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Abstract The gravitational collapse of a star can lead to the
formation of a regular black hole. However, a key factor in
this process is the transition of ordinary baryonic matter into
a substance that forms the de Sitter core. However, the for-
mation of de Sitter core during gravitational collapse remains
an open question, particularly since ordinary baryonic matter
does not naturally transition into the exotic matter required
to form a de Sitter core. In this paper, we investigate the grav-
itational collapse of baryonic matter and its potential to form
well-known regular black hole solutions, such as those pro-
posed by Dymnikova and Hayward. We model the collapse
process as a transition of baryonic matter into a new type
of matter, accompanied by the release of energy in the form
of electromagnetic radiation. Using a generalized dynami-
cal framework, we derive the energy density of the emitted
radiation as a function of both the properties of the initial
baryonic matter and the resulting exotic matter. Our findings
demonstrate that the gravitational collapse can lead to the
formation of various types of regular black holes, providing
insights into the physical mechanisms underlying their cre-
ation. The detectable radiation signature offers a potential
observational test for distinguishing between different black
hole models.

1 Introduction

In 2019, the Event Horizon Telescope collaboration pub-
lished the first images of black hole shadows at the center
of the M87 galaxy [1]. This breakthrough made the study
of black hole shadow properties a key tool for determin-
ing which black hole models are valid and which should be
discarded. Additionally, investigating shadow properties can
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help identify viable modifications to general relativity and
rule out those inconsistent with experimental data [2].
However, when discussing black holes, it is essential to
consider that they possess not only an event horizon but also
a central singularity. While the singularity at the event hori-
zon is purely coordinate-based and can be eliminated by an
appropriate choice of coordinates, the central singularity is
intrinsic and cannot be removed by any coordinate trans-
formation. The presence of a singularity indicates that the
underlying theory is no longer applicable to describe such
objects. Consequently, significant attention has recently been
given to black holes without a central singularity-so-called
regular black holes. One of the earliest ideas, proposed by
Gliner [3] and Sakharov [4], suggested that matter at high
densities transitions into a vacuum-like state described by
the de Sitter metric. This concept was later developed in the
works of Dymnikova [5]. Bardeen was the first to construct a
model of aregular black hole, choosing a mass function M (r)
to ensure the finiteness of curvature invariants [6]-such as
the Kretschmann scalar, the square of the Ricci tensor, and
the Ricci scalar-throughout spacetime. However, a signifi-
cant drawback of such phenomenological approaches is the
appearance of an energy-momentum tensor in the right-hand
side of Einstein’s equations, whose physical nature often
remains unclear. Subsequently, it was realized that nonlin-
ear electrodynamics could serve as the source for Bardeen’s
black hole [7], and Bronnikov [8] proved that if nonlin-
ear electrodynamics generates a regular black hole, it must
describe a magnetic monopole with no electric field.
Further developments in the theory led to numerous mod-
els of regular black holes [9-56], many of which are purely
mathematical solutions with little connection to reality(See
comprehensive review [57,58]). Moreover, a regular core
implies that the matter forming the de Sitter core must vio-
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late the strong energy conditions, which state that gravity is
attractive. Furthermore, most solutions are limited to describ-
ing de Sitter cores and cannot serve as models for testing
experimental manifestations of black holes through shadow
observations. This raises the question: what lies beneath the
event horizon? Is there a singularity or a de Sitter core? An
even more critical question regarding regular black holes is
that ordinary massive stars lack exotic matter, which prevents
the formation of a regular core-a de Sitter core. Therefore,
it is necessary to study gravitational collapse processes in
massive stars and examine the behavior of matter at critical
densities.

Thus, the simplest way to determine whether a regular
black hole forms is to observe the gravitational collapse of
a massive star. In [59], it was demonstrated that the gravita-
tional collapse of dust transitioning into radiation can lead
to the formation of a regular black hole. A recent study [60]
showed that a regular black hole may form during the grav-
itational collapse of baryonic matter, which transitions into
quark-gluon plasma at critical densities. The baryonic matter
is destroyed during the gravitational collapse as it has been
shown in papers [61,62].

In this article, we investigate the gravitational collapse
of baryonic matter and explore whether such a process can
lead to known solutions of Einstein’s equations describing
regular black holes, such as the Hayward, Dymnikova, and
other metrics.

