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Abstract This paper examines the effects of a new form of
the extended generalized uncertainty principle in the Snyder—
de Sitter model on the thermodynamics of the Schwarzschild
and Reissner—Nordstrom black holes. Firstly, we present a
generalization of the minimal length uncertainty relation with
two deformation parameters. Then we obtain the corrected
mass—temperature relation, entropy and heat capacity for
Schwarzschild black hole. Also we investigate the effect of
the corrected uncertainty principle on the thermodynamics
of the charged black holes. Our discussion of the corrected
entropy involves a heuristic analysis of a particle which is
absorbed by the black hole. Finally, we compare the thermo-
dynamics of a charged black hole with the thermodynamics
of a Schwarzschild black hole and with the usual forms, that
is, without corrections to the uncertainty principle.
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1 Introduction

The consideration of the fundamental length scale at the order
of the Planck length leads to a nonzero minimal uncertainty
in the measurement of the position. In high energy physics,
the study of deformed quantum mechanics plays a crucial
role in removing infinities in standard field theories. In the
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last decade, some approaches towards understanding physics
at this scale, based either on string theory or other quantum
gravity paradigm have been studied [1-7].

The modified commutation relations between position
and momenta, commonly known as Generalized Uncertainty
Principle (GUP) and other similar relationships, are related
to the prediction of a minimum measurable length [8-16].
This approach is motivated by the investigation of the quan-
tum behaviour of black holes as the most interesting objects
in physics. The study of black hole physics determined that
a valid theory of quantum gravity must include a minimum
length scale. Therefore the energy in any region of space
below the Planck length is greater than the energy required to
create a mini black hole in that region of space. Furthermore,
some authors have recently proposed the corrected uncer-
tainty principle which also implies the existence of a max-
imum measurable momentum [17]. Actually, because this
GUP is consistent with Doubly Special Relativity theories
(DSR) [18-22], this GUP implies the existence of a mini-
mum measurable length while the existence of a minimum
measurable momentum in turn requires the modification of
the Heisenberg uncertainty principle into an Extended Uncer-
tainty Principle (EUP) [23-30]. The more General Extended
Generalized Uncertainty Principle (EGUP) is obtained by
combining GUP and EUP, from a model of DSR on an (anti)-
de Sitter background. Actually, the connection between GUP
and EUP is revealed with EGUP [31-35]. In Ref. [32],
the deformed two-dimensional relativistic bosonic oscilla-
tor equation for charged spin O and spin 1 particles moving
in a uniform magnetic field with the Snyder—de Sitter model
has been studied.

The better-motivated derivations of the EGUP are given as
GUP and EUP that motivated by the quantum-gravity idea
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of the smallest possible position and by physics in anti-de
Sitter space respectively. Compared with the GUP and EUP,
the EGUP can be applied to a large scale spacetime, hence its
applicability range is wider. By defining the concise calcula-
tion method and understanding the physical meaning, it pro-
vides a reference for the determination of the thermodynam-
ical properties of the black holes. In recent years, the study of
the Schwarzschild black hole physics with GUP [36—40] has
revealed that the Hawking radiation of a black hole depends
on the properties of the black hole and the tunneling parti-
cle. In Ref. [30], an effective EUP-corrected Schwarzschild
metric is constructed, and the associated black hole charac-
teristics are considered. In Ref. [41] the thermodynamics of
Schwarzschild and Reissner—Nordstrom (RN) black holes in
the framework of GUP with correction terms up to fourth
order in momentum uncertainty have been investigated and
this has led to the existence of a remnant mass thereby pre-
venting the complete evaporation of the black hole. Also
it has been observed that analytical expressions for these
masses can be obtained for terms of the order of (Ap)® in the
momentum uncertainty.

