arXiv:1305.7104v2 [gr-qc] 20 Jun 2013

CTP-SCU/2013001

Fermion’s tunnelling with effects of quantum gravity

Deyou Chen^∗ Institute of Theoretical Physics, China West Normal University, Nanchong, 637009, China

Houwen Wu^† and Haitang Yang^‡ Center for Theoretical Physics, College of Physical Science and Technology, Sichuan University, Chengdu, 610064, China

Abstract

In this paper, using Hamilton-Jacobi method, we address the tunnelling of fermions in a 4- dimensional Schwarzschild spacetime. Base on the generalized uncertainty principle, we introduce the influence of quantum gravity. After solving the equation of motion of the spin 1/2 field, we derive the corrected Hawking temperature. It turns out that the correction depends not only on the black hole’s mass but also on the mass (energy) of emitted fermions. It is of interest that, in our calculation, the quantum gravity correction decelerates the temperature increase during the radiation explicitly. This observation then naturally leads to the remnants in black hole evaporation. Our calculation shows that the residue mass is ≳ M_p/β_0, where M_p is the Planck mass and β_0 is a dimensionless parameter accounting for quantum gravity effects. The evaporation singularity is then avoided.

∗Electronic address: dchen@cwnu.edu.cn †Electronic address: iverwu@uestc.edu.cn ‡Electronic address: hyanga@scu.edu.cn

Contents

I. Introduction 2

II. Generalized Dirac equation in curved spacetime 4

III. Fermion tunnelling with effects of quantum gravity 6

IV. Discussion and conclusion 10

Acknowledgments 10

References 10

I. INTRODUCTION

Hawking radiation is described as a quantum tunnelling effects of particles at horizons of black holes [1–6]. With the consideration of the background variation in black hole evaporation, Parikh and Wilczek studied the tunnelling behaviors of massless scalar particles [3]. They derived the modified emission spectra for spherically symmetric black holes. The leading corrections to the Hawking temperature are found to be also dependent on the energy of emitted particles. This work was extended to massive and charged scalar particles. The Hawking radiation of general black holes was studied [4, 5]. For an outgoing massive particle, the equation of motion is different from that of a massless particle. The trajectory of massless particles is a null geodesic. While the massive particle’s motion satisfies de Broglie wave and is the phase velocity of outgoing particles. Subsequently, the tunnelling behaviors of fermions were carefully investigated with Hamilton-Jacobi method by Kerner and Mann [7]. The Hawking temperatures were recovered by the fermions tunnelling. The extension of this work to complicated spacetimes are referred to [8–12].

Various theories of quantum gravity predict the existence of a minimum measurable length [13–17]. This length can be approached from the generalized uncertainty principle (GUP). Through the modified fundamental commutation relation [18]

[x_i, p_j] = iℏδ_{ij} [1 + βp^2], (1) the expression of GUP is derived as ΔxΔp ≥^ℏ_2 [1 + β(Δp)^2], where β = β_0/M^2_p . M_p is the Planck mass. β_0 is a dimensionless parameter. From simple electroweak consideration, it is readily to find an upper limit β_0 < 10^{34}. x_i and p_i are defined by x_i = x_{0i} and p_i = p_{0i}(1 + βp^2), respectively. x_{0i} and p_{0j} satisfy the canonical commutation relations [x_{0i}, p_{0j}] = iℏδ_{ij}. The modification of the fundamental commutation relation is not unique. Other modifications are referred to [19–21] and references therein.

These modifications are widely applied to gain some information about the quantum properties of gravity. Black holes are effective modes to explore effects of quantum gravity. Incorporating effects of quantum gravity into black hole physics by GUP, some interesting implications and results were achieved [22–28]. It showed in [22] that a small black hole is unstable. Moreover, the constraint for a large black hole comparable to the size of the cavity in connection with the critical mass is needed. The characteristic size in the absorption process, represented by the black hole irreducible mass, was gotten in [24]. The remnant mass and corrections to the area law and heat capacity were obtained in [25]. In [26], following Parikh-Wilczek tunnelling method, based on GUP, the radiation of massless scalar particles in the Schwarzschild black hole was discussed. The commutation relation between the radial coordinate and the conjugate momentum are modified with GUP. The authors treat the natural cutoffs as a minimal length, a minimal momentum and a maximal momentum. They addressed the tunnelling rate of black holes. The corrected Hawking temperature was obtained and related to the energy of emitted particles.

