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Normal baryonic matter inside an evolved massive star can be intensely
compressed by gravity after a supernova. General relativity predicts for-
mation of a black hole if the core material is compressed into a singular-
ity, but the real state of such compressed baryonic matter (CBM) before
an event horizon of black hole appears is not yet well understood because
of the non-perturbative nature of the fundamental strong interaction.
Certainly, the rump left behind after a supernova explosion could man-
ifest as a pulsar if its mass is less than the unknown maximum mass,
Mmax. In this contribution, it is conjectured that pulsar-like compact
stars are made of strange matter (i.e., with 3-flavour symmetry), where
quarks are still localized as in the case of nuclear matter. In principle,
different manifestations of pulsar-like objects could be explained in the
regime of this conjecture. Besides compact stars, strange matter could
also manifest in the form of cosmic rays and even dark matter.
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1. Introduction

The baryonic part of the Universe is well-understood in the Standard Model
of particle physics (consolidated enormously by the discovery of Higgs
boson), where quark masses are key parameters to make a judgment on
the quark-flavour degrees of freedom at a certain energy scale. Unlike the
leptons, quarks could be described with mass parameters to be measured
indirectly through their influence on hadronic properties since they are con-
fined inside hadrons rather than free particles. The masses of both up and
down quarks are only a few MeV while the strange quark is a little bit heav-
ier, with an averaged mass of up and down quarks, m,q = (3.404+0.25) MeV,
as well as the strange quark mass of ms = (93.5 +2.5) MeV obtained from
lattice QCD (quantum chromodynamics) simulations [Olive et al. (2014)].
For nuclei or nuclear matter, the separation between quarks is Az ~ 0.5
fm, and the energy scale is then in the order of F,c ~ 400 MeV accord-
ing to Heisenberg’s relation Az - pc ~ he ~ 200 MeV-fm. One may then
superficially understand why nuclei are of two (i.e., u and d) flavours as
these two flavours of quarks are the lightest. However, because the nuclear
energy scale is much larger than the mass differences between strange and
up/down quarks, Epnyel > (ms—myq), why is the valence strangeness degree
of freedom absolutely missing in stable nuclei?

We argue and explain in this paper that 3-flavour (u, d and s) symmetry
would be restored if the strong-interaction matter at low temperature is very
big, with a length scale much larger than the electron Compton wavelength
e = h/(mec) ~ 0.024 A. We call this kind of matter strange matter too,
but it is worth noting that quarks are still localized with this definition (in
analogy to 2-flavour symmetric nuclei) because the energy scale here (larger
than but still around Eyc) is still much smaller than the perturbative scale
of QCD dynamics, Ay, > 1 GeV. We know that normal nuclei are relatively
small, with length scale (1 ~ 10) fm < X, and it is very difficult for us to
gather up huge numbers (> 10°) of nuclei together because of the Coulomb
barrier between them in laboratory. Then, where could one find a large
nucleus with possible 3-flavour symmetry (i.e., strange matter)?

Such kind of strange matter can only be created through extremely
astrophysical events. A good candidate of strange matter could be the
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supernova-produced rump left behind after core-collapsing of an evolved
massive star, where normal micro-nuclei are intensely compressed by grav-
ity to form a single gigantic nucleus (also known as compressed baryonic
matter, CBM), the prototype of which was speculated and discussed firstly
by Lev Landau [Landau (1932)]. The strange matter object could manifest
the behaviors of pulsar-like compact stars if its mass is less than M.y,
the maximum mass being dependent on the equation of state of strange
matter, but it could soon collapse further into a black hole if its mass is
larger than My,.x. We may then conclude that strange matter could be the
state of gravity-controlled CBM before an event horizon comes out (i.e., a
black hole forms).

This paper is organized as follows. In Sec. 2, the gravity-compressed
dense matter (a particular form of CBM), a topic relevant to Einstein’s gen-
eral relativity, is introduced in order to make sense of realistic CBM /strange
matter in astrophysics. We try to convince the reader that such kind of
astrophysical CBM should be in a state of strange matter, which would
be distinguished significantly from the previous version of strange quark
matter, in Sec. 3. Cold strange matter would be in a solid state due to
strong colour interaction there, but the solution of a solid star with suf-
ficient rigidity is still a challenge in general relativity. Nevertheless, the
structure of solid strange star is presented (Sec. 4) in the very simple case
for static and spherically symmetric objects. Different manifestations and
astrophysical implications of strange matter are broadly discussed in Sec. 5.
Finally, Sec. 6 is a brief summary.

2. Dense Matter Compressed by Gravity

As the first force recognized among the four fundamental interactions, grav-
ity is mysterious and fascinating because of its unique feature. Gravity is
universal, which is well known from the epoch of Newton’s theory. Nothing
could escape the control of gravity, from the falling of apple towards the
Earth, to the motion of the Moon in the sky. In Einstein’s general relativity,
gravity is related to the geometry of curved spacetime. This beautiful and
elegant idea significantly influences our world view. Spacetime is curved
by matter/energy, while the motion of object is along the “straight” line
(geodesic) of the curved spacetime. General relativity has passed all experi-
mental tests up to now. However, there is intrinsic conflict between quantum
theory and general relativity. Lots of efforts have been made to quantize
gravity, but no success has been achieved yet.
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Gravity is extremely weak compared to the other fundamental forces,
so it is usually ignored in micro-physics. Nonetheless, on the scale of the
Universe, things are mostly controlled by gravity because it is long-range
and has no screening effect. One century has passed since Einstein estab-
lished general relativity, but only a few solutions to the field equation have
been found, among which three solutions are most famous and useful. The
simplest case is for static and spherical spacetime, and the solution was
derived by Schwarzschild just one month after Einstein’s field equation.
The Schwarzschild solution indicates also the existence of black hole, where
everything is doomed to fall towards the center after passing through the
event horizon. Consider a non-vacuum case with ideal fluid as source, the
field equation could be transformed to Tolman—Oppenheimer—Volkoff equa-
tion [Oppenheimer & Volkoff (1939)], which could be applied to the interior
of pulsar-like compact stars. Based on the so-called cosmological Coperni-
cus principle, Friedmann equation can be derived with the assumption of
homogenous and isotropic Universe, which sets the foundation of cosmology.
These three solutions of Einstein’s field equation represent the most frontier
topics in modern astrophysics.

At the late stage of stellar evolution, how does the core of massive star
collapse to a black hole? Or equivalently, how is normal baryonic matter
squeezed into the singularity? What’s the state of compressed baryonic
matter (CBM) before collapsing into a black hole?

We are focusing on these questions in this chapter. In the Standard
Model of particle physics, there are in total six flavours of quarks. Among
them, three (u, d and s) are light, with masses < 10> MeV, while the
other three flavours (c, ¢ and b), with masses > 10°> MeV, are too heavy
to be excited in the nuclear energy scale, Fp. =~ 400 MeV. However, the
ordinary matter in our world is built from u and d quarks only, and the
numbers of these two flavours tend to be balanced in a stable nucleus. It is
then interesting to think philosophically about the fact that our baryonic
matter is 2-flavour symmetric.

