©)

PANE
PANE Journal of Physics P. J. Phys. 01 (01), 039 (2025)

THE INTERCONNECTION OF COSMOLOGICAL
CONSTANT AND RENYI ENTROPY IN KALB-RAMOND
BLACK HOLES: INSIGHTS FROM THERMODYNAMIC
TOPOLOGY

Bidyut Hazarika', Mozib Bin Awal', and Prabwal Phukon!-?

'Department of Physics, Dibrugarh University, Dibrugarh, Assam, 786004
2Theoretical Physics Division, Centre for Atmospheric Studies, Dibrugarh University,
Dibrugarh, Assam, 786004

*Corresponding Author: prabwal @dibru.ac.in

(Received 13 December 2024; revised 31 January 2025; accepted 31 January 2025; published 7 April 2025)

Abstract: This paper seeks to establish a connection between the cosmological constant and Rényi entropy within
the framework of Kalb-Ramond (K-R) gravity. Our analysis is supported by evidence showing the equivalence of
the thermodynamic topology of K-R AdS black holes in the Gibbs-Boltzmann (GB) statistical framework and K-R
flat black holes in the Rényi statistical framework. We begin by exploring the thermodynamic topology of K-R
black holes in flat spacetimes, focusing on the topological characteristics and phase transition behavior in both
statistical frameworks. We find that K-R flat black holes in Rényi statistics exhibit equivalent global and local
topological properties to K-R AdS black holes in GB statistics. This equivalence points to a potential connection
between the cosmological constant and the Rényi parameter. We derive an approximate relationship between the
Rényi parameter and the cosmological constant, which is consistent with similar findings in the literature from a
cosmological perspective.
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1 Introduction

Black holes, among the most enigmatic phenomena in the universe, are regions of intense spacetime curvature
defined by an event horizon-a boundary beyond which neither matter nor light can escape. Black hole thermody-
namics has evolved significantly since the 1970s, with major milestones attributed to the groundbreaking work of
Bekenstein and Hawking. Bekenstein’s concept of black hole entropy, combined with Hawking’s groundbreaking
discovery of black hole radiation, established a deep connection between black holes and thermodynamic prin-
ciples [1} 2 3]. These discoveries transformed black holes from purely astrophysical phenomena into objects
governed by thermodynamic laws, initiating a major shift in theoretical physics [4]. Following these foundational
contributions, numerous studies have expanded on the intricate relationship between black holes and thermody-
namics [} 16 (7, 8} 9, [10, [11]. A central feature of black hole thermodynamics is the study of phase transitions.
Davies was the first to identify phase transitions through discontinuities in heat capacity at specific points [12].
Another crucial development is the Hawking—Page transition, which describes a thermodynamic phase transition
between two distinct states: a thermal radiation state (where the system behaves like a thermal gas of particles)
and a black hole state (where the system is dominated by a black hole with a nonzero temperature and entropy),
with the transition marking the point where the free energies of these two states become equal [13]]. Furthermore,
various scenarios involving transitions from non-extremal to extremal black hole states have been extensively ex-
amined [[14, [15} (16} 117, 18}, [19} 20} 21}, 22]]. In addition, analogies with van der Waals systems have provided
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valuable insights into black hole phase transitions and critical behavior, deepening our understanding of their ther-
modynamic properties [23| 24} 25| 26| [27] 28| 29| 30]. Holographic superconductor transitions [31] are also a
notable type of phase transition within the context of the AdS/CFT correspondence. These parallels have further
enriched the study of black hole thermodynamics, offering a broader perspective on critical phenomena and phase
transitions.

