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A R T I C L E I N F O A B S T R A C T

Editor: Stephan Stieberger Based on the entropy-area relation from Nouicer’s generalised uncertainty principle (GUP), we 
derive the GUP modified Friedmann equations from the first law of thermodynamics at apparent 
horizon. We find a minimum apparent horizon due to the minimal length notion of GUP. We show 
that the energy density of universe has a maximum and finite value at the minimum apparent 
horizon. Both minimum apparent horizon and maximum energy density imply the absence of the 
Big Bang singularity. Moreover, we investigate the GUP effects on the deceleration parameter for 
flat case. Finally, we examine the validity of generalised second law (GSL) of thermodynamics. 
We show that GSL always holds in a region enclosed by apparent horizon for the GUP effects. We 
also investigate the GSL in Λ𝐶𝐷𝑀 cosmology and find that the total entropy change of universe 
has a maximum value in the presence of GUP effects. To better grasp the effects of Nouicer’s GUP 
on cosmology, we compare our results with those obtained from quadratic GUP (QGUP).

1. Introduction

Thermodynamical aspects of gravity have been an attractive research field in theoretical physics since the discovery of black hole 
thermodynamics [1–6]. Black hole as a thermodynamic system has entropy and temperature proportional to its horizon area and 
surface gravity, respectively. Considering a black hole as a thermodynamic system transforms an absolute absorber into a perfect 
laboratory to investigate the deep connection between the gravitation, quantum mechanics, and thermodynamics. Based on the notion 
of black hole thermodynamics, Jacobson obtained the Einstein field equation from thermodynamical arguments [7]. Employing the 
entropy-area relation with Clausius relation 𝛿𝑄 = 𝑇𝑑𝑆 , he derived the field equation as an equation of state. Here, 𝛿𝑄, 𝑇 and 𝑑𝑆
are energy flux, Unruh temperature and the change in entropy, respectively. After the pioneering work of Jacobson, there have been 
many studies targeted the thermodynamical aspects of gravity in the literature [8–56]. The studies aimed to understand obtaining 
Einstein field equation from the first law of thermodynamics can be found in Refs. [8–12]. Inspired by Jacobson’s paper, (𝑛 + 1)-
dimensional Friedmann equations were obtained from the first law of thermodynamics, −𝑑𝐸 = 𝑇ℎ𝑑𝑆ℎ, at apparent horizon by Cai 
and Kim [13]. Here −𝑑𝐸 is the energy flux crossing the apparent horizon for the infinitesimal time interval at fixed horizon radius. 
The temperature and entropy of the apparent horizon are given by [13]

𝑇ℎ =
1

2𝜋𝑟𝐴
, 𝑆ℎ =

𝐴ℎ

4
, (1)
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where 𝐴ℎ and 𝑟𝐴 correspond to area and apparent horizon, respectively.1 Furthermore, in the rest of their seminal paper [13], they 
also derived the Friedmann equations from the entropy-area relations of Gauss-Bonnet gravity and Lovelock gravity theories, where 
the standard entropy-area relation is break down. In Ref. [14], Akbar and Cai obtained the Friedmann equations in scalar-tensor and 
𝑓 (𝑅) gravity theories by following the arguments of Ref. [13]. Although the Friedmann equations can successfully be obtained in 
Eq. (1), the temperature is an approximation for a fixed apparent horizon. Thus the temperature is not proportional to the surface 
gravity at apparent horizon. Moreover, the equation of state is only limited with the vacuum energy or de Sitter spacetime for this 
approximation. The surface gravity of apparent horizon is given by [13,57]

𝜅 = − 1
𝑟𝐴

(
1 −

̇̃𝑟𝐴

2𝐻𝑟𝐴

)
, (2)

where dot denotes the derivative with respect to time and 𝐻 corresponds to Hubble parameter. Assuming temperature is proportional 
to surface gravity [15]

𝑇ℎ =
𝜅

2𝜋
= − 1

2𝜋𝑟𝐴

(
1 −

̇̃𝑟𝐴

2𝐻𝑟𝐴

)
, (3)

with the standard entropy-area relation, Akbar and Cai showed that the first law of thermodynamics at apparent horizon defined as

𝑑𝐸 = 𝑇ℎ𝑑𝑆ℎ +𝑊 𝑑𝑉 , (4)

where 𝐸 = 𝜌𝑉 and 𝑊 correspond to the total energy in volume 𝑉 enclosed by the apparent horizon and the work density, respec-
tively. Then, many papers devoted to Friedmann equations and apparent horizon thermodynamics have been intensively studied in 
the Refs. [16–56].

It is widely known that the standard entropy-area relation is not valid and should be corrected in the case of various theories. For 
example, it is well-known that logarithmic correction to black hole entropy arises due to quantum gravity effects at the Planck scale 
[58–60]. The various quantum gravity approaches to the modifications of Friedmann equations such as loop quantum gravity [18,19], 
modified Heisenberg principle [20–25] were investigated in the literature. Other interesting modifications of entropy-area relation 
are considered in the context of generalised statistics such as Tsallis statistics [61] and Kaniadakis statistics [62,63]. Moreover, 
inspired by COVID-19, Barrow proposed that the area of horizon may be deformed in the context of quantum gravity effects and 
entropy is the power law function of its area [64]. Recently, the effects of fractional quantum mechanics were investigated on black 
hole thermodynamics in Ref. [65]. Interestingly, the fractional entropy [65] is similar to Tsallis [61] and Barrow [64] entropies 
although all entropies have different origins. The extensions of Refs. [61–65] to cosmological cases, namely modified Friedmann 
equations can be found for Tsallis entropy in Refs. [30–32], Kaniadakis entropy in Refs. [39,40], Barrow entropy in Refs. [47–54]
and fractional entropy in Ref. [56].

Modifications of standard uncertainty principle may provide defining the physics both at Planck scale and large distance scales. 
GUP takes into account the momentum uncertainty correction while the extended uncertainty principle (EUP) takes into account 
the position uncertainty correction. GUP predicts a minimum measurable length at Planck scale while EUP may predict a minimum 
measurable momentum. Taking into account effects of GUP and EUP leads to third kind of modified uncertainty principle known 
as generalized and extended uncertainty principle (GEUP). It predicts the notions of minimum measurable length and minimum 
measurable momentum. Numerous models of modified uncertainty principle were suggested in Refs. [66–85]. Both GUP and EUP 
provide new insights on black thermodynamics [85–114]. For example, the black holes are prevented from total evaporation in the 
GUP case and a black hole remnant occurs at the final stage [86]. On the other hand, EUP implies a minimum temperature for black 
holes [106]. Both GUP and EUP have been widely studied in cosmological applications [20–25,115–120]. Extensions of modified 
uncertainty principle to cosmological scenario lead to modified Friedmann equations [20–25]. Based on the simplest form of GUP, 
the modified Friedmann equations were derived in Ref. [20]. They found an upper bound energy density of universe at minimal 
length. In Ref. [21], a cyclic universe model was defined from the GUP modified Friedmann equations. In Ref. [22], we obtained the 
modified Friedmann equations from a GUP model obtained in doubly special relativity [72]. Similarly, we obtained a maximum and 
finite energy density due to minimal length at Planck scale. We also investigated the effects of GUP on the deceleration parameter. 
The authors of Ref. [23] investigated the baryon asymmetry for the EUP modified Friedmann equations. They also obtained the 
constraints on EUP parameter from observations. Modified Friedmann equations in GEUP case can be found in Ref. [24] where 
the author obtained the bounds for GEUP parameters from observations. Recently, GEUP corrected Friedmann equations were 
investigated in Ref. [25]. The authors studied the deceleration parameters and showed that GEUP may be an alternative to dark 
energy at late time expansion.2

In this paper, our aim is to obtain the GUP modified Friedmann equations from the first law of thermodynamics at apparent 
horizon. The modified Friedmann equations reveal that the initial singularity is removed since GUP implies the minimal measurable 
length at Planck scale. Moreover, a detailed investigation on GSL is crucial to understand the GUP effects. Especially, we would like 
to understand how GUP affects the GSL in the Λ𝐶𝐷𝑀 cosmology. In order to modify the Friedmann equations, we use Nouicer’s 
GUP [85] whose details are given in the next section. Nouicer proposed the following higher-order GUP, which is consistent with 
QGUP (A.1) up to the leading order

1 We adopt the units ℏ = 𝑐 =𝐺𝑁 =𝐿2
𝑃 𝑙

= 1 throughout the paper.
2

2 For a recent review on GUP, the reader may refer to Ref. [121].
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Δ𝑋Δ𝑃 ≥
1
2
𝑒𝛼

2Δ𝑃 2
. (5)

Including the higher-order terms in GUP generate a quantitative correction to physics at Planck scale. Especially, higher-order terms 
make a significant contribution to black hole thermodynamics [85]. Besides, understanding the effects of higher-order terms is also 
crucial for cosmology at Planck scale. Therefore, we compare the results obtained from Nouicer’s GUP with those obtained from 
QGUP.

