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Abstract

A general relativistic model of an astrophysical hypermassive extremely magnetized ultra-
compact self-bound quark-gluon plasma (QGP: ALICE/LHC) object that is supported
against its ultimate gravitational implosion by the simultaneous action of the vacuum
polarization driven by nonlinear electrodynamics (NLED: ATLAS/LHC: light-by-light
scattering)—the vacuum “awakening”—and the asymptotic freedom, a key feature of
quantum chromodynamics (QCD), is presented. These QCD stars can be the final figures of
the equilibrium of collapsing stellar cores permeated by magnetic fields with strengths well
beyond the Schwinger threshold due to being self-bound, and for which post-supernova
fallback material pushes the nascent remnant beyond its stability, forcing it to collapse
into a hybrid hypermassive neutron star (HHMNS). Hypercritical accretion can drive its
innermost core to spontaneously break away color confinement, powering a first-order
hadron-to-quark phase transition to a sea of ever-freer quarks and gluons. This core is
hydro-stabilized by the steady, endlessly compression-admitting asymptotic freedom state,
possibly via gluon-mediated enduring exchange of color charge among bound states, e.g.,
the odderon: a glueball state of three gluons, or either quark-pairing (color supercon-
ductivity) or tetraquark/pentaquark states (LHCb Coll.). This fast—at the QGP speed of
sound—but incremental quark-gluon deconfinement unbinds the HHMNS’s baryons so
catastrophically that transforms it, turning it inside-out, into a neat self-bound QGP star. A
solution to the nonlinear Tolman—-Oppenheimer—Volkoff (TOV) equation is obtained—that
clarifies the nonlinear effects of both NLED and QCD on the compact object’s structure—
which clearly indicates the occurrence of hypermassive QGP/QCD stars with a wide mass
spectrum (0 < MgtaGrP < 7Mg and beyond), for star radii (0 < RSQtSrP < 24 km and beyond)
with B-fields (10'* < B(Sztgrp < 10'® G and beyond). This unexpected feature is described by
a novel mass vs. radius relation derived within this scenario. Hence, endowed with these
physical and astrophysical characteristics, such QCD stars can definitively emulate what
the true (theoretical) black holes are supposed to gravitationally do in most astrophysical
settings. This color quark star could be found through a search for its eternal “yo-yo”
state gravitational-wave emission, or via lensing phenomena like a gravitational rainbow
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(quantum mechanics and gravity interaction), as in this scenario, it is expected that the
light deflection angle—directly influenced by the larger effective mass/radius (Mggrp (B),
Rgtgrp (B)) and magnetic field of the deflecting object—increases as the incidence angle
decreases, in view of the lower values of the impact parameter. The gigantic—but not
infinite—surface gravitational redshift, due to NLED photon acceleration, makes the object

appear dark.

Keywords: asymptotic freedom (QCD); vacuum polarization (NLED); quark-gluon plasma
(QGP) physics (QCD); gravitational collapse (GTR); astrophysical compact objects (HEA);
QGP/QCD stars

1. Introduction

The concept of a black hole has been an essential ingredient of our modern view of
the universe through relativistic astrophysics and in cosmology as a sort of cosmic seed
for galaxy formation and dynamics. The first interferometer-detected gravitational wave
signal had its source interpreted as a merged stellar-mass black hole binary (LIGO 2015) [1].
Regarding black holes, last year Roy P. Kerr, who discovered the metric field describing a
rotating gravitational source, raised questions about the reality of their singularities and
of the Hawking-Penrose singularity theorems while asserting that Kerr metric indeed
describes a non-singular astrophysical ultra-compact star [2].

These backgrounds, together with the LHC momentous achievements—quark/gluon
plasma (QGP, ALICE) and light scattering off light (ATLAS)—are strong motivations for
revising the general relativistic ultimate profiles of collapsing configurations of extremely
magnetized ultra-compact stellar cores within the framework of quantum chromodynamics
and nonlinear electrodynamics.

From now on, we shall refer to such objects as self-bound quark—gluon plasma
(QGP) stars. Self-bound means that, in theory, the star is held together by the strong
nuclear force that binds quarks and gluons, rather than by gravity alone, which is
weaker, so the star does not rely solely on the gravitational pull to maintain its struc-
ture. A color quark star could exist in equilibrium with a vacuum and have a sharp,
abrupt edge where its density and pressure fall to zero. A thin crust of normal mat-
ter (neutrons, protons, and electrons) may also be present, though, by virtue of the
remnants of the deconfinement phase transition. Self-boundedness is a characteristic
that enhances the QGP star’s intrinsic magnetic field to strengths higher than 10'® G at
its surface.

Meanwhile, there are a number of astrophysical environments where extremely mag-
netized hypermassive QGP stars can be formed through hypercritical accretion. They
include the gravitational collapse-at-once of super strongly magnetized and supermassive
main-sequence or evolved/supergiant branch stars (e.g., WR HD45166, Antares, Betelgeuse,
etc.), the core-collapse supernovae-producing hypermassive neutron star pulsars (HMN-
SPs) that can subsequently accrete large amounts of fallback material to collapse further;
the coalescence and merger of binaries constituted by evolved high-mass stars orbited by
equally massive B-type stars (e.g., WR 104), the coalescing and merging compact binary
systems having highly magnetized (e.g., Swift J0243.6+6124) massive or supermassive
neutron stars/pulsars (the multi-messenger sources), and also the high-mass X-ray binary
systems where the primary companion is a massive or supermassive neutron star orbiting
a main-sequence high mass or an evolved massive Roche-overflowing secondary star. Also,
collapsars can be included as potential sites.
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Mass :0 < M

Post-supernova (~10%) fallback material pushes the proto-neutron star over its sta-
bility, causing it to collapse into a hybrid hypermassive neutron star (HHMNS). Ulterior
accretion can drive its innermost core to spontaneously break away color confinement,
powering a first-order hadron —— quark phase transition to a sea of ever-freer quarks
and gluons zipping about at relativistic speeds. This core is hydro-stabilized by the steady,
endlessly compression-admitting asymptotic freedom, possibly via gluon-mediated en-
during exchange of color charge among bound states, e.g., the odderon: a glueball state
of three gluons, or the lightest pseudo-scalar glueball state X(2370) discovered in (2011)
and that had its nature confirmed in (2024) at BESIIL Inside a QGP star, the QCD-"feeling”
particles can also coalesce to form the color-superconducting phase (quark-pairing) or the
tetraquark/pentaquark bound states as discovered by LHCb Collaboration (2022).

Standardly, what determines the QGP star’s final fate is the initial density and velocity
profile of the collapsing shells. This approach overlooks nonlinear effects on the core’s
structure due to both the positive potential energy of QCD asymptotic freedom and NLED
quantum vacuum polarization that kick in at field strengths beyond the Schwinger limit.
This core gravitationally survives eternally on the brink of ultimate collapse—the GECKO
state—preventing the catastrophic implosion to the would-be singularity. This way, the
QGP star radius REZE 2 and the 2M > Schwarzschild radius for any given mass are
defined. Further, photon acceleration triggers a non-infinite surface gravitational redshift
> 108, making the QGP star to look like a dark body.

Grav ~v

We construe the whole picture given above as though nature would “prefer” an

zZ

exceptionally happening nonpareil explosion—in the GECKO'’s attempt to trap as much
latent heat via gravity as the energy released at the spontaneous breaking of GUT gauge
symmetry during the primeval universe—rather than a breach in space—time.

The general outline of this paper reads as follows: The introductory section just given
is supplemented and fused together with some key additional arguments supported by
the results of particle accelerators like LHC and RHIC. Section 2 offers an astrophysical
motivation built around the concept of black hole in contemporary astrophysics. In par-
ticular, it discusses the astrophysical ultimate state of relativistic gravitational collapse,
the QGP/QCD star in our model rather a singular compact object; the so-called true (the-
oretical) black hole. Such a section delivers a direct confrontation to the purported black
hole picture as the astrophysical compact body said to reside and lurk in most galactic and
extragalactic astronomical sources. Next, another subsection offers a clarifying discussion
on the different mechanisms acting on the stellar remnant with regard to the magnification
of the core’s magnetic field upon gravitational collapse to a typical neutron star vs. collapse
to a color-superconducting quark core. This section is substantiated by a short account
on the momentous results achieved by the ATLAS/ALICE LHC particle accelerator (see
Figures 1 and 2). Those specific results become the guiding ideas to explore the concept of
extremely magnetized hypermassive quark—gluon plasma star that we introduce in this
paper. The core of the paper, Section 3, directly develops the proper QGP star model by
elaborating the derivation of the nonlinear Tolman-Oppenheimer—Volkoff (TOV) equation
and then discussing about both its solutions and the resulting and novel QCD star mass
vs. radius relations, and other related thermodynamic properties of it, derived within
this framework. In closing this section, we analyze and interpret the novel equation upon
which to build the M vs. R plot that illustrates the main result obtained within this context,
exhibiting a wide mass spectrum (see Figure 3 below):

QOF < 7 Mo —, radii :0 S RS < 24km —, fields : 10 < BOST < 101G — . (1)

Star ~

Star
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In the closing remarks section that summarizes the main body of this paper, some
conclusions are drawn by addressing the formal implications of the relationship between
mass and radius derived here for current relativistic astrophysics research as well as for our
overall understanding of the universe. The remainder of the paper highlights the essential
physical and astrophysical components of this QGP/QCD star scenario that are not duly
elaborated in the depicted central body of the article.

2. On the Astrophysical Ultimate State of Relativistic Gravitational
Collapse: A QGP/QCD Star

2.1. Astrophysical Insights

Soon after having presented his theory of general relativity (GR), Einstein figured out
the existence of travelling space-time—the gravitational metric field (g,,)—curvature
waves propagating at the vacuum speed of light, the gravitational radiation (GW).
Among plenty of potential cosmic sources, it can be produced by accelerating very massive
and ultra-compact astrophysical bodies like coalescing and merging neutron star and/or
black hole (BH) binaries.