In Ref. [42], the effect of space noncommutativity on the
thermodynamics of RN charged black hole is investigated.
Also, the Gauss—Bonnet theorem (GBT) is examined with
quantum corrections through EUP and the corresponding
deflection angle is obtained [43]. In Ref. [25], the influence
of the GUP and EUP on the thermodynamics of the FRW uni-
verse has been investigated. In this paper, we have studied
the thermodynamic properties of the Schwarzschild and RN
black holes in the framework of EGUP with two deformation
parameters.

This paper is organized as follows: in Sect. 2 , we present
the new form of EGUP in Snyder—de Sitter model that
we consider. In Sect. 3, we calculate the corrected mass—
temperature relation and heat capacity and entropy for the
Schwarzschild black hole. In Sect. 4 by considering the RN
charged black hole, we discuss the EGUP corrected ther-
modynamic properties. Finally, a conclusion is presented in
Sect. 5. Before proceeding any further, it should be noted that
in this manuscript, we set 7 = 1.

2 The new extended uncertainty principle

In the non-relativistic Snyder—de Sitter model, we introduce
the deformed Heisenberg algebra in three-dimensional case
by the following commutation relation as [32]

[Xi, Pjl=1i(8;j + o1 X; X + o P P;

+Jaran (XiPj+ P X)), i=1,2,3, 2.1

where o, o are the small positive parameters of deforma-
tion. We define L as the component of the angular momen-
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tum, which can be expressed as follows

Ly = ¢jiX;Pj, (2.2)
satisfying the usual algebra
[Xi, Xjl =iazeijiLk, [P, Pjl=iay&;jrLg
[Li, X;] =igijuXk, [Li, Pj]=igijiPx,
[Li, Lj]=igijiLk. (2.3)

According to quantum mechanics, inserting the commutation
relations (2.3) into Eq. (2.1) for one-dimensional case leads
to

1
AXAP > 3 (14 x +a1(AX)? + ax(AP)
—2/aja; AXAP),

where x = («/ocl (X) + Jar (P))2 > 0. The relation (2.4)
implies the appearance of a nonzero minimal length in posi-
tion and momentum uncertainties [32]

AX > o (1+x)
1+2/ajon

aps |40
1+2/ai0;

By defining ¢ as the speed of light and « as the Boltzmann
constant, we can consider the black hole thermodynamics for
any massless quantum particle near the black hole horizon
with mass M as follows [29]

cAP
T = , (2.6)
K

(2.4)

2.5)

and by inserting the obtained minimal momentum as Eq. (2.5)
into Eq. (2.6), the lower bound for the black hole temperature
has been found as

c [ ar(I+x)
T > Thin=—,| ——————,
e 142 /ajan

3 Thermodynamics of Schwarzschild black hole

Q2.7

We utilize the Schwarzschild radius of the black hole as rg =
2(C;zM [41] where G is the Newton’s universal gravitational
constant and we can consider the position uncertainty of a
particle as the order of the Schwarzschild radius of the black
hole near the horizon of the black hole
2A.GM

2’

AX = Arg =

3.1)

where A is a scale factor. By substituting Egs. (2.6) and (3.1)
into Eq. (2.4) we find

2GMT 1 2AGM\?
1 LR

3 2
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+az(ﬂ) e (M)). 32
C

By solving above equation versus 7 and by introducing m p
as the Planck mass, we have obtained the following solution

of the absence EGUP is comparable with the semiclassical
temperature obtained as 7 = (é";r” CA),I in Ref. [29].
In the usual case, the heat capacity for the black hole is

given by

for the black hole mass C=¢2 d_M (3.9)
M= mziizm{%MGT(ler) ar ) S
Then, by considering the mass—temperature relation given in
—\/—16G2A2a1 (¢* (14x) +c262T%a) +(4chGT)2(1+M)2}. Eq. (3.3), the heat capacity corresponding to the uncertainty
(33) relation that arises from EGUP black hole can be obtained as
e (206 GT (14 2y/@1%) + (1 + V@I@) | —4e272G2 (2 (1 + ) 1 = K2T2 (1 42 /@)
C= . (3.10)

