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In this paper, we investigate the Hawking radiation process by using the quantum tun-
neling phenomenon of massive spin-1 (W-bosons) and spin-0 particles by the black hole
in 2 + 1 dimensions surrounded by quintessence as well as charged BTZ-like magnetic
black hole. First of all, by using Hamilton—Jacobi ansatz and WKB approximation to the
field equation of massive vector particles, we get the required tunneling rate of emitted
particles and obtain the corresponding Hawking temperature T}, for the black hole (BH)
surrounded by quintessence. In order to study the quantum gravity effects, we utilize
the generalized Proca and Klein—Gordan equations incorporating the generalized uncer-
tainty principle (GUP) for these BHs and recover their modified tunneling probability
as well as accompanying quantum corrected temperatures Ty .

Keywords: Hawking radiation; quantum tunneling; quantum corrections; Proca equa-
tion; modified Klein—-Gordan equation.

PACS Nos.: 04.40.-b, 95.30.5f, 98.62.Sb

1. Introduction

The study of quantum mechanical effects within the foundation of classical general
relativity provides numerous interesting phenomena, which play a very important
part to understand the quantum gravity theories. In quantum theory, the black
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hole (BH) evaporation as a result of Hawking radiation?

phenomena. During the study of radiation process, the researchers try to com-
2,3

is one of the important

bine the gravitation within BH thermodynamics and the quantum mechanics.
In order to study the Hawking radiation phenomenon, many techniques have been
proposed in the literature. Many researchers have studied these radiations for the
well-known BHs.4 42 These radiations can be investigated by the semiclassical ap-
proach, depending upon the quantum tunneling method of a particle through the
outer horizon of BH from inside to outside.**44 The tunneling approach is based on
two different techniques, null geodesic*® 47 and Hamilton Jacobi method.*® These
techniques derive the imaginary part of the classical action (/) from the outer hori-
zon by following the classically forbidden trajectory of a particle. The tunneling
probability from a BH in both techniques can be defined as

T'p :ef%lml. (1)

This probability formula provides the Hawking temperature of the BH. The
presence of a minimal observable length is a common factor in different quantum
gravity theories, e.g. loop quantum gravity, noncommutative geometry and string
theory.#? 52 The generalized uncertainty principle (GUP) is a straightforward way
for understanding this minimal length.®® The generalized commutation relation can
be given as |1y, p,] = iAdy,[1 + Bp?], where x,, is the modified position operator,
while p,, stands for modified momentum operator.
The GUP relation can be expressed in the following form:

Awdp > 21+ p(apY), )

where = b/ Mpz. Bo and ]\pr are the dimensionless parameter and Planck mass,
respectively. The GUP relations play a vital role in understanding the nature of
BHs, while the quantum effects may be considered as vital effects around the event
horizon of a BH. By utilizing the quantum tunneling method, the quantum effects
incorporating GUP relations with thermodynamical properties for different spins of
BHs have been widely studied.®* 84 Later cosmic observations emphatically suggest
that our universe is right now experiencing a stage of accelerated expansion,3? likely
determined by some exotic form known as dark energy. In spite of the mounting ob-
servational proof, the nature and cause of dark energy are still like puzzles and have
become a matter of vivid discussion. Quintessence is one of the logical possibilities
for dark energy with negative pressure.®6 It is evolving, dynamic and spatially het-
erogeneous element. By comparison within the present context, it would be the fifth
dynamical element that has affected the expansion of the universe, additionally to
the already known photons, baryons, dark matter and leptons. It can be described
by its equation of state, i.e. (wg = p/p), where p and p denote the energy density
and pressure for quintessential field, respectively. Moreover, most of the models
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have the range 0 > w, > —1, though a cosmological consistent has wy; = —1. The
accelerating expansion depends upon the value of w,, as smaller value gives a more
accelerating effect. The Einstein field equations for four- and d-dimensional BHs
with quintessential field have been studied.37-88

