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Abstract: This study set out to investigate charged vector particles tunneling via horizons of a pair of accelerating ro-

tating charged NUT black holes under the influence of quantum gravity. To this end, we use the modified Proca equa-

tion incorporating generalized uncertainty principle. Applying the WKB approximation to the field equation, we ob-

tain a modified tunneling rate and the corresponding corrected Hawking temperature for this black hole. Moreover,

we analyze the graphical behavior of the corrected Hawking temperature T, with respect to the event horizon for the

given black hole. By considering quantum gravitational effects on Hawking temperatures, we discuss the stability

analysis of this black hole. For a pair of black holes, the temperature T, increases with the increase in rotation para-

meters a and w, correction parameter 3, black hole acceleration «, and arbitrary parameter &, and decreases with the

increase in electric e and magnetic charges g.
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1 Introduction

A black hole (BH) is a physical object that has the
ability to absorb all types of energy from its surround-
ings as a result of its strong gravitational pull. According
to the theory of general relativity, a BH attracts all types
of particles that interact with the event horizon. Hawking
(1974) described that a BH acts as a black body and emits
particles in the form of radiation through its horizon Con-
sidering quantum effects in the background of curved
spacetime, this radiation is known as Hawking radiation
[1] and exhibits a particular temperature, called the
Hawking temperature. Quantum tunneling proved to be
one of the best techniques [2-4] employed to study the
Hawking radiation phenomenon. This technique depends
on electron-positron pair-creation, which requires an elec-
tric field. As particles overcome the horizon, their energy
changes the sign, such that a member of the pair created
just inside/outside the horizon can materialize with zero

total energy, while the other has the ability to tunnel to
the opposite side of the horizon [5].

According to the tunneling phenomenon, particles are
permitted to follow classically forbidden trajectories, by
starting from outside the horizon to infinity [6, 7]. BH
evaporation can be studied with the discharge of quantum
particles in form of Hawking radiation, which enables a
BH to lose its mass. When a BH loses more matter than it
gains through different means it disseminates, shrinks,
and eventually disappears. This phenomenon causes a
change in the thermodynamical characteristic of a BH,
i.e.,, charge, mass, and angular momentum. These
particles follow the frame of outgoing/ingoing radial null
geodesics. For outgoing geodesics, the particles must be
imaginary, although for ingoing geodesics, they are con-
sidered to be real. This is because only a real particle that
has a speed, which is not exactly or equivalent to the
speed of light can exist inside the horizon.

To calculate the imaginary part of the classical action,
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there are two main approaches, i.e., null geodesic tech-
nique and Hamilton-Jacobi strategy. The first one pro-
posed by Parikh and his colleagues [5] and second one in-
troduced by Srinivasan and Padmanabhan [6]. To con-
struct a relation between classical and quantum theory, an
approximation is known as WKB approximation utilized
by Wentzel, Kramers, and Brillouin (WKB) [8]. Various
authors studied the tunneling of vector particles, bosonic
particles, spin-2, spin-3/2, and fermionic particles to ob-
tain the Hawking temperature for different BHs and
wormholes [9-59].

By incorporating generalized uncertainty principle
(GUP) effects, it is conceivable to discuss quantum-cor-
rected thermodynamical properties of BH [60]. The GUP
provides high-energy remedies to BH thermodynamics,
which leads to the possibility of a minimal length in
quantum gravity theory. According to the modified
fundamental commutation relation [x;, p;] = ihid;;[1 + Bp?
[61, 62], the GUP expression can be given as

h
AxAp > 5[1 +B(ApY|. (1)

where 8= %, Bo denotes the dimensionless parameter,
and B < 10°, the M, depicts the Plank mass. The x; and p;
stand for modified position and momentum operators,
respectively. They canbe definedas x;=xo;, pi= poi (1 + ﬁp%l.) ,
where xo; and pg; are standard position and momentum
operators, respectively, which satisfy the usually com-
mutation relation [xo;, po;] = ihd;;. We have considered the
values of 8 according to this condition, which also satis-
fies the condition of GUP relation [63]. For corrections of
the Hawking temperature, we have considered only the
first order terms of 8 in our calculation. The idea of GUP
has been utilized for various BHs. The tunneling process
for Kerr, Kerr-Newman, and Reissner-Nordstrom (RN)
BHs [64] provides an important contribution towards the
BH physics. Jiang [65] calculated the tunneling of Dirac
particles and analyzed the Hawking radiation spectrum
for a black ring. Jian and Bing-Bing [66] studied the fer-
mion particles tunneling from uncharged and charged
BHs. Yale [67] studied the scalar, fermion, and boson
particles tunneling from BHs without back-reaction ef-
fects, they also analyzed the exact Hawking temperature
for these particles. Sharif and Javed [68] studied the
Hawking radiation through the quantum tunneling pro-
cess for various types of BHs and also derived the tunnel-
ing probabilities as well as their corresponding Hawking
temperatures. The same authors [69] calculated the tun-
neling behavior of fermion particles from traversable
wormholes. They also discussed the tunneling behavior
of fermion particles for charged accelerating rotating BHs
associated with the NUT parameter [70].