In black hole physics, thermodynamic entropy is fundamentally linked to the surface area of the event horizon.
If black holes are viewed as three-dimensional objects, this area-based scaling conflicts with the conventional
notion of extensive thermodynamic entropy. As a result, the classical Boltzmann-Gibbs statistical framework may
be insufficient for accurately describing black hole thermodynamics, indicating the necessity for alternative ap-
proaches. To gain a deeper understanding of black hole entropy, various extensions of Boltzmann-Gibbs statistics
have been explored in the literature 32,133 134, 135, 136, 137, 138, 139]. Over the past few decades, developments in
quantum mechanics have led to modifications in the entropy associated with black hole horizons, primarily through
power-law and logarithmic corrections. Logarithmic entropy, such as Shannon entropy, is crucial in quantum me-
chanics. However, in non-asymptotic regimes where the law of large numbers is less applicable, alternative models
like collision entropy gain prominence. To address these issues, Rényi introduced a generalized entropy frame-
work that unifies various entropy measures and allows modifications to the black hole area law. Rényi entropy
generalizes Boltzmann-Gibbs entropy by incorporating a tunable parameter that adjusts the sensitivity to different
probabilities in the system. This flexibility is particularly useful in scenarios where rare or highly probable events
require distinct emphasis. Moreover, Rényi entropy is closely related to quantum entanglement, describing sit-
uations where the quantum states of multiple particles become interlinked, thereby providing a valuable tool for
studying complex quantum systems.

The Rényi entropy is expressed as [37] :

1 n
Sp = e <111;PQ(¢)> , 1)

where P(i) denotes the probability distribution and ¢ is the non-extensive Tsallis parameter. In this work, we
assume that the black hole entropy follows the Tsallis entropy framework [34], which generalizes the Boltzmann-
Gibbs entropy through a single parameter, thereby encompassing both extensive and non-extensive statistical
systems. The Tsallis entropy is given by[34]:

1 n
ST:gBHzil_q (ZP’J(i)—l). 2
i=1

In the limit ¢ — 1, Tsallis entropy reduces to the standard Boltzmann-Gibbs entropy. The parameter ¢ governs
the degree of non-extensivity, with distinct behaviors depending on its value:

* For g = 1: Tsallis entropy coincides with the extensive Boltzmann-Gibbs entropy, suitable for systems with
weak correlations and short-range interactions.

* For g < 1: The entropy exhibits sub-extensive behavior, applicable to systems where rare states occur with
a higher probability than frequent states.

* For ¢ > 1: The entropy is super-extensive, where frequent states contribute more significantly to the total
entropy.

Substituting into the general form, the Rényi entropy can be re-expressed as [37] :
1
S = = In[l+ aSo], 3)
o

where S is the Bekenstein entropy for black holes. « = 1 — ¢ is the Rényi parameter. When « goes to 0, we
obtain the Bekenstein entropy again.

Since its formulation in 1915, General Relativity (GR) has stood as the foundation of modern theoretical
physics. Recognized as a highly successful theory of gravity, GR has been validated through various experimental
observations, including the perihelion precession of Mercury, the bending of light during the 1919 solar eclipse,
the groundbreaking detection of gravitational waves by the Laser Interferometer Gravitational-Wave Observatory
(LIGO) in 2015 [40], and the remarkable 2019 imaging of the supermassive black hole at the center of galaxy
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M&87 by the Event Horizon Telescope (EHT) [41} 142 143|144 45| 146]. Despite these triumphs, GR faces consider-
able challenges, particularly with the discovery of the universe’s accelerating expansion [47} 48| 49, 50] and the
anomalies in galaxy rotation curves, suggesting the presence of an unseen form of matter [51]], commonly known
as dark matter.

The pursuit of quantum gravity effects has garnered significant attention in recent decades. On the experimen-
tal front, substantial progress has been made. Theoretically, the investigation of Lorentz symmetry breaking (LSB)
plays a crucial role in advancing our understanding of quantum gravity in fundamental physics[52} 153} 154,55} 56|
57]. By examining how Lorentz symmetry breaking contributes at low energy scales, particularly its effects on
spacetime, and by analyzing high-precision experimental data, we can investigate its compatibility with General
Relativity (GR).As a result, Lorentz symmetry breaking (LSB) has emerged as a prominent focus in black hole
physics research.

