arXiv:0909.0160v1 [hep-th] 1 Sep 2009

Lorentz violation and black-hole thermodynamics:

Compton scattering process

E. Kant, F.R. Klinkhamer^∗, M. Schreck

Institute for Theoretical Physics, University of Karlsruhe, Karlsruhe Institute of Technology, 76128 Karlsruhe, Germany

Abstract A Lorentz-noninvariant modification of quantum electrodynamics is considered with photons described by the nonbirefringent sector of modified Maxwell theory and electrons by the standard Dirac theory. These photons and electrons are taken to propagate and interact in a Schwarzschild spacetime background. For appropriate Lorentz-violating parameters, the photons have an effective horizon lying outside the Schwarzschild horizon. A particular type of Compton scattering event, taking place between these two horizons (in the photonic ergoregion) and ultimately decreasing the mass of the black hole, is found to have a nonzero probability. These events perhaps allow for a violation of the generalized second law of thermodynamics in the Lorentz-noninvariant theory considered.

Key words: Lorentz violation, black-hole thermodynamics, Compton scattering PACS: 11.30.Cp, 04.70.Dy, 12.20.Ds

∗Corresponding Author Email addresses: kant@particle.uni-karlsruhe.de (E. Kant),

frans.klinkhamer@physik.uni-karlsruhe.de (F.R. Klinkhamer),
schreck@particle.uni-karlsruhe.de (M. Schreck)

Preprint submitted to Elsevier KA–TP–13–2009 (v1.0)

1. Introduction

Lorentz-violating theories coupled to gravity can have interesting blackhole solutions. Particles that obey Lorentz-violating dispersion relations may or may not perceive a horizon different from the event horizon for standard Lorentz-invariant matter [1, 2, 3]. Such multiple-horizon structures have been suspected [1, 2] to allow for the construction of a perpetuum mobile of the second kind (involving heat transfer from a cold body to a hot body, without other change).

This article considers modified Maxwell theory [4] as a concrete realization of a Lorentz-violating theory. With an appropriate choice for the Lorentzviolating parameters, the nonstandard photons have an effective horizon lying outside the Schwarzschild event horizon for standard matter. We are now interested in Compton scattering events e^−γ → e^−γ, which take place between these two horizons, that is, in the accessible part of the photonic ergosphere region. After the collision, the photon may carry negative Killing energy as it propagates inside the photonic ergosphere, which implies that the final electron carries away more Killing energy than the sum of the Killing energies of the ingoing particles. As shown in Sec. IV B of Ref. [2], such a scattering event ultimately reduces the black-hole mass. In the following, it will be demonstrated that this particular Compton scattering event is kinematically allowed and has a nonvanishing probability to occur.

The purpose of this article is to give a concrete example of a Compton scattering event that can be used to reduce the black-hole mass. This requires a detailed discussion of the theory in Sec. 2, which can, however, be skipped in a first reading. The main result is presented in Sec. 3 and discussed in Sec. 4, both of which sections are reasonably self-contained.

2. Setup

2.1. Units and conventions

Natural units are used with c = G_N = ℏ = 1. Spacetime indices are denoted by Greek letters and correspond to t, r, θ, ϕ for standard spherical Schwarzschild coordinates or to τ, R, θ, ϕ for Lemaître coordinates. Local Lorentz indices are denoted by Latin letters and run from 0 to 3. The flatspacetime Minkowski metric is η_{ab} and the curved-spacetime metric g_{μν} , both with signature (+, −, −, −). The determinant of the metric is abbreviated as g = det g_{μν} . The vierbeins are introduced in the standard way by writing g_{μν} = e^a_μ e^b_ν η_{ab} and obey the relations e^μ_ae^b_μ = δ^b_a and e^μ_ae^a_ν = δ^μ_ν .

