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Abstract 
The appearance of spacetime singularities during gravitational collapse remains 
one of the most important unresolved problems of General Relativity. In the 
standard picture, continued compression of matter inside a black hole leads to 
divergent densities, divergent spacetime curvature, and the breakdown of the 
classical gravitational description. In this work, we investigate an alternative 
phenomenological scenario in which gravitational collapse triggers a density-
induced matter-to-vacuum phase transition once a critical density is reached. 
We assume that above this threshold, ordinary matter is rapidly converted into 
a Vacuum Localized Structure (VLS) phase, representing a localized vacuum 
state that carries the mass-energy of the original collapsing matter. The de-
tailed microscopic mechanism responsible for the transition is not specified. 
Instead, the transition is treated as an effective process that replaces the collaps-
ing matter with a compact vacuum structure while conserving the total mass-
energy of the system. The post-transition object is modeled as a static, spheri-
cally symmetric equilibrium configuration governed by the Einstein field equa-
tions and the Tolman-Oppenheimer-Volkoff equation. A Gaussian density 
distribution is adopted for the VLS phase, leading to finite central density, fi-
nite pressure, and a regular mass profile throughout the interior. The charac-
teristic size of the VLS core follows directly from mass conservation and is 
uniquely determined by the total mass and the critical transition density. The 
resulting solutions replace the classical black-hole singularity by a finite-cur-
vature core. The mass function approaches zero smoothly at the center, pre-
venting the divergent gravitational compression associated with conventional 
collapse solutions. Consequently, all curvature invariants remain finite, and 
the spacetime remains regular throughout the interior region. In this sense, 
the phase transition acts as a gravitational regulator, replacing continued com-
pression by a stable vacuum-supported equilibrium configuration. Within this 
framework, singularity avoidance emerges without modification of the Ein-
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stein field equations and without the introduction of an explicit de Sitter vac-
uum core. 
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1. Introduction 

The prediction of spacetime singularities is one of the most profound consequences 
of General Relativity. According to the singularity theorems of Penrose and Hawk-
ing, gravitational collapse under broad physical conditions inevitably leads to ge-
odesic incompleteness, indicating the breakdown of the classical spacetime de-
scription [1] [2]. In the standard picture of black-hole formation, continued com-
pression of matter leads to arbitrarily large densities and spacetime curvature, cul-
minating in a central singularity where the known laws of physics cease to be ap-
plicable. 

Although General Relativity has been extraordinarily successful in describing 
gravitational phenomena over a vast range of scales, the appearance of singulari-
ties is generally regarded as signaling the limits of the classical theory rather than 
representing a physically realizable state of nature. The expectation that singular-
ities should be avoided in a more complete description of gravity has motivated 
numerous theoretical approaches over the past decades. 

One broad class of approaches modifies the gravitational field equations them-
selves. Examples include higher-curvature theories, ( )f R  gravity, loop quan-
tum gravity-inspired models, and other extensions of General Relativity that be-
come important at extreme densities or curvatures. In many such models, quan-
tum-gravitational effects introduce an effective repulsive component that halts 
collapse before singular behavior can develop. 

A second class of approaches retains the Einstein field equations but introduces 
new forms of matter or vacuum structure capable of supporting nonsingular equi-
librium configurations. Examples include gravastars, regular black-hole models 
with vacuum cores, and other compact objects in which the classical singularity is 
replaced by a finite-density interior [3]. These models suggest that the vacuum 
itself may play a more active role in strong gravitational fields than is assumed in 
conventional black-hole solutions. 

The present work belongs to this second category. Rather than modifying the 
Einstein equations, we investigate the possibility that gravitational collapse trig-
gers a phase transition once a critical density is reached. We assume that above 
this threshold ordinary matter is rapidly converted into a new localized vacuum 
phase. The resulting vacuum state acts as a gravitational regulator, preventing 
the runaway compression responsible for singularity formation and replacing 
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the classical singularity with a finite-curvature equilibrium core. 
The objective of the present paper is to explore a possible formation mechanism 

for such structures. We propose that sufficiently strong gravitational compression 
may induce a matter-to-vacuum phase transition once a critical density is reached. 
The transition is assumed to proceed rapidly compared with the subsequent equi-
librium evolution, leading to complete conversion of the collapsing matter into a 
localized vacuum state while preserving the total mass-energy of the system. The 
resulting configuration is then analyzed within the framework of standard Gen-
eral Relativity using the Einstein field equations and the Tolman-Oppenheimer-
Volkoff equation. 