An important model that incorporates Lorentz symmetry violation is the Kalb-Ramond (KR) gravity theory,
which introduces a tensor field By, through non-minimal coupling. This KR field originates from the bosonic
sector of string theory [53,[54]]. The field B, is an antisymmetric second-rank tensor that can be formulated as:

Bab = Ejavy) + €aveav°B*. )

Here, v is a timelike four-vector, while £ and B® are spacelike pseudoelectric and pseudomagnetic fields,
respectively. The constraints E%v, = 0 and B%, = 0 ensure that both fields are orthogonal to v®. Although
analogous to the electric and magnetic fields in Maxwell’s theory, these fields arise specifically within string
theory.

Research in this field has primarily aimed at obtaining exact solutions to the Einstein-Kalb-Ramond field
equations [58| 159, 160, 61]. A significant advancement was achieved by Yang et al. [62]], who formulated a
Schwarzschild-like solution under this framework. By relaxing the vacuum constraints, this approach was later
extended to yield a Schwarzschild-(A)dS-like solution. Recently, interest has surged in exploring the spacetime
characteristics of these black hole solutions. Despite these developments, the existing solutions have been confined
to a specific spherically symmetric configuration with —g;; = g,,!. Broader cases where —g;; # g;, have yet to
be thoroughly investigated. Recent studies have explored various aspects of Kalb-Ramond (K-R) gravity[63, 164}
65166, [67]].In ref. [60], authors presented an exact solution for static and spherically symmetric black holes in the
framework of this Lorentz-violating gravity theory. In our work, we have considered that particular solution.

A recent advancement in this field is the topological perspective on black hole phase transitions [68} 169, 70,71}
72,173 (74117541764 77, (781 (79,80, 81} 182, 1831, 184} 185, 1861 187,188, 1891 190,191}, 1921, 193] (94, 95| 196, 197,198,199, 100, 101}
102} 1103}, 1104, 105} 1106, 107, 108\ [109], where critical points are associated with specific topological charges.
Several studies have employed thermodynamic topology to explore van der Waals-type transitions [68] [74} (75|
76, [77], Hawking-Page transitions [70 79, 180, 81], and Davies-type transitions [71]. The literature indicates that
studying Hawking-Page and Davies-type phase transitions from a topological viewpoint often involves defining
distinct potentials or vector fields [70, [71} [72} [73]]. The foundation of black hole thermodynamic topology is
inspired by Duan’s ¢-mapping current theory [[110, [111]. The most reliable method to analyze thermodynamic
topology of a black hole system was provided in the ref.[[69].In this work, we have adopted that particular method.

In this paragraph, we have presented a brief overview of the Duan’s ¢-mapping method to calculate the winding
number and topological charge for any two dimensional vector field. In Duan’s formalism, a vector field ¢ = {¢*}
(where a = 1, 2) in the coordinate space z” = {¢, 7,0} can be used to define a topological current [110]:

1
"= e eadn pn’, )

where 9, = 8—‘2“ and u, v, p = 0,1, 2. The normalized vector n® is defined as:

. 0
ol

The normalized vector n® satisfies the following conditions [[110]:

n a=1,2, with ¢'=¢™, ¢%>=¢’ (6)

nn*=1, n*9d,n*=0. 7
It is straightforward to verify the conservation of the topological current:

8" = 0. (8)
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Using the Jacobi tensor €2° J# <%) = e"?9,$*9,¢" and the two-dimensional Laplacian Green function A4 In ||¢|| =

27162(¢), the topological current can be expressed as [110]:

" =8%(9)J" (¢) : ©)
x
This implies that j# is non-zero only at points where ¢ (%) = 0, denoted as Z = Z;. By applying the J-function
theory [[L12]], the topological current density can be written as:

N
3= Bmid*(F - 7). (10)
=1

Here, (3; is the Hopf index, representing the number of loops formed by ¢* as z* encircles the zero point z;, and
n; = sign (J°(¢/x).,) = £1 denotes the Brouwer degree. The topological charge within a region X is then

calculated as:
N N
Q:/jod%:ZB,;m => w;, (11)
> i=1 i=1

where w; denotes the winding number of the ¢-th zero of ¢.

