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Abstract Researchers have long been interested in exotic
states of matter. In the early 1970s, Migdal proposed exis-
tence of metastable or stable nuclei containing a pion con-
densate, and Bodmer posited existence of collapsed nuclei
with a quark core. Lee and Wick proposed that compressed
nuclear matter could undergo a phase transition into a scalar
condensate state with effectively very light baryons. In the
mid-1980s, Witten pointed out that strange quark matter may
be an absolutely stable form of matter that can exist in the
form of quark strangelets. These hypotheses stimulated large
experimental efforts to detect these states in heavy-ion col-
lisions and in terrestrial samples. Additionally, the cosmos
is the arena for a broad search for traces of exotic matter in
compact objects and other energetic phenomena. We review
various approaches and arguments for a possibility of abnor-
mal states of matter, including metastable and stable dense
objects with condensates, as well as dilute nuclear objects.
Among these, we discuss scalar condensate, p-wave and s-
wave pion condensations in dense nuclear systems and for-
mation of a � resonance matter. Then we consider a scalar
mode condensation triggered by the Pomeranchuk instabil-
ity in dilute nuclear matter, and a clustering. We also men-
tion recent ideas that a relativistic rotation and a dark-matter
component may stabilize abnormal nuclear systems. Finally,
we list some observational anomalies which cannot be yet
appropriately explained by conventional physics.

In 2026 there will be the 100th anniversary of Tsung-Dao Lee and the
115th anniversary of Arkady Migdal. Their ideas sparked extensive
theoretical and experimental research programs investigating
anomalous dense and dilute nuclear states in the Universe and in
heavy-ion collisions. Our review is devoted to developments of this
field.
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1 Introduction

A search for abnormal forms of matter accompanied the
development of modern physics during the twentieth cen-
tury. In year 1931 Lev Landau wrote a paper [1], in which
he derived an upper limit of star mass consisting of an
ultra-relativistic gas. He hypothesized that stars heavier than
∼ 1.5 M� may possess regions, in which the laws of quantum
mechanics (and therefore of quantum statistics) are violated.
In such “unheimliche Sterne” (Germ: eerie stars) as they were
dubbed by Landau, see [2], electroneutral mixture of protons
and electrons, the only particles known by then, would be sta-
ble against particle annihilation. The discovery of neutron by
James Chadwick in 1932 lead Dmitri Ivanenko to the idea [3]
that nuclei may consist of protons and neutrons instead of
protons and electrons as thought before. In [4–6] Werner
Heisenberg introduced the theory of an atomic nucleus con-
sisting of nucleons, — strongly interacting particles with the
putative isospin 1/2, which manifest themselves as protons
and neutrons depending of the nucleon isospin projections.
In 1934 Walter Baade and Fritz Zwicky [7] proposed that
sufficiently massive stars end their life undergoing a transi-
tion (supernova event) into compact object consisting mainly
of neutrons and called, therefore, neutron stars. More than
three decades the neutron stars were considered as a theoret-
ical exotica. Only in 1967 Jocelyn Bell and Anthony Hewish
reported [8] the first observation of a radio pulsar. By now
neutron stars are not considered as exotica, and more than
3000 pulsars are observed, presently.

What is the ground state of the world around us has been
one of the ‘big’ questions since the beginning of physics and
then at the discussion of the role of the either. If there is
some underlying symmetry behind the construction of our
world, would it be possible to change the ground state? In
condensed matter physics this concept was proposed by Lan-
dau in 1937 [9,10] for the description of phase transitions.
He pointed out that any phase transition may be character-
ized by a change in the value and/or the symmetry structure
of some order parameter, which can be used as an effec-
tive degree of freedom in the thermodynamic potential. This
order parameter can have a rather complicated relation to the
fundamental degrees of freedom of the considered system.
Generalization to the case of an order parameter interacting
with the magnetic field was done by Vitaly Ginzburg and Lev
Landau in 1950 [11].

Addressing the question of a possible transformation of
the ground state of our physical world it is natural to sug-
gest a simplest choice that the order parameter should have
quantum number of vacuum 0+ (spin and parity), i.e., cor-
respond to some scalar field. There were no scalar particles
known in the mid 60 s. Nevertheless, Julian Schwinger tried
to formulate a theory of strong interactions using the spin 0,
spin 1, and spin 1/2 fields [12]. The first attempts to build a

model of interacting hadrons using a symmetry between vec-
tor and axial currents, which enter equally in weak interac-
tions, were undertaken in works by John Polkinghorn, Mur-
rey Gell-Mann and Maurice Lévy [13,14]. The so-called σ -
model, including scalar and pseudoscalar mesons coupled
to nucleons, was formulated. The Lagrangian of this model
contains the part symmetric with respect to local transforma-
tions keeping parity of the states (the chiral invariant part)
and the part, which is not invariant under the parity mixing
transformations. Our physical ground state (0+) is chosen as
a result of the spontaneous symmetry breaking in the invariant
part of the Lagrangian whereas the symmetry breaking part
is treated as a rather weak perturbation. A dynamical mecha-
nism of the nucleon mass generation through the mechanism
of spontaneous breaking of the chiral symmetry was elab-
orated in independent works by Valentin Vaks and Anatoly
Larkin [15] and Yoichiro Nambu [16], applying supercon-
ductivity methods to a Heisenberg type four-fermion two-
component Lagrangian.

We should certainly mention a role played by the spon-
taneous symmetry breaking in the unified electroweak the-
ory of Abdul Salam, Sidney Glashow and Steven Wein-
berg, and the role played by the Higgs scalar boson in
it [17–21]. The study of the properties of superdense mat-
ter described by unified gauge theories began in 1972 with
the work of David Kirzhnits [22], who showed that the clas-
sical scalar field responsible for symmetry breaking disap-
pears at a high enough temperature. In 1974 first grand uni-
fied theory was proposed by Howard Georgi and Sidney
Glashow [23].

Now let us come to the subject of this review, i.e., dis-
cussion of yet considered as exotica, possibilities of exis-
tence of various abnormal nuclear systems. Soon after pre-
diction of quarks by Murrey Gell-Mann and George Zweig
in 1964, Dmitry Ivanenko and Dmitry Kurdgelaidze sug-
gested that a neutron star may transform in a quark star [24],
see also [25]. In 1971 Arnold Bodmer proposed that also
atomic nuclei may undergo a transition in a superdense quark
state [26].

In 1971 Arkady Migdal put forward the idea that ground
state of atomic nuclei may contain a pseudoscalar condensate
(0−) of pions. He demonstrated occurrence of the pion con-
densation in a sufficiently deep potential well in scalar and
electric fields forming deep potential wells for pions and sug-
gested possibility of superdense stable or metastable nuclei
glued by the pion condensate [27]. Three types of abnor-
mal π condensate nuclei: superdense, neutron and super-
charged ones were discussed in [28,29], more details see in
reviews [30,31].

In 1974 Tsung-Dao Lee and Gian-Carlo Wick suggested
possible existence of a superdense state of nuclear matter
characterized by a value of the scalar (e.g., σ ) field differ-
ent from its mean value in atomic nuclei [32,33]. This idea
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was reviewed in [34,35]. The simplest variant of the model
contains only two fields, the neutral scalar meson field and
the isospinor nucleon field. As the π condensate nuclei, the
σ abnormal nuclear state can be either stable or metastable.
In the former case the normal nuclei after a while would
undergo the phase transition to the new state. In first works the
mean field approximation was used in spite of the assumed
strong interaction of the scalar meson with the nucleons. To
somehow justify this assumption the authors noted analogy
between the abnormal state and the Bose–Einstein condensa-
tion one. Then Lee and Margulies argued [36,37] that quan-
tum fluctuations may not change the statement about the exis-
tence of a super-dense state of nuclear matter.

At the workshop at Bear Mountain, to north from New
York City, on “BeV/nucleon collisions of heavy ions” Lee
presented his results on the possible vacuum reconfigura-
tion [32] and noted [38] that “in order to produce the abnor-
mal nuclear state, we must consider reactions in which (i)
a large number of nucleons is involved and (ii) the nucleon
density can be increased by a significant factor. One is, there-
fore, led to considerations of high energy collisions between
heavy ions, say U + U → Ab + . . . , where Ab denotes the
abnormal nuclear state.” The event at Bear Mountain was
pivotal in the conception of heavy ion physics. 1974 there
were the Synchrophasotron at the Joint Institute for Nuclear
Research in Dubna and a high-energy heavy-ion accelera-
tor, the Bevalac, being completed at the Lawrence Berkeley
Laboratory in Berkeley. Ideas about possibility of the pro-
duction of abnormal nuclei in heavy-ion collisions gave a
push to active experimental investigations. One suggested
also the look for collapsed quark nuclei [26] and super-
dense nuclei with pion condensate in heavy-ion collisions,
see Refs. [39,40]. The possibility of achieving a high degree
of nuclear matter compression in shock waves, which could
contribute to the formation of anomalously dense droplets
in heavy ion collisions, was investigated in Refs. [41,42].
Limits on the yields of abnormal nuclei in heavy-ion colli-
sions and on their possible terrestrial concentrations were dis-
cussed in Refs. [43–46,46,47]. The interpretation of the data
collected from heavy-ion collisions so far does not require
the presence of abnormal nuclei. Feasibly, one of reasons
is that compressed nuclear matter is produced in heavy ion
collisions at a higher temperature than the binding energy of
abnormal nuclei. Nevertheless, further dedicated experimen-
tal and theoretical analysis is needed.

Cosmos was another domain to look for an anomalous
state of matter. Yakov Zeldovich liked to claim that the Uni-
verse is a poor man’s accelerator: experiments don’t need
to be funded, and all we have to do is to collect the experi-
mental data and interpret them properly. Years later ideas of
spontaneous symmetry breaking penetrated in cosmological
models, cf. [48].

Probably in 1975, Migdal returned from a conference and
told one of us (D.N.V.) that during his talk, in which he men-
tioned a possibility of the existence of anomalous super-
charged nuclei with a pion condensate, Gell-Mann asked
him about a role of electrons in such highly-charged sys-
tems. Migdal suggested to think about this problem. In
works [49,50] the authors developed a relativistic semiclassi-
cal treatment of the Dirac equation in deep electric potentials
and the many-particle approximation for electrons occupy-
ing levels of the lower continuum. The occupation of the vac-
uum levels by electrons and negative muons in the deep elec-
tric potential well was named “a fermion condensation”. The
presence of the upper bound on the electric potential was dis-
cussed by Berndt Müller and Johann Rafelski in [51]. Prepar-
ing this manuscript, we realized that Lee also discussed a role
of electrons in abnormal nuclei. He wrote in Ref. [35] that
“...the abnormal state can create e+e− pairs. The e+ will be
sent to infinity, but a fair fraction of the e− will be kept within
the abnormal nucleus. As Z increases, the number of e− also
increases. The interplay between the added Fermi energy of
e− and the Coulomb energy may eventually bring the abnor-
mal state to the point of instability when A reaches ≈ 104.”
References [52–54] described the charged condensate pions
and vacuum electrons in strong electric fields and suggested
a possibility of existence of “nuclei–stars” of arbitrary size
(up to the compact star size) glued by the charged π conden-
sate produced in the dense nuclear matter and the electrons
produced from the vacuum.

In 1979 Mikhail Troitsky and Nikolai Chekunaev dis-
cussed in [55] that at densities above the nuclear saturation
density, n0 = 0.16 fm−3, the gain in the energy due to the
pion condensation can exceed the energy loss associated with
the transformation of nucleons into heavier baryon species
like hyperons and � isobars. The similar idea was applied to
quarks by Edward Witten in 1984. In Ref. [56], he argued that
in deconfined quark matter, as the baryon density increases, it
becomes energetically favorable to occupy the s-quark Fermi
sea alongside the u- and d-quark Fermi seas. Moreover, he
claimed that the proposed ‘strange matter’, which contains
comparable numbers of u, d, and s quarks may be abso-
lutely stable, i.e. more stable than an iron atomic nucleus.
The Migdal hypothesis of abnormal nuclei with a pion con-
densate, the Lee–Wick hypothesis of abnormal nuclei with a
σ condensate and the Witten strange matter hypothesis may
play an important role in cosmology, compact stars, cos-
mic ray physics, and relativistic heavy-ion collisions. Devel-
oping Witten’s idea, Edward Farhi and Robert Jaffe exam-
ined the strange matter clusters with an intermediate baryon
number 102 < A < 107, which are in equilibrium with
respect to weak interactions [57]. Later Alvaro De Rujula
and Sidney Glashow suggested the possibility of the exis-
tence of quark strangelets, large-size nuclearites and strange
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stars of a larger mass (when gravity comes into play), see
Refs. [58,59]. The charge distribution in the (strangelets and
nuclearites) and the strange stars was considered in [60]
in a similar manner as was done for supercharged nuclei
in Refs. [50,52,53]. The surface layer of strange objects
(strangelets, quark nuclearites and strange stars) has typi-
cal thickness ∼ 10 fm. Also it was suggested that there may
exist stars with a hadronic shell of a macroscopic size and
quark core –hybrid stars [61,62].

First investigations were done ignoring possibility of
color superconductivity. As a detailed review one may use
Ref. [63]. The phenomenon of the Cooper pairing was known
to exist in quark matter starting from works [64,65], where
the pairing gaps were estimated to be <∼ MeV, as for nucleons.
Then, an interest to a possibility of quark stars revived after
arguments were given in [66,67] in favor of large values of
the quark-quark pairing gaps, ∼ 100 MeV, see Ref. [68] and
references therein.

The axion quark nuggets (AQN) model was proposed in
Refs. [69–71]. The latter model incorporates axion domain
walls formed during the QCD phase transition. The domain
walls act as stabilizing structures, alleviating the need for a
first-order phase transition as in the original Witten model.
A generic feature of the quark nuggets is the electrosphere.
In case of antimatter axion quark nuggets the electrosphere
of the ∼ 10−8 cm depth contains positrons. The axion quark
nuggets behave as conventional dark matter components in
the low density environment and become strongly interacting
macroscopically large objects in the relatively high-density
environment. The available energy due to matter–antimatter
annihilation can be as high as ∼ 2 GeV per baryon charge.

If dark matter particles were superheavy (with mass
>∼ TeV) and negatively charged, they could compensate the
Coulomb field being embedded inside a normal nuclear mat-
ter drop that leads to the stability of nuclear drops of a large
size [72].

Although the initial studies [28,32,33] discussed the pos-
sibility of the sigma or pion condensation occurring at den-
sities both greater than and less than n0, it soon became evi-
dent that the latter possibility was unrealistic. On the other
hand various models of equation of state of the dilute nearly
isospin-symmetric nuclear matter demonstrate the presence
of region of the first-order phase transition and spinodal
instability at nucleon densities 0.3n0

<∼ n <∼ 0.7n0 [73–77].
In this density region the compressibility of nuclear matter
is negative and the scalar Landau–Migdal parameter of the
Fermi liquid f0(n) is smaller than −1, that causes the Pomer-
anchuck instability. In [78] it was shown that the Pomer-
anchuck instability may lead to a condensation of an effec-
tive scalar field in a Fermi liquid. The presence of such con-
densate would remove instabilities in first and zeroth sounds.
Owing to the condensate, a novel metastable state might exist
at nuclear subsaturation density for N ∼ Z , where N is the

number of neutrons and Z is the number of protons. In [79]
it was realized that the stability region remains also in case
of significantly isospin-asymmetric matter.

It was found in Refs. [80,81] that a rapidly rotating drop
of nuclear matter, being not bound in the rest frame, may
become bound in the rotation frame because of the forma-
tion of a charged pion condensate giant vortex. This observa-
tion invites looking for the nuclear drops with high angular
momenta.

A few words about the notion “abnormal” that we use in
the title are in order. Often, a new concept seems ‘abnor-
mal’ but is considered as normal after a while. Therefore,
we should clarify beforehand what we mean by the term
abnormal nuclear systems. Various definitions were used
in the literature: the scalar-condensate abnormal nuclei; the
pion-condensate abnormal nuclei and nuclei–stars; nuggets;
strangelets; nuclearites; strange stars and hybrid stars; quark
stars and some others. Different authors have given differ-
ent meanings to these terms. We will basically follow the
definitions introduced by pioneers in this field: The term
abnormal nuclei was used by Migdal to describe hypotheti-
cal superdense (with a density larger than several n0) stable
or metastable nuclei glued together by a pion condensate as
well as by Lee who applied it to hypothetical superdense
nuclei glued together by a scalar condensate. Farhi and Jaffe
in 1984 introduced term strangelets to describe hypotheti-
cal stable quark systems of a microscopic size bound more
strongly than 57Fe, which should contain a similar number of
up, down, and strange quarks. Hypothetical quark objects of
a larger (macroscopic) size De Ruhula and Glashow in 1984
named nuclearites. Below all abnormal stable hypothetical
nuclear systems of such a size will be called nuclearites. For
such objects the gravity contributes still much weaker than
nuclear forces. When the baryon number becomes A >∼ 1056,
the gravity starts to contribute significantly to the binding,
and we are dealing with nuclei–stars. For nuclei–stars con-
sisting of the strange quark matter (bound even at smaller A)
we will use the term strange stars. Compact stars with quark
interiors (which are not necessarily self-bound without grav-
itational attraction) and hadron exteriors of a macroscopic
size are usually called hybrid stars.

The existence of stable or metastable nuclear systems of
various sizes would have numerous important consequences
in physics. Therefore, it would be worthwhile to continue
theoretical studies and, especially, experimental searches of
such objects.

