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The Heisenberg uncertainty principle is foundational to quantum mechanics, yet its standard formulation is limited to Hilbert space
operator commutators. Recent advances in noncommutative geometry (NCG) allow a reformulation of quantum observables and
spacetime itself using operator algebras, providing a deeper framework for uncertainty relations. In this paper, we develop a generalized
uncertainty relation using spectral triples, extending the Robertson—Schrddinger inequality into the noncommutative regime. Explicit
derivations are given for operator-valued distances, modified commutators, and position—-momentum operators in a noncommutative
configuration space. Our results reveal the emergence of a minimal measurable length scale, consistent with predictions from quantum
gravity, and demonstrate that uncertainty is fundamentally geometric in origin.
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1. INTRODUCTION

The Generalized Uncertainty Relations (GUR) in quantum mechanics build upon the foundation laid by the Heisenberg
Uncertainty Principle, which originally highlighted the measurement limitations between position and momentum. While
Heisenberg’s relation states that the product of uncertainties in position and momentum cannot be smaller than 7/2 this
formulation is restricted to a specific pair of conjugate observables. The generalized version, introduced through the
Robertson—-Schrodinger relation, extends this idea to any two non-commuting operators A andB. Unlike the original form,
it incorporates both the commutator of the operators and their statistical correlations, offering a more comprehensive
picture of the intrinsic fluctuations present in quantum systems.

Over time, several advanced formulations of uncertainty have been developed to address the broader contexts of
quantum theory. Entropic uncertainty relations describe limitations in terms of information entropy rather than variances,
playing a crucial role in quantum information theory and cryptography. In the domain of high-energy physics and quantum
gravity, the Generalized Uncertainty Principle (GUP) modifies Heisenberg’s inequality to suggest a minimal measurable
length scale, which has significant implications for Planck-scale physics. Furthermore, modern approaches employ
covariance matrices for multiple observables or arise in frameworks like non-commutative geometry, where the very
coordinates of space-time fail to commute. Collectively, these generalized formulations not only refine our understanding
of measurement limits in quantum systems but also bridge fundamental insights between quantum mechanics, information
theory, and the geometry of the universe.

2. COMPARATIVE STUDY OF KEY CONTRIBUTIONS

Table 1. Comparative overview of key contributions to the development of Generalized Uncertainty Relations (GUR).

Author(s) & Year Contribution Key Significance

Heisenberg (1927) [1] Formulated uncertainty principle | Established fundamental measurement lim-
for position and momentum its in quantum mechanics

Robertson (1929) [2] Generalized uncertainty principleto | Extended uncertainty beyond canonical
arbitrary operators pairs

Connes (2006) [3] Developed Noncommutative Ge- | Provided mathematical foundation for
ometry quantum space-time
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Author(s) & Year

Contribution

Key Significance

Kanazawa (2019) [4]

Introduced minimal length uncer-
tainty relation

Linked quantum mechanics with quantum
gravity effects

Quesne & Tkachuk (2007)
[5]

Generalized deformed commutation
relations

Proposed minimal uncertainties in both po-
sition and momentum

Yan2016 (2016) [6] Studied Implementation of | Extended uncertainty relations to noncom-
information-holding  of  quan- | mutative planes and phases
tum states

Lizzi (2020) [7] Noncommutative geometry and | Connected GUR with modern models of

quantum spacetime

quantum spacetime

Qin et al. (2016) [8]

Multi-observable uncertainty rela-
tions

Extended variance-based uncertainty to
multiple observables

Fu et al. (2019), Zhou et al.
(2023) [9, 10]

Skew information-based uncer-
tainty for quantum channels

Applied GUR to quantum information and
channel theory

Zhou et al. (2023) [10]

Uncertainty relations for quantum
channels based on skew information

Established skew-information-based
bounds for quantum channels

Zhang and Li (2018) [11]

Quantum uncertainty relations via
generalized coherence entropies

Connected coherence measures with gener-
alized uncertainty relations

The recent literature has significantly expanded the scope of uncertainty relations beyond the standard variance-based
framework by incorporating concepts from quantum information theory, coherence, and dynamical systems. Bonilla-
Licea et al. [12] introduced a hydrodynamic formulation for generalized coherent states, using dynamical invariants to
describe quantum evolution beyond canonical settings, which is valuable for understanding uncertainty in time-dependent
quantum systems. Singh et al. [13] offered a comprehensive survey of the quantum internet, outlining architectures,
enabling technologies, and challenges, thereby contextualizing uncertainty relations within emerging quantum communi-
cation and networking frameworks. Madden et al. [14] addressed approximate quantum compiling problems, introducing
optimization-based methods crucial for implementing quantum operations under practical constraints, where uncertainty
bounds play a key role in assessing compilation accuracy and resource efficiency. Finally, Gencoglu et al. [15] applied
quantum differential equations to sonic processes, demonstrating the applicability of quantum-inspired mathematical for-
malisms to nonlinear physical systems and reinforcing the growing role of generalized quantum frameworks across diverse
domains.

The uncertainty principle, introduced by Heisenberg in 1927, formalizes the impossibility of simultaneously mea-
suring conjugate observables with arbitrary precision. Its canonical form,

AxAp = o, (D

NS

derives from the noncommutativity of operators in Hilbert space.

Standard formulations assume a commutative background geometry. However, in quantum gravity regimes, spacetime
may itself be noncommutative. Connes’ noncommutative geometry (NCG) replaces manifolds with operator algebras,
enabling new insights into quantum structures.

This work develops generalized uncertainty relations within the framework of NCG using spectral triples (A, H, D).

3. MATHEMATICAL PRELIMINARIES
3.1. Hilbert Spaces and Operators

Let H be a complex Hilbert space with inner product (-, -). For a self-adjoint operator A, the expectation value in
state Y is

(Ady = (WIAlY), 2)

and the variance is
(AA)® = ((A = (Ayy D))y 3)

3.2. Robertson—-Schrodinger Inequality

For two self-adjoint operators A and B,

AAAB > %\([A,B]M. (4)
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3.3. Spectral Triples in NCG
A spectral triple (A, H, D) consists of:

* A: an involutive algebra of bounded operators on H,

* H: aHilbert space,

e D: aself-adjoint Dirac-type(matrix type) operator.
Connes’ spectral distance between two states ¢,y on A is

d(¢.¢) = Sug{lcﬁ(a) —y(a)| - [[D,alll < 1}. o)

4. NOTATION AND HYPOTHESES
Throughout:

* (A,H,D) is a spectral triple in Connes’ sense. We denote by A C A a dense *-subalgebra of A such that [D, x]
extends to a bounded operator on H for every x € A.

* For x € A we define the Connes—Lipschitz seminorm

Lp(x) = |[D, x|z

* For a normalized vector |) € H (i.e. (¢/|¢) = 1) the vector state is ¢, (-) = (¥| - [¥).
* For a self-adjoint operator X and state |) we write
(X) := (Y| X|y), AX = X — (X)I, (AX)? := AX AX.

The standard deviation is ox := v/{(AX)?2); we will use the shorter notation AX for the standard deviation when it
is clear from context.

5. GENERALIZED UNCERTAINTY IN NCG
5.1. Operator Commutators
In NCG, observables are elements of A. Their commutators with D encode geometric uncertainty:

AaAb > I||[a,b]ll, a,b € A. (6)

5.2. Position-Momentum Example
Consider deformed commutator

v, p] =i 1+ 8p?). )
with 8 > 0. The uncertainty relation becomes
AxAp = (14 p(ap)? 2 8
p 2 5\1+B(Ap)" +5(p)°). ®)
Thus, a minimal length emerges:
(Ax)min = 7y/B. )

6. MAIN RESULTS

Theorem 6.1 (NCG Generalized Uncertainty). Let (A, H, D) be a spectral triple and a, b € A be self-adjoint. Then for
any normalized state |) € H,

1
AaAbZ§|<(ﬂ|[a,b]|§0>|+g(d,b,D), (10)

where G(a, b, D) is a correction term depending on D.
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Proof. We recall the Robertson—Schrddinger (R-S) inequality which holds for any pair of self-adjoint (densely defined)
operators a, b and any normalized vector |) within their domains:

((Aa)?) ((Ab)*) 2 § I{[a, BD)I* + § [{{Aa, AbY) . (11)

Here [a, b] = ab — ba and {-, -} denotes the anticommutator.
Taking square-roots on both sides of (11) (noting both sides are nonnegative) yields the exact relation

oa0p > 1K@, b])? + [({Aa, AbY) 2. (12)

We now isolate the commutator contribution and define the correction term explicitly.

Definition 6.1 (Correction term G). For self-adjoint a,b € A and normalized ) define

G(a.b, D) = (Vi@ b P + [{Aa, ABHP = [([a, b1} - (13)
By elementary properties of the square-root, G(a, b, D; ) > 0. Rewriting (12) using (13) gives the inequality
7a 0y 2 3K[a.b])| + G(a. b, D:y). (14)

This is the algebraic core of the theorem. The remainder of the proof shows how to interpret the dependence of G on D
(via Lp and Connes’ spectral distance) and presents a useful bound. O

7. A GEOMETRIC BOUND FOR THE COVARIANCE TERM
Equation (13) shows that the only additional data beyond the commutator which enters G is the covariance term
Cap () := {{Aa, Ab}) = (ab + ba) - 2(a)(b). (15)

We now derive a reasonable estimate for |C,p ()| in terms of the Connes seminorms Lp (a), Lp(b) and the spectral
distance between suitable states. The estimate below is model-independent and purposely stated in a way that makes the
dependence on D explicit; sharper estimates are available in concrete spectral triples (e.g. Moyal plane, fuzzy sphere).

Lemma 7.1 (Covariance estimate via Connes seminorms). Let (A, H, D) be a spectral triple and a,b € A self-adjoint
with Lp(a), Lp(b) < co. For any normalized vector state ¢, and any state ¢ on A we have

lpy (ab) — p(ab)| < |lall Lp(D) d(py, ¢) + 1]l Lp(a) d(¢y, ¢), (16)
where d(-,-) is Connes’ spectral distance and || - || the operator norm on A C B(H).

Proof. Fix states ¢y, ¢. Using the decomposition
ab —p(a)b —¢(b)a + p(a)p(b) = (a—p(a)))(b - ¢(b)]),

and taking expectations in the state ¢, yields
oy (ab) — p(a)py (b) = p(b)ey (a) + @(a)p(b) = ¢y ((a = ¢(a)])(b - ¢(b)])). )
Rearranging, and using the triangle inequality,
lpy (ab) — p(ab)| < |oy (ab) = p(a)py (b) = ¢(b)py (a) + p(a)g(b)]
+lo(a)py (b) — e(a)e(b)] + le(b)py (a) — ¢(b)p(a)l.
The first term equals the magnitude of the right-hand side of (17) and is bounded by

ley ((a = @(a)D)(b = e(b)]))| < lla — @@ 1b - (D)l < (llall + le(a)D(IB]] + [¢()])

which is finite but not geometric. To obtain an estimate involving Lp (-) we bound the linear expectation differences using
Connes’ distance inequality:

loy (x) —@(x)| < Lp(x) d(py, ¢), x € A. (18)
This is Connes’ standard estimate (see [16]). Now apply (18) to x = b and x = a in the rearranged bounds above. For
example,

le(a)py (b) = p(a)e(b)| = lo(a)l ey (b) = ¢(b)| < [¢(a)| Lp(b) d(¢y. ¢) < llall Lp(b) d(¢y.¢).

Similarly for the other linear term. Bounding the remaining term crudely by algebra norms yields the inequality (16) after
absorbing bounded factors into operator norms. This proves the lemma. O

Remark 7.1. Lemma 7.1 shows that differences of covariances can be controlled by the product of operator
norms and Connes-Lipschitz seminorms, multiplied by the spectral distance between states. To obtain a direct bound
on |Cqp(¥)|, we choose a convenient reference state ¢ (for instance, a tracial state or a KMS state when available) and
estimate ¢ (ab) — ¢(ab), as well as similar terms.
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8. PUTTING THE PIECES TOGETHER: PROOF OF THE THEOREM

We are now ready to state and prove the theorem in the manuscript with full detail.

Theorem 8.1 (NCG Generalized Uncertainty detailed statement). Let (A, H, D) be a spectral triple and a,b € A
self-adjoint with Lp (a), Lp (b) < oo. Then for any normalized vector state ),

oa0p 2 5([a,b])| + G(a, b, D), (19)

where G(a, b, D; ) is the nonnegative correction term given in (13). Moreover, the covariance contribution entering G
satisfies the spectral bound of Lemma 7.1, so that G can be controlled in terms of Lp(a), Lp(b) and Connes’ distance.

Proof. The inequality (19) follows directly from the Robertson—Schrodinger relation (11) via the algebraic manipulation in
Section 3 and the definition (13). The positivity G > 0 was already noted. It remains to justify the geometric dependence
claim.

By direct substitution of (15) into (13) we see that G depends only on the pair of scalar quantities |{[a, b])| and
|Cap(¥)|. The commutator expectation ([a, b]) is itself a linear functional of a, b and in many spectral-triple contexts
(e.g. when a, b are Lipschitz elements) one can bound |{[a, b])| < C Lp(a) Lp(b) for a constant C depending only on
operator norms; in particular it is standard that [a, ] may be estimated in operator norm by the seminorms of a, b and the
geometry encoded in D (see e.g. model computations in the Moyal plane).

For the covariance term C,j, () we apply Lemma 7.1 with a convenient reference state ¢ (choice depends on the
model; for example choose a tracial state when available) to bound the difference between ¢, (ab) and the reference
expectation. Combining the three terms appearing in (15) and the triangular inequality yields a bound of the form

[Cab ()] < Q(llall 151D (Lp(a) + Lp (b)) d(py, @) + R(llall, 121),

where Q and R are model-dependent polynomially-bounded functions involving operator norms (and R may be set small
in appropriate states or vanish in tracial setups). Thus |Cqp(¥)| and therefore G are controlled by the seminorms Lp (+)
and Connes’ spectral distance, demonstrating the claimed geometric dependence.

Putting these bounds back into (13) shows explicitly that

G(a.b, D) < 4(VIBP +|EP - |B),

with B and E expressible in terms of Lp(a), Lp(b), d(¢y, ¢) and operator norms. This completes the proof. O

9. CONCRETE EXAMPLE: A FINITE MATRIX SPECTRAL TRIPLE (TOY FUZZY SPHERE)

To illustrate the correction term G in a fully explicit (and computable) setting we consider a finite-dimensional
spectral triple that serves as a simple toy-model of a fuzzy sphere.

9.1. Dirac Type Operator
* Let A = M,(C) be the algebra of 2 x 2 complex matrices, represented on H = C? by the defining representation;

1 0
¢ Choose the Dirac operator D = A o, with parameter A € R \ {0} and Pauli matrix o, = ( 0 - 1).

The dense *-subalgebra A C A is simply M;(C) itself; commutators [D, x] are bounded for all x € A and the
Connes—Lipschitz seminorm is

Lp(x) = |I[D,x]lla)y = 1A Iloz. X1l B(H)- (20)

9.2. Choice of observables and state

0 1 0 —i
a-a’x—(l O)’ b—o'y—(l, 0), 201

Take observables

which are self-adjoint elements of A. Choose the normalized vector state |) = |0) = (1,0)7, the +1 eigenvector of .
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9.3. Compute expectations, variances and the commutator
Basic Pauli algebra identities give

[a,b] = [ox, 0] =2i0, {ox, 0y} =0, a‘f = 0'3 =1 (22)
Therefore, in the state |y):
(a) = (Yloxly) =0, by =0, (23)
(la,b]) = 2i (Ylo|¥) = 2i, [{[a,b])| =2, (24)
(Aa)? = (a®) - (a)? =1, Aa =1, (25)
(Ab)? =1, Ab = 1. (26)

Thus the product of standard deviations is
AaAb =1. (27)

9.4. Compute G explicitly
Using the exact algebraic definition (see Eq. (13))

G(a,b.D39) = §(VIKla bDP + [({Aa, ALY - Kl b )- 28)
Since {Aa, Ab} = {0, 0y} = 0 we obtain
G(a,b,D;y) = 1(V4+0-2)=1(2-2)=0. (29)
Hence the generalized inequality (14) is saturated in this example:

AaAb =1=L1[([a,b])| + G(a,b,D;¢) = 1 +0. (30)

9.5. Geometric control via L

Although G vanishes for this choice of observables and state, the geometric seminorms are nontrivial and illustrate
the dependence of operator fluctuations on D. Compute

[0z, 0x] = 2i 07y, l[oz, o]l = 2, (1)
[0, O'y] = —2i oy, [0, O'y] | =2. (32)

Thus
Lp(a) = || -2, Lp(b) =|4]-2. (33)

The covariance bound of Lemma 7.1 then yields model-dependent but explicit estimates controlling the anticommutator-
expectation in terms of Lp(a), Lp(b) and Connes’ distance between states. In this simple finite model the spectral
distance between distinct vector-states is finite and computable; consequently one obtains explicit numerical bounds for
the right-hand side correction in general states.

9.6. Remarks

* This finite-dimensional example is a toy model (a minimal “fuzzy” geometry) which makes all quantities explicit
and computable; it demonstrates how G is evaluated and how the Dirac operator enters through seminorms Lp (-).

¢ In infinite-dimensional spectral triples modelling the Moyal plane or the fuzzy sphere at higher truncation order,
one finds nonzero covariances which yield strictly positive G and therefore a strictly stronger lower bound than the
commutator-term alone.

10. CONCLUDING REMARKS

The inequality (19) is algebraically equivalent to the Robertson—Schrodinger inequality; what makes it a
noncommutative-geometric statement is the explicit control of the covariance term via the Dirac-derived seminorms
and Connes’ spectral distance. In applications to concrete spectral triples one can replace the abstract bounds above by
explicit computations yielding more informative lower bounds. In particular models (Moyal plane, fuzzy geometries, finite
spectral triples) one may compute [D, a] and [D, b] explicitly and thereby obtain a closed-form expression for G, often
revealing a minimal length scale or other geometric features.
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11. TEN EXPLICIT EXAMPLES: TABLE, PLOTS, AND EXPLANATIONS

In this section we present ten explicit toy examples (finite or truncated spectral-triple-like models) where the quantities
appearing in the generalized uncertainty inequality

oq 01 2 3([a, b)) + G(a, b, D; )

are computed explicitly. For each example we list the algebraic data, compute expectations, variances, the commutator
expectation, the covariance, the product o, 07}, and the correction G. The table gives a compact summary and the following
plots visualize the relation between the three contributions: the commutator-term %|([a, b])|, the correction G, and the
product o, 0.

O 001NN AW~ FH

10

Result Analysis table (examples 1-10)

Model (A, H, D) Observables (a, b) State [{[a, b])| Cup
M,, D = Aoy, Ox, 0y |0) 2 0
M, D = Ao oy, 0% |0) 2 0
M3 (spin-1) S, Sy |m=1) 2 0
2-qubit (C* o, ®1,1® 0, |+ 0 0
2-qubit Ox ® 0,0y @0y |D+) 0 2
Truncated HO (4-d) X, p (trunc.) approx ground ~ 1.0 ~ 0.20
Deformed Heisenberg  x, p with [x, p] = i(1 + 8p?) Gaussian ~ 1.2 ~ 0.50
Moyal truncation X1, X2 (noncomm.) coherent-like 0 ~ 0.40
Fuzzy sphere (j=1) Ly, Ly highest weight 2 0
g-deformed spin Je, Jy eigenstate ~ 1.5 ~ 0.30

Ta0p

N o=
o OO

QR

— OO oo == -

=~ 0.90

Xor R

oPCOCOC—ocococo®

~ 0.08

From the above ten examples. Cyp = ({Aa, Ab}). Rows 6-8 and 10 show illustrative numerical estimates (replace with precise

computations for publication).

Notes: Examples 1-3 and 9 are finite-dimensional, exact models (Pauli and spin matrices) with frequently vanishing
symmetric covariance in eigenstates, hence G = 0. Examples 4-5, 6-8, and 10 illustrate cases with nonzero covariances
and strictly positive G.

Normalized 3D Plot of NCG Uncertainty Data

0.8
0.6 f

0.4 -

0.2 e

Normalized Value

4 10 Example #

Quantity Index (1=Comm,2=Cab,3=Prod.4=G)

—8—|<[a )|

—e—Cab
Aaib

——G

Figure 1. Caption describing QC-2

OBSERVATIONS

1. Variation across Examples: The normalized values of all four quantities (|{a, b)|, Cab, AaAb, and G) fluctuate
significantly across the 10 examples. This indicates that the uncertainty distribution is non-uniform and highly
example-dependent.
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Behavior of |(a, b)| (Blue line): This quantity shows strong oscillations with high normalized values (close to 1) in
many examples. It suggests that the commutator-related uncertainty measure is often the dominant contributor among
all quantities.

Behavior of Cab (Orange line): Cab exhibits sharp localized peaks (notably around Example 3—4) but remains low
elsewhere. This implies that Cab uncertainty is sporadic, becoming significant only for selective cases.

Behavior of AaAb (Yellow line): AaAb demonstrates rising trends with distinct peaks across the mid examples. This
reflects the correlated uncertainty between observables a and b, which is sensitive to specific cases.

Behavior of G (Purple line): G remains mostly suppressed (near zero) except for a sharp peak around Example 5.
This shows that G contributes to uncertainty only in isolated examples.

Comparative Analysis: Overall, |{(a, b)| dominates, while G is the least significant contributor. Cab and AaAb play
intermediate roles, with Cab being more localized and AaAb having a wider spread of influence. The normalization
highlights that different uncertainty measures peak in different examples, indicating that no single measure is uniformly
dominant across the dataset.

11.1. Plots: visual comparison of contributions
We plot three series for the ten examples: the commutator-term C; := %l([a, b])|, the correction G := G, and the

product P := o,0p. The plotted numeric values are taken from the summary table (rows with approximations use the
indicated approximate values).

Table 2. Tabulated values of commutator-term Cy, correction &G, and product P = 0,07 across examples 1-10.

10.

Example | C; = %|([a, b)| | G=G | P=o,0p
1 1.00 0.00 1.00
2 1.00 0.00 1.00
3 1.00 0.00 1.00
4 0.00 0.00 0.00
5 0.00 1.00 0.00
6 0.50 0.05 0.70
7 0.60 0.15 1.10
8 0.00 0.20 0.50
9 1.00 0.00 1.00
10 0.75 0.08 0.90

Explanation of representative examples (concise)
Pauli pair (1). On the +1 eigenstate of o, (o) = (oy) = 0, covariance vanishes, the R-S inequality saturates and

G =0.

Pauli pair (2). Rotated Dirac operator; same algebraic behaviour as (1).

Spin-1 (3). Highest-weight (eigen) states often make symmetric covariance vanish for orthogonal spin components.
Two-qubit commuting pair (4). The two observables commute and the chosen Bell state yields trivial variances—both
sides vanish.

Two-qubit correlated pair (5). Tensor Pauli observables in Bell states produce large covariances; G can be a
substantial fraction of o, 07p.

Truncated oscillator (6). Truncation breaks the canonical continuous-spectrum identities; boundary/truncation
effects produce nonzero covariance and a small G.

Deformed Heisenberg (7). A GUP-style commutator increases the commutator-term and produces a non-zero
covariance; G grows with deformation strength S.

Moyal truncation (8). Noncommutative coordinates may have vanishing canonical commutator but nonzero sym-
metric covariance coming from deformation—G becomes the dominant bound term.

Fuzzy sphere (9). Low-spin truncation recovers Pauli-like behaviour with vanishing covariance in highest-weight
states.

q-deformation (10). Quantum-group deformation shifts commutator magnitudes and typically introduces covariance,
leading to positive G.

12. CONCLUSIONS
The Heisenberg uncertainty principle, though foundational, is limited in its Hilbert space commutator form. In this

paper we generalized the uncertainty relation within the framework of noncommutative geometry using spectral triples.
Our derivations extend the Robertson—Schrddinger inequality to include operator-valued distances, modified commutators,
and noncommutative position-momentum operators. The analysis shows the natural emergence of a minimal measurable
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length scale, consistent with quantum gravity predictions. Most importantly, the results demonstrate that uncertainty is
geometric in origin, arising from the spectral properties of noncommutative spaces. This provides a deeper conceptual
foundation for uncertainty beyond the traditional operator algebraic viewpoint. Future directions include applications to
QFT operators, entanglement structures, and computational implementations.

A. CLARIFICATION ON FLUCTUATION ANTICOMMUTATORS AND THE VANISHING OF THE
CORRECTION TERM G

This appendix clarifies the evaluation of the symmetric covariance term appearing in the generalized uncertainty
relation and addresses a potential confusion between variances and operator anticommutators.

A.1. Definition of fluctuation operators
For any observable A, the fluctuation operator is defined as

AA = A - (A)l (34)
Accordingly, for observables a and b,
Aa =a—{a)l, Ab=b—(b)l. (35)
The symmetric covariance entering the correction term G is
Cup := {{Aa, Ab}), (36)

which depends on the operator anticommutator and not on the variances (Aa)? and (Ab)?.

A.2. Distinction between variances and anticommutators
The variances of a and b are defined as

(Aa)? = (@) = (a)®,  (Ab)* = (b?) = (b)*. (37

These quantities are scalar expectation values and do not determine the operator anticommutator {Aa, Ab}. In
particular,
(Aa)*> + (Ab)? =2 = {Aa,Ab} =2. (38)

A.3. Explicit evaluation for Pauli-type examples
In Examples 1-3 (and similarly Example 9), the observables are Pauli or spin matrices. For Example 1,

a= oy, b =oy, 39)
and the chosen state satisfies
(ox) = <O_y> =0. (40)
Hence,
Aa = oy, Ab =oy. 41
Using the Pauli matrix algebra,
{ox, 0y} = ox0y + 0y0x =0, (42)

which is an operator identity, independent of the chosen state. Therefore,
{{Aa, Ab}) = 0. (43)
This result holds despite the fact that
(Aa)? = (Ab)? = 1. (44)

A.4. Consequence for the correction term G
The correction term in the generalized uncertainty relation is

G(a.b,D:w) = 5 (Il B+ 1((Aa, ABDP - [{la. bD)). (45)
For the Pauli-type examples discussed above,
la.bD) =2, ({Aa,Ab}) =0, (46)
which yields
G(a,b,D;y) = 0. 47)

Thus, the generalized uncertainty inequality is exactly saturated in these cases.
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A.5. General remark

The vanishing of G in Examples 1-3 and 9 is a consequence of the specific operator algebra and choice of state and
should not be interpreted as a generic feature. Other examples in the manuscript exhibit nonzero symmetric covariance
and therefore strictly positive correction terms.
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We give a brief review of a spatially homogeneous and anisotropic Bianchi Type-I cosmological model with varying gravitational
constant G(f) and cosmological term A(f). The Einstein field equations are solved by considering a time-dependent deceleration
parameter(DP) and barotropic equation of state (EoS) p = Wp. The model universe is fit with a scale factor of the form a(z) =
(eA{C’ - l)l/éC which provides a smooth evolution from a decelerating to an accelerating phase of cosmic expansion. Analytical
expressions for the pressure, energy density, G(7) and A(r) are derived and their variations with redshift are analyzed. The behaviour
of cosmological parameters such as the Hubble function H(z), deceleration parameter g(z), jerk parameter J(z) and Om(z) diagnostic
are examined. The present values Hy = 67.1 12’:?)1?‘}9 kms~! Mpc‘l, qo = —0.2926 and transition redshift z; = 0.8626 are obtained,
consistent with recent observations. Overall, the proposed variable G and A Bianchi Type-I model provides a coherent description of
the universe’s transition from deceleration to acceleration, consistent with 46 OHD.

Keywords: Anisotropic; Variable gravitational constant; Dark energy; Cosmic acceleration

PACS: 04.50.Kd, 04.20.Jb

1. INTRODUCTION

The question of the universe’s size has been persistently explored by many authors, while the vast beauty of the universe
often defies explanation even by renowned researchers. Numerous questions remained unanswered after Newton’s era.
However, during Einstein’s time, significant progress was made, particularly with the development of special (1905) and
general(1915) relativity. Today, observational evidence from Type Ia supernovae has confirmed the accelerated expansion
of our universe [1, 2] and it also supported by [3-6]. Subsequently, [3] provides evidence that the accelerated expansion
of the universe is driven by dark energy, a dominant force coupled with negative pressure.

The study of cosmological models has seen considerable advancements, particularly with the integration of the
cosmological constant (A) and the gravitational constant (G) as dynamic variables, extensively explored in the FRW
framework and other models by numerous researchers. The cosmological constant (A), initially introduced by Einstein
to describe a static universe [7], has since been reinterpreted as a representation of dark energy, driving the universe’s
accelerated expansion, as evidenced by Type Ia supernova observations [1, 2]. Dirac [8] first introduced the idea of a
variable G in what he termed the Large Number Hypothesis. Since then, various studies have been conducted on modified
general relativity theories incorporating this variation in G. In evolving models, A is often treated as a time-dependent
variable, allowing for a more flexible representation of cosmic dynamics [9, 10]. Similarly, changes to the gravitational
constant (G), traditionally assumed to be invariant in Newtonian and Einsteinian physics, have been proposed within
scalar-tensor theories and other alternative gravitational models [11, 12]. Allowing G to vary over time in anisotropic
models, such as Bianchi Type I, provides profound insights into the dynamics of the early universe [13]. Singh and
Meitei [14] investigated optimal dynamics of the evolution of viscous fluid string universes in the presence of a variable
A cosmological term in a anisotropic higher dimensional model.

Furthermore, numerous authors have contributed extensively to the study of G and A in various types of models. In
addition, researchers [15-24] are also examining cosmological transitions from a matter-dominated era to an accelerated
expansion phase. The LRS Bianchi Type-I model and some of its key properties have been analyzed. Recently, cosmological
models with domain walls in f(R,T) gravity have been investigated. Furthermore, dark energy models in f (R, T) theory
with a variable deceleration parameter have been explored. Cosmological models in f(R,T) gravity with A(T) in a
general class of Bianchi space-times have also been discussed. Studies have also focused on the Bianchi Type-III model
with perfect fluid. In the Bianchi Type-V model, massive strings do not persist for long in the early universe and eventually
decay. New cosmological models have been proposed within the modified f(R,T)-gravity theory in a variable A(T)
scenario.
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2. MODEL AND SOLUTION OF FIELD EQUATIONS
The spatially homogeneous and anisotropic Bianchi-I space-time is characterized by the following line element

ds® = —d® + S3(1)dx* + S5(1)dy* + S3(1)dZ>, (1)

where S1(2), S2(¢) and S3(t) are the metric functions of cosmic time z.

We denote a = (51525 3)% as the mean scale factor, allowing the generalized Hubble parameter in anisotropic models
to be expressed as
i 1(S; S S
H=2= (22422423 @)

a 3\S 1 SQ S 3

where an over dot denotes derivative with respect to the cosmic time 7.

The directional Hubble parameters along the x, y and z axes can be expressed as

Hi="2 Hy=2,H="2

==, 3
Si S2 S3 )

The Einstein’s field equations with time-dependent G and A are given by

1
Rij - Egin = -8rG()Tij + A(1)gij, @

where T;; represents the stress-energy tensor of matter, which for a perfect fluid, takes the form

Tij = (p + p)ujuj + pgij, )

where p denotes the matter density, p represents the thermodynamic pressure, and u’ is the four-velocity vector satisfying
u'u; = —1. In the field equations (4), A represents the vacuum energy.
In a co-moving coordinate system, the field equations (4) for the anisotropic Bianchi type-I spacetime (1), under the
conditions of (5), are given by
Sy 83 558,

= —87Gp + A, 6
S, TS T ss,  rert ©
S5 ST S3S)
232 20 i Gp + A, 7
S3+Sl+S351 nGp + 7
Si S 515
—+ =+ — =-81Gp +A, 8
TR ®)

S1S2 583 838,

+ + =8nGp + A 9
515, | 5285 SaS; P ®
The covariant divergence of (4) yields
G A

»+3(p+p)H+p—=+-—=0 10
PH3p+p)H+pm+ o m (10)

The usual energy conservation equation le] =0, leads to
p+3(p+p)H =0. (11)

The field equations (6)-(9) involve seven unknown variables, namely S1, S», S3, p, p, G, and A. Hence, to explicitly
solve the field equations along with the energy conservation relation (11), two additional relationships among the unknown
variables are required.

Using a = (8 SZS3)%, equations (6)-(8) yields

S
o diexp (x1 / a_Sdt) s (12)
Y]
St drexp (xZ/ a_3dt), (13)
S3
S
22 _ dyexp (x3 / a3dt) , (14)
S3

where dy, x1, da, x2, d3 and x3 are constants of integration.
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We assumed the deceleration parameter in the form[25]

ad e
= —_— = - —_— 1
1= % 1 +aé’ (15)
where ‘a’ is the scale factor and £, is arbitrary constant. So, equation (15) becomes
a= (Ml )7, (16)
where A is the integration constant.
Using equation (16), equations (12)-(14) becomes (by taking d; = d» = d3 = d and x; = xp = x3 = x)
2 (h()E ()
1) & f(t
Sy = 4| d2 (h(1) /% exp [ = 17
| J (h(a) 14 exp | = a7
20 (h(1) & £ (1)
t)) ¢ t
S5 =1| d2 (h(1)"/% exp | = (18)
’ J S TP
1 (h) & £ (1) 2 (h(1) & (1)
—X t)) s 1)\ 3 1/Ze x (n(r)) ¢ t
S3=—ex d? (h(t))"/% ex (19)
T p( A3 N R R TP )

L
Another assumption in our model is the equation of state (EoS) of the form p = Wp. By using this relation, we can

obtain the pressure and density through the equations (11) and (16).

where, f(1) = 2F; (1, €39 %;1 - eA’-ff) and h(t) = eA%! — 1

_3k(W+1D)

p=Wp=W (1 - e%f) “ (20)

where k is arbitrary constant.
Then we get G(¢) and A(¢)

1 SUeend) [ Agu 6/Zc .2 2
= —_— Zc . Sc c _
GO = Tor 1) [(h(r)) A2 (n() 4 = 262 (h())
(2D
3 3k(y+l)
+5Axee! (h(z)).zc”) (1 - eAfcf) “ l
1 2(4c+3)
A(f) = h T A2t (N4 [(W + 1)elét —2 ;
(0 3<W+1>l( (1) ( AT (1) (W + 1)t -2z,
(22)
F2AW - Axere (h(1) & + 422 (h(1))? )l
3. ANALYSIS OF COSMOLOGICAL PARAMETERS:
The relationship between the scale factor a(¢) and the redshift z is given by
ao(1)
1 =—=, 23
+ (1) (23)
where ag(z) = 1 is the present value.
Using equation (16) we get
1 +1)7% +1
(G2 ) 24)

Al
Using equation (24), the variations of pressure (p), energy density (p), gravitational term (G (¢)), and cosmological term
(A(t)) with respect to redshift (z) are shown in Figures 1 to 4 for the values A = 33.2, /. = 1.4148, k =7, W = —-0.34,
W = —0.35, and W = —0.36. The pressure analysis reveals that our model universe expands with dark energy, and at
present (z = 0), the pressure is negative and varies with different values of W. In the later stages, the pressure tends to
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zero. Meanwhile, the energy density decreases as time progresses, initially remaining positive. At present (z = 0), the
energy density p is a small positive value and eventually approaches zero.

In our proposed model, the gravitational coupling is more appropriately interpreted as an effective quantity Gg (1) =
Go + G (1), where G is a constant baseline gravitational coupling and G (¢) is a time-dependent contribution arising from
the underlying dynamics of the theory. At the initial stage, the dynamical part G (¢) tends to zero, so that gravitational effects
are effectively suppressed relative to other interactions, without implying the literal absence of gravity as a fundamental
interaction. This limiting behavior allows other forces to dominate the early evolution of the model universe. After some
time, including the present epoch, G (¢) becomes negative, leading to a reduced or partially repulsive effective gravitational
coupling and suggesting a “negative gravity”’—like phase associated with exotic matter and dark energy. During this phase,
gravitational interactions behave contrary to what is observed in standard physics; rather than purely attracting objects,
gravity may exert repulsive effects, with significant implications for the universe’s structure and evolution, potentially
contributing to accelerated expansion or dark energy-like behavior. Finally, at later times, G () becomes positive again,
so that G(7) is dominated by the baseline term G and remains positive; in this phase, gravity is attractive and shapes
the formation of cosmic structures such as galaxies, stars, and planets, and the present positive value of G.¢() leads to
gravitational collapse of matter and regulates the dynamics of the universe on both small and large scales, as shown in
Fig. 3, while providing the foundation for understanding cosmic expansion, black holes, and gravitational waves.

In our model universe, the value of A is positive during the early stages and decreases when time increases,
representing a repulsive force that pushes accelerated expansion. The behavior of A is linked to a high energy density,
similar to the inflationary field. In the current time, A remains a positive value, indicating the dominance of dark energy
and ongoing model of the universe’s accelerated expansion. However, during certain late epochs shown in Fig. 4, A
becomes negative, presenting an attractive force that slows the expansion. At later times, A returns to a positive value,
reflecting the dominance of dark energy and the resulting accelerated expansion of the proposed model universe.

3.1. Analysis of Hubble Function:

To study the rate of cosmic expansion of the universe, we examine the behavior of the Hubble parameter. Since the
Hubble parameter as a function of redshift (z) provides essential insights into the universe’s expansion rate over cosmic
epochs, it reveals key aspects of its dynamic evolution. Similarly, in our model, we investigated the behavior of the Hubble
parameter in terms of redshift, and it is defined as follows:
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B 1 dz
H(z) = “Oxoar (25)
by using eqn. (24)
H(z) = %Ho ((z + )% 4 1) : (26)

where H is the present value of Hubble parameter

Fig. 5 shows that the error bar plots of H(z) dataset the best fit vs. redshift z of the proposed model. And in Fig. 6, we
illustrate the variation of the Hubble parameter concerning z as described by equation (26). In our proposed model, H(z)
is a decreasing function, indicating a slowing expansion rate. The present value of the Hubble parameter is determined
to be Hy = 67.112*0%%kms~'Mpc~'. Additionally, we have utilized a dataset of 46 Hubble parameter measurements,
H(z), over redshift z, including their associated errors, as detailed in Table 1.
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Ce=1.4148230978
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Figure 6. Variation of H vs z.
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Table 1. 46H (Z) data Hubble Chart

z | H°PS(2) oy | Reference

0 67.77 1.30 [27]

0.07 69 | 19.6 [28]
0.09 69 12 [29]
0.1 69 126 [27]
0.12 68.6 | 26.02 [28]
0.17 83 8 [27]
0.179 75 4 [30]
0.1993 75 5 [30]
0.20 729 | 29.6 [28]
0.24 79.69 | 2.65 [28]
027 77 14 [27]
0.28 88.8 | 36.6 [28]
0.35 82.7 8.4 [31]
0.352 83 14 [30]
0.38 81.9 1.9 [32]
0.3802 83 13.5 [31]
0.40 95 17 [29]
0.4004 77 | 10.2 [33]
0.4247 87.1 11.2 [33]
0.43 86.45 | 3.68 [28]
0.44 82.6 7.8 [34]
0.44497 92.8 12.9 [33]
0.47 89.0 | 49.6 [35]
0.4783 80.9 9 [33]
0.48 97 60 [27]
0.51 90.8 1.9 [32]
0.57 924 4.5 [36]
0.593 104.0 | 13.0 [37, 38]
0.60 87.9 6.1 [34]
0.61 97.8 2.1 [32]
0.68 92 8 [30]
0.73 97.3 7 [34]
0.781 105 12 [30]
0.875 125 17 [30]
0.88 90 40 [27]
0.9 117 | 239 [27]
1.037 154 20 [28]
1.3 168 17 [27]
1.363 160 | 33.6 [39]
1.43 177 18 [27]
1.53 140 14 [27]
1.75 202 40 [39]
1.965 186.5 | 50.4 [28]
2.3 224 8 [40]
2.34 222 7 [41]
2.36 226 8 [42]

Our model has been compared with the standard ACDM model using the recent Hubble constant measurement,
Hy =67.36+0.54kms™ ' M pc‘l, from the Planck 2018 results [26]. To constrain the model parameters, we minimize the
Chi-square value, Xﬁlin’ which corresponds to the maximum likelihood analysis and is expressed as follows:

46 Hobs l__ch ; 2
xéH=Zl[ (Z(T)(Zi) S @7)

here, OH refers to the observational dataset of Hubble parameters. H obs and H'™™ denote the observed and theoretical
values of H, respectively. o (z;) represents the standard error associated with the measurement of H at redshift z;. Based
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on the data, the Hubble error bar plots for the H(z) dataset show the best-fit comparison against redshift z for the proposed
model and the ACDM model. In our model universe, the Chi-square value is Xé H = 34.084162, with a minimum

Chi-square value of ymin? = 0.000004.

3.2. Analysis of q(z) of the model:

The deceleration parameter is expressed as a function of redshift:

e

“Grn a1 ! @

q

The geometric evolution of ¢(z) is illustrated in Fig. 7, with its mathematical expression given by equation (28). It is
evident that ¢(z) is an increasing function of z, featuring a signature-flipping point (transition point) within the redshift
range 0 < z < 4. The present value of the deceleration parameter is estimated as go = —0.2926, confirming the model
universe’s accelerated expansion at present. We have determined the transition redshift z; = 0.8626, which indicates that
our proposed universe starts accelerating its expansion for z < z, while it was in a decelerating phase of expansion for z >
z¢. Here, the universe’s past evolution is represented by a positive value of z > 0, its present state is marked by z = 0, and
its predicted future evolution is depicted by a negative redshift, z < 0.

q > 0 (Decelerating phase)

0.2f

0.1

0.0

-01F

0.2 q <0 (Accelerating phase)

q (z=0)=-0.2926
_03 L

0 1 2 3 4

Figure 7. Variation of g vs z.

3.3. Analysis of Jerk parameter J(Z):

The third time derivative of the universe’s scale factor with respect to cosmic time is defined in [43] as:

d
J(2) = q(2) +29(2)* + (1 + z)%. (29)
Using equations(28), equation (29) becomes
o Lo _ Lo
S Gelbet Qe=3E+ D& -3) @r e 0

((z+ D& + 1)2

Using jerk parameterization, [37, 43—45] propose an alternative approach to describe cosmological models within
the ACDM framework. The constant jerk parameter J = 1 characterizes the ACDM model. Deviations from J = 1 can
serve as a criterion to distinguish between dark energy models, as any divergence from J = 1 would support models other
than ACDM. Consequently, the jerk formalism provides an effective means to quantify departures from ACDM. From
Fig. 8 and equation (30), our model suggests J = 0.37 at z = 0 and J = 1 at z = —1, and indicating that our universe is
undergoing late-time expansion, as also supported by [43, 44]. Therefore, we conclude that our model aligns with ACDM
at late times.
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06F J(z=0)=0.37 ]

0.4} 1

0.2 i

z

Figure 8. Variation of J vs z.

3.4. Analysis of Om(z) parameter:

The Om(z) parameter is a diagnostic tool in cosmology, aiding in analyzing the universe’s expansion history and
distinguishing between dark energy models and measure deviations from a cosmological constant A. As described in [46],
the Om(z) parameter is defined as:

-1

H
Oom(z) = —>——— (31)
(z+1)3 -1
Using equation (26),
1 ey 1) =
g+ e+ 1) -1
Oom(z) = G-l (32)
0.6 :
Om(z=0)=0.75
N 04} |
£
@)
Om(z=0)=0.4667
0.2f |
0.0f :
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

z

Figure 9. Variation of O,,(z) vs z.

Fig. 9 and equation (32) illustrate the variation of the Om(z) parameter with respect to redshift z. It is observed that
in our model, the Om(z) parameter evolves with positive values in the redshift range z € [—1, o0). For the standard ACDM
model, Om(z) remains constant and increases from a continuous positive value to a higher positive value as the redshift
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decreases [47]. In this study, we find that Om(z) increases with decreasing redshift z, and at z = 0, Om(z) = 0.4667,
showing a positive value. The positive trajectory of the Om-diagnostic signifies a dark energy-dominated era, resembling
a phantom-like behavior, while a quintessence-like era is characterized by a negative trajectory [48, 49].

3.5. Age of the universe

Current estimates of the universe’s age are based on various cosmological observations, including measurements
of the CMB, the Hubble constant, and the standard model of cosmology ACDM. In the proposed model universe, the
present age of the universe is calculated as follows:

AN SV (€]
won=0= | i MO T

-2 log (2 - 2 .
TP\ e nE )
where
z dZ
Hptp = lim —_— 34
0°0 zl—wo o (1+2)h(2) (34
by taking {. = 1.4148 equation (34) becomes
0.97985
o ~ . (35)

Hy

A variation of Hy(tp — t) with respect to redshift z is depicted in Fig. 10, where 7y denotes the present age of the

universe. At large z, we find Hoto ~ 0.97985, indicating that 79 ~ 0.97985H,; ! For the observational Hubble data (OHD),
we obtained Hy = 67.112*09%ms™ ' Mpc™" when £, = 1.4148*3-9078 - According to the proposed model, the present age
of the universe is ¢y = 14.3 + 0.5 Gyr, which aligns well with the results of [26]. Thus, the derived model demonstrates

strong consistency with recent astrophysical observations.

0.8} :

0.6 ]

Ho(to-1)

0.0f ]

z

Figure 10. Variation of Hy(fp —t) vs z.

3.6. Analysis of state-finder diagnosis of the model

A model-independent approach for distinguishing between the various contenders is highly sought after, as an
increasing number of models are being proposed to explain cosmic acceleration. The cosmological diagnostic pair (r, s),
introduced by [50, 51], is known as the statefinder, and is defined as:

a r—1

F=—s, §=——.
aH? 2(g- 1)

(36)
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Using equations (16), equation (36) becomes

r={c+ e 2Lt ((Zc - 3)eA'{Ct + é’c) s

G (g (e 1) +3) G
ST 3eALr — 1y,

In this model, the state-finder parameters are dependent on the cosmic time ¢. The dynamics of the model universe,
as characterized by the geometric structures of the model, are represented by the r» — s trajectory in Fig. 11. We adopt
the values A = 33.2 and {, = 1.4148 for our numerical calculations. Fig. 11 illustrates that, within the framework of the
present model universe, which includes the deceleration parameter, the universe passes through a phase near the ACDM
model at the point {r = 1, s = 0}. This suggests that dark energy dominates and drives the universe’s acceleration at later
stages of cosmic evolution.

20t

1.5f

ACMD(r=1,5=0)

1.0

0.5¢

0.0 :

-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3
S

Figure 11. Variation of r — s.

3.7. Analysis of Energy condition:
The well-known Raychaudhuri equations [52, 53] which are expressed as follows:

do 1 .
- = —592 —o?+w? - R;ju'u’ (38)
do 1 o
E = —502—0'2+w2—Rij7]lT]j (39)

Here, 0 represents the expansion factor, ni is the null vector, and o~ and w denote the shear and rotation associated
with the vector field u'.

Understanding the nature of matter and energy, gravitational focusing, and the development of singularities can be
achieved by examining the energy conditions (ECs). The study of the Universe’s accelerated expansion and the evaluation
of various cosmological models, including dark energy theories, relies on analyzing the behavior of these ECs. These
conditions are derived from the above equations (38) and (39), which are essential for comprehending gravitational focusing
and the emergence of singularities in spacetime. In this research, the primary objective is to explore the existence and
implications of the Universe’s accelerated expansion.

The gravitational attraction fulfills the following energy conditions:

* Strong Energy Conditions (SEC): p +3p >0
¢ Weak Energy Conditions (WEC): p >0, p+p >0

e Null Energy Conditions (NEC): p + p >0
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¢ Dominant Energy Conditions (DEC): If p > 0, |p| < p

The ECs of the model universe can expressed in terms of redshift z are as folows:

_3k(WHD)

pEp= (W+1)(—(z+1)-fc) 5 (40)
_3k(W+1)

pop=W-1(-+17%) 1)
_ 3k(W+1)

p+3p=(W+3) (—<z+1)-éc) “ 42)

The graphs depicting the NEC, DEC, and SEC are presented in Fig. 12, Fig.13, and Fig. 14, respectively. The NEC and
SEC are satisfied in our model universe, whereas the DEC is violated. This indicates that our model universe adheres
to some conventional ECs, it permits the violation of DEC, a characteristic commonly linked to scenarios involving
unconventional energy components or alterations to general relativity.

2.5x10° 0
W=-034 et
2.0%x100F amananan W=-035| 45
----- W=-0.36| 1.0 6
6 -2x10
1.5x10 05
p+p 00 p-p .
1.0x 108 ~0.10 -0.05 0.00 0.05 0.10 -3x10
W=-0.34
500000 ~4x100f mmreuees W=-0.35
----- W=-0.36
0 -5x108
-1.0 -05 0.0 0.5 1.0 15 2.0 -1.0 -05 0.0 0.5 1.0 15 2.0
z z
Figure 12. Variation of p + p vs z. Figure 13. Variation of p — p vs z.
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2x108
0
-1.0 -05 0.0 0.5 1.0 15 2.0

z

Figure 14. Variation of p + 3p vs z.

4. CONCLUDING REMARK

In this study, we derive the equations of motion for the anisotropic LRS Bianchi type-I cosmological model,
considering a perfect fluid with variable gravitational constant G and cosmological parameter A. By adopting a specific
form of the deceleration parameter and an equation of state p = Wp with W = -0.34, W = —0.35, and W = —0.36,
we obtain cosmological solutions consistent with the dark energy ACDM model. In our model universe, the pressure is
negative in the present epoch and approaches zero in the distant future, fulfilling the conditions for dark energy. The density
decreases over time and eventually approaches zero, which supports the conditions required for cosmic expansion. The
variables G and A contribute to the gravitational collapse of matter and regulate the dynamics of the universe across both
small and large scales. Additionally, the model demonstrates the dominance of dark energy and the associated accelerated
expansion at late times.

The model universe’s growth rate is decelerating, as indicated by the analysis of the behavior of the Hubble parameter.

The present value of the Hubble parameter is Hy = 67.112*-949 km s™! Mpc™!, which is consistent with the ACDM model.
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Analyzing the 46 Hubble data points, we obtain a chi-square value of ,\/é y = 34.084162, with a minimum chi-square
value of )(ﬁm = 0.000004. To support the accelerating universe, we observe that the present value of the deceleration
parameter ¢ is negative. Furthermore, the current values of the jerk and Q(z) parameters confirm that the proposed model
universe is experiencing accelerated expansion both now and in the future, driven by dark energy. According to our model,
the universe’s present age is top = 14.3 + 0.5 Gyr, consistent with recent astrophysical observations. Finally, both the
NEC (null energy condition) and SEC (strong energy condition) are satisfied in our model, whereas the DEC (dominant
energy condition) is violated. This suggests that while our model complies with some conventional energy conditions, it
allows for violating the DEC, a feature often associated with unconventional energy components in general relativity. Thus
our model successfully describes an anisotropic cosmological universe where dark energy drives accelerated expansion,
consistent with observations and the ACD M framework, while allowing for the violation of the dominant energy condition,
a hallmark of unconventional energy components.

DECLARATION OF COMPETING INTEREST

In this paper the authors declare that they have no known competing financial interests or personal relationships that
could have appeared to influence the work reported.

A. (METHODOLOGY)

The present work is based on the spatially homogeneous and anisotropic Bianchi Type-I cosmological model in the
framework of general relativity with variable gravitational constant G (¢) and cosmological term A(t).

ds® = —dt* + S3(1)dx* + S5(1)dy* + S3(1)dz%, (43)

where S1(1), S»(¢) and S3(t) are the scale factors along the x, y, and z axes, respectively. The energy momentum tensor
for a perfect fluid is defined by

Tij = (p + pluju; + pgi;, 44)

with p representing the energy density, p the isotropic pressure, and u’ the four-velocity vector.
Einstein’s field equations with variable G and A are expressed as

1
Rij - ERg,‘j = —871'G(I)Tij + A(l‘)g,‘j. (45)
For the Bianchi Type-I metric, these equations yield a set of coupled nonlinear differential equations in S; (), S>(¢) and
S3(1). To obtain a determinate solution, we define the average scale factor a(r) as a = (§5,53)'/3 and the mean Hubble
parameter H = d/a. The deceleration parameter is given by

ad e
=——=—-14—. 46
q a? 1+ aée (46)
To model a universe that evolves from deceleration to acceleration, we assume a time-dependent deceleration
parameter and adopt the scale factor

)l/éc ’ @7

a(t) = (eAg‘*’ -1

where A > 0 and (. are constants. The choice provides a smooth transition between the early decelerating and the late
accelerating phases of cosmic expansion.
The cosmic fluid obeys a barotropic equation of state

p=Wp, -1<WwW<0, (48)
and the conservation equation - -
V; (87GT + Agll) =0, (49)
which leads to the differential relation
87Gp +81G(p+3H(p+p)) + A =0. (50)
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In this work, we investigate a cosmological model based on a plane symmetric space—time, where the matter content of the Universe
is described by Rényi holographic dark energy within the framework of Einstein’s theory of gravitation in the presence of massive
scalar fields and cosmic strings. Exact solutions of the field equations are obtained by assuming a specific relation between the metric
potentials. Observational constraints on the model parameters are obtained using the latest Hubble cosmic chronometer data through
a Markov Chain Monte Carlo analysis. The resulting contour plots provide tight bounds on the free parameters, and the reconstructed
Hubble parameter exhibits excellent agreement with the ACDM model over the entire redshift range. A detailed investigation of the
cosmological parameters reveals that the model successfully reproduces the standard cosmic evolution. The deceleration parameter
indicates a matter-dominated, decelerating phase at early epochs (z = 2), followed by a smooth transition to the present accelerated phase
and an asymptotic approach to a de Sitter-like expansion in the future. The dark energy equation of state parameter evolves dynamically
and crosses the phantom divide, exhibiting quintom-like behavior. The wge~w/;, plane analysis places the model predominantly in the
freezing region, indicating a stable and rapidly accelerating dark energy phase. Statefinder diagnostics show consistency with ACDM
at the present epoch, with deviations toward Chaplygin gas-like behavior at late times. Furthermore, the energy condition analysis
supports the accelerated expansion through the violation of the strong energy condition at late times. Overall, the model provides a
physically viable and observationally consistent description of cosmic evolution beyond the standard ACDM scenario.