An explanation could be: micro-nuclei are too small to have 3-flavour
symmetry, but bigger is different. In fact, rational thinking about stable
strangeness dates back to 1970s [Bodmer (1971)], in which Bodmer specu-
lated that the so-called “collapsed nuclei” with strangeness could be ener-
getically favoured if baryon number A > A,;,, but without quantitative
estimation of the minimal number A,,;,. Bulk matter composed of almost
free quarks (u, d, and s) was then focused on [Itoh (1970); Witten (1984)],
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even for astrophysical manifestations [Alcock, Farhi & Olinto (1986);
Haensel, Zdunik & Schaeffer (1986)]. CBM can manifest as a pulsar if the
mass is not large enough to form a black hole, and strange quark matter
could possibly exist in compact stars, either in the core of neutron star
(i.e., mixed or hybrid stars [Ivanenko & Kurdgelaidze (1969)]) or as the
whole star (strange quark star [Itoh (1970); Alcock, Farhi & Olinto (1986);
Haensel, Zdunik & Schaeffer (1986)]). Although the asymptotic freedom is
well recognized, one essential point is whether the colour coupling between
quarks is still perturbative in astrophysical CBM so that quarks are itiner-
ant there. In case of non-perturbative coupling, the strong force there might
render quarks grouped in so-called quark-clusters (or simply as strangeon,
an abbreviation of “strange nucleon”), forming a nucleus-like strange object
[Xu (2003)] with 3-flavour symmetry, when CBM is big enough that rela-
tivistic electrons are inside (i.e., A > A, ~ 10%). Anyway, we could simply
call 3-flavour baryonic matter as strange matter, in which the constituent
quarks could be either itinerant or localized.

Why is big CBM strange? This is actually a conjecture to be extensively
discussed in the next section, but it could be reasonable.

3. A Bodmer—Witten’s Conjecture Generalized

Besides being meaningful for understanding the nature of sub-nucleon at a
deeper level, strangeness would also have a consequence on the physics of
super-dense matter. The discovery of strangeness (a general introduction
to Murray Gell-Mann and his strangeness could be found in the biography
by Johnson [Johnson (1999)]) is known as a milestone in particle physics
since our normal baryons are non-strange. Nonetheless, condensed matter
with strangeness should be worth exploring as the energy scale Ey e => my
at the nuclear and supra-nuclear densities.

Previously, bulk strange object (suggested to be 3-flavour quark mat-
ter) is speculated to be the absolutely stable ground state of strong-
interaction matter, which is known as the Bodmer—Witten’s conjecture
[Bodmer (1971); Witten (1984)]. But we are discussing a general conjec-
ture in next subsections, arguing that quarks might not be necessarily free
in stable strange matter, and would still be hadron-like localized as in a
nucleus if non-perturbative QCD effects are significant (i.e., Enue < Ay)
and the repulsive core keeps to work in both cases of 2-flavour (non-strange)
nuclear matter and 3-flavour (strange) matter. In this sense, protons and
neutrons are of 2-flavour quark-clusters (i.e., nucleon), while strange matter
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could be condensed matter of quark-clusters with strangeness (i.e., strange
quark-clusters or simply strangeon).

Summarily, it is well known that micro-nuclei are non-strange, but
macro-nuclei in the form of CBM could be strange. Therefore, astrophysical
CBM and nucleus could be very similar, but only with a simple change from
non-strange to strange: “2” — “3”. We are explaining two approaches to this
strange quark-cluster matter state, bottom-up and top-down, respectively
as following.

3.1. Macro-nuclei with 3-flavour symmetry: Bottom-up

Micro-nucleus is made up of protons and neutrons, and there is an observed

tendency to have equal numbers of protons (Z) and neutrons (N). In liquid-

drop model, the mass formula of a nucleus with atomic number A(= Z+N)

consists five terms,

N — Z)? Z(Z -1 A(N,Z

(N-2? | ZZ-1)  AN.Z)

A Al/3 LY VO

(1)

where the third term is for the symmetry energy, which vanishes with equal
number of protons and neutrons. This nuclear symmetry energy represents
a symmetry between proton and neutron in the nucleon degree of freedom,
and is actually that of v and d quarks in the quark degree [Li, Chen & Ko
(2008)]. The underlying physics of symmetry energy is not well understood
yet. If the nucleons are treated as Fermi gas, there is a term with the

E(Z,N) = ayA — asA*® — agym

same form as symmetry energy in the formula of Fermi energy, known as
the kinetic term of nuclear symmetry energy. But the interaction is not
negligible, and the potential term of symmetry energy would be significant.
Recent scattering experiments show that, because of short-range interac-
tions, the neutron—proton pairs are nearly 20 times as prevalent as proton—
proton (and neutron—neutron by inference) pairs [Subedi et al. (2008); Hen
et al. (2014)], which hints that the potential term would dominate in the
symmetry energy.

Since the electric charges of u and d quarks are +2/3 and —1/3 respec-
tively, 2-flavour symmetric strong-interaction matter should be positively
charged, and electrons are needed to maintain electric neutrality. The
possibility of electrons inside a nucleus is negligible because the nuclear
radius is much smaller than the Compton wavelength A, ~ 10 fm, and
the lepton degree of freedom would then be not significant for nucleus.



December 28, 2016 16:9 Centennial of General Relativity: A Celebration 9in x 6in FA b2646-ch04 page 125

Strange Matter: A State before Black Hole 125

Therefore, electrons contribute negligible energy for micro-nuclei, as the
coupling constant of electromagnetic interaction (aem) is much less than
that of strong interaction (as). The kinematic motion of electrons is bound
by electromagnetic interaction, so p?/me ~ e2/I. From Heisenberg’s rela-
tion, p - [ ~ h, combining the above two equations, we have | ~ ﬁ%7
and the interaction energy is order of €2/l ~ a2 mec? ~ 107> MeV.

However, bigger is different, and there might be 3-flavour symmetry in
gigantic/macro-nuclei, as electrons are inside a gigantic nucleus. With the
number of nucleons A > 10°, the scale of macro-nuclei should be larger
than the Compton wavelength of electrons A, ~ 103 fm. If the 2-flavour
symmetry stays, macro-nucleus will become a huge Thomson atom with
electrons evenly distributed there. Though Coulomb energy could not be
significant, the Fermi energy of electrons are not negligible, being Fp ~
hien'/3 ~ 102 MeV. However, the situation becomes different if strangeness
is included: no electrons exist if the matter is composed of equal numbers of
light quarks u, d, and s in chemical equilibrium. In this case, the 3-flavour
symmetry, an analogy of the symmetry of v and d in the nucleus, may result
in a ground state of matter for gigantic nuclei. Certainly the mass difference
between u/d and s quarks would also break the 3-flavour symmetry, but the
interaction between quarks could lower the effect of mass differences and
favour the restoration of 3-flavour symmetry. If macro-nuclei are almost
3-flavour symmetric, the contribution of electrons would be negligible, with
Nne K ng and Er ~ 10 MeV.