We analyze the gravitational collapse of baryonic matter
described by the equation of state P = «p. This model is rep-
resented by the Husain black hole [63]. At critical densities,
baryonic matter transitions into a new type of matter with
some efficiency B, which generally depends on the radial
coordinate and enhances the effect near the center. During
this transition, energy is released in the form of electromag-
netic radiation. Both the conversion efficiency and the radi-
ation energy density directly depend on the properties of the
baryonic matter and the newly formed substance, allowing us
to infer the nature of the matter formed during gravitational
collapse and whether the final outcome will be a regular black
hole after horizons form.

We chose the Husain solution as the simplest dynamic
black hole solution of Einstein’s equations. However, the
equation of state P = ap does not generally describe bary-
onic matter. Nevertheless, generalization to baryonic matter
is straightforward by redefining the equation-of-state param-
eter «. The most physically realistic equation of state for
baryonic matter is:

_ 1
P = Z(P +2P),

P = wp. (1)
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The generalization to this case is direct. To achieve this, we
set:

a:%(3a)+1). (2)

Instead of the Husain solution, we obtain a dynamic general-
ization of the Kiselev solution [64—67]. However, for compu-
tational simplicity, it is convenient to use the parameter «, as
adopted in this model. It is important to note that the results
remain valid and can be generalized directly to the parameter
. Moreover, in the case of « = 1 (w = %) the properties
of black hole shadow formation in dynamical case has been
investigated [68].

The article is organized as follows. In Sect. 2, we discuss
the general characteristics of regular black holes. In Sect. 3,
we describe a model of gravitational collapse in which bary-
onic matter transitions into radiation and forms a new type
of matter. The developed method is applied to describe pro-
cesses leading to the formation of Hayward and Dymnikova
regular black holes. In Sect. ??, we generalize the method to
arbitrary types of matter and arbitrary black holes, deriving
the radiation energy density as a function of the parameters of
baryonic and new matter. Section 5 provides the conclusion.

This article uses the geometrized unit system where ¢ =
8m G = 1 and the signature — 4 ++- is adopted. Primes and
dots denote differentiation with respect to the radial r and
temporal v coordinates, respectively.

2 Regular black hole description
In this section, we briefly describe regular black holes. Con-

sider a spherically symmetric dynamic metric describing a
black hole in the form:

ds* = — f(v, r)dv® + 2dvdr + r2dQ?, 3)
where

2M (v, r)
fo,ry=1->"2"0 “)

and M (v, r) is the mass function depending on time v and
radial coordinate r. Here, d Q% = d6? +sin® dg? represents
the metric on the unit 2-sphere.

The spacetime described by (3) corresponds to the follow-
ing matter distribution:

2M
0 =zs—7,
r2
_ 2M’
P r2 s
M//
P=—-——, (%)

where o is the energy flux density, while p and P are the
energy density and pressure of the matter, respectively.
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Furthermore, the conservation law for the energy-momentum Second, there is no need to impose additional constraints

tensor T_"kk = 0 leads to an equation that we will refer to as
the continuity equation:

p'r+2p+2P =0. (6)

Note that this equation can also be derived by taking the
derivative of the energy density p from (5).

To ensure that the black hole is regular throughout space-
time, we calculate the curvature invariants: the Ricci scalar
R, the square of the Ricci tensor S = R,'kRik, and the
Kretschmann scalar K = Rjxm R*¥™ . In terms of the mass
function M (v, r), these invariants take the form:

on the first and second derivatives of the mass function, as
they are already accounted for by the finiteness of the energy
density and pressure. Thus, it suffices to mention that the
mass function vanishes at the center.

Dymnikova proposed constructing solutions for regular
black holes based on an energy density of the form [5]:

3

0 =cge Mi (13)

where ¢ and ry are related by the de Sitter relation:

A4M’' +2rM”
;
8M/2 4 2r2M//2
S=—pm
.
48M? — 64rMM' + 32r*M"? + 16r>MM" — 16r°M'M" + 4r*M">
K = 5 . (N
3
Alternatively, these curvature invariants can be expressed €0 = "5 (14)
0

in terms of the mass function M (v, r), energy density p, and
pressure P from (5) as follows:

S =2p>+2P2,
48M>  16M 2 2
K=—-=—5 Q20— P)+80" —8pP +4P". ()

Thus, the statement that a black hole contains no singu-
larities can be characterized by three conditions:

1. Theenergy density p must remain finite throughout space-
time. Specifically, the following condition must hold:

lim p = po. )
r—0

2. The matter pressure must be finite throughout spacetime,
satisfying:

lim P = P,. (10)
r—0

3. The mass function must vanish at the center, i.e.,
lim M(v,r) =0. (11)
r—0

A few remarks are in order regarding these three condi-
tions. First, we say that a regular black hole possesses a de
Sitter core if the following condition is satisfied:

lim P = — lim p. (12)

r—0 r—0

In this case, solving Einstein’s equations leads to the space-
time metric known as the Dymnikova black hole:

ds? = — fdv? + 2dvdr + r?d?, (15)
where
3
oM -t
f(r):l——(l—e ZM%). (16)
r

Another well-known solution was obtained by Hayward
[12] in a study of the formation and evaporation of regular
black holes. This metric is not constructed from a specific
matter distribution but is instead postulated as a minimal
model:

Fom =1 — MW (17)
vr)=1— —4——"—.

r3 4+ 2M(v)L?
From this, the energy density is derived as:

12M (v)?L?
P= T (18)
(r>+2M(v)L?)
and the pressure is given by:
3 _ M L2

P = 24M2(v)L?— ®) (19)

Initially, Hayward introduced the parameter L, of the order of
the Planck length, as a regularization parameter. However, it
was later shown that L could represent a magnetic monopole
charge arising from nonlinear electrodynamics, which sup-
ports the Hayward solution [8].
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In this article, we do not attempt to determine the nature of
the matter supporting the Dymnikova, Hayward, or other reg-
ular black hole solutions. Instead, we aim to explain how such
matter could form during the collapse of baryonic matter. Fur-
thermore, we argue that this process releases energy in the
form of electromagnetic radiation, which may be detectable.
Additionally, we demonstrate that for each type of matter,
the energy flux density depends on both the parameters of
the new matter and those of the baryonic matter, making it
possible to distinguish between different black hole solutions
when studying the collapse of massive stars.

3 General considerations

We consider a model in which baryonic matter transitions
into radiation. This implies that the total energy-momentum
tensor is conserved, while its individual components are not.
Specifically, we examine a model where baryonic matter is
described by the equation of state

1
P=ap, Osasl a#s, (20)

and transitions into radiation, which is governed by the equa-
tion

1
P =—p. 21
3P 2D

In this scenario, the continuity equation takes the form

ppr + 2Py 4 2pp = —B(v, 1) py,
prr + 2P +2p, = B(v, r)p;. (22)

Here, B represents the dimensionless transition rate of bary-
onic matter into radiation. We impose the condition that the
denser the object becomes, the faster the transition process
occurs, which requires 8/ < 0.

Solving the second equation in the system, we obtain the
radiation density as

A3
Pr = pOr(U)ef r dr’ (23)

where po,(v) is a positive integration function. Substituting
the radiation density (23) into the first equation of the system
(22), we find the baryonic matter density:

8
3

ﬂ,
pp = r~ @+ |:C(v) — por / rit2egel rd’dri| eI

It has been demonstrated in previous works [59,60] that a
regular black hole can be obtained with an appropriate choice
of the function 8. We now show that specific choices of
lead to the solutions of Dymnikova, Hayward, and Bardeen
solutions.

Before proceeding, we note that C(v) in (24) is an inte-
gration function associated with the baryonic matter density

@ Springer

in the absence of interaction. Since we assume interaction
between matter and radiation, we set C(v) = 0. Conse-
quently, the total energy density of the system is given by

B=3
p = pr+pp = por el T
. p-8
—r 2 o, / pit2age] gy, (25)
3.1 Dymnikova solution
Based on these assumptions, we demonstrate that this frame-

work can lead to Dymnikova’s black hole solution. To achieve
this, consider the function § in the form

Bo.r) 8 3r3 N 3
v, F)= - —
' 3 2M 2 T
(W)ro(v) 2420 — o O
(26)
This yields
8 3 3
-3 3
/’3 Sdr=Inj2a 42— ——| - —. 7)
r 2Mry 2Mry
The radiation energy density is then expressed as
3
37‘3 - 2
= V) 2420 — e M 28
or = por( )( ZMI’g) (28)

To determine the baryonic matter density, we consider a
function of the form

3

2

f(r) — (ar20t+2 +br2(1+5) e 2Mr0 , (29)

and compute its derivative with respect to r:

3a
/ — 2, + 2 20+1 + 2 + 5 b _ 200+4
fr) [a( a+2)r (2o +5) M2 r

3

3b —_r_

__2r2a+5] e 2Mrg' (30)
2Mry

Next, consider the integral in the expression for the bary-
onic energy density (24):

