arXiv:1105.1371v2 [gr-qc] 13 Feb 2012

Dynamical formation and evolution of (2+1)-dimensional charged black holes

Dong-il Hwang^{a∗}, Hongbin Kim^{b†} and Dong-han Yeom^{a,c,d‡}

aDepartment of Physics, KAIST, Daejeon 305-701, Republic of Korea

bDepartment of Physics, College of Science, Yonsei University, Seoul 120-749, Republic of Korea

cCenter for Quantum Spacetime, Sogang University, Seoul 121-742, Republic of Korea

dResearch Institute for Basic Science, Sogang University, Seoul 121-742, Republic of Korea

February 14, 2012

Abstract In this paper, we investigate the dynamical formation and evolution of 2 + 1-dimensional charged black holes. We numerically study dynamical collapses of charged matter fields in an anti de Sitter background and note the formation of black holes using the double-null formalism. Moreover, we include re-normalized energy-momentum tensors assuming the Swave approximation to determine thermodynamical back-reactions to the internal structures. If there is no semi-classical effects, the amount of charge determines the causal structures. If the charge is sufficiently small, the causal structure has a space-like singularity. However, as the charge increases, an inner Cauchy horizon appears. If we have sufficient charge, we see a space-like outer horizon and a time-like inner horizon, and if we give excessive charge, black hole horizons disappear. We have some circumstantial evidences that weak cosmic censorship is still satisfied, even for such excessive charge cases. Also, we confirm that there is mass inflation along the inner horizon, although the properties are quite different from those of four-dimensional cases. Semi-classical back-reactions will not affect the outer horizon, but they will affect the inner horizon. Near the center, there is a place where negative energy is concentrated. Thus, charged black holes in three dimensions have two types of curvature singularities in general: via mass inflation and via a concentration of negative energy. Finally, we classify possible causal structures.

∗dongil.j.hwang@gmail.com †hongbin@yonsei.ac.kr ‡innocent.yeom@gmail.com

Contents

1 Introduction 3

2 Preliminaries 4 2.1 Static solutions: causal structures and thermodynamics . . . . . . . . . . . . . . . . 4 2.1.1 Three dimensions: BTZ solutions . . . . . . . . . . . . . . . . . . . . . . . . . 4 2.1.2 Instability of Cauchy horizons . . . . . . . . . . . . . . . . . . . . . . . . . . . 7 2.2 Motivation of this paper . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

3 Model for three-dimensional gravity 9 3.1 Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9 3.2 Implementation via the double-null formalism . . . . . . . . . . . . . . . . . . . . . . 9 3.3 Definition of mass function . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11 3.4 Initial conditions and free parameters . . . . . . . . . . . . . . . . . . . . . . . . . . 12 3.5 Dimensional analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

4 Dynamical formation and evolution of three-dimensional black holes 16 4.1 Gravitational collapses without Hawking radiation . . . . . . . . . . . . . . . . . . . 16 4.1.1 Causal structures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16 4.1.2 Black hole formation near extreme limit . . . . . . . . . . . . . . . . . . . . . 20 4.1.3 Mass inflation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23 4.2 Semi-classical back-reactions by Hawking radiation . . . . . . . . . . . . . . . . . . . 25 4.2.1 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25 4.2.2 Formation of weak curvature singularities . . . . . . . . . . . . . . . . . . . . 27 4.2.3 Energy-momentum tensors and thermodynamic stability . . . . . . . . . . . . 28 4.2.4 Modifications of causal structures due to semi-classical effects . . . . . . . . . 29

5 Conclusion 31 5.1 Causal structures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31 5.2 Comments on cosmic censorship . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

1 Introduction

Traditionally, people regarded that three-dimensional models are good toy models with which to study the basic nature of pure gravity and quantum gravity [1]. First, there may be a qualitative relation between a cosmic string in four dimensions and a point source in three dimensions [2]. Second, three-dimensional gravity is simpler than the four-dimensional version, making it useful for obtaining some intuitions about quantum gravity using gauge theoretical correspondences [3]. However, given that this is too simple, it was doubtful that a black hole solution would be found in a three-dimensional background.

The first analytic solution in three-dimensional gravity was found by Banados, Teitelboim, and Zaneli [4][5]. They found the black hole solution in an anti de Sitter background. In their solutions, the negative cosmological constant played a crucial role. These solutions can have mass, charge, and angular momentum. Moreover, the solutions can have the Hawking temperature [6]. However, they are thermodynamically stable because the specific heat is positive [7].

The so-called BTZ solutions are useful in the context of holography. According to the AdS/CFT correspondence [8], there is a relationship between the bulk three-dimensional gravity and the conformal field theory at the asymptotic two-dimensional boundary of such a three-dimensional bulk. That is, we may relate the gravitational perturbation on the bulk to the thermal excitation on the boundary field theory. Moreover, it is known that the U-duality transformation maps four or five-dimensional black holes to three-dimensional BTZ black holes [9]; here, these black holes, which are connected by the U-duality, have the same number of microstates. Hence, the microscopic derivation of the entropy can be replaced by the study on the corresponding derivation for the BTZ black hole [10]. In these senses, three-dimensional black holes are more important than just an artificial toy model.

In this paper, we will begin to study the dynamics of 2 + 1-dimensional charged black holes, including gravitational collapses and back-reactions, using the semi-classical effects of Hawking radiation. We solved time-dependent Einstein and field equations using the double-null formalism [11][12][13]. Of course, it is too ambitious to extend this method to holography or string theory in this paper. However, if we establish a method with which to study dynamical black holes in an anti de Sitter background, it will eventually become possible to study the time-dependent correspondences between the bulk and boundary someday.

Thus far, there is less reference to compare our calculations on the dynamic formation of threedimensional charged black holes (e.g., [14]), whereas there is some literature on the gravitational collapses of neutral matter [15], especially in the context of critical collapses [16]. On the other hand, in four dimensions, there are numerous studies of gravitational collapses and evaporations [11][12]. One important feature in four-dimensional dynamical charged black holes is the existence of mass inflation [17]. Mass inflation is a phenomenon in which the local mass function of an observer near the Cauchy horizon increases exponentially. If it is true, then the internal structure of charged black holes cannot be described by the Reissner-Nordström solution [18] and the internal structure should be significantly modified [19]. This was directly confirmed by numerical simulations, and there are more related works [11][12]. Three-dimensional gravity will be similar as regards this point, as it is expected that there is mass inflation in general in charged black holes [20]. However, there are some expectations that three-dimensional mass inflation is different from four-dimensional cases [21]. Moreover, because black holes are thermodynamically stable in three-dimensions, it will be interesting to determine what the semi-classical back-reactions are in the internal structures of black holes (there are discussions on the semi-classical effects in the static limit [22]).

This paper is organized as follows: in Section 2, we summarize analytic solutions for threedimensional charged black holes and discuss the mass inflation issue. The paper will then provide the theoretical motivations to study three dimensions. In Section 3, we describe our model of the numerical simulations, the implementation to the double-null formalism, and comment on the initial conditions and dimensional analysis. In Section 4, we report the results. First, we report results for cases without semi-classical effects. Second, we include semi-classical effects and observe how they modify causal structures. Finally, in Section 5, we conclude and comment on causal structures and cosmic censorship issues.

2 Preliminaries

In this section, first we briefly review the analytic and static charged black hole solutions of three dimensions. Second, we summarize thermodynamic properties and internal stability issues via mass inflation regarding their solutions.

2.1 Static solutions: causal structures and thermodynamics

2.1.1 Three dimensions: BTZ solutions For three dimensions, the first simple black hole solution in the anti de Sitter background is known to be the BTZ solution (for non-rotating cases) [4]. For the Einstein-Maxwell action S = 1 16π ∫ dx^3 √ −g (R − 2Λ − F_{μν} F^{μν} ) , (1) the solution becomes

ds^2_{BTZ} = −N^2dt^2 + N^{−2}dr^2 + r^2dφ^2, (2)

where

N^2(r) = −M + r^2 l^2

− Q^2 ln r^2 l^2

, (3)

Λ = −1/l^2, Q is electric charge, and M is interpreted by the mass.

If Q = 0, then we obtain a neutral black hole solution with r_+ = l √ M. Thus although this is in the M = 0 limit, the center still contains a singularity (Q = M = 0 in Figure 1). The proper anti de Sitter limit is obtained by the M = −1 limit:

ds^2 = − ( 1 + r^2 l^2 ) dt^2 + ( 1 + r^2 l^2 )_{−1} dr^2 + r^2dφ^2. (4)

If Q ≠ 0, then there can be two horizons: the outer horizon r_+ and the inner horizon r_−. If M > 1, then there are always two horizons with r_+ > l √ M and r_− < l √ M (Case 1 in Figure 1).

