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Abstract. In this paper, we have studied the effects of pole dark energy on the
evolution of gravitational waves. The background evolution of gravitational waves in
a flat FRW universe is considered, and its dynamics are studied in the presence of
pole dark energy. Two different potential functions are considered for the study. Using
the field equations, we formulated the perturbed equations governing the evolution
of gravitational waves with respect to redshift z within the background of the FRW
Universe. Subsequently, we delved into the characteristics of gravitational waves for the
pole dark energy model and reached interesting results. We also probed the evolution
of the gravitational waves for a universe driven by a cosmological constant and used it
as a comparison for the results obtained for pole dark energy. From the analysis, we
see that pole dark energy is superior as a dark energy model in driving the spacetime
disturbances, compared to a cosmological constant.
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1 Introduction

Gravitational waves (GWs), a fascinating consequence of Einstein’s general theory of relativ-
ity, have been a subject of intrigue for physicists and astronomers alike. In the realm of cos-
mology and astrophysics, gravitational waves play a pivotal role. These ripples in spacetime
carry valuable information about their amplitude, which can be extracted from measure-
ments of cosmic microwave temperature anisotropies and polarization [1,2]. The idea that
disturbances in the gravitational field can propagate as waves appears to be intuitive and
mirrors the behavior of other types of waves we observe in nature. Einstein demonstrated
that gravitational radiation, in the form of gravitational waves, is a natural outcome of his
theory, thereby solidifying the connection between gravitational waves and the fundamental
principles of general relativity. In the limit of small deviations from Euclidean space-time
(or Minkowski space), Einstein’s field equations yield a linear wave equation with plane wave
solutions. These solutions describe transverse metric perturbations of Minkowski space that
travel at the speed of light, exhibiting characteristics analogous to those of electromagnetic
waves. While there are several similarities between gravitational and electromagnetic waves,
it is essential to note that this comparison has its limitations and should be approached with
caution. In the early Universe, gravitons underwent decoupling, leading to the separation
of gravitational waves from matter. Consequently, these gravitational waves play a crucial
role in constraining and distinguishing cosmological parameters across various cosmological
models. Notably, primordial gravitational waves originated from vacuum fluctuations. In
a hypothetical scenario during the early Universe, where a seamless transition occurs be-
tween an early de Sitter-like phase and a radiation-dominated era, the matter content can
be described by a cosmological model that aims to unify the dark sectors of the Universe—
namely, dark energy and dark matter. Among all the conceivable models of dark energy in
cosmology, gravitational waves can provide valuable comparable insights into epochs when
there were fluctuations in the underlying cosmic dynamics. Up to now, a lot of investigations
have been done about gravitational waves [3-15].

In physics and astronomy, the first direct discovery of GWs [16] by the LIGO and Virgo
collaborations signaled the start of a new area and a new approach to studying the cos-
mos. The finding of disturbed space-time resulting from the coalescence of two black holes
thirty times more massive than the Sun came nearly a century after Einstein first predicted
GWs in 1916. During this period, early attempts to discover GWs had failed, and Einstein
himself had questioned their very existence at one point [17]. Strong indirect evidence that
gravitational waves were released at the rate suggested by the General Theory of Relativity
[18] was presented by the Hulse-Taylor binary pulsar [19]. For observations restricted to the
audio band, which corresponds to GWs that may be seen at frequencies roughly between
10 and 1000 Hz, there is currently a growing collection of GW detections [21] by the LIGO,
Virgo, and KAGRA collaborations. Pulsar timing arrays (PTAs), which are sensitive to
GWs at nanohertz (nHz) frequencies, provide an alternative view into the GW-bright Uni-
verse. Inspiralling supermassive black hole binaries (SMBHBs) are one possible source of
these [22—-24]. Other sources include cosmological phase transitions [25], cosmic strings [26],
and quantum fluctuations [27] in the early universe. The most theoretically motivated of
these are GWs from SMBHBs. Over the years more and more observational data is start-
ing to pour in. Search for GWs with the MeerKAT Pulsar Timing Array (MPTA), is a
significant advancement in this direction. This dataset consists of 4.5 years of observations
recorded with the MeerKAT L-band receiver (856-1712 MHz) [28,29].

According to recent observations, there is strong evidence that our Universe is currently
undergoing accelerated expansion. Clues from various sources, including type Ia super-
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novae, the Cosmic Microwave Background (CMB), large-scale structure (LSS), and WMAP
observations, all point to this cosmic acceleration [20,30-35]. The driving force behind this
expansion is an enigmatic substance known as Dark Energy. Dark Energy possesses positive
energy density and sufficient negative pressure, which violates the strong energy condition,
that is w = p/p < —1/3. Numerous theoretical models have been put forth by researchers to
elucidate the enigmatic nature of dark energy [36,37]. Despite these efforts, the true essence
of dark energy remains elusive. Among the simplest contenders is the cosmological constant
A with w = —1, originally introduced by Einstein to account for the Universe’s static be-
havior. Another straightforward candidate is the quintessence, characterized by a spatially
homogeneous scalar field ¢ that gradually descends a potential as ¢ — oo [38,39]. The sci-
entific literature also features other dark energy candidates, including tachyon, Chaplygin
gas, holographic dark energy, dilaton, k-essence, DBI-essence, hessence, and new agegraphic
dark energy, all of which play essential roles in driving the Universe’s acceleration [40-55].