2.2. Modified Maxwell theory in flat spacetime

Modified Maxwell theory is a generalized Abelian U(1) gauge theory with a Lagrange density that consists of the standard Maxwell term and an additional Lorentz-violating bilinear term [4]. Specifically, the flat-spacetime photonic Lagrange density reads:

L^{(flat)}_{modM} = − 1 4 η^{ac}η^{bd} F_{ab}F_{cd} − 1 4 κ^{abcd} F_{ab}F_{cd} , (2.1) in terms of the standard Maxwell field strength tensor F_{ab} ≡ ∂_aA_b − ∂_bA_a. The “tensor” κ^{abcd} has the same symmetries as the Riemann curvature tensor, as well as a double-trace condition: κ^{abcd} = κ^{[ab] [cd]}, κ^{abcd} = κ^{cdab}, κ^{ab}_{ab} = 0 . (2.2) Under the simplest assumption usually discussed in the literature, κ^{abcd} is constant and has 19 independent parameters. More generally, κ^{abcd}(x) can be an arbitrary, but fixed, “tensor field.”

In the following, we explicitly choose this background tensor field to be of the form [5] κ^{abcd} = 1 2 ( η^{ac} ~κ^{bd} − η^{ad} ~κ^{bc} + η^{bd} ~κ^{ac} − η^{bc} ~κ^{ad} ) , (2.3) in terms of a symmetric and traceless background field ~κ^{ab}(x). Physically, (2.3) implies the restriction to the nonbirefringent sector of modified Maxwell theory. Moreover, we employ the following decomposition of ~κ^{ab}(x): ~κ^{ab}(x) = κ ( ξ^a(x) ξ^b(x) − η^{ab}/4 ) , (2.4a) κ ≡ 4 3 ~κ_{ab}(x) ξ^a(x) ξ^b(x), (2.4b)

relative to a normalized parameter four-vector ξ^a with ξ_aξ^a = 1. For our purpose, we will choose the parameter κ to be spacetime independent.

The breaking of Lorentz invariance in the electromagnetic theory (2.1) is clearly indicated by the fact that the theory allows for maximal photon velocities different from c = 1 (operationally defined by the maximum attainable velocity of the standard Lorentz-invariant particles). See, e.g., Refs. [4, 5, 6, 7] for further details of the simplest version of modified Maxwell theory in Minkowski spacetime and physical bounds on its 19 spacetimeindependent parameters.

2.3. Modified Maxwell theory in curved spacetime

The vierbein formalism is particularly well-suited for describing Lorentzviolating theories, since it allows to distinguish between local Lorentz and general coordinate transformations [8] and to set the torsion identically to zero. A minimal coupling procedure then yields the following Lagrange density for the photonic part of the action:

L_{modM} = − 1 4 g^{μρ}g^{νσ} F_{μν} F_{ρσ} − 1 4 κ^{μνρσ} F_{μν} F_{ρσ} , (2.5a) κ^{μνρσ} ≡ κ^{abcd} e^μ_a e^ν_b e^ρ_c e^σ_d . (2.5b) Here, and in the following, the numbers κ^{abcd} have the form (2.3)–(2.4), with constant parameter κ, and are considered to be fixed parameters, with no field equations of their own.

The standard Dirac part of the Lagrange density coupled to gravity is given by [9]

L_D = ψ̄(x) ( 1 2 γ^ae^μ_a i^↔∇_μ − m ) ψ(x) , (2.6)

where the γ^a stand for the usual Dirac gamma matrices and ∇_μψ denotes the gauge- and spacetime-covariant derivative of a spinor [9],

∇_μψ ≡ ∂_μ ψ + Γ_μ ψ − eA_μ ψ . (2.7)

Explicitly, the spin connection reads

Γ_μ = 1 2 Σ^{ab} e^ν_a ∂_μ(e_{b ν} ) , (2.8a) Σ_{ab} ≡ 1 4 (γ_aγ_b − γ_bγ_a) . (2.8b)

The purely gravitational part of the Lagrange density is given by the standard Einstein–Hilbert term [10],

L_{EH} = 1 16π R , (2.9)

with Ricci curvature scalar R from the metric g_{μν} .

The complete action of this particular modification of quantum electrodynamics coupled to gravity is now S = ∫ R^4

d^4x √ −g ( L_{EH} + L_{modM} + L_D ) , (2.10)

where, for definiteness, the topology has been fixed to that of four-dimensional Euclidean space.