However, if M < 1, then the number of horizons depends on Q: for a small Q limit, there can be two horizons l √ M > r_+ > r_− (Case 1 in Figure 1); for a large Q limit, there is no horizon (Case 3 in Figure 1); and the extreme limit, r_± = Ql and M = Q^2(1 − ln Q^2) (Case 2 in Figure 1). In the neutral limit, the singularity r = 0 is space-like (Q = 0 in Figure 1); in the charged limit, the singularity is time-like (except Q = M = 0). Therefore, it is not difficult to draw Penrose diagrams in the static limit [5].

The Hawking temperature T_{BTZ} becomes

T_{BTZ} = 1 4π dN^2 dr | | |_{r+} = r_+ 2πl^2 ( 1 − Q^2l^2 r^2_+ ) , (5)

and T_{BTZ} is positive or zero because r_+ is greater than the extreme limit size Ql [1][6]. The entropy S_{BTZ} becomes

S_{BTZ} =

A_{BTZ} 4 = πr_+ 2 . (6)

However, the specific heat C_{BTZ} becomes

C_{BTZ} =

∂S_{BTZ} ∂T_{BTZ} ∝ ( 1 + Q^2l^2 r^2_+ )_{−1} , (7)

and hence the black hole is in thermal equilibrium and the outer horizon does not shrink [7]. Therefore, when we consider the dynamical formation of a black hole, the outer horizon should be always space-like or null.

Note that in the double-null coordinates,

ds^2_{BTZ} = −α^2dudv + r^2dφ^2, (8)

Figure 1: Penrose diagrams of BTZ solutions for Q = 0 and M > 0, M = Q = 0, Case 1 (there are two horizons), Case 2 (there is one horizon), and Case 3 (there is no horizon but a time-like singularity).

the Einstein equation for the vv component around the outer apparent horizon r_{,v} = 0 is

G_{vv} |_{r+} = − 1 r r_{,vv} = 8πT_{vv}. (9) Therefore, the outer apparent horizon is space-like or null if and only if T_{vv} ≥ 0. In other words, for BTZ solutions, even when they are dynamically generated with a Hawking temperature, T_{vv} should be positive or 0 around the outer apparent horizon.

2.1.2 Instability of Cauchy horizons There are a number of discussions on the instability of Cauchy horizons r_− [20][21][23]. We can re-write the metric in the following form:

ds^2 = −N^2dv^2 + 2dvdr + r^2dΩ^2_{D−1}. (10)

Here, D is the space dimensions (2 or 3). Now, without loss of generality, we can ignore the angular part to discuss in-going or out-going null geodesics.

Thus, for an in-falling matter along the in-going null direction (for coordinates [v, r]), the energymomentum tensor components T_{αβ} can be represented by T_{αβ} ∝ F (v) r^{D−1} ∂_αv∂_β v, (11) where F (v) is an arbitrary function that refers to the luminosity function [20][21]. At this point, if there is an observer who moves along the out-going null direction and approaches the Cauchy horizon r_−, then for a null geodesic of the observer l^α, (∂_αv)l^α = l^v = dv/dη and dv/dη ∝ exp κ_−v around the v → ∞ limit, where η is an affine parameter of the observer and κ_− is the surface gravity of the inner horizon. In conclusion, the out-going observer who approaches the Cauchy horizon measures the energy density for the energy flow that flows along the Cauchy horizon by [20][21]: ρ = T_{αβ} l^αl^β ∝ F (v) r^{D−1} e^{2κ−v}. (12) Note that for four dimensions, for a realistic black hole the behavior of the luminosity function should be polynomial to F (v) ∼ v^{−p} [24]. Although there is no such guidance regarding the luminosity function for three dimensions, if we believe that such a polynomial fall-off is reasonable for three-dimensional cases, then we can conclude that for both three- and four-dimensional cases, any small energy flow along the Cauchy horizon is amplified for an observer who approaches to the Cauchy horizon. This effect is known as mass inflation.

Therefore, the inner horizon cannot be stable and there should be strong back-reactions due to high energy density [19]. In many cases, it is believed that the Cauchy horizon should be a curvature singularity [25]. Hence, we cannot trust the static solutions to study the inside structures of charged black holes. Therefore, it is necessary to introduce numerical tools to study these structures.

2.2 Motivation of this paper

We have two main motivations for this paper.

1. Theoretical interests: Three-dimension is important. First, it is a toy model of a black string that may be possible in the early universe. Second, as we commented in the introduction, in string theory, there is a holographic correspondence between bulk black holes in an anti de Sitter space and its boundary conformal field theory. One can relate the gravitational perturbation on the bulk to the thermal excitation on the boundary field theory and one may restrict the perturbation by the spherically symmetric scalar sector. Although the effect of the scalar perturbation on the boundary field theory is not yet revealed fully, our study and methodology on dynamical black holes may shed light on the study of the dynamical correspondence between gravity and field theory.

2. Numerical interests: According to previous discussions, charged black holes in three dimensions will have mass inflation around the inner horizon. This means that the inner horizon and internal structures cannot be described by analytical methods. To induce this mass inflation, the black hole should be fully dynamical. Then it is inevitable to use numerical methods.

Therefore, there are various interests to study three-dimensional black holes. To study internal structures, it is inevitable to use the numerical methods. In this paper, we study the dynamical formation of spherical symmetric charged black holes and its back-reactions for three dimensions. We prepare a complex scalar field with the Maxwell field; it is used to form a charged black hole. Then, it will make it possible to understand mass inflation and the possible curvature singularities inside of three-dimensional black holes.

Moreover, we can include Hawking radiation by introducing re-normalized energy-momentum tensors with the S-wave approximation. We can check whether the horizon behavior and the energy condition are consistent with the thermodynamics results, even when we include the re-normalized energy-momentum tensors. We can also determine the back-reaction of the re-normalized energymomentum tensor to the inside structure of the black hole.

3 Model for three-dimensional gravity

In this section, we introduce a model for three-dimensional charged black holes. To use numerical

simulations, we introduce the double-null formalism and discuss the details of the initial conditions

and free parameters for the simulations. Also, we briefly comment on the dimensional analysis of

each functions and parameters.

3.1 Theory

Let us introduce the action in three dimensions by S = ∫ dx^3 √ −g [ 1 16π (R − 2Λ) − 1 2 (ϕ_{;μ} + ieA_μϕ) g^{μν} ( ϕ_{;ν} − ieA_ν ϕ ) − 1 16π F_{μν} F^{μν} ] (13)

where R is the Ricci scalar, ϕ is a complex scalar field with a gauge coupling e and a gauge field

A_μ, where F_{μν} = A_{ν;μ} − A_{μ;ν} .

The Einstein equation becomes as follows:

G_{μν} + Λg_{μν} = 8πT_{μν} , (14)

where the total energy-momentum tensors are

T_{μν} = T^C_{μν} + ⟨T̂^H_{μν} ⟩. (15)

The classical part T^C_{μν} is

T^C_{μν} = 1 2 ( ϕ_{;μ}ϕ_{;ν} + ϕ_{;μ}ϕ_{;ν} )

+ 1 2 ( −ϕ_{;μ}ieA_ν ϕ + ϕ_{;ν} ieA_μϕ + ϕ_{;μ}ieA_ν ϕ − ϕ_{;ν} ieA_μϕ )

+ 1 4π F_{μρ}F_ν^ρ + e^2A_μA_ν ϕϕ + Lg_{μν} (16)

and ⟨T̂^H_{μν} ⟩ is the re-normalized energy-momentum tensor part to include semi-classical effects, where L = −(1/2) (ϕ_{;μ} + ieA_μϕ) g^{μν} ( ϕ_{;ν} − ieA_ν ϕ ) − (1/16π)F_{μν} F^{μν} . The field equations for the complex scalar field ϕ and the Maxwell field A_μ are as follows:

ϕ_{;μν} g^{μν} + ieA^μ (2ϕ_{;μ} + ieA_μϕ) + ieA_{μ;ν} g^{μν} ϕ = 0, (17) 1 2π F^ν_{μ;ν} − ieϕ ( ϕ_{;μ} − ieA_μϕ ) + ieϕ (ϕ_{;μ} + ieA_μϕ) = 0. (18)

3.2 Implementation via the double-null formalism

We use the double-null coordinates

ds^2 = −α^2(u, v)dudv + r^2(u, v)dφ^2, (19) assuming spherical symmetry, where u is the retarded time, v is the advanced time, and φ is the angular coordinate.

