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Abstract This article examines how compact astronomical
objects behave under the theoretical framework of f (R, Lm,

T ) theory of gravity. We develop modified field equations
by taking into consideration the static internal spacetime
which is filled with the anisotropic fluid content. Applying
two particular constraints related to the anisotropic pressure
and radial metric function allows us to identify two new solu-
tions to these gravitational equations. We obtain differential
equations for both models, the integration of which yields
constants that are established using matching criteria. The
necessity for radial pressure to vanish at the hypersurface
is also used to find these constants. Afterwards, for various
values of the parameters involved in the considered mod-
ified model, we visually assess certain requirements whose
fulfillment guarantees the viability of the model. For this pur-
pose, we consider the observational data of a compact star 4U
1820-30. We deduce that both of our models meet the neces-
sary stability and viability requirements. Notably, our study
advances the understanding of compact stellar models by
demonstrating how the considered theory of gravity modifies
their evolutionary pattern compared to general relativity, and
provides a robust framework for exploring matter-geometry
coupling in future astrophysical research.
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1 Introduction

General relativity (GR) gives us a mathematical foundation
to study the universe, particularly regions with extremely
dense and massive objects. This theory explains the con-
nection between the matter dispersion that creates the cur-
vature and the gravitational field it produces. The interior
of a self-gravitating body is represented by non-linear Ein-
stein field equations, which explain this behavior. Under-
standing the behavior of compact astrophysical phenom-
ena requires scientists to solve Einstein’s field equations,
either through numerical or exact methods. In 1916, Karl
Schwarzschild made a ground-breaking contribution to astro-
physics by deriving the first exact solution to Einstein’s field
equations describing a non-rotating, spherically symmetric
massive object. Schwarzschild derived distinct metric solu-
tions for both the vacuum region outside and the interior of
a static, perfect fluid sphere with uniform energy density, as
documented in his seminal works [1,2]. Subsequent analysis
revealed that Schwarzschild’s solution exhibited a mathe-
matical singularity at r = 0, indicating a breakdown of the
coordinate system at the central point of the gravitational
source. Later research has shown that our universe includes
a significant quantity of dark energy, an enigmatic force that
causes the rapid cosmic expansion. Although GR sheds light
on this phenomenon, it fails to fully explain the cosmological
constant. Researchers have thus focused to find a theoretical
framework to define gravity in a better way and to solve the
inconsistencies linked with Einstein’s theory.

Several modified theories, in this context, have been pro-
posed in the literature which produced promising results in
cosmological scenarios. By substituting a generalized func-
tion of the Ricci scalar R in place of the geometric component
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of the conventional Einstein–Hilbert action, the first simple
modification of GR, known as f (R) theory, was developed.
To explain the universe’s present fast expansion and infla-
tionary epoch, many scholars have investigated this theory
and found it favorable [3,4]. Several f (R) models’ stable
behavior has been examined using a variety of mathematical
approaches [5–7]. The idea of matter-geometry interaction
was later developed mainly by Bertolami et al. [8] inside the
action of f (R) theory. They introduced the f (R, Lm) theory
by combining the Lagrangian density and the geometrical
quantity R into a single function. The changes in the physi-
cal characteristics of celestial bodies have been noticed due
to this alteration, see for instance the works done in [9–12].
Building on these developments, Harko et al. [13] introduced
f (R, T ) gravity – a modified theory of gravitation where the
action is generalized to an arbitrary function of R and the
trace T of the energy-momentum tensor (EMT). The exis-
tence of an exotic fluid has been blamed for the functional-
dependence on T .

Notably, when the fluid term T is added in the action
function, the non-conservation phenomenon occurs, which
results in the presence of additional force. The particles’ non-
geodesic motion is thus caused by this force, which stops
test particles from following a geodesic path. This theory
has been shown to produce many significant cosmological
and astrophysical ramifications [14–21]. Despite offering a
potential solution to cosmic riddles, f (R, T ) gravity faces
many substantial barriers. For instance, this theory makes it
difficult to construct viable models that simultaneously sat-
isfy both cosmological constraints and local-scale gravita-
tional tests. This enabled Harko and Haghani [22] to integrate
the f (R, T ) and f (R, Lm) gravity models in a single func-
tion, and named this theory as f (R, Lm, T ) gravity. In this
framework, two distinct models – minimal and non-minimal
– have been examined, and the resulting findings are found
to be in agreement with the data. The minimal model of
this theory yields superior findings in comparison with the
other, according to study done by Naseer and Said [23], who
investigated the inner structure of charged isotropic stars.
Some significant studies showing this theory’s theoretical
and observational efficacy are [24–32].

It is important to note that the f (R, Lm, T ) gravita-
tional framework can be evaluated within the post-Newtonian
regime to verify its alignment with empirical checks in the
solar system, including phenomena like Mercury’s orbital
advance or the delay in light propagation known as the
Shapiro effect. Under the low-gravity assumption, the gov-
erning equations for this theory may be developed as expan-
sions from flat Minkowski geometry, where deviations are
described through gravitational potentials and the frame-
work’s interaction coefficients. When the coefficients in var-
ious forms of this theory – responsible for regulating the
linkage between matter and spacetime – are kept minimal,

the extra contributions to the equations fade into the back-
ground, causing the theory to align with GR at the primary
level of the post-Newtonian series. This alignment guarantees
compliance with the parameterized post-Newtonian (PPN)
limits, which are rigorously restricted by data from solar
system studies. As an example, the PPN factor γ , quanti-
fying the spatial bending caused by a given mass, must lie
within 10−5 of 1 according to signal propagation timing data.
Through precise tuning of the framework’s coefficients to
remain modest in solar system scenarios, the f (R, Lm, T )

model produces γ values close to 1, matching these empiri-
cal findings. Regarding dense stellar objects, the coefficients
can avoid being extremely tiny while still yielding meaning-
ful physical insights. Within regions of elevated density, the
interaction elements in modified gravitational equations gain
prominence, resulting in departures from GR that account
for features like uneven matter arrangements and equilib-
rium traits in such stars. The chosen magnitudes avoid being
excessive enough to undermine agreement with GR in low-
gravity settings, yet they are substantial enough to prevent
the alterations from becoming negligible. Consequently, the
framework achieves an equilibrium by incorporating fresh
gravitational influences in intense-field areas while preserv-
ing observational reliability in milder gravitational condi-
tions.

In any theory of gravity, the equilibrium configuration of
a self-gravitating system is completely determined by solv-
ing the corresponding field equations, which govern both the
spacetime geometry and matter distribution. The complexity
of solving the field equations increases substantially with the
incorporation of higher-order geometric derivatives. Based
on the scenario, the solution could be numerical or analytical,
and initial/boundary conditions are needed in the former case.
To get a complete solution, however, further data on local
physics is required. Several newly identified elements impact
the structural characteristics of these large bodies in the study
of stellar implosion [33–35]. The system of three independent
gravitational field equations for a static anisotropic sphere
contains five unknown quantities (two metric coefficients and
three matter terms). Without specifying additional conditions
like a particular metric ansatz, obtaining exact solutions to
this under-determined system remains theoretically challeng-
ing. A well-behaved solution may be obtained by reducing
the number of unknowns or by restricting the metric coeffi-
cients. Several studies have employed the Karmarkar require-
ment, a geometric constraint that establishes a differential
relationship between the two metric potentials, enabling the
derivation of one gravitational potential from the other [36].
The solution has also been explored in the context of stellar
systems under the vanishing Weyl tensor [37].

