intro-
duced to characterize the mass-energy growth when deviat-
ing from the equality. At the quark-scale, in fact, the sym-
metry energy measures the deviation from the balance of u-/
d-quark numbers, that is, the flavor symmetry between up
and down quarks. Certainly, this symmetry has to be
broken significantly due to Landau’s neutronization which
kills energetic electrons, and a relatively dense electron gas
would then be necessary to suppress the S-decay of neut-
rons, educing a stellar crust to meet the requirement of such
a high electron density in the standard neutron star model.

Can we find a way both to neutralize and to keep fla-
vor symmetry? The answer is yes even in the standard
model of particle physics, the “old physics”! As shown in
Fig. 1 and Eq. (1), three flavors of quarks, {u,d,s}, particip-
ate in constructing the structure of strong matter at zero
pressure. It is then intuitive to take advantage of a triangle
diagram!'3] because of the conservation of baryon number.
Clearly, as seen in Fig. 2, both neutralization and flavor
symmetry are satisfied if one goes from “A” to “s” after
compressing huge numbers of atomic nuclei to a “gigantic
nucleus”. Even at point “s”, the building units could be
either dissociative quarks!!'*l or  strangeons with
(6,9,12,15,18)-number of valance quarks[lsflé], the latter
being analogous to nucleons which are the constituents of
atomic nuclei due to nonperturbative QCD interaction at
pressure free.

Landau (1932)
n A

Strange, —1/3

Fig. 2 (color online) Three flavors in a triangle. A point in-
side the triangle defines a state with certain quark num-
bers of three flavors of up, down and strange quarks,
which are measured by the heights of the point from
their respective edges. At point “s” in the center of the
triangle, we have equal numbers of the light quarks, but
atomic nuclei are near at “A”. Points in lines parallel to
the up-side have equal charge-mass-ratio, R, to be 1/2
at “A”. In 1932, Landau superficially anticipated to go
from “A” to “n” when creating a “gigantic nucleus”
with huge numbers of atomic nuclei, that is, the idea of
a neutron star. It is worth noting that a quantum num-
ber of strangeness, S, cannot be conserved in the weak
interaction.

Strangeon matter could be in a classical solid statel 3]

because of 1) a small quantum wave packet A, =7#/(mc)
since the mass of a strangeon is much higher than that of a
nucleon, and 2) a significant interaction energy between
strangeons (~ a few tens of MeVs) which is much higher
than their temperature which is typically <1 keV. These
two aspects may explain our preference of solid strangeon
(rather nucleon) matter, though solid nucleon matter (i.e.,
solid atomic nuclei) has already been suggested in 1974171,
motivated by the fact that the giant resonance (i.e., collect-
ive excitation of atomic nuclei) might resemble the vibra-
tion of an elastic solid. In fact, this also works for electric
matter: elements including the inert ones could condense
into a solid state, but helium is the only exception that can-
not be solidified by sufficient cooling at almost zero pres-
sure. Helium becomes a quantum superfluid at extremely
low temperature, but nevertheless, an idea of a “supersolid”
has alternatively been proposed[lg], and evidence for a su-
persolid candidate has recently been announced!'?). Simil-

®If quark sea is included, this neutronization should be a consequence of the asymmetry of ¢ and e* . In a quantum vacuum with fermions and anti-

fermoins (e.g., { e,e” }, {u,ii }, {d,d }, { 5,5}), lepton-related weak interactions could convert u-quarks to d-quarks (u+e~ — d +v, ) as well as anti-ups

to anti-downs (#i+e" — d+7¥,), so that the numbers of protons and neutrons inside atomic nuclei maintain approximate equality. However, in a dense

electron gas, the former should be more effective than the latter, producing eventually more valence d-quarks, i.e., more neutrons. Similarly, if considering

three flavors of light quarks, one has (1) in a vacuum: nucleons inside atomic nuclei keeps without strangeness, and (2) in a dense electron gas: strangeness

becomes non-zero via the interaction of u+e~ — s+v, , to be more effective than that of i+e* — 5+7, .
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arly, supersolid quark matter had also been speculated, the
so called phase of crystalline color superconductivity[z()*zl].
Finally, classical solids are common to us, the rupture of
which could naturally result in starquakes, but the solid
evidence for supersolids has still not been seen, let alone
the fault structure necessary for a starquake.

