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Abstract: This study systematically investigates the cosmological dynamics of two well-motivated functional
forms in f(T,B) gravity within a flat Friedmann-Lemaitre-Robertson-Walker (FLRW) universe. Here T denotes the
torsion scalar and B the boundary term, with the special choice f(7T,B) = —T + B recovering General Relativity. We
focus on a multiplicative power-law model f(T,B)=c¢;T®B? and an additive ‘mixed power-law model
f(T,B) = c2T® + ¢3B%. Using dynamical system techniques, we construct autonomous systems and identify de Sitter
attractors that naturally explain late-time cosmic acceleration. Analytical stability conditions for these fixed points
are derived, and numerical simulations reveal characteristic evolutionary patterns, such as spiral trajectories and
damped oscillations in the additive mixed power-law model. Furthermore, statefinder diagnostics are applied to
quantitatively distinguish these models from the standard ACDM paradigm and other dark energy scenarios. The res-
ults indicate that f(7,B) gravity offers a theoretically consistent and observationally distinguishable geometric
framework for explaining cosmic acceleration, presenting a compelling alternative to conventional dark energy models.
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I. INTRODUCTION

A major puzzle in modern physics is the universe's
late-time acceleration [1-3] and the observed mass dis-
crepancy in large-scale structures [4], whose dynamics
cannot be explained by visible matter [5]. These phenom-
ena are often attributed to dark energy and dark matter —
hypothetical components that influence cosmic evolution
despite having no direct electromagnetic signatures.

Dark energy presents a particular enigma due to its re-
pulsive gravitational effect, which counteracts conven-
tional gravitational attraction. Two major theoretical ap-
proaches have been developed to address these cosmolo-
gical puzzles. The first retains the geometric framework
of General Relativity (GR) while introducing new matter
components, such as scalar fields with negative pressure.
The second approach fundamentally modifies gravitation-
al theory itself, either by extending the geometry underly-
ing Einstein's field equations or by reinterpreting how
matter influences spacetime curvature. Such modified
gravity theories generally generalize the Einstein-Hilbert
action via various geometric extensions, giving rise to
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several well-established frameworks. These include
curvature-based modifications like f(R) [6—8] and f(G)
gravity [9, 10], higher-order polynomial extensions such
as cubic gravity [11-13], topological invariants in Love-
lock gravity [14], and scalar-tensor couplings exempli-
fied by Horndeski's theory [15] and its Galileon general-
izations [16, 17]. This dichotomy underscores the central
debate in modern cosmology: whether dark energy ori-
ginates from new material constituents or from an exten-
sion of gravitational theory itself.

An alternative formulation of gravity, dynamically
equivalent to GR at the level of field equations, employs
torsion rather than curvature as the fundamental geomet-
ric descriptor. This approach, known as the Teleparallel
Equivalent of General Relativity (TEGR) [18, 19], de-
scribes gravity through a torsion-based geometry where
gravitational interactions result from the parallel trans-
port of tetrad fields. In TEGR, the gravitational field is
characterized by the torsion tensor with dynamics gov-
erned by the torsion scalar 7, a quadratic contraction of
the torsion tensor. A further equivalent representation of
Einstein’s theory can be formulated in a flat, torsion-free
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geometry where gravitation is fully encoded in the non-
metricity tensor Qy,, = V,8,,. This framework, known as
symmetric teleparallel gravity, leads to f(Q) gravity
[20—22]; further details on this theory and its extensions
can be found in [23—27]. Although TEGR reproduces the
predictions of GR, it offers a distinct geometric interpret-
ation [28—30], casting gravity as a manifestation of space-
time torsion rather than curvature. Nevertheless, like GR,
TEGR alone does not resolve large-scale cosmological is-
sues such as dark energy or inflation. To address these
limitations, modified teleparallel theories, collectively re-
ferred to as f(T) gravity, have been developed [31-33],
generalizing the Lagrangian to arbitrary functions of T.
As an extension of TEGR, f(T) gravity opens new path-
ways for explaining cosmic acceleration and large-scale
structure formation [34—37]. Still, whether f(T) theories
can outperform GR on both theoretical and observational
grounds remains an open question, warranting further de-
tailed investigation.

To construct a complete teleparallel analog of f(R)
gravity, the f(7,B) extension plays an essential role [19,
38, 39]. In this framework, the torsion scalar 7 and the
boundary term B respectively capture the second-. and
fourth-order derivative contributions present in f(R)
gravity. Notably, f(7,B) naturally incorporates f(R)
gravity as the specific case f(—T + B), while allowing for
a wider range of gravitational Lagrangians.

The f(T,B) framework has been widelyexplored
across diverse phenomenological contexts. Gravitational
wave studies in this theory indicate luminal propagation
speeds and the presence of polarization modes beyond the
standard transverse-traceless ones of GR [40, 41]. Solar-
system tests further confirm the viability of many f(7, B)
models, showing agreement with high-precision astro-
nomical measurements [42]. In cosmology, such models
offer promising mechanisms to alleviate the Hubble ten-
sion [43—45]. Recent theoretical developments include:
(i) a rigorous establishment of the correspondence
between f(T,B) and f(R) gravity [19, 38], along with
thermodynamic and cosmological reconstruction studies
[55]; (ii) exact and perturbed black hole solutions [47],
extending the theory's applicability to compact objects;
and (iii) comprehensive analyses of background expan-
sion and linear perturbation growth [48—52].

This study investigates the cosmological dynamics of
f(T,B) gravity within an isotropic, homogeneous FLRW
universe using the dynamical system approach. The
strong nonlinearity of the field equations renders exact
solutions intractable and obstructs direct observational
tests, owing to the complex coupling among terms. To
address this, the dynamical system method [53—55],
which has been used to investigate cosmological models
in various modified gravity, including Hofava-Lifshitz
gravity [56—59], f(R) gravity [60, 61], f(R,T) gravity

[62, 63], Gauss-Bonnet gravity [64], Einstein cubic grav-
ity [65], and other cosmological scenarios [66, 67]. This
method reformulates the cosmological equations into an
autonomous system, enabling the examination of critical
points, phase-space trajectories, and stability, yielding
global dynamical insight (including attractors and transi-
ent states) without relying on exact solutions. Such a
global perspective is essential for comparing theories
with observations, as it reveals the full dynamical land-
scape rather than individual solutions. Recently, using the
dynamical system method, Kritpetch et al. [68] clarified
the interaction mechanism between dark sector compon-
ents in dark energy models incorporating both quint-
essence and phantom fields via a switching parameter. In
parallel, Halder et al. [69] identified new stable accelerat-
ing scaling attractors within interacting phantom dark en-
ergy frameworks. These attractors offer a potential mech-
anism for alleviating the cosmic coincidence problem.

This study is structured as follows. Section 2 provides
a brief review of teleparallel gravity and its extensions.
In Section 3, we derive the cosmological dynamical sys-
tem for the f(7,B) model. Section 4 presents a dynamic-
al analysis of the two considered models, and Section 5
examines their statefinder diagnostics. Finally, Section 6
summarizes the key findings and offers a concluding
discussion.

II. TELEPARALLEL GRAVITY AND ITS EXTEN-
SION f£(T,B) GRAVITY

This section provides a brief review of Teleparallel
Gravity (TG) and its extension to f(T,B) gravity. GR de-
scribes gravity using the Levi-Civita connection I7,,
which is characterized by non-zero curvature, zero tor-
sion, and metric compatibility. In contrast, Teleparallel
Gravity adopts the Weitzenbock connection W%, — a
curvature-free, metric-compatible connection that cap-
tures gravitational effects entirely through torsion [70].
This shift in geometric foundation has profound implica-
tions: while GR and its modifications employ the
Riemann tensor to measure spacetime curvature, the
Riemann tensor vanishes identically in TG due to the flat-
ness of the Weitzenbock connection. As a result, TG ne-
cessitates a reconstruction of gravitational quantities from
the ground up, offering novel theoretical possibilities
while preserving dynamical equivalence with GR at the
level of field equations.

In the TG framework, the fundamental dynamical
variables are the tetrad fields (vierbeins) e, which form
an orthonormal basis for the tangent space at each space-
time point x*. The tetrads ej and their inverse fields E
satisfy the orthonormality conditions

mpu _ sm o mpv _ SV
e#En = 6,l,eHEm _5;1’

(1
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where Latin indices (m,n) refer to coordinates in the tan-
gent space, and Greek indices (u,v) denote spacetime co-
ordinates. The metric tensor g, is reconstructed from the
tetrad fields via the relation

_ab
guv - eueynab’

where 1, is the Minkowski metric on the tangent space.
The Weitzenbock connection is defined as [19]

a _ a
W, , = 0,e,.

The torsion tensor T}, is given by the antisymmetric
part of the Weitzenbock connection

T =W, =W, =0d,e; —0,e;. )

Two key tensors in TG are the contorsion tensor K%,
and the superpotential S . The contorsion tensor K,*, is
defined as

1

K=o (T =T+ T,1).

®3)

and plays a significant role in establishing the equival-
ence between TG and GR at the level of field equations.
The superpotential S,*” is given by

S(r}“/ = 1

5 (K™ =641 +6,T").

“)

The torsion scalar T is constructed through the com-
plete contraction of the torsion tensor with its superpoten-
tial

T = S(rﬂvT‘Tpv- (5)

This scalar serves as the Lagrangian density in the TEGR

1
STEGR Z—Tlg/d4X€T+/d4X€ ms

where «*=8rG and £, is the matter Lagrangian. This
quadratic combination encodes the teleparallel equival-
ent of the Ricci scalar R satisfying the identity

(6)

R=-T+ gal,(eT“) =-T+B, (7
e

where e = det (€Z) V=&, and the boundary term is defined
as B=—0,(eT") =2V, T*,
e

A natural generalization of the TEGR action is ob-
tained by promoting the torsion scalar 7 to an arbitrary
function f(T), leading to

1
Sty = ~5.3 / d*xef(T)+ / d*xeL,,. (8)

Unlike the f(R) framework, which leads to fourth-or-
der field equations, f(7) gravity retains second-order
equations of motion. This distinction arises from the re-
laxed constraints of Lovelock's theorem in teleparallel
geometry, where a torsion-based description allows for
modifications that avoid ghost instabilities [29]. Never-
theless, the full structure of the theory involves two fun-
damental geometric scalars: the torsion scalar 7" and the
boundary term B. Their relation to the Ricci scalar via the
identity R=-T+B motivates the generalization to
f(T,B) gravity, which not only encompasses f(R) grav-
ity as a-special case but also provides a minimal exten-
sion incorporating both second- and fourth-order derivat-
ive terms.

In the present work, we consider the f(7,B) action in
the form [50]

1
Sf(T,B) = 27K2 /d4xe(—T + f(T,B)) + /d4xe£m_ (9)

Note that the TEGR action is recovered when f(T,B) = 0.
Varying this action with respect to the tetrad yields the
field equations [19, 40]

1
eﬁI:IfB - eZV’lV(,fB + EBfBeﬁ + ZSZM(OHfT + 6ﬂf3)+

%(fT - 1)d, (eSE) = 2(fr - DTS ¥ - %(—T + el = 0,
(10)

where fr =8f/0T, fz=0f/0B, and ©! =@ denotes
the standard energy-momentum tensor for matter. These
field equations are derived under the assumption of a van-
ishing spin connection, which is a consistent choice in the
context of a flat FLRW cosmology [19, 39, 40].

The choice of tetrad is

e, = diag(1,a(t),a(n), a(t)),

where a(r) is the scale factor. This tetrad yields the flat
FLRW metric

ds? = —df* + a(t)(dx® + dy* + d2°),

from which the torsion scalar T and the boundary term B
are obtained as
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T =6H*, B=6(3H*+H), (11)
where the overdot represents a derivative with respect to
cosmic time ¢. The corresponding Ricci scalar R for this
metric is thus recovered as R = -T + B = 6(H + 2H?).