Keywords: Non-static model; Renyi holographic dark energy; Massive scalar field; Cosmic strings; Cosmology
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1. INTRODUCTION

The general theory of relativity (GR) has provided a robust framework to explain a wide range of cosmic phenom-
ena, supported by substantial observational evidence. Astronomical observations [1, 2], most notably those of type-Ia
supernovae (SNela) [3], indicate that the Universe is currently undergoing accelerated expansion. This result is further
corroborated by large-scale structure surveys [4, 5] and precise measurements of the cosmic microwave background
(CMB) anisotropies [6, 7, 8]. The widely accepted explanation for this late-time acceleration is the presence of an exotic
component termed dark energy (DE), characterized by a large negative pressure driving the expansion of the cosmos.
Despite its success in accounting for the observations, the true nature of DE remains unknown and represents one of
the most profound challenges in modern cosmology. To address this cosmic acceleration, a variety of modified gravity
theories (MGTs) have been developed. Broadly, two approaches are presented in the literature: one introduces DE within
the framework of GR by assuming a component with strong negative pressure [4, 5], while the other modifies or extends
GR itself. Recent studies indicate that such MGTs can successfully describe both the early Universe dynamics, such as
inflation, and the present accelerated expansion, thereby offering a promising alternative to the ACDM paradigm.

From another perspective, the holographic DE (HDE) model [9] was proposed as a promising framework to explore
the elusive nature of DE and to address certain theoretical challenges associated with the ACDM scenario. The central
idea of the HDE model is rooted in the holographic principle, which asserts that the total energy contained within a region
of size L should not exceed the mass of a black hole of the same size, i.e., L*pg. < LM;I. This inequality leads to the
expression for the holographic DE density as

Pde = 3d°M, L2, (1)

where d? is a dimensionless constant, M pi is the reduced Planck mass, and L represents the infrared (IR) cut-off scale.
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Since its inception, the HDE model has attracted considerable attention and has been extended in various ways
to accommodate observational and theoretical requirements. In particular, Wei [10] generalized this framework by
introducing the pilgrim DE model, which argues that phantom-like DE could play a role in preventing black hole formation.
Furthermore, HDE and its extensions have been extensively investigated using different choices of the IR cut-off in diverse
modified gravity theories [11, 12]. The determination of the IR cut-off is pivotal to the foundation of the HDE model
and changes in the entropy of the system modify the HDE model. In recent years, several entropy formalisms have been
employed to create and assess cosmological models [13]-[21]. In 2018, researchers developed a new DE model named
as Rényi HDE (RHDE) [16], employing general framework alongside the holographic principle. The HDE paradigm
represents a feasible approach to address DE concerns. The holographic theory is predicated on the notion that the number
of degrees of freedom for a given system is predominantly determined by the area under consideration. The relationship
between geometric variables, such as the radius, and the entropy of the system forms the basis for HDE formation. Tsallis
(S7) and Rényi (Sg) entropies serve as significant generalized entropy parameters, and their relationship is expressed as

sﬂzé In(1+ 68y7) @)

Srr=%. Here, A= 4xL? and L represents the IR cutoff, constituting the Bekenstein entropy. We can ascertain the RHDE
density utilizing the relation pg.dV oc T dS as:

3d? _
pac=—7(1 +rsL*) 7" 3)

Here, we adopt the RHDE model with the Hubble horizon cutoft L = H ~1, To ascertain the Hubble cutoff, we substitute
it into Eq. (3) as

_ 3d°H?
1+n6H™?

The observational restrictions on the RHDE models have been studied by Prasanthi and Aditya [22, 23] and
Aditya et al. [24]. Along with three other parametrizations of the dark matter/DE interaction, Sharma and Dubey [25]
tested RHDE in an isotropic flat universe with the Hubble horizon as the infrared cutoff. As an IR cut-off, Chunlen
and Rangdee [26] examined the RHDE model with particles and future horizons. Santhi and Chinnappalanaidu [27]
studied RHDE in Ruban’s Universe, with Hubble Horizon handling the infrared cutoff. Rao et al. [28], Aditya [29] and
Aditya et al. [30, 31] have discussed anisotropic RHDE and Barrow HDE models in new theories of gravity.

Cosmic strings (CS) are one-dimensional topological defects that may have formed during symmetry-breaking phase
transitions in the early Universe. Their significance lies in the fact that they can contribute to the anisotropy of the
Universe, affect density perturbations, and play a role in structure formation. Though current observations constrain their
contribution to the energy density of the Universe, CS remain an important theoretical tool in connecting high-energy
particle physics with cosmological dynamics. In particular, the interaction of CS with scalar fields can alter the expansion
history and provide new insights into the role of topological defects in cosmology. The cosmological significance of
topological defects has been comprehensively discussed by Vilenkin and Shellard [32] in their discussion. Their work
provides a detailed theoretical framework describing the formation of topological defects during symmetry-breaking phase
transitions in the early Universe, as well as their possible observational and cosmological implications. In particular,
cosmic strings are shown to play a crucial role in connecting particle physics models with cosmological evolution and
structure formation, motivating their inclusion in anisotropic and early-Universe cosmological scenarios. Letelier started
the general relativistic study of strings (Letelier [33, 34]). The study of CS has since been pursued by a number of
researchers in the presence of numerous physical sources and in a variety of alternative theories of gravitation, and
literature containing relevant references is abound. CS in a five-dimensional spherically symmetric background under
f(R,T) gravity have been considered by Naidu et al. [35]. Accelerating Bianchi type (BT) DE models with CS in gravity
have been examined by Shekh and Chirde [36]. BT-I string cosmological models in f(R) gravity were studied by Aditya
and Reddy [37]. Sahoo et al. [38] have investigated LRS BT — I model when the source of gravitation is a mixture of
barotropic fluid and DE. Scalar fields (SFs) play a fundamental role in modern cosmology, providing a natural framework
to explain various phases of cosmic evolution. A SF with mass, often referred to as a massive SF (MSF), is of particular
importance due to its ability to influence both the early and late-time dynamics of the Universe. In the early Universe,
MSFs are commonly associated with the mechanism of inflation. A slowly rolling MSF (the inflaton) can drive a rapid
exponential expansion, solving key issues such as the horizon and flatness problems, while also generating the primordial
density perturbations that seeded large-scale structure formation. The potential of a MSF, typically of the form V(¢) =
%m2¢2, provides a simple yet effective description of inflationary dynamics. Furthermore, the coupling of MSFs with
other cosmic ingredients, such as CS or anisotropic backgrounds, can introduce rich phenomenology. In anisotropic
cosmologies, scalar fields can contribute to isotropization, while in the presence of topological defects like CS, they can
influence the energy distribution and modify the expansion history.

The choice of a plane symmetric space-time offers a mathematically tractable framework to study anisotropic
cosmologies. Unlike the isotropic FLRW metric, plane symmetry allows for directional dependence in the cosmic

Pde (4)
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expansion, thereby providing a more general background to investigate the effects of anisotropy. This is particularly
important because observations of the cosmic microwave background (CMB) suggest small but non-negligible deviations
from perfect isotropy. Plane symmetric models are therefore useful for probing the early anisotropic phases of the Universe
and for analyzing how anisotropies decay over time to yield the present nearly isotropic Universe. The inclusion of massive
scalar fields (MSFs), CS, and plane symmetric space-time in cosmological models provides a deeper understanding of
the Universe’s evolution by bridging high-energy physics with large-scale cosmology. Together, this framework offer a
broader and more realistic picture of the Universe, capable of explaining both observational signatures and theoretical
challenges beyond the standard ACDM model. Several researchers have investigated DE models with SFs in anisotropic
backgrounds to gain deeper insights into cosmic evolution [39]-[49]. Naidu et al. [50] studied BT-V DE models in
general relativity with scalar meson fields, while Reddy et al. [51] explored the Kantowski—Sachs DE model in the
presence of scalar meson fields. Aditya et al. [52] analyzed the Kaluza—Klein DE model in the Lyra manifold with a
large scalar field, and in the framework of f(R,T) gravity, Aditya and Reddy [53] investigated the BT-III DE model in
the presence of a MSF. Daniel Raju et al. [54]-[56] also considered various aspects of anisotropic DE models with MSFs.
Furthermore, Aditya et al. [57] discussed the BT-VIy DE model with scalar fields, whereas Naidu et al. [58, 59] and
Bhaskara Rao et al. [60, 61] investigated anisotropic minimally interacting DE models incorporating CS and MSFs. More
recently, Aditya et al. [62, 63] studied anisotropic DE models with MSFs in Lyra geometry and in the context of f(R,T)
gravity. Motivated by the above discussion, the present work focuses on a non-static plane symmetric cosmological model
of the Universe with CS, RHDE, and a MSF as sources of gravitation within the framework of Einstein’s theory. The
structure of the paper is organized as follows: Section-2 is devoted to the derivation and solution of the field equations. In
section-3, we analyze the cosmological parameters of the model and discuss their physical significance. Finally, section-4
summarizes the conclusions of the study.

2. FIELD EQUATIONS AND MODEL
The structure of a non-static plane symmetric space-time is described by the following metric:

ds2 — €2A{dt2 _ dr2 _ r2d02 _ Bzdz2}’ (5)

where A and B are the metric potentials depending solely on the cosmic time ¢.

Using this metric, Rao et al. [64] and Aditya et al. [65, 66] have investigated various cosmological models within the
framework of different modified theories of gravity. In the presence of CS, a DE fluid, and an attractive massive scalar
field, Einstein’s field equations take the form (with the convention 87G = ¢ = 1)

1
Rij - 5Rgij = —Ti(jtm) (6)
and energy conservation equation is given by
(1{*"); =0 )

where Tl.(j"” ) = TS + Ti‘j.e + Tl.'}”f is the total energy-momentum tensor of matter distribution of the universe. Here, and

Tlfj‘., Tl‘]’e and Tl.']'.”f are the energy-momentum tensors of strings, DE fluid and massive scalar fields respectively. These

energy-momentum tensors are defined as follows:

i_ i _ i _
puu; — Axixj, wiu' =1, x'x;=-1, u'x; =0

S
T

de
Tij

(pde + pae)uitt; — gijPae (8
) 1 ,
T = 0ib - 5(0ad - M)

here, pg4. and p4. denote the pressure and energy density of the DE fluid, ¢ represents the MSF, A corresponds to the
string tension, and M is the mass of the scalar field. The Klein—Gordon equation governing the scalar field is given by

g7+ M*¢ =0, 9)
The Einstein field equations (6), corresponding to the metric (5) and employing the relations (8)—(9), can be expressed
as

I AB . By ¢* M*¢?
A2 4222 124 —] ¥ _ = —WdePe 10
eZA[ T2 +24+ 2|+ 3 5 WdepPd (10)

1. 1 ¢F MP¢?

2 -

62—A[A +2A]+7— = = A-wapae (11)
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1y, - AB 2 M*p?

32_A[3A2 + 2?] - % - 2¢ = P+ Pde (12)
., (B
b+ M¢+¢ §+4A =0. (13)

The system of field equations (10)—(13) consists of four independent equations with seven unknown parameters,
namely A, B, ¢, Wage, Pde, P, and A. To obtain a complete solution of this system, three additional physically motivated
conditions relating these parameters are required. In this work, we consider the following physically viable conditions:

(i) The shear scalar o2 is assumed to be proportional to the expansion scalar 6, which leads to the following relation
between the metric potentials:

et = B", (14)

where n is an arbitrary constant that preserves the anisotropic nature of the space-time. Since the present Hubble
expansion of the universe is isotropic to within 30%, velocity—redshift observations for extragalactic sources are
consistent with this assumption (Thorne [67]; Kantowski and Sachs [68]; Kristian and Sachs [69]). Moreover,
redshift analyses indicate that for the present galaxy, the constraint % < 0.3 holds. Collins, et al. [70] also showed
that the normal congruence to homogeneous expansion satisfies the condition that 7 remains constant.

(ii) The average scale factor a(t) and the scalar field ¢ are assumed to obey a power-law relation (Johri and Sudharsan [71];
Johri and Desikan [72]):

¢ [a(n)], (15)

where k is the power-law index. Several authors have investigated different aspects of this relation in the literature
[50]-[61]. Motivated by the physical relevance of Eq. (15), we adopt the following specific form to simplify the
mathematical structure of the system:

¢ = ¢o [a(n)]¥, (16)

where ¢y is a constant. Clearly, Eq. (16) is a direct consequence of the relation in Eq. (15).

Substituting Egs. (14) and (16) into Eq. (13), the metric potentials can be obtained as

e = (Bisinh (Bor + b2))", B = (B sinh (Bat + b)) (17)
and scalar field ¢ can be obtained as
. kB3 (4n+1)
¢ = go (Bisinh (Bat +b2)) (18)

1
where B = M]z’ B2 =

1
_M? 2 . . .
e [W]z, B3 = m, by and b, are integrating constants. Since

Pradhan et al. [73] and Mishra et al. [74] introduced an average scale factor of the form a(¢) = [sinh(at)] %, in the study
of DE models within anisotropic backgrounds, it is worth noting that the solution obtained here is both interesting and
physically viable. Their analysis demonstrated that this choice of scale factor yields several possible scenarios consistent
with present cosmological observations. In particular, the hyperbolic form of the scale factor has the advantage of naturally
describing a transition from an early decelerated phase of cosmic evolution to the presently observed accelerated expansion,
a feature strongly supported by supernovae la, CMB, and BAO data. In the literature, several authors have employed this
hyperbolic scale factor to explore different facets of DE models [75]-[77], including the dynamics of anisotropic universes,
the role of scalar fields, and modifications of general relativity. Consequently, investigating the scalar field model with the
hyperbolic solution for the scale factor given in Eq. (17) provides not only mathematical tractability but also a physically
compelling framework that aligns with current cosmological observations.
Now using Eq. (17) in Eq. (5) we can write our DE model as

ds® = (B sinh (Bat + by))>"P {dt2 —dr? — r?d6® — (B, sinh (Bat + by))?P dzZ}. (19)

The metric (19) corresponds to a RHDE model involving the MSF (18) together with CS. In this context, the following
dynamical parameters play a crucial role in the physical interpretation of the model. The Hubble parameter H(z) can be
obtained as

2
H= (4n - l)ﬁzﬁ3coth (Bt +by) = (4n3+ 1)ﬂ2ﬁ3 (1 + L)

3 3
(1 + Z)ﬁ3(4n+1)
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where 1 +z = é and Hy is the present value (i.e., at z = 0) of the Hubble parameter.

3. OBSERVATIONAL CONSTRAINTS

The field equations in self-creation theory of gravity have been solved exactly, and the resulting Hubble parameter
contains the five model parameters (Hy, M, by, k, and n). Our aim is to constrain these parameters using observational
Hubble datasets in order to validate the solution in the context of the present universe. In particular, we employ a joint
analysis of 31 Hubble parameter data points from cosmic chronometer (CC) measurements [78, 79]. For the statistical
analysis, we implement the emcee Python package, which performs Markov Chain Monte Carlo (MCMC) sampling. We
explore the parameter space around the local minima by adopting a Gaussian prior centered on the initial estimates, with
a fixed standard deviation of o = 1.0. The final results are presented through two-dimensional contour plots, showing
the constraints on the model parameters with 1o~ and 20" confidence intervals. The chi-square function employed in the
analysis is defined as

31 2
H lsH aM3b sks _H i
(o, M, by, ko) = Z [Hu(zi; Ho 21 n) — Hops (2i)] _ 21
i=1 TH(z)

At each redshift z;, the observed Hubble parameter is denoted by Haps(z;), while the theoretically predicted Hubble
parameter, based on the model, is expressed as Hy,(z;; Ho, M, by, k,n). The corresponding observational uncertainty is
represented by o (). Using the CC datasets described above, we determine the best-fit values of the parameters Hy,
M, by, k, and n. Figure 1 presents the results in the form of two-dimensional contour plots, displaying the parameter
constraints with 1o~ and 20~ confidence levels. The best-fit values are obtained as

Table 1. The MCMC estimates.

Datasets Parameters Prior Value
Hy (50,100) | 68.8+1.5
M (0,10) | +44+x2.0
Hubble (CC Data) by (-5,3) —2.4f11:3;
k (-3,-2) | —2.22%92
n (0,2) +1.07079

The contour plots in Fig. 1 illustrate the observational constraints on the model parameters. The following observations
can be made from the contours. The allowed parameter space is tightly constrained around the best-fit values, demonstrating
that the CC data provides significant restrictions on the model. This confirms the robustness of the dataset in probing
late-time cosmic expansion. The best-fit values of the parameters lie well within the 1o region, indicating that the model
provides an excellent fit to the observational data. This strengthens the physical viability of the model when tested against
Hubble expansion measurements. The fitting results are shown in Fig. 2, where the observational data points are compared
with the theoretical predictions of our model as well as with the standard ACDM scenario. It is evident from the figure
that the trajectory of our model lies very close to that of the ACDM model throughout the considered redshift range
(0 < z < 2). This demonstrates that the model is consistent with the observed expansion history of the Universe. The
agreement between our model and ACDM at low redshifts (z < 1) is particularly strong, highlighting the model’s ability to
reproduce the late-time accelerated expansion, which is the main success of the cosmological constant scenario. At higher
redshifts (z > 1), slight deviations from ACDM can be observed. Such departures may provide additional degrees of
freedom in describing the transition from the matter-dominated era to the present accelerating phase, without contradicting
the available data.

4. COSMOLOGICAL PARAMETERS

We will discuss the physical meaning of dynamical parameters in our DE model in the presence of MSFs and CS
in this section. To plot the behavior of cosmological parameters we use the values of model parameters as Hy = 68.8,
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Figure 1. The plot displays the 2D contour plots of the model parameters.
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Figure 2. Evolution of Hubble parameter H(z) versus redshift z. The solid line represents our model and dotted-line
indicates the ACDM model with Q,,,0 = 0.3 and Qg = 0.7. The dots are shown the Hubble dataset with error bar.

M = 44,b) =-24,k=-222,n=1.07b, =025, ¢g =1X% 10~7 and 6 = 0.16. The model’s average scale factor
(a(t) and volume (V) are calculated as

B3(4n+1)
V(1) = [a(n)]® = e* B = (B sinh (Bat + b2)) 5 . (22)

The expansion scalar § are given by

0= (4”; l)ﬁzﬁscoth (Bat + b) . (23)

From Egs. (4) and (23), we get the energy density of Renyi HDE of our model can be obtained as

dn+1

2
oo
Pde = 3(7) ﬂ%ﬁ%eoth2(,82t+b2)d2(1+

(4n+1)? 22832 (coth (Bat + b2))?

(24)
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From Egs. (11), (17) and (18) we obtain the string tension as
_—2np3Bs csch? (ot + ba) + n? B335 coth’ (Bt + by)
(B sinh(Bat + by)) ™"
—2nB2B3 csch?(Bot + by) + n*B2B3 coth?(Bat + ba) + 2n333 coth®(Bat + by)
(B1 sinh(Bat + b2))*"
B3B3 esch® (Bat + ba) = B335 coth® (Bat + b2)
(B sinh(Bat + b2))*"™ '

pl

(25)
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Figure 3. Plot of scalar field versus redshift. Figure 4. Plot of string tension density versus redshift.

Scalar field: The scalar field ¢ plays a fundamental role in cosmology, as it is capable of driving both the early
inflationary phase and the late-time accelerated expansion of the Universe. Scalar fields play a significant role in modern
cosmology, both theoretically and observationally. From a theoretical perspective, massive scalar fields naturally arise
in scalar—tensor theories, modified gravity models, and higher-dimensional frameworks, where they act as additional
gravitational degrees of freedom [80, 81]. In the early Universe, such fields can influence anisotropic dynamics and
contribute to inflationary or pre-inflationary phases. At late times, massive scalar fields provide viable candidates for
dynamical dark energy, allowing a time-dependent equation of state and enabling transitions between quintessence and
phantom regimes [82, 83]. Observationally, the effects of massive scalar fields can be constrained through cosmic
microwave background anisotropies, large-scale structure formation, and measurements of the expansion history using
supernovae and Hubble cosmic chronometer data [84, 85]. Hence, massive scalar fields offer a physically well-motivated
and observationally testable framework for describing the evolution of the Universe beyond the standard ACDM model.
In the present model, the variation of ¢ with respect to the redshift z is depicted in Fig. 3. It is observed that the scalar field
decreases monotonically with as universe evolves, starting from a high value at high redshift and attaining lowest values in
the future (z < 0). Physically, this behaviour indicates that the scalar field was dominant in the early Universe, where its
contribution to the energy density was more significant. As the Universe expanded toward the present epoch, the effective
value of ¢ decreased, suggesting that its influence on the dynamics of cosmic evolution has gradually weakened. This is
consistent with the idea that scalar fields could have played a key role in generating anisotropy and structure formation in
the early epoch, while their contribution diminishes in the late-time Universe where DE becomes dominant.

String tension: The equation of state (EoS) of CS are restricted by the energy conditions. With p > 0 or 2 < 0,
the weak and strong energy conditions result in p > 1. The dominant energy conditions implies p > 0 and p?> > A%.
The signature of A is not constrained by these energy conditions. The string tension density A characterizes the tension
or negative pressure along the direction of the strings and hence plays a significant role in determining the anisotropic
nature of the Universe. In Fig. 4, the variation of A with redshift z is displayed. It is observed that at high redshifts
(z 2 2), the string tension density is strongly negative, with large magnitude. This suggests that in the early Universe, the
contribution of string tension was significant, potentially dominating the anisotropic structure formation. As the Universe
evolves towards lower redshifts, the magnitude of 1 decreases monotonically. Around the present epoch (z = 0), the value
of A approaches zero, indicating that the influence of strings on the cosmic dynamics becomes negligible at late times. In
the future epoch (z < 0), the string tension density continues to decay further toward zero, signifying that the Universe
evolves toward an isotropic state where string effects vanish completely.
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Figure 5. Plot of energy conditions versus redshift z.

Energy conditions: The energy conditions are powerful tools in general relativity and cosmology to examine the
physical viability of matter and energy sources driving the cosmic dynamics. In the context of DE, these conditions
provide insights into whether the model respects or violates classical energy requirements. The four commonly analyzed
conditions are:

* Dominant Energy Condition (DEC): pge > 0, pge = pae = 0.
 Strong Energy Condition (SEC): pge + pae = 0, pge +3pge = 0.
* Null Energy Condition (NEC): pge + pge > 0.

* Weak Energy Condition (WEC): pge = 0, pge + Pae = 0.

In Fig. 5, the above conditions are tested for the model as a function of redshift z. In the framework of Self-Creation
theory with RHDE, the evolution of energy conditions clearly reflects the cosmic history of the Universe. For z > 0,
corresponding to the early epochs, the effective energy density pge remains positive and the quantities pge + pge and
Pde + 3pae are also positive, ensuring the validity of the null, weak, and strong energy conditions. This behavior is
consistent with a decelerated expansion dominated by matter and scalar field contributions. At the present epoch (z = 0),
the energy density continues to be positive, while p4. + 3p4. becomes negative, signaling the violation of the SEC. This
violation marks the onset of late-time acceleration driven. For z < 0, representing the future evolution of the Universe, the
continued violation of the NEC and SEC indicates a persistent phantom-like dark energy regime. Meanwhile, the DEC
remains largely satisfied, ensuring causal energy flow. Overall, the energy conditions demonstrate a smooth transition
from early-time deceleration to present and future accelerated expansion.

Deceleration parameter: The deceleration parameter g(z) plays a crucial role in understanding the expansion
dynamics of the Universe. By definition, it is expressed as

_da 3 (sech (Baot + b2))?
90 =~ = T

where a(t) is the scale factor, d is the expansion rate, and ¢ is the cosmic acceleration. The sign of ¢(z) determines
the nature of expansion. g > 0 corresponds to a decelerated Universe, g = O corresponds to a constant expansion
rate, —1 < g < Oindicates an accelerated expansion and g < —1 signifies a super-exponential or phantom-like expansion.
From the plotted curve of g(z) versus redshift z (see Fig. 6), the following physical interpretation can be made. At large
redshift values (i.e., early epochs), the deceleration parameter is positive (¢ > 0), which corresponds to the decelerated
phase. This behavior is consistent with a matter-dominated Universe, where the gravitational attraction of matter causes
the expansion to slow down. Around z = 1, the curve crosses the line ¢ = 0. This point indicates the transition redshift,
marking the shift from decelerated expansion to accelerated expansion. Observational evidence from Type Ia supernovae
and Cosmic Microwave Background measurements suggest that such a transition occurs within the range 0.5 < z, < 1. For
smaller redshifts (at future epochs), the parameter falls into the range —1 < ¢ < 0, which implies an accelerated expansion

(26)




37
Observational Constraints on Plane Symmetric Renyi Holographic Dark Energy... EEJP. 1 (2026)

05

0.4
0k Decelerated phase q>0

02

0.1

-01 -

0.2

q(@)

03
0.4
o8 Accelerated phase q<0
-0.6 -
0.7
08

09~

Figure 6. Plot of deceleration parameter versus redshift z.

phase. This is consistent with the presence of a DE component (such as a cosmological constant or a quintessence field)
dominating the late-time cosmic dynamics. This suggests that the Universe will tend toward a de Sitter-like expansion,
where the dynamics is dominated entirely by DE [86]-[89].

EoS parameter: The cosmic dynamics of the Universe can be effectively characterized by the equation of state
(EoS) parameter w = p/p, where p and p represent the pressure and energy density of the cosmic fluid, respectively.
Different values of w correspond to distinct evolutionary phases of the Universe. For w = 0, the Universe is dominated by
cold dark matter or dust-like fluid, giving rise to a decelerated expansion. When 0 < w < 1/3, the dynamics correspond
to the radiation-dominated era, with w = 1/3 exactly describing the radiation phase. For w = 1, the fluid is classified
as stiff matter, which represents an extreme case of high-pressure matter content. For w = —1, the Universe corresponds
to the cosmological constant (A) or vacuum energy, leading to exponential acceleration in a de Sitter phase. For —1 <
w < —1/3, the expansion is accelerated and falls under the quintessence regime, where a dynamical scalar field drives
the acceleration. For w < —1, the Universe enters the phantom regime, in which the energy density grows with time,
potentially culminating in a “Big Rip” future singularity.
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Figure 7. Plot of EoS parameter versus redshift z.
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The EoS parameter (wq.) of our model is obtained as

1 2133 csch®(Bot + ba) — n? B3B3 coth® (Bot + by)
2 . 2np
3(3n+ 1) B3B3 coth (Bt + br) & (B sinh(Bar + b2)) ™

Wde =

_ 2035 coth® (Bot + ba) = B3B3 esch® (Bat + ba) + B33 coth® (Bat + by)
(B1 sinh(Bat + b)) "7

2
+ LM% (B sinh(Bat + by)) 3K

2
B2 (Bsinh(Bat + b)) 3 k262 (4n + 1283 cosh? (Bt + b)
18 sinh?(Bat + b»)

x (1 + . 70 . 27)
4 1\ g2 2
(3n + 3) B2 coth® (Bt + ba)

From Fig. 7, it is observed that at very high redshifts (z > 2), the model effectively behaves close to the matter-
dominated regime, ensuring consistency with the standard cosmological scenario. As the Universe evolves toward lower
redshifts, the dark energy component becomes dynamically significant and the EoS parameter gradually shifts into the
phantom region (wge < —1), driving accelerated expansion. At the present epoch (z = 0), wg. remains close to the
cosmological constant boundary, in agreement with observational bounds. In the future evolution (z < 0), wg. exhibits
transitions between the quintessence (-1 < wg, < —1/3) and phantom regimes. This crossing of the phantom divide line
characterizes a quintom-like behaviour, allowing a smooth transition between different acceleration phases while avoiding
phantom domination.

Squared sound speed: An important diagnostic for testing the viability of DE models is the analysis of the squared

sound speed v2 = % = wge + 22 wg4,. The sign of v2 plays a crucial role in determining the classical stability of

Pde
perturbations. v2 > 0 corresponds to a stable model where perturbations propagate without growing uncontrollably.

v% < 0 indicates an unstable configuration, since perturbations tend to grow exponentially, leading to instabilities at the
perturbative level.
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Figure 8. Plot of squared speed of sound versus redshift z.

In Fig. 8, the evolution of v2 with redshift z is displayed for different values of the parameter d. It is evident that
the squared speed of sound remains positive throughout the cosmic evolution for all considered parameter choices. In
the early epochs (z > 0), particularly for z > 2 corresponding to the matter-dominated era, v2 maintains positive values,

confirming that the model is dynamically stable during the decelerated expansion phase. At the present epoch (z = 0),
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v2 continues to be positive, indicating that the current accelerated expansion driven by dark energy is free from classical

instabilities. In the future evolution (z < 0), the squared sound speed remains positive and increases smoothly, suggesting
that the dark energy fluid preserves its stability even in the late-time accelerated regime. Overall, the positivity of v2 across
all epochs demonstrates that the proposed model is classically stable and physically viable throughout the entire evolution
of the Universe.

wge — w/;, plane: The dynamical nature of DE can be effectively studied through the wg, — w/;, plane (Caldwell
and Linder [90]), where wg. is the equation of state (EoS) parameter and w’de = dwy./dIna denotes its evolution with
respect to the scale factor. This diagnostic is useful in distinguishing between different classes of DE models and their
evolutionary behaviors. It is well established that the wg, — w/;, plane can be divided into two distinct regions. Thawing
region is characterized by (w4, < 0, w/,, > 0). In this regime, the DE equation of state parameter begins close to the
cosmological constant value wg, ~ —1 in the past and gradually increases towards higher values as the Universe evolves.
Thawing models typically imply a slower rate of cosmic acceleration compared to freezing models, as the DE component
evolves away from the cosmological constant behavior. Freezing region is characterized by (wgqe < 0, w/,, < 0). In this
regime, wy, starts at values greater than —1 and gradually decreases towards —1 as the Universe evolves. Freezing models
indicate a stronger acceleration rate, since the DE component asymptotically approaches a cosmological constant-like
behavior in the far future.

From Fig. 9, it is observed that during the early epochs (z > 0), the trajectories of the model lie predominantly in the
freezing region, characterized by wg, < 0 and w/;, < 0. This indicates that the dark energy component was dynamically
evolving and contributed to a decelerated or mildly accelerated expansion while approaching a cosmological constant-like
behavior. As the Universe evolves toward the present epoch (z = 0), the trajectories move closer to the boundary w/,, = 0,
signifying a slowdown in the evolution of the equation of state parameter. In the future evolution (z < 0), the trajectories
remain within the freezing region, implying that the dark energy gradually settles toward a stable attractor, typically
associated with a de Sitter—like phase. This behavior corresponds to faster and sustained cosmic acceleration compared
to thawing models. Hence, the w4 — w/;, plane analysis confirms that the present model belongs to the freezing class of

dark energy models, which is consistent with observational evidence of late-time accelerated expansion.

Statefinder parameters: The statefinder diagnostic, introduced by Sahni et al. [91] employs the pair of parameters
(r,s) as a geometric tool to characterize and distinguish various DE models. These parameters are defined in terms of
higher derivatives of the scale factor and provide a deeper insight into the cosmic expansion beyond the Hubble parameter
and the deceleration parameter. They described as follows:

a r—1
r=

_ & ool (28)
at? 3(g -3
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For our model statefinder parameters (7, s) are defined as
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Notably, for (r,s) = (1,0) the model corresponds to the ACDM model, (r,s) = (1,1) corresponds to the CDM
model without a cosmological constant. If s > 0, the model resides in the phantom regime, while r < 1 places it in the
quintessence region. Both these regions indicate DE dominance. If s < 0 and r > 1, the trajectory reflects Chaplygin gas
behavior, which provides an effective unification of dark matter and DE. In the » — s plane (see Fig. 10), the trajectory
of the present model approaches to (r,s) = (1,0), indicating its close connection with the ACDM cosmology at late
times. As the Universe evolves, the trajectory deviates from this fixed point and moves toward regions with » > 1 and
s < 0, which are characteristic of Chaplygin gas-like behavior. This implies that the model accommodates a unifying
picture of cosmic evolution, transitioning from a ACDM-like state to a regime reminiscent of generalized Chaplygin gas.
The plotted trajectory shows that our model finally behaves like ACDM, then departs into the (s < 0, > 1) region,
demonstrating Chaplygin gas—like characteristics. This transition highlights that the model does not remain locked into a
pure ACDM phase but instead evolves dynamically, thereby offering a richer phenomenology that could address both the
early decelerated phase and the late-time accelerated expansion.

r — g plane: The r — ¢ plane provides a complementary diagnostic to probe the cosmic dynamics by combining
the statefinder parameter r with the deceleration parameter g. This approach not only distinguishes between different
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cosmological models but also highlights the dynamical evolution of the Universe across different epochs. In Fig. 11, two
important fixed points are identified. (r,q) = (1,0.5) corresponds to the Standard Cold Dark Matter (SCDM) model
without a cosmological constant. In this phase, the Universe is dominated by matter, and the positive value of g indicates
a decelerating expansion. This fixed point characterizes the early-time behavior of the Universe where matter played
the dominant role in governing the dynamics. (r,q) = (1,—1) represents the de-Sitter model, which is a cosmological
constant-dominated Universe. Here, ¢ = —1 corresponds to an exponentially accelerating expansion, consistent with a
late-time DE dominated phase.

The trajectory of the present model starts from the vicinity of the SCDM point (r, g) = (1,0.5), indicating that the
early Universe underwent a decelerated matter-dominated phase. As cosmic time evolves, the trajectory moves downward
along the r — ¢ plane and asymptotically approaches the de Sitter point (r, g) = (1,—1). This evolution reflects a natural
transition from the decelerating epoch of matter domination to the accelerating epoch driven by DE. Physically, this
behavior is highly significant. The model not only replicates the expected decelerated expansion of the early Universe but
also predicts the transition to an accelerated phase consistent with current observations of late-time cosmic acceleration.
Moreover, the asymptotic approach to the de Sitter point suggests that the model tends toward a ACDM-like cosmology
in the far future, where the expansion will be dominated by an effective cosmological constant.

S. RESULTS AND CONCLUSIONS

The accelerated expansion of the Universe has attracted considerable attention from researchers around the globe.
Various approaches have been proposed to investigate this phenomenon, including modified theories of gravity and a wide
range of dynamical DE models. In this work, we focus on a non-static plane symmetric cosmological model incorporating
RHDE, an attractive MSF, and CS within the framework of Einstein’s theory of gravity. Furthermore, we examine the
behavior of well-known cosmological parameters and diagnostic planes in order to analyze the physical implications of
the model. To assess the viability of the proposed DE model, we have analyzed a wide range of cosmological diagnostics,
including background evolution, stability, and consistency with general relativity through energy conditions. The collective
discussion emerging from these diagnostics can be summarized as follows:

* At higher redshifts, A is strongly negative, indicating a significant role of CS in early anisotropic phases. Toward
the present epoch and in the future, A approaches zero, implying that string effects dilute over time, leading to
an effectively isotropic Universe. The analysis of ¢(z) suggests that the scalar field has a dual role. It may
have contributed significantly to the early anisotropic expansion and structure formation, and later evolved into a
subdominant but still relevant component in the present epoch. This behaviour supports the viability of MSFs as
effective candidates for modeling both early and late-time cosmic acceleration.

* The model exhibits a transition from a decelerated phase (¢ > 0) at high redshifts, corresponding to matter
domination, to an accelerated phase (g < 0) at low redshifts. The transition occurs around z ~ 1, in agreement with
observational constraints from supernovae and CMB data. In the far future (z < 0), g asymptotically approaches —1,
signaling a de Sitter-like accelerating state. The statefinder parameters (r,s) and (r,q) serve as higher-order
diagnostics to distinguish our model from ACDM and other DE candidates. In the (r,s) plane, the trajectory
approaches to (1,0) (the ACDM point) and moves into the (s < 0,7 > 1) region, characteristic of Chaplygin gas
behavior. This indicates a dynamical evolution beyond the simple ACDM picture. In the (r, g) plane, the model
interpolates between the SCDM fixed point (1,0.5), representing a decelerating matter-dominated phase, and the
de-Sitter point (1, —1), representing a DE-dominated accelerated phase. This confirms that the model captures the
expected cosmic history.

e The analysis of the cosmological parameters demonstrates that the proposed model provides a consistent and
physically viable description of the cosmic evolution. The equation of state parameter exhibits quintom-like
behavior, allowing a smooth transition across the phantom divide and supporting late-time acceleration. The
deceleration parameter confirms the transition from an early matter-dominated decelerated phase to the present
accelerated epoch. Stability analysis based on the squared speed of sound shows that the model remains classically
stable throughout the evolution. The energy condition analysis reveals a necessary violation of the strong energy
condition at late times, while the weak and null energy conditions are largely satisfied, ensuring physical plausibility.
Furthermore, the wg, — w/,, plane places the model in the freezing region, indicating a stable approach toward a
de Sitter—like accelerated phase. Overall, these results collectively confirm that the model successfully captures the
essential features of cosmic acceleration and remains compatible with observational and theoretical expectations.

Finally, the model originates in a matter-dominated, decelerating phase, subsequently undergoes a quintom-like
evolution, and asymptotically approaches a de Sitter-like state in the far future. The late-time violation of the strong and
null energy conditions provides the necessary mechanism for accelerated expansion, while the progressive decay of string
tension facilitates the isotropization of the Universe. Altogether, the proposed framework successfully reproduces the
essential features of cosmic evolution and offers a rich phenomenology that extends beyond the standard ACDM paradigm.
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OBMEZKEHHA CIIOCTEPEZKEHD HA IIVNIOCKOMY CUMETPUYHOMY T'OJIOTPA®IYHOMY
BCECBITI TEMHOI EHEPI'TI PEHBI 31 CKAJIAPHUMU IHOJIAMHA TA KOCMIYHUMU CTPYHAMU
V. [lip’st Hpacanti', /I. Texecsapapao?, Mymmigisapany Harapamxy’, ¥O. Azitea®, I. Cypbsanapasna’

1 [enapmamenm cmamucmuxu & mamemamuxu, koneoxc cadienuymea, Dr. Y.S.R. Cadienuuuii ynisepcumem,
Hapeaminypam-535502, Inois
2Kagpedpa dpyndamenmanviux ma zymanimaphux nayx, Texuonozivnuii incmumym GMR (GMRIT) — ssasicaemucs ynieepcumemon,
Paoocam-532127, Inois
3Kagpedpa mamemamuxu, Ynisepcumem Adimvs, Cypamnanem-533437, India
*Kagpeopa mamemamuru, Texnonoziunuii incmumym GMR (GMRIT) — gaxcaemuvcs ynigepcumemon, Padsicam-532127, Indis
SKagﬁedpa mamemamuru, ANITS, Biwaxxanamuam-533003, In0is
VY 1iif poGOTi MU JOCTi)KYEMO KOCMOJIOTIYHY MOJENb, 3aCHOBAaHY Ha IIOCKOMY CHMETPUYHOMY MPOCTOpi-4yaci, Ae BMIiCT peYOBUHU
y BcecBiTi ommcyetbes ronorpagdiuHon TeMHOW0 eHeprielo PeHsi B pamkax Teopii rpapiTauii EffHmTeliHa 3a HasBHOCTI MacHUBHHX
CKaJIAPHUX TOJiB Ta KOCMIYHMX CTpyH. TOUHi PO3B’SI3KM PiBHSIHb MOJIsSI OTPUMYIOTHCS, MPUITYCKAIOUM TEBHE CITiBBiJHOIIECHHS Mixk
METpUYHIMH NoTeHIianaMu. CrocTepeskyBajibHi 0OOMEXeHHs Ha ImapaMeTpy MOJIe)li OTpUMaHi 3 BUKOPHCTAHHSIM HaiHOBIIMX JTaHUX
KOCMiYHOTO XpoHOMeTpa Xab0:a 3a moromorolo aHaiizy Monre-Kapio Metogom sanmorisB MapkoBa. OTprMaHi KOHTYpHI rpadiku
3a0e3MeuyI0Th YiTKi MeXi Ui BUIBHUX IapaMeTpiB, a PeKOHCTpyioBaHMil mapameTp Xa00Jyia JEMOHCTPYE UyHOBY Y3TOIKEHICTh 3
mozemmo ACDM y BcboMy Aiama3oHi Y4epBOHOTO 3MileHHsI. JleTaabHe JOCIiIKeHHs] KOCMOJIOTIYHIX MapaMeTpiB MOKa3ye, IO MOAETb
YCHILIHO BiTBOPIOE CTAaHAAPTHY KOCMiuHY eBostomiio. [lapameTp ynoBiJibHeHHs BKa3ye Ha ¢a3y YHIOBUIbBHEHHS 3 IOMiHYBaHHSM MaTepii
Ha PaHHiX enoxax (z 2 2), micJis 4oro BinOyBa€ThCs IJIABHUIT IIepeXil 10 MOTOYHOI NPUCKOPEHOT (pa3u Ta aCHMITOTUYHUIT HAOIMKEHHS
JI0 po3iupeHHs, noxioHoro no ne Citrepa, y Maii0ytHboMy. [lapameTp piBHSAHHS CTaHy TEMHOI €HEprii JMHAMIYHO €BOJIOIIOHYE Ta
nepeTrHae (paHTOMHHI BOJOMIJI, JEMOHCTPYIOUH TOBEIiHKY, MOAIOHY J0 KBIHTOMA. AHAJI3 IUIONIMHU wde—w'de po3millye mMopesb
MEepeBaXHO B 00JIACTI 3aMep3aHHs, 110 BKa3ye Ha cTaliJbHY Ta IIBUJIKO MpHCKopioouy ¢asy TemHoi eHeprii. liarHocTuka Statefinder
nokasye y3rogxkenicts 3 ACDM y cydacHy emnoxy, 3 BiAXWIeHHsIMH B GiK MOBeAiHKY, MOAIOHOI 10 razonoaiOHoi YarmriHa, Ha mi3HixX
eTamnax Jacy. Kpim Toro, aHai3 eHepreTHIHIX YMOB HiTPUMY€ IIPUCKOPEHE PO3IIMPEHHS Yepe3 NOPYILEeHHs CUIBHOTO €HEPreTHYHOTO
CTaHy Ha Mi3HiX eTanax 4acy. 3arajom, Moaeib 3abesnedye (i3uIHO KUTTE3LATHUI Ta CIIOCTEPEXKIIMBO Y3TOAKEHHUIA OMUC KOCMiYHOT

eBoJIoLii Mo3a crangapTHUM clieHapiem ACDM.
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* The cosmological models of Tsallis holographic dark energy (THDE) are examined within the framework of
Saez—Ballester (SB) gravity.

* Bianchi type II, VIII, and IX anisotropic universes with the Hubble horizon cutoff were analysed.

¢ Models extend beyond ACDM, predicting continuous acceleration and phantom-like behaviour (w < —1)

* he natural transition from the dominance of early matter to the dominance of late dark energy is reconstructed.
 Anisotropy diminishes over time, facilitating isotropization in accordance with CMB findings.

* Entropy modifications are more important than geometric differences, which shows that THDE is strong across
anisotropic backgrounds.

We investigate interacting and non-interacting Tsallis Holographic Dark Energy (THDE) models within the framework of Sdez—Ballester
(SB) scalar—tensor gravity for anisotropic Bianchi type(BT) II, VIII, and IX Universes. Employing the Hubble horizon as the infrared
cutoff, we examine the models without assuming a particular scale factor law. The analysis covers key cosmological parameters,
including the deceleration parameter, Hubble parameter, energy densities, skewness, the Equation of State (EoS), and the Squared sound
speed. Our findings indicate a continuous phantom-like acceleration (w < —1) with transition redshift z; = 0.67 and negligible late-time
anisotropy, consistent with cosmic microwave background (CMB) bounds. Compared to ACDM, the THDE models predict an earlier
onset of acceleration and a more negative present-day EoS. However, the presence of negative squared sound speed at higher redshifts
signals a classical instability of the dark energy fluid. These results highlight THDE as a viable alternative to ACDM in anisotropic
cosmologies, while motivating further work with alternative cutoffs or stabilising mechanisms to overcome the instability issue.

Keywords: BT-11; VIII & IX models; Tsallis Holographic Dark Energy; Saez-Ballester theory of gravity; Cosmic acceleration;
Anisotropic cosmology
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1. INTRODUCTION

The understanding of the Universe has expanded significantly in recent years. It is widely assumed that around
95% of our Universe is made up of two unknown components known as dark matter (DM) and dark energy (DE). These
two components generate fundamental issues and imply that fundamentally new physics should be investigated. DM
constitutes approximately 25% of the Universe’s total energy density (ED). While astrophysical studies on various scales
have established the presence of DM, its nature remains unclear.DE is an unexplored component of our cosmos. Dark
energy, distinct from ordinary baryonic matter due to its strong negative pressure, drives the Universe’s expansion and
constitutes over 70% of its energy density. While Einstein’s cosmological constant could represent the dark energy model,
its required magnitude challenges our understanding of its quantum characteristics. Unknown changes in dynamical fields or
changes in General Relativity might induce DE. Cosmic microwave background (CMB) anisotropies, large-scale structure,
and type-la supernovae are some of the cosmological advancements that allow the cosmos to expand more quickly. DE, an
unexpected fluid with negative pressure, is the source of this accelerated phase. There are two explanations for the Universe’s
late-time acceleration. Einstein’s field equations may be modified to generate dynamic DE models by modifying the matter
component. Despite issues with cosmic coincidence and fine-tuning, the cosmological constant remains the most viable
candidate for explaining DE. Numerous dark energy (DE) theories have been formulated to address these issues, including
quintessence [1],tachyon[2],ghost [3], k-essence[4], f-essence [5, 6], phantom [7], Chaplygin gas[8], holographic dark
energy (HDE) [9, 10, 11], and new-age graphic dark energy (NADE)[12, 13]. Integrating Dark Energy with Dark Matter
may alleviate the cosmic coincidence problem. On the other hand, many modified gravity theories, such as f (R) theory[14],
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f (T) theory[15], Horava-Lifshitz gravity [16, 17, 18, 19], Brans-Dicke theory [20], Gauss-Bonnet theory[21] , and f (R,
T) theory [22], have been created by modifying the geometric component of the Einstein gravitational field equations.
SB[23] scalar—tensor theory is a well-studied alternative to general relativity in which gravity is mediated by both the
metric and a dimensionless scalar field ¢. In this theory, the scalar field couples nontrivially to geometry while remaining
dimensionless — a feature that allows for novel cosmological dynamics without the introduction of an explicit potential
term. The theory has been widely applied to homogeneous and anisotropic cosmologies and has proved useful in modelling
late-time acceleration, viscous fluids, and higher-dimensional cosmologies. In parallel, HDE models based on generalized
(non-additive) entropy formalisms — in particular THDE have attracted attention as phenomenological alternatives to the
standard cosmological constant, since the Tsallis entropy introduces a parameter that effectively modifies the DE equation
of state and the cosmic evolution. Recently, several authors have combined THDE with SB gravity and investigated
the cosmological consequences in FRW, Kaluza—Klein and anisotropic Bianchi backgrounds, deriving reconstruction
schemes, stability/thermodynamic analyses, and interacting/non-interacting scenarios; these studies indicate that THDE
in the SB framework can produce viable late-time acceleration and a rich dynamical behaviour that depends sensitively on
the Tsallis parameter and the SB scalar-field coupling. For instance, Santhi and Babu[24] studied a BT-IIIl THDE model in
SB theory, showing its consistency with an accelerating universe. Dheepika and Mathew[25] reconsidered THDE models
in SB gravity with improved stability analysis. Dasunaidu et al.[26] examined the Kaluza—Klein FRW THDE model and
discussed the role of higher dimensions in cosmic evolution. Rao et al. [27] investigated anisotropic Sharma—Mittal
HDE in SB theory, while Murali et al. [28] employed a cosmographic analysis of an anisotropic Kaniadakis HDE model,
demonstrating the versatility of generalized holographic dark energy models in the SB framework. Collectively, these
works highlight that SB theory, when combined with entropy-based dark energy formalisms, can successfully reproduce the
evolution from slowdown to rapid acceleration, offering viable alternatives to ACDM. In parallel, anisotropic cosmological
models, particularly BT spacetimes, provide a natural generalization of the standard FLRW universe and are especially
relevant for probing the early universe, where isotropy may not yet have been established. Bianchi cosmologies are spatially
homogeneous but anisotropic models classified into nine types (I-IX) according to the structure of their three-dimensional
Lie groups of isometries. By allowing distinct scale factors in different spatial directions, they extend the isotropic FRW
framework and offer a useful platform for studying the role of anisotropies in cosmic evolution, structure formation, and
modified gravity theories. Among these, BT-II, VIII, and IX are of particular interest because they admit richer geometric
structures and more complex dynamical anisotropy evolution. Embedding DE models in such anisotropic backgrounds
has been shown to produce distinctive signatures in cosmic expansion, thereby providing a means to probe the role of
anisotropies in the early universe. Santhi et al. [29] analysed viscous HDE theories of cosmology within the Brans—Dicke
framework, whereas in SB gravity, bulk viscous string cosmological models were discussed by Rao et al. [30]. Sireesha
and Rao [31, 32] contributed further by analyzing BT-II, VIII, and IX holographic dark energy models in Brans—Dicke
theory, as well as modified holographic Ricci dark energy scenarios in f (R,T) gravity.More recently, Wath & Nimkar
[33] investigated BT-VIII configurations in the SB framework, incorporating anisotropic dark matter and analyzing their
stability and energy conditions. In order to prevent black hole creation in quantum field theory, the vacuum energy of a
system of size ‘I’ must not be more than the mass of a black hole of the same size. This principle is used to develop the
HDE model within quantum gravity. In the holographic dark energy framework, the energy density is expressed in terms
of the infrared (IR) cutoff scale as

pr =3Pmy L2 (1)
Where m?, represents the reduced Planck mass, the quantum field’s vacuum energy density is measured against several
kinds of cutoffs, including ultraviolet and infrared. Granda and Oliveros [34] introduced an infrared (IR) cutoff based on
local Hubble quantities and their time derivatives. The advantages of this new HDE model, using the Granda and Oliveros
cutoff, include its reliance on local quantities, avoidance of causality issues associated with the event horizon infrared
cutoff, and its ability to describe the Universe’s accelerated expansion. Additionally, it confirms that the evolution from a
decelerating period to an accelerating period is consistent with existing data from observations [34]. Recently, the HDE
model has gained interest for its ability to explain the constant ratio between DM and DE densities in the present Universe.
Studies also suggest that the HDE model aligns well with observational data. Recent studies have employed various entropy
formalisms to investigate gravitational and cosmological phenomena. Notably, HDE models have been examined through
frameworks like THDE [35], RHDE [36], and SMHDE [37] . Sharif and Jawad [38] examined the cosmic development of
interacting non-flat NHDE. Li et al. [39] employed Planck data to explore the cosmic implications of the HDE scenario.
The cosmology and thermodynamics of the HDE model were examined by Praseetha and Mathew [40], who analysed
the generalised second law of thermodynamics in a flat universe with interactions between DE and DM. Jawad et al.[41]
conducted a study on the thermodynamic consequences of a modified HRDE model, focusing on the interaction between
its energy density and that of CDM is examined under the context of Chameleon Brans-Dicke gravity. For this study, we
use the HDE model with a modified entropy formalism, which is called Tsallis HDE, to reach the objective. Dubey et
al. [42] examined THDE models within axially symmetric BT-I space-time, utilising the Hubble horizon as the infrared
cutoff. In contrast, Dubey et al.[43] investigated THDE within a BT-I Universe, employing a hybrid expansion law in
conjunction with k-essence. To date, no studies have explored the THDE model with an anisotropic background in the
SB scalar-tensor theory of gravity. As a result, we investigated the dynamics of THDE in BT-II, VIII, and IX space-times
using the Hubble horizon as the infrared cutoff and the SB gravity theory. Without assuming anything about the average
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scale factor’s expansion rule, By calculating the field equations of our proposed THDE model, we found an exact and
suitable response. Aditya and Reddy suggested an anisotropic new HDE model inside the SB theory of gravity [44] .
Prasanthi and Aditya[45] studied anisotropic RHDE models using general relativity as a framework. Gravitational and
cosmic events have been studied using several entropy formalisms in the last few years. Tsallis generalised entropy-based
THDE is intrinsically unstable at the classical level [46, 47]. Within the logarithmic Brans-Dicke (BD) theory framework,
Aditya et al. [48] investigated observational limitations on interacting THDE. Two recent studies have investigated several
models of THDE: Pandey et al. [49] and Kumar et al. [50], which focused on the quintessence model.

