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Abstract In this paper, the higher-dimensional topological
dS black hole with a nonlinear source (HDTNS) is consid-
ered. First, we obtain the thermodynamic quantities of the
(n + 1)-dimensional topological dS black hole, which satisfy
the first law of thermodynamics. Second, based on the effec-
tive thermodynamic quantities and Maxwell’s equal-area law
method, we explore the phase equilibrium for the HDTNS.
The boundary of the two-phase coexistence region in the
Peoff - Te%f diagram is obtained. The critical thermodynamic
quantities as well as the horizon potential are also investi-
gated. Furthermore, we analyze the effect of parameters (the
spacetime dimension n and the ratio of two horizon radii
x = ry/r.) on the boundary of the two-phase coexistence
region and study the latent heat of phase transition for this
system, which corresponds to the Clapeyron equation. The
results indicate that the phase transition in HDTNS spacetime
is analogous to that in a van der Waals (vdW) fluid system,
which is determined by electrical potential at the horizon.
These results help to understand the fundamental properties
of black holes. A more intuitive and profound understanding
of gravity is gained by studying the thermodynamic proper-
ties of different spacetimes. They provide a theoretical basis
for an in-depth study of the classical and quantum properties
of de Sitter spacetime and its evolution.

1 Introduction

As a thermodynamic system, the black hole is closely related
to classical thermodynamics, gravitation, and quantum sys-
tems. The study of the thermodynamic properties and phase
transitions of anti-de Sitter (AdS) black holes or dS space-
times with black holes has received considerable attention
[1-27]. Treating the cosmological constant A as a thermo-

#e-mail: yuboma.phy @ gmail.com (corresponding author)

Published online: 26 July 2024

dynamic pressure and its conjugate quantity as a thermody-
namic volume established the first law of black hole thermo-
dynamics in the extended phase space. This approach allowed
for the investigation of the thermodynamic properties of AdS
black holes. Notably, the thermodynamic properties of black
holes in AdS space differ significantly from those of black
holes in asymptotically flat spacetime or in de Sitter space.
In AdS space, the phase transition can be explained through
the AdS/conformal field theory (CFT) correspondence [28—
30]. The phase transition of charged AdS black holes is quite
similar to that of a van der Waals (vdW) system. Further-
more, black hole chemistry has revealed a broad range of
new phenomena associated with black holes, such as triple
points [31], reentrant phase transitions [32], and heat engines
[33].

Astronomical observations indicate that the expansion of
our universe is accelerating [34-36], suggesting that it will
eventually become an asymptotic de Sitter universe. The
study of the thermodynamics of asymptotic de Sitter black
holes has been motivated by the formulation of the dS/CFT
correspondence [30] and the physical relevance of de Sitter
black holes in cosmology [37]. If we consider the cosmo-
logical constant as dark energy, our universe will eventually
enter a new dS phase. Therefore, a clear understanding of
dS spacetime is essential [38—40]. However, this subject is
not well understood. In dS space, the absence of a Killing
vector, which is time-like everywhere outside the black hole
horizon, raises questions about the notion of asymptotic mass
[38]. Additionally, the presence of both the black hole hori-
zon and cosmological horizon, which have different temper-
atures, suggests that the system does not meet the require-
ments of thermodynamic equilibrium. The thermodynamic
properties of dS spacetime are of direct interest to cosmol-
ogy, but these features present unfortunate difficulties. There
have been a few attempts to investigate the thermodynamics
of black holes in dS spacetime and overcome this problem.

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1140/epjc/s10052-024-13085-x&domain=pdf
mailto:yuboma.phy@gmail.com

748 Page?2of 13

Eur. Phys. J. C (2024) 84:748

One way to deal with the thermodynamics of asymptotically
dS black hole spacetimes is to first formulate several sepa-
rate thermodynamic laws, one for each “physical” horizon
present in the spacetime [41-43]. One way to approach this
task is by using the concept of effective temperature [44—46].
This involves focusing on an observer situated in an “observ-
able part of the universe,” located between the black hole
horizon and the cosmological horizon. Another approachis to
examine de Sitter black holes that are enclosed in an isother-
mal cavity at a fixed temperature. This fragment describes
the definition of a grand canonical ensemble in which the
cavity acts as a reservoir, allowing for the existence of ther-
modynamically stable black holes. Brown [47] first explored
this approach, demonstrating the stability of the ensemble.
Later, Carlip and Vaidya [48] found a Hawking—Page-like
phase transition in both the asymptotically flat and de Sitter
cases.

