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Abstract

In this paper, we have investigated the Hawking radiations process
as a semiclassical quantum tunneling phenomenon from black ring and
5D Myers-Perry black holes. Using Lagrangian of Glashow-Weinberg-
Salam model with background electromagnetic field (for charged W-
bosons) and the WKB approximation, we have evaluated the tunneling
rate/probability of charged vector particles at through the horizons by
taking into account the electromagnetic vector potential. Moreover,
we have calculated the corresponding Hawking temperature via Boltz-
mann factor for both type of the considered background and analyzed
the whole spectrum generally.

Keywords: Black rings; Myers-Perry black holes; Charged vector particles;
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PACS numbers: 04.70.Dy; 04.70.Bw; 11.25.-w

1 Introduction

In the early universe, by assuming the quantum back ground, Hawking ob-
served that black hole (BH) emits particles and the spectrum of the passed
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off particles is purely thermal. Hawking expressed the emission spectrum for
all kinds of particles (neutrinos, photons, gravitons, electrons, positrons etc.)
and found the emission rate for these particles. The vector particles or vector
bosons (with spin equals to 1), i.e., W* and Z are important components
of the standard model for electroweak interactions, therefore the emission of
such particles should also be of more significance in the analysis of Hawk-
ing radiations. Different methods have been suggested for the analysis of
Hawking radiations as a tunneling spectrum across the horizons of BHs. The
tunneling method is based on the fundamental physical particles action which
allows BH radiations.

Existence of the positive and negative energy pair of virtual particles is
similar to the existence of particle and anti-particle pair creation, respec-
tively. Instantaneously, the negative and positive energy virtual particles are
created and annihilated in form of pairs. The positive energy virtual particle
disappears by tunnel through the horizon and it is emitted as a depart of the
Hawking radiation, whereas, the negative energy particle goes inside the BH
or absorbed by the BH. The rule of conservation of energy is adapted in the
procedure. The specific value of temperature at which particles are emitted
from the BH is known as Hawking temperature.

Emparan and Reall [1] discussed a rotating 5D black ring. Lim and Teo [2]
studied the particles motion in the spacetime of the rotating black ring. Chen
and Teo [3] discussed rotating black rings on Taub-NUT space by applying
the inverse-scattering procedure. Matsumoto et al.[4] pointed out the loss
in BH mass and angular momenta through Hawking radiations. Cvetic and
Guber [5] discussed regular charged BHs (particular BHs in gauged super-
gravity in D = 5 and D = 7). Aliev [6] considered that a BH may posses
a small electric charged and constructed a 5-vector potential for electromag-
netic field in the background of Myers-Perry metric. Sharif and Wajiha [7]
have computed the Hawking radiation spectrum for charged fermions tun-
neling from charged accelerating and rotating BHs with NUT parameter.
Jan and Gohar [8] applied the Hamilton-Jacobi method to the Klein-Gordon
equation by using WKB approximation. They determined the tunneling
probability of outgoing charged scalar particles from the event horizon of BH
and also detect the corresponding Hawking temperature. Kruglov [9] studied
the Hawking radiation of spin-1 particles from BHs in (141)-dimensions by
using Proca equation. The procedure has been used as quantum tunneling
of bosons through the event horizon. Also, he has established the result
that the emission temperature with the Schwarzschild background geometry
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is similar to the Hawking temperature of scalar particles emission. Li and
Zu [10] have studied the tunneling rate and Hawking temperature of scalar
particles for Gibbons-Maeda-Dilation BH.

Feng et al.[11] have analyzed the Hawking radiation of vector particles
from 4D and 5D BHs. Saleh et al. [12] obtained the Hawking radiations
from a 5D Lovelock BH by applying the Hamilton-Jacobi procedure. Lin et
al. [13] studied the outgoing and ingoing probabilities and temperature of
the Spin—% particles. Chen and Huang [14] studied the Hawking radiation of
vector particles for Vaidya BHs. Li and Chen [15] looked into vector particles
tunneling (uncharged and charged bosons) from the Kerr and Kerr-Newman
BHs. Singh et al. [16] have used the WKB approximation and Hamiliton-
Jacobi ansatz to the Proca equation and calculated the tunneling rate and
Hawking temperature of vector bosons for Kerr-Newman BH. In this paper,
the Hawking temperature is discussed for three coordinate systems. Gursel
and Sakalli [17] studied the Hawking radiation of massive vector particles
from rotating warped anti-de Sitter BH in 3D and showed that the radial
mapping gives the tunneling rate for outgoing particles. Different authors
[18, 19] have found the Hawking temperature for various types of particles
from BHs. Li and Zhao [20] analyzed the massive vector particles tunneling
and found the Hawking temperature from the neutral rotating anti-de Sitter
BHs in conformal gravity by applying tunneling procedure. Jusufi and Ovgiin
[21] studied the quantum gravity effects on the Hawking radiation of charged
spin-1 particles for noncommutative charged BHs, RN BHs and charged BHs.

Sakalli and Ovgiin [22] have investigated the Hawking radiations phe-
nomenon as a tunneling spectrum of vector particles for Lorentzian worm-
holes in (341)-dimensions. Moreover, they investigated radiation process of
spin-2 massive particles for a generic (3+1)-dimensional static BH. They also
studied Parikh-Wilczek tunneling method for resolving the information loss
problem during the process of Hawking radiation. Also, they have inves-
tigated the quantum gravitational effects on Hawking radiation of massive
scalar particles for rotating acoustic BHs. The same authors [23] have ana-
lyzed the radiations spectrum of vector particles for 5D Kerr-Godel space-
time. Qian-Li [24] has investigated the tunneling of scalar, fermions and mas-
sive bosons for 5D Schwarzschild-like BH. All the above mentioned studies
predict that scalars, fermions and vector particles impart the same effective
Hawking temperature.