Ovgiin et al. [71] calculated the tunneling rate of
charged massive bosons for various types of BHs sur-
rounded by the perfect fluid in Rastall theory. Anacleto et

al. [72] studied the finite quantum-corrected entropy from
non-commutative acoustic BHs. Li and Zu [73] analyzed
GUP effects by applying the Klein-Gordon equation and
also studied corrected temperature for Gibbon-Maeda-
Dilation BH. Anacleto et al. [74] investigated the
quantum-corrected entropy using a tunneling method
with GUP in self-dual BH. Ovgiin and Jusufi [75] stud-
ied spin-] vector particles tunneling for charged non-com-
mutative BHs and their GUP-corrected thermodynamical
properties. Singh et al. [76] analyzed the particle radi-
ation for Kerr-Newman BH using the quantum tunneling
phenomenon. Sakalli et al. [77] investigated the scalar
particles tunneling from acoustic BHs with a rotation
parameter by applying the WKB approximation and
Klein-Gordon equation with GUP to obtain the Hawking
temperature of massive particles.

Javed et al. [78] analyzed the charged vector particles
tunneling phenomenon for a pair of accelerating and ro-
tating, as well as 5D gauged super-gravity BHs and in-
vestigated the corresponding Hawking temperatures. As a
continuation of their work, we study the Hawking radi-
ation phenomenon by considering quantum corrections of
boson particles through the event horizon of accelerating
and rotating BH with the NUT parameter. We also dis-
cuss the graphical behavior of the corrected temperature
with respect to the horizon for a given BH and analyzed
the effects of different parameters on temperature and
visualize the stable and unstable states of the BH. The
main motivation of this work is to study the charged ac-
celerating and rotating black hole with NUT parameters
under the influence of quantum gravity, and to investig-
ate how the results reduce to the previously obtained res-
ults when we neglect quantum gravity effects and other
parameters. The organization of this study is as follows:
In section 2, we study the quantum-corrected tunneling
rate and correct the Hawking temperature for charged BH
solution with acceleration, rotation, and NUT parameter.
Moreover, we analyze the graphical behavior of correc-
ted temperature with respect to the event horizon of BH
and discuss the effects of different parameters on the tem-
perature. Section 3 is based on the conclusion and discus-
sion of the mathematical results for these BHs.

2 Pair of charged accelerated black holes in-
volving rotation and nut parameters

Universally, the NUT parameter is associated with the
twisting behavior of the surrounding spacetime or with
the gravito-magnetic monopole parameter of the central
mass. The precise physical significance of the NUT para-
meter might not be investigated. In contrast, the higher
dimensional origin of the Kerr-NUT-(anti) de-Sitter BH
and its physical significance was studied [79, 80]. For a
BH, the apparent dominance of the NUT parameter on
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the rotation parameter removes the metric free of
curvature singularity, and the corresponding result is
known as the NUT-like result. When the rotation para-
meter commands the NUT parameter, the solution is
Kerr-like, and a ring curvature singularity occurs. This
type of singularity is independent from the existence of
the cosmological constant.

The exact understanding of the NUT parameter is
conceivable when a static Schwarzschild mass is sub-
merged in a stationary source-free electromagnetic uni-
verse [81]. Moreover, the NUT parameter is associated
with the representation of twisting behavior of the elec-
tromagnetic universe, allowing off-Schwarzschild central
mass. When electric and magnetic fields vanish, the NUT
parameter represents the twist of the vacuum spacetime
[70]. Consequently, for the creation of the NUT paramet-
er, the bending of the environmental space couples with
the mass of the background field.