Nonlinear field theories are of interest to various branches
of mathematical physics because most physical systems are
inherently nonlinear. The main reason for considering non-
linear electrodynamics (NLED) is that these theories have
considerably richer content than the Maxwell field, and in
special cases, they reduce to the linear Maxwell theory. The
authors in [49] presented (n 4 1)-dimensional topological
static black hole solutions of Einstein gravity in the presence
of NLED. They checked the first law of thermodynamics
and studied the stability of the solutions in both canonical
and grand canonical ensembles [50,51]. Additionally, they
analyzed the effect of the nonlinear charge correction on the
thermodynamic properties of the black hole [52-56]. A natu-
ral question that arises is whether a dS spacetime with a non-
linear charge source has thermodynamic properties similar to
an AdS black hole. In this work, the higher-dimensional dS
spacetime with the nonlinear charge correction is considered
an ordinary thermodynamic system by examining the corre-
lation between two horizons. The focus is on investigating
the thermodynamics and phase transitions of the (n + 1)-
dimensional dS spacetime. The analysis also considers the
effect of nonlinear charge correction on the phase transition.
The results show that the latent heat of phase transition and
the two-phase coexistence region are similar to those of an
ordinary thermodynamic system.

The remainder of this paper is organized as follows: In
Sect.2, we briefly present the thermodynamic quantities in
HDTNS and establish the state equation of HDTNS which
corresponds to the ordinary thermodynamic system [57-60].
Then the PY; — T curves, the phase diagrams in Py, — V,

2
and the —.— — x(y) curves in HDTNS are presented. The
r
effects of the ratio x between two horizons and the spacetime

dimensions n on them are discussed in Sect. 3. The slope of

the Peoff — Te(%f curve for different spacetime dimensions n

is given, which corresponds to the Clapeyron equation. The
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latent heat of the phase transition for the first-order phase
transition in HDTNS and the effect of the ratio x between
two horizons and the spacetime dimensions » on it are given
in Sect.4. Finally, a brief summary is given in Sect. 5.

2 Topological black hole with nonlinear source

The (n + 1)-dimensional action of Einstein gravity with non-
linear electrodynamics is [49-51,61]:

1
Ig =—— [ d"M'x/=g[R —2A + L(F)]
167 J
1
~ % d"x/—yO(y), (2.1)
T JaM

where R is the scalar curvature and A is the cosmological
constant. In this action,

L(F) = —F +aF? 4+ O@a?), (2.2)
is the Lagrangian of nonlinear electrodynamics. F=F,, F*"
is the Maxwell invariant, in which F},,=d,, A, — 0, A, is the
electromagnetic field tensor and A, is the gauge potential.
In addition, o denotes the nonlinearity parameter, which is
small, so the effects of nonlinearity should be considered as a
perturbation. In the second integral, y and ® are, respectively,
the trace of induced metric, y; j, and the extrinsic curvature
©;,; on the boundary d M. The variation of the action (2.1)
with respect to the metric tensor g, and the Faraday tensor
Fy,y leads to

1
G/w + Aguv = Eg;wL(]:) - ZL.TF/U»FI);,

0,6/—gLFF"") =0,

(2.3)
24)
where G, is the Einstein tensor and Lz = dL(F)/dF.

The (n + 1)-dimensional topological black hole solutions
can take the form of

dr?
ds® = — f(r)de* + 15 +ride;_y, 2.5)
where
m N 24*
= k —_ -
f(r) 2 an—1) + (n—1)(n —2)r2n—4
4 4
q (2.6)

© (3n7 —Tn + 46’

m is an integration constant which is related to the mass of the
black hole, and the last term in Eq. (2.6) indicates the effect
of nonlinearity. The asymptotic behavior of the solution is
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AdS or dS provided A < 0 or A > 0, and the case of the
asymptotically flat solution is permitted for A = Oandk = 1.

When A > 0, the black hole horizon r and the cosmo-
logical horizon r, exist in spacetime, and the position of two
horizons satisfies the equation f(ry .) = 0. The radiation
temperature of the two horizons is given by

flry) 1
T+ = =
4 2w (n — 1)
» (n—1)1n—-2)k A q° 2q%a
A, — L")
2ry * rer"_3 ri"75
Q2.7
. S 1
L= - _
4 2w (n —1)
(n—1)n -2k q° 2%
(2.8)
The mass of the black hole
1y V=1
o 167
2ArT 24>
X krfﬁ_z — s 1 3
nn—1)  (n—1)n -2}
4q4a
2(n —2)(n +2) + (n —3)(n — 4)] ri"_4
or
M = Vn—l(n - 1)
16
2AF! 24>
X (kr:fz - e 4 1 5
nn—1  (n—1Dn—-2)rl"
4q*a )
201 = 2)(n+2) + (n = 3)(n — D] ")
(2.9)
277/ Vaar't )
Vel = ==, S4e=—7",
T(n/2) 4
Vy_qr'
Vie= LT 0= 4 1,
n 4
g 4q°a
T -2 G-t
A Vi_ -1
P=——, M:M (2.10)
8 167