The paper has the following structure. In Sect. 2 we focus
on the Lee–Wick model of abnormal nuclei with a scalar (e.g.
aσ field) condensate. We discuss the relationship between the
Lee–Wick model and the standard RMF models, as well as
the RMF models with σ -scaled hadron masses and coupling
constants. Section 3 considers various aspects of the model of
supercharged nuclei held together by light charged bosons, if
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the latter existed. In reality the role of the light boson could
be played by an ordinary pion, which can become effectively
lighter in a dense nuclear medium and/or in external fields,
for example in rapidly rotating nuclear matter. In Sect. 4
we discuss density dependence of the p-wave pion–nucleon–
nucleon and pion–nucleon–� isobar interactions which may
result in charged and neutral pion condensates and a pos-
sibility of existence of superdense abnormal nuclei as pro-
posed by Migdal. These phenomena can be modeled using
the σ model. Then we turn our attention to the subtleties
associated with the description of the s-wave pion-nucleon
interaction and the s-wave pion condensation. In Sect. 5 we
consider �-resonance matter. The uncertainty in the � opti-
cal potential allows for a wide variation in its value. For
certain values, metastable or even stable resonance matter
and abnormal nuclei may exist. The concept of �-resonance
matter is somewhat similar to Witten’s idea of strange quark
matter. In the latter case the occupation of the strange quark
Fermi sea results in a decrease of the energy. The energy of
the state also decreases with a decrease of the strange quark
mass and the bag constant, the values of which are not well
known. In Sect. 6 we focus on the hypothesis of strangelets
and strange and hybrid stars. Ordinary neutron stars and stars
with exotic matter have different mass-radius relations, and
their cooling histories are different. These topics will be dis-
cussed. Section 7 presents the idea of the scalar field conden-
sation and possible existence of dilute metastable nuclear
states. A scalar condensate field, determined by the value
of the Landau–Migdal parameter in the scalar channel, may
appear owing to the Pomeranchuk instability occurring in a
dilute nuclear matter. Thereby we apply the idea of Lee and
Wick of the possible existence of dense abnormal nuclei held
together by a scalar field. Then, we consider the possibility
of the formation of a self-bound dilute Bose–Einstein con-
densate state, e.g.,of α particles in the β-equilibrated system
described with the help of a scalar condensate field. Next, we
discuss anomalous states in nonequilibrium nuclear systems.
Section 8 discusses anomalies that defy conventional physics
interpretations, part of which could be related to abnormal
nuclear systems. Conclusions are drawn in Sect. 9.

Throughout the text we use the system of units where
h̄ = c = 1.

2 The Lee–Wick model

In this section we present the idea of Lee and Wick in a
nutshell. We consider the Lagrangian density of nucleons
interacting with a scalar field φ:

L = 1

2
∂μφ∂μφ −U (φ) + ψ̄ (p/ − mN + gφ)ψ, (1)

where mN = 939 MeV is the nucleon mass, ψ is the nucleon
bispinor field, g is the strong interaction coupling constant,

andU (φ) is the scalar field potential. The scalar fieldφ will be
treated on the mean-field level. Then the nucleon spectrum is√
m∗2

N + p2 with the effective nucleon massm∗
N = mN −gφ.

While in the vacuum φ = 0, Lee and Wick suggested that
in the nucleon medium at some critical density the effec-
tive nucleon mass m∗

N (n) can reach zero. It would occur for
φc = mN/g. The energy density gain at this transition can
be estimated as

�E(n) ≈ U (φc) + ν
p4

F

4π2 − mN n − 3p2
F

10mN
n, (2)

where pF = (3π2n/ν)1/3 is the nucleon Fermi momentum
and ν = 1 for the neutron matter and ν = 2 for the isospin-
symmetric nuclear matter. Then the critical density can be
estimated as

nc = nc,0

(
1 + 3pF,c

4mN
+ 9p2

F,c

20m2
N

+ O
(
p3

F,c/m
3
N

))
,

nc,0 = U (φc)

mN
= ν

p3
F,c

3π2 . (3)

For a simplistic estimate we can takeU (φ) = 1
2m

2
φφ2, where

mφ is the mass of the scalar meson. Then, neglecting the
correction O(pF,c/mN ) we find

nc � nc,0 = m2
φmN

2g2 . (4)

Using typical values for the strong interaction constant g ∼
10 and the mass of the scalar meson, mφ ∼ mσ ∼ 700
MeV, we obtain nc ∼ 2n0. The energy gain per nucleon
for n > nc and for (n − nc)/nc <∼ 1 can be estimated as
E = �E/n � −(1 − nc/n)mN . These rough estimates
show to a possibility that the ordinary nuclei may be exist
in a metastable state and after a while they may undergo the
first-order phase transition to the superdense ground state.
The energy of each nucleon inside the abnormal nucleus is

p, and outside
√
m2

N + p2. Thus, there is a potential barrier
holding the nucleons in the given abnormal state.

The main shortcoming of the above simplified argumen-
tation is that we did not consider the equation of motion for
the φ field following from the Lagrangian (1) or perform
the minimization of the energy density with respect to φ. To
remove this shortcoming one has to consider potentialU (φ),
which has the spontaneous symmetry breaking pattern. Let
us take the potential in the form

U (φ) = 1

2
μ2φ2 − μ

√
λ√

2
(1 − δ)φ3 + 1

4
λφ4 , μ, λ > 0,

(5)
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U( )

1 2 0(1-3 )

U( 2) ½ 4
0

0=(2/ )1/2

U''( 1)=
 2

U''( 2)
 2(1-12 )

Fig. 1 Potential (5) for μ > 0, λ > 0 and 0 < δ < 1 − 2
√

2/3

which for 0 < δ < 1 − 2
√

2/3 ≈ 0.057 has two local
minima: one at φ1 = 0 and another one at

φ2 = φ0

4

(
3(1 − δ) +

√
9(1 − δ)2 − 8

)

= φ0(1 − 3δ + O(δ)), where φ0 = √
2

μ√
λ

. (6)

The global minimum of the potential is realized at φ = 0
that corresponds to the ground state. The second minimum
is higher,

U (φ2) ≈ 1

2
λφ4

0

(
δ + O(δ2)

)
, (7)

and the parameter δ is responsible for lifting the symmetry
of two minima. In both minima the potential has the similar
curvature m2

φ = U ′′(φ1) = μ2 and U ′′(φ2) = μ2(1 − 12δ +
O(δ2)). The potential is illustrated in Fig. 1.

The coupling of the scalar field to nucleons is defined
as previously so that the nucleon mass becomes very small
closely to the new minimum φ ∼ φ2,

g = mN

φ0
= mN

μ

√
λ

2
= mN

mφ

√
λ

2
. (8)

The critical density nc,0 in (3) can be estimated now with the
help of Eq. (7) as

nc,0 = λφ4
0

2mN
δ = 2m3

φ

λmN
δ = m2

φmN

g2 δ, (9)

where to get the second and third equalities we used Eqs. (6)
and (8). In contrast to the more rough estimate (4) the critical
density (9) is determined by the symmetry-breaking param-
eter δ. Let us now consider the energy density of the system
taking into account the nucleon kinetic energy

0 150 300 450

0.0

0.3

0.6

0.9

E
(

,n
)-

E
(

=0
,n

) [
G

eV
/fm

3 ]

� [MeV]

 n=0
 n=1n0

 n=2n0

 n=3n0

 n=4n0

Fig. 2 Difference in the energy density (10) due to the development of
the scalar field for ISM as function of φ for various nucleon densities
calculated with the model parameters (11)

E(φ, n) = U (φ) + ν

pF∫

0

dpp2

π2

√
(mN − gφ)2 + p2 (10)

and plot �E(φ, n) = E(φ, n)−E(0, n) as a function of φ for
various values of the nucleon density. In Fig. 2 we present the
results obtained for isospin-symmetric matter (ISM), ν = 2,
and for the set of parameters

μ = mφ = 800 MeV , λ = 10 , δ = 0.03 . (11)

We see that with a density increase the relative height of the
second minimum (at φ 
= 0) decreases and at some density
it becomes a global minimum. At this density the nucleon
mass changes abruptly as shown in Fig. 3 by the solid line.
The dashed line presents the result obtained with a value
δ = 0.02. The transition density decreases, respectively.

In Fig. 4 we plot the binding energy per nucleon,

E(n) = 1

n
E(min φ(n), n) − mN . (12)

We see, that for the parameter set (11), the vanishing nucleon
mass leads to tremendous binding of the nuclear matter with
a minimum realized at ∼ 12 n0 with the binding energy of
−340 MeV, see the solid line in Fig. 4. To reduce the binding
one can take into account the nucleon–nucleon repulsion. To
simulate it one can include a term quadratic in the nucleon
density in expression (10),

E(φ, n) → E(φ, n) + 1

2
k
n2

n0
, (13)
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Fig. 3 Effective nucleon mass for ISM as a function of the nucleon
density. Solid line is calculated for the Lee–Wick model with parameters
(11). Dashed line is drawn for δ = 0.02. Dash-dotted line corresponds
to the RMF model (15) with parameters (16)

0 2 4 6 8 10

0

100

200

E(
�(

n)
,n

)/n
-m

N
 [M

eV
]

n/n0

+½ k n/n0

k =98 MeV
k =49 MeV

RMF

Fig. 4 Binding energy per nucleon (12) for ISM as a function of
nucleon density. Difference in the energy density (10) due to the devel-
opment of the scalar field is calculated for parameters (11). Solid line
shows the result of the Lee–Wick model. Dashed lines include nucleon–
nucleon interaction term (13). The dash-dotted curve shows the RMF
calculation with parameters (16)

where k is treated as a parameter. An increase of k reduces
binding, which disappears completely at the critical value,
k = 98 MeV, see the short-dashed line in Fig. 4. Reducing
the value of k, we find that the minimum in the energy appears
at n ∼ 5 n0, and at the half critical value, k = 49 MeV the
minimum is located at the density ∼ 6.4 n0 and has the depth
of −136 MeV, see the dashed line in Fig. 4.

The same year when Lee and Wick proposed their
model, Walecka formulated a relativistic mean-field model
(RMF) [82,83]. Here one should also mention previous

works by Johnson and Teller, and by Dürr [84,85], where the
nuclear saturation arises due to the difference between scalar
and vector nucleon densities. The Walecka model includes
interaction of nucleons with mean fields of the scalar σ and
vector ω mesons allowing the σ field dependence of the
nucleon mass. Coupling constants of σ and vector ω mesons
with nucleons were fitted to describe binding energy and satu-
ration density of nuclear matter. Incompressibility at nuclear
saturation proved to be unrealistically high and effective
nucleon mass low. To improve the fit Boguta included possi-
ble scalar field self-interactions depending on two extra fit-
ting parameters [86]. Also ρ meson mean field was included.
These changes made the RMF models more flexible, see [87].
Doing in Eq. (10) replacements

φ → σ , μ → mσ , g → gσ ,

λ → cg4
σ δ → 1 +

√
2

3
√
cmσ

bgσmN , (14)

and adding the repulsive contribution due to the ω meson
exchange with the mass mω and the coupling constant gω,
we obtain the RMF energy density

E(σ, n) = m2
σ σ 2

2
+ b

3
mN (gσ σ )3 + c

4
(gσ σ )4

+ ν

pF∫

0

dpp2

π2

√
(mN − gσ σ )2 + p2 + g2

ωn
2

2m2
ω

.

(15)

The magnitude of the scalar field follows from the equation
∂E(σ, n)/∂σ = 0.

As example, taking the parameter of binding energy
per nucleon E0 = 16 MeV, compressibility modulus K =
275 MeV and the effective nucleon mass m∗

N (n0) = 0.805
at the saturation density n0, as we did in Ref. [88], we obtain
parameters

g2
σm

2
N

m2
σ

= 184.356 ,
g2
ωm

2
N

m2
ω

= 87.5996,

b = 5.53871 × 10−3, c = 2.29759 × 10−2. (16)

The density dependence of the effective nucleon mass of
the ISM calculated within the RMF model is shown by the
dash-dotted line in Fig. 3. The mass decreases smoothly with
the density increase without any jumps in difference to the
Lee–Wick model. The binding energy per nucleon (12) for
the nuclear matter (ν = 2) as a function of nucleon density is
depicted in Fig. 4, solid line for Lee–Wick model. Long and
short dashed lines include the nucleon–nucleon interaction
term (13). The dash-dotted line shows the RMF calculation
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Fig. 5 Potentials of the scalar field for the Lee–Wick model (5) with
parameters (11) and for the RMF model with parameters (16) as func-
tions of the dimensionless scalar field. Dots show the values of the
dimensionless magnitude of the scalar field for five values of the nucleon
density from 1 n0 till 5 n0 with the step 1 n0

with parameters (16). The Lee–Wick abnormal state does not
appear in the latter model.

Various modifications of the original Walecka model
including ρ mesons, a non-linear σ field dependent non-
linear potential, possible ω − σ interaction, etc, are widely
and rather successfully used to describe equation of state of
the hadron matter in compact stars, heavy-ion collisions and
finite nuclei, cf. [87,89] and references therein. Usually, one
assumes that there is no pseudoscalar mean-field of pions in
the spin balanced system. However, including pionic excita-
tions beyond the mean-field level improves the description
of the equation of state of nuclear matter at finite temper-
atures, e.g., in application to heavy-ion collisions [90]. At
low temperatures, which are of main our interest below, the
contribution of pions to the equation of state is rather small.

In spite of the success in describing various phenomena
at densities <∼ 2 n0, RMF models should be considered as
merely phenomenological extrapolations at densities � n0.
In Fig. 5 we compare the potentials of the scalar field for
the Lee–Wick model and the RMF model. Dots show the
values of the dimensionless magnitude of the scalar field for
five values of the nucleon density from 1 n0 till 5 n0 with
the step 1 n0. For parameters fitted to the properties of the
nuclear system at n = n0, the Lee–Wick abnormal state does
not appear at larger densities in the RMF model. As seen in
Fig. 5, no information about the possible restoration of the
chiral symmetry is included in the standard RMF models,
whereas a mechanism for a phase transition to a new state
with a small nucleon mass is build in the Lee–Wick model by
construction. Although the latter model cannot describe the
properties of the ordinary atomic nuclei and nuclear matter

at n <∼ n0, it demonstrates the principle possibility of the
existence of a new stable (or metastable) abnormal nuclear
state at n significantly above n0.

The possibility of the Lee–Wick state can be studied
within an RMF model if the latter is augmented with the
concept of partial restoration of the chiral symmetry. Such
idea was realized in a series of works [88,91–95], where
the hadron masses and coupling constants were taken to be
dependent on the scalar σ field, so that not only baryon
masses but also masses of other hadrons (ω, ρ and the σ

mesons) decrease with an increase of the σ mean field.
This approach differs from the well-known approach of
Refs. [96,97] where the coupling constants were assumed to
be functions of the baryon density. Therefore thermodynam-
ical consistency of the former models is fulfilled automati-
cally. The RMF models with the σ scaling have been shown
to satisfy many experimental constraints from heavy-ion col-
lisions and from compact star observations. For example, the
models fulfil constraints imposed by directed and elliptical
particle flows measured in nucleus collisions [98], describe
very massive neutron stars allowing admixtures of hyperons
and �s in neutron star matter, and shift the threshold of the
most efficient direct Urca (DU) neutrino reaction to occur
only in the sufficiently heavy neutron stars. The latter possi-
bility is favored by the fit of the experimental data on cooling
of pulsars, e.g. see [99–102]. Only for simplicity, the param-
eters of the models used in [88,91–94] were chosen so that
the new Lee–Wick minimum was not realized. By changing
parameters of the models, new solutions can be obtained,
some of which would exhibit a sudden drop of the effective
nucleon mass at a critical density, cf. discussion in Sect. 3 of
Ref [95]. Such a possibility was realized in the model [95] at
sufficiently strongly attractive � optical potential, see Fig. 9
below.

3 Supercharged nuclei, nuclearites and nuclei–stars

In Refs. [28,29] three types of abnormal nuclei with a π

condensate were discussed. These were named the “super-
charged”, “neutron” and “superheavy” anomalous nuclei.
Later, it became clear that this gradation is very conditional.
What is important is that these hypothetical objects may dif-
fer in their baryon number, interior density, isospin content,
and the type of the condensate (π± or π0) that holds them
together.

3.1 Supercharged nuclei in a nutshell

We consider a nuclear system with a rather large baryon
number A, approximately constant density n ∼ n0 at the
proton number Z ≈ A/2 (in this respect the nucleus with
a large Z � 1/e2 = 137 is supercharged although for
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Z � 1/e3 ∼ 103 the charge is compensated by electrons
produced from vacuum, see below). To demonstrate the key
idea, we assume for a moment that there exists a negatively
charged light scalar bosons (or pseudoscalar “light pions”)
with a mass mb. Below we will show that in realistic situa-
tions, pions, which mass is changed in nuclear matter and in
external fields, can play the role of such a light boson. One
may ask whether these light bosons can bind supercharged
nuclei, see [54], and [31].

The energy of the nucleus with approximately constant
density n � n0 at the proton number Z � A/2 is given by

E ≈ −E0 A + Esurf −
∫

n pV d3x −
∫

(∇V )2

8πe2 d3x

+
∫ (

|∇φ|2 − V 2|φ|2 + m2
b + 1

2λ|φ|2)|φ|2
)

d3x ,

E0 = 16 MeV. (17)

Here the first term is the volume binding energy, the second
term produces the surface energy, which is suppressed as
1/A1/3 compared to the first term and will be dropped when
the nucleus atomic number A is large as we for simplicity
will assume. The proton density is n p � n0/2. The third
and fourth terms describe Coulomb interactions of protons
with the electric field. For ordinary atomic nuclei these terms
produce the Coulomb energy 3Z2e2/5R, where the nucleus
radius is R � r0A1/3 = (r0/21/3)Z1/3 and r0 � 1.2 fm.
The last term in Eq. (17) is the contribution of the classi-
cal charged boson field, the coupling of the pion-pion self-
interaction λ ∼ 1. With an increase in charge Z ∼ A/2,
the Coulomb energy repulsion always begins to exceed the
volume energy attraction. So for the existence of extended
systems with Z ∼ A/2 >> 1/e3 the charge must be essen-
tially compensated by electrons and μ−. Indeed when A and
Z grow, the electrical potential well, V , deepens. When it
becomes V ≤ −mb, the charged light bosons may appear
in the reactions n → p + b− and compensate the charge of
the protons. As the result, in a nucleus with Z >> 1/e3, the
charge-neutral interior is formed [50] surrounded by a thin
(with thickness ∼ 10 fm) surface layer, where the strength
of the electrical field is E ∼ 102m2

e ∼ 1018 V/cm with
me = 0.5 MeV being the electron mass.