We follow the notation of [26][11][12][13]: the metric function α, the radial function r, and a scalar field s ≡ √ 4πϕ, and define h ≡ α_{,u} α , d ≡ α_{,v} α , f ≡ r_{,u}, g ≡ r_{,v} , w ≡ s_{,u}, z ≡ s_{,v}. (20) The Einstein tensors are then given as follows: G_{uu} = − 1 r (f_{,u} − 2fh) , (21) G_{uv} = f_{,v} r , (22) G_{vv} = − 1 r (g_{,v} − 2gd) , (23) G_{φφ} = − 4r^2 α^2 d_{,u}. (24)

Via the gauge symmetry of the Maxwell field, we can choose the Maxwell field A_μ = (a, 0, 0) by introducing the function a(u, v). Thus, we can obtain the energy-momentum tensors of the classical part with the cosmological constant term by:

T^C_{uu} − Λ 8π g_{uu} = 1 4π [ ww + iea(ws − ws) + e^2a^2ss ] , (25)

T^C_{uv} − Λ 8π g_{uv} = (a_{,v})^2 4πα^2 + α^2 16π Λ, (26) T^C_{vv} − Λ 8π g_{vv} = 1 4π zz, (27) T^C_{φφ} − Λ 8π g_{φφ} = r^2 4πα^2 [ (wz + zw) + iea(zs − zs) + 2(a_{,v})^2 α^2 ] − r^2 8π Λ. (28)

Note that F^μ_{ν;μ} = 4πJ_ν , where J_ν is asymptotically interpreted by the electric current. If we define q(u, v) ≡ ra_{,v}/α^2 as the charge function, then J_ν = (1/2πr)(−q_{,u}, q_{,v}, 0) and hence corresponds to the concept of the charge.

There are several discussions pertaining to re-normalized energy-momentum tensors for three dimensions in the literature [22]. As expected for two- or four-dimensional cases [23][20], the renormalized energy-momentum tensors diverge along the inner horizon for the static metric. However, we know that the internal structures cannot be described by the static metric for fully dynamical cases. Due to dynamical situations and spherical symmetry, therefore, the following represents the best choice for the re-normalized energy-momentum tensor: use the (1 + 1)-dimensional results

[27][28] divided by 2πr and apply the S-wave approximation by

⟨T̂^H_{uu}⟩ = P 2πr ( h_{,u} − h^2 ) , (29)

⟨T̂^H_{uv}⟩ = ⟨T̂^H_{vu}⟩ = − P 2πr d_{,u}, (30)

⟨T̂^H_{vv} ⟩ = P 2πr ( d_{,v} − d^2 ) , (31)

where P ≡ N ℏ/12π and N is the number of massless scalar fields.

After solving these coupled equations, we can write all equations: f_{,u} = 2fh − 8πr ( T^C_{uu} + ⟨T̂^H_{uu}⟩ ) , (32) g_{,v} = 2gd − 8πr ( T^C_{vv} + ⟨T̂^H_{vv}⟩ ) , (33) g_{,u} = f_{,v} = 8πr ( T^C_{uv} − Λ 8π g_{uv} ) + 8πP α^2 r^2 ( T^C_{φφ} − Λ 8π g_{φφ} ) , (34) d_{,u} = h_{,v} = − 2πα^2 r^2 ( T^C_{φφ} − Λ 8π g_{φφ} ) , (35)

including the field equations a_{,v} = α^2q r , (36) q_{,v} = − ier 4 (sz − sz), (37) z_{,u} = w_{,v} = − fz 2r − gw 2r − ieaz − ieags 2r − ie 2r α^2qs. (38)

At this point, the equations of α_{,uv} , r_{,uv} , and s_{,uv} parts can be represented by first-order

differential equations. We can then implement the same integration scheme used in previous papers

[12][13]. We used the second-order Runge-Kutta method [30]; however, due to the differentials

in Equations (32) and (33), our results will converge to the first order if P > 0. Tests of the

convergence are provided in Appendix B.

3.3 Definition of mass function

One important question when interpreting our results is whether or not these black hole solutions

are BTZ solutions. Of course, due to the Birkhoff theorem for three-dimensional cases, we can be

sure that our solutions will be BTZ (for further discussions, see Appendix A). Hence, there will be

a natural concept for the mass function.

First, we can define the general spherical symmetric metric in (D + 1) dimensions in the static

limit by the following coordinates:

ds^2 = −N^2dt^2 + dr^2 N^2

+ r^2dΩ^2_{D−1} (39)

= −N^2dUdV + r^2(U, V )dΩ^2_{D−1}, (40) where dU = dt − dr N^2

, (41) dV = dt + dr N^2

. (42)

In many cases, function N vanishes near the horizon; hence, it will be convenient to redefine the coordinate in the following form:

ds^2 = −α^2(u, v)dudv + r^2(u, v)dΩ^2_{D−1}, (43)

where the coordinate transformation is dr = r_{,u}du + r_{,v} dv, (44) dt = α^2 4 ( − dv r_{,u} + du r_{,v} ) . (45)

Thus, we can show

N^2 = − 4r_{,u}r_{,v} α^2

. (46)

Note that r_{,u}r_{,v} is negative outside of the black hole. Therefore, the signature is fine. Moreover, we can easily see that the apparent horizons r_{,v} = 0 or r_{,u} = 0 make N = 0, although α is not zero.

Thus, in the four dimensions, we can define the mass function [31] by

m_{(4)}(u, v) = r 2 ( 1 + 4r_{,u}r_{,v} α^2 + q^2 r^2 − Λ 3 r^2 ) . (47)

Also, for three dimensions, we can similarly define the mass aspect by

m_{(3)}(u, v) = r^2 l^2

− q^2 ln r^2 l^2 + 4r_{,u}r_{,v} α^2

. (48)

This definition is consistent with the findings in the literature [16].

3.4 Initial conditions and free parameters

We need initial conditions for all functions (α, h, d, r, f, g, s, w, z, a, q) on the initial u = u_i and v = v_i surfaces, where we set u_i = v_i = 0 (Figure 2).

Fixed by hand Fixed by constraints Fixed by evolution equations v = v_i s = 0, f, r w = h = a = q = 0, α = 1 d, g, z u = u_i s, g, r z = s_{,v}, d = 2rzz̄, α ← d = α_{,v} /α h, f, w, q, a Table 1: Summary of the assignments of initial conditions for v = v_i (the in-going initial surface) and u = u_i (the out-going initial surface).

Figure 2: Integration domain of our simulations. We assign initial conditions along the in-going and out-going null surfaces along the arrows.

We have gauge freedom to choose the initial r function. Although all constant u and v lines are null, there remains freedom to choose the distances between these null lines. Here, we choose r(0, 0) = r_0, f(u, 0) = r_{u0}, and g(0, v) = r_{v0}, where r_{u0} < 0 and r_{v0} > 0 such that the radial function for an in-going observer decreases and that for an out-going observer increases.

We use a shell-shaped scalar field. Therefore, its interior is not affected by the shell. First, it is convenient to choose r_{u0} = −1/2 and r_{v0} = 1/2; the mass function on u_i = v_i = 0 then becomes m_{(3)}(u_i, v_i) = r^2_0 /l^2 − 1/α(u_i, v_i)^2, as initially there is no charge. The pure anti de Sitter limit is m_{(3)} = −1, and hence as long as m_{(3)} > −1, the choice of α(u_i, v_i) is physically allowed, as one can always assume that there is a certain core of mass at the center. In this paper, we choose α(u, 0) = 1 for convenience. Also, s(u, 0) = w(u, 0) = h(u, 0) = a(u, 0) = q(u, 0) = 0 hold.

We need more information to determine d, g, and z on the v = 0 surface. We obtain d from Equation (35), g from Equation (34), and z from Equation (38) (Table 1).

We can choose an arbitrary function for s(0, v) to induce a collapsing pulse. In this paper, we use s(u_i, v) = A sin^2 ( π v − v_i v_f − v_i ) exp ( 2πi v − v_i v_f − v_i ) (49)

for v_i ≤ v ≤ v_f and otherwise s(u_i, v) = 0, where u_i = 0, v_i = 0, and v_f = 20 denotes the end of the pulse in the initial surface. We then obtain z(0, v) = s(0, v)_{,v}. This implements one pulse of energy (T_{vv} ∼ z^2) along the out-going null direction by the continuous function z(0, v).

Also, from Equation (33), we can use d = 2rzz̄ on the u = 0 surface, given the assumption that there is no Hawking effect on the initial surface. We then obtain d(0, v). By integrating d along v, we have α(0, v).

We need more information for h, f, q, a, and w on the u = 0 surface. We obtain h from Equation (35), f from Equation (34), a from Equation (36), q from Equation (37), and w from Equation (38). This finishes the assignments of the initial conditions (Table 1).

We choose r_0 = 10, Λ/8π = −0.0001, and A = 0.2, leaving the two free parameters (e, P ), where e is the gauge coupling and P determines the strength of the semi-classical effects.