In order to study Hawking temperature by using Kerner and Mann’s
formulation, Sharif and Javed [25] have studied the fermions tunneling phe-
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nomenon through the horizons for charged anti-de Sitter BHs, charged torus-
like BHs, Plebanski — Demianski family of BHs, regular BHs and and
traversable wormholes. The same authors [26, 27] have discussed the Hawk-
ing radiations as fermions tunneling for a pair of charged accelerating and
rotating BHs with NUT parameter. They have calculated the corresponding
Hawking temperature. Javed et al.[28] have discussed the charged vector
particle tunneling from a pair of accelerating and rotating and 5D gauged
super-gravity BHs.

Jusufi and Ovgiin [29] have investigated Hawking radiation phenomenon
through quantum tunneling effects of scalar and vector particles for rotating
5-dimensional Myres-Perry BH. They recovered the same Hawking tempera-
ture for both vector and scalar particles and discussed the quantum tunnel-
ing in Painleve coordinates system and co-rotating coordinates system. They
showed that the coordinates systems do not affect the Hawking temperature.
Hawking temperature is independent of the selection of the coordinate sys-
tem. Sakalli and Ovgiin [30] have studied the Hawking radiation of massive
vector (spin-1) particles for Schwarzschild BH in Kruskal-Szekeres and dy-
namic Lemaitre coordinates systems. They obtained the original Hawking
temperature of Schwarzschild BH in both coordinates systems. Thus, the
Hawking radiation is independent of the coordinates systems.

It is to be observed that the kinetics of charged vector particles are ruled
along the Proca field equations by using WKB approximation and the tunnel-
ing rate and Hawking temperature for the passed off particles can be deduced.
It is observed that the tunneling effects are not associated to the mass of BHs
but depends on the mass/energy of the outgoing particles. In this paper, we
have explored the charged vector particles tunneling for 5D spacetimes with
electromagnetic background. This paper is organized as follows: We discuss
in the section 2, the tunneling rate and Hawking temperature of charged
vector W*-bosons for black rings. Section 3 is based on the analysis for
Myers-Perry metric. Section 4 deals the summary of the work.

2 Rotating Charged Black Ring

In this section, we have analyzed the Hawking radiation process as tunneling
of charged vector particles from 5D charged black rings. The discussion of
tunneling phenomenon for Dirac particles from 5D charged black rings is
studied in Ref.[31]. The black rings can go around in the azimuthal focus of

https://mc06.manuscriptcentral.com/cjp-pubs

Page 4 of 26



Page 5 of 26

Canadian Journal of Physics

the S2. The result is identifying a revolving black ring, which takes essential
conic singularity, because at that place no centrifugal force exists to produce
equilibrium due to self-gravity of black rings. The black ring reduces to
the electrically charged BH, as the NUT parameter reduces to the similar
Kaluza-Klein monopole [3].

The study of BH thermodynamics has significance in gravitational physics.
Laws of BH thermodynamics have suggested that BHs have finite tempera-
ture (known as Hawking temperature) which is proportional to their surface
gravity and BH entropy is proportional to the horizon area, which corre-
sponds to the first law of thermodynamics. The thermodynamical relation-
ships for 5D physical objects at horizons are more complicated as compare
to BHs, in particular for spinning black rings and black saturns. Matsmoto
et al.[4] have studied the time evolution of thin black ring via Hawking radi-
ation. They observed the energy and angular momentum of emitted scalar
particles. The minimum (or zero) velocity is deduced for black ring which
allows a limit for jumping the particles to be bounded inside the black ring.
The analysis is based on geodesics to analyze the complicated mathematical
structure for particles to go across through the ring [32].

In this section, we focus on studying Hawking radiation of charged vector
particles via tunneling from 5D rotating charged black ring, which is special
solution of the Einstein-Maxwell-Dilaton gravity model (EMD) in 5D. The
line element of black rings in a unit electric charged can be written in the
following form [31]

2 . ZJ) 1 +y cosh? o ?
5= F(z)K*(z,y) ( F(y) ’ d¢)
ot @ { ?—ZW - g?y) + Cc?lfx) n gggdgf} L (2.1)

Cv,\) = \/A<A_V>1i—i\\ K(z,y) = 1+ Mz — y) sinh® o F ()

F(C) = 1+, GO =01-¢)(1+w)

and parameters A and v are dimensionless and takes values in the range
of 0 < v < XA < 1 and does not take the conical singularity at © = 1, A
and v associated to each other say A = 2v/(1 + %) and « is the parameter
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acting as the electric charge. The coordinate ¢ and ¢ are two cycles of the
black ring and x and y the values rang —1 < xr < 1 and —oc0 <y < —1
and R has the dimensional length. The explicit calculation of the electric
charged is Q = 2M sinh2a,/(3(1 + 4 sinh® @)). The mass of the black ring
is M = 3rR?)\/[4(1 — v)], and its angular momentum takes the form J =
TR3p\/ AN —v)(1+N)/[2(1 — v)?).