Thermodynamic quantities corresponding to two horizons
satisfy the first law of thermodynamics

dM =Ty dSy . + @4 dQ + Vi dP. 2.11)

Treating the spacetime of HDTNS, which includes the hori-
zons of both black holes and cosmology, as a thermodynamic
system, it must adhere to the universal first law of thermody-
namics according to Eq. (2.11). [27]
dM = TegrdS + PegrdV + Degrd O, (2.12)

Here, the thermodynamic volume is that between the black
hole horizon and the cosmological horizon, namely [38]

Vn—lr;l

V=V.—V, = (1 —x™). (2.13)

n

Taking the dimension into account, we set the entropy of the
spacetime as follows

anlrf_l
4

S = F,(x). (2.14)
with Fj(x) as a function of x, where x = ry/r. denotes
the position ratio between the black hole horizon 74 and the
cosmological horizon r., and the effective temperature Test,
the effective pressure Pefr, and the effective potential Qg of

the system are determined from Eq. (2.12), respectively

fix) | GPH)  dgtafi(x)
Tegr = e rf”_3 - ré‘"_5 , (2.15)
with
k((n—2—nx?)(1—x")+2(n— Dx"(1 — x?))
S = 4 x (1 4 xntlh
Cax"(1—x""%) — (n = 2)(1 — x> 2)
h0) = 2ax 30 +x"hH(n -1 =2) ’
) = —Bn —4) + Bn — D" £ ux"(1 — XY
i) = (1 +x"H(3n — 4)(n — x> ’
_ 3n—1 _ .n\(m—1)/n
Fa(x) = 53— (1 =x%)
2n—1y _ _ n—1
_ n(l+x )—(2n— Dx"(1 +x). 2.16)
2n — (1 —x™)
o (32)
eff = BQ sv
(=D —x"")g [ 1
A=yt e =D —-2)
4q20l (1 +x2n—2)i|
— . 2.17
(Bn2 — Tn + 422 x2n2 2.17)
fax) @ 50 qrafs(x)
Pegf = p 212 - nd (2.18)
with
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_ —k Fy(x)(n —)(n —2 —nx? + 2x") 2
fax) = 6wl 1 a1 ( o —am) - F,(0)0 —x )(n—2)>

_ —1 Fy(0)(n = D200 — Dx" — (n = 2) — nx®" 2] / -2
s = i - 1)(1+xn+1)< =20 —x7) + xFy(x) (1 — x ))

_ F@)(m—D[@n—4) +40n — Dx" — nx™ ] 4+ xF(x)(3n — 41 —x")(1 — x*Y)
Jot)y == 4rx¥=5(1+ 11— xM)Bn —4)(n — 1) ' @19
substituting Eq. (2.15) into Eq. (2.18), one obtain

b0 _ FoOTE i) folx) = fa) f3()
Pegp = Jo () Tegr _ fl(x)f6(x2) — fa(x) f3(x) eff — r f3(x) 2 f3(x)
/30 e o) 5@ ) — () folx) -
L CUE L) = HE) f6(0)) + : (3-2)

2.20
2" f3(x) 220

"2 f3(x)

where r; and r; stand for the positions of the cosmological

The thermodynamic quantities presented above are obtained 50 of two regions of phase coexistence, respectively.

by treating the whole HDTNS spacetime as a thermodynamic
system. Therefore, this approach enables us to obtain ther-
modynamic quantities that reflect the thermodynamic prop-
erties of the HDTNS spacetime. Based on this analysis, the
thermodynamic properties of the HDTNS spacetime can be
evaluated.

3 The construction of the equal-area law in the P — V
diagram

When the ratio x of the two horizons in the HDTNS spacetime
is constant, the effective temperature is Te?cf (Te(l)cf < TS
and Tj is the critical temperature. For the system to sat-
isfy the thermodynamic equilibrium condition, the horizon-
tal coordinates of the boundaries of the two-phase coex-
istence region in the HDTNS spacetime must be V, and
Vi, respectively, and the vertical coordinate of the pres-
sure is Peoff. The value of Peoff is determined by the cos-
mological horizon radius r.. By Maxwell’s equal-area law
[27,57,58,60]

Va

PegdV, (3.1

PY(Va — V1) =/

Vi

through Eq. (3.1), we obtain

o _ SoOTG  fit) folx) = fax) 1)
00 r1 f3(x)
N G>(fs(x) f3(x) — fo(x) fo(x))