3.5 Dimensional analysis

For four-dimensional cases, if we define c = G_4 = 1, then the Planck units (Planck length l_{Pl,4} and Planck mass m_{Pl,4}) become

l_{Pl,4} = m_{Pl,4} = √ ℏ. (50)

Because P ∝ N ℏ should be fixed by a simulation parameter, as N becomes larger and larger, ℏ becomes smaller and smaller. For example, for four-dimensional simulations, if we made a black hole with size r_+ = 10, we fixed P = 1, and we assume N = 100, then the physical size of the black hole in Planck units is r_+ = 100 l_{Pl,4}. By the same argument, the ‘bare’ simulation results with dimension length L, mass M, or curvature R (e.g., the Ricci scalar) are re-scaled in the Planck units by L = √ N Ll_{Pl,4}, (51) M = √ N Mm_{Pl,4}, (52) R = R N l^{−2}_{Pl,4}, (53)

where N ℏ = N l^2_{Pl,4} = N m^2_{Pl,4} = 1 [32].

For three-dimensional cases, the dimensional analysis is different. If c = G_3 = 1, then

l_{Pl,3} = ℏ (54)

and m_{Pl,3} is dimensionless. Again, P can be fixed as a constant (e.g., 1), and then any bare quantities with dimensions length L, mass M, or curvature R are re-scaled in Planck units by

L = N Ll_{Pl,3}, (55) M = Mm_{Pl,3}, (56) R = R N^2 l^{−2}_{Pl,3}, (57)

where N ℏ = N l_{Pl,3} = 1.

One interesting difference between the three-dimensional and four-dimensional results is the large-N cutoff. According to Dvali [33], when there is a large number N of particle species that contribute in the mode of Hawking radiation, the cutoff scale should be stretched by

l_{cutoff,4} = √ N l_{Pl,4}. (58)

Dvali supported this idea using arguments that included black hole complementarity [34]: if a black hole is smaller than l_{cutoff,4}, then the evaporation is too fast and one cannot regard it as a semi-classical black hole. In such a case, it can violate the principle of black hole complementarity.^1 In the double-null formalism, for four-dimensional cases the Dvali cutoff is naturally implemented via the (1 − P/r^2)^{−1} term in an equation [12]. Thus, √ P ∼ √ Nl_{Pl,4} was the natural cutoff scale of the simulation. Therefore, any results of the double-null simulation was consistent with Dvali’s argument. However, in the three-dimensional case, there is no singular term despite the fact that we can choose a large P parameter. It is well known that a black hole is in the thermal equilibrium and does not totally evaporate in three-dimensions [7]; hence, we do not have to worry about the information loss problem. Therefore, there is no essential reason to consider a large-N cutoff. This thermodynamic intuition is naturally implemented in our double-null formalism.

On the other hand, the correction term from the re-normalized energy-momentum tensor for four dimensions becomes ⟨T̂^H_{μν} ⟩ ∼ N ℏ r^2

(dimensionless terms) + O(ℏ^2) + ..., (59)

while for three-dimensional cases, ⟨T̂^H_{μν} ⟩ ∼ N ℏ r (dimensionless terms) + O(ℏ^2) + ... (60)

occurs. Therefore, r = √ P in four dimensions and r = P for three dimensions are a type of turning point during which the contribution of the re-normalized energy-momentum tensor becomes dominant over the other terms. If this intuition is correct, the inside of the r = P region for threedimensional cases is dominated by negative energy via semi-classical effects rather than classical matters. This may imply that r ≲ P is a physically special region that changes the classical properties, although it is not a definite cutoff as in four-dimensional cases.

1Also, see further discussions on black hole complementarity in [35].

4 Dynamical formation and evolution of three-dimensional black holes

4.1 Gravitational collapses without Hawking radiation

We study the gravitational collapse of a charged matter shell and the formation of black holes without Hawking radiation. We varied the gauge coupling parameter e to change the amount of charge of the matter shell. Figure 3 is the result of the numerical simulations.

4.1.1 Causal structures For the e = 0 limit, there is no gauge coupling and the black hole is neutral. There is a space-like singularity and an apparent horizon. The apparent horizon grows in the space-like direction during the matter collapse (v < v_f = 20) and approaches a null direction (Type 1 in Figure 5).

Also, if gauge coupling is sufficiently small so that the amount of charge is negligible (e = 0.075), the causal structure is similar to the neutral case. However, the location of the singularity changes slightly. As we increase the parameter e, the location of the space-like singularity drastically changes (e = 0.15).

If we increase e more, we cannot see the space-like singularity (e = 0.2). The result of e = 0.2 itself does not offer information about the existence or absence of the space-like singularity. However, in the e = 0.3 and e = 0.38 cases, we can see a time-like piece of the apparent horizon during the matter collapse. Although the apparent horizon is time-like, it does not violate the null energy condition, as an out-going observer sees a decreasing r. Rather, the time-like part should be identified with a type of inner horizon of the black hole; the outer and inner horizons are separated during gravitational collapses. Thus, although we cannot see beyond the u = 20 surface, we can guess that the inner horizon should be time-like. Also, we believe that there should be a singularity around the center via the singularity theorem, and that it may be inside of the inner horizon. If this expectation is reasonable, then the singularity should be time-like.

Now let us comment on the behavior of r_{,v} with the large v limit. In Figure 4, we plot the behaviors of log |r_{,v} | as a function of log v along u = 10. Note that for e = 0.15, 0.2, and 0.38, there are horizons and the u = 10 surface will be included by the horizon, while the u = 10 line for e = 0.4 is not trapped by a horizon. The plot shows that |r_{,v}| converges 0 for a large v limit as a function of v^{−β} , where β > 1 is approximately 2.3, 2.5, 1.6, and 3.8 respectively for the four cases. Note that if β is larger than 1, then r = ∫ r_{,v} dv ∼ v^{−β+1} + const (61)

Figure 3: Numerical results for P = 0 (without Hawking radiation) while e varies.

Figure 4: log |r_{,v} | versus log v along u = 10 for e = 0.15, 0.2, 0.38, and 0.4. The gradients for a large v limit are −2.2951, −2.4932, −1.6447, and −3.7969, respectively.

will converge for v → ∞ limit. This implies that, in the v → ∞ limit, the inside of the horizon becomes a null r_{,v} = 0 horizon with a finite r. This behavior arises even for the e = 0.4 case, as it is in the anti de Sitter background. In this case, a large v limit should be regarded as the time-like boundary of the anti de Sitter space, implying that an outgoing observer cannot experience an increase of the area.

Therefore, in terms of the inside of the outer apparent horizon, as in the four-dimensional cases, given the large v limit, we can interpret these as an inner Cauchy horizon (r_{,v} → 0). In this case, the inner horizon is null. Therefore, we can determine the causal structure for a small charge case (Type 2 in Figure 5) and for a large charge case (Type 3 in Figure 5).

If we increase e until it is excessively large, we cannot see apparent horizons and the black hole disappears. This phenomenon appears odd. For four-dimensional cases, we can make an asymptotic matter shell with M < Q, but a black hole always forms for any field combinations [12]. This means that, for four-dimensional cases, the excessive charge is scattered and repulsed via electromagnetic forces (by purely classical effects). This makes it impossible to see a naked singularity (Q > M of Reissner-Nordström solutions) and conserves weak cosmic censorship. However, for threedimensional cases, we cannot not see a horizon in this case. To interpret this, there are two possibilities: a naked singularity (Type 4-1 in Figure 5) or a regular center (Type 4-2 in Figure 5). In principle, it is impossible to decide for certain, but we can offer a reasonable guess as to what the correct answer is, as shown in Section 4.1.2.

Figure 5: Causal structures without Hawking radiation. Type 1: Q = 0 case. Type 2: if the charge is sufficiently small, there can be a space-like singularity as well as a null inner Cauchy horizon in the v → ∞ limit. Type 3: if the charge is sufficiently large, one cannot see a space-like singularity. The singularity is then beyond the inner horizon and it must be time-like; therefore, it is a reasonable to guess that there is a time-like inner horizon beyond the Cauchy horizon. Type 4-1 and Type 4-2: if the charge is excessive, the horizon then disappears. In this case, there may be a time-like singularity beyond the Cauchy horizon. Or, the charged matter may be repulsed via the strong electric field and fail to form a singularity.

4.1.2 Black hole formation near extreme limit We observe the details of causal structures between e = 0.35 and e = 0.4, where a type of critical behavior occurs (Figure 6). As we increase the charge, two horizons (time-like inner and space-like outer apparent horizons) approach. Additionally, the advanced time v when the apparent horizon appears seems to increase so that the large charge postpones the formation of the apparent horizon. The location of the apparent horizon decreases, which implies that the effective mass of a black hole decreases as the charge increases.

We know that there will not be horizons when e = 0.4 or e = 0.5 between v = 0 and v = 180, even beyond the u = 20 line (we know that the horizons disappeared as the charge increases, as shown in Figure 6). Therefore, if there is a singularity for such cases, it should imply that it is a type of naked singularity. If this is true, then it is fair to say that we cannot see beyond the u = 20 line in principle. However, reasonable assumptions can be made given some circumstantial evidence and extrapolations.