With the FLRW metric and the chosen tetrad, the
field equations reduce to the modified Friedmann equa-
tions

3H2 = Kz(pm +pgd)’ (12)

3H?* +2H = —*(py + Pea) (13)

where p,, and p,, respectively represent the energy dens-
ity and pressure of the matter (baryons and dark matter)
whose equation of state w, is defined as p,, = w,on,
while the geometric dark energy density p,q and the cor-
responding pressure pyq are given by

K Pga =—%f+ TfT"’%BfB_SHf'B’ (14)
Cps= 5/~ Tfr=20fy~2Hfr = 3Bfi+ for | (19)

The conservation equation of the matter is
Om+3Hpy =0, (16)

where we have assumed p,, =0, then the geometric dark
energy also observes the conservation equation [39]

pgd+3H(pgd+pgd)=0~ (17)

The equation of state for the geometric dark energy weq is
defined as

_ Pga _ —4H fr —4H fr — 6H f5 +2 3
W= =1+ 2 (18)
Pgd —f + ZTfT + BfB — 6Hf3
while the total equation of state is given by
o+ De 2H
W= PPy 2 (19)
Pm t Pefr 3H
The deceleration parameter ¢ is related to wy, via
a1
q= _ﬁ = 5(1 +3Wior)s (20)

implying that the universe undergoes accelerated expan-
sion when ¢ < 0, or equivalently, when Wit < ~3

In metric teleparallel gravity, with the affine connec-
tion I, vanishing in FLRW geometry, the boundary term
satisfies C = B. Under this condition, the modified Fried-
mann equations of the present f(7,B) model become
equivalent to those of the f(Q,C) theory [71, 72]. This
equivalence indicates that the two models may share fun-
damental features in their cosmological dynamics.
Moreover, the dynamical system analysis developed in
the following sections for f(7,B) gravity can be directly
applied to the f(Q,C) formulation when the affine con-
nection is set to zero:

1. DYNAMICAL SYSTEM STRUCTURE OF
f(T,B) COSMOLOGY

In this section, we perform a qualitative analysis of
the cosmological dynamics in f(7,B) gravity using the
dynamical systems approach. By introducing suitable di-
mensionless variables, the modified field equations can
be reformulated as an autonomous dynamical system.
Such a system is characterized by two fundamental com-
ponents: a state space comprising all possible configura-
tions, and a set of differential equations governing the
evolution of trajectories within this space.

The fixed points of the system, defined by the condi-
tion X=0 for a system of the form X = f(X) with
X = (x1,%2,*+,X,), correspond to equilibrium solutions in
the cosmological context. These critical points represent
distinct cosmological epochs within the f(7,B) frame-
work. Their stability, determined via linear perturbation
analysis, dictates the global evolutionary behavior of the
universe: stable points act as cosmological attractors
characterizing late-time asymptotic states, unstable points
correspond to transient phases, and saddle points repres-
ent metastable regimes that temporarily influence the dy-
namics before the system evolves toward an attractor.
Through this approach, key epochs in cosmic history —
such as radiation domination, matter domination, and
late-time acceleration — naturally arise as specific critical
points in the phase space, revealing how different eras of
universe evolution are embedded within the structure of
f(T,B) gravity.

To construct the dynamical system for the cosmolo-
gical model, we introduce the following dimensionless
variables:

szm pgd f
O3 ST e T
B fs Bfs
_ _ R Y
vEf yEgpE Ty W= @D
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Here, Q, quantifies the relative density of matter in
the total effective cosmic fluid, while Qg =-x+2u+
o —z represents the contribution from geometric dark en-
ergy within the f(7,B) framework. The quantities x, u, g,
and z characterize different aspects of the geometric dark
energy sector. Their relative dominance in the phase
space can signal transitions between distinct dark energy-
dominated regimes. At fixed points of the dynamical sys-
tem, the values of these variables help identify the nature
of the corresponding cosmological epoch, clarifying the
physical role of each component in the evolution gov-
erned by the critical points.

Using the dimensionless variables defined in Eq. (21),
the Friedmann equation (12) takes the form

Q,—x+2u+oc—-z=1, (22)
while Eq. (13) becomes
% =—3§2m+2(y—3)(u—1)+3z+2%. (23)
The term f;/H can be expanded as
I 23T i+ T o 24)
6H2

where frr = 0%f/0T?* and frp = 0*f/(0TOB).
Furthermore, from the dynamical variables y and z,
we derive the following relations:

H
78 =y-3, (25)
i _ 2=2(y=3)T fpr (26)

6H> — Tfes
in which fyr = 0*f/(OBOT), fzp=
sumed that fzg # 0.

Finally, the dark energy equation of state wg, the
total equation of state w, and the deceleration paramet-
er g are given by

0*f/0B?, and it is as-

23y

1-2/3y,
Vg = 3(1_ m) /y

Wrot = (27)

qg=2-y.

To construct the cosmological dynamical system, we
introduce the independent variable N =Ina, commonly
used in expanding cosmological scenarios (H > 0) but in-
applicable in bouncing models where H = 0 at the bounce
epoch [50]. The field equations of f(7,B) gravity can
then be expressed as the following autonomous dynamic-
al system:

Chin. Phys. C 50, (2026)
Q;n = Qm(3 —2)’),
= 2= B u-0) +r—
x' = U—X)+v——sr
6H3’
’r_ fT
u=-—,
H
= 2 3 ,
=yz—20(y— )+V6H3
B
=-2 3 ,
YOy -3)+— 378
Vv =z,

D=3y + % (28)

where the prime symbol ’ denotes differentiation with re-
spect to N =1Ina. Using the variables defined in Eq. (21)
and the relations in Eqgs. (22) and (23), the system can be
reduced to:

Q, =Q,3-2y),
20-3)u-1)+v—
X = U—Xx v6H3’
u’=ﬁ
H?
B
Y ==2
Yy - 3)+6H3,
Vi==14+Q,—x+2u+yv. (29)

Upon specifying the functional form of f(7,B), the
dynamical system presented above becomes fully
autonomous, in contrast to approaches that rely on the
parameterization A = H/H? as used in [49, 51, 52, 73]. In
the subsequent sections, we focus on two specific f(T, B)
models introduced in [39]: the power-law model

f(T,B)=ciT" B,

and the mixed power-law model

f(T,B)=c,T* + 3B,

where ci,c,,c3,a,8 are constant parameters of the cosmo-
logical model. Both of these representative and well-mo-
tivated prototype functional forms are chosen because
they can naturally reduce to GR or to other established
modified gravity theories, such as f(T) or f(R) gravity,
within specific parameter limits, thereby ensuring theoret-
ical consistency. They also serve complementary aims:
the multiplicative power-law form is intended to explore
novel dynamical effects that stem from a non-trivial
coupling between the torsion scalar 7 and the boundary
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term B, an interaction inherently absent in additive or
pure f(R) models. In contrast, the additive power-law
form enables a clear separation and comparative assess-
ment of the individual contributions of 7" and B to cosmic
evolution. Furthermore, the power-law ansatz yields ho-
mogeneous terms in the resulting Friedmann equations,
which significantly facilitates the search for exact scaling
solutions and the construction of a closed autonomous
dynamical system. It should also be noted that other
forms of f(T, B) may be considered in future studies, such
as f(T,B) = Ag+A, T+A,T*+A3B+A,TB [40,49], f(T,B) =
ET+aBInB [52], as well as f(T,B)=Bg(T) and
f(T,B) = Tg(B) [50]. By systematically analyzing the two
foundational ansitze selected here, we aim to map the
key dynamical features of f(7,B) cosmology and estab-
lish a benchmark for future studies involving more com-
plex functional dependencies.

IV. COSMOLOGICAL DYNAMICS OF TWO
f(T,B) MODELS

A. Power law model f(T,B) = ¢, T*B?

We first consider the power law model f(7,B)=
c;T?BP. For Eq. (26) to be well-defined, the condition
fas #0 must be satisfied, which requires 8+ 0,1 and
¢; #0. In this case, the dynamical variables # and'v can
be written as

u=ax,

v=pBt. (30)
y

Substituting these into Eq. (26) yields

B Y (=1+Q,+(=1+2a+p)) - 2aBxy(y-3)
6H3 (B-1)Bx '

G1)

The cosmological dynamical system for the power

law model then reduces to the autonomous form

Q, =0,(3-2y),
X =2(a-1)(y-3)x+
Y(—=14+Q,+ (-1 +2a+B))—2aBx(y—3)

B-1
Y ==2y(y-3)+
V(=14 Q, + (=1 +2a+B)) —2aB8xy(y — 3) (32)
B-1)Bx ’

The autonomous system (32) admits a unique fixed
point, denoted as Py,. Its coordinates and the correspond-
ing cosmological parameters are summarized in Table 1.
The eigenvalues of the Jacobian matrix evaluated at this
point, denoted as {e,1,e.,eq3}, are given by

o330 VA 3, 3VA
T2 28B-DQRa+B-1) 2 28B-1DRa+B-1)["

where

Ay =BB-1DQRa+B-1)*(8+16a” +24a(B—1)—178+95%).

Table 2 summarizes the existence and linear stability
conditions for Py, along with its acceleration behavior,
where the symbols A and Vv denote logical “and” and
“or”, respectively. For the specific parameter values o =3
and B =-4, the fixed point Py is a stable node. The
phase space stream plot of the model for this parameter
set is shown in Figure 1, while the evolution of the
corresponding cosmological parameters is displayed in
Figure 2.

The fixed point Py corresponds to a cosmological
epoch dominated by geometric dark energy, character-
ized by a de Sitter expansion a ~ ¢' and a total equation

Table 1. Fixed point of dynamical system (32)
Point Qn Qg4 X v u v o z Wrot H a
1 @ B B
Pl _ Hot
« 0 ! 2a+B-1 3 2a+p-1 3Qa+B-1) 2a+B—1 0 1 Hy eHo

Table 2. (color online) Summary of existence, stability, and acceleration properties for the fixed point Péd

Point Existence Stability Acceleration
stable for (¢ KON <<B<L1IVI-a<pB<1-2a)
1
V< a< E/\(0<,8< 1-2avl-a<pB<l))
1 1
P;gd 2a+p# 1 V(azi/\(ﬁ=ovi<ﬁ<l) always

v(%<(y<1/\(1—2<1<,B<0v1—(1</5<1)))

Vie=1A-1<B<1)

vie>1A(l-2a<B<1-av0<B<])
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Fig. 2. (color online) Evolution of cosmological parameters
for (a1,61)=(3,-4) and initial ' conditions
(0.3,0.3,2.5).

(Qmg»X0,Y0) =

of state wy =—1. At this point, the geometric dark en-
ergy components x, u, and o collectively sustain the ac-
celerated expansion. Owing to its stable nodal behavior
for suitable parameter choices (a,B8), this fixed point
provides a viable mechanism for explaining the late-time

cosmic acceleration within the power-law f(T,B) frame-
work.