The new degree of freedom (strangeness) is also possible to be excited,
according to an order-of-magnitude estimation from either Heisenberg’s
relation (localized quarks) or Fermi energy (free quarks). For quarks local-
ized with length scale [, from Heisenberg’s uncertainty relation, the kinetic
energy would be ~ p?/mq ~ h%/(mq4l?), which has to be comparable with
the colour interaction energy of E ~ asfic/l in order to have a bound state,
with an assumption of Coulomb-like strong interaction. One can then have,
if quarks are dressed,

1 h 1
Iv —— o —fm, E~ a?mgc® = 30007 MeV. (2)
Qs MgC Qg

As oy may well be close to or even greater than 1 at several times the
nuclear density, the energy scale would be approaching or even larger than
~ 400 MeV. A further calculation of Fermi energy also gives

2

ENR ~ (372)2/3 . n2/3 = 380 MeV, (3)

Mq
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if quarks are considered to be moving non-relativistically, or
EER & he(372)'/3 - nt/3 = 480 MeV, (4)

if quarks are considered to be moving extremely relativistically. So we
have the energy scale ~400 MeV by either Heisenberg’s relation or Fermi
energy, which could certainly be larger than the mass difference (~100 MeV)
between s and u/d quarks. However, for micro-nuclei where electron con-
tributes negligible energy, there could be 2-flavour (rather than 3-flavour)
symmetry because s quark mass is larger than w/d quark masses. We
now understand that it is more economical to have 2-flavour micro-nuclei
because of massive s quark and negligible electron kinematic energy,
whereas macro/gigantic-nuclei might be 3-flavour symmetric.

The 2-flavour micro-nucleus consists u and d quarks grouped in nucle-
ons, while the 3-flavour macro-nucleus is made up of u, d and s quarks
grouped in so-called strange quark-clusters. Such macro-nucleus with 3-
flavour symmetry can be named strange quark-cluster matter, or simply
strange matter.

3.2. Macro-nuclei with 3-flavour symmetry: Top-down

Besides this bottom-up scenario (an approach from the hadronic state), we
could also start from deconfined quark state with the inclusion of stronger
and stronger interaction between quarks (a top-down scenario).

The underlying theory of the elementary strong interaction is believed
to be quantum chromodynamics (QCD), a non-Abelian SU(3) gauge the-
ory. In QCD, the effective coupling between quarks decreases with energy
(the asymptotic freedom) [Gross & Wilczek (1973); Politzer (1973)]. Quark
matter (or quark—gluon plasma), the soup of deconfined quarks and gluons,
is a direct consequence of asymptotic freedom when temperature or baryon
density are extremely high. Hot quark matter could be reproduced in the
experiments of relativistic heavy ion collisions. Ultra-high chemical poten-
tial is required to create cold quark matter, and it can only exist in rare
astrophysical conditions — the compact stars.

What kind of cold matter can we expect from QCD theory, in effective
models, or even based on phenomenology? This is a question too hard
to answer because of (i) the non-perturbative effects of strong interac-
tion between quarks at low energy scales and (ii) the many-body problem
due to vast assemblies of interacting particles. A colour-superconductivity
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(CSC) state is focused on in QCD-based models, as well as in phe-
nomenological ones [Alford et al. (2008)]. The ground state of extremely
dense quark matter could certainly be that of an ideal Fermi gas at an
extremely high density. Nevertheless, it has been found that the highly
degenerate Fermi surface could be unstable against the formation of quark
Cooper pairs, which condense near the Fermi surface due to the exis-
tence of colour-attractive channels between the quarks. A BCS-like colour
superconductivity, similar to electric superconductivity, has been formu-
lated within perturbative QCD at ultra-high baryon densities. It has been
argued, based on QCD-like effective models, that colour superconductivity
could also occur even at the more realistic baryon densities of pulsar-like
compact stars [Alford et al. (2008)].

Can the realistic stellar densities be high enough to justify the use of
perturbative QCD? It is surely a challenge to calculate the coupling con-
stant, ag, from first principles. Nevertheless, there are some approaches
to the non-perturbative effects of QCD, one of which uses the Dyson—
Schwinger equations tried by Fischer et al. [Fischer and Alkofer (2002);
Fischer (2006)], who formulated

o) = 2:(0) (5)

~ In(e + ajx92 + byab2)’

where a1 = 5.292 GeV 292 g, = 2.324, by = 0.034 GeV ™22, b, = 3.169,
x = p? with p the typical momentum in GeV, and that o freezes at a,(0) =
2.972. For our case of assumed dense quark matter at ~ 3pg, the chemical
potential is ~ 0.4 GeV, and then p? ~ 0.16 GeV?2. Thus, it appears that
the coupling in realistic dense quark matter should be greater than 2, being
close to 3 in Fischer’s estimate presented in Eq. (5). Therefore, this surely
means that a weakly coupling treatment could be dangerous for realistic
cold quark matter (the interaction energy ~ 300a? MeV could even be much
larger than the Fermi energy), i.e., the non-perturbative effect in QCD is
not negligible if we try to know the real state of compact stars. It is also
worth noting that the dimensionless electromagnetic coupling constant (i.e.,
the fine-structure constant) is 1/137 < 0.01, which makes QED tractable.
That is to say, a weakly coupling strength comparable with that of QED
is possible in QCD only if the density is unbelievably and unrealistically
high (np > 10'23n,! with ng = 0.16 fm~3, the baryon density of nuclear
matter).

Quark-clusters may form in relatively low temperature quark matter at
only a few nuclear density due to the strong interaction (i.e., large o), and
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the clusters could locate in periodic lattices (normal solid) when temper-
ature becomes sufficiently low. Although it is hitherto impossible to know
if quark-clusters could form in cold quark matter via calculation from first
principles, there could be a few points that favour clustering. Fxzperimen-
tally, though quark matter is argued to be weakly coupled at high energy
and thus deconfined, it is worth noting that, as revealed by the recent
achievements in relativistic heavy ion collision experiments, the interaction
between quarks in a fireball of quarks and gluons is still very strong (i.e.
the strongly coupled quark—gluon plasma, sQGP [Shuryak (2009)]). The
strong coupling between quarks may naturally render quarks grouped in
clusters, i.e., a condensation in position space rather than in momentum
space. Theoretically, the hadron-like particles in quarkyonic matter [McLer-
ran & Pisarski (2007)] might be grouped further due to residual colour
interaction if the baryon density is not extremely high, and quark-clusters
would form then at only a few nuclear density. Certainly, more elaborate
research work is necessary.

For cold quark matter at 3ng density, the distance between quarks is
~ fm > the Planck scale ~ 1072° fm, so quarks and electrons can well be
approximated as point-like particles. If Q,-like clusters are created in the
quark matter [Xu (2003)], the distance between clusters are ~ 2fm. The
length scale [ and colour interaction energy of quark-clusters have been
estimated by the uncertainty relation, assuming quarks are dressed (the
constituent quark mass is mq ~ 300 MeV) and move non-relativistically
in a cluster. We have | ~ he/(asmqc?) ~ 1 fm if g ~ 1, and the colour
interaction energy ~ a2mqc?® could be greater than the baryon Fermi energy
ifag 2
to form clusters, forming a nucleus-like strange object [Xu (2003)] with 3-
flavour symmetry, if it is big enough that relativistic electrons are inside
(ie., A > Apin =~ 10%). Quark-clusters could be considered as classical
particles in cold quark-cluster matter and would be in lattices at a lower
temperature.

