arXiv:1301.6320v3 [hep-th] 19 Mar 2013

On the pattern of black hole information release

I. Y. Park Center for Quantum Spacetime, Sogang University Shinsu-dong 1, Mapo-gu, 121-742 South Korea and Department of Natural and physical Sciences, Philander Smith College Little Rock, AR 72223, USA inyongpark05@gmail.com

Abstract

We propose a resolution to black hole information paradox by analyzing scattering amplitudes of a complex scalar field around a Schwarzschild black hole. The scattering cross section reveals much information on the incoming state but exhibits flux loss at the same time. The flux loss should be temporary, and indicate mass growth of the black hole. The black hole should Hawking-radiate subsequently, thereby, compensating for the flux loss.

1 Introduction

Ever since the discovery of Hawking radiation [1], Black Hole (BH) Information paradox [2] has remained a puzzle. (See, e.g., [3–11] for reviews on BH physics.) There have been various approaches to a resolution of the paradox [12–15,17–26]. A new proposal [27]^1 appeared recently and a number of works [29–41] have followed.

As wellknown, the vacuum for an infalling observer - known as the Kruskal vacuum - appears as a thermal state to a stationary observer. By the same token, one can study the way in which the scattering of one-particle states built on the Kruskal vacuum will appear to a stationary observer. Motivated in part by simplicity, we employ a free complex scalar in two dimensions to focus on the essential aspects of the analysis.

The theory is considered in the “two-dimensional Schwarzschild black hole” background. We study several scattering amplitudes, and interpret the results in light of black hole information paradox. As we will show in this work, the amplitudes exhibit flux loss.^2 The resolution of the information paradox that we propose is such that there should be “radiation” that is emitted before the black hole becomes completely thermalized, and this part of the radiation should be non-thermal, i.e., informationcontaining. The flux loss should imply BH’s gain of mass from the incoming wave. After the black hole is thermalized, it will Hawking-radiate thermally. This implies, in particular, that the information loss should only be an apparent phenomenon due to different timing of two different “radiations”, thermal and non-thermal.

There exists a subtle tension between the quantum mechanical description and the quantum field theoretical description of the physics at hand. On one hand, one must deal with scattering by the potential produced by a black hole, and the quantum mechanical description seems adequate to that end. On the other hand, the finite temperature inducing effect of a BH was established in the quantum field theory framework. We note below that the essential part of the quantum mechanical analysis can be integrated into the quantum field theory setup. The connection is made by the role that the currents play in the quantum mechanics and quantum field theory.

We point out that the cross section in a curved spacetime should be viewed as a

1See [28] for an earlier related discussion.

2Flux loss was discussed in [23] in the string theory vertex operator formulation.

position-dependent quantity in general. The reason is that each point in the space has its own phase space that may be different from that of the others. The notion of position-dependent cross section might not be useful in a spacetime of generic geometry; however, the Schwarzschild geometry has a sufficient amount of symmetry for the notion to be well-defined and useful.

The organization of the remainder is as follows: In section 2, we first review the relationship between flux and differential cross section in the flat space non-relativistic quantum mechanics (QM) setup. The differential cross section is related to the current in the standard manner. Then we review the quantum field theory (QFT) discussion that led to Hawking radiation. This provides a useful guide in section 3 in which we employ a QFT setup to tackle scattering of one-particle states around a Schwarzschild black hole. Although the discussion in section 3 concerns two-dimensional spacetime, the essential results can be extended to 4D as we will discuss after the 2D case. The approach that we take describes events that take place outside the BH, and cannot adequately handle what happens to the BH itself. In the full quantum theory of a BH, the flux loss would cause the BH to make a transition into an excited state with a higher energy. We speculate on how information could escape by taking an example of a chair thrown into a BH. We conclude with a summary and future directions.

2 Review of QM- and QFT- setups

The conventional approach of BH study has been a ”local” view, with the focus on the particle/antiparticle creation near the event horizon. In a ”global” view, we propose treating the presence of a black hole as a target of scattering particles. We start with a review of quantum mechanics (QM) analysis of scattering around a target with spherical symmetry in the next subsection. This will help us get oriented in the following sections in which the quantum field theory (QFT) analysis of scattering around a BH is carried out.

2.1 Scattering in non-relativistic QM

One way to introduce a differential cross section in QM is to start with flux. We review this procedure by closely following [44]. Let us consider a quantum mechanical system of a particle of mass m with spherical symmetry. The asymptotic form of the wave-function can be written as

ψ(r) ≃ e^{ik·r} + f(θ) e^{ikr} r (1) The flux is defined by j = 1 2im (ψ^∗∇ψ − ψ∇ψ^∗) (2) Substituting (1) into (2), one finds j = k m + k m î_r|f(θ)|^2 1

r^2 + k 2m 1 r [f^∗(θ)e^{−ikr(1−cos θ)} + f(θ)e^{ikr(1−cos θ)} ]

+ k 2m î_r r [f^∗(θ)e^{−ikr(1−cos θ)} + f(θ)e^{ikr(1−cos θ)} ]