The paper is organized as follows. Section 2 reviews the Einstein-TOV frame-
work and the mechanism responsible for runaway gravitational compression in 
classical collapse. Section 3 introduces the matter-to-vacuum phase transition and 
derives the conditions required for suppression of central gravitational compres-
sion. Section 4 summarizes the properties of the resulting vacuum phase, while 
Section 5 develops a family of Gaussian equilibrium solutions. Numerical exam-
ples and astrophysical scaling relations are presented in Section 6, followed by a 
discussion of the implications and limitations of the model. 

2. Mathematical Framework 
2.1. Static Spherically Symmetric Geometry 

We consider a static spherically symmetric spacetime with line element 

 ( ) ( ) ( )
1

22 2 2 2 2 2 2 2
2

2
d e d 1 d d sin d .r Gm r
s c t r r

c r
θ θ φ

−
Φ  

= − + − + + 
 

 (1) 

Here, ( )rΦ  is the gravitational redshift function and ( )m r  is the Misner-
Sharp mass enclosed within radius r . 

The Einstein field equations 

 4

8 GG T
cµν µν
π

=  (2) 

lead to the standard structure equations for a perfect fluid. 
The mass equation is 

 2d 4 ,
d
m r
r

ρ= π  (3) 

where ρ  denotes the mass density. 
The radial Einstein equation gives 

 
( )

3 2

2

d 4 .
d 2

Gm Gr P c
r r rc GM
Φ + π

=
−

 (4) 

Conservation of stress-energy, 

 0,T µν
µ∇ =  (5) 

yields the Tolman-Oppenheimer-Volkoff equation 

https://doi.org/10.4236/jhepgc.2026.124107


R. Van Nieuwenhove 
 

 

DOI: 10.4236/jhepgc.2026.124107 2159 Journal of High Energy Physics, Gravitation and Cosmology 
 

 ( )2d d ,
d d
P c P
r r

ρ Φ
= − +  (6) 

or equivalently 

 

3

2 2

2

4
d .

2d

P r PG m
c cP

Gmr r r
c

ρ
 π + +  

  = −
 − 
 

 (7) 

Equations (1) - (7) completely determine a static spherical configuration once 
an equation of state is specified. 

2.2. The Classical Singularity Problem 

The tendency toward singular behavior in gravitational collapse can be under-
stood directly from the Einstein-TOV system. For a static spherical fluid, hydro-
static equilibrium is governed by Equation (7). 

Several features of this equation contribute to the tendency toward runaway 
gravitational compression. 

First, the factor 2

P
c

ρ + 
 

 shows that pressure itself gravitates. Unlike Newtonian  

gravity, where only mass density contributes to the gravitational field, General 
Relativity treats pressure as an additional source of gravity. Increasing pressure 
therefore strengthens the gravitational attraction rather than merely opposing it. 

Second, the quantity 
3

2

4 r Pm
c
π

+  represents the effective gravitating mass en-

closed within radius r . The pressure contribution again appears with a positive 
sign, increasing the strength of the gravitational field. 

Consequently, as matter is compressed, the pressure required to maintain equi-
librium rises. However, the increased pressure itself contributes to the gravita-
tional source, requiring still larger pressure gradients. This feedback mechanism 
has no Newtonian analogue. 

The TOV equation therefore contains an intrinsic positive feedback process. 
Higher densities require larger pressures for equilibrium, while larger pressures 
increase the effective gravitational source and demand still steeper pressure gra-
dients. As the compactness increases, the magnitude of the pressure gradient 
grows rapidly, making it increasingly difficult to maintain hydrostatic equilibrium 
with finite density and pressure profiles. 

This behavior is reflected in the well-known Buchdahl limit for isotropic fluid 
spheres [4], which places a lower bound on the radius of a stable configuration. 
Beyond this limit, no regular static equilibrium solution exists. Continued collapse 
therefore drives the system toward the strong-field regime associated with black-
hole formation. 

The present work explores the possibility that this runaway compression pro-
cess is interrupted by a matter-to-vacuum phase transition occurring above a crit-
ical density. The resulting vacuum phase is assumed to provide an alternative equi-
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librium state that suppresses further gravitational compression. 