2 Bulk strong matter in reality

As explained in Sec. 1, in case of flavor symmetry,
electrons show up for 2-flavored strong matter, but not ne-
cessarily for a 3-flavored one. For microscopic strong mat-
ter (i.e., atomic nuclei), 2-flavored matter should be the
most stable because the rest mass of an electron is much
lower than that of a strange quark since the less bound elec-
trons (with negligible kinematic energy) exist outside a
nucleus. However, there is a serious competition® for mac-
roscopic strong matter because of an electron’s non-negli-
gible kinetic energy which is subjected to Fermi—Dirac stat-
istics: the decrease of electron’s chemical potential in the 2-
flavored case versus the cost of converting u/d- to s-quarks
in the 3-flavored case. We conjecture that macroscopic
strong matter should be made of 3-flavor-symmetrical
strangeons, if Nature favors the flavor symmetry, and
strangeon matter could exist normally in a classical solid
state.

Pulsars, an archetype of macroscopic strong matter,
provide realistic testbeds for understanding the non-per-
turbative nature of the fundamental strong interaction. The
first pulsar, CP 1919, was discovered through radio
Waves[zz], and the current total number of this kind of com-
pact object is more than 3 000. They are also visible in X-
rays and vy -rays, and are sources of neutrinos and gravita-
tional waves. Overall, radio astronomy provides most im-
portant information about the physics of bulk strong matter.

In addition to the puzzling state of dense matter inside
a pulsar, the peculiar coherent mechanism of radio emis-
sion from the magnetosphere remains poorly understood
even after more than half a century. To combat this, one
needs new approaches to reveal the real nature of pulsars,
one of which can be to study the surface of the pulsar.
Formally, the surface separates the magnetospheric plasma
from the constituent matter of the pulsar. We suggest that
the strangeon idea merits careful consideration because of
its good conduct in explaining the following.

(a)Charged particles with bounding energy high
enough for “sparking” on the polar cap. In 1975, Ruder-
man & Sutherland (RS) proposed a user-friendly model, the

©O0ne may pay ~ 100 MeV if converting a u/d-quark to an s-quark, but could save ~ 300 MeV if killing an energetic electron in a “gigantic nucleus’

with 2-flavor symmetry.

inner vacuum gap modell?*), to understand pulsar radio
emission on different timescales, from single-pulse fluctu-
ation to sub-pulse drifting/modulation, and even to micro-
structures. However, this foundational model is seriously
challenged by two of its basic assumptions: (1) the binding
energy of ions is usually much lower than what is required
to maintain the RS-type vacuum gap, (2) it works only for
antiparallel rotators but not for parallel ones (i.e., “anti-
pulsars”). A bare strange star®, without these two issues,
does not preclude but embraces the RS model?4726],

(b)Polar sparking-hills necessary for understating both
integrated and individual pulses. In view of the complexity
and stability of integrated pulse profiles, Vivekanand &
Radhakrishnanl?”! offered an explanation of mean pulse
structure arising from surface relief at the polar cap. The
mode-switches of PSR 0329+54 and PSR 1237+25 have
also been interpreted as a change of the pulsar surface fol-
lowed by an alteration of the electrostatic conditions in the
polar caps, which leads to a different distribution of
particles in the magnetosphere[zg]. It is worth noting that a
fan-shaped pattern of pulsar’s radio emission could be a
natural result of polar relief/hilll*’], with radiation power
fading as pair-plasma, created above a hill, moves along
flux tubes.

Small hills (or “zits”) could be a natural consequence
of strangeon stars with rigidity. Pulsar radio emission is
emitted from open magnetic field lines whose footprints
concentrate in the polar cap on the pulsar surface, with a
boundary given by the solid black line drawn in Fig. 3. Po-
lar cap sparking prefers to occur at positions where the loc-
al electric field parallel to magnetic field, E,, is higher and
the curvature of the local magnetic field line is smaller. It
is, therefore, expected that sparks happen in the “regular
track” unless around a small hill, where there may be pref-
erential point discharge. Once in a while rare sparks may
suppress regular ones, and a pulsar could then radiate in
different modes. Observational consequences of sparking
around small hills inside the polar cap may include the
strong and weak individual pulses of pulsar B2111+4630]
and the unusual arc-like structure of the bright pulsar PSR
B0329+541311 or the distinct core-weak patterns[32]. Re-
cently, with FAST (Five- hundred-meter Aperture Spheric-
al Telescope) and Parkes-64m observations, the non-sym-
metrical sparking of PSR B0950+0833734] and the mode
switches of PSR B0943+101*5 and PSR J0614+2229(3°]
may hint at zits existing on a pulsar’s surface. The unusual
pulse shape change event detected in PSR J 1713+074787]