B. Mixed power law model f(T,B) = c,T® + c;B°

We now consider the mixed power law model
f(T,B) = c;T* +c3BP. Here, the condition fzp # 0 is satis-
fied provided that 8+ 0,1 and c; # 0. In this model, the
variable x and the term B/(6H>) can be written as

1 1
X=—u+-=yv, (33)
a p
(—1+Q +2u+ L. )
i_y m+2u+yv au ﬂyv
6H? B-1w

(34

The corresponding autonomous dynamical system takes

(b)
(color online) Phase space flow of the model f(T, B) = ¢;7¢B? for (a1,81) = (3,—-4).

the form

Q:n = Qm(3 - 2y),
u =2(a-1)y-3)u,

1 1

y(—1+Qm+2u+yv—Eu—Eyv)

2@y -3)y+ ,
=3y G-y

11
V==1+Q,+2u+yv——u——yv.
a

y =

(35)

This system possesses two fixed points, denoted as Py,
with coordinates (Q ,u',y",v") for i =2,3.
The fixed point P, is characterized by the coordinates
aB+3(1-pv.)
Py = (0, — s 3 V),
Qa-1)p

where v, € R and v. # 0. More precisely, P, corresponds

to a line of equilibrium points. The eigenvalues of the lin-
earized system at this point are given by

033 V34, 3, V34,
T2 2Qa-D(B-Dapy.” 2 2Qa—1)(B- 1)apv.

with

As = v.a*BQRa~1)*(B—1) [88(a—1)—3v,(8a - 9B)(B~1)] .

At this fixed point, the cosmological parameters satisfy
Q, =0 and Q. =1, indicating a universe dominated by
geometric dark energy. As a de Sitter point with a scale
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factor evolving as a ~ e, P%; provides a potential ex-
planation for the current cosmic acceleration within the
model, provided it acts as a stable attractor.

The fixed point P}, is located at

P3 = ( b b b ﬂ ) .
wa=10,0,3 36-1)
This point belongs to the equilibrium line Py, corres-
ponding to the specific case where V. = 3 (ﬂ'B_ D The ei-

genvalues of the linearization at P}, are

0.-3 3 . 3 4/9a%B* — 8a2B? 3.3 9a2p* — 8a?f3?
) 2a3 T2 2a8 '

Like P, this point also corresponds to a phase of geo-
metric dark energy dominance and exponential expan-
sion of the universe. If linearly stable, it could provide a
mechanism for late-time cosmic acceleration.

The coordinates and cosmological parameters of both
fixed points are summarized in Table 3, while their exist-
ence, stability, and acceleration properties are listed in
Table 4, where v = 8(a—1)/(3(B- 1)(a—p)). In the mixed
power-law model, both obtained fixed points exhibit one
zero eigenvalue and are therefore non-hyperbolic. The
central manifold theorem was attempted to assess their
stability; however, after decomposing the system into lin-
ear and nonlinear components, it was found that the non-
linear terms do not vanish in the vicinity of the equilibri-
um, thus precluding definitive stability conclusions
through this method. Consequently, we specify the condi-

tion that the real parts of the eigenvalues ej;, e (with
Jj =b,c) must be negative in Table 4, and present the sta-
bility behavior of both points via phase portrait analysis
in Figure 3.

We perform numerical analysis for two representat-
ive parameter pairs: (as,8)=(5,—-1000) and (a3,B83) =
(5,2/3), as illustrated in Figures 3 and 4. In the y-u plane,
Py, is stable under both parameter choices and exhibits
spiral dynamics for (5,-1000). The cosmological para-
meters Q,,, Q. wwo, and wy all asymptotically
approach the same final state (0,1,—1,—1). However, for
the pair (5,2/3), the evolution of wy and wy shows dis-
tinct damped oscillations before settling to the de Sitter
attractor.

V. STATEFINDER DIAGNOSTIC

This section applies the statefinder diagnostic to the
two cosmological models introduced above. The
statefinder parameters » and s, first proposed in [74, 75],
provide a useful tool for distinguishing between different
dark energy scenarios. These dimensionless quantities are
defined in terms of the scale factor and its higher-order
derivatives as [74]:

a _ r—1
— ——Iv
3 -

<q 2)

The statefinder diagnostic offers a practical frame-
work for classifying alternative dark energy models. Even
when two models predict similar expansion histories,
their evolutionary trajectories in the r-s plane can reveal

(36)

Table 3. Fixed points of dynamical system (35)

Point Q. Qgd x y u v o z Wiot H a
3v.a—-p) aff-3av.(B-1)
p? /3‘*'7 - - = 7 ” . _ Hot
w 0 ! Qa-1)p Qa-1)8 ! 3 0 ! H e
1 B B
P3 S A _ Hot
e 0 1 7 3 0 WD 31 0 1 Ho eto
Table 4. Existence, stability, and acceleration properties of Pg 4, and Pg A
Point Existence Stability (ej3,e4 <0, j=b,c) Acceleration
(@ <OAN(B<aAT<v, <OVB=aAv, <O V(@<B<OAW:<OVV,>7D))
VO<B<IAT<v, <0)V(B>1A0<v, <P)))
1
0 V(O<a<§/\((ﬁ<0/\l~1<v*<0)V(O<,3<a/\(w<0VV*>1~1)V(ﬁ=af/\v*<0)
) p# V(@ <B<1AT<v, <OV (B> 1AD<v, <))
Py A # = 1 always
g % V(E<a<1A((ﬁ<0/\\~1<v*<0)V(0<,E<a/\(v*<0VV*>\~7))V(,B:(Y/\V*<0)
Ve # Vi@ <B<1AT<v, <O)V(B>1A0<v, <))
Vi@=1A0<B<IAW, <0V, >0))
V@>1A(B<0A0<v, <P)VIO<B<IAW <TVV,>0))
VA <B<aA@ <OVv,>P)V(EB=aAv. <0)V(B>aAT <. <0)))
P B#1 a#0A0<B<1 always
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Fig. 3. (color online) Phase space flow of the mixed power-law model under different parameters: (a), (c): (a2.B2,v2) =

(5,-1000,0.00125); (b): (@3,B3,v3) = (5,2/3,1); (d): (@3,B83) = (5,2/3).

clear differences. Characteristic values of {r, s} for sever- - 210_3y+_2a’ﬁxy<y‘3)+y2[9m+(2“ A= Dx-1]
al standard dark energy models include [74, 75]: BB-1x
s =—6,B(/3 —D)(y-3)x—4aBxy(y —3)+2y*[Q, + Qa+B—1)x—1)]
e {r=1,s=1}: Standard cold dark matter (SCDM) 3BB-1DGB-2y)x 37
model

whereas for the mixed power-law model f(7,B)=

e {r=1,5=0}: ACDM model 3T + 3B, they are given by

r> 1,5 <0}: Chaplygin gas model
! }: Chaplygin g y(—1+Qm+2u+yv—5—%)
a
e {r<1,s>0}: Quintessence model r=10-3y+ B-1)y ’
u yv
The application of statefinder diagnostics within a dy- ~6B =D =3)v+2y(=1+Qy +2u+yv— a E)
namical systems framework proves particularly effective 5= 33— D3 -2y

in distinguishing between different acceleration regimes, (38)
as demonstrated in recent studies of dark energy models

[76, 77]. In present work, for the power-law model  In both cases, the deceleration parameter is expressed as
f(T,B) = ¢;T*BP, the statefinder parameters take the form g=2-y.
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The evolutionary trajectories of the statefinder para-
meters » and s are illustrated in the r-g and r-s planes:
Figure 5 corresponds to the power-law model f(7,B) =
ciT*Bf, and Figure 6 to the mixed power-law model
(T,B) = c,T" + 3 BP.

As shown in Figure 5, the power-law model exhibits
dynamical behavior analogous to that of a Chaplygin gas
model before asymptotically approaching a ACDM-like
regime. In Figure 6, although the mixed power-law mod-
el also converges to a ACDM-like state in the late-time
limit, the evolutionary paths in the r-¢q and r-s planes dif-
fer significantly between the two parameter sets. For
(a,B) = (5,—1000), the trajectory remains within the re-
gion characteristic of the Chaplygin gas model before
reaching the ACDM point {r=1,s=0}. In contrast, for
(a,B) = (5,2/3), the trajectory crosses the ACDM point,
showing damped transitions between the Chaplygin gas
and quintessence regimes. Additionally, the trajectory for
(5,2/3) displays a spiral structure in the 7-q plane.

In particular, the distinct evolutionary trajectories ob-
served in the statefinder diagnostic planes highlight the
sensitivity and discriminatory power of the {r,q} and {r, s}

1] R —
0.5 .
0.0
-0.5
—LOPN -
0 1 2 3 4 5
Ina
(a)

Fig. 4. (color online) Evolution of cosmological parameters

diagnostics in distinguishing between multiplicative
power-law and additive mixed power-law forms of
f(T,B) models. The notable differences in both the paths
and transitional behaviors between these two functional
forms can be attributed to their distinct gravitational
dynamics. The multiplicative form f(T,B)=c,T*B"
introduces a strong and inseparable coupling between tor-
sion and the boundary term, which constrains the evolu-
tionary path to remain within Chaplygin gas-like regimes
until late times. Conversely, the additive form
f(T,B) = c;T + c3B? decouples the contributions of 7 and
B, permitting more varied interactions. This decoupling
enables transitions between Chaplygin gas and quint-
essence behaviors, and can even lead to oscillatory or
spiral approaches to the ACDM attractor, as evident in
the 7-¢ plane for the parameter set (o,8) = (5,2/3). There-
fore, the statefinder analysis not only effectively distin-
guishes between the two f(7, B) ansétzes but also reveals
how the structural choice (namely, whether to couple or
to separate 7 and B) fundamentally shapes the dynamical
character and potential transient phases of cosmic accel-
eration.

10/ ‘
0.5¢
—_— di
Q
Wiot
— wg

(b)

for the mixed power-law model from initial conditions

Qg 0, y0,v0) = (0.3,1,2.5,1). (a): (e2,82) = (5,-1000); (b): (a3.83) = (5,2/3).
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Fig. 5.
(Qg»%0,¥0) = (0.3,0.3,2.5) and parameter choice (a1,81) = (3,-4).
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(color online) Evolution of statefinder parameters in the 7-g and r-s planes for the model f(T,B)=c,T?B#, with initial values
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(color online) Evolution of statefinder parameters in the r-¢ and r-s planes for the model f(T,B) = c;T® +c3B?, with initial val-

ues (g, uo,y0,v0) = (0.3,1,2.5,1). Panels (a) and (b): (a2.82) = (5,-1000); panels (c) and (d): (3.83) = (5,2/3).

VI. CONCLUSIONS

This study systematically analyzes the cosmological
dynamics of two well-motivated models within the
framework of f(7,B) modified gravity. Focusing on the
multiplicative power-law form f(T,B)=c,T*B* and the
additive mixed power-law form f(T,B) = c,T° + 3 B%, we
examine how the coupling and decoupling of the torsion
scalar 7" and the boundary term B shape the late-time
evolution of a flat FLRW universe.

By constructing autonomous systems for both mod-
els, we identify stable de Sitter-type fixed points that act
as late-time attractors, providing a purely geometric ex-
planation for cosmic acceleration. The multiplicative
power-law model shows a smooth convergence toward a
ACDM-like state via an intermediate Chaplygin gas re-
gime. In contrast, the additive mixed power-law model
displays richer dynamical behavior, including damped os-
cillations and spiral trajectories in the statefinder planes,
as illustrated for parameters such as (a.,8)=(5,2/3).
Moreover, statefinder diagnostics, specifically the 7-s and
r-q planes, effectively distinguish each model from the
other and from the standard ACDM scenario, highlight-
ing observationally testable features.

Methodologically, our analysis differs from several
earlier dynamical studies in modified gravity, such as

those in [49, 51, 52, 73], which commonly adopt the
parameterization A= H/H*. Instead, we introduce the
auxiliary variables y and v, which ensure the autonomy of
the dynamical system without requiring additional phe-
nomenological assumptions.

In comparison with f(T) and f(R) cosmologies, the
present work highlights how the structural choice
between multiplicative and additive coupling of 7 and B
qualitatively influences the dynamical landscape. Unlike
f(T) or f(R) models, the additive mixed power-law form
of f(T,B) permits richer transitional behaviors that are
less common in simpler frameworks. These findings in-
dicate that f(T,B) gravity, especially in its additive form,
provides a more flexible phenomenological framework
for describing dynamical dark energy while naturally ac-
counting for late-time cosmic acceleration.

