arXiv:0912.5481v1 [hep-th] 30 Dec 2009

Catalysis of Black Holes/Wormholes Formation in High Energy Collisions^∗

I.Ya. Aref’eva,

Steklov Mathematical Institute, Russian Academy of Sciences, Gubkina str. 8, 119991, Moscow, Russia

Abstract

We discuss various mechanisms of catalysis of black holes/wormholes (BH/WH) formation in particles collisions. The current paradigm suggests that BH/WH formation in particles collisions will happen when center of mass energies of colliding particles is sufficiently above the Planck scale (the transplanckian region).

To estimate the BH/WH production we use the classical geometrical cross section. We confirm the classical geometrical cross section of the BH production reconsidering the process of two transplanckian particles collision in the rest frame of one of incident particles. This consideration permits to use the standard Thorne’s hoop conjecture for a matter compressed into a region to prove a variant of the conjecture dealing with a total amount of compressed energy in the case of colliding particles.

We calculate geometrical cross sections for different processes and for different background, in particular, for (A)dS. We show that results are in agreement with closed trapped surface (CTS) estimations though there are no general theorems providing that the BH formation follows from CTS’s formation.

We show that the process of BH formation is catalyzed by the negative cosmological constant and by a particular scalar matter, namely dilaton, while it is relaxed by the positive cosmological constant and at a critical value just turns off. Also we note that the cross section is sensible to the compactification of extra dimensions and to the particular brane model.

∗Extended version of the talk at the International Bogoliubov Conference ”Problems of Theoretical and Mathematical Physics”, Moscow-Dubna, August 21-27, 2009

1 Introduction

Gravity does not play a role in the usual high energy terrestrial physics. However, in the TeV gravity scenario [1] the processes with energy about few TeV become transplanckian and the gravity is important.

Black holes formation in collisions of transplanckian particles is one of outstanding problems in theoretical physics. Our aim in this talk is to overview the current understanding of the problem.

Study of transplanckian collisions in gravity has a long history. In 80’s-90’s the problem has been discussed mainly in superstring theory frameworks [2, 3, 4, 5, 6, 7, 8, 9, 10] and was considered as an academical one, since the four dimensional Planck scale E_{P l} is ≈ 10^{19} GeV, and energies satisfying √ s > E_{P l} wholly out of reach of terrestrial experiments.

The situation has been changed after the proposal of TeV gravity scenario [1]. The D-dimensional Planck energy E_{P l,D} plays the fundamental role in TeV gravity, it has the electroweak scale of ∼ TeV, as this would solve the hierarchy problem. TeV gravity is strong enough to play a role in elementary particle collisions at accessible energies.

The TeV gravity assumes the brane world scenario [11] that means that all light particles (except gravity) are confined to a brane with the 4-dimensional world sheet embedded in the D-dimensional bulk. The collider signatures of such braneworld scenarios would be energy non-conservation due to produced gravitons escaping into the bulk, signatures of new Kaluza-Klein particles as well as signatures of black hole (BH) [12, 13, 14, 15, 16] and more complicated objects such as wormholes (WH) formations [17, 18, 19] (see [20, 21] about WHs in astrophysics).

According the common current opinion the process of BH formation in transplanckian collision of particle may be adequately described using classical general relativity. We also believe that the same is true for the WH production [17]. Calculations based on classical general relativity support [22, 23] the simple geometrical cross section of black hole production in particles collisions, which is proportional to the area of the disk σ = fπR^2_S (E), (1)

where R_S is the Schwarzschild radius of the black hole formed in the particles scattering process and it is defined by the center-of-mass collision energy E = √ s, and f is a formation factor of order unity. Colliding particles in hadron colliders are partons and the total cross section for black hole production is calculated using a factorization hypothesis in which the parton-level process is integrated over the parton density functions of the protons [24]. If the geometric cross section were true and colliding particles carry few TeV, the LHC would produce black holes at a rate ∼1 Hz for M_{P l,D} = 1 TeV, becoming a black hole factory [14, 16].

However, BH formation in particle collision is a threshold phenomena and the threshold is of order the Planck scale M_{P l,D}[25]. The exact value of the threshold is unknown since it depends of quantum gravity description of colliding particles. BH production rates depend on the value of M_{P l,D} [26]. Current bounds[27] are dimensiondependent but lie around M_{P l,D} ≳ 1 TeV. Taking simple estimation for cross section

(1) with f ∼ 1 above the threshold one can conclude that the cross section of semiclassical BHs production above the threshold at the LHC varies between 15 nb and 1 nb for the Planck scale between 1 TeV and 5 Tev. Note, that this cross section is compatible, for example, with tt̄ production [28]. Just after production BHs quickly (∼ 10^{−26} s) evaporate via Hawking radiation [29] with a characteristic temperature of ∼ 100 GeV [14, 16]. However, since produced BHs are light they decay into only a few high energy particles and this would be difficult to disentangle from the background [30].

A natural question arises: can we catalyze the semiclassical process of the BHs formation and increase the production factor f in (1)? This is the main question that we are going to discuss in this talk. Let us note that in this talk we are going to deal with semiclassical consideration and make few notes of the region of its applicability. We will search for theoretical possibilities to increase the formation factor in the formula for the geometrical cross section. There are effects that work in the opposite direction and push the collision energy needed for BH formation considerably higher than M_{P l,D}. These effects are related with the energy loss by colliding particles prior to the formation of the BH horizon [31] and the effects of the charge [32].

In fact there are few possibilities in our disposal to increase the formation factor. We are going to explore the following proposals

• find effects related with nontrivial dynamics of 3-brane embedding in D-dimensional space-time

• change the background (4-dimensional background or D-dimensional one), in particular, we can to add 4-dimensional the cosmological constant (or cosmological constant in D-dimensional space-time)

• take into account that shock wave in D-dimensional space-time can be made of from closed string excitations.

Some attempts toward these directions are presented in this talk. In the last years numerous papers have been devoted to improvement calculations based on classical general relativity to get more precise estimates for the crosssection (1) [32, 37]. In particular, numerical calculations have been performed and they confirmed (1) and gave the estimations for the production factor [57]. The effects of finite size[34, 35], charge[32] and spin[38] have been considered. It has been found that the effects of mass, spin, charge and finite size of the incoming particles are rather small. The effects of the cosmological constant have been considered in papers[39, 40, 41, 42, 43, 44, 45, 46, 47]. In these papers estimation of the cross section of the BH production for particles colliding in (A)dS backgrounds have been made. AdS case has been studied mainly within the AdS/CFT context, and dS case within possible cosmological applications [45, 47]. It has been found that the negative cosmological constant increases the cross section, meanwhile the positive cosmological constant works in the opposite direction destroying the trapped surface at the critical value of the cosmological constant and by this reason presumably holding up the BHs production.

Quantum field theory is a local theory in the Minkowsky space [48, 49]. However if we take into account effects of quantum gravity then some form of nonlocality is occurred. The problem of (non)locality in quantum gravity was addressed in [2, 50, 4], and more recently in [51]

The talk is organized as follows. In Sect. 2 we present a setup to study the BH formation in particle collisions. We follow [9] and present a natural generalization of this approach to the brane world case. We briefly summarize the main achievements of study the BH formation in flat background within the classical general gravity picture (trapped surfaces technics) and discuss why we can trust classical description.

In Sect.4. we discuss a physical picture of a black hole formation in the rest frame of one of colliding particles. This picture permits from simple calculations make a conclusion about the BH formation.

In Sect. 5 we generalize the above consideration to the case of the BH formation in (A)dS. This consideration presents a special interest because in contrast to the flat background in the AdS case there are no general theorems that guarantee the BH formation from the CTS formation. We discuss here an influence of structure of the shock wave on the BH formation. This structure is defined by gravitation interaction of matter fields. We also perform calculations of the cross section of the BH production in different cases and show agreements with trapped surfaces results. We conclude that the process of BH formation is catalyzed by a negative cosmological constant as well as by the string dilaton.

2 Setup. Milestones and Notations

2.1 D-dimensional Planckian Energy

In TeV gravity scenario we assume that all particles and fields (except gravity) are confined to a brane with 4-dimensional world sheet embedded in the D-dimensional bulk. Matter fields leave on the brane and do not feel extra dimensions, only gravity feels n = D − 4 extra dimensions, see Fig.1.

A B Figure 1: A. Colliding particles on the brane. B. D-dimensional graviton and 4- dimensional gluon exchanges.