3. Matter-to-Vacuum Phase Transition and Central 
Regularity 

3.1. Vacuum Localized Structures 

The Vacuum Localized Structure (VLS) concept was introduced previously in the 
context of self-gravitating localized vacuum configurations and their possible as-
trophysical and cosmological implications [5]-[7]. In those studies, VLS objects 
were investigated as regular finite-mass solutions of the Einstein field equations 
and as possible alternatives to conventional dark-matter interpretations. 

The present work adopts the VLS concept as the final equilibrium state of grav-
itational collapse. Unlike the previous investigations, which focused primarily on 
the properties of existing VLS configurations and their effects on galaxy rotation 
curves, the objective here is to explore a possible formation mechanism. We pro-
pose that sufficiently strong gravitational compression may trigger a phase tran-
sition of the vacuum once a critical density is reached. The resulting VLS phase 
then acts as a regulator of further collapse, replacing the classical singularity with 
a finite-curvature equilibrium core. 

The analysis presented below is therefore complementary to earlier VLS studies. 
Rather than postulating the existence of vacuum localized structures (which were 
assumed to be generated shortly after the Big Bang), we investigate how such 
structures might arise naturally during black-hole formation. 

The introduction of a critical transition density is motivated by the expectation 
that the physical vacuum may undergo qualitative changes under sufficiently ex-
treme conditions. In quantum field theory, the vacuum is not an empty background 
but a dynamical medium whose properties can depend on external parameters such 
as temperature, density, and spacetime curvature [8] [9]. Well-known examples 
include spontaneous symmetry breaking in the Higgs sector, vacuum polarization 
effects, and phase transitions associated with strongly interacting matter. In curved 
spacetime, quantum fields are expected to respond to the gravitational environ-
ment, leading to modifications of the vacuum state and its effective stress-energy 
content [8] [9]. It has therefore been suggested that sufficiently strong gravita-
tional fields may induce collective vacuum phenomena or vacuum condensate states 
that differ substantially from the ordinary vacuum observed under weak-field con-
ditions [3]. 

Although no complete microscopic theory currently predicts the specific tran-
sition considered here, it is plausible that beyond a critical density the ordinary 
matter phase ceases to represent the energetically preferred configuration and is 
replaced by a new localized vacuum phase. In the present work, this possibility is 
treated phenomenologically. The critical density is introduced as an effective pa-
rameter characterizing the onset of nonperturbative vacuum restructuring, with-
out attempting a first-principles derivation of the underlying quantum mecha-
nism. The subsequent analysis investigates the gravitational consequences of such 
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a transition and the conditions under which it can replace the classical singularity 
by a finite-curvature equilibrium configuration. 

To investigate the conditions required for a regular equilibrium configuration, 
we first consider a general two-phase system consisting of ordinary matter and a 
vacuum component. 

The total effective density and pressure are written as 

 eff

eff

,
.

V

VP P P
ρ ρ ρ= +

= +
 (8) 

For the ordinary matter component we adopt the equation of state 

 2 ,P w cρ=  (9) 

where w  is assumed constant in the high-density regime. 
For the VLS component we write 

 2 ,V VP cαρ= −  (10) 

where α  is a dimensionless parameter characterizing the vacuum phase. 
The effective pressure is therefore 

 ( ) 2
eff .VP w cρ αρ= −  (11) 

The Einstein field equations retain their standard form, eff
4

8 ,GG T
cµν µν
π

=  with 

the effective stress-energy tensor determined by the combined fluid. 

3.2. Suppression of Central Gravitational Compression 

For a regular spherical configuration, the mass function satisfies 

 ( ) ( ) ( )3 54 0
3

m r r O rρπ= +  (12) 

near the origin. 
Substituting this expansion into the TOV equation (Equation (7)) and retaining 

leading-order terms yields 

 

3 eff eff
2 2

2

4
d 3 .

2d

PPG r
P c c

Gmr r r
c

ρ
ρ   + π +      = −

 − 
 

 (13) 

The leading-order pressure gradient near the center is therefore proportional 

to eff
eff 23

P
c

ρ + . 