Supplementing the decades-long follow-up of the orbital dynamics of the PSR 1913+16
binary pulsar via radio telescopes by Taylor and Hulse [3], the event GW 150914 [1]—
identified by LIGO Observatories in 2015—confirmed the reality of GW by the direct
measurement of the deformation—on the atomic nucleus size scale—of the physical struc-
ture of Fabry—-Pérot Michelson interferometers. This signal came from a source at a lu-
minosity distance of ~1.3 Gly, which was interpreted as a binary of bare black holes
of stellar mass. By bare, we mean that, according to a handful of astronomical obser-
vatories, neither the hallmark of accretion discs nor the signatures of astrophysical jets
were identified from this signal of the binary collision. Likewise, neither hints of mag-
netic fields nor the presence of concomitant electromagnetic emissions emerged from
the event. Moreover, no imprint of astro-particle radiation, e.g., neutrino bursts, or any
other astrophysical characteristic, was observed in such a signal. See the LIGO home-
page: https://www.ligo.org/detections/GW150914.php (accessed on 15 August 2024)
and the announcement paper for the event [1]. This is contrary to what did happen with
the spectacular GW170817 global astronomy multi-messenger event, wherein most of
those astrophysical characteristics were detected by a number of space- and ground-based
observatories. See LIGO homepage: https://www.ligo.org/detections/GW170817.php
(accessed on 15 August 2024) and Nakar’s review and references therein focused on the
signal electromagnetic counterparts [4,5].

In connection with BH physics and astrophysics, last year Roy Kerr, the theorist who
developed the space-time metric for the vacuum exterior to a rotating astrophysical body,
raised questions on the reality of BH singularities and the Penrose-Hawking singularity
theorems [2]. Among the crucial ideas brought up for discussion, Kerr asserted that “non-
singular collapsed neutron stars can generate Kerr (metric)”, and further stated that “these
solutions are merely substitutes for a non-singular interior star with a finite boundary at or
inside the (Kerr metric) inner horizon.” The debate rages on.

2.2. Flux Conservation During Collapse to Typical Neutron Stars vs. Field Amplification of Stellar
Cores Collapsing to Color-Superconducting Quark Cores

2.2.1. Virial Theorem and Collapse to Canonical Neutron Stars

An exception was found in the neutron stars known as magnetars [6], whose magnetic
fields reach Bygns = 10'5-16 Gauss (G) [7]; no other astrophysical compact stars are known
to have field strengths higher. Indeed, within a newly formed neutron star, the rapid
rotation and convective motions can act as a dynamo, a mechanism that amplifies magnetic
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fields. The rotation stretches and twists existing magnetic field lines, while convection,
driven by temperature gradients, further stirs and organizes these fields, leading to a sig-
nificant amplification. Specifically, in nascent neutron stars, the intense fluid dynamics and
powerful magneto-rotational instabilities, such as the Kelvin—-Helmholtz shear instability,
create the conditions for a small-scale dynamo to operate, rapidly amplifying the pre-
existing or inherited magnetic field. As an example, the Tayler-Spruit dynamo is a specific
model that suggests magnetic fields are amplified in a highly turbulent, convective, and dif-
ferentially rotating proto-neutron star interior. Processes like these are leading candidates
for creating some of the most powerful currently known fields, with strengths reaching
10'® Gauss, those of magnetars. In connection to this last point, decades ago, Lerche and
Schramm [8] precluded the occurrence of astrophysical objects with B, ~ 10?° G when-
ever both dynamical (some sort of breaking) and quantum-mechanical effects (e* pair
production) are taken into account. This constrains such a field to B ~ 10'° G, a strength
similar to those found in magnetars [6]. Nonetheless, such an analysis is restricted to
compact objects constituted by mainly nuclear matter, but not to (color-superconducting)
quark-matter cores.

2.2.2. Field Amplification During HHMNS Collapse to Color-Superconducting
Quark Cores

Theoretical estimates for magnetic field strengths of color-superconducting quark cores
range from 1 GeV?2 /10" G to 10° GeV?/10'8 G. Specifically, the rotation of quarks around an
internal color-magnetic field arising from color superconductivity (CS) can also contribute to
the overall electromagnetic field (the color superconductor is an electromagnetic insulator;
thus, it preserves fields that penetrate the CS phase). These high fields are thought to be
spontaneously generated by the quark matter itself—likely via the appearance of a BEC
state, as quoted in footnote 2, below—and are influenced by the color-superconducting
phase through mechanisms like the Savvidy mechanism (1993). It refers to the Savvidy
vacuum in quantum chromodynamics (QCD), which describes the behavior of pure Yang-
Mills theory in a background magnetic field. It was initially calculated using a one-loop
approximation [9]. The theory studies the effective potential of a three-dimensional lattice
gauge theory in the presence of an external chromo-magnetic field. The calculations support
Savvidy’s “ferromagnetic” vacuum picture, where the vacuum state becomes non-trivial in
the presence of a super strong magnetic field.

On this basis, a number of current theoretical studies have indicated that stellar cores
collapsing to color-superconducting quark cores, as remnants of massive stars (10-25Mg),
can build surface magnetic fields up to Bgy,s ~ 10" G, while their inner strengths may
range from 10'8 G for nuclear matter [10-12] to 102’ G for quark matter, because of its self-
bound feature [13-17]. In fact, Sotani and Tatsumi estimated that the critical magnetic field
strength at which the lowest and second Landau levels play an important role in the quark
phase inside massive (M ~ 2.8 M;) hybrid stellar cores should be B ~ 10!° G at the nuclear
density ~ 0.16 fm 2 [18]. Moreover, last year, Fraga, Palhares, and Restrepo studied the
case of symmetric quark matter considering magnetic fields in the range eB ~ (1 —9) GeV?
(B ~ 1.7 x 102 — 1.53 x 1021) G [19].

Aside from the previous arguments, experimental results in relativistic heavy-ion col-
lisions (RHIC/USA) are shown to have produced hypercritical (well beyond the Schwinger
limit: Bgy, ~ 108°G < E. = mf; >~ 106V cm~!) magnetic fields on the order of
B ~ 10" G [20-22]. And finally, the current highest B field upper value was set from the
ATLAS/LHC CERN data after that experiment evidenced the presence of the QGP state
(2017): Bc = BR{ \g =~ 90GeV? =~ (3.28) - 1022 G for NLED a l4 Born-Infeld [23]. It is the
sort of strength called for in the present paper to support our model of a hypermassive,
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ultra-strongly magnetized QGP/QCD star, a class of astrophysical objects that has yet to
be discovered. (Recall that the critical () magnetic field: B/, = (m)%cz) /(e;1) depends on
the mass () and charge (e,) of the specific quantum field (f)). In what follows, we take
the above backgrounds as sound evidence, as well as other essential pieces of galactic and
extragalactic BH astrophysics, including those discussed after the Event Horizon Telescope
Network observations on M87 and Sgr A* [24].

Thus being, in the present work we explore the implications of a general relativistic
model of ultra-compact quark-core remnants that are pervaded by an extremely strong
magnetic field with strengths well beyond the Schwinger limit that are described in the
framework of Born-Infeld nonlinear electrodynamics (NLED)—a long-standing theory
that was recently validated by ATLAS/LHC (2017) [25,26]. The hypermassive nuclear-
matter core can undergo, upon hypercritical accretion, a catastrophic transition from
nucleonic/hadronic matter to deconfined quark matter. Specifically, the strange matter
is energetically favorable to neutron matter and light quark matter. Hence, the whole
HHMNS can be converted into the sort of ultra-compact object here proposed; a strange
QGP star, based on what recent ALICE/LHC experiments indicate [25]. See Figures 1 and 2.

Interaction _
\ | == Repulsive

ll — Attractive

e it L ——

————

\ /"’f‘

0 05 10 15 20
r* (fm)

Figure 1. Plot of the attractive (green curve) vs. repulsive (red curve) potentials V(r) as a function
of distance r, for the QCD interaction. (Plot taken from “Unveiling the strong interaction among
hadrons at the LHC” [27]).

2.3. QED Vacuum Polarization/QCD Asymptotic Freedom

The announcement on 4 July 2012 on the discovery of the Higgs boson [28,29], was
supplemented by the observation of the phenomenon of light-by-light scattering achieved
by ATLAS/LHC|CERN (2017) by studying the quark—gluon plasma (QGP) produced at
ALICE/LHC from lead-ion collisions (Pb®+Pb®: | /S = 5.02 TeV), in evidencing it at
a 8.2 certainty level. (The QGP is a deconfined state of matter in which interactions
binding the quarks and gluons—components of nucleons: protons/neutrons—do not occur
anymore, which is the QCD asymptotic freedom property at work.) This state fragments
out through highly collimated photon-tagged jets that dump their energy through the
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phenomenon dubbed jet quenching, a sort of hadronization process [25,30]. Bear in mind,
en passant, that proton—proton collisions are not energetic enough to produce a quark-
gluon plasma. That is why ALICE had to wait a while, up to 2015, for the lead-lead
(Pb + Pb) ion collisions to come alive, as they do produce QGP.

All of these measurements of hadron interactions at ALICE have revealed novel
features that have broad implications for nuclear physics and relativistic astrophysics. (See
the review by the ALICE Collaboration on the long way through QCD with the ALICE
experiment [25]). Specifically, ALICE indicates that interactions between a proton (p)
and a Lambda (A), Xi (&), or Omega ((2) hyperon—unstable particles containing strange
quarks—are attractive. In relativistic astrophysics, it is foreseen that these interactions may
play a role with respect to the stability of a HHMNS (2 < MHEM(M,,)) ~ 5) with a large
radius. (See [31] for a theoretical limit on the maximum NS mass: Mys < 3 Mg, which is
valid for up to twice the nuclear-matter saturation density.)

\l.‘ . "‘ ‘. r .
SliGRES " v\’ Quark-Gluon ¥,
» .
Critical ¢+ Plasma_ " » s~ ®
point? SPS » . o & . .

¢ Breaking T ®
S (NICA *»e » o
% tr;

Temperature T [MeV]
Alun £pe3

Nuclotron-M

\
Quarkyonic phase

Color Super-
stars conductor

baryon density n/ no

S
Compact Star =016 fin—3

Figure 2. This plot highlights the location of proto-neutron stars, the deconfinement transition,
the QGP state as per heavy-ion collisions, and the Lattice QCD limit. (Plot taken from “Introduction
to Heavy-Ion Physics | ATLAS Open Data”. [32]) The Zz-symmetry breaking label was introduced by
the authors.