The purpose of this paper is to investigate fermions’ tunnelling behavior cross the event horizon of a 4-dimensional Schwarzschild black hole, where effects of quantum gravity are taken into account. We first modify the Dirac equation in curved spacetime to reflect the influence of quantum gravity. The model we adopt is the generalized uncertainty principle. We use the Hamilton-Jacob method to solve the equation of motion of the spinor field. Then the tunnelling rate and Hawking temperature are calculated. Our results show that the quantum correction to the Hawking temperature is dependent not only on the black hole’s mass but also on the mass and energy of emitted fermions. Moreover, the correction slows down the temperature increase during the evaporation. This in turn leads to the remnants in black hole evaporation and prevents the existence of the thermodynamics singularity.

The rest is organized as follows. In Sect.2, taking into account effects of quantum gravity, we modify Dirac equation in curved spacetime by GUP and get a generalized Dirac equation.

In Sect.3, the fermion tunnelling behavior in the Schwarzschild black hole is addressed and the corrected Hawking temperature is derived. Sect.4 is devoted to our discussion and conclusion.

II. GENERALIZED DIRAC EQUATION IN CURVED SPACETIME

To take into account the effects of quantum gravity, we adopt the generalized commutation relation in [18] to modify the Dirac equation. In Eq. (1), the momentum operators are defined by

p_i = p_{0i}(1 + βp^2). (2) The square of momentum operators is

p^2 = p_ip^i = −ℏ^2 [ 1 − βℏ^2 ( ∂_j ∂^j )] ∂_i · [ 1 − βℏ^2 ( ∂^j ∂_j )] ∂^i ≃ −ℏ^2 [ ∂_i∂^i − 2βℏ^2 ( ∂^j ∂_j ) ( ∂^i∂_i )] , (3)

where in the last step, we only keep the leading order term of β. To account for the effects from quantum gravity, the frequency is generalized as [29]

ω̄ = E(1 − βE^2), (4) with the energy operator E = iℏ∂_0. Substituting the mass shell condition p^2 + m^2 = E^2, we get the generalized expression of energy [30, 32]

Ē = E[1 − β(p^2 + m^2)]. (5)

The tunnelling of massless scalar particles in the Schwarzschild black hole was studied in detail and the corrected Hawking temperature was derived in [26]. On the other hand, Dirac equation with the consequence of GUP in flat spacetime has been investigated in [30].

We start with the Dirac equation in curved spacetime,

iγ^μ (∂_μ + Ω_μ) ψ + m ℏ ψ = 0, Ω_μ ≡ i 2 ω_μ^{ab}Σ_{ab}, (6) where ω_μ^{ab} is the spin connection defined by the tetrad e^λ_b and ordinary connection

ω_μ^a_b = e_ν^ae^λ_bΓ^ν_{μλ} − e^λ_b∂_μe_λ^a. (7)

The Latin indices live in the flat metric η_{ab} while Greek indices are raised and lowered by the curved metric g_{μν} . The tetrad can be constructed from

g_{μν} = e_μ^ae_ν^bη_{ab}, η_{ab} = g_{μν} e^μ_ae^ν_b, e^μ_ae_ν^a = δ^μ_ν , e^μ_ae_μ^b = δ^b_a. (8)

Back in equation (6), Σ_{ab}’s are the Lorentz spinor generators defined by

Σ_{ab} = i 4 [ γ^a, γ^b ] , {γ^a, γ^b} = 2η^{ab}. (9) Then one can construct the γ^μ’s in curved spacetime as