The line-element of this BH can be defined as fol-
lows [82]

ds? =— [ - L (s 6)d¢ — dr ’O—2d2
s __92[_ 2(( sin’ +asm )d¢p — )_Q r
P 2 2
+p—2(((1+a)2+r2)d¢—adt) —sinze%dez], Q)
where
Q=—(acosO+D%r+1, p*=(acosO+0D)*+r?, 3)
w?kr?
Q=@ +w’k+3 )(1+21cy oM - 7 2]
—a
I- I
X I—Jar}[l—ﬁrcx}, 4)
w w
P = —sin”6(as cos? 6+ az cosO— 1) = sin’ 6P, (5)
aa a?al,_, 5 -
a3:—2M—4—2(g +& + wk), (6)
w
2612
a4:——(g +&+w k) @)

where M, g, and e represent mass, magnetic charge, and
electric charge, respectively; I, w, and a are the NUT
parameter, rotation, and acceleration of source, respect-
ively. Moreover, a is rotation parameter (parameter of
Kerr-like), and k is defined as

w? B al
(12—a2_3 212)k 3¢ ( 2)—2;1\4—1. (8)

We observe that w depends on a and I. The parameter «
represents the bending behavior of BHs relative to the ro-
tation parameter (w). The parameters &, g, M, w, k, and «
are independent. As a =0, the line-element (2) implies
the Kerr-Newman NUT results. For /=0, the line-ele-
ment (2) yields the BHs with rotating and charged para-

meters. When g and é approach zero, we obtain a
Schwarzschild BH, and if a and [ approach zero, the C-
metric is implied.
The line-element (2) can be rewritten in the follow-
ing form
2

B(r,0)
+ D(r,0)d¢? — 2F (r,0)dedr, ©)

ds> =—Z(r,0)dr* + +C(r,0)d6”

where the metric functions Z, B, C, D, and F are given as
follows

—Pa*sin’ 0+ Q Q%0 p2

Z(”,Q):Qz—pz, B(”,Q)_p— C(r,)=—— PO’
(10)

D(r,0)= ! (sin®0Q((a-+1)*+7)*~ Q(41sin’ 9 asin? 07)
9 pZQz 2 9
(11)

F(r6)=— (Pasin®0((1+a)*+1%) - asin? 24 in’ )
(r,0)= ey asin“O((I+a)”+r") — Q(4lsin 3 asin” 0)).

12)
The electromagnetic potential for this pair of BHs is
defined as
_ 1
~a((acosf+1)? +

) [g( —l—acos 9<adt— (rz +(a+ l)z)d¢

+r2(dg((a+ 1) - adi + (2alcos 0+ a® cos> 0+ )|
(13)

The horizons are obtained from B(r,0) = % =0, which
implies that Q) is not zero, thus Q is zero, such that r has
real roots, i.e.,

w w
Yol = 5 = - B
a(l+a) (a—Da

_al
0 _my
w

2 o2k
\/((g +e2+w2k)——M) +(g2 +ez+w2k) 5
—a

(14)
Here, r,; and r,; represent the acceleration horizons, and
r+ denotes the inner and outer horizons, such that
.

- al ) - wk
((§2+é2+w2k)——M) —@+&+wh) >0. (15)
w a’ -2

The angular velocity of BH at outer horizon is given as
follows
a
= — 16
(a+D*+r2 (16)
To study the corrected tunneling rate for vector bosons
through the pair of BHs horizon, we consider the Lag-
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rangian equation with quantum gravity effects. Consider-
ing a spacetime with a potential due to both the electric
and magnetic field, the behavior of massive (spin-1) vec-
tor is described by the wave equation. The GUP modi-
fied Lagrangian equation with vector field v, for vector
bosons can be expressed as [56, 83]

1
9 == (Dl = DU (YT =Dy

L

Py g
A uFy T2 :

an

The modified wave equation for massive vector bosons
can be defined as follows

2
OUNTRIM) 4 NZ T+ Vg oA R e F
+Bh2300000(N—88™ ") - B1*6,0:0:(\—gg"y™) = o,(lg)

where | g |, m, and y*” are the matrix coefficients, mass of
a particle, and anti-symmetric tensor respectively. The
anti-symmetric tensor can be defined as

Uy =(1 = B2 — (1 = BR2 07Dty
+ —ﬁhzaﬁ)%mvwﬂ ~q —ﬁhzaﬁ)%eAﬂwv, (19)
and
Fuy = VA, =V, A,, where Vo = (1 + pr2g"V2)V,
Vi=(1-prg V)V,
where 8 is the representation of the quantum gravity ef-
fect in terms of the correction parameter, if 8 = 0 then the

above wave equation reduces to the expressions given in
Ref. [78], and if A = 0 then the above wave equation con-

(20)

verts into the expressions given in Ref. [71]. Moreover, if
both B and A are zero, then this wave equation reduces to
the wave equation given in Ref. [76]. While A, is con-
sidered as the BH electromagnetic potential, e denotes the
vector bosons charge, and V,, represents the covariant de-
rivative. In the equation of wave motion, the ¢* and ¢~
vector bosons have alike behavior, and the quantum tun-
neling phenomena for both types of particles is also simil-
ar. For the +ive field, the values of y* and y"* are ob-
tained as follows

—Dyo— Fy3

0 _ 1 _

Vi=—0pm ¥ =B o
d/zzc_1w '71’3: —Fyo+Zy3

> ZD+F?