Such a momentous result for ATLAS allows for the identification of the self-interacting
propagation of photons as predicted by nonlinear electrodynamics (NLED) [33-36]. In fact,
NLED was the very first step in building the quantum theory of electron and photon fields,
the QED [37]. Not surprisingly, photon—photon self-interactions cannot be accounted for
within classical Maxwell’s electrodynamics, as light cannot interact with itself by virtue
of being electrically neutral, that is; the electromagnetic (E-M) field carries no charge, i.e.;
the E-M has no self-coupling’. Such a feature is contrary to what is predicted, for instance,
by the non-abelian Yang-Mills gauge field theory describing the weak and strong nuclear
interactions that undergo self-coupling.

In the accelerator environment, most composites decay quite rapidly, and the QGP state
may last for ATECP 10723 [s] as its fireball expands, cools, and transforms into hadronic

decay
showers (jets) of particles. However, in an accretion-driven neutron star undergoing a
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catastrophic color-charge deconfinement, i.e., inside a hydro-stabilized self-gravitating QGP
star, there is no such way to decay back because the extremely high pressure, an injection
of gigantic amounts of energy from its overwhelming self-gravitation strength, must rein
it in”.

In this understanding, such particles—quarks and gluons—can similarly coalesce to
form bound states in the dense QGP matter in the interior of either HHMNSs or QGP
stars, much as that which appears to occur in either the neutrons’ super-fluid state 3P,
which induces a super-strong magnetic moment and field strength due to the neutron’s
Cooper pairing, a sort of color ferromagnetism in the QGP star’s quark matter [40], or in the
universal effective distribution of quarks and gluons observed inside correlated nucleon
pairs [41]. This state can undergo a sort of exchange among all of the species inside the
QGP star matter while it struggles between the superpower gravitational strength and the
total repulsive pressure in the yo-yo state described above. This coalescence process is quite
similar to what is envisioned for the other higher QCD resonances in particle accelerators
like RHIC [20]. However, in the present case, it is a result of the catastrophic rearrangement
associated with color-charge deconfinement inside the gravitation-dominated transitioning
HHMNS (see Figure 2).

Next, we construct the nonlinear TOV equation for the QGP star in the framework of
nonlinear electrodynamics (NLED) supplemented by the physics of the quantum chromo-
dynamics (QCD), especially by asymptotic freedom. Further arguments in support of this
theoretical model stemming from different fields of physics: theoretical particle physics
(QCD, QED), experimental particle and nuclear physics (LHC, RHIC), nuclear astrophysics,
nonlinear electrodynamics (NLED), and observational astrophysics are also given along
the section.

3. Deriving Nonlinear TOV Pressure-Gradient Equation for
Equilibrium Configurations

The quasi-static evolution of the very central interior (core) of massive stars is de-
scribed by the Tolman-Oppenheimer—Volkoff (TOV) equation [42—44]. In what follows,
we construct a spherical stellar model that will be able to avoid collapsing to the pur-
ported black hole. The standard procedure to derive the TOV equation involves using
Einstein’s equations for a general time-invariant, radially self-similar metric, with a shell
mass of uniform/homogeneous density, i.e., there is no shell-crossing nor shock waves;
thus, the model neglects the effects of backscattering. This means that during gravitational
collapse, the condition is realized by the metric function ¢(r, t), while the radial velocity
profile is ruled by u=—R(m(r, B), ), whose end state, the isotropic, spherically symmetric
(t, 7,0, ¢) Schwarzschild space-time, is featured by the line-element—here, R represents the
circumferential radial coordinate.

2G, m(r, B) dr?
2 N 2 742 2 2
ds ——|:1—rCz:|Cdt +{12GNm(r,B)+RdQ (2)
o rc2

Then, we incorporate quantum electrodynamics (QED) effects by resorting to the effective
metric (Equation (21)) when computed for the Born-Infeld NLED Lagrangian so that the
Schwarzschild-like line-element (Equation (2)) transforms into [45-47]

ds? = F(L((n), B){ ~e?") 2 + ¥ ar® 1 R240? ], (3)

where dO? = (d6? + sin® 0d$?) and the metric function ¢(r,t) is determined by using
Einstein’s equations in connection to the null-divergence constraint on the matter, plus the
nonlinear electromagnetic fields” energy-momentum-stress tensor featuring the eternally
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2Gy m(r,B)
rc?

collapsing stellar core, the GECKO. In this metric, the component e¥(rt) = (1 -
comes out as is shown next.

In using the TOV equation to model the end state of an imploding bounded sphere of
some material in a vacuum, both (i) the surface zero-pressure condition p(r) =0 indicating
the core radius and (ii) the metric stationarity and continuity conditions e?("//?) |, Ry = L~

2GM(r, B) SQ%’P /c%r (see Equation (10) below) should be imposed at the boundary to
match the Schwarzschild metric Equation (2) by the Birkhoff theorem. Recall that the

proper time of collapse is computed as T = 7 Rg (227'}\4) ? . Ry, M star radius and mass at
collapse starting.
Now, as in standard stellar astrophysics, we define a new quantity m(r,t, B) = 1r(1 —

e 2¥(ntB)y o ool representing the mass inside a collapsing shell of radial coordinate

R in such a way that it satisfies m(r = 0) = 0 (hereafter, p(T;’té‘)l = p(r, B): mass density,

p(r,B) = p(Tr”té‘)l : pressure, in the magnetized stellar fluid). Thus,

dm(r, B) 2 Total 2

7247[1% P(rg) = 4T R(r,B). 4)
Further, from the Bianchi identities, it follows that the energy—-momentum-stress

tensor conservation condition reads

YV, (TH) =0 . (5)
—_———
En-Mom Conserv

Then, after projecting the above equation in the transversal direction to the fluid
4-velocity (turning the collapse dynamics description f-independent), and dropping the
(r, B)-dependence: ¢(r,B) = ¢, p(r,B) = p, m(r,B) = m, p(r,B) = p, and recalling
the perfect fluid energy-momentum tensor: Tog = —pc? and Ti; = pdij, one obtains the
r-dependent metric field ¢ equation

d d
VoI =0 — f(L(g(h),B)d—f = —(prcz) <d’:) , (6)

which is the only non-trivial Euler hydrodynamic equation, as seen in the matter-local
reference frame (not by a distant observer) that relates the pressure gradient to the radial
evolution of the metric component ¢(t,r) characterising the gravitational collapse. This
relation is understood as the “equation of continuity” for the fluid making up the QGP core.

In addition, the G,,, T;; of Einstein’s equations provides the other r-dependent ‘Zl—‘f

2Gm )
rc2 /°

metric field equation (. e~ ! =1 —

_ i a9 L o) i 2
TG 1y, mget) = FLEOBPE TGO BE

Thus, by resorting to the four equations from the diagonal (tt), (rr), (60), (¢¢) metric
components in the Einstein Equation (30), plus the diagonal classical matter (M) and semi-
classical (NLED) field terms in the action, i.e., the auxiliary link connecting the metric
components with the fluid physical properties as of the continuity Equation (5) worked out
above, one is left with five differential equations.

However, recalling that in general relativity the field equations are second-order
differential equations, then only a couple of independent solutions are required. This
leaves only three independent equations involving the (t), (r*) components of Einstein’s
Equation (30): Gy = (Ty), Gyr = (T}), in addition to the continuity Equation (5), as those
remaining are independent of the azimuthal part of the gravitational field geometry (3).
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Thence, by considering the metric (3), the nonzero components of the Einstein
Equations (30) reduce to the first coupled Einstein equations. Finally, by replacing the
conservation Equation (5) into the components Gy = (Ty) and G, = (T}) of Einstein’s
field equations, we yield Equation (8). The left-hand side in (8) gathers the novel contribu-
tion to the stellar core dynamics from the vacuum polarization effects characterising the

NLED. (L,[m \/7 ~ 10735 [m]: Planck length. It absorbs the factor 7 from fi(7).This is
the nonlinear Tolman—Oppenhelmer—Volkoff (N-TOV) equation [43] for studying figures of
equilibrium of stellar fluids permeated by nonlinear electromagnetic fields.

To completely determine the structure of a spherically symmetric body of isotropic
material in hydrostatic equilibrium, the TOV equation must be supplemented with an
equation of state (EoS) relating the density of matter p to pressure p, F(p,p) = 0,e.g.,a
and adiabatic index

polytropic EoS: p = Kp?, here K: polytropic constant, index v = dglnp

0)
I'= %76)4”’7 In our present case, both thermodynamic effects, vacuum polarization, and

asymptotic freedom, are described by EoS: p = —p(c?), with NLED magnetic pressure
BStar )2
P (B) = ( gﬁ(’; ) . Consequently, a non-polytropic EoS is demanded for the present astro-

physical QGP star model. Thus, an EoS such as the MIT Bag Model or some other kind can
be called for.
Equation (8) is an algebraic quadratic equation for the pressure gradient (‘;—’:) which

renders a typical couple of solutions. Hence, the second root of the N-TOV Equation (8)
leads to the differential equation for the pressure gradient. Furthermore, be aware that the
entire term within the square root in Equation (9) cannot be negative, otherwise v/—1 =i
crops out. Thence, it should be equal to some constant 0%, with Q > 1.

@) - e e )] -

c2r
This equation is like Carballo-Rubio’s (2018) analog derived within the study of

02 0O>1

the stellar structure in semi-classical gravity [48], except for the NLED'’s effective metric
contribution to the actual gravitational field around the QGP/QCD star in this model. This
feature makes the present analysis a definitively original one.

Solutions to Pressure-Gradient Equation: The Unsuspected Mass—Radius Relation

From all this, closed solutions can be obtained for the thermodynamic properties of
pressure and density, and from Equation (4) for the remnant core mass—the most relevant
quantity searched for. Mathematically, the method for obtaining solutions to the (NLED
modified) pressure-gradient equation involves the rather standard Oppenheimer and
Snyder TOV [42-44].

The new solutions are obtained by drawing primarily on the constraint on () and
the condition (i) stated above for the remnant surface pressure: p(r = R) = 0, in addition
to retaking the field equation for the (tf-component), so that the key expression for the
GECKO's mass is given by Equation (10). The other thermodynamic properties p(r, ngp)
o(r, ngrp) as well as the scalar function ¥ (r, BSQ%’P) and the metric function ¢(r, ngp)
can be easily computed.
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4. Discussion on the Mass—-Radius Relation

Now, what is bluntly an unexpected result is what this Equation (10) tells us about the
structure (figure of equilibrium) of the terrifyingly hypermagnetized ultra-compact object
we study here. The terms inside the large parenthesis (...) add the first “1” to some wholly
pure number; the part starting with the coefficient (7, BSQ%’P) and the long expression—
inside the square brackets [...]—contains the contribution from the QGP star’s extreme

ultra-strong magnetic field (B été’p) for strengths well beyond the Schwinger limit [10,49].