47 Gary [ —4c2w2G (2 (1 + x) a1 — k2T (1 + 2, /@ic02))

For small values of deformation parameters, the above equa-
tion can be written as

A+ x) + ac?k?T?
" 4ckAGT (1 + A/alaz) ’

With a1 = @ = x = 0 in the absence of correction due to
EGUP and considering the relationship of the Planck mass

(3.4)

as (mpc)* = 5 we have
ct (mpc)2 (3.5)
T 4ckAGT 4T '

If we compare this expression with the semiclassical mass
M = (g" nPKc%z [42], we can obtain A = 27. By solving
Eq. (3.2) versus T and by introducing mp as the Planck
mass, we have obtained the following solution for the black

hole temperature

{SCKJTGM (1+/era2)

T 222y

—\/—46 2oy 4(1+X)+16G2M27'[2af])+(8CK7TGM)2(1+«/0[10[2)2}.

(3.6)

With small values of the deformation parameters, the above
equation can be written as

A4 ) + 16072 GPM?
8ckn GM (1 + A/alozz)

If we consider the absence of correction due to EGUP i.e.
a1 = ap = x = 0, the above relationship for temperature
can be rewritten as

A3 (mpc)2

T 8knGM  8knM
where the relationship of the Planck mass is defined as

(3.7)

(3.8)

3 .
(mpc)? = % We can see that the result obtained for the
corrected temperature given in Eq. (3.6) in the condition

For small values of deformation parameters, the above equa-
tion can be written as
3k (02 (14x) 4«2 (—=24T) Taz)
4GT (— (14+x) a1 +k2T? 2—ajon+2/a1a3))’
3.11)

and it can be seen that the above relationship, for the value
of @y = ap = x = 0 in the absence of corrections due to
EGUP can be rewritten as

o

 8nkGT?

Therefore, the corrected heat capacity in the absence of
EGUP is consistent with the semiclassical heat capacity
m ,, 204

C = — %7 obtained in Refs. [29] and [41].

In order to calculate the entropy S in terms of the black
hole mass, a useful heuristic method for a particle which is
captured by the black hole has been presented in Ref. [21]. In
this method, the black hole is considered as a sink for particles
as well as the black hole’s size and temperature are denoted
by AX and A P parameters respectively. We should consider
the fact that the black hole mass is not allowed to be less than
a scale order Planck mass and the momentum uncertainty is
not allowed to be greater than the mass (A P < m). When the
particle disappears in the black hole horizon, its information
is lost to an observer outside the horizon and the loss of
information is one bit at least, i.e. (AS)pin ~ In2 [21]. Also
the smallest increase in the area of a black hole is given by

(3.12)

A~ Xm, (3.13)

where X and m denote the particle’s size and mass, respec-
tively. For a classical particle, (AA)min = O, whereas in
quantum mechanics, a particle is described by a wave packet.
By defining the width of a wave packet as the standard devi-
ation of X distribution, we can consider the position uncer-
tainty as the characteristic size of the particle (X ~ AX).

@ Springer
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Therefore, the representation (3.13) rewrite as follows [21]

A>AXAP > ER, (3.14)

where & and /' denote the calibration factor and the effective
Planck constant respectively. In order to obtain the effec-
tive Planck constant, " in Eq. (3.14), we rewrite Eq. (2.4),
which corresponds to the uncertainty relation that arises from
EGUP, as

1
AXAP > —MM —
2(1 + Jaraz)
/

h
x (1 T x +a1(AX)? +a2(AP)2> =
(3.15)

Therefore, by considering the minimal length in position and
momentum uncertainties obtained as Eq. (2.5), the effective
Planck constant can be calculated as

1 o102 (1 4+ %)
W=r———— 1+ x+ ——=). 3.16
(1 + 4/011012) ( X 1+ 2/aia (3.16)
In terms of the black hole horizon area A = 4mr? =