2.4. Effective background for the photons

As demonstrated in Sec. 3 of Ref. [3], photons described by the Lagrange density (2.5) with the Lorentz-violating parameters (2.3)–(2.4) propagate on null-geodesics of an effective metric. This effective metric is given by: ~g_{μν} (x) = g_{μν} (x) − κ 1 + κ/2 ξ_μ(x)ξ_ν (x) , (2.11a)

~g^{μν} (x) = g^{μν} (x) + κ 1 − κ/2 ξ^μ(x)ξ^ν (x) , (2.11b)

which can be verified to satisfy ~g^{μν} ~g_{νρ} = δ^μ_ρ. All lowering or raising of indices is, however, understood to be performed by contraction with the original background metric g_{μν} or its inverse g^{μν} , unless stated otherwise.

In order to avoid obvious difficulties with causality, we restrict our considerations to a subset of theories without spacelike photon trajectories (with respect to the original metric). This is ensured by the choice

0 ≤ κ < 2 . (2.12)

2.5. Schwarzschild spacetime metric

In the following, we consider a standard Schwarzschild geometry as given by the following line element:

ds^2 = (1 − 2M/r) dt^2 − (1 − 2M/r)^{−1} dr^2 − r^2dΩ^2 , (2.13a) dΩ^2 ≡ dθ^2 + sin^2 θ dϕ^2 . (2.13b)

It will be convenient to work with Lemaître coordinates,

ds^2 = dτ^2 − ( 3(R − τ) 4M )_{−2/3} dR^2 − ( 3/2 (R − τ) )_{4/3} (2M)^{2/3} dΩ^2 ,

(2.14)

as Lemaître coordinates describe the standard Schwarzschild solution in coordinates which are nonsingular at the horizon (corresponding to the reference frame of a free-falling observer).

The transformation to standard Schwarzschild coordinates reads dτ = dt + √ 2M/r 1 − 2M/r dr , (2.15a) dR = dt + 1 (1 − 2M/r) √ 2M/r dr , (2.15b)

and the horizon is described by

(R − τ) = (4/3) M . (2.16)

The following relation between the standard Schwarzschild coordinate r and the Lemaître coordinates τ, R holds: r = ( 3/2 (R − τ) )_{2/3} (2M)^{1/3}. (2.17)

A suitable choice of the vierbein e^a_μ is given by

e^0_τ = 1 , (2.18a) e^1_R = √ |g_{RR}| , (2.18b) e^2_θ = √ |g_{θθ}| , (2.18c) e^3_ϕ = √ |g_{ϕϕ}| , (2.18d) with all other components vanishing.

2.6. Effective Schwarzschild metric for the photons

For the vector field ξ^μ(x) = e^μ_a(x) ξ^a(x) entering the nonstandard part of the photonic action (2.3)–(2.4) and the effective Lorentz-violating parameter, we take

ξ^μ(x) = (1, 0, 0, 0) , (2.19a) ϵ ≡ κ 1 − κ/2 , (2.19b)

where the first expression (in Lemaître coordinates) makes clear that the photonic Lorentz-violation is isotropic and the last expression introduces a convenient Lorentz-violating parameter for the theory considered. The particular parameter choices (2.19) correspond to Case 1 in Ref. [3]. Incidentally, the parameter κ here corresponds to 2 ~κ_{tr}, in terms of the parameter ~κ_{tr} introduced by Ref. [4] and bounded in Ref. [7].

As shown in Sec. 4.1 of Ref. [3], the effective background for the photons (2.11) is again a Schwarzschild background,

d~s^2 = d~τ^2 − ( 3( ~R − ~τ ) 4~M )_{−2/3} d ~R^2 − ( 3/2 ( ~R − ~τ ) )_{4/3} (2~M)^{2/3} dΩ^2 ,

(2.20a)

with a rescaled mass,

~M ≡ M (1 + ϵ) , (2.20b)

and modified horizon coordinate

r_{photon horizon} = 2M(1 + ϵ) . (2.20c) The nonstandard photons perceive a horizon outside the standard Schwarzschild event horizon at r = r_{Schw} ≡ 2M.^1 The space lying between these horizons, 2M < r < 2M(1 + ϵ), will be referred to as the photonic ergoregion or ergoregion, for short.

3. Compton scattering 3.1. Generalities

In this section, we present a concrete realization of the process proposed by Eling et al. [2], which, in an appropriate Lorentz-violating theory, corresponds to a type of Penrose-mechanism [14, 15] to extract energy from the photonic ergosphere of a nonrotating Schwarzschild black hole.