Future research could naturally build on this founda-
tion in several ways. Extending the dynamical analysis to
explicitly include matter-dominated phases would
provide a more complete description of cosmic evolution.
The models should also be tested against a broader set of
observational data, such as cosmic chronometers, baryon
acoustic oscillations, and the growth of large-scale struc-
ture, to better constrain the parameters a, f, and ¢;. Fur-
thermore, exploring more general functional forms of
f(T,B) (for example, logarithmic, exponential, or piece-
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wise-defined combinations) could help assess the robust-
ness of the dynamical features identified in this work.
Another fruitful avenue would be to examine the implica-
tions of such models for early-universe cosmology, in-
cluding scenarios related to inflation and singularity
avoidance.

ACKNOWLEDGEMENTS

The authors wish to express their sincere gratitude to
the anonymous reviewers for their invaluable comments
and constructive suggestions, which have significantly
contributed to enhancing the quality and clarity of this
work.

References

[11 A. G. Riess, A. V. Filippenko, P. Challis, ef al., Astron. J.
116(3), 1009 (1998)
[2]  S. Perlmutter, G. Aldering, G. Goldhaber, et al., Astrophys.
J. 517(2), 565 (1999)
[3] P. J. E. Peebles, B. Ratra, Rev. Mod. Phys. 75(2), 559
(2003)
[4] M. Persic, P. Salucci, F. Stel, Mon. Not. R. Astron. Soc.
281(1), 27 (1996)
[5] G. Bertone, D. Hooper, Rev. Mod. Phys. 90(4), 045002
(2018)
[6] H. A.Buchdahl, Mon. Not. R. Astron. Soc. 150(1), 1 (1970)
[71 A. D. Felice, S. Tsujikawa, Living Rev. Relativ. 13(1), 3
(2010)
[8] T. P. Sotiriou, V. Faraoni, Rev. Mod. Phys. 82(1), 451
(2010)
[91 S. Nojiri, S. D. Odintsov, Phys. Lett. B 631(1-2), 1 (2005)
[10] A.D. Felice, S. Tsujikawa, Phys. Lett. B 675(1), 1 (2009)
[11]  P.Bueno, P. A. Cano, Phys. Rev. D 94(10), 104005 (2016)
[12] C. Erices, E. Papantonopoulos, E. N. Saridakis, Phys. Rev.
D 99(12), 123527 (2019)

[13] P. Asimakis, S. Basilakos, E. N. Saridakis, Eur. Phys. J. C
84(2), 207 (2024)

[14]  P. Concha, E. Rodriguez, Phys. Lett. B 774, 616 (2017)

[15] T. Kobayashi, Rep. Prog. Phys. 82(8), 086901 (2019)

[16] A. Nicolis, R. Rattazzi, E. Trincherini, Phys. Rev. D 79(6),
064036 (2009)

[17] A. D. Felice, S. Tsujikawa, Phys. Rev. Lett. 105(11),
111301 (2010)

[18] J. W.Maluf, Ann. Phys. 525(5), 339 (2013)

[19] S. Bahamonde, C. G. Béhmer, M. Wright, Phys. Rev. D
92(10), 104042 (2015)

[20] J. B. Jiménez, L. Heisenberg, T. Koivisto, Phys. Rev. D
98(4), 044048 (2018)

[21] L. Jarv, M. Riinkla, M. Saal, et al., Phys. Rev. D 97(12),
124025 (2018)

[22] J. B. Jiménez, L. Heisenberg, T. Koivisto, et al., Phys. Rev.
D 101(10), 103507 (2020)

[23] S. Mandal, P. K. Sahoo, J. R. L. Santos, Phys. Rev. D
102(2), 024057 (2020)

[24] R. Lazkoz, F. S. N. Lobo, M. Ortiz-Bafios, et al., Phys. Rev.
D 100(10), 104027 (2019)

[25] L. Heisenberg, Phys. Rep. 1 (1066)

[26] G. N. Gadbail, P.K. Sahoo, Chinese J. Phys. 89, 1754
(2024)

[27] G. N. Gadbail, S. Arora, P.K. Sahoo, Phys. Lett. B 838,
137710 (2023)

[28] C. Q. Geng, C. C. Lee, E. N. Saridakis, J. Cosmol.
Astropart. Phys. 2012(1), 002 (2012)

[29] M. Krssak, R. J. V. D. Hoogen, J. G. Pereira, et al.,
Classical Quant. Grav. 36(18), 183001 (2019)

[30] S. Bahamonde, K. F. Dialektopoulos, C. E. Rivera, et al.,

Rep. Prog. Phys. 86(2), 026901 (2023)

[31] R. Ferraro, F. Fiorini, Phys. Rev. D 75(8), 084031 (2007)

[32] R. Ferraro, F. Fiorini, Phys. Rev. D 78(12), 124019 (2008)

[33] G. R. Bengochea, R. Ferraro, Phys. Rev. D 79(12), 124019
(2009)

[34] P.X. Wu; H. W. Yu, Phys. Lett. B 692(3), 176 (2010)

[35] S. Capozziello, O. Luongo, R. Pincak, ef al., Gen. Relativ.
Grayit. 50(5), 53 (2018)

[36] S. Capozziello, V. D. Falco, C. Ferrara, Eur. Phys. J. C
82(10),865 (2022)

[37] " N.S. Kavya, S. S. Mishra, P. K. Sahoo, et al., Mon. Not. R.
Astron. Soc. 532(3), 3126 (2024)

[38] M. Wright, Phys. Rev. D 93(10), 103002 (2016)

[39]  S. Bahamonde, S. Capozziello, Eur. Phys. J. C 77(2), 107
(2017)

[40] G. Farrugia, J. L. Said, V. Gakis, et al., Phys. Rev. D
97(12), 124064 (2018)

[41] S. Capozziello, M. Capriolo, L. Caso, Eur. Phys. J. C 80(2),
156 (2020)

[42]  G. Farrugia, J. L. Said, A. Finch, Universe 6(2), 34 (2020)

[43] C. E. Rivera, J. L. Said, Class. Quantum Grav. 37(16),
165002 (2020)

[44] G. A.R. Franco, C. E. Rivera, Phys. Rev. D 103(8), 084017
(2021)

[45] R. Briffa, C. E. Rivera, J. L. Said, et al., Phys. Dark
Universe 39, 101153 (2023)

[46] S. Bahamonde, M. Zubair, G. Abbas, Phys. Dark Universe
19, 78 (2018)

[47] S. Bahamonde, A. Golovnev, M. J. Guzman, et al., J.
Cosmol. Astropart. Phys. 2022(1), 037 (2022)

[48] A. Paliathanasis, J. Cosmol. Astropart. Phys. 2017(8), 027
(2017)

[49] G. A. R. Franco, C. E. Rivera, J. L. Said, Eur. Phys. J. C
80(7), 677 (2020)

[50] M. Caruana, G. Farrugia, J. L. Said, Eur. Phys. J. C 80(7),
640 (2020)

[51] A.Samaddar, S. S. Singh, Eur. Phys. J. C 83(4), 283 (2023)

[52] S. A. Kadam, N. P. Thakkar, B. Mishra, Eur. Phys. J. C
83(9), 809 (2023)

[531 A. A. Coley and D. Oriti, Dynamical Systems and
Cosmology  (Dordrecht, The Netherlands: Springer
Dordrecht, 2003), p.7-26

[54] J. Wainwright and G. F. R. Ellis, Dynamical Systems in
Cosmology (Cambridge, United Kingdom: Cambridge
University Press, 1997), p.84-144

[55] S. Bahamonde, C. G. Béhmer, S. Carloni, et al., Phys. Rep.
775-777, 1 (2018)

[56] F. B. Gao, J. Llibre, Gen. Relativ. Gravit. 51(11), 152
(2019)

] F.B. Gao, J. Llibre, Eur. Phys. J. C 80(2), 137 (2020)
] F.B. Gao, J. Llibre, Phys. Dark Universe 38, 101139 (2022)

[59] F.B. Gao, J. Llibre, Universe 7(11), 445 (2021)

] K. MacDevette, J. Worsley, P. Dunsby, ef al., Mon. Not. R.