Substituting the equations of state gives 

 ( ) ( )eff
eff 23 1 3 1 3 .V

P
w

c
ρ ρ α ρ+ = + + −  (14) 

This combination determines the strength of the central gravitational compression. 
A particularly interesting equilibrium regime occurs when this leading-order 

compression term vanishes. In that case, the gravitational force driving further cen-
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tral compression is suppressed to lowest order, requiring 

 ( ) ( )1 3 1 3 0.Vw ρ α ρ+ + − =  (15) 

This relation represents a balance between the compressive contribution of or-
dinary matter and the opposing contribution of the vacuum phase. 

At the same time, the Einstein Equation (4) implies ( )0 0′Φ = , because they 
contain the same factor. Consequently, the redshift function possesses a regular 
extremum at the center. 

The condition above therefore identifies a special class of equilibrium configu-
rations for which the leading-order gravitational compression vanishes at the cen-
ter. In the following section we examine the limiting case in which the ordinary 
matter component disappears entirely, and the equilibrium configuration is sup-
ported solely by the vacuum phase. 

3.3. Complete Matter-to-Vacuum Conversion 

The preceding discussion allows both phases to coexist. However, the simplest 
interpretation of the phase transition is that ordinary matter does not survive once 
the critical density is exceeded. This assumption corresponds to a complete phase 
transition analogous to the disappearance of the original phase in conventional 
first-order transitions. 

We therefore consider the limiting case in which the final equilibrium object 
consists entirely of the VLS phase. The ordinary matter density then vanishes, and 
the regularity condition (Equation (15)) reduces immediately to 

 1 3 0,α− =  (16) 

giving 

 1 .
3

α =  (17) 

The vacuum equation of state becomes 

 21 .
3V VP cρ= −  (18) 

This result is not imposed a priori but follows naturally from the requirement that 
the leading-order compression term in the Einstein equations vanishes in the pure-
vacuum equilibrium state. The equation of state obtained below coincides with that 
previously found to play a central role in VLS equilibrium configurations [5]-[7]. 

The phase transition therefore acts as a gravitational regulator. Once the critical 
density is reached, ordinary matter is converted into a vacuum phase whose equa-
tion of state suppresses the mechanism responsible for runaway compression in 
the classical Einstein-TOV system. 

4. Vacuum Equilibrium Structure 

The phase transition described in the previous section is assumed to convert or-
dinary matter into a Vacuum Localized Structure (VLS) phase. Previous investi-
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gations have shown that VLS configurations can exist as localized solutions of the 
Einstein field equations with finite total mass and characteristic anisotropic stresses 
[5]-[7]. The present section briefly summarizes the properties relevant to the black-
hole interior problem. 

Unlike an ordinary perfect fluid, the VLS phase is described by an anisotropic 
stress-energy tensor 

 ( )2
  diag , , , ,r t tT c p p pµ
ν ρ= −  (19) 

where rp  and tp  denote the radial and tangential pressures, respectively. 
For an anisotropic fluid, conservation of stress-energy leads to the generalized 

Tolman-Oppenheimer-Volkoff equation 

 ( ) ( )2d 2 .
d

r
r t r

p c p p p
r r

ρ= − + Φ + −′  (20) 

The final term represents the contribution of anisotropic stresses and vanishes 
only for an isotropic fluid. 

Following the earlier VLS studies, we adopt the radial equation of state  
2

rp cαρ= − . 
A negative radial pressure may appear unusual from the perspective of ordinary 

matter. However, negative pressures are common in several gravitational systems, 
including vacuum-energy dominated spacetimes, gravastars, and other aniso-
tropic compact configurations. The existence of negative radial pressure therefore 
does not by itself imply instability. 

The tangential pressure is determined by the equilibrium condition and gener-
ally differs from the radial pressure. As a result, the VLS phase possesses an in-
trinsically anisotropic internal structure. 

An important quantity is the effective gravitational source 

 grav 2

2
,r tp p

c
ρ ρ

+
= +  (21) 

which governs the local generation of the gravitational field. 

Previous VLS studies showed that the value 1
3

α =  occupies a special position.  

At the center of the configuration, the effective active density vanishes, eliminat-
ing the tendency toward either an attractive or repulsive gravitational core. The 
resulting structure lies precisely at the boundary between ordinary matter-like be-
havior and vacuum-dominated repulsive behavior. 

In the present work, this same value emerges independently from the regularity 
analysis of Section 3. In the limit of complete conversion of ordinary matter into 
the vacuum phase, the condition required to suppress the leading-order gravita-

tional compression term reduces to 1
3

α = . 