In conclusion, quark-clusters could emerge in cold dense matter because
of the strong coupling between quarks. The quark-clustering phase has
high density and the non-perturbative interaction is still dominant, so
it is different from the usual hadron phase, and on the other hand, the
quark-clustering phase is also different from the conventional quark matter
phase which is composed of relativistic and weakly interacting quarks. The
quark-clustering phase could be considered as an intermediate state between

1. The strong coupling could render quarks grouped in position space
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hadron phase and free-quark phase, with deconfined quarks grouped into
quark-clusters.

3.3. Comparison of micro-nuclei and macro-nuclei

In summary, there could be some similarities and differences between micro-
nuclei and macro-nuclei, listed as follows.

Stmilarity 1: Both micro-nuclei and macro-nuclei are self-bound by the
strong colour interaction, in which quarks are localized in groups called
generally quark-clusters. We are sure that there are two kinds of quark-
clusters inside micro-nuclei, the proton (with structure uud) and neutron
(udd), but we don’t know well the clusters in macro-nuclei due to the lack
of detailed experiments on the subject.

Similarity 2: Since the strong interaction might not be very sensitive to
flavour, the interaction between general quark-clusters should be similar to
that of nucleon, which is found to be Lennard—Jones-like for the case of
two flavours by both experiment and modeling. Especially, one could then
expect a hard core [Wilczek (2007)] (or repulsive core) of the interaction
potential between strange quark-clusters though no direct experiment now
hints this existence.

Difference 1: The most crucial difference is the change of flavour degree
of freedom, from two (u and d) in micro-nuclei to three (u, d and s)
in macro/gigantic-nuclei. We could thus have following different aspects
derived.

Difference 2: The number of quarks in a quark-cluster is 3 for micro-nuclei,
but could be 6, 9, 12, or even 18 for macro-nuclei, since the interaction
between A-particles could be attractive [Beane et al. (2011); Inoue et al.
(2011)] so that no positive pressure can support a gravitational star of A-
cluster matter. We therefore call proton/neutron light quark-clusters, while
the strange quark-clusters heavy clusters because of (1) the massive s-quark
and (2) more quarks inside.

Difference 3: A micro-nucleus could be considered as a quantum system so
that one could apply quantum mean-field theory, whereas the heavy clusters
in strange matter may be classical particles since the quantum wavelength
of massive clusters can be even smaller than the mean distance between
them.
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Difference 4: The equation of state (EoS) of strange matter would be stiffer
[Lai, Gao, & Xu (2013)] than that of nuclear matter because the clusters
in the former should be non-relativistic but relativistic in the latter. The
kinematic energy of a cluster in both micro- and macro-nuclei could be
~ 0.5 GeV, which is much smaller than the rest mass (generally > 2 GeV)
of a strange quark-cluster.

Difference 5: Condensed matter of strange quark-clusters could be in a solid
state at low temperature much smaller than the interaction energy between
clusters. We could then expect solid pulsars [Xu (2003)] in nature although
an idea of solid nucleus was also addressed [Bertsch (1974)] a long time ago.

3.4. A general conjecture of flavour symmetry

The 3-flavour symmetry may hint at the nature of strong interaction at low
energy scale. Let’s tell a story of science fiction about flavour symmetry. Our
protagonist is a fairy who is an expert in QCD at high energy scale (i.e.,
perturbative QCD) but knows little about spectacular non-perturbative
effects. There is a conversation between the fairy and God about strong-
interaction matter.

God: “I know six flavours of quarks, but how many flavours could there
exist in stable strong-interaction matter?”

Fairy: “It depends ... how dense is the matter? (aside: the nuclear sat-
uration density arises from the short-distance repulsive core, a consequence
of non-perturbative QCD effect she may not know much.)”

God: “Hmm ... I am told that quark number density is about 0.48 fm~—3
(3np) there.”

Fairy: “Ah, in this energy scale of ~ 0.5 GeV, there could only be light
flavours (i.e., u, d and s) in stable matter if quarks are free.”

God: “Two flavours (v and d) or three flavours?”

Fairy: “There could be two flavours of free quarks if strong-interaction
matter is very small (< A¢), but would be three flavours for bulk strong-
interaction matter (aside: the Bodmer-Witten’s conjecture).”

God: “Small 2-flavour strong-interaction matter is very useful, and 1
can make life and mankind with huge numbers of these pieces. We can call
them atoms.”

Fairy: “Thanks, God! I can also help mankind to have a better life.”

God: “But ... are quarks really free there?”

Fairy: “Hmm ... there could be clustered quarks in both two and
three flavour (aside: a Bodmer—Witten’s conjecture generalized) cases if the
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interaction between quarks is so strong that quarks are grouped together.
You name a piece of small two-flavour matter atom, what would we call a
3-flavour body in bulk?”

God: “Oh ... simply a strange object because of its strangeness.”

4. Solid Strange Star in General Relativity

Cold strange matter with 3-flavour symmetry could be in a solid state
because of (1) a relatively small quantum wave packet of quark-cluster
(wavelength Aq < a, where a is the separation between quark-clusters)
and (2) low temperature 7' < (10~'—1072)U (U is the interaction energy
between quark-clusters). The packet scales A\q ~ h/(mqc) for free quark-
cluster, with m, the rest mass of a quark-cluster, but could be much smaller
if it is constrained in a potential with depth of > he/a ~ 100 MeV (2 fm/a).
A star made of strange matter would then be a solid star.

It is very fundamental to study static and spherically symmetric grav-
itational sources in general relativity, especially for the interior solutions.
The TOV solution [Oppenheimer & Volkoff (1939)] is only for perfect fluid.
However, for solid strange stars, since the local pressure could be anisotropic
in elastic matter, the radial pressure gradient could be partially balanced by
the tangential shear force, although a general understanding of relativistic,
elastic bodies has unfortunately not been achieved [Karlovini & Samuelsson
(2004)]. The origin of this local anisotropic force in solid quark stars could
be from the development of elastic energy as a star (i) spins down (its
ellipticity decreases) and (ii) cools (it may shrink). Release of the elastic
as well as the gravitational energies would be not negligible, and may have
significant astrophysical implications.

The structure of solid quark stars can be numerically calculated as
follows. For the sake of simplicity, only spherically symmetric sources
are dealt with, in order to make sense of possible astrophysical conse-
quence of solid quark stars. By introducing respectively radial and tan-
gential pressures, P and P, , the stellar equilibrium equation of static
anisotropic matter in Newtonian gravity is [Herrera & Santobs (1997)]:
dP/dr = —Gm(r)p/r? +2(PL — P)/r, where p and G denote mass density
and the gravitational constant, respectively, and m(r) = [ 4rz?p(z)dz.
However, in Einstein’s gravity, this equilibrium equation is modified to be
[Xu et al. (2006)]

71'7’3
dP  Gm(r)p (1+ p%)(l + i(r)f;) 2€P 6
e | Zm ©)
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where P = (1 + €)P is introduced. In case of isotropic pressure, € = 0,
Eq. (6) turns out to be the TOV equation. It is evident from Eq. (6) that
the radial pressure gradient, |dP/dr|, decreases if Py > P, which may
result in a higher maximum mass of compact stars. One can also see that
a sudden decrease of P| (equivalently of elastic force) in a star may cause
substantial energy release, since the star’s radius decreases and the absolute
gravitational energy increases.