1/101 — _BD'J/OI —BF¢’13 ‘//02 — _D‘J/OZ_FWZ.%

¢/ZD+F2 ’ C(ZD+F2) ’ (22)
03 _ Y03
V= b

12 pel 13 B3 —Fyo1) o3 Bz — Fipp
VEEBC Y= Y T C@ZD+FY)’
(23)

Applying the WKB approximation [84]
wy=cvexp| 1 T0r.0.0)] (24)
where
I(t,r,0,0) = I,(t,1,0,8) + hl| (t,1,0,8) + i [ (t,7,6,9) -,
2
and (for n=1,2,3,4) in the Lagrangian wave of Eq. (18),

ignoring the higher terms, the following set of equations
is obtained

DBIc1(801,)(0115) — c1(001,)* (011,) + ¢1B(011,)(Do1,)* Ao — coB(D11,)* + eAoc1(011,) — co(011,)*] + BF [c3(011,)*
+c3B(011,)° — c1(011,)(031,) — c1(031,)° (B11,) — eA3c1B(031,)*(011,)] + DC' X [c2BeAn(801,)*(D21,) + c2B(B010)* (021,)
—coB(B216)* — coB(021,)* + c2eA0(021,) + c2(8010)(B210)1+ F ' [€3(021,) +¢3B(021,)* —2(8315)(0215) — c2B(0216)(031,)?
+02eA3(021,) + 2A38(8315)* X (821,)] + [¢3(031,)(01,) — c3B(01,)* (9315) — co(031,)* — coB(D31,)* — coeA3(D31,)
~0eA3B(31,) +c3A0(031,) + c3A0B(D01,)* (D3 10)] + eAs[e3(Boly) + e3B(Boly) — co(@31,) +coB(@31,)° — czeAo — c3B(Dol,)

+coeAs + coeAsB(031,)*] — Dm*co — FmPc3 = 0,

(26)

DIlc1(801,)* + c1B(B01o)* = co(@0I,)(01 1) + coB(BoI,)(011,)* — eAoc1(Bol,) +c18(B0l,)’ Aol + Fles(0oI,)(01 1)
+c3B(011,) (001o) = €1(0016)(0315) — 18(B31,)* (BoI,) — c1eA3(Bol,) — eAsc1B(D31,)* (Bolo)] + (ZD + F*)C™!

X [c2(011,)(021,) + 201 1,)*(D21,) — €1B(0215)* = c18(021,)* 1= mP ey + eAoDlc1(Bol,) - c1B(Bol,)’ — co(D11,)
—coB(011,)* +creAg + c1eAoB(Bo1,) ] + eAgFlc3(011,) + c3B(00I,)* —c1(031,) — cof(031,) —creAs—cieAsB(031,)*]
+eAgAlc3(011,) + c3B(1 1) — c1(031,) — 1B(031,)° — c1eAs — c1B(D31,) eAs] + eA3 Flc1(8o1,) + c1f(001,)* — co(D11,)

—coB011,) + creAg + c18(Bo],) eAg] = 0,

27
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Flc3(801,)(0a215) + c3B(001,)(0215)* — ¢2(801,)(831,) — c28(801,) X (831,)* — eAsca(Bol) — c2B(B315)*(801,)eAo] + Dlca(8ol,)*
~0(01,)(215) + c2B(Bo1y)* ~coB(D21,)*(Boly) +c2eA0(Body) +eA3¢2B(0215)*(010) 1~ Blea(011,)* +¢2B(011,)* ~ c1(011,)(21,)
—c1B(011,)(021,)1 + Blc3(031,)(821,) + c3B(031,)(821,)* — c2f(031,)* — c2f(031,)* — eA3c2(831,) — c2B(031,) eAs]
—F[c2(801,)(031,) + c2B(031,)(B01,)* —cof(B216)(031,)—coP(D215) (931,) +eAoca(8315) +c2f(Bo o) 2 (031, )eAg) — (ZB + F)m*c;
+eAF[c3(8210) + c3B(0215)* — 2(831,) — c2B(031,)° — creAs — c2eA38(8315)*] + eAg D2 (Do) + c2B(Bo1s)* — co(Da21)
—coB(B215)* + creAg + c2eA0B(D01,)*] + €A3 Bc3(021,) + c3B(021,)° — €2(831,) — c2B(831,)* — creA3 — c2feA3(931,)7]