The presence of a pole in the kinetic term has proven highly effective in the study of
inflation within theoretical frameworks. These pole kinetic terms exhibit quantum stability
and attractor properties, making them valuable tools. While a scalar field with a pole in
its kinetic term is commonly employed for studying cosmological inflation, it can also serve
as dark energy, leading to what is known as the pole dark energy model [56,57]. When
poles are applied to dark energy theories, they reveal an intriguing connection between
thawing and freezing models, as well as the potential for enhanced plateaus characterized
by “superattractor-like” behavior. Notably, even simple models incorporating pole dark
energy can yield an equation-of-state evolution with w(z) < —0.9, a feat that would typi-
cally be challenging for other potential forms. Furthermore, the kinetic term pole provides
an interesting perspective in relation to the swampland criteria for observationally viable
dark energy models [58]. Herein, our primary objective is to explore the characteristics of
gravitational waves within the context of the pole dark energy model [58] in a Friedmann-
Robertson-Walker (FRW) background of the Universe.

2 Background Equations of Gravitational Waves in a
Flat FRW Universe

For standard and flat FRW metric
ds* = —dt* + a®(t) (dz® + dy® + d2?) (2.1)

we can obtain Einstein’s field equations as (with 87G = ¢ = 1) [12]

a2 1

2°3 (pm +pD) (2.2)
26 a2
;+¥:*(pm +pp), (2.3)

where a(t) is the scale factor, p,, is the energy density of dark matter, pp is the energy density
of dark energy, and p,,, pp are the pressures of dark matter and dark energy, respectively.

Given the assumption of separate conservation for dark matter and dark energy, the
continuity equations for them are given by

. 3a
Pm + a (pm +pm) =0, (2:4)
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and 3%
. i)
pp+ (pp +pp) = 0. (2.5)

Considering dark matter satisfies the equation of state p,, = Wy, P, Where wy, is the constant
equation of state parameter, we obtain

— 3(1+wm
pm = g2 0F) = g (142207 (2.6)
where py,, is the present value of the dark matter density and z = %> — 1 is the redshift.
To study the evolution of gravitational waves we will perform a perturbative study of

the above equations by putting §., = gu + Mu in the field equations, where g, is the
metric tensor and 7, is a small perturbation. We will also add the synchronous condition

nuo = 0. Here we retain the tensorial mode such that 7,, = n(t)I',,, where '), is a
traceless transverse eigenfunction satisfying the condition VI, = —£?I',,,. Here £ is the
wave number times the velocity of light, i.e., £ = % (X is the wavelength). The governing
equations of the evolution of gravitational waves for a flat universe are
a £ a
i(t) — —n(t S22 ) pn(t) =0, 2.7
i) - 00 + (25 ) o) (2.7

which can be written as:

'@ (5= D)+ L (& -20) e -0 29)

a? a

where ' = £,
Next we express the equations (2.2) and (2.3) as follows

.2 2..
% = H2X(z) and Ea = —H2Y(2), (2.9)
where
X(2) = — (pm , 2.1
()= 5373 o+ o0) (2:10)
and )
Y(2) = 575 [pm (1 4 3wm) + pp (1 + 3w.)], (2.11)
3H;
where w,, = %,wc = % are the equation of state parameter of dark matter and dark

energy respectively, and H is the present value of the Hubble parameter H = g Exploiting
equations (2.9), (2.10) and (2.11), equation (2.8) becomes

7O g (3 ) 7O g (€ ) =0 e

The characteristics of the gravitational waves for the pole dark energy model in flat FRW
Universe is going to be investigated in the following sections.

3 Gravitational Waves for Pole Dark Energy Model

Lagrangian for pole dark energy is defined as [58]

Ly = —%i(aa)Q —V(o), (3.1)

oP
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which the pole can be positioned at ¢ = 0 without any loss of generality. It possesses a
residue of k and an order of p. Poles can emerge in theories due to nonminimal coupling with
the gravitational sector, geometric characteristics of the Kéhler manifold in supergravity, or
as an indication of soft symmetry breaking (as discussed in references [59,60]). In our
treatment, we approach it from a phenomenological perspective. Using the transformations

2
2k 2 2—p/\?? =2
wo () e o2

¢

we get canonical form the Lagrangian as

Ly = —=(9¢)> = V(o). (3.3)

1
2
Using Eq. (3.3), density and pressure in the standard form for FRW universe are respectively
expressed as