¥ (r,(B5Ep))
{1+ 250 |

M(r,B) =
GP 2G 2 -1 tar \2 2
© 1—{(1—02)%{1—(214”0“35“))+O(h2)...} }

- for (10"® < B, (G) <1027%2).  (10)

(b:Bg;iAs)z

which leads to the wide mass spectrum shown next and plotted in Figure 3; next,

(0 < MJSF < 7Me —), stellarradii (0 < RS < 24km —), field strengths (10 < BT < 101G —). (11)

Poring over Equation (10), it indeed defines the whole object’s mass up to radius
r=R which, as indicated above in discussing the solution to the TOV equation, defines the
surface of the object; i.e., m(r= R\p:o): Métgp, where its pressure pggp vanishes. Conversely,

the first part of Equation (10):

2GM(r, B3&p)
—Qa - r-1

is represented as though those terms were evaluated merely at the Schwarzschild radius
|r:R5ch' thus localising the surface that defines the standard true (theoretical) BH, i.e., the
event horizon® [50-55].

Consequently, Equation (10) decidedly pinpoints to an effective radius that is ab-
solutely larger than the corresponding Schwarzschild radius for the same mass Mggp
A result inasmuch as was categorically stated by Dirac in connection to singularities in
space—times [56]: “...So from the physical point of view, the possibility of having a point
singularity in the Einstein field is ruled out. Each particle must have a finite size no smaller
than the Schwarzschild radius.” Hence, Equation (10) does not signal the formation of
any frozen-future trapped (null) surface (see Note 3); the purported BH of mass Mggp,
but rather the appearance of a terrifyingly magnetized ultra-compact astrophysical object,
a QGP star, with that mass and an extremely large, but not infinite, surface gravitational
redshift z__ > 10%. Recall that QGP (ALICE/LHC) is the unique experimentally probed
physical state that nuclear matter inside an HHMNS can, in principle, achieve in a stable
manner. This characterizes its ultimate stage of stellar evolution over these extreme as-
trophysical conditions: a catastrophic hadron-to-quark deconfinement while pervaded by
ultra-strong magnetic field strength that leaves it on the brink of an ultimate gravitational
collapse, the GECKO state. See Figure 3 below and the arguments in its caption. (For a
different conclusion suggesting BH formation in the process of material fallback onto a
remnant ultra-massive core after the explosion of a 40 M, supergiant star, see [57]).

Therefore, the different take in this paper is that the astrophysical end state of the
gravitational collapse must be a terrifically magnetized self-bound QGP BEC star, likely
the Ginzburg’s superstar [58-60], but not any true theoretical black hole, which, en passant,
is defined as a non-stopping self-contracting space-time discontinuity (“an astrophysical
object”?) [42-44]. That is, the astrophysical remnant should be a hypermassive QGP
star supported in addition to gravity by the NLED powerful repulsive pressure acting
on a QCD-dominated incompressible BEC of quarks and gluons held in such a state by
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the asymptotic freedom phenomenon: persistent scattering among parton-bound states,
rather than producing a crack in space—time. That is what Einstein himself once called
the Hadamard disaster and to which he added: “... General Relativity is about forces, not
geometry.” Additionally, last year in an arXiv paper, in discussing the geometrical aspects
and the physics/astrophysics that can take place in his own Kerr space-time regarding
the dynamic role of frame dragging, Roy Kerr pointed out: “...The Kerr solution can be
used to approximate the field outside a stationary, rotating body with mass m, angular
momentum ma, and radius larger than 2m. ...then the rotational and Newtonian forces
outside the source drop off like R=3 and R~?, respectively. Clearly, spin is important close
in, but mass dominates further out [2].” Certainly, a rotating QGP star model must be what
better fits in the actual dynamics we assess in this paper.

Upon pondering all the above, in our view, sound claims, one can ask whether Lifshitz
and Khalatnikov were right when they stated [61]: “...In the universe, dust clouds or
collapsing stars will expand again long before they reach the point of singularity...” From
our understanding, they did have reason. Moreover, decades ago, Abramowicz, Kluzniak,
and Lasota claimed to have found no observational proof of identifying, and an apparent
impossibility to conclusively identify, the presence of BH horizons in BH candidates as far
as electromagnetic radiation is used [62]. As regards this last assertion, we recall here the
EHT Coll. radio images of M87 and Sgr A* [24], as from them one cannot claim to have
observed an actual astrophysical BH, but rather only the presence of something equivalent
to a photon sphere and an accretion disk.

With that said, perhaps there is still room to check for echoes from the BH horizon
via the detection of gravitational radiation by using advanced LIGO/VIRGO/KAGRA
and other GW observatories so as to “hear” either some sort of echoes from the abyss
(see Afshordi et al. [63-66], and Cardoso et al. [67], and Olivares et al. [68]) or a GW
reverberation-like effect. Unfortunately, hitherto non-positive results were pointed out by
the very recent study case in [69] and references therein, which indicates that ”...no signifi-
cant echo signals are found from O3 LIGO-VIRGO-KAGRA Coll. detected GW events...”.

This interplay of ultra-relativistic gravity and the extreme repulsive pressure of the
yo-yo state emulating a dark energy-dominated cosmological fluid (p = —p) [70-72] set up
an oscillation that creates the equivalent of ultra-high-frequency sound waves in the QGP
star BEC state. (Quite unlike the process that drove Baryon Acoustic Oscillations (BAOs)
in the very early universe, producing expanding bubbles [73]). In such a unique nuclear
astrophysics environment—a yo-yo state super-powered by gravitational attraction—these
waves forcefully become a quasi-resonant state that increases the already gigantic repulsion
pressure even more to stably sustain the compact hypermassive QGP star.

To ascertain the details of the crucial role played by the extremely high magnetic field
BSQt(”{P, keep in mind how essential it is for both the emergence of the vacuum polarization
state and its related huge repulsive pressure, which are able to refrain the definitive collapse

to the theorists’ BH, and also for the actual impressive amplification of its field strengths up
1018)2< (BStar 2« (1022)2
(107)°<(Bpgp)“<(107) )—part

_pB-I
(h*B/\TLAS)2

of the y(r, ngp) function in Equation (10)—in view of the BEC of quarks and gluons

to that represented by the unitless NLED-derived factor F (

appearing when the subgroup Zz symmetry gets broken inside the HHMNS (see Figure 2).
This is a typical instance of self-magnetization from charged quarks subsumed by Bose—
Einstein condensation. That is, when the HHMNS magnetic field grows up to the limit
indicated above (BSthP), it enhances by powers of ten the term (7, ngp) in Equation (10).
This makes the radius of the resultant QGP star “significantly” larger, as compared to the
factor associated with the Planck length L, alone.
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Figure 3. A sample of the mass vs. radius relations calculated for the QGP Star model according
to the physical framework here presented. For this, the MIT Bag Model EoS with specific values
for the central density p. and the By,, constant was used. The relations are obtained by satisfying
the conditions that define the actual stellar radius (o(r)|,_ RECP/ p(r)],_ RESP = 0!) as a function of the
magnetic field strength B at the QGP star surface, and for a field strength maximum value b in the
Born-Infeld theory of nonlinear electrodynamics (NLED). This graph exhibits a fundamental trend
indicating that there appears not to exist any mass/radius upper bound to the general relativistic
hypermassive (up to 7 Mg ! in this plot) QGP star figure of equilibrium. This also means that the
quark-gluon plasma can built astrophysical objects with masses spread over a wide spectrum so
as to include the central supermassive compact bodies observed in most galaxies. A wide range of
models exhibiting the relentless trend pictured in this graph will be discussed in forthcoming papers
wherein the parameter space involving the EoS, the field strength at both QGP star core and surface,
as well as the NLED Born-Infeld theory maximum field strength b (including the upper threshold
derived from the ATLAS/LHC experiment, as quoted above) are explored. [This plot is taken from
the paper in preparation by H.J. Mosquera Cuesta, R. Francisco dos Santos and L.G. de Almeida
General relativistic figures of equilibrium of anisotropic hypermagnetized quark-gluon plasma stars
as the ultimate astrophysical state of gravitational collapse supported by NLED-driven vacuum
polarization. In that paper, a wide number of graphs describing key relations (e.g., density vs. radius,
pressure vs. radius, compacticity (Buchdahl limit), etc.) among the QGP star astrophysical properties
are given, along with an extended analysis of the physical implications of the results obtained within
this scenario].
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5. Summary
Much as the ATLAS/LHC (2018) results allowed us to nail down the reality of

the nonlinear phenomenon of photon—photon scattering as NLED foresaw it, similarly,
NLED/QED + QCD also appears to dominate the final stage of the general relativistic grav-
itational collapse. It startlingly states that the radius of the generic figure of equilibrium
of ultra-compact hypermassive extremely magnetized stellar quark cores is always larger
than the Schwarzschild radius for any given mass. Indeed, the calculated spectrum covers
a wide range of masses, radii, and field strengths:

(0 < MZSF < 7Me —), stellarradii (0 S R§S < 24km —), field strengths (10 < BT < 101G —), (12)

which, as is clearly seen in Figure 3, exhibits a relentless trend to higher masses and their
corresponding radii with apparently no bounds to those physical properties.

This finding is along the lines of the recent analysis in Ref. [2,39,48,56,61-63,67,68].
Notwithstanding, notice that ours’” goes well beyond from the perspective of of “materialis-
ing” the quantum nature of the collapsed ultra-compact astrophysical remnant, the super
strongly magnetized QGP star. It also highlights the fundamental concomitant roles played
by both the vacuum polarization driven by NLED and the asymptotic freedom of quantum
chromodynamics in precluding the definitive collapse [61] to the purported singularity.