3

/eraﬂe 2M’£dr=/|:§(2a+2)rl+2"

8 3
+1 - 5 —Qa+5)——> patd
2Mr; 2Mr

3
9 ~oiZ
+ r2“+5j| e Modr. (31)

4M2rg
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By comparing coefficients of corresponding powers of r in
(31) and (30), we find

8 3
a=<, b=———. (32)
3 2Mry
Thus,
3 3
/rlmﬂefwdr _| 80002 _ 3 eS|
3 2Mry
(33)

The baryonic energy density transitioning into radiation
can then be written as

3
33 8| oo
=por | = — 0, 34
Pb 'Oor|:2Mr§ 3]6 (34)

The total energy density of the system, combining the
radiation density (28) and the baryonic energy density (34),
is

3

2\ -
P = pr+ Pb = por <2a—§)e 2mrg (35)

Not all barotropic matter leads to Dymnikova’s solution.
Since po,(v) > 0 for all v, satisfying the weak energy condi-
tions requires o > % From the energy density corresponding
to Dymnikova’s solution,

6~
2M
PDymnikova = —5€ 0, (36)
T,
0

we deduce the definition of pg,(v) as
6
2).,.2°
(Za - §) T
With this definition, solving Einstein’s equations yields
the dynamic Dymnikova black hole metric:

por = (37)

ds> = — f (v, r)dv* + 2dvdr + r’d?, (38)
where
3
2M -5
f(v,r)=1—7<1—e 2M"2>. (39)

We note that the transition to the Dymnikova solution occurs
in the complete absence of baryonic matter, i.e., when
C(v) = 0. However, this transition does not occur within
a certain region inside the collapsing cloud. Based on this
observation, we propose a three-regime model of gravita-
tional collapse:

1. Initial stage of gravitational collapse: The outer layers
of the collapsing object are described by the Husain metric
in the region r; < r < rp, where r; marks the beginning
of the region where baryonic matter starts transitioning

into an exotic form of matter, and r; corresponds to the
stellar surface. The external metric takes the form:

r y2a—1

oM c
ds? = — (1 _2Mo) W) ) dv? + 2dvdr

+ridQ?. (40)

Importantly, as an external solution, the Husain metric
determines the location of horizons. Thus, we will deter-
mine horizon positions based on the exterior spacetime
geometry rather than the interior one. In the dynami-
cal case, the event horizon cannot be uniquely defined.
Instead, the black hole boundary is determined by the
marginal trapping hypersurface, which serves as the
apparent horizon. Initially, it was assumed that the appar-
ent horizon is a spacelike hypersurface; however, consid-
erations involving Hawking radiation suggest that it may
also be timelike. In [69], the relationship between inner
and outer apparent horizons is analyzed in terms of null
energy conditions. The apparent horizon for the Husain
solution is given by:

_ 2Mp(v) 2D(v)

1 =0, (41)

w7

where r = r,), denotes the location of the apparent hori-
zon. Notably, when o < 0, the Husain black hole pos-
sesses only a single apparent horizon. However, due to
the loss of asymptotic flatness in this case, an outer hori-
zon emerges, behaving like a cosmological horizon. For
a € [0, %], the Husain black hole has one apparent hori-
zon, while for o € (%, 1], two apparent horizons appear,
whose dynamics depend on the energy conditions. If the
null energy condition holds throughout the spacetime, the
outer apparent horizon is spacelike and expands outward,
while the inner horizon is timelike and contracts inward,
eventually reducing to the Vaidya metric in the asymptotic
limit.

. Transition region: This regime corresponds to the space-

time domain r, < r < ry, where baryonic matter tran-
sitions into the type of matter supporting the Dymnikova
solution. Here, r, denotes the radius of the sphere inside
which baryonic matter vanishes entirely, i.e., C(v) = 0.
During this process, C(v) < 0. The metric describing this
region is a hybrid of the Husain and Dymnikova metrics:

3
dS2 — _ [1 _ 2MO(U) (1 _ e_ZM()(v)r()(v)2> — &:|
r y2o—1

dv? + 2dvdr + r*dQ>. 42)

@ Springer
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As previously established, the formation of a regular
Dymnikova black hole requires the complete absence of
baryonic matter (C(v) = 0), implying that r, > 0.