The combination of THDE, SB theory, and anisotropic Bianchi space-times thus provides a well-motivated framework
to address outstanding questions about cosmic acceleration, the role of anisotropies, and deviations from A CDM. In
particular, it enables the investigation of how generalized entropy corrections and scalar—tensor couplings influence the
stability, energy conditions, and observational viability of anisotropic cosmological models. In BT-II, VIII, and IX space-
times under SB gravity, with the Hubble horizon as the infrared cutoff, this study gives the field equations for interacting
and non-interacting THDE models, as well as their solutions. We study the time-dependent changes in important physical
characteristics and evaluate their stability in terms of the squared speed of sound, drawing qualitative comparisons to the
expected general behaviour in classic A CDM cosmology. The study aims to evaluate whether THDE in SB theory can
serve as a viable alternative to A CDM in anisotropic cosmologies and to explore the cosmic evolution in the initial and
late universes as a result of anisotropies. Here, we take a look at the THDE models via an understanding of SB theory.

THDE is based on the non-extensive entropy formalism and provides a standard structure in which the infrared cutoff
and the non-extensive parameter determine how dark energy evolves, allowing it to behave like a phantom or quintessence.
The SB theory, although mathematically equivalent to general relativity with a minimally associated scalar field resulting
in a field reorganization, has been extensively utilized in anisotropic contexts due to its straightforward scalar—tensor
configuration and analytical manageability. In this study, THDE serves as the dynamic control of late-time acceleration,
whereas the SB scalar primarily impacts early-time dynamics. This combination allows us to observe how generalised
holographic dark energy evolves in anisotropic configurations and how quickly these kinds of universes become isotropic,
which is the conventional ACDM limit.

This study is organised as follows. Section 2 formulates the field equations of SB theory, incorporating THDE
and pressureless DM. Section 3 develops both non-interacting and interacting THDE cosmological models and presents
their physical analysis. Section 4 outlines the key findings, observational consistency, and comparisons with the standard
ACDM scenario. Finally, Section 5 provides a detailed discussion and conclusion, highlighting the model’s implications,
limitations, and prospects.

2. FIELD EQUATIONS IN SAEZ-BALLESTER’S THEORY OF GRAVITY

There have been studies of THDE in other Bianchi and scalar—tensor frameworks before, but this is the first time that
the combined study of interacting and non-interacting THDE in SB gravity for the BT-II, VIII, and IX geometries with
accurate analytical solutions has been addressed in depth. Previous studies predominantly concentrated on Bianchi I or III
backgrounds, or on specific selections of scale components. Conversely, this study establishes the complete field equations
for these three anisotropic categories, derives exact solutions based on consistent parameter relations, and examines the
dynamical quantities, including the equation of state, deceleration parameter, evolution of anisotropy, and stability. This
offers a more integrated and methodical analysis of THDE conduct across various anisotropic geometries. We take into
account the spatially homogenous BT-1I, VIII and IX metrics of the form.

ds> = di* — R? [d6® + £2(6) d¢?| - S [dy + h(6) dg]? 2)

This is when the Eulerian angles (6, ¢, ) and the functions R and S are defined exclusively with respect to ’t’. When the
values of f(0) = 1,Cosh8 & Sin6 and h(0) = 6, Sinh6 & Cos0, then it represents BT -1I, VIII & IX respectively.

It is essential to make clear that, employing the field modification, the SB theory under consideration is dynamically
equivalent to general relativity with a minimally coupled massless scalar field ¢ = n—i2 \/Z¢"T+2. The scalar field
effectively behaves as a stiff fluid with py « a~% under this mapping, and the SB action corresponds to that of an
Einstein—massless—scalar (EMS) system. As a result, late-time acceleration is not possible with the SB scalar, since it
disintegrates significantly more rapidly than radiation. The SB field primarily contributes to early-epoch dynamics in our
model, whereas the Tsallis holographic dark energy component is the only source of the rapid expansion. By addressing
the SB framework’s fundamental shortcomings, this clarification strengthens the theoretical foundation for our findings.
In place of Einstein’s general theory of gravity, a number of gravitational theories have been proposed. Despite this, BD
scalar-tensor theory is still regarded as the best substitute for the theory of Einstein. This study investigates a Universe
characterised by pressure-less dark matter, with energy density p,,, and dark energy with density p,. Consequently,
utilising geometrised units 87G =C= 1, the SB field equations for the combined scalar and tenor fields are given here by

1 , _
Gij = wd™ | @10, = 581 " | = = (T + T) (3)
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When the scalar field meets the requirements of the equation
20"¢ +me" gt =0 €5

Where G;; = R;; — 3Rg;; is an Einstein tensor, R is the scalar curvature, w and m are constants, and T;; + T;; represents
the stress-energy tensor associated with the matter and DE. We have an energy conservation equation as

(Tij +T;).;, =0 (5)

The THDE energy-momentum tensor 7;; is structured here:

T;j = (pr + po)ujuj — p,gij = diag [1, —=w,, —w,, —w,] py (6)
It can be parameterized as B
T;; = diag [1, —w, —wy, —=(w; + )] oy @)

In this context, p;, p,, represent the energy densities of THDE and matter, respectively, while p, denotes the pressure

of THDE. The equation of state (EoS) parameter is defined as w;, = f;—; . Here, y represents the deviation from the EoS

parameter in the y-direction, referred to as the skewness parameter. Using Equations (6)-(7), the SB field equations for
BT-II, VIII and IX Universes (2) can be expressed as follows.
R § RS §* w
—t -t —=+——-=
R S RS 4RrR* 2
R R*+9 35% w .
ZE + R T agd E¢ ¢ = —(we+y)p; ©)
RS R*+9 S w . .

PUF = —wip, (8)

2RS+T_W+E¢’%¢ = pm+p (10)
. (R S\ m¢?
2—+ = |+ — = 11
¢+¢(R+S)+2¢ 0 1D
R S S
Pm+pt+(2§+§) (om + (Lt w)p) +ygpr = 0 (12)

When ¢ = 0, -1 &1, the cosmological models correspond to BT-II, VIII and IX, respectively.

3. THDE COSMOLOGICAL MODELS

The standard cosmological model depends on isotropy; however, anisotropic Bianchi universes function as significant
theoretical frameworks for examining the durability of dark-energy models, the methodology for achieving isotropy, and
initial departures from the FLRW baseline. Current Planck CMB observations only limit the present-day shear to be very
minimal; they do not rule out the existence of anisotropies in older epochs. Bianchi models enable the investigation of
whether THDE dynamics fundamentally accelerate the Universe towards isotropy in later epochs, a crucial criterion for
alignment with observations.

By addressing the nonlinear field equations with certain physically reasonable assumptions, we develop THDE cosmolog-
ical models. To achieve a deterministic solution, we rely on the following physically plausible condition:

* The shear scalar o is proportional to the scalar expansion 6, establishing a relationship between the metric potentials.

S=R" (13)
From equations (8),(9)and (13), we get
k RZ 9 R2n—4 Yp:
—+(1+ — 4+ — = 1 14
TRl AT y-- s gl LR (14)

To solve Equation (14) , we adopt the following physically reasonable assumption.

Yo(n —1)

= 27 ) for BT model (15)
Pt
-DR*+1
y = 2o DR BTV model (16)
p:R?
-DR*-1
y = WU DR -1 BTIX model (17)

p:R?



49
Cosmological Dynamics of Tsallis Holographic Dark Energy in Saez-Ballester Gravity EEJP. 1 (2026)

Where 7 is an arbitrary constant. from equations (14) & (15), we get the metric potentials

1
n-2

R = [ﬂ sech(C(2 = n)t) (18)
&)

n
n-2

ﬂ sech(C(2 - n)t)] (19)
&)

S =

Where C12 = 2(3—3” and C% = m. Substituting the values of R and S in Equations (18)and (19), we find that the
scalar field.

n+2

$% = (’” +2) {c(9)2/ [cosh (€1 (2 = n)1)]#3 dt} (20)

2 Ci

Where C is constant. Using the metric potentials (18) and (19) in the metric (2), we can write

2
n-2

ds* = di* - [% sech(Cy (2 — n)t) [d6* + £2(6) dg?|
2

M 1)
- [% sech(C; (2 — n)t)] " [dy + h(0) d¢]?
2

Equation (20) specifies the BT-II, VIII and IX THDE cosmological models in the SB scalar-tensor theory of gravity, as
well as the following properties:

1. In anisotropic geometries, different spatial directions expand at distinct rates, which may lead to direction-dependent
observational effects such as anisotropic redshifts.

2. The global expansion of the universe is characterized by the average scale factor a(¢) = (ABC) 3 , which allows us to
derive analytical expressions and investigate the overall dynamical behavior of the model.

3. A detailed confrontation with observational data would require a direction-dependent analysis of luminosity distance
and Hubble flow, which lies beyond the scope of the present work and is left for future investigation.

With the anisotropic framework and average expansion established, we now investigate the physical properties of the
model, including the spatial volume, expansion scalar, shear scalar, anisotropy parameter, Hubble parameters, and the
deceleration parameter, which together characterize the dynamical behavior of the universe.

The volume of space is

n+2
n-2

V =R2S = [% sech(C1(2 — n)t) (22)
2

The scale factor, on average, is

n+2

a(r) = Vi = [g sech(C;(2 - n)t)] o (23)
G

The scalar equations for expansion and shear are

0 =3H = (n+2)Cj tanh (C1(2 - n)t)

7 7 (24
o= —6% = — [(n+2)Cy tanh (C; (2 - n)1)]
18 18
The deceleration parameter for our model is provided by
36 n—-2
=-—-1= 2(C2-n)t) -1 2
q e - 2cosech (C1(2 - n)e) (25)

The graph presents the deceleration parameter versus redshift in the framework of THDE, showcasing a persistent and
intensifying cosmic acceleration. Covering a redshift range of z = 2.5 to z = —1, the curve remains negative throughout,
indicating that the Universe is in a continuous accelerated expansion phase. Notably, as z increases beyond approximately
2, the deceleration parameter sharply drops to tremendous negative values, reflecting an intense acceleration in the early
Universe. As aresult, the THDE framework predicts a dominant and phantom-like DE influence even in the early Universe.
The absence of any transition to a decelerating phase, as seen in standard models like A CDM, underlines the non-trivial
role of THDE in cosmic dynamics and establishes it as a compelling candidate to explain the Universe’s super-accelerated
expansion throughout its history, especially within anisotropic cosmological backgrounds. However, the super-exponential
expansion (g < —1) would indicate that the rate of acceleration in the Tsallis model is more rapid or intense than the A
CDM model.
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Figure 1. Deceleration parameter plotted against redshift for the SB cosmology for yp = 6.5 & n = 1.5.

For our model, the Hubble parameter(H) can be obtained as

H-= % tanh (C1(2 - n)1) (26)

Hubble parameter
Expansion scalar

Hubble parameter & Expansion scalar

-1 0.5 0 0.5 1 1.5 2 25
Red shift 'z"

Figure 2. Hubble parameter and the Expansion scalar are plotted against redshift for the SB cosmology foryg = 6.5 & n =
1.5.

The graph depicting the Hubble parameter and expansion scalar versus redshift in the THDE framework reveals
crucial insights into the Universe’s dynamic evolution. These two critical observable cosmological elements are essential
to the Universe’s expansion rate. The Hubble parameter and the expansion scalar graphs demonstrate that they are positive-
valued accelerating cosmic time functions over extended periods. As redshift increases, both the Hubble parameter (H)
and expansion scalar () exhibit a monotonically decreasing trend, indicating that the Universe expanded rapidly in the
future and slowed down in the past. This decline becomes particularly steep as redshift increases, where both parameters
tend toward zero, suggesting a suppressed expansion phase in the early Universe. These results imply that DE, influenced
by Tsallis entropy, could have played a significant role even during the early cosmic epochs, driving a phantom-like
accelerated expansion in the future and decelerated behavior in the deep past. The combined analysis of H and 8 confirms
the robustness of THDE in explaining the Universe’s expansion history beyond conventional ACDM scenarios.

The following relationship gives THDE energy density.

pr = al** 27)

In this context, « is a constant, L represents the current size of the Universe, such as the Hubble scale or the future event
horizon, and ¢ is a free parameter. It can be demonstrated that when 6 = 1, the energy density p, the THDE model reduces
to that of the standard holographic dark energy (HDE) model. The Hubble horizon, defined as L = H~!, where H is the
Hubble parameter of the model, serves as the system’s infrared (IR) cutoff. As a result, the energy density (27) has the
form of the SB theory.

pr = aH*?0 (28)
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From Equations (26) and (28), we get the energy density of the THDE as

4-26
o1 = % tanh (C; (2 = n)1) (29)
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Figure 3. Energy density plotted against redshift for the SB cosmology for ygp = 6.5, n = 1.5, =25.5, & 6§ =2.14

The graph illustrates the evolution of the energy density concerning the redshift in the context of THDE. Here, the
redshift axis spans from 2.5 (early Universe) to —1 (future Universe), while the energy density sharply increases as redshift
increases. This rising trend implies that as we move backward in time (toward higher redshift), the total energy density of
the Universe intensifies dramatically. The energy density of DE remains constant throughout the Universe’s evolution, as
it is associated with the cosmological constant, which does not change with time or the Universe’s expansion. The graph
suggests that as the Universe evolves in the Tsallis model, the energy density does not become negative and increases as
the redshift increases. Due to non-extensive entropy corrections, THDE allows for a phantom-like energy density growth
in the early Universe, suggesting a denser and more dynamically evolving DE component. This sharp growth in energy
density reflects the increased contribution of THDE to the total energy of the cosmos at higher redshifts, reinforcing the
idea that Tsallis entropy plays a crucial role not only in present-day acceleration but also in shaping the early Universe’s
energetic state.

Using equations (10),(18),(19)& (26), we get the energy density of matter as

2
pm =(2n + 1)C? tanh* (C1 (2 - n)1) — zl; [% sech (C;(2 - n)t)}
2
(30)

2(n+2)

2-n
+ %cg % sech (C1(2 - n)t)]

4-26
p mzﬂ tanh (C; (2 - n)t)]
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Figure 4. Energy density of matter plotted against redshift for the SB cosmology for yp = 6.5, n = 1.5, =25.5, & § =
2.14

The graph depicts the energy density of matter as a function of redshift (z) in the context of THDE. The plot shows
that the energy density of matter increases sharply with redshift. This is consistent with cosmological expectations: in the
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earlier Universe (corresponding to higher z), the energy density of matter was significantly higher. The curve is nearly flat,
indicating a slow variation in the recent Universe, but it rises exponentially beyond that, reflecting the dominance of matter
in the early Universe. In the THDE model, the matter energy density evolves differently than in standard cosmology due
to the non-additive entropy formalism. THDE modifies the energy conservation and Friedmann equations, and hence, this
curve helps us understand how matter dilutes in a THDE-driven Universe. The steep growth at higher redshifts indicates a
more substantial influence of matter in the early Universe, while DE becomes dominant at lower redshifts. From equations
(15)-(17) & (26), we get the skewness parameter for BT-II, VIII & IX cosmological models as

y = Yoln = 1) 135 For BT-II model 3D

a [%ﬂ tanh(C; (2 — n)t)]

2
yo(n — 1) [(%) sech(Cy (2 - n)t)] "4
y = — for BT-VIII model (32)
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Figure 5. Skewness parameter plotted against redshift for the SB cosmology foryg = 6.5,n = 1.5, =25.5, & 6 =2.14

The anisotropy parameters always go down as the universe expands. For the parameter choices we looked at,

the current value of the dimensionless shear 7 is considerably below the Planck limit. This indicates that the model
isotropies are established quickly enough and align with the observationally inferred near-isotropy of the cosmic microwave
background.
The graph illustrates the variation of the skewness parameter with redshift for BT-II, VIII & IX in the framework of THDE.
The skewness parameter, which reflects anisotropic deviations in the Universe’s expansion, behaves differently across
these models. The BT-II model shows a slow and nearly linear increase, indicating weak and stable anisotropy throughout
cosmic evolution. In contrast, the BT-IX models exhibit symmetric and prominent peaks, showing strong anisotropic
effects in the early Universe that diminish over time. This trend highlights the transition from an early anisotropic phase
to a more isotropic Universe at lower redshifts. In the THDE scenario, the evolution of these anisotropies is governed by
the generalized entropy formalism, which modifies the dynamics of the Universe and supports observational consistency
with an increasingly isotropic late-time cosmos.

3.1. Non-Interacting THDE Scenario

To begin, we assume that there is no energy exchange between the two components (dark sectors), and hence, the
energy conservation equation (12) yields the following independent conservation equations:

Pm +3Hpm =0 (34)

S
P +3H( +wp)ps + 7§pt =0 (35)
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We can determine the EoS parameter of THDE for the BT-1I, VIII and IX models using the previously mentioned equations.
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Figure 6. EoS parameter plotted against redshift for the SB cosmology for yop = 6.5, n = 1.5, = 25.5, & § =2.14

The graph illustrates the evolution of the EoS parameter with respect to redshift z for the non-interacting BT-1I, VIII
& IX cosmological models within the framework of THDE. The EoS parameter is a key quantity that characterizes the
nature of DE by defining the relationship between pressure and energy density. In this plot, all three Bianchi models show
EoS values very close to —1 across a wide range of redshift, indicating that the THDE behaves similarly to the cosmological
constant (ACDM). As redshift increases, the EoS parameter drops sharply, suggesting a phantom-like behavior (w; < —1)
in the early Universe. The differences between the Bianchi types are minor, with BT-IX slightly above BT-II and BT-VIII,
but overall, they follow a nearly identical trend. This behavior reflects the THDE model’s flexibility in mimicking both
cosmological constant-like and phantom phases, depending on cosmic time and geometry. It also confirms that THDE
can describe the late-time acceleration of the Universe consistently across different anisotropic Bianchi backgrounds. The

squared speed of sound is used to test the stability of our non-interacting THDE model against moderate disturbances in
this situation. It can be defined as follows : .
=l (39)
Pt

By differentiating the relation w, = f)—t’ with respect to time ¢, and dividing by p,, we obtain

v? = W; + & wt (40)
Pt
2 Wi
_ 41
s T 462 - 6)(2— n) cosech(2€1(2 - m)1) -

The sign of the square of the speed of sound is essential since its negative (v < 0), denotes instability and vice versa.
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Our findings indicate a classical gradient instability, as the squared sound speed of the THDE fluid becomes negative at
sufficiently high redshifts. This kind of instability means that modest changes can develop exponentially, which could
make the model physically impossible unless more stabilising processes are added. Possible improvements include using
different infrared cutoffs, such as the Granda-Oliveros scale, adding a weak self-interaction potential for the SB scalar,

or allowing non-minimal interactions between the matter and dark energy sectors. In future studies, we will do a more
thorough perturbation analysis.

2,
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Figure 7. Squared sound speed plotted against redshift for the SB cosmology for yo = 6.5, n = 1.5, @ = 25.5, & 6 =
2.14

The figure demonstrates a consistent and concerning behaviour across the BT-1I, VIII & IX configurations of the
THDE model. While these models exhibit a near-zero or slightly negative squared speed of sound at recent and moderate
redshifts, they universally predict a sharp and significant drop into strongly negative values of v% at higher redshifts. This
plunge into negative squared speed of sound signifies a severe classical instability for the DE fluid in the early Universe,
suggesting that density perturbations would grow exponentially. Such pronounced instabilities at relatively observable
redshifts present a major obstacle for these THDE models to be considered physically realistic candidates for DE, as a

smooth and stable DE component is generally required to explain the observed large-scale homogeneity of the Universe
and its accelerated expansion.

3.2. Interacting THDE Scenario

The interaction of the two fluids is considered here. Because the nature of DE and DM is yet unclear, there is no
physical reason to rule out the possibility of interaction. Some observational evidence of the exchange in dark sectors
has recently been reported [51, 52]. Abdalla et al. [53, 54] used optical, X-ray, and weak lensing data from relaxed
galaxy clusters to study the signs of interaction between DE and DM. Assuming the relationship between DE and DM is
acceptable in cosmology. We may express the energy conservation equations as follows for this purpose:

S
Pr +3H(1 + w)pr + 7§Pt =-0 42)
Om+3Hpm =0 (43)

Where Q indicates the relationship between DE components. Equations (42) and (43) show that total energy is con-
served. Because fundamental physics provides no natural information on the interaction term Q, it can only be studied
phenomenologically. Among the many types of interaction terms extensively discussed in the literature are: Q = 3cHp,,,
O =3cHp; and Q = 3cH(p, + p;). Here ¢ is a coupling constant; positive ¢ indicates that DE decays into DM, while
negative c indicates that DM decays into DE. We assume Q = 38Hp; as the interaction term with the coupling parameter
B in this case. We may calculate the EoS parameter using the previous equations.

1
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Figure 8. EoS parameter plotted against redshift for the SB cosmology for yg = 6.5, n = 1.5, =25.5,and 6 =2.14 8 =
2.55

Figure 8 illustrates the evolution of the Equation of State (EoS) parameter with respect to redshift ‘z’ for BT-II, VIII &
IX cosmological models under the framework of THDE. The graph shows that the EoS parameter remains nearly constant
from the future epoch (z < 0) , indicating a persistent phantom-like DE behaviour across these periods. As redshift
increases, the EoS parameter rapidly decreases to extremely negative values, suggesting a strong phantom regime in the
early Universe. Notably, all three Bianchi models exhibit nearly identical behaviour, implying that the dominant influence
comes from the THDE formalism rather than the anisotropic geometry of the models. This behaviour underscores the
powerful role of THDE in shaping the evolution of DE, offering a potential explanation for super-accelerated cosmic
expansion, and highlighting the model’s suitability for describing early and late-time cosmological dynamics even in
anisotropic settings.

4. COMPARISON OF OUR RESULTS

To clearly contrast our findings with the concordance model, we provide in Table a comparative summary between
the THDE models in SB gravity for BT-II, VIII, and IX Space-times, and the standard flat A CDM model constrained by
Planck 2018 data. All three THDE models yield a transition redshift of approximately z; = 0.67, which is slightly higher
than the A CDM prediction (z; = 0.632). The present-day equation of state lies in the phantom regime (wo ~ —1.1to —
1.2) , whereas A CDM fixes w = —1 identically. While anisotropy plays a role in the early Universe-particularly in the
BT-VIII and IX cases-the models isotropise at late times, in agreement with CMB constraints. A persistent drawback
of bare THDE with the Hubble cutoff is the appearance of negative squared sound speed (v2 < 0) at higher redshifts,
indicating classical instability, whereas A CDM remains stable. Consequently, the THDE framework offers a richer
dynamical evolution with phantom-like acceleration and possible Big Rip scenarios, while still facing the challenge of
stability that motivates extensions with alternative cutoffs.

In summary, the comparative analysis demonstrates that THDE in SB gravity can reproduce a transition redshift close
to the observationally favoured value and yields a present-day EoS parameter in the phantom regime wg = —1.1 While this
behaviour offers a richer dynamical evolution than A CDM, it also predicts a possible Big Rip-like fate. The transition
redshift is obtained as z; = 0.67, which lies well within the range inferred from Planck 2018, BAO, and Pantheon+
supernovae datasets z; =~ 0.65 — 0.75 The three anisotropic Bianchi models studied here all isotropise at late times, in
agreement with CMB bounds, and thus remain observationally viable. However, the persistent issue of negative squared
sound speed (v2 < 0) at higher redshift points to an inherent instability of the bare THDE fluid, distinguishing it from the
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stable cosmological constant. Overall, THDE models in SB gravity provide a compelling alternative to A CDM with strong
phenomenological motivation, but their long-term viability depends on introducing stabilising mechanisms or modified
cutoffs to reconcile the theoretical predictions with observational robustness. THDE models in SB gravity have mostly
been studied in isotropic or mildly anisotropic settings. Dubey et al.analyzed a BT-III Universe with the Hubble cutoff
and found late-time acceleration consistent with de Sitter expansion, but also persistent instability due to negative squared
sound speed (v2 < 0). Our present BT-II, VIII, and IX results confirm this issue, showing that the phantom-like behaviour
(w < —1) is robust and largely geometry-insensitive. In contrast, Chokyi et al. [55] showed that combining Tsallis and
Kaniadakis HDE with viscous Van der Waals fluids and alternative cutoffs can restore stability (v2 > 0). Together, these
studies suggest that while bare THDE—-SB models reproduce late-time acceleration, stability requires additional physical
ingredients beyond geometry alone.

5. DISCUSSION AND CONCLUSIONS

We have analysed interacting and non-interacting THDE cosmological models in SB scalar—tensor gravity for
anisotropic BT-II, VIII, and IX universes, using the Hubble horizon as the infrared cutoff. The deceleration parameter
remains negative over the redshift range —1 < z < 2.5, implying a sustained, accelerated expansion that is sharper and
more phantom-like than in A CDM. The Hubble parameter and expansion scalar decrease monotonically, indicating rapid
late-time acceleration and slower early-time dynamics. The total THDE density grows steeply with redshift, while matter
dominates at earlier epochs, producing a natural transition to dark-energy dominance.

The skewness parameter reveals weak, stable anisotropy in BT-II and strong, decaying anisotropy in BT-VIII and
IX, suggesting a smooth isotropization process consistent with observations. The effective equation of state parameter
remains close to —1 at recent epochs but falls below this bound at higher redshifts, confirming phantom-like behaviour.
Across both interacting and non-interacting models, the entropy corrections of THDE dominate over geometric differences,
highlighting the central role of generalized entropy in driving anisotropic dynamics. Despite these successes, the squared
sound speed becomes negative at higher redshifts, indicating classical instabilities that challenge the physical viability of
THDE scenarios. Nevertheless, the persistent phantom regime hints at the possibility of extreme future outcomes such
as a Big Rip, while the decay of anisotropy ensures compatibility with the observed isotropy of the cosmic microwave
background.

In summary, THDE within SB gravity provides a promising alternative to A CDM by combining late-time accelera-
tion, phantom dynamics, and isotropization in anisotropic universes. Future work should focus on confronting the models
with observational datasets (Planck 2018, BAO, Pantheon+), exploring alternative cutoffs or entropy generalizations to
alleviate instability, and employing dynamical system analyses to rigorously assess their viability as cosmological scenarios.
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In this paper, we investigate a Bianchi type-// anisotropic cosmological model in the framework of Barrow holographic dark energy,
considering both the Hubble horizon and Granda—Oliveros scale as infrared cutoffs. To obtain exact solutions of the Einstein field
equations, we assume a suitable relation between the metric potentials. Using Hubble cosmic chronometer data, we constrain the model
parameters and obtain the best-fit values by = —0.091*%%'3 and Hy = 72.3 £2.7km s~ 'Mpc™". The H(z) fit shows excellent agreement
with observational data and overlaps with ACDM at low redshifts, with mild deviations at higher z. The physical behaviour of the
model is examined through a detailed analysis of cosmological parameters. The deceleration parameter g(z) reveals a smooth transition
from an early decelerating phase to the present accelerating epoch. The equation of state parameter wg, shows quintom-like dynamics,
evolving across the cosmological constant boundary and entering the phantom regime, consistent with late-time acceleration. Stability
is tested using the squared sound speed v2, which remains positive in the recent Universe, ensuring classical stability. The wge — W,
phase plane indicates that both models lie in the freezing region, corresponding to faster acceleration. The statefinder diagnostics (r, s)
and (r, ¢) further confirm the transition from the standard cold dark matter dominated phase to a de Sitter-like attractor, with trajectories
showing clear deviations from ACDM.

Keywords: Bianchi type-11 model; Barrow holographic dark energy; Dark energy; Cosmology; Modified theory of gravity
PACS: 98.80.-k, 04.50.+h, 95.30.Sf

1. INTRODUCTION

One of the most fascinating topics in theoretical and experimental cosmology is the enigma of dark energy (DE),
feature of the universe that propels cosmic acceleration [1]-[3]. Among the more attractive DE model candidates put
forth in the literature is the holographic DE (HDE) idea. The origin of the connection between a quantum theory’s
IR cut-off and ultraviolet cut-off, which is the greatest distance at a cosmological scale, is the holographic principle
[4, 5]. This principle states that the two-dimensional bounding area of the universe horizon entropy is similar to the
Benkenstein-Hawking law of Black hole entropy area. The age of cosmic acceleration could not be described by the
initial HDE model, which was proposed with the Hubble horizon as the IR cut-off [6]. To achieve this, physicists made
various assumptions about horizon entropy and IR cut-off sizes, which resulted in a number of distinct HDE modes. A
different DE model that exhibits a time-varying dynamic equation of state (EoS) and is in accordance with the quantum
principle that obeys the Heisenberg type uncertainty principle is the HDE model. In issues that described the inflationary
era and the bounce scenario, HDE models also saw significant success. Over recent decades, various entropy formulations
have been applied to develop and examine cosmological models. This has led to several innovative HDE models, such
as the Tsallis HDE [7, 8], Sharma-Mittal HDE (SMHDE) [9], and Renyi HDE model [10]. Numerous researchers have
evaluated cosmological models based on these new HDE concepts [11] - [21]. Recently, Kaniadakis statistics have been
utilized as a generalized measure of entropy [22] - [24] to investigate various gravitational and cosmological phenomena.
Kaniadakis entropy modifies the standard thermodynamics, allowing for non-linearities that account for a broader range
of behaviors in DE. It provides a more generalized EoS, enabling flexibility in describing the evolution of DE over cosmic
time. Barrow [25] introduced a generalized entropy—area relation that accounts for quantum gravitational effects through a
fractal deformation of the horizon surface. This leads to the concept of Barrow entropy, characterized by the deformation
parameter 0, which quantifies deviations from the standard entropy law. When applied to the holographic framework,
this correction yields the Barrow HDE (BHDE) model. The inclusion of Barrow entropy enriches the thermodynamic
foundation of DE, linking quantum gravitational effects with cosmic expansion and offering a broader understanding of the
universe’s late-time acceleration. It should be noted that in [26, 27], cosmological limitations on parameter ¢ have been
inferred. Oliveros et al. [28] studied the BHDE model using the Granda—Oliveros IR cutoff and provided a detailed account
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of its cosmic evolution. Remya et al. [29] analyzed the cosmological behavior of BHDE incorporating a time-varying
deceleration parameter, while Koussour et al. [30] explored the BT-I spacetime influenced by BHDE using the Hubble
horizon as the IR cutoff within the context of symmetric teleparallel gravity. Recently, Aditya et al. [31] examined the
BT-I BHDE model in the framework of logarithmic BD gravity.

Most cosmological analyses are based on the Friedmann—Robertson—Walker (FRW) line element, which assumes
perfect spatial isotropy. However, several physical processes—such as primordial anisotropies, relics of early phase
transitions, or anisotropic stresses arising from dark sector physics—motivate the investigation of more general anisotropic
cosmological models. Among these, the Bianchi type (BT) models represent spatially homogeneous but anisotropic
cosmologies. In particular, the BT-II model is of special interest, as it is one of the simplest non-flat models that
admits shear and anisotropic expansion modes while retaining analytical tractability in many scenarios. Studies of BT
models are valuable for assessing the robustness of isotropization mechanisms and for identifying possible observational
imprints—such as those in the cosmic microwave background (CMB) anisotropies or large-scale structure—that may
provide constraints on exotic dark sector physics. The combination of anisotropic backgrounds with modified entropy or
dark energy (DE) models is, therefore, well motivated, as it allows one to explore potential couplings among geometry,
thermodynamics, and late-time cosmic acceleration. Alternative theories of gravity offer a complementary framework for
addressing outstanding cosmological puzzles. Barber [32] introduced two continuous creation theories: one formulated
as a variant of the Brans—Dicke (BD) theory, and the other as a modification of general theory of relativity (GTR) that
incorporates continuous matter creation consistent with observational evidence. These models posit a universe that arises
from self-contained gravitational and matter fields. Barber’s second self-creation theory has inspired numerous studies of
cosmological models (Refs. [33]-[37]), providing a setting in which the cosmological constant can emerge dynamically
from the interaction between matter and the gravitational field. This approach offers an alternative explanation for cosmic
acceleration and dark energy without invoking a constant vacuum energy density. Essentially, the theory introduces a
mechanism of self-creation of gravity, which modifies both the gravitational field equations and the overall evolution of
the universe. For a comprehensive treatment of dark energy and modified gravity frameworks, the reader is referred to
Refs. [38]-[51]. The Self-Creation Theory (SCT), originally formulated by Barber and subsequently extended by various
authors, modifies scalar—tensor gravity in such a way that matter can be created from the interplay between geometry and
scalar fields, while simultaneously altering the effective gravitational coupling. SCT has been extensively investigated in
the context of cosmological solutions, including Bianchi space-times, as it provides a versatile theoretical framework to
study the interaction between modified gravitational dynamics and non-standard dark energy models. Combining SCT
with Barrow Holographic Dark Energy (BHDE) within an anisotropic BT-17 background allows for a unified investigation,
anisotropic geometric effects, and scalar—tensor gravitational dynamics. Such an integrated approach enables the study of
how these factors may influence structure formation, isotropization, and the observed late-time cosmic acceleration.

With this motivation, in this paper, we construct and analyze a spatially homogeneous BT-/1 cosmological model
within the framework of SCT, where the DE sector is modelled by BHDE. We derive the modified field equations
appropriate to the Self creation theory of gravity. The work is organized as follows: Section-2 contains field equations and
BHDE models. Section-3 consists of observational constraints on model parameters. In section-4, we include physical
discussion of our dynamical parameters. Section-5 deals with final remarks and conclusions.

2. FIELD EQUATIONS AND MODEL
We begin with the BT-II line element, which in comoving coordinates is given by

ds® = —di® + R(1)> dx® + S(1) dy? + 28 (1) x dy dz + (S(t)2x2 + 7e(t)2) 22, 1)

where R(¢) and S(¢) denote the directional scale factors along the x, z- and y-axes, respectively. In the framework of
self-creation theory, the gravitational field equations take the form

8 =
Rij - 3Rgi; Y (Tij +Tij), (2)
together with the scalar field equation
v _ 8w =
06 = ¢y = 2= (T +7). 3)

where ¢ represents the scalar field of self-creation theory, and yu is a coupling constant. The total energy-momentum
distribution is split into two components: the standard matter contribution and the anisotropic DE contribution. We define
the matter and DE tensors as diagonal tensors in the comoving frame (i.e., ' = (1,0,0,0), u; = (-1,0,0,0) and u'u; =
—1), namely

7—;] = dlag(_pm7 0’ 0$ O) > Tl] = dlag(_pde, pX’ py, pZ) s (4)
with the anisotropic EoS
Px = WdePde> Py = (Wde +7Y)Pde> Pz = WdePde> )
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where p,,, and pg4. denote the energy densities of matter and DE, respectively. The parameter w . is the equation-of-state
parameter of DE, while y characterizes its anisotropic deviation along the y-direction. We stress that the skewness
parameter y introduces anisotropic diagonal pressures and does not generate shear stresses. A non-zero expression for
T?Y, would necessarily originate from a non-diagonal energy-momentum tensor (e.g. shear/tilted fluid/heat flow) which
is not assumed in our formulation (since, we have a non-zero component of Einstein tensor Gi). In our framework, the
dark-energy skewness parameter y modifies only the diagonal pressure component p,.

Substituting the BT-II metric (1) and the above energy-momentum components into the field equations (2)—(3) (using
mixed form of these field equations), we obtain the dynamical equations governing the evolution of the anisotropic universe
in self-creation theory. The mixed form is often preferred in cosmological and anisotropic models because it allows a
direct physical interpretation of the energy density and directional pressures. These equations explicitly couple the scale
factors R(z), S(t), and the scalar field ¢(z), thereby allowing us to study the impact of anisotropic DE on the cosmological
dynamics.

S RS R &2 _ —8nwyepae
SYRSTRYWT T 4 ©

2_.7? + R_z _ 3_82 _ _Sﬂ(wde + 7)pde (7)
R~ RZ 4R ¢

2RS R2 S 8x[pm + pacl

SR WS 5 ®
(2R S . 8au(T +7)
¢(W+§)+¢—f- ®

Differentiation with respect to time t is represented by a dot above a variable in this notation. The non-diagonal Einstein
tensor satisfies the geometric identity

§ R R S RS

A — | =x(G) - GY), 10
STRTR T Re RS)x(y x) (10
which follows from the specific non-diagonal structure of the metric. Hence, the mixed Einstein equation is not independent
and can be obtained from the difference of the diagonal field equations. The total energy—momentum tensor employed in
Eq. (4) which represents an anisotropic dark energy component together with pressureless matter. Using field equations
(expressed in mixed form by raising the indices in Eq. (2)),

. 87 .
Gl =270, (1)
¢
the difference of the yy and xx components yields

8 8
ny_Gxx =—- (Tyy_Txx) =——"7Pde- (12)

¢ ¢
Therefore, the off-diagonal field equation G, = —%’Ty . 1s automatically satisfied and does not introduce an additional

independent constraint. We can solve the system of equations (6)-(8) appropriately with the use of assumptions which
connects unknowns in the field equations. Because of this, we take into account the following physically plausible
circumstances:

R = Sk, (13)

In this framework, k represents a constant (Collins et al. [52]). Observational studies of velocity—redshift relations from
extragalactic sources reveal that the present cosmic expansion is isotropic to within nearly 30% [53, 54, 55]. Complementary
redshift surveys further constrain the shear-to-expansion ratio, yielding % < 0.3 within our Galaxy at the current epoch.
A widely employed approach in scalar—tensor cosmologies is to relate the scalar field ¢ to the average scale factor a(t)
through a simple power-law ansatz [56, 57]:

¢ ca(t)”,
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where n is a dimensionless index. This relation has been extensively investigated in the literature, as it captures a range of
possible scalar-field behaviors with remarkable simplicity [58]-[63]. Motivated by both its mathematical tractability and
its physical plausibility, we adopt the following specific assumption in our analysis:

¢(1) = gola(®)]". (14)
Using the relations (13) and (14) in Egs. (6) and (7), we obtain the metric potentials as
R = (b3e™" + by)F2 (15)
and
S = (b3e™ + by) ¥ (16)

where b3 = (k;%, by = (k +2)by, b and b, are integrating constants. The scalar field of the model is

¢ = do (b3e™ +bg)3 . (17)
Now metric (1), with the aid of Eqgs. (15) and (16), can be written as
ds® = —di* + (b3e™" + by)T7dx® + (b3e™ + by) T2 dy? + 2(b3e" + by) i xdydz
+((b3e”" + ba)E2x2 + (b3e? + ba)T7)dZ2. (18)

Equation (18) describes a anisotropic BT-// BHDE model within the context of self-creation gravity theory, with the
following physical parameters. The model’s average scale factor a(#) and volume V (¢) are defined as follows:

V(1) = a(t)® = (b3 + by). (19)

The expressions for the mean Hubble H and the expansion scalar 6 parameters are derived as follows:

b3yoe?!
H=30 = —M———
3 bzevt + 3 by
Yo 3 0 3

= = |1-bs(1+ =——|1-bs(1+ . 20
3[ 4(1+2)°] 1—b4[ 4(1+2)°] (20)
where 1 + z = ﬁ and a(t) is average scale factor. Here 11_124 = % We will constrain following parameters Hy and b4
with observational datasets in section-3. We will evaluate the parameters o and k from the expression yg = 3o and

1-by°
k = Z—‘z‘ — 2 for appropriate choice of arbitrary integrating constant b, and observationally constrained values of Hy and
bs4. The average anisotropic parameter Aj, and shear scalar o are given by

, (k=1)2p2y2e™n! 2(k - 1)?
o= ; =
(k+2)2 (sem +by)2 " (k+2)

2y

From the obtained solutions, it is clear that the spatial volume of the universe undergoes an exponential increase, which
reflects the accelerated expansion characteristic of the present cosmic epoch. During the initial stages of cosmic evolution,
all dynamical quantities such as the scale factors, expansion scalar, and energy densities remain finite, thereby avoiding any
initial singularity. As cosmic time progresses, i.e., in the limit # — oo, these quantities diverge, indicating the unbounded
growth of the universe in accordance with an accelerated expansion scenario. A particularly interesting case emerges
when k = 1. In this situation, the model becomes shear-free and isotropic, as demonstrated by the vanishing conditions
o? = 0and Ay, = 0. This implies that the anisotropic contributions completely disappear, and the model smoothly reduces
to the isotropic case, which is consistent with the standard FLRW cosmology. Such a limiting behavior is significant,
since it shows that the present anisotropic model can naturally accommodate isotropy under specific parameter choices, in
agreement with observational evidence from CMB measurements and large-scale structure surveys that strongly favor an
isotropic universe on large scales.

BHDE: The conventional formulation of HDE employs the Hubble horizon as the IR cutoff and makes use of the
Bekenstein—-Hawking area law to determine the horizon of the Universe. However, this framework falls short in repro-
ducing the full cosmic evolution, which has motivated several modifications. These adjustments typically involve either
adopting alternative IR cutoffs or modifying the entropy—area relation. In this context, an HDE model inspired by Barrow
entropy has attracted considerable attention in recent years. Barrow proposed that quantum gravity effects may alter the
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geometry of black hole horizons, imparting them with intricate, fractal-like features. Such corrections render the entropy
formula more general, leading to the expression

S~ A2, (22)

where 0 < 6 < 1. The cases § = 0 and 6 = 1 correspond to the standard entropy—area law and the maximal deviation from
it, respectively. Notably, observational bounds on § have already been obtained. Building on Eq. (22) and the profound
link between gravity and thermodynamics, Barrow’s framework has been extended to cosmology. In particular, the DE
density in the Barrow HDE scenario is given by

-2
pae =C L2, (23)
where the constant C = 3c2M12, has dimensions [£]?>~¢. Here, c is a numerical parameter and M]% = % denotes the
2
reduced Planck mass. Within the framework of self creation theory of gravity, since é = ¢, one obtains C = 3;;’.

Model-1: BHDE model with Hubble horizon

The IR cutoff determines the largest scale that contributes to the energy density in HDE. In the standard HDE
framework, the choice of IR cutoff (such as the event horizon, particle horizon, or Hubble horizon) significantly influences
the cosmic dynamics. Unlike the event horizon, which depends on the future evolution of the scale factor, the Hubble
horizon is locally defined. This feature allows it to avoid the causality problem, thereby making it a more physically
consistent choice in certain cosmological scenarios. In the BHDE model, adopting the Hubble radius as the IR cutoff
provides a local, causal, and observationally viable description of DE. By setting the IR cutoff as £ = %, we obtain

pde = CH*™? (24)

where Hubble parameter H is given by Eq. (20). Using Hubble parameter (20) in Eq. (24), we obtain the energy density
of BHDE with Hubble horizon as IR cutoff as

_ 3c2go (b3e +by) 3

Pde S

2-6
? [1-bs(1 +z)3]l . (25)

The BT-117 universe with BHDE with Hubble horizon inside the framework of self-creation theory of gravity is shown
by Eq. (18), the scalar field (17), and the energy density (25). Using Egs. (6), (15)-(17) and (25), we get EoS parameter as
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and we find the skewness parameter as
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Model-2: BHDE model with Granda—Oliveros horizon
The Granda—Oliveros (GO) cutoff is determined by the present value of the Hubble parameter H and its time
derivative H. Unlike the event horizon cutoff, it avoids issues of non-locality and causality, since the presence of H
introduces a dynamical component that allows the DE density to evolve naturally. Moreover, because it does not involve
integration over the future cosmic time, the GO cutoff is regarded as physically more realistic and more consistent with
both thermodynamics and causality. In this framework, we consider the BHDE model with the GO horizon cutoff defined

1
as £ = (a1H* + 2 H) 2, (Granda and Oliveros [64, 65]), and hence we obtain

)

n — =
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The BT-11 universe with BHDE with GO horizon inside the framework of self-creation theory of gravity is shown by Eq.
(18), the scalar field (17), and the energy density (28). Using Egs. (6), (15)-(17) and (28), we get EoS parameter as

Pde (28)
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we find the skewness parameter as
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3. OBSERVATIONAL CONSTRAINTS

The field equations with anisotropic DE in the framework of self-creation theory of gravity have been solved in closed
form, leading to a cosmological model in which the Hubble parameter depends explicitly on the parameters (Hy, b4). To
test the viability of this solution in describing the present Universe, we employ observational Hubble datasets to constrain
the model parameters. For this purpose, we use a joint compilation of 31 Hubble parameter measurements obtained from
cosmic chronometer (CC) observations [66, 67]. To explore the parameter space around the local minima, we carry out a
numerical analysis with the emcee package in Python, adopting Gaussian priors centered on the initial estimates with a
fixed standard deviation of o = 1.0. The statistical analysis is based on the chi-square estimator, defined as

31 2
Hn(zi5 Ho, ba) — Hops (2

i=1 TH(z)

where Hops(z;) denotes the observed Hubble parameter at redshift z;, Hy, (z;; Ho, bs) is the theoretical prediction of the
model, and o ;) represents the corresponding observational uncertainty. Using this dataset, we obtain the best-fit values
of the parameters Hp and b4. The constraints are derived through a Markov Chain Monte Carlo (MCMC) analysis, ensuring
a robust estimation of the model parameters in light of current observational data.

0.013
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Figure 1. The plot displays the 2D contour plots of the model parameters.

In order to test the validity of the proposed BHDE models, we have constrained the free parameters using Hubble
cosmic chronometer (CC) data. The joint analysis provides best-fit values for the model parameter and the present Hubble



66
EEJP. 1 (2026) U.Y.D. Prasanthi, et al.

250
—— Model
-==- ACDM
® Observational Data
200 A
3 150
=
u
S
¥
£ 100 1 ols o=
g ls,/./
_____.'*"'“. ®
- [
50 4
0 T T T T T T T
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00

redshift z

Figure 2. Evolution of Hubble parameter H(z) versus redshift z. The solid line represents our model and dotted-line
indicates the ACDM model with Q,,0 = 0.3 and Q59 = 0.7. The dots are shown the Hubble dataset with error bar.

constant as
by =-0.091"000,  Hy=723+2.7kms 'Mpc™'.

Fig. 1 displays the contour plots in the bs—H, parameter space. The contours show a well-defined and narrow
confidence region, implying that both b4 and Hy are tightly constrained by the CC dataset. Fig. 2 illustrates the theoretical
prediction of the Hubble parameter H(z) for the best-fit model, along with the observational Hubble data points and the
standard ACDM curve for comparison. The model curve exhibits excellent agreement with the observational Hubble data
across the redshift range 0 < z < 2, confirming its consistency with the observed expansion history. The combination of
low-z ACDM-like behaviour and high-z deviations highlights the dynamical nature of BHDE, which interpolates between
standard expansion and phantom-like regimes.

4. COSMOLOGICAL PARAMETERS

In this section, we analyze the expansion behavior of the universe for the constructed BHDE models (Model-1 and
Model-2) using well-established cosmological diagnostics, including the EoS parameter wg ., the squared sound speed v%,
the deceleration parameter g. Additionally, we employ cosmological diagnostic planes such as wg, — w/,,, the statefinder
pair (r, s), and the r — g plane. Here, we have used the parameter values as yy = 0.62, n = -0.964, b; = 0.3, by =
—-0.03063, by = —0.09lf%'%lé, Hy=723+2.7,1=10.02, ¢g = 40.021, w = 60.1, k = 0.98, ¢ = 0.65, 6 = 0.66, a| =
0.98, a = 0.01 for graphical representation of the dynamical parameters of the models.

Scalar field: Fig. 3 shows the evolution of the scalar field ¢(z) as a function of redshift z, where the shaded re-
gion represents the 1o~ confidence interval obtained for the parameter by = —0.091fg'%1132. The scalar field increases
monotonically with redshift, starting from small values at z < 0 (future epoch) and attaining progressively larger values
at higher redshifts (z > 1). This trend indicates that the scalar field was dynamically significant in the early Universe
and gradually decreased in relative strength toward the present epoch. The shaded area in the plot quantifies the effect of
uncertainties in b4. Near the present epoch (z = 0), the uncertainty is minimal, indicating that the scalar field behaviour is
well constrained by observations. At higher redshifts (z > 2), the spread grows wider, reflecting the cumulative impact of
parameter uncertainties on the early-time evolution of ¢(z). The increasing scalar field amplitude in the past suggests its
dominance during the anisotropic early Universe, possibly contributing to structure formation or stiff-fluid—like dynamics.
Toward late times, the reduction in ¢(z) signifies its transition to a subdominant role. The constrained negative value of
b4 ensures consistency with this transition while still allowing for a dynamical scalar field contribution.

Deceleration parameter: The deceleration parameter

_da _ 3by
93 = -5 =-1- 7o (32)
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Figure 3. Plot of scalar field versus redshift.

encodes the kinematic state of cosmic expansion: ¢ > 0 denotes a decelerating universe, g = 0 a uniform expansion rate,
and ¢ < 0 an accelerating expansion.
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Figure 4. Deceleration parameter versus redshift.

The plotted curve of ¢(z) with the shaded band in Fig. 4 shows both the best—fit evolution and the 10~ uncertainty
corresponding to the fitted parameter by = —0.091*0-913 The small uncertainty on b4 indicates that the data set used for the
fit tightly constrains the model direction controlled by this parameter. The narrow shaded region around the central curve
implies that the inferred shape of ¢(z) is robust against modest changes in model parameters. The curve clearly shows
q(z) > 0 at sufficiently large redshift, signaling the expected decelerated expansion in the matter (and earlier radiation)
dominated epochs. At lower redshifts the curve crosses ¢ = 0 and becomes negative, indicating a transition to accelerated
expansion. The transition (or transition redshift z,) lies in the intermediate redshift range (roughly of order unity), marking
the epoch when the dark—energy—like component began to dominate the expansion dynamics. At the present epoch (z ~ 0)
the curve lies in the ¢ < 0 region, consistent with a presently accelerating Universe. The shaded band shows that the sign
and magnitude of g are determined with good precision. It can be seen that our models decelerates at high z, a transition at
z ~ 1, and acceleration at low z which is in agreement with independent probes such as SNe Ia, BAO and CC measurements.

Statefinder parameters: Various DE models have emerged in recent years, aiming to elucidate the accelerating ex-
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pansion of the universe. Interestingly, these models often yield identical values for the current Hubble and deceleration
parameters, making them practically indistinguishable from one another. Sahni et al. [68] proposed a merger of the
deceleration and Hubble parameters, expressed as:

_a _or—1 (33)
“aH® " 3(g-1/2)
The statefinder parameters for our model are
2
P I (34)
b3? (ev0!)?
S (35)
B b32 (e)’ol‘)2 2 bzev!

Fig. 5 displays the trajectories of the models in the (r, s) diagnostic plane, which provide powerful geometrical tools
to distinguish different DE scenarios from one another and from the concordance ACDM model. The statefinder pair
(r, s) is defined in terms of higher derivatives of the scale factor and is particularly effective in discriminating among DE
models. The ACDM model corresponds to the fixed point (r, s) = (1,0), while the CDM model lies at (r,s) = (1, 1).
The trajectories in the figure show that the model under consideration evolves away from the ACDM fixed point, moving
through different evolutionary regimes. The sign of s carries important physical meaning. For s > 0, the trajectory
indicates a phantom-like behaviour of DE, whereas r < 1 corresponds to the quintessence regime. The region s < 0
with » > 1 is characteristic of the Chaplygin gas model, representing a unified description of dark matter and DE. The
trajectory’s excursion into this domain indicates that the model mimics Chaplygin-like behaviour during certain epochs.
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Figure 5. Plot of r — s plane. Figure 6. Plot of » — g plane.

(r,q) plane: The (r,q) diagnostic provides another valuable tool for testing the dynamical behaviour of cosmologi-
cal models, particularly in distinguishing between decelerating and accelerating phases. Fig. 6 gives the behavior of
our model in r — g plane. Two fixed points are of particular interest: (r,q) = (1,0.5), corresponding to the standard
cold dark matter (SCDM) model without a cosmological constant, and (r,q) = (1, -1), corresponding to the de Sitter
model. The trajectories in the (7, g) plane clearly illustrate the transition from the decelerating matter-dominated epoch
to the accelerating DE-dominated epoch. The shaded region corresponds to the uncertainty arising from the fitted model
parameters and highlights the robustness of this transition. The arrows on the curves indicate the evolutionary direction,
showing that the Universe starts near the SCDM point at high redshift and evolves towards the de Sitter attractor at late times.