The investigation of (2 + 1)-dimensional BHs gives an important knowledge
in comprehension of low-dimensional gravity theories and their quantum partners.
The Banados—Teitelboim—Zanelli (BTZ) BH is such a model in (2 + 1)-dimensional
gravity.®? This BH is surprisingly comparative to (3 + 1)-dimensional BH. Just like
the Kerr BH, it has an outer horizon and an inner horizon. It may be completely
portrayed by charge, mass and angular momentum. Additionally, it has thermody-
namical properties closely resembling the (3+1)-dimensional BH. The BTZ solution
has been additionally discussed in the domain of (2+ 1)-dimensional quantum grav-
ity. Moreover, it will be very interesting to study the BTZ-like BH with magnetic
field. It is a well-known fact that the electric field is related to the temporal compo-
nent of gauge potential A;, whereas the electric field is linked with the angular part
of the gauge, potential A,. These types of BHs, only magnetic gauge can be used
to derive BH solutions. It is accepted that the BHs in 2 4+ 1 dimensions will gen-
erally provide a basic laboratory and an outstanding comprehension for examining
the general perspectives of BH physics. The other main reason and motivation to
choose (2 + 1)-dimensional BHs is the presence of AdS/CFT correspondence®® that
relates the thermodynamical properties of BHs with AdS/CFT duality. In recent
years, the researchers have paid much attention to analyze the thermal properties
of (2 4+ 1)-dimensional BHs, particularly with a spacetime having non-vanishing
cosmological constant. The main purpose of this paper is to investigate the Hawk-
ing radiation phenomenon with GUP effects under quintessential and magnetic
field from (2 + 1)-dimensional BHs. For this purpose, first, we consider a (2 4 1)-
dimensional BH with quintessential field. Then by utilizing the Hamilton—Jacobi
technique, we calculated the tunneling probability and Hawking temperature for
spin-1 particles. Moreover, we have analyzed the corrected Hawking temperature
for spin-1 and spin-0 particles. Further, we consider a magnetically charged version
of BTZ-like BH. We have studied the modified tunneling probability and corrected
Hawking temperature for spin-1 and spin-0 particles for BTZ-like BH with mag-
netic field. The paper is outlined as follows. Section 2 contains the information about
metric of (2 4 1)-dimensional BH with quintessential field. Section 3 is devoted for
studying the tunneling probability and Hawking temperature for quintessential BH
for vector particles. In Sec. 4, we investigate the modified tunneling probability and
the corresponding temperature for vector particles from quintessential BH under
GUP effects. Section 5 is based on the quantum gravity effects for vector particles
from BTZ-like magnetic BH. In Sec. 6, we investigate the quantum corrections for
scalar particles from quintessential BH. Section 7 represents the modified tunneling
rate and related effective Hawking temperature for spin-0 particles from BTZ-like
BH with magnetic field. In Sec. 8, we summarize the results of our work.
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2. Metric for (2 + 1)-Dimensional Black Hole with Quintessence

The line element for three-dimensional BH surrounded by quintessence is defined

asd?
2 r? 2 I? -1 3.2 2 5.2
ds® = ——=g(r)dt +T—Qg(r) dr +r°dz”, (3)

where

r

g<r>=1—(’"—+)p, p =21+ wy)

and ry = (MI2)!/? represents the event horizon, M specifies the mass of BH, w,
shows the quintessence parameter with range —1 < wy < —%, [ stands for AdS
radius which belongs to cosmological constant by I2 = —1/A, moreover r and z are
the radial and planar coordinates with ranges (0 < r < 00) and (—o00 < 2 < ©0),
respectively.
The line element (3) can also be rewritten as
1

Y(r)

the above metric functions can be defined as follows:

X(r):g—zll— (%)p , Y(r)zi—i[l— (%)01_17 Z(r) = 1.

It is important to mention here that for w, = 0, the line element reduces into BTZ
BH metric.?®

ds* = =X (r)dt* + dr® + Z(r)dz?, 4)

3. Vector Particles Tunneling

This section is devoted to the study of the tunneling spectrum for spin-1 particles
at event horizon of BH by using Proca equation under vector field ¥,,. The Proca
equation can be expressed ast

1 -~ vu m2 v
ﬁ@u(\/ —g\Il )+ﬁ\:[/ =0 (U7U:071,2)7 (5)
where g denotes the determinant of the metric and m is mass of emitted particle.
Also, U"? represents anti-symmetric tensor which can be defined as
l:[Juv = Du\Ijv - Dv\:[lu = au\:[lv - av\:[juv (6)

where D,, stands for covariant derivative. We will get the similar results for W+
and W™ bosons, the equation of motion of tunneling process for both particles is
same. But, here we only deal with W boson particles.