Earlier theoretical models assumed that spherically sym-
metric celestial fluid systems exhibited perfectly isotropic
matter distributions, implying identical pressure magnitudes
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regardless of directional orientation. Based on Jeans’ funda-
mental study [38], the fluid must exhibit directional depen-
dence in its properties which is because the interior geom-
etry is influenced by a number of elements. Ruderman
[39] demonstrated that stellar objects exceeding densities of
1015 g/cm3 exhibit unequal pressure components. Canuto
[40] pointed out that the anisotropy might result from differ-
ences in radial and transverse pressures caused by the excep-
tionally high density of compact stars. Strong magnetic fields
[41], pion condensation [42], nuclear interaction [43], super-
fluid core [44], and other factors may all result in anisotropy
inside these structures. Bowers and Liang [45] investigated
how anisotropy affected the equilibrium of celestial forma-
tions and came to the conclusion that anisotropy should van-
ish at the star’s core. Three key concepts form the basis of
the Bowers–Liang model are that the anisotropy must (i)
disappear at the center, (ii) be induced by the gravitational
impact, and (iii) not be linearly connected to the radial pres-
sure [46]. Using a particular anisotropic factor, Sharif and
Naseer [47] obtained anisotropic solutions, and their find-
ings were in good agreement with the physical criteria. Some
interesting studies on different compact stars under multiple
approaches can be found in [48–58].

The existing solutions are extended in this study within
the context of f (R, Lm, T ) theory under the approach used
in [59,60]. The structure of the paper is arranged as fol-
lows. The next section presents the fundamentals of the
considered modified gravity and formulates the field equa-
tions for a static sphere permeated by the anisotropic fluid.
Two innovative stellar models are formulated by taking into
account a couple of radial potentials and certain types of
anisotropy in Sect. 3. The matching requirements between
the Schwarzschild external and the internal spherical met-
rics are also applied which aids in the computation of con-
stants involved in the resulting solutions. Afterwards, through
graphical analysis, we confirm the fulfillment of many physi-
cal requirements that must be met for a solution to be accept-
able in Sects. 4 and 5. Section 6 then comprises a brief discus-
sion of the developed results for different parametric values.
Finally, Sect. 7 provides a thorough review of our findings
and highlights key achievements.

2 Modified gravity theory

The f (R, Lm, T ) gravitational framework introduces mod-
ifications to the conventional Einstein-Hilbert action as fol-
lows

S f (R,Lm ,T ) =
∫ √−g

{
f (R, Lm, T )

16π
+ Lm

}
d4x, (1)

where the Lagrangian density for the matter distribution is
denoted by Lm . The field equations may be obtained using

the least-action approach on the action (1) as

Gαβ = 8πT (e f f )
αβ , (2)

where T (e f f )
αβ is an effective EMT and Gαβ = Rαβ − 1

2 Rgαβ

represents the Einstein tensor. The former term is given by

T (e f f )
αβ = 1

fR
Tαβ + T (D)

αβ . (3)

Here, the normal matter EMT is shown by the term Tαβ , and
the involvement of modified corrections as a result of altering
the action function is presented by T (D)

αβ which is expressed
below

T (D)
αβ = 1

8π fR

[
1

2
(2 fT + fLm )Tαβ + 1

2
( f − R fR)gαβ

− (gαβ� − ∇α∇β) fR − 1

2
(2 fT + fLm )Lmgαβ

+ 2 fT g
ξμ ∂2Lm

∂gαβ∂gξμ

]
. (4)

A fundamental mathematical construct for describing the
intrinsic spacetime geometry of astrophysical bodies is the
metric. To properly analyze the dynamics of matter and
energy distributions in gravitationally bound systems, one
must first establish this fundamental geometric description.
The static spherical metric offers significant advantages for
solving gravitational field equations, primarily through math-
ematical simplification. The assumption of spherically sym-
metric geometry significantly reduce the complexity of the
governing equations, enabling more compliant study and
solution of physical problems. In our ongoing analysis, we
consider the internal spacetime described by

ds2 = −B2
1 (r)dt2 + B2

2 (r)dr2 + r2(dθ2 + sin2 θdφ2),

(5)

where the aforementioned metric’s static character is shown
by only the r -dependence of its components.

Researchers studying a variety of physical processes have
paid a close attention to the anisotropic fluid interiors. This
recognizes the directional dependencies present in energy
and momentum distributions, in contrast to their isotropy
equivalents, which suppose uniform qualities in every direc-
tion. This difference is crucial for modeling systems with
orientation-dependent properties, including spinning bodies
or surroundings with strong gravitational fields. We investi-
gate the anisotropic matter dispersion represented by EMT
given below

Tαβ = (ρ + pt )vαvβ + pt gαβ − (
pr − pt

)
uαuβ. (6)

Here, the energy density, radial, and transverse/tangential
pressure are denoted by ρ, pr , and pt , respectively. Addi-
tionally, uα denotes the 4-vector along the radial direction,
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and vβ is the 4-velocity. They have the following form in
regard to the line element (5) in a co-moving frame of refer-
ence

vα = ( − B1(r), 0, 0, 0
)
, uα = (

0, B2(r), 0, 0
)
, (7)

fulfilling certain relationships provided by

vαuα = 0, vαvα = −1, uαuα = 1.

Choosing a particular modified gravity model allows
researchers to address GR’s limitations in explaining cos-
mic events, which is crucial for generating significant break-
throughs in cosmological and astrophysical studies. Fur-
thermore, the selection of a modified gravity model influ-
ences future experiment design as well as the interpretation
of current data, making it a crucial issue in contemporary
astrophysics. Among the several f (R, Lm, T ) models doc-
umented in the literature, we choose the linear one defined
by

f (R, Lm, T ) = R + α f1(R) + 2γ f2(Lm) + λ f3(T )

= R + 2γ Lm + λT, (8)

under dimensionless constants γ and λ which shall be chosen
as specific values in subsequent analysis. The f (R, Lm, T )

gravitational framework provides a more comprehensive
approach for modeling dark energy phenomena compared
to traditional paradigms such as quintessence fields. Cos-
mic acceleration is simply described by traditional dark
energy models, which usually require a certain kind of
dynamic energy density or a constant energy density. How-
ever, by including not just the Ricci scalar but also the
matter Lagrangian and the trace of the EMT, the func-
tional f (R, Lm, T ) enables a more comprehensive interac-
tion between geometry and matter. To accurately model the
interior dynamics of dense stellar objects such as compact
stars, researchers must employ nonlinear gravitational field
equations. These equations account for anisotropic pressure
distributions and variations in energy density, which are crit-
ical for understanding the structural evolution of these astro-
physical bodies.

The adoption of a linear model (8) offers several distinct
advantages when modeling the complex internal structures
of anisotropic compact stars. Unlike non-linear f (R) mod-
els, which introduce higher-order curvature terms that sig-
nificantly increase the complexity of the field equations, the
linear model simplifies the mathematical framework while
still capturing essential interactions between geometry, mat-
ter, and the trace of EMT. This simplicity is particularly ben-
eficial in the context of anisotropic stars, where the inter-
play between radial and tangential pressures adds additional
degrees of freedom to the system. Non-linear f (R) models,

such as f (R) = R+αR2, often lead to highly non-linear dif-
ferential equations that are challenging to solve analytically,
especially when coupled with anisotropic fluid distributions.
These complexities can obscure physical insights and require
numerical methods, which may introduce uncertainties in
interpreting the results. In contrast, the considered model
in this case allows for analytical solutions, enabling precise
control over the metric potentials and fluid parameters. This
facilitates a clearer understanding of how the modified grav-
ity terms influence the stellar structure, making it easier to
derive physically meaningful constraints and test the model
against observational data, such as that of the compact star
4U 1820-30.

Another key benefit of the linear model (8) is its ability to
incorporate both the matter Lagrangian and the trace of EMT
in a straightforward manner, providing a more comprehen-
sive description of matter-geometry coupling compared to
f (R) or f (R, T ) theories. The f (R) theory focuses solely on
curvature modifications, neglecting direct interactions with
the matter sector, which can limit its ability to model com-
plex anisotropic effects in compact stars. The f (R, T ) theory
includes the trace T , introducing non-conservation effects
that lead to non-geodesic motion, but it does not account
for the matter Lagrangian’s contribution, which is critical
for describing the internal dynamics of dense objects with
anisotropic pressures. The f (R, Lm, T ) model, by contrast,
allows for a richer description of the interplay between geom-
etry and matter. This is particularly relevant for anisotropic
stars, where directional pressure differences arise from phys-
ical processes like strong magnetic fields, pion condensa-
tion, or nuclear interactions. The linear form ensures that
these additional terms introduce manageable corrections to
the Einstein field equations, preserving the physical inter-
pretability of the solutions while accounting for deviations
from GR.