We plot charge q as a function of r at the advanced time v = 180 in Figure 7. As the charge increases, the charge of outside (large r) increases while the charge of inside (small r) decreases. This implies that our field combination asymptotically induces a large charge, as we use a large coupling e. However, as the charge increases, mutual repulsion is noted. Hence, a collapse near the center is not probable, and the center has less charge as e increases.

Note that this diagram is a log-log plot and that appears to be linear for a large r and a small r. Of course, we are interested in the charge distribution near the center, and hence, an estimation of the gradient of the log q-log r plot near the center, i.e., the exponent of q = Ar^B near the center, will serve as a viable means of extrapolation beyond the u = 20 surface.

For each case, we calculated the exponents in Table 2. Here, the energy density for a constant r observer will be ρ = −T^t_t = − 1 r_{,u}r_{,v} α^2 ( r^2_{,v} T_{uu} − 2r_{,u}r_{,v}T_{uv} + r^2_{,u}T_{vv} ) , (62) where the dominant term in r → 0 limit will be proportional to ρ ∝ ( q r )_2 , (63) where it is proportional to the electric energy density. Thus, the electric energy density is proportional to ρ(r) ∝ ( q(r) r )_2 ∼ r^{2(B−1)}. (64) Therefore, roughly speaking, if B is less than 1, it will be evidence that the energy density ρ diverges around the center, showing that there is a central singularity.

Figure 6: Numerical results for P = 0 while varying from e = 3.5 to e = 4.0.

Figure 7: Charge q(r) at v = 180 for each e.

Figure 8: Ricci scalar for u = 12.5, 15, and 17.5, for the e = 0.2 case.

e A B 0.3 0.0694 0.7534 0.35 0.0332 1.0327 0.38 0.0203 1.2035 0.4 0.0144 1.3195 0.5 0.0019 2.0176 Table 2: Numerical fitting for q(r) to the functional form q(r) = Ar^B for each value of e. We fitted from u = 19 to u = 20 to determine the behavior around the center.

Therefore, we may conclude that, when e = 0.3, there is surely a central singularity while for the other cases this is not evident. Of course, via the singularity theorem, if there is an apparent horizon, there will be a singularity anyway. For the e = 0.4 and 0.5 cases, however, there is no horizon. In these cases, these exponents are circumstantial evidence that there may not be a singularity around the center. (This conclusion is consistent with the result of [16].) Of course, if the distribution of the charge drastically changes beyond u = 20, the central structure will be modified and our extrapolation will be meaningless. Therefore, our prospect depends, in all respects, on circumstantial evidence and not on real evidence.

4.1.3 Mass inflation There are several studies in the literature that closely investigated the mass inflation in threedimensional black holes [21]. One of the interesting predictions was that there is a curvature singularity for a certain curvature component, whereas some of the other curvature components do not diverge as v increases.

We observed the Ricci scalar R (Figure 8), where R = 8 α^2 ( r_{,uv} r + αα_{,uv} − α_{,u}α_{,v} α^2 ) , (65)

T_{μν} l^μl^ν ∝ T_{vv}/α^2 for an out-going null observer l^μ (top in Figure 9), T_{μν} n^μn^ν ∝ T_{uu}/α^2 for an in-going null observer n^μ, for some out-going (middle in Figure 9) and in-going null slices (bottom in Figure 9) (u = 12.5, 15, and 17.5; v = 120, 150, and 180). Note that we choose ([u, v, φ])

l^μ = √ 2 α (0, 1, 0), (66)

n^μ = √ 2 α (1, 0, 0), (67)

so that l^μl_μ = n^μn_μ = 0 and l^μn_μ = −1. Thus, any time-like geodesic t^μ can be decomposed by

t^μ = al^μ + bn^μ (68)

with constraint ab = 1/2. Hence, any time-like observer will see local energy density by

T_{μν} t^μt^ν = 2 α^2 ( b^2T_{uu} + a^2T_{vv} ) + q^2 2πr^2 . (69)

Therefore, if there is a signature for a case in which T_{uu}/α^2 or T_{vv} /α^2 increases exponentially, then it is the evidence of mass inflation.

The results are interesting: there is no evidence that the Ricci scalar or T_{vv}/α^2 diverge, while T_{uu}/α^2 shows exponential growth. Thus, this provides clear evidence that there is mass inflation and that a curvature singularity forms around the inner Cauchy horizon at the v → ∞ limit. However,

Figure 9: Top and middle: T_{vv} /α^2 and T_{uu}/α^2 for u = 12.5, 15, and 17.5, for the e = 0.2 case. Bottom: T_{uu}/α^2 for v = 120, 150, and 180, for the e = 0.2 case.

this behavior of curvature functions is very different from that noted in four-dimensional cases. For four-dimensional cases, almost all related functions (e.g., Ricci scalar, Kretchmann scalar, Misner- Sharp mass function) diverge exponentially, while the Ricci scalar and T_{vv}/α^2 components do not diverge in three dimensions. Therefore, this is a typical property of three-dimensional charged black holes.

4.2 Semi-classical back-reactions by Hawking radiation

In this section, now we turn to the semi-classical effects and see dynamical back-reactions for the inside structures.

4.2.1 Results We put P = 0.1 and vary parameters e (Figure 10), as was done in the previous section.

For the e = 0, 0.075, and e = 0.15 cases, there is a new horizon where r_{,u} = r_{,v} = 0. For the e = 0 case, there is a space-like singularity. Hence, between the r_{,u} = r_{,v} = 0 horizon and the central singularity, there is a fuzzy region and a Cauchy horizon along an ingoing null direction. The r_{,v} = 0 and r_{,u} = 0 horizons can be separated as in the e = 0.2 case, while for small charge cases, they are mostly foliated. Because r_{,v} and r_{,u} both change their signs around the foliated region, any observer who moves through the horizon sees an increase of areal radius r. Therefore, it is a type of a bottleneck in a one-way wormhole. Note that the size of the bottleneck is on the order of ≲ P = 0.1.

For charged black holes in four dimensions, there was a similar effect. However, in those cases, the charge played a crucial role [12], while in three dimensions, the charge is not essential to see such a bottleneck, as we can see in the e = 0 case. Rather, it is the effect due to the negative energy via semi-classical effects that concentrated around the center. This bottleneck becomes a curvature singularity as the curvature functions increase exponentially around these regions. Here, the charge will make the bottleneck relatively regular. This phenomenon will be discussed in Section 4.2.2.

As we increase the charge, two horizons are separated (in the e = 0.2 case) and the r_{,u} = 0 horizon even disappears (in the e = 0.3 case). This suggests that the amount of the negative energy decreases as the charge increases, approaching and exceeding the extreme limit (e = 0.4 and 0.5). In these cases, the inner apparent horizon can be space-like while the outer horizon remains space-like. This implies that the null energy condition is violated only for inside and that it is not violated around the outer horizon. This will be discussed in Section 4.2.3.

Figure 10: Numerical results for P = 0.1 (with Hawking radiation) while varying e.

Figure 11: Ricci scalar for P = 0.1 along u = 15 when e = 0.05, 0.075, 0.1, 0.5, and 0.2 (Upper) and along v = 180 when e = 0.05, 0.075, 0.1, 0.5, and 0.2 (Lower).

4.2.2 Formation of weak curvature singularities Figure 11 show Ricci scalar functions for P = 0.1 along u = 15 and v = 180 while varying e. Until e = 0.15, the r_{,v} = 0 horizon and the r_{,u} = 0 horizon are foliated; hence, the inner horizon becomes a bottleneck of a wormhole, after which the Ricci scalar increases exponentially. Unless we assume a large number of scalar fields N so that R < N , the internal structure becomes a type of curvature singularity with a non-zero area.

Note that this is not due to mass inflation, because mass inflation does not make the Ricci scalar diverge, as shown in Section 4.1.3. Also, this effect exists even for the e = 0 case. Therefore, we can clarify that this is a new type of curvature singularity.

As was noted in Section 3.5, the bottleneck occurs via the violation of the null energy condition and the concentration of the negative energy. If the effect of the re-normalized energy-momentum tensor is dominant (around the order of r ≲ P ) compared to the classical fields, then the region is no longer semi-classical. Dvali noticed that such a region is not physically well defined and is hence physically problematic. It is interesting that curvature functions become trans-Planckian around such dangerous regions. Such a curvature singularity is found by the authors for the first time, and we will term it a Dvali curvature singularity to distinguish it from the mass inflation curvature singularity.