167 ( % ), the semiclassical entropy for the Schwarzschild

black hole is § = ng where £p denote the Planck length.
In [41], the entropy I%or the Schwarzschild black hole for
(h =c=G =« = 1)is defined as S = %. Also, from
consistency of thermodynamic information of the black hole
in absence of EGUP with the semi-classical case, we can
define £ = 41n2 [21]. Also by considering the Heisenberg
uncertainty principle, the minimum increase in the horizon
area is given by

dA AA) i

— = m =47, 3.17)
ds (A N ) min
Therefore, the EGUP-corrected entropy of the black hole can

be derived as

ds AS) i dA
S=/—dA: (AS)min A:/—/.

dA (AA) min 4h
From Egs. (3.16) and (3.17), the corrected entropy can be
written in the form

A G*M?
S = 0—4 (1 + «/OlIOZZ) <1+X+

(3.18)

20100 (1 + )())_1

14+2/ajan
(3.19)

For values of ®; = ap = x = 0, in the absence of correction
due to EGUP, we have
_ 4nG*M?

S=——F—=mr

= 2, (3.20)

We can see in the absence of correction due to EGUP, the
relationship obtained for entropy reduces to the semiclassi-
cal Bekenstein-Hawking entropy for the Schwarzschild black
hole as S = % [41]. Also we can investigate the behavior of

@ Springer

the corrected black hole entropy versus different character-
istics of Schwarzschild black hole.
4 Thermodynamics of Reissner—Nordstrom black hole

In this section, we consider a RN spherical black hole with
mass M and charge Q described by the metric [44,45]

d 2
ds® = F(di® — 2 12a0? + sin20de?),

4.1
fr)
where
oM Q2
f)=1-—+—=-. 4.2)
r r
This metric admits two possible horizons:
r=M=%y/M?2 - Q2 4.3)

Actually, when a black hole becomes charged, the event hori-
zon shrinks and another event horizon appears near the sin-
gularity and the above two values for r are corresponding to
the outer and inner horizons. Since, in the limit of Q = 0,
we should recover the Schwarzschild radius ry = 2GM/ 2,
we consider the plus sign in Eq. (4.3) and the corresponding
radius will be radius of the outer horizon.

By defining the radius of the horizon of RN black hole as
RN = % [41] where rg = M ++/M? — Q2, and since near
the horizon of the RN black hole, the position uncertainty of
a particle will be of the order of RN radius of the black hole,
then we find [21]

yGM + M2 — Q2
c? ’

AX = yrgry =

4.4)

where y is a scale factor. By substituting the value of AX
and AP from Egs. (4.4) and (2.6), the relationship of EUP
(2.4) can be rewritten as

2 2
m,c Gr
ro > 1p0) |:1+X+a1(yczo>

2ykT
2
kT GrokT

N G I c )} S @
In the absence of correction due to EGUP, from this equation,
N2

the black hole temperature can be written as 7 = g" 22
YKIQ

and comparing this relation with the semiclassical Hawking

(mpe)*(Mro—0?)

temperature Ty = 3 , the value of y is seen to

be

27Kr,
_ nrg

YT Mo - 0%

Thisresultis consistent with the obtained result in the absence

of correction due to GUP [41]. By the identity Mro — Q2 =

ro (ro — M), and inserting Eq. (4.6) into Eq. (4.5), we obtain

(4.6)
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the following mass—charge—temperature relation correspond-
ing to the RN black hole:

1
T = 7{Kmp2n (ro—M) ro® (1+yar)

2
k2mp* (M —rp)*ar

—\/—f(zml,“(M—rU)2 (czmp4(M—r0)2 (14x) ay—m2rp* (1+24/a1a2))}.

4.7

From the identity Mro— Q2 =ro (ro — M), we get for small
values of deformation parameters :

_mpo)’ (o= M) (1 + ) (1 + Jaraz)
B 2miero? (1 + 2 /araz)

With @1 = ap = x = 0 in the absence of correction due to
EGUP, we have

T . (4.8)

_ (mpe)? (ro — M)

T
2k ro?