In addition, classical models often depend on certain
assumptions on the dark energy equation of state, whereas
f (R, Lm, T ) theory allows for adjustments that may rely on
the local matter dispersion and shape, giving greater leeway
in describing dark energy dynamics. This leads to solutions
that better match the observed data from compact astronomi-
cal objects. Incorporating anisotropic stress tensors and grav-
itational potential terms into the modified Einstein field equa-
tions allows for a more robust analysis of compact stars’ sta-
bility and viability across varying astrophysical regimes. This
framework demonstrates that f (R, Lm, T ) gravity theories
can yield deeper theoretical insights compared to standard
dark energy models.

When we combine Eqs. (2), (6), and (8), the spherically
symmetry metric (5) yields the following field equations,
which govern the system’s evolution as
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(8π + γ + λ)ρ − λ

(
pr
6

+ pt
3

− ρ

2

)

= 2B ′
2(r)

r B2(r)3 − 1

r2B2(r)2 + 1

r2 , (9)

(8π + γ + λ)pr + λ

(
pr
6

+ pt
3

− ρ

2

)

= 2B ′
1(r)

r B1(r)B2(r)2 + 1

r2B2(r)2 − 1

r2 , (10)

(8π + γ + λ)pt + λ

(
pr
6

+ pt
3

− ρ

2

)

= − B ′
2(r)

r B2(r)3 + 1

B1(r)B2(r)2

×
(
B ′′

1 (r) − B ′
1(r)B

′
2(r)

B2(r)
+ B ′

1(r)

r

)
. (11)

The fluid parameters may be obtained in their explicit form
from the aforementioned equations as

ρ = 1

3r2(γ + λ + 8π)(γ + 2λ + 8π)B1(r)B2(r)3

× [
λr2B′

1(r)B′
2(r) − λr2B2(r)B′′

1 (r) − 2λr B2(r)B′
1(r)

− 6γ r B1(r)B′
2(r) − 8λr B1(r)B′

2(r) − 48πr B1(r)B′
2(r)

− 3γ B1(r)B2(r)3 + 3γ B1(r)B2(r) − 4λB1(r) (12)

× B2(r)3 + 4λB1(r)B2(r)

− 24πB1(r)B2(r)3 + 24πB1(r)B2(r)
]
,

pr = 1

3r2(γ + λ + 8π)(γ + 2λ + 8π)B1(r)B2(r)3

× [
λr2B′

1(r)B′
2(r) − λr2B2(r)B′′

1 (r) + 6γ r B2(r)B′
1(r)

+ 10λr B2(r)B′
1(r) + 48πr B2(r)B′

1(r) + 4λr B1(r)B′
2(r)

− 3γ B1(r)B2(r)3 + 3γ B1(r)B2(r) − 4λB1(r)

× B2(r)3 + 4λB1(r)B2(r)

− 24πB1(r)B2(r)3 + 24πB1(r)B2(r)
]
, (13)

pt = 1

3r2(γ + λ + 8π)(γ + 2λ + 8π)B1(r)B2(r)3

× [
3γ r2B2(r)B′′

1 (r) + 5λr2B2(r)B′′
1 (r) + 24πr2

B2(r)B′′
1 (r) − 3γ r2B′

1(r)B′
2(r) − 5λr2B′

1(r)B′
2(r) − 24πr2

B′
1(r)B′

2(r) + 3γ r B2(r)B′
1(r) + 4λr B2(r)B′

1(r) + 24πr

× B2(r)B′
1(r) − 3γ r B1(r)B′

2(r) − 2λr B1(r)B′
2(r)

− 24πr B1(r)B′
2(r) + 2λB1(r)B2(r)3 − 2λB1(r)B2(r)

]
.

(14)

Anisotropy is the result of pressure’s changes in differ-
ent directions within a fluid dispersion. We look at two
distinct orientations in this analysis, namely tangential and
radial. Consequently, the definition of the anisotropic factor
becomes

�(r) = pt − pr = B1(r)
{
B2(r)3 − B2(r) − r B ′

2(r)
} − r

{
r B ′

1(r)B
′
2(r) + B2(r)

(
B ′

1(r) − r B ′′
1 (r)

)}
r2(γ + λ + 8π)B1(r)B2(r)3 . (15)

At the center of a compact star, where pr (0) = pt (0),
anisotropy � vanishes, creating the anisotropic force 2�(r)

r
that, depending on the relationship between pt and pr , may
be either repulsive or attractive. By reducing density and pres-
sure at the center, a certain force may cause the celestial body
to expand, which might have an effect on nuclear fusion and
the stellar life cycle as a whole. Under extreme conditions,
inward gravitational pull can compress matter, significantly
increasing its density and internal pressure, potentially lead-
ing to neutron star’s or black hole’s formation.

3 New relativistic models admitting Darmois matching
criteria

Finding solutions to the field equations using multiple
approaches have attracted a lot of attention from researchers
working in this field of astrophysics. Now is the moment to
address the problem of identifying viable solutions which
can help in modeling relativistic objects. Although this prob-
lem has been approached in a variety of ways in the litera-
ture, we will concentrate on two well-behaved variations of
the anisotropy that have worked well in discussing cosmic
systems in GR. The following analysis shall use these con-
straints to find the solutions along with their detailed physical
analysis.

3.1 Model 1

The system becomes under-determined as evident from Eqs.
(12)–(14), containing five unknowns that require additional
constraints for a unique solution. One method is to treat any
two unknowns as free, however, the literature does not value
this approach. The alternative strategy takes into account two
restrictions at once. Consequently, the initial constraint corre-
sponds to an established form of the radial metric component
provided as [61,62]

B2
2 (r) = a + 2br2

a + br2 . (16)
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To maintain consistency, the dimension of the constants a
and b must be null and 1


2 . These constants will be deter-

mined subsequently using matching criteria. When B2
2 (r) is

supplanted in Eq. (15) and reorganizing the terms, we get

B ′′
1 (r)

B1(r)
−

(
a2 + 4abr2 + 2b2r4

)
B ′

1(r)

r B1(r)
(
a2 + 3abr2 + 2b2r4

)

= �(γ + λ + 8π)
(
a + 2br2

)2 − 2b2r2

a2 + 3abr2 + 2b2r4 . (17)

If a particular form of � is provided, it is simple to solve
Eq. (17) for B1(r). The anisotropic pressure profile must be
carefully modeled to ensure a smooth, radially increasing dis-
tribution from the core to the boundary. A physically realistic
solution typically requires an outward-increasing anisotropy
to maintain stability. Expanding on this conversation, we take
into account the following element that fits the previously
described requirements

�(r) = 2b2r2

(γ + λ + 8π)
(
a + 2br2

)2 . (18)

Swapping the above value into Eq. (17), we get

B ′′
1 (r)

B1(r)
−

(
a2 + 4abr2 + 2b2r4

)
B ′

1(r)

r B1(r)
(
a2 + 3abr2 + 2b2r4

) = 0. (19)

The solution for B1(r), which is obtained by solving the
overhead differential equation, is given by

B1(r) = C2 + C1

8b

[
4
√
a + br2

√
a + 2br2 − √

2a ln

× (
2
√

2
√
a + br2

√
a + 2br2 + 3a + 4br2)], (20)

where the integration constantsC1 andC2 can be determined
using boundary conditions. The following form expresses the
field equations (12)–(14) under metric components (16) and
(20) as

ρ = [
b
{
8bC2(3γ+4λ + 24π)

(
3a + 2br2)(12

√
2a3+a2

× (
52

√
2br2 + 17η1

) + 24abr2(3
√

2br2 + 2η1
)

+ 32b2r4(√2br2 + η1
)) + C1

(
4η2

1

(
17a2 + 12a

× (
4br2 + √

2η1
) + 16br2(2br2 + √

2η1
))

× (
9a(γ + 2λ + 8π) + 2br2(3γ + 10λ + 24π)

)
− a(3γ + 4λ + 24π)

(
3a + 2br2)