The wave function for spin-1 particles by considering the WKB approximation
is defined as®®

U, = (o, a1, as) exp [%I(t,r, x)} , (7)
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where ag, a; and as are arbitrary constants and the action I(¢,r, x) is given as
I(t,r,x) = Io(t,r,x) + Al (t,r,2) + B2 L (t,r, ) + - . (8)

After substituting the covariant components g = —X9°, 1 = (1/Y)!, g =
Z+?, the metric (4) and Eq. (7) into Eq. (5) neglecting the higher terms of A, we
obtain the following set of equations:

Y[ao(9,1)? — a1 (8:1)(9,1)] + %[ao(awI)Q — az(0,1)(0,1)] + m2ag = 0, (9)

1

Y[ao(atl)(arl) — a1 (0.1)%] + %[m(aﬂ)Q —a2(9,1)(0,1)] +m?*a; =0, (10)
1

Y[ag(atl)(azl) — az(0u1)?] + Y[az(0,1)* — a1(0.1)(0,1)] + m?az = 0.  (11)

We consider a particle’s action in the following form:
I=—-Et+R(r)+jx+C, (12)

where E denotes the energy of the emitted particles and C' represents the complex
constant. The above set of equations gives a 3 X 3 matrix equation, which can be

given as®®
N(CL07CL17CL2)T = 0, (13)
where
. 2 .
yO.R)? + P2 | 2 YEO,R E0.j
A Z
N = EarR E_2 _ (aw])Q _m2 (8TR)890] . (14)
X X Z Z
Ed,j . E? 2 9
e Y (0,R)0.j X B(0,R)* —m

In order to obtain the nontrivial solution, we set det X = 0 and obtain

B2 — X(r) (m? + G2
Ri(r)==+ XY o) dr. (15)

The Ry and R_ represent the outgoing motion (with momentum 9,1 > 0) and
ingoing motion (with momentum 9,1 < 0), respectively.

The R possesses a simple pole at » = r4 and it gives the same imaginary part
for both outgoing/ingoing solutions.

2miEl?
Ri(r) ==+ , 16
== (16)
2w El?
I =+ —- 1
m Ry (r) e (17)
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The evaporation process in BHs is a quantum process! and the absorption/emission
probabilities for crossing the event horizon in and out can be defined as®”

Plemission] = Py = —exp [—%(Im Ry +1Im C)] , (18)
Plabsorption] = P_ = exp [—%(Im Ry +Im C)] . (19)

It is important to mention here that a factor of two problem arises because accord-
ing to classical general theory of relativity, a particle can be absorbed in the BH,
while the reverse process is forbidden. In this regard, ingoing classical trajectory ex-
ists, while the outgoing classical trajectory is forbidden. Hence, use of the classical
condition for outgoing particle is meaningless and to solve this problem, we choose
the ingoing probability as (P_ ~ e~ #™m R~ = 1). Due to the fact that Ry = —R_,
we have ImC' = Im R, and therefore from Eq. (18), we get

Plemission] = exp [_ % (Im R+)] , (20)

So, the total tunneling probability for radiated particles from inside to outside
(P— =1) can be defined as follows:

Plemission] 4
'p=—— "~ ——(ImRy)|, 21
P Plabsorption] P [ h( o +)} (21)
87l’E
I'p = ——. 22
P = exp [ . (22)
The surface gravity « for the given BH can be calculated as
2

Py
= . 23
4mi? ] (23)

In order to obtain the corresponding Hawking temperature, we use Boltzmann
formula T'p = e~ #/Tr and get

_ & _ | _
Th=5 = lgﬂl;] (h=1). (24)