+eA3F[c2(00l,) + c2B(001,)* — co(021,) — coB(Ba1,)? + caeA + c2B(Bol,) eAo] = 0,
(28)

Fle2(301,)(331,) + e2B0315)(D01,)? = coB(@31,)(021,) = coB(@21,)* X (0315) + eAoca(D315) + 2(B01,)*(B31,)eAolle3(Dol,)
+¢3B(801,)* — co(801,)(B31,) — cof(001,)(B31,)° — eAsc3(8ol,) + c3B(Bol, )’ eAs — co(Boly)eAs — cof(D31,)*(001,)eAs]
+BF[c1(801,)(011,) + c1eAn(011,) — co(011,)* — coB(B21,)* + c18(801,)* (011,) + eAogc1B(Bol,)* X (811,)] — ZBlc3(011,)*
+c3B(0110)* = 1801 1) 031,) = 1B(011,)(031,)* —c1A3(D1 o) +c1BeA3(0315)*(D11,)] = Ble3(9210)* —2(031,)(021,) + 3802 1,)*
—02B(031,)* (Ba1,) — eAsca(0a1,) — c2B(031,)*(921,)eA3] + eAglcs(Boly) + c3B(Bol,)* — coeAs + c3eAg — co(031,) — coP(D51,)°
+c3eAoB(Ool,)? + coeA3B(A31,) ] — FmPco — ZmPc3 = 0.

(29)
Using the variables separation technique, the particle's ac-  Vor =DB[(E = JQp)R - RB(E — JQp)’ + ReAq
tion is defined as follows —RB(E — JQp)?eAg] + BFIRO+BRT>—eA3R + eA30R],
I, = —(E-JQu)t+R(r)+N¢+0O(6), (30) 9
where J and E denote the angular momentum and Voo =DC™'[(E - JQp)N +B(E - IQu)’N
particles energy, respectively, and from the above Egs. —eAgN +BNeAy(E - JQp)*
(26)—(29), we obtain a non-trivial matrix equation, i.e., +FCUNT —BO>N — eA3N +BeA3;O%N], (34)
V(co,c1,¢2,¢3)" =0, (1) 5. Ln o :
where V is a 4 x 4 matrix, whose elements are given be- Vo3 =BedoN™0 - };C v T'BG) 1+(E=JOmO 3
low —B(E-JQ)"' O —eA¢O+eAs3[(E - JQ)—-B(E-JQy)
. 2 52 _ o312
Voo =—R2BD — BDB(E — JQp)* — DC™'N? + DC™'BN* reAo+ HE~JQu)") - BDIR" ~pR') ~m"F, (35)
—®? _ﬁ®2_eA3®—ﬂeA3®3+m2D—€A3® . -3
+ PA2BO% + PA2BO°, Vio =DI(E - JQH)R fﬁ(E - JQH)I.Q ] '
(32) +eAgD[—R +BR®] + eAsF[-R+BR%],  (36)

Vi1 =D[(E - JQy)* = B(E — JQp)* + (E - JQu)eAo +BeAg X (E — JQp)* 1+ FI(E — JQ)0O - B(E — JQ)® + (E — JQp)eAs
—BOXE - JQp)eAs] +(ZD + FH)C' [-N? + BN*] — m?* + eAoD[—(E — JQp) + B(E — JQy)’ + eAg — eAoBE — JQp)*]
+eAgF[—0 +BO° — eAsz + BO%eA3] + eA3A[-O + O — eAs — O eA3] + A3 F[—(E — JQp) + B(E — JQp) + A
= B(E - JQpu)eAo],

(37

Via = (ZD + F?)C~'[RN — BRN], (38)

Vi3 = F[~(E = JQu)R+BE - JQu)R>] — Ao F[R — BR*] + eA3 Z[R — BR?], (39)

Voo = D[—(E —JQu)N —B(E — JQ)N?] — F[-N® + BON>]+ eAgD[N — BN>] + eA3[-N + BN, (40)
Va1 = B[RN —BRN?], 41)
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Vay =F[(E = JQp)0 — (E = Qu)BO’ + eAg(E — JQy) — BeAs x (E — JQy)O?] + D[(E - JQp)? - B(E — JQu)* — eAo(E — Q)
+B(E — JQu)N*] - B[R? + BR*] + B[@®? + BO* — ¢A30 + BeA3S ]+ F[(E — JQp)O — B(E — JQu)’ O — eAy®
+B(E — JQp)*OcAg] — (ZD + FH)m® + FeAo[—0O + BO* — eAs — BO*eA3] + DeAo[—(E — JQp) + B(E — JQu)* + €Ay
+BeAg(E — JQu)*1+ BeAs3[—S +BS> — eAz — BS?eAs] + eA3[—(E — JQp) +B(E — JQy)* + eAg + BeAo(E — JQx)?],