1The effective background (2.20a) agrees with the effective metric obtained in Ref. [1] for a minimally coupled scalar field interacting with a ghost condensate [11, 12, 13]. In the present article, the background field (2.19a) is introduced by hand. But it is possible, as shown in [3], to obtain this background field ξ^μ by spontaneous symmetry breaking from the ghost-condensate.

In fact, we consider a Compton scattering event [16, 17, 18, 19] from modified Maxwell theory as defined in Sec. 2. Specifically, the theory is given by the total action (2.10) in terms of the Lagrange densities (2.5), (2.6), and (2.9), with Lorentz-violating parameters given by (2.3), (2.4), and (2.19a).

The scattering event is assumed to take place at

r_{scatter} = 2M(1 + ϵρ) , (3.1a) θ_{scatter} = π/2 , (3.1b) ϕ_{scatter} = 0 , (3.1c)

with the Schwarzschild mass M from the metric (2.13), the effective Lorentzviolating parameter ϵ defined by (2.19b), and an arbitrary parameter ρ taking values between 0 and 1. Using Lemaître coordinates (2.14), the transformation to a local inertial frame is given by ( e^0_τ ) scatter = 1 , (3.2a) ( e^1_R ) scatter = 1/ √ 1 + ϵρ , (3.2b) ( e^2_θ ) scatter = 2M(1 + ϵρ) , (3.2c) ( e^3_ϕ ) scatter = 2M(1 + ϵρ) , (3.2d)

with all other components vanishing. The asymptotically timelike Killing field in local coordinates at the scattering point (3.1) reads

σ^a_{scatter} ≡ e^a_μ σ^μ | | |_{scatter} = ( 1, 1 √ 1 + ϵρ , 0, 0 ) . (3.3)

As explained in the Introduction, we are interested in a Compton scattering event (Fig. 1) where the final scattered photon carries negative Killing energy

E_{Killing,γ,out} = σ^μ k^ν_{γ,out} ~g_{μν} ≡ σ^μ k^{γ,out}_μ < 0 , (3.4)

Figure 1: Sketch of a Compton scattering event e^−γ → e^−γ in the photonic ergoregion of a Schwarzschild black hole of mass M for the modified quantum electrodynamics theory (2.10), with Lorentz-violating parameter ϵ defined by (2.19b). Shown are the unit threemomenta ^k_n of the particles (n = 1, . . . , 4) and the flow of positive charge on the electron line.

with k^ν_{γ,out} the tangent vector to the path of the final photon. [Here, and in the following, the label ‘in’ or ‘out’ on a particle refers only to the scattering event and the label ‘out,’ in particular, does not foretell the ultimate destiny of the particle.] Such processes are allowed, since the asymptotically timelike Killing field for the photon becomes spacelike for r < 2M(1 + ϵ). The final electron should, however, be able to leave to infinity, carrying more Killing energy than the sum of the initial Killing energies. [The physical interpretation is that energy is extracted from the black hole. Thus, it is clear that the complete process is not just an isolated 2–2 scattering, but that the black hole itself should be considered as a participant, making this essentially a 3–3 scattering process. However, the treatment as a 2–2 scattering process in a fixed spacetime background is justified for a black-hole mass M much larger than all Killing energies involved.] Moreover, we demand that such a Gedankenexperiment can be prepared in the asymptotically flat region of spacetime, i.e., that the two initial particles come in from spatial infinity.

These conditions impose several constraints on the initial and final fourvectors of the particles. For the sake of brevity, these constraints are omitted, but it has been checked that the example of Sec. 3.3 fulfills all requirements.