− 1 2im î_r r^2 [f(θ)e^{ikr(1−cos θ)} − f^∗(θ)e^{−ikr(1−cos θ)} ]

+ 1 2im î_θ r^2 [ ∂f(θ) ∂θ e^{ikr(1−cos θ)} − ∂f^∗(θ) ∂θ e^{−ikr(1−cos θ)} ] (3) where î_r denotes a unit vector along r, we have used k · r = kr cos θ in the exponents, and omitted^1_{r3} terms. Let us label the terms in the first line as

j_1 ≡ k m , j_2 ≡ k m î_r|f(θ)|^2 1 r^2 (4) The differential cross section dσ is defined by dσ = j_2 |j_1| · î_rdA (5) where dA is the surface element that is perpendicular to the radial direction. Only the j_2 term genuinely contributes to the asymptotic cross section. The j_1 term is disregarded by not counting the forward scattering. Since the area element in 3D space is dA ∼ r^2, the flux is conserved and the cross section has a non-vanishing value. We will see in the next section that this is not the case for scattering around a Schwarzschild BH.

2.2 Review of black hole thermal radiation

To set the stage for QFT amplitude computations in section 3, let us review basics of a free scalar field theory in a 2D “BH” background. Consider a complex scalar action S = − ∫ d^2x √ −g ∂_μϕ^∗∂^μϕ (6) The case of a real scalar field was discussed, e.g., [4, 8] whose conventions we follow with minor changes. (See, e.g., [45] for a treatment with mathematical rigor.) We obtain complex versions of the corresponding equations in [4] in this subsection.

There are three main sets of coordinates that we use:

(ū, v̄) : Kruskal-Szekeres coordinates (or Kruskal coordinates for short) (u, v) : tortoise-null coordinates (in some places tortoise coordinates (t, r̂) are used) (t, r) : Schwarzschild coordinates (7)

The relations between tortoise-null coordinates (u, v) and Kruskal coordinates are ū = −4Me^{− u4M} v̄ = 4Me^{v4M} (8)

where u ≡ t − r̂, v ≡ t + r̂, r̂ ≡ r + 2M ln | r 2M − 1| (9)

The metric for the 2D Schwarzschild BH is given by

ds^2 = − 2M r e^{− r2M} dūdv̄ (10) in the Kruskal coordinates, by

ds^2 = − 2M r e^{− r2M} e^{v−u4M} dudv (11) in the tortoise-null coordinates (u, v). The mode expansion of ϕ in the tortoise-null coordinates is given by ϕ = ∞∑ k=−∞ [ b^L_+(k)u^L_k + b^L_−(k)^†u^{L∗}_k + b^R_+(k)u^R_k + b^R_−(k)^†u^{R∗}_k ] (12)

The functions u^{L,R}_k are defined as

u^R_k = 1√ 4πω e^{−iωt+ikr̂}, in R 0, in L

(13)

u^L_k = 1√ 4πω e^{iωt+ikr̂}, in L 0, in R

(14)

The reason for introducing two sets of u_k’s is that the positive frequency functions -

with which the annihilation operator is associated - take different forms in the regions

L and R. The mode expansion of ϕ in the Kruskal coordinates can be written as ϕ = ∑ k [ c^L_+(k)v^L_k + c^L_−(k)^†v^{L∗}_k + c^R_+(k)v^R_k + c^R_−(k)^†v^{R∗}_k ] (15)

where v^L_k , v^R_k are related to u^L_k , u^R_k by:

v^L_k = 1 √ 2 sinh^{πω}_a ( e^{πω2a} u^L_k + e^{− πω2a} u^{R∗}_{−k} )

v^R_k = 1 √ 2 sinh^{πω}_a ( e^{πω2a} u^R_k + e^{− πω2a} u^{L∗}_{−k} ) (16)

The b- and c- oscillators are related by a similarity transformation [46, 47]:

b^L_+(k) = e^{iB1} c^L_+(k)e^{−iB1} , b^R_+(k) = e^{iB1} c^R_+(k)e^{−iB1} (17)

where

B_1 ≡ ∑ k iϕ_ω [ b^L_+(−k)^†b^R_−(k)^† − b^L_+(−k)b^R_−(k) ]

B_2 ≡ ∑ k iϕ_ω [ b^L_−(−k)^†b^R_+(k)^† − b^L_−(−k)b^R_+(k) ] (18)

with

tanh ϕ_ω ≡ e^{−πω/a} (19)

The b_−, c_− oscillators satisfy similar relations. These relations imply

b^L_+(k) = 1 √ 2 sinh(πω/a) [ e^{πω/2a}c^L_+(k) + e^{−πω/2a}c^R_−(−k)^† ]

b^R_+(k) = 1 √ 2 sinh(πω/a) [ e^{πω/2a}c^R_+(k) + e^{−πω/2a}c^L_−(−k)^† ] (20)