The agreement between the two approaches suggests that the equation of state 
21

3rp cρ= −  is not an arbitrary assumption but a natural consequence of requir-

ing a nonsingular vacuum-supported equilibrium state. 
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5. Gaussian Vacuum Equilibrium Solutions 

Following the phase transition discussed in the previous sections, we assume that 
the resulting VLS reaches a static equilibrium state characterized by a smooth lo-
calized density distribution. Motivated by the regularity requirements at the cen-
ter and by earlier investigations of VLS configurations [5]-[7], we adopt the 
Gaussian profile 

 ( )
2

2exp ,c
rr
R

ρ ρ
 

= − 
 

 (22) 

where cρ  denotes the critical transition density and simultaneously the central 
density of the equilibrium configuration. 

The radial equation of state obtained in Section 3 is given by 21
3rp cρ= − . 

Hence, 

 ( )
2

2
2

1 exp .
3r c

rp r c
R

ρ
 

= − − 
 

 (23) 

5.1. Tangential Pressure 

The tangential pressure follows from the anisotropic equilibrium condition (Equa-
tion (20)). 

Near the center, where ( )0 0′Φ = , the leading-order contribution gives 

 d .
2 d

r
t r

prp p
r

= +  (24) 

Using 21
3rp cρ= −  and 

 2

d 2 ,
d

r
r R
ρ ρ= −  (25) 

one obtains 

 ( )
2 2

2
2 2

1 1 exp .
3t c

r rp r c
R R

ρ
   

= − −   
   

 (26) 

Several important properties follow immediately. 
At the center, 

 ( ) ( ) 210 0 ,
3t r cp p cρ= = −  (27) 

so the configuration becomes isotropic at the origin, as required for regularity. 
The tangential pressure changes sign at r R= . 
Thus the inner region is characterized by negative tangential pressure, while 

positive tangential pressure develops in the outer part of the structure. 

5.2. Active Gravitational Density 

The effective active gravitational density is 
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 grav 2

2r tp p
c

ρ ρ
+

= +  (28) 

Substituting the pressure expressions yields 

 
2

grav 2

2 .
3

r
R

ρ ρ=  (29) 

Thus, 

 ( )grav 0 0.ρ =  (30) 

The central gravitational source therefore vanishes despite the presence of a fi-
nite energy density. 

This result provides the mathematical origin of the suppression of runaway 
gravitational compression. The VLS core contains energy density but does not 
generate the strong central active gravitational source that normally drives the 
Einstein-TOV system toward singular behavior. 

5.3. Mass Profile 

The enclosed mass follows from 

 ( ) ( ) 2
0

4 d .
r

m r s s sρ= π∫  (31) 

For the Gaussian profile, the integral can be evaluated analytically: 

 ( ) 2 23 2 3 2erf 2 e .r R
c c

rm r R R r
R

ρ ρ − = π − π 
 

 (32) 

Near the center, 

 ( ) ( )3 54 ,
3 cm r r O rρπ= +  (33) 

which guarantees regularity. For r →∞ , the mass approaches 

 3 2 3.cM Rρ= π  (34) 

5.4. Determination of the Core Scale 

Because the phase transition is assumed to conserve total mass-energy, the asymp-
totic mass M  equals the mass participating in the collapse. 

Solving for the characteristic scale length using Equation (34) gives 

 
1 3

3 2 .
c

MR
ρ

 
=  

π 
 (35) 

The equilibrium configuration is therefore completely specified by two quanti-
ties: 
• The total mass M . 
• The critical transition density cρ . 

No additional scale parameter is required. 
The model predicts the scaling law 1 3R M∝ , which is characteristic of a fam-

ily of compact objects formed at a common critical density. 
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6. Numerical Examples and Astrophysical Scaling 

An estimate of the critical transition density can be obtained from the requirement 
that the phase transition remains consistent with the existence of observed stellar-
mass black holes. As shown in Appendix, the Gaussian VLS model possesses a 
unique relation between total mass and characteristic radius. In addition, horizon  

formation occurs when the compactness parameter 2

2GM
c R

µ =  reaches the crit-

ical value (see Appendix) crit 1.9041µ = . 

Together, these two relations allow the critical density associated with black-
hole formation to be determined. Since the mass-radius relation links M , R , 
and cρ , the horizon condition provides a direct estimate of the density at which 
gravitational collapse becomes compatible with black-hole formation. 