The paper is organised as follows. In Section 2, we start a brief review on Nouicer’s GUP. Then, we obtained the modified 
entropy-area relation from Nouicer’s GUP. In Section 3, using modified entropy-area relation, we obtain the Friedmann equations. 
In Section 4, GUP effects on deceleration parameter are investigated. In Section 5, we check the validity of GSL and explore the 
GUP effects on GSL in the Λ𝐶𝐷𝑀 cosmology. Finally, we discuss our results in Section 6. The details of QGUP modified Friedmann 
equations are given in Appendix A.

2. Noucier’s GUP and entropy-area relation

In this section, we first begin to review Nouicer’s GUP [85]. Then, we obtain the modified entropy-area relation based on the 
methods of Xiang and Wen [98]. We start to consider the nonlinear relation 𝑝 = 𝑓 (𝑘) between the momentum 𝑝 and the wave vector 
𝑘 of particle [122,123]. This relation must satisfy the following conditions:

• The relation 𝑝 = 𝑓 (𝑘) reduces to usual relation 𝑝 = 𝑘 for the lower energies than the Planck energy.
• The relation 𝑝 = 𝑓 (𝑘) approaches to maximum value at Planck scale for the higher energies.

Following the above conditions, Nouicer proposed the modified position and momentum operators

𝑋 = 𝑖𝑒𝛼2𝑃 2 𝜕

𝜕𝑝
, 𝑃 = 𝑝, (6)

where 𝛼 is a dimensionless positive GUP parameter. These operators lead to modified commutator

[𝑋,𝑃 ] = 𝑖𝑒𝛼2𝑃 2
. (7)

Using the relations 
⟨
𝑃 2𝑛⟩ ≥

⟨
𝑃 2⟩𝑛, (Δ𝑃 )2 = ⟨𝑃 2⟩− ⟨𝑃 ⟩2 with the above equation, one can obtain the GUP in Eq. (5) for the physical 

state ⟨𝑃 ⟩ = 0. The square of Eq. (5) can be written by

𝑊 (𝑢)𝑒𝑊 (𝑢) = 𝑢, (8)

where 𝑊 is the Lambert function [124] and we define 𝑊 (𝑢) = −2𝛼2Δ𝑃 2 and 𝑢 = − 𝛼2

2Δ𝑋2 . For 0 ≥ 𝑢 ≥ −1∕𝑒, using Eq. (5), the 
momentum uncertainty is given

Δ𝑃 = 1
2Δ𝑋

exp

{
−1
2
𝑊

(
−1
𝑒

Δ𝑋2
0

Δ𝑋2

)}
, (9)

where Δ𝑋0 is the minimum position uncertainty and is given by

Δ𝑋0 =
√
𝑒

2
𝛼. (10)

It is obtained from the condition 𝑢 ≥ −1∕𝑒.
Following the arguments of Ref. [98], let us start to obtain the modified entropy-area relation. When a black hole absorbs a 

particle, the change in area is defined by [2]

Δ𝐴 ∼ 𝑏𝑚, (11)

where 𝑏 and 𝑚 are the particle’s size and mass. We consider two limitations on particle’s size and mass. The particle is defined by a 
wave packet in quantum mechanics. We have 𝑏 ∼Δ𝑋 since the width of the wave packet is defined by the particle’s size. The second 
limitation comes from the fact that the momentum uncertainty is not bigger than the particle size. Thus we have 𝑚 ≥Δ𝑃 . With these 
two limitations, we can write

Δ𝐴 ∼ 𝑏𝑚 ≥Δ𝑋Δ𝑃 . (12)

Using Eqs. (9), (10) and Δ𝑋 ∼ 2𝑟ℎ event horizon, the change in area is given by

Δ𝐴 ≥
𝛾

2
exp

{
−1
2
𝑊

(
−1
8
𝛼2

𝑟2
ℎ

)}
, (13)

where 𝛾 is a calibration factor. Using above expression with minimum increase of entropy, (Δ𝑆)𝑚𝑖𝑛 = ln2, the GUP modified entropy-
3

area relation is given by
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𝑑𝑆ℎ

𝑑𝐴
=

Δ𝑆𝑚𝑖𝑛
Δ𝐴𝑚𝑖𝑛

= 1
4
exp

{
1
2
𝑊

(
−𝛼2

8𝑟2
ℎ

)}
, (14)

where we find 𝛾 = 8 ln 2 since the above equation must give 𝑑𝑆ℎ∕𝑑𝐴 = 1∕4 in the limit 𝛼→ 0. In the next section, we use Eq. (14) to 
modify the Friedmann equations.

3. Modified Friedmann equations from the first law of thermodynamics

We first begin a concise review on the basic elements of Friedmann-Robertson-Walker (FRW) universe. The line element of FRW 
universe is defined by [13]

𝑑𝑠2 = ℎ𝑎𝑏𝑑𝑥𝑎𝑑𝑥𝑏 + 𝑟2𝑑Ω2, (15)

where 𝑟 = 𝑎(𝑡)𝑟, 𝑎(𝑡) is the scale factor, 𝑥𝑎 = (𝑡, 𝑟), and ℎ𝑎𝑏 = 𝑑𝑖𝑎𝑔
(
−1, 𝑎2∕(1 − 𝑘𝑟2)

)
is the two-dimensional metric. 𝑘 = −1, 0, and 1

present to the open, flat, and closed universe, respectively. The expression of apparent horizon 𝑟𝐴 is given by [13]

𝑟𝐴 = 𝑎𝑟 = 1√
𝐻2 + 𝑘∕𝑎2

, (16)

where the Hubble parameter is defined by 𝐻 = 𝑎̇∕𝑎. In the following, we consider the matter and energy of universe as a perfect 
fluid. So we have

𝑇𝜇𝜈 = (𝜌+ 𝑝)𝑢𝜇𝑢𝜈 + 𝑝𝑔𝜇𝜈, (17)

where 𝜌, 𝑝 and 𝑢𝜇 correspond to energy density, pressure and four-velocity of the fluid. The conservation of energy-momentum 
tensor (∇𝜇𝑇 𝜇𝜈 = 0) gives the continuity equation as

𝜌̇+ 3𝐻(𝜌+ 𝑝) = 0. (18)

The work by the volume change of universe is defined by work density [57]

𝑊 = −1
2
𝑇 𝑎𝑏ℎ𝑎𝑏 =

1
2
(𝜌− 𝑝), (19)

and the corresponding volume is given by [15]

𝑉 = 4
3
𝜋𝑟𝐴

3. (20)

Employing the Eqs. (18) and (20), the differential of the total energy of universe is given by

𝑑𝐸 = 𝜌𝑑𝑉 + 𝑉 𝑑𝜌 = 4𝜋𝜌𝑟𝐴2𝑑𝑟𝐴 − 4𝜋(𝜌+ 𝑝)𝑟𝐴3𝐻𝑑𝑡. (21)

From Eqs. (19) and (20), we can obtain

𝑊 𝑑𝑉 = 2𝜋(𝜌− 𝑝)𝑟𝐴2𝑑𝑟𝐴. (22)

Since entropy is defined by the area, 𝑆 = 𝑆(𝐴), one can give the general expressions of entropy as follows [20]:

𝑆ℎ =
𝑓 (𝐴ℎ)

4
, (23)

and its differential can be written by

𝑑𝑆ℎ

𝑑𝐴ℎ
=
𝑓 ′(𝐴ℎ)

4
, (24)

where prime denotes derivative with respect to the apparent horizon area 𝐴ℎ = 4𝜋𝑟𝐴2. Comparing Eq. (14) with the above equation, 
we find

𝑓 ′(𝐴ℎ) = exp
{

1
2
𝑊

(
−𝛼2

8𝑟𝐴2

)}
. (25)

Finally, we find 𝑇ℎ𝑑𝑆ℎ as

𝑇ℎ𝑑𝑆ℎ = −
(
1 −

̇̃𝑟𝐴

2𝐻𝑟𝐴

)
𝑓 ′(𝐴ℎ)𝑑𝑟𝐴. (26)

Now, we can obtain the modified Friedmann equations since we have all the necessary ingredients. Substituting Eqs. (21)-(26) into 
Eq. (4) and using the differential form of apparent horizon