¢')2

where dot shows the derivative with respect to time.
For the case p = 2, we have

sk

¢=+Vklno, o=c" (3.5)
Pole dark energy is a field theory model designed to provide w1l cosmology and robust at-
tractor behavior. Holographic dark energy (HDE) is motivated by the holographic principle
and prescribes a dark-energy density pgpr < L2 (an IR cutoff L must be chosen). It
is a scalar field with a pole in its kinetic term or non-canonical kinetic structure. There
can be some deep connections with pole dark energy with holography. A scalar-field model
(quintessence, k-essence, tachyon, dilaton, etc.) whose pressure and energy density replicate
a certain HDE evolution can be rebuilt. This implies that a certain HDE model can theoret-
ically be used to duplicate the same expansion history using pole dark energy (a particular
noncanonical scalar theory). Stated differently, HDE dynamics can be realized in the field
using pole dark energy.
Now, from Eq. (3.4), we obtain

po =00+ V()b =3 (3+V'(9)). (3.6)
The conservation equation of the canonical form of pole dark energy reads
. 3a
po + — (po +pg) = 0. (3.7)
Substituting Eqs. (3.4) and (3.5) in Eq. (3.7), we find
L a -
6 (6+V'(0) +324% = 0. (3.8)
a
Next we take V(¢) = %vo(f and insert in equation (3.8) that yields

¢= <Z506l7ﬁ = ¢o(1+ Z)ﬁ and V(¢) = %110(?(2)(1 + Z)ﬁ~ (3.9)
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Inserting the expression of V(¢) from equation (3.9) in (3.4) we get the energy density and
pressure of canonical form of pole dark energy as follows:

1 6 1 6
po=5(L+00)e3(1+2)T0 and ps = S(L—wo)gi(1+2)T0,  (3.10)
which can be expressed as

Po = pgo(l + z)ﬁ and py = pgo(l + z)ﬁ, (3.11)

where pgo = 1(1+v0)¢? and pgo = (1 — vo)¢Z are the present values of the energy density
and pressure of pole dark energy respectively. Now, we define the dimensionless density
parameters as

Pmo PDo
Qo = —, d Qo =—5, 3.12
0T 3z M 0T 3w (3.12)
where p,,0 and ppo are the present values of the energy density of the matter and dark
energy respectively.
Using equations (2.6), (3.11) and (3.12) in the field equation (2.2) we get

M

H(2) = Ho [Qno(1 + 2)°0H47) 4 Quo(1 + 2) 7 | 7. (3.13)
At present epoch from (3.13) can be written as
Qo + Qoo = 1. (3.14)

For canonical form of pole dark energy model the evolution equation (2.12) of gravitational
wave is the function of redshift z with observed cosmological parameters Hg, W, 2mo, 2¢0,
where X(z), Y (2) can be computed from (2.10) and (2.11) as follows

X(z) = Qmo(l + 2)3(1+wm) 4 Qco(l 4 Z)ﬁ7 (3.15)
and )
Y(z2) = Qo (1 + 3w,,) (14 2)3(14’&)7”) + 20,0 <1 _T_ U0> 1+ z)ﬁ (3.16)
vo

We see that the differential equation (2.12) formed after inserting the expressions of X (z)
and Y (z) from (3.15) and (3.16), takes a very complicated form. So it is really difficult
to generate any closed-form analytical solution to the equation. Nevertheless, we found an
analytical solution for a special case when vy = 5 and w,,, = —1/3. The solution is given by,

n(z) = Differential Root {Function [{l‘, v}, {(—SHcho +8¢% + 8¢%x) y[x]
(1 +2)* H§ Qo (320 = Qo (14 2))y/[a] +2 (1 + 2)° H oy [x] = 0,
ylo] = 1, /(0] = Ca | 14 (3.17)

Here the ’DifferentialRoot’ function represents a holonomic function that satisfies a holo-
nomic differential equation p,, (z)h"™(x) + pp_1(z)h"~1(z) + ... + po(x)h(x) = 0 with polyno-
mial coefficients p;(x) and initial values A" ~1(0) = hy,_1, ..., h'(0) = h1, h(0) = hg. Moreover
C; and Cy represent constants that specify the initial conditions of the universe. To derive
a better meaning of the scenario, we plot the wave function 7(z) against various ranges of
redshift z in Figure 1 and Figure 2 for different values of £. The other model parameters
are taken as Hy = 67, w,, = 0.001, vg = 1.5, Q,,0 = 0.26, Qg = 0.74.
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Figure 1: Plot of n(z) against redshift 0 < z < 100 for different values of £. The other
parameters are taken as Hy = 67, Q0 = 0.26, Q. = 0.74, w,, = 0.001, vy = 1.5.
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Figure 2: Plot of n(z) against redshift 0 < z < 20 for different values of £ to give a magnified
image around the present universe (z = 0). The other parameters are taken as Hy = 67,
Qo = 0.26, Qe = 0.74, wy, = 0.001, vy = 1.5.

3.1 Power law potential

A power law potential can be transformed into the following form

Vo=V~ ¢os, (3.18)
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which for p = 1 becomes V ~ o™ = V ~ ¢?*, and for p = 4 becomes V ~ 0" = V ~ ¢~ ™.
These models, often connected to chaotic inflation, were originally introduced by Andrei
Linde in the early 1980s. These forms of potential are mathematically simple and lead to
straightforward expressions that can be easily connected with observations. It also allows
for the exploration of a wide range of cosmological scenarios by altering the value of the
index. Power-law potentials serve as baseline models for testing predictions of quantum
gravity or modified gravity theories, effects of reheating, non-Gaussianity, or preheating.
These models are also useful in calibrating numerical simulations and providing intuition
before tackling complex potentials. These potentials played a major role in developing the
inflationary paradigm and hence are widely used in cosmology. Now the derivation of Eq.
(3.18) leads to