This is the required Hawking temperature. It depends upon the curvature radius [
and quintessence parameter wy (i.e. p = 2(1 4+ wy). For the different values of wy,
we can derive the Hawking temperature in the following form:

when w, = —-1/3

27"+
Th = | —>
h {977[2]’

when w, = —1/2

T+
T, = 2
" [18#}’ (26)
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when w, = —2/3

T+
T, = |—5]|- 27

g {87%] 27)
4. Quantum Gravity Effects for Spin-1 Particles

In this section, we study the corrected tunneling rate for spin-1 particles through
the horizon, we choose a Lagrangian equation under quantum gravity effects. The

GUP modified Lagrangian equation for spin-1 particles with vector field ¥,, can be

given as’®

1 2
£GUP _ _5[33”\:[]” o Qvlpu] [@u\:[ﬂ) _ @U\IJU] _ %\Il”\:[fu (28)

The modified equation of motion for bosons particles can be defined as follows®®:

Ou(v/=gU™") + h2B900000 (v/—Gg** ")
— 1280,0:0:(\/—3g" U™ — \/—gl’“—zw —0. (29)

Here, m shows the mass of emitted particle. The generalized anti-symmetric tensor
¥, can be defined as®®

Vo = (1 - ﬁh2812¢)8u\:[jv - (1 - Bh285)8v\:[ju (30)

The modified tensor ¥;,, i = 1,2 stands for spatial components and ¥, 0 states
the time coordinate. Also, the correction parameter 5 can be given as 5 = 5o/ Mpz,
where ]\prz denotes the minimal length.%*

The wave function for emitted particles with vector field ¥* can be expressed
2576

U, = (ap, a1, az) exp {%I(t,r, x)] , (31)

By using the metric components from Eq. (4) and values from Egs. (30) and (31)
into Eq. (29), we get a set of equations

Yao(0,1)*>P? — ay(0,1)(8,1) P, Py

+ %[ao(amﬁ; — (0, 1) (D) B Bo) + agm? = 0, (32)

—%[al(atI)QPOQ — ao(atl)(arl)popl]

+ %[al(awfﬁﬁg — ax(0,1)(,1) PoPy] + aym? = 0, (33)

1 - o~
—}[ag(atf)ng — ag(0¢1)(0.1) Py Py)
+Yaz(8,1)2P? — a1(0,1)(0,1) P, Py] + asm? = 0, (34)
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where
. 1 .
Py=1+ ﬁm(atI)Q, Py =14 BY(r)(6,1)%,
) (35)
Py =1+ B——(0.1)°.
By assuming the separation of variables technique
I=—-FEt+R(r)+jz+C, (36)

where E denotes the energy of the emitted particles and C represents the complex
constant. After inserting Eq. (36) in the above set of equations, a matrix equation
can be given as®®

N(ag,a1,a2)” =0, (37)

where

N - EjPyP.

YR2P? + %Pg +m? YER'P,P, %
N —~ER PP, —E%P? N j2P3 o —jR' PPy
X X Z Z
~EjRyP. - ~E2P} .
73)(0 2 ~YjR'P P, O 4 YR2P? +m?

(38)

where R’ = 0,R. When we set detX = 0 from Eq. (38), we obtain a nontrivial
solution in the form

B —m2 B2 - 2 51
Ol = jE\/ Y T YOXE) T Y20 (1 % 5) ’ (39)
where

81 = —3miX (1) Z(r) + 6E2mAZ(r) — 6m? 2 X (r) — L) X() 6L

Z(r)

CTX(r)? 3X(r)j? 3X (r)j?
Z(r) 2m2Z(r)2  2m2Z(r)?’

Fo = —m2X(r)Z(r) + E*Z(r) — 52X (r).

After integrating Eq. (39), we calculate the imaginary part of the radial action in
the following form:

E
ImRy = :|:L7TXI—(T)(1 + Bx), (40)
where x > 0 and can be given as

6-2
X=6m2+i2.
T

2050104-8



Mod. Phys. Lett. A Downloaded from www.worldscientific.com
by UNIVERSITY OF ROCHESTER on 03/04/20. Re-use and distribution is strictly not permitted, except for Open Access articles.