The spatial structures of the electric potential V (r) and
the boson field φ(r) are governed by equations

�φ +
(
V 2 − m2

b + λ|φ|2
)

φ = 0, (18)

�V = 4πe2
(
n p + 2V |φ|2

)
. (19)

Here we put λ → 0 to simplify consideration. Hence From
these equations in case of a spherical nucleus with large A we
get uniform solutions V = −mb and |φ|2 = n p/(2mb) valid

in the interior, except for a boundary layer of the depth deter-
mined by the typical Debye screening length, being much
shorter than the nucleus size. Thus, after the formation of the
charged boson condensate the potential well stops growing
keeping limiting depth of V = −mb.

The volume part of the energy reads now

E = −E0A − V Z = −E0A + 1

2
mbA. (20)

We conclude that if negatively charged scalar bosons with a
mass of mb < 2E0 � (30–32)MeV existed in nature, then
stable supercharged nuclei and nuclearites of an arbitrary size
(with A up to 1056 and n ∼ n0) would also exist, being glued
by strong and electromagnetic forces, see Refs. [31,54]. For
larger-A systems, gravity comes into the game, and we deal
with compact stars containing a nucleon–light-boson (e.g.,
light pion) component.

We discussed abnormal nucleonic systems glued by neg-
atively charged bosons but certainly, on equal footing, we
could consider antinucleonic systems glued by positively
charged bosons. In early Universe, the appearance of the lat-
ter anti-systems could contribute to a solution of the problem
of the observable charge asymmetry of the Universe.

In the literature the exotic objects have been given various
names: anomalous nuclei, abnormal nuclei, nuclear drops,
nuclearites, and nuclei–stars for heavy objects. Similar self-
bound objects made of quarks were called — quark nuggets
or strangelets, quark nuclearites, strange stars. For objects
build with the Witten’s strange quark matter, we will use
further on the names like strangelets, quark nuclearites and
strange stars.

3.2 Dibaryons and neutral light bosons

The possibility of the existence of multiquark states was
predicted by QCD-inspired models [103,104]. These works
initiated a lot of experimental searches for six-quark states
(dibaryons). Usually, one looked for dibaryons in the NN
channel. Such dibaryons would have decay widths from a few
up to a hundred MeV. The obtained results were not very con-
clusive and the background determination was questionable.
Enthusiasm has been revived in the field after experimen-
tal reports [105–107]. Reaction pp → pπ+ X was studied
in [105] and three narrow peaks (width ∼ 5 MeV) in the
missing mass spectrum were seen at MX = 1004 , 1044
and 1094 MeV with high statistical significance. The further
study in [108] indicated the narrow baryonic structures at
1004, 1044, 1094, 1136, 1173, 1249, 1277, and 1384 MeV
(and possibly 1339 MeV) in the missing mass MX and in
the invariant mass Mpπ+ . The reaction pd → ppX1 was
studied in [106,107] and three peaks of the 5 MeV width
were clearly observed in the missing mass MpX1 spectrum
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at MpX1 = 1904 ± 2 , 1926 ± 2 and 1942 ± 2 MeV. In
the missing mass MX1 spectrum the peaks are located at
MX1 = 966 ± 2 , 986 ± 2 and 1002 MeV. The peaks in the
pd reaction can be interpreted as the signatures of either
dibaryons or nucleon resonances. Theoretical and experi-
mental bounds on the properties of nucleon resonances were
discussed in Ref. [109]. The resonance states below the pion-
nucleon threshold and their consequences for nuclear sys-
tems were discussed in [110].

Rather recently several very heavy compact stars were
observed. The current highest precisely measured mass is
2.08(7) M� for PSR J0740+6620 [111,112]. On the other
hand appearance of hyperons and � resonances in neutron
star interiors results in a decrease of the maximal neutron
star mass. Nevertheless these so called the hyperon and
� isobar puzzles can be resolved, see [95] and reference
therein. Reference [110] demonstrated that in presence of
light dibaryons the maximal possible mass of a neutron star
would decrease below the observational limit. Appearance
of rather heavy dibaryons and baryon resonances although
results in a decrease of the maximal neutron star mass does
not contradict to observations.

An interesting alternative interpretation of the tower of
resonance states was given in [113]. It was noted that drawing
all new states (both dibaryonic and nucleonic ones) on one
energy scale, one obtains a tower of almost equidistant states.
It was hypothesized the existence of a light pseudoscalar
meson (J P = 0−) with a mass of mlight π � 21 ± 2.6 MeV.
The basic idea is that the tower of excited nucleonic states is
formed by the nucleon in its ground state plus 1, 2, 3, . . . light
pions as the quantum of excitation with the energy mlightπ .
It was argued in [110] that the presence of light charged
pions would allow for existence of abnormal nuclei (A >∼
103) and “nuclei stars” of arbitrary size, bound by strong and
electromagnetic interactions.

Recent possible discovery is also worth mentioning: a
light neutral boson (X17) with a mass of 17 MeV and a
very narrow width (presumably less than 0.07 eV) was found
at the accelerator of ATOMKI. Three significant anomalies
were observed in electron–positron pairs emitted in the 3H
(p, e−e+) 4He, 7Li (p, e−e+) 8Be, and 11B (p, e−e+)12C
reactions [114–116]. If confirmed, the existence of this new
particle could be important for particle physics and cosmol-
ogy, see review [117]. Reference [118] assumed that X17 is
the vector gauge boson coupled more strongly to neutrons
than to protons. Reference [119] suggested another interpre-
tation of the experimental results, assuming a light, pseu-
doscalar particle. In both cases the coupling of X17 with
nucleons was assumed to be very weak.

On the other hand, independently of the value of the
strength of the interaction it is worthwhile to ask, if existence
of a light neutral boson does not contradict to the neutron star
properties. Reference [120] assumed that X17 can mediate

low-energy nucleon–nucleon interactions and attempted to
find possible constraints on the hypothetical X17 boson from
the analysis of the equation of state of neutron stars. It was
shown that such a neutron star could have M−R curve rather
similar to that for the ordinary neutron star.

Note that since mX17/mπ ∼ 1/8, one could expect pres-
ence of the nucleon–light boson polarization effects of the
same order as for pions, if the coupling of the light boson
with nucleons were fXNN

>∼ fπNN/8. In the latter case a
possibility would exist for the Bose condensation of such
a particles in the compact star matter (similarly to π0 con-
densation) and feasibly for existence of metastable or stable
nuggets and light-boson enriched nuclei–stars. Nevertheless
we should repeat that [119] and [118] estimated X17-nucleon
polarization effects as tiny.

3.3 Rotating nuclear systems

The fastest known pulsar, PSR J1748-2446ad, makes one rev-
olution in 1.4 ms (angular frequency � ≈ 4.5×103 Hz). Thus
typical angular velocities of so far observed neutron stars are
�R <∼ 0.15c, where c is the speed of light and R ∼ 10 km
is the neutron star radius. The limiting rotation frequency of
a compact star — the Kepler frequency — is determined by
equation mN�2

KR2/2 = GMmN/R, where G is the gravita-
tional constant, R is the radius of the object, and M is its mass.
For a compact star rotating with the frequency close to the
Kepler frequency�K, the rotation affects the equation of state
resulting in an increase of the mass of the static star on the
value <∼ (0.3 − 0.4)M�, cf. [121]. When such a compact star
collapses to form a black hole, its angular rotation frequency
increases due to conservation of the angular momentum up
to � < 1/rG = 1/(2MG) ∼ 105Hz for the compact star
with the mass M ∼ M�, where M� ≈ 2×1033 g is the solar
mass. For primordial black holes with masses M < 1014 g,
this estimate would give � <∼ 1024 Hz.

Rotational frequencies of excited nuclei usually do not
exceed � ∼ 3 × 1021 Hz, cf. [122]. Estimates yield angular
momenta L ∼ √

sNN Ab/2 <∼ 106h̄ in peripheral heavy-
ion collisions of Au+Au at the center of mass NN collision
energy

√
sNN = 200 GeV, for the impact parameter b =

10 fm, where A is the nucleon number of the ion [123].
The global polarization of �(1116) hyperon observed by the
STAR Collaboration in non-central Au–Au collisions [124]
indicated existence of a vorticity with rotation frequency � �
(9 ± 1) × 1021 Hz � 7 MeV/h̄.

Magnetic fields in ordinary pulsars, like the Crab pulsar,
reach values <∼ 1013 G at their surfaces. At the surface of
magnetars magnetic fields are higher, >∼ 1015 G. In the interior
the magnetic field might be even stronger (up to ∼ 1018 G)
depending on the assumed mechanism of the formation of the
magnetic field [125]. Also, magnetic fields >∼ (1017–1018)G,
h ∼ hVA = Ze/R2 ∼ Hπ (Ze6)1/3 (where typical time
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of the collision process was estimated as �t ∼ R/c) may
exist in non-central heavy ion collisions at collision energies
∼GeV/A, as it was evaluated in Ref. [125], Z is the charge
of the fireball, Hπ = m2

π/e � 3.5 × 1018 G.
As in Sect. 3.1 we consider now negatively charged scalar

bosons (or pseudoscalar pions) with a mass mb. In a pres-
ence of a magnetic field and an electrical potential well, there
exists a critical angular velocity, above which, from the vac-
uum in the rotation frame there arises a condensate of the
charged bosons [80,81,126–128]. In the frame rotating with
the angular velocity � ‖ z, the solution for the charged con-
densate field has the form of a vortex, eilθφ, where θ is the
angle in the cylindrical system and l is the quantum number
of the angular momentum. To be specific let further � and l be
positive. In the presence of a uniform constant magnetic field
H ‖ z and a rectangular potential well V = −V0 = const
for

√
x2 + y2 < R, the critical angular velocity is given by

l�c = −V0 +
√
m2

b + |eH |(1 − 2α) with −1 ≤ α ≤ 0.
For the case of the rotating (for simplicity cylindric)

nucleus equations for the boson field and the electric poten-
tial (18) and (19) are to be replaced by the following
ones [80,81],

�rφ +
[
(V − �l)2 − m2

b − (l/r − Aθ (r))2
]
φ = 0 , (21)

�r V = 4πe2
(
n p + 2(V − �l)|φ|2

)
, �r = ∂2

r + ∂r /r (22)

where Aθ (r) is the angular component of the vector poten-
tial of the magnetic field, and a φ-field self-interaction is
for simplicity neglected. Equations (21), (22) should be sup-
ported by equation for the vector-potential A. However with
the ansatz that Aθ (r) = l/r in the vortex exterior we have
curlA = 0 and equation for A is fulfilled identically.

Now in case of a nuclear system (N � Z , n ≈ n0) of a
large size solutions are V = �l−mb ≤ 0, |φ|2 = n p/(2mb)

and instead of (20) we find [80,81]

E = −E0A + 1

2
(mb − �l)A + Ekin , A = N + Z , (23)

where Ekin is the kinetic energy of the rotation of the nucleon
subsystem. The term l A/2 is smaller or equal to the ini-
tial angular momentum of the charged uniformly rotating
nucleon sub-system L ∼ AmN�R2 (before appearance of
the pion giant vortex, l � 1), mN is the mass of the nucleon.
At the rigid rotation � is determined by the initial value of the
total angular momentum. The critical values of l and � are
determined by the condition �clc = mb−2E0. The role ofmb

can be played by the effective mass of a charged pion, which
decreases with an increase of the baryon density, see Sect. 4
below. Here we considered the possibility of the second-order

phase transition to a state with a giant vortex of the charged
pion field. In reality, the phase transition can be of the first
order with a jump of the condensate field at the critical point.
Then the critical angular velocity is given by the condition
�clc = mb − 2E0 + 2Econd(�clc), where Econd ≤ 0 is a gain
in the energy per baryon due to the formation of the vortex.
In the rotating frame the nugget remains self-bound until the
system is not decelerated by the weak radiation force below
�c. For a large-size system the deceleration time can be very
long.

Now we mention another possibility. In the case of rec-
tilinearly moving and rotating media, condensation of Bose
excitations on a low-lying branch of the excitation spectrum
ω(k), behaving similar to that in superfluid 4He and in Fermi
liquids, was studied in Ref. [129], see also Ref. [130] and
references therein. As shown, when the speed of rectilinear
motion exceeds a critical value (typically Fermi velocity for a
nucleon medium) a part of the momentum can be transferred
from the normal nucleon system to the superfluid conden-
sate of Bose excitations with energy ω(kc). Similarly when
the rotation frequency exceeds some critical value a part of
the angular momentum can be transferred from the normal
nucleon system to the superfluid condensate of Bose exci-
tations [129,131]. Consequently, the angular frequency of
the normal component may decrease below �K, whereas it
would exceed �K otherwise.

When the baryon density in the interior of the star exceeds
the value nπ+

c
<∼ n0, there appears a new branch of π+ excita-

tions with a negative frequency ω(k) and it may become ener-
getically profitable to transport a part of the angular momen-
tum to the π+ condensate droplets, for a more detail see
Ref. [129] and Sect. 4.2 below. This allows to propose the fol-
lowing scenario. When during the initial compression stage
of a supernova collapse, the density exceeds the critical den-
sity nπ+

c it becomes energetically favorable to transfer a part
of the initial angular momentum from the nucleon subsystem
to pion condensate drops. If the star is destroyed in the end,
these drops will continue to rotate (with angular velocities
�Rd < 1, with Rd being a size of the drop) until the angu-
lar momentum has been completely radiated from the drop
surface. These drops of π condensate nuclear matter may be
observed as abnormal nuclei and nuclearites propagating in
cosmos.

Notice also that differentially rotating stars can support a
larger star mass than their uniformly rotating or non-rotating
counterparts [132]. In the case of massive remnant stars of
binary merger events, differential rotation is one of the mech-
anisms that may provide an extra centrifugal support to sta-
bilize the star well above the Tolman-Oppenheimer-Volkoff
(uniform rotation) mass limit.

123



  137 Page 12 of 39 Eur. Phys. J. A           (2026) 62:137 

3.4 Anomalous supercharged nuclei consisting dark matter

In 1981 Cahn and Glashow [133] assumed existence of
superheavy charged dark matter particles, cf. also [134]. In
2005 Glashow [135] conjectured that more specifically the
dark matter may consist of the U tera-quarks and O-UUU
(charge −2) baryons, and in 2006 Khlopov [136] studied
OHe-hidden dark matter with mO ∼ 1 TeV. Reference [72]
suggested existence of stable O-nuclearites of arbitrary size
(up to A ∼ 1057), if there exist charged dark matter stable
superheavy particles. In this case the proton charge of the
nucleus is compensated by the heavy O-particles. Due to the
large mass of the O particles they yield a negligible contri-
bution to the kinetic energy. Therefore, the ordinary ISM at
density n � n0 with embedded O-particles compensating
the charge would be absolutely stable. Similarly to estimates
(17), (20) performed above for supercharged nuclei, in case
of the nuclear–O matter one may present the energy as

E � E0A −
∫

d3x
(
n p − 2nO

)
V . (24)

With 2nO = n p we get E � E0A = −16AMeV.
At present there exist various anomalous events, some of

which may have a relation to the discussed above scalar fields,
π− condensate, quark or dark matter nuggets, see [71] and
references therein and a discussion in Sect. 8 below.

4 Pion mode and condensation in dense nuclear systems

The phenomenon of a pion condensation was proposed
in Refs. [27,137–139] and investigated then in numerous
works, see [30,31,90] and references therein. The pion-
nucleon interaction is strongly attractive in the p wave. There-
fore, starting from the first works one expected that a pion
condensate is formed in a state with a finite momentum
k 
= 0 when the nucleon density exceeds some critical den-
sity n(p)

c [140–148]. In first works one anticipated that n(p)
c

might be smaller than n0. Soon, after analyses of atomic
nucleus data, it became clear that n(p)

c > n0 because of
a stronger repulsive effect of short-range nucleon–nucleon
correlations, see [30,31] and references therein. In Ref. [28]
Migdal used the name “superheavy anomalous nuclei” and
then “superdense” nuclei in Ref. [30] and later in Ref. [31]
simply “abnormal” pion condensate nuclei. These objects are
neutron-rich to reduce the repulsive Coulomb energy. The
key idea is that for n > n(p)

c
>∼ n0 there may appear the π+,

(π+π−), or π0 condensates leading a decrease in the energy
density by a value which can be roughly estimated as

Eπ � −1

2
β0(n)

(
n − n(p)

c

)2
θ (n − nc)

with β0
<∼ 1/m2

π , compare with Eq. (13) that was used above
in the case of the Lee–Wick σ condensate. The quantity β0

depends on the value of the Landau–Migdal parameter g′,
which is not well determined for n 
= n0 and for isospin-
asymmetric matter. For a smaller β0, the pion condensate
only slightly modifies the total energy density. For a larger
β0 the gain in the condensate energy may overwhelm the
loss in the purely baryon repulsive contribution. In the latter
case there could exist metastable or even absolutely stable
abnormal π condensate nuclei and nuclei–stars.

4.1 Pion-nucleon interaction amplitude and pion
condensation

Resummation of a nucleon–nucleon interaction in the particle–
hole channel in the Fermi liquid approach yields the follow-
ing representation of the NN interaction amplitude in the
spin-isospin channel in the isospin-symmetric matter [30,31]

(25)

Here τ and σ are Pauli matrices acting in the isospin and
spin spaces, respectively, g′ is the Landau–Migdal parameter
of NN correlations in the spin-isospin channel, C−1

0 is the
normalization factor — the density of states at the Fermi sur-
face at n = n0. Similar equation holds for separated nn(pp)
and np spin channels in isospin-asymmetric matter, where
gnn(pp) and gnp Landau–Migdal parameters enter instead of
the g′ parameter. Note that the �-nucleon Landau–Migdal
parameter g′

�N � g′ and thereby we for simplicity disre-
garded this contribution in (25), whereas the � contribution
in the second term of Eq. (25) is taken into account, see [31]
for a more detail. �(ω, k, n) stands for the famous Lindhard
function corresponding to the particle-hole loop

(26)

For nonzero temperature T it also depends on T . The
first term in r.h.s. of Eq. (25) can be cast as the NN vertex
correlation factor

�(x, ω, k, n) = 1

1 + 2 x pF(n)
pF(n0)

�(ω, k, n)
, (27)
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which appears not only in the spin-isopsin channel (for
x = g′) but in other channels with other Landau–Migdal
parameters x = f , f ′, g. The wavy bold line represents
the full pion Green function. For ω � mπ and k <∼ pF the
main contribution to the NN amplitude is determined by the
second diagram in r.h.s. of (25).