(4.9)

This equation is consistent with the usual semiclassical
Hawking temperature in the absence of correction due to
GUP [41]. Now the heat capacity of the RN black hole can
be calculated as

c_2dM _ (1 ar\T
=C dT_

_ (m(M - Qz)zaz) ~ aMem,
VM= Q2 (M4 MP= Q) (14 /area) +2M
tgiem,? (M2 = %) | 4 (M + VM2~ 0%

oM (M- 02) (14 i)

g7

(—2Mczmp4 (M2 — Q2> 14+ x)a2

(1+Vara) +

2
Knp
"

+2Mn2<M+\/M2—Q2)4 (1+2m)>

Kmp2 2 2 2 4
N (M —0 )(2c Mmp* (1 + x) a2
n

4712(M + my (1 - zm)
- NrEer |

(4.10)

where

w= ((Kmp2)2n2ro4 (1 + 2«/061062) (ro — M)*
1

—(Icmp4)zc2(r0 — M)4 1+ )()012)7 . 4.11)

If we take into account Eq. (4.3), the heat capacity of the RN
black hole can be rewritten as

C= (czxzmp4(ro — M)4a2)
x{ — 2M/cmp27'r (ro — M) r02 (1 + 4/051012) +2Mpu

+2Km,,2rrro2 (1 + 4/(110{2) (ro — M)2
+Kmp2M7'rr02 (1 + A/011052) (ro — M)

2(km ,* 2
—i—MMcz(ro — M)4 I+ x)a2
("’”pz)z 24 2
—TMJT 1o (1 + 2./0{1012) (ro — M)
(cm p2)”

-1
27‘[2}’04 (1+2«/Ol10[2) (r()—M)S} .
4.12)

For small values of deformation parameters and in the
absence of correction due to EGUP, the obtained heat capac-
ity for the charged black hole is consistent with results
obtained previously in the absence of correction due to GUP
[41].

In order to obtain the entropy § in terms of the mass of
the black hole M, we have used the method presented in the
previous section for a particle which is absorbed by the black
hole [16]. By considering the RN black hole as a sink for
absorbing particles and the black hole’s size and temperature
via AX and A P parameters, the smallest increase in the area
of a black hole is given by

A~Xm>AXAP > ER. (4.13)

By considering the effective Planck constant 7’ introduced
in Eq. (3.16), the EGUP-corrected entropy of the static and
spherical charged black hole can be expressed as

d A : dA
_SdA ~ MdA ~ | —
dA (AA)min 4h

7G? 5 7\
=C—4(1+m)<M+\/M—Q)
2a1a2(1+x)>_1

1+2/ajan

Asexpected, in the limit of O = 0, the RN black hole entropy
is recovered to the calculated entropy of the Schwarzschild
black hole in Eq. (3.19). Also we can see in the absence of
correction due to EGUP for a1 = o = x = 0 and by setting

S =

x (1 +x+ (4.14)

@ Springer
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the specific constants ¢, x and G as unity, Eq. (4.14) reduces
to the semi-classical entropy for the black hole § = % [41].

5 Conclusions

In this paper, we have investigated thermodynamical prop-
erties of the Schwarzschild and RN black holes by taking in
account the EGUP. The lower bound for the EGUP black hole
temperature has been obtained by the minimal momentum
of EGUP. We have calculated the mass—temperature relation
for the Schwarzschild black hole with EGUP and the mass—
temperature—charge relation for EGUP RN black hole. We
have calculated the EGUP-corrected entropy in terms of mass
for the Schwarzschild black hole and in terms of mass and
charge for the RN black hole, respectively. We examined the
behaviour of the corrected entropy versus the black hole’s
mass. Also, we calculated the corrected heat capacity for
the Schwarzschild and charged black holes. Moreover, the
results obtained for the thermodynamical properties of two
black holes in this work have been compared with each other
and with previous standard forms already given in the liter-
ature.
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