Effect of the GUP on the Hawking radiation of black hole

Here, Ry /R_ stand for radial functions for the outgoing/incoming particles, re-
spectively. The tunneling rate for spin-1 particles at event horizon can be derived

as
Plemission] 4
7~ Plabsorption] P [ h( mR+)} ’ (41)
87l’E
I'p = -— . 42
p=oxp —p (1 ﬁx)} (42)

The corresponding effective Hawking temperature can be calculated as follows:

2
Y E— 43
h 87Tl2(1+6)() h( ﬁX)7 ( )
where
2
Py
T =
TR

this is the original Hawking temperature of the given BH. Equation (43) represents
the effective Hawking temperature under quantum gravity effects.

In case of quantum corrections, we can observe the stopping of BH evapora-
tion. Quantum corrections decelerate the increase in Hawking temperature during
the radiation phenomenon. During the evaporation process, we can achieve a bal-
ance state, where the evaporation stops and remnants are left. When (8 = 0),
we can get the original Hawking temperature 7}, for a given BH surrounded by
the quintessence. For different values of quintessence, we can obtain the corrected
Hawking temperature as follows:

when w, = —-1/3

7= | gt - )| (44)
when w, = —1/2

7= | gyt - ). (45)
when w, = —2/3

7= |t - )| (46)

5. Quantum Gravity Effects for Charged BTZ-Like Magnetic
Black Hole

The line element for (2+ 1)-dimensional BTZ-like BH with magnetic charge ¢,, can
be defined as?

1
G(r)

2
ds? = _';_thg + dr? + 12G(r)7? d?, (47)
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where G(r) is the metric function, ! denotes the radius curvature with negative

cosmological constant A = —l%, r represents the radial coordinate and
r? Y 212 _2 r
G(r) = Zh M + 8¢, 1“7 In 7)1 (48)

where M shows the mass of the BH and 7 is the arbitrary parameter. Equation (47)
can be rewritten in the following form:

ds? = X (r)dt*> + Y (r)dr? + Z(r)dy?, (49)

where the metric functions X (r), Y (r) and Z(r) can be given as

~ r2 ~ 1 ~
X(r=—=, Yr)=—=—~, Zr)=10 2,
)=~ Y0 =g 200 =G0 (50)
The gauge potential of BH is given as follows:
A, = —2qm127'2k(r)5;f, (51)

where A, is the only nonzero component due to magnetic field and k(r) represents
the arbitrary function of 7.

In order to investigate the corrected tunneling rate and Hawking temperature for
BT7Z-like charged magnetic BH, we consider the following modified wave equation
for massive bosons as'!

0, (V/TTU™) + T Tl A 4 TP,
+ 128800000 (v/—3g"* W) — 1?B0;0;0; (v/—gg" ™) = 0. (52)
The anti-symmetric tensor for the charged particles can be defined as'!
Wy = (1= Bh?07)0u 0y — (1 = BH?07)0, W,
+(1- 65283)%6Au\1'v . ﬁh?af,)%eAUq/u, and
Fuy = VA, — VA, where Vo = (1+1289°°V2)V,,
Vi = (1 - h?Bg""VHV,. (53)

By using metric (49) into Eq. (52) and following the same procedure of Sec. 4, we
obtain the imaginary part for BTZ-like magnetic BH as

(B — jw—eAy)Pry

ImRy =+
it . ri — 4q2, 7214

; (54)

where R, and R_ represent radial function for the outgoing and incoming par-
ticles, respectively. For our standard coordinates of the BH metric, the tunneling
of outgoing particles can be obtained by taking an infinitesimal half circle below

2050104-10
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the pole r = ry, while for the incoming particle, such a contour is taken above
the pole. Further, in order to calculate the semi-classical tunneling probability, it
is required that the resulting wave equation must be multiplied by its complex
conjugate. In this way, the part of the trajectory starts from outside of the BH
and continues to the observer which will not contribute to the calculation of the
final tunneling probability and can be ignored because it will be completely real.
Therefore, the only part of the trajectory that contributes to the tunneling prob-
ability is the contour around the BH horizon. We set the probability of incoming
spin-1 particles as 100% by setting (P_ ~ e~ #™ B~ = 1) to solve the factor of two
problems. Due to the fact that Ry = —R_, we have ImC = Im R, and therefore
from Eq. (54), we get

lQ(E —th — eAw)
r3 —4¢2, T4

I'p =exp |27 (1+8x)| (for h=1). (55)
The modified tunneling probability of vector particles depends upon the energy
E, the charged potential of BH A, the magnetic charge g,,, particle’s charge
e, curvature radius ¢, correction parameter 3, angular momentum j and angular
velocity Q.