22 f3(x)
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TS foory ™1 =y

0}’5’ ny __
Pegr—-(1=") =

(=D f3(0)
LA fe) = i) I = ")
(n=2)f3(x)

N 7 () fox) = 50 5N —y" )
(n —2)r32yn=2 f3(x)

(3.3)

Through Eq. (3.2), we obtain

0=—fo(x)TH(1 —y)
L N0 f6@) = fa() f3) (1 = y?)

rny

(0 () = ) e =y )

2n—3 _
r y2n 3

)

(3.4)
PO _ foOTS( + y)
eff — = A~ - N
2ryf3(x)
(i) fox) = fa(x) f3) (A + y?)
2r3y2 f3(x)
> (f5(x) f3(x) — fo(x) fo(x) (1 + y*"~2)
+ T .
2" 2 y22 f3(x)

(3.5)

where y = ry/r; is the cosmological (black hole) horizon
position ratio of the two-phase coexistence region. Through
Egs. (3.3) and (3.5), we obtain



Eur. Phys. J. C (2024) 84:748

Page 50f 13 748

FeCOTHI + )1 —y") —n(1 —y)(A + y")]
2(n — 1)

" (f1(30) fo(x) = fa(x) 5D = 2)(1 = y*) = (n +2)y* (1 = y" )]

2ray(n —2)

_ WG — L) fe))n =2 +y* (A —y") — 2my" (1 - y" )]

2r3" 3y =3(n — 2)

(3.6)

Through Egs. (3.4) and (3.6), we obtain

g _ N y) LK) fe(x) — fa) f3(0)]
iy fon, y) [0 f3(60) = f2(0) fe ()1

value of x. The behavior of the effective transition pressure
Pfﬁ increases with the increasing value of x for a given effec-
tive transition temperature Te%f.

Wheny — 1,by Eq. (3.7), the position of the critical point
of the cosmological horizon, r.., for different dimensions n

3.7
in HDTNS spacetime satisfies
with
1 1 I—y" —n(l -y n —2)(] — y*t+2y — 2)v2(] — 2
fl(n,y)z[( + [+ —y") —nd = y)( +y)]+[(n (1 =y —(n+2)y°(d -y )]}
(n—=1) (n—=2)

— n=2 — 9y — ne1 _ yh—2
fz(n,y)=[[(” DA +y" U=y =2y A= y")]

(n—=2)

L=y [0+ =y —n(l —y)(1L+yM)]
(n—1)(1—y)

From Eq. (3.2), we obtain
i) fe(x) = fa(x) f3(x)

PY =
ot r3yfa(x)
_ ,2n-3
x (1 _ -y >f1<n,y>> s
70 _ f1(x) fo(x) — fa(x) f3(x)
o 12y f6(x)
(1—y*72) fi(n, y))
1 - 3.9
X<( T T fy (3-9)

Combining Egs. (3.8) and (3.9), the Peoff — Te(%f curve for the
two-phase equilibrium coexistence is shown in Fig. 1.

From Fig. 1, the effective transition temperature Te(%f and
pressure PeOff of the two-phase coexistence are affected by the
spacetime dimension n and the ratio x when the phase transi-
tion occurs in the HDTNS spacetime. As shown in Fig. 1a, the
position of the critical point in HDTNS spacetime increases
with increasing x, the critical temperature 74 and the pres-
sure pS (the endpoint of the curve) increase with n, and the
behavior of the effective transition pressure Peoff decreases
with increasing n for a given effective transition temperature
Te(%f. Figure 1b shows that the behavior of the critical temper-
ature T in HDTNS spacetime decreases with the increase
in the value of x. However, the behavior of the critical pres-
sure P, in HDTNS spacetime increases with the increasing

J2n—4 _ q*(n = 1)(2n = 3)(fs(x) f3(x) — fo(x) f(x))
“ J1(0) fo(x) — fa(x) f3(x) '

(3.10)

The critical temperature 7 and the critical pressure Py
satisfy the following equation

_ A =110 fe(x) — fa(x) (0]

Ten = @n = 3) fo(X)rec
_ A0 =LA@ f6(0) = f3(0) )]
(2n —3) fo(x)
y < F100) fo(x) = fa(x) f3(x) )1/@"*4)
g2(n — D2n = 3)(f5(x) f3(x) — f(x) fo(x)) ’
pe = = (i) fo(x) = fo) f3() G.11)

(=1 f3()rg,

The values of x in Egs. (3.10) and (3.11) can take on any
value of 0 < x < 1. However, for a thermodynamic system,
these values must satisfy r.. > 0, PG > 0, TG > 0. The
critical values for the reaction in Fig.2 vary depending on
the value of x.