3
(

𝑘
)

4

𝑑𝑟𝐴 = −𝐻𝑟𝐴 𝐻̇ −
𝑎2

𝑑𝑡, (27)
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we find

4𝜋(𝜌+ 𝑝)𝑟𝐴3𝐻𝑑𝑡 = 𝑓 ′(𝐴ℎ)𝑑𝑟𝐴. (28)

Employing the continuity equation (18) with the above equation, the differential form of Friedmann equation is given by

𝑓 ′(𝐴ℎ)
𝑟𝐴

3 𝑑𝑟𝐴 = −4𝜋
3
𝑑𝜌. (29)

Integrating the above equation with Eq. (25) gives the first Friedmann equation

8
9𝛼2

𝑒

3
2𝑊

(
−𝛼2

8 ̃𝑟𝐴2

) (
1 + 3𝑊

(
−𝛼2

8𝑟𝐴2

))
+𝐶 = −4𝜋𝜌

3
, (30)

in the limit 𝑟𝐴→∞, this equation must reduce to standard Friedmann equation, i.e., 𝐻2 + 𝑘

𝑎2
= 8𝜋

3 𝜌 +
Λ
3 , thus we set the integration 

constant 𝐶 = − 8
9𝛼2 + Λ

6 . So we can write the first Friedmann equation as

8
9𝛼2

⎡⎢⎢⎣𝑒
3
2𝑊

(
−𝛼2

8 ̃𝑟𝐴2

) (
1 + 3𝑊

(
−𝛼2

8𝑟𝐴2

))
− 1

⎤⎥⎥⎦ = −4𝜋
3
𝜌− Λ

6
. (31)

Finally, combining Eqs. (25) and (27) with Eq. (28), the dynamical equation can be obtained

𝑒

1
2𝑊

(
−𝛼2

8 ̃𝑟𝐴2

) (
𝐻̇ − 𝑘

𝑎2

)
= −4𝜋(𝜌+ 𝑝). (32)

These equations reduce to standard Friedmann equations in the limit 𝛼→ 0.
The striking feature of the first Friedmann equation (31) comes from the argument of Lambert function, i.e., the condition 

𝛼2

8 ̃𝑟𝐴2
≤

1
𝑒

gives the minimal apparent horizon

𝑟𝐴
𝑚𝑖𝑛 =

√
𝑒

8
𝛼. (33)

This minimal apparent horizon appears due to minimal length notion of GUP [20–22,25]. It implies that the singularity is removed 
at the beginning of the Universe. Moreover, the energy density does not diverge anymore since the minimum apparent horizon has 
a finite value. Using Eq. (33) in the first Friedmann equation (31) and neglecting the cosmological constant, the maximum energy 
density is given by

𝜌𝑚𝑎𝑥 =
2
(
2 + 𝑒3∕2

)
3𝜋𝑒3∕2𝛼2

. (34)

It is clear that both 𝑟𝐴𝑚𝑖𝑛 and 𝜌𝑚𝑎𝑥 recover the standard results in the limit 𝛼→ 0, i.e., 𝑟𝐴𝑚𝑖𝑛 approaches zero while 𝜌𝑚𝑎𝑥 diverges. 
Using Eq. (16), the Friedmann equations can be expressed in term of Hubble parameter

−4𝜋
3
𝜌− Λ

6
= 8

9𝛼2

⎡⎢⎢⎣𝑒
3
2𝑊

(
−𝛼2
8

(
𝐻2+ 𝑘

𝑎2

)) (
1 + 3𝑊

(
−𝛼2
8

(
𝐻2 + 𝑘

𝑎2

)))
− 1

⎤⎥⎥⎦ ,
−4𝜋(𝜌+ 𝑝) = 𝑒

1
2𝑊

(
−𝛼2
8

(
𝐻2+ 𝑘

𝑎2

)) (
𝐻̇ − 𝑘

𝑎2

)
. (35)

When the GUP effects are tiny, these equations can be expanded in powers of 𝛼

8𝜋
3
𝜌+ Λ

3
=
(
𝐻2 + 𝑘

𝑎2

)
− 1

32

(
𝐻2 + 𝑘

𝑎2

)2
𝛼2 + ...,

−4𝜋(𝜌+ 𝑝) =
(
𝐻̇ − 𝑘

𝑎2

)[
1 − 1

16

(
𝐻2 + 𝑘

𝑎2

)
𝛼2 + ...

]
. (36)

Neglecting the GUP correction, one can easily recover the usual Friedmann equations.
In order to clearly reveal the effects of Nouicer’s GUP, we compare the Nouicer’s GUP modified results with the results corrected 

by QGUP. For the QGUP case, we give minimum apparent horizon and maximum energy density in Eq. (A.6). In Table 1, we show 
𝑟𝐴
𝑚𝑖𝑛 and 𝜌𝑚𝑎𝑥 for the different values of 𝛼 in Nouicer’s GUP case. In Table 2, we present the same quantities for the different values 

of 𝛼 in QGUP case. Nouicer’s GUP implies that the Universe starts at the minimum apparent horizon bigger than one obtained from 
QGUP case while maximum energy density obtained from Nouicer’s GUP is smaller than one obtained from QGUP. From Tables 1
5

and 2, one can see that 𝑟𝐴𝑚𝑖𝑛 increases and 𝜌𝑚𝑎𝑥 decreases when 𝛼 increases.
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Table 1

𝑟𝐴
𝑚𝑖𝑛 , 𝜌𝑚𝑎𝑥 and 𝐻𝑚𝑎𝑥 for the different values of 𝛼 in Nouicer’s 

GUP case.

𝛼 = 0.6 𝛼 = 0.8 𝛼 = 1 𝛼 = 1.2 𝛼 = 1.4

𝑟𝐴
𝑚𝑖𝑛 0.35 0.466 0.583 0.7 0.816

𝜌𝑚𝑎𝑥 0.853 0.48 0.307 0.213 0.157
𝐻𝑚𝑎𝑥 1.734 1.301 1.041 0.867 0.743

Table 2

𝑟𝐴
𝑚𝑖𝑛 , 𝜌𝑚𝑎𝑥 and 𝐻𝑚𝑎𝑥 for the different values of 𝛼 in QGUP case.

𝛼 = 0.6 𝛼 = 0.8 𝛼 = 1 𝛼 = 1.2 𝛼 = 1.4

𝑟𝐴
𝑚𝑖𝑛 0.3 0.4 0.5 0.6 0.7

𝜌𝑚𝑎𝑥 1.105 0.622 0.398 0.276 0.203
𝐻𝑚𝑎𝑥 3.333 2.5 2 1.667 1.429

4. Deceleration parameter

We would like to analyse the effects of GUP on the deceleration parameter. It is defined by

𝑞 = −1 − 𝐻̇

𝐻2 . (37)

The positivity of 𝑞 means the decelerated expansion while the negativity of 𝑞 means the accelerated expansion. We choose the 
equation of state as 𝑝 = 𝜔𝜌. We restrict our analysis with the flat case 𝑘 = 0 since it is consistent with cosmological observations 
[125]. Combining Friedmann equations in (35) with the deceleration parameter, we can obtain

𝑞 = −1 − 4(1 +𝜔)

𝐻2𝑒
1
2𝑊

(
−𝛼2𝐻2

8

)
⎧⎪⎨⎪⎩

2
3𝛼2

⎡⎢⎢⎣𝑒
3
2𝑊

(
−𝛼2𝐻2

8

) (
1 + 3𝑊

(
−𝛼2𝐻2

8

))
− 1

⎤⎥⎥⎦+ Λ
8

⎫⎪⎬⎪⎭ . (38)

Now, we can investigate the deceleration parameter at the beginning of the Universe. Remembering the arguments of Lambert 
function, i.e., the condition 𝛼

2𝐻2

8 ≤
1
𝑒

yields the maximum 𝐻

𝐻𝑚𝑎𝑥 =
2
√
2

𝑒𝛼
, (39)

at the initial stage. For the maximum value of Hubble parameter, the deceleration parameter at the initial stage is given by

𝑞(𝐻𝑚𝑎𝑥) = 𝜔+ (1 +𝜔)
⎛⎜⎜⎜⎝
exp

{
2 − 1

2𝑊
(
− 1
𝑒2

)}
3

+ 1

3𝑊
(
− 1
𝑒2

)⎞⎟⎟⎟⎠ , (40)

or equivalently

𝑞(𝐻𝑚𝑎𝑥) ≈ 𝜔+ 0.564(1 +𝜔). (41)

Equation of state parameter 𝜔 must satisfy the condition 𝜔 < −0.361 for the acceleration at the inflationary stage. Since GUP effects 
are negligible for the radiation and matter dominated eras, the deceleration parameter can be expanded

𝑞 = 1 + 3𝜔
2

− (1 +𝜔)Λ
2𝐻2 + 3𝐻2(1 +𝜔)𝛼2

64
− 1(1 +𝜔)Λ𝛼2

32
+ ... (42)

Thus, the deceleration parameters for radiation (𝜔 = 1∕3) and matter (𝜔 = 0) dominated eras can be expressed as

𝑞𝑟𝑎𝑑 = 1 + 𝐻
2𝛼2

16
, 𝑞𝑚 = 1

2
+ 3𝐻2𝛼2

64
, (43)

respectively. The results imply that the universe is more decelerated for the radiation and matter dominated eras when the GUP 
effects are considered.