2 n—2+p
Vi) =5 _np¢2 = (3.19)
Substituting (3.19) in (3.8) we gain
/. 9 . -
Considering ¢ # 0, we have
- 2n—24p
2 = 3
i - ¢ _ 3 (3.21)
¢ 2-p 1) a

Since this equation is not directly solvable, we need to make some transformations. We
consider the field in terms of the scale factor in a power law form as

¢(a) = doa™, (3.22)
where ¢¢ and m are constants. So we get,
¢(a) = poma™ 'a, (3.23)
and )
¢(a) = gom (™ i+ (m — 1)a™%a?) . (3.24)

Now putting all these equations in Eq. (3.21), we obtain a differential equation for the scale
factor a(t),

B m + 2 a? n 2(n4p—2) 2mn+2mp—4m—p+2
a(t) + ( ), o =7 alt 25 =0. (3.25)
a(t) m(2 - p)
The solution of Eq. (3.25) is obtained as,
,w _ 2(*2;1%#1’)
34m)(—2+ 34+m)(—2+p) 2n¢ e 1—2n¢, e
\/"T/Y2F1 é’_( >2(’y P)71_( 2(7 p)’ Om'yCl Om'yCl
a(t)=1IF [t +C2],
—2(n+p) 4 2(n+p)
(B+m),|oy —2tp —2n¢072+p + m'yqu*QJ”’ C1
(3.26)

where "ZF’ represents InverseFunction and 5 F; represents a hypergeometric function. More-
over (', Cy are arbitrary constants and v = 6 + mn — 3p.
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Putting the above expression for a(t) in Eq. (3.22), we get

_ 2(*22+r+17) _ 2(72;:;1,+p)
1 (3+m)(=2+p) (8+m)(=24p) 2méq —* 1-2n¢, 77
vk |5, = 27 - 2y Lo ETen
d(t) =¢o (I]: =
—2(n+p) _4 2(n+p)
(8-+m) J d0 <_2"¢02+p +mygy T Cl)
m
[t+ Cz]) : (3.27)

3.2 Exponential potential

For an exponential potential, we have

“AVE
Ve s Ve s, (3.28)

Exponential potentials appear naturally in many fundamental theories. Kaluza-Klein theo-
ries and string theory compactifications often yield exponential terms in the effective poten-
tial. Supergravity and brane-world scenarios also lead to exponential forms after dimensional
reduction. These models offer a theoretically motivated bridge between fundamental physics
and cosmology. Exponential potentials admit scaling solutions where the energy density of
the scalar field scales with the background fluid. This means that the scalar field does not
dominate too early, and it can track the background energy density (radiation/matter), and
later drive acceleration. These solutions are dynamically stable and act as attractors, mak-
ing them ideal for models like quintessence or assisted inflation. These potentials provide
a continuous transition between accelerating and decelerating phases and can serve as a
test-bed for modified gravity or brane-world dynamics. From Eq. (3.28) we get

MWk -avE
V'(¢) = d)‘[e%k, (3.29)
Now, we put Eq. (3.28) into Eq. (3.7)
o WE o i
é <¢+ pE e % >+3a¢ =0. (3.30)
With ¢ # 0, we have
é o2 34
Z 4 A\/ET =—= (3.31)
Using the transformation ¢(a) = ¢pa™, we obtain
2)a(t)? MWk AVE
a(t) + (m —tl(t))a( ) + \/>¢0_3e¢0a>\(t)k;” a(t) 3m+1 _ 07 (332)
which leads to the following solution
1 3+m 9 Qe_ﬁx\zﬁ a” " VEA 2e—VEXpga— " VEA
2F1 2 Gfim’ 6—m’ (76+mc))m¢8C3 :| \/1 + (76+m§m¢803
a(t)=IF [t + C4],

e VErdga—m
(3 m) | |2 o+ G

(3.33)
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where C3 and Cj are the constant of integration. Now, substituting Eq. (3.33) in (3.22), we
find

1 3+ 9 2¢=V* Ao vVEA 2¢=VE Ao VEA "
2 [E’ 6727 6—m’ (—6+m)n§)¢gcg} \/1 + (—6+m)n$q5803
(t) = ¢o | TF — [t + C4]
e—VE
(3.34)

4 Comparison of Pole dark energy with cosmological
constant

In this section, we would like to explore the evolution of gravitational waves in a universe
driven by a cosmological constant. This will help us to compare the pole dark energy model
with the standard cosmological constant. We expect to get an idea of the efficiency or
superiority (if at all) of the pole dark energy model compared to a standard dark energy
model. This comparative analysis involving the evolution of gravitational waves will be a
novel study in this direction. In the literature, we see that there are some mechanisms
to check the efficiency of a dark energy model in an accelerated expanding scenario. The
most important of these are the statefinder parameters and the Om diagnostics. The FRW
equation with a cosmological constant A is given by

a2 1
& (A, 4.1
=2 om+ 1) (11)
and . . A
a
22 =~ (pm m) +2=. 4.2
" 5 (Pm +3pm) + 273 (4.2)

The continuity equation for A can be given by,

. 3a
oa + " (pa +pa) = 0. (4.3)