The line element given by Eq.(2.1) can be rewritten as

ds* = Adt* + Bd¢? + Cdy® + Ddz* + Edyp? + 2Fdtd. (2.2)

The charged bosons (W*) act differently as from the uncharged bosons (Z2)
in the presence of electromagnetic field. The W™ bosons behave similarly
as W~ bosons and their tunneling processes are similar too. In order to
calculate the tunneling rate for charged vector particles through the BH’s
event horizon r,, we will consider the Proca equation with electromagnetic
effects. The motion of massive spin—1 charged vector field is traced out by
the given Proca equation in the background of electromagnetic field, i.e.,

b
V=9

where the anti-symmetric tensor ¢*” is defined by

m2 ) 7
O (VTG + Tt A b TPy, =0, (23)
Yo = Oty — Dby, + %eAywu _ %eAuw,, and F* = VHAY — V¥ A",

The values of the components of ¢* and "* are given as follows

B F —F A
0 __ 1 _
CEapo e T Ao et Y T Ao T ap-
1 1 1 F?iyg + ABYy
R 3 _ 4_ = 01 _ 10 01
d} - C¢27 ’¢ D,@Z}i’n ’lvb E,’vz)lb ’QD (AB _F2>2 )
02 — Boy — Fi)io W08 = Bz — Fs oo = By — F1)y14
C(AB — F?)’ D(AB — F?)’ E(AB — F?)’
P2 = —Fpoy + Athyo W = —Fo3 + Ats P = —Fpos + Athyy
C(AB — F?)”’ D(AB — F?) "’ E(AB — F?)’
2w _ Yo oa Y e Um
=pe VT Ee Y T DR
The electromagnetic vector potential is given by
A, = Aydt + Aydo, (2.4)
6
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where
4= Az — y) sinh a cosh « g = C(v,\)R(1 4 y)sinh o cosh a
t F(z)K (z,y) ’ F(2)K (x,y) '
Using, WKB approximation [32], i.e.,
b, = ¢, expl3Solt,1,0,6) + ZH'S, (t,1,6, 6)] (2.5)

to the Lagrangian (2.3), where ¢, are arbitrary constants, Sy and S, are
arbitrary functions. By ignoring the terms for n = 1,2, 3,4, ..., we obtain the
following set of equations

F2
m[C()(alS())Z — C1 (8150)(8050) -+ 60(8150)6141 — 61(8150)614()]
AB
+m[01 (8150)(6050) — 00(8130> + C1 (8150)6A0 — 00(8150)6141]
B F
+6[02(8030)(82S0) — 00(8250)2 - 02(8280)6140] — E[CQ(@pr)(@QSQ)

B
—01(625(])2 -+ CQ(@QSo)eAl] -+ 5[63(6050)(8380) — 60(83S0)2 + 03(8350)
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GA()] — g[c;»,(alSo)(agSo) — 61(8330)2 + 63(6350)6141] + 2[64(8050)

(@&yﬁmm&f+@@@mﬂd_%mwﬁﬂa%yﬂﬂ@&ﬁ

A F?
Al — m2B o I L
+C4(84SO)6 1] m Co+m-rc + AB — F?
€A1AB

AB — F? [c1(00S0) — c0(0150) + eAgcr — eArco]

=0, (2.6)
—F2
AB — F?
__AB
AB — F?2

F

9 A
—5[02(8080)<8280) g 60(8250) + 62(625())6140] + 5[62(8130)(8230)

F
—C ((9250)2 + 02(8250)6141] — 5[03(8@5@)(8350) — Co<8380)2 + 03(8350>

[co(01S0) — ¢1(00So)

+€A100 — ercl] -+

[00(8150)((9050) — C1 (8050)2 + 00(8050)6A1 — C1 (8050)6A0]

[Cl (80S0)2 y— 00(8150)(8050) + C1 ((9050)6140 — 60(6050)6141]

GA()] + %[03(8180)(8350) — C1 ((9380)2 + 03(8350)6141] — %[04(8050)

(8450) — Co<a450)2 + C4(84S())€A0] i %[C4(8150)(84SO) —C (845())2

+C4(84SO)€A1] + m2F00 — m2A01 —

erAB
AB — 7

[02(8150)<8050) — C1 (8050)(8150) + 02(6030)6141]

00(815’0) —C (8050)

—eAjco + eAocr] +

F

AB — 2
B

" AB — F?

[63(8150) — C1 (6350) + 614103] = O, (27)

[62(8030)2 — 00(805'0)(8250) + Cg(aoso)er]

+ 15— 72 102(0051) (05) — c0(0290)(9150) + €2(01.5 )e Ao

1
—m[cz(ﬁl&))z — C1 (825’0)(8150) + 62(315’0)6A1] — 5[03(8250)
1

(8350) — C2<8350)2] + E[C4<84SO)(82SO) — 62(8450)2] — TTL2C2 +

€AOF B

AB — F? [02(8150) —C (8250) + CzeAl] — m[cz(aoso)
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A F
_60(8230) + CQGAO] + ﬁ[CQ(QOSO) — 00(8280) + GA()CQ]
AlA
_—AGB i 72 [c2(0150) — ¢1(0250) + eAica] = 0, (2.8)

—B{03(8050)2 — 60(8050)(8350) + Cg(@gS@)@Ao] -+ F[c?,(aoSg)(@ng)
—C (8050)(8350) + 63(8050)&41] + F[03(8OSO)(8150) — 00(0150)(035'0)
+C3(8180)€A0] — A[C3(8150)2 —C1 (8150)(@330) + 03(6150)6141]

AB — F? AB — F?
——[63(0250)2 — CQ(@QSO)(@?,SO)] + —

C E
AB — F?
03(845’0)2] — m203T + 61403[03(8080) — 00(8350) + 636140]