https://doi.org/10.1086/300499
https://doi.org/10.1086/300499
https://doi.org/10.1086/300499
https://doi.org/10.1086/300499
https://doi.org/10.1086/300499
https://doi.org/10.1086/300499
https://doi.org/10.1086/300499
https://doi.org/10.1086/300499
https://doi.org/10.1086/300499
https://doi.org/10.1086/300499
https://doi.org/10.1086/300499
https://doi.org/10.1086/307221
https://doi.org/10.1086/307221
https://doi.org/10.1086/307221
https://doi.org/10.1086/307221
https://doi.org/10.1086/307221
https://doi.org/10.1086/307221
https://doi.org/10.1086/307221
https://doi.org/10.1086/307221
https://doi.org/10.1086/307221
https://doi.org/10.1086/307221
https://doi.org/10.1086/307221
https://doi.org/10.1086/307221
https://doi.org/10.1086/307221
https://doi.org/10.1103/RevModPhys.75.559
https://doi.org/10.1103/RevModPhys.75.559
https://doi.org/10.1103/RevModPhys.75.559
https://doi.org/10.1103/RevModPhys.75.559
https://doi.org/10.1103/RevModPhys.75.559
https://doi.org/10.1103/RevModPhys.75.559
https://doi.org/10.1103/RevModPhys.75.559
https://doi.org/10.1103/RevModPhys.75.559
https://doi.org/10.1103/RevModPhys.75.559
https://doi.org/10.1103/RevModPhys.75.559
https://doi.org/10.1103/RevModPhys.75.559
https://doi.org/10.1103/RevModPhys.90.045002
https://doi.org/10.1103/RevModPhys.90.045002
https://doi.org/10.1103/RevModPhys.90.045002
https://doi.org/10.1103/RevModPhys.90.045002
https://doi.org/10.1103/RevModPhys.90.045002
https://doi.org/10.1103/RevModPhys.90.045002
https://doi.org/10.1103/RevModPhys.90.045002
https://doi.org/10.1103/RevModPhys.90.045002
https://doi.org/10.1103/RevModPhys.90.045002
https://doi.org/10.1103/RevModPhys.90.045002
https://doi.org/10.1103/RevModPhys.90.045002
https://doi.org/10.12942/lrr-2010-3
https://doi.org/10.12942/lrr-2010-3
https://doi.org/10.12942/lrr-2010-3
https://doi.org/10.12942/lrr-2010-3
https://doi.org/10.12942/lrr-2010-3
https://doi.org/10.12942/lrr-2010-3
https://doi.org/10.12942/lrr-2010-3
https://doi.org/10.12942/lrr-2010-3
https://doi.org/10.12942/lrr-2010-3
https://doi.org/10.12942/lrr-2010-3
https://doi.org/10.12942/lrr-2010-3
https://doi.org/10.1103/RevModPhys.82.451
https://doi.org/10.1103/RevModPhys.82.451
https://doi.org/10.1103/RevModPhys.82.451
https://doi.org/10.1103/RevModPhys.82.451
https://doi.org/10.1103/RevModPhys.82.451
https://doi.org/10.1103/RevModPhys.82.451
https://doi.org/10.1103/RevModPhys.82.451
https://doi.org/10.1103/RevModPhys.82.451
https://doi.org/10.1103/RevModPhys.82.451
https://doi.org/10.1103/RevModPhys.82.451
https://doi.org/10.1103/RevModPhys.82.451
https://doi.org/10.1016/j.physletb.2005.10.010
https://doi.org/10.1016/j.physletb.2005.10.010
https://doi.org/10.1016/j.physletb.2005.10.010
https://doi.org/10.1016/j.physletb.2005.10.010
https://doi.org/10.1016/j.physletb.2005.10.010
https://doi.org/10.1016/j.physletb.2005.10.010
https://doi.org/10.1016/j.physletb.2005.10.010
https://doi.org/10.1016/j.physletb.2005.10.010
https://doi.org/10.1016/j.physletb.2005.10.010
https://doi.org/10.1016/j.physletb.2005.10.010
https://doi.org/10.1016/j.physletb.2005.10.010
https://doi.org/10.1016/j.physletb.2005.10.010
https://doi.org/10.1016/j.physletb.2005.10.010
https://doi.org/10.1016/j.physletb.2005.10.010
https://doi.org/10.1016/j.physletb.2009.03.060
https://doi.org/10.1016/j.physletb.2009.03.060
https://doi.org/10.1016/j.physletb.2009.03.060
https://doi.org/10.1016/j.physletb.2009.03.060
https://doi.org/10.1016/j.physletb.2009.03.060
https://doi.org/10.1016/j.physletb.2009.03.060
https://doi.org/10.1016/j.physletb.2009.03.060
https://doi.org/10.1016/j.physletb.2009.03.060
https://doi.org/10.1016/j.physletb.2009.03.060
https://doi.org/10.1016/j.physletb.2009.03.060
https://doi.org/10.1016/j.physletb.2009.03.060
https://doi.org/10.1016/j.physletb.2009.03.060
https://doi.org/10.1103/PhysRevD.94.104005
https://doi.org/10.1103/PhysRevD.94.104005
https://doi.org/10.1103/PhysRevD.94.104005
https://doi.org/10.1103/PhysRevD.94.104005
https://doi.org/10.1103/PhysRevD.94.104005
https://doi.org/10.1103/PhysRevD.94.104005
https://doi.org/10.1103/PhysRevD.94.104005
https://doi.org/10.1103/PhysRevD.94.104005
https://doi.org/10.1103/PhysRevD.94.104005
https://doi.org/10.1103/PhysRevD.94.104005
https://doi.org/10.1103/PhysRevD.94.104005
https://doi.org/10.1103/PhysRevD.94.104005
https://doi.org/10.1103/PhysRevD.99.123527
https://doi.org/10.1103/PhysRevD.99.123527
https://doi.org/10.1103/PhysRevD.99.123527
https://doi.org/10.1103/PhysRevD.99.123527
https://doi.org/10.1103/PhysRevD.99.123527
https://doi.org/10.1103/PhysRevD.99.123527
https://doi.org/10.1103/PhysRevD.99.123527
https://doi.org/10.1103/PhysRevD.99.123527
https://doi.org/10.1103/PhysRevD.99.123527
https://doi.org/10.1103/PhysRevD.99.123527
https://doi.org/10.1103/PhysRevD.99.123527
https://doi.org/10.1103/PhysRevD.99.123527
https://doi.org/10.1103/PhysRevD.99.123527
https://doi.org/10.1140/epjc/s10052-024-12554-7
https://doi.org/10.1140/epjc/s10052-024-12554-7
https://doi.org/10.1140/epjc/s10052-024-12554-7
https://doi.org/10.1140/epjc/s10052-024-12554-7
https://doi.org/10.1140/epjc/s10052-024-12554-7
https://doi.org/10.1140/epjc/s10052-024-12554-7
https://doi.org/10.1140/epjc/s10052-024-12554-7
https://doi.org/10.1140/epjc/s10052-024-12554-7
https://doi.org/10.1140/epjc/s10052-024-12554-7
https://doi.org/10.1140/epjc/s10052-024-12554-7
https://doi.org/10.1140/epjc/s10052-024-12554-7
https://doi.org/10.1016/j.physletb.2017.10.019
https://doi.org/10.1016/j.physletb.2017.10.019
https://doi.org/10.1016/j.physletb.2017.10.019
https://doi.org/10.1016/j.physletb.2017.10.019
https://doi.org/10.1016/j.physletb.2017.10.019
https://doi.org/10.1016/j.physletb.2017.10.019
https://doi.org/10.1016/j.physletb.2017.10.019
https://doi.org/10.1016/j.physletb.2017.10.019
https://doi.org/10.1016/j.physletb.2017.10.019
https://doi.org/10.1016/j.physletb.2017.10.019
https://doi.org/10.1088/1361-6633/ab2429
https://doi.org/10.1088/1361-6633/ab2429
https://doi.org/10.1088/1361-6633/ab2429
https://doi.org/10.1088/1361-6633/ab2429
https://doi.org/10.1088/1361-6633/ab2429
https://doi.org/10.1088/1361-6633/ab2429
https://doi.org/10.1088/1361-6633/ab2429
https://doi.org/10.1088/1361-6633/ab2429
https://doi.org/10.1088/1361-6633/ab2429
https://doi.org/10.1088/1361-6633/ab2429
https://doi.org/10.1088/1361-6633/ab2429
https://doi.org/10.1088/1361-6633/ab2429
https://doi.org/10.1103/PhysRevD.79.064036
https://doi.org/10.1103/PhysRevD.79.064036
https://doi.org/10.1103/PhysRevD.79.064036
https://doi.org/10.1103/PhysRevD.79.064036
https://doi.org/10.1103/PhysRevD.79.064036
https://doi.org/10.1103/PhysRevD.79.064036
https://doi.org/10.1103/PhysRevD.79.064036
https://doi.org/10.1103/PhysRevD.79.064036
https://doi.org/10.1103/PhysRevD.79.064036
https://doi.org/10.1103/PhysRevD.79.064036
https://doi.org/10.1103/PhysRevD.79.064036
https://doi.org/10.1103/PhysRevLett.105.111301
https://doi.org/10.1103/PhysRevLett.105.111301
https://doi.org/10.1103/PhysRevLett.105.111301
https://doi.org/10.1103/PhysRevLett.105.111301
https://doi.org/10.1103/PhysRevLett.105.111301
https://doi.org/10.1103/PhysRevLett.105.111301
https://doi.org/10.1103/PhysRevLett.105.111301
https://doi.org/10.1103/PhysRevLett.105.111301
https://doi.org/10.1103/PhysRevLett.105.111301
https://doi.org/10.1103/PhysRevLett.105.111301
https://doi.org/10.1103/PhysRevLett.105.111301
https://doi.org/10.1002/andp.201200272
https://doi.org/10.1002/andp.201200272
https://doi.org/10.1002/andp.201200272
https://doi.org/10.1002/andp.201200272
https://doi.org/10.1002/andp.201200272
https://doi.org/10.1002/andp.201200272
https://doi.org/10.1002/andp.201200272
https://doi.org/10.1002/andp.201200272
https://doi.org/10.1002/andp.201200272
https://doi.org/10.1002/andp.201200272
https://doi.org/10.1002/andp.201200272
https://doi.org/10.1002/andp.201200272
https://doi.org/10.1103/PhysRevD.92.104042
https://doi.org/10.1103/PhysRevD.92.104042
https://doi.org/10.1103/PhysRevD.92.104042
https://doi.org/10.1103/PhysRevD.92.104042
https://doi.org/10.1103/PhysRevD.92.104042
https://doi.org/10.1103/PhysRevD.92.104042
https://doi.org/10.1103/PhysRevD.92.104042
https://doi.org/10.1103/PhysRevD.92.104042
https://doi.org/10.1103/PhysRevD.92.104042
https://doi.org/10.1103/PhysRevD.92.104042
https://doi.org/10.1103/PhysRevD.92.104042
https://doi.org/10.1103/PhysRevD.98.044048
https://doi.org/10.1103/PhysRevD.98.044048
https://doi.org/10.1103/PhysRevD.98.044048
https://doi.org/10.1103/PhysRevD.98.044048
https://doi.org/10.1103/PhysRevD.98.044048
https://doi.org/10.1103/PhysRevD.98.044048
https://doi.org/10.1103/PhysRevD.98.044048
https://doi.org/10.1103/PhysRevD.98.044048
https://doi.org/10.1103/PhysRevD.98.044048
https://doi.org/10.1103/PhysRevD.98.044048
https://doi.org/10.1103/PhysRevD.98.044048
https://doi.org/10.1103/PhysRevD.97.124025
https://doi.org/10.1103/PhysRevD.97.124025
https://doi.org/10.1103/PhysRevD.97.124025
https://doi.org/10.1103/PhysRevD.97.124025
https://doi.org/10.1103/PhysRevD.97.124025
https://doi.org/10.1103/PhysRevD.97.124025
https://doi.org/10.1103/PhysRevD.97.124025
https://doi.org/10.1103/PhysRevD.97.124025
https://doi.org/10.1103/PhysRevD.97.124025
https://doi.org/10.1103/PhysRevD.97.124025
https://doi.org/10.1103/PhysRevD.97.124025
https://doi.org/10.1103/PhysRevD.101.103507
https://doi.org/10.1103/PhysRevD.101.103507
https://doi.org/10.1103/PhysRevD.101.103507
https://doi.org/10.1103/PhysRevD.101.103507
https://doi.org/10.1103/PhysRevD.101.103507
https://doi.org/10.1103/PhysRevD.101.103507
https://doi.org/10.1103/PhysRevD.101.103507
https://doi.org/10.1103/PhysRevD.101.103507
https://doi.org/10.1103/PhysRevD.101.103507
https://doi.org/10.1103/PhysRevD.101.103507
https://doi.org/10.1103/PhysRevD.101.103507
https://doi.org/10.1103/PhysRevD.101.103507
https://doi.org/10.1103/PhysRevD.101.103507
https://doi.org/10.1103/PhysRevD.102.024057
https://doi.org/10.1103/PhysRevD.102.024057
https://doi.org/10.1103/PhysRevD.102.024057
https://doi.org/10.1103/PhysRevD.102.024057
https://doi.org/10.1103/PhysRevD.102.024057
https://doi.org/10.1103/PhysRevD.102.024057
https://doi.org/10.1103/PhysRevD.102.024057
https://doi.org/10.1103/PhysRevD.102.024057
https://doi.org/10.1103/PhysRevD.102.024057
https://doi.org/10.1103/PhysRevD.102.024057
https://doi.org/10.1103/PhysRevD.102.024057
https://doi.org/10.1103/PhysRevD.100.104027
https://doi.org/10.1103/PhysRevD.100.104027
https://doi.org/10.1103/PhysRevD.100.104027
https://doi.org/10.1103/PhysRevD.100.104027
https://doi.org/10.1103/PhysRevD.100.104027
https://doi.org/10.1103/PhysRevD.100.104027
https://doi.org/10.1103/PhysRevD.100.104027
https://doi.org/10.1103/PhysRevD.100.104027
https://doi.org/10.1103/PhysRevD.100.104027
https://doi.org/10.1103/PhysRevD.100.104027
https://doi.org/10.1103/PhysRevD.100.104027
https://doi.org/10.1103/PhysRevD.100.104027
https://doi.org/10.1103/PhysRevD.100.104027
https://doi.org/10.1016/j.cjph.2024.04.037
https://doi.org/10.1016/j.cjph.2024.04.037
https://doi.org/10.1016/j.cjph.2024.04.037
https://doi.org/10.1016/j.cjph.2024.04.037
https://doi.org/10.1016/j.cjph.2024.04.037
https://doi.org/10.1016/j.cjph.2024.04.037
https://doi.org/10.1016/j.cjph.2024.04.037
https://doi.org/10.1016/j.cjph.2024.04.037
https://doi.org/10.1016/j.cjph.2024.04.037
https://doi.org/10.1016/j.physletb.2023.137710
https://doi.org/10.1016/j.physletb.2023.137710
https://doi.org/10.1016/j.physletb.2023.137710
https://doi.org/10.1016/j.physletb.2023.137710
https://doi.org/10.1016/j.physletb.2023.137710
https://doi.org/10.1016/j.physletb.2023.137710
https://doi.org/10.1016/j.physletb.2023.137710
https://doi.org/10.1016/j.physletb.2023.137710
https://doi.org/10.1016/j.physletb.2023.137710
https://doi.org/10.1088/1475-7516/2012/01/002
https://doi.org/10.1088/1475-7516/2012/01/002
https://doi.org/10.1088/1475-7516/2012/01/002
https://doi.org/10.1088/1475-7516/2012/01/002
https://doi.org/10.1088/1475-7516/2012/01/002
https://doi.org/10.1088/1475-7516/2012/01/002
https://doi.org/10.1088/1475-7516/2012/01/002
https://doi.org/10.1088/1475-7516/2012/01/002
https://doi.org/10.1088/1475-7516/2012/01/002
https://doi.org/10.1088/1475-7516/2012/01/002
https://doi.org/10.1088/1475-7516/2012/01/002
https://doi.org/10.1088/1475-7516/2012/01/002
https://doi.org/10.1088/1475-7516/2012/01/002
https://doi.org/10.1088/1361-6382/ab2e1f
https://doi.org/10.1088/1361-6382/ab2e1f
https://doi.org/10.1088/1361-6382/ab2e1f
https://doi.org/10.1088/1361-6382/ab2e1f
https://doi.org/10.1088/1361-6382/ab2e1f
https://doi.org/10.1088/1361-6382/ab2e1f
https://doi.org/10.1088/1361-6382/ab2e1f
https://doi.org/10.1088/1361-6382/ab2e1f
https://doi.org/10.1088/1361-6382/ab2e1f
https://doi.org/10.1088/1361-6382/ab2e1f
https://doi.org/10.1088/1361-6382/ab2e1f
https://doi.org/10.1088/1361-6382/ab2e1f
https://doi.org/10.1088/1361-6633/ac9cef
https://doi.org/10.1088/1361-6633/ac9cef
https://doi.org/10.1088/1361-6633/ac9cef
https://doi.org/10.1088/1361-6633/ac9cef
https://doi.org/10.1088/1361-6633/ac9cef
https://doi.org/10.1088/1361-6633/ac9cef
https://doi.org/10.1088/1361-6633/ac9cef
https://doi.org/10.1088/1361-6633/ac9cef
https://doi.org/10.1088/1361-6633/ac9cef
https://doi.org/10.1088/1361-6633/ac9cef
https://doi.org/10.1088/1361-6633/ac9cef