In our view, the astrophysical dynamics described above are quite close to revealing
the actual mechanism responsible for the endless compression admission caused by the
injection of gravitational energy to the steadily density-changing QGP (BEC) star via the
gluon-mediated enduring exchange of color charge among bound states, e.g., the odderon:
a 3-gluon glueball state. The last is a unique particle formed by multi-interaction among
gauge bosons that causes differences in proton—proton and proton-antiproton scattering
(TOTEM/LHC/CERN and D®/Tevatron/FERMILAB Collaborations) [74-76]. Another
possibility is the formation of other coalescence states like the lightest pseudo-scalar glue-
ball X(2370) that was discovered at BESIII (2011) and had its nature recently confirmed
(2024) [77].

Incidentally, all of these physical insights place a great burden on the theorists’ idea of
the trapped null surface, i.e., the true theoretical black hole, which on the basis of the present
analysis cannot turn out to be a proper astrophysical body the way relativity theorists
idealistically deemed it to be decades ago. Our new analysis suggests otherwise. Indeed,
Roy Kerr stated in his paper [2] that: “... There is no known reason why there cannot be a
fast rotating non-singular star inside the horizons generating the Kerr metric outside. There
is no published paper that even claims to prove that this is impossible and yet so many
believe All black holes contain a singularity.” The present theoretical study, en passant,
confirms, from a very different physical approach, the similar conclusions achieved by
other authors [39,48,63,67,68,78] and the recent article in Ref. [50]. Perhaps a new kind of
physics/relativistic astrophysics is afoot.

6. More on Magnetic Field Amplification Driven by Gravitational
Collapse

Despite the fact that the inner magnetic fields of neutron stars have not yet been quan-
tified through direct observations?, resorting to the scalar virial theorem, flux conservation,
allows us to estimate that such fields can reach values up to B, =~ 10! G in the centre of
stars. Such extremely strong magnetic fields, which can be characterized as stochastic due
to the natural stochastic fluctuations in the stellar electron—ion plasma, represent the time-
dependent radial magnetic field imposed by the dynamics of the collapsing star we focus on
hereafter, regardless of whether it is actually monopole, oblique dipole, or multipole [80-82].
Notice that for an extremely relativistic ultracompact object (R < RE’SP), the polar magnetic
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tield B, becomes much weaker than the equatorial field B, i.e., B, /B, ~ 1078, all in direct
contrast to their corresponding Newtonian behavior B, /B, ~ 2 (see [50] and references
therein). This extreme asymmetry in field configurations induces a marked anisotropy
between axial/polar vs. radial/equatorial pressures [83]. This physical effect was explored
decades ago in [84,85] and since then by a large number of researchers as a mechanism to
drive a catastrophic implosion, kind of a quantum magnetically induced collapse [86] in
hypermagnetized neutron stars/pulsars to render a quark star as its astrophysical remnant.
This summary is enough for now; we shall come back to this essential issue later.

Aside from this, the extreme asymmetry in the magnetic field structure can also be
regarded as an astrophysical tool to pin down the GECKO state (gravitationally eternally
collapsing “kompact” object) on the brink of definitive collapse by, for instance, resorting
to either spectroscopic line analyses or searching for exotic synchrotron radiation spectra,
as well as extreme ultra-high energy cosmic ray (including neutrinos) emissions from
prospective unknown sources.

With that in mind, in this scenario, the GECKO survives in a suspended-collapse
state. Such a state is similar, in nature, to the continued gravitational contraction stud-
ied by Oppenheimer and Snyder in 1939 [42-44], but, in contrast to such non-stopping
dwindling (built on a nonphysical assumption of pressureless matter—dust)’ the GECKO
is blocked out altogether, remaining in an endless shrinking vs. expanding yo-yo state—
a configuration prompt to generate GW in the NLED-induced spacial asymmetry—by
virtue of the strength of gravity and the concomitant action of both the NLED vacuum
polarization —triggered by such extremely ultra-strong magnetic fields—and the QCD
repulsive potential. This is a critical example of self-magnetization by quark condensation
that produces repulsive scattering pressure via the characteristic positive potential energy
of the QCD asymptotic freedom. But more crucially, it also brings in a repulsive force
among quarks and gluons, impeding the infinite self-contraction (see Figure 2). Both effects
produce a total negative pressure of the type p = — p, reminiscent of the Chaplygin-like
gas [88], akin to Chandrasekhar’s quantum degeneracy pressure—a result of Pauli’s Ex-
clusion Principle—that opposes a definitive implosion or ultimate gravitational collapse
to the closed-future trapped (null) surface, the theorist’s true black hole [51,54,55]. (Note:
The black hole concept was introduced by J. A. Wheeler in an international conference on
general relativity held in Chicago in 1967 and then by R. Ruffini and J. A. Wheeler in a 1971
paper [55]). The physical effects of an near-repulsive-pressure BEC were also explored by
Mazur and Mottola in their spherically symmetric de-Sitterlike inner gravitational vacuum
condensate—gravastar—as an alternative to BH (see their recent review [39] and references
therein), which also satisfies the EoS: p, =-p, — V(¢) > 0. (Check the next footnote
about potentials in physics)®. Thus, in our analysis, the GECKO's effective mass ends
up being increased by either the Landau quantization [58] or the vacuum awakening via
quantum fluctuation [89,90] mechanisms, and consequently might in fact end up as the
Ginzburg's ultra-magnetized superstar, an object which construes Thorne’s argument that
according to “... the principle of flux resistance to gravitational collapse. .. in the presence of
particulate matter. .. no pure magnetic energy can collapse into a BH state.” Indeed, Thorne
stressed that his analysis does not apply when the fields reach the critical Schwinger value
and its associated polarization effects [60].

In general settings, at the innermost core, as those field strengths go beyond
the Schwinger limit, it happens that the quantum vacuum—described by QED as a
current/charge-free, polarized, and magnetized medium—undergoes a sort of “awak-
ening” through the vacuum polarization phenomenon. The awakening of the vacuum also
increases the core’s effective mass [58,89]. In the scenario portrayed by the present paper,
this is a critical contribution of extreme relevance to the actual HHMNS mass at the end
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state of gravitational collapse and catastrophic color deconfinement. The question reads: In
an exotic fluid such as this, dominated by a total negative pressure p = —p, what amount of
gravitational mass can be stably afforded to form a QGP star, as we model it here? Perhaps
the scalar Virial Theorem could guide us in this critical direction if one properly includes
the quantum vacuum fluctuations as suggested in [89], where there appears not to exist a
limit to the energy density exponential growth of such a squeezed quantum vacuum driven
by the super strong—twisting—gravitational field of the collapsing matter. (Notice that an
uncontrolled energy outburst may destruct the compact star expected to form.) At such
a stage, a gravitational mass bound on the stable hypermassive QGP star—as idealized
in this paper—might appear by releasing the over-increase in energy density —due to the
“awakening”—via a massive/powerful generation of gravitational radiation (recall that
NLED breaks down the Schwarzschild spherical symmetry) in the yo-yo state figured out
above, or by radiating the hypothetical dark photons, or from achieving the energy scale
theorized to start to radiate axions—a Goldstone particle resulting from a broken U(1)
global symmetry in the Peccei-Quinn mechanism to cancel the anomalous Charge Parity
(CP)-violating term in the QCD Lagrangian, making QCD CP-conserving [91]—or, in an
extreme case, from the higher threshold imposed by the GUT gauge symmetry-breaking
energy scale. In this astrophysical environment, the hypercritical magnetic field dumps
its gigantic energy reservoir into radiation and matter by “materialising” itself via the
creation of e~,e™ pairs and photons that take over due to the relatively huge strength
of electromagnetic interaction with respect to both gravity and electroweak interactions.
(Bear in mind that neutrino pairs v+, v~ are less likely due to the rules of symmetry: both
the feebleness of electroweak interaction and their nonzero rest mass, in addition to the
stupendously low thermodynamic temperature of the astrophysical GECKO. All of this
makes it a little harder to ever produce them.)”

7. Color Deconfinement Transition to QGP Star: Role of the QCD
Asymptotic Freedom

Quantum chromodynamics (QCD: see the pertinent review by Wilczek (2000) [94])
describes both the strong force—as a classical approximation: Fgy = —VV(¢) =
asefic (4/3)/1?, with agy >> aem—and the unique positive binding energy V(¢) > 0
of quarks that attract each other to build baryonic nucleons—protons, neutrons—and their
residual attraction inside atomic nuclei (see Figure 2).

The QCD fundamental hallmarks are:

(a) Asymptotic freedom, which refers to the vanishing of the strong nuclear (force) inter-
action among quarks as their inter-distance dwindles but never actually reaching zero
(see Gross and Wilczek [95,96], and Politzer [97], and Figure 2).

(b) Chiral symmetry breaking, the dynamic spontaneous breaking® of the symmetry
appearing on the limit at which the quark masses are set equal to zero. It explains how
quarks generate the masses of hadrons (see the review by Hooft [98]).

The terrifyingly high inner-field strengths Biin¢r ~ 101820 G and the overwhelming
gravity pressure of supermassive ultra-compact cores’ also contribute to destabilising
their innermost central region by compacting the HHMNS’ nucleonic matter, causing
the hadronic gas to undergo a catastrophic rearrangement—color-charge deconfinement
transition—to a new phase, freeing their quarks and gluons—collectively known as par-
tons [99,100]—to constitute a “hot” (~10'2 K) dense medium, a state that emulates the
ALICE’s QGP featured earlier. Surely the strange quarks, and likely the charm quarks, are
everywhere, as they pre-existed in the transforming HHMNS. For instance, in (anti (%H )
hypertriton (%H ) states—unstable nuclei composed of (anti)protons, (anti)neutrons, and
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(anti)Lambda—have greater binding energy in strange nucleons—Lambda baryonic hy-
perons, as discovered by the STAR Collaboration with the Relativistic Heavy-lon Collider
(RHIC) at Brookhaven National Laboratory (BNL) [20]. In the case of an ultra-compact star
core, this stage can be described by an EoS built up on the relativistic mean-field (RMF)
model plus an extended MIT bag model [101-104], or similarly via a symmetry-restoring
chiral mean field (CMF) nonlinear sigma model [105-107]1°.

The shrinking core becomes even tighter (see Figures 1 and 2) but is still able to
support itself due to both states: the quantum vacuum repulsive (negative) pressure and
the asymptotic freedom property of parton matter, whilst the QGP star’s high energy
density reaches many orders of magnitude beyond that for atomic nuclei and typical
neutron stars''. Specifically, models where the quarks interact strongly predict a harder-to-
compress form of matter, a feature that correlates with HHMNS of larger radii [25]. For
instance, a massive NS of radius 12 km and mass 2 Mg has a quark core ~ 6.5km. This is a
model built with a subconformal EoS with a speed of sound of ¢? < (1/3) ¢? [104,112,113].