Using a remnant mass of approximately 3M M


 , commonly regarded as an 
approximate upper bound for stable neutron stars, Appendix yields 

 19 31.05 10 kg m .cρ
−= × ⋅  (36) 

This value may therefore be interpreted as an approximate lower bound for the 
phase-transition density. Lower densities would trigger conversion to the VLS phase 
before the compactness required for horizon formation could be reached. 

In the calculations below, we therefore adopt 19 31.05 10 kg mcρ
−= × ⋅ . 

The characteristic VLS scale is given by Equation (35), while the central radial 
pressure is ( ) 20r cp cρ= − . For the adopted density, ( ) 350 9.4 10 Parp = − × . 

This central pressure is independent of mass and is therefore common to all 
VLS objects formed at the same transition density. 

The chosen mass range spans the currently observed population of black holes. 
Stellar-mass black holes are observed with masses of a few to several tens of solar 
masses, while supermassive black holes in galactic nuclei range from approxi-
mately 106 to order 1010 M



 in the most extreme observed systems [10] [11]. 
 

Table 1. Predicted Schwarzschild radii sR , VLS core radii coreR , and radius ratios  

core sR R  for a critical transition density 19 31.05 10 kg mcρ
−= × ⋅ . 

Mass ( M


) sR  (km) coreR  (km) core sR R  

10 30 7 2.3 × 10−1 

100 300 15 5.0 × 10−2 

106 3.0 × 106 324 1.1 × 10−4 

109 3.0 × 109 3240 1.1 × 10−6 

1010 3.0 × 1010 6980 2.3 × 10−7 

 
Several interesting trends emerge from Table 1. 
First, the Schwarzschild radius increases linearly with mass, whereas the VLS 

core radius follows the much weaker scaling 1 3R M∝ . The VLS core therefore 
occupies an increasingly small fraction of the black-hole interior as the mass in-
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creases. 
For a stellar-mass black hole of ten solar masses, the VLS core radius is approx-

imately one quarter of the Schwarzschild radius. In contrast, for a supermassive 
black hole of 109 solar masses, the Schwarzschild radius exceeds the VLS core ra-
dius by roughly a factor of one million. 

Second, the model predicts that all black holes formed through the phase tran-
sition share the same maximum density and pressure, independent of mass. Larger 
black holes therefore do not contain denser cores; instead, they contain larger VLS 
equilibrium structures. 

Third, the results imply that the region in which the phase transition modifies 
the classical Schwarzschild geometry is confined to a relatively small central vol-
ume. Outside the VLS core, the spacetime rapidly approaches the standard Schwarz-
schild solution. As a result, the external gravitational field remains essentially in-
distinguishable from that of a conventional black hole with the same mass. 

Finally, the existence of a finite core radius implies that the curvature remains 
bounded throughout the spacetime. The phase transition therefore replaces the 
classical singularity by a compact finite-density region whose scale is determined 
entirely by the total mass and the universal transition density. 

7. Discussion 

The present model shares certain conceptual similarities with gravastar-type sce-
narios, in which gravitational collapse is halted by the emergence of a vacuum-
dominated phase. However, several important differences should be noted. Clas-
sical gravastar models typically assume a de Sitter-like vacuum interior separated 
from the external Schwarzschild geometry by a thin transition shell. In contrast, 
the VLS solutions obtained here possess a smooth Gaussian density profile and do 
not require the introduction of a thin shell or matching surface. The resulting 
spacetime is regular throughout the interior and is described by a single continu-
ous equilibrium configuration. Furthermore, the phase transition considered in 
the present work differs conceptually from the vacuum-to-vacuum transition of-
ten invoked in gravastar models. Here, ordinary matter is assumed to undergo 
complete conversion into a localized vacuum phase once a critical density is 
reached, so that the final equilibrium object consists entirely of the VLS vacuum 
state while preserving the total mass-energy of the original collapsing system. 

An important feature of the framework is that no modification of the Einstein 
field equations is required. The gravitational dynamics remain entirely those of 
General Relativity. The departure from the conventional picture arises solely 
through the introduction of a new high-density vacuum phase. In this respect, the 
model differs from many approaches to singularity avoidance that rely on modi-
fied gravity, higher-curvature corrections, loop quantum gravity effects, or other 
alterations of the Einstein equations. 