After utilizing Boltzmann factor I'p = exp[(E — jQn — eAy)/T3], the corre-
sponding effective temperature for given BH can be calculated as follows:

ri — 42,14

T =— —m
" oni2r (14 By)

where

r3 —4¢2 2t

T, = (57)

2ml2ry
Ty, is the original Hawking temperature of BTZ-like magnetic BH. If we con-
sider 8 = 0, then the modified temperature T} convert into original Hawking
temperature T}, of BTZ-like magnetic BH.? The effective Hawking temperature
depends upon magnetic charge g, of BH, the curvature radius and correction
parameter 3.

6. Quantum Corrections of Spin-0 Particles for Quintessential BH

This section is devoted to the study of quantum gravity effects on the tunneling of
massive scalar particles from a BH with quintessential field.

We investigate the tunneling process of spin-0 particles for given BH and cal-
culate the modified tunneling probability and corresponding corrected Hawking
temperature. For this purpose, we consider the modified Klein—-Gordan equation
with scalar field ¢ as®?

—(ih)?0,0' ¢ = [m* + (—ih)?0;0"][1 — 2B8(m? + (—ih)?0;0")]¢, (58)

2050104-11
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The generalized Klein—-Gordan equation in the background of quintessential BH
metric (4), obtains the form%4

S [_Ym aﬂ

X(r) 0t2  Z(r) 0x? Bl 57
h4ﬁ 82¢ 1 82¢ ) 82¢ , ,
27 e | Zmyaez| Y gzt (1=26mTe =0, (59)
The wave function for spin-0 particles can be defined as follows:
¢(t,r,x) = exp |:%I(t77"7 x)} . (60)

By inserting Eq. (60) into Eq. (59), only for first-order term in #, we obtain

i) 0(5) <7 () o ()

- B [m4 —2Y(r)? (%)41 : (61)

In order to solve this equation, we consider the following particle’s action:
I(t,r,x) = —FEt+ jz + R(r). (62)

Here, R(r) = Ro(r) + BR1(r),>® so the radial integral R(r) gets the form

E? - X(r) (m2 + %)

= 1 ).
R (1) o (1+69) (63)
After solving the above integral, we obtain the following relation:
. FE
Ri(r) = j:mX’—(r)(l + 389), (64)

where & > 0 can be given as

o X(r) (m2 + #:)2) - E? — X(r) <m2 + ZJ(T)) (©5)
E? — X(r) <m2 + 7%) Y(r) .

Here, Ry and R_ are the radial functions for the outgoing/incoming particles,
respectively. The tunneling probability for spin-0 particles at horizon can be given

as follows:
Plemission] 4
[p = CHSIOW - op [ =201
7™ Plabsorption] P [ h( mRQ} ’ (66)
87l’E
Tp = exp | — o 21+ 83| .
» = o |51+ 59) (67)
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The corresponding corrected Hawking temperature for scalar particles can be cal-
culated as follows:

2
=" _7,0-5% 68
h 871'[2(14—5%) h( B\Y)v ( )
where
_ Py
bR

this is the original Hawking temperature of the given BH. Equation (68) represents
the effective Hawking temperature under quantum gravity effects. For different
values of quintessence, we can obtain the corrected Hawking temperature as follows:

when w, = —-1/3

1, = L?;—;(l - ﬁ%)} (69)
when w, = —1/2

7 = | a1 - 59)] (70)
when w, = —2/3

T, = {8;%(1 - BS)} (71)