>

@0Compact objects in point “s” of Fig. 2 are called strange stars, which could be either strange quark stars or strangeon stars. The basic units of the

former are quarks, while of the latter strangeons. Strange matter could be covered by normal matter (i.e., crusted strange star), but can also not (bare strange

star).
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could be the result of jumping to an occasional sparking hill
but recovering gradually to the regular track. Certainly, fur-
ther studies of radio single pulses are encouraged to find
solid evidence for zits on the pulsar surface.

N - K
e VT et

(2]

(color online) The magnetic pole of a pulsar in
spherical coordinates with polar angle @ and azimuthal
angle @, where p symbolizes the magnetic pole and Q
the spin axis. Regular sparking occurs along the “regu-
lar track”. However, if intercepted by a small hill, occa-
sionally, there may be preferential point discharge, ob-
served as a different type of sparking, and this could
suppress regular sparks.

Fig. 3

Pulsar’s zits could also help in producing a large
bunch of particles for coherent curvature radiation of re-
peating fast radio bursts (FRBS)[38740], but this differs from
conventional pulsars in two aspects. (a) Energy release:
gradually spin-powered v.s. sudden quake-powered. Strain
energy, rather than only the magnetic energy in magnetar
models, accumulates in strangeon stars, which becomes a
potential candidate for building-up a quake-like situation,
and this stored stress-energy could be high enough for re-
peating FRBs in either Newtonian gravity[41] or general re-
lativity[42]. A starquake-induced model of repeating FRBs
is proposed, based on the similarity between the FRB burst
distribution and the earthquakes (i.e., the Gutenberg—Richter
law and the Omori law)[43], suggesting that repeating FRBs
trigger aftershocks resembling earthquakes but not solar
flares(*4], Certainly, a large timing irregularity happens
after an enhanced spindown caused by high radiation power
during a quake-induced activity. ( ) Emission region: open
v.s. closed magnetic field lines. The central engines of re-
peating FRBs could be slow rotators with a small open-
field-line region, but a huge amount of dense plasma ejec-
ted from a hill could flow out even in closed field lines
where multipole B-fields would be significant. This can
cause low-altitude radiation with a high degree of coher-
ence and thus much higher luminosities, as well as a large
window of emission. These two aspects could be the reas-
on why it could be extremely difficult to measure the spin
periods.

We speculate that repeating FRBs are from monopole-
negatively charged pulsars with Q-B <0. It is proposed

that, for closing its global current flow, an anti-parallel
pulsar could be negatively charged if the potential of the
critical field lines is the same as that of the surrounding in-
terstellar medium!*!. An electron “volcano” may erupt
after a quake when enough negative charge accumulates
through a zone constrained by the last-open and critical
field lines in a relatively clean magnetosphere, followed by
the radiation of extremely strong coherent radio emission.

(c) Strangeon magnetars created during core-col-
lapses or binary-mergers. It is natural to speculate that ef-
fective dynamo action works during the formation of com-
pact star, via either core-collapse supernova or binary star
merging, in both models of conventional neutron starl*®]
and strange starl*’! because of large-scale convection and
differential rotation. Both strange quark star and strangeon
star are located in the center of the triangle, point “s” in
Fig. 2, and we may expect similar dynamo action takes
place in newborn strangeon star. However, besides the ini-
tial short period P, <3 ms(#0] a high mass approaching to
the mass-limit (even higher than M., ) could be another
key factor to determine the formation of a magnetar. It is
worth noting that the two essential factors may not be inde-
pendent: a relic object could spin faster if it has a higher
mass. The equation of state of strangeon matter is so stiff
that its mass-limit would even be around 3M_, and it was
suggested that anomalous X-ray pulsars and soft gamma-
ray repeaters are very massive strangeon starsl** 41, where
starquakes could occur frequently.