+eAgFe3(01S0) — ¢1(0350) + czeAq] + eA1 Fles(00S0) — ¢o(0550) +
eApcs] — eA1Ales(0150) — ¢1(0550) + eAres) = 0, (2.9)
F[c4(0050)(01.50) — ¢1(00S0)(0450) + c4(0pSp)eAr] — Blea(00S0)?
—0(00S50)(0450) + ¢4(90S0)eAo] + Fea(90S0)(0150) — ¢o(01.50)(0450)
+¢4(01.90)eAo] — Alca(0190)% — €1(0150)(04S0) + c4(9150)eAq]

AB — F? AB — F?
—T[C4(8250)2 - 02(8250)(8450)] - T[C4(a350)2

—03(8450)(8350)] - m204AB - F2 = 6A0F[C4(6150) — C1 (8450)
+C4€A1] — 61403[04(8080) — 00(6450) -+ C4€A0] + €A1F[C4(80S0)
—60(8430) + €A004] — €A1A[C4(8130) — 61(645()) + €A104] =0. (210)

[64(335'0)(8450) -

Using the following rule for separation of variables [33], i.e.,

2
So=—(E =Y _jiQ)t+J¢+W(x,y)+ Lo, (2.11)
=1

where F is the energy of the particle, J and L represent the particle’s angular
momentums corresponding to the angles ¢ and ¢, respectively, while K is
the complex constant. From Eqs.(2.6)-(2.10), we can obtain a 5 x 5 matrix
equation

T
G(007cl7027c37c4) - 07
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where the matrix is labeled as “G”, whose components are given as follows:

1 1. 1
G()() == m[F2J2+6A1] _AB[J_eAIJ] _6(W2_5(83W>2
L2 6A1
- E —m?B + m[F2J —eAy] — AB[J + eA]
GOl = AB F2 Z]z i —€A0 Z]z 7 _eAO ]
eA 2
1 s
+ IO+ eA@IW)] = FU@WY — Il + g5 l(F ~ 3 5ih)
— €A0 Z]z i —€A0
Gop = EE Z W) + eAg(0,W)] — F[J(05W) + eAy (8,W)]
02 = C Ji€ z €A0\02 3 €A1(02
Goz = B Ag(OsW J(0sW A (W
o = 5B Z]zz W) +eAg(0sW)] = F[J(0sW) + eA1(0sW)]
G04 = E jz L+6A0 .]z z _eAlL]
E
2
Gy = AB F2 Z]z J‘|— €A1 _JQ)] + AB[(E - ZZIJZQl)J
—eAy(E ij ; W) + S (0sW)* + =L + m’F
€A0F2
ap_ el — el
1 2 & -
B . . 9 )2
G = 47 F2[<E—;gm — Ao —izljzﬂi)]+AB[(E—iZIJiQi)
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Z]Z + GA() 82 )] é[J(@QW) + €A1 (82W)]

F

cl®

F & A

Dl - Zmi)(asm — eAo(OsW)] + 1T (0sW) + eAr (85W)]

v Bef ABJ + ABeA,]
F 2
SlE - > UL — eAgL) + Z[JL + €A, L]
=1
B 2 1 eAoB
A E ;‘”Q’)@W) a5 W+ gm0
eA
AB —1F2 (%)
F 2 A BAO
a5 ;”Qz)@w) a5 ! W) - g @ (W)
eA A
1B i 7 (0.W)
—F 2 B
a5l ;‘72 +eAu(E Z” ~ap_plF
2 2
2 s
— ;lel) —eAy(E — ;jlﬂz)] AB F2 ZJZ —eAyJ]
A 2 1 2 L2 2 GAQ
—m[J -+ €A1J] — 5(83W) — F —-—m° + m[«]—i‘ 6141]
B 2 ™ €A1
a5 —pl(F = 2 )+ el =l Zﬂz +edd
eA1A 1
FiW[J + €A1], G23 = 5(82W)(63W) G24 = E(@gW)L

2
—B(83W)(E — ijQz> — FJ(a:;W) — 6A0((93W) + €A1F(83W)
Z 7:i%) )+ AJ — eAgF(85W) + e AL A(OsW)

AB — F2
o @mer)
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2 2
=1 i=1
2 2
=1 i=1
AB — F? AB — F?
AlJ? 4+ eAyJ]) — T(32W)2 - —L-
AB — F?
Tnﬂ — eAyB Z 3iS%) — eAo] + eAgF[J + eA]
—eAF Zgl i) — eAg] — Ae A [J + eA4]
AB — F?
G34 == T(&),W)L
G = Z Gi%)L — FJL + eAyBL — eA F L
Gn = Z;Z )L+ AJL — eAgFL + eA A
AB — F2 AB — F?
G42 == T((‘?QW)L, G43 = T(a:;W)L
2
Gy = —F(E- Z;Z )J — FeAy(E — jQ) = B[(E =) ji%)* —
=1
eAo(E Z]’ ] — Z]Z i) —eAgJ] — A[J? 4+ eALJ]
_ 2 _ 2
—ABTF(82W)2 - ABTF(aSW)2 _ m2(AB — F?) 4 eAF
2
[J + €A1] + €A0 Z]z z - 6140 - €A1 [( Z]ZQJ

+€A0] — eAlA[J + 6141].