Now, let us compare our results with the results obtained from QGUP. In Eqs. (A.7), we give the QGUP corrected deceleration 
parameter. In Table 1 and Table 2, we present 𝐻𝑚𝑎𝑥 at the initial stage for Nouicer’s GUP and QGUP, respectively. In the Nouicer’s 
GUP case, 𝐻𝑚𝑎𝑥 at the initial stage is smaller than 𝐻𝑚𝑎𝑥 obtained from QGUP case. From Tables 1 and 2, one can see that 𝐻𝑚𝑎𝑥
6

decreases while 𝛼 increases.
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5. Generalised second law

In this section, we want to confirm the validity of GSL, which states the total entropy of matter fields and horizon cannot decrease 
with time, for the GUP effects. We start to reorganise Eq. (28) as follows:

̇𝑟𝐴 = 4𝜋(𝜌+ 𝑝)𝐻𝑟𝐴3𝑒
− 1

2𝑊

(
−𝛼2

8 ̃𝑟𝐴2

)
. (44)

From Eqs. (25), (26) and (44), we can find

𝑇ℎ𝑆̇ℎ = 4𝜋(𝜌+ 𝑝)𝐻𝑟𝐴3
⎡⎢⎢⎣1 − 2𝜋(𝜌+ 𝑝)𝑟𝐴2𝑒

− 1
2𝑊

(
−𝛼2

8 ̃𝑟𝐴2

)⎤⎥⎥⎦ . (45)

The second law at apparent horizon may be violated for the accelerated expansion phase. Therefore, we must also consider the 
entropy of matter field inside the horizon, i.e., we must check the GSL. The Gibbs equation is given by [126]

𝑇𝑓𝑑𝑆𝑓 = 𝑑(𝜌𝑉 ) + 𝑝𝑑𝑉 = 𝑉 𝑑𝜌+ (𝜌+ 𝑝)𝑑𝑉 , (46)

where 𝑇𝑓 and 𝑆𝑓 are the temperature and entropy of matter fields, respectively. In order to avoid nonequilibrium thermodynamics 
and spontaneous energy flow between horizon and matter, thermal equilibrium condition (𝑇ℎ = 𝑇𝑓 ) is assumed. Otherwise, the 
deformation of FRW geometry is unavoidable [126]. From Eqs. (18), (20), (44) and (46), the change in entropy of matter fields can 
be expressed by

𝑇ℎ
̇𝑆𝑓 = −4𝜋(𝜌+ 𝑝)𝐻𝑟𝐴3

⎛⎜⎜⎝1 − 4𝜋(𝜌+ 𝑝)𝑟𝐴2𝑒
− 1

2𝑊

(
−𝛼2

8 ̃𝑟𝐴2

)⎞⎟⎟⎠ . (47)

At last, combining Eqs. (45) and (47), the total entropy evolution is written by

𝑇ℎ(𝑆̇ℎ + ̇𝑆𝑓 ) = 8𝜋2(𝜌+ 𝑝)2𝐻𝑟𝐴5𝑒
− 1

2𝑊

(
−𝛼2

8 ̃𝑟𝐴2

)
. (48)

The right hand side of the above expression never decreases with respect to time. Therefore, we conclude that the GSL is always 
satisfied for all eras of the universe for any spatial curvature.

Now, in order to understand how GUP affects the total evolution of entropy, we focused on a more specific case, namely the 
Λ𝐶𝐷𝑀 scenario. We first begin to solve the first Friedmann equation (35). So we find

𝐻2 =
8exp

{
1
3

(
2𝑊

(√
𝑒

4

(
2 − 3𝜋𝛼2𝜌

))
− 1

)}(
1 − 2𝑊

(√
𝑒

4

(
2 − 3𝜋𝛼2𝜌

)))
3𝛼2

, (49)

for 𝑘 = 0. Let us simplify the above equation. The total energy density is defined by

𝜌 = 𝜌𝑚 + 𝜌𝑟 + 𝜌Λ, (50)

where the matter density 𝜌𝑚, the radiation density 𝜌𝑟 and the cosmological constant energy density 𝜌Λ have the dependencies 
𝜌𝑚 = 𝜌𝑚0

𝑎3
, 𝜌𝑟 =

𝜌𝑟0
𝑎4

and 𝜌Λ = 𝜌Λ0 [127]. Zero subscript denotes the current value. On the other hand, the matter, radiation and 
cosmological constant density parameters are defined by Ω𝑚0 =

𝜌𝑚0
𝜌𝑐0
, Ω𝑟0 =

𝜌𝑟0
𝜌𝑐0
, ΩΛ0 = 1 −Ω𝑚0 − Ω𝑟0, respectively. Here, the current 

critical density 𝜌𝑐0 is given by 𝜌𝑐0 =
3𝐻2

0
8𝜋 and 𝐻0 is the current Hubble parameter. Using the above definitions with redshift parameter 

1 + 𝑧 = 𝑎0
𝑎

and taking the present scale factor 𝑎0 = 1, one can write

𝜌

𝜌𝑐0
=

Ω𝑚0
𝑎3

+
Ω𝑟0
𝑎4

+ ΩΛ0 = Ω𝑚0(1 + 𝑧)3 + Ω𝑟0(1 + 𝑧)4 + ΩΛ0. (51)

Using Eq. (51) in the arguments of Lambert function (49), we get

𝑥 =
√
𝑒

4
(
2 − 3𝜋𝛼2𝜌

)
=
√
𝑒

4

(
2 −

9𝐻2
0𝛼

2

8
[
Ω𝑟0(1 + 𝑧)4 + Ω𝑚0(1 + 𝑧)3 + ΩΛ0

])
. (52)

Finally, we can express the GUP modified Hubble function for the Λ𝐶𝐷𝑀 cosmology as follows:

𝐻Λ𝐶𝐷𝑀 (𝑧) =
2
√
2𝑒

2𝑊 (𝑥)−1
6

√
1 − 2𝑊 (𝑥)√

3𝛼
(53)
7

Substituting Eqs. (3), (16) and the second Friedmann equation (35) into Eq. (48), we find
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Fig. 1. Total entropy change versus the redshift parameter. We take Ω𝑚 = 0.3, Ω𝑟 = 0.0001, 𝐻0 = 1 and 𝛼 = 0.

Fig. 2. Total entropy change versus the redshift parameter. From top to bottom, the curves correspond to 𝛼 = 1.4, 1.2, 1, 0.8, 0.6 for Nouicer’s GUP. We take Ω𝑚 = 0.3, 
Ω𝑟 = 0.0001 and 𝐻0 = 1.

𝑆̇ℎ + ̇𝑆𝑓 = 𝜋𝐻̇2𝐻−5
(
1 + 𝐻̇

2𝐻2

)−1
𝑒

1
2𝑊

(
−𝛼2𝐻2

8

)
(54)

Finally, using 𝐻̇ = −(1 + 𝑧)𝐻(𝑑𝐻∕𝑑𝑧), we obtain

𝑆̇ℎ + ̇𝑆𝑓 = 𝜋(1 + 𝑧)2𝐻−3
(
𝑑𝐻

𝑑𝑧

)2(
1 − (1 + 𝑧)

2𝐻
𝑑𝐻

𝑑𝑧

)−1
𝑒

1
2𝑊

(
−𝛼2𝐻2

8

)
. (55)

Combining Eq. (53) with the above equation, we plotted total entropy change with respect to redshift. In Fig. 1, we plot the 
evolution of total entropy for the standard case. In Fig. 2, the total entropy change is represented for the different values of GUP 
parameter 𝛼. Comparing Fig. 1 with 2 reveals the dramatic effects on the evolution of total entropy. As can be seen in Fig. 2, the 
redshift parameter has an upper bound. In contrast to GUP case, the redshift parameter is allowed to go infinity in the standard 
cosmology. Since 𝑧 reaches infinity, the total entropy change vanishes in the standard cosmology. On the other hand, the total 
entropy change has an upper bound since 𝑧 has a maximum value in the presence of GUP effects.