The regularity of the resulting solutions follows from two related properties. 
First, the phase transition prevents further growth of the density beyond a critical 
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value. Second, the vacuum equation of state obtained from the regularity analysis 
suppresses the leading-order active gravitational density near the center. As a con-
sequence, the runaway compression mechanism inherent in the classical Einstein-
TOV system is replaced by a finite equilibrium configuration. 

In earlier studies on VLS [5]-[7], it was assumed that VLS were generated dur-
ing the extreme conditions shortly after the Big Bang. The present work provides 
an additional possible formation mechanism for Vacuum Localized Structures, 
namely as the end product of gravitational collapse following a density-induced 
phase transition. 

8. Conclusions 

In this work, we have investigated a phenomenological model in which gravita-
tional collapse triggers a phase transition once a critical density is reached. The 
central assumption is that ordinary matter is converted into a Vacuum Localized 
Structure (VLS) phase before the formation of the classical singularity predicted 
by General Relativity. The transition is assumed to proceed rapidly once the crit-
ical density is exceeded, so that the final equilibrium configuration consists en-
tirely of the VLS phase. 

Starting from the Einstein field equations and the Tolman-Oppenheimer-
Volkoff equation for static spherical symmetry, we examined the conditions re-
quired for a regular equilibrium configuration. A general two-phase description 
consisting of ordinary matter and a vacuum component was first considered. 
Analysis of the central regularity conditions showed that suppression of the lead-
ing-order gravitational compression term requires a specific relation between the 
matter and vacuum contributions. In the limit of complete conversion into the 
vacuum phase, this condition leads naturally to the vacuum equation of state  

21
3rp cρ= − . 

The resulting vacuum phase is intrinsically anisotropic and possesses finite den-
sity, finite pressure, and finite active gravitational mass density throughout the 
interior. Adopting a Gaussian density profile, analytic expressions were obtained 
for the density distribution, pressure components, and mass profile. The resulting 
solutions replace the classical black-hole singularity by a finite-curvature core. 
The active gravitational density vanishes at the center, eliminating the runaway 
compression mechanism associated with the classical Einstein-TOV system. Con-
sequently, all physical quantities remain finite throughout the spacetime. 

An important feature of the framework is that singularity avoidance is achieved 
without modification of the Einstein field equations. The regularization mecha-
nism arises instead from the formation of a new vacuum phase capable of sup-
porting a stable equilibrium configuration. In this sense, the phase transition acts 
as a gravitational regulator that terminates collapse before divergent densities and 
curvatures can develop. Unlike gravastar models that rely on a de Sitter core and 
a thin transition shell, the present framework leads to a smooth vacuum-supported 

https://doi.org/10.4236/jhepgc.2026.124107


R. Van Nieuwenhove 
 

 

DOI: 10.4236/jhepgc.2026.124107 2169 Journal of High Energy Physics, Gravitation and Cosmology 
 

equilibrium configuration without internal discontinuities. The proposed mech-
anism is based on a complete conversion of ordinary matter into a localized vac-
uum phase above a critical density, providing a phenomenological route from 
gravitational collapse to a nonsingular pure-vacuum end state. 

A particularly simple consequence of the model is that the characteristic size of 
the equilibrium VLS core is determined entirely by the total mass and the critical  

transition density, 

1
3 3
2

cR M ρ
 

= π  
 

. This relation predicts that all objects  

formed through the phase transition share the same maximum density and pres-
sure, while their core size scales as 1 3M . Larger black holes therefore contain 
larger vacuum cores rather than higher central densities. The model thus replaces 
the classical singularity by a family of finite-density equilibrium configurations 
characterized by a universal density scale. 

One of the main quantitative results of this work is the derivation of a physically 
motivated transition density. Because the Gaussian VLS model uniquely relates 
mass and radius, the horizon formation condition can be combined with the 
mass-radius relation to estimate the minimum density required for black-hole for-
mation. For a remnant mass of approximately 3M



, this yields a critical density 
of 1.05 × 1019 kg∙m−3. The derived value lies only about one order of magnitude 
above typical neutron-star core densities and therefore places the proposed mat-
ter-to-vacuum phase transition within an astrophysically accessible regime. 