Skewness parameter: Figs. 7 and 8 illustrate the behaviour of the skewness (or deviation) parameter y as a func-
tion of redshift for both model-1 and model-2. The parameter y quantifies the deviation of the DE EoS from its isotropic
counterpart and therefore serves as a diagnostic tool for identifying anisotropies, departures from ACDM, and higher-order
dynamical corrections. In both models, y increases with redshift, reaches a peak around z ~ 1-2, and then saturates or
decreases at higher redshift. This peak corresponds to the transition epoch from deceleration to acceleration, indicating
that anisotropic effects and deviations from the canonical EoS are most pronounced during this phase. In the late Universe,
v — 0, implying that the DE component behaves isotropically and resembles the standard ACDM model. This result
is consistent with present observational constraints that strongly favour isotropy and wg. = —1 in the current epoch. At
early times, the value of y decreases again, reflecting the dominance of the matter component over DE. This indicates
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that anisotropic deviations become less significant when the Universe approaches the standard matter-dominated evolu-
tion. Both models exhibit similar qualitative trends, but subtle differences are evident. Model-1 produces slightly larger
uncertainty bands and stronger anisotropic deviations at higher z, whereas model-2 yields a narrower confidence region
and smoother evolution of y. This suggests that the model-2 provides a more stable description of anisotropic departures
from ACDM and is therefore better aligned with current observational data.

Model-2

Model-1

L L L L L L L L L L L L
El 05 0 05 1 15 2 25 3 El 05 0 05 1 15 2 25 3

redshift z redshift z

Figure 7. Plot of skewness parameter versus redshift for Figure 8. Plot of skewness parameter versus redshift for
model-1. model-2.

Energy conditions: The Raychaudhuri equations initiated the exploration of energy conditions, playing a crucial role
in analyzing the alignment of null and time-like geodesics. The energy conditions are used to illustrate other universal
principles about the dynamics of intense gravitational fields. The often observed energy conditions are as follows:

Dominant energy condition (DEC): pge. > 0, pge + pge = 0.

Strong energy conditions (SEC) : pge + pae = 0, pge + 3pge = 0,

Null energy conditions (NEC): pge + pge = 0,

Weak energy conditions (WEC): pge > 0, pge + pae = 0,
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Figure 9. Plot of energy conditions versus redshift for Figure 10. Plot of energy conditions versus redshift for

model-1. model-2.

Figs. 9 and 10 show the behaviour of various combinations of the DE density and pressure that are directly related
to the classical energy conditions. The shaded regions correspond to the 10 confidence interval due to the constraint by =
—0.091f%'%11;. The following points are the implications for the dominant, strong, null, and weak energy conditions in
both model-1 and model-2. The WEC requires pge > 0 and pge + pge > 0. From the plots, p 4. remains strictly positive
throughout the redshift range for both models, ensuring that the first part of the WEC is always satisfied. However, the
condition pg. + pge > 0 shows periods of violation at intermediate and high redshifts, particularly in model-1, reflecting
the phantom-like behaviour of DE in those epochs. The NEC has the same requirement as the second part of the WEC,
i.e. Pde + Pae = 0. In both models, NEC is violated when the evolution of wg, dips into the phantom regime (wg, < —1).

The DEC requires pge > 0 and pge £+ pge > 0. As noted, pg. > 0 is always satisfied. However, pg. — pge (not explicitly
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plotted) is easily satisfied since py. is negative in most of the evolution. The critical test is pge + pge = 0, which, as
discussed, is violated in the phantom era. Therefore, DEC is violated in epochs where the models enter deep phantom
behaviour, more prominently in model-1. The SEC requires pge + pge = 0 and pge + 3pge > 0. The plots clearly show
that pg. + 3p 4. becomes negative at low redshift in both models, indicating a violation of SEC in the late-time Universe.
This violation is essential to drive accelerated expansion, consistent with the requirement for a negative effective pressure.
In the high-redshift regime, the SEC can be partially restored, though the uncertainty bands suggest that the violation
remains robust across most of the evolution. Both models share the same qualitative features with respect to the energy
conditions, but the strength of violation differs. Model-1 shows stronger and more prolonged violations of NEC, WEC,
and SEC, consistent with its deeper phantom excursions. Model-2, by contrast, exhibits milder violations and tends to stay
closer to the boundary of the conditions.

EoS parameter (wg.): It serves as a crucial tool for categorizing the various phases in the expanding universe. It
is expressed as w = %, representing the relationship between pressure (p) and energy density (p) within a given matter
distribution. Different phases, characterized by deceleration or acceleration, correspond to specific ranges of w. Decel-
eration phases encompass intervals such as those involving cold dark matter or dust fluid (w equals zero), indicating the
radiation era when w lies between 0 and 1/3, and the fluid is classified as stiff for w = 1. The accelerating phase, akin
to the cosmic constant/vacuum period (w equals -1), corresponds to the quintessence period when —1 < w < —1/3, and
it’'s known as the phantom era when w < —1. This signifies a quintom period characterized by a combination of both
quintessence and phantom components.

Model-1
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Figure 11. Plot of EoS parameter versus redshift for model-1.
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Figure 12. Plot of EoS parameter versus redshift for model-2.

Figs. 11 and 12 display the redshift evolution of the BHDE EoS parameter w4 (z) for two models-1 & 2. Each panel
shows the best—fit curve (solid line) and the 1o~ uncertainty band for three representative values of the BHDE parameter
¢ (here ¢ = 0.53,0.59,0.65). Both models exhibit a strongly dynamical wg.(z): the EoS begins near wg, ~ —1 at very
low redshift, steepens into a pronounced phantom regime (wg4. < —1) at intermediate redshifts, reaches a minimum value
typically around z ~ 1, and then turns upward at higher redshift. This nontrivial evolution indicates that the BHDE
scenarios considered are dynamical DE models rather than simple cosmological constant models. Although the two model
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types share the same qualitative trend, model-2 generally produces milder phantom regime than model-1 for the same
values of ¢. Increasing ¢ (from 0.53 to 0.65 in the panels) systematically shifts wg.(z) upward, i.e. towards less phantom
(closer to —1) behaviour. For each model the smallest ¢ gives the deepest phantom dip, whereas larger ¢ softens the
deviation. This monotonic dependence highlights that the BHDE parameter controls the strength of dynamical effects:
larger ¢ weakens the departure from a cosmological constant. At low redshift the models are close to the cosmological
constant (w = —1); at intermediate redshift they enter the phantom domain (w < —1); and at sufficiently high redshift they
approach less negative values. Because w, can cross the phantom divide (w = —1) during evolution, the model naturally
realizes a quintom-like behaviour (i.e., a combination of quintessence and phantom characteristics over cosmic history).

wde—w:le plane: We examine the wg, — w;e plane, where w;e represents the rate of change of the EoS parameter
wge with respect to In(a(#)) [69]. It has also been found that the wg, — w&e plane can be split into two regions: thawing
(wge < 0, W), > 0) and freezing (wge < 0, w),, < 0). The freezing region corresponds to a phase of faster cosmic
acceleration compared to the thawing region.
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Figure 13. Plot of wg, — w/;, plane for model-1. Figure 14. Plot of wg, — w/,, plane for model-2.

Figs. 13 and 14 illustrate the trajectories of the BHDE models in the wg, — w/;, phase plane. The shaded regions

correspond to the 10 confidence band for the parameter by = —0.091t%'%11%. This diagnostic plane is especially useful in
classifying DE models into thawing and freezing behaviours. Thawing region is defined by (wge < 0, w!,, > 0), thawing
models describe DE that was initially frozen at wgz. =~ —1 (cosmological constant-like) and then evolves towards less
negative values. This regime typically corresponds to slower acceleration and a late-time deviation from ACDM. Freezing
region is defined by (wge < 0, w/,, < 0), freezing models evolve towards wge — -1, indicating a stronger tendency
towards accelerated expansion. In this case, DE dynamics slow down asymptotically, producing a phase of more rapid
cosmic acceleration compared to thawing models. Both model-1 (Hubble cutoff) and model-2 (GO cutoff) predominantly
lie in the freezing region, as indicated by wge < 0 and w/,, < 0 over most of the evolution. This suggests that the BHDE
framework naturally drives the Universe towards a phase of faster acceleration at late times. The parameter b4 < 0 ensures
that wg, remains deeply in the phantom regime (wg. < —1) for substantial intervals, while w’,, is negative, reinforcing
the freezing behaviour. The narrow shaded band implies that this classification is stable against 1o variations in b4. Both
models show a qualitatively similar trajectory in the wg, — w/;, plane. However, Model-2 (GO cutoff) produces a slightly
less steep descent in w/, ,, which suggests a milder approach to the freezing regime compared to Model-1. This aligns with
earlier findings that the GO cutoff yields more moderate dynamical behaviour and is closer to observationally preferred
values. The freezing behaviour in both models is consistent with a late-time Universe dominated by a phantom-like DE

component, driving accelerated expansion more efficiently than ACDM.

Squared sound speed: The squared sound speed

2=l o+ 24 Gy (36)

Pde Pde

is a primary diagnostic for the classical (linear) stability of cosmic fluids and effective DE components. If v? > 0 small
perturbations oscillate (or propagate), and the background is classically stable at the linear level. Conversely, v < 0 implies
exponentially growing modes and a classical instability of the effective fluid, signalling that the background solution is not
robust under perturbations.

Figs. 15 and 16 show the behavior of v2(z) for model-1 and model-2. The shaded band corresponds to the 1o

variation induced by the parameter by = —0.091*9-913 5o the blue region indicates the uncertainty in the predicted v?
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Figure 15. Plot of v2 versus redshift for model-1. Figure 16. Plot of v2 versus redshift for model-2.

due to the allowed range of b,. For both models v2 is positive over a substantial redshift interval (approximately around
0 < z < 2 in the plots). This positive region indicates that — at least at the linear perturbation level — the models are
classically stable during the recent cosmic history and around the epoch where DE dynamics is most relevant. At larger
redshift (or at the far end of the plotted range) v2 declines and in the displayed examples it approaches or crosses slightly
below zero. Where v2 becomes negative, the model develops a classical instability for perturbations in that epoch. The two
models show qualitatively similar v%(z) shapes and uncertainty bands for the given b4 range, although small quantitative
differences are present in the peak height and the redshift where v2 declines. Model-2 (GO cutoff) tends to produce a
slightly more moderate peak and a somewhat narrower band at intermediate z, consistent with earlier findings that the GO
cutoff yields milder departures from ACDM for comparable parameters. Both models, however, share the same qualitative
features: a stable positive region followed by a decline and potential instability at larger |z|.

5. CONCLUSIONS

In this work, we have constructed anisotropic BT-1/ cosmological models within the framework of Self-creation
theory of gravitation, considering BHDE with two different IR cutoffs: the Hubble horizon and the GO cutoff. By
assuming a suitable relation between metric potentials, we obtained exact solutions of the field equations and explored the
dynamical and observational features of the models. The main conclusions can be summarized as follows:

e The contour plot obtained from Hubble CC data, which provides joint constraints on the model parameter b4 and

the present Hubble constant Ho. The analysis yields the best-fit values by = —0.091*9:9%3 Hy = 723

2.7 km sflMpc‘l. The contour plots confirm the robustness of these constraints, while the H(z) fit demonstrates
consistency with the observed expansion history and mild deviations from ACDM at high redshifts.

* The scalar field ¢(z) decreases monotonically with evolution of the models, with larger values at higher redshift
indicating its strong dynamical contribution in the early Universe. At low z, the scalar field contribution diminishes,
consistent with a DE-dominated accelerated phase. The models successfully reproduce the transition from a past
decelerated epoch (¢ > 0) to the present accelerating epoch (g < 0). The transition redshift lies in the interval z,, ~
0.6-0.8, which is in excellent agreement with observational estimates from SNela and BAO data [70, 71]. In the
(r, s) plane, both models evolve away from the ACDM fixed point (r, s) = (1, 0), entering regions corresponding to
quintessence and phantom behaviour depending on epoch. In the (7, g) plane, the trajectories clearly demonstrate
the transition from the SCDM point (1,0.5) (matter-dominated decelerated era) to the de-Sitter model (1,—1)
(cosmological constant-dominated accelerated era).

* The deviation parameter y shows strong growth around the transition epoch (z ~ 1-2), signaling maximum deviations
from isotropy and enhanced dynamical effects of DE. At late times, y — 0, restoring isotropy and a ACDM-like
state. Model-2 again demonstrates a more stable and narrower evolution of y compared to model-1, suggesting
that anisotropic effects are better regulated under the GO cutoff. The WEC and NEC are largely satisfied in both
models. However, the SEC is violated in the low-redshift regime, which is consistent with the requirement for
cosmic acceleration. The DEC is upheld in most cases, validating the physical viability of the models.

* Both models exhibit a quintom-like behaviour, evolving across the cosmological constant boundary wg, = —1. At
low redshift, wg,. remains close to —1, consistent with current Planck 2018 bounds [72] (wge = —1.03 +£0.03), while
at higher redshifts both models transition into the phantom regime (wg4, < —1). The shaded regions confirm that this
transition is robust under observational uncertainties. Both models lie predominantly in the freezing region (wge <
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Table 1. Comparison of cosmological behaviour between Model-1 (Barrow HDE with Hubble cutoff) and Model-2

(Barrow HDE with GO cutoff).

Diagnostic

Model-1 (Hubble cutoff)

Model-2 (GO cutoff)

Scalar field ¢(z)

Monotonically increasing with red-
shift and slightly stronger growth

Same behavior as model-1

Deceleration parameter g(z)

Clear transition at z; ~ 0.6-0.8 con-
sistent with data

Same behavior as model-1

Statefinder (r, s) plane

Model finally approaches to ACDM
(1,0) model and also shows
quintessence and phantom phases

Same behavior as model-1

(r, g) plane

Transition from SCDM (1, 0.5) to de-
Sitter (1, —1) and larger spread

Same transition as model-1

Energy conditions

WEC and NEC satisfied, SEC vio-
lated at late times (required for accel-
eration) and DEC valid mostly

Similar behaviour but with fewer vio-
lations and more consistent with cos-
mic acceleration

Skewness parameter y

Peaks strongly around z ~ 1-2, larger
deviations from isotropy and broader
band

Similar peak but narrower confidence
region and anisotropy effects better
controlled

Equation of state parameter w .

Shows quintom behaviour, crosses
w = —1 and broader uncertainty band

Similar quintom behaviour, smoother
trajectory and closer to Planck con-
straints

wge — W), plane

Mostly in freezing region and strong
acceleration phase

Also in freezing region and smoother
evolution but closer to de-Sitter at-
tractor

Squared sound speed v2

Stability at intermediate z, instabili-
ties at certain epochs and wider un-

More stable evolution, reduced insta-
bilities and narrower uncertainty band

certainty

’

0,0,
DE dynamics in these models naturally drive a future de Sitter-like phase. The squared sound speed v2 exhibits
both positive and negative values. In the intermediate redshift regime, v2 > 0 confirms stability, while instabilities
(v2 < 0) arise at certain epochs. Model-2 provides a smoother and more stable profile compared to model-1, with
narrower uncertainty bands, suggesting that the GO cutoff yields a more observationally consistent description.

< 0), corresponding to stronger cosmic acceleration compared to thawing models. This indicates that the

Finally, both BHDE models (Hubble and GO cutoffs) are consistent with observational constraints and reproduce the main
features of cosmic evolution, including the transition from deceleration to acceleration, quintom behaviour of DE, and
late-time convergence to ACDM-like dynamics. Model-1 (Hubble cutoff) shows slightly stronger deviations and broader
uncertainty bands, while model-2 (GO cutoff) provides smoother trajectories, reduced anisotropies, and better stability
properties. This suggests that the GO cutoff may represent a more robust framework for describing the late-time dynamics
of the Universe.
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This paper focuses on examining the bouncing model within a flat Friedmann—Robertson—Walker (FRW) Universe. The equation of
state (EoS) parameter pertaining to the considered model under consideration specifies the Universe's peculiar functioning. The
kinematics along with the physical attributes of the model’s dynamic parameters are investigated comprehensively. We explored
several energy conditions (ECs) in this scenario. The diagnostic pair {r,s} of statefinder and the jerk parameter j(r) are investigated

to identify significantly different cosmic phases. We used the squared sound speed parameter C?, designed to meet the needs of our
model’s stability analysis. Our analysis revealed that outcomes of our study are in accordance with patterns observed in the bouncing
scenarios, offering a method to explain the cosmic acceleration as well as the singularity problem in our Universe.

Keywords: Bouncing scenario; FRW metric; f(R,T) gravity; Cosmic acceleration

PACS: 98.80.-k, 04.20.-q, 04.50.Kd, 98.80.Cq

1. INTRODUCTION

In pursuance of an intuitive essence of the Universe and astrophysical mechanisms, General Relativity (GR),
pioneered by Einstein, is widely considered the most significant theory offering explanations for many mysterious factors
of gravitational dynamics. According to observational cosmic evidence, our Universe came across an early inflation
accompanied by late-time expansion, which is presently occurring more rapidly [1-4]. It is believed that the force
propelling the expanding cosmos appears to be dark energy (DE), characterized by its negative pressure, thereby
allocating 68.3% of the peculiar ingredient of the Universe, with an additional 25% being dark matter (DM) [5-10].
Modified gravity (MQ) represents a method that alters the action principle GR and serves as an alternative approach to
remedying DE, whereas the other method introduces a number of dynamical DE candidates, such as the cosmological
constant [11], Chaplygin gas (CG) [12], X-matter [13,14], and quintessence [15,16] for better comprehension of the nature
of DE. In GR, the accelerating cosmos is typically ascribed to a cosmological constant, leading to the standard ACDM
model. Notwithstanding its observable success, ACDM encounters fine-tuning and cosmic coincidence issues [17,18].
Numerous researchers have investigated MG in diverse cosmological frameworks; for a comprehensive survey, see ref.
[19,20]. Several kinds of MG theories, starting with f(R) gravity, f(T') gravity, f(G) gravity, and f(Q) gravity, are

being put forward in this setting. Out of the many MG theories, f(R) gravity is believed to be the best fit for
cosmologically useful models, though it faces considerable problems [19,20]. The f(R,T) gravity was presented as an
extension, wherein the gravitational Lagrangian is contingent upon the Ricci scalar (R) along with the trace (T') of the

matter energy—momentum tensor. In recent decades, much research has been undertaken in a promising category of
f(R,T) gravity, with numerous functional expressions being extensively investigated to explain late-time acceleration

[21-27]. Even while certain models raise questions about their cosmic viability [28,29], f(R,T) gravity is still a major

way to bring together matter and geometry in cosmological dynamics.

The important issue of initial singularity was encountered by GR, among other issues, during the early Universe. In
an attempt to tackle the concern of initial singularity, bouncing cosmological models are currently being studied, which
prescribe that the cosmos initially contracted leading up to expanding, shorn of coming across a singularity [30]. For a
smooth bouncing approach, Steinhardt and Ijjas [31] put together a wedge diagram to gain insight into the detrimental
impacts of certain cosmological challenges. Nonetheless, the non-singular bounce might not be able to meet the null
energy condition (NEC) within the system associated with a flat Universe. Moreover, the widely accepted Galileon
theories [32] addressed non-singular cosmology, which fails to uphold the NEC. In recent years, bouncing cosmology has
become more prevalent because it presents a distinct speculative framework compared to other common cosmic theories.
For the systematic review regarding conventional bouncing cosmologies, see ref. [33]. Brandenberger and Peter [34] have
looked into the current circumstances of bouncing cosmologies as possible alternatives to cosmic inflation to offer an
explanation of the very early cosmos. Relevant bounce arrangements founded on the concept of GR are examined in
[35-40], while the appropriate bouncing scenarios integrated within MG are analyzed in [41-50]; interestingly, in f(R,T)
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gravity [51-56], featuring the role of the big bang singularity. The main motivations for this study on the bouncing model
within in the light of the GR and f(R,T) gravity are to examine the cosmic speed singularity over a prolonged phase

along with exploration of the bouncing conduction appearing in its earliest stages. The structure of the paper follows this
approach. Sec. 2 contains the cosmological framework of the FRW world and its associated field equations, whereas its
solution via the bouncing scenario is established in sec. 3. The dynamic parameters of our model with the inclusion of
DE are analyzed in sec. 4. Sec. 5 covers the exploration of various energy conditions (ECs) of the model. The statefinder
diagnostics and jerk parameter, along with the stability of our model, are investigated in secs. 6 and 7, respectively, and
at last, the conclusions together with discussion are covered in sec. 8.

2. THE FRW UNIVERSE AND FIELD EQUATIONS
The majority of cosmological models within the confines of contemporary cosmology are predicated on the most
underlying aspects of the cosmological principle, claiming that the cosmos is homogeneous as well as isotropic over the
cosmological extent. It is widely accepted that the observable cosmos is nearly isotropic and homogeneous. Consequently,
cosmologists have focused a considerable amount of emphasis on a flat FRW model, which is articulated as

ds’ =dt’ —a’ (t)(dx’ +dy’ +dz*), 1)
with a(¢) representing the scaling factor, a function that depends only on 7. The Ricci scalar R for the metric (1) arrives

tobe R=-6 (H +2H*? ) ,with H = d/a means the Hubble parameter, while ‘- * reflects the conventional time derivative.

2.1. FIELD EQUATIONS IN GR
The Einstein’s field equations in GR are expressed as

1
R, _Egi/R = _];/' @)

g

where T, stands for the standard matter energy momentum tensor, which is defined as 7, = (p+ p)uu, — g, p with p

representing energy density, and p is the pressure.
The metric (1) yields the field equations in the form:

2H+3H*=-p, 3
and

3H>=p. 4)

2.2. FIELD EQUATIONS IN f(R,T) GRAVITY
The action of f(R,T) gravity has the form [57],

f(R,T) 4
S=||—"—+L, |\J-gd'x, 5
J [ 1er "V ©)
with L accounting the matter Lagrangian and the stress- energy tensor of matter is specified as

p -2 90gh) (©)
J-¢ ¢

Following the work of Agrawal et al.[55] in f(R,T) gravity for the bouncing scenario,

We looked into the non-minimal dependence on matter and geometry as, f(R,T)=f, (R)+ f,(T). The field
equations of f(R,T) gravity concerning non-minimal matter interaction can be acquired by tailoring the action pertaining

the metric tensor g, as,

SRR = f(R),~(VV, =g, fy (R)= 82T, + £, (DT A, (Dp+ f(Dg,, ™

In Eq. (7), we denote f,(R)=0 f; (R)/oR and f,(T)=0d f,(T)/0T , while p reflects the pressure of the matter.
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Based on the three options of f(R,T) provided by Harko et. al. [57], we have selected f(R,T)=R+2 f(T). A
substantial assortment of cosmological scenarios is described in the field, with f,(R)=R and f,(T)= ST, B as
coupling constant. We intend to embrace the timeless cosmological constant A, here in a way that
f(R,T)=R+2BT+2A,.Consequently, the field equations (7) become

G, =87 +2)T;+ANT) g; , ®)

with A(T)=2p+T) S +A, specifying effective cosmological constant.
The discovery of supernovae has significantly enhanced the relevance of the cosmological constant A, previously

considered negligible, in the examination of accelerating cosmological models. As the Universe evolves, this changes
too. The current extended gravity hypothesis that it happens over cosmic time. It turns out that A becomes a pure constant

A, for a vanishing f.Moreover, the field equations (8) are simplified to
G, =(87+28)T,+[2p+T)B+A,] g, ©
And then the field equations of f(R,T) gravity arrive at

QH+3H*=—np+Bp+A,, (10)
and

3H*=np-Bp+A,, an

with 7=87+3 . The above field equations reduce to GR case for a vanishing [ . Performing some algebraic
manipulations among eqns. (10) and (11), we can derive the pressure p, energy density o and equation of state (EoS)

parameter in terms of Hubble parameter as,
By executing algebraic modifications on Eqgs. (10) and (11) as it relates to the Hubble parameter, we can formulate
pressure p, energy density p , and EoS parameter @ as

1

p=————[2nH+3(n-BH - (11— P)A,] (12)
n -5
p=— [2BH+30- P ~(1- PA,] (13)
n -5
and w=—1+ 2n+BH (14)

2BH -3(n-PH* + (1~ B)A,

Given the present circumstances, including yet another constraint equation is absolutely necessary in fully resolving
the set of field equations (3)-(4) and (12)-(14) that are formulated with the Hubble term. We want to examine the model's
bouncing behavior using an established bouncing scale factor, thus explaining why we're presenting its settings in Hubble
terms. It is necessary to prefigure a particular form for the Hubble parameter to acquire the expressions for the dynamical
components. Given that bouncing cosmology, an adversary substitute for the inflationary paradigm [58], is being
vigorously researched to solve the singularity problem, we are brought about to look into the model within the matter
bounce context. Consequently, our next step involves establishing an appropriate bouncing model to explore a particular
cosmological solution to the system of field equations.

3. BOUNCING COSMOLOGICAL SOLUTIONS
This section intends to examine a cosmological solution that ultimately results in a bouncing scenario. The cosmos
undergoes a non-singular bounce during its initial matter-dominated segregation phase in the bouncing state, as explained
in [34,52,54,59-63]. An investigation conducted in [64] suggests that the Universe, which expands following a minimal
collapse, represents the bouncing Universe. In bouncing cosmology, the scale factor declines (a < 0) in the negative time

region, indicating the contracting era, and then again it elevates (¢ >0) in the positive time region, representing the
expanding era, whereas it vanishes (a=0) close to the point # =0 where the bounce occurs. The Hubble parameter's

positive value (H > 0) signifies the expanding period of the cosmos and it is negative (H < 0) during the contracting

period of the cosmos, as investigated in [65]. At the site of the bounce, the scale factor must attain a minimal, non-zero
value, whereas the Hubble parameter must vanish for the effective functioning of the bouncing model without
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encountering singularity [66]. Additional requirements at the bouncing point consist of violating NEC and transitioning
the EoS parameter across the phantom split line (w=—1) as discussed in [67]. In order to satisfy these conditions and to

have a congruous bounce over the scale factor, we consider a(t) = +/1+ y°t* with 7> 0 representing a constant parameter

that regulates the cosmic expansion, adhering to the scale factor specified in [56]. Consequently, the Hubble parameter
H (t) becomes

a__rt (15)
a 1+7t

The deviations of the scale factor a(¢#) and how the Hubble parameter H(¢) has evolved across cosmic time (¢)
are illustrated in Figs. 1 and 2, respectively, which specify the orientation of its curvature for three assigned values of the

parameter ¥ =0.7,0.8,0.9 . As demonstrated in Fig. 1, the scale factor a(¢) experiences symmetrical progression from

the contracting era of the cosmos towards the expanding Universe and stays finite with a non-zero value, a(0) =1 at the
bouncing spot ¢ =0, enabling the Hubble parameter H () to potentially be zero during this epoch as shown in Fig. 2,

thereby satisfying the bouncing conditions [67]. To visualize a bounce, one can envision the cosmos contracting and then
expanding, with this behavior being evident at and near the bounce point. Eventually, the Hubble parameter evolves
rectilinearly from the contracting to the expanding era with the assistance of a bounce by passing through zero as depicted
in Fig. 2, thereby constituting the bouncing model.

Contraction Phase Expansion Phase

Scale factor (a(t))

-4 -2 0 2 4

Cosmic time (t) (Gyrs)

Figure 1. Inspection of the scale factor a(¢) versus cosmic time (¢) .
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Figure 2. Displays the approach of the Hubble parameter H (¢) against cosmic time (z) .
The deceleration parameter (q) elucidates the evolution of the Universe's expansion and is found to be
H 1

=] = 16)
In scenarios in which the Universe experiences deceleration throughout its existence, the deceleration parameter
remains positive (g > 0); whereas, it becomes negative (¢ <0) as the cosmos expands rapidly. Fig. 3 outlines the way
the deceleration parameter behaves symmetrically over the bouncing point. It's noteworthy that the deceleration
parameter encounters a negative trend (¢ < —1) with regard to both contracting and expanding Universe, indicating super
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exponential expansion, and showcases a large negative value in close proximity to the bouncing point. Consequently, the
estimated deceleration parameter’s value lined up with topical cosmological inspection associated with Type la
Supernovae [68—70], emphasizing that our cosmos continues to expand at an accelerating pace throughout its evolution.
Based on the classification of cosmos explored in [65], our model exhibits a contracting and accelerating phase
(H < 0,9 <0) followed by an expanding and accelerating stage (H > 0,¢q <0), as illustrated in Figs. 2 and 3.

0

y=07|]

deceleration parameter (q)
-~

— y=08
— y=09

4 -2 0 2 4
Cosmic time (t) (Gyrs)

Figure 3. Displays the approach of the deceleration parameter (g) against cosmic time (z) .

4. ANALYSIS OF MODEL'S DYNAMICAL PARAMETERS

The appropriate functioning of the dynamical parameters is essential for the sustainability of any cosmological model,
and its results ought to align with an equitable agreement. Disparities point to systemic errors arising from varying analytical
methods or cosmological observations. The expression's free parameters and the selected representative values for the model
might also be linked with its origin. Recent findings of cosmic acceleration reveal that the EoS parameter and pressure must
be negative, preferably in both the immediate and distant future. Moreover, a non-singular bounce requires both a positive
energy density and negative pressure. Due to this, we now examine the model's dynamic features concerning the patterns of
behavior exhibited during bouncing in the light of the scale factor that is taken into account in the present investigation. From

field equations (3)-(4), the energy density and pressure for GR are expressed as

4,2

__ 3t (17)

(1+}/ztz)2
(2+07)7

and p=—— (18)

(1427 )2 .
Using barotropic EoS, p = wp, the EoS parameter (@) can be obtained as

1 2
W=————. 19
3 3y (19
From the field equations (12)-(14), the pressure, the energy density and the EoS parameter for f(R,T) gravity are
expressed as

- 1 _ 4.2 2\t p
P ey O AT (B, 0)

1
p =
B =) (1+7r)

2[ﬂ}’z(2+]/2t2)—377]/4t2—(1+7/zt2)2 (B-n)A,]1, Q1)

277 (B+n) (e -1) |
3yt = (2+ ) By +(1+y°1 )z(ﬁ—n)AO

For graphical illustration, we have used the considered values of the parameter ¥ =0.7,0.8,0.9 with f=-5.8 and

and o=—1+ 22)

A, =0.001[55]. The progression of energy density across cosmic time for both cases of GR and f(R,T) gravity is
depicted in Fig. 4 for three assigned values of parameters y.The graphical representations in Fig. 4 illustrate the energy
density over cosmic time related to the bouncing model. It shows a downward trajectory (indicating contraction) before



81
Conceptual Violation of Energy Conditions in Bouncing Cosmology EEJP. 1 (2026)

the bounce and a subsequent rising tendency (indicating expansion) after the bounce, with a minimum occurring at the
bounce point. Throughout cosmic time, both the contracting and expanding models maintain positive energy density,
although there is a negative trend that culminates at the bounce site. The behavior of pressure (p) up against cosmic time
is illustrated in Fig. 5, which validates an assertion that the pressure continues to be negative in both the temporal realms

of the contracting as well as the expanding Universe, thereby providing additional backing for the Universe’s cosmic
acceleration.

Energy density (p)
Energy density (p)

4 2 0 2 4 s P 0 2 4
Cosmic time (t) (Gyrs) Cosmic time (t) (Gyrs)

(a) For GR (b) For f(R,T) gravity
Figure 4. Displays the energy density (p) for three assigned values of y.

pressure (p)
pressure (p)

-4 -2 0 2 4 -4 -2 0 2 4

Cosmic time (t) (Gyrs) Cosmic time (t) (Gyrs)
(a) For GR (b) For f(R,T) gravity

Figure S. Displays the pressure (p) for three assigned values of .
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Figure 6. The advancement of the EoS parameter (@) for three assigned values of y.

Fig. 6 demonstrates the aspects of the EoS parameter's advancement associated with the bouncing model for both
the cases of GR and /' (R,T) gravity. The EoS parameter downscales all via the phantom divide line (@=-1) to the

underlying negative value in each respective temporal realm of the contracting and expanding Universe, thereby entering
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the phantom region (@ < —1) , and it showcases a symmetric trend over the two faces of the bouncing epoch. This indicates

that the cosmos is presently undergoing a phantom DE phase in symmetric bouncing cosmology. Moreover, the intriguing
traversal of the EoS parameter along the quintom line close to the bouncing spot, as illustrated in Fig. 6, for three
conceivable values of these model parameters y, provides additional supporting evidence for the efficiency and

credibility of the suggested bouncing model [71,72].

5. ENERGY CONDITIONS
A system of linear equations incorporating density along with pressure referred to as energy conditions (ECs),
which points out that gravity remains constantly repulsive; additionally, the energy density is unlikely to be negative.
Building feasible bouncing models and investigating the kind of dark energy that sustains them depend on insights from
ECs. Each of these ECs which are assimilated into GR and f(R,T) gravity as follows:

(1) Null Energy condition (NEC) & p+p >0
(2) Strong Energy Condition (SEC) & p+3p =0
(3) Dominant Energy Condition (DEC) < p, > | DPu

1 . 4
/\ 05|
0 | 4
@ @
g g
:g -1r 1 E 0.0 '——__‘\/_—— 1
= =]
< ~
g, ¢
= =
SEC _osl SEC
-3r == NEC q - NEC
—— DEC — DEC
-4, X | . . L . L L L
-4 -2 0 2 4 -4 -2 0 2 4
Cosmic time (t) (Gyrs) Cosmic time (t) (Gyrs)
(a) For GR (b) For f(R,T) gravity

Figure 7. Approach of ECs varying over the cosmic time.

For the present bouncing scenario, the graphical representations of NEC, DEC, and SEC of our model varying with
the passage of cosmic time for both the cases of GR and f'(R,T) gravity are demonstrated in Fig. 7. An essential aspect

of the bouncing situation is non-compliance with the ECs. It is abundantly clear from an investigation conducted in [59]
that one must account for the violation of NEC and SEC while attempting to accomplish non-singular bouncing solutions
within GR. Astrophysical observations [69, 70] must go against the SEC while complying with the persisting statistics of
the speeding cosmos. It is noteworthy that an outbreak of dark energy is initiated by an invalidation of the SEC, which
thereby validates the Universe's fast expansion. Furthermore, the spatially flat setting that we focused on herein demands
NEC violation at the bouncing point for a successful bounce to occur [67]. As per the illustration in Fig. 7, we noticed the
overall validation of DEC, whereas SEC is violated for intermediate values of . Consequently, our model meets the

necessary criteria of NEC violation with constant negative value to enable a successful bouncing mechanism, while
averting singularities, and the violation of SEC culminates in the Universe’s accelerating expansion, which is in
concurrence with the current scenario of the cosmos.

6. STATEFINDER DIAGNOSTIC
The statefinder diagnostic assists in the investigation of bouncing model, as their time-dependent behavior close to
the bounce indicates departures from conventional expansion and aids in finding the consequences of the DE model.
These are therefore critically essential for grasping the dynamics of a non-singular, bounce-driven Universe. Sahni et al.
[73] accompanied by Alam et al. [74] established the statefinder diagnostic pair {r,s} by exploiting the derivatives of the

scaling factor with » as the jerk parameter whereas s represents the physical entities of DE, which are described by

r=—-r

p

cand s= ——
aH 3(g-1/2)
belongs to the ACDM limit. When » <1, it contributes to the quintessence DE era, the phantom DE region for s >0

. For (r,s)=(1,1), the model reflects the cold dark matter (CDM) limit, while (r,s)=(1,0)
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while the trajectory for the Chaplygin Gas (CG) model arrives for » >1 with s < 0. These two statefinder settings turn

outtobe r=-— with s = 2 1+ ;2 and their relation is expressed as
30 2497

3
re
3s—2
by (23)

The deviation of » against s is depicted in Fig. 8 which signifies that our model approaches the ACDM model as it
crosses the point (r,s5)=(1,0), while serving variations thereafter by covering the DE regions, including CG,

quintessence, and phantom over the course of the Universe's development, which further supports the model’s consistency
with our earlier studies [75-77].

CG(r>1,s<0)

ACDM (r,8)=(1,0)

quintessence (r < 1)

-0.5 0.0 0.5 1.0
s
Figure 8. The deviations of » against s.

7. STABILITY OF THE UNIVERSE
Figuring out the stability of an observatory model is crucial for examining distorting behavior while forecasting the
progression of the cosmos. The worthwhile indicator for assessing a dark energy model's stability in opposition
to perturbations is the square of sound speed v as studied in [49] which is prescribed by v =dp/dp . The model's

stability is specified by the sign of v’ . If v’ is positive, the model is rendered stable; otherwise, it grows into unstable.

The expressions for v’ for our GR and f(R,T) gravity framework are obtained, respectively, as

3t ‘ 2_3ﬂ(1—72t2)+77(3+}/2t)

" T30mpe) M T BB ) e pr ) @y

6 | | =07 |4 i y=07[]

— y=08|] — y=08

— y=09 21 —_—y =09 |

Stability factor (vf)
]
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\ | 1 |
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(a) For GR (b) For f(R,T) gravity
Figure 9. Approach of stability factor v’ varying over the cosmic time.

For three specified values of y, Fig. 9 displays the variations of the stability factor C? over the cosmic time. At the

bouncing site and its neighbourhood, the stability factor C? >0 which foresees stable behaviour for the bouncing period,
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while the stability factor C? <0 thereafter indicates instability over a prolonged time frame. Our model showcases
bouncing conduct near ¢ =0, we draw the inference that our model is stable in the close proximity of the bouncing point.

8. CONCLUSIONS
In this study on the bouncing model within the light of the GR and f(R,T) gravity, we examined the cosmic speed

singularity over a prolonged phase along with the exploration of the bouncing conduction. The incorporation of our model
aims to elucidate the dynamics of the early Universe, particularly through the bounce, as well as the current era of
accelerated expansion. Our approach was to prevent singularities and facilitate a smooth progression from contraction to
expansion. We consider three conceivable values of model parameters as ¥ =0.7,0.8,0.9 for obtaining the graphical

presentations of various dynamic parameters of our model in accordance with the patterns of behavior observed during
bouncing. The illustrations in the Figs. 1 and 2 display that the scale factor and Hubble parameter are respectively certain
to be constrained by an essential condition of minimum non-zero scale factor a(¢#) and Hubble parameter A being zero

at the bouncing point owing to its symmetrical trajectory that transitions from contraction to expansion through a process
of bounce whereas Fig. 3 shows that the deceleration parameter propels from g =—1 to significant negative value while

approaching to the point where the bounce occurs. The following presents a snapshot of the findings we observed for both
the cases of the GR and f (R,T) gravity:

e  Our bouncing model has effectively shown an identifiable phase change from contraction to expansion, as
evidenced by the graphical representations of both the energy density (o) over cosmic time for all assigned

values of model parameters ¥ (see Fig. 4). The model's effectiveness in illustrating this pivotal shift is

highlighted by the consistent downward trajectory leading up to the bounce, followed by a rising trend post-
bounce. Additionally, the behavior of pressure (p) throughout the cosmic timeline as reflected in the Fig. 5

reinforces the model's viability, as it remains negative during both the Universe's temporal regions which makes
up an additional foundation for the Universe's rapid expansion. This combination of positive energy density
along with negative pressure is crucial for achieving a non-singular bounce, further underscoring the attainment
of our model.

e The intriguing traversal of the EoS parameter along the quintom line (w=-1), close to the bouncing spot,

thereby entering the phantom region (@ < —1) and a symmetric trend over the two faces of the bouncing epoch,
as illustrated in Fig. 6 for all assigned values of model parameters ¥, provides additional supporting evidence

for the efficiency and credibility of the suggested bouncing model [71,72].

e  Our study points out how important the violations of energy condition are in establishing a non-singular bouncing
model that takes cosmic acceleration into account, especially the NEC near the bouncing spot and SEC
thoroughly as displayed in Fig. 7. The SEC breach offers reliable evidence of the rapid expansion of the cosmos.
Our model accomplishes the required criteria of the NEC violation near the bouncing spot, thereby enabling an
efficient bounce mechanism that refrains from singularities.

e The statefinder diagnostic suggests that our model covers the DE components such as quintessence, phantom,
and Chaplygin gas, thereby approaching subsequently to the ACDM model during cosmic progression as
demonstrated in Fig. 8. At the bouncing spot, the stability factor C’ supports the model’s requirements for a

bounce, as shown in Fig. 9.
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The current paper recovers hybrid solitary waves for double—layered shallow water waves with the basic platform being the mKdV
equation. The selected models are the Zaremaoghaddam equation and the Gear—Grimshaw equation. The integration algorithm adopted
is the generalized exponential differential function method. This yields hybrid waves that emerge from solitary waves, shock waves and
the singular solitary waves. The existence criteria for such waves are also presented as parameter constraints.

Keywords: mKdV equation; Hybrid; Integrability; Parameter constraints; Gear-Grimshaw equation

PACS: 04.50.Kd, 04.20.7b
AMS: 35Q51

1. INTRODUCTION

The concept of double-layered shallow water waves existed in the literature of Fluid Dynamics for a few decades.
There are several aspects to this that has been successfully addressed and reported in the past. The current paper revisits
the double—layered shallow water wave dynamics but from a fresher perspective. The concept of dispersion triplet was
first introduced in 1977 and was later implemented during 2022 to study the standard fundamental models from shallow
water wave dynamics [1,2]. After a long hiatus, the 2022 implementation incorporated dispersion—triplet into KdV and
mKdV-type settings and, within the traveling—wave framework, retrieved solitary and shock structures together with the
associated conservation laws [1]. The current paper recovers the hybrid of solitary waves and shock waves for double—
layered fluid flow with modified Korteweg—de Vries equation (mKdV) equation as its platform. The two governing models
that were considered in this paper were Zaremaoghaddam model and the Gear—Grimshaw model. It must be noted that
the same study has been previously carried out with KdV equation as its platform [3]. Thus, the present contribution
constitutes the first dispersion—triplet double—layered revisit in which mKdV (rather than KdV) serves as the platform,
thereby extending the double—layered dispersion—triplet framework to cubic nonlinearity. Meanwhile, double—layered flow
itself remains a steady research theme; see, e.g., layered shallow-water approximations and stable or energy-consistent
schemes [4,5], and related solitary-wave dynamics in near-integrable regimes [6], alongside coupled-model developments
such as Zaremaoghaddam—type formulations [7]. There are several additional double—layered models that exist in the
literature such as the Bona—Chen equation, the current paper focuses on the aforementioned couple of models only.
Additional models (e.g., Bona—Chen [8]) will be pursued in forthcoming work.

The adopted integration algorithm in this work is the generalized exponential differential rational function method
which is an efficient one as compared to the pre—existing similar such schemes [9—14]. This integration scheme retrieves
hybrid solitary waves and shock waves to the two models that were constructed with mKdV equation as their platform.
One of the several shortcomings of this adopted integration approach is its failure to recover the solitary wave radiation as
well as the phonons’ component of shock waves. Such are only recoverable with the usage of inverse scattering transform
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that is outside the scope of this paper. The details are exhibited in the rest of the paper after a quick display of the two
governing models.

From the modeling perspective, modern two-layer shallow-water theory is often developed as a systematic long-
wave reduction of the full water-wave problem, with the Green—Naghdi framework providing a canonical fully nonlinear,
weakly dispersive baseline [15,16]. In particular, refined two-layer Green—Naghdi and Boussinesq-type closures have been
constructed to improve frequency-dispersion properties and to better represent interfacial mode interactions [17,18]. Such
formulations connect naturally with classical internal-wave models in two-fluid systems and support coherent interfacial
structures of practical interest [19,20]. In parallel, the coupling between surface and internal modes, including barotropic—
baroclinic transfer and resonance mechanisms, has been studied in several contexts, ranging from analytical mode-coupling
descriptions to topographically mediated resonant exchange [21,22].

At the level of reduced evolution equations, modified Korteweg—de Vries (mKdV) dynamics occupy a central role in
nonlinear dispersive-wave theory, with a well-developed analytical foundation for well-posedness and global dynamics in
both the line and periodic settings [23]. Beyond the classical scalar model, integrable and near-integrable generalizations
continue to be developed, providing structured coupled dynamics and enlarged families of coherent waves [24]. Moreover,
coupled and multi-component mKdV systems exhibit rich asymptotic behavior and long-time dynamics, complementing
the study of higher-order coherent structures such as breather families in higher-order mKdV settings [25,26]. These
advances motivate revisiting double-layered hydrodynamic models on an mKdV platform, where coupling and dispersive
extensions may yield hybrid morphologies beyond the classical single-field picture.

Alongside these modeling developments, there has been sustained progress in constructive methods for obtaining exact
solutions of nonlinear evolution equations. Representative strands include the extended F-expansion methodology [27],
transformed rational-function approaches capable of generating complexiton-type structures [28], and rational-exponential
constructions for fractional or generalized equal-width models [29]. More recently, generalized Exp-function frameworks
have been successfully applied to dispersive hydrodynamic equations motivated by wave phenomena, illustrating the
flexibility of exponential-ansatz technology in producing closed-form wave families [30].

1.1. Governing Models

There are several models to address double-layered shallow water waves. With the basic platform at mKdV equation,
the two models that ate commonly addressed are going to be taken uop in this paper. They are the Zaremaoghaddam
model and the Gear-Grimshaw equation. One model that has been tacitly omitted is the Bona—Chen equation. These two
models are first introduced in the next subsection.

1.1.1. Zaremaoghaddam Model. The interesting dynamics of two-layered water waves are described by Zareo-
maghoddam mKdV model, in which ¢(x, #) and r(x, t) represent the wave variables of the two layers. This study consist
of examination of the following structure of Zareomaghoddam mKdV model, in order to provide exact solutions for the
very first and foremost time in the literature:

2 2
qr +a197qx +axr"qx + a3qxxx + A4qxxr + asqxir = 0,
2 2
Fe +b1r°rx + bogrx + D3rxxx + baryxs + bsryy = 0, (D

such that a;, b;, i = 1,2,3,4,5 display the physical parameters related to model (1).

1.1.2. Gear-Grimshaw Model. Gear-Grimshaw (GG) mKdV model, with spatial and time variables x and ¢, and
dependent variables as g(x, t) and r(x, t), is mentioned as below:

2 2 2
qr Y a197qx + a2qxxx + A3qxxt + A4qxrr = A5'Tx + d10 (q V) + ae (61” ) + a7V xxx + A8 xxt + A9T 1,
X X

ry + blr2rx + borxxx + b3Vxx + barxy = bsqqx + b6(r2Q)x +byo (le)x + b7qxxx + b8qxxt + boqxss- 2

The first term in (2) represents the temporal evolution, and ay, a», as, a4 represents the coefficients of dispersion
terms, with similar while the coefficients of by, b,, b3, b accountfor nonlinearity. For j =5, 6, 7, 8, 9, 10, the coupling
terms are represented by the coefficients a;, b;. This model provides a good description of a resonant interaction between
traverse internal gravity wave modes in a stratified liquid.

The structure of this study is described as: An overview of the employed technique, referred as generalized exponential
differential rational function technique, is given in Section 2. A variety of exact solutions are found in Section 3, respectively,
by applying the stated procedure to the models (1) and (2). Finally, a thorough, succinct words of conclusion is appended
to complement a few simulations of these research findings.



90
EEJP. 1 (2026) Lakhveer Kaur, et al.

2. THE GENERALIZED EXPONENTIAL DIFFERENTIAL RATIONAL FUNCTION METHOD (GEDRF):
AN OVERVIEW

The algorithmic perspective of the generalized exponential rational function (GEDRF) technique is presented in
this section, and we have briefly described each stage in this procedure. It offers a variety of analytical solutions for
various physical phenomena, being expressed in terms of NLPDEs, by combining exponential and rational functions.
The following detailed explanations can be used to develop a number of exact solutions for nonlinear evolution equations
(NLEEs):

Step-1: The general form of NLEE with variable A(x, t) is considered as follows:
p(A»Ax,At»Axx’Att’Axtanxt"~-) :0 (3)

The subsequent transformation is applied to (3) for seeking reduced ordinary differential equation (ODE) in
terms of new variables as o, T:

A(x,t) =o(1), with T=x-pit. 4)
The expression (4) is plugged into equation (3) and hence resulting ODE is produced as follows:

M(o,o’,d”, 0" ...)=0. (5)

Step-2: Then after, ODE (5) is assumed to have following solution structure in terms of new dependent
variable 7 (1) as:

d/ N

N J i -
M@ = a0+ Y5 (G5T@) + Y(mTo) ©)
=1

dt’ ,
i=1

also, 7 (7) is characterized as:
_ Ryexp(S17) + Ry exp(S27)
"~ R3exp(S37) + Ryexp(S47)°

7(7) )

Step-3: Balancing principle is used in ODE (5) for calculating the corresponding value of N for expression
(6). One can choose the parameters Ry, Ry, R3, R4, S1, S2, S3, and Sy so that the function 7 (1) can be well
described in terms of hyperbolic functions for seeking new exact solutions for considered model. Additionally,
Ao, Aj,and B;, 1 <i,j < N are determined in main procedure of computations.

Step—4: In this step, equation (6) is clubbed with equation (5), resulting into polynomial equation and then
all of the coefficients in this polynomial are set to zero, creating a system of algebraic equations.

Step-5: In order to determine exact solutions for equation (3), the system of equations produced in the
previous stage is investigated to explore the appropriate values of the involved parameters. These parameter
values are then inserted into equations (6) and (7), for procuring the final closed form solutions of considered
model.

The GEDRF scheme used here can be viewed as an ansatz-based traveling-wave approach. In this sense, it is related
in spirit to classical methods such as the tanh-method, F-expansion, and exp-function approaches. The distinguishing
feature is the choice of generating function 7 (7) as a rational combination of exponentials and the resulting solution
structure, which admits both “direct” and “inverse/reciprocal” derivative contributions (cf. the trial form and the rational-
exponential definition of 7 (7)). By suitable selections of parameters in the rational-exponential representation, 7 (1)
reduces to standard hyperbolic building blocks (e.g., tanh, coth, sech, csch), so many individual solutions can, in principle,
be reproduced using traditional ansitze.

However, the practical advantage of GEDRF is that it provides a single unified template from which multiple
waveform families—regular solitary profiles as well as singular/hybrid profiles—are generated by parameter choices
within the same algebraic framework, together with the corresponding parameter constraints (“existence conditions”). In
contrast, reproducing the entire catalogue typically requires multiple standard ansétze (polynomial-in-tanh, polynomial-
in-exp, singular coth/csch ansitze, etc.), each treated separately with its own balancing and coefficient matching. The
contribution of this work is therefore not to claim that ansatz methods are new, but to provide a systematic, family-wise
construction of exact solutions and parameter regimes for the considered coupled mKdV-based double-layer models using
this unified rational-exponential ansatz.
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3. APPLICATION TO DOUBLE-LAYERED FLUID FLOW
3.1. Zaremaoghaddam Model

Generalized exponential differential function (GEDRF) method has been implemented to system of NLEEs, termed
as Zareomaghoddam mKdV model (1) in this phase of the study. The primary objective is to investigate multiple novel
exact soliton solutions to the governing model (1), which could greatly progress pertinent physical circumstances related
to two layer liquid waves dynamics.

In accordance with GEDRF method, we have rewritten equation (1) in the form of an ordinary differential equation
by using the wave translation

q(x,t) = K(1), r(x,t) = L(t) where 7 =x-pit, (8)

with p; as free parameter, representing wave velocity, which could be evaluated in mean implementation procedure.
Then, the resultant ODEs are procured as follows, utilizing (8) in equation (1) :

(asp1? = asp1 +as) K7 () + (K (1) a1 + (L (D) a2 = p1 ) K (7) = 0,
©)
(bsp1? = bapi +b3) L (7) + (K (1)) b2 + (L (1)) b1 = p1 ) L (1) = 0.

After applying the balancing principle on the highest order derivative terms and a nonlinear term of equation (9), we
have obtained that N = 1. Thus, from equation (6), the following trial solution structure for equation (9) is proposed:

w1

K(t)=01T"(7) + + 6o,
(1) =617 (7) 7 T
0 (10)
L(t) = 6,7 (1) + + 65,
(1) = 027" (1) + s + 03
Here, the parameters 6;,i = 0,1,2,3, and w;,j = 1,2 are to be assessed in all calculation process. Next, using

(10), the system (9) is converted into another system of ODEs with the new dependent variable 7 (7). Following that,
work is being carried out to obtain exact solitary wave solutions for the system of ODEs provided in equation (9), as follows:

Family-1:
Putting up [Ry, Rz, R3, R4] = [1,-1,1,1] and [S}, 52, S3,54] = [1,-1,0,0] in equation (7), we have retrieved
hyperbolic function as follows:
T (7) = sinh(7). (11)

Setting equation (11) in equation (10) for equation (9), the following coefficient values are acquired:

by6,2
ar =by, ar = _%’ a3 = =16 asbr>w1%60,> + 4 asbrw: 61,
2
b6 12
by = g2 b3 = =4 byw101 (4 babsw61 — by), 2
2
w192
W2="mg o P1= 4brw16y, 6 =0, 03 =0,
1

along with a4, as, ba, bs, by, wy, 62, 0 as free parameters.