γ^μ = e^μ_aγ^a, {γ^μ, γ^ν } = 2g^{μν} . (10)

To get the generalized Dirac equation in curved spacetime, we rewrite eq. (6) as

− iγ^0∂_0ψ = ( iγ^i∂_i + iγ^μΩ_μ + m ℏ ) ψ, (11)

where i = 1, 2, · · · denotes the spatial coordinates. The left hand-side of the equation above is related to the energy. Using the generalized expression of energy eqn. (5) and the square of momentum operators eqn. (3), only keeping the leading order term of β, we get

− iγ^0∂_0ψ = ( iγ^i∂_i + iγ^μΩ_μ + m ℏ ) ( 1 + βℏ^2∂_j ∂^j − βm^2 ) ψ. (12)

Therefore, the generalized Dirac equation in curved spacetime can be written as

[ iγ^0∂_0 + iγ^i∂_i ( 1 − βm^2 ) + iγ^iβℏ^2 ( ∂_j ∂^j ) ∂_i + m ℏ ( 1 + βℏ^2∂_j ∂^j − βm^2 ) +iγ^μΩ_μ ( 1 + βℏ^2∂_j ∂^j − βm^2 )] ψ = 0. (13)

This is the equation we are going to solve in the next section.

III. FERMION TUNNELLING WITH EFFECTS OF QUANTUM GRAVITY

In this section, we address the tunnelling behavior of spin-1/2 fermions across the event horizon of the Schwarzschild black hole. Effects of quantum gravity are taken into account. The metric is given by

ds^2 = −f(r)dt^2 + 1 g(r) dr^2 + r^2(dθ^2 + sin^2 θdϕ^2), (14)

with f (r) = g (r) = 1 −^{2M}_r , and M is the black hole’s mass. We have set G = c = 1. The event horizon is located at r_h = 2M. The fermion’s motion is determined by the generalized Dirac equation (13). For a spin-1/2 particle, there are two states corresponding respectively to spin up and spin down. Follow the standard ansatz, to describe the motion semi-classically, we assume the wave function of the spin up state as

Ψ = A 0 B 0 exp ( i ℏ I (t, r, θ, ϕ) ) , (15)

where A, B and I are functions of coordinates t, r, θ, ϕ, and I is the action of the emitted fermions. The process of spin down is the same as that of spin up. To solve eqn. (13), one should choose appropriate gamma matrices by exploiting eqn.s (8)-(10). It is straightforward to guess a tetrad for the metric (14)

e_μ^a = diag (√ f, 1/ √ g, r, r sin θ ) . Then, our gamma matrices are given by

γ^t = 1 √ f (r) i 0 0 −i , γ^θ = √ g^{θθ} 0 σ^1 σ^1 0 ,

γ^r = √ g (r) 0 σ^3 σ^3 0 , γ^ϕ = √ g^{ϕϕ} 0 σ^2 σ^2 0 , (16)

with √ g^{θθ} =^1_r , √ g^{ϕϕ} =^1_{r sin θ} . σ^i’s are the Pauli matrices with i = 1, 2, 3.

Our task is to find the solutions of eqn. (13). First substitute the wave function eqn.

(15) and the matrices eqn. (16) in the generalized Dirac equation eqn. (13), and cancel the

exponential factor. Since we are working with WKB approximation, the contributions from

∂A, ∂B and high orders of ℏ are neglected. We finally obtain decoupled four Hamilton-Jacobi

equations

− iA 1 √ f ∂_tI − B ( 1 − βm^2 ) √ g∂_rI − Amβ [ g^{rr} (∂_rI)^2 + g^{θθ} (∂_θI)^2 + g^{ϕϕ} (∂_ϕI)^2 ] +Bβ √ g∂_rI [ g^{rr} (∂_rI)^2 + g^{θθ} (∂_θI)^2 + g^{ϕϕ} (∂_ϕI)^2 ] + Am ( 1 − βm^2 ) = 0, (17)

iB 1 √ f ∂_tI − A ( 1 − βm^2 ) √ g∂_rI − Bmβ [ g^{rr} (∂_rI)^2 + g^{θθ} (∂_θI)^2 + g^{ϕϕ} (∂_ϕI)^2 ] +Aβ √ g∂_rI [ g^{rr} (∂_rI)^2 + g^{θθ} (∂_θI)^2 + g^{ϕϕ} (∂_ϕI)^2 ] + Bm ( 1 − βm^2 ) = 0, (18)