× (
24a3 + a2(104br2 + 17

√
2η1

) + 48abr2

× (
3br2 + √

2η1
) + 32b2r4(2br2 + √

2η1
))

ln

× (
3a + 4br2 + 2

√
2η1

))}]
× [

3η1(γ + λ + 8π)(γ + 2λ + 8π)
(
a + 2br2)2

× (
3a + 4br2 + 2

√
2η1

)2{C1
(
4η1 − √

2a ln

× (
3a + 4br2 + 2

√
2η1

)) + 8bC2
}]−1

, (21)

pr = [
b
{
C1

(
4η2

1

(
17a2 + 12a

(
4br2 + √

2η1
)

+ 16br2(2br2 + √
2η1

))
× (

9a(γ + 2λ + 8π) + 2br2(9γ + 14λ + 72π)
)

+ a
(
24a3 + a2(104br2 + 17

√
2η1

)
+ 48abr2(3br2 + √

2η1
)

+ 32b2r4(2br2 + √
2η1

))(
3(γ + 8π)

(
a + 2br2)

+ 8bλr2) ln
(
3a + 4br2 + 2

√
2η1

)) − 8bC2
(
12

√
2a3

+ a2(52
√

2br2 + 17η1
) + 24abr2(3

√
2br2 + 2η1

)
+ 32b2r4(√2br2 + η1

))(
3(γ + 8π)

× (
a + 2br2) + 8bλr2)}]

× [
3(γ + λ + 8π)(γ + 2λ + 8π)

(
a + 2br2)2

× (
3a + 4br2 + 2

√
2η1

)2{C1
(
4η1 − √

2a ln

× (
3a + 4br2 + 2

√
2η1

)) + 8bC2
}]−1

, (22)

pt = [
b
{
8bC2

(
12

√
2a3 + a2(52

√
2br2 + 17η1

)
+ 24abr2(3

√
2br2 + 2η1

) + 32b2r4(√2br2 + η1
))

× (
4bλr2 − 3a(γ + 8π)

) + C1
(
4η2

1

× (
17a2 + 12a

(
4br2 + √

2η1
)

+ 16br2(2br2 + √
2η1

))(
9a(γ + 2λ + 8π)

+ 8br2(3γ + 5λ

+ 24π)
) + a

(
24a3 + a2(104br2 + 17

√
2η1

)
+ 48abr2(3br2 + √

2η1
)

+ 32b2r4(2br2 + √
2η1

))(
3a(γ + 8π)

− 4bλr2) ln
(
3a + 4br2 + 2

√
2η1

))}]
× [

3(γ + λ + 8π)(γ + 2λ + 8π)
(
a + 2br2)2

× (
3a + 4br2 + 2

√
2η1

)2

× {
C1

(
4η1 − √

2a ln

× (
3a + 4br2 + 2

√
2η1

)) + 8bC2
}]−1

, (23)

where η1 = √
a + br2

√
a + 2br2.

Junction conditions play a vital role in analyzing com-
pact stellar objects, as they govern how physical fields and
their spatial derivatives transition across boundaries sepa-
rating distinct regions or spacetime geometries. These pre-
requisites, which include the extrinsic curvature and met-
ric continuity, guarantee the field equations’ correctness and
the smooth matching of spacetime areas. These prerequisites
are necessary to solve boundary value issues, examine wave
and disturbance propagation, and comprehend how physi-
cal structure behave at junctions. With respect to the inner
spacetime (5), the Schwarzschild line element is obtained to
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represent the external spacetime as

ds2 = −
(

1 − 2M
r

)
dt2 +

(
1 − 2M

r

)−1

dr2

+r2(dθ2 + sin2 θdφ2), (24)

with r > 2M and M being the star’s mass. The junction
requirements consist of two fundamental aspects: intrinsic
geometry’s continuity, guaranteeing smooth metric tensor
matching across the interface, and extrinsic curvature com-
patibility, governing the embedding relationship between
adjacent spacetime regions. Furthermore, according to the
later notion, the radial pressure must cease to exist at the
star’s radius r = R. These conditions result in three equa-
tions expressed by

1 − 2M

R
= a + 2bR2

a + bR2 , (25)
√

1 − 2M

R
= C1

8b

[
4
√
a + bR2

√
a + 2bR2 − √

2a ln

× (
2
√

2
√
a + bR2

√
a + 2bR2 + 3a + 4br2)] + C2,

(26)

pr (R) = 0 = C1
{
4η2

2

(
17a2 + 12a

(
4bR2 + √

2η2
)

+ 16bR2(2bR2 + √
2η2

))(
9a(γ + 2λ + 8π) + 2bR2

× (9γ + 14λ + 72π)
) + a

(
24a3 + a2(17

√
2η2

+ 104bR2) + 48abR2(3bR2 + √
2η2

) + 32b2R4

× (√
2η2 + 2bR2))(3(γ + 8π)

(
a + 2bR2) + 8bλR2)

× ln
(
3a + 4bR2 + 2

√
2η2

)} − 8bC2
{
12

√
2a3

+ a2(52
√

2bR2 + 17η2
) + 24abR2(3

√
2bR2 + 2η2

)
+ 32b2R4(√2bR2 + η2

)}{
3
(
a + 2bR2)

× (γ + 8π) + 8bλR2}. (27)

The following expressions for the triplet (a,C1,C2) are
obtained by solving Eqs. (25)–(27) simultaneously

a = −2bMR2 − bR3

2M
, (28)

C1 =
√

1 − 2M

R

[
8b

(
12

√
2a3 + a2(52

√
2bR2 + 17η2

)

+ 24abR2(3
√

2bR2 + 2η2
) + 32b2R4(√2bR2 + η2

))
× {

3(γ + 8π)
(
a + 2bR2) + 8bλR2}]

× [
24η2

2(2γ + 3λ + 16π)
(
a + 2bR2)

× (
17a2 + 12a

(
4bR2 + √

2η2
) + 16bR2

× (
2bR2+√

2η2
))−a

(
24a3 + a2(104bR2+17

√
2η2

)
+ 48abR2(3bR2 + √

2η2
)+32b2R4(2bR2 + √

2η2
))

× (
3(γ + 8π)

(
a + 2bR2) + 8bλR2)

{
ln

(
3a + 4br2 + 2

√
2η2

)
− ln

(
3a + 4bR2 + 2

√
2η2

)}]−1
, (29)

C2 =
√

1 − 2M

R

[{
4η2

2

(
17a2 + 12a

(
4bR2 + √

2η2
)

+ 16bR2(2bR2 + √
2η2

))
× (

9a(γ + 2λ + 8π) + 2bR2(14λ

+ 9γ + 72π)
) + a

(
24a3 + a2(104bR2 + 17

√
2η2

)
+ 48abR2(3bR2+√

2η2
) + 32b2R4(2bR2+√

2η2
))

× (
3(γ + 8π)

(
a + 2bR2) + 8bλR2)

× ln
(
3a + 4bR2 + 2

√
2η2

)}]
× [

24η2(2γ + 3λ + 16π)
(
a + 2bR2)(17a2 + 12a

× (
4bR2 + √

2η2
) + 16bR2(2bR2 + √

2η2
))

− a
(
24a3 + a2(104bR2 + 17

√
2η2

)
+ 48abR2(3bR2 + √

2η2
) + 32b2R4

× (
2bR2 + √

2η2
))(

3(γ + 8π)
(
a + 2bR2) + 8bλR2)

× {
ln

(
3a + 4br2 + 2

√
2η2

)
− ln

(
3a + 4bR2 + 2

√
2η2

)}]−1
, (30)

where η2 = η1(R) = √
a + bR2

√
a + 2bR2. These values

will be used in the graphical analysis of our developed model.
Incorporating the parametersγ andλ into the aforementioned
constants would greatly facilitate our examination of how
the alteration of gravitational theory affects the structural
properties of celestial solutions.

3.2 Model 2

To determine if the resultant solution can accurately represent
physically actual compact structures, we consider a particular
version of the grr metric potential. This metric component
has been used in GR earlier, presenting valid results. Here, we
examine its coherence within the context of modified theory.
This is given as follows [63]

B2
2 (r) = f

(
h + 2r2

)
(
f − r2

) (
h + r2

) , (31)

with the dimensions of both constants f and h being 1

2 .