However, the astrophysical state can worsen even further with regard to the standard
picture of HHMNSs. In the case of persistent mass accretion onto the hypermassive QGP
star 2 < M%térp( M) ~ 5), such a suspended state of ultimate collapse is not everlasting.
An exceptional role, perhaps, is reserved for either axions [114,115] or the unique nonzero-
mass hidden/dark photons [116], if they do occur in nature, as these extra losses of energy
would set off unknown /unexpected dynamical effects. (This remains unresolved) In some
instances, quantum-gravitational effects (QCD asymptotic freedom + NLED/QED vacuum
polarization + relativistic gravity) can take control and exact a halt, potentially reversing
it [61] in a dismantling nonpareil explosion that may rival the universe’s latent energy re-
leased at the phase of the spontaneous breaking of GUT gauge symmetry: Egyr ~ 10" GeV,
the next energy scale higher than the one for the electromagnetic interaction, according
to the standard model of particle physics. Though not yet available at particle colliders,
and perhaps never reachable apart from at cosmic scales, there is certainly room for it to
be achieved in astrophysical or cosmological processes. Such unique explosions can be
unequivocally disentangled among similar gigantic cosmic outbursts. Thus, perhaps some
of the fourteen bright celestial sources of gamma rays (observed by the FERMI GRB Space
Observatory) claimed to have come from stars made of antimatter [117] may instead come
from the formation of the QGP star, i.e., the GECKO. Is there any signature of something
having been left from such antimatter stars? Up to today, nothing has been identified that
is compatible with the idea of antimatter stars. Neither the putative (theoretical) black
hole, as described in [51,54], nor any other remnants. En passant, within the framework
of NLED, some discussions on fundamental issues related to theoretical BH physics and
particle astrophysics such as irreducible mass, neutrino propagation inside extremely dense
star cores, etc. are given in [118-120]).

8. Minimal Coupling of Gravitation to NLED: The Lagrangian Theory,
the Effective Metric, and Einstein’s Field Equations

8.1. Born—Infeld Lagrangian for Featuring the QGP Star Extreme Electromagnetic Fields

Born-Infeld (B-I) nonlinear electrodynamics, a field theory exhibiting relativistic struc-
ture and describing no birefringence [36], was addressed, just after the release of ALICE
results by Ellis, Mavromatos, and You in connection to setting a strong bound on the
theory’s mass scale: miﬁ as ~ 90GeV [23], which, by using a conversion factor [121,122]
from natural units to magnetic field B units—Gauss (G)—defines the field strength’s
empirical limit:
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(13)

2B-1
b=BB-! . ~(328) 102G <m artas = (0 GeV)2> .

GeV?
It is worth noting that the Born-Infeld Lagrangian was built in part with Einstein’s principle
of relativity in mind: no material body can travel faster than light in a vacuum'?; and the “on
the mass shell” p, p" = m? constraint, which also exhibits the self-duality property.

The mathematical structure of B-I Lagrangian—a theory that restricts its own field
strength b—takes the form!'3

Bl p &) = g2 F G

B-I ~ 1 1 ., G? .

Loypa.(F, G) =~ EF + @F t o (to fields lowest order) .

It satisfies :

(a) the canonical conjugate variable / constitutive relations

-, L - L

H:—a—_.::::D:a—_., (15)
oB oE

(b) the duality transformation

D+iB—e®(D+iB):=E+iH—e®(E+iH), (16)

and (c) the highly nontrivial and nonlinear constraint

DH = EB. (17)

B-1I

In Equation (14), the term b = B, is an unknown parameter, the theory’s experimentally
fixed field strength bound, with the dimension of [mass?] in natural units, that can be set
using lab measurements—In this instance, from ATLAS/LHC CERN. Hereafter, we shall
useitasb = Bi}lf as > 3.28- 10%2 G, the mass bound obtained in [23]. The corresponding
electric field strength limit is given as:

B—1I e
Ejmn = —— =~ 2-10% [Volt/m],
4mepay
2
where a, = 4;162? = m?m = 5.29-10""'m is the characteristic electron size, the so-

called Bohr radius [36], and 7, is the QED effective—one-loop corrected—electron mass
Me = Me [1 + & In? (Bgi;)] [37].

In closing this paragraph, we define the invariants (F, G) (scalars) by using Fy, (A,) =
VA, — VA, < Fu(Ey,By)) = E,V, —E,V, + qwaﬁVaB/g, where the 4-vector V¢
satisfies the normalization condition: (V,V#=1), so that the Maxwell scalar reads:
F = F,F" = —2(e,E? — yo_lB2), and the F-dual: G = F,,[" = %naﬁvéF“ﬁF”Y‘s =

Ly PE g = BuEM = ,/%E - B, where the bi-vector F¥V = eP"F,,, with the 4-

tensor e*f7° = ﬁ P19, being ¢*f7° the Levi-Civita tensor satisfying the indexing

rule ¢,,,, = +1. The space-time metric signature (-+++) is used, along with the coordinate
indexes p,v=(0:t,1:7,2:6,3: ¢). Finally, ¢, = 8.854 - 10'2 [F/m]: vacuum permittivity;
#, = 47 - 1077 [H/m]: vacuum permeability.

On this basis, the general equation of motion for nonlinear current/charge free electro-
magnetic field (EM) sources described by NLED Lagrangians (L(F, G)) reads

1

ﬁvy(ﬁ[—LpF”” —LeF™]) =0=T1"(p.]), (18)
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where V, is a covariant derivative with respect to the spherically symmetric Schwarzschild
line-element (see below), Ly = 0L(F,G)/dF o« h,B?/b? and Lz = JL(F,G)/9G = 0
hereafter, and

Lrr = 0*L(F,G)/0F? =l x (Lpp /L, B*/b?) ... (19)

Moreover, the Faraday circularity law (Bianchi identity of first order) also applies
VuF'" =V F )+ VyFy + VaFy = 0. (20)

It is needed to derive the effective metric Equation (21) presented below, by using the
notation introduced in [47]: V Fu|s = fuky .. fu: field discontinuity at surface X,
and wave vector k).

General Lagrangians: Dispersion Relation and Effective Metric

For general NLED Lagrangians L(F, G), the dispersion relation that describes electro-
magnetic fields propagation gets the form (g;,: background metric—Schwarzschild, Kerr,
etc., k,: wave vector) [45,125-127]:

LrF A
_4 _LFF EME,, | kK = 0. 21
(g”” Lr+GQ(F,C), Leg ”) @1)

i

It was explicitly deduced in Appendix A in [47]. This equation allows us to define the
effective metric (g5

nv
remnant QGP core we study in this paper. Additionally, it was shown therein that the fields

) that is "felt" at the gravitational field—"spacetime”—surrounding the

detected by a comoving observer in this NLED description of the average electromagnetic
fields are given by (FWF"‘U> = —%Bzhw, where B? = B¥By,, in addition to these other
definitions: B, = |B|ly, 1y = /=8 (SL, Vi = /800 (52, with V,,V# = 1 representing the
normalized 4-vector velocity of the local reference frame where the fields are measured.

NLED Lagrangians (L(F, G)) have Planck’s constant 7 as the expansion parameter on
the field scalars (F, G); for instance, the Heisenberg-Euler (H-E) NLED [123,124]:

~ 1 i 7 ~
H-E 1 H{r 7 =2
L (F,G) = 4F+4<F +4G > (22)

for which the following 7-dependent constant is defined:

B 202 i o 2
#(h):h<45>{(m§c5)} =Ah . a= (arhe) (23)

This feature classifies NLED as a semi-classical theory. Further, it is gauge-invariant;

hence, charge conservation is guaranteed (J¥,=0), while the theory vacuum is C-P-T
symmetry-preserving. Moreover, NLED has the remarkable property of avoiding the
singularity featuring the electric field at the position of a point-charge particle in Maxwell’s
theory. In addition, it fits well in regimes of extremely high magnetic field strengths,
i.e., near to or beyond the Schwinger limit |B|,, ~ 10'*°G, at which quantum effects like
vacuum polarization suddenly kick in, a phenomenon that does not show up for any field
strength, in accordance with Maxwell’s electrodynamics.

Thus, by resorting to Equation (21), the effective metric for the H-E NLED Lagrangian
(LH=E(F,G) ... G = 0) becomes (recall that the H-E Lagrangian does not take into account
all of the microscopic phenomena related to the photon—photon interaction in a vacuum).
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S = gyuf<LHE(ﬁ(h),{§})> (24)
4 B BZ
—_————

p(n)
2

S f (122) (unitless), (25)

where B = ngp (G) takes on specific values near to/or well beyond the Schwinger limit,
in this QGP star model.

Meanwhile, and after resorting once again to Equation (21), the effective metric for the
Born-Infeld NLED Lagrangian reads (L"  (F,G) .. G = 0):[47]

2B2/1p?
&l = g - (ZBZ/M{VM - z;,zv} . (26)
2B2/b?
== <o | & 7
off — o 7 (B (unit 28
v = 8w | 3z (unitless) , (28)

as the r-metric component, which for extremely strong field strengths Bétgp(G) <SBEA s
can mean a non-negligible modification of the Schwarzschild gravitational field geometry,
in this first approach to modeling a QGP star permeated by extremely high magnetic fields.

To summarize, QED predicts that in most overarching settings involving high energy,
photons can scatter off each other by exchanging (via Feynman diagrams) virtual charged
fermions (e*-like leptons and quarks™) that acquire their masses through Yukawa-type
interactions with the Higgs field. That is, the Yukawa coupling constant couples the
fermions—each having its own coupling constant—to either the Higgs field or the W+
bosons. The dynamics of such peculiar behavior of light was advanced decades ago (1951)
by Karplus and Neuman [128]. Since then, lots of research on this subject has been carried
out (see Dymnikova’s review on nonlinear electrodynamics [129]). In the framework of
NLED, Refs. [45,47] discuss the surface gravitational redshift and Einstein’s gravitational
lensing, essential concepts of relativistic astrophysics that help to justify why the QGP star
presented below must be totally dark.