According the common current opinion the process of BH formation in transplanckian collision of particle, i.e. in regions where √ s >> E_{P l}, (2) may be adequately described using classical general relativity. We also believe that the same concerns the WH production. This is because in the transplanckian region (2) the de Broglie wavelength of a particle

l_B = ℏc E (3) is less than the Schwarzschild radius corresponding to this particle, l_B << R_{S,D}, (4) here R_{S,D} is the D-dimensional Schwarzschild radius in TeV gravity. In phenomenologically reasonable models with n ≥ 2 the Schwarzschild radius corresponding to colliding particles with energies ≈ 1 TeV is R_{S,D} ≳ 10^{−16}cm. In the usual 4-dimensional gravity the Schwarzschild radius corresponding to the same particles is of order R_{S,4} ∼ 10^{−49}cm, that is a negligible quantity comparing with the de Broglie wavelength of particles with energy about few TeV.

Although these type of processes are classical it is instructive to have a full picture starting from a general quantum field theory setup and pass explicitly to the classical description of processes in question. This point of view is useful to deal with effects on the boundary of the classical applicability. By this raison we start in the next subsection from this general setup [9], and in Sect.2.? we present the brane extension of this approach [13].

2.2 Transition amplitudes and cross section of the BH/WH production

We start from quantum mechanical formula for the cross section σ_{AB} of a process | A > ⇒ | B > . (5) To calculate this cross section we calculate the transition amplitude between these states < A| B >= ∫ Ψ^∗_A(X_A, t)K(X_A, t; X_B, t^′)Ψ_B (X_B, t^′)dX_AdX_B (6)

where X are generalized coordinates, specifying the system, Ψ_A(X, t), is a wave function of the state A including its asymptotical dynamics. The transition amplitude in the generalized coordinate representation is given by the Feynman integral. In our case we deal not only with particles but also with gravity. In particular, we discuss the process where the final state |B > is the state corresponding to the black hole. To this purpose we use a modification [9] of the standard formula [52]:

• For simplicity we work in 1 + 3 formalism where spacetime is presented as a set of slices (more general formulation is described in [9]). At the initial time t we deal with a slice Σ and at the final time t^′ with a slice Σ^′.

• Generalized coordinates include a metric g and matter fields ϕ.

• The state at on a initial time is specified by a three-metric h_{ij} and field ϕ and final state by a three-metric h^′_{ij} and ϕ^′.

• The transition amplitude in this generalized coordinate representation is given by Feynman integral [9]

K(h, ϕ, t; h^′, ϕ^′, t^′) = ∫ e^{iℏ S[g,ϕ]} ∏ ϕ|_{τ =t} = ϕ, g|_{τ =t} = h ϕ|_{τ =t}′ = ϕ^′, g|_{τ =t}′ = h^′ Dϕ(τ)Dg(τ) (7)

where the integral is over all four-geometries and field configurations which match given values on two spacelike surfaces, Σ and Σ^′ and matter on them, S[g, ϕ] is the action. The integral in (7) includes also summation over different topologies.

• The transition amplitude given by the functional integral includes gauge fixing and Faddeev-Popov ghosts (all these are omitted in (7) for simplicity).

• We are interested in the process of a black hole creation in particles collisions.

Therefore,

– we specify the initial configuration h and ϕ on Σ without black holes, i.e.

causal geodesics starting from Σ rich the future null infinity^1;

– we specify the final configuration h^′ and ϕ^′ on Σ^′ as describing black hole, i.e. Σ^′ contains a region from which the light does not rich the future null infinity^2.

The explanation of notions used in above footnotes is given in [9], see also Appendix. For more details see [53, 54].

Σ^′ B

Σ τ

Figure 2: A slice Σ at τ = t is an initial slice with particles and a slice Σ^′ at τ = t^′ is a slice with a black hole B. Null geodesics started from the shaded region do not reach null infinity.

In Figure 2 a slice with two colliding particles at τ = t, and τ = t^′ with the BH area are presented. To describe such a process in the framework of a general approach (7) we have to find a classical solution of the Einstein equations with the matter, our moving particles, that corresponds to this picture, Figure 2, and then study quantum fluctuations. We do not have analytical solutions describing this process.

Finding of such solutions is a very difficult problem. It is solved only at low dimensional case, see [55, 56, 13] and refs. therein. In 4-dimensional case this problem has been solved numerically only recently by Choptiuk and Pretorius [57]. The solution, as it has been mentioned in Introduction, assumes a construction of a model for gravitational particles. We present this construction in the next subsection.

1More precise, this condition means that Σ is a partial Cauchy surface with asymptotically simple past in a strongly asymptotically predictable space-time.

2This means that Σ^′ is a partial Cauchy surface containing black hole(s), i.e. Σ^′ − J^−(T^+) is non empty.

2.3 D-dimensional gravitational model of relativistic particles

To start a classical description of BH production in collision of elementary particles we need a gravitational model of relativistic particles. At large distances the gravitational field of particle is the usual Newtonian field. The simplest way to realiz this is just to take the exterior of the Schwarzschild metric, i.e. in D-dimensional case away a particle we expect to have

ds^2 = ( 1 − ( R_{S,D} R )^{D−3} ) dt^2 + ( 1 − ( R_{S,D} R )^{D−3} )_{−1} dR^2 + R^2dΩ^2_{D−2}, (8)

where R_{S,D} is the Schwarzschild radius R^{D−3}_{S,D} (m) = 16πG_Dm (D − 2)Ω_{D−2} = 2m (D − 2)Ω_{D−2}M^{D−2}_{P l,d} , (9)

here G_D is D-dimensional Newton gravitational constant, c the speed of light (in almost all formula we take c = 1) and Ω_{D−2} is the geometrical factor,

Ω_{D−2} = 2π^{(D−1)/2} Γ[(D − 1)/2]

, (10)

Γ is Euler’s Gamma function. Here we present D-dimensional formula, in particular for D = 4, R_{S,4}(m) = 2G_4m. We also use the expression of the Schwarzschild radius in therm of the Planck mass, R_{S,4}(m) = m/4πM^2_4 = m/M̄^2_4 .

The interior of the Schwarzschild metric is supposed to fill with some matter. The simplest possibility is just to take a Tolman-Florides interior incompressible perfect fluid solution [58, 59]. As another model of relativistic particles one can consider a static spherical symmetric solitonic solution of gravity-matter equations of motion, the so-called boson stars (authors of refs.[60, 61] deal with 4-dimensional space-time, but it not a big deal to get D-dimensional extantions).

In the case of brane scenario few comments are in order. In the simplest brane models we deal with matter only on the brane and we do not have matter out of the brane to fill the interior of the D-dimensional Schwarzschild solution. However, in the string scenario^3 there are closed string excitations which are suppose to be available in the bulk. One can assume that the matter in the bulk is a dilaton scalar field and deal with string inspired D-dimensinal generalization boson stars

ds^2 = ( 1 − ( A(R) R )^{D−3} ) dt^2 + ( 1 − ( B(R) R )^{D−3} )_{−1} dR^2 + R^2dΩ^2, (11)

where A(R) = A + A_1/R + ... . (12) Note, that stars in modified gravity and on branes have been considered in [62] and [63, 64], respectively.

3Open string excitations are located on brane, closed string excitations propagate on the bulk

2.4 Shock wave as a model of ultra relativistic moving particle

To consider ultra relativistic moving particle we have to make a boost of metric (11) with the large Lorentz boost factor γ = 1/ √ 1 − v^2/c^2. The Schwarzschild sphere under this boost flattens up to an ellipsoid, see Figure 3.

A B Figure 3: A.Flattening of the Schwarzschild sphere in the boosted coordinates. B. Schematic picture for the shock wave as a flat disk.

One can consider an approximation when γ is taken infinitely large and E = γA is fixed. The result metric is the Aichelburg-Sexl (AS) metric [65, 66], a gravitational shock wave, where the non-trivial geometry is confined to a D − 2-dimensional plane traveling at the speed of light, with Minkowski spacetime on either side, ds^2 = −2dUdV + dX^2_i + F (X)δ(U)dU^2, i = 2, 3, ..D − 1, (13) where V = (X^0 + X^1)/ √ 2, U = (X^0 − X^1)/ √ 2. The form of the profile of the shock wave F depends on the behavior of A(r).