Inverting (20), one finds

c^L_+(k) = 1 √ 2 sinh(πω/a) [ e^{πω/2a}b^L_+(k) − e^{−πω/2a}b^R_−(−k)^† ]

c^R_−(k) = 1 √ 2 sinh(πω/a) [ − e^{−πω/2a}b^L_+(−k)^† + e^{πω/2a}b^R_−(k) ] (21)

The Kruskal vacuum |0, K > and the tortoise-null vacuum |0, S > are connected by the following equation that follows from (17), |0, K >= e^{−iB2} e^{−iB1} |0, S > (22) The |0, K > vacuum can be expressed as^3 |0, K > = e^{∑k′ [− ln cosh ϕω′ +i tanh ϕω′ bL−(k′)†bR+(k′)†]} e^{∑k[− ln cosh ϕω+i tanh ϕω bL+(k)†bR−(k)†]}|0, S > = ( ∏ k^{′′} 1 cosh ϕ_{ωk′′} )_2[ ∏ ω_k′ ∞∑ n_k′ =0 (i)^{nk′} e^{− nk′ π ωκ} |n^−_k′_L > |n^+_k′_R > ]

[ ∏ ω_k ∞∑ m_k =0 (i)^{mk} e^{− mk π ωκ} |m^+_{kL} > |m^−_{kR} > ] (25)

where κ = 1 M (26)

It is somewhat puzzling that the state |0, K > has particles and antiparticles populated in the same manner. If we were using a realistic theory with QFT interactions, this would mean that |0, K > is a highly unstable state from the standpoint of a Schwarzschild observer. Let us define the R-region number operators in the usual manner,

N^R_+ (k) = b^R_+(k)^† b^R_+(k) , N^R_− (k) = b^R_−(k)^† b^R_−(k) (27)

3This is the complex version of the corresponding equations in the real scalar case [46] [47]: |0, K > = e^{∑k [− ln cosh ϕω +i tanh ϕω bL(k)†bR(k)† ]} |0, S > = ( ∏ k^′ 1 cosh ϕ_{ωk′} )[ ∏ ω_k ∞∑ n_k =0 (i)^{nk} e^{− nk π ωκ} |n_{kL} > |n_{kR} > ] (23)

These are effective equalities: the full equalities contain an additional factor e^{− iπ4 [bL(−k)†bL(k)+bR (−k)†bR(k)]} (24) that does not affect the expectation values of the number operators.

and compute < 0, K|N^R_+ (k)|0, K >: < 0, K|N^R_+ |0, K > = ( ∏ q 1 cosh ϕ_{ωq}

)_2[ < n^−_p′_L| < n^+_p′_R| ∏ ω_p′ ∞∑ n_p′ =0 e^{− np′ π ωp′κ} ]

N^R_+ (k) [ ∏ ω_p ∞∑ n_p=0 e^{− np π ωpκ} |n^−_{pL} > |n^+_{pR} > ]

= (1 − e^{−2πωk/κ}) ∞∑ n=0 ne^{−2πnωk/κ} = 1 e^{2πMω}k − 1 (28)

3 Scattering around a black hole: a QFT account

In this section, we ponder how to integrate the QM ingredients^4 of the previous section into the quantum field theory setup. We first focus on the free complex scalar theory in two dimensions, and briefly discuss how things should be in higher dimensions.

In the conventional approaches, a black hole is treated as a classical background while the matter field (such as a scalar) is quantized. One includes various matter fields for an extended analysis along this line. Inclusion of various fields, however, does not automatically establish that the real black hole emits quanta of those fields. For that, one must make sure that the fields are the intrinsic degrees of freedom of the black hole.

We have proposed a new paradigm for black hole physics in our recent work [43]: the DBI action that results from carrying out ADM decomposition followed by Hamilton- Jacobi procedure [42] in the supergravity action that is obtained by expanding around a black hole solution. One of the nice features of this approach is that the entire procedure can be carried out in a pure Einstein gravity (as opposed to, e.g., a higher dimensional supergravity). As mentioned above, a scalar field is considered in the black hole background in the conventional approach, and this makes the scalar field extrinsic to the BH unless one fully quantizes the coupled system. Using a field that is intrinsic degrees of the black hole would be far more ideal, given the lack of gravity quantization. This is precisely what distinguishes the ADM reduction approach from

4See, e.g., [48, 49] for works that employed the QM setup.

the existing approaches.

In principle, we should start with the ADM approach, and use the precise form of the theory on a hypersurface [43]. Instead we consider a 2D complex scalar theory in this work, and therefore the vintage point of the ADM reduction is limited to the conceptual aspect for now.

We focus on an eternal (i.e., preexisting) BH rather than a gravitational collapse, and consider scattering particles against a black hole target. We compute several quantities below to analyze flux loss and information release. One such quantity is an expectation value of flux or the U(1) symmetry current j_μ. The flux loss should indicate an increase in BH mass. The scattering amplitudes exhibit information on the incoming particles. The subsequent decay of the BH would be thermal but would not lead to loss of information. Only part of the particle flux (but nothing else) is temporarily lost.