8.2. Einstein’s Field Equations and QGP Star Dynamics Influenced by NLED

The functional action for nonlinear electrodynamics coupled minimally to gravity can
be written as [51,54]

. 1 »
5= / d*x\/—g (2KR 4L, + [LNLED(P,G)}) . (29)
The Einstein field equations are then written as

1 87TG Total
Guv + Aguv = Ryy = S8R+ Agyy = CTN<T;4; )- (30)

In the present study case, A = 0. Thus, the system energy—-impulsion tensor reads

Total NL

<T‘uv > = <Tyv> + T;:f// (31)
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where the symbol ( ) stands for semi-classical (or “renormalised”) stress—energy tensor.
The right-hand-side terms include the average contribution (VEV) from NLED electromag-
netic fields and the perfect fluid thermal-like matter.
NLED and the Energy—Momentum Tensor of Collapsing HHMNS Cores

After this lengthy digression, let us turn back to the model dynamics. First, the energy-

momentum tensor of an ordinary thermal (particle-like) fluid reads

M
T, = (03 + Par) 000 — Pry8ps (32)

with p,,: mass density, and p,,: pressure. Here, the fluid 3-velocity field is u, so that the
unit tangent vector field v, over the worldline of a particle reads

oy = (— c u )
" V-2 V22

(33)

which is properly squared-normalized such that v, v = —1. This means that the 4-vector
vy, is associated with a time-like killing field { of the space-time geometry.

Second, keep in mind that when the above conditions are fulfilled, the general NLED
Lagrangian density {L,,,,(F,G) — L,,(F,G)} leads to an averaged energy-impulse
tensor, also characterising the following for a perfect-fluid

NL

<Tyv> = <(pNL +PNL)UHUV - pNLgP“/>/ (34)
in which the NLED density and pressure are written like [126]

4 B2
OnL = —-L- 4(€0E2)LF’pNL =L+ §(€0E2 n Z]T)LF'
0
L .
Sy H3Py S0 LE> T = 7=07 . (35)

That is, the QGP star fluid’s effective acceleration is radially outward. This feature
is dynamically contrary to the standard picture of gravitational collapse. Hence, the total
density (o' € T,,) and total pressure (p°®@ € T,,) - v = (0:41:7,2:6,3: ¢)

gather contributions from matter (M) and nonlinear EM fields (NL) to get the form'*

P%;(i?)l =Py, TPy =[-L- 4(€0E2) Le] + oy, (36)
4 _
p(Tgt)E?)l =put+Pu=I[L+ 3 <€0E2 =2, 132) Le] +py -

Therefore, these equations indicate that NLED pressures and energy densities satisfy
the relation p,, = —p,, (¢?), as discussed in [78,126] and references therein. This NL
equation of state (EoS) resembles the one of a fluid dominated by dark energy that drives
accelerating cosmic expansion in the current standard model of cosmology (A-CDM: p,,, +
Py =0 = —5(eoE? + i 1B?)Lr. Thus, Lp=0 — the effective cosmological constant A,
i.e.,, w=—1), which in addition to the repulsive force among quarks derived from the
QCD asymptotic freedom phenomenon (recall the quote about this mentioned above)
generates a total repulsive pressure powerful enough to stably sustain the QGP star formed
in this manner against the immense gravitational pull from its constitutive magnetized
mass—energy. From our understanding, the behavior of quantum matter at such extreme
pressures and field strengths is currently unknown and the subject of intensive research.
The role of both physical properties is the crux of the present article.
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8.3. Extreme Magnetic Fields vs. Spherical Models and Actual Deformability of Ultra-Compact
Star Cores

In this paper, when discussing the stability of an idealized spherical generic figure

of equilibrium of a QGP star model—our first approach to tackling this issue'>—we shall
explore magnetic field strengths in the range
(10" < BF%(G) < 107). (37)

The last being the experimental bound computed from ATLAS/LHC data [23].

In connection with the highest value of magnetic field strengths achievable by as-
trophysical ultra-compact remnants like a quark star (see the recent review in [131]), it is
essential to state that, at present, our understanding is unclear. That is, the established
properties of extremely hypermagnetized matter in new classes of compact stars might
actually be quite different from what scientists previously thought. Despite foregoing spec-
troscopy tools, electromagnetic radiation satellites, optical and radio telescopes, and the
advent of GW astronomy, it is an extremely hard task to envision a physical mechanism
to estimate those actual values at the inner core of an object like an HHMNS, let alone to
attempt to infer them by direct observation of a unique compact remnant like a QGP star,
of which we barely have observational evidence of its presence as an astrophysical body
really lurking out there. This is the case of the candidate object RX J1856.5-3754, whose
X-ray spectrum allows us to infer that it is consistent with a radius (3.8 < RXR(km) < 8.2)
that is too small to be a typical neutron star. Even stranger is the remnant star at the center
of the supernova debris HESS J1731-347, with a radius of RHFSS(km) ~ 10.4, a temperature
of T(°K) ~ 2-10°, and a mass of MIFSS (km) ~ 77% M, certainly smaller than the Sun’s
mass. An object with no indication of a thin over-layer—crust—composed of iron and/or
other nuclei [132]. Other possibilities are discussed in [30] and references therein. Hence,
the evidence in favor of QGP stars and their extreme magnetic fields is good (about seven
strange-quark candidates are now known) but by no means conclusive. Hence, some
innovative theoretical insights on how to compute or estimate NLED magnetic fields inside
such quark stars are needed.

For this reason, we quote the theoretical input by Usov and Shabad [133] regarding
extreme magnetic fields, who computed a maximum B field strength: Bmax = 1.6 x 10%8
Bse, ~ 102G by imposing the stability condition for the existence of the ground state of
the positronium atom. Namely, although there is no experimental /observational evidence
of such extreme terrific fields, we suggest that such a QED theoretical limit offers further
support to our approach in building a model of a stable extremely hypermagnetized QGP
star with much higher magnetic field strengths than the bounds computed in [23] from the
ATLAS/LHC results:

(1032 < BZE(G) < 1027 ~>9), (38)

These fields can bring about dramatic effects when computing astrophysical properties
of the QGP remnant, such as, for example, the mass—radius relationship, as given in
Equation (10) below. As it is such a critical property, we address it later on.

Hereafter, we assume this theoretical spherical configuration despite the actual nearly
prolate/oblate/spheroidal structure dictated by the effects of the powerful, essentially
dipolar magnetic (B) field permeating an actually rotating QGP star. (Recall what the obser-
vational properties of most typical neutron star/pulsars indicate.) To this end, we highlight
at this point the issue of anisotropic (polar vs. equatorial magnetic field) pressures'®,

Py = B%/ 2up, which were discussed in [17,84,85].
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There it was shown that such pressure asymmetry—the superstrong field strength
anisotropy—can induce a sudden quantum magnetic gravitational collapse to likely render
a quark star as the astrophysical end state. In fact, it has been suggested elsewhere that
some observables of spheroidal magnetized strange stars can be estimated from a distance,
for example, by detections of continuous gravitational wave signals from actually rotating
and non-axisymmetric deformable QGP stars. See Refs. [104,134-137], including the search
for such a sort of GW signals by the LIGO/VIRGO/KAGRA Collaboration.

At this point, it is essential to peruse the actual deformability of an ultra-compact star
core in connection to our spherical model choice. Quite a lot of research has been carried
out on this fundamental property, as it is deeply connected to the actual equation of state
(EoS) of the compact object in question [138,139]. See, for instance, some studies on this
matter in [134]. Ellipticity in the range of (0.48-0.93) x 10~? (a few micrometres on the km
scale radius) has been considered. In addition, models in which the ratio of the polar to
the equatorial radius reads ~2 x 1072, led to the conclusion that such a deformation level
does not impede the consistent building of models of compact objects with a spherically
symmetric structure (metric) [16]. Similarly, other research hints at the existence of a trend in
deformation relations, in the case of hyper-strong fields, that are quasi-universal, i.e., mostly
independent of the neutron star EoS [140]. In view of these novel studies on deformable
compact objects, we are confident that our model of a spherical QGP star enshrouded
by a magnetic field of poloidal configuration is self-consistent, and our conclusions are
noteworthy. (A realistic general relativistic spinning model must certainly engender further
novelties.) Indeed, in our understanding, the actual mechanical stiffness of the astrophysical
QGP star is expected to be a little more stringent—i.e., less prone to undergoing noticeable
deformation—than the one for typical neutron stars, and thus its deformability is still
quite limited in spite of the extremely strong magnetic field BSthP acting on it. This is a
fundamental physical difference in the actual structures of a neutron star and a QGP star.
That is, it hides the fundamental role of the magnetic moment of quantum matter (electrons,
protons, neutrons, etc.).

To conclude this summary, bear in mind that the whole Equation (21) also serves to
describe the dispersion relation for light propagation in the gravitational field around com-
pact remnants permeated by super-strong magnetic fields where NLED photon acceleration
occurs. This effect is responsible for the asymptotically enlarging surface gravitational
redshift z_ __ of compact stars, a fundamental piece of relativistic astrophysics in this paper.
The dramatic effect of such extreme field strengths on this crucial astrophysical quantity is
illustrated in Figure 4 (see [45,47,141,142]).

Einstein once said that “...it is theory which decides what is ‘observable’.”, and John
S. Bell asserted: “...I think he was right—'observation’ is a complicated and theory-laden
business.”
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Figure 4. Effective surface gravitational redshift z
indicates the trend of an increase in z,_,
Its trend is exponentially increasing but it never reaches an infinite value, as is the case for true BHs.
(Plot taken from the paper [47]).
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Notes

1

Math/ly: linear in Maxwell scalar F = F,, F*V, .-, FIW(AV) = dy Ay — dyAy: the anti-symmetric electromagnetic field tensor; ..
Ay=(¢/c, A): the electromagnetic 4-potential; ¢: the electric scalar potential; ¢: the vacuum speed of light .. A: the magnetic
vector potential.