Recent research highlights that flat black holes under the Rényi entropy framework display thermodynamic
behavior closely resembling that of AdS black holes in the Bekenstein entropy paradigm. This resemblance was
initially investigated in [[113]] and later expanded upon in various studies [[114} 115,116} 117, 118119} 120l 121}
122]]. Notably, [[123] demonstrated that the Friedmann equations can be derived using Rényi entropy, allowing the
cosmological constant A to be expressed in terms of the Rényi parameter . This approach removes the need for
A to be manually introduced into the Einstein—Hilbert action.

These similarities have been observed within the framework of Einstein’s general theory of relativity, prompt-
ing an intriguing question: do they persist in other theories of gravity? To address this, we propose an explo-
ration of a potential topological correspondence between the thermodynamics of black holes in asymptotically flat
spacetimes governed by Rényi statistics and those in asymptotically Anti-de-Sitter (AdS) spacetimes described by
Gibbs-Boltzmann statistics [[113} [114} [115, (1164 [117, (118} (119} [120% 1214 [122} [123]]. This analysis will be con-
ducted specifically within the context of Kalb-Ramond (KR) gravity theory. Our study showed that the K-R AdS
black hole in GB statistics and the K-R flat black hole in Rényi statistics share the same total topological charge
(W = 0), along with a generation point. Both frameworks also exhibit Hawking-Page (W = +1) and Davies-type
(W = —1) phase transitions, which are absent in the GB framework for flat black holes. These similarities estab-
lish their topological equivalence. Notably, these similarities have been investigated from a topological perspective
for charged black holes in Einstein-Maxwell gravity theory [[113,1114}|119], from the perspective of thermal chaos
in [120]], within the framework of restricted phase space thermodynamics (RPST) in [121} [122] and from the
cosmology perspective in [123]].

2 Static Flat Black Hole in K-R Gravity

In this section, we study the thermodynamic topology of static flat black holes in Kalb-Ramond Gravity. The
general static neutral spherically symmetric black hole solution in K-R gravity is obtained as [60]:

1 2M 1

2_ (- _ 27 2, - 5.2 2 102 2 2 2

ds® = <1_€ r)dt+(1 2M)dr +r4df” 4 r* sin” Ode”. (12)
1-¢ T

Where /¢ is a dimensionless constant known as the Lorentz-violating parameter, it can have both positive and
negative value and the value is usually kept very small. In ref.[60], the constraints on ¢ is obtained as —3.7 X
10712 < ¢ < 1.9 x 107!, The mass of the black hole is calculated by setting the metric function equal to zero at
event horizon radius 7 as

T+
M=——. 13
501 — 1) (13)
Using the metric function, the temperature of the black hole at the event horizon is calculated to be
1
T=———. 14
47'('(]. — 2)7‘4, ( )
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From the expression for mass and temperature, the entropy of the black hole is calculated using the following

formula:
dM 9

S():/T:ﬂ"r_,’_. (15)

First, we shall perform our topological analysis in the usual Gibbs-Boltzmann statistics. We start off by writing
down the expression for the off-shell free energy[69],

S 1 Ty
—M_2 = —- T, 16
g r ot (2 -2 T ) (16)
Using the off-shell free energy, a two dimensional vector field in » — 6 plan can be constructed as [69] :
oOF
(6", ¢%) = ( —cotf csc 9). (17)
(97"+

The parameter 7 is the varying time scale, can be interpreted as the inverse of the equilibrium temperature within
the surrounding shell of the black hole. The ¢” component can be calculated by taking the first-order derivative of
the free energy,

. 1 27T’f'+
T = - 18
¢ 2—2 T (18)
We solve ¢" = 0 to get obtain the value for 7 which comes out to be
T=—4dr(l — 1)ry. (19)

The 7 vs r, plot is shown in figurdTal It is evidently just a straight line showing a single branch of the black hole.
Figure shows the vector plot of (¢",¢®) in the r,. — 6 plane. In this case, the zero point for 7 = 40 is observed
at v = 3.18629. The winding number can be calculated by using the Duan’s ¢- mapping technique as we have
discussed earlier. The winding number corresponding to r, = 3.18629 is —1 as can be inferred from figureIc|
and accordingly, the topological charge will be —1.
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Figure 1: Winding Number calculation for ¢=0.001, 7=40. Fig (a) is the 7 vs r plot. Figure (b) represents the
vector plot of ((;ST, ¢@) in the 4y — 6 plane with zero points located at r, = 3.18629. Figure (c) is the plot for
deflection angle around a contour