Main contributions to the pion polarization operator come
from the nucleon–nucleon-hole and �–nucleon-hole terms
corrected by the short-range correlations, for more details
see [31,90,149]. The contribution of the �–nucleon-hole is
as important as that of the nucleon–nucleon hole. Indeed, the
mass of the � isobar is only 2mπ larger than the nucleon
mass but the degeneracy factor is four times larger and the
attractive πN� coupling constant is twice as large as the
πNN one.

The retarded pion propagator is

DR
π

(
ω,k, nn, n p

) = 1

ω2 − m2
π − k2 − �R

(
ω, k, nn, n p

) ,

(28)

where � is the pion polarization operator, nn and n p are the
neutron and proton densities. For ω = μπ :

−
[
DR

π (μπ ,k)
]−1 = ω̃2

(
μπ, k2

)

= m2
π + k2 + ��R

(
μπ, k2

)
− μ2

π ,

(29)

��(ω, k) is the real part of the pion polarization operator,
the imaginary part ��(μπ, k) = 0, fπNN ≈ m−1

π is the
πNN coupling constant, and �(n) is the factor taking into
account the NN correlations, �(n → 0) → 1, μπ is the
pion chemical potential. In the case of the ISM, μπ± = 0
in accordance with reactions p ↔ n + π+, n ↔ p + π−;
μπ0 = 0 for the case of arbitrary isospin composition in
accordance with reactions N ↔ N + π0, N = (n, p). The
quantity

ω̃2
0 = min

k

{
ω̃2 (μπ , k)

}
= ω̃2(k0), (30)

where the minimum is realized at a density dependent
momentum k0(n), has the meaning of the squared effective
pion gap, see Ref. [31] and references therein. We notice
that the in-medium π− can play a role of the light negatively
charged boson considered in Sect. 3 with the parameter m2

b
used there replaced by the squared effective pion gap ω̃2

0.

At densities n ∼ n(p)
c the pion gap behaves like ω̃2

0 ∼
β(n(p)

c −n), with a constant β(μπ, k0) > 0 (at the neglect of
the quantum fluctuations) and the change in the sign of the
gap indicates the onset of instability with respect to the pion
condensation with the momentum k0. The critical point n(p)

c
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n(1)
c

�
2 (k

0(
n)

)/m
2 �

n/n0

pion softenning

n�
c

~

�-condensate amplitude

pion gap on top 
of �-condensate

saturation of pion softenning

with �-cond.
no �-cond.

Fig. 6 Typical density dependence of the squared effective pion gap
for π±,0 in ISM and for π0 in neutron star matter. Solid line shows
ω̃2(k0(n)) for n(1)

c < n < nπ
c . For n > nπ

c it is continued for the
case when the pion condensate is not formed and the system is in a
metastable state. Dotted line corresponds to the case of a saturation of the
pion softenning due to artificially strong increase of the Landau–Migdal
parameter g′ with a density growth. Dash-dotted line characterizes the
amplitude of the pion condensate appearing in the first order phase
transition at nπ

c . Dashed line shows the squared effective pion gap on
top of the pion condensate

is the same for π±, π0 in ISM. In the neutron star matter,
n(p)
c = n±

c for charged pions, and it is equal to n0
c for π0.

Which value n±
c or n0

c is larger depends on the model under
consideration, see [30,31].

In the ISM the momentum dependence of the pion gap,
ω̃2(0, k2) develops minimum at k = k0 
= 0 at densities
n > n(1)

c � (0.5 − 0.7) n0, see [90] and in its vicinity one
may use parameterization:

ω̃2
0(k

2) � ω̃2
0 + γ

(
k2 − k2

0

)2

4k2
0

,

where γ ∼ 1. The squared effective pion gap ω̃2
0 changes

sign at n = n(p)
c . Considering the pion condensation in a

finite system for n > n(p)
c > n0, one may find the spatial

structure of the classical pion field solving the equation

ω̃2
(
μπ, k̂

)
φ + λ|φ|2φ = 0 , k̂ = −i∇ ,

which replaces Eq. (18). Nuclear systems obeying the roton-
like spectra have been extensively studied, see [31,125,149]
and references therein. From a recent time, some authors
became to name such a spectrum the “moat” spectrum.

A typical density dependence of the squared effective pion
gap, ω̃2(k0(n)), for π±, π0 in ISM and for π0 at any N/Z
is illustrated in Fig. 6, see also Ref. [31]. For n > n(1)

c the
effective pion gap acquires a minimum at a finite momentum
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k0. With a subsequent density increase, ω̃2(k0(n)) decreases
(solid line). Various calculations done within a mean-field
approximation (ignoring contributions of pion fluctuations
to the pion self-energy) demonstrate that at n > nπ

c the pion
condensate with a liquid-crystal-like or a solid-like structure
may appear via the second-order phase transition. Actually
at n = nπ

c the classical pion field is developed, in the first-
order phase transition due to the effect of fluctuations with
k ∼ k0 ∼ pF,N . Dashed-dotted line illustrates the sudden
jump and the following growth of the pion condensate ampli-
tude. The squared effective pion gap on top of the condensate
is shown by the dashed line. It is growing with an increasing
density. As we have noted, in the ISM the value nπ

c is the
same for π± and π0. In the isospin-asymmetric matter the
value nπ

c depends on the sort of the pion. Actual values of
the critical densities depend on poorly known density depen-
dence of the Landau–Migdal parameters. Numerical analy-
sis [150] performed within the “variational theory of nuclear
matter”, which employs the realistic two-nucleon potential in
vacuum and then introduces three-nucleon interactions, gave
the value nπ

c � 2n0 for the critical density of the π+, π−, π0

condensation in the ISM and the value nπ
c � 1.3n0 for the π0

condensation in the purely neutron matter. Cooling of neutron
stars is appropriately described within the “nuclear medium
cooling scenario” which takes into account of effects of the
pion softening [31,151–153] provided nπ

c
>∼ (2 − 2.5)n0 for

π± and π0 condensates, cf. [99,100,102,154–158] and ref-
erences therein. Continuation of the solid line for n > nπ

c
corresponds either to the possibility of a metastable phase in
the system, when the ground state contains no liquid-crystal-
like or solid-like pion condensates. Dotted line corresponds
to the case of saturation of the pion softening because of an
artificially strong increase of the Landau–Migdal parameter
g′ with the density.

Finally, we note that the resummation of the in-medium
NN interaction (25) imposes that at n > n0 the NN cross
section has strong density dependence owing to the interplay
of a moderately suppressing effect from the vertex correc-
tion (27) because of NN correlations and a strong enhancing
effect of the softening of the pion mode with the increasing
density and, therefore,

σNN ∝ �4
(
g′, 0, k0, n

)

(ω̃ (k0(n)) /mπ )4 . (31)

4.2 π± condensate nuclear systems

Spectra of pions in the ISM and purely neutron matter were
demonstrated in [143]. In the latter case for π± there are
the π+ and π− branches, ωπ+

(k), ωπ−
(k) (corresponding to

ω → mπ for n → 0) and the higher lying � branches. It
proves to be that up to large densities ωπ−

(k) > μe [140,143]
and the reaction N + e → N + π− + ν is forbidden. If pion

were free, ω2 = m2
π + k2, such a reaction were allowed

for μe(n) > mπ resulting in efficient cooling of the neutron
stars heaving such a densities in their interiors. For n > n+

c
(n+

c < n0 according to evaluations of [143]) there appears
extra branch with ωπ+

s (k) < 0 corresponding to appearance
of the so called π+

s condensate. We have mentioned this pos-
sibility in Sect. 3.3. Accordingly, for n > n+

c the reaction
p → n + π+ becomes possible resulting in the produc-
tion of π+’s occupying this branch. For n = n±

c > n+
c the

branches −ωπ+
s (k) and ωπ−

(k) coincide at k = k0 
= 0,
where ωπ+

s (k0)+ω−
π (k0) = 0. Thereby for n > n±

c the reac-
tions N ↔ N + π+ + π− become energetically favorable
and there appears π± condensate. Appearance of π± con-
densation for n > n±

c results in the efficient neutrino cooling
processes, e.g. via N + π−

cond → N + e + ν̄ reaction.
At large densities the baryon subsystem is essentially rear-

ranged. In the approach exploiting the chiral symmetry [144–
146] it was shown that instead of two different Fermi seas
for protons and neutrons, a common Fermi sea for baryon
quasiparticles, being superpositions of proton neutron and
� isobar states mixed due to interactions with the developed
pion condensate, is formed. At densities much larger thann(p)

c

the condensate becomes developed and the squared ampli-
tude of the pion condensate reaches its maximum value f 2

π /2
for π±, where fπ ≈ 92 MeV is the pion weak decay con-
stant and the electric charge density of the baryon subsystem
becomes equal to n/2. Taking into account these effects, and
electron and muon populations, the energy density acquires
the form [52]

EB+π+e+μ = EB + Eπ + Ee + Eμ , (32)

Ee,μ �

√
V 2−m2

e,μ∫

0

dpp2

π2

√
m2

e,μ + p2 �
(|V | − me,μ

)
,

Eπ = V 2 f 2
π

2
+ 1

3

(
m∗

� − m∗
N

)
n − 81

50
f 2
πNN (1 − g′)n2,

where EB is the energy density of the baryonic subsystem,
g′ is the isospin Landau–Migdal parameter, and m∗

� is the
effective mass of the � isobar (one may put for simplicity
m∗

� − m∗
N � m� − mN = 293 MeV), �(x) is the step

function. It is taken into account that in case of the developed
condensateμn � μp. For more details the reader may consult
Refs. [31,52]. The electric charge of protons is screened by
the condensate of negative pions and by electrons and muons
produced via the weak β processes and from the vacuum (at
rather large values of Z ) [52]. The electric potential is found
from the Poisson equation for a spherical system of radius R
and constant baryon density n,

�V = 4πe2 (
ne + nμ + nh

)
, (33)
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Fig. 7 Binding energies per nucleon for the PNM (solid lines), the
ISM (dashed lines), and for the beta-equilibrium matter (pn�eμ) with
the developed π− condensate (dash-dotted lines). The latter lines are
calculated for several values of the Landau–Migdal parameter g′ char-
acterising the strength of the short-range nucleon–nucleon correlations;
the parameters are shown by labels on the lines. On the left panel, the
nuclear part of the energy is taken from the FP equation of state [159].
On the right panel we use the RMF model [160]. Extra explanations
are given in the paper body. The choice of parameters is such that the
RMF equation of state supports the maximum neutron star mass of
2.09 M� [88]

nh =
(

1
2n + f 2

πV
)

�(R − r),

ne,μ = − 1

3π2

(
V 2 − m2

e,μ

)3/2
�(|V | − me,μ).

Here f 2
πV is the contribution of the developed π− condensate

as it follows from the consideration within the σ model and
n/2 is the total baryon charge density in the presence of
the developed condensate [146], ne and nμ are contributions
of electrons and muons. Nullifying the r.h.s. of Eq. (33),
similarly to that we did above for Eq. (19), demonstrates
the charge neutrality condition in the interior of a large size
system, for R � lV where lV is the Debye screening length.

In Fig. 7 by solid curves we show the binding energy
per nucleon for the purely neutron matter (PNM). Other
curves show calculations for the ISM with and without the
developed condensate done with the help of Eq. (32). Actu-
ally this expression does not hold for n <∼ n(p)

c since it
was derived for n � n(p)

c , see a discussion in [31]. How-
ever we conjecture that for n >∼ (2 − 3)n0 we already can
deal with the developed pion condensate On left panel the
nucleon part (dashed line) is calculated with a soft Friedman–
Pandharipande (FP) equation of state [159] and on right panel
with a stiffer RMF equation of state, see Eq. (15). In the RMF
case parameters are tuned to describe the saturation density
n0 = 0.160 fm−3, the binding energy E0 = −16.0 MeV,
the compressibility modulus K = 273.6 MeV, the effec-

tive nucleon mass m∗
N (n0) = 0.755 MeV, and the value of

the coefficient of the nuclear symmetry energy at saturation,
J = 32.0 MeV. With these parameters the maximum neutron
star mass is 2.09 M�, being larger 2 M� in agreement with
the modern experimental data. The attraction strength of the
π± condensate contribution, Eπ in Eq. (32), is controlled
by the value of the g′ Landau–Migdal parameter. The den-
sity dependence of this parameter is poorly known, therefore
following [31,52] we allow for its variation. So, the ener-
gies per nucleon of the baryon, pn�eμ matter with the pion
condensate (dash-dotted lines) are shown for several values
of g′. Note that various fits of the atomic nuclei data pro-
duce the value of g′(n0) ≈ 0.7. At this instance to avoid
a possible misunderstanding we should mention that differ-
ent authors use different normalizations of g′ and distinct
expressions for the pion polarization operator. The smaller
g′(n) is the stronger is the pion condensate attraction for
n > n(p)

c . In [31] there were given some arguments for a
possible decrease of g′(n) with increasing density. For the
FP equation of state (left panel in Fig. 7) the energy of the
pion condensate matter becomes negative in some interval
of density for g′(n > n(p)

c ) < 0.48. In this case there may
exist superdense abnormal pion condensate nuclei, nucle-
arites and nuclei–stars of arbitrary size bounded by nuclear
forces rather than by gravity (for 103 <∼ A <∼ 1056), as it was
suggested in Ref. [52]. The maximal net charge of an abnor-
mal nucleus with A � 1/e3 observed at infinity behaves as
A1/3. In this case the extra charge is with necessity screened
by electrons and muons occupying the vacuum shell. The
pion condensate state becomes an absolute ground state of
nuclear matter if g′ < 0.45, then minn{EB+π } < −16 MeV.
For 0.48 < g′ < 0.62 there is a minimum in energy EB+π

that would correspond to a positive energy metastable state
and for 0.45 < g′ < 0.48 to a negative energy metastable
state. For the RMF nucleon equation of state, which we used
(see right panel in Fig. 7) the abnormal negative energy states
may exist for g′ < 0.43 and the absolute ground state of mat-
ter appears for g′ < 0.38. The metastable states with positive
energy are possible for 0.43 < g′ < 0.63.

4.3 Dense π0-condensate ferromagnetic nuclear systems

Possibility of neutron-enriched abnormal π0 condensate
nuclei was discussed in [28,29]. Ferromagnetic behavior of
π0 condensate was studied within the σ model first in [147].
The σπ0 running wave condensate in the neutron matter cor-
responds to a state, in which all neutron spins are aligned, pre-
sumably with some macroscopic domain structure. Recently
there were found that extra contributions to the p-wave π0

condensate term in the Lagrangian may arrive from the so-
called Wess–Zumino–Witten axial anomaly term describing
the anomalous interaction of the neutral pion field with the
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external electromagnetic field and the rotation, and a related
pion contribution to the baryon current, cf. [161–165]. Com-
parison of the ferromagnetic phase of the π0 condensate
appearing due to the axial anomaly term and the alternating
layer structure of the pion condensate [148] demonstrated
that the latter state is probably energetically more favorable
[163]. These effects were recently studied in Ref. [166].

4.4 About the s-wave pion condensation

Pion off-mass-shell effects are of primary importance for
description of the pion spectra and a possibility of the pion
condensation. The most important contribution to the pion
polarization operator is given by the p-wave pion-nucleon
and the pion-�-isobar interactions. For an s-wave part of
the pion polarization operator already first works employed
the Weinberg-Tomozawa expression, �s

π− = C(nn −n p) ω,
with C � 1/(2 f 2

π ) � 1/m2
π , which does not contribute

in case of the ISM. Parametrization of the optical pion-
nucleus potential [30,31,90] used the fully off-mass-shell
pion-nucleon amplitude, which fulfills the current algebra
theorems and the canonical PCAC condition (see the MSTV
model in [166]). Oppositely, Refs. [167–170] (see the KKW
model in [166]) used the on-mass-shell pion-nucleon ampli-
tude, taking incoming and outgoing pion 4-momenta such
that q2 = q

′2 = m2
π , that does not allow to fulfill the so called

Adler and Weinberg current algebra conditions. Subtleties
associated with the current algebra theorems and field redef-
initions were discussed in [171]. The s-wave pion-nucleon
interactions in the linear sigma model, and in the Manohar–
Georgi and Gasser–Sainio–Svarc models with finite number
of terms in Lagrangians, as well as in a general phenomeno-
logical approach were reviewed.

With the MSTV model for the s-wave pion-nucleon inter-
action the s-wave pion condensation in the ISM does not
occur at least up to very high densities. Oppositely, if the
KKW model [167–170] were valid, the s-wave pion conden-
sation in the ISM would be expected to occur already for
n > n(s)

c ∼ (1.4 − 2.5)n0, if the nucleon–nucleon corre-
lations are not taken into account, resulting in the energy
density gain

EKKW
π (n) � −m4

π

2λ

(
n

n(s)
c

− 1

)2

�(n − n(s)
c ). (34)

In Fig. 8 we plot the energy per particle of the ISM with
and without contribution of the s-wave pion condensation
(34). We use the same RMF model as on the right panel of
Fig. 7. The pion-pion self interaction parameter is chosen to
be λ = m2

π/(2 f 2
π ). The value of the softening of the equation

of state essentially depends on the value of the critical density.
As we see, for n(s)

c
>∼ 2.5 n0 the softening is weak, whereas
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Fig. 8 Binding energy per nucleon for the ISM with and without the
neutral π±,0 condensate (solid and dash-dotted lines, respectively). The
baryon part of the energy for ISM is calculated in the framework of
the RMF model used on the right panel of Fig. 7. The dashed dotted
curves are calculated within the KKW model for different values of the
critical density n(s)

c indicated by the line labels. In calculations we used
λ = m2

π/(2 f 2
π )

for n(s)
c ≤ 1.55 n0 the effect is strong and there appears possi-

bility of a metastable state with the s-wave pion condensate.
Thereby one could expect to observe experimental manifes-
tations of the s-wave pion condensate in heavy-ion collisions.
We must, however, emphasize that the estimate of the value
of the critical density n(s)

c remains strongly model-dependent
even within the on-mass shell based model [167–170]. For
example, the NN correlation effects in the s-wave pion polar-
ization operator, which cannot be constrained from the exper-
iments at present, could shift the condensation critical point
to higher values [166].