Starquakes may result in a sudden change of €, with release of the
gravitational energy as well as the tangential strain energy. Generally, it is
evident that the differences of radius, gravitational energy, and moment of
inertia increase proportionally to stellar mass and the parameter €. This
means that an event should be more important for a bigger change of € in a
quark star with higher mass. Typical energy of 10%4~47 erg is released during
superflares of SGRs, and a giant starquake with ¢ < 10~* could produce
such a flare [Xu et al. (2006)]. A sudden change of € can also result in a
jump of spin frequency, AQ/Q = —AI/I. Glitches with AQ/Q ~ 10710~—4
could occur for parameters of M = (0.1 ~ 1.4)Mg and € = 1079~ It is
suggestive that a giant flare may accompany a high-amplitude glitch.

5. Astrophysical Manifestations of Strange Matter

How to create macro-nuclei (even gigantic) in the Universe? Besides a
collapse event where normal baryonic matter is intensely compressed by
gravity, strange matter could also be produced after cosmic hadronization
[Witten (1984)]. Strange matter may manifest itself as a variety of objects
with a broad mass spectrum, including compact objects, cosmic rays and
even dark matter.

5.1. Pulsar-like compact star: Compressed baryonic matter
after supernova

In 1932, soon after Chandrasekhar found a unique mass (the mass limit of
white dwarfs), Landau speculated a state of matter, the density of which
“becomes so great that atomic nuclei come in close contact, forming one
gigantic nucleus’ [Landau (1932)]. A star composed mostly of such matter
is called a “neutron” star, and Baade and Zwicky even suggested in 1934
that neutron stars (NSs) could be born after supernovae. NSs theoreti-
cally predicted were finally discovered when Hewish and his collaborators
detected radio pulsars in 1967 [Hewish and Bell et al. (1968)]. More kinds of
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pulsar-like stars, such as X-ray pulsars and X-ray bursts in binary systems,
were also discovered later, and all of them are suggested to be NSs.

In a gigantic nucleus, protons and electrons combined to form the neu-
tronic state, which involves weak equilibrium between protons and neu-
trons. However, the simple and beautiful idea proposed by Landau and
others had one flaw at least: nucleons (neutrons and protons) are in fact not
structureless point-like particles although they were thought to be elemen-
tary particles in 1930s. A success in the classification of hadrons discovered
in cosmic rays and in accelerators leaded Gell-Mann to coin “quark” with
fraction charges (£1/3,F2/3) in mathematical description, rather than
in reality [Gell-Mann (1964)]. All the six flavors of quarks (u,d,c,s,t,b)
have experimental evidence (the evidence for the last one, top quark, was
reported in 1995). Is weak equilibrium among w, d and s quarks possible,
instead of simply that between v and d quarks?

At the late stage of stellar evolution, normal baryonic matter is
intensely compressed by gravity in the core of massive star during super-
nova. The Fermi energy of electrons are significant in CBM, and it is very
essential to cancel the electrons by weak interaction in order to make lower
energy state. There are two ways to kill electrons as shown in Fig. 1: one
is via neutronization, e~ + p — n + V., where the fundamental degrees of
freedom could be nucleons; the other is through strangenization, where the
degrees of freedom are quarks. While neutronization works for removing
electrons, strangenization has both the advantages of minimizing the elec-
tron’s contribution of kinetic energy and maximizing the flavour number,
the latter could be related to the flavour symmetry of strong-interaction
matter. These two ways to kill electrons are relevant to the nature of pulsar,
to be neutron star or strange star, as summarized in Fig. 1.

Neutronization V.S. Strangenization

\ l / (for electrons)
. e +p—>n+re

s 0} O 13 . e Neutronization:
ol ol PP X1 - Two ways to degrees of freedom: nucleons
_ ‘o c0 L 8 — ————— . C —
. . .0 NR: n2/3 \ 4 kill electrons Strangenization: 2f(u,d) — 3f(u.d,s)
/ [ @ - \ €r X { ER: nl/3 < degrees of freedom: quarks
Bigger is different: compression of Energetic electrons

. ) - R Neutron star or Strange star?
normal baryonic matter by gravity inside a gigantic nucleus

Fig. 1. Neutronization and strangenization are two competing ways to cancel
energetic electrons.
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There are many speculations about the nature of pulsar due to unknown
non-perturbative QCD at low energy. Among different pulsar models,
hadron star and hybrid/mixed star are conventional neutron stars, while
quark star and quark-cluster star are strange stars with light flavour sym-
metry. In hadron star model, quarks are confined in hadrons such as neu-
tron/proton and hyperon, while a quark star is dominated by de-confined
free quarks. A hybrid/mixed star, with quark matter in its cores, is a mix-
ture of hadronic and quark states. However, a quark-cluster star, in which
strong coupling causes individual quarks to group in clusters, is neither
a hadron star nor a quark star. As an analog of neutrons, quark-clusters
are bound states of several quarks, so in this point of view a quark-cluster
star is more similar to a real giant nucleus of self-bound (not that of Lan-
dau), rather than a “giant hadron” which describes traditional quark stars.
Different models of pulsar’s inner structure are illustrated in Fig. 2.

It is shown in Fig. 2 that conventional neutron stars (hadron star and
hybrid/mixed star) are gravity-bound, while strange stars (strange quark
star and strange quark-cluster star) are self-bound on surface by strong
force. This feature difference is very useful to identify observationally. In
the neutron star picture, the inner and outer cores and the crust keep
chemical equilibrium at each boundary, so neutron star is bound by gravity.
The core should have a boundary and is in equilibrium with the ordinary
matter because the star has a surface composed of ordinary matter. There
is, however, no clear observational evidence for a neutron star’s surface,
although most authors still take it for granted that there should be ordi-
nary matter on the surface, and consequently a neutron star has different
components from inner to outer parts. Being similar to traditional quark

crust
~
Hadron Quark
matter matter
Hadron star: Quark star: Hybrid/mixed star: Quark-cluster star:
quarks confined quarks de-con fined quarks de-con./con. quarks localized
gravity-bound self-bound on surface gravity-bound self-bound on surface

Fig. 2. Different models of pulsar’s nature. Hadron star and hybrid/mixed star
are of conventional neutron stars, while strangeness plays an important role for
quark star and quark-cluster star (or simply strange star) as a result of three-
light-flavour (u, d and s) symmetry.
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stars, quark-cluster stars have almost the same composition from the center
to the surface, and the quark matter surface could be natural for under-
standing some different observations. It is also worth noting that, although
composed of quark-clusters, quark-cluster stars are self-bound by the resid-
ual interaction between quark-clusters. This is different from but similar to
the traditional MIT bag scenario. The interaction between quark-clusters
could be strong enough to make condensed matter, and on the surface, the
quark-clusters are just in the potential well of the interaction, leading to
non-vanishing density but vanishing pressure.