Figure 2 shows the critical horizon position r,., the critical
temperature 7.5, and the critical pressure Pg; of spacetime
for a fixed x increase with increasing spacetime dimension
n.

@ Springer
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Fig. 2 The behavior of rczf*‘l, TS, and P& as a function of x (setting ¢ = 1)

0.8
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0

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Fig. 3 The behavior of x as a function of y

Taking Te(%f = x T, from Egs. (3.9) and (3.11) we obtain

_ (@n-3) <(n —D(2n —3) fi(n, y)>1/(2n—4>
T a2y fa(n, y)
1=y fin, y)}
1=yh - . 3.12
" [( - F.y) (3.12)

Figure 3 shows the change in the effective temperature Tey
of spacetime as a function of the cosmological (or the black
hole) horizon position ratio y of the two-phase coexistence

@ Springer

region during a first-order phase transition. Figure 3 shows
that the effective temperature Te(}f of the coexistence region
for a fixed y decreases with increasing spacetime dimension
n.

Because of the existence of gravity in the system, the inter-
play between the black hole and cosmology horizons should
be considered, and we say that the thermodynamic volume
is that between the black hole horizon and the cosmological
horizon, V = V. — V,, i.e., Eq. (2.13) in this work. On the
other hand, for the space between the black hole outer hori-
zon (generally called the black hole horizon) and cosmology
horizon, the different Hawking temperatures on the two hori-
zons prevent a dS spacetime with a black hole in equilibrium
as similar to an ordinary thermodynamic system, while there
are common parameters M, Q on the black hole and cosmo-
logical horizons. Thus, the thermodynamic quantities on the
two horizons are not independent. The interplay between the
two horizons must be taken into account when constructing
the effective quantities of a dS spacetime with a black hole
in thermodynamic equilibrium. From V, . in Eq. (2.10) and
the definition x = r4/r., the relationship of the effective
pressure Peg and the ratio x is established. Based on these
and Ehrenfest’s classification of phase transitions, the system
undergoes a phase transition that satisfies the conditions for a
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Fig. 4 The behavior of the effective pressure Peg as a function of V, a for different x, b for different x, ¢ for different n (setting ¢ = 1)

first-order phase transition when 0 < x < 1. By substituting
Eq. (3.12) into Eq. (2.20), we obtain

4(n —2) [ f1(x) fo(x) — fa(x) f3(x)]
(2n = 3)re f3(xX)ree
i) fe(x) — fa(x) f3(x)
r2 f3(x)
N q* (fs(x) f3x) = fa(x) fo(x))

&2 f3(x)

Pegr = x

, (3.13)

The Pesf — V curve for different x, x, and n can be plotted
from Egs. (2.13) and (3.13) in Fig. 4.

The values of V, and V; for different effective temper-
atures Tt (i.e., different values of x) can be found using
Egs. (2.13) and (3.7). The red dots in the Fig. 4a indicate the
boundary point of the coexistence region, and the intervals
between the parallel horizontal coordinates of the two red
dots represent the two-phase coexistence region. Figure 4b
shows the behavior of effective pressure Pegr as a function of
thermodynamic volume V under fixed spacetime dimension
n and effective critical temperatures 7 for the occurrence of
the phase transition in HDTNS. By examining Fig.4b, from
the position ratio x of the two horizons, it is observed that the
behavior of the effective pressure Pesr is different in different
thermodynamic volume ranges, keeping the thermodynamic
volume V constant. In the small (large) thermodynamic vol-
ume range, the effective pressure Pefr during the phase tran-
sition increases (decreases) with an increase in the position
ratio x of the two horizons in the case of fixed V. Figure4c
shows that for the same thermodynamic volume V and posi-
tion ratio x of the two horizons, the effective pressure Pegt
increases with increasing spacetime dimension 7.

The Gibbs free energy in HDTNS spacetime can be
expressed as follows:

G@e,x) =M — Tegr S + PegrV. (3.14)

The G7,; — Pesr curves for different x are plotted in Fig. 5.

—x=1.0
—x=0.9
10F x=0.8
9.5
gl
8.5
8 | I I 1Pefr
0.0005 0.001 0.0015 0.0020 0.0025

Fig. 5 The behavior of Gibbs free energy Gr,; as a function of the
effective pressure Pesr given fixed x = 0.4, n = 3 for different x
(setting g = 1)

Comparing Fig.4a with Fig. 5, when x = 0.9, that is,
the effective temperature Teir < Ty, it is found that the
G4+ — Pefr curve contains an intersection, which is similar to
that of the van der Waals system and the Ads black hole. The
first-order phase transition occurs at the intersection of the
isothermal G 7,;; — Petr curve in HDTNS spacetime according
to the Gibbs free energy criterion at isothermal and isobaric
conditions. When x = 1, the isothermal Gr,; — Pefr curve
varies continuously with a single value, indicating that the
HDTNS spacetime is in a single state. This state corresponds
to the vapor phase of the VAW system.