As in the QM case, we examine the cross section to determine flux loss. As stated before, the cross section in a curved spacetime should in general be viewed as a positiondependent quantity. The main motivation for considering the current is to define “the finite distance cross section” as against the asymptotic cross section. We introduce this cross section in the next subsection. For the flux-preserving cases, the finite-distance cross section and the usual asymptotic cross section are the same. For the flux-losing cases, however, the former is a decreasing function of distance with the minimum value taken by the asymptotic cross section.

3.1 computation of amplitudes

We have reviewed how the current is related to the differential cross section in the QM formulation in section 2. The quantum field theoretic cross section is naturally defined when there are two incoming particles [51] [52]. The QFT amplitudes that we consider describe amplitudes of a one-particle state scattered around the potential generated by the BH. The differential cross section can still be defined in analogy with the QM formulation. The U(1) symmetry current associated with the action (6) is given by

j_μ(x) = i [∂_μϕ^∗(x) ϕ(x) − ϕ^∗(x) ∂_μϕ(x)] (29) where x represents the 2D tortoise coordinates, x^μ ≡ (t, r̂) (30) Upon substituting the mode expansion, the current (29) takes, for x ∈ R region, j_μ(x) = ∑ q,q^′ j_{μ,qq}′ (x) (31) where j_{μ,qq}′ (x) ≡ 2i [ b^R_+(q)^†b^R_+(q^′)u^R_q′ ∂_μu^{R∗}_q + b^R_−(q)b^R_−(q^′)^†u^{R∗}_q′ ∂_μu^R_q +b^R_+(q)^†b^R_−(q^′)^†u^{R∗}_q′ ∂_μu^{R∗}_q + b^R_−(q)b^R_+(q^′)u^R_q′ ∂_μu^R_q ] (32) Let us compute < 0, K|j_μ(x)|0, K >. The current is only sensitive to the net number of the particles or antiparticles. Since the particles and anti-particles are populated in the same manners in |0, K >, it is expected that the result of the computation will vanish. (However, one can separate out the particle contribution from that of the anti-particles as we will discuss below.) The third term and the fourth term in (32) are analogous to the QM discussion terms in the second to fourth lines in (3). The terms would vanish due to Riemann-Lesbegue lemma when integrated over the angles in higher dimensions and therefore will not be considered.

The first term can easily be computed as a minor variation of (28): < 0, K|b^R_+(q)^†b^R_+(q^′)|0, K > = ( ∏ q^{′′} 1 cosh ϕ_{ωq′′} )_2[ < n^−_p′_L| < n^+_p′_R| ∏ ω_p′ ∞∑ n_p′ =0 e^{− np′ π ωp′κ} ]

b^R_+(q)^†b^R_+(q^′) [ ∏ ω_p ∞∑ n_p=0 e^{− np π ωpκ} |n^−_{pL} > |n^+_{pR} > ]

= ( ∏ q^{′′} 1 cosh ϕ_{ωq′′} )_2[ < n^−_p′_L| < n^+_p′_R| ∏ ω_p′ ∞∑ n_p′ =0 e^{− np′ π ωp′κ} ]

δ^{(2)}(q − q^′)N^R_+ (q) [ ∏ ω_p ∞∑ n_p=0 e^{− np π ωpκ} |n^−_{pL} > |n^+_{pR} > ]

= δ^{(2)}(q − q^′) 1 e^{2πM ωq} − 1 (33) Let us rewrite the second term in (32) as < 0, K|b^R_−(q)b^R_−(q^′)^†|0, K > = < 0, K|δ^{(2)}(q − q^′)|0, K > + < 0, K|b^R_−(q^′)^†b^R_−(q)|0, K > (34)

The delta-function (or Kronecker delta) term may be dropped by normal ordering in analogy with the flat case:

< 0, K| : b^R_−(q)b^R_−(q^′)^† : |0, K >= δ^{(2)}(q − q^′) 1 e^{2πMωq} − 1 (35)

This result, combined with (33), establishes < 0, K|j_μ(x)|0, K >= 0 as anticipated. It is useful for our purpose, however, to separate out the particle contribution from the anti-particle contribution. One may also pick out a given mode k; this amounts to introducing a field ϕ_+(k),

ϕ_{+,k}(x) = b^L_+(k)u^L_k (x) + b^R_+(k)u^R_k (x) (36)

and its current for x ∈ R,

j^+_{μ,k}(x) ≡ i [∂_μϕ^∗_{+,k} ϕ_{+,k} − ϕ^∗_{+,k} ∂_μϕ_{+,k}] (37)

The amplitude for this current is given by < 0, K|j^+_{μ,k}(x)|0, K > = i < 0, K|[∂_μϕ^∗_{+,k} ϕ_{+,k} − ϕ^∗_{+,k} ∂_μϕ_{+,k}]|0, K > = 2i u^R_k (x)∂_μu^{R∗}_k (x) < 0, K|b^R_+(k)^†b^R_+(k)|0, K > = 2i u^R_k (x)∂_μu^{R∗}_k (x) 1 e^{2πMωk} − 1 (38)

and this represents the particle contribution. (We will come back to a related point towards the end of this subsection.) The factor^1_{e2πMωk −1} represents the effect of the finite temperature background. Now one may examine the total flux that passes through a surface of a given radius by multiplying the surface element and integrating over the angle. It will be just the metric factor in the case of 2D without the surface integration since the ”surface element” is a point.