Here the pressure is a negative constant, and the energy density remains constant over time.
So pp =constant, and the equation of state becomes py = —pp. The density parameter for
A is taken as

PA
Qpo = —— 4.4
AO 3Hg ) ( )
such that Q,,0 + Qa9 = 1. Using the above equations we get
X (2) = Qumo (14 2)° 0T Qg (4.5)
Y (2) = Qo (1 + 3wp) (1 + 2)20F@m) — 20, (4.6)

Now we will use the above expressions for X (z) and Y (z) in eqn.(2.12) to find the evolution
of gravitational wave in this framework. We represent the results in Figs.(3) and (4) in a
comparative scenario with the results for the pole dark energy obtained previously. The
red-colored plots represent the evolution of gravitational waves in a universe driven by a
cosmological constant. In Fig.(3) we have generated the plot for a smaller redshift range
0 < z < 20 to get a magnified view of the evolution around the present time z = 0. From
the plot, we see a clear deviation of the waves driven by a cosmological constant from those
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driven by pole dark energy. Generally, it is seen that the waves in a universe driven by a
cosmological constant have less amplitude and are less pronounced than those evolving in a
universe driven by pole dark energy. Since we have kept the other parameters of all the plots
the same we can take this as a fair comparison between the two models. This definitely gives
pole dark energy an upper hand as a dark energy model when compared to a cosmological
constant. In Fig.(4) a similar plot has been obtained for a wider range of redshift 0 < z < 50
to understand the evolution in the past universe. A similar trend is observed in this plot.
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Figure 3: Plot of n(z) against redshift 0 < z < 20 for both Pole DE and a universe driven
by the cosmological constant A. A plot of Pole DE for £ = 2 x 10° is given by black dotted
lines. Similarly, plot of Pole DE for £ = 3 x 106 is given by blue bold lines. The red dotted
plot represents a universe driven by the cosmological constant for £ = 2 x 10%. Finally, the
red bold line represents a universe driven by the cosmological constant for £ = 3 x 105. The
other parameters are taken as Hy = 67, 0,0 = 0.26, Q.0 = 0.74, Qx0 = 0.74 w,,, = 0.001,
Vo = 1.5.

5 Conclusion

In our study, we investigated the impact of pole dark energy on the evolution of gravitational
waves. Our motivation for this study stems from the success of incorporating poles in the
kinetic term when studying inflation within theoretical frameworks. These pole kinetic
terms demonstrate quantum stability and attractor properties, rendering them valuable
tools. In this direction, we explored the flat Friedmann-Robertson-Walker (FRW) model of
the Universe, taking into account both dark matter and dark energy. By analyzing separate
conservation equations for dark matter and dark energy, we considered energy densities for
both components. Then, we explored the properties of gravitational waves in the context of
the pole dark energy model within a flat FRW Universe. Through specific transformations,
we derived the canonical Lagrangian for pole dark energy. By utilizing this Lagrangian, we
obtained expressions for the density and pressure in the standard form applicable to the
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Figure 4: Plot of n(z) against redshift 0 < z < 50 with the different DE models and
different values of £. This plot shows the evolution of gravitational waves for a wider range
of redshift. The other parameters are taken as Hy = 67, ,,0 = 0.26, Q0 = 0.74, Qp0 = 0.74
wm = 0.001, vy = 1.5.

FRW universe. Using the field equations, we formulated the perturbed equations governing
the evolution of gravitational waves with respect to redshift z within the background of the
FRW Universe. Subsequently, we delved into the characteristics of gravitational waves for
the pole dark energy model. Due to the complexity of the differential equations associated
with gravitational waves in this model, we employed graphical analysis to obtain wave curves
across various redshift ranges (as depicted in Figs. 1, and 2). We have also explored the
evolution of the gravitational waves in a universe driven by a cosmological constant to
compare the two results. In Figs. (3) and (4), we have plotted the waves obtained for
pole dark energy as well as cosmological constant in a comparative scenario. It is seen that
the waves in a universe driven by a cosmological constant have less amplitude and are less
pronounced than those evolving in a universe driven by pole dark energy. Since we have kept
the other parameters of all the plots the same, we can take this as a fair comparison between
the two models. This definitely gives pole dark energy the upper hand as a dark energy
model when compared to a cosmological constant. As we see in all figures, the amplitudes
increase over time, as z — 0. Moreover, for further investigations, we examined two distinct
potential functions in our study and obtained the results.

In future projects, we would like to develop hybrid models using the pole kinetic struc-
tures of scalar fields and holographic cutoffs or entropy-derived energy densities. Both
frameworks share a thematic overlap as they attempt to address cosmic acceleration with
theoretical motivations beyond simple cosmological constants. They both touch on fun-
damental ideas in theoretical cosmology—field dynamics and quantum gravity. So even if
there’s no formal connection in the literature, parallels in their goals could inspire hybrid
future models. It is worth noting that holographic dark energy (HDE) models, based on
the holographic principle, constrain the dark energy density through an infrared cutoff tied
to horizon scales. Our pole dark energy framework, with its inherent attractor behavior,
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could be naturally combined with holographic entropy bounds. Such a hybrid picture might
allow the pole kinetic structure to dictate the dynamics of the scalar field [61-64], while
holographic cutoffs constrain the overall energy budget. In this sense, the gravitational
wave evolution derived here could be further tested against holographic limits on entropy
and information content [14,15,65-67]. While we have not carried out a full holographic
treatment in this work, the similarities in motivation between HDE and pole dark energy
suggest promising avenues for future exploration.