A{−(1 − βm^2) √ g^{θθ}∂_θI + β √ g^{θθ}∂_θI[g^{rr}(∂_rI)^2 + g^{θθ}(∂_θI)^2 + g^{ϕϕ}(∂_ϕI)^2] −i(1 − βm^2) √ g^{ϕϕ}∂_ϕI + iβ √ g^{ϕϕ}∂_ϕI[g^{rr}(∂_rI)^2 + g^{θθ}(∂_θI)^2 + g^{ϕϕ}(∂_ϕI)^2]} = 0, (19)

B{−(1 − βm^2) √ g^{θθ}∂_θI + β √ g^{θθ}∂_θI[g^{rr}(∂_rI)^2 + g^{θθ}(∂_θI)^2 + g^{ϕϕ}(∂_ϕI)^2] −i(1 − βm^2) √ g^{ϕϕ}∂_ϕI + iβ √ g^{ϕϕ}∂_ϕI[g^{rr}(∂_rI)^2 + g^{θθ}(∂_θI)^2 + g^{ϕϕ}(∂_ϕI)^2]} = 0. (20)

To find the relevant solution, since the metric has a time-like killing vector, we perform the

separation of variables as follows

I = −ωt + W (r) + Θ (θ, ϕ) , (21)

where ω turns out to be the energy of the emitted particle. We insert eqn. (21) into

eqn.s (17)-(20) and first focus on the last two equations. They are identical after divided

respectively by A and B and can be rewritten as follows

( √ g^{θθ}∂_θΘ + i √ g^{ϕϕ}∂_ϕΘ) ×[βg^{rr}(∂_rW )^2 + βg^{θθ}(∂_θΘ)^2 + βg^{ϕϕ}(∂_ϕΘ)^2 − (1 − βm^2)] = 0. (22)

In the equation above, the value in the square bracket can not vanish since β is a small quantity representing the effects from quantum gravity. Therefore, the expression in the round brackets is zero and yields the solution of Θ. In the previous work, though Θ has a complex solution (other than the trivial one Θ = constant) and gives rise to a contribution to the imaginary part of the action, it has no contribution to the tunnelling rate. Therefore eqn. (22) is simplified as √ g^{θθ}∂_θΘ + i √ g^{ϕϕ}∂_ϕΘ = 0. (23)

After cancelling A and B, eqn. (17) and eqn. (18) are identical and give rise to

A_6 (∂_rW )^6 + A_4 (∂_rW )^4 + A_2 (∂_rW )^2 + A_0 = 0, (24)

with

A_6 = β^2g^3f,

A_4 = βg^2f ( m^2β + 2βQ − 2 ) , A_2 = gf [( 1 − βm^2 )_2 + β ( 2m^2 − 2m^4β − 2Q + βQ^2 )] , A_0 = −m^2 ( 1 − βm^2 − βQ )_2 f − ω^2, Q = g^{θθ} (∂_θΘ)^2 + g^{ϕϕ} (∂_ϕΘ)^2 . (25)

Using eqn. (23), we find Q = 0. Neglecting the higher orders of β and solving the above equations at the event horizon yields [39],

W (r) = ± ∫ 1 √ gf √ m^2 (1 − 2βm^2) f + ω^2 ( 1 + β ( m^2 + ω^2 f )) dr = ±iπ2Mω ( 1 + 1 2 β ( 3m^2 + 4ω^2 )) + (real part) . (26)

In the above equation, f = g = 1 −^{2M}_r . The real part is irrelevant to the tunnelling rate. The +/− sign corresponds to outgoing/ingoing wave. Then the tunnelling rate [37] of the spin-1/2 fermion crossing the horizon is