3 Static flat black hole in K-r gravity using Rényi statistics

In this section, we study the thermodynamic topology of the static flat black holes in Kalb-Ramond gravity while
incorporating Rényi statistics. We first write the horizon radius r in terms of the Rényi entropy .S using equation

(3) and equation (T3)) as

(20)
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Using this equation the expression of mass can be rewritten in terms of the Rényi entropy as

Mo — exS _ 1 Q1)
BT mJa2 = 20)
Temperature in the Rényi entropy framework is calculated as
dMp Vaed
T = = . 22
BZ7dS T Jra—40)vees —1 2
Therefore the expression for free energy will be modified to
S es —1 S
4 T Jm/al2-20) T 23)
The ¢ component can be calculated from the free energy as before
asS
o5 = 0 _ vac - 24)
9SS  Jm(4—40)VerS -1 T
Solving ¢° = 0 we find out the expression of 7
_ a(=8),/paS _
T:_4ﬁ(€ 1)e Ve 1. (25)
Va
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Figure 2: Winding Number calculations for ¢ = 0.001, a = 0.5, 7 = 3. Figure (b) represents the vector plot of
(qSS, gi)@) in the S — 6 plane with two zero points located at S = 0.209899 and S = 4.61258. Figure (c) is the
plot for deflection angle around the contours

We show the 7 vs .S plot in figure 2a] It can be observed that there are two black hole branches, one is the
small black hole branch (with lower entropy) and the other is the large black hole branch (with higher entropy).
The vector plot in the S — 6 plane in figure [2b] has its vanishing points at S = 0.209899 and S = 4.61258
for an arbitrary value of 7 = 3. From figure2c] we can conclude that the winding number corresponding to
S = 0.209899 and S = 4.61258 are —1 and +1 respectively. Hence the topological charge, W will be zero.
The winding number reveals the stability of the black hole branches. For the large black hole branch, the winding
number is positive, indicating local stability, while for the small black hole branch, it takes a negative value,
suggesting local instability. The precise transition point between the small and large black hole branches is found
to be at (7,.5) = (5.00824, 1.38629). This critical point is identified as a generation point, where an unstable
black hole branch ends and a stable branch begins to emerge. From this, we can draw a significant conclusion: the
static black holes in GB statistics and Rényi statistics are topologically distinct. Another fascinating observation
arises from the differing behaviors between the two frameworks: while no phase transition is detected in the GB
statistics, both Hawking-Page and Davies-type phase transitions are observed within the Rényi statistics.
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Figure 3: Zero points of the vector field equation . “Point 17 is the Davies point and ’Point 2” is the Hawking-
Page phase transition point.

The topology of the phase transition point can also be calculated by employing a method shown in ref [101]).
For that, first, we write down the expression for free energy(not off-shell) of the black hole as

e (S —2) + 2

F=Mgr—TgrS = . 26
B mvall — Dveas —1 (20)
Utilizing this free energy expression, a new vector field ® in S — 6 plane is constructed as [101]:
dF?
= (¢°,¢%) = (ds,—cotﬁcscG) 27

By performing some simple mathematical steps, it becomes evident that there are two zero points of the vector
component ¢°. One zero point occurs when F' = 0, and the other occurs when % tends to zero, where C' = %
represents the heat capacity of the black hole. The condition F' = 0 corresponds to the Hawking-Page phase
transition point, while é corresponds to the Davies point.

The ¢ component in this particular scenario is calculated to be

o5 = aSe™® (e — 2) (e*¥(aS — 2) +2)
B 16m(¢ — 1)2 (e5 — 1)? ’ (28)

¢ = —cot A csc.