To ensure that the thermodynamic system meets the
requirements of equilibrium stability, the isothermal Pegs — V'
curve cannot have negative pressure, and therefore the lowest
temperature meets the requirements of

P 3 Pegy Orc
( eff) :< eﬁ) (i) =0, Pus(V, Tetr)
WV ), ar¢ T aVv Ty

=0. (3.15)
From Eq. (3.12), we obtain
q’ N1 fo(x) = fa(x) f3(x)
m—a . (3.16)
P28 T 20 = 3) (50 f3(0) — () fo(x)

@ Springer
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Fig. 6 The behavior of the lowest effective temperature Te'j;f" as a func-
tion of x for different n

The minimum temperature Tell?fi“ of the spacetime satisfies

min _ 2(n —2) (fl (x)fG(x) - f4(x)f3(x))
eff (2n —3) fo(x)
5 ( F1(0) fox) — fa(x) f3(x)

1/(2n—4)
(2n —3)q? (f5(x) f3(x) —fz(x)fﬁ(x))> '
(3.17)

The ratio of the minimum effective temperature Te‘}lfi" to
the critical temperature T of the spacetime

erPfin (n— 1)1/(2/1—4)
= 2 5

c
Teff

(3.18)

is independent of the ratio x of the positions of the two hori-
zons, and is only related to the dimension n of the spacetime.
The erFfi“ — x curve is plotted in Fig.4 for different space-
time dimensions n. The behavior of Te‘;‘fi“ for a fixed x also
increases with increasing n, which is consistent with Fig.2b
(Fig. 6).

The r{f,—: — x and rﬁ—: — y curves for different n are
plotted 1121 Fig.7 from E(21 (3.7). Figure 7 displays the corre-
lation between the potential at the horizon and the spacetime
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dimension n during a phase transition. Additionally, Fig. 7a
depicts the behavior of the potential at the transition point as
a function of the ratio x, which represents the black hole hori-
zon position to the cosmological horizon position, for a given
ratio y of the cosmological (or the black hole) horizon posi-
tion of the two-phase coexistence regions. Furthermore, the
potential at the boundary of the coexistence region decreases
as the spacetime dimension n increases. Figure 7b illustrates
the behavior of the potential at the phase transition point as
a function of the ratio y, which represents the cosmological
(or black hole) horizon position of the two-phase coexistence
regions in spacetime, for a given ratio x of the black hole
horizon position to the cosmological horizon position. It is
evident from Egs. (3.7) and (3.10) that the phase transition
of the HDNTS spacetime depends on the cosmological (or
black hole) horizon potential for a given effective tempera-
ture Tegr (i.e., x is fixed), rather than that between a large

black hole and a small black hole. The potential ¢; = rzf—_z
1
at phase 1 with a small cosmological horizon radius is larger

than the potential ¢p = rz,’{—_z at phase 2 with a large cos-
2
mological horizon radius, i.e. ¢1 > ¢>. In fact, for the given

effective temperature Tefr, the HDTNS spacetime will be in
a two-phase coexistence state if the corresponding potential
satisfies ¢ > ¢ > ¢, while it will be in a single-phase state
if the potential satisfies ¢ > ¢ or ¢ < ;. Therefore, the
HDTNS spacetime with the potential satisfied by ¢ > ¢
or ¢ < ¢ corresponds to the liquid or gas phase of the
vdW system, respectively, and the HDTNS spacetime with
the potential in the interval of ¢; > ¢ > ¢, corresponds to
the gas-liquid coexistence region.