Observations of pulsar-like compact stars, including surface and global
properties, could provide hints for the state of CBM, as discussed in the
following.

5.1.1. Surface properties

Drifting subpulses. Although pulsar-like stars have many different manifes-
tations, they are populated by radio pulsars. Among the magnetospheric
emission models for pulsar radio radiative process, the user-friendly nature
of Ruderman—Sutherland [Ruderman & Sutherland (1975)] model is a virtue
not shared by others, and clear drifting subpulses were first explained. In
the seminal paper, a vacuum gap was suggested above the polar cap of
a pulsar. The sparks produced by the inner-gap breakdown result in the
subpulses, and the observed drifting feature is caused by E x B. However,
that model can only work in strict conditions for conventional neutron
stars — strong magnetic field and low temperature on surfaces of pulsars
with ©-B < 0 — while calculations showed, unfortunately, that these
conditions usually cannot be satisfied there. The above model encounters
the so-called “binding energy problem”. Calculations have shown that the
binding energy of Fe at the neutron star surface is < 1 keV [Flowers et al.
(1977); Lai (2001)], which is not sufficient to reproduce the vacuum gap.
These problems might be alleviated within a partially screened inner-gap
model [Gil, Melikidze & Zhang (2006)] for NSs with - B < 0, but could
be naturally solved for any Q- B in the bare strange (quark-cluster) star
scenario.

The magnetospheric activity of bare quark-cluster star was investigated
in quantitative details [Yu & Xu (2011)]. Since quarks on the surface are
confined by strong colour interaction, the binding energy of quarks can
be even considered as infinity compared to electromagnetic interaction. As
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for electrons on the surface, on one hand the potential barrier of the vac-
uum gap prevents electrons from streaming into the magnetosphere, on the
other hand the total energy of electrons on the Fermi surface is non-zero.
Therefore, the binding energy of electrons is determined by the difference
between the height of the potential barrier in the vacuum gap and the
total energy of electrons. Calculations have shown that the huge potential
barrier built by the electric field in the vacuum gap above the polar cap can
usually prevent electrons from streaming into the magnetosphere, unless the
electric potential of a pulsar is sufficiently lower than that at the infinite
interstellar medium. In the bare quark-cluster star model, both positively
and negatively charged particles on the surface are usually bound strongly
enough to form a vacuum gap above its polar cap, and the drifting (even
bi-drifting) subpulses can be understood naturally [Xu et al. (1999); Qiao
et al. (2004)].

X-ray spectral lines. In conventional neutron star (NS)/crusted strange
star models, an atmosphere exists above the surface of a central star. Many
theoretical calculations, first developed by Romani [Romani (1987)], pre-
dicted the existence of atomic features in the thermal X-ray emission of
NS (also for crusted strange star) atmospheres, and advanced facilities
of Chandra and XMM-Newton were then proposed to be constructed for
detecting those lines. One expects to know the chemical composition and
magnetic field of the atmosphere through such observations, and eventually
to constrain stellar mass and radius according to the redshift and pressure
broadening of spectral lines.

However, unfortunately, none of the expected spectral features has been
detected with certainty up to now, and this negative test may hint at a
fundamental weakness of the NS models. Although conventional NS mod-
els cannot be completely ruled out by only non-atomic thermal spectra
since modified NS atmospheric models with very strong surface magnetic
fields [Ho & Lai (2003); Turolla et al. (2004)] might reproduce a featureless
spectrum too, a natural suggestion to understand the general observation
could be that pulsars are actually bare strange (quark or quark-cluster)
star [Xu (2002)], almost without atoms there on the surfaces.

More observations, however, did show absorption lines of PSR-like
stars, and the best absorption features were detected for the central com-
pact object (CCO) 1E 1207.4-5209 in the center of supernova remnant PKS
1209-51/52, at ~ 0.7 keV and ~ 1.4 keV [Sanwal et al. (2002); Mereghetti
et al. (2002); Bignami et al. (2003)]. Although initially these features were
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thought to be due to atomic transitions of ionized helium in an atmosphere
with a strong magnetic field, soon thereafter it was noted that these lines
might be of electron-cyclotron origin, and 1E 1207 could be a bare strange
star with surface field of ~ 10 G [Xu, Wang & Qiao (2003)]. Further
observations of both spectra feature [Bignami et al. (2003)] and precise
timing [Gotthelf & Halpern (2007)] favour the electron-cyclotron model of
1E 1207.

But this simple single-particle approximation might not be reliable due
to high electron density in strange stars, and Xu et al. investigated the
global motion of the electron seas on the magnetized surfaces [Xu et al.
(2012)]. It is found that hydrodynamic surface fluctuations of the electron
sea would be greatly affected by the magnetic field, and an analysis shows
that the seas may undergo hydrocyclotron oscillations whose eigen frequen-
cies are given by w(l) = w./[l(I+1)], where l = 1,2,3, ... and w. = eB/mc s
the cyclotron frequency. The fact that the absorption feature of 1E 1207.4-
5209 at 0.7 keV is not much stronger than that at 1.4 keV could be under-
stood in this hydrocyclotron oscillations model, because these two lines with
l and [ + 1 could have nearly equal intensity, while the strength of the first
harmonic is much smaller than that of the fundamental in the electron-
cyclotron model. Besides the absorption in 1E 1207.4-5209, the detected
lines around (17.5,11.2,7.5,5.0) keV in the burst spectrum of SGR, 1806-20
and those in other dead pulsars (e.g., radio quiet compact objects) would
also be of hydrocyclotron origin [Xu et al. (2012)].

Planck-like continue spectra. The X-ray spectra from some sources (e.g.,
RX J1856) are well fitted by blackbody, especially with high-energy tails
surprisingly close to Wien’s formula: decreasing exponentially (o e™).
Because there is an atmosphere above the surface of neutron star/crusted
strange stars, the spectrum determined by the radiative transfer in atmo-
sphere should differ substantially from Planck-like one, depending on the
chemical composition, magnetic field, etc. [Zavlin et al. (1996)]. Can the
thermal spectrum of quark-cluster star be well described by Planck’s radi-
ation law? In bag models where quarks are nonlocal, one limitation is that
bare strange stars are generally supposed to be poor radiators in thermal
X-ray as a result of their high plasma frequency, ~ 10 MeV. Nonetheless, if
quarks are localized to form quark-clusters in cold quark matter due to very
strong interactions, a regular lattice of the clusters (i.e., similar to a classical
solid state) emerges as a consequence of the residual interaction between
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clusters [Xu (2003)]. In this latter case, the metal-like solid quark mat-
ter would induce a metal-like radiative spectrum, with which the observed
thermal X-ray data of RX J1856 can be fitted [Zhang, Xu & Zhang (2004)].
Alternatively, other radiative mechanism in the electrosphere (e.g., elec-
tron bremsstrahlung in the strong electric field [Zakharo (2010)] and even
of negligible ions above the sharp surface) may also reproduce a Planck-like
continue spectrum.