Again, we compare our results with the results obtained from QGUP. We give the total entropy evolution in Eqs. (A.10), (A.11)
and (A.12). In Fig. 3, we present the total entropy change with respect to redshift for the QGUP case. Similarly, total entropy change 
and redshift parameter have maximum values in the QGUP case. Comparing Fig. 2 with 3 reveals that Nouicer’s GUP modified total 
entropy evolution has a drastic increase when 𝑧 approaches to 𝑧𝑚𝑎𝑥. In Tables 3 and 4, we numerically give the maximum values of 
8

the redshift parameter, Hubble parameter and total entropy change for the various values of GUP parameter 𝛼 in Nouicer’s GUP and 
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Fig. 3. Total entropy change versus the redshift parameter. From top to bottom, the curves correspond to 𝛼 = 1.4, 1.2, 1, 0.8, 0.6 for QGUP. We take Ω𝑚 = 0.3, 
Ω𝑟 = 0.0001 and 𝐻0 = 1.

Table 3

The maximum values of redshift parameter, Hubble parameter and 
the total entropy change for the different values of 𝛼 in Nouicer’s 
GUP case.

𝛼 = 0.6 𝛼 = 0.8 𝛼 = 1 𝛼 = 1.2 𝛼 = 1.4

𝑧𝑚𝑎𝑥 1.779 1.227 0.840 0.535 0.268
𝐻(𝑧𝑚𝑎𝑥) 2.859 2.114 1.716 1.430 1.125
𝑆̇ℎ + 𝑆̇𝑓 100.173 26.276 12.861 6.707 3.185

Table 4

The maximum values of redshift parameter, Hubble parameter and 
the total entropy change for the different values of 𝛼 in QGUP case.

𝛼 = 0.6 𝛼 = 0.8 𝛼 = 1 𝛼 = 1.2 𝛼 = 1.4

𝑧𝑚𝑎𝑥 1.816 1.26 0.871 0.566 0.301
𝐻(𝑧𝑚𝑎𝑥) 2.887 2.165 1.732 1.443 1.237
𝑆̇ℎ + 𝑆̇𝑓 10.862 9.156 6.796 4.468 2.498

QGUP cases, respectively. In the Nouicer’s GUP case, 𝑧𝑚𝑎𝑥 and 𝐻(𝑧𝑚𝑎𝑥) are smaller than 𝑧𝑚𝑎𝑥 and 𝐻(𝑧𝑚𝑎𝑥) obtained from QGUP. 
Nouicer’s GUP modified total entropy change is bigger than QGUP modified total entropy change.

Finally, we finish this section with comments on different values of GUP parameter. From Fig. 2, Fig. 3, Table 3 and Table 4, one 
can see that 𝑧𝑚𝑎𝑥 decreases while 𝛼 increases. The same behaviour can also be seen for the maximum values of 𝐻 and total entropy 
change. Maximum values of Hubble parameter and total entropy changes decrease while 𝛼 increases. It is also interesting to note 
that Nouicer’s GUP corrected total entropy change drastically decreases for the increasing values of 𝛼.

6. Conclusions and discussions

In this section, using the entropy-area relation obtained from Nouicer’s GUP [85], we obtained the GUP modified Friedmann 
equations from the first law of thermodynamics at apparent horizon [15]. We found a minimum apparent horizon due to the 
minimal length notion of GUP. We showed that the energy density of universe is finite and maximum at the minimum apparent 
horizon. Then, in order to see the effects of GUP, we computed the deceleration parameter for flat case and the equation of state 
𝑝 = 𝜔𝜌. We found that 𝜔 must satisfy the condition 𝜔 < −0.361 for the initial acceleration. For the radiation and matter dominated 
eras, the expansion of universe is more decelerated since the GUP effects give the positive contribution to deceleration parameter. 
Moreover, we checked the validity of GSL. We showed that the GSL is always valid for the all eras of universe in the presence of GUP 
effects. At last, we consider the GSL for the specific case, i.e., Λ𝐶𝐷𝑀 cosmology. In contrast to standard cosmology, the redshift 
parameter has a finite and maximum value. GUP also affects the total entropy change. The total entropy change has a finite and 
maximum value at maximum redshift value.

To better understand the effects of Nouicer’s GUP on FRW cosmology, we compared our results with those obtained from QGUP. 
9

We showed that universe has beginning with bigger apparent horizon and less dense energy density in the Nouicer’s GUP case.
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Our results indicate that there is no Big Bang singularity due to the minimal apparent horizon and maximum energy density. 
Therefore, GUP provides more reasonable solution at the Planck scale where the classical general relativity fails. This feature is 
a well-known in the literature [20–22,25]. So our results are consistent with the recent studies. Interestingly, we found the total 
entropy change has a maximum value at maximum and finite redshift for Λ𝐶𝐷𝑀 cosmology. Moreover, maximum total entropy 
evolution has a drastic increase in Nouicer’s GUP case. In fact, the maximum and finite value of 𝑧 is expected since the Big Bang 
singularity is removed. However, the modified uncertainty effects on total entropy change in Λ𝐶𝐷𝑀 need further investigation. 
Particularly, taking into account different forms of GUP may shed light on this case. For example, linear and quadratic GUP (LQGUP) 
[𝑋, 𝑃 ] = 𝑖(1 + 𝛼𝑝 + 𝛽𝑝2) includes a linear term in momentum [81–83]. Clearly, LQGUP is not consistent with QGUP and Nouicer’s 
GUP due to the linear term in momentum. Including the linear term may affect total entropy evolution. On the other hand, a higher 
order GUP in the form of [𝑋, 𝑃 ] = 𝑖

1−𝛽𝑃 2 is consistent with Nouicer’s GUP and QGUP up to the leading order [84]. A quantitative 
correction at Planck scale can be determined for the GSL. We hope to report effects of various GUP models on GSL in future studies.
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Appendix A. QGUP modified Friedmann equations

In this appendix, we will review the QGUP modified Friedmann equations [20]. We will compute the deceleration parameter and 
investigate the generalised second law for the QGUP modified Friedmann equations. We consider the QGUP given by [66,67]

Δ𝑋Δ𝑃 ≥
1
2
(
1 + 𝛼2Δ𝑃 2) . (A.1)

Repeating the same calculations given in Sections 2 and 3, one can obtain the QGUP modified entropy-area relation and Friedmann 
equations

𝑑𝑆ℎ

𝑑𝐴ℎ
=

Δ𝑆𝑚𝑖𝑛
Δ𝐴𝑚𝑖𝑛

= 𝛼2

32𝑟𝐴2

(
1 −

√
1 − 𝛼2

4𝑟𝐴2

)−1

, (A.2)

−8𝜋𝜌
3

− Λ
3
= 2

3𝛼2

⌊(
1 − 𝛼2

4𝑟𝐴2

)(
3 + 2

√
1 − 𝛼2

4𝑟𝐴2

)
− 5

⌋
, (A.3)

−4𝜋(𝜌+ 𝑝)

(
1 −

√
1 − 𝛼2

4𝑟𝐴2

)
= 𝛼2

8𝑟𝐴2

(
𝐻̇ − 𝑘

𝑎2

)
, (A.4)

respectively. These equations can be expressed in term of Hubble parameter3

8𝜋
3

(
𝜌+ Λ

8𝜋

)
= 1

2

(
𝐻2 + 𝑘

𝑎2

)
+ 4

3𝛼2

[
1 −

(
1 − 𝛼

2

4

(
𝐻2 + 𝑘

𝑎2

))3∕2
]
,

−4𝜋(𝜌+ 𝑝) =
(
𝐻̇ − 𝑘

𝑎2

)
𝛼2

8

(
𝐻2 + 𝑘

𝑎2

)
[
1 −

(
1 − 𝛼2

4

(
𝐻2 + 𝑘

𝑎2

))1∕2] . (A.5)

From Eq. (A.3), the minimum apparent horizon and maximum energy density are given by