4 Two-phase equilibrium coexistence curve

In the two-phase coexistence region of a thermodynamic sys-
tem, the Gibbs free energies must be equal. If pressure and
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Fig. 7 The behavior of rz‘fﬂ as a function of x and y for different n, respectively
2
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temperature are altered during two-phase coexistence, the ((f 1(0) fe(x) — fa(x) f3(x))
Gibbs free energy of both phases must change by the same (fs(x) f3(x) = fa(x) fo(x))
amount, i.e. dG! = dG2. However, the Gibbs free energy 1 1/2
of the twq phases is not yeF fully known for ordi'nary ther- X (1+3y+72 433 + y4)) (4.3B)
modynamic systems. To gain a better understanding of the
two-phase coexistence region, the slope of the P — T curve at When n = 5,
the boundary of the two-phase coexistence, i.e. the Clapeyron
equation, is provided. 70 _ (f1(x0) fo(x) — fa(x) f3(x))
p . o fo() (1= y)
— = 0 4.1 - 176
aT T — VD) 4.1 « ( gfl @) f6(x) = fa0) 5(x) ( )>
g7 (f5(x) f3(x) — f2(x) f6(x))
Here, L = T (S, — S1) represents the latent heat of the phase X [(1 — ) = Fi(y)(1 — y2"_2)] , (4.20)
transition, and V7 and V; stand for the volume of the sys-
tem in phase 1 and phase 2, respectively. The Clapeyron
equation agrees well with the experimental results for ordi- 2
nary thermodynamic systems, providing direct verification Pe(i‘f =7 (100 f6(x) = fat) f3())
of thermodynamic correctness. For the HDTNS spacetime f3(x)
thermodynamic system, by substituting Eq. (3.7) into Egs. » (f1(x) fo(x) — fa(x) f3(x)) F1(y) Fi(») 13
(3.6) and (3.5), we obtain the following. G2 (f5(x) f3(x) — f2(x) fo(x)) 1
When n = 3, 1—v2)— F 1 — y2n—2
y [( y) —Fmd —y™™) —1+y6F1(y)i|,
y(d =y
o _ (G f6l0) = i) 5004y + ) (4-3€)
eff — 2
qfe(x)(1 +4y +y%) with
(3+4y+3y?)
Fi(y) = 3 3 1 5 6 7 8y
(3 + 12y + 30y + 60y> + 70y* + 60y> 4+ 30y° 4 12y’ 4 3y°)
( J1(x) fo(x) = fa(x) f3(x) )1/2 The slope of the two-phase equilibrium P%; — T curve
(fs) f3(x) — fo(x) fo(x))(1 +4y+y?) ) ' fromEgs. (4.2A) and (4.2B) for HDTNS satisfies the follow-
(4.2A)  ing.
When n = 3,
0 3y2(f1(x) fo(x) — fa(x) f3(x))? dPgy _ 3fe(x) ((fl(x)fﬁoc)— fa@) f3(0)) )‘/2 Fia ()
= . 0o - _ / 4
eff fg(x)qz(fs(x)f3(x) — HX) fe(x))A +4y + y2)2 dTg 4qf3(x) \ (fs(x) f3(x) — f2(x) fe(x)) Fya(y)
(4.4A)
(4.3A)
When n = 4, with
2
y ya+y)
3(f1(x) fo(x) — fa(x) f3(x 1+y)? Fiay) = ——————5, FPAa0)=—7—5373"
g/~ fe(x)(1 43y + 7y~ +3y° + y*) (4.5A)
« ((fl(x)fG(x)_f4(x)f3(x)) , B dFjA(y) , B dFZA(y)
(f5(x) f3(x) = f2(x) fo(x)) Fia(y) = Ty Fyu(y) = iy
1 1/4
, 4.2B
* (1+3y+7y2+3y3+y4)> (420 When n =4,

dPY  folx) ((fl(x)fs(X)—f4(x)f3(x)))1/4 Fip()

PO _ 2y (f1(x) fo(x) = fa(x) f3(x) (1 43y 4+ %) dTg "2 /00 \ (S0 60 = 00 f6(0) FZ/B(y()‘; )

eff = g3 (1+3y +7y2 +3y3 + y%)
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with
y2(1+3y +y%)
Fip(y) = 5 T4
(1 +3y+7y*4+3y°> +y%)
1 1/2
X 9
((1+3y+7y2+3y3+y4))
y(1+y)?
F =
25() A +3y +72 + 33 + %
1 1/4
} 4.5B
x ((1+3y+7y2+3y3+y4)) ( )
Whenn =5,

Pk _ fox) ( (f1(0) fo(0) = fax) f3(x) )”6 Fie®)

a1~ A0 \A(S@ fH0) — L& fe(x) ) Fje()’
(4.4C)
with
Fic() = y* (Fioy)'?
02y )
X[a ¥2) — Fi(»)(1 —y )_HyﬁFl(y)]
y(1—y)
F 1/6

Pc(y) = % [(1—yD) = Fion( =y ). (4.5C)

Equations (4.4A-C) represent the slope of the Peoff - Te(}f
curve when the two phases coexist in equilibrium.

The latent heat L of the phase transition of the HDTNS
spacetime thermodynamic system can be obtained from Eqgs.
(4.1) and (4.4).

dr (1+y) (1-y%)
L= 5
¥ f3(x)

X (f1(x) fox) — fa(x) f300))?