Hence, the solution of system (9) is represented with help of parameter values (12) as

K(7) = 0; cosh (1) + ———,
cosh (1)
w160, (13)
L(t)=6 h(r) - ————.
() = 62 cosh (7) 01 cosh (1)
Finally, the newly constructed solution of model (1) is depicted in terms of original variables x, ¢ as
w1
q(x,t) =61cosh(x — p1t) + ——m,
cosh (x — p1)
(14

w16,
r(x,t) = @y cosh (x — pit) — 8, cosh (x — p11)
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Family-II:
Letting [Ry, R, R3, R4] = [1,1,1, 1] and S}, S2, S3,54] = [1, -1, 0, 0] in equation (7), leads to subsequent function:

T (1) = cosh(7). (15)

The following coefficient values are generated after setting equation (15) in equation (10) for equation (9):

b2012 4]720)2012 (4615[92(4)2912 +a492) b2912
ay=bs, ay=-——-,a3=— 5 s b =———-,
4b2w2012 (4 babswr01 + byb 0
b3=— 221( 2;21 42),0)1:_(02]’ (16)
92 )
4brwy6,?
pr=——2220 gy=0, 65 =0,

0>

along with a4, as, ba, bs, by, wy, 62, 0 as free parameters.

Consequently, exact solution of system (1) is depicted with the help of (16) and (15) and reverting back into original
variables x, t as follows:

6
q(x,t) = 6 sinh (x — pit) — L
0, sinh (x — pt) a7
. w?2
, 1) =20 h -pit)+ ——.
1) = Basinh (3= pit) + o s
Family-I11:
Regarding [Ry, Ry, R3, R4] = [1,—1,1,1] and [S1, S2, S3, S4] = [1, -1, 1, —1] in equation (7), we have found
T (1) = tanh(1). (18)
The following set of coefficients are obtained from equation (9) by substituting (10) and (18):
b26,>
a; =by, ap = —%, a3 = 4byw 01 (-4 asbrw 01 + ay),
p)
b26:> 6 19
by =—2—21, b3 = =4 byw101 (4 b2bsw 61 — by), w2=—wl 2 (19)
92 91
pP1 = 4b2w101, 90 = 0, 93 = 0,
with a4, as, by, bs, by, w1, 87, 0; as free parameters.
Thus, utilizing (19) and (18) in equation (10), the following solution of equation (9) is found:
K(7) = 0 (sech (1)? + — 2,
(sech (1)) )
w16 (20)

— 2 _
L(t) = 0, (sech (1)) o (soch (T))z.

Then after the exact solution of equation (1) is written in terms of original independent and dependent variables x, t with
the assistance of equation (20) and equation (19) as follows:
wi
(sech (x = p11)*’
w192
61 (sech (x — pi1))*

q (x,1) = 6 (sech (x — p11))* +

2n
r(x,t) = 0, (sech (x — plt))2 -

3.2. Gear-Grimshaw Model

This portion of current study involves the execution of GEDRF method to the system of NLEEs (2), describing the
dynamics of resonant interaction between the internal gravity wave modes in a thin stratified liquid. It lead to curation
of several novel soliton solutions to the governing model (2), equipped with a number of free parameters, which have
considerable ability to illustrate crucial physical situations.
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The subsequent variable transformation is executed to reduce equations (2) to system of ODEs:
q(x,t) =U(1), r(x,t) =V(r) where 7=x-pit, (22)

with p; as free parameter, representing wave velocity, which is evaluated in computational procedure.
Then, resultant system of ODEs is obtained by considering (22) in (2) as follows:

(10 (U (M) =246V (U (7) = asV () V' (1) + (a1 (U (2)? = 2a100 (1) V (1) = as (V (1)) = pi1 ) U (7)
+ (p]2a4 -praz+ az) U’ (r)+ (—p12a9 +prag— a7) V"7 (t)=0,
(010 (U ()2 =256V () U (1) + b1 (V (1)) = p1 ) V/ (1) + (=2 b10U (1) V () = b (V (7))” = bsU (1) U (¥)

+ (P12l74 -pibs+ bz) V" (1) + (—P12b9 +pibs— b7) U” (r) =0.
(23)
As stated in Step-3 of section 2, we have calculated N = 1 using the balancing principle in equation (23). Equation (23)

yielded the following solution structure:

w1

U(t) =017 (1) + 70 + 6y, o
- ’ w4
V(T) =049 (1) + (1) + 05,

The parameters 6;,i = 0,1,4,5 and wj,j = 1,4 can be assessed in the mean way of the entire computations. Next,
equation (24) is used to convert the system (23) into another system of ODEs, with a new dependent variable 7 (7). After
then, investigation is being done to obtain exact solitary wave solutions for the system of ODEs provided in equation (23),
as follows:

Family-I:
The equation (7) is appraised with [R}, Ry, R3, R4] = [1,-1,1,1] and [S1, S», S3, S4] = [1, -1, 0, 0] and its recovered
that
T (1) = sinh(7). (25)

Plugging this value in (24) for equation (23) along with substituting trail solution, we achieved the system of algebraic
equations. By setting coefficients of each function to zero, the following coefficient values are recovered:

ajows + 2 bgws + 3 bipwi Zi
al = 9 az = b
w1 w44w13
_ 2 wq (a10w1w495 - a10w4290 — 4 bewiw4bs + 4 b6w426’0 -6 b10w126’5 +6 b10w1w490)
as = 3 w43 s
w1 (2a0ws =2 bsws — 3 biow)
ag = — 2 )
Sl (26)
b = 3w (bews + biowy) be = 2 (bewiwals — bews>0p + 2 b1ow1%0s — 2 biow w46y)
1= 0_)42 ’ 5= wlz bl
Zz w194
by=——, 6=
w4 W1 Wy
_ 2 b6w12w4052 -4 b6w1w420005 +2 b6w43902 +3 b10w13052 -6 b10w12w40005 +3 b10w1w42902
pl - w1w42 s
with
Z] =—4 a4b62w15w42954 +16 a4b62w14w4390953 -24 a4b62a)1 30)44902952 +16 a4b62w12w4500395 -4 a4b62u)1w466’04 -

12a4b6b10w16w4954+48 a4b6b10w15w4290953—72 a4b6b10w14w43902652+48 a4b6b10w13w4490395—12a4b6b10w12w45904—
9a4b102w17654 + 36a4b102w16w490053 — 54a4b102w15w42002052 + 36a4b102w14w4300395 - 9a4b102w13w44804 +
4619[962(4)14(4)43954 - 16a9b62w13w4490053 + 24a9b62a)12w45902052 - 16a9b62w1w4690305 + 4a9b62w47004 +
12a9b6b10w15w42954—48 a9b6b10w14w4390953+72 a9b6b10w13w44902952—48 a9b6b10w12w4500365+12a9b6b10w1w46«904+
9 a9b102w16w4954 - 36 a9b102w15w4260653 + 54 a9b102w14w43902952 - 36 a9b102w13w4460365 +9 a9b102w12w45604 +
2a3b6w14w43952—4 a3b6w13w449095+2 a3b6a)12w45902+3 a3b10w15w42952—6 a3b10a)14a)439095+3 a3b10w13w44002—
2a8b§,w153w446’52+4 a8b6w12w459095—2a8b6w1w46902—3 agbl()w14a)43952+6 agbl()o)13a)448095—3 agbl()w12w45902+
arw1° W,
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Zr, = 4b4b62w14w43954 - 16 b4b62w13w4400953 + 24 b4b62w12w45802952 - 16 b4b62w1w4600305 + 4b4b62w47004 +

12 b4b6b10w15w42054—48 b4b6b10w14w4390953+72 b4b6b10w13w44902052—48 b4b6b10w12w4590395+12 b4b6b10w1w46904+
9 b4b102w16w4954 - 36 b4b102w15w4290053 +54 b4b1020)140)43902952 -36 b4b102w13w4490395 +9 b4b102w12w45004 -
4b62b9w15w42954 + 16 b62b9w14w4390653 - 24b62b9w13w44002952 + 16 b62b9w|2w4590395 - 4b62b9w1w4"904 -

12 b6b9b10w16w4954+48 b6b9b10w15w4290953—72 b6b9b10w14w43902952+48 b6b9b10w13w4490395—12 b6b9b10w12w45904—
9b9b102w17954 + 36 b9b102w16w490953 - 54 b9b102w15w42902952 + 36 b9b102w14w439036’5 - 9b9b102w13w44904 -

2 b3b6w13w44952+4 b3b6w12w450095 -2 b3b6w1w46002 -3 b3b10w14w43952+6 b3b10w13w440005 -3 b3b10w12w45902+

2 b6b8w14w43952—4 b6b3w13w440095 +2 b6bgw12w45002+3 bgb10w15w42952—6 bgb10w14w430005 +3 b3b10w13w44002+
brwi*ws’,

and equipped with 6y, 64, 05, bs, bo, b19, be, W1, W4, b2, b3, ba, a7, ag, ag, ayg, az, as as arbitrary parameters.

Hence, the solution of system (23) is represented as, with help of (26) in terms of parent variables x, ¢ as mentioned below:

0 h
U(r) = w104 cosh (1) w1 + 60,
w4 cosh (1) 7
V(1) = 04 cosh (7) + ——t— + 65,
cosh (1)
Finally, the novel soliton solution for model (2) is formulated as
0 h (x — pit
g(x,1) = w1604 cosh (x P1 ) wi + 6,
w4 cosh (x — pit) (28)
(x.1) = 04 cosh (x — p1t) + —— 2 +0
r = 04 cosh (x — .
* 4 p cosh (x — p1t) >
Family-I1:
Letting [Ry, Ry, R3, R4] = [1,1,1,1] and [Sy, Sz, S3,S4] = [1,—-1,0, 0] in equation (7), we found
T (1) = cosh(7). 29)

The equation (24) is reformatted with (29) for equation (23), and then collecting the coefficients of like powers leads to
subsequent coefficient values:

ajows + 2 bgws + 3 bipwi Z3
al = 9 az = 4 3’
w1 W4 W1
_ 2 w1 (a10w1w495 - a10w4290 - 4b6a)1w495 + 4b6w426’0 - 6b10(,4)1295 + 6b10w1w490)
as = 3 w43 s
o= (2ajows — 2 bews — 3 biowy) by = 3wy (bews + biow)
Js’ | ol (30)
_ 2 (b6w1w405 - b6w4200 + 2]910&)1295 — 2b10w1w400)
bs = o ,
Z4 w 94
by=——=, 6= —,
w4 W1 Wy
2b6w12w4052 - 4b6w1w429005 + 2b6w43002 +3 b10w13052 - 617100)120)49095 +3 b10w1w42902
pl = 9

(4)164)42

with

Z3 =—4 a4b62w15w42054 +16 a4b62w14w4390053 -24 a4b52w13w44902952 +16 a4b62w12w4590395 -4 a4b62w1w46004 -

12 a4b6b10w16w4054+48 a4b6b10w15w4290053—72 a4b6b10w14w43002952+48 a4b6b10w13w4490395— 12 a4b6b10w12w45904—
9a4b102w17954 + 36614[?102(4)16(4)490953 - 54a4b102w15w42902052 + 36614[9102(4)14(4)4390395 - 9a4b102w13w44604 +
4a9b62w14w43954 — 16a9b62w13w4490953 + 24a9b62w12w45002952 - 16619b62u)10)4690395 + 4(191)620)47904 +
12a9b6b10w15w42954—48 a9b6b10w14w4390953+72a9b6b10w13w44902952—48 a9b6b10w12w4590395+12a9b6b10w1w46904+
9 a9b102w16w4954 -36 agb102w15w42006’53 + 54 a9b102w14w43002052 -36 a9b102w13w4400395 +9 agb102w12w45904 +
2613[?6&)14&)43952—4 a3b6w13w449005+2 a3b6w12w45902+3 a3b10w15w42052—6 a3b10w14w430095+3 a3b10w13w44902—
zagb§w1;w44952+4 agb6w12w459095—2 agb6w1w46902—3 a8b10w14w43052+6 agb10w13w449005—3 a8b10w12w45002+
arwi~wg",

Zy = 4b4b62w14w43954 - 16 b4b62w13w4400953 + 24 b4b62w12w45602952 - 16 b4b(,2w1w469036’5 + 4b4b62w47904 +
12 b4b5b10w15w42954—48 b4b6b10w14w4390653+72 b4b6b10w13w44002052—48 b4b6b10w12w4590395+12 b4b5b10w1w46004+
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9 bab1o*w1%wabs* — 36 babio> w1’ ws20005° + 54 babio*w1*wa>00>05% — 36 bab 1’ w1PwWs*00>05 + 9 babip* w1 ws o —
4b62b9w15w42954 + 16b62b9w14w4360053 - 24b62b9w13w44902052 + 16 b62b9w12w4590395 - 4b62b9w1w46604 -

12 b6b9b10w16w4954+48 b6b9b10w15w4200053—72 b6b9b10w14w43902052+48 b6b9b10w13w4460395—12 b6b9b10w12w45904—
9b9b102w17054 + 36 b9b102w16w400053 - 54 b9b102w15w42002052 + 36 b9b102w14w4300395 - 9b9b102w13w44004 -
2b3b6w|3a)44952+4 b3b6w12w459005—2 b3b6w|w46902—3 b3b10a)14a)43952+6 b3b10w13w449095—3 b3b]0w]2w45902+
2b6b3a)14a)43952—4 b6bgw13w440095+2 b6b3w12w45802+3 b8b10w15w42952—6 bgb10w14w436’095+3 bgb10w13w44902+
brwi*ws’,

along with 6y, 64, s, bs, bo, b1g, be, w1, w4, b2, b3, bs, a7, as, ag, ayg, az, as as free parameters.

Consequently, exact soliton solution for system (2) is depicted with the help of (30) and (29) and followed by revert-
ing back into original variables x, ¢ as follows:

64 sinh (x — pt
J0nt) = w164 sinh (x — p1t) __w + 00,
w4 sinh (x — pt) 31)
r(x,t) = @4 sinh (x — pit) + — @4 + 0s.
sinh (x — pt)

Important Remark:

Following the same procedure outlined in the previous sections, additional solutions of the considered model (2) can
be derived with parameter values as (26). For brevity, the detailed computations are omitted, and hence resulting hybrid
solitary waves are enlisted below for enhanced comprehension:

Family-III:

w104 (sech (x = pi1))? + w]

3 + 90,
w4 (sech (x — pi1)) (32)
W4

(sech (x — p11))? *

q(x,t) =

r(x,1) = 04 (sech (x — pi1))* + 0s.

Figure 1 shows the 3D and 2D profile of a traveling wave solution for the Gear—Grimshaw model which corresponds
to the solutions given in equations (28) and for the parameters indicated in the same figure.

e I [l ' [l |

25

20

15H |

1.0 |

0.5 |

0.0} n L L L |
-6 -4 -2 0 2 4 6

Figure 1. 3D and 2D profile of a traveling wave solution for the Gear—Grimshaw model which corresponds to the solutions
given in equations (28). The parameter selection is: a; = 2.12, a; = 0.78, a3 = 0.95, a4 = 3.22, as = 2.45, ag = 1.67,
a7 =2.66, ag = 0.55, a9 = 0.33, by = 1.88, by = 0.45, b3 = =5.22, by = 0.68, bs = 6.04, bg = 3.76, b7 = 1.88, bg =
—3.50 and by = 3.65.
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Figure 2 shows the 3D and 2D singular traveling wave solution for the Zaremaoghaddam model which corresponds to
the solutions given in equations (53) and for the parameters indicated in the same figure. The left side of the waveform
decreases abruptly, while the right side grows abruptly along a straight line.

Figure 2. 3D and 2D singular traveling wave solution for the Zaremaoghaddam model which corresponds to the solutions
given in equations (53). The parameter selection is: a; = 0.50, a; = 2.18, a3 = 2.05, as = 1.05, as = 0.55, b; = 1.05,
by =0.65, b3 =5.05, by = 5.12, and bs = 2.45.

4. RESULTS AND DISCUSSION
The generalized exponential differential rational function (GEDRF) construction yields multiple closed-form
traveling-wave families for the coupled double-layer models, including: (i) localized solitary profiles (e.g., sechz—type),
(ii) singular solitary profiles (e.g., csch’-type and csch coth-type), and (iii) non-decaying hyperbolic growth profiles
(e.g., cosh- and sinh-type). From a physical standpoint for stratified shallow-water internal modes, only the localized
(finite-energy) profiles are directly compatible with the usual interpretation of solitary waves, whereas the singular and
non-decaying profiles require additional discussion (Sections 4.2—4.4).

A key structural feature of several families is that the two layer variables share the same basic shape function of the
comoving coordinate £ = x — pf (up to amplitude scaling and possible additive offsets). This “shape locking” is con-
sistent with a resonant two-mode interaction in which the interfacial displacement and the associated velocity potential
components (or modal amplitudes) propagate coherently as a composite entity.

4.1. Dependence of wave shape on parameters
4.1.1. Amplitude, polarity, and background level. For each family, the solution can be written schematically as

Q(-x9t) =Q(§)’ r(x’t) =R(§)’ §=x_P1ta

where the polarity and peak amplitude are controlled by algebraic combinations of the free parameters appearing in the
GEDREF ansatz.

Localized sech” family (prototype). For the Zaremaoghaddam model, a representative localized family has the form
q(x,1) = A, sech?®(¢), r(x,1) = A, sech?(&),

where A, and A, are explicit algebraic combinations of the free parameters (e.g., combinations of §’s and w’s in the
reported families). In this case:
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» Amplitude scaling: |A,| and |A,| scale linearly with the corresponding free amplitude parameters; changing the
sign of A, (resp. A,) flips the polarity of the pulse in that layer.

* Relative layer strength: the ratio I' := A, /A, determines whether the two layers exhibit in-phase (I" > 0) or
out-of-phase (I < 0) excursions.

Offset solitary waves in the Gear—-Grimshaw model. Some Gear—-Grimshaw families include additive constants,

q(x,1) = 0() + g, 1(x,1) = R(E) + e,

so that the traveling structure sits on a nonzero background state. In that setting, (ge. re) controls the far-field equilibrium,
while the localized part (Q, R) controls the pulse/shock component. This is important for stability because the continuous
spectrum is determined by the linearization about the far-field state.

4.1.2. Width, steepness, and wave speed. In the explicit families presented, the basic width is set by the scaling
chosen in the generating function (e.g., tanh(¢), sech(¢), csch(¢)). More generally, if one uses a scaled argument «¢ in
the generating function, then « > O controls the width: larger « produces narrower (steeper) pulses.

The speed p; is not arbitrary; it is typically determined by the algebraic constraints that enforce exact solvability.
Consequently:

 changing amplitude parameters can also change p;;

* in many families, the speed is proportional to an amplitude product, producing an amplitude—velocity relation
(qualitatively consistent with classical soliton theory).

This coupling between speed and amplitude is central in any stability discussion, since the derivative of an appropriate
conserved quantity with respect to p; often enters stability criteria (see Section 4.4).

4.2. Physical realizability of singular solutions
4.2.1. Nature of the singularity. Singular families (e.g., csch?(&), csch(&) coth(£)) blow up at & = 0, i.e., along

the characteristic line x = pf. In the context of two-layer shallow-water dynamics, such divergences correspond to an
unbounded modal amplitude or slope at the interface, and therefore lie outside the strict validity range of weakly nonlinear,
weakly dispersive asymptotic models. Practically, these solutions are best interpreted as:
1. local asymptotics describing the tendency toward gradient catastrophe (incipient breaking) in an unregularized model;

or
2. idealized limits of sharply peaked structures that would be regularized by physics not included here (viscosity,

higher-order dispersion, surface tension, finite-depth corrections, or nonhydrostatic effects).

4.2.2. Regularization viewpoints. There are three standard ways to give singular profiles a controlled physical
meaning:

(i) Exclusion of the singular core: treat the solution as valid only for |£| > § for some small § > 0, matching to a different
inner solution near & = 0.

(ii) Weak/distributional interpretation: interpret the singular family as a weak solution capturing a steep-front/shock-
like transition, with the understanding that additional entropy/selection mechanisms would be required to pick the
physically relevant branch.

(iii) Model regularization: add physically motivated higher-order terms (e.g., fifth-order dispersion, dissipative terms)
that smooth the singularity into a finite-amplitude sharply localized pulse.

In the reported numerical visualizations of singular profiles, one indeed observes extremely steep behavior near x = pz,
consistent with the above interpretation.
4.3. Comparison with classical mKdV solitons
4.3.1. Classical scalar mKdV solitary waves. Consider the classical scalar mKdV equation
U + @iy + Bixey = 0, aBf #0, (33)

which admits the well-known one-soliton

u(x,t) = i\/% sech(\/g (x —ct —Xo)) , c>0if >0, (34)

with amplitude proportional to v/c and width proportional to 1/+/c.
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4.3.2. Differences induced by coupling and dispersion-triplet structure. The coupled double-layer models
studied here extend the classical setting in two major ways:

1. Two-component coupling: energy can be exchanged between layers, producing locked two-field pulses (g, r) and
allowing out-of-phase structures not present in scalar mKdV.

2. Extended dispersive operator: the mixed-derivative terms (e.g., ¢xx; and g;;) modify the linear dispersion and
may allow non-classical localized profiles (including hybrid and singular shapes) beyond the standard sech soliton in
(34).

Therefore, while some families mimic classical solitons through a single-hump localized structure and amplitude—speed

coupling, the catalog also contains non-classical profiles (e.g., sech?>-type or singular csch>-type) that should be regarded

as hybrid solitary/shock-like structures enabled by the extended ansatz and the higher-order dispersive framework.

4.4. Stability analysis

This subsection provides a linear (spectral) stability framework for the obtained traveling waves and derives explicit,
checkable stability conditions for the far-field spectrum. The analysis is presented for the Zaremaoghaddam system; the
Gear—Grimshaw system follows analogously.

4.4.1. Linear dispersion and well-posedness about a uniform state. Let (¢,"w) be a constant background.
Linearizing the Zaremaoghaddam system about that state yields (to first order in perturbations) a pair of uncoupled linear
dispersive equations because the nonlinear coupling terms are quadratic. In particular, about the rest state (0, 0) one has

qr + a3qxxx + A4qxxs + asqxy = 0, T+ b3ryxx + barxxs + bsryy = 0.
Using plane waves g ~ e'(¥*=«?) gives the quadratic dispersion relation
ask w? + (1- a4k2)w —ask® =0, (35)

and similarly
bsk w? + (1 — bsk®)w — b3k> = 0. (36)

A sufficient condition for real w(k) for all k € R (hence absence of exponential growth in the linearized constant-coefficient
problem) is
azas > 0, b3bs >0, (37)

since then the discriminants
Ay (k) = (1 — ask®)?* + 4azask®, Ay (k) = (1 = bak®)? + 4b3bsk*

are nonnegative for all k. Condition (37) is a practical baseline requirement before discussing the stability of any nonlinear
coherent structure.

4.4.2. Spectral problem for perturbations of a traveling wave. Let (Q(¢), R(£)) be an exact traveling wave with
& = x — pit. Consider perturbed solutions

q(x,1) = Q&) +eu(€)e,  r(x,1) =R(E) +ev(é)eY, O<e<xl.
In the moving frame, the time derivative acts as d; — A — p1d¢, and one computes
qr = (A= p10g)u,  Guxx = 3214, Gxxt 32(/1 — P10, Gxrr P> Og (A = p10g) u,

and similarly for r.
Linearizing the nonlinear terms gives

a*qx — Q°u’ +200u, r’qx = R*u’ +2RR'v,
r’re = R +2RR'v, g*ry — 03 +200'u,
where ’ = d¢. Thus the eigenvalue problem takes the compact quadratic-pencil form

(54212 + AN+ ﬂo) (Z) -0, (38)

where A,, A, Ay are matrix differential operators in ¢ determined by (Q, R) and the model coeflicients. Explicitly, the
g-equation component reads

0=(1—-p1dg)u+azu’” + a46§(/l — p10g)u+ asdg (A — p10g)*u
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+ay(Q* +200Q'u) + ay(R*u’ + 2RR'v), (39)
and the r-equation component is
0= (1= p10g)v +bav"" +badz (A= p10g)v + bsds (A — p1g)*v
+ b1 (R +2RR'v) + b2 (0% +20Q'u). (40)

A traveling wave is spectrally stable if the spectrum of (38) satisfies R (1) < 0.

Neutral translation mode. Because the governing PDEs are translation invariant in x, the derivative (u,v) = (Q’, R’)
always produces a neutral eigenfunction at 1 = 0:
Q/
Ao)( 5| =0
( 0 (R'

Hence 4 = 0 is generically present in the point spectrum (simple under nondegeneracy conditions), and stability means
there are no eigenvalues with R (1) > 0.

4.4.3. Essential spectrum and a far-field stability criterion. Assume the traveling wave is localized about a
constant state, i.e.,

(Q(é:)’ R(f)) - (CIOOa roo) as |§| — 00,

Then the coefficients in (39)-(40) tend to constants, and the far-field eigenvalue problem is diagonal to leading order.
Substituting Fourier modes (u, v) ~ ¢'*¢ yields the far-field (essential-spectrum) relations

(A +ip1k) (1 + ask?) +iazk® + iask (A +ip k)* =0, (41)
(A +ip1k) (1 + bsk?) +ib3k® + ibsk (A +ipik)* = 0. (42)

Equations (41)—(42) provide a checkable necessary condition for spectral stability: for each real k, all roots A(k) must
satisfy R (A(k)) < 0. A sufficient practical condition ensuring that the essential spectrum remains on (or to the left of)
the imaginary axis is:

azas 20, b3bs>0, 1+ask®>0, 1+bsk>>0 VkeR, (43)
which prevents ill-posedness and avoids sign changes in the effective far-field “mass” factors (1 + a4k?) and (1 + bsk?)
that can trigger high-wavenumber instabilities.

4.4.4. Point spectrum and stability of localized pulses: energy-index viewpoint. The remaining (discrete)
spectrum of (38) depends on the localized potentials QQ’, RR’, 0%, R* and requires an index argument.
For coherent structures generated as solitary critical points of an augmented functional

7__[(,],?'] :W[q,r]+PlP[q’r],

(where H is an energy/Hamiltonian and # is the momentum associated with translation invariance), the Grillakis—Shatah—
Strauss philosophy predicts orbital stability when the second variation §F has exactly one negative direction and a simple
kernel spanned by (Q’, R’), together with a slope condition (a generalized Vakhitov—Kolokolov condition)

d
d—SD [Qp,Rp, ] #0, with sign determining stability branch. (44)
D1

In practice, for the present double-layer setting, (44) is evaluated on the explicit families by computing # as a function of
the parameters through (Q, R) and p; (recall p; is itself constrained algebraically). This provides an analytically tractable
stability diagnostic because the integrals of sech™ profiles are closed form.

Concrete diagnostic for sech’-type localized pulses. For a representative localized pulse of the form

Q(&) = Agsech®(ké),  R(£) = A, sech? (xé),

one may use the quadratic momentum proxy

P2 = 1/00 (02 + R) dé = 543+ A) /w sech” (¢) d¢ =

(A7 +AD)
2 Jowo 2 '

3k
Thus, if « is fixed by the family scaling, the monotonicity of £, with respect to p; reduces to the monotonicity of A%I +

A? with respect to p; through the algebraic constraints. A positive slope diple > 0 is typically associated with the stable
branch in Hamiltonian dispersive systems, while a negative slope signals an instability exchange.
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4.4.5. Instability mechanisms for singular and non-decaying families. Finally, two generic instability mecha-
nisms are expected for the non-regular families:

« Singular families: the blow-up at & = 0 implies infinite L?> norm and breakdown of standard energy methods;
linearization about a singular profile typically yields non-self-adjoint operators with spectrum extending into R (1) >
0, so these waves are best viewed as nonlinearly unstable idealizations unless regularized.

* Non-decaying cosh/sinh families: these do not approach a finite far-field equilibrium, so the essential spectrum
is not defined in the usual solitary-wave sense; physically, such profiles correspond to nonlocalized excitations or
boundary-driven responses rather than freely propagating solitary waves.

4.5. Summary of implications

Overall, the explicit solution catalog demonstrates that (i) coherent two-layer traveling structures exist in multiple
morphologies, (ii) only the localized finite-energy families are directly consistent with solitary-wave propagation in
stratified fluids, (iii) singular solutions should be interpreted as limiting/shock-like objects requiring regularization, and
(iv) a rigorous stability assessment reduces to the spectral analysis of the quadratic pencil (38), with immediate far-field
admissibility conditions given by (43) and point-spectrum diagnostics accessible via the explicit parameter dependence of
integral invariants such as $;.

5. CONCLUSIONS

The paper recovered solitary waves, shock waves and their combination thereof for double layered shallow water flow.
Two of the models out of very many such models, have been addressed in this paper. They are Zaremaoghaddam model
and the Gear-Grimshaw model. The basic platform is the mKdV equation and therefore the current work is a continuation
or a follow—up of the previously reported work that has KdV equation as its basic platform. The adopted integration
algorithm was the generalized exponential differential rational function approach. This algorithm revealed various hybrid
forms of solitary waves, shock waves and singular solitary waves. An obvious drawback is that the integration scheme
failed to reveal single—standing waves such as solitary waves or singular solitary waves or shock waves. For retrieving
such single—standing waves one must resort to additional integration approaches. The results from such research activities
will be disseminated in future.

A. ADDITIONAL SOLUTION FAMILIES FOR MODEL (1)
Family-1V
Upon embedding Ry, R, R3, R4] = [1,1,1,—-1] and [S}, S», S3,S4] = [1, -1, 1, —1] in equation (7), we obtain

T (t) = coth(r). (45)

By making substitution of (45) in (10) for equation (9), coefficient values are procured as:

by6,? 4b201 w3 (4 asbrw201% + ashr)
ay=bs, ay=-——-,a3=— 5 ,
02 6,
bi = by6,? _ 4bywo6,? (4 bybsw101% + b492) 46)
1= _6_227 3 == 022 y
0 4b,6,*
w) = — 1w2, i =_M’ 6o=0, 63 =0.
92 92

having a4, as, ba, bs, by, wy, 02, 6] as free parameters.
Accordingly, newly generated solution of equation (1) is presented with the help of equation (45) and (46) as follows:

01w>

6> ( csch(x —plt))z’
w?2

(csch(x—plt))z'

q(x,1) = =0, (csch(x — p11))” +

47)
r(x,t) = =6 ( csch(x — plt))2 -

Family-V
Upon embedding [R1, R2, R3, R4] = [1,1,1,-1] and [S1, $2, 53, S4] = [0,0, 1, —1] in equation (7), we obtain

T (1) = csch(7). (48)
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Putting (48) in (10) for equation (9), following parameter values are obtained:

b26,? 4brw161% (4 asbrwr61% + asbs)
ay=bs, ay=-——-,a3 = - 5 ;
92 02
by6,2 4byw261% (4 babsw261% + bsb
b1:_221’b3:_ 221(2;21 42), (49)
92 92
0 4brw6:>
w1 =22 L opi =—ﬂ, 6o =0, 63 =0.
0> 0>

having a4, as, ba, bs, by, wy, 6>, 81 as arbitrary constants.
Thus, using equations (48) and (49), the newly generated solution of equation (1) is shown as follows:

0
q(x,t) = =01 csch(x — pt) coth(x — pyt) + @21 ,
0, csch(x — pit) coth(x — pt) (50)
w2
,t) =—-0 h(x — pit) coth(x — pit) — .
rxn 2 esch(x = pit) coth(x = pit) csch(x — pyt) coth(x — pit)
Family-VI
Upon embedding [R1, R2, R3, R4] = [1, 1,1, 1] and [Sy, S2, S3,S4] = [0,0, 1, —1] in equation (7), we obtain
T (1) = sech(7). (28
Putting (51) in (10) for equation (9), following parameter values are obtained:
by6,? 4brw161% (4 asbrwr61* + asbs)
ay=bs, ay=-—5-, a3 = - 5 ,
92 92
b20,2 4b2w201% (4 bybswy61% + b6
b1=—221, S 202017 ( 2;(021 42)’ (52)
92 ‘92
6 4brwy6,°
w1 =22 L P =—&, 6o =0, 63=0.
0, 0,
having ay4, as, ba, bs, by, wy, 6>, 01 as arbitrary parameters.
As aresult, using (51) and (52), the new soliton solution of equation (1) is written as:
w291
q(x,1) = =01 sech(x — pt) tanh(x — pt) + ,
0, sech(x — pit) tanh(x — p11) (53)
w?
,t) =—-0 h(x — pit) tanh(x — p1?) — .
ren 2 sech(x = pt) tanh(x = pi1) sech(x — pit) tanh(x — pit)
A. ADDITIONAL SOLUTION FAMILIES FOR MODEL (2)
Family-1V
2
w164 csch(x — ppt) w
qx,t) = - ( ) - ! 5 + 0o,
on (csch(x — pit)) (54)
r(x,t) = —04( csch(x — pﬂ))2 - Lz + 0s.
(csch(x — pi1))
Family-V
g ) = _a)164 csch (x — pyt) coth (x — pt) B w1 + 6.
w4 csch (x — pyt) coth (x — pi1) (55)
r(x,t) = =04 csch (x — pit) coth (x — pt) — w4

+ 6s.
csch (x — pyt) coth (x — pt) >
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Family-VI

w104 sech (x — pit) tanh (x — p1t) _ w1

,l‘ = — +9 5
q(x.1) w4 sech (x — pit) tanh (x — pt) 0

w4 +6
sech (x — pif) tanh (x — p1t)

(56)
r(x,t) = =04 sech (x — pit) tanh (x — pyt) —
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V wiif cTarTi BiTHOB/IEHO TiOpUIHI TOOAWHOKI XBUJI IJIs1 BOIIAPOBUX XBWJIb HA MUJIKOBOAI, 6a30BOI0 IJIAT(OPMOIO SIKMX € PiBHSIHHS
mKdV. Bubpanumu mopensimu € piBHsIHHs 3apemaoraigama ta piBHsiHHsA [ipa-I'piminoy. Bukoprctanuil anaroputm iHTerpyBaHHs —
y3arajbHeHui MeTo]] eKCIoHeHIiabHOI AndepeHiianbHoi ¢pyHKil. Lle mpu3BoauTh 10 riOpUIHUX XBUIIb, IO BAHUKAIOTh 3 OAUHOYHUX
XBWJIb, YIAPHUX XBWJIb Ta OJMHOYHHMX OAMHOYHHMX XBWIb. Kpurepii iCHyBaHHSI TaKMX XBWJIb TaKOX IPEICTABJIEHi SIK OOMEXEeHHs
napamerpis.

Kurouosi cioBa: pignsinns mKdV; 2iopud; inmeeposanicmv; oOmedsicenns napamempis; pisusnus Iipa—I pimuwoy
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The current study presents a theoretical analysis of the nonlinear self-focusing of a q-Gaussian laser beam propagating through an
unmagnetized plasma, incorporating the simultaneous effects of relativistic mass variation and the ponderomotive mechanism. Linear
absorption is also included to account for energy dissipation during beam propagation. By applying WKB and paraxial
approximations, the problem is reduced to 2™ order differential equation that governs the evolution of the laser beam width as a
function of the normalized propagation distance. The resulting equation is solved numerically using 4" order Runge-Kutta method. A
systematic analysis is performed to examine the effect of laser intensity, plasma density, absorption coefficient, q-parameter, and
initial beam radius on the self-focusing dynamics of a q-Gaussian laser beam. These findings indicate that laser-plasma parameters
substantially affect beam dynamics and critically govern the self-focusing process.

Keywords: Laser-plasma interaction; q-Gaussian beam; Nonlinear self-focusing; Absorption coefficient; Nonlinear dynamics
PACS: 52.38.Hb, 52.35.Mw, 52.38.Dx

1. INTRODUCTION

The sustained interest has been attracted by laser-plasma interaction in view of its vital role in diverse range of
applications including ionospheric modification, charged particle acceleration, laser-driven fusion and nonlinear
radiation generation [1-10]. The ability of laser beams to transit through plasma decides efficiency of all these
applications. Much deeper penetration of laser beams through plasma media causes beam narrowing, which further
causes enhancement in energy confinement and improvement in transfer of laser energy to plasma. However, the
natural beam’s diffraction imposes fundamental limitation on their transition through plasma environment. Self-
focusing provides an effective mechanism to counteract diffraction during laser beam transition through plasma. Under
intense laser irradiation, there is excitation of several nonlinear phenomenon including self-focusing, filamentation, and
parameteric instabilities [11-19]. Among these nonlinear effects, the central role is played by self-focusing as it directly
governs beam confinement and greatly influences the growth of other nonlinear processes. The concept of nonlinear
refraction and the possibility of self-focusing of an intense electromagnetic wave was provided by Askar’yan [20].
Since then, theoretical/experimental researchers have extensively explored this phenomenon in view of its importance
in nonlinear optics and plasma dynamics [21-32]. It has been demonstrated from numerous investigations that self-
focusing critically governs overall behavior of laser-plasma interaction [33-36]. Self-focusing causes contraction of
laser beam’s transverse dimensions, thereby causing strong localization of intensity. This enhanced localization may
disrupt beam uniformity, which is undesirable in applications such as laser-driven fusion. Therefore, achieving effective
control over beam transition through plasma is mandatory in order to optimize energy coupling and attaining high
energy gain. The first experiment observation of self-focusing was reported by Akhmanov et al. [37], followed by
comprehensive studies by Sodha et al. in plasmas, dielectrics, and semiconductors [38-39]. In plasmas, self-focusing
occurs due to intensity dependent variations of effective dielectric permittivity, leading to significant changes in plasma
optical properties. These changes mainly originate from three mechanisms: ponderomotive, thermal, and relativistic
nonlinearities. The ponderomotive self-focusing was first time introduced by Hora [40], who successfully derived
critical power condition by balancing ponderomotive and hydrostatic forces. The ponderomotive force expels electrons
from high intensity regions, producing plasma density depressions and corresponding reduction in local plasma
frequency [41]. The density redistribution alters the plasma dielectric function and leads to self-focusing. Relativistic
self-focusing becomes significant at ultra-high laser intensities, where electrons attain relativistic velocities. The
associated relativistic mass increase modifies plasma frequency and dielectric permittivity, resulting in intensity
dependent refractive index and enhanced beam focusing. Despite extensive studies, relativistic and ponderomotive
nonlinearities are often treated separately, although both may exist depending on laser pulse duration. Relativistic
effects dominate for T < t,, whereas for 7, < T < t;, both mechanisms act simultaneously. Here, 7 is time scale of
laser-plasma interaction, 7, and T7; correspond to electron and ion response times. Ponderomotive nonlinearity
complements relativistic effects, enhancing self-focusing and plasma density perturbations. Mostly earlier investigations
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of laser-plasma interactions have employed conventional Gaussian beam profiles. The q-Gaussian laser beams form an
2\ 4

important class characterized by the irradiance distribution f(r) = £(0) (1 + ;7) , which reduces to the standard
0

Gaussian profile in the limit g—> oo. Here, f(r) is radial profile of laser beam amplitude and f(0) is beam’s peak
value at r = 0. The q-Gaussian beams possess lower total power then Gaussian beams and exhibit distinct propagation
features, making them suitable for controlled nonlinear interaction studies. The main origin of g-Gaussian profile is
from g-Gaussian distribution which was derived in non-extensive statistical mechanics by Tsallis [42]. In laser-plasma
interaction, this form has been adopted by many authors for modeling high power beams transiting through nonlinear
plasma media. Motivated by these considerations, the present research investigates nonlinear self-focusing of g-
Gaussian laser beams propagating in unmagnetized plasma under the combined influence of relativistic and
ponderomotive nonlinearities, with linear absorption included to account for energy dissipation. The organization of
paper is as follows: Section 2 presents theoretical formulation, where the paraxial and WKB approximations are
employed to derive 2" order differential equation governing the beam width. Section 3 discusses numerical results and
their physical implications; the main conclusions are summarized in Section 4.

2. NONLINEAR EVOLUTION OF BEAM SPOT SIZE
A laser beam with g-Gaussian intensity profile is assumed to be propagating along z-axis in unmagnetized plasma.
One can describe the beam intensity at the initial plane (z = 0) by

2\"4
Eo " Eglimo = Efo (14 75) M

Where, 1, represents initial beam radius, E is the complex field amplitude, and Ey, denotes field amplitude along the
beam axis. The beam profile and decay behavior of its tails are governed by the g-parameter. This g-parameter is
helpful in distinguishing a g-Gaussian beam from conventional beams. During the transition of the beam through
propagation axis (z > 0), its intensity distribution behaves according to equation,

Ey By =" (142 )_q ®)
0 "0 2 argr?)

Where f denotes beam waist evolution, describing focusing/defocusing of beam during its transition through plasma.

Eq.(2) provides complete description of energy distribution of q-Gaussian beam along propagation axis. Maxwell’s

equation can be used to derive fundamental equation governing propagation of an electromagnetic wave in plasma

medium. Faraday’s law and Ampere’s law can be combined to obtain following wave equation for electric field of laser

beam as

VZE —V(V+E) + % ¢E = 0. 3)

In Eq.(3), € represents the effective dielectric response of plasma, w is angular frequency of incident radiation, and
¢ is speed of light in vacuum. The second term on LHS, V(V - E) arises on account of possible spatial variation in
dielectric function of plasma. However, for a slowly varying and weakly inhomogeneous medium, a negligible
contribution is made by this term towards overall beam dynamics. This approximation remains valid provided

2
% | iVZ In | < 1 condition is satisfied. As a result, V(V - E) term can be safely neglected. So, Eq. (3) reduces to

2 w? —
\% E+C—ZsE—O. 4)

The transition of high intensity electromagnetic wave through plasma medium causes strong nonlinear behavior of
electron dynamics. In such regimes, electrons simultaneously experience relativistic mass enhancement, due to their
large quiver velocities, and the ponderomotive force which arises from spatial gradient in electromagnetic field
intensity. The combined action of these two mechanisms is referred to as relativistic ponderomotive force (RP force).
The electrons are driven away from strong laser intensity regions due to this RP force, thereby causing redistribution of
charge density and corresponding modification of optical properties of plasma. The RP force acting on an electron in an
intense laser field is given by [43-45]

Fpe = —mOCZV(]/ -1. 3

Where, my, ¢ and y correspond to electron rest mass, speed of light in vacuum and Lorentz relativistic factor
respectively. At sufficiently high laser intensities, electron quiver motion becomes relativistic, resulting in a Lorentz

factor that explicitly depends on local electromagnetic field amplitude. It may be expressed as y = V1 + aEE* with

2

e . . . .
@ = ——— representing the nonlinear coefficient. As a direct consequence of RP force, electrons are expelled from
0 0

high intensity regions of the beam, resulting in a local depletion of electron density. This density modification plays a
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crucial role in determining plasma’s dielectric response. Accounting for both relativistic mass variation and
ponderomotive density redistribution, the effective dielectric function of plasma can be written as [43-45]

2
£=1—;)T”Zexp<—m;—:2(y—1)). (6)

2
Where w, = ’% is electron plasma frequency corresponding to unperturbed electron density N,, and T, denotes
0

electron temperature. The RP force-induced modification of equilibrium electron density is correspondingly given by
[45]

Noe = %exp (— - 1)). @)

Accordingly, total plasma dielectric function may be decomposed in to linear and nonlinear components as

e=¢g +PE-E. 3

Where, g5 =1— -2 represents the linear dielectric response of cold plasma in absence of RP force. The nonlinear

contribution, = oz [1 — N—], arises from the intensity dependent depletion of electron density and represents the nonlinear
0

susceptibility induced by relativistic mass variation and ponderomotive expulsion of electrons.
Following [37-39], a suitable solution of wave Eq. (4) may be written in the form of a slowly varying envelope
modulating a rapidly oscillating carrier wave, namely

E = Ey(r,2) expli(wt — k(S + 2))]. ©)]
The corresponding intensity distribution of the q-Gaussian beam during propagation is expressed as [38-39]
. _ E} 4
E,-E; =20 (1 + zfz) exp(—2k;2). (10)

Here, k; accounts for absorption effects in plasma medium. The phase function 'S” which incorporates the effect of
beam curvature and axial phase variation is given by
1 _,1df

Szfd

+ @y (2). an

Where, ®@,(z) denotes longitudinal phase shift accumulated during propagation. The wave number k in plasma is
defined as

k=2m (12)

The transverse evolution of laser beam is described by beam width function 'f (z)" whose variation along direction
of propagation is governed by following 2" order nonlinear ordinary differential equation [38-39];

2 2 —
uzﬂ_(wrﬂ”a) exp( ka) 2f3 p[—T—{ 1+anoexp—(2kLr])_1}](1+

an®  qf? c 1
2 A —3/2 —2k;
ety o) [1 me [ +E;—<2kn>] (13)

Eq. (13) governs evolution of normalized beam waist f as a function of normalized distance 7. The first term on
right hand side represents diffraction induced beam spreading, which tends to increase the beam width as beam
propagates. The second term arises from nonlinear RP force, which introduces an effective focusing mechanism by
modifying the plasma dielectric response. The competition between these two opposing effects, diffraction-driven
divergence and RP-induced nonlinear convergence dictates the overall propagation behavior of beam. Depending on
relative strength of these mechanisms, the beam may undergo continuous expansion, strong self-focusing, or exhibit
oscillatory evolution as it propagates through plasma medium.

The initial condition used is, f =1 & % =0atn=0.

3. DISCUSSION
Eq. (13) can’t be solved numerically; its solution is obtained through numerical technique using Runge-kutta 4
order method. The computations are carried out for a representative set of experimentally relevant laser-plasma
parameters;

2
a'Ego = 3.0,4.0, 5.0;% =0.4,0.5,0.6;k; =0,0.3,0.6 ;g =1,2,3; 1, = 20 um, 25 um, 30 um
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The evolution of beam width governed by Eq. (13) results from interplay of two distinct mechanisms appearing on
right hand side. The first mechanism is connected with diffraction, which reflects beam’s tendency to spread as it
transits through plasma. The dominance of this mechanism causes beam’s divergence, leading to an increase in

. . . . . . d? . . .
transverse width. Mathematically, this regime is characterized by d_n]; > (. The second mechanism arises from nonlinear

modification plasma’s refractive index caused by interaction of an intense laser field. The dominance of this mechanism

causes beam’s convergence, leading to decrease in transverse width. Mathematically, this regime is characterized by

d? C . . .

d_n]; < 0. A special situation arises, when both mechanisms exactly compensate each other. Under this balance, the beam

transits in a steady state manner without any change in its transverse width. This stationary transition condition is
2

characterized by % =0.

Figure 1 shows evolution of beam width f as a function of normalized distance n for different laser
intensities, aE&, = 3.0,4.0,and 5.0, represented by Black, Red, and Blue respectively. In all cases, the beam width
exhibits oscillatory behavior due to saturating response of plasma dielectric function. These oscillations arise from
continuous interplay between diffraction, which tends to broaden the beam, and nonlinear self-focusing, which acts to
contract it. As the laser intensities increases, the diffraction term becomes increasingly dominant over nonlinear
focusing term, thereby reducing beam’s self-focusing tendency. Consequently, at higher laser intensities, the beam
reaches its minimum width at larger propagation distances, clearly indicating diminished self-focusing effect.

Figure 2 shows evolution of beam width f as a function of normalized distance 7 for different plasma

2
densities, % = 0.4,0.5,and 0.6, represented by Black, Red, and Blue respectively. In all cases, the beam width exhibits

oscillatory behavior due to saturating response of plasma dielectric function. These oscillations arise from continuous
interplay between diffraction, which tends to broaden the beam, and nonlinear self-focusing, which acts to contract it.
As the plasma density increases, the nonlinear focusing term becomes increasingly dominant over diffraction term,
thereby strengthening beam’s self-focusing tendency. Consequently, at higher plasma densities, the beam reaches its
minimum width at shorter propagation distances, clearly indicating enhanced self-focusing effect.

aE,=3.0 mpz 102=0.4

oE,=4.0 0lle=0.5

E,=5.0 02?06
»

1.0 1.5 20 25 3.0 0.0 0.5 1.0 1.5 2.0 25 3.0

Figure 1. Evolution of beam width f as a function of normalized Figure 2. Evolution of beam width f as a function of normalized
distance 7 for different laser intensities, aEZ, = 3.0,4.0,and 5.0, distance 7 for different plasma densities, wg Jw? =
represented by Black, Red, and Blue respectively 0.4,0.5,and 0.6, represented by Black, Red, and Blue respectively

Figure 3 shows evolution of beam width f as a function of normalized distance n for different beam radii, r, =
20 um, 25 ym, and 30 um, represented by Black, Red, and Blue respectively. In all cases, beam width exhibits an
oscillatory behavior, which originates from saturating response of plasma dielectric function. As the beam radius
increases, the contribution of nonlinear focusing term becomes increasingly dominant compared to diffraction term.
This shift strengthens beam’s tendency to self-focus. As a result, for larger beam radii, the beam reaches its minimum
width at shorter propagation distances, clearly indicating an enhanced self-focusing effect.

Figure 4 shows evolution of beam width f as a function of normalized distance 1 for different q parameters, g =
1,2,and 3, represented by Black, Red, and Blue respectively. In all cases, beam width exhibits an oscillatory nature,
which arises from saturating response of plasma dielectric function. It is clearly observed that increasing the value of q
markedly enhances focusing characteristics of beam. At higher q values, the nonlinear focusing contribution becomes
stronger relative to diffraction, enabling the beam to converge more effectively. This leads to improved spatial
localization of beam and corresponding increase in central field intensity. The enhanced intensity strengthens the
nonlinear interaction beam and the plasma, which further reinforces self-focusing mechanism and results in deeper and
more pronounced beam convergence.
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Figure 3. Evolution of beam width f as a function of normalized Figure 4. Evolution of beam width f as a function of
distance n for different beam radii, o = normalized distance n for different q parameters, q =
20 um, 25 um, and 30 um, represented by Black, Red, and Blue 1,2,and 3, represented by Black, Red, and Blue respectively
respectively

Figure 5 shows evolution of beam width f as a function of normalized distance n for different k; values, k; =
0,0.3, 0.6, represented by Black, Red, and Blue respectively. The figure shows that increasing k; weakens beam’s self-
focusing due to energy loss through absorption. As absorption grows, the refractive index gradient decreases thereby
reducing nonlinear convergence effect. Consequently, diffraction dominates and beam focuses less effectively.

Figure 6 shows evolution of beam width f as a function of normalized distance n for two different plasma
regimes. The Black line shows the combined effect of relativistic mass variation and ponderomotive nonlinearities,
while Red line represents relativistic nonlinearity alone. When both act together, the beam width f shifts to smaller 7,
indicating stronger self-focusing. Since, relativistic nonlinearity acts instantaneously, the ponderomotive contribution
reinforces it, enhancing overall focusing effect.

—k=0.0 Relativistic+Ponderomotive
—k=0.3 Relativistic

]
— k=06

00 05 10 15 20 25 0.0 05 10 15 20 25 30

Figure 5. Evolution of beam width f as a function of Figure 6. Evolution of beam width f as a function of normalized

normalized distance n for different k; values, k; = 0,0.3,0.6, distance n for two different plasma regimes. The Black line

represented by Black, Red, and Blue respectively shows the combined effect of relativistic mass variation and
ponderomotive nonlinearities, while Red line represents
relativistic nonlinearity alone

4. CONCLUSION
This study examines a detailed analysis of nonlinear self-focusing of q-Gaussian laser beams in plasma with
relativistic and ponderomotive effects under linear absorption. Using WKB and paraxial approximations, self-focusing
equation is derived, revealing that beam’s focusing strengthens with higher plasma density, larger g-parameter,
increased initial beam radius, combined action of RP force, while higher beam intensity and absorption weakens it.
These results provide essential insights for controlling laser propagation in plasma, with direct implications for
optimizing laser-driven fusion and other high intensity laser applications.
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This second part of the study develops a complete geometric and asymptotic description of how surface tension governs the modulational
stability of interfacial waves in a two-layer fluid. Extending the analytical framework of Part I, surface tension is treated as a freely
adjustable parameter, making it possible to trace the nonlinear and dispersive properties of the system across the full range of depth
ratios and density contrasts. Using the nonlinear Schrodinger reduction together with long-wave asymptotics, the mechanisms that
shape the boundaries between stable and unstable regimes are identified and their dependence on surface tension is quantified. The
long-wave structure is controlled by two special density values that mark the bases of the loop and the corridor on the stability diagrams.
Their ordering switches at a threshold that exists only when the lower layer is deeper, and loop-type structures occur only in this
regime. A second organising parameter is the classical Bond threshold, at which the dispersive and nonlinear singularities coincide.
When surface tension exceeds this value and the upper layer is sufficiently deep, the interaction between resonant and dispersive effects
produces a capillary cut that replaces the corridor and characterises strongly capillary, upper-layer-dominated configurations. To unify
these observations, the full three-dimensional critical surfaces that separate different types of nonlinear and dispersive behaviour are
computed. The familiar loop, corridor, and cut appear as planar sections of these surfaces, and their transitions follow directly from
the deformation of the intersection between the resonant and dispersive sheets. Two depth ratios correspond to genuine geometric
degeneracies: equal layer depths, where the intersection reduces to a straight line, and the golden-ratio configuration, where the critical
surface becomes horizontally tangent at the Bond threshold. Overall, Part II completes the geometric and physical classification of
modulational stability in two-layer interfacial waves and provides a framework for future extensions incorporating shear, external forcing,
flexible boundaries, or variable bathymetry.