Γ = P_{(emission)} P_{(absorption)} = exp (−2 ImI_+) exp (−2 ImI_−) = exp (−2 ImW_+ − 2 ImΘ) exp (−2 ImW_− − 2 ImΘ)

= exp [ −8πMω ( 1 + 1 2 β ( 3m^2 + 4ω^2 ) )] . (27)

This is the Boltzmann factor with Hawking temperature

T = 1 8πM ( 1 +^1_2 β (3m^2 + 4ω^2) ) = [ 1 − 1 2 β ( 3m^2 + 4ω^2 ) ] T_0, (28)

where T_0 =^1_{8πM} is the original Hawking temperature. It shows that there is a small correction to the Hawking temperature, and the correction value is dependent not only on the black hole’s mass but also on the mass and energy of emitted fermions. This property has been obtained in literature. In [3], energy conservation is enforced by dynamical geometry and the tunnelling rate is found to be Γ = exp[−8πω(M −^ω_2 )]. Then the corrected Hawking temperature is T =^1_{8πM−4πω} , where the leading correction to the Hawking temperature is related to the energy of emitted particles. To address effects of quantum gravity, the authors of [26, 33] adopted the modified commutation relation between the radial coordinate and the conjugate momentum. They studied the quantum tunnelling of scalar particles in the Schwarzschild black hole. The tunnelling rate was derived as Γ = exp[−8πMω + 4πω^2(3Mal_p + 1) − 8πω^3(^7_3 Ma^2l^2_p +^4_3 al_p) + 20πa^2l^2_pω^4 + 0(a^2l^4_p)]. Thus the correction to the Hawking temperature is also related to the black hole’s mass and the particle’s energy.

It is of interest to note that in eqn. (28), the quantum correction slows down the increase of the temperature during the radiation. This correction therefore causes the radiation ceased at some particular temperature, leaving the remnant mass. To estimate the residue mass, it is enough to consider massless particles. The temperature stops increasing when

(M − dM)(1 + βω^2) ≃ M (29)

Then with the observation dM = ω and β = β_0/M^2_p where M_p is the Planck mass and β_0 < 10^{34} [38] is a dimensionless parameter marking quantum gravity effects, we can get MRes ≃ M^2_p β_0ω ≳ M_p β_0 , TRes ≲ β_0 8πM_p , (30)

where we have assumed the maximal energy of the radiated particle is ω ≃ M_p. This result is consistent with those obtained in [25, 34–36]. Compared with previous results, our calculation explicitly shows how the residue mass of black holes arises due to quantum gravity effects. The singularity of black hole evaporation is then prevented by the quantum gravity correction.

IV. DISCUSSION AND CONCLUSION

In this work, we modified the Dirac equation in curved spacetime to include the quantum gravity influence. To fulfill this purpose, we employed the generalized uncertainty principle model. This model is derived from the existence of minimal length which arises when combine quantum and gravity. We calculated the radiation of spin 1/2 particles in the 4-dimensional Schwarzschild spacetime with Hamilton-Jacob method. The tunnelling rate and Hawking temperature were presented.

We found that the quantum gravity correction is related not only to the black hole’s mass but also to the mass (energy) of emitted fermions. More interestingly, our result shows that the quantum gravity correction explicitly retards the temperature rising in the black hole evaporation. Therefore, at some point during the evaporation, the quantum correction balances the traditional temperature rising tendency. This leads to the existence of the remnants. We showed that the remnants is MRes ≳^{Mp}_{β0} , where M_p is the Planck mass and β_0 < 10^{34} from simple electroweak consideration. Therefore, the classical thermodynamics singularity can be avoided and a residue temperature TRes ≲^{β0}_{8πMp} of black holes exists.

We use the 4-dimensional Schwarzschild metric in this work. It is of interest to employ other geometries in the studies. In our calculation, we keep only the leading order of ℏ and β = β_0/M^2_p . It is expected that higher orders of corrections may give more information in the future work.