We plot the vector components in the S — ¢ plane with £ = 0.01 and o = 0.5, as shown in figurd3] Two zero points
are observed in this plot. “Point 1 corresponds to the zero point where ' = 0, and is located at S = 1.38629.
The second zero point, "Point 27, corresponds to 1/C' = 0, and is identified at S = 3.18724.

The topological charge of the zero points is determined using Duan’s ¢-mapping technique, as illustrated in
Figure. {] The analysis reveals that the deflection around the Davies point is negative, resulting in a topological
charge of —1, which is indicated by the red-colored line. In contrast, the deflection at the Hawking-Page phase
transition point is positive, leading to a topological charge of +1, as represented by the blue-colored line.

Hence, we conclude that in the framework of GB statistics, the static flat black hole in K-R gravity possesses
a topological charge of —1 with no phase transition observed. In contrast, within the framework of Rényi entropy,
the topological charge is changed to 0, and the black hole exhibits both Hawking-Page and Davies-type phase
transitions. Additionally, we identify a generation point in this case. The topological charge at the critical point is
found to be +1 for the Hawking-Page phase transition point and —1 for the Davies-type phase transition point.

4 AdS Black Hole in K-R Gravity

Next, we study the thermodynamic topology of AdS black holes in K-R gravity in GB statistics. We take exactly
the same approaches adopted in the previous sections. The corresponding (A)dS extension of the static K-R black
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Figure 4: Calculation of topological charge by plotting deflection around ”Point 1”” and "Point 2.”” The red contour
shows the deflection for Davies point and the blue contour represents the same for Hawking-Page phase transition
point.

hole is [60]

1 2M Ar? dr?
ds? = — | — —“— — ——|at* + +72d6? + r? sin® 0 dp”. (29)
— _ 1 2M Ar2
1-¢ v 301-0 T T 3n
In AdS space, the cosmological constant is written in terms of the AdS boundary x as A = —%. The mass of
the AdS black hole is evaluated to be
M= Ty (Ii2 + ri) (30)
2k2(1—0)
The entropy of the AdS black hole is
So = mr3. 31)
The off-shell free energy comes out to be
S T4 (82 + 7‘3_) Wri
F=M-="=-—>___T/ _* 32
T 2(k =112 T (32)
Taking the first derivative, we compute the ¢” component as
12 + 3r? 27r
s + +
- _ 33
¢ 2(k — 1)£2 T (33)
By equating ¢ to 0 we get the expression for 7 as
dr (KlPry — O
, o An(nliry — Cry) (34)

02+ 3r%

The plot of 7 vs . in figurgdal We observe that in this case also there are two black hole branches similar
to the previous case. The vector plot in the ;. — 6 plane is shown in ﬁgureE_Fl It has two vanishing points at
r+ = 0.280963 and . = 4.74559 for any arbitrary value of 7 = 3. The winding numbers corresponding to
ry = 0.280963 and r; = 4.74559 are respectively —1 and 41 as can be seen from figurd5c] Therefore the
topological charge for AdS black holes in K-R gravity is W = 0.In this scenario, we also identified a generation
point, marking the emergence of a new stable black hole branch. Furthermore, the presence of both Hawking-
Page and Davies-type phase transitions was observed. By employing the method discussed earlier, we determined
the topological charge associated with the Hawking-Page phase transition to be +1, while the topological charge
corresponding to the Davies-type phase transition was found to be —1. Thus, we conclude that the global and local
topological properties of the K-R AdS black hole in the Gibbs-Boltzmann statistical framework are equivalent to
those of the K-R flat black hole within the Rényi statistical framework.
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Figure 5: Winding Number calculations for x = 0.1, { = 2, 7 = 3. Figure (b) represents the vector plot of
(¢",¢°) in the 74 — 6 plane with two zero points located at 7 = 0.280963 and r. = 4.74559. Figure (c) is the
plot for deflection angle around the contours

5 Tentative connection Between Rényi Parameter and Cosmological Con-
stant

From the results of the previous section, it is evident that the K-R flat black hole in Rényi statistics is topologically
equivalent to the K-R AdS black hole in GB statistics. This observation raises an obvious question: Is there a
connection between the Rényi entropy parameter and the cosmological constant? Specifically, in the case of the
flat black hole, could the absence of the cosmological constant be compensated by the inclusion of the Rényi
parameter? In this section, we aim to explore this possibility and establish a mathematical relationship between
the Rényi entropy parameter and the cosmological constant. To begin, let us consider the mass of a K-R flat black
hole in Rényi statistics frame work,
exs —1