For the non-trivial solution, the absolute value |G| is equal to zero, so that

12
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one can yield

Imv: —j:/\/E ZZ 131 i eAO—QheAl) + X

Y

BD
—eAy — Zl 1jZQ QneA;
2k(ry) ’

= j:m

(2.12)

where —€)), = BQ, while + and — represent the outgoing and incoming par-
ticles, respectively. The function X can be defined as

FJ o _ 2 pfF FJ AJ
X = (B =) - Ai[g = 1]+ 2 [(F = Q) — edg] + &
AB — F? A
[J—l—eAl]—l—ng—eAg J+6A1—(J+6A1) (2.13)

B
and the surface gravity is

= VK ) By ),

where we have choosed —C(z,y) = K, (x,y) and D, ' (z,y) = H,(z,y). The
tunneling probability for charged vector particles is given by

—47T (E — Z?:l ‘]ZQZ — GAO — QheAl)
VEy(z,y)Hy(z,y)

By comparing the above expression with the Boltzmann factor, exp[—SE],

one can derive the Hawking temperature, which is Ty = % at the outer

horizon r,. For this case, we can obtain the following Hawking temperature

as

r emission
r_ L )

= exp (2.14)

F(absorption)

o V(@) Hy(ry)
H A )
Vi —y)2(1—22) (1 +ox)2+ Uy +vy3 + 2v — 22y — 3TY? U]

4/ (1 — ) (1 + yo)

(2.15)

The Hawking temperature of electrically charged black ring is depending
on z, y and v. The resulting Hawking temperature at which vector particles
tunnel through the horizon is similar to the Hawking temperature for scalar
and Dirac particles at which they tunnel through the horizon of black ring
[31].
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3 Myers-Perrry Black Hole

Black holes are most valuable astrophysical objects predicted in general rel-
ativity [29]. Kaluza’s theory (1921) along with Klein’s version (1929) known
as Kaluza-Klein theory which provides the proposal to unify the theory of
general relativity and electromagnetic theory in 5D vacuum spacetime. The
Einstein field equations for 5D spacetime are equivalent to 4D Einstein’s
equation on with matter comprising of scalar and electromagnetic fields. Ab-
dolrahimi et al. [34] have studied distorted Myers-Perry BH in an external
gravitational field with a single angular momentum as exact solution of the
5D Einstein equations in vacuum.

The Myers-Perry BH [35] is a solution of vacuum Einstein field equations
in an arbitrary dimension. Here, we consider the 5D case which represents a
regular rotating BH (with two rotation parameters) which is a generalization
of the Kerr solution. The corresponding line element in the Boyer-Lindquist
coordinates (t, 7,60, ¢, ) is defined as follows [36]

2,.2
s’ = —pAT dr® + p*df® — dt* + (r* + a”) sin” 0d” + (r* + b*) cos” Odp?
2
+ %[dt + asin® Od¢ + b cos® Odyp)?. (3.1)

where
p> =12+ a’cos? 0+ b*sin® 0, A= (r? +a*)(r* +b*) —rir?,

and the angle ¢ and ¢ assume measures from the interval [0, 27] and € assume
measures in [0, 7]; a and b are the two angular momenta, 7y associated to the
BH mass. The BH horizons are turned as

Lo

rl = 5[7’0 a? —b* + \/(7“% —a? — b2)? — 4a2b?] for (ri—a*—b*)* > 4a’b>.

The Myers-Perry BH is regular except if a = b = 0 that corresponds to
5D Schwarzschild-Tangherlini BH solution [37] and only in this case it has a
singularity at r = 0.

The line element given by Eq.(3.1) can be rewritten as

ds? = Adt*+Bdr*+Cd6*+Dd¢*+ Edp*+2F dtdg+2Gdtde+2Hdpdp. (3.2)
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The electromagnetic vector potential is defined as A, = (A41,0,0, A4,0),

where
b 2 2
Ay = —bcos? Hr—g and Ay = "o —absin? 0 cos? 0.
K? P P2RQ?

In Lagrangian Eq.(2.3) the components of ¢ and ¢ are given by

V0 = Jo+ Mg+ Nipy, ¢ =Tipy, ¢° = Uiy,

WP = Mg+ Py + Ripy, * = E7Mpy,

PO = JTo 4+ MTips + NTg, % = JUtga + MUtpsy + NUthy,
Y = (JP = M?)ipos + (JR = MN)thou + (MR — NP)is,

VM = MNsg+ (M — JS)thso + JRoz + NRipys, ¢'? = TUty,
VP = TMuig+ TPirs + TRy, ' = TNipg+ TRis + TSy,
V* = MUt + UPthas + URthys, > = MUtbyg + UPos + URibas,
* = (MR — PN)ios + PSiss,

where
I DE — H?
—ADE + AH? + [?E — 2HFG + DG?’
M= FE—-GH
—~ADE + AH? + F?E — 2HFG + DG?’
N FH —-GD
—ADE + AH? + F?2FE —2HFG + DG?’
p_ EA—-G?
—ADE + AH? + F2E — 2HFG + DG?’
R —HA - FG
—ADE + AH? + F?2FE —2HFG + DG?’
g —DE + F?
—ADE + AH? + F?2E —2HFG + DG?’
1 1
T = o U= Yok