T (fs0) 500 — o) fo@))

F{(y)
Fy(y)’

(4.6A)

The latent heat of the phase transition can be expressed as
a function of x and y by using Eq. (4.6) with ¢ set to 1. The
plotted L — y curve is shown in Fig. 8.

Figure 8a shows that the latent heat L of a first-order phase
transition in spacetime decreases as the ratio x of the posi-
tions of the two horizons increases for a fixed y, while keep-
ing the spacetime dimensions n fixed. The data presented
in Fig.8b show that the latent heat L of the phase transi-
tion increases as the spacetime dimensions n increase, while
keeping the ratio x of the positions of the two horizons fixed.
Additionally, based on Fig. 8, the effect of the ratio x of the
positions of the two horizons on the latent heat L of the phase
transition for first-order phase transition in spacetime is less
significant than that of spacetime dimensions n, provided that
all other factors remain constant.

5 Conclusion

Black hole thermodynamics serve as a connection between
general relativity, classical thermodynamics, and quantum
mechanics. The topic is of significant interest due to its
direct relation to various fields of physics, including gravity,
statistics, and particle and field theory, in which black hole
thermodynamics play a crucial role. Although the statisti-
cal description of the corresponding thermodynamic states
of black holes remains unclear, the study of the thermody-
namic properties of black holes and the critical phenomena
remain of interest. This paper extends the study of black
hole thermodynamic properties to the HDTNS spacetime and
discusses the extended phase transition based on the effec-
tive thermodynamic quantities in HDTNS spacetime. The
phase transition of HDTNS spacetime is analyzed by apply-
ing Maxwell’s equal-area law, revealing similarities to the
van der Waals system. The potential at the horizon depends
on the horizon position, the potential charge, and the position
ratio x between the two horizons, as given by Eq. (3.7), when
the effective temperature Te(}f of spacetime is provided. It is

V(1= g% (f5(x) f3(x) = fo(x) fsN'Z (f1(x) fo(x) — fa(x) f3 ()

) L4y +)2
x (1+3y +7y* +3y* +yH¥4( +y)3F1,B(y), (4.6B)
FZB(y)
_ qVs(1-y) Fl/c(Y)O [(1 _ yz) ) (1 _ y2n—2>]
53 (Fr(y)*3 (1 —y) F3e ()
(f5(x) f3(x) = f2(x) foCN V2 (f1(x) fo(x) = fa(x) f5(x))'/?
X . (4.6C)

f3(x)
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Fig. 8 The behavior of L as a function of y for different x and n, respectively (setting ¢ = 1)

important to note that this differs from the phase transition
observed in AdS black holes [57,58]. Figure 7 illustrates the
relationship between the potential at the horizon and the posi-
tion ratio x between two horizons, as well as the spacetime
dimension n, when a phase transition occurs in spacetime.
In the vdW system, the phase transition at a fixed temper-
ature is primarily due to the interaction between molecules
within the system. In HDTNS spacetime, however, the phase
transition is mainly caused by the magnitude of the electric
field experienced by the “molecules” of this system. For the
system in the high potential state, where the “molecules”
are arranged in an orderly manner under the influence of a
strong electric field, the system is in an ordered phase. Con-
versely, in the low potential phase, where the “molecules”
are arranged in a disorderly manner under the influence of a
weak electric field, the system is in a disordered phase. The
molecules affected by thermal fluctuations and electric fields
are in the phase transition region between disorder and order,
or order and disorder, when the system is in the two-phase
coexistence state.

According to the discussion in Sect. 3, when the HDTNS
spacetime has a temperature greater than its minimum effec-
tive temperature, Te“flfin, its effective pressure, Pesr, is also
greater than zero. This meets the requirement for the thermo-
dynamic system to be in a stable equilibrium state. Therefore,
we consider the sign in front of the Pegrd V term in Eq. (2.12)
to be a positive sign, which satisfies the first law of thermody-
namics relative to HDTNS spacetime. This is different from
the literature [62], where the Pefrd V termin Eq. (5) is taken as
a negative sign. Equation (3.18) demonstrates that the ratio
between the minimum effective temperature Te‘%in and the
critical effective temperature TS of the HDTNS spacetime
is independent of the ratio x between the two horizons. This
conclusion is consistent with the findings for AdS black holes
[63,64].

This work examines the thermodynamic properties of
HDTNS spacetime and investigates the effect of spacetime
dimensions n and the ratio x between two horizons on these
properties. The microstates of the internal “molecules” dur-
ing the phase transition of spacetime are useful for explor-
ing the microstructure of dS spacetime in depth. The study
of the microstructure of black holes is particularly important
for understanding their fundamental properties in gravity and
for the establishment of quantum gravity.
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