Authors’ Contributions

All authors have the same contribution.

Data Availability

The manuscript has no associated data or the data will not be deposited.

Conflicts of Interest

The authors declare that there is no conflict of interest.

Ethical Considerations
The authors have diligently addressed ethical concerns, such as informed consent, plagiarism,

data fabrication, misconduct, falsification, double publication, redundancy, submission, and
other related matters.

Funding

This research did not receive any grant from funding agencies in the public, commercial, or
non-profit sectors.

Acknowledgment

PR acknowledges the Inter-University Centre for Astronomy and Astrophysics (IUCAA),
Pune, India, for granting a visiting associateship. The authors thank the anonymous referees
whose invaluable comments helped them to improve the quality of the manuscript.

References

[1] R. Crittenden, J. R. Bond, R. L. Davis, G. Efstathiou, P. J. Steinhardt, “Imprint of
gravitational waves on the cosmic microwave background”, Phys. Rev. Lett. 71, 324
(1993). DOI:10.1103 /PhysRevLett.71.324



64

2]

Homa Shababi et al.

R. Crittenden, R. L. Davis, P. J. Steinhardt, “Polarization of the microwave back-
ground due to primordial gravitational waves”, Astrophys. J. 417, L13 (1993).
DOI:10.1086/187310

A. Buonanno, M. Maggiore, C. Ungarelli, “Spectrum of relic gravitational waves in
string cosmology”, Phys. Rev. D 55, 3330 (1997). DOI:10.1103 /PhysRevD.55.3330

M. Gasperini, “Tensor perturbations in high-curvature string backgrounds”, Phys. Rev.
D 56, 4815 (1997). DOI:10.1103/PhysRevD.56.4815

J. C. Fabris, S. V. B. Gongalves, “Gravitational waves in an expanding Universe”,
(1998). [arXiv:gr-qc/9808007v1]

M. P. Infante, N. Sanchez, “The Primordial Gravitational Wave Background in String
Cosmology”, Phys. Rev. D 61, 083515 (2000). DOI: 10.1103/PhysRevD.61.083515

A. Riazuelo, J.-P. Uzan, “Quintessence and gravitational waves”, Phys. Rev. D 62,
083506 (2000). DOT: 10.1103/PhysRevD.62.083506

J. C. Fabris, S. V. B. Goncalves, M. S. Santos, “Gravitational waves in the gen-
eralized Chaplygin gas model”, Gen. Relativity Gravitation 36, 2559 (2004). DOLI:
10.1023/B:GERG.0000046183.62913.9¢

M. S. Santos, S. V. B. Goncalves, J. C. Fabris, E. M. de Gouveia Dal Pino, “Modeling
the spectrum of gravitational waves in the primordial Universe”, AIP Conf. Proc. 784,
800 (2005). DOI: 10.1063/1.2077245

M. B. Lopez, P. Frazao, A. B. Henriques, “Stochastic gravitational waves from a new
type of modified Chaplygin gas”, Phys. Rev. D 81, 063504 (2010). DOI: 10.1103/Phys-
RevD.81.063504

N. Zhang, Y.-K. E. Cheung, “Primordial gravitational waves spectrum in the
Coupled-Scalar-Tachyon Bounce Universe”, Eur. Phys. J. C 80, 100 (2020). DOLI:
10.1140/epjc/s10052-020-7659-6

U. Debnath, “Gravitational waves for variable modified Chaplygin gas and some
parametrizations of dark energy in the background of FRW universe”, Eur. Phys. J.
Plus 135, 135 (2020). DOI: 10.1140/epjp/s13360-020-00221-1

U. Debnath, Phys. Dark Univ. 32, 100832 (2021). DOI: 10.1016/j.dark.2021.100832

S. Maity, P. Rudra, “Gravitational waves driven by Holographic dark energy”, Nucl.
Phys. B 1009, 116724 (2024). DOI: 10.1016/j.nuclphysb.2024.116724

P. Rudra, S. Maity, “Gravitational waves in f(Q) gravity”, Sayam 2, 39 (2024).

B. P. Abbott et al., “Observation of Gravitational Waves from a Binary Black Hole
Merger”, Phys. Rev. Lett. 116, 061102 (2016). DOI: 10.1103/PhysRevLett.116.061102

J. Cervantes-Cota, S. Galindo-Uribarri, G. Smoot, “A Brief History of Gravitational
Waves”, Universe 2, 22 (2016). DOI: 10.3390/universe2030022

J. H. Taylor, J. M. Weisberg, “A new test of general relativity: Gravitational ra-
diation and the binary pulsar PSR 1913+16”, Astrophys. J. 253, 908 (1982). DOI:
10.1086/159690



[19]

[20]

[25]

[26]

[27]