Let us provide an order-of-magnitude quantification
for the formation of strangeon magnetars. We approximate,
as followings, newborn strangeon star with uniform dens-
ity because of (1) very stiff equation of state and (2) strong
centrifugal force due to rapidly rotating, M o« R®, with
mass M and radius R. Assuming that the efficiency of
converting gravitational energy ~ GM?/R to total magnet-
ic energy, Q_~ B*R’, is relevant to the dimensionless mag-
netic Reynolds number, RS, with R ~R (for same typical
velocity and magnetic diffusivity), where o measures the
degree of the efficiency, one comes to

QmN M((1r+5)/3 . (2)

The magnetic energy of 3M -star could be 10 times that
of 1.5M_ -star if @ =15. This may hints that dynamo ac-
tion becomes extremely effective for very massive stars,
which would be tested by future numerical relativity.

A rapidly rotating and massive strangeon star solidi-
fies when it cools down to the melting temperature ~0.1 MeV
via neutrino emission. The residual energy of either spin or
gravitation could power later activities, which would be ne-
cessary to understand the central engines of gamma-ray
bursts (GRBs) or repeating fast radio bursts (FRBs). Star-
quakes occurred in solid strangeon stars may trigger the
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bursts of repeating FRBsPY, and changing the composi-
tion at the center may provokes a release of huge free en-
ergy. Note that a nucleon-strangeon membrane separates
the 3-flavoured strong matter from the normal electric mat-
ter, which would be beneficial for making a clean fireball.

3 A coincidence problem and the an-
thropic principle

From the perspective of the standard model of particle
physics, as also indicated in Eq. (1), three flavors (i.e., the
light ones) of quarks would mainly participate in construct-
ing strong matter at zero pressure, but two flavors (up and
down) may behave as valence quarks of microscopic strong
matter because of (i) the electromagnetic interaction being
much weaker than the strong force (electrons could then be
non-relativistic) and (ii) the mass difference between
strange and up/down quarks (one could cut down ~ 100
MeV via converting strange to up/down quarks). Note that
the charges of up/down quarks in the first generation are
not exactly anti-symmetric, and therefore, microscopic
strong matter has to be positively charged if it is to keep
flavor symmetry. Consequently, we have a nice picture of
“electrons moving around an atomic nucleus”, and then,
fortunately, the beautiful material world.

What happens if the charges of the first generation
quarks are anti-symmetric (say, an up-quark has charge of
“+1/3”)? That should be a horrible and dead world if
Nature favors the flavor symmetry! In the early Universe,
primordial nucleosynthesis without a Coulomb barrier
would be very effective in creating large volumes of strong
matter. This is a case controlled almost by the pure strong
interaction, with negligible contribution from the electro-
magnetic and weak interactions. No atoms and stars, and
thus no life. In a sense, we are pretty lucky to exist in a
world where quarks are not charged anti-symmetrically.

Nevertheless, we are coincidentally in a world without
charge anti-symmetry, but the quantized charge of quarks
can also make things interesting! It is true that a Coulomb
barrier plays an important role in preventing microscopic
nuclei from fusion in the early Universe, and only a few
types of atomic nuclei would then be left over due to the
nuclear shell effect (no stable atomic nuclei with baryon
numbers of A =5,8). However, because the temperature of
the QCD phase transition is higher than the rest mass of a
strange quark, we may also expect three light flavor sym-
metry recovers during cosmic hadronization. Macroscopic
strong matter, called strangeon nuggets, could probably

form, with A > A_, via primordial nucleosynthesis without
a Coulomb barrier™. Admittedly, this critical baryon num-
ber, A, , should be determined by both the strong and weak
interactions, A_ =~ (10° ~10°) just a rough guess. The idea
of strangeon dark matter is based on “old physics” (i.e., in
the framework of the standard model of particle physics),
with which the comparable proportion of dark/normal mat-
ter might be reasonablel®! 21,