Both types of curvature singularities are weak, in the sense that the area is non-zero while the curvature becomes trans-Planckian [29]. One can compare the order of magnitude of such curvatures between the Dvali curvature singularity and the mass inflation curvature singularity. The former is dominant compared to the latter in terms of the order of magnitude. Therefore, the following conclusions are reasonable:

• For charged black holes with sufficiently small charge, a space-like singularity partly^2 changes to a Dvali curvature singularity.

• For large charged black holes, we can see a mass inflation curvature singularity in the large v limit.

• Between the two limits, both types of curvature singularities can exist.

4.2.3 Energy-momentum tensors and thermodynamic stability Figure 12 shows the typical distribution of the energy-momentum tensor components of our simulations. The first plot in Figure 12 is T_{vv}, showing that it is positive during the gravitational collapse (v < 20).

After the gravitational collapse, the inside structure is governed by the negative energy-momentum tensors T_{uu} and T_{vv}. The second plot in Figure 12 shows that T_{uu} is negative around the outer part of the r_{,u} = 0 horizon and changes its sign around the inner part of the r_{,u} = 0 horizon. This is consistent given that r_{,uu}|_{r,u=0} = −8πrT_{uu}, (70) and hence, if r_{,u} increases along the ingoing null direction at r_{,u} = 0, T_{uu} should be negative; if r_{,u} decreases along the ingoing direction at r_{,u} = 0, T_{uu} should be positive.

2If the bottleneck approaches too closely to the outer horizon, and a space-like singularity can appear, as we see in the e = 0 case. This is due to the fact that the T_{vv} component is positive around the outer horizon via thermodynamic stability, as we shown in the next section.

Figure 12: Energy-momentum tensor components T_{vv}, T_{uu}, and T_{vv} around the inner horizon, and ⟨T̂^H_{vv}⟩ around the outer horizon, for e = 0.2 and P = 0.1.

The third plot in Figure 12 is T_{vv} around the inner horizon. It is negative around the inner apparent horizon. Note that around the inner horizon, r_{,vv} |_{r,v =0} = −8πrT_{vv}. (71) If r_{,v} = 0 horizon is inside of the black hole, to increase r_{,v} from negative to positive, the inner horizon should be space-like, and it is equivalent to T_{vv} < 0. Therefore, this is a consistent behavior.

Finally, the fourth plot in Figure 12 shows the ⟨T̂^H_{vv} ⟩ components. Of course, the outer apparent horizon is space-like or time-like if and only if T_{vv} is positive or negative. However, we know that T_{vv} = T^C_{vv} + ⟨T̂^H_{vv} ⟩ and that competition exists between the two parts. The first classical part is always positive, and hence, to see a time-like horizon, the second quantum part should be negative. Moreover, it has to be greater than the first part. However, the fourth plot shows that the quantum part ⟨T̂^H_{vv}⟩ is already positive around the outer horizon. Therefore, there is no hope of seeing the evaporation of a black hole in three-dimensional cases. This is consistent with the known thermodynamic stability of three-dimensional black holes, and this calculation confirms the stability in an independent manner [7].

4.2.4 Modifications of causal structures due to semi-classical effects In this subsection, let us summarize the results of previous sections.

Figure 13: Causal structures with Hawking radiation. Type 1, 2, and 3 in Figure 5 should be modified to Type 1^′, 2^′, and 3^′.

In Section 4.1.1, we observed causal structures when there is no Hawking radiation. In Section 4.2.1 and Section 4.2.3, we included Hawking radiation and observed some interesting modifications:

• Space-like singularities are partly changed to a bottleneck of a wormhole (the Dvali curvature singularity).

• Inner horizons at finite v can be space-like. (This depends on the details of the energymomentum tensors of inside the black hole.)

• A v → ∞ inner horizon remains for sufficiently large charge cases.

• The outer apparent horizon is thermodynamically stable.

According to Section 4.1.3 and Section 4.2.2, we understand that the v → ∞ inner horizons and the bottleneck of the wormhole become curvature singularities. The former is due to mass inflation and the latter is caused by the concentration of negative energy.

Therefore, for Type 1 (Figure 5), a part of the space-like singularity will be changed by a Dvali curvature singularity (left of Type 1^′, Figure 13). We cannot trust beyond the Dvali curvature singularity, since the curvatures become trans-Planckian. However, as was discussed in Section 3.5, if there are sufficiently large numbers of massless fields that contribute to Hawking radiation without changing P ∝ N ℏ, beyond the r_{,u} = r_{,v} = 0 horizon can be trustable in the semi-classical sense, as the curvatures, for example the Ricci scalar, will decrease in proportion to 1/N^2. If this is true, our solution implies a branching-off geometry (right of Type 1^′, Figure 13). For Type 2 (Figure 5), again, the space-like singularity should be changed by a Dvali curvature singularity and the inner Cauchy horizon should be changed by the mass inflation singularity (Type 2^′, Figure 13). For Type 3 (Figure 5), the semi-classical effect can modify the inner horizon to be space-like and there will be a mass inflation singularity in the v → ∞ limit (Type 3^′, Figure 13). Of course, in that limit, the out-going Cauchy horizon will be also a type of mass inflation singularity. In this limit, we may not see the Dvali curvature singularity.

5 Conclusion

In this paper, we investigated the dynamical formation and evolution of three-dimensional charged black holes. As a concluding remark, we summarize our new results and point out some interesting issues in terms of two points: classification of causal structures for dynamical black holes and cosmic censorship in three dimensions.

5.1 Causal structures

We study gravitational collapses of charged matter fields and classified causal structures (Figure 5): Type 1 for an almost neutral case, Type 2 for a small charge, Type 3 for a large charge, and Type 4-1 or Type 4-2 for an excessive charge. For near-extreme cases, we show evidence that Type 4-2 will be more probable. When there is an inner Cauchy horizon in v → ∞ limit, a local energy density for an in-going null observer increases exponentially, and this confirms mass inflation. This will eventually create a curvature singularity in a large v or large u limit. However, this was significantly different from the four-dimensional case, as in those cases, other types of curvature functions also diverge.

As we include semi-classical effects via Hawking radiation, we note that the outer apparent horizon is not affected and is thermodynamically stable. However, the internal structure will be significantly modified. Negative energy is concentrated near the center, and this can create a bottleneck in a wormhole. Such a bottleneck is not due to a charge but is caused by negative energy. This neck occurs when the semi-classical effects dominate the classical effects. We observed that the region around the bottleneck becomes a curvature singularity (the Dvali curvature singularity). Moreover, the inner horizon can be space-like via negative energy. Therefore, we delineate two types of curvature singularities in three dimensions: the Dvali curvature singularity and the mass inflation curvature singularity. Therefore, as we summarize these contents, the causal structures Type 1, Type 2, and Type 3 should be modified to Type 1^′, Type 2^′, and Type 3^′ (Figure 13).

5.2 Comments on cosmic censorship

One interesting finding was related to cosmic censorship. There is some controversy about whether or not there is a violation of cosmic censorship in anti de Sitter space [36][37]. In terms of BTZ solutions, there appears to be a time-like or null singularity for M < Q^2 ln Q^2 or M = Q = 0 cases. Therefore, as long as we rely on the BTZ solution, a violation of weak cosmic censorship is not odd.

However, if we believe that all realistic black holes should be formed by a gravitational collapse, our conclusions seem to say that there is no violation of weak cosmic censorship (Section 4.1.2). When there is no horizon and excessive charge, the tendency of the charge distribution shows that the energy density around the center is regular.

The absence of a naked singularity has also been observed in four-dimensional gravitational collapses [11][12]. However, in that case, as we give an excessive charge, a near-extreme black hole was formed rather than a disappearance of a black hole. This is an interesting difference between three dimensions and four dimensions.

In terms of strong cosmic censorship, there can be two ways to touch the Cauchy horizon. First, there is the Cauchy horizon along the in-going null direction (e.g., the thin red dotted line in Type 3 in Figure 5). Second, there is the Cauchy horizon along the out-going null direction (e.g., thick black dashed line in Type 3 in Figure 5). Given that this black hole does not evaporate, for the former Cauchy horizon, an ingoing observer requires infinite advanced time v (although this does not imply infinite proper time). Thus, via mass inflation, it will surely be a curvature singularity. Therefore, it is likely not possible to touch in the semi-classical regime. Of course, it may be possible for an observer to touch the latter Cauchy horizon. However, we know that when there are two horizons (a space-like outer horizon and a time-like inner horizon), it is not evident whether there is a time-like singularity for an ingoing null observer, as we noted in Table 2. If this is not the case, then strong cosmic censorship appears to be safe.

Acknowledgment

The authors would like to thank Bum-Hoon Lee, Ewan Stewart, and Seungjoon Hyun for discussions and encouragement. DY and DH were supported by Korea Research Foundation grants (KRF-313- 2007-C00164, KRF-341-2007-C00010) funded by the Korean government (MOEHRD) and BK21. DY was supported by the National Research Foundation of Korea(NRF) grant funded by the Korea government(MEST) through the Center for Quantum Spacetime(CQUeST) of Sogang University with grant number 2005-0049409. HK was supported by the National Research Foundation of Korea(NRF) grant funded by the Korea government(MEST) with the grant number 2009-0074518.