The Effects of Pole Dark Energy on Gravitational Waves 65

R. A. Hulse, J. H. Taylor, “Discovery of a pulsar in a binary system”, Astrophys. J.
195, 151 (1975). DOI: 10.1086/181708

A. G. Riess et al. (Supernova Search Team Collaboration), “Observational Evidence
from Supernovae for an Accelerating Universe and a Cosmological Constant”, Astron.
J. 116, 1009 (1998). DOI: 10.1086,/300499

R. Abbott et al., “GWTC-3: Compact Binary Coalescences Observed by LIGO and
Virgo During the Second Part of the Third Observing Run”, Phys. Rev. X 13, 041039
(2023). DOT: 10.1103 /PhysRevX.13.041039

M. Rajagopal, R. W. Romani, “Ultralow-frequency Gravitational Radiation from Mas-
sive Black Hole Binaries”, Astrophys. J. 446, 543 (1995). DOI: 10.1086/175813

A. H. Jaffe, D. C. Backer, “Gravitational Waves Probe the Coalescence Rate of Massive
Black Hole Binaries”, Astrophys. J. 583, 616 (2003). DOI: 10.1086/345361

J. S. B. Wyithe, A. Loeb, “Low-Frequency Gravitational Waves from Massive Black
Hole Binaries: Predictions for LISA and Pulsar Timing”, Astrophys. J. 590, 691 (2003).
DOI: 10.1086/375187

A. A. Starobinsky, “A New Type of Isotropic Cosmological Models Without Singular-
ity”, Phys. Lett. B 91, 99 (1980). DOI: 10.1016/0370-2693(80)90670-X

T. W. B. Kibble, “Topology of Cosmic Domains and Strings”, J. Phys. A: Math. Gen.
9, 1387 (1976). DOI: 10.1088/0305-4470/9/8/029

M. Maggiore, “Gravitational Wave Experiments and Early Universe Cosmology”,
[arXiv:gr-qc/0008027] (2000).

M. T. Miles et al., Mon. Not. R. Astron. Soc. 519, 3976 (2023). DOI: 10.1093/mn-
ras/stac3721

M. T. Miles et al., “The MeerKAT Pulsar Timing Array: the first search for gravita-
tional waves with the MeerKAT radio telescope”, Mon. Not. R. Astron. Soc. 536, 1489
(2025). DOI: 10.1093/mnras/stae1590

S. J. Perlmutter et al., “Discovery of a supernova explosion at half the age of the
Universe.”, Nature 391, 51 (1998). DOI: 10.1038/34124

D. N. Spergel et al., “First-Year Wilkinson Microwave Anisotropy Probe (WMAP)
Observations: Determination of Cosmological Parameters”, Astrophys. J. Suppl. 148,
175 (2003). DOI: 10.1086/377226

S. Briddle et al., “Precision cosmology? Not just yet”, Science 299, 1532 (2003). DOI:
10.1126/science.1082158

A. R. Liddle, D. H. Lyth, Cosmological Inflation and Large-Scale Structure, Cambridge
University Press (2000). ISBN: 9780521660220

D. N. Spergel et al. (WMAP Collaboration), Astrophys. J. Suppl. 148, 175 (2003).
DOI: 10.1086/377226

E. Komatsu et al. (WMAP Collaboration), “Five-Year Wilkinson Microwave Anisotropy
Probe (WMAP) Observations: Cosmological Interpretation.”, Astrophys. J. Suppl. 180,
330 (2009). DOI: 10.1088/0067-0049/180/2/330



66

[36]

[37]

[38]

[39]

Homa Shababi et al.

E. J. Copland, M. Sami, S. Tsujikawa, “Dynamics of dark energy”, Int. J. Mod. Phys.
D 15, 1753 (2006). DOI: 10.1142/S021827180600942X

M. Li, X.-D. Li, S. Wang, Y. Wang, Commun. Theor. Phys. 56, 525 (2011). DOI:
10.1088/0253-6102/56/3 /20

P. J. E. Peebles, B. Ratra, “Cosmology with a time-variable cosmological “constant””,
Astrophys. J. 325, L17 (1988). DOI: 10.1086/185100

R. R. Caldwell, R. Dave, P. J. Steinhardt, “Cosmological imprint of an energy com-
ponent with general equation of state”, Phys. Rev. Lett. 80, 1582 (1998). DOI:
10.1103/PhysRevLett.80.1582

A. Sen, “Rolling Tachyon”, J. High Energy Phys. 0204, 048 (2002). DOI: 10.1088/1126-
6708/2002/04/048

A. Sen, “Tachyon Matter”, J. High Energy Phys. 0207, 065 (2002). DOI: 10.1088/1126-
6708,/2002/07 /065

M. Gasperini et al, Phys. Rev. D 65, 023508 (2002). DOI: 10.1103/Phys-
RevD.65.023508

L. Amendola, M. Gasperini, D. Tocchini-Valentini, C. Ungarelli, Phys. Rev. D 67,
043512 (2003). DOI: 10.1103/PhysRevD.67.043512

C. Armendariz-Picon, V. F. Mukhanov, P. J. Steinhardt, “A dynamical solution to the
problem of a small cosmological constant and late-time cosmic acceleration”, Phys. Rev.
Lett. 85, 4438 (2000). DOI: 10.1103/PhysRevLett.85.4438