In particular, in the infinite boost limit where we also take m → 0 and hold p fixed, the metric (8) reduces to an exact shock wave metric (13) with the shape function F being the Green function of the D − 2-dimensional Laplace equation Δ_RD−2 F = − 2p √ 2 M^{D−2}_{P l} δ^{(D−2)}(X). (14)

here δ^{(D−2)}(X) = ∏_{D−1} i=2 δ(X^i),

F (X) = p2 √ 2 (D − 4)ΩM^{D−2}_{P l,D} 1 ρ^{D−4} (15)

where ρ^2 = (X^2)^2 + ...(X^{D−1})^2. For D=4 the shape is F (X) = − p √ 2 πM^2_4 ln ρ ε (16)

Note, that the metric (13) is obtained in the infinite boost limit when the source has zero rest mass. For fast particles of nonzero rest mass, the shock wave approximation breaks down far away from the moving particle, more precisely at transverse distances from the source which are of the order of ℓ ∼ r_h(m)/ √ 1 − v^2. (17)

At these distances the field lines will spread out of the null transverse surface orthogonal to the direction of motion. But for b << ℓ one can use the shock wave field to extract the information about the black hole formation to the leading order in m/p. These shock wave are presented in Figure 4 as sphere flattened up to the disk. Two such shock waves, moving in opposite directions, see Figure 4.B give the pre-collision geometry of the spacetime. Though the geometry is not known to the future of the collision, since the shock wave solutions inevitably break down when the fields of different particles cross, at the moment of collision a trapped surface can be found [22, 67, 23].

A B Figure 4: A. Ultra relativistic colliding particles in D − 1-dimensional space; b is the D − 2-dimensional impact vector. B. Ultra relativistic colliding particles in U, V -plane

According to [22, 67, 23], the trapped surfaces do form when b ≲ R_{S,D}, and have the area of the order ∼ R^2_{S,D}, where R_{S,D} is the horizon radius given by (19) (see below).

A B Figure 5: A. Colliding two stars; the initial space-time is asymptotically flat. B Colliding shock waves as models of ultra relativistic particles; the initial space time is not asymptotically flat.

Infinitely thin shock is an idealization. In reality the shocks will have a finite width w since γ is large but not infinite. The corresponding shocks have width w_{class} ∼ r/γ, depending on the transverse distance r. Infinitely thin idealization leads to an appearance in the intersection of the planes of the two shock-waves a divergent curvature invariant [68]. In [69] has shown that this problem is an artifact of the unphysical classical point-particle limit and for a particle described by a quantum wavepacket, or for a continuous matter distribution, trapped surfaces indeed form in a controlled regime.

2.5 D-dimensional Thorne hoop conjecture and geometrical cross section

We expect to get the BH formation due to nonlinear interaction of gravitational fields produced by particles. The BH formation in classical general relativity is controlled by the Thorne hoop conjecture [70]. According the D-dimensional version of this conjecture if a total amount of matter mass M is compressed into a spherical region of radius R, a black hole will form if R is less than the corresponding Schwarzschild radius R < R_{S,D}(M), (18) here R_{S,D}(M) is given by (9).

In the case of ultra relativistic particle collisions the main argument for black hole formation is based on a modification of Thorne’s hoop conjecture. According this modified conjecture if a total amount of energy E is compressed into a spherical region of radius R, a black hole will form if R is less than the corresponding Schwarzschild radius R < R_{S,D}(E) ≡ ( Ω_n G_DE c^4

) 1_{n+1} , (19)

Note that in this modified conjecture the horizon radius R_{S,D} is set by the center-of-mass collision energy E = √ s. Few remarks are in order concerning this formulation. Literally speaking, as it is formulated above, it is not applicable in all situations. But this conjecture does applicable for two colliding particles. There are several calculations and arguments supporting this conjecture:

• One set of arguments is related with examining trapped surfaces formation in collisions of ultra relativistic particles [22, 16]. Note that commonly used evidence for black hole formation in collision of particles comes from the study of the collision of two Aichelburg-Sexl shock wave. This argument assumes that there is a solution interpolating between two shock waves and BH, Figure 5.B. However with this argument there is a problem that a space time with a shock wave is not asymptotically flat, that assumed in our scheme^4

4The AS metric also has a naked singularity at the origin. This is considered as an artifact of having used a black hole metric as the starting point, and assumed to be removed by taking a suitable mass distribution.

• The same problem is also with colliding plane wave [9]. An advantage to deal with plane waves is that in this case one can construct explicitly the metric in the interacting region.

• There is a non-trivial possibility to reduce the proof Thorne’s hoop conjecture for ultra colliding relativistic particles to Thorne’s hoop conjecture for slow moving relativistic particles (see Sect. 3 below)

• There are resent numerical calculations supporting (19) [57]. In [57] as a model of particles the boson star is taken [60]. Choptiuk and Pretorius have got a remarkable result that black holes do form at high velocities in boson star collisions and they found also that this happens already at a γ-factor of roughly one-third predicted by the hoop conjecture.

On the modified Thorne’s hoop conjecture for ultra colliding relativistic particles the so-called geometrical cross section of BH production is based. It estimates the black hole production cross section by the horizon area of a black hole whose horizon radius R_{S,D} is set by the center-of-mass collision energy E = √ s, eq. (19). This estimation

A B Figure 6: A. Colliding particles in D − 1-dimensional space: b is D − 2-dimensional impact vector and σ ≈ DR^{D−2}_{S,D} . B. Colliding particles on the 3-brane: 2-dimensional impact vector b and σ ≈ πR^2_{S,D}. A shaded region indicates the projection of D − 1 dimensional Schwarzschild sphere onto the 3-brane

assumes that when the impact parameter b is smaller than R_{S,D} then the probability of formation of a black hole is close to 1, σ_{BH,D} ≈ D_{D−2}R^{D−2}_{S,D} (E), (20) D_{D−2} is the volume of a plane cross section of the D − 2 dimensional unit sphere, see Figure 6.A where b is D − 2-dimensional vector, i.e the area of of D − 2-dimensional disk,

D_D = π^{D/2} Γ(1 +^D_2 )

; (21)

In the 4-dimensional case this estimation gives

σ_{BH,4} ≈ πR^2_{S,4}(E) (22) For the 3-brane embedding in the D-dimensional space-time we have σ_{BH,3−brane} ≈ πR^2_{S,D}(E) (23) since our particles are restricted on the 3-dimensional brane and the impact vector b is two dimensional vector, see Figure 6.B.

2.6 Looking from the rest frame of one of the incident particles

It is instructive to note that the similar analyze can be done in the in the rest frame of one of the incident particles [66]. This particle has large the de Broglie wavelength and has to be treated as a quantum particle. The gravitational field of the other, which is rapidly moving, looks like a gravitational shock wave, see Figure 7.

Figure 7: A. Ultra relativistic particle (shock wave) and a rest quantum particle, b is an impact vector. B. Quantum particle after a collision with the ultra relativistic particle, its impact vector b^′ just after collision decreases, |b^′| << |b| and its frequency increases. C. After collision particle which was in rest after collision move with an ultra relativistic velocity and looks as a shock wave.

Dynamics of the quantum particle can be described by a solution of the quantum Klein-Gordon equation in the shock wave background. This problem has been solved by ’t Hooft [71]. Dynamics of the particle is given the eikonal approximation [72, 73] and is defined by the geodesics behavior near the shock wave. The approximation is valued for a large impact parameter. The shock wave focuses the geodesics down to a small impact parameter. Just in this region we expect the BH formation (see next section) and in this region the eikonal approximation is not nonapplicable. This give an explanation why a straightforward eikonal approximation does not describe the BH production. But it is instructive to see what the eikonal approximation can give and this is a subject of the next subsection.

The picture presented in Figure 7 is idealization. More precise approach would be started from one moving particle with γ rather large, but γ ≠ ∞ and other particle in the rest. It should exist a classical solution that interpolates between this initial configuration and a configuration in the later time that represents two stars which are rather closed and move slowly respect each other. One can expect to estimate quantum fluctuations to such classical configuration.

2.7 BH formation and the eikonal approximation

A B Figure 8: A. Ultra relativistic colliding particles with a large impact parameter. Blue lines represent the graviton exchange. B. Colliding particles with a small impact parameter and mass/energy enough to produce BH. Red dot lines represent BH evaporation.

For a large impact parameter in the transplanckian region one can use the eikonal approximation [72, 73]. Taking this approximation for the graviton exchange diagrams we get [74, 75, 76], A_{eik}(q) = A_{Born} + A_{1−loop} + . . . = −8Ep ∫ d^2b e^{−iq.b}(e^{iχ} − 1) , (24)

with the eikonal phase χ given by the Fourier transform of the Born amplitude in the transverse plane. The 4-dimensional Born amplitude for the graviton exchange is given by A_{Born}(q) = 2πGγ(s) Ep 1 q^2_⊥ + μ^2

(25)

here μ is IR graviton mass regularization. The corresponding eikonal phase [74], is χ = 2πGγ(s) Ep ∫ d^2q_⊥ (2π)^2 e^{iq⊥·x⊥} 1 q^2_⊥ + μ^2 = 2πGγ(s) Ep K_0(μb), (26)

where γ(s) =^1_2 ((s − 2m^2)^2 − 2m^4), K_0 is the modified Bessel function.