Several important questions remain open, including the microscopic origin of 
the phase transition, the stability of the resulting configurations, and the extension 
of the model to rotating systems. Nevertheless, the results demonstrate that a den-
sity-induced phase transition provides a mathematically consistent route toward 
nonsingular black-hole interiors within the framework of standard General Rela-
tivity. 
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Appendix. Estimate of the Critical Transition Density 

The phase-transition model introduced in this paper contains a single free density 
scale, the critical density cρ , above which ordinary matter is assumed to convert 
into the Vacuum Localized Structure (VLS) phase. An approximate lower bound 
on this density can be obtained by requiring consistency with the observed exist-
ence of stellar-mass black holes. 

For the Gaussian VLS density profile 

 ( ) 2 2
e ,r R

crρ ρ −=  (A.1) 

the total mass is 

 3 2 3.cM Rρ= π  (A.2) 

To determine the onset of horizon formation, we consider a static spherically 
symmetric metric of the form 

 ( )

( )
2

22 2 2 2 2dd e d d .r rs c t r
B r

Φ= − + + Ω  (A.3) 

The tt -Einstein equation is 

 ( )2 2

1 8 .B B G r
rr c

ρ− π
− =

′
 (A.4) 

Multiplying by 2r  gives 

 ( ) 2
2

81 ,GrB B r r
c

ρπ
+ = −′  (A.5) 

or 

 ( ) ( ) 2
2

d 81 .
d

GrB r r r
r c

ρπ
= −    (A.6) 

Integrating from the center to radius r , and imposing regularity at 0r = , 
yields 

 ( ) 2 2
3 2 3 2

2 2

2 4
1 erf e .r Rc cG R G RrB r

Rc r c
ρ ρ −π π = − + 

 
 (A.7) 

Introducing the dimensionless radius 

 rx
R

=  (A.8) 

and the parameter 

 
2

2

4 cG R
c
ρ

β
π

=  (A.9) 

the metric coefficient becomes 

 ( ) ( )2 erf
1 e .

2
x x

B x
x

β − π
= +  

 
−  (A.10) 

A horizon occurs whenever the radial metric coefficient diverges, 
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( )
1 ,rrg

B r
=  (A.11) 

which requires 

 ( ) 0.hB r =  (A.12) 

Consequently, the existence of a horizon is completely determined by the be-
havior of ( )B x . 

For sufficiently small values of β , the function ( )B x remains positive for all 
radii and no horizon exists. As β increases, the minimum value of ( )B x de-
creases. The critical configuration occurs when this minimum just reaches zero. 
At that point the curve is tangent to the horizontal axis, implying 

 ( ) 0,cB x =  (A.13) 

and 

 ( )d 0.
d c
B x
x

=  (A.14) 

These two equations determine the onset of horizon formation. 
The numerical solution gives 

 1.5112,cx =  (A.15) 

and 

 2.1486.cβ =  (A.16) 

To express the result in terms of the total mass, we use 3 2 3
cM Rρ= π . 

Substituting into the definition of β  yields 

 2

2 2 .GM
c R

β =
π

 (A.17) 

Defining the dimensionless compactness parameter 

 2

2 ,GM
c R

µ =  (A.18) 

one obtains 

 2 .β µ=
π

 (A.19) 

Therefore, 

 crit 1.9041.
2 cµ βπ

= =  (A.20) 

Thus horizon formation occurs when 

 2

2 1.9041.GM
c R

µ = =  (A.21) 

Using 

 2
crit

2 ,GMR
cµ

=  (A.22) 
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together with 3 2 3
cM Rρ= π , gives the critical central density 

 
32

2crit
,crit 3 2

1 .
2c

c
M

G
µ

ρ − 
=  
π  

 (A.23) 

The lowest transition density consistent with black-hole formation is estimated 
by considering a remnant mass of 3M



, which is commonly regarded as an ap-
proximate upper bound for stable neutron stars, depending on the equation of 
state [12] [13]. 

Substitution yields 

 19 3
,crit 1.05 10 kg m .cρ

−≈ × ⋅  (A.24) 

This value therefore represents an approximate lower bound for the phase-tran-
sition density in the present model. If the transition occurred at substantially 
lower density, matter would convert into the VLS phase before the compactness 
required for horizon formation could be reached. 

Interestingly, this density is only about one order of magnitude above the high-
est densities typically inferred for neutron-star interiors, while remaining many 
orders of magnitude below the Planck density. The required density scale is there-
fore astrophysically plausible and does not rely on extreme quantum-gravity con-
ditions. 
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