C. Armendariz-Picon, V. F. Mukhanov, P. J. Steinhardt, “Essentials of k-essence”,
Phys. Rev. D 63, 103510 (2001). DOT: 10.1103/PhysRevD.63.103510

H. Wei, R. G. Cai, D. F. Zeng, Class. Quantum Grav. 22, 3189 (2005). DOLI:
10.1088/0264-9381/22/16 /002

H. Wei, R. G. Cai, Phys. Rev. D 72, 12350 (2005). DOI: 10.1103/PhysRevD.72.123507

B. Gumjudpai, J. Ward, “Generalised DBI-Quintessence”, Phys. Rev. D 80, 023528
(2009). DOI: 10.1103/PhysRevD.80.023528

J. Martin, M. Yamaguchi, “DBI-essence”, Phys. Rev. D 77, 123508 (2008). DOI:
10.1103/PhysRevD.77.123508

N. Ogawa, “A note on classical solution of Chaplygin-gas as D-brane”, Phys. Rev. D
62, 085023 (2000). DOI: 10.1103/PhysRevD.62.085023

A. Kamenshchik, U. Moschella, V. Pasquier, “Chaplygin-like gas and branes in black
hole bulks”, Phys. Lett. B 487, 7 (2000). DOI: 10.1016/S0370-2693(00)00788-2

M. Li, “A model of holographic dark energy”, Phys. Lett. B 603, 1 (2004). DOLI:
10.1016/.physletb.2004.10.014

S. D. H. Hsu, “Entropy bounds and dark energy”, Phys. Lett. B 594, 13 (2004). DOI:
10.1016/j.physleth.2004.05.020



[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

The Effects of Pole Dark Energy on Gravitational Waves 67

H. Wei, R.-G. Cai, “A new model of agegraphic dark energy”, Phys. Lett. B 660, 113
(2008). DOTI: 10.1016/j.physletb.2007.12.030

H. Wei, R.-G. Cai, “Interacting agegraphic dark energy”, Eur. Phys. J. C 59, 99 (2009).
DOLI: 10.1140/epjc/s10052-008-0811-3

E. V. Linder, “Pole dark energy”, Phys. Rev. D 101, 023506 (2020). DOI: 10.1103/Phys-
RevD.101.023506

C. J. Feng, X. H. Zhai, X. Z. Li, “Multi-pole dark energy”, Chin. Phys. C 44, 105103
(2020). DOI: 10.1088/1674-1137/abab91

E. V. Linder, “Detecting Helium Reionization with Fast Radio Bursts”, Phys. Rev. D
101, 103019 (2020). DOI: 10.1103 /PhysRevD.101.103019

B. J. Broy, M. Galante, D. Roest, A. Westphal, “Pole Inflation — Shift Sym-
metry and Universal Corrections”, J. High Energy Phys. 12, 149 (2015). DOIL:
10.1007/JHEP12(2015)149

T. Terada, “Generalized pole inflation: Hilltop, natural, and chaotic inflationary at-
tractors”, Phys. Lett. B 760, 674 (2016). DOI: 10.1016/j.physletb.2016.07.050

A. Achucarro, S. Cespedes, A-C. Davis, G. A. Palma, “Constraints on holographic
multi-field inflation and models based on the Hamilton-Jacobi formalism”, Phys. Rev.
Lett. 122, 191301 (2019). DOI: 10.1103/PhysRevLett.122.191301

X. Zhang, “Holographic Ricci dark energy: Current observational constraints, quintom
feature, and the reconstruction of scalar-field dark energy”, Phys. Rev. D. 79, 103509
(2009). DOT: 10.1103/PhysRevD.79.103509

A. Tita, B. Gumjudpai, “Cosmological dynamics of holographic dark energy with
non-minimally coupled scalar field”, Gen Relativ Gravit. 57, 106 (2025). DOLI:
10.1007/s10714-025-03615-7

P. Baisri, B. Gumjudpai, C. Kritpetch, P. Vanichchapongjaroen, “Cosmology in holo-
graphic non-minimal derivative coupling theory: Constraints from inflation and varia-
tion of gravitational constant”, Physics of the Dark Universe 41, 101251 (2023). DOI:
10.1016/j.dark.2023.101251

R. Brustein, A. J. M. Medved, K. Yagi, “Lower limit on the entropy of black holes
as inferred from gravitational wave observations”, Phys. Rev. D. 100, 104009 (2019).
DOLI: 10.1103/PhysRevD.100.104009

F. Bigazzi, A. Caddeo, A. L. Cotrone, A. Paredes, “Dark Holograms and Gravitational
Waves”, J. High Energ. Phys. 2021, 94 (2021). DOI: 10.1007/JHEP04(2021)094

D. Bar, “Gravitational Wave Holography”, Int. J. Theor. Phys. 46, 503 (2007). DOLI:
10.1007/s10773-006-9243-8



	Introduction
	Background Equations of Gravitational Waves in a Flat FRW Universe
	Gravitational Waves for Pole Dark Energy Model
	Power law potential
	Exponential potential

	Comparison of Pole dark energy with cosmological constant
	Conclusion
	References