For bμ << 1 K_0(μb) ∼^1_{4π} ln(μb) and we get the eikonal amplitude in term of Mandelstam variables

A_{eik}(q) = 16πGγ(s) −t Γ(1 − iα(s)) Γ(1 + iα(s)) ( 4μ^2 −t )_{−iα(s)} , α(s) = 2Gγ(s) √ s(s − 4m^2)

(27)

The eikonal approximation with a real eikonal phase satisfies the unitarity condition

σ_{eik} = 1 16π^2s^2 ∫ d^2q_⊥ |A_{eik}|^2 =

ImA_{eik}(0) s . (28)

and cannot describe the black hole formation.

However, the exact knowledge of 2 → 2 scattering amplitude can provide information about resonance states production. Therefore, if we know exact 2 → 2 scattering amplitude we expect to get an information about the BH formation due to the unitarity condition.

There is an analogy with BH production in higher energy and breather production in the 2 particles scattering in Sin-Gordon 2-dimensional model,

2 particles → breather (29)

Indeed, the classical Sin-Gordon 2-dimensional model has so-called breather solutions with masses

m_n = 16m γ sin nγ 16 , n = 1, ... < 8π γ (30)

The exact quantum 2 → 2 amplitude A_{exact} for massive particles in the 2-dimensional Sin-Gordon model [82] has an extra pole at

M^2 = 4m^2_1 − m^2_1( γ 8 )^2 + ... (31)

that is nothing but the pole corresponding to the first breather. One can see the breather contribution in the unitarity condition for amplitude of massive particles, A_{exact}.

BH production in the collision of two particles can also seen as a violation of the unitary in the 2 → 2 elastic channel. Indeed, let us consider a scattering amplitude in two channels system, A = ( A_{2p→2p} A_{2p→BH} A_{BH→2p} A_{BH→BH} ) (32)

A_{2p→2p} is the elastic scattering amplitude and A_{2p→BH} is the inelastic one. The unitary condition means that

2ImA_{2p→2p} = |A_{2p→2p}|^2 + |A_{2p→BH} |^2 (33)

So, if we expect A_{2p→BH} ≠ 0 we have a violation of the the elastic unitarity,

2ImA_{2p→2p} ≠ |A_{2p→2p}|^2 (34)

The simple way to break unitarity is assume that in the eikonal approximation we deal with a complex eikonal phase. We expect the imaginary eikonal phase at small impact parameter and we write

A^{(2→2)}_{eik} (q) = −2s ∫ |b|>b_c d^2b e^{−iq.b}(e^{iχ} − 1) − 2s ∫ |b|<b_c d^2b e^{−iq.b}(e^{−δ+iχ} − 1) , (35)

b_c ∼ R_{S,4}. We have σ_{el} = 1 16π^2s^2 ∫ d^2q (2π)^2 |A^{(2→2)}_{eik} |

= 2 ∫ |b|>b_c d^2b [1 − cos χ] + ∫ |b|<b_c d^2b [1 + e^{−2δ} − 2e^{−δ} cos χ] (36)

In accordance with the optical theorem, σ_{total} = 1 s ImA^{(2→2)}_{eik} (0)

= 2 ∫ |b|>b_c d^2b [1 − cos χ] + 2 ∫ |b|<b_c d^2b [1 − e^{−δ} cos χ] (37)

and one can interpret the difference between (36) and (37) as a cross section of the BH production [76, 80, 81] σ_{BH} = σ_{total} − σ_{el} = ∫ |b|<b_c d^2b [1 − e^{−2δ} ] (38)

To summarize the above discussion we can say that to describe the BH creation we would need to use the full classical solution describing the process, which however is difficult to handle. From other site, the full 2 → 2 particle amplitude would provide information about the BH production, but we are faraway from getting it. The elastic small-angle scattering amplitude given by eikonalized single-graviton exchange [71],[3],[77],[74], valued for large impact parameters b ≫ R_{S,4}, cannot describe the BH formation. Computing the corrections in b/R_{S,4} to the elastic scattering, one hopes to learn about the strong inelastic dynamics at b ∼ R_{S,4} [3],[78], [79].

2.8 Transition amplitudes and cross section for higher dimensional gravity and matter living on the brane

To consider the question of BH creation in high energy scattering in physical setting for low Planck scale we have to deal with two particles confined to the 3-brane which scatter due to the D-dimensional gravitational field, D = 4 + n, n is the number of large extra dimensions. For this purpose we have to make few modifications of formula (7) and take into account that particles interact with D-dimensional gravity and with matter leaving on the brane.

• For simplicity we work in 1 + n formalism. At the initial time t we deal with a slice Σ and at the final time t^′ with a slice Σ^′. The slice Σ crosses the brane worldsheet over 3-dimensional slice Ξ and the slice Σ crosses the brane worldsheet over 3-dimensional slice Ξ^′.

• Generalized coordinate include D-dimensional metric g_{MN} and matter fields ϕ leaving on the brane B.

• The state at on a initial time is specified by a 3 + n-metric h_{IJ} on the slice Σ and fields ϕ on the slice Ξ and final state by a 3 + n-metric h^′_{IJ} on the slice Σ^′ and ϕ^′ on the slice Ξ^′ .

• The transition amplitude in this generalized coordinate representation is given by Feynman integral, which is an extension of the formula from [9] to the brane world K(h, ϕ, t; h^′, ϕ^′, t^′) = ∫ e^{iℏ S[g,ϕ]} ∏ ϕ|_{τ =t} = ϕ, g|_{τ =t} = h ϕ|_{τ =t}′ = ϕ^′, g|_{τ =t}′ = h^′ Dϕ(τ, ⃗x)Dg(τ, ⃗X)

where the integral is over all 4 + n-geometries which match given values on two spacelike surfaces, Σ and Σ^′ and field configurations which match given values on two 3-dimensional spacelike surfaces, Ξ and Ξ^′

• We specify the initial configuration h so that it corresponds to the Minkowski brane embedding in the bulk and matter fields ϕ on Ξ ;

Σ^′ B

A slice Σ^′ at τ = t^′ is a slice with a black hole B.

Ξ^′

Null geodesics started from the shaded region on Ξ^′ do not reach null infinity.

Σ A slice Σ at τ = t is an initial slice with with extra dimensions and particles living on the brane Ξ (blue thick line) τ

Ξ

• We specify the final configuration h^′ on Σ^′ and ϕ^′ on Ξ^′ as describing black hole.

B is a in D-dimensional black hole.

It is not simple to a find solution with a D-dimensional black hole and a brane. The raison is that the usual D-dimensional black hole, say the Meyer-Perry black hole, solves the vacuum D-dimensional Einstein equation. But in the case of the presence of the brane the energy momentum tensor has an extra term providing the localization of the matter on the brane [83, 84, 85, 86], T_{MN} ∼ δ(y)t_{MN} ; see detail discussions in papers [87, 88, 84, 89, 90, 91, 92, 93, 94, 95] and recent review [96]; note also the case of 1-brane in 1 + 2-space-time[13] and the case of 2-codimensional branes, where the problem can solved for particular examples [97]).

Σ Ξ A B Ξ^′

Σ^′

B

Figure 9: Slices with brane at different times: A. Initial slice Σ with brane Ξ and particles on the brane and without black holes; B. Finite slice Σ^′ with a black hole on the brane

A. B Ξ^′

Σ^′

B B Ξ^′

Σ^′

C

Figure 10: A: Ultra relativistic colliding particles on the 3-brane; a blue shaded region corresponds to a crossection of the D − 2 dimensional disk by the 3-brane; B, C: Slices with brane at final time: B. Black hole with a source localized on a point at the brane Ξ^′; C. Black string with a source localized on a line along extra dimensions

3 Black hole formation in ultra relativistic particles collision as a classical gravitational collapse

3.1 Chargeless particles

We consider a collision of two massive particles with rest masses m and M, which move towards each other with relative velocity ⃗v, and impact parameter b. Suppose that the particles in the rest frames are described by the Schwarzschild metric with the Schwarzschild radius, R_{S,D}(m) and R_{S,D}(M) given by (9).