3 The reader may notice that the Friedmann equations in Eq. (A.5) are slightly different from the equations in Ref. [20]. (See Eqs. (5.5) and (5.6) in Ref. [20]). 
Replacing 𝛼2 → 𝛼∕𝜋 and Λ → −8𝜋Λ in Eq. (A.5), one can exactly get the same QGUP modified Friedmann equation in Ref. [20]. The authors of Ref. [20] defined the 
GUP parameter as 𝛽 while we define the GUP parameter as 𝛼2 . Moreover, they set 𝛼 = 4𝜋𝓁𝑃 𝛽 to simplify the equations. In the limit 𝑟𝐴 →∞, we set the integration 
constant to reproduce the standard Friedmann equations. Considering vacuum energy density 𝜌𝑣𝑎𝑐 = Λ in the limit 𝑟𝐴 →∞, the authors of Ref. [20] set the integration 
10

constant. However, these arguments lead to obtaining the cosmological constant term as −8𝜋Λ
3

instead of Λ
3

in Ref. [20].
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𝑟𝐴
𝑚𝑖𝑛 = 𝛼

2
, 𝜌𝑚𝑎𝑥 =

5
4𝜋𝛼2

, (A.6)

respectively. Choosing equation of state 𝑝 = 𝜔𝜌 and combining the Friedman equations (A.5) with Eq. (37), one can obtain the 
deceleration parameter

𝑞 = −1 + 6(1 +𝜔)
𝐻2𝛼2

[
1 + 8

3𝐻2𝛼2

(
1 −

(
1 − 𝛼

2𝐻2

4

)1∕2
)

− 2Λ
3𝐻2

][
1 −

(
1 − 𝛼

2𝐻2

4

)1∕2
]

(A.7)

for 𝑘 = 0. From the above equation, the maximum Hubble parameter is given by

𝐻𝑚𝑎𝑥 =
2
𝛼
. (A.8)

The deceleration parameter at the initial stage is given by

𝑞(𝐻𝑚𝑎𝑥) = −1 + 5(1 +𝜔)
2

. (A.9)

𝜔 must satisfy the condition 𝜔 < −0.6 for the acceleration at the inflationary stage. Finally, repeating the calculations defined in 
Section 5, the total entropy evolution is given by

𝑇ℎ
(
𝑆̇ℎ + ̇𝑆𝑓

)
=

64𝜋2(𝜌+ 𝑝)2𝐻𝑟𝐴7

𝛼2

(
1 −

√
1 − 𝛼2

4𝑟𝐴2

)
. (A.10)

We conclude that GSL is always satisfied since the above expression never decreases. In order to investigate the QGUP effects on 
total entropy evolution, we can write Eq. (A.10) as follows:

𝑆̇ℎ + ̇𝑆𝑓 = 𝜋
8
𝐻̇2𝐻−3

(
1 + 𝐻̇

2𝐻2

)−1
𝛼2

1 −
√

1 − 𝛼2𝐻2

4

. (A.11)

At last, using 𝐻̇ = −(1 + 𝑧)𝐻(𝑑𝐻∕𝑑𝑧), we get

𝑆̇ℎ + ̇𝑆𝑓 = 𝜋
8
(1 + 𝑧)2𝐻−1

(
𝑑𝐻

𝑑𝑧

)2(
1 − (1 + 𝑧)

2𝐻
𝑑𝐻

𝑑𝑧

)−1
𝛼2

1 −
√

1 − 𝛼2𝐻2

4

. (A.12)

Repeating the calculations given in Section 5, one can find QGUP modified 𝐻Λ𝐶𝐷𝑀 (𝑧) function. We do not give the exact expression 
since it is too lengthy.

References

[1] J.D. Bekenstein, Lett. Nuovo Cimento 4 (1972) 737.
[2] J.D. Bekenstein, Phys. Rev. D 7 (1973) 2333.
[3] J.M. Bardeen, B. Carter, S.W. Hawking, Commun. Math. Phys. 31 (1973) 161.
[4] S.W. Hawking, Nature 248 (1974) 30.
[5] J.D. Bekenstein, Phys. Rev. D 9 (1974) 3292.
[6] S.W. Hawking, Commun. Math. Phys. 43 (1975) 199.
[7] T. Jacobson, Phys. Rev. Lett. 75 (1995) 1260.
[8] T. Padmanabhan, Class. Quantum Gravity 19 (2002) 5387.
[9] C. Eling, R. Guedens, T. Jacobson, Phys. Rev. Lett. 96 (2006) 121301.

[10] A. Paranjape, S. Sarkar, T. Padmanabhan, Phys. Rev. D 74 (2006) 104015.
[11] D. Kothawala, S. Sarkar, T. Padmanabhan, Phys. Lett. B 652 (2007) 338.
[12] T. Padmanabhan, A. Paranjape, Phys. Rev. D 75 (2007) 064004.
[13] R.G. Cai, S.P. Kim, J. High Energy Phys. 02 (2005) 050.
[14] M. Akbar, R.G. Cai, Phys. Lett. B 635 (2006) 7.
[15] M. Akbar, R.G. Cai, Phys. Rev. D 75 (2007) 084003.
[16] R.G. Cai, L.M. Cao, Phys. Rev. D 75 (2007) 064008.
[17] R.G. Cai, L.M. Cao, Nucl. Phys. B 785 (2007) 135.
[18] R.G. Cai, L.M. Cao, Y.P. Hu, J. High Energy Phys. 08 (2008) 090.
[19] A. Sheykhi, Eur. Phys. J. C 69 (2010) 265.
[20] A. Awad, A.F. Ali, J. High Energy Phys. 2014 (2014) 093.
[21] M. Salah, F. Hammad, M. Faizal, A.F. Ali, J. Cosmol. Astropart. Phys. 02 (2017) 35.
[22] Ö. Ökcü, C. Corda, E. Aydiner, Europhys. Lett. 129 (2020) 50002.
[23] S.S. Luo, Z.W. Feng, Ann. Phys. 458 (2023) 169449.
[24] S. Kouwn, Phys. Dark Universe 21 (2018) 76.
[25] M.A.A. Alsabbagh, K. Nozari, Ann. Phys. 458 (2023) 169469.
[26] A. Sheykhi, Class. Quantum Gravity 27 (2010) 025007.
[27] A. Sheykhi, B. Wang, R.G. Cai, Nucl. Phys. B 779 (2007) 265.
[28] A. Sheykhi, B. Wang, R.G. Cai, Phys. Rev. D 76 (2007) 023515.
[29] A. Sheykhi, B. Wang, Phys. Lett. B 678 (2009) 434.
11

[30] A. Sheykhi, Phys. Lett. B 785 (2018) 118.

http://refhub.elsevier.com/S0550-3213(24)00117-2/bib92736BA9CDC4C91F9107C05742B6BACDs1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bibCBF1181EBE8B70CB99980050C6EB5869s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib4CC3EEF772D9A2B8C917423F62D5D3EAs1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib4603633CD5CD23848B14FF9664A03934s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib4682CFB48704CC0347D4755627773AB1s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib93C276066A440F0AFDC40E0EEB9A2B32s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bibAE2DF417F437DB779D120DE95AE436B4s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bibDD54B256E47FF7A74B29D729591343A5s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bibEE8AD1D1510717E018EC1BDD85344BF1s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bibB1627403C284D81B85098EFF8956E432s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib9DA0960D326C60B449B28863CD49C4A4s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bibE2E5ACB7916710F516FFDA4342CC87A3s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib8C078B6A63349279680114B04C50002Bs1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib1837AB81917B1ED4C7BADCC6876AE8D5s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib53B2A28CE4715224A393336AA846DBADs1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib1AB1E28881C008831AB1B4268C234459s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bibADDC231CDD8ED5A432F1CE39F8D9FD57s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bibD3F9059CC342AC9533F09599F3CF383Bs1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib4EBAC2FE63D7AA84059CC9BAC61FE067s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bibF90A4D709095048811DE1A059C90B0C7s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib656F272B823C990BC2ECCE6031DEFD19s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib812763F275D43B9CE5960B783413E13Cs1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib1DE6B2FF0FCD05294C12917264E52256s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bibD92ED61F38D3C6D852F5AF5BB4724928s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib430CA13A2EA41ABD37EA25F4D9676095s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib62D86C90071F0AC435D188B30661117Ds1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib64F21FA5F8B5E4A032C79A7D9555CA32s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib0490560351D270F7C2232D1776E050DFs1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib90C22AE6294B01F61D793B05AEFD13BBs1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib70D67BF5A4C5928B0832696491F0A565s1