Appendix A. The Birkhoff theorem for charged BTZ black holes

In this appendix, we briefly examine the Birkhoff theorem for charged BTZ black holes. There is an argument that the only spherical symmetric solution of (2 + 1)-dimensional space-time with a negative cosmological constant is a BTZ black hole or the self-dual Coussaert-Henneaux space-time [38]. This was applied only for neutral cases, and hence it is necessary to present an argument about the uniqueness of the solution when the electric charges are involved. In this appendix, we prove that any spherical symmetric charged black holes in a three-dimensional anti de Sitter background will approach the charged BTZ asymptotically.

The metric of a spherically symmetric space-time can always be cast in the form ds^2 = −e^{2ψ(r,t)}f(r, t)dt^2 + 1 f(r, t) dr^2 + r^2dφ^2 (72)

involving the two arbitrary functions ψ(r, t) and f(r, t). We put the gauge field by

A_t(r) = Q ln r l , (73)

as the electric field strength must be of the order 1/r asymptotically. We may put the gauge field as an arbitrary function for completeness. However, this restriction of the configuration space is reasonable because the conservation of the energy-momentum tensor, ∇_μT^μ_ν = 0, constrains the form of the gauge field as Equation (73).

The independent Einstein equations are as follows: − 1 l^2 + Q^2 r^2 e^{−2ψ} + f^{′2} 2r = 0, (tt)−component (74) 1 2rf^2 e^{−2ψ}ḟ = 0, (tr)−component (75) − 1 l^2 + Q^2 r^2 e^{−2ψ} + f^{′2} 2r + f r ψ^′ = 0, (rr)−component (76)

where^′ and ˙ represent the derivatives with respect to r and t, respectively.

From the (rr)-component and the (tt)-component of the Einstein equations, we have ψ = ψ(t). In addition, a time redefinition can absorb ψ(t) and it will make f(r, t) be the only function to be determined. From the (tr)-component, we have f = f(r). Finally, from the (tt)-component of the

Figure 14: The real part of the scalar field as a function of v around the outer apparent horizon. Here, we used e = 0.2 and P = 0. The gradients of each lines are approximately −0.29.

Einstein equations, we obtain f(r) = r^2 l^2

+ C − Q^2 ln ( r^2 l^2 ) , (77)

where C is the integration constant and we can choose by −M. Therefore, this proves our assertion. Any spherical symmetric charged black holes in the three-dimensional anti de Sitter background will approach the charged BTZ solution.

To sure this expectation, we test the dynamics of scalar field around the outer apparent horizon. For e = 0.2 and P = 0, we observe the behavior of the scalar field (Figure 14). For convenience, we observed the real part of the scalar field as a function of v around the outer apparent horizon (2.78 ≤ u ≤ 2.87); the imaginary part is also qualitatively similar. The scalar field falls off approximately ∼ v^{−p} with p ≃ 0.29. Therefore, in the v → ∞ limit, the scalar field will decay to zero. Therefore, this makes sure that our solutions will emerge to a vacuum solution in the anti de Sitter. Then, our previous proof shows that our results surely emerge to BTZ solutions.

Appendix B. Consistency and convergence tests

Now we test consistency and convergence of this paper.

First, to check the consistency, we used one of constraint equations. As an example, we choose the constraint function Equation (33) |g_{,v} − 2gd + 2rzz̄ + 4P (d_{,v} − d^2)| |g_{,v}| + |2gd| + |2rzz̄| + 4P (|d_{,v}| + |d^2|) (78) to see the constraint. The value should be exactly zero, but due to numerical errors, it may not be zero. The normal scale of the constraint function is on the order of 1; hence, if the value is sufficiently less than 1, it is certain that our simulations give a sound result. Top in Figure 15 shows the constraint function for the P = 0.1 and e = 0.2 case along the u = 5, 10, and 15 slices. The result is sufficiently small and the order is less than 1%. Note that when the constraint becomes on the order of 1%, the r_{,vv} actually approaches zero and the behavior of the constraint function becomes unstable. However, this is not a significant problem for entire causal structures.

Second, to check the convergence, we first see |r_{(2)} − r_{(1)}|/r_{(2)} and 4|r_{(4)} − r_{(2)}|/r_{(4)} along the u = 5, 10, and 15 slices, where r_n means an n × n finer simulation (Middle in Figure 15). We checked for the e = 0.2 and P = 0 case. For each slice, two curves are almost same; this shows the second order convergence. Numerical errors are less than 0.000001%. Next, we test the e = 0.2 and P = 0.1 case (Bottom in Figure 15) and compare |r_{(2)} − r_{(1)}|/r_{(2)} and 2|r_{(4)} − r_{(2)}|/r_{(4)}. As we noted, it shows the first order convergence. However, the error is sufficiently small again, and hence it is reasonable to trust our numerical calculations.

Figure 15: Top: constraint function |g_{,v} −2gd+2rzz̄+4P (d_{,v} −d^2)|/(|g_{,v}|+|2gd|+|2rzz̄|+4P (|d_{,v}|+ |d^2|)) for P = 0.1 and e = 0.2 along u = 5, 10, and 15. Middle and Bottom: convergence tests |r_{(2)} − r_{(1)}|/r_{(2)} and 2|r_{(4)} − r_{(2)}|/r_{(4)} for P = 0 and P = 0.1 with e = 0.2 along u = 5, 10, and 15, where r_n means an n × n finer simulation.

References

[1] S. Carlip, “Quantum gravity in 2+1 dimensions,” Cambridge University Press (1998).

[2] S. Deser, R. Jackiw and G. ’t Hooft, Annals Phys. 152, 220 (1984).

[3] E. Witten, Nucl. Phys. B 311, 46 (1988).

[4] M. Banados, C. Teitelboim and J. Zanelli, Phys. Rev. Lett. 69, 1849 (1992) [arXiv:hep-th/9204099].

[5] M. Banados, M. Henneaux, C. Teitelboim and J. Zanelli, Phys. Rev. D 48, 1506 (1993) [arXiv:gr-qc/9302012].

[6] S. Carlip and C. Teitelboim, Phys. Rev. D 51, 622 (1995) [arXiv:gr-qc/9405070].

[7] B. Reznik, Phys. Rev. D 45, 2151 (1992);

B. Reznik, Phys. Rev. D 51, 1728 (1995) [arXiv:gr-qc/9403027].

[8] J. M. Maldacena, Adv. Theor. Math. Phys. 2, 231 (1998) [Int. J. Theor. Phys. 38, 1113 (1999)] [arXiv:hep-th/9711200];

E. Witten, Adv. Theor. Math. Phys. 2, 253 (1998) [arXiv:hep-th/9802150]; S. S. Gubser, I. R. Klebanov and A. M. Polyakov, Phys. Lett. B 428, 105 (1998) [arXiv:hep-th/9802109].

[9] S. Hyun, J. Korean Phys. Soc. 33, S532 (1998) [arXiv:hep-th/9704005];

K. Sfetsos and K. Skenderis, Nucl. Phys. B 517, 179 (1998) [arXiv:hep-th/9711138].

[10] A. Strominger, JHEP 9802, 009 (1998) [arXiv:hep-th/9712251];

V. Balasubramanian and F. Larsen, Nucl. Phys. B 528, 229 (1998) [arXiv:hep-th/9802198]; S. Carlip, Phys. Rev. D 51, 632 (1995) [arXiv:gr-qc/9409052];

D. Birmingham, I. Sachs and S. Sen, Phys. Lett. B 424, 275 (1998) [arXiv:hep-th/9801019].

[11] T. Piran and A. Strominger, Phys. Rev. D 48, 4729 (1993) [arXiv:hep-th/9304148];

R. Parentani and T. Piran, Phys. Rev. Lett 73, 2805 (1994) [arXiv:hep-th/9405007]; T. Chiba and J. Soda, Prog. Theor. Phys. 96, 567 (1996) [arXiv:gr-qc/9603056]; S. Ayal and T. Piran, Phys. Rev. D 56, 4768 (1997) [arXiv:gr-qc/9704027]; S. Hod and T. Piran, Phys. Rev. Lett 81, 1554 (1998) [arXiv:gr-qc/9803004]; S. Hod and T. Piran, Gen. Rel. Grav. 30, 1555 (1998) [arXiv:gr-qc/9902008]; E. Sorkin and T. Piran, Phys. Rev. D 63, 084006 (2001) [arXiv:gr-qc/0009095];