Acknowledgments

D.Y. Chen and H. Wu are very grateful for Prof. S.Q. Wu and Prof. P. Wang for their useful discussions. This work is supported in part by the NSFC (Grant No. 11205125, 11175039, 11178018) and SiChuan Province Science Foundation for Youths (Grant No. 2012JQ0039).

[1] S. W. Hawking, Particle creation by black holes, Commun. Math. Phys. 43 (1975) 199. [2] P. Kraus and F. Wilczek, Self-interaction correction to black hole radiance, Nucl. Phys. B 433 (1995) 403 [arXiv:9408003[gr-qc]];

P. Kraus and F. Wilczek, Effect of self-interaction on charged black hole radiance, Nucl. Phys. B 437 (1995) 231 [arXiv:9411219[hep-th]].

[3] M.K. Parikh and F. Wilczek, Hawking radiation as tunneling, Phys. Rev. Lett. 85 (2000) 5042 [arXiv:9907001[hep-th]].

[4] J.Y. Zhang and Z. Zhao, Hawking radiation of charged particles via tunneling from the Reissner-Nordstrom black hole, JHEP 10 (2005) 055;

J.Y. Zhang and Z. Zhao, Charged particles’ tunnelling from the Kerr-Newman black hole, Phys. Lett. B 638 (2006) 110 [arXiv:0512153[gr-qc]].

[5] Q.Q. Jiang, S.Q. Wu and X. Cai, Hawking radiation as tunneling from the Kerr and Kerr- Newman black holes, Phys. Rev. D 73 (2006) 064003 [arXiv:0512351[hep-th]].

[6] K. Srinivasan and T. Padmanabhan, Particle production and complex path analysis, Phys.

Rev. D 60 (1999) 24007 [arXiv:9812028[gr-qc]]. B. Chatterjee, A. Ghosh and P. Mitra, Tunnelling from black holes and tunnelling into white holes, Phys. Lett. B 661 (2008) 307 [arXiv:0611265[hep-th]]. S. Hemming and E. Keski-Vakkuri, Hawking radiation from AdS black holes, Phys. Rev. D 64 (2001) 044006, [arXiv:0005115[gr-qc]]. M.R. Setare, The selfgravitational corrections as the source for stiff matter on the brane in SAdS 5 bulk, Phys. Lett. B 612 (2005) 100 [arXiv:0502109[hep-th]]. A.J.M. Medved, Radiation via tunneling from a de Sitter cosmological horizon, Phys. Rev. D 66 (2002) 124009 [arXiv:0207247[hep-th]]. E.C. Vagenas, Semiclassical corrections to the Bekenstein-Hawking entropy of the BTZ black hole via self-gravitation, Phys. Lett. B 533 (2002) 302 [arXiv:0109108[hep-th]]. M. Angheben, M. Nadalini, L. Vanzo and S. Zerbini, Hawking radiation as tunneling for extremal and rotating black holes, JHEP 05 (2005) 014 [arXiv:0503081[hep-th]]. M. Arzano, A.J.M. Medved and E.C. Vagenas, Hawking radiation as tunneling through the quantum horizon JHEP 0509 (2005) 037 [arXiv:0505266[hep-th]]. S.Q. Wu and Q.Q. Jiang, Remarks on Hawking radiation as tunneling from the BTZ black holes, JHEP 03 (2006) 079, [arXiv:0602033[hep-th]]. Y.P. Hu, J.Y. Zhang and Z. Zhao, Massive particles’ Hawking radiation via tunneling from the G.H. Dilatonb black hole, Mod. Phys. Lett. A 21 (2006) 2143, [arXiv:0611026[gr-qc]]. M. Nadalini, L. Vanzo and S. Zerbini, Hawking radiation as tunnelling: the D-dimensional rotating case, J. Phys. A: Math. Gen. 39 (2006) 6601 [arXiv:0511250[hep-th]]. R. Banerjee and B. R. Majhi, Phys. Lett. B 662, 62 (2008) [arXiv:0801.0200 [hep-th]]. R. Banerjee and B. R. Majhi, JHEP 0806, 095 (2008) [arXiv:0805.2220 [hep-th]]. B. R. Majhi, Phys. Rev. D