https://doi.org/10.1088/1361-6633/ac9cef
https://doi.org/10.1103/PhysRevD.75.084031
https://doi.org/10.1103/PhysRevD.75.084031
https://doi.org/10.1103/PhysRevD.75.084031
https://doi.org/10.1103/PhysRevD.75.084031
https://doi.org/10.1103/PhysRevD.75.084031
https://doi.org/10.1103/PhysRevD.75.084031
https://doi.org/10.1103/PhysRevD.75.084031
https://doi.org/10.1103/PhysRevD.75.084031
https://doi.org/10.1103/PhysRevD.75.084031
https://doi.org/10.1103/PhysRevD.75.084031
https://doi.org/10.1103/PhysRevD.75.084031
https://doi.org/10.1103/PhysRevD.75.084031
https://doi.org/10.1103/PhysRevD.78.124019
https://doi.org/10.1103/PhysRevD.78.124019
https://doi.org/10.1103/PhysRevD.78.124019
https://doi.org/10.1103/PhysRevD.78.124019
https://doi.org/10.1103/PhysRevD.78.124019
https://doi.org/10.1103/PhysRevD.78.124019
https://doi.org/10.1103/PhysRevD.78.124019
https://doi.org/10.1103/PhysRevD.78.124019
https://doi.org/10.1103/PhysRevD.78.124019
https://doi.org/10.1103/PhysRevD.78.124019
https://doi.org/10.1103/PhysRevD.78.124019
https://doi.org/10.1103/PhysRevD.78.124019
https://doi.org/10.1103/PhysRevD.79.124019
https://doi.org/10.1103/PhysRevD.79.124019
https://doi.org/10.1103/PhysRevD.79.124019
https://doi.org/10.1103/PhysRevD.79.124019
https://doi.org/10.1103/PhysRevD.79.124019
https://doi.org/10.1103/PhysRevD.79.124019
https://doi.org/10.1103/PhysRevD.79.124019
https://doi.org/10.1103/PhysRevD.79.124019
https://doi.org/10.1103/PhysRevD.79.124019
https://doi.org/10.1103/PhysRevD.79.124019
https://doi.org/10.1103/PhysRevD.79.124019
https://doi.org/10.1016/j.physletb.2010.07.038
https://doi.org/10.1016/j.physletb.2010.07.038
https://doi.org/10.1016/j.physletb.2010.07.038
https://doi.org/10.1016/j.physletb.2010.07.038
https://doi.org/10.1016/j.physletb.2010.07.038
https://doi.org/10.1016/j.physletb.2010.07.038
https://doi.org/10.1016/j.physletb.2010.07.038
https://doi.org/10.1016/j.physletb.2010.07.038
https://doi.org/10.1016/j.physletb.2010.07.038
https://doi.org/10.1016/j.physletb.2010.07.038
https://doi.org/10.1016/j.physletb.2010.07.038
https://doi.org/10.1016/j.physletb.2010.07.038
https://doi.org/10.1007/s10714-018-2374-4
https://doi.org/10.1007/s10714-018-2374-4
https://doi.org/10.1007/s10714-018-2374-4
https://doi.org/10.1007/s10714-018-2374-4
https://doi.org/10.1007/s10714-018-2374-4
https://doi.org/10.1007/s10714-018-2374-4
https://doi.org/10.1007/s10714-018-2374-4
https://doi.org/10.1007/s10714-018-2374-4
https://doi.org/10.1007/s10714-018-2374-4
https://doi.org/10.1007/s10714-018-2374-4
https://doi.org/10.1007/s10714-018-2374-4
https://doi.org/10.1007/s10714-018-2374-4
https://doi.org/10.1007/s10714-018-2374-4
https://doi.org/10.1140/epjc/s10052-022-10823-x
https://doi.org/10.1140/epjc/s10052-022-10823-x
https://doi.org/10.1140/epjc/s10052-022-10823-x
https://doi.org/10.1140/epjc/s10052-022-10823-x
https://doi.org/10.1140/epjc/s10052-022-10823-x
https://doi.org/10.1140/epjc/s10052-022-10823-x
https://doi.org/10.1140/epjc/s10052-022-10823-x
https://doi.org/10.1140/epjc/s10052-022-10823-x
https://doi.org/10.1140/epjc/s10052-022-10823-x
https://doi.org/10.1140/epjc/s10052-022-10823-x
https://doi.org/10.1140/epjc/s10052-022-10823-x
https://doi.org/10.1093/mnras/stae1723
https://doi.org/10.1093/mnras/stae1723
https://doi.org/10.1093/mnras/stae1723
https://doi.org/10.1093/mnras/stae1723
https://doi.org/10.1093/mnras/stae1723
https://doi.org/10.1093/mnras/stae1723
https://doi.org/10.1093/mnras/stae1723
https://doi.org/10.1093/mnras/stae1723
https://doi.org/10.1093/mnras/stae1723
https://doi.org/10.1093/mnras/stae1723
https://doi.org/10.1093/mnras/stae1723
https://doi.org/10.1093/mnras/stae1723
https://doi.org/10.1093/mnras/stae1723
https://doi.org/10.1103/PhysRevD.93.103002
https://doi.org/10.1103/PhysRevD.93.103002
https://doi.org/10.1103/PhysRevD.93.103002
https://doi.org/10.1103/PhysRevD.93.103002
https://doi.org/10.1103/PhysRevD.93.103002
https://doi.org/10.1103/PhysRevD.93.103002
https://doi.org/10.1103/PhysRevD.93.103002
https://doi.org/10.1103/PhysRevD.93.103002
https://doi.org/10.1103/PhysRevD.93.103002
https://doi.org/10.1103/PhysRevD.93.103002
https://doi.org/10.1103/PhysRevD.93.103002
https://doi.org/10.1103/PhysRevD.93.103002
https://doi.org/10.1140/epjc/s10052-017-4677-0
https://doi.org/10.1140/epjc/s10052-017-4677-0
https://doi.org/10.1140/epjc/s10052-017-4677-0
https://doi.org/10.1140/epjc/s10052-017-4677-0
https://doi.org/10.1140/epjc/s10052-017-4677-0
https://doi.org/10.1140/epjc/s10052-017-4677-0
https://doi.org/10.1140/epjc/s10052-017-4677-0
https://doi.org/10.1140/epjc/s10052-017-4677-0
https://doi.org/10.1140/epjc/s10052-017-4677-0
https://doi.org/10.1140/epjc/s10052-017-4677-0
https://doi.org/10.1140/epjc/s10052-017-4677-0
https://doi.org/10.1103/PhysRevD.97.124064
https://doi.org/10.1103/PhysRevD.97.124064
https://doi.org/10.1103/PhysRevD.97.124064
https://doi.org/10.1103/PhysRevD.97.124064
https://doi.org/10.1103/PhysRevD.97.124064
https://doi.org/10.1103/PhysRevD.97.124064
https://doi.org/10.1103/PhysRevD.97.124064
https://doi.org/10.1103/PhysRevD.97.124064
https://doi.org/10.1103/PhysRevD.97.124064
https://doi.org/10.1103/PhysRevD.97.124064
https://doi.org/10.1103/PhysRevD.97.124064
https://doi.org/10.1140/epjc/s10052-020-7737-9
https://doi.org/10.1140/epjc/s10052-020-7737-9
https://doi.org/10.1140/epjc/s10052-020-7737-9
https://doi.org/10.1140/epjc/s10052-020-7737-9
https://doi.org/10.1140/epjc/s10052-020-7737-9
https://doi.org/10.1140/epjc/s10052-020-7737-9
https://doi.org/10.1140/epjc/s10052-020-7737-9
https://doi.org/10.1140/epjc/s10052-020-7737-9
https://doi.org/10.1140/epjc/s10052-020-7737-9
https://doi.org/10.1140/epjc/s10052-020-7737-9
https://doi.org/10.1140/epjc/s10052-020-7737-9
https://doi.org/10.3390/universe6020034
https://doi.org/10.3390/universe6020034
https://doi.org/10.3390/universe6020034
https://doi.org/10.3390/universe6020034
https://doi.org/10.3390/universe6020034
https://doi.org/10.3390/universe6020034
https://doi.org/10.3390/universe6020034
https://doi.org/10.3390/universe6020034
https://doi.org/10.3390/universe6020034
https://doi.org/10.3390/universe6020034
https://doi.org/10.3390/universe6020034
https://doi.org/10.3390/universe6020034
https://doi.org/10.1088/1361-6382/ab939c
https://doi.org/10.1088/1361-6382/ab939c
https://doi.org/10.1088/1361-6382/ab939c
https://doi.org/10.1088/1361-6382/ab939c
https://doi.org/10.1088/1361-6382/ab939c
https://doi.org/10.1088/1361-6382/ab939c
https://doi.org/10.1088/1361-6382/ab939c
https://doi.org/10.1088/1361-6382/ab939c
https://doi.org/10.1088/1361-6382/ab939c
https://doi.org/10.1088/1361-6382/ab939c
https://doi.org/10.1088/1361-6382/ab939c
https://doi.org/10.1103/PhysRevD.103.084017
https://doi.org/10.1103/PhysRevD.103.084017
https://doi.org/10.1103/PhysRevD.103.084017
https://doi.org/10.1103/PhysRevD.103.084017
https://doi.org/10.1103/PhysRevD.103.084017
https://doi.org/10.1103/PhysRevD.103.084017
https://doi.org/10.1103/PhysRevD.103.084017
https://doi.org/10.1103/PhysRevD.103.084017
https://doi.org/10.1103/PhysRevD.103.084017
https://doi.org/10.1103/PhysRevD.103.084017
https://doi.org/10.1103/PhysRevD.103.084017
https://doi.org/10.1016/j.dark.2022.101153
https://doi.org/10.1016/j.dark.2022.101153
https://doi.org/10.1016/j.dark.2022.101153
https://doi.org/10.1016/j.dark.2022.101153
https://doi.org/10.1016/j.dark.2022.101153
https://doi.org/10.1016/j.dark.2022.101153
https://doi.org/10.1016/j.dark.2022.101153
https://doi.org/10.1016/j.dark.2022.101153
https://doi.org/10.1016/j.dark.2022.101153
https://doi.org/10.1016/j.dark.2022.101153
https://doi.org/10.1016/j.dark.2022.101153
https://doi.org/10.1016/j.dark.2017.12.005
https://doi.org/10.1016/j.dark.2017.12.005
https://doi.org/10.1016/j.dark.2017.12.005
https://doi.org/10.1016/j.dark.2017.12.005
https://doi.org/10.1016/j.dark.2017.12.005
https://doi.org/10.1016/j.dark.2017.12.005
https://doi.org/10.1016/j.dark.2017.12.005
https://doi.org/10.1016/j.dark.2017.12.005
https://doi.org/10.1016/j.dark.2017.12.005
https://doi.org/10.1088/1475-7516/2022/01/037
https://doi.org/10.1088/1475-7516/2022/01/037
https://doi.org/10.1088/1475-7516/2022/01/037
https://doi.org/10.1088/1475-7516/2022/01/037
https://doi.org/10.1088/1475-7516/2022/01/037
https://doi.org/10.1088/1475-7516/2022/01/037
https://doi.org/10.1088/1475-7516/2022/01/037
https://doi.org/10.1088/1475-7516/2022/01/037
https://doi.org/10.1088/1475-7516/2022/01/037
https://doi.org/10.1088/1475-7516/2022/01/037
https://doi.org/10.1088/1475-7516/2022/01/037
https://doi.org/10.1088/1475-7516/2022/01/037
https://doi.org/10.1088/1475-7516/2022/01/037
https://doi.org/10.1140/epjc/s10052-020-8253-7
https://doi.org/10.1140/epjc/s10052-020-8253-7
https://doi.org/10.1140/epjc/s10052-020-8253-7
https://doi.org/10.1140/epjc/s10052-020-8253-7
https://doi.org/10.1140/epjc/s10052-020-8253-7
https://doi.org/10.1140/epjc/s10052-020-8253-7
https://doi.org/10.1140/epjc/s10052-020-8253-7
https://doi.org/10.1140/epjc/s10052-020-8253-7
https://doi.org/10.1140/epjc/s10052-020-8253-7
https://doi.org/10.1140/epjc/s10052-020-8253-7
https://doi.org/10.1140/epjc/s10052-020-8253-7
https://doi.org/10.1140/epjc/s10052-020-8204-3
https://doi.org/10.1140/epjc/s10052-020-8204-3
https://doi.org/10.1140/epjc/s10052-020-8204-3
https://doi.org/10.1140/epjc/s10052-020-8204-3
https://doi.org/10.1140/epjc/s10052-020-8204-3
https://doi.org/10.1140/epjc/s10052-020-8204-3
https://doi.org/10.1140/epjc/s10052-020-8204-3
https://doi.org/10.1140/epjc/s10052-020-8204-3
https://doi.org/10.1140/epjc/s10052-020-8204-3
https://doi.org/10.1140/epjc/s10052-020-8204-3
https://doi.org/10.1140/epjc/s10052-020-8204-3
https://doi.org/10.1140/epjc/s10052-023-11458-2
https://doi.org/10.1140/epjc/s10052-023-11458-2
https://doi.org/10.1140/epjc/s10052-023-11458-2
https://doi.org/10.1140/epjc/s10052-023-11458-2
https://doi.org/10.1140/epjc/s10052-023-11458-2
https://doi.org/10.1140/epjc/s10052-023-11458-2
https://doi.org/10.1140/epjc/s10052-023-11458-2
https://doi.org/10.1140/epjc/s10052-023-11458-2
https://doi.org/10.1140/epjc/s10052-023-11458-2
https://doi.org/10.1140/epjc/s10052-023-11458-2
https://doi.org/10.1140/epjc/s10052-023-11458-2
https://doi.org/10.1140/epjc/s10052-023-11458-2
https://doi.org/10.1140/epjc/s10052-023-11937-6
https://doi.org/10.1140/epjc/s10052-023-11937-6
https://doi.org/10.1140/epjc/s10052-023-11937-6
https://doi.org/10.1140/epjc/s10052-023-11937-6
https://doi.org/10.1140/epjc/s10052-023-11937-6
https://doi.org/10.1140/epjc/s10052-023-11937-6
https://doi.org/10.1140/epjc/s10052-023-11937-6
https://doi.org/10.1140/epjc/s10052-023-11937-6
https://doi.org/10.1140/epjc/s10052-023-11937-6
https://doi.org/10.1140/epjc/s10052-023-11937-6
https://doi.org/10.1140/epjc/s10052-023-11937-6
https://doi.org/10.1016/j.physrep.2018.09.001
https://doi.org/10.1016/j.physrep.2018.09.001
https://doi.org/10.1016/j.physrep.2018.09.001
https://doi.org/10.1016/j.physrep.2018.09.001
https://doi.org/10.1016/j.physrep.2018.09.001
https://doi.org/10.1016/j.physrep.2018.09.001
https://doi.org/10.1016/j.physrep.2018.09.001
https://doi.org/10.1016/j.physrep.2018.09.001
https://doi.org/10.1016/j.physrep.2018.09.001
https://doi.org/10.1016/j.physrep.2018.09.001
https://doi.org/10.1016/j.physrep.2018.09.001
https://doi.org/10.1007/s10714-019-2635-x
https://doi.org/10.1007/s10714-019-2635-x
https://doi.org/10.1007/s10714-019-2635-x
https://doi.org/10.1007/s10714-019-2635-x
https://doi.org/10.1007/s10714-019-2635-x
https://doi.org/10.1007/s10714-019-2635-x
https://doi.org/10.1007/s10714-019-2635-x
https://doi.org/10.1007/s10714-019-2635-x
https://doi.org/10.1007/s10714-019-2635-x
https://doi.org/10.1007/s10714-019-2635-x
https://doi.org/10.1007/s10714-019-2635-x
https://doi.org/10.1140/epjc/s10052-020-7714-3
https://doi.org/10.1140/epjc/s10052-020-7714-3
https://doi.org/10.1140/epjc/s10052-020-7714-3
https://doi.org/10.1140/epjc/s10052-020-7714-3
https://doi.org/10.1140/epjc/s10052-020-7714-3
https://doi.org/10.1140/epjc/s10052-020-7714-3
https://doi.org/10.1140/epjc/s10052-020-7714-3
https://doi.org/10.1140/epjc/s10052-020-7714-3
https://doi.org/10.1140/epjc/s10052-020-7714-3
https://doi.org/10.1140/epjc/s10052-020-7714-3
https://doi.org/10.1140/epjc/s10052-020-7714-3
https://doi.org/10.1140/epjc/s10052-020-7714-3
https://doi.org/10.1016/j.dark.2022.101139
https://doi.org/10.1016/j.dark.2022.101139
https://doi.org/10.1016/j.dark.2022.101139
https://doi.org/10.1016/j.dark.2022.101139
https://doi.org/10.1016/j.dark.2022.101139
https://doi.org/10.1016/j.dark.2022.101139
https://doi.org/10.1016/j.dark.2022.101139
https://doi.org/10.1016/j.dark.2022.101139
https://doi.org/10.1016/j.dark.2022.101139
https://doi.org/10.1016/j.dark.2022.101139
https://doi.org/10.3390/universe7110445
https://doi.org/10.3390/universe7110445
https://doi.org/10.3390/universe7110445
https://doi.org/10.3390/universe7110445
https://doi.org/10.3390/universe7110445
https://doi.org/10.3390/universe7110445
https://doi.org/10.3390/universe7110445
https://doi.org/10.3390/universe7110445
https://doi.org/10.3390/universe7110445
https://doi.org/10.3390/universe7110445
https://doi.org/10.3390/universe7110445
https://doi.org/10.3390/universe7110445
https://doi.org/10.1093/mnras/staf168