For small relative velocity v = |⃗v| << 1, the cross section of the BH formation in the collision of these two BHs is of the order σ ∼ D_{D−2} R^{D−2}_{S,D} (m), (39) where D_{D−2} is the area of D − 2-dimensional disk given by (21). Here we assume M ∼ m. Estimation (39) is based on the Thorne hoop conjecture. This conjecture says that an apparent horizon forms if and only if matter with a mass M gets compressed enough such that the circumference in all directions satisfies the condition of C ≲ 4πM.

At large relative velocities, v → 1, the cross section is different and is expected to be defined not by the rest masses but by the energy in the c.m.f., eq. (20). As has been mentioned in Sect.2.5 estimation (20) does not follow from the Thorne hoop conjecture.

Below we present an arguments in favor of (20) based on study of the system of two colliding particles in the rest frame of one of them. Our consideration follows main steps of Kaloper and Terning [99]. In this paper the authors considered 4-dimensional case and used the classical capture as a model of the black hole formation.

To show (20) following [66, 99] we go to the rest frame of one of two particles, say M. At large relative velocities, v → 1 the gravitational field of the particle m is extremely strongly boosted in the rest frame of the particle M. In the infinite boost limit, where we also take m → 0 and hold p fixed, the metric reduces to an exact shock wave metric [65, 66], given by (13) and (15). The metric around the shock wave is just two pieces of the flat space separated by the shock wave, and test particles move freely except when they cross the shock wave front. This picture is similar to the picture of the electric field lines of a highly boosted charge where the lines are compressed into the directions transverse to its motion [100]. Most of the scattering of a test particle takes place while it moves through this region with a more intense field and one can say that the shock wave behaves as a very thin gravitational lens.

Before the collision the particle M in its own rest frame stays at the point X^1_0 = 0, X^2_0 = b, X^3_0 = 0. We consider this particle as a test particle in the gravitation background (13) and therefore its movement after the collision is defined by the geodesics given by [66, 67, 101, 102]

V = V_0 + V_1U + V_f θ(U) + V_dθ(U)U (40) X^i = X^i_0 + X^i_1U + X^i_dθ(U)U (41) with V_f = 1 2 F, X^i_d = 1 2 F_{,i}, V_d = 1 2 F_{,i} · X^i_1 + 1 8 F^2_{,i} (42)

with the corresponding initial data. In X^0, X^1 coordinates this trajectory is

X^0_{(M)}(τ) = τ + F 2 √ 2 θ(τ) + F^2_{,i} 16 θ(τ)τ (43)

X^1_{(M)}(τ) = F 2 √ 2 θ(τ) + F^2_{,i} 16 θ(τ)τ (44)

X^i_{(M)}(τ) = b_i + 1 2 √ 2 F_{,i}θ(τ)τ, (45) here for simplicity we use τ = √ 2U. The m particle in the rest frame of the M particle moves along U_{(m)}(τ) = 0, X^i_{(m)}(τ) = 0, i = 2, 3. If the clocks for two particles are synchronized before the collision, i.e. X^0_{(M)}(τ) = X^0_{(m)}(τ) for τ < 0, we have

X^0_{(m)}(τ) = X^1_{(m)}(τ) = τ + F 2 √ 2 θ(τ) + F^2_{,i} 16 θ(τ)τ (46)

X_i = 0, i ≥ 2 (47)

The distance between the M and m particles after the collision is given by

R(τ)^2 = (X^2_{(M)}(τ))^2 + (X^1_{(M)}(τ) − X^1_{(m)}(τ))^2 = b^2(1 − τ v_f b )^2 + τ^2 (48)

here v_f = −F_{,2} (49) The minimal distance is achieved at τ = τ_{min} τ_{min} = b 1 + v^2_f v_f (50)

and is given by the formula R_{min}(b) = b √ 1 + v^2_f

. (51)

In a reasonable approximation R_{min}(b) ≈ πM^2_{P l,4}b^2 p (52)

The relative velocity of the m and M particles after the collision is

⃗v(τ) = (_d dτ (X^1_{(M)}(τ) − X^1_{(m)}(τ)) d dτ (X^0_{(M)}(τ) , d dτ X^2_{(M)}(τ) d dτ (X^0_{(M)}(τ) , 0 ) = −1 1 +^{F 2,i}_{16} , 1 2 √ 2 F_{,2}

1 +^{F 2,i}_{16} , 0 (53)

Since F ∼ p, for large values of p, the velocity ⃗v has small components. Therefore after the collision, in the rest frame of the M particle we can use the non relativistic description and, in particular, apply the Thorne hoop conjecture. At this point our consideration is different from [99], where the capture process, related with the Laplace old idea [53], is interpreted as the BH production In particular, we can say that if the minimal distance between particles after the collision less then the Schwarzschild radius of the M particle (in the rest frame) then the m particle would captured by the M particle and we interpret this as a BH formation. The requirement that the minimal distance between particles is smaller than the Schwarzschild radius of the M particle, R_{S,D}(M) > R_{min}(b), (54) gives a restriction on the impact parameter

b < b_∗, b^2_∗ = 2s M^4_{P l,4} (55)

here we use that s = 2Mp.

Hence for all b satisfying (55) the M particle will capture the m particle and interpreting this process as the black hole formation we get a cross section

σ = πb^2_∗ = s M^4_{P l,4} (56)

This answer is in agreement with estimations of the cross section based on the trapped surface area [23]. These estimations are based on the area theorem which states that the horizon area of the black hole must be greater than area of trapped surface, giving a lower bound on the mass of the black hole.

Comparing (55) with the restriction of the validity of the classical description, 1 M_{P l,4} < b ≲ √ s M^2_{P l,4} , (57)

we see that the above considerations are valued only for the transplanckian energies

s > M^2_{P l,4} (58)

The right estimation in (57) also means a validity of the shock wave approximation b << l with l given by (17), since the RHS of (17) is nothing but p/”8π”M^2_4 .

The above calculations are essentially more simple then the finding the trapped surface in the case of non head-on collision, and by this raison we call above estimation the ”express-check” of BH formation.

3.2 Charged particles

It is instructive to perform the express-check of BH formation in the case of charged shock waves. These shock waves have been obtained by boosting the Reissner-Nortström for arbitrary D in spherical static (Schwarzschild) coordinates [103]

ds^2 = −g(R)dT^2 + g(R)^{−1}dR^2 + R^2dΩ^2_{D−2}, (59) g(R) = 1 − ( R_{S,D}(m) R )_{D−3} + Q^2 R^{2(D−3)} , (60)

R_{S,D}(m) is related with m by (9) and Q is related to charge q as follows:

Q^2 = 8πG_Dq^2 (D − 2)(D − 3)

. (61)

We note that this solution has meaning only for R > R_{cl}, where R_{cl} is the classical radius of the charge Q R_{cl} = ( Ω_{D−2}q^2 2(D − 3)m )_{1/(D−3)} (62)

Now the Schwarzschild radius R_{S,D}(m, Q) depends on the value of the charge and is the subjects of the equation 1 − ( R_{S,D}(m) R_{S,D}(m, Q) )_{D−3} + Q^2 R_{S,D}(m, Q)^{2(D−3)} = 0 (63)

We note that this equation has solutions only for

Q^2 < Q^2_c , Q^2_c = 1 4 R^{2(D−3)} S,D , or |q| ≤ m Ω_{D−2} √ 8πG_D(D − 3) D − 2 . (64)

For Q^2 < Q^2_c there are two solutions R^{D−3}_{S,D ±}(m, Q) = R^{D−3}_{S,D} (m) 2 ( 1 ± √ 1 − 4Q^2 R^{2(D−3)} S,D (m) ) (65)

The first root is very small for small Q R^{D−3}_{S,D −}(m, Q) ≃ Q^2 R^{D−3}_{S,D} (m) (66)

and the second one we can consider as a small correction to the Schwarzschild radius of the m particle R_{S,D +}(m, Q) ≃ R_{S,D}(m) ( 1 − 1 D − 3 Q^2 R^{2(D−3)} S,D (m) ) (67)

We see that for D > 3 the Schwarzschild radius decries then the charge Q^2 increases. The D-dimensional charged version of the Aichelburg-Sexl metric is [104]:

ds^2 = −2dUdV + dX^2_i + F (|X|)δ(U)dU^2, (68)

F (ρ) = { −8G_4p ln ρ −^{2a4}_ρ , (D = 4), 16πG_D p (D−4)Ω_{D−3}ρ^{D−4} − 2a_D (2D−7)ρ^{2D−7} , (D ≥ 5), (69) where a_D =

2π(4πG_Dp^2_e)

(D − 3)

(2D − 5)!! (2D − 4)!!