79, 044005 (2009) [arXiv:0809.1508 [hep-th]]. B. R. Majhi and S. Samanta, Annals Phys. 325, 2410 (2010) [arXiv:0901.2258 [hep-th]]. R. Banerjee and B. R. Majhi, Phys. Lett. B 675, 243 (2009) [arXiv:0903.0250 [hep-th]]. D. Singleton, E. C. Vagenas, T. Zhu and J. -R. Ren, JHEP 1008, 089 (2010) [Erratum-ibid. 1101, 021 (2011)] [arXiv:1005.3778 [gr-qc]].

[7] R. Kerner and R.B. Mann, Fermions tunnelling from black holes, Class. Quant. Grav. 25 (2008) 095014 [arXiv:0710.0612[hep-th]].

R. Kerner and R.B. Mann, Charged Fermions tunnelling from Kerr-Newman black holes, Phys. Lett. B 665 (2008) 277 [arXiv:0803.2246[hep-th]].

[8] R. Li and J.R. Ren, Dirac particles tunneling from BTZ black hole, Phys. Lett. B 661 (2008) 370 [arXiv:0802.3954[hep-th]].

[9] D.Y. Chen, Q.Q. Jiang and X.T. Zu, Hawking radiation of Dirac particles via tunnelling from rotating black holes in de Sitter spaces, Phys. Lett. B 665 (2008) 106 [arXiv:0804.0131[hep-th]];

[10] Q.Q. Jiang, Fermions tunnelling from GHS and non-extremal D1-D5 black holes, Phys. Lett.

B 666 (2008) 517.

[11] R. Di Criscienzo and L. Vanzo, Fermion tunneling from dynamical horizons, Eur. Phys. Lett.

82 (2008) 60001 [arXiv:0803.0435[hep-th]].

S.A. Hayward, R. Di Criscienzo, M. Nadalini, L. Vanzo and S. Zerbini, Local Hawking temperature for dynamical black holes, [arXiv:0806.0014 [hep-th]].

[12] K. Kai and S.Z. Yang, Fermion tunneling from higher-dimensional black holes, Phys. Rev. D 79 (2009) 064035.

[13] P.K. Townsend, Small-scale structure of spacetime as the origin of the gravitational constant, Phys. Rev. D 15 (1977) 2795.

[14] D. Amati, M. Ciafaloni and G. Veneziano, Can spacetime be probed below the string size?

Phys. Lett. B 216 (1989) 41.

[15] K. Konishi, G. Paffuti and P. Provero, Minimum physical length and the generalized uncertainty principle in string theory, Phys. Lett. B 234 (1990) 276.

[16] L.J. Garay, Quantum gravity and minimum length, Int. J. Mod. Phys. A 10 (1995) 145 [arXiv:9403008[gr-qc]].

[17] G. Amelino-Camelia, Relativity in space-times with short-distance structure governed by an observer-independent (Planckian) length scale, Int. J. Mod. Phys. D 11 (2002) 35 [arXiv:0012051[gr-qc]].

[18] A. Kempf, G. Mangano and R.B. Mann, Hilbert space representation of the minimal length uncertainty relation, Phys. Rev. D 52 (1995) 1108 [arXiv:9412167[hep-th]].

[19] A. Kempf, Nonpointlike particles in harmonic oscillators, J. Phys. A 30 (1997) 2093 [arXiv:9604045[hep-th]].

[20] F. Brau, Minimal length uncertainty relation and Hydrogen atom, J. Phys. A 32 (1999) 7691 [arXiv:9905033quant-ph].

[21] A.F. Ali, S. Das and E.C. Vagenas, Discreteness of space from the generalized uncertainty principle, Phys. Lett. B 678 (2009) 497 [arXiv:0906.5396[hep-th]].