A self-bound QGP star is a sort of astrophysical self-magnetization state of electrically charged quarks as a consequence of
Bose-Einstein condensation (BEC) of such particles driven by gravitational shrinkage and color-charge deconfinement followed
by quark-pairing (color superconductivity). The major role played by BECs not only in condensed matter physics but also in
relativistic astrophysics was explained in detail a few years ago by Chavanis in [38], by highlighting the dynamical effect of the
bosons’ repulsive scattering, i.e., the Heisenberg uncertainty principle’s degeneracy negative pressure, in stabilising galactic
structures such as dark matter halos and astrophysical compact objects against gravitational collapse. Furthermore, ref. [38]
emphasizes the fundamental role of the bosons’ scattering length in dictating the sort of collapsed remnant to wait for. In the
case of stable boson stars featuring a positive scattering length, they could mimic the purported supermassive black holes said
to reside at the core of most galaxies and other similar astrophysical ultra-compact galactic sources. See also the gravitational
vacuum BEC alternative to black holes by Mazur and Mottola [39]. Aside from this, from a theoretical point of view, these BEC
states are no longer considered thermal states, so they cannot be assigned a temperature; i.e., as the substance is not in (or near)
equilibrium, there is no temperature. The preparation of a BEC as a deterministic variation of the quantum ground state is
effectively a state of indeterminate temperature. This is simply an alternative framing of the Heisenberg Uncertainty Principle.
It is a null surface characterized by null world-lines on it, all with (At = 0) zero proper time, which is the amount of time elapsed
along a world-line, i.e., what your wristwatch measures
It still appears to be room for estimating, via direct astronomical observations, the B-field strength of an ultra-magnetized QGP
star by extracting the total chemical potential and, in particular, the contribution to it from the magnetic field present during the
phase transition to quark—gluon plasma. See [79] which introduced such a method and our forthcoming paper on this promising
avenue.

The unavoidable aftermath of such an advantageous—dust—approach involves reaching an infinite energy density at the centre
of the star, a sort of a singularity. However, as discussed by Faraoni and Vachon [87], dust particles follow geodesics, but for a
general perfect fluid endowed with pressure (as in our model here), the proper time along the trajectory does not coincide with
the proper time along the corresponding geodesics. Notwithstanding, a 4-force parallel to the trajectory of a massive particle can
always be eliminated by going to an affine parameterization, but the proper affine parameter is always different from the proper
time.

It is worth remembering that in physics, most potentials are negative and attractive—defined as V(r) < 0.. V(r) = —F(r),

e.g., the electrostatic (Coulomb) potential, the gravitational potential, or the elastic potential describing a deformable mechanical
spring (Hooke’s law). Indeed, signs set out a physical fundamental difference. For a vector theory—like electromagnetism—the
potential energy of the field among similar charges is positive and increases as their inter-distance decreases; i.e., one needs to
invest work to push similar charges together; as a result, the force among them is repulsive. Conversely, for a tensor theory—like
gravitation—where the charges are the masses themselves, the field potential-energy term is negative, which means work has to
be injected in order to enlarge their separation. That is, the force among similar charges is attractive. The same behaviour holds
for unlike charges in electromagnetism. Nonetheless, exceptions do occur in physics, and some natural phenomena are pictured
differently. There exists a noticeable potential that combines both the repulsive (1/r") and the attractive (— 1/r") properties laid
out above, the Lennard-Jones potential: a simplified, radially symmetric model describing the essential features of interactions
between neutral pairs of either atoms or molecules: V(r) = 4¢e[(c/r)'2 — (¢/7)] .. o: distance at which the particle-particle
potential energy V = 0, and e: depth of the potential well, which has its minimum at: r = ryj, = (2%) o, where V = —e.
Two interacting particles repel each other at very close distances, attract each other at moderate distances, and eventually stop
interacting at infinite distance.

At this point, it is necessary to point out a key thermodynamic property: If a self-gravitating system loses energy, for instance,
by radiating energy into space, the case of star-like objects, then it contracts itself, but, in contrast to standard substances, its
average kinetic energy indeed increases (i.e., AQsys; < 0 = AEg;; > 0 — ATsys; > 0). As the temperature is defined by the
average heat content in the kinetic energy, the system can be said to possess negative specific heat capacity. The more extreme
version of this feature happens with excessively ultra-compact astrophysical systems, such as black hole-like objects, including
the self-bound QGP star in its BEC-like state. According to black hole thermodynamics [92], the more mass/gravitational energy
a black hole absorbs, the colder it becomes. Conversely, if it is a pure emitter of energy, for example through Hawking radiation,
as shown in a 1975 paper [93], it will become hotter and hotter until it finally boils away.

The opposite of explicit symmetry breaking of a theory happening in adding terms to its defining equations of motion, i.e., La-
grangian/Hamiltonian, such that the new equations do not preserve the posed symmetry.
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Keynote: as the gravitational field reaches the state when its strength is comparable to other forces, its putative quantum nature
can no longer be ignored. That is why NLED is called for in this paper, as the first step to integrating quantum effects into the
whole astrophysical picture, as we do not yet have a quantum theory of gravitation to hand.

First-order phase transitions are those that involve a latent heat. In a compact system, the matter gets heated up as gravity
pulls it together (its negative specific heat at work). During such a transition, a system either absorbs or releases a fixed
(typically large) amount of free energy per volume. In systems transitioning to deconfinement, the phases are connected at
the chemical potential in which the pressure from the quark EoS matches/exceeds the one from hadronic EoS, pinpointing the
phase transition to the quark—gluon plasma (QGP) state [105,106]. Such an extension of hadrons-to-quarks is similar to the
Nambu-Jona-Lasinio (NJL) model extended up to include the Polyakov loop (®=0: P relates to free energy), that is, a nonlinear
sigma model that uses the Polyakov loop as the order parameter to feature the deconfinement (the ALICE results show up at the

0: Fj—o0 confinement
energies > 150 MeV—a rightward shift of the Lattice QCD borderline in Figure 2): (cl): mEH [Pexp (, I ohg, )] oy { 4 )

1:Fg—0 deconfinement

This is quite a natural next step, as the Polyakov loop is related to the Z3 symmetry (see Figure 1 the vortex percolation/de-
percolation threshold, as described in QCD-Lattice gauge theory), which is spontaneously broken by the appearance of the quark
condensate phase, which then makes (¥ # 0) finite. (See further details in Verénica Dexheimer’s (2009) PhD thesis [105,106]).
Such work, though, neither included Einstein’s gravity nor even Maxwell’s electrodynamics. Nonetheless, both physical key
ingredients were included in a later paper. See [16]). In such a state, gluons also play a key role in both the entropy and baryon
density via the Polyakov loop and its potential (V(¢), which imitates the effects from confinement; see Figures 1 and 2, with ¢: the
background color-charge gauge field with which quarks interact) and represent color-bound states that mimic extra possible states
such as the QCD higher resonances, which last for At < 10~ (Delta baryons AtHH0— upsilons (mesons of the bottom quark
Y (b b)) pinpointing to the phase transition to a quark-gluon plasma state, or the spin-1 (vector) charged rho mesons (isospin-+1,0
triplet of states (o™, 0", p7) with At= 4.41 x 107245, a result of chiral symmetry breaking). But notice that mesons with a top
(t) quark are very likely impossible, as high -ass — rapidly decays before it has time to form: At ~5x 10~2°s.) The Polyakov
potential was built for analysing Lattice QCD at nil/low chemical potential and high temperature but was redesigned to discuss
neutron star (NS) dynamics where high chemical potential and stupendously low temperatures are dominant, as explained in
Footnote (7). The Polyakov loop has key roles in the NS context: (a) for an increasing temperature/density, it takes on nonzero
values. (b) It appears at the high-value coupling constants of both baryons (g, ®?) and quarks (ggo (1 — ®@)). Its presence
in the baryons’ effective mass hints at the suppression of baryons at the quoted threshold. Meanwhile, its appearance in the
effective mass of the quarks ensures that no quarks will show up at low temperatures/densities [105,106]. In the present paper,
we offer general insight into this unprecedentedly known fundamental result using our semi-classical approach. We postpone
forthcoming research involving a full detailed analysis of this pathway to the astrophysical end state that follows the catastrophic
deconfinement transition from the HHMNS to the QGP star, which we plan to model via either a Polyakov-loop-inspired NJL-like
RMF model or the symmetry-restoring CMF Lagrangian, like the following one:

R ~
L= 5o+ L(EG)+ L + L™ + L& + L + Ly — V(@)

The terms here represent Einstein’s gravity, NLED, the kinetic energy of hadrons (H); quarks (Q) and leptons (L); interactions
between baryons (B and quarks) and vector (V) and scalar (S) mesons; self-interactions of scalar (S) and vector (V) mesons; the
term explicitly breaking/restoring chiral symmetry (SB); and the Polyakov-loop potential (V(¢)). Notice, en passant, that a study
of neutron star equilibrium configurations joining the four interactions was performed by Prof. Ruffini’s group in [108], the
very first of its kind. Nonetheless, they did not take into consideration NLED, neither the hadron-to-quark deconfinement nor a
high-mass HHMNS model. As befits a model of this sort, its stability can be explored based on causality conditions, the adiabatic
index, the generalized (¢, -dependent) Tolman-Oppenheimer—Volkov (G-TOV) equation, Herrera’s cracking method, or the
Buchdahl limit.

In general settings (i.e., non-spherical /anisotropic), the static configuration is achieved asymptotically and settles to a final radius
greater than the photon sphere for the Schwarzschild black hole. The central density becomes arbitrarily large and approaches a
sort of naked singularity [109-111].

There is no Lorentz transformation to turn a slow speed motion into one of a speed faster than light.

See definitions of F and G just below, which in turn define the magnetic induction B, the electric field E, and its “dual” magnetic
field H and electric displacement D, much like in Maxwell’s theory. Also check Ref. [123,124] for a discussion on the limits to
NLED and on the expanded B-I Lagrangian given next, in addition to the magnetic and electric properties of a quantum vacuum.
For a Maxwell Lagrangian the conserved Poynting flux energy density reads: pc?> = 3p = 1(e,E? + u,1B%) =o0; j» the Maxwell
stress tensor.

A realistic spinning QGP model is in progress [130].
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The magnetic pressure can be derived from the magneto-hydrodynamics Cauchy momentum equation: p (% +v- V)

v
J x B — Vp: (Lorentz Force - Pressure Force), where by using Ampere’s law o] = V x B, one gets ] x B = (Bﬁy -V (%):

agnetic lension - Magnetic Pressure Force), with yg = 4.77t X 10~ -m vacuum permeability.
(Mg ic Tensi Magnetic P F ) 'hy 4.7 107W/A P b'l'y
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