(D ≥ 4) (70)

Therefore, we get for D = 4 R_{min}(b) ≈ b v_{fQ} = πM^2_4 b^2 p (1 + πCM^2_4 p^2_e pb ) (71)

and for D > 4 R_{min}(b) ≈ b v_{fQ} = Ω_{D−3}b^{D−4} 16πG_Dp (1 + 32a_DπG_Dp Ω_{D−3}b^{3D−13}

) (72)

As in the previous case, we can say that if the minimal distance between particles after the collision less then the Schwarzschild radius of the M particle, we have a BH formation. The requirement that the minimal distance between particles is smaller than the Schwarzschild radius of the M particle, R_{S,D}(M, 0) > R_{min}(b, Q), (73) gives a restriction on the impact parameter b < b_{∗Q}, (74) where b_{∗Q} is a solution of the following equation for D = 4

R_{S,4}(m) = πM^2_4 b^2_{∗Q} p (1 + πCM^2_4 p^2_e pb_{∗Q} ) (75)

and for D > 4 R_{S,D}(m) = Ω_{D−3}b^{D−4}_∗ 16πG_Dp (1 + 32a_DπG_Dp Ω_{D−3}b^{3D−13}_∗

) (76)

Hence for all b satisfying (74) we have a BH production. Writing b_{∗Q} as

b_{∗Q} = b_∗(1 + Q^2x), (77)

we see that x < 0, i.e the cross section decreases. This result is in an agrement with the claim that charge effects reduce cross sections of the BH production [32].

3.3 Charged dilaton

The four-dimensional Maxwell-dilaton part of low-energy Lagrangian obtained from string theory is S = 1 16π ∫ d^4x √ −g[R − 2(∇ϕ)^2 − e^{−2aϕ}F^2_2 ], a = 1 (78)

here we consider a is an arbitrary parameter. This theory has static, spherically symmetric charged BH [105, 106]

ds^2 = −A^2(r)dt^2 + A^{−2}(r)dr^2 + R^2(r)dΩ^2, (79) where

A^2(r) = ( 1 − r_+ r ) ( 1 − r_− r )_{(1−a}2_{)/(1+a}2_) , (80)

R^2(r) = r^2 ( 1 − r_− r )_{2a}2_{/(1+a}2_) . (81)

and where r_+, r_− label the two free parameters. They are related to the physical mass and electric charge by

2M = r_+ +

1 − a^2 1 + a^2 r_−, Q^2 = r_−r_+ 1 + a^2

. (82)

After γ-boost and rescaling M = γ^{−1}p, Q^2 = γ^{−1}p^2_e one gets [107] the metric (13) with the following profile F = − { 4p ln ρ^2 +

3 − 4a^2 2(1 − a^2) πp^2_e ρ } (83)

From (83) we see that increasing/decrising of the cross section is defined by the the sign of the the effective charge α_{eff} = 3 − 4a^2 2(1 − a^2)

, (84)

that is negative for √ 3/2 < a < 1, see Figure 11.

Figure 11: Effective charge for the dilaton shock wave

Therefore for this region we have negative values for α_{eff} and as result of get a catalyze of the BH production.

4 Black hole formation in ultra relativistic particle collisions in (A)dS as a classical gravitational collapse

4.1 Shock wave approximation of ultra relativistic particles in (A)dS

We consider a collision of two massive particles with rest masses m and M, which move towards each other in (A)dS background. We suppose that the particles in the rest frames are described by the exterior Schwarzschild (anti) de Sitter metric

ds^2 = −g(R)dT^2 + g(R)^{−1}dR^2 + R^2dΩ^2_{D−2}, (85)

g(R) = 1 − ( R_{S,D} R )^{D−3} − ϵ R^2 a^2

, (86)

where ϵ = +1 for dS and ϵ = −1 for AdS, R_{S,D} = R_{S,D}(m) is related to mass m as in (9). Now the Schwarzschild radius R_h(m, a) depends on the value of the cosmological radius and is the subject of the equation 1 − ( R_{S,D}(m) R_{S,D}(m, a) )_{D−3} − ϵ R^2_{S,D}(m, a) a^2

= 0 (87)

We note the for ϵ = −1 this equation always has a solution. For a >> m we have R_{SAdS,D}(m, a) = R_{S,D}(m) ( 1 − 1 D − 3 R^2_{S,D}(m) a^2 ) (88)

and we see that for D > 3 the Schwarzschild radius increases then the cosmological radius a^2 decries.

In the dS case either there are two solutions of (63) or there is no solutions at all. The minimal cosmological radius a^2 below which there are no solution is

a^2_c = c_DR^2_{S,D}(m), (89)

where c_D = (D − 1)/(D − 3) ((D − 1)/2)^{1/(D−3)} and in particular, c_4 =^{27}_4 .

For a >> a_c the minimal root of equation (63) with ϵ = 1 is R_{SdS,D}(m, a) = R_{S,D}(m) ( 1 + 1 D − 3 R^2_{S,D}(m) a^2 ) (90)

When these two particles move towards each other in the (A)dS space-time with small cosmological constants and with a small velocity, the cross section of the BH formation in this collision is of order σ ∼ πR^{D−2}_{S(A)dS,D}(m) and as in the flat case are just neglible numbers.

We can increase the cross section of the BH formation by increasing up to ultrarelativistic the relative velocity of the colliding particles. To describe this collision in the (A)dS backgrounds in is convenient to describe in In terms of the dependent plane coordinates, U, V, X^2...X^{D−1}, X^D, ⃗X = (X^2, . . . , X^{D−1}), satisfying

− 2UV + X^2_2 + ... + X^2_{D−1} + ϵX^2_D = ϵa^2 (91)

As in the flat case to consider the collision of two particles with large relative velocities, v → 1, we consider this process from the rest frame of one of these two particles, say the M particle. The gravitational field of the m particle is extremely strongly boosted. In this limit, we can approximate the field by the linearized Schwarzschild (A)dS metric, boosted to a very large velocity. In the infinity boost limit, where we also take m → 0 and hold p fixed, the Schwarzschild (A)dS metric reduces to a shock metric [108, 90, 109, 110, 111, 112]. In terms of the dependent plane coordinates, the line element of the shock wave space-time is

ds^2 = −2dU dV + d ⃗X^2 + ϵdX^2_D + F ( ⃗X)δ(U)dU^2. (92)

The shock wave shape function F is a fundamental solution of the equation ( △_{D−2} + ϵ D − 2 a^2 ) F = −16 √ 2πG_Dp̄δ(⃗n, ⃗n_0), (93) where △_{D−2} is the Laplace–Beltrami operator on a (D−2)-dimensional sphere S^{D−2} in the dS case or on a (D−2)-dimensional hyperboloid S^{D−2} in the AdS case, ⃗n = ⃗x/|⃗x|, ⃗n_0 is the location of the particle on the sphere or the hyperboloid, p̄ is the energy of the shock wave, and G_D is the D-dimensional gravitational constant.

For D = 4, ϵ = 1 we deal with

F^{dS}_4 = p ( −1 +

Z^0_4 2a ln a + Z^0_4 a − Z^0_4 ) (94)

where p is related with p_{ABG} from [45], p = 8 √ 2p_{ABG} = 8 √ 2p̄_{ABG}G_4.

For D = 5, ϵ = 1

F^{dS}_5 (ξ) = 3 √ 2πp_5 a 2ξ^2 − 1 √ 1 − ξ^2

(95)

where ξ = Z_5/a and p_5 = p̄G_5.

For D = 4, ϵ = −1 we deal with the shock wave in the AdS space-time

F^{AdS}_4 = p ( −1 +

Z^0_4 2a ln a + Z^0_4 −a + Z^0_4 ) (96)

A relation with notations in [46] is p = 4 √ 2p_{AB} = 4 √ 2p̄_{AB} G_4.

For D = 5, ϵ = −1

F^{AdS}_5 (M̄, Z_5) = − p a 1 − 2Z^2_5 a^2

√_{Z25}

a^2 − 1 + 2Z_5 a (97)

and p = 3πM̄_{ABJ} , [47].

4.2 Geometrical Picture of BH production in Particle Collision in (A)dS

The metric around the shock wave (92) is just two pieces of (A)dS space separated by the shock wave, and test particles move along timelike geodesics of (A)dS space. From the point of view of the flat dependent coordinates the particles move freely except when they cross the shock wave front. This picture is similar to the picture in the flat case and the shock wave behaves as a very thin gravitational lens. The amount of bending of the geodesics crossing the shock is proportional to p. Thus for γ → ∞ we can get scattering at almost right angle in the U − X^1 plane, and a particle with a large impact parameter after crossing the shock wave passes very close to the path of the boosted particle. If the scattered particles end up within a distance smaller than the horizon of the target particle then we get a black hole formation.