Supernova and gamma-ray bursts. It is well known that the radiation
fireballs of gamma-ray bursts (GRBs) and supernovae as a whole move
towards the observer with a high Lorentz factor [Paczyhski (1986)]. The
bulk Lorentz factor of the ultra-relativistic fireball of GRBs is estimated to
be in the order [Mészaros, Rees & Wijers (1988)] of I' ~ 102—103. For such
an ultra-relativistic fireball, the total mass of baryons cannot be too high,
otherwise baryons would carry too much energy out of the central engine,
the so-called “baryon contamination”. For conventional neutron stars as the
central engine, the number of baryons loaded with the fireball is unlikely
to be small, since neutron stars are gravity-confined and the luminosity of
fireball is extremely high. However, the baryon contamination problem can
be solved naturally if the central compact objects are strange quark-cluster
stars. The bare and chromatically confined surface of quark-cluster stars
separates baryonic matter from the photon and lepton dominated fireball.
Inside the star, baryons are in quark-cluster phase and cannot escape due
to strong colour interaction, but e*-pairs, photons and neutrino pairs can
escape from the surface. Thus, the surface of quark-cluster stars automat-
ically generates a low baryon condition for GRBs as well as supernovae
[Ouyed, Rapp & Vogt (2005); Paczynski & Haensel (2005); Cheng & Dai
(1996)].

It is still an unsolved problem to simulate supernovae successfully in
the neutrino-driven explosion models of neutron stars. Nevertheless, in
the quark-cluster star scenario, the bare quark surfaces could be essen-
tial for successful explosions of both core and accretion-induced collapses
[Xu (2005)]. A nascent quark-cluster star born in the center of GRB or
supernova would radiate thermal emission due to its ultrahigh surface tem-
perature [Haensel, Paczynski & Amsterdamski (1991)], and the photon
luminosity is not constrained by the Eddington limit since the surface of
quark-cluster stars could be bare and chromatically confined. Therefore, in
this photon-driven scenario [Chen, Yu & Xu (2007)] the strong radiation
pressure caused by enormous thermal emissions from quark-cluster stars
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might play an important role in promoting core-collapse supernovae. Cal-
culations have shown that the radiation pressure due to such strong ther-
mal emission can push the overlying mantle away through photon—electron
scattering with energy as much as ~ 10°! ergs. Such photon-driven mech-
anism in core-collapse supernovae by forming a quark-cluster star inside
the collapsing core is promising to alleviate the current difficulty in core-
collapse supernovae. The recent discovery of highly super-luminous super-
nova ASASSN-151h, with a total observed energy (1.1 £ 0.2) x 1052 ergs,
[Dong et al. (2016)] might also be understood in this regime if a very massive
strange quark-cluster star, with mass smaller than but approaching M, ax,
forms.

5.1.2. Global properties

Free or torque-induced precession. Rigid body precesses naturally when
spinning, either freely or by torque, but fluid one can hardly. The obser-
vation of possible precession or even free precession of B1821-11 [Stairs,
Lyne & Shemar (2000)] and others could suggest a global solid structure
for pulsar-like stars. Low-mass quark stars with masses of < 1072M, and
radii of a few kilometers are gravitationally force-free, and their surfaces
could then be irregular (i.e., asteroid-like). Therefore, free or torque-induced
precession may easily be excited and expected with larger amplitude
in low-mass quark stars. The masses of AXPs/SGRs (anomalous X-ray
pulsars/soft gamma-ray repeaters) could be approaching the mass-limit
(> 1.5Mg) in the AIQ (accretion-induced quake) model [Xu (2007)]; these
objects could then manifest no or weak precession as observed, though they
are more likely than CCOs/DTNs (eg., RX J1856) to be surrounded by dust
disks because of their higher masses (thus stronger gravity).

Normal and slow glitches. A big disadvantage in pulsars being strange
quark stars lies in the fact that the observation of pulsar glitches con-
flicts with the hypothesis of conventional quark stars in fluid states [Alpar
(1987); Benvenuto, Horvath & Vucetich (1990)] (e.g., in MIT bag models).
That problem could be solved in a solid quark-cluster star model since a
solid stellar object would inevitably result in starquakes when strain energy
develops to a critical value. Huge energy should be released, and thus large
spin-change occurs, after a quake of a solid quark star. Starquakes could
then be a simple and intuitional mechanism for pulsars to have glitches
frequently with large amplitudes. In the regime of solid quark star, by
extending the model for normal glitches [Zhou et al. (2004)], one can also
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model pulsar’s slow glitches [Peng & Xu (2008)] not well understood in
NS models. In addition, both types of glitches without (Vela-like, Type I)
and with (AXP/SGR-like, Type II) X-ray enhancement could be naturally
understood in the starquake model of solid strange star [Zhou et al. (2014)],
since the energy release during a type I (for fast rotators) and a type II (for
slow rotators) starquake are very different.

Energy budget. The substantial free energy released after starquakes,
both elastic and gravitational, would power some extreme events detected
in AXPs/SGRs and during GRBs. Besides persistent pulsed X-ray emission
with luminosity well in excess of the spin-down power, AXPs/SGRs show
occasional bursts (associated possibly with glitches), even superflares with
isotropic energy ~ 10*446 erg and initial peak luminosity ~ 105~ times of
the Eddington one. They are speculated to be magnetars, with the energy
reservoir of magnetic fields > 10'* G (the origin still debatable since the
dynamo action might not be so effective and the strong magnetic field
could decay effectively), but failed predictions are challenges to the model
[Tong & Xu (2011)]. However, AXPs/SGRs could also be solid quark stars
with surface magnetic fields similar to that of radio pulsars. Starquakes
are responsible for both bursts/flares and glitches in the latter scenario
[Xu (2007)], and kinematic oscillation energy could effectively power the
magnetospheric activity [Lin, Xu & Zhang (2015)].

The most conspicuous asteroseismic manifestation of solid phase of
quark stars is their capability of sustaining torsional shear oscillations
induced by SGR’s starquake [Bastrukov, Chen & Chang (2009)]. In addi-
tion, there are more and more authors who are trying to connect the GRB
central engines to SGRs’ flares, in order to understand different GRB light-
curves observed, especially the internal-plateau X-ray emission [Xu & Liang
(2009); Dai, Li & Xu (2011)].

Mass and radius of compact star. The EoS of quark-cluster matter
would be stiffer than that of nuclear matter, because (1) quark-cluster
should be non-relativistic particle for its large mass, and (2) there could be
strong short-distance repulsion between quark-clusters. Besides, both the
problems of hyperon puzzle and quark-confinement do not exist in quark-
cluster star. Stiff EoS implies high maximum mass, while low mass is a
direct consequence of self-bound surface.

It has been addressed that quark-cluster stars could have high maxi-
mum masses (> 2Mg) as well as very low masses (< 1072Mg) [Lai & Xu
(2009)]. Later radio observations of PSR J1614-2230, a binary millisecond
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pulsar with a strong Shapiro delay signature, imply that the pulsar mass
is 1.97+0.04 Mg [Demorest et al. (2010)], which indicates a stiff EoS for
CBM. Another 2M¢, pulsar is also discovered afterwards [Antoniadis et al.
(2013)]. It is conventionally thought that the state of dense matter softens
and thus cannot result in high maximum mass if pulsars are quark stars,
and that the discovery of massive 2M¢ pulsar may make pulsars unlikely
to be quark stars. However, quark-cluster star could not be ruled out by
massive pulsars, and the observations of pulsars with higher mass (e.g.
> 2.5Mg), would even be a strong support to quark-cluster star model,
and give further constraints to the parameters. The mass and radius of
4U 1746-37 could be constrained by PRE (photospheric radius expansion)
bursts, on the assumption that the touchdown flux corresponds to Edding-
ton luminosity and the obscure effect is included [Li et al. (2015)]. It turns
out that 4U 1746-37 could be a strange star with small radius.