T aa2 - 20)
Assuming « to be very small, we can expand equation (33) up to the first order while neglecting higher-order
terms. This expansion yields:

Mpg (35)

\/§ aSB/Q
Ta/RI-1)  SyRl-1)

Next, we examine the mass of the K-R AdS black hole within the GB statistics framework, which is expressed

as:
VS S5/

Mp = + 0(a?/?). (36)

M= - - 37
2Tl —1) 2m3/2k2(0 — 1)’ 7)
where Sy = ﬂri represents the black hole entropy.
By comparing equation with the first two terms of the series expansion in equation (36), we deduce:
4
an —s. (38)
TR
Substituting k2 = f% into equation li we find:
4A
~ 39
a 3 (39)
or equivalently,
3
A~ f%o‘. (40)
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A comparable relationship was derived in Ref. [123|], where the author investigated the corrections to the
Friedmann equations within the framework of Rényi entropy. By analyzing the late-time evolution using a first-
order perturbative approach, the study presented a cosmological model that establishes a connection between the
Rényi parameter o and the cosmological constant A as :

A ~ £3ma. 1)

From equation (38) and equation (1)), it becomes evident that a link exists between the AdS length scale x and
the entropy parameter «. Specifically, « is found to scale as o %

It is important to mention that, the discrepancy of a factor of i in the relation between o and A in equation
and equation (1)), arises due to the fact both equations are just approximations, derived under different scenarios
or context, it is difficult to claim an exact relationship without further detailed studies or evident observational
data. However, regardless of the factor discrepancy, the key point we are addressing is the proposed relationship
between o and A. In both equations, it is clear that o and A are directly proportional. The primary concern,

therefore, is not the exact factor but the underlying proportionality between these two quantities.

6 Conclusion

In this work, we have explored the topological and thermodynamic properties of K-R black holes in both flat and
AdS spacetimes, within the frameworks of GB and Rényi statistics. Our analysis reveals significant differences
in the topological characteristics and phase transition behavior between these scenarios. First, we compared the
topology of K-R flat black holes in GB and Rényi statistical frameworks. The transition from GB to Rényi
statistics introduced notable changes: the total topological charge shifted from W = —1 to W = 0, indicating a
topological transformation. Additionally, we identified a generation point within the Rényi framework, a feature
absent in the GB statistical framework. The Rényi framework also allowed for the observation of both Hawking-
Page and Davies-type phase transitions, which were not present in the GB framework. The topological charge
associated with the Hawking-Page phase transition point was calculated to be +1, while that of the Davies-type
phase transition point was found to be —1. Next, we examined the topology of K-R AdS black holes within
the GB statistical framework. Here, we observed a total topological charge of W = 0, along with the presence
of a generation point marking the emergence of a new stable black hole branch. As in the Rényi framework
for flat black holes, we identified both Hawking-Page and Davies-type phase transitions. The corresponding
topological charges were found to be +1 for the Hawking-Page phase transition point and —1 for the Davies-type
phase transition point. From these results, we conclude that the global and local topological properties of the
K-R AdS black hole in GB statistics are equivalent to those of the K-R flat black hole in Rényi statistics. This
equivalence suggests a deeper connection between the cosmological constant and the Rényi parameter. Through
our analysis, we derived an approximate relationship between the Rényi parameter and the cosmological constant,
which aligns with similar findings in the literature derived from cosmological considerations. These similarities
could either stem from purely mathematical analogies or hint at a deeper connection between the Rényi entropy
and the cosmological constant. The underlying reason for this resemblance remains an open question, warranting
further investigation. Should a direct link between the cosmological constant and Rényi entropy exist, as indicated
by our findings and supported by recent studies, it may provide valuable insights into several unresolved issues in
black hole physics and cosmology.
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