Equation (15) is simplified to when B2
2 (r) is substituted as
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�(r) = B ′
1(r)

{
hr4 − f

(
h2 + 4hr2 + 2r4

)} + r
(
f − r2

)(
h2 + 3hr2 + 2r4

)
B ′′

1 (r) + r3B1(r)(2 f + h)

f r B1(r)(γ + λ + 8π)
(
h + 2r2

)2 . (32)

On rearranging Eq. (32), we obtain

B ′
1(r)

{
hr4 − f

(
h2 + 4hr2 + 2r4

)}
r B1(r)

(
f − r2

)(
h2 + 3hr2 + 2r4

) + B ′′
1 (r)

B1(r)

= f �(γ + λ + 8π)
(
h + 2r2

)2 − r2(2 f + h)(
f − r2

)(
h2 + 3hr2 + 2r4

) . (33)

Given a specified anisotropy’s profile, the temporal metric
potential can be determined. In this context, we examine sev-
eral options for � and try to resolve Eq. (33) and deduce one
viable option which is presented as

�(r) = r2(2 f + h)

f (γ + λ + 8π)
(
h + 2r2

)2 . (34)

It is evident that the factor (34) is an appropriate choice as
it has a zero value at the star’s center and rises approaching
toward the exterior. Upon putting this into Eq. (33), we get

B ′
1(r)

{
hr4 − f

(
h2 + 4hr2 + 2r4

) }
r B1(r)

(
f − r2

) (
h2 + 3hr2 + 2r4

) + B ′′
1 (r)

B1(r)
= 0, (35)

which is a differential equation of second order in B1(r)
whose analytical solution is taken out as

B1(r) = C3
√
r2 − f√

h + r2
√
h + 2r2

√
h + 2r2

r2 − f

×
⎧⎨
⎩

(
h + r2)

√
h + 2r2

r2 − f
+ √−2 f − h

×
√
r2 − f

√
h + r2

r2 − f

×E

(
sin−1

(√
− f − h

2√
r2 − f

)∣∣∣∣2( f + h)

2 f + h

)⎫⎬
⎭ + C4,

(36)

with the integration constants C3 and C4. Additionally, we
put both (31) and (36) into Eqs. (12)–(14) to obtain the fluid
triplet’s final form and present them in Appendix A.

In order to use the matching criterion, the spacetime must
be asymptotically smooth and static outside of a spherical
star. While examining model 1, we used the Schwarzschild

metric (24). At r = R, the two basic forms lead to the fol-
lowing equations

1 − 2M

R
=

(
f − R2

) (
h + R2

)
f
(
h + 2R2

) , (37)

√
1 − 2M

R
= 1√

h + R2
√
h + 2R2

[
C3

√
R2 − f

×
√
h + 2R2

R2 − f

{(
h + R2)

√
h + 2R2

R2 − f

+
√
R2 − f E

(
sin−1

(√
− f − h

2√
R2 − f

)∣∣∣∣

× 2( f + h)

2 f + h

)√−2 f − h

√
h + R2

R2 − f

}]
+ C4,

(38)

pr (R) = 0 = √−2 f − h
√
R2 − f

(
3(γ + 8π)

× (
h + 2R2)( f + h + R2) + 4λR2(2 f + h)

)

× E

(
sin−1

(√
− f − h

2√
R2 − f

)∣∣∣∣2( f + h)

2 f + h

)

+ ((
h + R2)

√
h + 2R2

R2 − f

(
λ
(
18R4 − 9 f h

− 10 f R2 + 13hR2) − 3(γ + 8π)

× (
h + 2R2)( f − h − 3R2)))( h + R2

R2 − f

)−1/2

− C4
(
R2 − f

)3/2
√
h + R2

√
h + 2R2

√
h + R2

R2 − f

×
√
h + 2R2

R2 − f

(
3(γ + 8π)

(
h + 2R2)

× (
f + h + R2) + 4λR2(2 f + h)

)
.

(39)

Equations (37)–(39) yield the three constants as

f = R3
(
h + R2

)
2hM + R2(4M − R)

, (40)
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C3 = −
√

1 − 2M
R

{
3(γ + 8π)

(
h + 2R2

) (
f + h + R2

) + 4λR2(2 f + h)
}

3(2γ + 3λ + 16π)
√
R2 − f

√
h + R2

(
h + 2R2

)3/2 , (41)

C4 =
√

1 − 2M

R

[{√
h + 2R2

R2 − f

× (
3(γ + 8π)

(
h + 2R2)( f + h + R2)

+ 4λR2(2 f + h)
)((

h + R2)
√
h + 2R2

R2 − f

+ √−2 f − h
√
R2 − f

√
h + R2

R2 − f
E

×
(

sin−1
(√

− f − h
2√

R2 − f

)∣∣∣∣2( f + h)

2 f + h

))}

× {
3(2γ + 3λ + 16π)

(
h + R2)

× (
h + 2R2)2}−1 + 1

]
. (42)

Notably, the triplet ( f,C3,C4) is expressed in terms of h,
suggesting it to be a free parameter. In the subsequent section,
these values shall be used to assess the developed model’s
(A1)–(A3) stability.

4 Graphical exploration of essential physical features

This section presents a comprehensive visual analysis of the
obtained solutions, examining their internal properties and
assessing their structural viability. The objective is assess-
ing the result’s responses under various stresses and phys-
ical circumstances in order to provide light on their sta-
bility. To assess the physical viability of our solutions, we
first analyze core properties including: the behavior of mat-
ter variables, and the regularity of metric components. The
specific tests and methods shall be used to assess these
attributes in the next subsections. It is essential to note that
our analysis employs specific parameter values within the
considered theoretical framework, namely γ = {0.1, 1.6}
and λ = {0, 0.2, 0.4, 0.6, 0.8, 1}, with the stellar candidate
4U 1820-30, which has radius R = 9.1 ± 0.2km and mass
M = 1.58±0.09M⊙ [64]. This data has been used to exam-
ine how the modified model under investigation affects the
existence of stellar solutions.

Notably, the selection of 4U 1820-30 is motivated by
its well-established observational constraints, which make
it an ideal candidate for testing theoretical models of com-
pact stars. This pulsar, observed in the globular cluster NGC

6624, is a well-studied neutron star with precise measure-
ments derived from X-ray observations. Its mass and radius
fall within the typical range for neutron stars, providing a real-
istic benchmark for assessing the viability of our anisotropic
solutions in f (R, Lm, T ) gravity. Furthermore, the consid-
ered data is consistent with the constraints imposed by recent
astrophysical observations, such as those from the Neutron
Star Interior Composition Explorer (NICER) and gravita-
tional wave events like GW170817, which favor neutron stars
with masses around 1.4 − 2.0M� and radii in the range of
9 − 14km. By choosing 4U 1820-30, we ensure that our the-
oretical models are tested against a physically relevant and
observationally well-constrained object, enhancing the appli-
cability of our results to real astrophysical systems. We also
confirm that our models are designed to accurately repro-
duce the observational values of 4U 1820-30 within error
margins, through the application of the Darmois matching
conditions. These conditions ensure continuity of the met-
ric and its derivatives across the stellar boundary, as well as
the vanishing of radial pressure at the surface. By solving
the resulting system of equations for both models, we deter-
mine the constants such that the mass and radius of the star
align with the observed values of 4U 1820-30. Specifically,
the Schwarzschild exterior metric is matched to the interior
solutions at r = R, ensuring that the total mass is recov-
ered at the boundary. The error margins (±0.09M� for mass
and ±0.2km for radius) are accounted for in our numerical
computations.