3.2. Parametrization

For our purpose, a useful parametrization of the Compton-scattering wave vectors (in the local inertial frame with Cartesian coordinates) is given by ( k_a )_{γ,out} = E_{γ,out} ( 1, −ζω_1, 0, ζ √ 1 − ω^2_1 ) , (3.5a) ( k_a )_{e,out} = p_{e,out} (√ m^2/(p_{e,out})^2 + 1, ^p_{e,out} ) , (3.5b) ( k_a )_{γ,in} = ~E_{γ,in} ( 1, −ζβ_1, −ζβ_2, s_1ζ √ 1 − β^2_1 − β^2_2 ) , (3.5c)

k^{e,in}_a = k^{e,out}_a + k^{γ,out}_a − k^{γ,in}_a , (3.5d)

with arbitrary photon energy E_{γ,out} > 0, electron three-momentum ⃗p ≡ (p_1, p_2, p_3) ≡ p_{e,out} ^p_{e,out} for modulus p_{e,out} ≡ |⃗p| > 0, Lorentz-violating parameter ζ ≡ √ 1 + ϵ > 1, and energy ~E_{γ,in} > 0 to be determined from the dispersion relation of the incoming electron. The parameters ω_1, and β_{1,2} vary between −1 and 1, with the additional constraint β^2_1 + β^2_2 ≤ 1. The parameter s_1 takes the value +1 or −1.

The Ansatz (3.5) ensures that the dispersion relations for massless Lorentzviolating photons and massive electrons are fulfilled. The particular Compton scattering event considered, for fixed Lorentz-violating parameter ϵ, has eight free parameters: the parameter ρ for the scattering point (3.1), the energy E_{γ,out} of the final photon, the three-momentum (p_1, p_2, p_3) of the final electron, and the three more parameters ω_1, β_{1,2} for the initial and final photon three-momenta.

3.3. Concrete example

Since the experimental bounds on Lorentz violation are tight [7], very small Lorentz violation (0 < κ ≪ 1) would be physically more interesting than large Lorentz violation (κ ∼ 1). However, the Compton scattering process with negative Killing energy of the final photon appears to be kinematically forbidden for a small Lorentz-violating parameter κ (see Sec. 3.6).

The following example of allowed kinematics is, therefore, of purely theoretical interest. Specifically, the parameters are chosen to be

ϵ = 1/2 , ρ = 99/100 , (3.6a) E_{γ,out} = 5 m , ω_1 = 9984/10000 , (3.6b) p_{e,out} = 20 E_{γ,out} , ^p_{e,out} = ( − 41/50, 0, (3 √ 91 )/50 ) , (3.6c) β_1 = 74/100, β_2 = 0, s_1 = 1 , (3.6d)

with corresponding Lorentz-violating parameter κ = ϵ/ ( 1 + ϵ/2 ) = 2/5.

It has taken considerable effort to find this single example. Apparently, the allowed domain of the multi-dimensional parameter space is very small, which is confirmed by preliminary numerical calculations.

The above parameters allow for a Compton scattering event that reduces the black-hole mass, as the Killing energy of the final photon is negative: σ^a k^{γ,out}_a < 0 using (3.3) and the above numbers [the actual value of this energy will be given in Sec. 3.5].

3.4. Squared matrix element

To ensure that the Compton scattering event discussed above has a nonvanishing probability to occur, the corresponding matrix element must be nonvanishing. The squared matrix element for the Compton scattering process at tree level (calculated with flat-spacetime electron propagators) reads 1 4 ∑ s_1,s_2=±1/2 ∑ λ_1,λ_2=±1

|M|^2 =

Π_{ac} Π_{bd} e^4 4 tr { (k_{e,out} + m) [ γ^ak_{γ,in}γ^b + 2γ^ak^b_{e,in} 2k_{e,in} · k_{γ,in} + k^2_{γ,in} + γ^bk_{γ,out}γ^a − 2γ^bk^a_{e,in} 2k_{e,in} · k_{γ,out} − k^2_{γ,out} ]

×(k_{e,in} + m) [ γ^dk_{γ,in}γ^c + 2γ^ck^d_{e,in} 2k_{e,in} · k_{γ,in} + k^2_{γ,in} + γ^ck_{γ,out}γ^d − 2γ^dk^c_{e,in} 2k_{e,in} · k_{γ,out} − k^2_{γ,out} ]} , (3.7)

with Feynman slash k ≡ k_a γ^a and photon polarization sum Π_{ab} ≡ ∑ λ=±1 (ε^{(λ)})_a (ε^{(λ)})_b . (3.8)

The Ward identities ensure that, in gauge-invariant expressions like the one leading up to (3.7), the polarization sum can be replaced by the following expression Π_{ab} → 1 1 + κ/2 ( −η_{ab} + κ 1 + κ/2 ξ_aξ_b ) . (3.9)

Remark that the squared matrix element (3.7) for k^2_{γ,in} = k^2_{γ,out} = 0 and standard photon polarization sums reduces to the standard squared matrix element of Compton scattering; see, for example, Eq. (5.81) in Ref. [19].