Using Eq.(2.3) and WKB approximation, by neglecting the terms of order
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n=1,2,3,4... we obtain the following set of equations
JT[c1(00S0)(0150) — co(01.90)* + eAgc1(0150)] + MT[cy(0150)(935)
—c3(0190)% + eAsc1(0150)] + NT[e1(9150)(04S0) — ¢4(0150)%] + JU|eo
(0650)(0250) — co(0250)? + eAgca(0290)] + MU [e2(02.50)(9350) — 3
(0250)? + eAsca(0250)] + NU|cz(0250)(04S0) — €4(0250)%] + [JP — M?]
[c3(00S0)(0350) — co(0350)* + eAsca(0250)] + [JR — M N][ca(90S0)(95S0)
—¢0(0450)(0550) + eAgca(9350)] + [MR — N P][ca(0550)? — ¢3(0450)(0550)
+eAszcy(0550)] + [JR — M N[c3(00S50)(0450) — ¢o(9350)(0450) + ¢3(0450)
—eAzco(0490)] + [JS — M?][ca(90S0)(04S0) — c0(0450)? + eAgca(0sSy)]
+NR[c3(0450)% — c4(9350)(0450) — eAsca(04So)] — m?[co + CsM +
caN| + eAs[c3(00S0) — co(0350) + eAges — eAsco] + eAs[JR — M N]
[c4(D0So) — ¢o(04S0) + €Apcy] + eA3s[M R — N P][c4(0550) — ¢3(0450)
+eAszcq) =0 (3.3)
—JT[c1(0p50)* — ¢0(00S0)(01.90) + eAgc1(0So)] — MT[c1(9pS0)(9550)
—3(0050)(0150) + €Aszc1(0050)] — NT'[c1(0650)(04.50) — ¢4(90S0)(01.50)]
+TU[c2(0,50)(0250) — ¢1(0250)?] + T M|co(0150)(9350) — ¢1(00S0)(955)
—eAgc1(0350)] 4+ T P[c3(0150)(0350) — ¢1(0350)* — eAsci(935)] + TR
[c4(0150)(0350) — ¢1(0350)(04S0)] + T'Nco(0150)(04S0) — ¢1(00S0)(0450)
—eApc1(0450)] + T R[e3(0150)(04S0) — ¢1(0350)(0450) — €Azc1(0450)]
+TS[c4(0150)(04S0) — €1(0450)*] — m?*Tey — eAgJT[co(0150) — ¢1(9pS0)?
—eApcr] — MTeAo[c1(0550) — ¢3(0150) — eAscr] — eAgNT[c1(04S0) — ¢4
(0150)] + TMeAs[co(D150) — ¢1(0oSo) — eApcr] + eAsT Ples(01.50) — a1
(0350) — eAsc1] + TReAs[cy(0150) — ¢1(0450)] = 0, (3.4)
JU [co(00S0)(0250) — 2(00S0)? — eAoca(90S0)] — MU|[ca(0650)(9550)
—3(0050)(0250) + €A3c2(00S0)] — NU [e2(0650)(0450) — €4(00S0)(9250)]
~TU[c2(0150) — ¢1(0250)(9150)] + MU [co(9250)(95S0) — ¢2(9550)(9550)
—eAgcy(9350)] 4 U P[c3(0550)(05S0) — ca(0550)* — eAscz(0350)] + UR
[c4(0250)(0350) — ¢2(0350)(0450)] + M Nco(0250)(0450) — ¢2(90S0)(04:50)
—eAgca(0450)] + UP[e3(0450)(0250) — ¢2(9350)(0450)] + U R[c4(04.50)
(0250) — €2(0450)%] — m*Ucy — eAgJU[co(0250) — c2(9pS0) — eAgcs]
—MUeA[c2(0550) — ¢3(0250)] — eAgNU|c2(0450) — ¢4(0250)] + UM
eAs[co(0250) — c2(0pSo) — eAoca] + €AsU Plc3(0250) — ¢2(0350)]
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+U ReAs[cy(0250) — ¢2(0450)] = 0, (3.5)
—(JP — M?*)[e3(0050)* — co(00S0)(9350) + eAgcs(0Sy) — eAszco(9pSo)]
—(JR — MN)[c4(00S0)* — ¢0(9050)(04S0) + €Agca(90S0)] — NU |[c2(00S)
(0450) — ¢4(0050)(0250)] — (MR — N P)[c4(0050)(0350) — ¢3(00S0)(0450)]
—T M|co(0150)* — ¢1(06S0)(01.50) — eAoc1(0150)] — TP[cs(0150)* — e
(0550)(01.S0) — eAsc1(0150)] — TR[ca(9150)* — ¢1(0190)(9450)] — MU
[c0(0250)? — 2(0pS0)(02S0) — €Agcz(9250)] — U P[cs(0250)* — c2(825)
(0550) — €Asc2(9250)] — UR[c4(0250)* — ¢2(9250)(0450)] + (MR — PN)
[c3(0050) (0450) — ¢0(0550)(0450) + €Aocs(04S0) — eAsco(0450)] + PS
[c4(0450)(0350) — c3(04S0) + €Asc4(0450)] — eAg(JP — M?*)[c3(00.S)
—co(0350) + eAges — eAsco) — eAz(JR — MN)[cy(90So) — ¢o(04.50)
+eApcy] — eAg(MR — NP)[ca(0550) — ¢3(0450) + eAscq] =0, (3.6)
(MN — JR)[co(0550)(0550) — ¢3(0550)* + eAsco(0pSy) — eAgcs(9pSo)]
+(M? — J8)[co(9050)(04S0) — ¢4(96S0)? — eAoca(00S0)] + N Rles
(9650)(9450) — €4(9350)(90S0) — €Asca(00S0)] + T'Nco(0150)* — 1
(0650)(0180) — eApc1(0150)] + TR[C5(015)* — ¢1(9150)(0350) — eAs
1(0180)] + T'S[c4(0,50) — 01(8450)(0150)] — M N[co(0250)* — ¢2(96S0)
(0250) — eAgcz(9250)] — UP[cs(0550)? — ¢2(0250)(9550) — eAscz(925)]
—UR[c4(0250)* — ¢2(9250)(0450)] — (MR — PN)[e3(9550)(9550) — co
(0550)? + eAgcs(0350) — eAszco(9350)] — PS[es(0350)% — ¢3(9350)(0450)
+eAszcy(0550)] + eAg(MN — JR)[co(0350) — ¢3(00So) + eAzco — eApcs)
+eAg(M? — J8)[co(0450) — ca(00Soy) — eAocy] + eAgN R[c3(04Sy) — ¢4
(0550) — eAscy] — eAs(M R — NP)[c3(00S0) — ¢o(0350) + eApcs — eAs

co] — eA3PS[cy(0350) — ¢3(0450) + eAszcq] = 0. (3.7)