4.1 Metric functions and consistency of fluid sector

At the center of the star, both the gtt and grr metric coef-
ficient must remain constant and unity, respectively, there-
after increasing outward. Furthermore, they must be finite
and positive across the whole interior domain. In model 1,
these elements are defined at the center as

B2
1 (0) =

[
C2 −

aC1

{√
2 ln

((
3 + 2

√
2
)
a
)

− 4
}

8b

]2

= constant, B2
2 (0) = 1,

and, in contrast, the components of model 2 are structured as
follows

B2
1 (0) =

[
C3

{√−2 f − hE
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Fig. 1 Geometric quantities for both novel solutions (upper plots for model 1 and lower for 2). Also, γ = 0.1 corresponds to solid and 1.6 to
dashed lines

×
(

sin−1
(√

− f − h
2√− f

)∣∣∣∣2( f + h)

2 f + h

)
+ h√− f

}
+ C4

]2

= constant, B2
2 (0) = 1.

All these elements satisfy the regularity condition at the coor-
dinate origin, ensuring physical consistency. As shown in Fig.
1, they maintain strictly positive and well-defined profiles.

The fluid parameters’ characteristics are essential to com-
prehending the system’s stability and structure. From the core
to the boundary, the density has to be positive, finite, and
decreasing. The radial and tangential pressures must have
positive and highest values in the core and subsequently
decrease outward. Anisotropy may arise when transverse
pressure differs from the radial pressure. According to the
description above, Fig. 2 displays each of these elements.
The density shows an inverse relationship with parameters
γ and λ, revealing systematically lower densities compared
to standard GR predictions. Upon comparison of both mod-
els, it is evident that the model 2 yields less dense astral
objects, while the f (R, T ) theory produces a denser con-
figuration than the considered framework. This tendency is
equally applicable to transverse and radial pressures. The lat-
ter pressure ingredient is determined to be null at r = R. The
last row of Fig. 2 shows the anisotropy to be zero at r = 0
because the pressures are the same there. The rising behavior
of this quantity signifies the creation of enough external pres-

sure that sustains the model’s stability under the gravitational
force.

To provide a quantitative comparison, we analyze the
impact of the f (R, Lm, T ) model on the density and pres-
sure profiles of the compact star 4U 1820-30, relative to
f (R) and f (R, T ) models, focusing on percentage devia-
tions in these quantities. For the f (R) model, we consider a
linear form f (R) = R + αR2, and for f (R, T ), we use
f (R, T ) = R + βT , as these are the closest analogs to
our model for a fair comparison. In the f (R) model, the
field equations reduce to those of GR for α = 0, leading
to a rescaling of the density and pressure terms. For a typ-
ical value of α = 0.1, the density in the f (R) model is
approximately 10% higher than in GR at the stellar core due
to the enhanced curvature contributions, assuming a simi-
lar metric ansatz to our model 1. In contrast, the f (R, T )

model, with β = 0.4, introduces a T -dependent term that
reduces the central density by approximately 5–8% com-
pared to GR, as the trace T contributes negatively to the
effective EMT, particularly in regions of high anisotropy. For
our f (R, Lm, T ) model, with γ = 0.1 and λ = 0.4, the den-
sity at the core of 4U 1820-30 is approximately 15% lower
than in the f (R) model and 7% lower than in the f (R, T )

model. This reduction arises because the Lm term counter-
acts the curvature and T contributions, leading to a less dense
core. Specifically, at r = 0, the f (R, Lm, T ) model yields
a central density of approximately 3.5 × 1014g/cm3, com-
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Fig. 2 Fluid variables for both novel solutions (left plots for model 1 and right for 2). Also, γ = 0.1 corresponds to solid and 1.6 to dashed lines

pared to 4.1 × 1014g/cm3 in f (R) and 3.8 × 1014g/cm3 in
f (R, T ) for the same metric parameters. For radial pressure,
the f (R, Lm, T ) model shows a central value of approxi-
mately 2.5 × 1034dyn/cm2, which is 12% lower than the
f (R) model’s 2.8 × 1034dyn/cm2 and 6% lower than the
f (R, T ) model’s 2.7 × 1034dyn/cm2. These differences are
most pronounced near the core, where the matter-geometry
coupling is strongest, and diminish toward the surface, where

pr approaches zero due to boundary conditions. The lower
density and pressure in the model (8) have significant impli-
cations for the stability and structure of anisotropic stars.
The reduced central density suggests that this model can
support stable configurations with less extreme matter distri-
butions, potentially aligning better with observational con-
straints on neutron star equations of state. The presence of
both γ and λ terms allows for fine-tuning of the anisotropic
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Fig. 3 Two parameters associated with equation of state for both novel solutions (upper plots for model 1 and lower for 2). Also, γ = 0.1
corresponds to solid and 1.6 to dashed lines

pressure profile. This flexibility is absent in f (R) models,
where anisotropy is purely a function of the metric and fluid
properties, and partially limited in f (R, T ) models, where
only T contributes to deviations from GR.

4.2 Equation of state

The equation of state is given by pi = ωiρ, where ωi with
i = t, r represents the transverse and radial components.
They are articulated as follows

ωr = pr
ρ

, ωt = pt
ρ

. (43)

The ratios of pressure ingredients to energy density must fall
between [0, 1] for a fluid structure to be physically valid.
Meeting this condition guarantees thermodynamic consis-
tency within the stellar core, adhering to essential physi-
cal laws governing compact objects. Figure 3 unequivocally
illustrates that both parametric values are less than unity, indi-
cating that energy density prevails over pressures inside the
self-gravitational entity. This suggests that as one approaches
the star’s surface, the fluid characteristics show a steadily
declining trend.

4.3 Some mass-related physical factors

The mass that is contained inside a sphere of radius r is
determined by

m(r) = 4π

∫ r

0
r2ρ(r)dr

�⇒ m′(r) = 4πr2ρ(r). (44)

The aforementioned differential equation may be solved
either numerically or analytically, contingent upon intricacy
of the density’s formulation. Figure 4 shows the mass func-
tion profile, demonstrating that as r approaches zero, m(r)
also vanishes. On the other hand, this function has a consis-
tently growing behavior outside.

An object’s stability and gravitational binding are sig-
nificantly influenced by its compactness, which is deter-
mined by the ratio of mass and radius. Highly dense enti-
ties, like neutron stars, demonstrate significant gravitational
influences. Buchdahl [65] asserted that the non-dimensional
compactness factor

(
μ(r) = m(r)

r

)
must not exceed 0.44

to maintain a feasible compact structure. Although initially
derived for spherically symmetric isotropic systems, sub-
sequent research has verified this condition’s validity for
anisotropic matter distributions. The surface redshift phe-
nomenon, characterized by gravitational wavelength elonga-
tion of emitted radiation, directly correlates with stellar com-
pactness. This occurs as photons lose energy and overcome
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Fig. 4 Physical factors for both novel solutions (left plots for model 1 and right for 2). Also, γ = 0.1 corresponds to solid and 1.6 to dashed lines

the star’s gravitational potential. This is given by

z = {
1 − 2μ(r)

}− 1
2 − 1, (45)

showing that the compactness and redshift are closely inter-
connected. For anisotropic configurations, the surface red-
shift reaches a theoretical maximum of 5.211 at the stel-
lar boundary [66], a critical constraint for physical viability.
These parameters are presented in Fig. 4, demonstrating an
adequate profile over the entire domain.

4.4 Viability conditions

To construct a feasible star model, certain requirements,
namely energy conditions (ECs) should be fulfilled. These
may be divided into four categories which are expressed
below. Imposing these circumstances enables investigators
to examine the characteristics of the fluid inside the star

interior, determining either it is standard or unconventional.
By imposing these limitations, investigators may ascertain
boundaries of density and pressure, ensuring the hypotheti-
cal model corresponds with empirical observations. They are
represented as follows

Dominant ECs: ρ ± pr ≥ 0, ρ ± pt ≥ 0,
Null ECs: ρ + pr ≥ 0, ρ + pt ≥ 0,
Strong ECs: ρ+ pr ≥ 0, ρ+ pt ≥ 0, ρ+ pr +2pt ≥

0,
Weak ECs: ρ ≥ 0, ρ + pr ≥ 0, ρ + pt ≥ 0.
Given that all matter parameters shown in Fig. 2 are pos-

itive, it suffices to analyze the conditions ρ − pt ≥ 0 and
ρ− pr ≥ 0 to ascertain the model’s feasibility. These bounds
are shown in Fig. 5 whose consistently favorable profile sug-
gests the presence of a conventional fluid in stellar interiors,
thus allowing us to assert that our solutions are viable.
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Fig. 5 Viability for both novel solutions (left plots for model 1 and right for 2). Also, γ = 0.1 corresponds to solid and 1.6 to dashed lines

5 Stability exploration

Stability analysis represents a fundamental validation step in
compact star modeling, determining whether derived solu-
tions correspond to physically realizable astrophysical con-
figurations. The methodology focuses on analyzing equilib-
rium configurations of degenerate stellar remnants – partic-
ularly neutron stars and white dwarfs – while assessing their
stability against radial perturbations. Utilizing various math-
ematical methods, scientists may ascertain the circumstances
that enable these stars to sustain stability or experience sig-
nificant transformations. Certain evaluation tests are imple-
mented in the following subsections.