It has now been checked by explicit calculation that the average squared amplitude (3.7) is nonvanishing for large Lorentz-violating parameter κ = 2/5 and kinematics defined by (3.6). This particular Compton scattering event has, therefore, a nonvanishing probability to occur [it has also been verified that the same holds for final photon energies E_{γ,out} ≥ m, while keeping the other values in (3.6) unchanged].

3.5. Gedankenexperiment

After the algebraic details of the previous two subsections, it may be instructive to give the numerical values of the four-vectors of the Compton scattering event (3.5)–(3.6): ( k_a )_{e,in} ≈ m (17.0968, −8.44173, 0, −14.833628) , (3.10a) ( k_a )_{γ,in} ≈ m (87.9082, −79.6722, 0, 72.4163) , (3.10b) ( k_a )_{e,out} ≈ m (100.005, −82, 0, 57.2364) , (3.10c) ( k_a )_{γ,out} ≈ m (5, −6.11393, 0, 0.346272) , (3.10d)

where the three-momenta are seen to lie in a plane (k_2 = 0). The resulting

(conserved) Killing energies of the particles are ( E_{Killing} )_{e,in} ≈ 10.19264 m , (3.11a) ( E_{Killing} )_{γ,in} ≈ 22.74743 m , (3.11b) ( E_{Killing} )_{e,out} ≈ 32.94041 m , (3.11c) ( E_{Killing} )_{γ,out} ≈ − 0.00034 m , (3.11d)

where the energy of the final (escaping) electron is seen to be larger than the

total energy of the two incoming particles, E^{in}_{Killing} ≈ 32.94007 m.

A possible Gedankenexperiment consists of three steps. First, prepare

electron and photon beams to give momenta (3.10a)–(3.10b) at the scattering

point (3.1). Second, count the number of electrons scattered in the direction

corresponding to (3.10c) and measure their energy. Third, determine the

change of black-hole mass (for example, by measuring the change in the

orbit of a test particle encircling the black hole).

3.6. Small Lorentz violation

A quite technical analysis for the case of vanishing electron mass m = 0

shows that the above Compton scattering process is not allowed for small (but

finite) Lorentz-violating parameter ϵ. Very briefly, the argument consists of

two steps. First, the dispersion relation for the initial electron can be solved

in terms of the energy of the initial photon. Second, this initial photon energy

can be expanded in ϵ. For any configuration of the parameters discussed in Sec. 3.2, it can be shown that this photon energy becomes negative or imaginary for sufficiently small ϵ, if the constraints mentioned in the last paragraph of Sec. 3.1 are taken into account.

It is not possible to determine an analytic bound, but numerical results suggest that the scattering process for ultrarelativistic particles is no longer kinematically allowed for ϵ ≲ 0.2. Again, the technicalities are omitted for the sake of brevity.

The surprising result, then, is that the reduction of the black-hole mass by the specific Compton scattering process appears to be separated from the standard case [20] of non-decreasing black-hole mass by a finite gap of the Lorentz-violating parameter κ. At this moment, it is not clear if this is just an artefact of the specific process considered (to be overcome by a more complicated setup) or if it indicates the existence of a mechanism that protects Hawking’s area theorem [20] for the case of “small enough Lorentz violation.” This interesting question deserves further study.

4. Discussion

This article studied the kinematics of Compton scattering in the accessible part of the photonic ergoregion of a Schwarzschild black hole for nonbirefringent modified Maxwell theory (2.10). More specifically, a Compton scattering event (Fig. 1) was considered, for which the scattered photon carries away negative Killing energy (3.4) and ultimately reduces the mass of the black hole. By giving a concrete example, it has been shown that such an event is kinematically allowed and has a nonzero matrix element.