Va3 =F[(E — JQpu)N +B(E — JQu)N’1+ [ON - BN>O1B
—eAoF[BN? — N1+ eA3B[BN> - N],
(43)
Vo =[O - B(E — JQ)O® + eA3(E — JQp)
—BeAs(E — JQu)®*|-BF[R*>—B(E — JQn)*R+BR
+F[-TN+BN*|+m*F+eAo[-O+BO° —eA3—BeA3 O],
(44)
Va1 =BF[—(E — JQi)R + B(E — JQp)’R + eA)©
—BeAo(E — JQy)* O] — ZB[-RO + BRO?
—OecAs — BO*ReAs), (45)

Vap =F[—(E —JQp)O +BE — JQp )0 + eA)©
—BOeA((E — JQ)*]1+ BIN® — BNG®
— NeAs + ©°BNeAs], (46)

Vi3 =[(E = JQu)’ = BE = JQp)* +eAs + B(E - JQu) eAs]
— ZB[R?—BRY—B[N*+BN*)1—m*Z+eAo[—(E-JQp)
+B(E - JQp)* + eAg — BeAo(E — TQu)*1,

(47)
where R = 8,1,, © = dyl,, and N = 9, I,,. For the non-trivial
solution, we use det(V) =0, and by computing the radial
part for resultant components, the following integral can
be obtained as follows

(E-JQu —eAo)* + Xo(1 +£2p)
R* =+ f 5 *_dr,  (48)

where R~ and R* denote the radial function of incoming

(42)

and outgoing vector bosons, respectively. Although the
function X; and X, can be determined as

F
X| =eAsz 5 [(E—JQy)’ —(E - JQp)eAo) +(ZD + F?)
X(CD) 'N* + B(E — JQp )’ eAg + eAo[(E - JQy)?
F. F .
—eAo(E - JQp)*1- B@)Z(E —JQp)eAs+ 5E- JQH)O?

F .. . a
—(E-JQp)*+ eAo (0% + O%cA3] +eA3Z[O° — O%eAs),

(49)
and
F .
X» =5[(E—JQH)®+ (E = JQp)eAs]
F .

—(ZD+F»(CD) 'N*>-m? + erl—) [-O — eAs]

AZ® A+AF[(E JQp) +eA]

63D €A3 €3D H €A |. (50)

After applying Taylor's series, the functions Z(r) and B(r)
near the horizon can be obtained as

Z(ry) = (r=ry)Z'(ry), B(ry) = (r=ry)B'(ry).  (51)
Using the above relations in Eq. (48), we consider that
the leading wave equation has two poles at r = r,. Utiliz-
ing Eqgs. (48) and (51), by integrating around the pole, we
get

K(ry) =

The corrected tunneling probability (I') for vector bosons can be obtained as

E-QpJ—eA
ImR® = 4ig b2 = edo. (52)
2k(ry)(1+EB)
where = = 6(m2+ Uitliec0)) .
The surface gravity+/<(r+) is given as follows [70]
logs2 52, , 2% w’k
ﬂ(g +eé +w k)+ﬁr+— —1 i
¢ -l x((“ )O‘r++1)><(1—(“+ )ar+) (53)
ri+(+a) w w
_ Prob[emissi(.)n] _ exp[-2(ImR* + Im®)] — exp[—4ImR*],
Prob[absorption]  exp[—2(ImR~ —Im®)]
=2n(E —JQp —eAp)(1 +B=
7( H—eAp)(1 +BE) (54)

= exp

al (52 52 27 w’k
z(g +e " +tw k)—M+mr+

r2 +(l+a)?

X(l — a(l_a)m)x(l — Mu)
w

w
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We calculate the corrected Hawking temperature by comparing the tunneling probability with the Boltzmann factor, i.e.,

g = e~ E-1Qu=eA)IT,

.
- k
(%(§2+52+w2k)+ @ 7

T = (12

re—M)(1-

(I-a) (I+a)
5 r+)(1— 5 r+) (55)

H

2n(r3 +(+ a)2>(1 +ZB)

by considering only first order quantum corrections, we can write
Ty =Tu[1-pBE], (56)
where the semi-classical Hawking temperature Ty is given as follows

|e@ee (1= 0 e -
- 27r(r?r +(I+ a)z) .