Nuclear Physics, Section B 1004 (2024) 116551Ö. Ökcü

[31] S. Nojiri, S.D. Odintsov, E.N. Saridakis, Eur. Phys. J. C 79 (2019) 242.
[32] A. Lymperis, E.N. Saridakis, Eur. Phys. J. C 78 (2018) 993.
[33] K. Karami, A. Sheykhi, N. Sahraei, S. Ghaffari, Europhys. Lett. 93 (2011) 29002.
[34] A. Sheykhi, Int. J. Mod. Phys. D 28 (2019) 1950057.
[35] A. Sheykhi, B. Farsi, Eur. Phys. J. C 82 (2022) 1111.
[36] M. Asghari, A. Sheykhi, Eur. Phys. J. C 82 (2022) 388.
[37] A. Sheykhi, M.S. Hamedan, Entropy 25 (2023) 569.
[38] A. Sheykhi, arXiv :2302 .13012 [gr -qc], 2023, pp. 1–6.
[39] A. Lymperis, S. Basilakos, E.N. Saridakis, Eur. Phys. J. C 81 (2021) 1037.
[40] N. Drepanou, A. Lymperis, E.N. Saridakis, K. Yesmakhanova, Eur. Phys. J. C 82 (2022) 449.
[41] S.D. Odintsov, T. Paul, Phys. Dark Universe 39 (2023) 101159.
[42] S.D. Odintsov, S. D’Onofrio, T. Paul, Phys. Dark Universe 42 (2023) 101277.
[43] S. Nojiri, S.D. Odintsov, T. Paul, Phys. Lett. B 831 (2022) 137189.
[44] S. Nojiri, S.D. Odintsov, T. Paul, Phys. Lett. B 835 (2022) 137553.
[45] S. Nojiri, S.D. Odintsov, T. Paul, Phys. Lett. B 847 (2023) 138321.
[46] S. Nojiri, S.D. Odintsov, T. Paul, S. SenGupta, arXiv :2307 .05011, 2023.
[47] E.N. Saridakis, J. Cosmol. Astropart. Phys. 07 (2020) 031.
[48] J.D. Barrow, S. Basilakos, E.N. Saridakis, Phys. Lett. B 815 (2021) 136134.
[49] E.N. Saridakis, S. Basilakos, Eur. Phys. J. C 81 (2021) 644.
[50] F.K. Anagnostopoulos, S. Basilakos, E.N. Saridakis, Eur. Phys. J. C 80 (2020) 826.
[51] A. Sheykhi, Phys. Rev. D 103 (2021) 123503.
[52] M. Asghari, A. Sheykhi, Mon. Not. R. Astron. Soc. 508 (2021) 2855.
[53] A. Sheykhi, Phys. Rev. D 107 (2022) 023505.
[54] S. Di Genarro, Y.C. Ong, Universe 8 (2022) 541.
[55] E.M.C. Abreu, J.A. Neto, Phys. Lett. B 824 (2022) 136803.
[56] Z. Çoker, Ö. Ökcü, E. Aydiner, Europhys. Lett. 143 (2023) 59001.
[57] S.A. Hayward, Class. Quantum Gravity 15 (1998) 3147.
[58] T.R. Govindarajan, R.K. Kaul, V. Suneeta, Class. Quantum Gravity 18 (2001) 2877.
[59] R.B. Mann, S.N. Solodukhin, Nucl. Phys. B 523 (1998) 293.
[60] A. Sen, J. High Energy Phys. 2013 (2013) 156.
[61] C. Tsallis, L.J.L. Cirto, Eur. Phys. J. C 73 (2013) 2487.
[62] G. Kaniadakis, Phys. Rev. E 66 (2002) 056125.
[63] G. Kaniadakis, Phys. Rev. E 72 (2005) 036108.
[64] J.D. Barrow, Phys. Lett. B 808 (2020) 135643.
[65] S. Jalalzadeh, F.R. da Silva, P.V. Moniz, Eur. Phys. J. C 81 (2021) 632.
[66] M. Maggiore, Phys. Lett. B 304 (1993) 65.
[67] F. Scardigli, Phys. Lett. B 452 (1999) 39.
[68] A. Kempf, G. Mangano, R.B. Mann, Phys. Rev. D 52 (1995) 1108.
[69] C. Bambi, F.R. Urban, Class. Quantum Gravity 25 (2008) 095006.
[70] K. Nozari, A. Etemadi, Phys. Rev. D 85 (2012) 104029.
[71] R.N.C. Filho, J.P.M. Braga, J.H.S. Lira, J.S. Andrade Jr., Phys. Lett. B 755 (2016) 367.
[72] W.S. Chung, H. Hassanabadi, Phys. Lett. B 785 (2018) 127.
[73] M.J. Lake, M. Miller, R.F. Ganardi, Z. Liu, S.D. Liang, T. Paterek, Class. Quantum Gravity 36 (2019) 155012.
[74] W.S. Chung, Int. J. Theor. Phys. 58 (2019) 2575.
[75] M.P. Dabrowski, F. Wagner, Eur. Phys. J. C 79 (2019) 716.
[76] M.J. Lake, M. Miller, S.D. Liang, Universe 6 (2020) 56.
[77] M.J. Lake, Quantum Rep. 3 (2021) 196.
[78] J.R. Mureika, Phys. Lett. B 789 (2019) 88.
[79] X.D. Du, C.Y. Long, J. High Energy Phys. 2022 (2022) 063.
[80] S. Segreto, G. Montani, Eur. Phys. J. C 83 (2023) 385.
[81] A.F. Ali, S. Das, E.C. Vagenas, Phys. Lett. B 678 (2009) 497.
[82] A.F. Ali, Class. Quantum Gravity 28 (2011) 065013.
[83] E.C. Vagenas, A.F. Ali, M. Hemeda, H. Alshal, Eur. Phys. J. C 79 (2019) 398.
[84] P. Pedram, Phys. Lett. B 714 (2012) 317.
[85] K. Nouicer, Phys. Lett. B 646 (2007) 63.
[86] R.J. Adler, P. Chen, D.I. Santiago, Gen. Relativ. Gravit. 33 (2001) 2101.
[87] A.J.M. Medved, E.C. Vagenas, Phys. Rev. D 70 (2004) 124021.
[88] M.I. Park, Phys. Lett. B 659 (2007) 698.
[89] K. Nozari, S.H. Mehdipour, Europhys. Lett. 84 (2008) 20008.
[90] I. Arraut, D. Batic, M. Nowakowski, Class. Quantum Gravity 26 (2009) 125006.
[91] R. Banerjee, S. Gosh, Phys. Lett. B 688 (2010) 224.
[92] K. Nozari, S. Saghafi, J. High Energy Phys. 2012 (2012) 005.
[93] A.F. Ali, J. High Energy Phys. 2012 (2012) 067.
[94] B. Majumder, Gen. Relativ. Gravit. 45 (2013) 2403.
[95] D. Chen, H. Wu, H. Yang, Adv. High Energy Phys. 2013 (2013) 432412.
[96] M.A. Anacleto, F.A. Brito, E. Passos, Phys. Lett. B 749 (2015) 181.
[97] Z.W. Feng, H.L. Li, X.T. Zu, S.Z. Yang, Eur. Phys. J. C 76 (2016) 212.
[98] L. Xiang, X.Q. Wen, J. High Energy Phys. 2009 (2009) 046.
[99] F. Scardigli, Symmetry 12 (2020) 1519.

[100] S. Hassanabadi, J. Kriz, W.S. Chung, B.C. Lutfuoglu, E. Maghsoodi, H. Hassanabadi, Eur. Phys. J. Plus 136 (2021) 918.
[101] B.C. Lutfuoglu, B. Hamil, L. Dahbi, Eur. Phys. J. Plus 136 (2021) 976.
[102] Z. Sun, M.S. Ma, Europhys. Lett. 122 (2018) 60002.
[103] M.S. Ma, Y.S. Liu, Adv. High Energy Phys. 2018 (2018) 1257631.
12

[104] Y.C. Ong, J. Cosmol. Astropart. Phys. 09 (2018) 015.