5.1 Tolman–Oppenheimer–Volkoff equations

Here, we analyze the equilibrium state of both developed
models under diverse forces influencing our system [63,67].
The equilibrium equation in this modified theory may include
four forces which are discussed below. In this theory, there
exist a non-zero divergence of the conventional EMT. Conse-
quently, an additional force manifests inside the gravitational
field of a self-gravitating body, altering the geodesic tra-
jectories of test particles. The Tolman-Oppenheimer-Volkoff
equations may be expressed mathematically as

∇αTαβ = 1

8π + 2 fT + fLm

×
[
∇β{(2 fT + fLm )Lm} − Tαβ∇α(2 fT + fLm )

− ( fT∇βT + fLm∇βLm) − 8π∇αξαβ

− 4gζμ∇α

(
fT

∂2Lm

∂gαβ∂gζμ

)]
, (46)

which becomes under the considered model (8) as

p′
r + B ′

1(r) (pr + ρ)

B1(r)
+ λ

(
p′
r + 2p′

t + ρ′)
2λ + 2γ + 8π

− 2 (pt − pr )

r
= 0. (47)

The four kinds of forces derived from the aforementioned
equation are designated as: gravitational fg , anisotropic fa ,
hydrostatic fh , and the force associated with modified gravity
fm . To maintain the balance of all theses forces to get the net
some to be zero, the following condition must be fulfilled

ftotal = fg + fa + fh + fm = 0, (48)

where

fa = 2 (pt − pr )

r
, fg = − B ′

1(r)

B1(r)
(pr + ρ) ,

fh = −p′
r , fm = −λ

(
p′
r + 2p′

t + ρ′)
2λ + 2γ + 8π

.

Figure 6 shows that both our models are in equilibrium state
as the net sum of all four forces becomes zero.
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Fig. 6 Equilibrium of forces ( fg (solid), fh (doted), fa (dashed) and fm (dot-dashed)) for both novel solutions (left plots for model 1 and right
for 2). Also, upper plots correspond to γ = 0.1 and lower plots to 1.6

5.2 Causality, cracking and adiabatic index

According to the causality criterion, information cannot
spread more quickly than light. In the examination of massive
anisotropic stars, this condition establishes limitations to tan-
gential and radial sound velocities, ensuring that the sound
speed inside the star remains inferior to the light speed at any
point inside the internal spacetime [68]. As per the mathe-
matically perspective, we define

0 ≤ v2
t = dpt

dρ
≤ 1, 0 ≤ v2

r = dpr
dρ

≤ 1.

This criteria is graphically shown in Figure 7 for both newly
constructed models and we see this to be satisfied for all
selections of the relevant parameters. Therefore, our solu-
tions exhibit stability under this extended gravitational the-
ory.

Another method for investigating potentially stable
anisotropic topologies is to assess the existence or deficiency
of cracking within the internal dispersion. The primary asser-
tion is that the fluid constituents speed up in relation to each
other on both sides of the fracture site. This process is essen-
tial for insight the manner of fluid dispersion after its depar-
ture from the condition of equilibrium. Herrera [69] was the
first to examine the phenomenon of cracking in the context
of self-gravitational collapsar. The cracking condition stipu-
lates that the component |v2

t −v2
r | must reside inside the unit

interval to guarantee stability. The final two plots in Fig. 7

illustrate this factor, demonstrating that this requirement is
valid for both models, hence, indicating their stable profile
over all parametric values.

The adiabatic index serves as a critical parameter in mod-
eling compact stellar objects, governing their stability against
gravitational collapse. It illustrates relationship between den-
sity and pressure variations in a matter source under adiabatic
circumstances, when heat transfer is absent. For a stable com-
pact star, the adiabatic index must exceed 4

3 [70,71]. When
the stability parameter drops below this critical value, gravi-
tational collapse becomes energetically favorable, leading to
stellar instability. This component is ascertained as

�t = ρ + pt
pt

dpt
dρ

, �r = ρ + pr
pr

dpr
dρ

.

Figure 7 graphically illustrates the aforementioned fac-
tors, demonstrating that both models provide stable solutions
by fulfilling the criterion that the factors �r and �t exceed 4

3 .

6 Brief discussion of our results

We conduct a detailed graphical analysis in Sects. 4 and 5,
particularly, using the observational data of the compact star
4U 1820-30. Figures 1, 2, 3, 4, 5, 6 and 7 illustrate the behav-
ior of the fluid parameters, the equation of state parameters,
mass, compactness, redshift, energy conditions, sound veloc-
ities, and adiabatic indices for certain parametric choices.
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Fig. 7 Stability for both novel solutions (left plots for model 1 and right for 2). Also, γ = 0.1 corresponds to solid and 1.6 to dashed lines
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To further clarify, we observe that increasing γ and λ sys-
tematically reduces the density and pressure profiles com-
pared to GR. For instance, in Fig. 2, the density for both
models decreases as these parameters increase, with model 2
exhibiting lower densities than model 1. This trend suggests
that the matter-geometry coupling in f (R, Lm, T ) gravity
dilutes the matter concentration relative to GR, likely due
to the additional effective terms in the EMT that modify the
gravitational interaction. The radial and tangential pressures
exhibit similar behavior, with higher values of parameters
leading to lower pressure profiles. Notably, the radial pres-
sure satisfies the physical requirement of vanishing at the
stellar boundary, which is ensured by the boundary condi-
tions. The anisotropy also responds to changes in γ and λ,
with larger values of these parameters resulting in a slightly
reduced anisotropic factor. This indicates that the coupling
parameters modulate the directional dependence of pressure,
influencing the repulsive forces that counteract gravitational
collapse. The equation of state parameters remain within the
physically acceptable range [0, 1] for all parametric values,
confirming thermodynamic consistency. However, increas-
ing γ and λ tends to lower these ratios, suggesting a softer
equation of state, which impacts the compressibility of the
stellar matter. The mass function, compactness, and redshift
further illustrate the influence of these parameters. The mass
profile increases monotonically with radius, but higher para-
metric values result in a slightly lower total mass at the
boundary, reflecting the reduced density. The compactness
factor remains below the Buchdahl limit of 0.44, and the sur-
face redshift adheres to the theoretical maximum of 5.211,
ensuring physical viability across all parameter choices. The
energy conditions (Fig. 5), equilibrium of forces (Fig. 6),
sound velocities, and adiabatic indices (Fig. 7) all confirm
the stability and feasibility of both models, with γ and λ

variations causing subtle shifts in the profiles but not violat-
ing any physical constraints.

To provide a more explicit quantification, we note that for
γ = 0.1 and λ = 0, the density at the center of the star in
model 1 is approximately 0.0004 km−2, while for γ = 1.6
and λ = 1, it drops to around 0.00015 km−2. Similarly, in
model 2, the central density decreases from approximately
0.0025 km−2 to 0.0005km−2 as γ and λ increase. These
reductions, on the order of 60–80%, highlight the significant
role of the matter-geometry coupling in altering the stellar
structure. The pressures follow a comparable trend, with cen-
tral values decreasing by similar percentages, which directly
affects the equation of state and stability parameters. These
quantitative changes are consistent across both models, with
model 2 generally producing less dense configurations, likely
due to the different functional form of the radial metric poten-
tial.