E. Sorkin and T. Piran, Phys. Rev. D 63, 124024 (2001) [arXiv:gr-qc/0103090]; Y. Oren and T. Piran, Phys. Rev. D 68, 044013 (2003) [arXiv:gr-qc/0306078]; J. Hansen, A. Khokhlov and I. Novikov, Phys. Rev. D 71, 064013 (2005) [arXiv:gr-qc/0501015];

A. Doroshkevich, J. Hansen, I. Novikov and A. Shatskiy, arXiv:0812.0702 [gr-qc]; P. P. Avelino, A. J. S. Hamilton and C. A. R. Herdeiro, Phys. Rev. D 79, 124045 (2009) [arXiv:0904.2669 [gr-qc]];

A. Doroshkevich, J. Hansen, D. Novikov, I. Novikov and A. Shatskiy, Phys. Rev. D 81, 124011 (2010) [arXiv:0908.1300 [gr-qc]];

A. Borkowska, M. Rogatko and R. Moderski, Phys. Rev. D 83, 084007 (2011) [arXiv:1103.4808 [hep-th]].

[12] S. E. Hong, D. Hwang, E. D. Stewart and D. Yeom, Class. Quant. Grav. 27, 045014 (2010) [arXiv:0808.1709 [gr-qc]];

D. Hwang and D. Yeom, Phys. Rev. D 84, 064020 (2011) [arXiv:1010.2585 [gr-qc]].

[13] J. Hansen, D. Hwang and D. Yeom, JHEP 0911, 016 (2009) [arXiv:0908.0283 [gr-qc]];

D. Hwang and D. Yeom, Class. Quant. Grav. 27, 205002 (2010) [arXiv:1002.4246 [gr-qc]]; D. Hwang and D. Yeom, Class. Quant. Grav. 28, 155003 (2011) [arXiv:1010.3834 [gr-qc]]; D. Hwang, B. H. Lee and D. Yeom, JCAP 1112, 006 (2011) [arXiv:1110.0928 [gr-qc]].

[14] J. Crisostomo and R. Olea, Phys. Rev. D 69, 104023 (2004) [arXiv:hep-th/0311054].

[15] S. Gutti, Class. Quant. Grav. 22, 3223 (2005) [arXiv:gr-qc/0506100];

S. Gutti and T. P. Singh, Phys. Rev. D 76, 064026 (2007) [arXiv:gr-qc/0703142]; C. Vaz, S. Gutti, C. Kiefer and T. P. Singh, Phys. Rev. D 76, 124021 (2007) [arXiv:0710.2164 [gr-qc]];

R. B. Mann and J. J. Oh, Phys. Rev. D 74, 124016 (2006) [Erratum-ibid. D 77, 129902 (2008)] [arXiv:gr-qc/0609094];

R. B. Mann, J. J. Oh and M. I. Park, Phys. Rev. D 79, 064005 (2009) [arXiv:0812.2297 [hep-th]].

[16] Y. Peleg and A. R. Steif, Phys. Rev. D 51, 3992 (1995) [arXiv:gr-qc/9412023];

M. Alcubierre, G. Allen, B. Bruegmann, G. Lanfermann, E. Seidel, W. M. Suen and M. Tobias, Phys. Rev. D 61, 041501 (2000) [arXiv:gr-qc/9904013];

F. Pretorius and M. W. Choptuik, Phys. Rev. D 62, 124012 (2000) [arXiv:gr-qc/0007008]; D. Garfinkle, Phys. Rev. D 63, 044007 (2001) [arXiv:gr-qc/0008023];

L. M. Burko, Phys. Rev. D 62, 127503 (2000) [arXiv:gr-qc/0008043]; V. Husain and M. Olivier, Class. Quant. Grav. 18, L1 (2001) [arXiv:gr-qc/0008060].

[17] E. Poisson and W. Israel, Phys. Rev. Lett. 63, 1663 (1989);

E. Poisson and W. Israel, Phys. Rev. D 41, 1796 (1990).

[18] H. Reissner, Ann. Physik., 50, 106 (1916);

G. Nordström, Proc. Kon. Ned. Akad. Wet., 20, 1238 (1918).

[19] A. Bonanno, S. Droz, W. Israel and S. M. Morsink, Phys. Rev. D 50, 7372 (1994) [arXiv:gr-qc/9403019].

[20] E. Poisson, [arXiv:gr-qc/9709022].

[21] J. S. F. Chan, K. C. K. Chan and R. B. Mann, Phys. Rev. D 54, 1535 (1996) [arXiv:gr-qc/9406049];

R. G. Cai and D. F. Zhao, Phys. Lett. A 208 (1995) 281; B. Wang and R. K. Su, Phys. Rev. D 53, 1950 (1996).

[22] A. R. Steif, Phys. Rev. D 49, 585 (1994) [arXiv:gr-qc/9308032];

G. Lifschytz and M. Ortiz, Phys. Rev. D 49, 1929 (1994) [arXiv:gr-qc/9310008].

[23] M. Simpson and R. Penrose, Int. J. Theor. Phys. 7, 183 (1973);

S. Chandrasekhar and J. B. Hartle, Proc. R. Soc. Lond. A bf 384, 301 (1982); W. A. Hiscock, Phys. Rev. D 15, 3054 (1977); N. D. Birrell and P. C. W. Davies, Nature 272, 35 (1978);

Y. Gursel, V. D. Sandberg, I. D. Novikov and A. A. Starobinsky, Phys. Rev. D 19, 413 (1979);

Y. Gursel, V. D. Sandberg, I. D. Novikov and A. A. Starobinsky, Phys. Rev. D 20, 1260 (1979).

[24] R.H. Price, Phys. Rev. D 5, 2419 (1972);

R.H. Price, Phys. Rev. D 5, 2439 (1972).

[25] A. Ori, Phys. Rev. Lett. 67, 789 (1991);

A. Ori, Phys. Rev. Lett. 68, 2117 (1992).

[26] R. S. Hamade and J. M. Stewart, Class. Quant. Grav. 13, 497 (1996) [arXiv:gr-qc/9506044].

[27] P. C. W. Davies, S. A. Fulling and W. G. Unruh, Phys. Rev. D 13, 2720 (1976).

[28] N. D. Birrell and P. C. W. Davies, “Quantum fields in curved space,” Cambridge University Press (1982).

[29] F. J. Tipler, Phys. Lett. 64A, 8 (1977).

[30] W. H. Press, S. A. Teukolsky, W. T. Vetterling and B. P. Flannery, “Numerical Recipes: The Art of Scientific Computing,” Cambridge University Press (2007).

[31] B. Waugh and K. Lake, Phys. Rev. D 34, 2978 (1986).

[32] D. Yeom and H. Zoe, Int. J. Mod. Phys. A 26, 3287 (2011) [arXiv:0907.0677 [hep-th]].

[33] G. Dvali, Fortsch. Phys. 58, 528 (2010) [arXiv:0706.2050 [hep-th]];

G. Dvali, M. Redi, S. Sibiryakov and A. Vainshtein, Phys. Rev. Lett. 101, 151603 (2008) [arXiv:0804.0769 [hep-th]];

R. Brustein, G. Dvali and G. Veneziano, JHEP 0910, 085 (2009) [arXiv:0907.5516 [hep-th]].

[34] L. Susskind, L. Thorlacius and J. Uglum, Phys. Rev. D 48, 3743 (1993) [arXiv:hep-th/9306069].

[35] D. Yeom and H. Zoe, Phys. Rev. D 78, 104008 (2008) [arXiv:0802.1625 [gr-qc]];

S. E. Hong, D. Hwang, D. Yeom and H. Zoe, JHEP 0812, 080 (2008) [arXiv:0809.1480 [grqc]];

D. Yeom and H. Zoe, arXiv:0811.1637 [gr-qc];

D. Yeom, Int. J. Mod. Phys. CS 1, 311 (2011) [arXiv:0901.1929 [gr-qc]].

[36] T. Hertog, G. T. Horowitz and K. Maeda, Phys. Rev. Lett. 92, 131101 (2004) [arXiv:gr-qc/0307102];

T. Hertog, G. T. Horowitz and K. Maeda, Phys. Rev. D 69, 105001 (2004) [arXiv:hep-th/0310054];

T. Hertog, G. T. Horowitz and K. Maeda, arXiv:gr-qc/0405050.

[37] M. Alcubierre, J. A. Gonzalez, M. Salgado and D. Sudarsky, arXiv:gr-qc/0402045;

M. Gutperle and P. Kraus, JHEP 0404, 024 (2004) [arXiv:hep-th/0402109]; M. Dafermos, Adv. Theor. Math. Phys. 9, 575 (2005) [arXiv:gr-qc/0403033]; D. Garfinkle, Phys. Rev. D 69, 124017 (2004) [arXiv:gr-qc/0403078].

[38] E. Ayon-Beato, C. Martinez and J. Zanelli, Phys. Rev. D 70, 044027 (2004).