This particular type of Compton-scattering event has, therefore, a nonvanishing probability to occur. In a Gedankenexperiment with initially a large number N_{BH} of Schwarzschild black-holes of identical mass M and a large number N_{scatt} of repeated Compton scattering events on each of these black holes, it is then possible to find certain black holes for which the initial mass

M has been reduced by a macroscopic amount. In this way, the Hawking area theorem [20] is circumvented by the presence of negative-energy states outside the Schwarzschild radius, whose existence is due to the Lorentz violation of the photonic theory considered.

These area-reducing events are suspected [2] to contradict the generalized second law of thermodynamics [21], since they may allow for a construction of a perpetuum mobile of the second kind. The basic idea is that such events decrease the mass of the black hole and with it the associated entropy. If the scattering were classical [2], the outgoing electron does not carry entropy.^2 The whole process would, then, globally decrease entropy, in contradiction with the generalized second law [21].

However, the Compton scattering process discussed above is a quantum process. Certainly, a particular type of Compton scattering event has been shown to have a nonvanishing probability to decrease the black-hole mass and reduce the black-hole entropy. But there is also the possibility that both particle trajectories after the scattering head towards the black hole and that the black-hole entropy increases.

An analogous classical process with reduced black-hole entropy would surely be able to violate the generalized second law, since it would be possible to conceive of a deterministic experiment that would result in a decrease of entropy. But the possibility of an entropy-decreasing quantum process need not imply, by itself, the violation of the generalized second law. For example, already in a system with two types of molecules, there is a non-vanishing probability that a slow-moving (“cold”) molecule transfers energy to a fastmoving (“hot”) molecule. In fact, it is only the application of statistical

2This would precisely be the difference with the mining technique of Ref. [22], for which the black-hole mass is also reduced but the outgoing box (with the mined energy) does carry entropy, namely, that of the trapped “acceleration radiation.”

mechanics to a system with a large number of molecules that recovers the second law of thermodynamics [23].

A quantitative analysis would be needed to see whether or not the Compton scattering process of Sec. 3 would be able to violate the generalized second law. This would require phase-space integrations with nontrivial cuts to determine the probabilities for the interesting Compton scattering events to occur. Perhaps one might, then, be able to show a violation of the fluctuation theorem [24, 25], which might, in turn, imply the breakdown of the generalized second law.

A more speculative idea expands on the Gedankenexperiment discussed in the last paragraph of Sec. 3.5. Perhaps it is possible to arrange for a cloud of electrically charged particles and a pulse of light to scatter elastically at point (3.1) with average incoming momenta (3.10a)–(3.10b) and to have a final cloud and pulse taking off with average momenta (3.10c)–(3.10d). If that were possible (perhaps a too big ’if’), the discussion of Sec. IV B of Ref. [2] can be taken over literally, with the consequent violation of the generalized second law (the incoming and outgoing charged clouds would have the same velocity dispersion and other characteristics, the scattering being elastic by assumption).

Whether or not a violation of the generalized second law of thermodynamics occurs in Lorentz-violating theories remains, therefore, an open question.^3 The present article tried to find a concrete realization of the promis-

3A different mechanism to violate the generalized second law was suggested in Ref. [13]. A quasi-stationary solution was constructed from the ghost condensate to describe the flow of negative energy into a black hole. Just as the process described in the present article, this flow of negative energy appears to be able to reduce the black-hole mass. Potential problems with the stability of this solution have been discussed and seem to be under control. But, whether or not this reduction of the black-hole mass results in a violation of the generalized second law remains, in our opinion, an open question, since the entropy of

ing idea [2] of exploiting a Penrose-mechanism-type process. However, as discussed above, we did not succeed in obtaining an entirely convincing and totally explicit Gedankenexperiment that is able to violate the generalized second law. Still, the presented Compton-scattering events, being able to reduce the black-hole mass, may provide a step towards demonstrating the violation of the generalized second law in the Lorentz-noninvariant theory considered, if at all possible.

Acknowledgments

It is a pleasure to thank H. Sahlmann and S.M. Sibiryakov for helpful comments on the manuscript.

References

[1] S.L. Dubovsky, S.M. Sibiryakov, Spontaneous breaking of Lorentz invariance, black holes and perpetuum mobile of the second kind, Phys. Lett. B 638 (2006) 509, arXiv:hep-th/0603158.

[2] C. Eling, B.Z. Foster, T. Jacobson, A.C. Wall, Lorentz violation and perpetual motion, Phys. Rev D 75 (2007) 101502(R), arXiv:hep-th/0702124.