4 Summary and outlook

We guess that Nature™ created the World within the
standard model of particle physics. Because the electric
charges in each of quark generations are not anti-symmet-
ric, 2-flavored microscopic strong matter (i.e., atomic nuc-
lei made of nucleons, with baryon number A < 10%) could
be synthesized during the early Universe when Nature fa-
vors quark-flavor symmetry. Atoms, the basic unit of nor-
mal condensed matter, are then lucky to survive, and stars
and galaxies form by their self gravity as the Universe
evolves. A compact object with A~10%, initially named a
“gigantic nucleus”, may form as the remnant of a massive
star left after the exhaustion of their nuclear energy, which
could be made of strangeons if Nature also favors quark-
flavor symmetry this time. It is even conjectured that
strangeon matter with baryon number larger than a critical
one™, A,~10°", could be produced either during the early
Universe or via astrophysical events (e.g., supernova and
strangeon star merger). The application of these concepts to
the material world is summarized in Fig. 4, in which
strangeon nugget (e.g., with A~ 10, about 10 um but one
ton) works to be apparently invisible.

As shown in Fig. 2, Landau’s neutron star is actually a
“neutral” star, anticipated superficially even before the dis-
covery of the neutron. However, we wish the strangeon
conjecture is too simple to be ruled out in the future, other-
wise, we should feel embarrassed with a sigh, *“ The more
knowledge we have, the more mistakes we make”, if pulsars
are really made of neutrons because the concept of neutron
stars was proposed when physicists were under the delu-
sion that neutrons are fundamental particles. Certainly,
Nature would not mind our dignity, and we have to under-
stand the nature of pulsars by observations with better tele-
scopes though the lake of neutron star models is really
dirty.

A pulsar-like compact object forms after nuclear free
energy stops providing thermal pressure against gravity in a
massive star, but more free energy could still be stored in-

DIt is well known that nuclear fusion of atomic nuclei is not easy because of two factors: the Coulomb barrier tunneling (electromagnetic interaction)

and the flavor changes (weak interaction), but these two difficulties would be alleviated effectively in case of strangeon nugget fusion.

(The word “Nature” in this manuscript means the law of natural sciences.

@3The mass spectrum of this strangeon matter differs from that of ud QM, with A min 2 300, which has been conjectured with the inclusion of the fla-

vor’s feedback on the QCD vacuumt33],
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Fig. 4 (color online) The material world deduced in the standard model of particle physics. All the mass spectra of normal baryon-
matter, strangeon matter and black hole are continuous, but differ on mass distribution. Besides baryon number as the horizont-
al ordinate, the length scale, R, of different types of matter is also labelled (log[ R /cm]). For strong matter, atomic nucleus is
two-flavored (2f), while strangeon matter is three-flavored (3f). It is evident that 2f Rutherford’s atomic nucleus and 3f

Landau’s gigantic nucleus are separated by a mass gap.

side, besides spin-kinematics, if pulsars are indeed
strangeon stars. This huge free energy could be necessary
for us to understand extreme events with diversity, includ-
ing y-ray bursts*!> 347331 and repeating FRBs[38740: 56],
Meanwhile, single pulse studies of radio pulsars may re-
veal more about the pulsar’s surface, which could be linked
to the rigidity of strangeon matter (e.g., zits on pulsar sur-
face), and China’s FAST with extremely high sensitivity
could play an essential role here. A recent review on bulk
strong matter has just been published[5 7,

Let us go back to the magnificent era more than one
hundred years ago, from Rutherford atomic model (1911)
to the establishment of quantum theory: Bohr model
(1913), particle nature of light (Planck in 1900, Einstein in
1905 and Compton in 1923), wave-particle duality (de
Broglie in 1924), and eventually the quantum mechanics
(Heisenberg in 1925 and Schrédinger in 1926). We ac-
knowledge that, with some sorts of fundamental symmetry,
the combination of quantum theory and special relativity is
successful in building-up of the “standard model of particle
physics”. Nonetheless, it becomes more and more attract-
ive to explore the physics in strong gravity, that is, a couple
of the standard model and the general relativity, in multi-
messenger astronomy. The Einstein’s gravity, we must ad-
mit, is still non-quantized, but it could work always well in
large scale if pulsars are strangeon starst'?], with an addi-
tional assumption of nonzero/positive cosmological con-
stant. In this sense, modifying gravity might not be worth
the effort>8], Certainly, we are expecting more experiment-
al tests by future advanced facilities™.
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