3. Core region: Finally, the spacetime region 0 < r < ry is
governed by the regular Dymnikova solution:

3
dszz_[l _ 2Mo@) (l‘ﬂd
r

+2dvdr + r*dQ?. (43)

This solution is responsible for the formation of the de Sit-
ter core. All curvature invariants derived from this metric
are finite at the center:

) 12
lim R = —=
r—0 U
. 36
lim S = -
r—0 o
120
lim K = - (44)
r—0 o

3.2 Hayward spacetime

Let us now examine how the application of this method leads
to the well-known Hayward solution. For this purpose, we
choose the function g in the form:

%aé(r) — (2a + %) n(r,v) —n'r

B, r) = ) 45)
af —n
where
_ 12M(v)*L(v)?
§= (r3 +2M (V) L2 (v))?’

_ 24M )’ L(v)2(r — M(v) L2 (v)) 46
= (3 + 2M () L2(v)) (40)
With this definition, we obtain:

[r
r =1In|aé —nl. 47
p

Consequently, the energy density of radiation takes the form:

or = por(v) (@& —n). (48)

To determine the energy density of baryonic matter pp,
we introduce the function g(r) as follows:

g(r) = r’**2 (at + by), (49)
and consider its derivative. This yields:
§'(r) = "7 [Qa +2)(a& +bn) +a&'r +by'r],  (50)

where a and b are arbitrary constants.

@ Springer

From the definitions of & and 7, we observe the following
relation:

£r = —2n—2¢&. (@28
Substituting this relation into (50), we find:
§'(r) = r'""* [2aag + [(2a +2)b — 2aln + by'r] . (52)

Now, we analyze the integral in the definition of p;. The
integrand takes the form:

-8 2
r1+2aﬂef —Edr _ 12 |:§“E _ (2 +2a) n— n/ri| _
(53)

By comparing the expressions in square brackets with (52),
we deduce that a and b must satisfy:

=—, b=-1. 54
a=3 (54)
Thus, we can write:

1 [ R 2042 (1
/r Bel T Ydr =r 55—7] . (55)
The energy density of baryonic matter is then given by:
1
Pb = —por (55 - 7)> : (56)
The total energy density is expressed as:
1
P = pr+ Pp = por <a—§n>. (57)
Using the definition of n from (46) and setting po, = Oﬁ,
we find: ’
12M (v)>L(v)?
p= (58)

(P 4 2M () L2 (v))?’

which corresponds precisely to the energy density associated
with the Hayward solution.

A few remarks are in order regarding the determination
of po,. First, @ = % is excluded because the transition from
radiation to radiation is uninteresting and is described by
Husain’s solution for = % Second, to avoid violating the
weak energy conditions, we must impose « > % Thus, the
physically motivated transition of baryonic matter into matter
supporting the Hayward solution, with energy release in the
form of radiation, is possible only if the equation-of-state
parameter of baryonic matter satisfies o > % We note that,
similar to the case of Dymnikova’s solution, a regular center
emerges only in the complete absence of baryonic matter at
the center. Therefore, as with the previous model, we can
identify the following collapse regimes:

1. Initial state: At the initial moment of time, the outer lay-
ers r; < r < rp are described by a barotropic equation of
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state. Consequently, solving the Einstein equations leads
to Husain’s solution:

r y2a—1

2M, c
ds? = — (1 _ 2Mo) (”))dv2+2dudr

+r2d Q2. (59)

All arguments concerning the formation of apparent hori-
zons, discussed in the context of Dymnikova’s model,
carry over directly to this case.

2. Transition regime: This regime corresponds to the tran-
sition from the barotropic equation of state to the matter
supporting Hayward’s solution. It occurs in the region
ro < r < ry. Thus, the solution of the Einstein equations
for this layer is given by:

2Mo(v)r? C(v) 5
ds*>=—(1- — d
' < r3 1 2Mo(v) L2 rZal) Y
+2dvdr + r*dQ2. (60)

We note that if barotropic matter satisfying the strong
energy condition (o > 0) is present in the central region,
the resulting spacetime always contains a singularity,
since the condition lin}) M (v, r) = 0is not satisfied. This

behavioris expectec{,_a)s ade Sitter core requires a vacuum-
like medium at the center, free of barotropic matter.