Dynamical System and Statefinder Analysis of Cosmological Models in A7, B) Gravity

Chin. Phys. C 50, (2026)

[61]

[62]
[63]

[64]
[65]

[66]

[67]
[68]

[69]

Astron. Soc. 537(3), 2471 (2025)

J. W. Liu, F. B. Gao, R. F. Wang, et al., J. High Energy
Astrophys. 47, 100383 (2025)

J. W. Liu, R. F. Wang, F. B. Gao, Universe 8(7), 365 (2022)
T. B. Gongalves, J. L. Rosa, F. S. N. Lobo, Phys. Rev. D
109(8), 084008 (2024)

A. Singh, Eur. Phys. J. C 85(1), 24 (2025)

R. Mandal, U. Debnath, A. Pradhan, Eur. Phys. J. C 85(1),
80 (2025)

G. Papagiannopoulos, P. Tsiapi, S. Basilakos, et al., Eur.
Phys. J. C 80(1), 55 (2020)

A. Singh, Eur. Phys. J. C 83(8), 696 (2023)

C. Kiritpetch, N. Roy, N. Banerjee, Phys. Rev. D 111(10),
103501 (2025)

S. Halder, S. D. Odintsov, S. Pan, et al., Phys. Rev. D
112(2), 023519 (2025)

[70]
(71]
[72]
(73]
[74]
[75]
[76]

[77]