Av/_\\_/

Using separation of variables technique, we can define the particles action
for this BH as (also defined in Eq.(2.11))

Zj, )t +W(r,0) + Lo+ K(p). (3.8)

For the above Sy the preceding set of Eqs.(3.3)-(3.7) can be written in terms
of matrix equation, i.e., A(cg, ¢, ca, c3,¢4)T = 0, the elements of the required
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matrix provide in the following form

A00

Aoy

Aoz

A03

Ao

—JT(OW)?2 — JU(OW) — (JP — M*)L? — (JP — M?)eAsL — (JR
~MN)L(3:K) — (JR — MN)L(33K) — (JR — MN)[L(0sK) + eAs
(04K)] — (JS — M?)(04K) — m?J — eAsL — A3 — eA3(JR — MN)
(04K)

Z 50 JT (W) + JTeAg(0,W) + JTeAg(yW) + MT (8, W)L
+eA3(61W) + NT(8,W)(8,K)
—(E — Z 30 JU(0,W) + JUeAg(0aW) + MU(OW)L + MUeAs(9,W)
+NU(82W)(84 )

—MT(,W)? — MU(8,W)? — (JP — M?)( Z]Z )L+ (JP — M?)eA,

+NR(LK) —m*M — (JP = M*)[(E =) jiQ)eAs — € Ay As] — eAs(M
R — NP)(0,K)

—~NT(O,W) — NU(O,W) — (JR — MN)| Z 7i%) — eAoL] + (MR
—NP)[L? — eAsL) — (JS — M?)[(E — Z 7i0) (04K) — eAg(04K)] — NR

[(64K) +€A3(84K)] —mQN—eAg(JR—MN Z]Z i —€A0 +€A3
(MR — NP) [L + eAs]
—(E — Z Q) OW)IT + TM (W)L 4+ TN (O,W) (04K ) — eAgJT (0, W)

—|—TM€A3 (81 )
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—JT[(E - Zini)Q —eAo(E — ZJzQ )] = MTL[(E — Z]Q) + eAs]
+NT(E - Z]z )(O4K) —TU(0,W) + TML[(E — Z]zQz) — e 4]
—TPL[L + eAs] — TRL(0,K) + TN{( Z 3i0) (04 K) + eAg(04K))

~TR[(04K)L + eAs(04K)] — TS(04K) — m*T — eAgJT((E =) _ jih)

—eAg] — MTeAo[L + eAs] — eAGNT(0,K) + TMeAs[(E =) _ jih)

=1
—GAQ} — TP[L + 6143] — 6’A3TR(64K)
TU (W )(82 )
Z G OW)MT +TP(OW)L + TR(O,W)(8,K) + TMeA,

(81 ) + TP@Ag(al )
+eA3TR(81W)

~UJ(E — Z 7:8%) )+ MUL(O,W) + MU(8,W)(0,K) — JUeA,
(82W) + MU€A3(82W)

TU(0,W) (1 W)

~UJ(B =35 = D _jik) = eAo] + MU(E = 3 _jiu)[L + A
+NU(E - Z]z i)(O4K) = TU(OW) + MUL[(E — Z]zQz> — eAy|

2
~UPL|L + eAs] = URL(0,K) + MU (0, K)[(E =) _ ji{%) — eAg] — UPL
=1
2

(1K) = UR(04K) — m®U + JUeAgleAq — (E = > jiQ)] — MU LeAq

i=1
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—NUeAy(04K) + MUeA3[(E — 22: §i€) — eAg] — UPLeAs — UReAs
(OF)

Z 32 (. W)MU + UPL(0,W) + UP(0,W)(0,K) + MUeA,
(W) + eAgUP(82 )
~NU(E — Z 7:%) ) + UR(0,W)L + UR(0;W) (9, K)NUeAg(0,W)
+UReA3(82 )
—(JP — M?)( Z]Z DL+ eAs] — (JR — MN)(E — imi)(am)

—1

—TM(@l )—MU(82 ) —(MR—PN)(84K)[L+€A3];GA()((]P—
M2)[L+€A3]+6A0(JR MN)(84 )

—TM (oW Z 3i%) — eAg] + TP(O,W)[L + eAs] + TR(,W)
(04K)
—MU(8,W Z 3iS%) — eAo] + UP(9,W)[L 4 eAs) + UR(9,W)
(04K)
—(JP—MQ)(E—zz: Zy, ) —edy] — (MR — NP)(E —

ij@m —TP(OWW) +UP8;W) — (MR — PN)(0:K)[(E -

Z 7i%) — eAg] — PS(04K) + eAg(JP — M?)[( Z 5:8%) — eA]

+eA0(84 )

~(JR = MN)(E =" j0)[(E = ji) — eAo] + (MR — NP)(E -

=1 i=1

Zjl )L — TR(OW) — UR(0;W) + PS(04K)[L 4 eAs] + eAo(JR
20
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Aso