3. Final stage: In the region 0 < r < r,, where barotropic
matter is absent, the solution describes a regular center.
This corresponds to Hayward’s metric:

ds? = —(1- 2My(v)r?
r3 4+ 2My(v) L2
+r2dQ2. (61)

) dv? + 2dvdr

We observe that curvature invariants take finite values at
the center:

. 12

Iim R = —,
r—0 L2

. 36

Iim § = —,

r—0 L4

. 120
=T ©2)

4 Arbitrary black hole solution

We now develop a method that not only demonstrates the pos-
sibility of explaining the formation of any black hole through
a given process but also allows us to estimate the energy den-
sity of radiation emitted during this process.

To begin, we rewrite the energy densities of radiation and
baryonic matter:
-4
pr = porel T,

p-3

Our goal is to describe the transition of baryonic matter into
a new type of matter p,.y, during which energy is released
in the form of radiation with energy density p,. Clearly, each
type of matter corresponds to its own conversion efficiency
B. To determine B, we solve the integral equation:

Pnew = Pr + Pb- (64)

During this process, the amount of baryonic matter decreases
over time, while the amount of new matter increases. Conse-
quently, the parameter C(v) decreases with time, and the
complete transition of baryonic matter into the new type
occurs at a time v = v,,g4 such that C(v,,q) = 0. In our rea-
soning, we assume that the transition is complete, although
the function 8 will have the same value regardless of whether
the transition is fully completed or not. The function 8 sim-
ply reflects the efficiency of the process and how quickly it
occurs.
The solution to the integral equation is:

2 8
B = 3%Pnew — (20( + §) Prew — Py;gwr. (65)
Apnew — Puew
Thus,
-3
, dr =In|appew — Prewl. (66)

An important note: when evaluating the integral, we must use
the continuity equation for the new type of matter, which is:

,Oyllewr + 2pnew + 2Ppew = 0. (67)

Therefore, the energy density of the emitted radiation during
the transition of baryonic matter into the new type depends
on the parameters of the new matter and the equation-of-state
parameter of baryonic matter .

The key result is:

or = Por (@Pnew — Prew) - (68)

To determine the depletion of baryonic matter, we intro-
duce a new function g:

g(r) = r 2 @pnew + b Puew) - (69)

Taking the derivative with respect to r and using the conti-

nuity equation (67) for p;,,,r, we find:

g'(r) = r'" 2aapnen + (2 +2)b — 2a) Pew
+bP,,,r]. (70)

new

@ Springer
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Substituting 8 into the integrand of pp, we obtain:

142 ﬁ_%d 1420 | 2 8
r+a:3€ffr =it — Pnew — §+20l Prew

3
__fgewr} . 1)
Comparing coefficients with (70), we find:
! b 1 (72)
a=-, =-1
3
The energy density of baryonic matter is then given by:
1
Pb = —P0r (gpnew - Pnew> . (73)
The total energy density of the new matter is:
1
Pr =+ Pb = Por (05 - §> Prew- (74)

Finally, the integration constant pq, is determined as:
1

Por = (75)

T
3

Since this constant must be positive, o must satisfy o > %

5 Conclusion

When considering the process of gravitational stellar col-
lapse, phase transitions of matter must be taken into account.
This is because, during the later stages of collapse, the density
of matter reaches critical values, leading to a transition into
a new state of matter. Such processes are expected to release
energy in the form of electromagnetic radiation, which can
be detected by a distant observer.

In this work, we examined the collapse of baryon-like mat-
ter transitioning into a new state and estimated the energy
density emitted as electromagnetic radiation. We demon-
strated that such processes may lead not only to well-known
solutions of Einstein’s equations, such as Hayward’s and
Dymnikova’s regular black holes but also to any other black
hole whose metric is a solution of Einstein’s equations.

One of the key results of this paper is the derivation of
a formula linking the energy density of radiation released
during the transition of baryon-like matter to a new state
of matter. This formula depends on the parameters of both
the new matter and the baryon-like matter. Additionally, we
showed how the function f, which can be associated with
the efficiency of matter-to-radiation conversion, is related to
the properties of the new state of matter.

The term “baryon-like” was introduced to emphasize that
the Husain solution does not correspond to conventional
baryonic matter. Specifically, the equation of state P = ap
differs from its counterpart in cosmology due to pressure
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anisotropy. However, a direct transition to classical baryonic
matter can be achieved by redefining the constant « as fol-
lows:

a=%6w+D. (76)

Despite this, the model of baryon-like matter proves more
convenient for calculations, and the results obtained in this
paper remain valid when redefining the equation-of-state
constant « in terms of w. The analysis of radiation energy
density for various black hole models may play a pivotal role
in astrophysics, providing a means to evaluate the validity of
proposed black hole models.
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