5 � resonance matter

Above we indicated that the pion-nucleon-� attraction pro-
motes a decrease of the effective pion gap and occurrence
of the pion condensation at smaller baryon density. Now we
will review the idea of � resonance matter.

The idea of a stable or metastable baryon-resonance mat-
ter was introduced in Ref. [55]. The Fermi momentum of the
nucleon is pF ∝ n1/3/ν1/3, the total Fermi energy of baryons
grows as EF ∝ n2/3ν2/3 where ν is the degeneracy factor.
When the nucleon Fermi energy, EF, reaches the difference
between effective massesm∗

�−m∗
N , it becomes energetically

favorable to create �(1232) isobars. The appearance of any
new degree of freedom results in a softening of the equa-
tion of state. The nucleon–nucleon-hole contribution to the
pion polarization operator is �πNN ∝ −νpFk2 ∝ ν2/3n1/3,

123



Eur. Phys. J. A           (2026) 62:137 Page 17 of 39   137 

0 2 4 6 8
0.0

0.1

0.2

0.3

0.6
0.8
1.0

ISM

-50
-75

m
* N
(n

)/m
N

n/n0

 MKVOR*
 MKVOR*�

2 3 4 5

0

100

200

300
-50

-75

 n/n0

P 
[M

eV
/fm

3 ]

 MKVOR*
 MKVOR*�

ISM

MC
flow in HIC

Fig. 9 Left panel: Effective nucleon mass as a function of density in
the ISM without � isobars (dashed line) and with the allowance for
�s (solid continuations). Right panel: Pressure as a function of den-
sity without and with �s shown by dashed line and dashed line with
dotted–solid continuations, respectively. The hatched region indicates

the constraint obtained from the analysis of the momentum distribu-
tions (directed flow) of particles produced in heavy-ion collisions [98].
The calculations are done within the RMF models MKVOR* and
MKVOR*� for several values of the � potential at saturation density
U� = −50,−75, and −100 MeV, see Ref. [95] for details

Therefore, the latter quantity effectively corresponds to the
ν2 times higher density compared to the case of ν = 1. The
�–nucleon–hole contribution is �π�N ∝ −nk2, see [172].
The extra �–�-hole attractive term to the pion polarization
operator leads to a further decrease of the critical density of
the pion condensation. Moreover, let us recall that the spin-
isospin degeneracy factor for � is ν = 16 compared to 4 for
nucleons and that fπN� � 2 fπNN .

� isobars are produced copiously in relativistic heavy-
ion collisions forming a resonance matter [173]. A possi-
bility of density isomer states was discussed in [160,174–
176] within RMF models and the chiral model of the
nucleon.

Reference [95] employed the RMF models of the baryonic
matter, in which all involved hadron masses are assumed
to be functions of the scalar σ mean field. Below we con-
sider two specific examples of such a model: the MKVOR*
model not including � isobars and the MKVOR*� model
including � isobars. The key ingredient of the RMF model
with � isobars is the magnitude of the � optical potential at
the saturation density, U�. It controls the balance between
attraction (σ� coupling constant) and repulsion (ω� cou-
pling constant). Although, one typically expects U� to be
of the order of the nucleon optical potential ∼ −50 MeV,
uncertainties in the extraction of the � properties in nuclear
matter allow for variations of U� in a broad interval. In
the left panel of Fig. 9 we show the results from [95] for
the effective nucleon mass m∗

N (n) in ISM as a function of
the density at zero temperature for MKVOR* model and
for MKVOR*� model for different values of the � optical
potential. In Ref. [95] it was shown that forU� > −67 MeV,

m∗
N decreases monotonously in the MKVOR*� model with

an increase of the baryon density n and reaches a small
value in the high-density limit. For deeper potentials the �

appears in matter abruptly at some critical density depend-
ing on the potential U� that leads to a characteristic jump in
the mN∗ density dependence. This behaviour resembles the
sharp change of the nucleon mass in the Lee–Wick model,
see Fig. 3. On the right panel of Fig. 9 we show the pressure
P(n) at zero temperature as a function of the density with
and without � isobars (models MKVOR* and MKVOR*�,
respectively). The hatched region indicates the constraint of
the pressure extracted from analysis of the momentum distri-
butions (directed flow) of particles produced in the heavy-ion
collisions [98]. For U� = −50 MeV, the derivative of the
pressure gets a discontinuity that corresponds to a second-
order phase transition owing to the appearance of � isobars.
For U� < −67 MeV, P(n) demonstrates the behaviour typi-
cal for the first-order phase transition, except that in our case
there is a specific back banding in the P(n) dependence.
The horizontal lines connecting points (P(nMC

1 ) = P(nMC
2 ),

μ(nMC
1 ) = μ(nMC

2 )) show the Maxwell construction (MC).
For U� < −91.4 MeV, P(n) crosses zero at two values of
the density. One of these zeros corresponds to unstable state,
other (right one), to metastable or even stable state corre-
sponding to the � resonance matter. The presence of a pion
condensate would result in a further enhancement of the �

abundance.
Note that the occupation of the new � Fermi sea occurs at

nucleon densities exceeding a critical value n > nc ∼ (2 −
4)n0, which depends on the N/Z ratio and parameters of the
model under consideration. Appearance of � isobars makes

123



  137 Page 18 of 39 Eur. Phys. J. A           (2026) 62:137 

the nuclear matter more stable. Besides this, the occupation
of the � Fermi sea additionally promotes a decrease of the
effective pion gap and a pion condensation at smaller baryon
density.

In addition to the occupation of the � Fermi sea, in the
neutron star matter (at N � Z ), �, �− and even �− hyperon
Fermi seas can be occupied at approximately the same den-
sities, n > (2 − 3)n0. The appearance of any new fermion
degree of freedom decreases the energy and, consequently,
the maximum compact star mass. Such a decrease of the
maximum neutron star mass has been observed in many mod-
els [177–181]. These problems are known as the “hyperon
puzzle” and the “� puzzle”. They have been resolved in the
RMF models, in which the hadron masses are assumed to be
functions of the scalar σ mean field [93–95].

6 Strangelets, strange and hybrid stars

The idea of stable strange quark matter proposed by Wit-
ten in 1984 [56] is in some sense similar to the mentioned
above idea of stable � resonance matter by Troitsky and
Chekunaev from year 1979 [55]. A quark nugget (strangelet
or nuclearite) is a baryonic state composed of quarks in a
deconfined phase. There is a correspondence between this
state and nontopological solitons with baryon constituents
studied by Lee and collaborators and then by Sidney Cole-
man [182–186]. In Ref. [56] Witten estimated the energy per
quark for a three-flavor system (strange quark matter) to be
∼ 90% of the energy of a two-flavour system. This additional
energy gain could be enough to compensate the energy loss
due to the heavier strange quark mass leading, thereby, to a
stable quark system. The strange quark matter can be stable or
metastable for a wide range of strong interaction parameters.
If the strange quark matter is more stable than the nucleus of
Fe and the baryon number is A � 1056 − 1057 one speaks
about strangelets and quark nuclearites, and if the baryon
number is large, A ∼ 1056 − 1057, about strange stars. In
the latter case, the gravity essentially contributes to binding.
The surface layer of these objects has typically a microscopic
length ∼ 10 fm. Provided the gravity is switched off some
models of quark matter do not allow for the absolutely sta-
ble strange quark matter but allow for a metastable state.
Other models use such parameters that the strange and non-
strange deconfined matter is unstable. In these both cases, the
quark matter, nevertheless, may exist in interiors of compact
stars, named in this case hybrid stars. All such stars have
macroscopic hadron shells. Sometimes some authors con-
flate mentioned terms calling hybrid stars as strange stars or
quark stars. From our point of view, the most important is
that strangelets, quark nuclearites and strange stars could be
stable already without assistance of gravity. The difference
is only that in the case of strange stars the baryon number

typically is A ∼ 1056−1057, and then the gravity contributes
essentially to binding. For object with a smaller A the grav-
ity is less important. However, the important difference exists
between strange stars and hybrid stars, since the latter contain
hadronic shells of macroscopic size. Also we should note that
in all quark nuggets with A � 1/e3 up to a strange star size,
the net electric charge is screened mainly by electrons and
muons similarly to the case of the pion condensate nuggets
and nuclei–stars, cf. results of Refs. [60] and [49,50].

For strange matter to form, there must initially be a suffi-
cient number of strange quarks. Since the probability of mul-
tiple weak processes occurring simultaneously is enormously
suppressed, the large amount of strangeness required to sat-
isfy conditions of Witten’s hypothesis can only be obtained
under very specific conditions. As far as we know, these
conditions can only be met in the Early Universe and/or in
the cores of massive stellar objects. Discussions of hypo-
thetical strangelets and hybrid and strange stars began with
the works [24–26,56,57,187] and remain a hot topic till
these days, see, e.g., Refs. [63,121,188–190] and references
therein.

6.1 Quark models

The most commonly employed model of quark matter is
the MIT bag model [191]. By balancing the vacuum pres-
sure outside the bag with the pressure of quarks inside it,
one mimics phenomena of quark confinement and asymp-
totic freedom [57]. The quark matter is stable, metastable
or unstable in these models in dependence mainly on the
assumed value of the bag constant B and the strange quark
mass ms . A large value of B excludes the existence of hybrid
stars. With a decrease of B, first the most massive neutron
stars acquire a quark core, becoming hybrid stars. For a small
B and a smaller value of ms , strange quark matter becomes
absolutely stable, i.e., more stable than 56Fe.

In addition to the MIT-bag based approaches, the Nambu–
Jona–Lasinio (NJL) model is frequently employed, see
Ref. [192]. However the latter does not describe quark con-
finement, and its preferred sets of parameters generally do
not allow for stable strange quark matter [193]. Competition
of inhomogeneous chiral phases and superconducting quark
phases in the NJL model was studied in [194].

The quark objects are anticipated to be color supercon-
ductors. The attraction comes either from the one-gluon
exchange, or from a nonperturbative four-point interaction
motivated by instantons, or from nonperturbative gluon prop-
agators. Various quark-paring patterns were investigated:
the color-flavor-locked (CFL) phase, the two-flavor color
superconductivity (2SC) phase, the color spin-locking (CSL)
phase, etc., see Refs. [68,121]. The 2SC phase allows for
unpaired quarks of one color. The CFL phase deals with
very large values of the baryon chemical potential. In this
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case the color superconductivity is complete in the sense
that the diquark condensation produces a gap for quarks of
all three colors and flavors. The value of the gap for CFL
and 2SC phases can be of the order of 100 MeV. Since the
CFL phase is expected to occur at ultra-high-density, its pres-
ence in compact stars is more questionable than presence of
the 2SC phase. Owing to strong interactions, a fluctuation
region near the critical point of the color superconductivity
is expected to be broad and it is not excluded that some effects
of the color superconducting fluctuations can be manifested
in heavy-ion collisions [195].

Depending on the value of the diquark coupling a region
of the phase diagram was found where the inhomogeneous
chiral and the 2SC condensates may coexist, see Ref. [196]
and references therein. Let us add here that at large densities
QCD may exhibit a moat regime in the scalar-pseudoscalar
sector [197] similar to the occurrence of the minimum in
the effective pion gap, see Sect. 4. Also, one uses the quark
models with quark masses varying with the baryon num-
ber density, see Ref. [198]. The RMF approach proposed in
Ref. [199] gives a simple way to model confinement of quarks
via introducing the particular density dependence of quark
masses divergent for low baryon densities and a density-
dependent screening effect. The screening is described anal-
ogously to an excluded volume effect for a hadronic matter
model with density-dependent coupling constants. Effects of
various pasta phases occurring in the quark-hadron phase
transition [200] were then investigated in Ref. [201] for a set
of RMF equations of state for both the hadron matter and the
quark one. Parameters used in these works allow for hybrid
stars but exclude stable quark star configurations.

Some constraints can be gained from the lattice QCD cal-
culations. The standard bag and NJL models cannot repro-
duce the lattice data without significant modifications. How-
ever, the lattice results at zero and small finite chemical
potential are appropriately described within phenomenolog-
ical quasiparticle models employing massive quarks and glu-
ons with masses dependent on temperature [202–205]. These
models were also used to extrapolate the lattice equation of
state to the case of cold baryon matter. This has been done in
Ref. [206] and then in Refs. [207–209] and in other works.

The quasiparticle model [208] for the equation of state
of the quark-gluon matter at finite temperatures and baryon
chemical potential, which is tuned to the lattice QCD
data [210,211], was used in Ref. [212] to study the possi-
bility of a hadron-to-quark transition in the neutron star mat-
ter. For the hadronic equation of state the RMF model [88]
was used. For comparison two ”light-bag” and ”heavy-bag”
models were also considered. The “light-bag” models with
conventional current quark masses (mu = 5,md = 7,ms =
150 MeV) and vanishing gluon mass and values of the bag
constant B1/4 = 155 MeV and B1/4 = 200 MeV were used.
These values of B1/4 MeV are typical for models applied
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Fig. 10 Strange star mass-radius relation for the light-bag and heavy-
bag models and the quasiparticle model [208] tuned to the lattice QCD
data. For details see text and Ref. [212]. The bands correspond to
variations of pairing gap � between 0 ad 100 MeV for the CFL type of
quark superconductivity

to the treatment of hybrid and strange stars [213,214]. It
proved to be that the “light-bag” models cannot describe the
equation of state obtained in the lattice QCD calculations.
Also it was considered a “heavy-bag” model with parame-
tersmu = md = 330 MeV,ms = 450 MeV, mg = 600 MeV,
and B1/4 = 183 MeV. This model can reasonably reproduce
the lattice results at temperatures not too close to the critical
temperature. Also a more specific quark quasiparticle model
[208] was introduced, which fits well the lattice QCD calcu-
lations above the critical temperature. The general result of
Ref. [212] is that the families of ordinary neutron stars and
pure quark stars are well separated. The hadron-quark inter-
face can be constructed only between the light-bag model
and unrealistically stiff Walecka RMF model [82]. For the
quark matter model fitted to the lattice data the hybrid star
cannot be constructed. The application of these models to
the quark stars is illustrated in Fig. 10. The light-bag model
produces neutron stars with masses up-to 1.5-−2.1 M� and
radii 9 < R < 12 km. For the heavy-bag model, neutron
star becomes lighter and more compact, and the model tuned
to the lattice QCD supports only stars with very low masses
(M <∼ 1M�), high densities (n >∼ 10n0), and small radii
(R <∼ 6 km). However the situation remains rather uncertain.
Some studies provide arguments for stability or metastabil-
ity of two-flavor quark matter, while others argue against the
stability of quark matter, e.g. see [215,216] and references
therein.

We also should mention the possibility of a quarkyonic
phase [217], which may occur between hadron and quark
phases. Thus the temperature–baryon density, T − n, phase
diagram of the nuclear matter proves to be very rich. With
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increasing density at a moderate temperature there may
appear region, in which we may deal with the stable or
metastable π or σ condensate matter or the strange quark
matter.

Besides finite size strangelets and strange stars, also a
branch of strange white dwarfs was also discussed [218].
Such dwarfs would have conventional nuclear crusts and
strange quark matter cores. Possible candidates for strange
dwarfs were suggested in Ref. [219]. Potential implica-
tions for gravitational wave astronomy are highlighted in
Ref. [220].

Recently, other state of deconfined matter was proposed
in Ref. [71] based on the model described in Ref. [69]. The
compact soliton-like object consists of a core of quarks (anti-
quarks) in a color-superconducting state surrounded by an
electrosphere of positrons (electrons), and enclosed by an
axion domain wall. Large axion domain walls can form large
bubbles filled with u, d and s quarks. Earlier, the idea that
soliton-like configurations could serve as dark matter arose
in Refs. [182–186]. Among other conditions, the possibility
of existence of these objects is based on the feasible existence
of a conserved charge associated with an ungauged unbro-
ken continuous internal symmetry. In Ref. [183] such objects
were called Q balls. Large Q balls may form so-called boson
stars. There is a scenario that the dark matter is associated
with slow light bosons with a mass m ∼ 10 − 22 eV and the
huge de Broglie wavelength of ∼ 1 kpc. This is called the
fuzzy dark matter. A soliton is surrounded by an envelope
resembling a cold dark matter hallo [221]. Recent work [222]
proposes a model for the cosmological formation of super-
heavy Q balls as MACHOs (massive compact halo objects),
the objects in the mass range (10−7 − 10−6) M�. Also it
shows that it is possible to produce asteroid mass Q balls. A
review of these topics can be found in [222–224].

Finally, if the mass distribution of strangelets is obtained,
it is possible to formulate well-focused campaigns to search
for these objects, cf. [190].

The most promising signals of the scalar and pion conden-
sate nuclei–stars and strange stars seem to be an abnormal
mass-radius relation [31,225], an r mode spin-down [78,226,
227], and specific stellar cooling properties [155,228–232].

6.2 Abnormal π condensate and strange compact stars and
the star mass-radius relation

For quite some time there has been a consensus that most
neutron stars being produced in supernova explosions have
masses near 1.4M� close to the neutron star maximum mass
Mmax � 1.5M� [233,234]. For M > Mmax one deals
with the black hole. Most of the existing that time hadronic
equations of state could describe neutron stars with such
masses. However then compact stars of different masses were
observed. By now it is well established that the compact star

masses vary in a broad interval [235]. At present the mini-
mal value of the accurately measured mass is 1.174(4) M�
for the pulsar PSR J0453+1559 [236]. There was the claim
that the object HESS CCO XMMU J173203.3-344518 has
a very small mass of 0.77+0.20

−0.17M� [237]. The analysis of
Ref. [237] was criticized in Ref. [238] with the conclusion
that a small mass source is not needed for the description
of observed spectra. Thereby one should consider the result
[237] with a caution.