[22] W. Kim, E.J. Son and M. Yoon, Thermodynamics of a black hole based on a generalized uncertainty principle, JHEP 0801 (2008) 035 [arXiv:0711.0786[gr-qc]].

[23] K. Nozari and S.H. Mehdipour, Parikh-Wilczek tunneling from noncommutative higher dimensional black holes, JHEP 0903 (2009) 061 [arXiv:0902.1945[hep-th]].

[24] L. Xiang and X.Q. Wen, Black hole thermodynamics with generalized uncertainty principle, JHEP 0910 046 (2009) [arXiv:0901.0603[gr-qc]].

[25] R. Banerjee and S. Ghosh, Generalised uncertainty principle, remnant mass and singularity problem in black hole thermodynamics, Phys. Lett. B 688 (2010) 224 [arXiv:1002.2302[gr-qc]].

[26] K. Nozari and S. Saghafi, Natural cutoffs and quantum tunneling from black hole horizon, JHEP 11 (2012) 005 [arXiv:1206.5621[hep-th]].

[27] A.F. Ali, No existence of black holes at LHC due to minimal length in quantum gravity JHEP 1209 (2012) 067 [arXiv:1208.6584[hep-th]].

[28] B. Majumder, Quantum black hole and the modified uncertainty principle, Phys. Lett. B 701 (2011) 384 [arXiv:1105.5314[gr-qc]].

[29] S. Hossenfelder, M. Bleicher, S. Hofmann, J. Ruppert, S. Scherer and H. Stoecker, Phys. Lett.

B 575 (2003) 85 [arXiv:0305262[hep-th]].

[30] K. Nozari and M. Karami, Minimal length and generalized Dirac equation, Mod. Phys. Lett.

A 20 (2005) 3095 [arXiv:0507028[hep-th]].

[31] E. T. Akhmedov, V. Akhmedova, T. Pilling and D. Singleton, Int. J. Mod. Phys. A 22, 1705 (2007) [hep-th/0605137].

B. D. Chowdhury, Pramana 70, 593 (2008) [Pramana 70, 3 (2008)] [hep-th/0605197]. E. T. Akhmedov, V. Akhmedova and D. Singleton, Phys. Lett. B 642, 124 (2006) [hep-th/0608098].

[32] S. Hossenfelder, M. Bleicher, S. Hofmann, J. Ruppert, S. Scherer and H. Stocker, Signatures in the Planck regime, Phys. Lett. B 575 (2003) 85 [arXiv:0305262[hep-th]].

[33] K. Nozari and S.H. Mehdipour, Quantum gravity and recovery of information in black hole evaporation, Europhys. Lett. 84 (2008) 20008 [arXiv:0804.4221[gr-qc]].

[34] R.J. Adler, P. Chen and D.I. Santiago, The generalized uncertainty principle and black hole remnants, Gen. Rel. Grav. 33 (2001) 2101 [arXiv:0106080[gr-qc]].

[35] P. Chen and R.J. Adler, Black hole remnants and dark matter, Nucl. Phys. Proc. Suppl. 124 (2003) 103 [arXiv:0205106[gr-qc]].

[36] L. Xiang, A note on the black hole remnant, Phys. Lett. B 647 (2007) 207 [arXiv:0611028[grqc]].

[37] P. Mitra, Hawking temperature from tunnelling formalism, Phys. Lett. B 648 (2007) 240 [arXiv:0611265[hep-th]].

[38] P. Wang, H. Yang and X. Zhang, JHEP 1008, 043 (2010) [arXiv:1006.5362 [hep-th]]. P. Wang, H. Yang and X. Zhang, Phys. Lett. B 718, 265 (2012) [arXiv:1110.5550 [gr-qc]].

[39] In [31], the authors argued that the invariance under canonical coordinate transformation requires that the integral to calculate the imaginary part of W (r) should be a loop rather than an open one-way integral. However, in our calculation, only the difference between the imaginary parts matters.