http://refhub.elsevier.com/S0550-3213(24)00117-2/bib7E83081DE5ADE360D0AD617E551C0036s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bibF561807776127B50BB69928CC747807Fs1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bibD48B20B78C3D8A708ACF609229A62EBDs1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib0E04355DF9C21A0766565960BC6576ACs1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bibAA8A151150C89D482334483ED8757741s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib8F59DA47E9BD30084FA98DC61CF3841As1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bibAC974D4D35CE2467CF879119972D1E16s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib6EE074BD159FFA08E7377EF0630F5F19s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib4AE32E9D5486BD8A7AD2E45312C08A73s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bibA6D6380816F3A61DAE521507AE54C3EAs1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib5572A49032D25CBECB3E79FE21799845s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib2C43E8474C52B805E9F1A6669446A6CFs1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib1ADCB58BCB49A9362D9994C791F1145Ds1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib72EA5399F937330CABC098429F742C14s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib9CAA72C30B1C9D68A03C51B1DF16998Es1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib7F32EF95ECFA737CF0FE78EA53886BB0s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bibA3601E9C89D7885F5CDF8563C7A242D6s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib6D34ED9F76638FB1C7677208402EC47Ds1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib34706EDC21EC105D8D5403B96501CD9Fs1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bibC85CDFCE8CBB61042A10CA7E270DCF16s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bibDFFE2AEECA6894FE70599C8D12519783s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib6919BA87B60D9ED0585E5F3AF090D5AAs1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bibACCBC697768AC2480B5B4D805F54741Bs1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib98BF5B8DAB6A9CF75CFB397DDE4D74A4s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bibEE250D260A5630DE51541168C725BB30s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib5ACFD12949771DA18AF758F9E0DA0A90s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib15E80790AA66435BAA27D58CC0F95F67s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bibCD22DD6AA1986FE024ACE3C02C2F4B54s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib3A5C270A7994ABFE4D59AD7100809047s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib88BE238D717042606227F73E17B8AA04s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib167560CC6B55C759CFC27532EF37395Es1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bibFD82AA1FDB88130D6FC47CAB13796477s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bibF58C518B8812EAD967C058548D852D66s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bibC1D5D6E690DCA7E9D5836AD9D1235F50s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bibA239654797DD7C90E65D6D9F91D27B9Bs1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib717DB9778F21EB78FE22B6F078B03CEAs1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib09B4A3F7382C44F517E020856B23B566s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib2C0F796D96C2A2A927B5C456623E09BCs1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bibAD7CF356947C696BDF8D1C0EA4A32FA7s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib1DADB66783A6D779ADE3D39A50B0E942s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib2F768E34008A2D81DAFF8F92D5406A50s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib9F54FDCC7FFD3AE672AF77DC6BB86B77s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib3D7641D9F6EB34773C5B83EE3382258As1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib745F14FABD6DB3514682D8FE6A79D976s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib85FD480A5559B3FFD32067C17F5C2E9As1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bibBEF28984FE638CBC5A5F1F6FB817DEEDs1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bibC0480523083B9643425B02575902D85Ds1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bibE8FD7053AACC6FB5D3B18E9B4805A95Ds1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib07212340D130E2D7BF4362658E5D5D72s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bibC00485ED32A6995E577CD3559AEFEB8Es1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bibBFB7767866B5A21B2EAC23969142E20Es1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib76F62B6687342721ADA5C756B4D5DB21s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib08FF877F333A06AD4938E15470E12C66s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib493006F9D9099B1CE7C5605EA857C16Fs1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib0975C4D770EA4F0E57D87375177085DAs1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib16B39CAADCCA0A7DE67ED3B95DC8C0E4s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib898C00FDB19B14197AE20311C10B23A4s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bibA2F1F69B541E5E581E2EFD06C91E4AF8s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bibC2DE42D8AAF9FFE5A6D18F3B4E0ED41Bs1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib51C7AFB79F72FD00DEC6DCAD5B2A2C87s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bibEF153B47EF5DA2E7308A668C323B48D9s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib2DBE1A76BA81766F5E4290D5600E33D5s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib5C71BB1F7A2DD5658A3673FB919CC996s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib109B4C28CBA718BEB6D76384F8E0A8F9s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib0E41E2B014934DBBC28EA7658178C8B4s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bibCCA8432B3DE7F16B3D19E79E8A7889AEs1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib2AE6CD613828A86796A6533EAF91A119s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib222D121C6D1D9E67F884E3B32F7B4980s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib3857D810D89063BE5E193D3B46571CCAs1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bibB29F8D085AE10CADD1CF4D76B66837D2s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bibE0FCD519AEF37E28969643BD0EE7B002s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib636D47CACCC6F2518B19941729FC4B06s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib9FDEDCE9ECE0EA7F2709A0E2BA54E012s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bibC775D94A6C642780A4C8441C4450472Bs1


Nuclear Physics, Section B 1004 (2024) 116551Ö. Ökcü

[105] Ö. Ökcü, E. Aydiner, Int. J. Theor. Phys. 59 (2020) 2839.
[106] H. Hassanabadi, E. Maghsoodi, W.S. Chung, M. de Montigny, Eur. Phys. J. C 79 (2019) 936.
[107] B. Bolen, M. Cavaglia, Gen. Relativ. Gravit. 37 (2005) 1255.
[108] X. Han, H. Li, Y. Ling, Phys. Lett. B 666 (2008) 121.
[109] H. Moradpour, C. Corda, A.H. Ziaie, S. Ghaffari, Europhys. Lett. 127 (2019) 60006.
[110] W.S. Chung, H. Hassanabadi, Phys. Lett. B 793 (2019) 451.
[111] B. Hamil, B.C. Lutfuoglu, Europhys. Lett. 133 (2021) 30003.
[112] B. Hamil, B.C. Lutfuoglu, Europhys. Lett. 134 (2021) 50007.
[113] H. Chen, B.C. Lutfuoglu, H. Hassanabadi, Z.W. Long, Phys. Lett. B 827 (2022) 136994.
[114] Ö. Ökcü, E. Aydiner, Nucl. Phys. B 983 (2022) 115934.
[115] F. Scardigli, C. Gruber, P. Chen, Phys. Rev. D 83 (2011) 063507.
[116] V. Nenmeli, S. Shankaranarayanan, V. Todorinov, S. Das, Phys. Lett. B 821, 136621.
[117] S. Das, S. Shankaranarayanan, V. Todorinov, Phys. Lett. B 835, 137511.
[118] G. Barca, E. Giovannetti, G. Montani, Int. J. Geom. Methods Mod. Phys. 19 (2022) 2250097.
[119] G. Barca, G. Montani, A. Melchiorri, Phys. Rev. D 108 (2023) 063505.
[120] G. Barca, G. Montani, arXiv :2309 .09767.
[121] P. Bosso, G.G. Luciano, L. Petruzziello, F. Wagner, Class. Quantum Gravity 40 (2023) 195014.
[122] S. Hossenfelder, Phys. Rev. D 73 (2006) 105013.
[123] S. Hossenfelder, Class. Quantum Gravity 23 (2006) 1815.
[124] R.M. Coreless, G.H. Gonnet, D.E. Hare, D.J. Jerey, D.E. Knuth, Adv. Comput. Math. 5 (1996) 329.
[125] S.D. Odintsov, S. Nojiri, Phys. Rep. 505 (2011) 59.
[126] G. Izquierdo, D. Pavon, Phys. Lett. B 633 (2006) 420.
13

[127] B. Ryden, Intoduction to Cosmology, 2nd edition, Cambridge University Press, 2017.

http://refhub.elsevier.com/S0550-3213(24)00117-2/bib8ED63BC782CB896BB9028D638798C83As1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bibB4D0399790F877B47F19CEE7FD0E3D8Bs1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bibD45D6088921AA3B24F9F52B73ABC7D24s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib80D9D7C5FC6D0EF377D8837471DEEE66s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bibCE5F41A15B89C229C606DCDD5A68555As1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib1A7C5D2C9631C76FB7110DFA2B1E4C48s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bibEAD3C3C84CAD458A6CBA5636FB9CA4A5s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bibB5A0265464D364C45C816FB7BC5DBB4Es1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bibFCAC273598085A67001F411C0504C29As1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib34E5E065F8E5F753BE1F43766EA80559s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bibB5EBA0749AFE8D0721F4F19580C154DFs1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib8894101087E3ED89CCA78EC16D008416s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib5EFCD83285A69544A83766023439575Es1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib5FCD676F01B99E440E35ABA08B91C61Ds1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib4940825DD6952F2B2C52FE9E06EB0FF5s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib50E05BBFC1AE962ABDBFF20110B0FCB9s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bibB94FE4029DA1C6B1461D49CC7C22646Es1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib4CA6B738F50842281FBF0453CDABC566s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bibCF2C28BCEF1E4B9A47DE7EA925FEF828s1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bibABF2DEDCB4CA9AB4DD817979C1723BAAs1
http://refhub.elsevier.com/S0550-3213(24)00117-2/bib5059909B06C446F80080ED59BDE99568s1

	Investigation of generalised uncertainty principle effects on FRW cosmology
	1 Introduction
	2 Noucier’s GUP and entropy-area relation
	3 Modified Friedmann equations from the first law of thermodynamics
	4 Deceleration parameter
	5 Generalised second law
	6 Conclusions and discussions
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A QGUP modified Friedmann equations
	References