The expression (33) represents the amplitude measured in the tortoise-null coordinates. One can convert (38) into the corresponding expression in the Schwarzschild coordinates, x^{′μ} ≡ (t, r) < 0, K|j^{+′}_{r,k}(x^′)|0, K > = ∂x^ν ∂x^{′r} < 0, K|j^+_{ν,k}(x)|0, K > = 2i u^R_k (x)∂_r∗ u^{R∗}_k (x) 1 e^{2πMωk} − 1 [ 1 + 2M r ] (39) where we have used^{∂r̂}_{∂r} ≃ 1 +^{2M}_r in the second equality. Multiplying the zerodimensional surface element dA_0 ≃ 1 +^{2M}_r in the Schwarzschild coordinates, one gets < 0, K| j^{+′}_{r,k}(x^′)|0, K > dA_0 = 2k 1 e^{2πMωk} − 1 [ 1 + 4M r ] (40)

The leading piece is analogous to the j_1 term of the QM discussion, and should be associated with the incoming flux. The subleading term is associated with the outgoing flux, and thus it should play a role analogous to the j_2 current in the QM discussion in sec 2.^5 A two-dimensional observer will be able to deduce the incoming wave by measuring the scattered wave. The only thing that is lost temporarily is the amount of the flux. The observer will also have to measure Hawking radiation in order to correctly recover the information on the incoming flux.

An interesting aspect of the flux is revealed by checking a potential anomaly in the continuity equation: ∇_μ < 0, K|j^μ(b)|0, K >= 1 √ g ∂_μ( √ g < 0, K|j^μ(b)|0, K >) (41) This vanishes in the tortoise-null coordinates, whereas in the Schwarzschild coordinates it leads to an expression that contains O

(_1

r^2 ) . This may have a deeper meaning with regards to how the Kruskal coordinates deal with a singularity.

Now let us consider the following scattering amplitude in analogy with the flat case,

< 0, K|b^R_+(k^′)b^R_+(k)^†|0, K >= δ^{(2)}(k − k^′) e^{2πMωk} e^{2πM ωk} − 1 (42)

The advantage of considering this amplitude, compared with (40), is that the presence of the δ^{(2)}(k − k^′) factor clearly shows the unitary nature of the scattering. The disadvantage is that the transformation rule from the tortoise-null coordinates to the Schwarzschild coordinates is obscured unlike the case of the current discussed in (39).

We have noted below (35) that the expectation value of the full current (29) over the state |0, K > vanishes since the particles and anti-particles are populated in the

5In the QM case, one can simply avoid the forward direction when measuring the scattered wave. In the higher dimensional analogue of the present case, one can place the detector at locations farther away than the source of the spherical incoming wave. One can adjust the width of the incoming beam of the plane-wave in the QM case. By the same token, it should be possible to adjust the incoming spherical wave to exist within a certain radius in the higher-dimensional analogue of the current case.

same manners in |0, K >. In this regard, it is useful to consider, e.g., the expectation value of

j_{μ,k}(x) ≡ i [∂_μϕ^∗_k(x) ϕ_k(x) − ϕ^∗_k(x) ∂_μϕ_k(x)] (43)

ϕ_k(x) ≡ b^R_+(k)u^R_k (x) + b^R_−(k)^†u^{R∗}_k (44)

over a one-particle state such as b^R_+(k)^†|0, K >:

< 0, K|b^R_+(k) j_{μ,k}(x) b^R_+(k)^†|0, K > (45)

One gets a non-vanishing result that can easily be checked.

3.2 Generalization to higher dimensional cases

The discussion in the previous subsection can straightforwardly be generalized to 3D or 4D. Let us consider the 4D case to be specific. The Schwarzschild metric is

ds^2 = − ( 1 − 2M r ) dt^2 + ( 1 − 2M r )_{−1} dr^2 + r^2dΩ^2 (46)

Setting the solution of the Klein-Gordon equation to 1 r f(r, t)Y_{lm}(Ω) (47)

the asymptotic form of ϕ turns out to be (see, e.g., [4]) 1 r Y_{lm}e^{−iwu} , 1 r Y_{lm}e^{−iwv} (48) where r is viewed as r = r(r^∗), and can be expressed in terms of the tortoise-null coordinates (u, v).^6 The mode expansion of ϕ in the tortoise-null coordinates is ϕ = ∑ ωlm [ b^L_{+,ωlm}u^L_{ωlm} + b^{L†}_{−,ωlm}u^{L∗}_{ωlm} + b^R_{+,ωlm}u^R_{ωlm} + b^{R†}_{−,ωlm}u^{R∗}_{ωlm} ] (49)

where we have defined u^R_{ωlm} ≡ 1 r Y_{lm}e^{−iwu} , u^L_{ωlm} ≡ 1 r Y_{lm}e^{−iwv} (50) 64D extension of the observation around (41) is not entirely straightforward due to the fact that 4D analogues of (13) and (14) are unknown. For the leading r-behavior, the angular derivatives do not contribute; disregarding the angular part, the 4D case reduces to the 2D case.