Today, the highest precisely-measured mass of a neutron
star is 2.08(7) M� for PSR J0740+6620 [111,112]. Recent
analyses of the NICER data indicate that there is no sig-
nificant variation of star radii for stars with masses varying
between 1.4 and 2.0 M�, R � (12−13) km. A more detailed
discussion can be found in Ref. [239]. Although any strong
softening of the equation of state leads to a decrease of the
radius for the objects with fixed mass, e.g. see Ref. [212], the
maximum mass of a pion-condensate nucleus-star, a hybrid
star, or a strange star can be smaller or larger than the purely
hadronic star, depending on the utilized model. In this respect
we should mention that recently, the mass and radius of
the Type-I X-ray burster and accretion-powered millisec-
ond pulsar XTE J1814-138 were inferred in Ref. [240] to
be M = (1.21 ± 0.05) M� and R = 7.0 ± 0.4 km ( with
68.3% credibility). If confirmed, the compact object of such
a small radius could not be described by a conventional purely
hadronic equation of state. Then, this object would be a can-
didate for a strange star, a pion condensate nucleus-star, a
compact object with the Lee–Wick σ condensate, or some-
thing else.

Reference [241] suggested that a massive cold neutron
star can undergo the first-order phase transition to the pion
condensate state with a blowing off a part of matter or at least
a giant glitch. Then a similar idea was applied to the first-
order phase transition to a hybrid (quark-hadron) star config-
uration [242]. In majority of papers the later term “hybrid
star” is associated with the star heaving a quark interior
and an extended hadron exterior although consequences of
any strong first-order phase transition are approximately the
same, see further discussion in [31]. Then, an interesting idea
appeared that a neutron star and a star, where the first-order
phase transition to the state with a superdense interior (pion
condensate, σ condensate, quark matter or something else)
occurred, can have the same mass at very different radii.
If mass-twins were observed, it would be an evidence for
the existence of compact stars different from ordinary neu-
tron stars (e.g. hybrid stars, strange stars, pion-condensate
nuclei–stars, or something else), see Refs. [201,243–246]
and references therein.
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6.3 Cooling of π condensate abnormal nuclei, nuclei–stars,
strangelets and strange stars

Below we show that nuclei–stars held together by a pion
condensate and neutron stars containing a broad pion con-
densation region in their interiors as well as hybrid stars with
an extended region of a quark 2SC phase are probably rather
massive rapidly cooling stars, with M >∼ 1.5 M�.

At present time there exist data on the surface tempera-
tures of some pulsars as function of their age, see [247,248].
Therefore, it is worthwhile to check whether existing models
can describe them. The data can be separated on three groups:
slow, intermediate, and rapid coolers. The data impose that
the averaged neutrino emissivity for the slow and rapid cool-
ers should differ by factor >∼ 103. The minimal cooling sce-
nario, in which important in-medium effects are disregarded,
cannot appropriately describe the data. Shortcomings of this
scenario are discussed in Refs. [99,100,155].

The most efficient processes of the neutrino production
in neutron stars are one-nucleon processes because of their
large phase-space volume. These are the DU processes, e.g.
n → p+e+ ν̄e and p+e → n+νe, and the processes going
on the mesonic condensates, e.g. on the pion condensate, such
as n+π−

cond → n+e+ ν̄e. The emissivity of the DU process
can be roughly estimated as

εDU
ν ∼ 1027 (ne/n0)

1/3 e−�/T T 6
9 �

(
n − nDU

c

) erg

cm3 · s
,

(35)

where T9 is the temperature measured in 109 K, ne is the
density of electrons. The suppression factor e−�/T appears
for temperatures below the critical temperature of a nucleon
pairing T�, and a pairing gap � ∝ (T� − T )�(T� − T ),
where �(x) is the step-function. The DU process occurs for
n > nDU

c , when the fraction of protons exceeds ∼ 10%. The
DU process is so efficient that, if it occurred, the stars with
M > MDU + 0.1M� would cool so rapidly that they would
not be manifested in the cooling data [88,249]. Therefore, the
deficiency of the “minimal cooling + DU” scenario is that it
would require all stars in the cooling diagram (temperature
vs. time) to have a mass close to the threshold for the DU
processes to occur in the star center, with an uncertainty of
only 0.1M�. However now it is known that masses of neutron
stars proved to be essentially different. Moreover, there are
equations of state in the literature, in which the DU process
either does not appear in the whole available density interval
or it occurs only for M > 1.5M�. For example, in case of
the famous variational equation of state [150] the threshold
mass for the DU process is MDU � 2M�.

In works [99,100,102,154–158] the “nuclear medium
cooling scenario” was developed. It relied on the results
of Refs. [151–153,155] where it was assumed that neutron

stars with measured surface temperatures (first data fixed
only upper limits on surface temperatures) may have very
different masses, and that neutrino emissivity of the star
strongly depends on the nucleon density and, consequently,
on the neutron star mass. This dependence appeared since
the in-medium modification of the pion exchange was taken
into account that significantly affected two-nucleon reaction
rates. Within the “nuclear medium cooling scenario” the DU
reactions were not allowed, at least for stars with masses
M < 1.5M�.

Another process of the one-nucleon origin is a reaction
going on the pion condensate, e.g. n + π−

cond → n + e + ν̄.
Its emissivity is roughly estimated as

επ
ν ∼ 1027 φ2

m2
π

(
ne
n0

)1/3

e−�/T T 6
9 �

(
n − nπ

c

) erg

cm3 · s
,

(36)

where nπ
c ∼ (1.5 − 4)n0 depending on the model, and φ is

the amplitude of the pion condensate field, φ ∼ (0.1−1)mπ .
This process would be too efficient as the DU process, if nπ

c
were smaller 2n0, M <∼ (1.3−1.35)M�. It would affect most
of the neutron star population and lead to a contradiction with
the measured Log(N) - Log(S) distribution. We should also
mention the DU-like processes occurring on hyperons and
� isobars at densities exceeding the corresponding critical
densities. Values of these emissivities are similar to those for
the π condensate processes, cf. [101,102]

In the presence of nucleon pairing (for T < T�) a new
important process of the quasi-one-nucleon origin occurs. It
is associated with breaking and formation of nucleon pairs, so
the name — the pair-breaking-formation (PBF) process [153,
250–252], e.g. npair → n+ ν + ν̄. Its emissivity is estimated
as

εPBF
ν ∼ 1028 (�/MeV)7 (T/�)1/2e−2�/T erg

cm3 · s
. (37)

The in-medium renormalization of the vertices is crucially
important for the PBF processes [252].

Note that processes going on π condensate and the PBF
processes accounting the renormalization of the vertices are
purely in-medium processes, which would not be consistent
to include in the minimal cooling scheme disregarding effects
of the polarization of the medium. However the PBF process
was included, whereas the π− condensate processes were
disregarded, even though the latter would occur already in the
stars with M >∼ 1M�, since the electron chemical potential
would then reaches the bare pion mass if in-medium effects
were switched off. The pionization of the neutron star matter
can only be precluded if the effects of the medium on pions
are taken into account [30].

In the absence of the DU process and PBF process in
the minimal cooling scheme the main role in the neutron
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star cooling is taken by the modified Urca processes, e.g.
n + n → n + p + e+ ν̄e. Its emissivity is roughly estimated
as

εMU
ν ∼ 1021

(
ne
n0

)1/3

e−2�/T T 8
9

erg

cm3 · s
. (38)

Within the “nuclear medium cooling scenario” it was
shown that the emissivity of two-nucleon reactions, e.g.
n + n → n + p + e + ν̄e, — the medium-modified Urca
processes (MMU) — significantly increases with an increas-
ing of the central density (and the mass) of the object due to
strong modification of the NN interaction as demonstrated
in Fig. 26. Already in Refs. [151–153] it was suggested that
(i) the central densities (masses) of cooling neutron stars are
different, and (ii) the nucleon–nucleon scattering is signifi-
cantly enhanced in denser matter, cf. Eq. (31). The appropri-
ate formalism for calculation of the reaction rates in medium
is the non-equilibrium closed diagram formalism employing
the exact Green’s functions. It was developed in the applica-
tion to the neutrino emissivity problem in Ref. [153] using
the quasiparticle approximation and then in Ref. [253] was
extended by inclusion of finite nucleon widths, see also [155].
In the absence of the DU processes, the MMU processes are
dominant already for n > n(1)

c , where n(1)
c < n0, see Fig. 6.

Its emissivity is roughly estimated as

εMMU
ν ∼ 1021 F(n)

F(n0)

(
ne
n0

)1/3

e−2�/T T 8
9

erg

cm3 · s
, (39)

where the factor F(n) appears due to a strong density depen-
dence of the NN interaction amplitude for n > n(1)

c ,

F(n) � 3

(
n

n0

)10/3 [�(n)/�(n0)]6

[
ω̃(k0(n))/mπ

]8 . (40)

Here �−1 � 1 + C(n/n0)
1/3�(0, k0) is the NN correla-

tion factor, see (27), �(0, k0) � 1, and C � 1.4 − 1.6
is expressed via the Landau–Migdal parameter in the spin
channel, ω̃(k0(n)) is the effective pion gap introduced in (30).
Since ω̃(k0(n)) decreases with increasing density one easily
recovers the required factor from one to >∼ 103 in emissiv-
ity for stars with masses from 1 M� to 2 M� required to
describe the cooling data, appropriately. The pion condensa-
tion is not needed for that but, if occurred at n >∼ (2.5−3)n0,
it would not contradict the cooling data. The neutron stars
with the pion condensate in their interiors and the pion con-
densate nuclei–stars are then rather massive rapidly cooling
stars with M >∼ 1.5M�.

A modification of the reaction rates due to multiple
nucleon scattering, — the Landau–Pomeranchuk–Migdal
effect,— was evaluated in Ref. [253]. Accounting for it, the

neutrino emissivities acquire extra pre-factors of the type

ω2
ν

ω2
ν + �2

N (n, T )
, (41)

where ων is the neutrino energy and �N is the nucleon width,
�N ∼ εF(1 −π2T 2/ε2

F) and εF is the nucleon Fermi energy.
The pre-factor essentially deviates from unity only for the
neutrino energy ων

<∼ �N , with ων ∼ (3 − 5)T depending
on the reaction type. Thus, the multiple scattering effects are
important for the description of mergers and the initial stage
of the cooling of the compact stars [155,253–255].

There are two stages in the cooling of compact objects:
the initial stage, when neutrinos are trapped, and the stage
of a long-time cooling when neutrinos are radiated from the
compact object by the direct reactions, cf. [31]. At the initial
stage of the compact star evolution (lasts from minutes to
several hours depending on the mass of the object and the
model) the neutrinos and antineutrinos are captured inside
the star until their mean-free path will not reach the radius
of the object. In case of hybrid stars there are two quantities
playing the role of R. One is the radius of the quark or pion
or sigma condensate interior core and other is the radius of
the object (the core plus the hadronic exterior). The mean
free paths of the neutrino and antineutrino are determined by
the most efficient processes. Roughly in the process under
consideration the ratios of the inverse mean free pathes are
proportional to the ratio of the emissivities [256]. As function
of the temperature the emissivity of the DU process is ∝ T 6,
see Eq. (35) and for the MU and MMU processes it is ∝ T 8,
see Eqs. (39) and (40). The ratio of the emissivities of the DU
and MU processes is εDU/εMU ∼ 105/T 2

9 . The emissivity of
the MU process exceeds that of the DU one for T >∼ 30 MeV.
For the in-medium modified Urca processes, MMU, the emis-
sivity increases sharply with grows of the density. Therefore
the MMU processes become more efficient than the DU pro-
cesses at a smaller temperature. For the compact stars with
T > Topac(R) neutrinos and antineutrinos are trapped inside
the compact star. The heat flows to the surface due to the heat
conductivity. The path length of neutrinos is much larger than
for quarks and hadrons and the heat conductivity is therefore
governed by neutrinos. In case of hybrid stars the neutrino
transport changes on the boundary between the quark and
hadron phases. For the hadron phases this stage was stud-
ied in Refs. [31,152,256–259]. In-medium effects proved
to be very important, see Refs. [31,151–153,155,253,254].
As it was mentioned, appropriate optical theorem technique
for the calculation the reaction rates within the nonequilib-
rium diagram formalism was developed within the quasi-
particle approximation in [153] and with inclusion of the
baryon width effects in Ref. [253]. Similar effects should be
included in the description of a quark phase. With inclusion
of in-medium effects associated with a decrease of the effec-
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tive pion gap at an increasing baryon density, the value Topac

diminishes. For more massive neutron and hybrid stars one
may expect that it is below 1 MeV.

The neutrino emissivity of the quark matter was first cal-
culated by Naoki Iwamoto in Ref. [228]. In Ref. [229] the
surface temperature of the strange star was found to be lower
than that of a neutron star of the same age (ordinary or with
mesonic condensates). The effect of the color superconduc-
tivity on the cooling of strange and hybrid stars for T < Topac
has been first studied in Refs. [230–232] and in some subse-
quent works. Some models show that cooling can be so fast
that strange stars may presently have temperatures smaller
than the cosmic microwave background radiation [260,261].

In the case of the 2SC superconducting phase, the most
efficient process is the DU process going on unpaired quarks.
The cooling evolution is then very rapid that does not agree
with the cooling data. Thereby, it is important to have a
model, which does not allow for unpaired quarks. Since there
exist other attractive quark pairing channels with a rather
weak attraction (X channels), Ref. [232] introduced a hypo-
thetical 2SC+X phase of two-flavor quark matter, where all
the quarks are paired, some strongly in the 2SC channel
and some weakly in the X channel. Typical values of pair-
ing gaps �X in the X channel should be in the range 10
keV—1 MeV, as for example in the case of the CSL pair-
ing [262,263]. Nevertheless, Ref. [232] did not identify the X
channel with a spin one pairing channel like the CSL one sim-
ply because this phase does not coexist with the 2SC phase,
which was assumed as the dominant pairing structure. Fur-
thermore, Ref. [232] supposed that there are no Goldstone
bosons in the 2SC+X phase. As the result it was demon-
strated that the cooling data can be appropriately described
at such assumptions.

Since we have mentioned the axion-based model of
nuggets, we should also mention a possible axion contri-
bution to cooling of neutron stars. The emission of axions
by neutron stars was, first, discussed in Ref. [264] without
the inclusion of NN interactions in the hadron phase. Then
in Ref. [152] it was shown that axion emission should be
strongly affected by in-medium baryon-baryon interactions
in the hadron phase similarly to the corresponding reaction
of the neutrino production. Recent discussion of the axion
contribution to the cooling of the quark matter can be found
in [265].

7 Dilute stable nuclear systems

7.1 Again, a scalar condensate

The analysis of two independent nuclear emulsion experi-
ments exposed to beams of 16O and 56Fe ions with 2A GeV
kinetic energy allowed for the interpretation of some events

as the relatively rare occurrence of anomalous nuclear frag-
ments interacting with an unexpectedly large cross section
as described in Ref. [266]. These objects were called anoma-
lons [267]. Although these results were not reproduced by
subsequent measurements, uncertainty remains.

Below we discuss a possibility of existence of very dilute
stable or metastable nuclear systems. We will consider the
nuclear matter at zero temperature as a normal Fermi liquid.
The quasiparticle part of the nucleon Green’s function close
to the Fermi surface can be presented as

GN (ε,p, n) = a

ε − ξp + i 0 signε
,

ξp = p2 − p2
F

2m∗
N

≈ vF (p − pF) , vF = pF/m∗
N . (42)

The non-pole part of the Green’s function is hidden in
the quasiparticle renormalization factor a, effective nucleon
mass m∗

N and the quaisparticle interaction amplitude in the
particle-hole channel, �ω

0 = f0/(a2N ), which we are inter-
ested here. The interaction is expressed here through the
scalar Landau–Migdal parameter f0 and the density of states
at the Fermi surface N = νm∗

N pF/π2. For ISM the degen-
eracy factor ν = 2. The parameter f0 is related to the com-
pressibility of the matter as follows

KN = n
d2EN

dn2 = p2
F

3m∗
N

(1 + f0), (43)

where EN is the energy density of the nucleon system. Param-
eter KN is related to the standard compressibility modulus of
the nuclear matter at saturation that we mentioned in Sect. 2
as K = 9KN .

The particle-hole scattering amplitude in the spin zero
channel on the Fermi surface can be written through a prop-
agator of the scalar bosonic mode [78]:

Tph,0 = −sgn( f0)Dφ,0(ω, k) , (44)

−iD−1
φ,0 =

[ ]−1 − .

The particle-hole loop calculated with the Green’s functions
(42) can be expressed through the Lindhard’s function �,

+∞∫

−∞

dε

2π i

∫
2d3 p

(2π)3 G+G− = −a2N�(s, x) ,

s = ω

kvF
, x = k

pF
. (45)
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In the limit x � 1 the Lindhard’s function is

�(s, x) ≈ 1 + s

2
log

s − 1

s + 1
− x2

12
(
s2 − 1

)2 . (46)

It attains an imaginary part for s < 1, and in the limit s � 1
we have

�(s, x) ≈ 1 + i
π

2
s − s2 − x2

12
. (47)

The spectrum of excitations in the scalar channel, ω(k),
is determined from the pole of Tph,0,

f −1
0 = −�(s, x). (48)

For −1 < f0 < 0, this equation has only damped solutions
with �s < 1 and �s < 0. In the limit of s, x � 1, using the
expansion of (47) we find for the low-lying mode

ωd(k) ≈ −i
2

π
kvF

1 − | f0|
| f0| , (49)

which is valid for 1 −| f0| � 1 and k � pF. If f0 < −1, i.e.
the compressibility of the system becomes negative accord-
ing to Eq. (43), one has �ωd(k) > 0, and the scalar excita-
tion modes grow exponentially with time as ∝ exp(+�ωdt).
This instability is called the Pomeranchuk instability of a
Fermi liquid. It may result in the spinodal instability which
appears in systems with a van der Waals-like equations of
state. Another possibility is the formation of the Bose con-
densate of a scalar field, in analogy with the Lee–Wick state,
but in dilute matter [78].