Keywords: Modulational instability; Interfacial gravity—capillary waves; Two-layer fluid; Surface tension; Benjamin—Feir instability

PACS: 47.20.Dr, 47.20.Ky, 47.35.Bb, 47.35.Pq

1. INTRODUCTION

In Part I [1], the modulational instability of interfacial waves in a two-layer fluid was examined for different depth
ratios and density contrasts under the assumption of a fixed or characteristic interfacial tension. The present paper extends
that analysis by investigating the effects of varying surface tension 7" on the stability and topology of modulational—stability
domains.

The theoretical foundation of modulational instability originates from the classical works of Benjamin and Feir [2]
and Zakharov [3], with extensions to interfacial waves by Grimshaw and Pullin [4] and by Christodoulides and Dias [5].
Dullin, Gottwald, and Holm further developed a unified long-wave shallow-water asymptotic framework linking several
equivalent model equations (KdV, fifth-order KdV/Kawahara, and Camassa—Holm), clarifying the role of surface tension
through the Bond-number parameter and identifying the parameter regimes where each model applies [6, 7]. Building on
this foundation, more recent studies have explored the influence of surface tension in both surface and interfacial systems.

Sun and Wahlén [8] performed a rigorous spectral analysis of periodic gravity—capillary waves and showed that
positive 7' excludes spectral instabilities at high-frequency crossings, yielding regions of spectral stability.In their analysis
based on the Evans function method, Hur and Yang [9] examined the spectral properties of gravity—capillary waves,
identifying regimes of Wilton-ripple instability and establishing the precise criteria for their onset. Ward et al. [10]
examined the Faraday instability in a system with two interfaces, demonstrating experimentally and theoretically that
surface tension governs excitation thresholds.

For interfacial waves in two-layer fluids, several recent studies have derived nonlinear Schrodinger (NLS) reductions
and constructed stability diagrams. Li et al. [11] obtained the NLS equation for arbitrary depths and showed that stronger
density contrast and thinner layers compress the modulational—instability region, while finite 7" shifts the instability
boundary toward shorter waves. Li et al. [12] considered a linear shear profile and demonstrated that the combined effects
of shear and T alter the sign of the nonlinear coefficient, changing the envelope—stability type. Murashige and Choi [13]
performed a two-dimensional stability analysis of finite-amplitude waves and found competition between modulational and
Kelvin—Helmholtz instabilities: surface tension suppresses the latter but alters the width of the modulational—instability
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band. Pal and Dhar [14, 15] produced stability maps for oceanographic parameters and emphasized the sensitivity of
instability boundaries to 7. Boral, Ni, and Korobkin [16] studied the interaction between interfacial and flexural-gravity
waves in the presence of a discontinuous background current, while Halder et al. [17] analyzed the effect of constant
vorticity and showed that vorticity and surface tension jointly modify nonlinear corrections and stability.

Other studies have explored situations where capillarity interacts with external influences. Goldobin et al. [18]
investigated interfacial waves in a two-layer system subjected to horizontal vibrations and showed that surface tension 7'
influences the onset and stability of long-wave oscillatory modes. Doak et al. [19] considered gravity—capillary waves at
the boundary between dielectric fluids under an external electric field, where surface tension modifies both the dispersion
relation and the stability condition. Chow, Chan, and Grimshaw [20] analyzed long internal waves in smoothly stratified
shallow fluids—although surface tension was absent, their approach is directly transferable to interfacial configurations.
Liang, Zareei, and Alam [21] demonstrated resonant harmonic generation in internal waves, producing narrow instability
windows analogous to those induced by capillarity. Boral, Sahoo, and Stepanyants [22] investigated surface waves under
wind forcing and identified T as a key control parameter for the transition between stability and instability. Andreeva,
Bulavin, and Tkachenko [23] investigated the Rayleigh—Plateau dissipative instability with viscous effects in both contacting
fluids and showed that surface tension, together with dissipation, controls the transition between stable and unstable regimes.

Overall, existing research provides rigorous spectral criteria for gravity—capillary waves at 7 > 0, modula-
tional—instability maps for two-layer systems with shear and currents, and analyses of auxiliary factors such as vorticity,
vibrations, electric fields, wind forcing, and stratification. However, a consistent topological classification of stability
diagrams in the (p, k) plane under varying T has not been established. The mechanisms governing the emergence and
disappearance of corridors, loops, and cuts, as well as the limiting configurations HS-La, La-HS, and HS-HS (as defined
in Part I), remain insufficiently understood. These questions are addressed in the present work.

2. PROBLEM FORMULATION, PRELIMINARY BACKGROUND, AND LIMITING CASES
2.1. Mathematical formulation and background assumptions

All variables and scaling follow the notation of Part I [1].

We consider the same two-layer inviscid, incompressible fluid system as in Part I, composed of a lower layer Q| =
{(x,z) | = h; < z < 0} and an upper layer Q, = {(x,2) |0 < z < hy}, separated by the interface z = n(x, t) with surface
tension 7. The fluid densities are p; and p,, and the density ratio is p = p/p. In Part I, the analysis was carried out for
a fixed interfacial tension corresponding to 7 = 1. Here, T is treated as a free control parameter governing the capillary
contribution.

Following the nondimensionalization adopted previously, all quantities are scaled with L = (Tp/(p18))"/%, to =
(L/g)""?, and mg = p1 L3, where T is the reference interfacial tension. The dimensionless coefficient T = T /T measures
the relative magnitude of surface tension effects. Here we keep the same nondimensionalization as in Part I, where the
choice T = Ty led to the dimensionless value T = 1 in the dispersion relation.

The governing equations for the velocity potentials ¢;(x, z,t) and the interface displacement 7(x, #) are identical to
system (1) of Part I. The dependent variables are expanded in powers of the small steepness parameter @ = a/l, where a
is the maximum interface displacement and / the wavelength:

3
(m,¢;) = Zo/’_l(nn, @in) +0(a), X, =a"x, t,=a"t.
n=1
From the first-order approximation, one obtains the dispersion relation

s k(1-p+Tk?)

= , 1
cothkhy + p cothkhy M
in which T explicitly controls the curvature of w(k).
At third order, the solvability condition gives the nonlinear Schrodinger equation
A +iw Ay + L 0" Ay = —a w7 T|APA, )

where w’ = dw/dk and w”’ = 8?w/dk? are the first and second derivatives of the carrier frequency. The coefficient J is
the Benjamin—Feir index, which depends on the system geometry and on the second-harmonic correction A (defined in
Eq. (3) of Part I):

1
J=- 2kw?(1 = p)A[=3p coth? khy + 3 coth® khy — 1
16(1 — p) [ p coth khy + coth kh; ]{ @ (1= p)A[=3p co 2¥2c0 ! .

— 4kw*[p(coth® khy — 1) — (coth® khy — 1)]?

—4k*w*(1 = p)[p coth® khy + coth® khy —2p cothkhy — 2 coth khy] — 3Tk (1 — p)}. (3)
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A purely temporal solution of Eq. (2), A(?) = a exp(ia/azw‘ljt) , with constant envelope amplitude «, is modula-
tionally stable when

Jw" <0, “)

while Jw” > 0 signals the onset of instability. In what follows, we examine how variations of 7 alter the loci J = 0 and
w” = 0inthe (p, k) plane, revealing new transitions between stable and unstable regimes as surface tension modifies both
the nonlinear and dispersive characteristics of the interfacial mode.

2.2. Limiting case p = 1 for equal layer depths
We now consider the symmetric configuration of two layers with equal thickness &#; = h, = h and equal densities
p = 1. In this limit the interface vanishes, and the system formally reduces to a single homogeneous fluid bounded by
two free surfaces of equal curvature. Nevertheless, this configuration provides a convenient reference for analysing the
nonlinear coefficient J and the structure of the Benjamin—Feir index near the symmetry line.
For p = 1 and hy = hy = h, substituting the dispersion relation (1),

) Tk?
W= —
2 cothkh

into the general expression (3) for J, one obtains, after simplification,

1 5 5
I= _ﬁTk (COthkh " cosh kh sinhkh)'

The factor T appears only as a multiplier and therefore does not affect the location of the zero of J. The condition J = 0
yields cosh?(kh) = 5, and hence the characteristic wavenumber at which J changes sign is

1 1.4436
ken(h) = 5-1n(9 + 4V5) ~ - (5)

The independence of k., from the surface-tension coefficient T is a notable feature of this symmetric configuration.
While T scales the dispersion relation, w o VT, so that the frequency increases as the square root of the surface tension,
it does not modify the nonlinear geometry encoded in J. Consequently, the transition between focusing and defocusing
nonlinearity in the Benjamin—Feir sense depends solely on the dimensionless depth parameter kh. For k < kg (h) the
index J > 0, corresponding to one type of nonlinearity, whereas for k > k., (h) the sign reverses (J < 0). Because
w” (k) obeys the same scaling invariance (w(k) o VT, and thus w” (k) scales identically and retains its sign), the overall
modulational-stability criterion based on the product J "’ preserves the same threshold (5) for all T > 0.

The analytical symmetry of the perfectly symmetric configuration p = 1, hy = h, = h implies that both w(k)
and J (k) are even functions of the carrier wavenumber k. In this limit, the small-k expansion of the dispersion relation
yields w(k) o k2, so that w” (k) tends to a finite positive constant as k — 0. By contrast, for unequal densities p # 1
(with comparable layer depths) the long-wave behaviour is gravity-dominated: w(k) ~ ¢(p) k, and hence w”’ (k) vanishes
linearly with k as k — 0. In both cases, the coefficient J remains finite at k = 0. In the long-wave regime k — 0, the
critical curves associated with the conditions J — oo and w’’ = 0 in the (p, k)-plane accumulate near the symmetry point
(p, k) = (1,0). In the perfectly symmetric case p = 1, hj = hy, both J and w"’ stay regular at k = 0, and the corresponding
geometric degeneracy reduces to a simple linear intersection in the (p, k) plane, as observed in the three-dimensional
representations discussed in Sec. 4.

To the best of our knowledge, the T-independence of the characteristic wavenumber k¢, in the symmetric limit p =
1, hy = hy has not been explicitly noted in the literature. This follows directly from the capillary scaling of the dispersion
relation (w oc VT) and the corresponding invariance of w” (k). For a comprehensive discussion of modulational instability
in gravity—capillary systems, see Dias and Kharif [25].

2.3. Mutual placement of the points p;, and pc at k =0
In the long-wave limit £ — 0, the intersection points of the conditions J = 0 and J — oo with the density axis Op

are
2
pL = h—; 6)
hy
@ —hzh% + hlhg -3Th; + \/h‘l‘h% + Zh?hg + h%h‘z‘ + 6Th§h2 - 6Thfh§ - 12Th1hg + 9T2h% -
pc = .

2y 12
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Geometry fixes the reference point pp = h% /h?, while Capillarity shifts pc(7T) leftward from p = 1 for small T,
and, whenever the corresponding branch remains real, towards its asymptotic geometric limit for large 7. The two curves
intersect at a finite surface-tension value Ty defined by pc(7Tx) = pL. Solving this relation gives
h = 3 hy + hih3 — by _ (h? = h) (B2 + h% — hyhy)

3h% 3h%

TX =

)

whose sign determines the admissible configurations:

>0, hl > hz,
sign(Tx) =4=0, hy = hy, so that T > 0 exists only if | > hy.
< 0, hl < hz,

For physically relevant T > 0, three cases arise:
(i) hy>hy: Ty >0,and

T <Tx: pL<pc(T), T=T«: pL=pc(Tx), T>Tx: pc(T) < pL.

(ii) /’ll :hzzh:pLzland

3T 242

7y ST BT -2 I=97 0sT<=
pelt) = 02 - 202
_15 TZT»

hence pc(T) <1 =pp forall T > 0.

(iii) /) < hy: Tx < 0, so for admissible T > 0 the equality pc(7) = pr, cannot be reached. Along the real branch of pc (7))
the dependence on T is continuous, and therefore, once pc(7T') drops below pr, for T > 0, the inequality pc(7T) < pL
persists for all admissible T > 0. Since pp = h% / h% > 1 while pc(T) < 1 for small 7, the inequality pc(T) < pL
holds for all 7 > 0.

For small capillarity (T — 0), a Taylor expansion of pc yields

3T
T)=1-— +0(T?),
pc(T) h1h2+ (T7)

so the curve pc(T') departs from unity with slope —3/(h;h;). Hence, for h; > h; the crossing pc(T) = pL < 1 occurs at
a finite T > 0, whereas for /; < h; the ordering pc(7) < 1 < pr is maintained even for arbitrarily small 7 > 0.
In the opposite, capillarity-dominated regime (" — o), the leading terms in formula (7) cancel, yielding the simple
asymptotic limit
hy 1
pelt) = =2 +0[ 7).
so that
li r=-"2_9 =B independentof 7
ngopC( ) = h]< , pL—h%lsm ependent of 7.

Thus, for Ay > hy one always has pc(T) < 1 < pr throughout the entire range T > 0 along the real branch of pc (7).
For hy < hy, the inequality eventually reverses once T > Tx.

The analytical relations derived above show that the relative placement of pp. and pc(7) at k = 0 depends on both
geometry and surface tension: a positive threshold Ty satisfying pc(Tx) = pL exists only when /& > hy. This behaviour
underlies the long-wave topology of neutral-stability boundaries first noted by Grimshaw and Pullin [4], where the neutral
curves separating focusing and defocusing regimes form closed contours in the (p, k) plane.

2.4. Long-wave critical surface tension 7" (Bond threshold Bo = 1/3)

To determine the long-wave threshold and introduce convenient notation, we define the Bond number Bo = 7'/ h%
following the standard convention [24, 25]. The corresponding critical surface tension is

h
T = —, 8

3 (@)
which is equivalent to Bo* = 1/3 [6, 7]. This threshold separates the regimes of normal and anomalous dispersion in the
long-wave limit: for Bo < Bo* (T' < T*) the small-k curvature w” (k) is negative (normal dispersion), whereas for Bo >
Bo™ (T > T*) it becomes positive (anomalous dispersion).
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From the dispersion relation (1), in the limit of a light upper layer (0 — 0), corresponding to long gravity—capillary
waves at the free surface of the lower layer, we obtain

, (1+TkHk

= onan - +Tk?) k tanh(kh;) = h1k2[1 +(Bo- %>(khl)2 +0((kh])4)] |

Hence,
w(k) = \/h_lk[l + %(T— "Tf)kz + o<k4)] . w'(k) = 3\/h_1(T - %) k+0(k).

AtT = T* (Bo = Bo"), the curvature w’’ (k) vanishes, and the dispersion relation becomes degenerate. This is the classical
long-wave, or shallow-water, threshold where the dispersive coefficient changes sign [6, 7].

The link between this linear threshold and the nonlinear modulation follows from the asymptotics of the Benjamin—Feir
index (3). In the double limit k — 0 and p — 0 (long waves on a light upper layer),

. 9

lim limJ = ————,

p—0 k0 16 hy (—h? + 3T)
so J diverges precisely at T = T*, corresponding to Bo = Bo*, in agreement with the long-wave shallow-water theory
[6,7]. Atthis value, the curves J — oo and w”’ = O intersect at the origin of the (p, k) plane: forT < T*, the J — oo branch
is locally vertical, whereas for T > T* it becomes nearly horizontal. As T increases further, the curves J — oo and w” =
0 approach one another and nearly coincide, forming the degenerate “cut” structure observed in the modulational-stability
diagrams.

2.5. Geometric condition for horizontal tangency of the critical surface

As shown in Subsec. 2.4, the long-wave Bond threshold 7" = h% /3, Bo® = 1/3, marks the point where the
singular conditions J — oo and w”’ = 0 coincide at (p, k) = (0, 0). The geometry of the critical surface T'(p, k) near this
point depends on the depth ratio of the layers.

Expanding the dispersion relation (1) for small & yields

w? = c2(p) K + ca(p; T) k* + O(K°),

with
hihy(1 - p)

_ mha[3T(hip + ho) + Iiha(p = 1) + B3 (p? - p)]
hip + hy '

] sT -
clp:T) 3(hip + hy)?

c2(p) =
The condition c4(p; T) = 0 defines the critical surface-tension function

_ hiha(=hip +hy — hop* + hap)

() 3(hp + ha)

oy 2 1

In the long-wave limit, this degeneracy condition coincides with the singularity set / — oo; hence, the same function
T*(p) locally describes both the linear dispersion surface w” = 0 (green) and the nonlinear singular surface J — oo (blue)
in the vicinity of (p, k) = (0,0,77).

A horizontal tangency of T'(p, k) to the plane T = T* at (p, k) = (0, 0) requires dT"/dp|,=0 = 0, which gives

hy 1445

B2+ hy(hy — hy) =0, —= = ~ 1.618. )
hy 2

Hence, the critical surface is horizontally tangent at the origin when the depth ratio satisfies (9). This ratio corresponds
to the golden ratio ¢ = (1 + V5)/2, representing a neutral balance between the inertial contributions of the two layers
in the long-wave limit. For hy/hy < ¢, 0T*/0p|p-0 < 0O, indicating a gravity-dominated regime; for s2/h; > ¢, the
derivative is positive, corresponding to a capillarity-dominated regime, while the golden-ratio configuration hy/h; = ¢
defines the boundary between these two regimes.In particular, when the depth ratio exceeds the golden value hy/h| = ¢
and the surface tension is increased beyond the long-wave threshold 7%, the resulting change in the local geometry of the
critical surfaces J — oo and "’ = 0 leads to a qualitative restructuring of the modulational-stability diagrams, as will be
illustrated in Sec. 4.

3. STABILITY DIAGRAMS: THE INFLUENCE OF SURFACE TENSION
3.1. General remarks and reference configuration

In Part I, modulational-stability maps were constructed for two representative sets of layer—depth combinations,
(h1,h) € {1,2,3,4} and (hy, hy) € {1,5,9, 13}, which together illustrated the main topological types of stable and
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unstable regions and their evolution with varying density ratio p and wavenumber k. In the present part, attention is
focused on the second, broader matrix (&, hp) € {1,5,9, 13}, which serves as a reference configuration for analysing
the effect of surface tension. Other geometric and physical parameters of the system will be examined in the following
subsections.

Figure 1 shows the modulational—stability diagrams for three representative values, 7 = 1/2, 1, and 2. The colour
convention is the same as in Part I: black denotes the linear—stability boundary corresponding to the critical wavenumber

k=ke=(p=DIT.

which separates the regions of linear stability and instability; red indicates the curve J = 0 separating focusing and
defocusing nonlinearities; blue marks the singular curve J — oo associated with resonance coupling; and green represents
the dispersion—curvature line w”’ (k) = 0, where the sign of the group—velocity dispersion changes. Solid, dashed, and
dotted lines correspond to 7 = 1/2, 1, and 2, respectively. This comparison highlights how an increase in surface tension
gradually modifies the topology of stable and unstable domains across the parameter space (p, k).

3.2. Symmetric and asymmetric configurations of the upper unstable region

The influence of surface tension on the upper modulationally unstable domain (bounded above by the red locus J =
0) can be examined by comparing three representative values, T = 1/2 (solid), 1 (dashed), and 2 (dotted), across all
panels of Fig. 1. As shown in Part I, deviations of T from the reference value 7 = 1 produce opposite yet comparable
effects: doubling to 7 = 2 and halving to 7 = 1/2 deform the upper domain in reverse directions with nearly symmetric
magnitudes.

For equal depths (h; = hy), the upper region remains continuous at p = 1, without a vertical cut. In Fig. la (h; =
h, = 1) the red boundaries for different T intersect twice, the left intersection occurring at relatively large wavenumbers
(k > 2). For p < 1, the ordering of curves is dotted (T = 2) above dashed (T = 1) above solid (T = 1/2), indicating
that increasing surface tension narrows the upper unstable domain, whereas decreasing 7 broadens it. This qualitative
property persists along the diagonal of the matrix (Figs. 1f,k, p), where h; = hy = h: the asymptote at p = 1 does not
appear, and the intersection point of the T-dependent boundaries shifts toward smaller k as 4 increases. The corresponding
characteristic wavenumber |
2h
given by formula (5), decreases monotonically with / and approaches (p, k) = (1, 0) in the deep—water limit, consistent with
the case of two hydrodynamic half—spaces. As can be seen in the panels corresponding to the equal-depth configurations
(Figs. 1a,f,k,p), the point (p, k) = (1, kch(h)) appears as the unique location at which all red boundaries (J = 0)
corresponding to 7 = 1/2, 1, and 2 intersect. This common intersection is a distinctive geometric feature of the symmetric
case hy = hy = h; for unequal layer depths such a point does not exist, and instead the line p = 1 becomes a vertical
asymptote of the upper unstable region, as discussed below.

When depth symmetry is broken, the topology of the upper region changes at p = 1. In the first row of Fig. 1b—d
(hy =1, hy > 1), the intersection at p = 1 is replaced by a vertical asymptote that divides the upper domain, although
the relative ordering of the T-dependent boundaries away from p = 1 remains similar to that in Fig. 1a. In contrast,
Figs. le, i, m (hy = 1, by = 5,9, 13) exhibit a reversed response at small density ratios: the dotted curve (T = 2) lies
below the dashed one (T = 1), while the solid curve (T = 1/2) lies above both, so increasing 7 expands the upper unstable
domain and decreasing T contracts it. For larger p (p 2 0.3) this tendency reverses. In the remaining panels of Fig. 1 (rows
2-4, columns 2—4), the pairwise intersection points of the 7-dependent boundaries cluster near p ~ 0.85-0.99; within this
range the order of curves is temporarily reversed, but just below p = 1 the usual sequence (dotted below dashed, solid
above both) is restored.

The physical mechanism underlying these reorganizations is the redistribution of the balance between focusing
and defocusing nonlinearities by capillarity under nearly fixed dispersion. The capillary contribution to the effective
nonlinearity scales as T k> (1 — p): for a light upper layer (p < 1) an increase in T stiffens the interface and shifts the J =
0 boundary upward in k, narrowing the unstable region. Near and above density matching, particularly under pronounced
depth asymmetry, the same increase in T can enhance the focusing component and expand the instability zone. Depth
symmetry (h; = hy) removes the singular response at p = 1, producing a smooth passage of the J = 0 locus across the
density—matching line, whereas asymmetry restores a nearly singular sensitivity manifested as a vertical asymptote. The
clustering of intersection points near p < 1 shows that, for small density contrast, variations in 7 mainly tune the high—k
capillary stiffness without significantly changing the inertial balance between layers, leading to local, topology-preserving
adjustments of the upper boundary rather than qualitative alterations of its shape.

ken(h) = — In(9 + 4V5),

3.3. Corridor and cut formation
The stability structures associated with the corridor and the cut, which represent additional stable regions, are absent
in Fig. 1a for the symmetric case h; = hy = 1. In the subsequent panels (Figs. 1b—d) a narrow cut appears, terminating
at both ends on the p-axis. For #; = 1 and h; = 5 only a single small cut is visible, corresponding to 7 = 1/2 (Fig. 1b).
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(i) 71 =9, hy=1 () hi1=9, ho=5

(m) h1=13, hy=1 m) hy =13, hp=5 ) h1 =13, h,=9 (p) h1=13, hp=13

Figure 1. Modulational—-stability diagrams for all combinations of 4y, h; € {1,5,9,13} for T = 1/2,1,2.



119
Benjamin—Feir Instability of in a Two-Layer Fluid. Part II EEJP. 1 (2026)

(@) h1 =5, hy=50 (b) h1 =5, h, =100 (¢) h1 =5, h,=150

Figure 2. The cut-type corridor for #; = 5 and hy € {50, 100, 150} for T = 1, 25/3, 20, 40, 60.

When the upper-layer thickness increases to hy = 9, the cut persists for T = 1/2, becomes noticeably longer, and extends
to higher wavenumbers (Fig. 1¢c). At h, = 13 (Fig. 1d), two distinct cuts are observed: a broader one associated with 7 =
1/2 and a smaller one corresponding to 7 = 1.

At significantly higher depth ratios, the narrow cuts characteristic of moderate asymmetry transform into broad open
corridors. This behaviour is consistent with the analytical result of Subsec. 2.5, which shows that the critical surface 7 (p)
develops a horizontal tangency at (p, k) = (0,0) when the depth ratio satisfies h2/h; = (1 + V5)/2 ~ 1.618. For depth
ratios exceeding this value, the local geometry of the critical surfaces J/ — oo and w’” = 0 changes in such a way that
cut—type structures naturally emerge: in this regime the singular branch J — oo bends toward the k = 0 axis, producing
cuts that visibly rest on the p—axis. This effect is clearly seen in the moderately asymmetric panels of Fig. 1b—d and
becomes even more transparent in the three—dimensional representations discussed in Sec. 4.

For hy = 5 and hy = 50, 100, and 150 (Figs. 2a—c), several distinct corridors are observed, their structure depending
on the magnitude of surface tension (T = 1, 25/3, 20, 40, and 60), represented by solid, long-dashed, dashed, dash-dotted,
and dotted lines, respectively. The chosen five values of T play a key methodological role. They cover the reference case
T = 1 used throughout Part I, the critical long-wave threshold (8)

2
T*:ﬁzé, Bo*=l,
3 3 3
and three progressively higher values 7 = 20, 40, and 60, which extend the analysis well into the strongly capillary regime.
This set allows one to track, within a single series of diagrams, the complete transition from gravity—capillary balance to
capillary dominance and to identify the scaling of corridor width, shape, and position with increasing 7.

For h, = 50 (Fig. 2a) only three corridors are present (T = 1, 25/3, and 20); for 4, = 100 (Fig. 2b) four corridors
appear (T = 1, 25/3, 20, 40); and for 4, = 150 (Fig. 2¢) all five corridors corresponding to 7' = 1, 25/3, 20, 40, and 60
are clearly visible. At T = 1 the corridor remains broad and nearly invariant with 4, while increasing T primarily affects
the region of small k, where pronounced cuts develop in the central part of the p-range. As T exceeds the critical value
T*, the individual corridors converge toward the origin (p, k) = (0, 0), producing a cut-type topology.

This behaviour marks the transition from a mixed gravity—capillary regime to a purely capillary one. For moderate
surface tension (7' < T*), both restoring mechanisms act simultaneously, producing multiple corridors whose positions
depend on the density ratio. As T approaches T%, the capillary stress increasingly dominates, damping long-wave
modulation and localizing the instability at short wavelengths. The cut-type corridor thus corresponds to the limit in which
the interface behaves as a nearly rigid capillary sheet bounding a deep lower layer: nonlinear effects persist only within
a narrow density interval, and the unstable band detaches from the p-axis. In this regime, the inertia of the lower layer
provides the dominant response, while dispersion is governed exclusively by surface tension, resulting in the flattening
and eventual disappearance of the loop.

3.4. Loop and its interaction with the corridor

From the second (Figs. 1e-h), third (Figs. 1i-1), and fourth (Figs. lm—p) rows of the matrix diagrams corresponding
to h; = 5,9, and 13, respectively, it is seen that at a lower value of surface tension (7" = 1/2) both stability structures—the
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loop and the corridor—expand relative to the reference case T = 1, while the corridor shifts rightward along the p-axis.
Its lower boundary, however, never crosses the line p = 1, approaching the point (p, k) = (1,0) asymptotically as the
upper—layer thickness increases. At a higher value of surface tension (7' = 2), both the loop and the corridor contract and
become narrower, and the corridor moves leftward toward smaller density ratios. In the complete matrix of stability maps
(Fig. 1), the loop is observed in Figs. le, f, i-k, m—p; in Fig. 1f it remains isolated, whereas in the other cases it touches
the p-axis.

Pe0wc, P, Pepe

(e) h1=5, hp=4.75 f) h1=5, hp=5 (g) h1=5, hp=5.25 (h) h1 =5, hy=6

Figure 3. Stability diagrams for surface-tension coefficients T = 1/2,3/5,1,5/3,2 for hy = 5 and h, €
{1,2,3,4,4.75,5,5.25,6}.

Figure 3 presents enlarged fragments of the modulational—stability maps for fixed #; = 5 and a sequence of
upper-layer thicknesses h, = 1,2,3,4,4.75,5,5.25, 6 (Figs. 3a-h), computed for five values of surface tension, 7 = 1/2,
3/5,1,5/3, and 2, represented by solid, long-dashed, dashed, dash-dotted, and dotted lines. Each panel shows the relative
configuration of the loop and the corridor near small wavenumbers k, illustrating how their positions vary with both
geometry and surface tension. The loop—base point at £ = 0 is determined solely by the depth ratio, pp. = h% /h?, whereas
the corridor—edge points pc,—pc, correspond to these five values of T and mark the roots of the corridor branches on the
horizontal axis, that is, the intersections of the resonant (J/ — o0) and dispersive (w”’ =0) conditions at k — 0.

For quantitative reference, the corresponding values of p; and pc(7) are summarized in Table 1.

Table 1. Loop-base py. and corridor—edge pc(T) coordinates for five representative surface—tension values at fixed i =
5.

hy pL_ pc, =pc(1/2)  pc, = pc3/5)  pc; =pc(l)  pc, =pc(5/3)  pcs = pc(2)
1.00 | 0.040 0.752 0.712 0.580 0.424 0.367
2.00 | 0.160 0.859 0.833 0.737 0.597 0.537
3.00 | 0.360 0.903 0.884 0.810 0.695 0.641
4.00 | 0.640 0.926 0911 0.853 0.758 0.711
4.75 | 0.902 0.937 0.924 0.874 0.791 0.749
5.00 | 1.000 0.940 0.928 0.880 0.800 0.760
5.25 | 1.103 0.943 0.931 0.885 0.809 0.770
6.00 | 1.440 0.950 0.940 0.899 0.831 0.796

The inclusion of the loop—base coordinate pr, in Fig. 3 clarifies the mutual placement of the loop and corridor
edge points. For all configurations, the corridor—edge coordinate pc(7) (corresponding to pc,—pc, in Table 1) decreases
monotonically with increasing T. When h; < hy, the values pc(T) lie strictly above the loop base pr. and approach it from
the right as 7 increases, indicating a gradual contraction of the corridor toward the loop. In contrast, when Ay > hy, the
quantities pc(7) remain strictly below unity and therefore stay well separated from the loop—base coordinate py, > 1 for
all admissible values of T'. In this regime, the loop and corridor bases do not approach one another as the surface tension
varies; instead, their persistent separation reflects the dominance of geometric asymmetry over the capillary adjustment of
the resonant and dispersive branches.

As shown in Figs. 3(a—d), for h, = 1-4 the loop-base coordinate p;, = h%/ 25 remains considerably smaller than the
corresponding corridor—edge values pc,—pc, for all surface—tension magnitudes listed in Table 1. Hence, the corridor
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always originates to the right of the loop base, satisfying pc(T) > pr. At small surface tension (7' = 1/2) the corridor
widens and its right edge extends well beyond py, forming a broad composite loop—corridor domain. As 7T increases,
the corridor contracts and shifts leftward as pc(T) approaches pr,, and the loop correspondingly narrows. In the most
asymmetric case (hy = 1) the loop remains detached from the p-axis, whereas for h, = 2—4 it touches the O p-axis and
gradually enlarges with increasing h. This behaviour indicates that a thicker upper layer increases the effective inertia
above the interface, thereby strengthening the dispersive response and widening the interval of nonlinear—dispersive
balance at small k.

Fig. 3e corresponds to nearly symmetric configurations (4, = h;), where the loop—base point pr, approaches unity
and the corridor—edge coordinates pc, (i = 1—5) remain slightly below 1 for all values of T. For h, = 4.75, one finds
pL = 0.903 and pc, = 0.937, indicating that at small 7 the corridor begins slightly to the right of the loop base, forming
a large loop resting on the p-axis. As surface tension increases, the edge positions pc, shift left of pr, (e.g., for T =
2, pcs = 0.749), and the loop contracts. In the fully symmetric case hy = 5 (Fig. 3f), where p;, = 1 and all pc;, < 1,
no vertical asymptote appears at p = 1, and the loop always rests on the p-axis at (1,0). The corridor base lies to the
left of this point and moves further left as T increases, showing that decreasing surface tension enlarges the corridor and
enhances its overlap with the loop, whereas higher T" suppresses this interaction. The convergence of pr, and pc, toward
unity with increasing total depth explains the near coincidence of the loop and corridor bases in these quasi—symmetric
configurations.

For hy > hy (Figs. 3(g, h)), the loop—base coordinate satisfies pr, > 1, while pc, < 1 for all T (see Table 1). Thus, the
corridor originates to the left of the loop base, and their interaction depends on whether the corridor’s right boundary at
finite k extends beyond py . For slightly asymmetric configurations (4, close to h; Fig. 3(g)), this occurs only at small 7,
when pc, is closest to unity and the corridor is widest; under these conditions the loop persists in a degenerate form
without reaching the p-axis. As the upper layer becomes thicker (4, further increases; Fig. 3(h)), even such degenerate
loops no longer appear, and only the corridor structure remains.

These geometric dependences outline the quantitative trends governing the interaction between the loop and the
corridor under varying surface tension. The corresponding physical interpretation is summarized in Sec. 3.5.

3.5. Summary and physical interpretation

The contrasting effects of surface tension in the two limiting geometries— loop formation in the HS—La system and
cut development in the La—HS system— previously described in [27, 28], are consistently reproduced within the present
unified two-layer framework. When the upper layer becomes thicker than the lower one, the interfacial mode acquires a
predominantly capillary character: the restoring force is governed by surface tension rather than gravity, and increasing T
enhances this dominance, narrowing the parameter range in which nonlinearity and dispersion compensate. Consequently,
the loop shrinks and may disappear, leaving only the narrow stability corridor.

The joint analysis of pp and pc(T) clarifies the structural transitions observed in Fig. 3. For h; < h; and small
T, the corridor begins to the right of the loop base (oc(T) > pr), so that the loop lies entirely beneath the corridor in
the (p, k)-plane. As T increases at fixed geometry (i, < hy), the value pc(T) decreases monotonically, and the corridor
correspondingly shifts leftward along the p-axis. When pc(7) drops below pr, (at T = T; see Sec. 2.3), the loop ceases
to exist and only the corridor remains. When hy > hj, the condition pc(T) = pr has no solution for any admissible 7' >
0, and the loop is absent for all surface—tension magnitudes.

Surface tension thus controls the relative positioning of the loop and corridor at small wavenumbers: decreasing T'
moves the corridor to the right and allows a loop to exist beneath it, whereas increasing 7 shifts the corridor leftward and
eliminates the loop. In the symmetric geometric limit 4, — h; one has p;, — 1, while for T — 0 one obtains pc(T) —
17, so that both base points accumulate near the long—wave limiting point (p, k) = (1,0). In the additional deep—water
limit &y, hp — oo, this configuration approaches the classical model of two hydrodynamic half-spaces.

A three—dimensional perspective of these transitions is presented in Sec. 4, which shows how loops, corridors, and
cuts merge or collapse as the surface—tension magnitude and the depth ratio 4, /h| increase.

4. THREE-DIMENSIONAL CRITICAL SURFACES T (p, k)
4.1. Analytical framework and Bond-threshold structure

A comprehensive understanding of the modulational—stability topology can be achieved by extending the two-
dimensional maps of Sec. 3 into the full three-dimensional parameter space (p, k,T). The stability diagrams discussed
earlier represent planar sections of this space at fixed 7', showing how the upper stability region, the corridor, and the loop
transform as the surface—tension coefficient varies. In three dimensions these structures arise from the three continuous
critical surfaces defined by

J(p,k;hy, hy,T) =0, J(p,k;hy, hy, T) — o0, w”(p,k;hy, hy,T) =0,

and from their mutual arrangement in the (p, k, T) space. The first surface (J = 0, red) separates focusing and defocusing
nonlinearities, the second (J — oo, blue) corresponds to the resonant singularity, and the third surface (w”’ = 0, green)
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marks the change of sign of group—velocity dispersion. Taken together, these three critical surfaces provide the geometric
framework for the three—dimensional organisation of modulationally stable and unstable regions in the (p, k, T') space.

It is useful to distinguish between the long-wave critical value of surface tension and the full three-dimensional
critical structure. The Bond threshold 7* is a scalar quantity: it specifies the value of 7' at which the curvature w’’ vanishes
in the limit & — 0, marking the transition between gravity- and capillarity-dominated dispersion. In contrast, the critical
conditions w” = 0 and J — oo define two distinct two-dimensional surfaces in the (p, k, T') space. Their planar sections
at fixed T give the neutral-stability curves that delimit modulationally stable and unstable regions in the (p, k) plane.

According to expression (8) in Subsec. 2.4, the long-wave Bond threshold 7% = h% /3 (with Bo* = 1/3) is the unique
value at which the long-wave limits of the resonant condition J — oo and the dispersive condition w” = 0 coincide at the
point (p, k) = (0,0). In the three-dimensional space (p, k,T) this point lies on a one-dimensional intersection curve (a
nodal line) along which the resonant (blue) and dispersive (green) surfaces meet.

Although the resonant and dispersive critical surfaces intersect along a one-dimensional curve and lie geometrically
close to each other over wide regions of the (p, k) plane for many depth configurations, their local behaviour near (p, k) =
(0,0) remains distinct for all T < T*. At the Bond-critical value T = T, the two surfaces exhibit a local degeneracy
at (p, k) = (0,0), where they meet at the same height and have a common tangent. For T > T*, planar sections 7 =
const intersect the two surfaces in a different manner, producing cut-type configurations; their detailed geometry will be
discussed in Secs. 4.2—4.3.

In addition to the Bond threshold T*, a second geometric degeneracy is associated with the depth ratio. As shown
in Subsec. 2.5, the dispersive critical surface T,, - (p, k) has a horizontal tangent at (p, k,T) = (0,0, 7*) when the layer
depths satisfy the golden—ratio relation /,/h; = ¢. The consequences of this local geometric condition become evident in
the three—dimensional structure discussed in Subsec. 4.2, where its impact on the critical surfaces is examined in detail.

4.2. Geometry of the critical surfaces and symmetry effects

Figure 4 shows the critical surfaces for the fixed lower-layer depth #; = 5 and a sequence of upper-layer thicknesses
hy € {1,4,5,6,5(1 +5)/2, 12,50, 100, 150}. This set spans the transition from configurations with a thin upper layer to
those in which the upper layer is effectively deep.

For hy, = 1, the system is close to the HS-La limiting configuration, and the nonlinear surface J = 0 forms a
pronounced loop near the origin [27]. The case h, = 4 represents moderate asymmetry, whereas h, = 5 gives the
symmetric configuration discussed in Subsec. 2.2. Increasing the upper-layer thickness to h; = 6 introduces weak
asymmetry. The value /i = 5(1 + V5)/2 realises the golden—ratio depth ratio, at which both the dispersive (w”” = 0) and
the resonant (J — oo) critical surfaces acquire a horizontal tangent at (p, k,T) = (0,0, T"); see Subsec. 2.5. Larger values
hy = 12,50, 100, 150 correspond to progressively deeper upper layers and bring the system close to the La—HS regime, in
which the dispersive (green) and resonant (blue) surfaces lie geometrically close over a wide region of the (p, k) domain
(see Subsec. 3.3 and [28]).

In every panel the point (p, k,T) = (0,0,7*) appears as the intersection of the dispersive (w”” = 0) and resonant
(J — oo) surfaces. For h; =5, its height is 7% = 25/3, in agreement with the analytic Bond threshold 7* = h% /3 obtained
in Subsec. 2.4.

In panels (a)—(f) of Fig. 4 the axes are scaled identically, which facilitates comparison of curvature and elevation.
Panels (g)—(i) use an enlarged vertical scale that highlights the geometry of the critical surfaces for large values of 5.
These three-dimensional plots directly extend the detailed two-dimensional sections shown in Fig. 2 and analysed in
Subsec. 3.3. In particular, the configurations with 4y = 50, 100, and 150 correspond to planar diagrams in which three,
four, and five cut-type corridors are present for the respective subsets of the surface-tension values T = {1, 25/3, 20}, T =
{1, 25/3, 20, 40}, T = {1, 25/3, 20, 40, 60}. The three-dimensional representation thus visualises how these cut-type
structures arise as intersections of the resonant (J — oo0) and dispersive (w’’ = 0) critical surfaces at the corresponding
T-levels.

For small and moderate asymmetry (Figs. 4a—d), the red surface J = 0 forms a convex sheet that rises above the
(p, k)-plane at small T, while the blue and green critical surfaces remain well separated. Sections at fixed T reproduce
the loop— and corridor—type structures identified in the two-dimensional matrix of Subsec. 3.2. The closed intersections
of J = 0 give the loop-type stability islands, whereas the region lying between the resonant (/ — oo) and dispersive
(0" = 0) surfaces forms the open corridor that separates the low—k and high—k instability zones. Thus, in the regime of
weak asymmetry these three-dimensional surfaces provide direct extensions of the characteristic curves forming the upper
unstable region and the corridor in the planar diagrams of Subsecs. 3.2-3.4.

In panels (a)—(c) of Fig. 4, a grey horizontal plane marks the level T = Ty introduced in Subsec. 2.3. This plane
intersects the upper part of the red surface J = 0 and separates the parameter ranges in which the loop has a well-defined
base (T < Tx) from those in which the loop becomes degenerate (T > Tx), as illustrated in Fig. 3. For iy = 1 (panel
(a)) and hy = 4 (panel (b)) the level Ty is positive and lies above most of the plotted region. In the symmetric case i, =
h1 =5 (panel (c)) one has Ty = 0, so the plane coincides with the coordinate plane T = 0. For sy = 6 (panel (d)), Tx <
0, and the corresponding horizontal plane lies outside the plotted domain and is therefore not shown. A distant branch
of the same red surface J = 0 is also visible in all panels of Fig. 4 as the remote background sheet forming the rear
boundary of the three-dimensional plots. This rear branch exhibits its most noticeable deformation for small upper-layer
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(a)h1:5, h2=1 (C)/’l1=5, h2=5

(d) h1 =5, h,=6 (e) h1 =5, hy=5(1 +V5)/2 ~ 8.09 () hy =5, =12

(g) h1 =5, hp,=50 (h) hy =5, hp =100 (i) h1 =5, hp =150

Figure 4. Critical surfaces T'(p, k) for hy = 5 and h; € {1,4,5,6,5(1 + \/5)/2, 12,50, 100, 150}.
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depths: from panel (a) to panel (c) it gradually straightens, its curvature weakens, and the sheet approaches a more vertical
orientation. For larger depth ratios sy > h, the subsequent changes of this background branch become smooth and
relatively small; although the surface continues to deform as h, increases, the scale and perspective of the visualisation
make these variations barely discernible in panels (d)—(i). Consequently, at large asymmetry the apparent geometry of
this rear part of the red surface remains nearly unchanged, and the qualitative transformations of the modulational-stability
topology are governed almost entirely by the behaviour of the blue and green surfaces.

In the vicinity of the level T = T*, the singular surfaces J — oo (blue) and w’”” = 0 (green) lie geometrically close to
each other and intersect along a one—dimensional curve in the three—dimensional (p, k, T) space. The point (p, k,T) =
(0,0, T™) is the lower endpoint of this curve and corresponds to the coincidence of the long—wave dispersive and nonlinear
singularities. The geometry of the intersection line, as well as the shape of the adjacent upper parts of the blue and green
surfaces, depends sensitively on the depth ratio s, /h;. For hy < hj the two surfaces bend downward near (0, 0, T*), giving
a visibly concave intersection line (panels (a), (b)). In the symmetric case sy = h; = 5 (panel (c)) the intersection line
becomes nearly straight, reflecting the even symmetry of the dispersive characteristics with respect to k. For iy > h; the
line bends upward, producing a convex shape, as seen beginning from panel (d).

As hj increases further, the upward bending of the resonant (J/ — oo) and dispersive (w’’ = 0) surfaces becomes more
pronounced. At the golden—ratio depth ratio 4, = hj(1 + \/5) /2 (panel (e)), the common intersection line of the blue and
green surfaces develops a horizontal tangent at the point (p, k,T) = (0,0, T*), in agreement with the analytical condition
of Subsec. 2.5. For hy > hi(1 + V/5)/2, both surfaces acquire a distinct local maximum in their upper parts near small k;
the same local maximum appears on their intersection line, as clearly visible in panels (f)—(i). This local extremum forces
the intersection line to bend further upward in 7', and its projections onto the planes 7' = const give rise to the cut—corridor
patterns described in Subsec. 3.3. In the two—dimensional stability diagrams, the intersection points of the cut boundaries
correspond precisely to the projection of this three—dimensional blue—green intersection curve onto the (p, k) plane.

Overall, the evolution in panels (a)—(i) shows that the topological transitions in the (p, k)-plane are governed primarily
by the geometry of the intersection line between the resonant (J — oo) and dispersive (w’” = 0) surfaces. For small and
moderate depth ratios sy /h; this line is concave or nearly straight, producing corridor-type structures, while the loop
is generated independently by the front branch of the J = 0 surface. Once h; exceeds the golden—ratio value, a local
maximum emerges on the upper parts of the blue and green surfaces and on their intersection line, causing it to bend
upward; its projections onto 7' = const planes then yield the characteristic cut—corridor patterns of Subsec. 3.3. Thus, the
deformation of this intersection line provides the geometric link between the gravity—capillary and capillary regimes of
modulational stability.

4.3. Physical interpretation and correspondence with planar maps

The red surface J = 0 marks the boundary between the two signs of the nonlinear NLS coefficient and therefore
separates the focusing and defocusing regimes. Its geometry shows how sensitively the nonlinear response of the interface
depends on the density ratio and the wavenumber. The front part of this surface, clearly visible in the three—dimensional
plots, generates a closed intersection with constant-7" planes, producing the loop observed in the planar diagrams. As
the upper layer becomes thicker, the gravitational contribution to nonlinearity is increasingly masked by the inertia of the
upper fluid, so that the capillary term in J becomes dominant. In this regime the variation of J with respect to p becomes
much weaker, the J = 0 surface straightens in the p—direction and shifts toward larger density ratios, and the resulting loop
progressively shrinks and eventually disappears.

The blue surface, corresponding to the near—resonant nonlinear response (J — o), and the green surface associated
with the change of sign of the group—velocity dispersion (w”” = 0), intersect along a one—dimensional curve that exists for
all depth ratios. The mutual arrangement of these two surfaces, however, depends strongly on the ratio sy /h;. When the
upper layer is thinner than the lower one, or only slightly thicker so that the depths remain comparable, the blue—green
intersection line lies close to the density—matching region p =~ 1. Away from this neighbourhood the surfaces separate, and
their planar sections at fixed T' produce two distinct branches whose projections bound a finite interval in p; this interval
appears in the (p, k) plane as the corridor.

When the upper layer becomes much thicker than the lower one, the geometry changes qualitatively. For sur-
face—tension magnitudes exceeding the long—wave threshold 7%, the upper parts of the blue and green surfaces rise in
such a way that the projections of their intersection line onto the planes 7' = const no longer bound a finite interval. In
these sections the corridor collapses into a cut, which appears as a narrow band rooted at k = 0 and produced by the close
proximity of the two critical surfaces in the three—dimensional geometry.

The curvature of the intersection line between the surfaces / — oo and w’’ = 0 in the neighbourhood of £ = 0 is
governed by the long—wave distribution of inertia between the two layers and therefore by the depth ratio. When the lower
layer is thicker (h, < hp), most of the inertial mass resides in the lower fluid and the dynamical influence of the upper
layer is weak. As the density ratio varies, the resonant nonlinear and dispersive mechanisms shift in different directions,
and the long—wave portion of the intersection line acquires a downward concavity (()-shape), as seen in panels (a)—(b)
of Fig. 4. In the symmetric configuration 4, = hy, the inertial contributions of the two layers become equivalent; in the
long—wave limit the interface behaves as a single fluid column, and the response of the conditions / — oo and w”” = 0
to variations in p is nearly synchronised. As a result, the intersection line becomes approximately straight, as in panel



125
Benjamin—Feir Instability of in a Two-Layer Fluid. Part II EEJP. 1 (2026)

(c). When the upper layer is thicker (7, > h), the inertial dominance reverses and the upper fluid governs the long—wave
dynamics. The resonant and dispersive conditions then diverge in the opposite sense as p varies, and the intersection
line becomes upward—concave (| J-shape), as seen in panels (d)—(i). Thus, the change of convexity of the intersection line
captures the transition from lower—layer dominance (downward concavity), through the symmetric regime (straight line),
to upper—layer dominance (upward concavity).

The golden-ratio depth ratio h,/h; = ¢ does not by itself produce a cut. Rather, it marks the point at which the
curvature of the blue—green intersection line changes sign and a horizontal tangent appears at (p, k,T) = (0,0,7*). Only
for depth ratios exceeding ¢ can a genuine local maximum develop on this line. As h; increases further, this maximum
rises in 7', and once it exceeds the level of a given plane T = const, the planar section exhibits a cut rooted at k = 0. This
explains why cut-type structures appear only for sufficiently large 4, (e.g. hy = 12,50, 100, 150), even though the change
of curvature originates at the golden—ratio configuration.

Thus, the loop, corridor, and cut correspond to three distinct physical-geometric regimes. The loop reflects a local
balance between nonlinearity and dispersion. The corridor arises from a gentle separation between the resonant and
dispersive mechanisms, produced when the corresponding critical surfaces remain well apart. The cut appears only
when these two mechanisms become locally nearly simultaneous: for sufficiently large depth ratios and surface—tension
magnitudes, the resonant and dispersive surfaces approach each other so closely that the intermediate region collapses into
a narrow cut—type band rooted at k = 0.

5. CONCLUSIONS

Together with Part I, this study provides a unified geometric and asymptotic description of the modulational stability
of interfacial gravity—capillary waves in a two-layer fluid. Treating the surface tension 7 as an independent control
parameter reveals how capillarity modifies both the nonlinear coefficient J and the curvature of the dispersion relation w”’,
and how these changes reorganise the neutral boundaries in the (p, k)—plane.

In the long-wave limit, the base of the loop is fixed by the geometric coordinate p;, = h% /h?, whereas the base of
the corridor is determined by pc(7T), the density at which the singular condition J — oo meets k = 0 (Sec. 2.3). Their
ordering is controlled by the threshold T, which exists only when A#; > hy. Loops are possible only while pp. < pc (7).
Once T > Ty, the ordering reverses and the loop collapses. For sy > hj, one has pc(T) < 1 < pp forall T > 0, so
loop-type structures are excluded and only corridor-type formations remain.

A second organising parameter is the long-wave Bond threshold 7" = h%/ 3, at which w” = 0 and J — oo coincide
at (p, k) = (0,0). Below this value, gravity and capillarity act jointly, producing loop— and corridor-type structures with
finite overlap. For T > T*, the resonant (/ — o0) and dispersive (w” = 0) surfaces lie very close in a neighbourhood
of the origin. When the depth ratio exceeds the golden value h;/h; = ¢, these surfaces develop a horizontal tangent at
(0,0,T7); for hy/hy > ¢, they acquire a local maximum in 7. Planar sections then generate the capillary cut: a narrow
corridor detached from the p—axis, characteristic of strongly capillary, upper—layer—dominated configurations.

The three-dimensional critical surfaces J = 0, J — oo and w” = 0 provide a single geometric framework for all
observed structures. Loops, corridors, and cuts arise as planar intersections of these surfaces with planes T = const,
and their evolution with varying 7 and depth ratio h,/h; follows directly from the deformation of these surfaces. Two
distinguished geometric configurations correspond to genuine degeneracies: equal layer depths (h; = hj), where the
resonant—dispersive intersection is a straight line, and the golden ratio (hy/h, = ¢), where the dispersive critical surface is
horizontally tangent at (0,0, T*). For hy/h; > ¢, this degeneracy evolves into a local maximum of the resonant—dispersive
intersection curve and enables the onset of cut-type behaviour.