A41

A42

Canadian Journal of Physics

—MN)[(E = ji%) — eAg] — eAg(MR — NP)[L + eAs]

=1

—(MN — JR)(E Zﬁ )L+ eAs] — (M JS)(E—Z]’,»QJ

(MN — JR)[L + eAg] + eAO(M2 - JS)(84K) + eAs(MR — PN)
(L + eAs]

TN Z 7:%) + eAy] — TR(O,W)[L 4 eAs] + T'S(E —

Zjigz)(alw)

—~MN(O,W)[(E — §Q) — eAg] + UP(0,W)[L + eAs] + UR(0,W)
(OuK)

—(MN—JR)(E—i Z]Z ;) —eAg] — NR(E —
Z 5:0%) (04K) + TR(O,W)? — UP(8,W)? + (MR — PN)L[(E —

Z §i) — eAg] + PSL(04K) + eAo(MN — JR)[(E = ) _ jih)

=1

—eAg] + eA)NR(,K) + eAs(MR — PN)[(E =Y _ ji) — eAq]

=1

2 2
(JS = M*)(E - j0)(E Z;Z i) — el + NR(E =)
i=1 i=1

GiQ)[L + eAs] + TS(OW) — UR(a2 )2 — PSL[L + eAj]
—e?A3(M? — JS) — eAgNR[L + eAj]

For the non-trivial solution, the determinant A is equal to zero provides the
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following expression

Imw*: = j:/\/ — ey —Q1€A3 Zz:lini)2+X

Y

MN JR
_ im —eAy — Qeds — Z IJZQZ),
26(r4)
where
2
X = g S AR)OK) + g @ -
(MR — PN)L 2 PSL

MN — JR (F— Z]zQz) —eAo] — m(@J{) _

NR (MR — PN) i
€Aom(a4K) - €A3m[(E - ZJzQz)

—eAy] — A2+ 2(E — ZJZQ JeAs — 2e* Az Ay

and the surface gravity is

5(r4) = 5L (r.0)R, (r,0),

where —B,(r,0) = M,(r,0) and C='(r,0) = N,(r,0). The required tunneling
probability is
. 5 s
f _ Femissz’on _ eXp[—4ImW+] = exp —47’(’ (E - eAO - Q16143 - Zizl ,]zQz>
Labsorption \/ M, (r,0)N,(r,6)
(3.9)
In order to calculate the corresponding Hawking temperature by using the
above tunneling probability, we use the Boltzmann factor, exp|—SFE], where

b= at the outer horizon r,. The corresponding Hawking temperature
TH +-
can be deduced as
T _ \/Mr(r, 0) N, (r,0) o V2r2rded — b2 — rb?sin® 0[b% + 2a2 — 2r2 — 1]
= C 4n(r2 4 a?cos? 0 + b2 sin® 0)(r4 + b2r2 4 a2r? — r2r2)’
(3.10)
22

https://mc06.manuscriptcentral.com/cjp-pubs



Page 23 of 26

Canadian Journal of Physics

The tunneling probability is related to E, Ay, As, © angular momentum and
surface gravity of a BH. The Hawking temperature depends on parameters
ro, @ and b.

4 QOutlook

In this paper, we have used the Lagrangian equation to investigate the tunnel-
ing of charged particles from electrically charged black ring and Myers-Perry
BHs. In 5D, black rings have many unusual properties not shared by Myers-
Perry BHs with spherical topology, e.g., their event horizon topology is not
spherical for the cases of neutral, dipole and charged black rings.

For black rings, the tunneling spectrum of scalar particles has already
been discussed by using the Hamilton-Jacobi method [38] and the Dirac
particles tunneling phenomenon for black ring has also been discussed [31].
Recently, the anomalous derivation of Hawking radiation has attempted to
recover the Hawking temperature of black rings via gauge and gravitational
anomalies at the horizon [39]. As far as we know, till now, there is no
references to report Hawking radiation of charged vector particles across
single electrically charged black ring. So it is interesting to see if charged
bosons tunneling process is still applicable in such exotic spacetime. In our
analysis, we have found that the tunneling probability given by Eq.(2.14)
depends on vector potential components, i.e., Ag and A;, energy, angular
momentum, particle’s charge and surface gravity of black ring. While, the
Hawking temperature (2.15) depends on parameter «, i.e., charge of a black
ring. We have found that the recovered Hawking temperature is same as
already obtained in the literature for various particles.

For Myers-Perry BH, the tunneling spectrum of massive scalar and vector
particles tunneling have been discussed in different coordinate systems [29].
They investigated the Hawking temperature in the Painlevé coordinates and
in the corotating frames and showed that the coordinate system do not affect
the Hawking temperature. Here, we have evaluated charged vector particles
tunneling from Myers-Perry BH by solving Proca equations by applying the
WKB approximation to the Hamilton-Jacobi method. For this 5D BH, the
tunneling probability given by Eq.(3.9) is associated to the energy, vector po-
tential, angular momentum and surface gravity of BH. While, the Hawking
temperature (3.10) depends on parameters 1, a and b, which is similar to
the temperature as given in [29]. It is to be noted that the effect of electro-
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magnetism appear only on the tunneling probability of these vector particles
which tunnel through the horizon but not on the Hawking temperature.

In this paper, we have found that the Hawking temperature related to
the emission rate is similar for every type of particles, i.e., scalars, fermions,
vectors (bosons either charged or uncharged). The Hawking temperature
calculated recovered by various methods is same and agrees with the tem-
perature generally calculated in the literature [40]. However, the tunneling
probably is different for different cases.
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