The corrected tunneling probability depends on Ay, E, ¢,
w, e, a, J, and B, which are the vector potential of BHs,
energy of particle, NUT parameter, kerr-like rotation
parameter, charges of particles, acceleration of BHs, an-
gular momentum of particle, and correction parameter,
respectively. We can observe that the corrected Hawking
temperature does not only depend upon the BH proper-
ties but also depends upon the mass and angular mo-
mentum of the radiated particles and quantum correc-
tions B. The first order correction term is same as semi-
classical original Hawking term Ty, while the next order
correction term must be smaller than the preceding term
satisfying GUP.

The corrected temperature of vector bosons given in
Eq. (56) reduced to the temperature of fermion particles
in Eq. (4.20) for (3 =0) of Ref. [70]. Hence, the corrected
temperature depends on the correction parameter. Fur-
ther, for =0 and % = 1, the above result reduces to the
Hawking temperature of accelerating and rotating BHs
with electric and magnetic charges [85]. For a = 0, we re-
cover the temperature for non-accelerating BHs [86].
Moreover, for =0, £ =0, k=1, and a = 0 in Eq. (56), the
Hawking temperature of the Kerr-Newman BH [87] is re-
covered, and it is reduced for @ = 0 to the temperature of
ReissnerNordstrom BH, and for Q =0, the temperature
reduces exactly to the Hawking temperature of the
Schwarzschild BH [88]. To calculate the residual mass of
BH, the temperature can be expressed as

24 12 0oe2
, 1 ) (J9+J¢csc 9)
TH:W 1—6,8[m +r—2 , (58)

T
where (m2 + w) denotes the kinetic energy com-
ponent of radiated particles related with the tangent plane
at horizon. For residual mass, we approximate the kinetic
energy component as w?. Quantum corrections deceler-
ate the increase in temperature during the radiation pro-
cess. These corrections cause the radiation ceased at some
specific temperature, leaving the remnant mass. The tem-

perature stops increasing when this condition holds [63]
(M —-dM)(1 +BE) ~ M. (59)

FordM =w, 8= %, and w ~ M, where M), is the Planck
mass, and B is a dimensionless parameter representing
quantum gravity effects where 8y < 10° [89, 90], one can
obtain the following constraints

M2 M
Mges = —_r 2 _p’ Tres S Po . (60)
,3()0) ﬂo SﬂMp

Here, it is important to mention that the value of the cor-
rected Hawking temperature is smaller than the original
temperature, and BH stops radiating when the mass of the
BH reaches its minimal value Mges.

2.1 Graphical analysis of 7, versus r,

This subsection is devoted to the study of the graphic-
al behavior of Hawking temperature 7T, with respect to
the horizon r, under the influence of quantum gravity.
Furthermore, we study the physical significance of these
graphs under the influence of the correction parameter 3,
NUT parameter ¢, rotation parameters a and w, BH accel-
eration a, electric and magnetic charges ¢ and g, arbit-
rary parameter k, for fixed BH mass A = 1 and arbitrary
parameter = = 0.01. We analyze stability and instability of
accelerating and rotating BH associated with the NUT
parameter.

Figure 1 indicates the behavior of T}, with respect to
ry for fixed @ = 0.1, k= 0.5 and £ = 0.4 [89, 90].

(i) An exponential increase in the temperature 77, is
observed, and after attaining a height, T}, slightly de-
creases with the increasing horizon r, for varying values
of the rotation parameter a. The T}, decreases as the hori-
zon increases, and this physical behavior reflects the BH
stability with positive temperature untill r, — co. The
temperature increases with the increase in a.

(ii) We observe the behavior of the temperature for
varying values of the correction parameter 8 with fixed
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(ii) a=0.5, e=g=0.1, w=0.05
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Fig. 2. (color online) T, vs. ry fora =0.1,a=0.5,& £ = 0.4.

values of the other parameters. The T}, decreases with in-
creasing horizon in the domain 0 < r, < 15 after attaining
a maximum height. The maximum temperature with non-
zero horizon reflects the BH remnant. This physical beha-
vior of T}, indicates the BH stability with a positive
range. It is also worth notin that T}, increases with the in-
crease in correction parameter 3.

Figure 2 shows the behavior of T}, w.r.t r, for fixed
@=01,a=05& £=04.

(i) 7}, exponentially increases and slowly drops from
a height for different values of electric and magnetic
charges. The decrease in T}, with the increasing horizon
exhibits the stable state of BH in the domain 0 < r, < 15.
T}, decreases with the increase of BH electric and mag-
netic charges e and g, respectively.

(ii) The temperature eventually drops down from a
height for different values of the arbitrary parameter k.
There is a significant change in temperature as it de-
creases exponentially and attains an asymptotically flat
shape, which indicates BH stability untill r, — +co. The
T}, increases with an increase of k.