Let us consider the following current for x ∈ R j^+_{μ,ωlm}(x) ≡ i [∂_μϕ^∗_{+,ωlm} ϕ_{+,ωlm} − ϕ^∗_{+,ωlm} ∂_μϕ_{+,ωlm}] (51) with ϕ_{+,ωlm} ≡ b^R_{+,ωlm}u^R_{ωlm} (52) The expectation of the current goes < 0, K|j^+_r∗_{,ωlm}(x)|0, K >≃ 2ω r^2

|Y_{lm}|^2 (53)

The current j^{+′}_{r,ωlm}(x^′) in the Schwarzchild coordinates, x^{′μ} = (t, r, Ω), can be computed in the same manner as before: < 0, K|j^{+′}_{r,ωlm}(x^′)|0, K >=< 0, K| ∂x^ν ∂r j^+_{ν,ωlm}(x)|0, K > ≃ ( 1 + 2M r ) < 0, K|j^+_r∗_{,ωlm}(x)|0, K >≃ ( 1 + 2M r )2ω r^2

|Y_{lm}|^2 (54)

The scattered wave should be represented by the subleading term; multiplying the surface element of dimension two, dA_2 ≃ r^2dΩ^2, one gets < 0, K|j^+_r∗_{,ωlm}(x)|0, K > dA_2 ≃∼ 2ω|Y_{lm}|^2 + 4ωM r |Y_{lm}|^2dΩ^2 (55)

The second term represents the flux loss for the 4D case.

3.3 Speculation on information escape

The results of the previous subsection indicate that there is a temporary flux loss in the outcoming wave. The rest of the information would be released, and the flux loss would be compensated by subsequent thermal Hawking radiation.

The BH will undergo the thermalization process between the moment it absorbs the incoming wave and the moment it begins emitting Hawking radiation. The setup that we have adopted is inadequate for analyzing what happens to the BH itself. The precise understanding of the thermalization process will require the exact form of the interacting theory although estimations of certain quantities - such as the time that the BH takes to release the information - should be possible through simple models (see the discussion in [50] for example).

If we were quantitatively dealing with an interacting QFT (that results, e.g., from the ADM reduction procedure), analyzing a bound- or composite- state scattering around a BH would be a good direction to pursue next. For a qualitative (and speculative) discussion, one can consider a much more complex system such as a chair thrown into a BH to bring various issues home. Eventually the BH would grow in mass after the chair entered. In the full quantum theory of a BH, the flux/matter absorption would cause the BH to make a transition to an excited state with higher energy. Then it would go through a certain intermediate process, before it becomes a larger BH. One of the key questions seems to be whether or not the original BH remains “black” throughout the thermalization process. In the remainder of this subsection, we speculate^7 on what we believe should happen during the thermalization process, and how that would lead to the escape of the information that enters the BH.

The chair - which we assume to be made out of massless particles of the theorywould be completely disintegrated at some point along the trajectory inside the BH. The constituent particles would travel with the speed of light. Presumably the region around the disintegrating chair would not be entirely black. Even without a chair thrown into the BH, quantum effects on the geometry must make the boundary of the BH (i.e., event horizon) smear and fluctuate. The presence of the disintegrating chair should make smearing/fluctuating more drastic to the extent that, at the very least, the portion of the event horizon through which the chair crossed may leak the particles/information. Quantum mechanical tunneling effects should be important for the escape.^8 It is natural to believe that the new black region propagates with a finite speed, possibly from the center. The propagation of this “blackening” should be slower than speed of light. Perhaps the thermalization process may largely be a process in which the original BK pushes the excess of information towards the outside to become

7Our main proposal - which concerns scattering of elementary states - has already been stated in previous sections, and does not sensitively depend on the validity of these speculations. The validity of the speculations in turn will crucially depend on whether the BH will remain “black” throughout. Since the BH will allow tunneling [15] [16], it is unlikely for the BH to remain black throughout the scattering process.

8One can consider a relatively simple bound state instead of a chair, and similar effects are expected. Discussion of such a system will be more directly motivated by the main analysis of the previous sections. We have chosen a macroscopic system to make the quantum effects more drastic.

a larger BH afterwards. The propagation of blackening would occur towards and after completion of the scrambling of information. Existence of such blackening process remains to be seen in the future research.

4 Conclusion

In this work, we have employed a 2D free complex scalar theory in the background of the 2D analogue of a Schwarzschild black hole. We have integrated the quantum mechanical formulation of potential scattering into the quantum field theoretic setup. The connection between the two formulations has been leveraged by the current. We have noted the need for introducing a distance-dependent cross section whose limiting form should be an analogue of the asymptotic cross section of a flat-space theory.