We assume that growing unstable bosonic modes may
form the Bose condensate described by a scalar boson com-
plex field φ. Such a scalar field can be introduced by means
of the Hubbard–Stratonovich transformation or by a formal
replacement of the contact interaction with an exchange of an
artificial heavy scalar boson [78]. The effective Lagrangian
density of the condensate field, taken in the simplest form
φ = φ0e−iωct+ik0r, can be presented as

Lφ = −sgn( f0)D
−1
φ,0(ωc, k0)|φ0|2 − 1

2�(ωc, k0)|φ0|4 ,

D−1
φ,0(ω, k) = (�ω

0 )−1 + a2N�

(
ω

kvF
,
k

pF

)
. (50)

The self-interaction term � is determined in the leading order
by the loop integral of four fermion Green’s functions

i�(ω, k) = = + . . . (51)

It was evaluated in [268,269] and [270] in case of one-
component fermion system. Energetically preferable is the
state with ωc = 0 as argued in Ref. [78]. Then we can esti-
mate for k0 � pF,

�(0, k0) ≈ a4λ
(
1 + k2

0/2p2
F

)
, λ = ξ

νm∗ 3
N

π2 p3
F

. (52)

The factor ξ is introduced to demonstrate uncertainty in
the value of the self-interaction parameter λ, which may arise
from other diagrams beyond the leading one in (51). Below
we vary it to illustrate sensitivity of our numerical results.

The equation for the condensate amplitude following from
the Lagrangian (50) reads

a2N ω̃2
s (k0)φ0 + �(0, k0) |φ0|2φ0 = 0 ,

ω̃2
s (k0) = | f0(k0)|−1 − ��(0, k0). (53)

The quantity |ω̃s(k0)| plays the role of an effective gap in the
excitation spectrum of the scalar quanta similarly to that we
considered above in the case of the pion-nucleon interaction.
The amplitude of the condensate field, |φ0|, and the Bose
condensate energy-density term, EB, become for ω̃2

s (k0) <

0,

|φ0|2 = −N ω̃2
s (k0)

a2λ

(
1 + k2

0

2p2
F

)−1

,

EB = −N 2ω̃4
s (k0)

2λ

(
1 + k2

0

2p2
F

)−1

. (54)

Simplifying consideration we further put k0 = 0. The case
k0 
= 0 should be considered separately.

The energy of the system per nucleon including the
nucleon part and the contribution from the Bose condensate
is as follows

EN + EB = (EN + EB[ f0]) /n . (55)

Reference [78] employed a simple phenomenological
parametrization for the volume part of the energy per
nucleon, EN as an expansion in powers of pF/mN proposed
in Ref. [271],

EN (n) = 3p2
F

10mN
− c1

p3
F

m2
N

+ c2
p4

F

m3
N

+ c3
p5

F

m4
N

, (56)

where parameters c1, c2 and c3 are expressed through val-
ues of the binding energy E0 = −EN (n0), compressibility
modulus K of the nuclear matter and the nuclear saturation
density n0. TakingmN = 939 MeV for the free nucleon mass
and appropriate values n0 = 0.17 fm−3, E0 = −16 MeV and
K = 285 MeV we find [78], c1 = 3.946, c2 = 3.837, c3 =
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13.10 . From Eq. (56) the volume part of the nucleon con-
tribution to the scalar Landau–Migdal parameter f0 follows
as

f0(n) = 3m∗
N

p2
F

n
d2

(
nEN ,v

)

dn2 − 1 = m∗
N

mN
− 1

+ m∗
N

mN

pF

mN

(
−6c1 + c2

28pF

3mN
+ c3

40p2
F

3m2
N

)
. (57)

The energy per particle and the scalar Landau–Migdal
parameter are shown in Fig. 11 as functions of the nucleon
density. The nucleon volume part of the energy per particle
and the parameter f0 given by Eq. (57) are presented on the
left panel in Fig. 11 by the dotted lines. There is a broad
interval of densities, n(l)

c < n < n(u)
c where f0 < −1 with

n(l)
c = 0.422 × 10−2 n0 and n(u)

c = 0.655 n0. Similar depen-
dence f0(n) is obtained for the DD2 equation of state, see
Fig. 3 in [272]. Notice that taking into account of the cluster-
ing effects [273,274] may affect this dependence, see Fig. 9
in [272]. We will focus on the alternative taking into account
effect of possible Bose condensation. The condensate con-
tribution proves to be strongly attractive creating a minimum
at n ∼ 0.4 n0 for a reduced value of λ for ξ < 1/2. The ener-
gies per nucleon EN + EB are shown on the left upper panel
by thin lines labeled by values of the parameter ξ . They are
calculated according to Eq. (55) with f0(n) given by Eq. (57).

In the presence of the condensate the incompressibility of

the system changes as K = KN + KB, KB = n d2EB
dn2 , and,

therefore, the scalar Landau parameter changes too

f0 → f tot
0 = f0 + 3

2εF
KB

[
f tot
0

]
. (58)

We used the variational approach to find the solution of
Eq. (58), see Ref. [78], and we fixed the values of f tot

0 at the

ends of the instability interval f tot
0 (n(l)

c ) = f tot
0 (n(u)

c ) = −1.
Thereby we postulated that the condensate arises by the
second-order phase transition. Taking into account the pos-
sibility of a first-order phase transition, the energy could be
further decreased. The energy per particle in our case is con-
structed using Eq. (43):

E (MF)
tot (n) = 1

n

n∫

n(l)
c

dn′
n′∫

n(l)
c

dn′′ 2εF
(
n′′)

3n′′
(
f tot
0

(
n′′) + 1

) + C .

(59)

The constantC is fixed by requiring E (MF)
tot (n(u)

c ) = EN (n(u)
c ).

The energy (59) corresponds to a mean-field approximation
when the reconstruction of the excitation spectrum due to an
interaction with the condensate field is not taken into account.

The result of calculations using (59), (58) is shown on the
left panel in Fig. 11 by tick lines for different value of the

ξ parameters. The self-consistency requirement changes the
condensate contribution essentially. The mean-field energy
E (MF)

tot becomes now only a smoothly decreasing function of
the density and no minimum appears. Nevertheless, as it was
expected, the decrease of the λ parameter (smaller ξ ) leads
to the decrease of the energy. The density dependence of
f tot
0 is flatter than that of f0 for densities 0.2 < n < n(u)

c

and f tot
0 > f0. At smaller densities n <∼ 0.1 n0 we have

oppositely f tot
0 < f0. We have to notice that our solutions

are accurate at the level of 0.1% for 0.01 n0
<∼ n <∼ 0.55 n0 but

the accuracy is getting worse when density approaches n(u)
c .

Then our solution can be viewed as a smooth extrapolation
to n(u)

c .
The interaction of the condensate with over-condensate

excitations leads to appearance of a new term in the excitation
propagator,

D−1
φ,0 −→ D−1

φ (ω, k) = D−1
φ,0(ω, k) − δ�φ(ω, k) ,

where the additional term is

−iδ�φ(ω, k) = = −i2�(ω, k) |φ0|2 . (60)

In such a way we include both mean-field and quadratic
fluctuation contributions.

The new spectrum of excitations on top of the condensate
is determined now by the equation D−1

φ (ω, k) = 0. For k0 =
0 and −1 � ω̃2

s (0) < 0 we find

ωd ≈ i
2

π
kvFω̃2

s (0) = i
2

π
kvF

1 − ∣∣ f tot
0

∣∣
∣∣ f tot

0

∣∣ ,

where we used Eqs. (54) and (52). We pay attention to oppo-
site sign compared to Eq. (49) for | f tot

0 | > 1. Thus, we have
now �ωd < 0. Hence, in the presence of the condensate,
excitations are damped and the Fermi liquid becomes free
from the Pomeranchuk instability.

The particle-hole interaction is also changed in the pres-
ence of the condensate. There appears a new term in equa-
tion for the particle-hole amplitude (44) after the replacement
D−1

φ,0 −→ D−1
φ . The new term can be included in the renor-

malized local interaction

1

f0,ren
= 1

f tot
0

+ 2 ω̃2
s (0) = − f tot

0

1 + 2 f tot
0

, (61)

where we used ω̃2
s (0) = −1−1/ f tot

0 . Thus, if originally f0 <

−1 and therefore f tot
0 < −1, the renormalized interaction

yields −1 < f0,ren < −1/2. Hence, the first-sound modes
become stable in the Fermi liquid with the condensate. The
quantity f0,ren is plotted on the right lower panel in Fig. 11.
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Fig. 11 Energy per particle
(upper panel) and the scalar
Landau–Migdal parameter
(lower panel) as functions of the
nucleon density

Knowing the value f0,ren one can reconstruct the energy per
particle Etot(n) of the system using Eq. (59) after the replace-
ment f tot

0 → f0,ren in the integrand. The results are shown
on the right upper panel in Fig. 11. We observe the appear-
ance of a minimum of the function Etot(n). For ξ = 1 the
minimum is at nmin = 0.085 n0 with Emin = −16.01 MeV.
Variation of the parameter ξ in interval ξ = 1/4–2.0 leads to
variations of the values nmin = (0.82–0.93) × 10−1 n0 with
Emin = −(16.8–15.6)MeV. So the minimum in energy can
correspond to a new stable or metastable state of the dilute
nuclear matter compared with the usual saturation energy of
−16 MeV used to specify the equation of state of the ISM.

Finally, we should mention that the obtained results are
valid, if on the one hand φ0 is rather small and on the other
hand fluctuations on the top of the condensate yield a yet
smaller contribution, since the self-interaction of excitations
on top of the condensate and feedback of fluctuations on the
mean field were disregarded.

Considering finite system one must take into account the
surface and Coulomb energies. We parameterize the surface
energy as in [29,30],

ESA = aSA
2/3 , aS ≈ CS

( n

n0

)1/3 E(n, z)

E(n0, z = 1/2)
,

CS = 18 MeV , (62)

where z = Z/A.

With the account for the surface energy (62) the Landau–
Migdal parameter, f S

0 , takes the following form

f S
0 (n) = f0(n) + CS

A1/3

1

EN ,v(n0)

(
n

n0

)1/3 m∗
N

mN

×
(

3

5
− c1

28pF

9mN
+ c2

40p2
F

9m2
N

+ c3
6p3

F

m3
N

)
. (63)

Following [78], as an example, we consider a system
of 125 nucleons at N ≈ Z . Then the energy per particle
EN +ES saturates at density 0.95 n0 with the minimum ES

0 =
−12.4 MeV. With taking into account the surface energy and
solving Eq. (58) with f S

0 instead of f0 we find that the new
minimum appears at nmin = 0.74 × 10−1 n0 with the depth
Emin = −13.04 MeV. So, Emin < ES

0 and, hence, a new stable
state of matter is possible in the finite size object with account
for the surface energy. To analyze its stability against fusion
we must include the Coulomb energy

ECA � aCz
2A5/3 , aC = CC

(
n

n0

)1/3

, CC = 0.7 MeV .

(64)

A spherical nucleus is stable against an ellipsoidal deforma-
tion (stretching) if

Z2

A
< 2

aS(nmin)

aC(nmin)
= 2

CS

CC

Emin

E0
� 42 . (65)
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We see that, because of the condensate formation, a new
metastable dilute nuclear state is stable against spontaneous
fission for A <∼ 170.

Reference [79] studied the equation of state of isospin-
asymmetric matter and demonstrated that even for the asym-
metry parameter n p/nn <∼ 0.2 there remains a broad region
of proton and neutron densities where f0 < −1 and, there-
fore, the spinodal instability may develop. For a nugget of
a size R much larger than the Debye screening length lD �√

π/(2|e|V0), the Coulomb contribution from protons must
be screened by electrons, n p = ne, cf. [50]. Here we for sim-
plicity assume that the scalar field is electrically neutral. The
electron Fermi momentum is then pF,e = V0 = (3π2n p)

1/3

and the electron kinetic energy density is Ee = p4
F,e/(4π2).

In the isospin-asymmetric matter, the nuclear symmetry
energy must be included. A simple parametrization was pro-
posed in [275], which is a fit to microscopic calculations

EN ,sym
(
n p, nn

) = J

(
n p + nn

)γ

nγ
0

(
n p − nn

)2

n p + nn
,

J = 32 MeV , γ = 0.6 . (66)

Let n p = χnn , then the total energy per particle of the system
is

E(χ) = Emin + J

(
nmin

n0

)γ
(1 − χ)2

(1 + χ)2

+ 3

4
(3π2nmin)

1/3 χ4/3

(1 + χ)4/3 ≈ Emin

+ 7.3 MeV
(1 − χ)2

(1 + χ)2 + 149 MeV
χ4/3

(1 + χ)4/3 , (67)

where nmin = 0.85 × 10−1 n0 is used. If we take χ ∼ 0.2
we obtain E(χ ∼ 0.2) ≈ Emin + 16.9 MeV. Minimizing
E(χ) with respect to χ we find that the minimum is realized
for χmin ≈ 3.1 × 10−3 and in the minimum E(χmin) ≈
Emin +7.3 MeV. Thus if Emin is of the order −(10−17)MeV
in the case of the isospin asymmetric nuclear matter, one
may rise the question about a possibility of the existence
of neutron-rich dilute compact stars glued by an collective
scalar field. However, the above estimates crucially depend
on the value of symmetry energy of nuclear matter at small
densities. The smaller EN ,sym is, the smaller will be repulsive
contributions in Eq. (67).

Above we only demonstrated a possibility of the scalar
field condensation in the dilute nuclear systems, which may
result in occurrence of new metastable or stable states. A
more detailed analysis is still required to justify this hypoth-
esis.

7.2 Bose condensates of nuclear clusters

At densities when f0(n) < −1 the incompressibility of
nuclear matter is negative and, as we have mentioned, not
only the scalar particle-hole mode condensation may occur
but also the spinodal instability of matter. In the low energy
heavy-ion collisions the latter instability manifests itself in
an abrupt increase of the production of α particles and other
nuclear clusters, see [73–77,79]. With a binding energy of
7.07 MeV per nucleon α particles are bound as strongly as the
most tightly bound nucleus of 52Fe. Under certain conditions
α particles can form a stable Bose–Einstein condensate state
(see Ref. [276–278] and references therein). Reference [279]
argued that the spectrum of excitations in the system of inter-
acting α particles is similar to the spectrum of He4 and has
the roton minimum at k 
= 0. If so, the inhomogeneous α

condensate occupying the roton minimum could occur in the
moving (e.g. rotating) pieces of the α particle system. Similar
effects were studied in Refs. [129,149,280], see discussion in
Sect. 3.3. Also, one considers the possibility of deuteron con-
densation in dilute nuclear systems as discussed in Ref. [281],
despite the fact that deuterons are seven times weakly bound
than α particles.

Consider an extended nucleon system of large size and
study whether it is possible to form a Bose–Einstein conden-
sate from bosonic clusters consisting of an even number of
nucleons. We must take into account an electric field and β

equilibrium conditions, as it was done in Ref. [31,54] and
discussed above in Sect. 3.

Let A is the total number of nucleons in a piece of dilute
nuclear matter containing the Bose–Einstein condensate of
clusters consisting of Acl nucleons each (e.g. Acl = 4 for the
α particle). The cluster condensate is described by a complex
field φ. The Lagrangian density of a stationary, homogeneous
condensate field φ can be written as

Lcl = (ω + V )2|φ|2 − m2
cl|φ|2 + neV − V 4

4π2 , (68)

where ω + V is the energy of a positively charged cluster
quasiparticle shifted by the electric potential V . Here, con-
sidering a large system, we dropped gradient terms with ∇φ

and ∇V and neglected φ self-interaction terms for simplicity,
similarly to that we have done finding solutions in Sects. 3.1
and 3.3. The equation of motion for the scalar field follow-
ing from the Lagrangian (68) is (ω + V )2φ = m2

clφ. The
condition of the charge neutrality of the system requires that
the positive charge of clusters is compensated by the charge
of electrons, therefore −ncl = ne = V 3/(3π2), where the
number density of cluster quasiparticles is

ncl = ∂Lcl

∂ω
= −2(ω + V )|φ|2.
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The energy density of a cluster is Acl
(
mN − E (bind)

cl

)
ncl,

where E (bind)
cl > 0 is the cluster binding energy per nucleon,

e.g., E (bind)
cl � 7.07 MeV for the α particle. Then the energy

density of the condensate of the bosonic clusters can be pre-
sented as

�E = Etot − AclmNncl � V 4

12π2 − AclE (bind)
cl ncl

=
(

1

4
(3π2ncl)

1/3 − AclE (bind)
cl

)
ncl. (69)

Thus, in this simplified model, the system is bound (�E < 0)
at densities

n < nMott = (4AclE (bind)
cl )3/(3π2)

in the large-system limit, and it is unbound for n > nMott.
For α particles we find nMott � 0.04 n0.

7.3 Dilute nonequilibrium “anomalous” states

The production of pion-enriched matter occurs in ultrarela-
tivistic heavy-ion collisions at highest RHIC and LHC ener-
gies. At expansion of the system, the temperature of the pion
gas decreases. At a certain temperature, Tchem , the particle
populations stop changing, reaching a state called chemical
freeze-out, though the particles still remain in the thermal
equilibrium. Then, at a later stage of the expansion up to a
thermal freeze-out, till T (t) > Tth , we are dealing with a sys-
tem with a dynamically fixed number of pions. At T < TBEC ,
provided Tth < TBEC , there may appear the Bose–Einstein
condensate of pions characterized by the dynamically fixed
particle number [282,283].