Figure 3 depicts the behavior of 77, w.r.t r, for fixed
a=0.5,e=g=5 & ¢=0.4 for varying a and w in the do-
main 0 < ry < 5.

(i) Initially, the temperature increases with increasing
horizon, and after a maximum height it exponentially de-
creases, which indicates the stable state of BH for differ-
ent values of BH acceleration a.

(i) There can be seen that T}, exponentially increases
and eventually drops from a height and decreases as the
horizon increases untill r, — +oco. This physical behavior
indicates the stability of BH in positive ranges of differ-
ent values of w. We observe that with the increase in the
value of w, T}, increases.

3 Conclusion and discussion

In this study, we have investigated the quantum grav-
ity effects for vector bosons from charged accelerating
rotating BH with the NUT parameter. By considering the
GUP effects, we employed the modified Lagrangian
equation incorporating quantum effects describing the
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(ii) a=0.1, B=0.5, k=0.5
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Fig. 3. (color online) T, vs. 7y fora=0.5,e=g=5& ¢ =0.4.

motion of spin-1 particles. Subsequently, by applying the
Hamilton-Jacobi technique, we have calculated the tun-
neling probabilities of vector bosons. Moreover, we ana-
lyzed the corrected Hawking temperatures of these BHs.
We concluded that the modified tunneling probabilities
are not just dependent on the BHs properties, but also on
the properties of emitted vector bosons, i.e., energy, po-
tential, surface gravity, particle charge, and total angular
momentum. Moreover, it is important to note that the
modified tunneling probabilities as well as the Hawking
temperature depend on the quantum particles, which con-
tribute gravitational radiation in form of massive particle
(BH's energy carrier) tunneling.

When the quantum gravity effects are neglected, i.e.,
(8 =0), then the corrected Hawking temperature Eq. (56)
is reduced to the absolute temperature obtained by the
quantum tunneling of vector bosons [78]. If we ignore the
potential effects (A = 0), the modified Hawking temperat-
ure is reduced to the temperature of vector (spin-1)
particles provided in Refs. [69, 91]. Further, for ¢ =0 and
k =1, the above results are reduced to the Hawking tem-
perature of the accelerating and rotating BHs with elec-
tric and magnetic charges [85]. For @ =0, we recovered
the temperature of non-accelerating BHs from the Hawk-
ing temperature of the charged accelerating and rotating
BHs [86]. Moreover, for =0, £=0, k=1 and =0 in
Eq. (56), the Hawking temperature of the Kerr-Newman
BH [87] is recovered, which is reduced for a =0 to the
temperature of the RN BH. For Q = 0, the temperature re-
duces exactly to the Hawking temperature of the Schwar-
zschild BH at the residual mass of the BH [88].

In our analysis, we have found that the quantum cor-
rections decelerate the increase in temperature during the
radiation process. This correction causes the radiation to
cease at some specific temperature, leaving the remnant
mass. The remnant mass is obtained at the specific condi-

tion

M, M,
MRes ~ — 2 —. (61)
Bow — Bo

Here, it is important to mention that the value of the cor-
rected Hawking temperature is smaller than the original
Hawking temperature, and the BH stops radiating, when
its mass reaches the minimal value Mge,. This result re-
mains valid if the background BH geometry is more gen-
eralized.

The results from the graphical analysis of corrected
Hawking temperatures with respect to the horizon for the
given BH are summarized as follows:

e For accelerating and rotating BH with NUT para-
meter, the T, decreases with the increasing horizon, and
BH reflects the stable state for varying values of the rota-
tion parameter a and correction parameter 8. The correc-
ted temperature 7, also increases with the increase in a
and B. The BH remnant can be obtained at nonzero hori-
zon with maximum temperature for different values of 8
in the domain 0 < r, < 15.

e Corrected temperature 7}, decreases with the in-
crease of e and g. For different values of electric and
magnetic charges, the BH exhibits stability in the domain
0<r, <15,

® The T;, increases with the increase in the value of
arbitrary parameter k.

e The T}, increases with the increase in BH accelera-
tion « and rotation parameter w.

e In our analysis, we considered the value = =0.01,
then the condition of GUP must be satisfied for arbitrary
values of 0 <8< 100, the correction term is smaller than
the usual term, and the positive temperature is obtained.
For B>100, the first order correction term becomes
greater than the usual term, and the condition of GUP is
not satisfied. Thus, we observe the negative temperature,
which is non-physical. Furthermore, for =100, the
semi-classical term cancels out with the first order correc-
tion term, and hence the temperature vanishes.
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