Our results show that flux loss occurs, and the cross section is a decreasing function of the “radial distance” r. We have interpreted this as a mass growth mechanism of the BH. The scattering process should be unitary as a whole, and the scattered wave exhibits the characteristics of the incoming wave. The flux loss should be temporary, and would be compensated by subsequent Hawking radiation. We have also speculated on an information-escape mechanism. In particular, we believe that there should be a thermalization process that involves propagation of “blackening”, and the information should be able to escape while the blackening is in progress. The quantum mechanical tunneling effect may be important for the escape. The BH would resume thermal Hawking radiation as it completes thermalization.^9

A full interacting quantum theory of gravity would be required to understand, e,.g, the microscopic process of BH thermalization. A bound-state or a composite operator would be a good object to analyze in the extension of the current setup. Many new effects would need to be considered once QFT interactions/non-perturbative effects are taken into account. The presence of interactions would lead to production of particles as the original incoming particle accelerates towards the event horizon and singularity. The jets so produced may reveal information about the incoming particles.

9Conventionally absence of bleaching of information is assumed at the event horizon [53]. The jets and the escaped particles that we have discussed in the previous subsection should correspond to presence of bleaching mechanisms.

There are several future directions. A direction relatively easy to pursue would be adding a QFT interaction such as ϕ^4 to the 2D model that we have considered in this work. With an interaction present, loop-effects will be important. It is expected that jets will be produced in the vicinity of the event horizon, and information on the incoming would be revealed in much more drastic way. Extension to a 4D case would be far more complicated once a QFT interaction is considered. Unlike the 2D case, the solution to the quadratic partial differential equation is not known, and this would be one of the main sources for the complication. We will report on some of these issues in the near future.

Acknowledgements I thank the members of CQUeST, Sogang University. Part of this work was carried out during my visit to CQUeST.

References

[1] S. W. Hawking, “Particle Creation by Black Holes,” Commun. Math. Phys. 43, 199 (1975) [Erratum-ibid. 46, 206 (1976)].

[2] S. W. Hawking, “Breakdown of Predictability in Gravitational Collapse,” Phys.

Rev. D 14, 2460 (1976).

[3] P. C. W. Davies, “Thermodynamics of black holes,” Rept. Prog. Phys. 41, 1313 (1978).

[4] N. D. Birrell and P. C. W. Davies, “Quantum Fields In Curved Space, Cambridge university press (1982)

[5] R. M. Wald, “General relavivity”, The univsersity of Chicago press (1984)

[6] A. Wipf, “Quantum fields near black holes,” Lect. Notes Phys. 514, 385 (1998) [hep-th/9801025].

[7] T. Jacobson, “Introduction to quantum fields in curved space-time and the Hawking effect,” gr-qc/0308048.

[8] S. M. Carroll, “Spacetime and geometry”, Addison Wesley (2004) [9] L. Susskind and J. Lindesay, “Black, information and the string theory revolution”, World scientific (2005) [10] Viatcheslav Mukhanov and Sergei Winitzki, “Introduction to Quantum Effects in Gravity”, Cambridge university press (2007) [11] L. Parker and D. J. Toms, “Quantum Field Theory in Curved Spacetime”, Cambridge university press (2009) [12] L. Susskind, L. Thorlacius and J. Uglum, “The Stretched horizon and black hole complementarity,” Phys. Rev. D 48, 3743 (1993) [hep-th/9306069].

[13] C. R. Stephens, G. ’t Hooft and B. F. Whiting, “Black hole evaporation without information loss,” Class. Quant. Grav. 11, 621 (1994) [gr-qc/9310006].

[14] G. ’t Hooft, “The Scattering matrix approach for the quantum black hole: An Overview,” Int. J. Mod. Phys. A 11, 4623 (1996) [gr-qc/9607022].

[15] M. K. Parikh and F. Wilczek, “Hawking radiation as tunneling,” Phys. Rev. Lett.

85, 5042 (2000) [hep-th/9907001].

[16] S. L. Braunstein and M. K. Patra, “Black hole evaporation rates without spacetime,” Phys. Rev. Lett. 107, 071302 (2011) [arXiv:1102.2326 [quant-ph]].

[17] C. P. Burgess, “Quantum gravity in everyday life: General relativity as an effective field theory,” Living Rev. Rel. 7, 5 (2004) [gr-qc/0311082].

[18] D. Amati, M. Ciafaloni and G. Veneziano, “Towards an S-matrix description of gravitational collapse,” JHEP 0802, 049 (2008) [arXiv:0712.1209 [hep-th]].

[19] F. Englert and P. Spindel, “The Hidden horizon and black hole unitarity,” JHEP 1012, 065 (2010) [arXiv:1009.6190 [hep-th]].

[20] S. D. Mathur, “The Information paradox: A Pedagogical introduction,” Class.

Quant. Grav. 26, 224001 (2009) [arXiv:0909.1038 [hep-th]].

[21] K. Skenderis and M. Taylor, “The fuzzball proposal for black holes,” Phys. Rept.

467, 117 (2008) [arXiv:0804.0552 [hep-th]].