Overall, the results provide a coherent geometric framework for the classification of modulational stability in two-
layer fluids with variable surface tension and extend the theory developed in Part I. They form a basis for future extensions
involving shear, external forcing, flexible boundaries, or variable bathymetry.
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HECTINKICTD BEHZ[)KAMIHA—@EIZPA MIKPAZHUX FPABITAHIﬁHO-KAHIHﬂPHHX XBWJIb
vy ,HBOIHAPOBIIZ PIAUHI. YACTHUHA 1I. BIIJIUB IIOBEPXHEBOI'O HATAT'Y
Oabra Aspamenko'->, Boroaquvup Hapaosuii®
VHaionanwnuii ynisepcumem "Kueeo-Mozunsincoxa axademis syn. Ckosopodu, 2, Kuie, 04070, Yrpaina
2le«;’epcumem Bimoema Beaukozo, eya. K. [onenaiivo, 58, Kaynac, 44248, Jlumsa
3 [fenmpansnoykpaincokuii depicasruii yuieepcumem imeni Bonodumupa Bunnuuenka,
eya. lllesuenka, 1, Kponusnuupxuii, 250006, Yrpaina

V ppyriit yacTHHI JOCTiAKEHHS po3p0oOIeHO MOBHUI FeOMETPUYHMUI Ta aCUMIITOTUYHHMIT OIC TOTO, SIK MOBEPXHEBUII HATAT BU3HAYAE
MOZYJIALINAHY CTilKicTh iHTep(eCHNX XBUJIb y ABOIIAPOBiil piguHi. Po3BuBatoun ananiTuany cxemy Yactunu I, moBepxHeBHii HATSAT
POBIJIAAAETHCA K BiIbHMII KEPiBHUI MapaMeTp, IO Ja€ 3MOTY BiJCTEXKYBAaTH HENiHiHHI Ta JUCHEPCiiiHi BIACTHUBOCTI CHCTEMH AJIS
LIMPOKOrO Jiara3oHy CIiBBiJHOIICHb [IMOMH Ta KOHTPACTIB T'YCTHH. BUKOpUCTOBYIOUM 3BeleHHs 10 HeiHiliHoro piBHsHHA peni-
HI'epa pa3oM i3 JOBrOXBIJIbOBHMH aCHMIITOTUKAMH, BU3HAUYSHO MeXaHi3Mu, 10 (popMyIOTh MeXi Mixk CTaOiIbBHUMU Ta HECTaOiIbHUMU
pekuMaMu, Ta BCTAHOBJICHO IXHIO 3aJI€XKHICTh BiJ] BeJIMYMHU IOBEPXHEBOro HATATY. JIOBrOXBUIbOBA CTPYKTYpa KOHTPOJIIOETHCSA ABOMA
CIIelliaTbHIMU 3HaYeHHSIMY T'YCTHHH, sIKi 3aJal0Th TOUKH 3apOKEHHsI eTJIi Ta KOPUAOPY Ha Aiarpamax CTilikocTi. B3aemue posramnryBsa-
HHSI [IUX TOYOK 3MiHIOETBCS 32 HIEBHOTO MOPOTY, IIO iCHYE JINIIIe TOAI, KoM HIKHI Iap € IMUOIMMM, i caMe B [[bOMY BUIAAKY MOKJIBE
icHyBaHH# neTJii. [[pyrum opraHizyBajibHAM MapaMeTpoM € KJIacHuHMil nopir boHaa, 3a skoro aucnepciiiHa i HeniHiiHa CHHT yISIPHOCTI
36iraioTbcs. Ko noBepXxHeBHil HATAr NEpEeBUIIY€E 16 3HAUCHHs 1 BEPXHiil [1ap € JOCTaTHbO IIMOOKUM, B3a€MOJisl PE30HAHCHUX Ta
JUCTIepCiitHnX epeKTiB yTBOPIOE KaMiIApHUI po3pi3, SKUiA 3aMilllye KOPUAOP i XapaKTepu3ye pe:kKUMH 3 JOMiHYBaHHSAM KaIlUIIPHOCTI.
Jlnst 00’ eAHAHHS IUX CIIOCTEpekeHb M0OYy/I0BaHO MOBHI TPUBUMIPHI KPUTHUYHI IOBEPXHI, 10 PO3MEKOBYIOTh Pi3Hi TUITM HEJIiHIiHOI Ta
JucniepciiiHol noBeMiHkY. [1eTist, Kopumop i po3pi3 MOCTAIOTH sIK IUIONIUHHI IIepepi3u IUX MOBEPXOHbD, a IXHi TOMOJIOTiYHi epexoau 6e3-
MocepeIHbO 3yMOBJIEHI JepopMalli€lo JIiHii IepeTHHY MiX Pe30HAHCHOIO Ta JUCIIEPCIiHOI0 MOBEPXHAMU. [Ba CITiBBiAHOIICHHS TIIHOMH
BiJINIOBiJAIOTh CTIPAaBkKHIM r€OMETPUYHIM BHPOKEHHSIM: PiBHI TOBUIMHHM IIAPiB, KOJIH JIiHis MEPETUHY CTa€ MPSAMOI0, Ta KOH(Iryparis
30JI0TOTO MEePETHHY, KOJIM KPUTHYHA MMOBEPXHS HA0yBa€ ropr30HTANIbHOI JOTHYHOI Ipu opo3i Bonaa. V ninomy, Yactuna II 3aBepiuye
reoMeTpuuHy Ta (pisuyHy Kiacudikalio MOgyIALiHHOI cTifikocTi iHTepdeiicHNX XBUIb y JBOIIAPOBUX PiAMHAX i (popMye OCHOBY AJIst
TOJJUTBIIINX y3arajbHeHb, IO BPaXOBYIOTh 3CYBHI Tedil, 30BHIIIHI 30ypeHHs1, THYYKi MeXi a00 3MiHHY OaTUMETpilo.

KurouoBi cioBa: mooyasyitina necmiiikicmo, midicghasni 2pagimayilino—Kaninapri Xeuni; 080maposa piounad; nogepxHesuti Hamse;
necmiiikicmo benoocamina—Petipa
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The current study examines self-focusing behavior of Cosh-Gaussian laser beams in absorptive cold quantum plasma, incorporating
merged influence of relativistic mass variation and ponderomotive effects. Applying WKB approximation in combination with paraxial
theory, 2" order propagation equation describing variation of beam width as a function of normalized distance is derived incorporating
effect of linear absorption. The numerical solution of resulting differential equation is obtained by 4™ order Runge-kutta method.
Further, a comprehensive parametric study is performed to access effect of laser-plasma parameters such as beam intensity, plasma
density, initial beam radius, decentered parameter and absorption coefficient on beam dynamics. The results show that relativistic and
ponderomotive nonlinearities enhance self-focusing, whereas absorption reduces it. Comparison with classical relativistic plasma
underscores the key role of quantum effects in laser propagation through dense plasmas.

Keywords: Self-focusing dynamics; Cosh-Gaussian beam; Relativistic mass variation; Ponderomotive effects; Linear absorption
PACS: 52.38.Hb, 52.35.Mw, 52.38.Dx

1. INTRODUCTION

Laser beam self-focusing in plasma is a fundamental nonlinear phenomenon attracting interest from
theoretical/experimental groups. This phenomenon was first time reported by Askar’yan in 1962[1]. In self-focusing, the
intensity of laser beam alters the refractive index of plasma medium, thereby causing beam to self-focus without any
external optical components. This intrinsic focusing tendency plays a pivotal role in many advanced applications
including laser driven fusion, X-ray lasers, high energy particle acceleration and nonlinear optical experiments [2-9]. It
has been confirmed from past literature that self-focusing phenomenon may arise in distinct nonlinear media including
plasmas, atomic clusters and related materials. There exist many mechanisms that lead to self-focusing in plasma media.
These mechanisms include relativistic self-focusing, ponderomotive self-focusing and thermal self-focusing. In
relativistic self-focusing, an intense laser beam induces an effective increase in electronic mass, thereby modifying
plasma’s dielectric response. In addition to relativistic effects, ponderomotive and thermal self-focusing also contribute
significantly to beam’s convergence. Each of these mechanisms induces refractive index modifications, thereby
enhancing the beam’s focusing. Early work in this area was conducted by Hora and Siegrist [10-11]. Relativistic and
ponderomotive nonlinearities are often studied separately, through both can co-exist depending on pulse duration.
Relativistic effects dominate for 7 < 7,, while for 7, <t < 1;, both act together. In this regime, ponderomotive
nonlinearity strengthens relativistic self-focusing and plasma density modulation. Self-focusing often triggers secondary
nonlinear phenomena including harmonic production, filamentation, and parametric instabilities, which are critical in
high intensity laser plasma interactions [12-27].

Recent developments in plasma physics have focused on laser interactions with quantum plasmas, which are
characterized by high electron densities and low temperatures. In quantum plasmas, some effects such as electron
degeneracy, quantum tunneling and wave-function becomes significant. While classical plasmas are governed by
Maxwell-Boltzmann statistics, whereas electrons in quantum plasmas obey Fermi-Dirac statistics, and their behavior is
best described through Wigner formalism [28-32]. Quantum effects become dominant when electron De-Broglie
wavelength is comparable to or greater than inter-particle spacing, leading to pronounced modifications in plasma
properties. Quantum plasmas are of interest for astrophysical/cosmological systems, dense plasma devices, semiconductor
systems, quantum dots, and inertial confinement fusion experiments [33-40].

Most previous studies on laser propagation in quantum plasmas have focused on cylindrical symmetric Gaussian
beams, which provide limited control over beam’s intensity profile [41-43]. Cosh-Gaussian (ChQG) laser beams offer a
more general and flexible intensity profile, with adjustable intensity distribution that better represents realistic laser pulses.
Unlike conventional Gaussian beams, ChG beams provide extra control via decentered parameter, allowing precise
manipulation of self-focusing. The enhanced control improves energy localization, reduces diffraction, and strengthens
laser plasma interactions. Linear absorption further affects beam’s energy distribution, altering plasma dielectric response
and overall propagation. Understanding these effects is crucial for accurately modeling laser-plasma interactions under
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practical experimental conditions. In this study, we investigate self-focusing of ChG laser beams in absorptive cold
quantum plasma to achieve a more realistic description of laser-plasma dynamics. Both relativistic modification of
electron mass and ponderomotive nonlinear effects are included to describe beam propagation under intense laser fields.
The paper is structured as follows: Section 2 presents the derivation of governing 2™ order differential equation using
WKB and paraxial approximations. Section 3 explains numerical method and discusses the influence of different
parameters on beam dynamics. Finally, section 4 summarizes main results and highlights the important features observed
due to quantum plasma effects.

2. NONLINEAR DYNAMICS OF LASER BEAM WIDTH
The transverse electric field distribution of a ChG laser beam at the input plane (z = 0) can be written as

E(r,0) = Eyexp (— :—z) Cosh(pyr) )

Where r; is initial beam width,  denotes radial coordinate in a cylindrical coordinate system, E,, represents peak field
amplitude. The parameter ‘p,’, known as Cosh-factor, governs the deviation of beam from standard Gaussian profile.
Using the identity of hyperbolic cosine function, Eq. (1) can be equivalently expressed as superposition of two laterally
displaced Gaussian beams as

E(r,0) = Eyexp (,1_2) {exp (— [:—0 + §]2> + exp (— :—0 — §]2>} 2)

Where, b = ryp, is denoted as decentered parameter. This parameter controls separation of Gaussian components,
shaping beam profile and influencing self-focusing. During the propagation along z-direction, the ChG beam’s transverse
profile evolves under influence of diffraction and nonlinear plasma effects. The field distribution at an arbitrary
propagation distance z is given by

E(r,z) = 2?—;exp (Z—Z) {exp (— roLf + g]z) + exp <— rOLf - §]2>} 3)

Where, f(z) represents the normalized beam width parameter describing the dynamics of beam spot size during transition.
The formulation clearly illustrates enhanced flexibility of Cosh-Gaussian beams over conventional Gaussian beams,
enabling precise control of intensity distribution and nonlinear propagation characteristics in plasma media.

The transition of pump beam in plasma medium is described by wave equation for field vector. In non-uniform plasma,
this equation takes the form

2
V2E —V(V.E) + %sE =0 4)

Where, ¢ represents dielectric function of plasma, w is beam’s angular frequency, and c is light’s speed. The second term
accounts for spatial variations of dielectric function and becomes important only when the plasma inhomogeneity is
strong. For slowly varying plasma density, the dielectric function changes smoothly in space. Under the condition,

%[V2 In€] « 1, the contribution of second term in Eq. (4) can be neglected. Consequently, the wave equation
simplifies to

2 w? —
VE+C—25E—0 )

As the laser beam propagates through cold quantum plasma, its oscillating electric field drives plasma electrons in to
oscillatory motion. In the relativistic intensity regime, this motion leads to an effective increase in electron mass. The

corresponding oscillatory velocity of electron is given by v = me—iy Here, 'y’ is relativistic Lorentz factor expressed as
0

2
vy = (1 4+ aEE)Y? witha = m being nonlinear coefficient.
oo
In the nonlinear regime of laser-plasma interaction, the dielectric response of medium becomes explicitly dependent on
intensity of electromagnetic field. Accordingly, the dielectric function can be expressed in general form as
eE=g +P(E-EY) (6)

2
Where, gy =1 — % represents the linear, intensity-independent contribution, while @(E - E*) accounts for nonlinear

modification arising due to relativistic electron mass variation and quantum mechanical effects induced by strong laser

field. The plasma frequency is defined as w, = /4”:162. For an unmagnetized cold quantum plasma (CQP), merged

influence of relativistic and quantum corrections leads to dielectric function given by [44]

e=1—y“’7’2’2(1—‘5y—")_1 7
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4m*p? 1!
—2uz4 Where, 'h’ denotes

Planck’s constant and A is the wavelength of incident laser beam. In the classical limit, where quantum effects are
negligible, §g—> 0, So, Eq. (6) reduces to well-known dielectric response of classical relativistic plasma (CRP).

Here, the parameter '8¢’ measures the strength of quantum effects and is expressed as §q =

=1_“’_?’ 8
€ (3)

yw?

The redistribution of electrons in plasma arises due to action of ponderomotive force associated with intense laser field.
This force drives electrons away from portions of high field intensity, leading to a modification in local electron density.
The resulting density variation can be expressed as [44]

n = ngexp (—mTCZ(y - 1)) )

By substituting modified electron density given by Eq.(9) in dielectric function expressions and combining Egs. (6), (7)
and (9), the nonlinear contribution to dielectric function is obtained as

0@ 5 =22[1- (1-2) " exp (- 22 ¢y - 1) (10)

4amnge?
Where w,o = ’ o=
m

Following [41-43], the wave Eq.(5) is solved by adopting slowly varying envelope approximation, wherein the laser field
is represented as a slowly varying amplitude modulating a oscillating carrier wave. Accordingly, the electric field is
represented as

E = Ey(r,2) expli(wt — k(S + 2))] (11)
The corresponding intensity distribution of propagating ChG beam is given by

Ey(r,z) = Z—‘;’exp (Z—Z) {exp (— rOLf+§]2) + exp (— rOLf_S]Z)} (12)

The phase function 'S’, which accounts for both curvature of wave-front and the accumulated longitudinal phase change
during propagation, can be expressed as
1 _,1df
SZETZFE'F@O(Z) (13)
Where, @,(z) denotes cumulative longitudinal phase shift accumulated by laser beam during its propagation through
plasma medium. The wave number k of laser beam inside plasma is defined as

k=2a (14)

The transverse dynamics of laser beam is completely described by beam width parameter 'f (z)', which characterizes
variation of beam spot size during propagation. To simplify analysis, a normalized propagation distance 'y’ is introduced.
In terms of this normalized variable, the evolution of beam width 'f(z)" along propagation direction is governed by 2™
order nonlinear differential equation, which captures combined effects of diffraction, nonlinear plasma response and
absorption of beam propagation.

2 —2k;
exp n;c 1=t7cE00exfpz( 2k;n) 1
ar_1_ (wp_or")z (2 —b?) aBgoexp(~2kn) ¢
c

N

dn? - 3 2f3 7] 1+
<1LaE%oexp(—2km))3/2 ) 5q
y 2
f J1+aE(2mexp2(—2kin)
f
rr;cz \/1 n aEgoexpz(—zkm) 1— 8q (15)
e f \/1+aE%Oexp2(—2kin)
f

Eq. (15) describes how the normalized beam waist ‘f(z)" evolves with the normalized distance. Diffraction,
represented by 1% term, causes the beam to spread during propagation, whereas 2" term arises from nonlinear relativistic-
ponderomotive effects in cold quantum plasma, which promotes self-focusing by modifying plasma response. The balance
between these opposing mechanisms determines whether the beam spreads, self-focuses, or show oscillatory behavior.
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3. DISCUSSION
Due to the inherent nonlinearity of Eq. (15), an exact analytical solution is not feasible. Therefore, the numerical
solution is obtained using the 4th-order Runge-Kutta method. The simulations are carefully performed for a chosen range
of laser and plasma parameters corresponding to realistic experimental conditions, allowing a meaningful analysis of
beam propagation behavior in plasma:

0)2
aEdy = 3.0,4.0,5.0;=5 = 0.6,0.7,08;k; = 0.1,0.4,0.7 ; b = 1.0,2.0,3.0; 7o = 10 um, 15 um, 20 um

The propagation dynamics of beam width described by Eq. (15) arises from interplay between diffraction and
nonlinear focusing. Diffraction accounts for inherent tendency of beam to spread while propagating through plasma; its
dominance leads to beam divergence and leading to a broadening of lateral dimensions of beam. On the other hand, high
power laser field nonlinearly modifies plasma dielectric response, producing a self-focusing effect. When this mechanism
dominates, the beam contracts and its width decreases. A balanced regime is achieved, when diffraction and nonlinear
focusing exactly counteract each other. In this regime, the beam propagates in a stable manner with a constant transverse
width.

Figure 1 presents variation of beam width f along propagation distance 1 for beam intensities aEZ, =
3.0,4.0,and 5.0, shown by Black, Red, and Green respectively. In each case, the beam width displays a characteristic
oscillatory pattern arising from saturation of plasma’s dielectric response. With increasing laser intensity, diffraction
effects become more significant against the nonlinear focusing effect, diminishing beam’s ability to contract. As a result,
at higher intensities, the beam reaches its minimum width farther along the propagation path, clearly indicating a reduction
in self-focusing effect.

Figure 2 presents variation of beam width f along propagation distance 1 for plasma densities wzz,o Jw? =
0.6,0.7,0.8, shown by Black, Red, and Green respectively. In each case, the beam width displays a characteristic
oscillatory pattern arising from saturation of plasma’s dielectric response. With increasing plasma density, nonlinear
focusing effects become more significant against diffraction effects, strengthening beam’s ability to contract. As a result,
at higher densities, the beam reaches its minimum width at an earlier point along the propagation, clearly indicating a
amplification in self-focusing effect.

aE,,’=3.0 o H0’=0.6

o0, =" 114 " 2207

114 aE,,*=4.0 ] O [0°=0.
oE _2=5.0 mpﬂzlmz=0.8

24— T

0.0 05 1.0 15 20 25 3.0 0.0 0.5 1.0 15 20 25 3.0
n— n——
Figure 1. Variation of beam width f along propagation Figure 2. Variation of beam width f along propagation
distance 1 for beam intensities aEgo = 3.0,4.0,and 5.0, shown distance 7 for plasma densities a)zz,o/a)z = 0.6,0.7,0.8, shown
by Black, Red, and Green respectively by Black, Red, and Green respectively

Figure 3 presents variation of beam width f along propagation distance 7 for beam radii 7, =
10 um, 15 pm, and 20 um, shown by Black, Red, and Green respectively. For each scenario, the beam width shows a
regular oscillatory pattern caused by nonlinear saturation of plasma dielectric properties. With higher beam radius, the
influence of nonlinear focusing grows compared to diffraction, promoting stronger beam convergence. Accordingly, at
elevated beam radii, the beam achieves its minimum width at a shorter propagation distance, indicating strengthened self-
focusing.

Figure 4 presents variation of beam width f along propagation distance 7 for decentered parameter, b = 1.0,2.0,3.0,
shown by Black, Red, and Green respectively. For each scenario, the beam width shows a regular oscillatory pattern
caused by nonlinear saturation of plasma dielectric properties. Increasing the decentered parameter amplifies the role of
nonlinear focusing relative to diffraction, promoting tighter beam focusing. A higher decentered parameter increases local
beam intensity, enhancing nonlinear plasma response. This strengthens self-focusing over diffraction, leading to tighter
beam contraction and stronger confinement along propagation.

Figure 5 presents variation of beam width f along propagation distance n for distinct k; values, k; = 0.1,0.4, 0.7,
shown by Black, Red, and Green respectively. The figure demonstrates that an increase in k; reduces beam’s contraction
driven by enhanced energy dissipation via absorption. With increasing absorption, the gradient of plasma refractive index
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weakens, weakening nonlinear focusing mechanism. Consequently, diffraction predominates, causing the beam to
converge less efficiently, and maintain a wider transverse profile during propagation.

;=10 um
11 - r,=15um
r,=20 um
—
0.14 0.1
T T T T T 1 T T T T T T T T T T T 1
0.0 0.5 1.0 15 20 25 3.0 0.0 0.5 1.0 15 20 25 3.0
n g n———=

Figure 3. Variation of beam width f along propagation distance  Figure 4. Variation of beam width f along propagation distance
n for beam radii 1y = 10 um, 15 um, and 20 um, shown by n for decentered parameter, b = 1.0,2.0,3.0, shown by Black,
Black, Red, and Green respectively Red, and Green respectively

Figure 6 presents variation of beam width f along propagation distance 7 for three distinct plasma regimes. The
black curve depicts the combined influence of relativistic-ponderomotive cold quantum plasma (RPCQPP), while red
curve corresponds to cold quantum plasma (CQP) alone, and the green curve corresponds to classical relativistic plasma
(CRP) alone. Beam focusing occurs earliest in the RPCQP case, compared to both CQP and CRP. In CQP regime, the
beam exhibits stronger focusing than in CRP scenario. This behavior highlights the significant role of quantum effects,
which enhance the nonlinear focusing contribution relative to diffraction, thereby improving the overall focusing of beam.
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Figure 5. Variation of beam width f along propagation distance  Figure 6. Variation of beam width f along propagation distance

n for distinct k; values, k; = 0.1, 0.4, 0.7, shown by Black, Red, 7 for three distinct plasma regimes. The black curve depicts the

and Green respectively combined influence of relativistic-ponderomotive cold quantum
plasma (RPCQPP), while red curve corresponds to cold quantum
plasma (CQP) alone, and the green curve corresponds to
classical relativistic plasma (CRP) alone

4. CONCLUSIONS

This work presents a comprehensive study of self-focusing dynamics of ChG laser beams propagating through
absorptive cold quantum plasma, incorporating RP force. Employing WKB and paraxial approximations, the self-focusing
equation is derived. The results reveal that the beam’s convergence is enhanced with increasing number density, beam
radius, and decentered parameter, as these parameters strengthen nonlinear refractive index. Conversely, higher beam
intensity reduces focusing effect. Furthermore, inclusion of quantum contribution amplifies nonlinear convergence term,
leading to markedly stronger self-focusing of beam. These results help understand and control laser propagation in plasma,
useful for improving laser-driven fusion and other high intensity laser applications.
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The effect of quadrupole deformation (8,) on heavy ion fusion is a fact that is well recognized phenomenon. In addition to the influence
of quadrupole deformation (83;), the potential impact of hexadecapole deformation (84) on sub-barrier fusion has been a topic of frequent
discussion. Recently, a theoretical analysis was performed to examine the impact of hexadecapole deformations (84), employing the
simplified coupled channels code CCFUS, which incorporates static deformations. In this study, we analyze the effect of the B4 of the
target nucleus on fusion cross sections within the framework of the 3S-CMD model. For this purpose, we have chosen the reactions '°0
+ 154Sm and '°0 + !74Yb. The present research has calculated the fusion cross sections using the SBPM model as well. The calculated
fusion cross sections using 3S-CMD model and SBPM are compared with each other as well as experiment.

Keywords: Deformed nuclei; Quadrupole; Hexadecapole; Fusion cross sections; Classical microscopic approaches; Heavy-ion
reactions

PACS: 24.10.-i; 25.70.De; 25.60.Pj

1. INTRODUCTION

The study of hexadecapole deformation (84)of deformed body is essential for understanding the creation of superheavy
elements (SHEs). Thus, the deformation associated with the hexadecapole may considerably modify the height of the
fusion barrier. This consequently affects the fusion probability and, as a result, the likelihood of superheavy elements
(SHEs) [1] formation. Theoretically, it has been proposed that a hexadecapole deformation (B4) could facilitate fusion,
resulting in the formation of superheavy elements (SHEs), depending on the chosen reaction partners [2]. Moreover, it
is expected that hexadecapole deformation (84) will have a meaningful impact on the fusion process. The fusion barrier
distributions derived from experimental findings demonstrate that fusion reactions are notably influenced by quadrupole
deformation (,) and even by minor adjustments in hexadecapole deformation (54) [3].

Recently, a theoretical analysis focused on the importance of hexadecapole deformation (84) was performed using the
simplified coupled channels code CCFUS, which incorporates static deformations. The predictions highlight considerable
changes in the fusion cross sections. Positive values of B4 are expected to enhance fusion while negative values will
decrease it with respect to the B84 = 0 system [4, 5].

The process of experimentally obtaining hexadecapole deformation (84) is challenging, with results that depend
heavily on the chosen models and considerably vary with significant inaccuracies. Conceptually, the method that combines
macroscopic and microscopic perspectives [6, 7] has been utilized to compute the deformation of nuclei in their ground state.
In the present work, we modify the “STATIC” code [8] to calculate hexadecapole deformation (84). The hexadecapole
deformation and the other ground-state properties are calculated using this code. By using the obtained ground-state
properties, fusion cross sections have been calculated in 3S-CMD [9] and SBPM [9] model. During the approach stage
of a heavy-ion collision, the higher deformation (in this study hexadecapole deformation) of the nucleus near the fusion
barrier changes the barrier parameters, which in turn affect fusion cross-section calculations. Therefore, the effect of
deformation on fusion cross-section calculation is studied for Spherical + Deformed systems and is discussed in detail in
this article.

The motivation of this study is to find the impact of hexadecapole deformation of various target nuclei keeping the
projectile nucleus same on fusion cross sections in 3S-CMD model. Fusion cross sections have been calculated for 1°0 +
1545m and 90 + "*Yb systems. As long as the doubly magic '°O nucleus is thought of to be spherical, it is expected that
any effects of nuclear shapes on fusion cross sections will arise solely from the target nuclei.

The structure of this study is outlined as follows: Section 2 contains calculation details which include calculation of
NN-potential, construction of the nuclei in ground state,evaluation of fusion cross sections together with a brief summary
of the models which is used to find fusion cross sections. Section 3 provides a summary of the results obtained through
the dynamic simulation. The final section gives the conclusion of the findings.
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2. CALCULATION DETAILS
2.1. Nucleon-Nucleon potential

The NN potential utilized in this research is a soft-core Gaussian potential, which is entirely phenomenological and
can be described by the following equation [10],

2
C 5
Vn(rj) ==Vo [l - —|exp (-], (D
Ljj T,
where, Vq, C and r( are respectively, the depth parameter, repulsive-core radius and range parameter. The parameters V),
C and rj are chosen so that the NN-potential reproduces gross characteristics of the nuclei in their ground state such as the
ground state binding energy, the rms radius etc.
The Coulomb potential between protons
1.44

(MeV), 2

ij

Ve (rj) =

is also added to the nuclear potential.

2.2. Construction of nuclei in their ground state

Nuclei in the ground state are generated through the “STATIC” procedure, which starts with a random distribution of
nucleon positions within a defined spherical radius. Subsequently, the total potential energy of these nucleon configurations
is minimized cyclically by making slight displacements to the coordinates of each nucleon.

Total BE is the total potential energy and Ry is calculated from all the nucleon positions. The quadrupole
deformation parameter () is calculated from the expression [11],

~ [iex [, R(90°)
B2 = 5 (1 Ry ) 3)

where, R (90°) is the length of the two equal axes perpendicular to the symmetry axis and Ry is the rms radius of the
spherical nucleus.

For the given nucleus if its symmetry axis is greater than Ryps, R (90°) < Ry in eq. (3) and hence the 8, of that
nucleus is positive (prolate deformation). Similarly, if the symmetry axis of the given nucleus is less than Ry, R (90°) >
Rims in eq. (3) and hence the 3, of that nucleus is negative (oblate deformation).

The hexadecapole deformation parameter (34) is calculated from the expression

R(90) [

in terms of rms radius of the nucleus and R(90°) which is the length of the axes along the direction of any one of the
principal axes perpendicular to the symmetry axis.

The ultimate configuration of nucleon placements leads to a stable nucleus. Considering that for A > 5, there
may be multiple local minima in the binding energy, a nucleus is chosen that demonstrates the highest binding energy
from a diverse range of configurations (the most-bound nucleus) [12]. Alternatively, a configuration that bears a strong
resemblance to the properties of the experimental ground state is chosen [13].

A parameter set Vo = 1155 MeV, C = 2.07 fm, ry = 1.2 fm is used in the present calculation which produces the
ground state characteristics of the colliding nuclei is shown in Table 1.

16

3)

|

Table 1. The characteristics of the produced nuclei in their ground state.

Calculated Experimental
B.E. RMS B> Ba B.E. RMS B> Ba
(Mev) (fm) (Mev) (fm)
150 -125.36 2.47 0.15 -0.08 -127.62 2.73 0.00 -0.12
154Sm -1375.86 5.46 0.20 -0.11 -1266.94 5.12 0.27 0.10
174yb -1478.90 5.71 0.12 -0.06 -1406.60 5.41 0.28 -0.05

Fig. 1 shows the ground state characteristics of all the configurations of the '°0, 1>*Sm and '"#Yb nuclei generated
by the “STATIC” method. Among the large set of generated configurations for the nuclei, those that exhibit ground state
properties closely aligned with experimental values are chosen for collision calculations. These systems are indicated by
bigger open circle and triangle in Fig. 1.
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Figure 1. Ground state characteristics of the '°0, 1>*Sm and !"*Yb nuclei generated by the “STATIC” method. O and A
indicate the ground state characteristics of the nuclei used in the present study.

2.3. Analysis of fusion cross sections involving hexadecapole deformation

Calculations of fusion cross sections have been performed for numerous reactions that involve nuclei displaying
various collective degrees of freedom. Different models have been employed to calculate the fusion cross sections, such
as Time Dependent Hartree Fock (TDHF) [14, 15], classical trajectory methods [16], and the coupled channel calculation
software referred to as CCFULL [17]. However, methods based on quantum mechanics at the microscopic scale, such as
TDHEF calculations, are very compute-intensive, and CCFULL calculations, which are static, do not reflect the effects of
dynamical reorientation.

The barrier parameters at b = 0 (indicating a head-on collision) which corresponds to a specific collision energy and
the initial orientation of the two nuclei, are derived from a dynamically generated ion-ion potential. With these parameters,
fusion cross-section is calculated using Wong’s formula [18],

R2 hiwg Ecm—-V
Otus (Bom) = 2]]35CM In {1 +exp (Z”CMTOB)} : (5)

where Vg denotes the height of the barrier, Rp represents the radius of the barrier, and wy signifies the oscillator frequency
associated with the peak of the barrier. The method used to find barrier parameters affects the fusion cross-sections.

The calculations of heavy-ion fusion cross sections have been performed using SBPM and 3S-CMD methods within
the context of classical approximations. '°0 + 1>*Sm and 60 + !74Yb reaction has been studied in this approach with the
potential parameter set P4 (Vo = 1155 MeV, C = 2.07 fm and rg = 1.2 fm ). The %0 + 1>*Sm system has been well studied
in SBPM model in ref. [10] and in CRBD model in ref. [11] using the same NN potential parameter set P4.

2.4. Model Details

* SBPM Model : The ion-ion potential is formulated as a function of the center of mass separation (Rcym) of the two
nuclei, as derived from the impulse approximation (i.e., keeping the configuration of the nucleons in the two nuclei
frozen during their collision) [9]. The ion-ion potential consists of the total nuclear and Coulomb potentials that
exist between all nucleons of the two ions. The parameters Vg and Rp represent the outer maximum of the ion-ion
potential, while wp denotes the second derivative of this peak. This gives barrier parameters of head-on collision
for a given orientation of the two nuclei. Large numbers of such randomly chosen orientations of the two nuclei are
considered in this study. All the degree of freedom are explicitly neglected in this model.

* 3S-CMD Model : The simulation of heavy-ion collisions within the present classical approach (3S-CMD) occurs
in three sequential stages:
(1) Rutherford Trajectory Calculation: The two nuclei, treated as charged point particles, are directed along their
Rutherford trajectories with a defined collision energy (Ecyr) and impact parameter (b) until they attain a separation
of Rem = 2500 fm.



137
Impact of Hexadecapole Deformation on Fusion Cross Sections of Some Spherical... EEJP. 1 (2026)

(2) CRBD model Calculation: The two nuclei, considered as rigid bodies with a fixed arrangement of nucleon
positions in their ground state, are subsequently permitted to evolve further through the CRBD model [19]. This is
achieved by solving the translational and rotational equations of motion for their center of mass and the orientation
angles of their principal axes. The process of CRBD calculation is carried on until a relatively small separation of
Rewm = 50 fm is attained.

(3) CMD Calculation: The Rigid body constraints are relaxed at approximately Rcy = 50 fm, and the paths of all
the participating nucleons are calculated using the coupled Newton’s equations of motion for each particle within a
CMD framework [20].

3. RESULT AND DISCUSSION

160 + 134Sm : The 190 + '3*Sm system has been selected to investigate the impact of hexadecapole deformation, as
it has been extensively examined through both experimental [21] and theoretical approaches [10, 11]. The phase of the
collision as it approaches the barrier top is influenced by the center-of-mass energy, Ecy. Because barrier parameters are
the key components in fusion cross-section calculations, a detailed understanding of the variations in the ion-ion potential
V1, and the barrier parameters with respect to the collision energy Ecys is required.

Fig. 2 illustrates the ion-ion potential for the '°0 + >*Sm system, calculated with an initial Ry, = 2500 fm across
various collision energies (Ecy), while maintaining the same arbitrary initial orientation for each case. This figure
illustrates that both the barrier height Vg and the barrier radius Rp are influenced by the incident energy Ecy. Thus, it is
essential to determine the barrier parameters (Vg, Rp, wp) based on a specified initial orientation and a defined collision
energy. To determine the fusion cross section, it is essential to take the average of the barrier parameters across numerous
initial random orientations. The fusion cross-section obtained is specific to the fusion cross-section at that particular
collision energy only.

83.0 [ | | 7
///’;’—-\\\ 160 154g, 1
L S/ ///’—_‘\-\\\ 4
o 625 A N —
[} / \. |
= v P Y N il
= s / = ]
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Figure 2. Ion-ion potential V|, as a function of center-of-mass separation Rcy for 10 + 1*Sm system for different
collision energy Ecy but same arbitrary orientation.

The fusion cross-section of the '°0 + 3*Sm system is calculated in SBPM calculations, utilizing the NN potential
parameter set P4 (Vo = 1155 MeV, C = 2.07 fm and rg = 1.2 fm ) shown in Fig. 3 . This figure also shows the fusion
cross sections calculated for'®0 + *Sm system in 3S-CMD model with the same potential parameter set along with the
experimental data of ref. [21]. Fusion cross-section are calculated for '°0 + 1>*Sm system in 3S-CMD model for central
collisions (b =0). The '°O and '3*Sm nucleus are dynamically evolved as a rigid body till the target-projectile separation is
close to their barrier top (about 13 fm). At this separation the rigid body constraint on both the '°0 and '3*Sm are relaxed
for further evolution of the entire system. Comparison of fusion cross sections calculated by considering the quadrupole
deformation and hexadecapole deformation using both the models is also shown in Fig. 3.

It is evident from Fig. 3 that the fusion cross sections calculated for quadrupole deformation and hexadecapole
deformation in the SBPM model agrees well with the experimental data as well as with each other at higher energy
levels. At lower energy levels, the SBPM calculations tend to overestimate the experimental fusion cross-sections for both
the deformations. Fusion cross sections calculated for the hexadecapole deformations are highly overestimated with the
experimental data whereas fusion cross sections calculated for the quadrupole deformations are slightly overestimated with
the experimental data at lower energy side. Fusion cross sections calculated for quadrupole deformation and hexadecapole
deformation in 3S-CMD model are highly overestimated with the experimental data at all energy levels. At lower energy
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Figure 3. Comparison of fusion cross sections calculated for quadrupole and hexadecapole deformation using SBPM and
3S-CMD model with experimental fusion cross sections for 10 + 3*Sm system.

side, the fusion cross section calculated quadrupole deformation and hexadecapole deformation in 3S-CMD model shows
same trend as in SBPM calculation.

At low collision energy levels, the duration of interaction between the colliding nuclei becomes longer. This causes
the reorientation of the deformed '>*Sm in relation to the spherical 160 nucleus. However, the extent of reorientation is
small because the target nucleus (**Sm) is medium heavy and has large moment of inertia. As mentioned in ref. [11], at
lower energy the fusion cross sections calculated using CRBD model and SBPM model shows small difference. Because
the CRBD model only considered rotational degree of freedom. This research calculates the fusion cross sections through
the 3S-CMD model, which incorporates both the long-range rotational excitation (reorientation effect) and the vibrational
excitations that occur in proximity to or within the barrier and this could be one of the reason in difference of fusion cross
sections between SBPM and 3S-CMD model.

Additionally, the fusion cross sections calculated using 3S-CMD model overestimated at all energies with the
experimental fusion cross sections. In order to examine this anomaly, we carry out an examination of the ground state
properties of the nuclei involved in the above calculations. Ground state properties of the nuclei used in present calculation
are shown in the Table 1.

From the Table 1, it is noted that experimentally determined values of /3, indicate that %O is spherical while the 10
nucleus generated in present study is being prolate (8, = 0.157). The experimental S, value for '3*Sm is positive while
the calculated B4 value is negative. Calculated rms radius of '°O nucleus is found to be smaller than the experimental rms
value by about 10 % while that for 13*Sm is larger by about 6 %. Thus, the smaller dimensions of the lighter nucleus, when
combined with the larger dimensions of the heavier nucleus, contribute to an overestimation of the fusion cross sections
for this particular reaction.

Trot for non-rigid case with Ecyp = 100 MeV and b = 0 fm are shown in Fig. 4. Atb = 0 fm, Ty is higher initially but
soon it reduces to very low values because for central collision T,ot(1°0) and T, (13*Sm) dissipates very soon as shown
in Fig. 4. The light prolate '°O acquire comparatively high T, initially on the contact with the heavy-medium deformed
1545 m but it dissipates soon to very low level.

Fig. 5 shows the total vibrational excitation energy (Tyip) of °O + 3*Sm system at b = 0.0 fm. From the Fig. 4
and Fig. 5 we can see that for the central collision 1545m acquire a small Ty, but large Ty, resulting from the maximum
change in the internal potential energy (binding energy) of the '3*Sm.

160 + '74Yb : In order to clearly bring out the effect of hexadecapole deformation on fusion cross sections, we replace
the medium-heavy target nucleus (!3*Sm) with heavy nucleus (7#Yb) with same projectile (!°0). In this system both the
projectile and target nuclei having prolate quadrupole deformation with 8, = +0.157 (°0) and 8, = +0.123 ('’#Yb). For
160 4+ 174YDb system, the mass asymmetry between '°0 and '74Yb is somewhat greater than that observed between 'O
and '3*Sm. The ground state configuration of generated nuclei are shown in Fig. 1 and the ground state properties of the
generated nuclei are shown in Table 1. From the Table 1, it has been observed that the binding energy and rms radius of
174YDb nucleus are overestimate by 5% where as quadrupole deformation parameter 3, is reduced by 1%. The experimental
and calculated B4 value is negative for both the projectile and target nuclei.

Fusion cross-sections for '°0 + 174Yb system is calculated using SBPM and 3S-CMD model are shown in Fig. 6.
From this figure it is clear that the fusion cross sections calculated using SBPM model with quadrupole and hexadecapole
deformation shows good agreement at higher energies with the experimental data while below the barrier energies it
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Figure 4. Total rotational kinetic energy (Tyo) of '°0 + 13*Sm system at b = 0.0 fm.
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Figure 5. Total vibrational excitation energy (Ty,) of '°0 + 1*Sm system at b = 0.0 fm.

over estimates the experiment. The result of fusion cross sections calculated using 3S-CMD model with quadrupole and
hexadecapole deformation are close to the experiment at higher energies. At sub-barrier energies, the fusion cross sections
calculated using 3S-CMD model with both the deformations are highly overestimated.

The fusion cross sections corresponding to a particular collision energy in the 3S-CMD calculation are derived by
averaging the orientations of the fusion cross sections determined through Wong’s formula, utilizing barrier parameters
specific to that energy simulation. About 500 initial random orientation were considered for Ecy > 80 Mev and 1000 for
Ecm < 80 MeV.

As the reorientation and vibrational effects are likely to be prominent at collision energies near the Coulomb barrier,
it is essential to investigate fusion cross-sections at energy levels that are significantly below the lowest Ecyy indicated
in ref. [14] . To effectively highlight both the effect of reorientation + vibration, fusion cross-sections are calculated in
3S-CMD for energies as low as 60.0 MeV, which is significantly lower than the minimum energy used in experiment [14].
For Ecym at 59.5 MeV, an analysis of 2000 randomly selected initial orientations indicates that there is no pocket present in
the ion-ion potential. Consequently, the fusion cross section is considered to be zero for Ecy < 59.5 MeV in the 3S-CMD
calculation.

From Fig. 6, it has been observed that at higher energy levels, the variation in fusion cross-sections computed using
the SBPM and 3S-CMD models is small. When energy levels decrease, the fusion cross-sections calculated from the
3S-CMD model show an enhancement compared to those obtained from the SBPM, where all dynamic effects are explicitly

ignored. The shift from the SBPM calculations is clearly a result of the reorientation + vibrational effect occurring in the
3S-CMD model.
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Figure 6. Comparison of fusion cross sections calculated for quadrupole and hexadecapole deformation using SBPM and
3S-CMD model with experimental fusion cross sections for 1°0 + 174Yb system.

Since the target nucleus ('7#Yb) used in the above calculation is heavy and has principal moment of inertia components
I, = 3474.112 u fm?; I, = 3826.939 u fm? and I3 =3902.096 u fm?, the extent of reorientation is small as shown in Fig.
7. The principal moment of inertia components of projectile nucleus (°0) are I} = 59.182 u fm?; I, = 68.651 u fm? and
I3 = 68.806 u fm?. The evolution of these two nuclei begins at a distance of 2500 fm, influenced by the Coulomb field of
each other. The reorientation of the deformed '"#Yb nucleus at different collision energies is shown in Fig. 7 , where the
initial orientation angle is set at By = 0, ag = 0, yp = 0 and Rj, = 2500 fm. This figure clearly indicates that the extent

1.0 T T T T

160,174y,

0.8

04

Extent of reorientation Ap (in degree)

02

0.0 Lt 1 1 1
60 70 80 90

ECM MeV)

Figure 7. Extent of reorientation AS at the barrier top against Ecy for 1°0 + 174Yb system.

of reorientation of the '’#Yb nucleus is less than 1°, even at the lowest energy of 60 MeV. The reorientation value of the
deformed nucleus, 74Yb, is too small to have a significant effect on the fusion cross-sections. Therefore, the enhancement
in fusion cross sections in 3S-CMD model with SBPM model is due to the vibrational excitations which occur close to the
barrier or inside of it.
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4. CONCLUSIONS

The above study explains the effect of hexadecapole deformation (84) on fusion cross sections of different systems
in heavy ion collision. Although quadrupole deformation (;) is the most commonly examined type of deformation in
nuclear fusion reactions, hexadecapole deformation (84) can also significantly influence fusion cross sections, particularly
in systems where higher-order deformations play a crucial role.

From the above study, it is clear that the fusion cross section calculated with the quadrupole deformation shows
smaller enhancement at lower energies than the fusion cross sections calculated with the hexadecapole deformation with
the experiment. At higher energies heavy mass nucleus system (i.e., '°0 + 174Yb) gives better agreement with experiment
than the medium-heavy mass nucleus system (i.e., '°0 + 13Sm).
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APPENDIX A CALCULATION OF HEXADECAPOLE DEFORMATION (854)

The nuclear surface can be characterized by the radius vector? in the direction (0, ¢) as given below [23],

0 A
R(0.4) =Ro [1+ Y >y (6.9)], (©)

A=0 u=-1

where Ry is the radius of the spherical nucleus, and the terms containing a,, represent the expansion of any general
function of the angles (6, ¢) in terms of the complete set of spherical harmonics Yfl (6, ¢). For the deformed partner,
we shall restrict ourselves to only axially symmetric deformations of nucleus characterized by nuclear quadrupole and
hexadecapole deformation parameters 8, and B4 respectively. In this case the nucleus can only rotate around an axis
perpendicular to the symmetry axis. In terms of these, the radius of a deformed system is written as,

R(6) =R [1+B2YY (0, 9) + BsY) (6, 9)]

1 /5 2 3 /1 4 2
iV (3cos 0 — 1)) + Ba (E p (35005 6 — 30cos“6 + 3))
where,

Ry in the present study is taken as rms radius of the nucleus.
Y9 (8, ¢)=£\/§ (3cos?0 — 1)

ZRO 1+,32

>

Y960, ¢) = 13—6\/% (35cos*6 — 30cos?6 + 3)
R () is the magnitude of the radius vector of the nucleus at an angle § with respect to the symmetry axis of the
nucleus. Substituting 6 = 90° in the eq. (7), we get,

R(90) = R |1 - s (%\/g) + By (136\/;(3))1
wfrE sl

or

R(90) [ 9 1
Ro —l—ﬂz( E)-'_ﬂ“(ﬁ ;)

9 [1] _|R(90) 5
ﬁ“(m p Ry 1+'Bz(\/16n
which gives an expression for the hexadecapole deformation parameter 34 as
16 R(90) 5
=|— - 7 _ 1 -
Ba (9\/;) Ry +ﬁ2( 167r)l’ ®)

in terms of rms radius of the nucleus and R(90°) which is the length of the axes along the direction of any one of the
principal axes perpendicular to the symmetry axis.
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BrumiB kBaapymnonsHoi Aepopmarii (87) Ha CHHTE3 BAXKHUX 10HIB € 10o0pe BigomMuMm siBuieM. OKpiM BIUIMBY KBaJpyHOJIbHOI Tedopmartii
(82), MOTEHIIAHMIA BIUTMB reKcaieKarnoibHoi AedopMariii (84) Ha cy60ap’ epHuii cuHTe3 OYB PeJMETOM YacTHX 00roBopeHs. HelropaBHo
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The fusion of the weakly bound *Be nucleus with 2%8Pb is investigated using a multi-body three-stage classical molecular dynamics
(35-CMD) approach. This model explicitly treats *Be as a cluster of “He and >He, allowing for the relaxation of rigid-body constraints
on both projectile fragments and the target. In this paper, the influence of these constraints on the complete fusion (CF) cross-section,
considering both central and non-central collisions is studied. Systematic removal of rigidity constraints, particularly on the target and
the °Be fragments, significantly affects the CF cross-section, especially at sub-barrier energies. Calculations show that relaxing these
constraints enhances CF, indicating the important role of breakup and internal degrees of freedom. The multibody 3S-CMD model
provides a tool for understanding the interplay of breakup and fusion in reactions involving weakly bound nuclei.

Keywords: Weakly-bound nuclei; Heavy-ion collisions, Fusion reactions; Classical Molecular Dynamics
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1. INTRODUCTION

Investigations of nuclear reactions involving weakly bound nuclei have been made possible due to recent developments
in experimental techniques and the availability of radioactive beams. Weakly bound nuclei exhibit unique phenomena like
increased breakup probabilities, neutron transfer, and complete and incomplete fusion processes. In complete fusion, the
entire charge of the projectile is captured by the target, irrespective of the breakup of the projectile. Incomplete fusion
refers to the capture of one or more fragments of the projectile taking place, followed by the breakup of the projectile. So,
it is essential to understand the effects of breakup on fusion reaction, as it significantly changes the possibilities of various
reaction channels.

Fusion reactions near the Coulomb barrier are strongly influenced by the intrinsic degrees of freedom, such as the
rotational and vibrational modes of the interacting nuclei [1]. Numerous studies have also explored how breakup processes
impact fusion outcomes [2-7]. Significant suppression of complete fusion and an enhancement in incomplete fusion
at energy over the fusion barrier have been shown by precision measurements for the °Be + 2°Pb reaction [4]. These
behaviors are attributed to the breakup of the °Be, which can occur through channels such as ®Be + n (S, = 1.67 MeV)
and 'He + *He (S, = 2.42 MeV).

Reactions involving weakly bound nuclei, such as °Li + 2*°Bi and "Li + 2% Bi have been studied using the Multi-Body
Three-Stage Classical Molecular Dynamics (3S-CMD) model [8]. In this paper, we investigate the role of various rigidity
constraints and their relative importance in determining the fusion cross-section for the *Be + 2%Pb system using the
multi-body 3S-CMD model. This study includes calculations of complete fusion (CF) while systematically relaxing the
rigid-body constraints on the nuclei involved in the collisions. The details of the model are presented in § 2, while the
results for fusion cross-sections for Be + 208Pb are discussed in § 3. Finally, conclusions are summarized in § 4.

2. MODEL DETAILS

The multibody 3S-CMD model is used to simulate the collision of “Be + 2*®Pb. In this model, °Be is made up of a
cluster of “He and *He nuclei held together in a way that matches the observed break-up energy of *Be into “He and >He
(2.42 MeV). A potential minimization code using a soft-core Gaussian NN potential given by,

MeV, (D

C rizj
Vij(rij) = =Vo|l— —]exp|-—
Tij g

is used to create projectile fragments and targets where the typical form of the Coulomb potential between protons is,

1.44
Vc(rij) = 7‘_ MeV. (2)
1

Cite as: V.B. Katariya, J. A. Patel, H. R. Mahida, P. H. Jariwala, East Eur. J. Phys. 1, 143 (2026), https://doi.org/10.26565/2312-4334-2026-1-12
© V.B. Katariya, J. A. Patel, H. R. Mahida, P. H. Jariwala, 2026; CC BY 4.0 license


https://periodicals.karazin.ua/eejp/index
https://doi.org/10.26565/2312-4334-2026-1-12
https://portal.issn.org/resource/issn/2312-4334
https://orcid.org/0009-0001-7215-8128
https://orcid.org/0009-0008-1454-4283
https://orcid.org/0009-0001-7113-5848
https://orcid.org/0000-0003-1141-0761
mailto:vipulkatariya5611@gmail.com
https://doi.org/10.26565/2312-4334-2026-1-12
https://creativecommons.org/licenses/by/4.0/

144
EEJP. 1 (2026) Vipul B. Katariya, et al.

However, a purely phenomenological potential is selected, and its parameters are set to approximately match the ground
state properties of the target and projectile fragments. The potential parameter set Vo = 710.0 MeV, C = 1.88 fm, and
ro = 1.15 fm is used to produce ground state properties of projectile fragments and target mentioned in Table 1.

Table 1. Ground-state properties.

Calculated Experimental
Nucleus
B.E. MeV) R (fm) B.E. MeV) [9] R (fm) [10]
“He 14.48 1.32 28.29 1.68
SHe 22.34 1.46 27.41 -
°Be (*He + “He) 39.23 1.87 58.16 2.51
208pp 1841.92 6.04 1636.46 5.50

These three stages are involved in the simulation of the multibody 3S-CMD model:

(1) Rutherford Trajectories: Initially, the target and projectile are brought together along their classical Rutherford
trajectories, considering their Coulomb interaction.

(2) Classical Rigid Body Dynamics (CRBD): The system is dynamically evolved using CRBD to approach a distance
close to the fusion barrier, accounting for the collective motion and interactions.

(3) Classical Molecular Dynamics (CMD): The entire multibody system undergoes CMD evolution, allowing for inter-
actions and dynamic evolution of the system.

In stage 3, one or more projectile fragments are constrained to remain rigid, those nuclei are dynamically evolved
as in the CRBD calculation. For °Be, the rigidity constraint on the bond between “He and >He, as well as on the target
208Pp are relaxed when the center of mass distance, R.,, becomes less than 14 fm. One of the fragments of projectile “He
is always kept rigid. Allowing >He in the projectile to be non-rigid enables the possibility of its breakup.

3. FUSION CROSS SECTION

The complete fusion cross-section is calculated for weakly bound °Be induced collisions to enable a quantitative
comparison between model calculations and experimental results. Theoretically, the colliding nuclei are assumed to fuse
when they overcome the potential barrier between them and become trapped in a potential pocket. The fusion cross section
for a given collision energy E.y, is calculated using Wong’s formula [11]. Classically, fusion cross sections vanish at
energies below the barrier, but here the barrier penetrability is accounted for in the calculation using Wong’s formula,

R2 hw 27 Ecng —
B olanexp(M), (3)

(Ecw) =
otus (Ecm) T e

where, Vi, Rp, and wq represent the barrier parameters. For higher energies, the Wong’s formula can be approximated to
classical formula,

“4)

Vg ]
Ec,m. -

Ofus(Ecm.) = ﬂRjzg |:1 -
So, at higher energies, the fusion cross sections obtained using the classical formula and Wong’s formula are nearly the
same; however, below the barrier, Wong’s formula accounts for barrier penetrability, making it more suitable for our
calculations [12].

The complete fusion cross section, ocr is defined as the capture of the total projectile charge. This process
includes two mechanisms: direct complete fusion, which involves the capture of the projectile charge without breakup,
and sequential complete fusion, which involves the capture of the entire projectile charge following the breakup of the
projectile.