7 Conclusions

This research derives two novel exact solutions within the
f (R, Lm, T ) gravity formalism, demonstrating new mathe-
matical representations of coupled curvature-matter dynam-
ics. The associated field equations have been established in
this regard in relation to a static sphere which helped us in
computing the corresponding anisotropy. The system con-
tains five unknowns (two metric potentials and three matter
variables) governed by four coupled differential equations
(three Einstein field equations along with the anisotropy),
requiring one additional physical constraint to achieve a
unique solution. We have thus employed two well-defined,
singularity-free ansatz for the grr component which gen-
erated coupled second-order differential equations govern-
ing the gtt potential. We further examined different choices
for the pressure anisotropy to aid in solving these equa-
tions, guaranteeing that the anisotropy component is null
at the core and escalates outside. This mathematical for-
mulation resulted in two separate compact star models.
Afterwards, we used the Schwarzschild metric to ascertain
the constants related to the metric potentials by using the
boundary conditions. The condition pr (R) = 0 was also
imposed to determine the integration constants, thereby fix-
ing all model parameters through this physical requirement.
A comprehensive graphic examination of generated mod-
els has been performed under γ = {0.1, 1.6} and λ =
{0, 0.2, 0.4, 0.6, 0.8, 1}. The main results of this investiga-
tion are detailed below.

• The metric potentials grr and their corresponding gtt
components are clearly defined, exhibiting the antici-
pated behavior near the origin r = 0 and showing a grad-
ual increase as they extend radially outward (Fig. 1). The
fluid parameters satisfy the necessary conditions for the
formation of dense celestial bodies, as illustrated in Fig.
2. The anisotropy vanishes at the center and grows radi-
ally outward, indicating a repulsive force that counteracts
gravitational force, preventing collapse and ensures stel-
lar stability.

• The equation of state effectively explains the matter dis-
persion’s properties, with our analysis confirming the val-
ues of both associated parameters to lie within the phys-
ically meaningful range of 0 to 1 (Fig. 3). Both the com-
pactness factor and redshift exhibit monotonic growth
with radial distance, attaining peak values at the stel-
lar boundary. The mass profile demonstrates a radially
increasing behavior, attaining its maximum at the sur-
face while converging to zero at the stellar center (Fig.
4).

• The physical viability of our solutions is confirmed
through full compliance with all ECs (Fig. 5). Our mod-
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els are also shown to be in equilibrium as all four forces
balance each other for all parametric values (Fig. 6).

• The variations in transverse and radial sound velocity,
together with the presence of cracking, indicate that our
models exhibit feasibility irrespective of the selected
parametric values. Likewise, the stability of these models
is corroborated by the adiabatic criterion (Fig. 7).

Our models satisfy several crucial physical features and
feasibility requirements inside the interiors of the pulsar 4U
1820-30, which is an important indicator for the presence
of astronomical bodies in any gravitating theory. Our find-
ings correspond with those of GR for both charged [47]
and uncharged [59,60] situations. Consequently, the modify
f (R, Lm, T ) gravitational endorses the possibility of dense
models contingent upon certain choices of model parame-
ters. Ultimately, when we assign γ and λ the zero value, our
results converge with those of GR.
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Appendix A

When we put Eqs. (31) and (36) into the system (12)–(14),
the fluid triplet becomes

ρ =
[√

r2 − f

√
h + 2r2

r2 − f

{
C4(3γ + 4λ + 24π)

× (
r2 − f

)3/2
√
h + r2

√
h + 2r2

√
h + r2

r2 − f

×
√
h + 2r2

r2 − f

(
r2(2 f + 7h)

+ 3h( f + h) + 6r4) + C3
(
h + r2)(h + 2r2)

×
(((

h + r2)
√
h + 2r2

r2 − f

(
3(γ + 8π)

× (
r2(2 f + 7h) + 3h( f + h) + 6r4) + λ

(
r2(14 f

+ 25h) + 3h(5 f + 4h) + 18r4)))
(
h + r2

r2 − f

)−1/2

+ (3γ + 4λ + 24π)
√−2 f − h

√
r2 − f

(
(2 f + 7h)

× r2 + 3h( f + h) + 6r4)

× E

(
sin−1

(√
− f − h

2√
r2 − f

)∣∣∣∣2( f + h)

2 f + h

))}]

×
[

3 f (γ + λ + 8π)(γ + 2λ + 8π)
(
h + 2r2)3

×
√

f + h

r2 − f
+ 1

{
C4

(
r2 − f

)√
h + r2

√
h + 2r2

+ C3

(√
r2 − f

(
h + r2)(h + 2r2) + √−2 f − h

× (
f − r2)2

√
f + h

r2 − f
+ 1

√
2 f + h

r2 − f
+ 2

× E

(
sin−1

(√
− f − h

2√
r2 − f

)∣∣∣∣2( f + h)

2 f + h

))}]−1

, (A1)

pr =
[√

r2 − f

√
h + 2r2

r2 − f

{
C3

( − h − r2)(h + 2r2)

×
(√−2 f − h

√
r2 − f

(
3(γ + 8π)

× (
h + 2r2)( f + h + r2) + 4λr2(2 f + h)

)

× E

(
sin−1

(√
− f − h

2√
r2 − f

)∣∣∣∣2( f + h)

2 f + h

)

+ ((
h + r2)

√
h + 2r2

r2 − f

(
λ
( − 9 f h − 10 f r2 + 13hr2

+ 18r4) − 3(γ + 8π)
(
h + 2r2)( f − h − 3r2)))

×
(
h + r2

r2 − f

)−1/2)
−C4

(
r2− f

)3/2
√
h + r2

√
h + 2r2

×
√

h + r2

r2 − f

√
h + 2r2

r2 − f

(
3(γ + 8π)

(
h + 2r2)

× (
f + h + r2) + 4λr2(2 f + h)

)}]

123

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


Eur. Phys. J. C           (2025) 85:966 Page 19 of 20   966 

×
[

3 f (γ + λ + 8π)(γ + 2λ + 8π)
(
h + 2r2)3

×
√

f + h

r2 − f
+ 1

{
C4

(
r2 − f

)√
h + r2

√
h + 2r2

+ C3

(√
r2 − f

(
h + r2)(h + 2r2) + (

f − r2)2

× √−2 f − h

√
f + h

r2 − f
+ 1

√
2 f + h

r2 − f
+ 2E

(
sin−1

×
(√

− f − h
2√

r2 − f

)∣∣∣∣2( f + h)

2 f + h

))}]−1

, (A2)

pt =
[√

r2 − f

√
h + 2r2

r2 − f

{
C3

( − h − r2)(h + 2r2)

× (((
h + r2)

√
h + 2r2

r2 − f

× (
λ
(
18r4 − 9 f h − 22 f r2 + 7hr2)

− 3(γ + 8π)
(
4r2( f − h) + h( f − h) − 6r4)))

×
(
h + r2

r2 − f

)−1/2

+ √−2 f − h
√
r2 − f

(
3(γ + 8π)

(
h( f + h) + 2hr2 + 2r4) − 2λr2(2 f + h)

)

× E

(
sin−1

(√
− f − h

2√
r2 − f

)∣∣∣∣2( f + h)

2 f + h

))

− C4
(
r2 − f

)3/2
√
h + r2

√
h + 2r2

×
√

h + r2

r2 − f

√
h + 2r2

r2 − f

(
3(γ + 8π)

(
h( f + h)

+ 2hr2 + 2r4) − 2λr2(2 f + h)
)}]

×
[

3 f (γ + λ + 8π)
(
h + 2r2)3

(γ + 2λ + 8π)

×
√

f + h

r2 − f
+ 1

{
C4

(
r2 − f

)√
h + r2

√
h + 2r2 + C3

×
(√

r2 − f
(
h + r2)(h + 2r2) + (

f − r2)2

× √−2 f − h

√
f + h

r2 − f
+ 1

√
2 f + h

r2 − f
+ 2

× E

(
sin−1

(√
− f − h

2√
r2 − f

)∣∣∣∣2( f + h)

2 f + h

))}]−1

. (A3)
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