[22] B. Zhang, Q. -y. Cai, L. You and M. -s. Zhan, “Hidden Messenger Revealed in Hawking Radiation: A Resolution to the Paradox of Black Hole Information Loss,” Phys. Lett. B 675, 98 (2009) [arXiv:0903.0893 [hep-th]].

[23] I. Y. Park, “Vertex operator formulation of scattering around black hole,” Mod.

Phys. Lett. A 25, 1169 (2010) [arXiv:0906.2578 [hep-th]].

[24] B. Czech, K. Larjo and M. Rozali, “Black Holes as Rubik’s Cubes,” JHEP 1108, 143 (2011) [arXiv:1106.5229 [hep-th]].

[25] S. G. Avery, “Qubit Models of Black Hole Evaporation,” arXiv:1109.2911 [hep-th].

[26] S. B. Giddings and Y. Shi, “Quantum information transfer and models for black hole mechanics,” arXiv:1205.4732 [hep-th].

[27] A. Almheiri, D. Marolf, J. Polchinski and J. Sully, “Black Holes: Complementarity or Firewalls?,” arXiv:1207.3123 [hep-th].

[28] S. L. Braunstein, S. Pirandola and K. Zyczkowski, “Entangled black holes as ciphers of hidden information,” Physical Review Letters 110, 101301 (2013) [arXiv:0907.1190 [quant-ph]].

[29] R. Bousso, “Complementarity Is Not Enough,” arXiv:1207.5192 [hep-th].

[30] S. D. Mathur and D. Turton, “Comments on black holes I: The possibility of complementarity,” arXiv:1208.2005 [hep-th].

[31] T. Banks and W. Fischler, “Holographic Space-Time Does Not Predict Firewalls,” arXiv:1208.4757 [hep-th].

[32] D. -i. Hwang, B. -H. Lee and D. -h. Yeom, “Is the firewall consistent?: Gedanken experiments on black hole complementarity and firewall proposal,” JCAP 1301, 005 (2013) [arXiv:1210.6733 [gr-qc]].

[33] L. Susskind, “The Transfer of Entanglement: The Case for Firewalls,” arXiv:1210.2098 [hep-th].

[34] S. G. Avery, B. D. Chowdhury and A. Puhm, “Unitarity and fuzzball complementarity: ’Alice fuzzes but may not even know it!’,” arXiv:1210.6996 [hep-th].

[35] K. Larjo, D. A. Lowe and L. Thorlacius, “Black holes without firewalls,” arXiv:1211.4620 [hep-th].

[36] D. N. Page, “Hyper-Entropic Gravitational Fireballs (Grireballs) with Firewalls,” arXiv:1211.6734 [hep-th].

[37] K. Papadodimas and S. Raju, “An Infalling Observer in AdS/CFT,” arXiv:1211.6767 [hep-th].

[38] Y. Nomura, J. Varela and S. J. Weinberg, “Complementarity Endures: No Firewall for an Infalling Observer,” arXiv:1207.6626 [hep-th].

[39] L. Susskind, “Singularities, Firewalls, and Complementarity,” arXiv:1208.3445 [hep-th].

[40] R. Brustein, “Origin of the blackhole information paradox,” arXiv:1209.2686 [hepth].

[41] S. K. Rama, “Remarks on Black Hole Evolution a la Firewalls and Fuzzballs,” arXiv:1211.5645 [hep-th].

[42] M. Sato and A. Tsuchiya, “Born-Infeld action from supergravity,” Prog. Theor.

Phys. 109, 687 (2003) [hep-th/0211074].

[43] E. Hatefi, A. J. Nurmagambetov and I. Y. Park, “ADM reduction of IIB on H^{p,q} to dS braneworld,” arXiv:1210.3825 [hep-th].

[44] S. Gasiorowicz, “Quantum physics”, John Willy & Sons (1974) [45] J. Dimock and B. S. Kay, “Classical And Quantum Scattering Theory For Linear Scalar Fields On The Schwarzschild Metric. 1.,” Annals Phys. 175, 366 (1987).

[46] W. G. Unruh, “Notes on black hole evaporation,” Phys. Rev. D 14, 870 (1976).

[47] W. Israel, “Thermo field dynamics of black holes,” Phys. Lett. A 57, 107 (1976). [48] N. G. Sanchez, “Absorption and Emission Spectra of a Schwarzschild Black Hole,” Phys. Rev. D 18, 1030 (1978).

[49] R. A. Matzner, “Scattering of massless scalar waves by a Schwarzschild ”singularity”” J. Math. Phys 9, 163 (1968).

[50] P. Hayden and J. Preskill, “Black holes as mirrors: Quantum information in random subsystems,” JHEP 0709, 120 (2007) [arXiv:0708.4025 [hep-th]].

[51] S. Weinberg, “The quantum theory of fields”, Cambridge university press (1995) [52] G. Sterman, “Quantum field theory”, Cambridge university press (1993) [53] J. Preskill, “Do black holes destroy information?,” In *Houston 1992, Proceedings, Black holes, membranes, wormholes and superstrings* 22-39, and Caltech Pasadena - CALT-68-1819 (92,rec.Oct.) 17 p [hep-th/9209058].