[3] G. Betschart, E. Kant, F.R. Klinkhamer, Lorentz violation and blackhole thermodynamics, Nucl. Phys. B 815 (2009) 198. arXiv:0811.0943.

[4] V.A. Kostelecký, M. Mewes, Signals for Lorentz violation in electrodynamics, Phys. Rev. D 66 (2002) 056005, arXiv:hep-ph/0205211.

[5] Q.G. Bailey, V.A. Kostelecký, Lorentz-violating electrostatics and magnetostatics, Phys. Rev. D 70 (2004) 076006, arXiv:hep-ph/0407252.

the effective ghost-condensate fluid has not been considered and the issue of turning the flow on and off requires further analysis.

[6] F.R. Klinkhamer, M. Risse, Ultrahigh-energy cosmic-ray bounds on nonbirefringent modified Maxwell theory, Phys. Rev. D 77 (2008) 016002, arXiv:0709.2502; Phys. Rev. D 77 (2008) 117901(A), arXiv:0806.4351.

[7] F.R. Klinkhamer, M. Schreck, New two-sided bound on the isotropic Lorentz-violating parameter of modified Maxwell theory, Phys. Rev. D 78 (2008) 085026, arXiv:0809.3217.

[8] V.A. Kostelecký, Gravity, Lorentz violation, and the standard model, Phys. Rev. D 69 (2004) 105009, arXiv:hep-th/0312310.

[9] N.D. Birrell, P.C.W. Davies, Quantum Fields in Curved Space, Cambridge University Press, Cambridge, 1982.

[10] R.M. Wald, General Relativity, University of Chicago Press, Chicago, 1984.

[11] N. Arkani-Hamed, H.C. Cheng, M.A. Luty, S. Mukohyama, Ghost condensation and a consistent infrared modification of gravity, JHEP 0405 (2004) 074, arXiv:hep-th/0312099.

[12] S. Mukohyama, Black holes in the ghost condensate, Phys. Rev. D 71 (2005) 104019, arXiv:hep-th/0502189.

[13] B. Feldstein, Spontaneous Lorentz violation, negative energy and the second law of thermodynamics, Phys. Rev. D 80 (2009) 044020, arXiv:0904.1212.

[14] R. Penrose, Gravitational collapse: The role of general relativity, Riv.

Nuovo Cim. 1 (1969) 252; reprinted in Gen. Rel. Grav. 34 (2002) 1141.

[15] T. Piran, J. Shaham, J. Katz, High efficiency of the Penrose mechanism for particle collisions, Astrophys. J. Lett, 196 (1975), L107.

[16] A.H. Compton, A quantum theory of the scattering of X–rays by light elements, Phys. Rev. 21 (1923) 483; The spectrum of scattered X–rays, Phys. Rev. 22, 409 (1923).

[17] W. Heitler, The Quantum Theory of Radiation, 3rd edition, Clarendon Press, Oxford, 1954.

[18] J.M. Jauch, F. Rohrlich, The Theory of Photons and Electrons, 2nd edition, Springer, New York, 1976.

[19] M.E. Peskin, D.V. Schroeder, An Introduction to Quantum Field Theory, Addison–Wesley, Reading, USA, 1995.

[20] S.W. Hawking, Gravitational radiation from colliding black holes, Phys.

Rev. Lett. 26 (1971) 1344; Black holes in general relativity, Commun. Math. Phys. 25 (1972) 152.

[21] J.D. Bekenstein, Generalized second law of thermodynamics in black hole physics, Phys. Rev. D 9 (1974) 3292.

[22] W.G. Unruh and R.M. Wald, Acceleration radiation and generalized second law of thermodynamics, Phys. Rev. D 25 (1982) 942.

[23] L.D. Landau, E.M. Lifshitz, Statistical Physics, Part 1, 3rd edition, Pergamon Press, Oxford, 1980.

[24] D.J. Evans, E.G.D. Cohen, G.P. Morriss, Probability of second law violations in shearing steady states, Phys. Rev. Lett. 71 (1993) 2401.

[25] D.J. Evans, D.J. Searles, The fluctuation theorem, Advances Phys. 51 (2002) 1529.