7. Quantum Corrections for BTZ-Like Magnetic BH

In this section, we calculate the modified tunneling rate and corresponding effective
Hawking temperature for BTZ-like BH in the presence of magnetic field. For this
purpose, we use the modified Klein—-Gordan equation with scalar field ¢

—(ih)20,0'¢ = [m?* + (—ih)?0;0"|[1 — 2B(m? + (—ih)?0;0")]¢. (72)
By using the metric Eq. (47) in Eq. (72) and following the same procedure of Sec. 6,

we derive the modified tunneling probability for the given BH in the following form:

r 5 I’FE
= e —_
L *P Wr?._ — 4q2, 7214

1+ B%)] , (73)

where

o X(r) (m2 + #:)2) - E? — X(r) <m2 + ZJ(T)) 1)
E? — X(r) <m2 + 7%) Y(r) .

The corresponding corrected Hawking temperature at BH horizon for spin-0 parti-
cles can be deduced in the form
ri — 4¢3 7214

T, =+ _—m
b o2, (14 BS)

=Th(1 = p59), (75)
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r2 —4q? 724
where T}, = % shows the standard Hawking temperature for BTZ-like
magnetic BH. When we neglect quantum gravity effect, i.e. (8 = 0), then the
corrected temperature reduced into standard Hawking temperature of BTZ-like
BH.

8. Conclusion

In this paper, we have investigated the Hawking radiation process via quantum
tunneling phenomenon for vector particles from (2 + 1)-dimensional BH with
quintessence. In this regard, we have considered the Hamilton—Jacobi technique and
WKB method to the field equation of massive vector particles. We have calculated
the required tunneling rate of emitted particles and their corresponding Hawking
temperature, Tj,. Moreover, we have studied the quantum gravity effect on the tun-
neled spin-1 (vector) and spin-0 (scalar) particles from (2 + 1)-dimensional BHs in
the background of quintessential and BTZ-like magnetic BHs. First, we consider
the modified Proca and Klein—Gordon equations that describe the motion of spin-1
and spin-0 particles, respectively. Then, by utilizing the Hamilton—-Jacobi method,
the tunneling probabilities and effective Hawking temperatures T} for both type of
particles from the given BHs are calculated. We note that the Hawking temperature
and corrected Hawking temperature are not only based on the BHs properties, but
also depend on the radiated particles energy, mass, and angular momentum.

It is worth mentioning that the corrected temperatures obtained in Eqgs. (43)
and (68) for quintessential BH and in Eqgs. (56) and (75) for BTZ-like magnetic
BH look identical for spin-1 and spin-0 particles. Moreover, we conclude that also
the Hawking temperature is independent for types of emitted particles. But the
relation to angular momentum and mass is not entirely identical in these results.
These temperatures also look preserved over charge and energy. From our analysis,
we have concluded that the Hawking temperature at which particles tunnel through
the horizon is independent of the species of particles. In particular, the nature of
the background BH geometries, for the particles having different spins (either spin
up or down) or zero spin, the tunneling probabilities will be seen to be the same by
considering semi-classical effects. Thus, their corresponding Hawking temperatures
must be the same for all kinds of particles.

The corrected temperature for quintessential BH depends upon the curvature
radius [, correction parameter $ and quintessence parameter wy (i.e. p = 2(14+wy)).
When we neglect the quantum gravity effects (§ = 0), then the modified Hawking
temperature of quintessential BH is reduced into standard Hawking temperature
of Eq. (24). Similarly, the corrected Hawking temperature of BTZ-like magnetic is
BH reduced into standard Hawking temperature of Ref. 9. Moreover, the effective
Hawking temperature for BTZ-like magnetic BH depends upon magnetic charge g,
of BH, the curvature radius and correction parameter 5. When the magnetic charge
¢m of BH increases, the Hawking temperature decreases in Eq. (75), on the other
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hand, when the quintessence parameter w, increases, the Hawking temperature also
increases in Eq. (24).

It is important to mention here that the quantum corrections slow down the
increase in Hawking temperature during evaporation process. At the point when the
mass of BH approaches to its minimum value, it stops radiating and BH remnants
are left.
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