There could be other observational hints of low-mass strange stars.
Thermal radiation components from some PSR-like stars are detected, the
radii of which are usually much smaller than 10 km in blackbody models
where one fits spectral data by Planck spectrum [Pavlov, Sanwal & Teter
(2004)] and Pavlov and Luna [Pavlov & Luna (2009)] find no pulsations with
periods longer than ~ 0.68 s in the CCO of Cas A, and constrain stellar
radius and mass to be R = (4 ~ 5.5) km and M < 0.8My in hydrogen NS
atmosphere models. Two kinds of efforts are made toward an understanding
of these facts in conventional NS models. (1) The emissivity of NS’s surface
isn’t simply of blackbody or of hydrogen-like atmospheres. The CCO in
Cas A is suggested to be covered by a carbon atmosphere [Ho & Heinke
(2009)]. However, the spectra from some sources (e.g., RX J1856) are still
puzzling, being well fitted by blackbody. (2) The small emission areas would
represent hot spots on NS’s surfaces, i.e., to fit the X-ray spectra with at
least two blackbodies, but this has three points of weakness in NS models.
a, about P and P. No or very weak pulsation has been detected in some
of thermal component-dominated sources (e.g., the Cas A CCO [Pavlov
& Luna (2009)]), and the inferred magnetic field from P seems not to be
consistent with the atmosphere models at least for RX J1856 [Kerkwijk &
Kaplan (2008)]. b, fitting of thermal X-ray spectra (e.g., PSR J1852+0040)
with two blackbodies finds two small emitting radii (significantly smaller
than 10 km), which are not yet understood [Halpern & Gotthelf (2010)]. ¢,
the blackbody temperature of the entire surface of some PSR-like stars are
much lower than those predicted by the standard NS cooling models [Li,
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Lu & Li (2005)], even provided that hot spots exist. Nevertheless, besides
those two above, a natural idea could be that the detected small thermal
regions (if being global) of CCOs and others may reflect their small radii
(and thus low masses in quark-cluster star scenario) [Xu (2005)].

Another low-mass strange (quark-cluster) star could be 4U 1700+24.
Because of strangeness barrier existing above a quark-cluster surface, a
strange star may be surrounded by a hot corona or an atmosphere, or even a
crust for different accretion rates. Both the redshifted O VIII Ly-a emission
line (only z = 0.009) and the change in the blackbody radiation area (with
an inferred scale of ~ (10—10%) m) could naturally be understood if 4U
1700424 is a low-mass quark-cluster star which exhibits weak wind accre-
tion [Xu (2014)]. Additionally, the mass function via observing the G-type
red giant company is only f, = (1.8 +0.9) x 1075M, [Galloway, Sokoloski
& Kenyon (2002)], from which the derived mass of compact star should be
much lower than 1Mg unless there is geometrical fine-tuning (inclination
angle i < 2°; see Fig. 3). All these three independent observations (redshift,
hot spot and mass function) suggest that 4U 1700424 could be a low-mass
strange quark-cluster star.

Future observations with more advanced facilities, such as FAST and
SKA, could provide more observational hints for the nature of CBM. Pul-
sar mass measurement could help us find more massive pulsar, while mea-
surement of the momentum of inertia may give information on the radius.
Searching sub-millisecond pulsars could be an expected way to provide clear
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Fig. 3. The compact star mass as a function of orbital inclination for different
values of mass function (4U 1700+24).
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evidence for (low-mass) quark stars. Normal neutron stars cannot spin with
periods less than ~ O.E)Mll/2R6_3/2 ms (Rg = R/10cm), as the rotation is
limited by Kepler frequency. But low-mass bare strange stars has no such
limitation on the spin period, which could be even less than 1 ms. We need
thus a much shorter sampling time, and would deal with then a huge amount
of data in order to find sub-millisecond pulsars. Besides, the pulse profile
of pulsar is helpful for the understanding of its magnetospheric activity.

5.2. Strange matter in cosmic rays and as dark matter
candidate

Strange quark-nuggets, in the form of cosmic rays, could be ejected during
the birth of central compact star [Xu & Wu (2003)], or during collision of
strange stars in a binary system spiraling towards each other due to loss of
orbital energy via gravitational waves [Madsen (2005)].

A strangelet with mass per baryon < 940 MeV (i.e., binding energy per
baryon 2 100 MeV) could be stable in cosmic rays, and would decay finally
into nucleons when collision-induced decrease of baryon number makes it
unstable due to the increase of surface energy. When a stable strangelet
bombards the atmosphere of the Earth, its fragmented nuggets may decay
quickly into A particles by strong interaction and further into nucleons by
weak interaction. What if a strange nugget made of quark clusters bombards
the Earth? It is interesting and necessary to investigate.

In the early Universe (~ 10 us), quark—gluon plasma condenses to form
hadron gas during the QCD phase transition. If the cosmological QCD
transition is first-order, bubbles of hadron gas are nucleated and grow until
they merge and fill up the whole Universe. A separation of phases during
the coexistence of the hadronic and the quark phase could gather a large
number of baryons in strange nuggets [Witten (1984)]. If quark clustering
occurs, evaporation and boiling may be suppressed, and strange nuggets
may survive and contribute to the dark matter today. Strange nuggets as
cold quark matter may favour the formation of seed black holes in primor-
dial halos, alleviating the current difficulty of quasars at redshift as high as
z ~ 6 [Lai & Xu (2010)], and the small pulsar glitches detected may hint
the role of strange nuggets [Lai & Xu (2016)].

6. Conclusions

Although normal micro-nuclei are 2-flavour symmetric, we argue that
3-flavour symmetry would be restored in macro/gigantic-nuclei compressed
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by gravity during a supernova. Strange matter is conjectured to be con-
densed matter of 3-flavour quark-clusters, and future advanced facilities
(e.g., FAST, SKA) would provide clear evidence for strange stars. Strange
nuggets manifested in the form of cosmic rays and even dark matter has
significant astrophysical consequences, to be tested observationally.

Note added in proof

After submission of this chapter, the discovery of the gravitational waves is
announced (Abbott et al. PRL 116, 061102 (2016)). The proposed model
of strange star with rigidity (i.e., solid strange quark-cluster star) is quite
likely to be tested further by kilo-Hz gravitational wave observations of
two kinds of events as follow, at least. (1) Merger of pulsar—pulsar/pulsar—
black hole binary. The predicted waveform depends on the state equation of
supra-nuclear matter, and the tidal effects during inspiral should be much
weaker for solid strange star than for normal neutron star. (2) Starquake
of pulsar-like compact star. Sensitive detectors may discover starquake-
induced gravitational waves of compact stars, and then show very different
signatures of neutron and strange stars.
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