Y. F. Cai, S. Capozziello, M. D. Laurentis, et al., Rept.
Prog. Phys. 79(10), 106901 (2016)

A. De, T. H. Loo, E. N. Saridakis, J. Cosmol. Astropart.
Phys. 2024(3), 050 (2024)

M. Usman, A. Jawad, A. M. Sultan, Eur. Phys. J. C 84(8),
868 (2024)

S. D. Odintsov, V. K. Oikonomou, Phys. Rev. D 96(10),
104049 (2017)

V. Sahni, T. D. Saini, A. A. Starobinsky, et al., JETP Lett.
77(5), 201 (2003)

U. Alam, V. Sahni, T. D. Saini, et al., Mon. Not. R. Astron.
Soc. 344(4), 1057 (2003)

G. Panotopoulos, A. Rincén, G. Otalora, et al., Eur. Phys. J.
C 80(3), 286 (2020)

A. Shukla, A: Singh, R. Chaubey, Result Phys. 75, 108350
(2025)


https://doi.org/10.1093/mnras/staf168
https://doi.org/10.1093/mnras/staf168
https://doi.org/10.1093/mnras/staf168
https://doi.org/10.1093/mnras/staf168
https://doi.org/10.1093/mnras/staf168
https://doi.org/10.1093/mnras/staf168
https://doi.org/10.1093/mnras/staf168
https://doi.org/10.1093/mnras/staf168
https://doi.org/10.1093/mnras/staf168
https://doi.org/10.1093/mnras/staf168
https://doi.org/10.1093/mnras/staf168
https://doi.org/10.1093/mnras/staf168
https://doi.org/10.1016/j.jheap.2025.100383
https://doi.org/10.1016/j.jheap.2025.100383
https://doi.org/10.1016/j.jheap.2025.100383
https://doi.org/10.1016/j.jheap.2025.100383
https://doi.org/10.1016/j.jheap.2025.100383
https://doi.org/10.1016/j.jheap.2025.100383
https://doi.org/10.1016/j.jheap.2025.100383
https://doi.org/10.1016/j.jheap.2025.100383
https://doi.org/10.1016/j.jheap.2025.100383
https://doi.org/10.1016/j.jheap.2025.100383
https://doi.org/10.1016/j.jheap.2025.100383
https://doi.org/10.3390/universe8070365
https://doi.org/10.3390/universe8070365
https://doi.org/10.3390/universe8070365
https://doi.org/10.3390/universe8070365
https://doi.org/10.3390/universe8070365
https://doi.org/10.3390/universe8070365
https://doi.org/10.3390/universe8070365
https://doi.org/10.3390/universe8070365
https://doi.org/10.3390/universe8070365
https://doi.org/10.3390/universe8070365
https://doi.org/10.3390/universe8070365
https://doi.org/10.3390/universe8070365
https://doi.org/10.1103/PhysRevD.109.084008
https://doi.org/10.1103/PhysRevD.109.084008
https://doi.org/10.1103/PhysRevD.109.084008
https://doi.org/10.1103/PhysRevD.109.084008
https://doi.org/10.1103/PhysRevD.109.084008
https://doi.org/10.1103/PhysRevD.109.084008
https://doi.org/10.1103/PhysRevD.109.084008
https://doi.org/10.1103/PhysRevD.109.084008
https://doi.org/10.1103/PhysRevD.109.084008
https://doi.org/10.1103/PhysRevD.109.084008
https://doi.org/10.1103/PhysRevD.109.084008
https://doi.org/10.1140/epjc/s10052-024-13732-3
https://doi.org/10.1140/epjc/s10052-024-13732-3
https://doi.org/10.1140/epjc/s10052-024-13732-3
https://doi.org/10.1140/epjc/s10052-024-13732-3
https://doi.org/10.1140/epjc/s10052-024-13732-3
https://doi.org/10.1140/epjc/s10052-024-13732-3
https://doi.org/10.1140/epjc/s10052-024-13732-3
https://doi.org/10.1140/epjc/s10052-024-13732-3
https://doi.org/10.1140/epjc/s10052-024-13732-3
https://doi.org/10.1140/epjc/s10052-024-13732-3
https://doi.org/10.1140/epjc/s10052-024-13732-3
https://doi.org/10.1140/epjc/s10052-024-13732-3
https://doi.org/10.1140/epjc/s10052-025-13784-z
https://doi.org/10.1140/epjc/s10052-025-13784-z
https://doi.org/10.1140/epjc/s10052-025-13784-z
https://doi.org/10.1140/epjc/s10052-025-13784-z
https://doi.org/10.1140/epjc/s10052-025-13784-z
https://doi.org/10.1140/epjc/s10052-025-13784-z
https://doi.org/10.1140/epjc/s10052-025-13784-z
https://doi.org/10.1140/epjc/s10052-025-13784-z
https://doi.org/10.1140/epjc/s10052-025-13784-z
https://doi.org/10.1140/epjc/s10052-025-13784-z
https://doi.org/10.1140/epjc/s10052-025-13784-z
https://doi.org/10.1140/epjc/s10052-019-7600-z
https://doi.org/10.1140/epjc/s10052-019-7600-z
https://doi.org/10.1140/epjc/s10052-019-7600-z
https://doi.org/10.1140/epjc/s10052-019-7600-z
https://doi.org/10.1140/epjc/s10052-019-7600-z
https://doi.org/10.1140/epjc/s10052-019-7600-z
https://doi.org/10.1140/epjc/s10052-019-7600-z
https://doi.org/10.1140/epjc/s10052-019-7600-z
https://doi.org/10.1140/epjc/s10052-019-7600-z
https://doi.org/10.1140/epjc/s10052-019-7600-z
https://doi.org/10.1140/epjc/s10052-019-7600-z
https://doi.org/10.1140/epjc/s10052-019-7600-z
https://doi.org/10.1140/epjc/s10052-019-7600-z
https://doi.org/10.1140/epjc/s10052-023-11879-z
https://doi.org/10.1140/epjc/s10052-023-11879-z
https://doi.org/10.1140/epjc/s10052-023-11879-z
https://doi.org/10.1140/epjc/s10052-023-11879-z
https://doi.org/10.1140/epjc/s10052-023-11879-z
https://doi.org/10.1140/epjc/s10052-023-11879-z
https://doi.org/10.1140/epjc/s10052-023-11879-z
https://doi.org/10.1140/epjc/s10052-023-11879-z
https://doi.org/10.1140/epjc/s10052-023-11879-z
https://doi.org/10.1140/epjc/s10052-023-11879-z
https://doi.org/10.1140/epjc/s10052-023-11879-z
https://doi.org/10.1140/epjc/s10052-023-11879-z
https://doi.org/10.1103/PhysRevD.111.103501
https://doi.org/10.1103/PhysRevD.111.103501
https://doi.org/10.1103/PhysRevD.111.103501
https://doi.org/10.1103/PhysRevD.111.103501
https://doi.org/10.1103/PhysRevD.111.103501
https://doi.org/10.1103/PhysRevD.111.103501
https://doi.org/10.1103/PhysRevD.111.103501
https://doi.org/10.1103/PhysRevD.111.103501
https://doi.org/10.1103/PhysRevD.111.103501
https://doi.org/10.1103/PhysRevD.111.103501
https://doi.org/10.1103/PhysRevD.111.103501
https://doi.org/10.1088/0034-4885/79/10/106901
https://doi.org/10.1088/0034-4885/79/10/106901
https://doi.org/10.1088/0034-4885/79/10/106901
https://doi.org/10.1088/0034-4885/79/10/106901
https://doi.org/10.1088/0034-4885/79/10/106901
https://doi.org/10.1088/0034-4885/79/10/106901
https://doi.org/10.1088/0034-4885/79/10/106901
https://doi.org/10.1088/0034-4885/79/10/106901
https://doi.org/10.1088/0034-4885/79/10/106901
https://doi.org/10.1088/0034-4885/79/10/106901
https://doi.org/10.1088/0034-4885/79/10/106901
https://doi.org/10.1088/0034-4885/79/10/106901
https://doi.org/10.1088/0034-4885/79/10/106901
https://doi.org/10.1088/1475-7516/2024/03/050
https://doi.org/10.1088/1475-7516/2024/03/050
https://doi.org/10.1088/1475-7516/2024/03/050
https://doi.org/10.1088/1475-7516/2024/03/050
https://doi.org/10.1088/1475-7516/2024/03/050
https://doi.org/10.1088/1475-7516/2024/03/050
https://doi.org/10.1088/1475-7516/2024/03/050
https://doi.org/10.1088/1475-7516/2024/03/050
https://doi.org/10.1088/1475-7516/2024/03/050
https://doi.org/10.1088/1475-7516/2024/03/050
https://doi.org/10.1088/1475-7516/2024/03/050
https://doi.org/10.1088/1475-7516/2024/03/050
https://doi.org/10.1088/1475-7516/2024/03/050
https://doi.org/10.1140/epjc/s10052-024-13219-1
https://doi.org/10.1140/epjc/s10052-024-13219-1
https://doi.org/10.1140/epjc/s10052-024-13219-1
https://doi.org/10.1140/epjc/s10052-024-13219-1
https://doi.org/10.1140/epjc/s10052-024-13219-1
https://doi.org/10.1140/epjc/s10052-024-13219-1
https://doi.org/10.1140/epjc/s10052-024-13219-1
https://doi.org/10.1140/epjc/s10052-024-13219-1
https://doi.org/10.1140/epjc/s10052-024-13219-1
https://doi.org/10.1140/epjc/s10052-024-13219-1
https://doi.org/10.1140/epjc/s10052-024-13219-1
https://doi.org/10.1103/PhysRevD.96.104049
https://doi.org/10.1103/PhysRevD.96.104049
https://doi.org/10.1103/PhysRevD.96.104049
https://doi.org/10.1103/PhysRevD.96.104049
https://doi.org/10.1103/PhysRevD.96.104049
https://doi.org/10.1103/PhysRevD.96.104049
https://doi.org/10.1103/PhysRevD.96.104049
https://doi.org/10.1103/PhysRevD.96.104049
https://doi.org/10.1103/PhysRevD.96.104049
https://doi.org/10.1103/PhysRevD.96.104049
https://doi.org/10.1103/PhysRevD.96.104049
https://doi.org/10.1134/1.1574831
https://doi.org/10.1134/1.1574831
https://doi.org/10.1134/1.1574831
https://doi.org/10.1134/1.1574831
https://doi.org/10.1134/1.1574831
https://doi.org/10.1134/1.1574831
https://doi.org/10.1134/1.1574831
https://doi.org/10.1134/1.1574831
https://doi.org/10.1134/1.1574831
https://doi.org/10.1134/1.1574831
https://doi.org/10.1134/1.1574831
https://doi.org/10.1046/j.1365-8711.2003.06871.x
https://doi.org/10.1046/j.1365-8711.2003.06871.x
https://doi.org/10.1046/j.1365-8711.2003.06871.x
https://doi.org/10.1046/j.1365-8711.2003.06871.x
https://doi.org/10.1046/j.1365-8711.2003.06871.x
https://doi.org/10.1046/j.1365-8711.2003.06871.x
https://doi.org/10.1046/j.1365-8711.2003.06871.x
https://doi.org/10.1046/j.1365-8711.2003.06871.x
https://doi.org/10.1046/j.1365-8711.2003.06871.x
https://doi.org/10.1046/j.1365-8711.2003.06871.x
https://doi.org/10.1046/j.1365-8711.2003.06871.x
https://doi.org/10.1046/j.1365-8711.2003.06871.x
https://doi.org/10.1046/j.1365-8711.2003.06871.x
https://doi.org/10.1140/epjc/s10052-020-7828-7
https://doi.org/10.1140/epjc/s10052-020-7828-7
https://doi.org/10.1140/epjc/s10052-020-7828-7
https://doi.org/10.1140/epjc/s10052-020-7828-7
https://doi.org/10.1140/epjc/s10052-020-7828-7
https://doi.org/10.1140/epjc/s10052-020-7828-7
https://doi.org/10.1140/epjc/s10052-020-7828-7
https://doi.org/10.1140/epjc/s10052-020-7828-7
https://doi.org/10.1140/epjc/s10052-020-7828-7
https://doi.org/10.1140/epjc/s10052-020-7828-7
https://doi.org/10.1140/epjc/s10052-020-7828-7
https://doi.org/10.1140/epjc/s10052-020-7828-7
https://doi.org/10.1140/epjc/s10052-020-7828-7
https://doi.org/10.1016/j.rinp.2025.108350
https://doi.org/10.1016/j.rinp.2025.108350
https://doi.org/10.1016/j.rinp.2025.108350
https://doi.org/10.1016/j.rinp.2025.108350
https://doi.org/10.1016/j.rinp.2025.108350
https://doi.org/10.1016/j.rinp.2025.108350
https://doi.org/10.1016/j.rinp.2025.108350
https://doi.org/10.1016/j.rinp.2025.108350
https://doi.org/10.1016/j.rinp.2025.108350

	I INTRODUCTION
	<i>IITELEPARALLELGRAVITYANDITSEXTENSION</i><i>f</i>(<i>T</i>,<i>B</i>)<i>GRAVITY</i>
	<i>IIIDYNAMICALSYSTEMSTRUCTUREOF</i><i>f</i>(<i>T</i>,<i>B</i>)<i>COSMOLOGY</i>
	<i>IVCOSMOLOGICALDYNAMICSOFTWO</i><i>f</i>(<i>T</i>,<i>B</i>)<i>MODELS</i>
	APowerlawmodelf(T,B)=c1TαBβ
	BMixedpowerlawmodelf(T,B)=c2Tα+c3Bβ

	V STATEFINDER DIAGNOSTIC
	VI CONCLUSIONS
	ACKNOWLEDGEMENTS
	REFERENCES