Let us show this explicitly. We consider the geodesics starting from the point Z^0_4 ≠ 0, Z^0_2 ≠ 0 Z^0_3 = 0, and use the parametrization

AdS : Z^0_4 = a cosh ϑ, Z^0_2 = a sinh ϑ, (98) dS : Z^0_4 = a cos ϑ, Z^0_2 = a sin ϑ. (99)

For these initial data for timelike geodesics we have [113, 45]:

V (U) = V^0 S(U) + V_1 U + B Θ(U) S(U) + C Θ(U) U , (100) Z_2(U) = Z^0_2 S(U) + A_2 Θ(U) U , (101) Z_3(U) = 0, (102) Z_4(U) = Z^0_4 S(U) + A_4 Θ(U) U , (103)

where

A_i = − 1 6 Λ Z^0_i G(0), i = 2, 3, A_4 = 1 2 [ ϵF_{,4}(0) − 1 3 Λ Z^0_4 G(0) ] , B = 1 2 F (0) , C = 1 8 [ ϵF^2_{,4}(0) + 1 3 Λ F^2(0) − 1 3 Λ ( Z^0_4 F_{,4}(0)

)_2 ] , (104) and F (0) ≡ F (Z^0_4 ), G = Z_p F_{,p} − F (105) S(U) = √ 1 +^1_3 Λ (U̇^0)^{−2} U^2, V_1 = V̇^0/U̇^0 (106) From the above formula we can estimate the minimal distance between the particles. In term of X^0, X^1 coordinate for the M particle we have the following coordinates

Z^0_{(M)} = V + U √ 2 = V^0 √ 2 S(U) + V_1 + 1 √ 2 U + Θ(U) B S(U) + CU √ 2 (107)

Z^1_{(M)} = V − U √ 2 = V^0 √ 2 S(U) + V_1 − 1 √ 2 U + Θ(U) B S(U) + CU √ 2 (108)

Z^2_{(M)}(U) = Z^0_2 S(U) + A_2 Θ(U) U , (109) Z^4_{(M)}(U) = Z^0_4 S(U) + A_4 Θ(U) U , (110) Z^3_{(M)}(U) = 0 (111)

Since in the coordinate system we deal with the times are synchronized we suppose that Z^0_{(m)} = Z^0_{(M)} (112)

For the m particle we have

Z^0_{(m)} = V + U √ 2 = V^0 √ 2 S(U) + V_1 + 1 √ 2 U + Θ(U) B S(U) + CU √ 2 (113)

Z^1_{(m)} = Z^0_{(m)}, (114) Z^4_{(m)} = a (115) Z^i_{(m)} = 0, i = 2, 3 (116)

The distance is

R^2_{(A)dS} ((M), (m), U) = (Z^1_{(m)} − Z^1_{(M)})^2 + (Z^2_{(m)} − Z^2_{(M)})^2 + (Z^3_{(m)} − Z^3_{(M)})^2 (117)

Taking into account that Z^1_{(m)} = Z^0_{(m)} and Z^0_{(m)} = Z^0_{(M)} we get

R^2_{(A)dS} ((M), (m), U) = 2U^2 + Z^{02}_2 (√ 1 + ϵ a^2

U^2 +

A_2 Z^0_2 U )_2 (118)

Comparing this answer with the similar answer in the flat background, we see that their are similar, except the factor S(U) given by (106) instead of the unit.

For dS_4 case

R^2_{dS} (τ) = τ^2 + b^2 (√ 1 + τ^2 2a^2 − B_2 b τ )_2

, (119)

where B_2 = p 2b √ 2 , b = a sin ϑ, (120)

R^2_{dS} (τ) as a function of τ has one minimum at the real point τ_{min}.

The expression for τ_{min} can be expanded on 1/a^2 τ_{min} ≈ b B_2 B^2 + 1

+ b_0 b^2_0 4a^2

B_2(B^2 − 2) (B^2 + 1)^3

+ O(1/a^4) (121)

(here we assume that b > 0 ). Note that in the leading order τ_{min} ≈ b B_2 B^2 + 1

O(1/a^2) (122)

that is in agreement with (50)

Under assumption B_2 >> 1 we get τ_{min,dS4} = 2 √ 2b^2 p + 2b^5 a^2p^2

(123)

and, therefore R_{dS4 ,min}(b) ≈ 2 √ 2b^2 p (1 +

2b^4 a^2p^2

) (124)

For AdS_4 case

R^2_{AdS4} (τ) = τ^2 + b^2 (√ 1 − τ^2 2a^2 − B_2 b τ )_2 (125) and B_2 = p 2b √ 2 , b = a sinh ϑ, (126)

As for dS case, under assumption B_2 >> 1 we get τ_{min,AdS4} = 2 √ 2b^2 p − 2b^5 a^2p^2

(127)

and, therefore R_{AdS4,min}(b) ≈ 2 √ 2b^2 p (1 −

2b^4 a^2p^2

) (128)

Comparing (52), (128) and (124) we see that for the same values of b^2/p the value of R_{min}(b^2/p) is minimal for the AdS case.

If the scattered particles end up within a distance smaller than the horizon of the target particle then we certainly expect a black hole to form. Therefore, to estimate the geometrical cross section we find all impact parameters for which takes place the condition R_{S,D}(M) > R_{min}(b), (129) where R_{S,D}(M) is the Schwarzschild radius (without the cosmological constant). Taking into account estimations of the minimal distances (124) and (128) we get R_{S,D}(M) > 2 √ 2b^2 p (1 + ϵ

2b^4 a^2p^2

) (130)

At the limit a → ∞ we have

2MG_4 > 2 √ 2b^2 p , (131) and this relation holds for all b^2 < b^2_0 = MG_4p/ √ 2, We see that for the dS case the LHS of (130) as a function of b is an increasing function. In the case of the AdS it is increasing up to b_{max} = (a^2p^2/6)^{1/4}. Therefore, restriction (130) holds for all b < b_∗, where the critical value b_∗ satisfies the relation

R_{S,4}(M) = 2 √ 2b^2_∗ p (1 + ϵ

2b^4_∗ a^2p^2

) (132)

and in the AdS case we also assume that b_∗ < b_{max}.

For the AdS_5 case R_{min} ≈ b B_2

(1 − b^2 4a^2B^2

) (133)

Taking into account that in 5-dim case

B_2 = p 2 √ 2b^2

, (134)

we get R_{min,5} ≈ b B_2

(1 − b^2 4a^2B^2 ) = 2 √ 2b^3 p (1 −

2b^6 a^2p^2

) (135)

and from this formula we see that cross section in AdS case more then the crossection in the flat case for the same value of p. Therefore the negative cosmological constant catalyzes the BH production.

5 Conclusion

We rederive the classical geometrical cross section of the BH production reconsidering the process of two transplanckian particles collision in the rest frame of one of incident particles. This consideration permits to use the standard Thorne’s hoop conjecture for a matter compressed into a region to prove a variant of the Thorne’s hoop conjecture dealing with a total amount of compressed energy in the case of colliding particles.

We show that the process of BH formation is catalyzed by the negative cosmological constant and by a special scalar matter. In opposite, it is relaxed by the positive cosmological constant and at a critical value just turns off. Also we note that the cross section is sensible to the compactification of extra dimensions and particular brane models and this will be studied in separated paper in details.

Acknowledgments

The author is grateful to I.V.Volovich for fruitful discussions. This work is supported in part by RFBR grants 08-01-00798 and 09-01-12179-ofi_m and by state contract of Russian Federal Agency for Science and Innovations 02.740.11.5057.

A BH as an initial/final data

Let (M, g) is the space-time with a metric, M is a manifold.

Black holes are conventionally defined in asymptotically flat space-times by the existence of an event horizon H.

The horizon H is the boundary of the causal past of future null infinity, i.e. it is the boundary of the set of events in space-time from which one can escape to infinity in the future direction.

To be more precise we need few definitions[53, 54].

All notions work for BH production in the particle collision as well as for gravitational collapse.

A.1 (Weakly) Asymptotically Simple Space-time

A (oriented in time and space) space-time (M, g_{μν} ) is asymptotically simple ([53], p.246) if there exists a smooth manifold M̃ with metric g̃_{μν} , boundary I, and a scalar function Ω regular everywhere on M̃ such that

• M̃ − I is conformal to M with g̃_{μν} = Ω^2g_{μν} ,

• Ω > 0 in M̃ − I and Ω = 0 on I with ∇_μΩ ≠ 0 on I,

• Every null geodesic on M̃ contains, if maximally extended, two end points on I.