Another interesting situation is possible: in peripheral
heavy-ion collisions, the colliding nuclei can be considered
as almost freely interpenetrating beams of nucleons. At the
collision energy >∼ 300 MeV per nucleon, the nucleon Fermi
spheres from each beam do not overlap in momentum space.
Since at low densities, the main contribution to the pion polar-
ization operator is �πNN ∝ −νpF(n)k2, νpF ∝ (nν2)1/3,
see Sect. 5. This corresponds to a density, which is effec-
tively four times higher than in the case of overlapping Fermi
spheres. Thus, there is a possibility of observing the effects
of the p-wave pion condensation in peripheral heavy-ion col-
lisions [166,284].

7.4 Dilute quantum droplets

The phenomenon of Efimov states in Fermi systems opens
another interesting possibility. For particular values of the
diluteness parameter n|a|3, where n is the fermion density, a
is the scattering length, a three-body interaction can provide a
dominant contribution in the energy-density functional [285].

if this happens, both bosonic and fermionic systems of vari-
ous sizes and densities could become self-bound. In this rela-
tion, we note that the nucleon–nucleon scattering length has
an anomalously large magnitude, aNN � −20 fm. A discus-
sion of the role of this circumstance for description of a dilute
neutron matter can be found in [286]. Finally, we notice that
some experiments claimed an observation of a tetraneutron
(n4) signal, which may be associated with a bound state or
an unbound resonance state, see discussion in [287].

As we have mentioned, in the spectrum of π+ in neutron
matter in the interval of densities nπ±

c > n > nπ+
c , where

nπ+
c < n0 according estimate of Ref. [143], and nπ±

c
>∼ n0,

there appears the branch with ωπ+
s (k) < 0 at k 
= 0, as we

have discussed in Sect. 4.2. Appearance of such a branch
may result in some important consequences, see Ref. [90].
For instance, at the formation of the neutron star in a super-
nova explosion a part of the initial angular momentum can
be absorbed by the π+ condensate subsystem. Metastable
π+-multi-neutron droplets with a large angular momentum
and a density n > nπ+

c can be formed, as it was discussed
in Sect. 3.3. They may take away part of the total angular
momentum of the star. Metastable π+ condensate neutron-
rich droplets also can be formed with some probability during
heavy-ion collisions. Since density in such droplets might be
smaller than n0 they may behave as anomalons mentioned
above, see Ref. [90]. Also there a possibility of appearance
of condensate fragments with a large angular momentum in
peripheral heavy-ion collisions was discussed.

8 Observations

Search of abnormal nuclei, nuclearites and nuclei–stars com-
posed of absolutely stable matter is an intriguing prospect in
astrophysics. Detection of such objects is not a trivial prob-
lem due to numerous observational signatures, which are
superimposed on those of ordinary neutron stars and white
dwarfs. Distinguishing features may be found in ultra-fast
rotation (well below 1 ms), star radii less than 9–10 km, spe-
cific photon emission from a star surface, etc. Possible candi-
dates among compact objects were identified: RX J1856.5-
3754, PSR J1614-2230, PSR J0348+0432, 4U 1820-30,
HESS J1731-347, XTE J1814-138. However, definitive con-
clusions whether these objects are anomalous or not, could
not be drawn. Additionally, particular measurements of the
low-mass and small-radius compact star HESS J1731-347
depend heavily on the assumed atmosphere model and are
sensitive to errors in distance and inferred age. Let us add
here the latest results of NICER [288] for PSR J0614-3329
giving rather small equatorial radius 10.29+1.01

−0.86 km for the

mass M = 1.44+0.06
−0.07 M� (median values with equal-tailed

68% credible interval).
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Experimental search for abnormal nuclei was carried
out in natural samples among the products of interactions
between high-energy particles and matter, in fission products,
in heavy-ion collisions, etc., see Refs. [39,43–46,46,47,289–
293]. Reference [294] accounted for the absence of traces
found in the sample previously considered in Ref. [295] and
excluded strangelets with a mass M < 55 g. More details can
be found in [190].

Although no abnormal states were found, presently a num-
ber of observations demonstrate anomalies that defy conven-
tional physics interpretations. May be at least some of them
are related to the anomalous nuclear states. We mention sev-
eral such anomalies. A very heavy particle was detected pass-
ing through a balloon-borne stack of Cherenkov film, emul-
sion, and Lexan sheets [296]. It could be a neutron anoma-
lous nucleus. The spectra of nuclei obtained in the aerostatic
JACEE experiment with an emulsion chamber show a pecu-
liar bend at the cosmic ray energy of 3 PeV. The change in
the slope of the spectrum was suggested in Ref. [260] to
be explained by the appearance of an anomalous compo-
nent of cosmic rays, which is much heavier than the ordinary
nuclear component and could be associated, e.g., with quark
nuggets or abnormal π or σ condensate nuclei. In the transi-
tion region, both nuclei and strangelets can exist, that leads to
large fluctuations in the events observed in the experiments
with X-ray emulsion chambers.

Recent works [297–299] argued that there are other obser-
vations, which can be hardly explained in the framework of
conventional physics. These anomalies include: unexpected
correlations with temperature variations in stratosphere, the
total electron content of the Earth atmosphere, correlations
between earthquake activity and relative positions of planets,
unexpected seasonal stratospheric temperature variations,
ionospheric anomalies, and their correlations with seismic
activity, as well as solar phenomena like the coronal heat-
ing problem, the origin of sunspots, and the trigger mech-
anism of the solar flares, see also [300,301]. The statistical
significance of the observed correlations is high. Reference
[71] suggested that in mentioned events one may deal with
hypothetical very dense and microscopically large compos-
ite objects with the mass of the order of grams and sub-
micrometer size consisting of nuggets of strongly interact-
ing matter. For instance, it was suggested to look for so-
called solar nano-flares with the axion quark nugget anni-
hilation events in the solar corona. Note that, if instead of
quark nuggets one considered the Lee–Wick abnormal states
or the Migdal pion condensate abnormal nuclei, at least a
part of physical consequences would be similar to those for
strangelets.

We now mention another possibilities. In a uniform elec-
tric field with the strength of >∼ (104 − 105)V/cm the depth
of the potential V0 exceeds 2me ≈ 106 eV when the dis-
tance between plates is >∼ 10 cm. For a 300 times larger dis-

tance between plates V0 exceeds two pion masses, 2mπ ≈
280 MeV. For comparison, the breakdown voltage for the dry
air at atmospheric pressure is (2–3)×104 V/cm and for some
types of glasses it reaches 3×106 V/cm. Similar estimates can
be found for the cylindrical and spherical capacitors. How-
ever we must stress that despite the potential inside the capac-
itor may readily exceed 2me and 2mπ respectively, the prob-
ability of the spontaneous pair production from the vacuum is
exponentially small in both cases, ∝ e−m2/E . Nevertheless,
electrons and charged pions and, maybe, kaons can be pro-
duced with the larger probability near the walls of the empty
capacitor or in reactions, if capacitor is filled by a medium,
provided the electric potential well is sufficiently deep. In the
broad potential well for π− in the region, where −V > mπ ,
the π− ground state energy level crosses ω = 0 and forma-
tion of the static π− condensate field becomes energetically
favorable. In the region with V > mπ the static π+ conden-
sate field can be formed, if the time needed for the formation
of the condensate is sufficient. Note that in the presence of
a charged condensate, photons become effectively massive
particles via the Anderson-Higgs mechanism. Therefore, in
the case of empty capacitor the condensate region should look
dark. This circumstance can help in identifying the effect.

It is worth noticing that deep potential wells can be formed
in thunderstorms on Earth. During tens of minutes before a
discharge, the electric voltage may reach values of >∼ 108 V
at distance >∼ (1 − 10)km between clouds, cf. [302]. Hence
the typical potential well reaches values V0 � me at such
distances. An excess of neutrons during thunderstorms has
been indeed detected, however it was associated with pho-
tonuclear reactions [303]. Note that pions, which could form
a condensate, can also be produced in photonuclear reac-
tions. Strong thunderstorms may also occur in atmospheres
of other planets such as Jupiter and Venus. If a nugget of
a new phase of the matter passes through the thunderstorm
clouds at the ultra-high voltage (∼ 109 V) between them,
the nugget will be accelerated and its electron shell will be
destroyed with a release of the sufficient energy for the pro-
duction of baryons, pions, quarks, etc. In these processes the
nugget can be destroyed that could be observed via the sig-
nificant energy release.

We should notice that 10 anomalous bursts correlated with
lightnings have been observed in thunderstorms occurred
during 5 years [304,305]. The estimated energy from indi-
vidual events within the bursts is five to six orders of
magnitude higher than the energy estimated by an event
rate. The multiple air showers occurred within 1 ms, defy-
ing explanation by conventional high-energy cosmic rays.
Similar “exotic events” were recorded by the AUGER col-
laboration. The ANITA experiment detected two anoma-
lous upward-propagating events with non-inverted polarity.
The list of anomalous atmospheric events also includes the
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Multi-Modal Clustering Events observed by HORIZON 10T.
Among various possible explanations we indicate the pos-
sibility of the energy release due to the destruction of the
previously bounded nuggets arrived from cosmos.

9 Conclusion

In 1971 Migdal suggested a possibility of existence of
metastable or stable abnormal pion condensate nuclei and
Bodmer assumed possibility of collapsed quark nuclei. In
1974 Lee and Wick proposed scalar (sigma) condensate
abnormal nuclei. In 1984 Witten suggested quark nuggets.
These pioneering suggestions paved the way for numer-
ous subsequent theoretical and experimental investigations
of various anomalous nuclear objects. New more detailed
models were constructed. The review is dedicated 115-year
anniversary of A. B. Migdal and 100-year anniversary of T.
D. Lee. Our aim was to present the development of their ideas
and discuss the modern status of the subject, demonstrating
the interrelation between the different phenomena under dis-
cussion.

In Sect. 2 we reviewed the original Lee–Wick model of
scalar condensate abnormal nuclei. The model describes the
coupling of nucleons with a scalar mean field. Typical behav-
iors of the effective potential and the energy of the model as
function of a scalar field φ are shown in Fig. 1 and Fig. 2.
The role of the scalar field can be played by the σ meson and
the model then can be treated as a σ model permitting chi-
ral symmetry breaking in a dense nuclear matter. The same
year when Lee and Wick proposed their model, Walecka for-
mulated a relativistic mean-field σ − ω model [82,83] with
two coupling constants fitted to describe the nuclear binding
energy and the value of the nuclear saturation density. Vari-
ous modifications of the Walecka model were introduced for
the better description of nuclear matter properties. The den-
sity dependencies of the effective nucleon mass within the
Lee–Wick model and in the RMF model are shown in Fig. 3.
In the Lee–Wick model the effective nucleon mass under-
goes a jump to a tiny value at the critical density, whereas
it decreases smoothly with the density increase in the stan-
dard RMF models. With parameters, which were fitted to
describe the nuclear system at n = n0, at larger densities in
these RMF models the Lee–Wick abnormal state does not
appear. However information about chiral symmetry is lost
in the standard RMF based models, whereas it is present in
the Lee and Wick model. Although not permitting to describe
properties of the ordinary atomic nuclei and nuclear matter at
n <∼ n0, the Lee–Wick model demonstrates a principle possi-
bility of existence of the new stable (or metastable) abnormal
nuclear state at n significantly above n0. As a possibility to
reconcile these approaches, we indicated the RMF models
employing the σ field scaled hadron masses and coupling

constants [88,91–94], which can be treated as models using
the idea of the partial chiral symmetry conservation. For sim-
plicity the parameters of the models used in [88,91–94] were
chosen such that the new Lee–Wick minimum is not realized.
Changing parameters of the models we could get new solu-
tions, some of them with a jump to a low value of the effective
nucleon mass at a critical density. Such a possibility is real-
ized in the model [95] at some choice of the attractive �

optical potential, see Fig. 9 in Sect. 5. This question should
be more carefully studied in the future.

Section 3 considered various aspects of the model of
supercharged nuclei, nuclearites and nuclei–stars glued
together by light charged bosons, if the latter existed. In
reality the role of the light charged boson can be played by
the ordinary charged pion since in the nuclear medium and
in external fields the pion effective mass can be essentially
decreased. For example, it was demonstrated that a rapid rota-
tion of a nugget acts in favor of the decrease of the effective
pion mass and appearance of the stable state.

Section 4 analysed the behavior of the pion degree of
freedom in dense nuclear matter and the possibility of the
Migdal’s p-wave pion condensation, cf. Ref. [31]. Equation
(25) is the final result of the resummation of the nucleon–
nucleon interaction amplitude in the spin-isospin channel
in the dense nuclear matter done within the Fermi liquid
approach of Migdal allowing for the explicit treatment of
soft (quasi-Goldstone) pion degree of freedom. For n > n0

the in-medium pion exchange term in (25) becomes dominant
and the nucleon–nucleon scattering cross section appreciably
increases with increasing density towards the pion conden-
sation point, see Eq. (31). The � isobar plays very important
role because the mass of the � isobar is only 2mπ larger than
the nucleon mass and degeneracy factor is 4 times larger.
Moreover the pion-Delta-nucleon attraction coupling con-
stant is twice larger than that of the pion-nucleon–nucleon
one.

Various types of the p-wave pion condensation (π+, π±,
π0) as well as a possibility of the s wave pion condensation
were mentioned. The typical effective pion mass (better say-
ing the effective pion gap) in the dense medium depends on
the pion momentum and decreases with increasing baryon
density. It is shown in Fig. 6. The description of the pion
degree of freedom can be formulated within the linear σ -
model [31,52,144–146,172], in which both the pion and
sigma field condensations can be treated simultaneously.
Also theσ(n)dependence is related to the change of the quark
condensate in baryon matter. The possibility of self-bound
pion condensate abnormal nuclei, nuclearites and nuclei–
stars found within the chiral σ -model of pion condensation
used in Ref. [52] is demonstrated in Fig. 8.

Section 5 reviewed the idea of � resonance matter. Occu-
pation of the new � Fermi sea with increasing baryon density
occurs within many models for the equation of state of neu-
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tron star matter already at n >∼ (2 − 3)n0. Also, � isobars
may appear in symmetric nuclear matter. Appearance of �

isobars results in an energy decrease making the nuclear mat-
ter more stable. It may result in a metastable or even stable
ground state of the � resonance matter if the attractive �

optical potential is sufficiently strong. Figure 9 (left) demon-
strates an abrupt decrease of the nucleon effective mass to
a small value occurring in the isospin-symmetric matter at a
critical density n >∼ (3 − 4)n0 in a RMF model [94] employ-
ing the σ scaled hadron masses. We note that such a behavior
is also typical for the Lee–Wick model.

Section 6 reviewed ideas of Bodmer, Witten and others
on quark strangelets or nuclearites and strange stars as sta-
ble baryonic states composed of deconfined quarks. These
states are interconnected with nontopological solitons con-
taining baryon constituents studied by Lee and collabora-
tors as well as by Coleman [182–186]. The idea of stable
strange quark matter by Witten 1984 [56] is somewhat sim-
ilar to the idea of stable � resonance matter by Troitsky
and Chekunaev 1979 [55]. If a model predicts the strange
quark matter to be more stable than an iron nucleus, one
speaks about strangelets and quark nuclearites, provided the
baryon number A � 1056 − 1057, and about strange stars
for A ∼ 1056 − 1057. In the latter case the gravity essen-
tially contributes to the binding. The surface layer of these
objects has a typical length of ∼ 10 fm. Some other models
do not allow for the absolutely stable strange quark matter but
allow for metastable matter at switching off the gravity. Other
models use parameters that render strange and not strange
(u, d quark) deconfined matter unstable. Nevertheless, we
may deal with the quark matter in interiors of compact stars
named hybrid stars. All hybrid stars have macroscopic hadron
shells.

Various models describing quark deconfined state were
reviewed. Among different models we indicated the heavy
quark quasiparticle model [212] capable to describe the lat-
tice data [210,211]. At some choice of the parameters the
model [212] allows for the stable quark matter but does not
permit the hybrid stars.

At T < T� for the quark-quark pairing the quark matter
should form a color superconductor. We briefly discussed
this phenomenon. We focused on a possible manifestation of
the pion and σ condensate nuclei–stars and strange stars via
the measurement of the M − R relation and via the cooling
of these stars.

Section 7 discussed the possibility of the existence of very
dilute stable or metastable nuclear systems. For this the Fermi
liquid Green’s function approach was employed as for the
description of dense nuclear systems. However, in the case
of pion-condensate nuclear objects we used nucleon–nucleon
interactions in the spin channel (or in spin-isospin one),
whereas in Sect. 7 we focus on the scalar channel of an NN
interaction. In this channel, the interaction is expressed via

the scalar Landau–Migdal parameter f0(n). First we showed
that in case of approximately isospin-symmetric matter at
low densities we have f0(n) < −1, and there appears the
Pomeranchuk instability. Then we argued in [78] that this
instability may result in the formation of a static scalar-field
condensate (compare with the Lee–Wick scalar field conden-
sation). We demonstrated that a decrease in the energy due
to the condensation can be sufficient to allow for the exis-
tence of very dilute metastable or even stable abnormal dilute
nuclei held together by the condensate of a scalar field, see
Fig. 11.

Then we studied if it is possible to form a Bose–Einstein
condensate from bosonic clusters consisting of an even num-
ber of nucleons, e.g. of the α clusters or deutrons. We showed
that the charged Bose cluster condensates can be described
by a complex field φ similarly to the description of super-
charged nuclei performed in Sect. 3. We estimated the energy
for the dilute α condensate extended systems, which charge
is compensated by the electrons. For n > nMott � 0.04n0

according to our estimate the system is destroyed.
Finally we made some speculations about formation of

metastable pion Bose–Einstein condensate during the course
of the heavy-ion collisions. Section 8 discussed the situa-
tion with observations of exotic phenomena considered in
the review.

Concluding, in spite of more than fifty years were past,
as in early days of this field, there remain essential uncer-
tainties in theoretical predictions due to a lack of our knowl-
edge of the behavior of the strongly interacting dense and
dilute nuclear matter. In spite of abnormal nuclear states
were not observed, the number of observations grows, which
are hardly explained by conventional physics. Some of such
events could be associated with manifestation of anomalous
nuclear systems. Let us be patient. Time flows not in vain.
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