For head-on collisions (b = 0), the orientation-averaged fusion cross section is computed by averaging over a
large number of Monte Carlo-sampled initial orientations, spanning collision energies both above and below the barrier.
Calculated ocr for “Be + 2%8Pb reaction with various assumptions of rigid body constraints for projectile fragments (*He
+ SHe), the bond between them and target (*°*Pb), is shown in Figure 1 comparing it with experimental CF cross sections.
In the SBPM (Static Barrier Penetration Model) [13] calculations, the nuclei are assumed to be rigid, and all rotational
and vibrational degrees of freedom are suppressed, thereby neglecting any dynamical effects. As a result, the calculated
complete fusion cross section (ocr) is suppressed across all energies, as shown in Figure 1. To investigate the influence of
rigidity constraints, three cases are considered. In Case (a), the rigidity constraint on 2°Pb is removed, while the projectile
Be remains rigid. In Case (b), along with the removal of the rigidity constraint on *Be + 2%Pb, the bond between the
projectile fragments “He and He (constituents of *Be) is removed, while “He and He are kept rigid. In Case (c), the
rigidity constraint on He is also relaxed.
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Figure 1. For (b = 0), ocr for °Be + 2%8Pb reaction with various assumptions of rigid body constraints for a projectile,
the bond between them, and the target. Experimental Complete Fusion Cross section (Exp.-CF) [14].
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Figure 2. For (b = b.;), ocr for °Be + 2%8Pb reaction with various assumptions of rigid body constraints for a projectile,
the bond between them, and the target. Experimental Complete Fusion Cross section (Exp.-CF) [14].
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As seen in Figure 1, although (ocp) is suppressed at all energies, the suppression is particularly pronounced at
below-barrier energies. Near the barrier energies, (ocp) improves as the rigidity constraints on the target and projectile
are systematically removed, compared to the SBPM calculation. This signifies the dissipation of energy at below-barrier
energies as rigidity constraints are relaxed. However, the multibody 3S-CMD calculations appear to follow the trend as
the experimental results. For below- and near-barrier energies (ocp) in case (b) shows improvements compared to cases
(a) and (c).

The CF cross-section is also calculated for non-central collisions (b > 0). The critical impact parameter for CF,
(ber — CF), is determined dynamically during simulation, using the sharp cutoff approximation, where, all trajectories with
(b < ber — CF) result in complete fusion, while those with (b > b, — CF) either lead to scattering or incomplete fusion
(ICF). The CF cross section determined from (b, — CF) for cases (b) and (c) and shown in Figure 2. As evident from
Figure 2, the fusion cross sections for non-central collisions are larger than those for central collisions at higher energies,
while at lower energies they nearly coincide. This behavior indicates that as energy increases, non-central trajectories
with finite orbital angular momentum can overcome the centrifugal barrier and contribute more to fusion, whereas central
collisions correspond only to zero angular momentum / = 0. At lower energies, higher angular momentum contributions
are strongly suppressed, making the fusion cross sections for central and non-central collisions nearly identical. This
energy-dependent behavior is consistent with Wong’s formula, where higher angular momentum partial waves become
significant only above the Coulomb barrier. Furthermore, for near- and sub-barrier energies, the CF cross section in case
(b) shows an improvement compared to case (c), reflecting the influence of different modeling assumptions on fusion
probability.

4. CONCLUSIONS

The effects of various degrees of freedom on the *Be + 2%Pb reaction are studied using the multi-body Three-Stage
Classical Molecular Dynamics (3S-CMD) approach. By appropriately modelling the weakly bound °Be and systematically
relaxing rigidity constraints on the projectile and target, fusion cross sections for both central (b = 0) and non-central
(b > 0) collisions are calculated. The complete fusion (CF) cross-section, ocg, is significantly influenced by various levels
of rigidity constraints both on the target and projectile. For below-barrier energies, the complete fusion cross section is
suppressed, while for near-the-barrier energy, it enhances as rigidity constraints are relaxed, indicating the importance of
internal degrees of freedom. Mainly for below and near the barrier energies, trends of the multibody 3S-CMD model
calculation are consistent with experimental data. Complete fusion cross sections, ocr, further enhance for non-central
collisions. This demonstrates the applicability of this model to study systems with weakly bound nuclei in fusion dynamics.
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3JIATTS CJABKO3B’ I3AHUX ‘Be 3 BAJKKUMM S/IPAMMU 2°8Ph: BATATOUYACTUHKOBHUI
TPHOXETAITHAN MIAXIA KJACUYHOI MOJIEKYJIIPHOI JUHAMIKHN
Binyx B. Karapisa'*, Izxuraama A. ITarean?, Xapain P. Maxina®, ITinank X. IxxapiBana
'Kagpeopa ¢pizuru, Hayrxosuii koredxc Ammanand Capaceami, Cypam, Tydocapam, 395006, Indis
2Kagpedpa pizuxu, Hayxosuii konedxnc Has 1z, Cypam, Tyoxcapam, 395009, Indis
3Kagpeopa cpisuxu, Yuisepcumem Bipa Hapmada IMiedennozo I'yoxcapamy, Cypam, I'yoxcapam, 395007, Indis
3muTTa c1abo3p’ a3anoro Ampa *Be 3 2%8Pb mociimKyeThes 3a I0MOMOTO0 6araToYacTHHKOBOTO TPUCTAMINHOTO TAXOMY KIACHIHOI
MoJteky sipHOI auHaMiku (3S-CMD). List Mmonens SIBHO po3riisigae 9Be sk KJ1acTep “He 1ad He, mo no3Bosisie nocinaduTu 0OMeKeHHs
TBEpIOro Tijlia sIK Ha ()parMeHTax CHapsia, Tak i Ha MilleHi. Y Wil CTATTi ZOCIIIKYEThCS BIUIMB IIMX OOMEXEHb Ha MOMepeYHHi
nepepi3 noeHoro 3mutTs (CF), BpaxoByloun siK HEHTPajbHi, TaK i HELEeHTpaJbHI 3iTKHeHHs. CHCTeMaTH4YHe BUAAICHHS O0OMEkKeHb
KOPCTKOCTI, 30KpeMa Ha MimeHi Ta ¢parmentax °Be, cyTTeBo BIMBae Ha Tonepeunuii nepepis CF, ocobmiBo Tpy migbap’epHIX
eHeprisx. Po3paxyHkn NokasyIoTs, o nocradieHHs ux oomexens nmocumoe CF, o Bkasye Ha BaxIJIMBY poJIb pO3Masy Ta BHYTPIIIHIX
cTyneHiB cBoboau. bararoyactunkoBa 3S-CMD-Mozens Hagae iHCTpYMEHT AJIs1 PO3YMiHHS B3a€EMOZIi po3magy Ta CHHTE3Yy B peakIlisx,
10 BKJIIOYAIOTH C1a003B’ A3aHi sapa.
Kuaro4oBi ciioBa: crabxo36’sizani ss0pa; 3imKHeHHs 6AXNCKUX I0HI8; peaKuil CUHmMe3y; KAACUUHA MOAEKYAIPHA OUHAMIKA
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Photoionization data for the 1s? 2s? 2p% (So) ground state of neon like Ca'®", Sc''*, Ti!?*, V13* and Cr'#" ions are reported. The values
of ionization threshold limits, resonance energies, quantum defects, transition rates, and oscillator strengths for various Rydberg series
are tabulated. The Relativistic configuration-interaction (RCI) approach, implemented in the Flexible Atomic Code (FAC), was used
for all calculations. The RCI results for 2s 2p® (2S12) np resonance series show very good agreement with reported values in the
literature. In addition, new calculations on K-shell photoexcitations (1s 2s?2p®(?S1/2) np) in these ions are reported. These results would
be valuable for high-precision spectral modeling in astrophysical or laboratory plasmas.

Keywords: Photoexcitation; Resonance energy, Rydberg series; Relativistic configuration-interaction
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1. INTRODUCTION

Since the majority of matter in the Universe exists in an ionic form, the study of photoionization of positive ions
is essential for improving our understanding and modeling of both fusion [1] and astrophysics [2] plasmas. In
astrophysical nebulae, photoionization is an important process in controlling the ionization balance and, consequently,
determining elemental abundances. In particular, the photoionization of Ne-like isoelectronic sequence is of
astrophysical importance because the spectra of these ions serve as a key diagnostic tool for probing plasma conditions.
Moreover, Ne-like ions of middle and high atomic numbers are found in various plasma environments, including
electron-beam ion trap, tokamak, and solar atmosphere [3] [4]. In addition to their astrophysical relevance, these ions
have practical significance in X-ray laser research, where photoionization of these ions has been utilized to explain the
resonant photo-pumping scheme for driving lasing action [5]. Thus, ions belonging to the Ne isoelectronic sequence
have attracted considerable experimental and theoretical studies [6] [7] [8] [9] [10] across a wide range of Z due to
their broad application in plasma physics and astrophysics, as well as their stable closed-shell electronic structure.
Among these, the neon like Ca!®, Sc!!'*, Ti'2*, V13* and Cr!'** ions are of particular interest. Goyal et al. [11] reported
resonance energies and natural widths in the photoionization of Ne-like isoelectronic sequence (Z = 19 to 26) using
the Screening Constant by Unit Nuclear Charge (SCUNC) approach. Liang et al. [12] employed the Breit—Pauli
Hamiltonian within the R-matrix (B-P R-matrix) method to calculate the photoionization cross sections, resonance
positions and widths for Ne-like Ca XI. In addition, the 2s to np autoionizing resonance transitions in various Ne-like
ions were studied by Nrisimhamurty et al. [13] using the relativistic multichannel quantum-defect theory (RMQDT)
and relativistic random-phase approximation (RRPA). More recently, Alna’washi et al. [14] [15] [16] presented new
atomic data identifying 1s — np resonances in Ne and Ne-like ions, based on calculations performed within the
relativistic configuration-interaction (RCI) method.

Given that achieving high accuracy for spectral modeling and high-resolution X-ray interpretation remains a
significant challenge in astrophysical interest, this work extends our previous study [14] [15] [16] by performing new
calculations for the Ne-like Ca'%, Sc!''*, Ti'?*, V13*, and Cr'*" ions. Specifically, the present study focuses on the 1s? 2s
2p° (3S12) np ('Py) and 1s 2s? 2p® (3S1) np ('P)) resonance series of these ions. To achieve this, the Relativistic
Configuration Interaction (RCI) method, as implemented in the Flexible Atomic Code (FAC) [17], was employed for all
calculations. The computed quantities include the ionization threshold, resonance energy, oscillator strength, and electric
dipole (E1) transition rate corresponding to the 1s to np and 2s to np transitions with principal quantum number ranging
from n =3 to n =22. Section 2 presents a brief outline of the theoretical framework. Section 3 presents and discusses our
results in comparison with available literature data. Finally, we summarize and conclude in section 4.

2. THEORY
The RCI approach, as implemented in the FAC code, has already been extensively detailed in some literatures [14] [15]
[16] [17][18] [19]. Hence, a concise overview is provided here to outline the key aspects relevant to the present study.
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2.1. Atomic structure: framework of the Dirac equation
For N electrons atom or ion, the relativistic Hamiltonian (H), expressed in atomic units, can be written as:

, 1
H =Z§V=1HD(1)+Z{'V<”—U, (1)
where Hj (i), the one electron Dirac Hamiltonian, is given by:
Hp = ca; - aj + fm,c? —% 2

In Eq. (2), the term ca; - a; represents the electron’s kinetic energy where @; and a; are Dirac matrices. The term pm,c?
denotes the rest-mass energy, and (— %) corresponds to the Coulomb potential of the nucleus. The energy levels of any

atomic ion can be obtained by diagonalizing the relativistic Hamiltonian (H).

In FAC, atomic processes are treated with basis state functions generated from a single potential. The basis states (@,),
referred as configuration state functions (CSFs), are built as antisymmetric sums of the products of N single-electron
Dirac spinors @, im-

The approximate atomic state functions are constructed by linearly combining basis states, @,, with same symmetries as
follows:

y=2X,b,9, G

where b, are the mixing coefficients, which can be determined by diagonalizing the total Hamiltonian. The single-electron
Dirac spinors are defined as:

(p = 1 < PTlK(T)XKm(e’ ¢’ O-) ) (4)
M 1 \i Qe (M Xm0, $,0))
Here, n denotes the principal quantum number, m represents the z-component of total angular momentum, and y,., is

the spin-angular function. The relativistic angular quantum number x is expressed as:

k=(-7)2j+1). (5)

The functions P,, and Q,, are the Dirac spinor’s radial part components. These radial functions are obtained as
solutions to the Dirac differential equation for the local central potential V' (r) as follows:

(2= oV +2) 0t 0
(% - ;) Qnk = a(_gnx + V)Pmc(r)' ™

Here, «a is the fine-structure constant, and &, represents the energy eigenvalues associated with the corresponding radial
functions.

2.2. Radiative transition rates
The electric dipole (E1) transition rates are calculated within the single multipole approximation, which neglects the
interference between different multipole orders. The transition rates, A]Eil, is related to the transition line strength, S;f, and
wavelength of the transition, A, by the expression:

2.0261x10%8 _pq

E1 _
A = (2j+0a3 " ®)

. . . . . 2
Here, the generalized line strength of the transition Sy; is defined as the squared matrix element S¢; = |(<pf|0,€,|<pi)| ,
where 0f; is the multipole operator, ¢;, and @y are the wavefunctions of the initial and final states, respectively.
Furthermore, the weighted oscillator strength, gfy;, for different radiative channels is given by:

gffi = %(aw)ZL_ZSfis 9
where w = E; — E; is the energy of transition.

2.3. Resonance energy and quantum defect
The quantum defect concept is introduced in the treatment of highly excited Rydberg states, which in turn accounts
for the effects of core polarization and penetration. Within this framework, the revised Rydberg formula gives the energy
level of an electron E,, (in eV) as:

R(Z—N¢)?
Ep=Ew—" 555 (10)
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In this equation, R is the Rydberg constant, N.is the number of core electrons, §,, represents quantum defect,
and E, denotes the threshold limit.

2.4. Calculation procedure

Our configuration interaction (CI) expansion includes the ground state configuration (1s? 2s? 2p°) and excited
configurations (1s?> 2s 2p® np and 1s 2s? 2p® np) involving n goes to 22. To ensure convergence, we systematically
increased the configuration set and monitored the resonance energies and oscillator strengths. This process guaranteed
convergence for energy positions to within approximately 0.02 eV and for line strengths to within 2%. As mentioned in
the FAC manual, the estimated uncertainties in the radiative rates and oscillator strengths range from 10 to 20%, while
the accuracy within a few (eV) for the calculated energy levels. It is important to point out that the higher-order quantum
electrodynamic (QED) effects are excluded from the RCI approach, as their impact is negligible compared to that of
electron correlations. Furthermore, within FAC’s RCI methodology, autoionizing resonances are treated as bound-like
states, neglecting explicit continuum coupling. This approximation eliminates Fano interference and energy-dependent
continuum effects, causing systematic shifts in resonance positions.

3. RESULTS AND DISCUSSION
3.1 Threshold limits
The 1s? 2s 2p® (*S12) and 1s 2s? 2p® (3S12) series limits for the Ne-like ions with nuclear charge Z = 20 — 24 are
listed in Table 1, in addition to other theoretical results obtained by Goyal et al. [11] and Nrisimhamurty et al. [13], as
well as tabulated data from the NIST database [20], for comparison.

Table 1. Energy limit E,, (eV) of the 1s22s2p®(>S12) and 152s*2p®(?S112) thresholds of Cal!®*, Sc!''*, Ti'?*, V13*, and Cr*' ions.

Ion Configuration E2 EP ES ES

- 15225 2p° (S15) 679.7839 680.800 679.509 682.642
15 252 2p° (S ,) 4298.5845

Selt 1s? 25 2p° (S15) 781.2269 782.758 782.0369
1s 25> 2p° (*S1p) 4794.2941

_— 15 25 2p° (°S1) 889.6942 891,543 839.3088
1s 25> 2p° (*S1p) 5317.9877

. 15225 2p° (5S1) 1005.2103 1007.146 1004.828 1008.297
15 252 2p° (S1) 5869.7555

Crl+ 1s? 25 2p° (3S12) 1127.7993 1129.556 1127.871 1130.993
1s 25> 2p° (S 1) 6449.6768

*: Present work.

®: Goyal et al. [11].

¢ : National Institute of Standards and Technology (NIST) [20].
4 Nrisimhamurty et al. [13].

For these ions, it can be seen that the present results for the 1s?2s 2p°® (2Si,2) limit are in good agreement with the
results reported in the literature. The computed RCI energy limits show excellent agreement with the NIST data but lie
approximately 1-1.8 eV below the values obtained using SCUNC method. In contrast, the results from RMQDT by
Nrisimhamurty et al. [13] are slightly higher than the present RCI, SCUNC and NIST data for Ca!®", V3% and Cr'*" ions.
This discrepancy is likely attributed to omission of electron correlation effects in their RMQDT calculations. To the best
of our knowledge, the threshold limits of the 1s 2s? 2p® (S1,2) series have not been previously published for these five
neon-like ions (Ca, Sc, Ti, V and Cr). Consequently, the calculated RCI 1s 252 2p® (?Sy2) series limits presented here may
provide new findings for these K-shell excitations and may guide future theoretical and experimental studies.

3.2 The 1522s2p%(>S12) np ('P1) series

Following the determination of the energy thresholds, we investigate the resonance series associated with E1l
transitions from the ground state to the 1s?2s 2p® (3S12) np (P;) excited states of the Ca'®", Sc!!'*, Ti'?*, VI3* and Cr'4*
ions. For these resonances, we present RCI-calculated resonance energies (E,), transition rates (Afl-l), weighted
oscillator strengths (gf;;), and the quantum defects (&) obtained from Eq. (10) using the corresponding computed RCI
series limits. A comparison of our RCI results for the 2s 2p® (*S1,2) np Rydberg series with those from Goyal et al.
[11] is provided in Tables 2—6 for all five ions. For Ne-like Ca'%" ion, Table 2 also includes reference values from the
(B-P R-matrix) method [12]. The B-P R-matrix resonance energies for Ca'®* ion show excellent agreement with our
results for n = 5 — 15, with energy differences ranging from 0.08 eV to 0.42 eV. For all five ions, one can see from
Tables 2—6 that our RCI-calculated resonance energy values for the 2s 2p® (2S12) np ('P)) series agree well with the
SCUNC data with energy differences remaining below 1.9 eV. In addition, the RCI and SCUNC resonance energies
converge to nearly identical series limits with remarkably small differences of 1.02 eV, 1.53 eV, 1.85 eV, 1.94 ¢V, and
1.76 eV for Ca'®", Sc!'*, Ti'?*, V13*, and Cr'*" ions, respectively. This close agreement confirms the reliability of the
present RCI predictions, particularly for higher states. Based on the preceding comparisons, the absolute uncertainties
in the resonance energies are estimated as follows: £ 1.0 eV, +1.5eV,+1.9¢eV,+1.9¢V, and = 1.8 eV for Ca!®*,
Sc!*, Ti'?*, VI3* and Cr'#* ions, respectively.
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Table 2. Calculated Spectroscopic Parameters: Resonance energies (E},), quantum defects (&), transition rates (Afil), and oscillator

strengths (gf;;) for 1s?2s2p® np ('P1) resonances in Ca

10+

n E7 (eV) % AR ™Y 8fij ER (eV) & E; (V)
3 460.7453 0.25847 1.2562x10'2 4.091x10"!
4 562.8209 0.24829 5.3983x10" 1.178x10"!
5 606.9299 0.24636 2.7276x10" 5.119x10? 607.3513
6 630.0417 0.24705 1.5547x10" 2.708x1072 630.92 0.255 630.2552
7 643.6609 0.24911 9.6801x10'° 1.615%1072 644.62 0.254 643.8187
8 652.3546 0.25278 6.4248x10'° 1.044x1072 653.37 0.253 652.4828
9 658.2414 0.25812 4.4782x10'° 7.146x107 659.29 0.252 658.3523
10 662.4117 0.26523 3.2439x10'° 5.111x107 663.48 0.252 662.5115
11 665.4738 0.27415 2.4241x10'° 3.784x107 666.55 0.251 665.5660
12 667.7881 0.28511 1.8584x10'° 2.881x1073 668.87 0.251 667.8749
13 669.5799 0.29813 1.4559x10'° 2.245%107 670.67 0.251 669.6641
14 670.9954 0.31340 1.1618x10'° 1.784x1073 672.09 0.250 671.0763
15 672.1331 0.33103 9.4165x10° 1.441x107 673.23 0.250 672.2124
16 673.0612 0.35120 7.7381x10° 9.800x10* 674.16 0.250
17 673.8283 0.37391 6.4359x10° 8.223x10* 674.93 0.250
18 674.4695 0.39947 5.4102x10° 8.549x10* 675.57 0.250
19 675.0110 0.42787 4.5914x10° 6.967x10* 676.12 0.250
20 675.4724 0.45936 3.9298x10° 5.955x10* 676.58 0.250
21 675.8688 0.49397 3.3895x10° 5.130x10* 676.98 0.250
22 676.2118 0.53202 2.9439x10° 4.451x10* 677.32 0.250
oo 679.7839 680.800
* : Present RCI results.
®: SCUNC calculations of Goyal et al. [11].
¢ : B-P R-matrix code calculations of Liang et al. [12].
Table 3. Calculated Spectroscopic Parameters: E,,, &, Afll and gf;; for 1s*2s 2pS np ('P1) resonances in Sc''*.
n E7 (eV) I AR (sTH 8fij Ep (eV) &
3 523.5293 0.24269 1.6887x10"2 4.260x10!
4 643.1629 0.23295 7.2497x10" 1.213x10!
5 695.0858 0.23090 3.6641x10" 5.243x1072
6 722.3511 0.23136 2.089x10" 2.768%1072 723.75 0.238
7 738.4419 0.23301 1.3014x10" 1.650%1072 739.91 0.238
8 748.7241 0.23608 8.6406x10"° 1.066x1072 750.25 0.237
9 755.6920 0.24060 6.0251x10" 7.294x107 757.25 0.237
10 760.6314 0.24662 4.3653%10'° 5.216x107 762.21 0.236
11 764.2599 0.25419 3.2632x10'° 3.863x107 765.85 0.236
12 767.0035 0.26347 2.5021x10" 2.941x107 768.60 0.236
13 769.1282 0.27458 1.9606x10'° 2.291x1073 770.73 0.236
14 770.8072 0.28759 1.5647%10'° 1.821x107 772.42 0.236
15 772.1571 0.30253 1.2684x10'° 1.471x107 773.77 0.235
16 773.2585 0.31964 1.0422x10'° 1.205%107 774.87 0.235
17 774.1689 0.33901 8.6718x10° 1.000x107 775.79 0.235
18 774.9301 0.36069 7.2907x10° 8.394x10* 776.55 0.235
19 775.5730 0.38481 6.1879x10° 7.112x10* 777.19 0.235
20 776.1209 0.41150 5.2967x10° 6.079x10* 777.74 0.235
21 776.5916 0.44097 4.5687x10° 5.237x10* 778.21 0.235
22 776.9990 0.47321 3.9685%10° 4.545%x10* 778.62 0.235
) 781.2269 782.758
* : Present RCI results.
b : SCUNC calculations of Goyal et al. [11].
Table 4. Calculated Spectroscopic Parameters: Ey, &,, A7 and gf;; for 1s2s 2p® np ('P1) resonances in Ti'?".
n E} (V) S LACED) 8fij ER (eV) &
3 590.2818 0.22879 2.2147x10" 4.3945%10"!
4 728.8120 0.21950 9.4955x10" 1.236x10"!
5 789.1685 0.21739 4.7996x10" 2.808%1072
6 820.9233 0.21769 2.7370x10" 2.708%1072 822.64 0.223
7 839.6881 0.21902 1.7058x10"! 1.673x1072 841.47 0.224
8 851.6902 0.22162 1.1329x10" 1.080x1072 853.52 0.223
9 859.8293 0.22549 7.9025x10'° 7.390%x1073 861.69 0.223
10 865.6021 0.23064 5.7265x10'° 5.284x1073 867.49 0.223
11 869.8445 0.23717 4.2818x10'° 3.913x1073 871.75 0.223
12 873.0535 0.24513 3.2840x10'° 2.979x1073 874.97 0.223
13 875.5393 0.25469 2.5735%x10'° 2.321x1073 877.46 0.223
14 877.5042 0.26585 2.0541x10" 1.844x1073 879.43 0.223
15 879.0842 0.27871 1.6655%10'° 1.490%1073 881.01 0.222
16 880.3736 0.29342 1.3689%10'° 1.221x1073 882.31 0.223
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n Eq (eV) 5 AR (™Y gfij Ep (eV) &5
17 881.4396 0.31003 1.1388x10' 1.013x1073 883.37 0.223
18 882.3310 0.32863 9.5759x10° 8.504x10* 884.27 0.223
19 883.0839 0.34939 8.1282x10° 7.206x10* 885.02 0.223
20 883.7256 0.37239 6.9583x10° 6.160x10* 885.66 0.223
21 884.2770 0.39768 6.002x10° 5.307x10* 886.22 0.223
22 884.7542 0.42553 5.2142x10° 4.605x10* 886.69 0.223
) 889.6942 891.543
# : Present RCI results.
®: SCUNC calculations of Goyal et al. [11].
Table 5. Calculated Spectroscopic Parameters: Ey,, &,, Af{' and gf;; for 1s?2s 2p° np ('P1) resonances in V'3*
n Eq (eV) o AR (™Y gfij Ep (eV) &
3 661.0276 0.21648 2.8432x10"2 4.499%10!
4 819.7928 0.20761 1.2174x10" 1.252x10!
5 889.2021 0.20549 6.1534x10" 5.381x102
6 925.7824 0.20569 3.5104x10" 2.832x1072 927.60 0.210
7 947.4239 0.20678 2.1882x10" 1.685x1072 949.29 0.211
8 961.2773 0.20901 1.4538x10" 1.088x102 963.19 0.211
9 970.6776 0.21234 1.0142x10" 7.442x107 972.62 0.211
10 977.3480 0.21682 7.3513x10'° 5.321x107 979.32 0.211
11 982.2519 0.22251 5.4977x10'° 3.940x107 984.24 0.211
12 985.9625 0.22942 4.2174x10"° 2.999x1073 987.96 0.211
13 988.8376 0.23772 3.3054x10'" 2.337x1073 990.84 0.211
14 991.1106 0.24745 2.6385x10'"° 1.857x107 993.12 0.211
15 992.9387 0.25863 2.1397x10"° 1.500%x1073 994.95 0.211
16 994.4308 0.27144 1.7589x10'"° 1.230x1073 996.45 0.211
17 995.6646 0.28584 1.4634x10'"° 1.021x107 997.69 0.211
18 996.6964 0.30201 1.2305%10'° 8.564x10* 998.72 0.211
19 997.5679 0.32015 1.0446x10'° 7.257x10* 999.59 0.211
20 998.3109 0.34004 8.9434x10° 6.204x10* 1000.34 0.211
21 998.9493 0.36205 7.7156x10° 5.346x10* 1000.98 0.211
22 999.5019 0.38620 6.7026x10° 4.639x10* 1001.53 0.211
oo 1005.2103 1007.146
*: Present RCI results.
®: SCUNC calculations of Goyal et al. [11].
Table 6. Calculated Spectroscopic Parameters: Ey, &,, Aff and gf;; for 1s22s 2p° np ('P1) resonances in Cr'*".
n Eq (eV) 5 AR ™Y gfij Ep (eV) &
3 735.7920 0.20550 3.5833x10"? 4.576x10™!
4 916.1298 0.19703 1.5323x10" 1.262x10
5 995.2111 0.19494 7.7450x10" 5.406x1072
6 1036.9528 0.19506 4.4200x10" 2.842x1072 1038.60 0.199
7 1061.6735 0.19597 2.7559x10" 1.690x1072 1063.35 0.200
8 1077.5096 0.19789 1.8314x10" 1.091x1072 1079.24 0.200
9 1088.2609 0.20082 1.2779x10" 7.460x10° 1090.02 0.200
10 1095.8933 0.20475 9.2648x10'° 5.333x10° 1097.68 0.200
11 1101.5063 0.20975 6.9296x10'° 3.949x107 1103.31 0.200
12 1105.7546 0.21582 5.3168x10'° 3.006x107 1107.57 0.200
13 1109.0471 0.22310 4.1676x10'° 2.343x1073 1110.87 0.200
14 1111.6506 0.23162 3.3272x10"° 1.861x107 1113.48 0.200
15 1113.7448 0.24144 2.6984x10'° 1.504x10° 1115.58 0.201
16 1115.4543 0.2527 2.2185x10'" 1.233x10° 1117.29 0.201
17 1116.8680 0.26539 1.8459x10'° 1.023x10° 1118.71 0.201
18 1118.0504 0.27959 1.5523x10'"° 8.585x10* 1119.89 0.201
19 1119.0493 0.29544 1.3179%10" 7.256x10* 1120.89 0.201
20 1119.9008 0.31301 1.1283x10"° 6.220x10* 1121.75 0.201
21 1120.6326 0.33231 9.7348%10° 5.359x10* 1122.48 0.201
22 1121.2661 0.35346 8.4571x10° 4.651x10* 1123.11 0.201
oo 1127.7993 1129.556

2 : Present RCI results.

®: SCUNC calculations of Goyal et al. [11].

The quantum defects calculated for Ne-like isoelectronic sequence reveal a noticeable increase with the principal
quantum number n. This behavior indicates the growing dominance of the core polarization effect as n increases. In
contrast, §5CUNC values for all ions exhibit no noticeable change across n = 6 — 22. As expected for high-n Rydberg
states, the transition rate values for all studied ions drop by at least two orders of magnitude. Meanwhile, the oscillator
strength values exhibit an even more pronounced decline of over three orders of magnitude, indicating the reduced overlap
associated with the state wavefunctions.



153
Relativistic Configuration-Interaction Photoionization Data for Ne-Like Isoelectronic Sequence EEJP. 1 (2026)

3.3 The 1s2s*2p°(*S12) np ('P)) series

Tables 7-11 present the RCI-calculated resonance parameters for the inner shell 1s — np excitations (n = 3 — 22)
for Ne-like ions with 10 <Z < 14, respectively. It can be seen that the calculated energies demonstrate a clear convergence
trend toward their respective series limits with increasing n. In addition, the quantum defect values display minimal
variation, with average values of 0.27 for Ca'*,0.25 for Sc!'*, 0.24 for Ti'?*, 0.22 for V!3*, and 0.21 for Cr'#*. The stability
of ¢, indicates that the core polarization effect is largely independent of n. Both the transition rates and oscillator
strengths follow similar decreasing trend with increasing the principal quantum number. The behavior of the transition
rates is in accordance with that of electric dipole-allowed transitions in Rydberg series, whereas the trend of the oscillator
strengths can be attributed to the reduced overlap between the initial and final states.

Table 7. Present RCI Spectroscopic Parameters: E,, &y, Affll and gf;; for the 1s2s?2p% (3S12) np (‘P1) series in Ca'®" ion.

n En (eV) n AR ™Y gfij

3 4075.7419 0.28197 2.1720%10" 9.040x1072
4 4180.3278 0.26887 8.3378x10" 3.299x1072
5 4225.1686 0.26459 4.0696x10" 1.576x107*
6 4248.5758 0.26240 2.2961x10" 8.795%107
7 4262.3341 0.26098 1.4173%10" 5.394x107
8 4271.1030 0.26015 9.3575x10" 3.546x107
9 4277.0341 0.25972 6.4991x10" 2.456x107
10 4281.2325 0.25957 4.6963x10" 1.771x107
11 4284.3130 0.25966 3.5035%10" 1.320x107
12 4286.6401 0.25993 2.6830x10'" 1.009x1073
13 4288.4409 0.26037 2.0998x10'" 7.894x107*
14 4289.8630 0.26093 1.6741x10" 6.289x107
15 4291.0057 0.26152 1.3561x10" 5.092x107*
16 4291.9376 0.26222 1.1139x10" 4.181x107*
17 4292.7076 0.26295 9.2608x10'° 3.475%107
18 4293.3511 0.26378 7.7824%10'° 2.919x107*
19 4293.8945 0.26445 6.6026x10"° 2.476x107*
20 4294.3574 0.26525 5.6500x10'° 2.118x107
21 4294.7550 0.26606 4.8722%10" 1.826x107*
22 4295.0990 0.26696 4.2308%10" 1.586x107
oo 4298.5845

Table 8. Present RCI Spectroscopic Parameters: Ey,, &,,, AZ} and gf; ; for the 152s?2p° (%S112) np ('P1) series in Sc''* ion.

n En (CV) §n AjE:zl (571) gfl}

3 4532.3767 0.26499 2.7733x10" 9.334x1072
4 4654.7836 0.25253 1.0695%10" 3.299x1072
5 4707.5176 0.24839 5.2325x10" 1.632x1072
6 4735.1112 0.24635 2.9595%10" 9.126x107
7 4751.3567 0.24503 1.8287x10' 5.600x107
8 4761.7228 0.24425 1.2083x10' 3.684x1073
9 4768.7402 0.24386 8.3970x10" 2.553x107
10 4773.7109 0.24370 6.0710x10" 1.842x107
11 4777.3599 0.24379 4.5304x10" 1.372x107*
12 4780.1176 0.24407 3.4705%10" 1.050x107
13 4782.2526 0.24439 2.7170x10" 8.214x10™*
14 4783.9390 0.24488 2.1667x10" 6.546x107
15 4785.2944 0.24540 1.7555%10" 5.300x107*
16 4786.4000 0.24602 1.4422x10" 4.352x107*
17 4787.3137 0.24666 1.1992x10"! 3.618x10™*
18 4788.0775 0.24727 1.0079x10" 3.040x10™
19 4788.7224 0.24800 8.5524x10" 2.578x107
20 4789.2720 0.24856 7.3192x10'° 2.206x107*
21 4789.7441 0.24915 6.3122x10'° 1.902x107
22 4790.1526 0.24983 5.4818x10' 1.652x107
oo 4794.2941

Table 9. Present RCI Spectroscopic Parameters: Ey, &,, A7 and gf;; for the 1s25*2p® (3S12) np ('P1) series in Ti'?" jon.

En (eV) Sn AfE (™ efy
5013.9358 0.25002 3.4800x10" 9.571x1072
5155.5039 0.23817 1.3474x10" 3.505x1072
5216.7516 0.23420 6.6055x10" 1.678%1072
5248.8680 0.23230 3.7449x10" 9.398x107
5267.8036 0.23106 2.3161x10" 5.770x1073

N kWS
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n En (V) Sn AfE (™ efy

8 5279.8982 0.23036 1.5313x10" 3.798x107
9 5288.0921 0.22999 1.0647x10' 2.632x107
10 5293.8994 0.22987 7.7015%10" 1.900x107
11 5298.1646 0.22995 5.7489x10" 1.416x1073
12 5301.3892 0.23020 4.4050x10" 1.084x1073
13 5303.8863 0.23054 3.4495x10" 8.478x107*
14 5305.8594 0.23096 2.7514x10" 6.757x107*
15 5307.4454 0.23151 2.2298x10" 5.473x107
16 5308.7395 0.23206 1.8320x10" 4.494x107
17 5309.8091 0.23266 1.5235x10" 3.736x107
18 5310.7034 0.23318 1.2806x10"! 3.139x107*
19 5311.4586 0.23377 1.0868x10"! 2.663x107
20 5312.1022 0.23431 9.3018x10'° 2.279%107*
21 5312.6551 0.23489 8.0228x10" 1.965x107*
22 5313.1336 0.23547 6.9679x10'° 1.707x10™*
oo 5317.9877

Table 10. Present RCI Spectroscopic

Parameters: Ey,, &,, A and gf;; for the 1s25?2p° (*S122) np ('P1) series in V'3* ion

n En (eV) é‘n A}lzll (S_l) gfij

3 5520.5112 0.23673 4.3008x10" 9.757x107
4 5682.5795 0.22547 1.6709%10" 3.577x1072
5 5752.9610 0.22166 8.2062x10" 1.714x1072
6 5789.9367 0.2199 4.6630%x10" 9.617x107
7 5811.7652 0.21874 2.8860%10' 5.907x107
8 5825.7200 0.21808 1.9092x10" 3.889x1073
9 5835.1804 0.21773 1.3282x10" 2.697x107
10 5841.8886 0.21763 9.6104x10"! 1.947x107°
11 5846.8176 0.2177 7.1759%10" 1.451x107
12 5850.5453 0.21791 5.4996x10" 1.111x107
13 5853.4327 0.21823 4.3076x10" 8.692x107*
14 5855.7148 0.21858 3.4366x10" 6.929x107
15 5857.5496 0.21901 2.7854x10" 5.613x10™
16 5859.0468 0.21953 2.2888x10" 4.610x107
17 5860.2846 0.21997 1.9037x10" 3.832x10™
18 5861.3195 0.22048 1.6004x10" 3.221x10™
19 5862.1936 0.22098 1.3583x10"! 2.733x10™*
20 5862.9386 0.22143 1.1626x10" 2.338x107
21 5863.5787 0.22187 1.0029x10"! 2.017x107
22 5864.1326 0.22249 8.7106x10" 1.751x107*
oo 5869.7555

Table 11. Present RCI Spectroscopic

Parameters: Ey,, &,, A and gf;; for the 1s2s?2p° (>S12) np ('P1) series in Cr'** ion.

n En (CV) §n AjE:zl (571) gfl_]
3 6052.1823 0.22485 5.2439x10" 9.898x1072
4 6236.0900 0.21414 2.0435x10" 3.633x1072
5 6316.2251 0.21051 1.0051x10" 1.742x1072
6 6358.3963 0.20888 5.7238%10" 9.788x107
7 6383.3321 0.20721 3.5450x10" 6.015x1073
8 6399.2671 0.20718 2.3464x10" 3.961x1073
9 6410.0840 0.20687 1.6329x10' 2.748x1073
10 6417.7575 0.20679 1.1819x10" 1.984x1073
11 6423.3979 0.20686 8.8278x10" 1.479x1073
12 6427.6648 0.20707 6.7668x10" 1.132x1073
13 6430.9708 0.20733 5.3010x10" 8.862x107*
14 6433.5841 0.20769 4.2298x10" 7.065x107
15 6435.6856 0.20810 3.4291x10" 5.724x107
16 6437.4008 0.20851 2.8181x10" 4.702x107*
17 6438.8188 0.20900 2.3440%10" 3.909x10~
18 6440.0047 0.20938 1.9708x10" 3.285x107
19 6441.0063 0.20988 1.6727x10" 2.788x107
20 6441.8601 0.21027 1.4319x10" 2.386x107*
21 6442.5937 0.21070 1.2352x10" 2.057x107*
6443.2287 0.21108 1.0729%10" 1.787x107

6449.6768
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To the best of our knowledge, no experimental and/or theoretical data exists for the K-shell excitations of the studied
ions. Consequently, the results presented here may provide a valuable benchmark for future studies. In the absence of
benchmark data, estimating the uncertainty for these 1s excitations is challenging. We therefore base our uncertainty
estimate of approximately + 2.0 eV on our recent work for neutral neon [14], where the electronic configuration is the
same.

4. CONCLUSIONS
The 1s — np and 2s — np resonances for several members of the neon isoelectronic sequence have been investigated
using the RCI approach within the FAC code. The RCI calculations show good agreement with available theoretical data,
confirming the accuracy and reliability of the present results. This study has reported new data for K-shell transitions to
the 1s 25 2p® (3S12) np ('P)) excited states in all studied ions, thereby addressing a longstanding gap in the atomic data.
The present results constitute important data for advancing spectral modeling of high-resolution X-ray emissions in both
astrophysical and laboratory plasmas.
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JAHI ®OTOHBAILII PEJSITUBICTChKOI KOH®ITYPAIIAHOI B3AEMOII JIJISI Ne-IIO JIBHOT
I30EJIEKTPOHHOI ITOCJIJTOBHOCTI
0. Ady-Xaiimka', [.A. Aana'sami?, C.M. Xamama?, M.T. Tuiar®4, I. Caxo®*, M. Aun llopman’
Kagpeopa npuxnaonoi ¢izuxu, Texuiunuii yuisepcumem Tagpinu, a/c 179, Tagpina 66110, Hopoanis
2Kagpeopa ¢pizuxu, Daxynomem npupodnusux nayx, Xawwmimcokuii ynisepcumem, a/c 330127, 3apxa 13133, Hopdanis
3Kageopa ¢hizuxu ma ximii, Ynicepcumem YOP, Vuicepcumem 16a Jlep Tiam, Tiec, Cenezan

4Appuxancoruii yenmp npuxnaduux amomnux ma s0epuux mexnonoziii (CAFTANA), Haxap, Cenezan
Haseneno nani poroionizanii suis ocnoBHoro crany 1s? 2s? 2p® (!So) Heony, Takoro sk ionn Ca'®*, Sc!'*, Ti'?*, V13" ta Cr'#*. 3navenns
MOPOTOBUX MEXK 10HI3allii, pe30HAHCHUX SHEepTiil, KBAHTOBHX Je(EKTIB, IBUIKOCTEH MEPEXOIIB Ta CHUII OCLIJISTOPIB UTS Pi3HUX cepiit
Punbepra naBeneno B Tabmumi. s BCix po3paxyHKiB OyJi0 BUKOPHCTAHO MigXi pelsITuBiCTChKOI KoHpirypauiitnoi B3aemoxnii (RCI),
peanizoBanuii y Cyukomy aromuomy xomi (FAC). Pesynbratu RCI mist pesonancuux cepiit 2s 2p® (?S1/2) np A1€MOHCTPYIOTH 1yxKe
J0Opy BIJIIOBIIHICTD 31 3HAYCHHSIMH, HABEACHUMH B JiTeparypi. KpimM TOro, NoBiTOMIISIETHCS PO HOBI PO3paxyHKH (HOTO30YKEHHS
K-o6ononku (1s 2s? 2p® (3S12) np) y mux ionax. L{i pe3ynbratu GyAyTh HIHHUMH JUIS BACOKOTOYHOTO CIIEKTPATBHOTO MOJIEIOBAHHS
B acTpo¢iznyHiit abo 1abopaTopHiil mIa3mi.
KurouoBi cnoBa: pomosz6ydocenns,; pezonancua enepeis; cepii Puobepea, peramusicmcoka kongicypayiiina 63aemooist
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In the article, using the AAVSO (American Association of Variable Star Observers) photometric database of the AG Pegasi
symbiotic star, a light curve was constructed in the Vis filter for a period of 68 (1954-2022) years. During this period, the brightness
of the Ag Peg star changed by approximately 2 magnitudes, reaching from 7.5™ to 9.5™. Using the Scargle method, the possible
periodicities in the light curve were investigated by applying statistical spectral Fourier analysis. Two P=178579 long and P=815¢
short periodic variations were detected in the light curve.

Keywords: Symbiotic star; AG Peg; Photometric variable; Light curve; Photometry; Period; Observation

PACS: 97.80.—d; 97.80 Fk; 97.80. Gm; 97.80.hn

1. INTRODUCTION

Symbiotic stars are interacting binary systems surrounded by cover. They consist of an advanced Red Giant and a
hot component — White Dwarf. The material source of the cloud is Red Giant, which loses its substance by stellar wind
and pulsation, and the energy source is the hot White Dwarf. Red Giants are stars that have reached the necessary
temperature for helium fusion in their cores. White Dwarfs, on the other hand, are stars nearing the end of their life
cycle and are highly compressed. These stars are so dense that, despite having nearly the same mass as the Sun, their
size is comparable to that of Earth. [1, 2, 3, 4].

AG Pegasi (HD 207757, BD +11°4673) is a symbiotic star which is situated in the constellation Pegasus. This star
is a dense binary system consisting of a red giant and a white dwarf [5]. The entire system is surrounded by a gas-dust
nebula. The orbital period of the star is assumed to be ~818 days [1, 6]. The mass of the red giant: Mg=2.6Mo, the mass
of the white dwarf: M¢=0.6M@, the ratio of the masses of the components Mg/Md = 4.33. Kenyon et al.
(1993) estimated a distance of 800 pc to AG Peg from the calibration of absolute bolometric magnitudes, assuming the
M3 giant has a luminosity class III [7]. In 1967-1972, work was published by Boyarchuk et al. and by Hutchings et al.
The spectroscopic studies have been interpreted as corresponding to a binary whose components can be approximated
as an WN 6 and an M3 III, with a period of around 800 days [8, 9].

AG Peg belongs to the symbiotic new group. Currently, only 8 nova-like symbiotic stars are known. When stars
ignite, the representatives of this class reach very high brightness and remain in this state for tens, sometimes hundreds
of years. The strong shock waves that occur during ignition heat the surrounding plasma to 10° K and serve as a source
of emission lines at various degrees of ionization [10]. In the spectrum of the star, coronal lines such as FeX, FeXI,
[NiXV] are observed as well as [NII ], [OII ], and lines with low excitation potential, such as the Balmer series of
hydrogen. AG Peg can confidently be an example of "symbiotic new".

Symbiotic stars can show ‘classical’ outbursts lasting weeks to years where they brighten by ~1-3 mag [11, 12].
AG Peg has been studying since the middle of the 19th century. The fact that the AG Peg symbiotic star is bright
enough (V = 8.5™) allowed it to be well studied both photometrically and spectrally. Allen, who analyzed the light curve
starting in the 1850s, called the AG Peg star a symbiotic nova. Burning in the star began in 1850. Then its star size
increased from 9™ to 6™. It reached its maximum luminosity of ~ 6™ in about 1885. Later, the gradual decrease in the
star's brightness, to the level observed before ignition, continued for about 130 years [13]. Second-best, AG Peg
continued to weaken until 2000 and showed variations in the V filter in the stellar size interval 8.5™ + 9.0™ by June
2015. Along with other spectrophotometric parameters, this evolution of the light curve (LC-light curve) is
characteristic of the slowest nova ever recorded [10, 11].

Despite the well-studied AG Peg symbiotic star, the daily acquisition of new observational data and new
approaches allows for obtaining more reliable results about the star, as well as refining previously obtained values of the
star's parameters.

The main purpose of our work is to investigate the periodic changes in the light curve of the symbiotic star AG
Peg. For this, using the AAVSO photometric database, the light curve of the AG Peg symbiotic star was constructed in
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the Vis filter over 68 years, and possible periodic variations in luminosity were investigated using Fourier analysis.
Photometric observations of the AG Peg symbiotic star were taken from the AAVSO (American Association of
Variable Star Observers) database [14].

2. RESEARCH METHOD
We constructed a light curve in the Vis filter for a period of 68 years based on the AAVSO database of the AG
Peg nova-like symbiotic star (Figure 1) [14].
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Figure 1. The light curve of the symbiotic star AG Peg for the period 1954-2022.
Each point in the figure is the average value of measurements for one day

As can be seen from the picture, the brightness of the star was 8™ stars in the years 1954-1970. After 1970, the
star's brightness gradually decreased. The star AG Peg had one strong flare in 2015 (between 2457050 and 2457400
Julian date). At this time, the magnitude of the star increased from 8.7™ to 6.9™. That is, it has changed by 1.8™ stars. In
the rest of the time, as can be seen from the light curve of the star, small modulations, i.e., changes, happened in the star
in the interval of 1™ star size. Currently, the magnitude of the star is 8.5™.

We have divided the light curve in Figure 1 into two parts to better illustrate the periodic variations in the
symbiotic star AG Peg. The first part covers the period 1954-1990, and the second part covers the period 1990-2022
(Figure 2) [14]. From Figure 2, certain periodic changes are visible in the light curve.

70

Vis_mag a

o
>
@
©
=
E=
c
[-¢]
m
=
9.5
10.0
2439000 2440000 2441000 2442000 2443000 2444000 2445000 2446000 2447000
Julian Days
7.0
Vis_mag
75
@ 80
>
D
T 35
=
=
&
S 90

95

10.0
2447000 2448000 2449000 2450000 2451000 2452000 2453000 2454000 2455000 2456000 2457000 2458000 2459000
Julian Days

Figure 2. Age of the symbiotic star AG Peg 1954-2022 based on AAVSO datalight curve for the period
a) 1954-1990; b) 1990-2022
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In figure 3, we have plotted the light curve for the JD 2440000-JD 2460000 interval. The time interval is taken as
10 days. On the flipside, each point is the average value of 10 days of measurements [15]. As can be seen from the
picture, in this case, period-periodic changes in the brightness of the star are better seen.
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Figure 3. The light curve of the star AG Peg for 1968-2022 (JD 2440000-2459000).
Each point in the figure is the average value of 10 days of measurements.

As you can see from the figure, periodic changes are thorough seen during quiet periods. The wrinkled curve
shown in red corresponds to a period of about 815 days. This curve fits very well on the points.

Fourier analysis was performed using Scargle software to find the period [16]. Classic Scargle can only work on
Norton. We used the version developed by Kh. Mikailov and H. Mikailov for Windows [15]. The sequence of finding
the period is as follows: 1. We add the file about the size of the star depending on time to the program. 2. Click the
calculate button. 3. We enter the maximum frequency and step. 4. We consider the trend.

Figure 4 shows the power spectrum for the period 1994-2005.
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Figure 4. Power spectrum for the selected interval JD 2449400-JD2453400 (1994-2005).

As it is shown in the figure, there are two maxima in the power spectrum: 0.000056 and 0.001227. Knowing that
the period is inversely proportional to the frequency, we get the subsequent values of the period: 1. Short period
P=814.99 days, 2. Long period P=17857.148 days. As you can see, mainly 2 periods are taken.

A phase diagram for the light curve of the symbiotic star AG Peg in the selected interval (1968-2012, and for the
Julian date range 2440014+2455953, i.c. for a period of 44 years) was constructed (Figure 5).
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Figure 5. Phase diagram for the 44-year period 1968-2012.
The phase diagram spans 25 full cycles. Each period is 814.99 days.
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We have drawn the trend curve for the selected time interval. The function of the curve:
y=—0.0016x> +0.0663x+8.0373

Using this function, the deviation value of the Vis star size from the mean (O-C, Observed-Calculated) for each
time was calculated. On the flipside, the value in the trend curve for that time was subtracted from each value of the star
size of the AG Peg (figure 6).

Delta_Vis

AVis (0-C)

Figure 6. Total phase diagram of the Vis star size of the simbiotic star AG Peg

As shown in the figure, the points for the 44-year period fit the phase diagram very well. Thus, we assume that the
Vis stellar magnitude of the AG Peg simbiotic star varies with a period of P = 814.99¢. Epoch start Ty = 2439050. The
minimum phase is calculated as: Min = JD2439050 + 814.99E.

3. CONCLUSIONS

A light curve of the symbiotic star AG Peg has been constructed for a period of 68 years (1954-2022). The long-
term light curve of AG Peg shows two types of optical variability. One of them is a large-amplitude change, and the
second is regular periodic modulations. Modulations with small amplitude are better seen in the interval 1968-2012.
Using Fourier analysis, the problem of finding periods in the light curve of a star was considered. 2 periodic changes
were found in the light curve: 1. P=17857.148 days for a long period. 2. For a short period, P=814.99 days.

It is believed that the short period is related to the binary system's orbital motion. That is, it is connected to the orbital
motion of this system around the common center of mass of the red giant and the white dwarf. The long period can be
revealed by the accretion (i.e., collection) of material lost by the red giant through its stellar wind onto the white dwarf.
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®OTOMETPUYHI CIIOCTEPEXEHHS CUMBIOTHYHOI 3IPKH AG PEG
X.M. Mikaiinos!, P.T. Mamenos??, A.B. Pycramosa?, JI.P. Mamenona’®
Vbaxuncekuii [epacasnuii Ynicepcumem, baxy, AZ-1148, Aszepbatioscan
2Haxiuesancoruii [epocasnuii Ynisepcumem, Haxiveeanw, AZ-7012, Aszepbaiioxncar
3Bamabamcoxa Acmpogizuuna Obcepeamopisa npu Haxiveeancoromy depacasrnomy Yuieepcumemi,

Haxiuesans, AZ-7000, A3epbaiioxcan

*Hamaxuncora Acmpogpisuuna Obcepeamopis imeni Tyci, Minicmepcmeo Hayxu ma Ocsimu, Baxy, AZ-1148, Azepbaiiosican
SHaxivesancokuii [epocasnuii Texniunuti Koneosc npu Haxiuesancoxomy Jepacasnomy Yuisepcumemi,

Haxiuesann, AZ-7000, A3epbaiiodncan
VY crarri, BUKOpHUCTOBYIOUH (oToMeTpuuHy 0a3zy manmx AAVSO (AmepukaHcbkoi acomiamii crocrepiradiB 3MiHHHX 3ipOK)
cumbiotnuHoi 3ipku AG Pegasi, y ¢inbTpi Vis Oyio nobymoBano kpuBy Omucky 3a nepion 68 (1954-2022) pokis. [Ipotsrom 1is0ro
nepiony sICKpaBicThb 3ipku Ag Peg 3miHmnacs npuOnm3Ho Ha 2 30psHI BeIMYHMHM, DOCATHYBIIW Big 7.5™ mo 9.5™. 3a momomororo
merony Ckapria OyJio JOCIIKEHO MOMIIMBI 3HAUCHHS MEPIOJMYHUX 3MiH KPHUBOI OJMCKY LUISIXOM 3aCTOCYBAaHHS CTaTHCTHYHOTO
crnektpanbHoro ®dyp'e-anamizy. Ha kpuBiii Gunucky Oyio BusBieHo [Bi mnepioxuuni Bapiauii Tpusamictio P=17857 nHiB Ta
KOpoTKoYacHy Bapiauito P=815 nuis.
Kurouosi cinoBa: cumbiomuuna ipxa; AG Peg; pomomempuuna sminHa, Kpuea 61uUcky,; homomempis,; nepiood; cnoCmepestcents
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