I consists of two disjoint pieces I^+ (future null infinity) and I^− (past null infinity) each topologically RxS^2, I = I^+ ∪ I^− (136)

One can symbolically write M̃ = M ∪ ∂M, (137) where ∂M = I.

If M satisfies the Einstein vacuum equations near I then I is null. A space-time M is weakly asymptotically simple if there exists an asymptotically simple M_0 with corresponding M̃_0 such that for some open subset K of M̃_0 including I, the region M_0 ∪ K is isometric to an open subset of M. This allows M to have more infinities than just I.

A.2 Asymptotically Flat Space-time

A space-time is asymptotically flat if it is weakly asymptotically simple and empty, that is, near future and past null infinities it has a conformal structure like that of Minkowski space-time.

A.3 Global (Partial) Cauchy surface

Let S be a space-like hypersurface. The future(past) domain of dependence of S), denoted D^+(S)(D^−(S)), is defined by [53]

D^±(S) = {p ∈ M|Every past(future) inextensible causal curve through p intersect S} (138) The full domain of dependence of S is defined as

D(S) = D^+(S) ∪ D^−(S) (139)

The set S for which D(S) = M is called a Cauchy surface, or a global Cauchy surface. Causal curves cross the global Cauchy surface just one time.

The space-like hypersurface S is called the partial Cauchy surface if non one causal curve crosses it more then one time [53], see Figure 12.

Figure 12: A. The Minkowski space time M^4 with the Cauchy surface S and a surface S_{nC} which is not the Cauchy surface, [53], Fig.13

A.4 Causal Future J^+(p) and Causal Past J^−(p) of the Point

A causal future J^+(p)( past J^−(p)) of the point p is defined as

J^±(p) = {q ∈ M, such that there is future (past) oriented (140) causal curve γ(τ), so that γ(0) = p, γ(1) = q}

A causal future J^+(Σ) of the surface Σ is defined as

J^−(Σ) = {q ∈ M, if there is future oriented (141) causal curve γ(τ), so that γ(0) = p ∈ Σ, γ(1) = q}

In particular,

J^−(I^+) = {q ∈ M, if there is future oriented (142) causal curve γ(τ), so that γ(0) = p ∈ I^+, γ(1) = q}

A.5 Black Holes in Asymptotically Flat Space-time

Black holes are conventionally defined in asymptotically flat space-times by the existence of an event horizon H. The horizon H is the boundary J̇^−(I^+) of the causal past J^−(I^+) of future null infinity I^+, i.e. it is the boundary of the set of events in space-time from which one can escape to infinity in the future direction.

The black hole region B is

B = M − J^−(I^+)

and the event horizon H = J̇^−(T^+).

A.6 Future (strongly) Asymptotically Predictable Space-time

A space-time is future asymptotically predictable if there is a surface S in spacetime that serves as a Cauchy surface for a region extending to future null infinity^5.

This means that there are no ”naked singularities” (a singularity that can be seen from infinity) to the future of the surface S.

Let Σ be a partial Cauchy surface in a weakly asymptotically simple and empty space-time (M, g). The space-time (M, g) is (future) asymptotically predictable from Σ if I^+ is contained in the closure of D^+(Σ) in M̃_0.

If, also, J^+(Σ) ∩ J̄^−(I^+, M̄) is contained in D^+(Σ) then the space-time (M, g) is called strongly asymptotically predictable from Σ. In such a space there exist a family Σ(τ), 0 < τ < ∞, of spacelike surfaces homeomorphic to Σ which cover D^+(Σ) − Σ and intersects I^+. One could regard them as surfaces of constant time.

A.7 Black Hole on a Surface

A black hole on the surface Σ(τ) is a connected component of the set

B(τ) = Σ(τ) − J^−(I^+, M̄).

One is interested primarily in black holes which form from an initially non-singular state. Such a state can be described by using the partial Cauchy surface Σ which has an asymptotically simple past, i.e. the causal past J^−(Σ) is isometric to the region J^−(I) of some asymptotically simple and empty space-time with a Cauchy surface I. Then Σ has the topology R^3.

5This notion gives a formulation of Penrose’s cosmic censorship conjecture.

A.8 Boundary conditions in the path integral representation

One is interested primarily in black holes which form from an initially non-singular state. Such a state can be described by using the partial Cauchy surface Σ which has an asymptotically simple past, i.e. the causal past J^−(Σ) is isometric to the region J^−(I) of some asymptotically simple and empty space-time with a Cauchy surface I. Then Σ has the topology R^3.

In the path integral representation considered (6) we suppose that we deal with a set of space-times {(M, g_{μν} )} which are weakly asymptotically simple and empty and strongly asymptotically predictable. We take into account only such (M, g_{μν} ) that contains Σ^′ and Σ^{′′} so that

• Σ^′ is a partial Cauchy surface with asymptotically simple past, Σ^′ ∼ R^3.

• Σ^{′′} = Σ(τ^{′′}) contains a black hole, i.e. Σ^{′′}− J^−(I^+, M̄) is nonempty.

In particular, if one has the condition Σ^′ ∩ J̄^−(I) is homeomorphic to R^3 (an open set with compact closure) then Σ^{′′} also satisfies this condition.

References

[1] N. Arkani-Hamed, S. Dimopoulos and G. Dvali, “The hierarchy problem and new dimensions at a millimeter,” Phys. Lett. B 429, 263 (1998) [arXiv:hep-ph/9803315];

I. Antoniadis, N. Arkani-Hamed, S. Dimopoulos and G. R. Dvali, “New dimensions at a millimeter to a Fermi and superstrings at a TeV,” Phys. Lett. B 436, 257 (1998) [arXiv:hep-ph/9804398];

N. Arkani-Hamed, S. Dimopoulos and G. R. Dvali, “Phenomenology, astrophysics and cosmology of theories with sub-millimeter dimensions and TeV scale quantum gravity,” Phys. Rev. D 59, 086004 (1999) [arXiv:hep-ph/9807344].

[2] G. ’t Hooft Gravitational collapse and particle physics, Proceedings: Protonantiproton Collider Physics, Aachen, 1986, pp. 669–688;

G. ’t Hooft, Graviton Dominance in Ultrahigh-Energy Scattering, Phys. Lett. B 198 (1987) 61;

G. ’t Hooft, On the factorization of universal poles in a theory of gravitating point particles, Nucl. Phys. B 304 (1988) 867.

[3] D. Amati, M. Ciafaloni and G. Veneziano, “Superstring Collisions at Planckian Energies,” Phys. Lett. B 197, 81 (1987) D. Amati, M. Ciafaloni and G. Veneziano, “Classical and Quantum Gravity Effects from Planckian Energy Superstring Collisions,” Int. J. Mod. Phys. A 3, 1615 (1988).

[4] D. J. Gross and P. F. Mende, “The High-Energy Behavior of String Scattering Amplitudes,” Phys. Lett. B 197, 129 (1987) D. J. Gross and P. F. Mende, “String Theory Beyond the Planck Scale,” Nucl. Phys. B 303, 407 (1988).

[5] M. Soldate, “Partial Wave Unitarity and Closed String Amplitudes,” Phys. Lett.

B 186, 321 (1987).

I. J. Muzinich and M. Soldate, “High-Energy Unitarity of Gravitation and Strings,” Phys. Rev. D 37, 359 (1988).

[6] D. Amati, M. Ciafaloni and G. Veneziano, “Can Space-Time Be Probed Below The String Size?,” Phys. Lett. B 216, 41 (1989).

[7] D. Amati, M. Ciafaloni and G. Veneziano, “Higher Order Gravitational Deflection And Soft Bremsstrahlung In Planckian Energy Superstring Collisions,” Nucl. Phys. B 347, 550 (1990).

[8] D. Amati, M. Ciafaloni and G. Veneziano, “Effective action and all order gravitational eikonal at Planckian energies,” Nucl. Phys. B 403, 707 (1993).

[9] I. Y. Aref’eva, K. S. Viswanathan and I. V. Volovich, “Planckian Energy Scattering, Colliding Plane Gravitational Waves and Black Hole Creation,” Nucl. Phys. B 452 (1995) 346 [Erratum-ibid. B 462 (1996) 613] [arXiv:hep-th/9412157].

[10] I. Y. Arefeva, K. S. Viswanathan and I. V. Volovich, “On black hole creation in Planckian energy scattering,” Int. J. Mod. Phys. D 5 (1996) 707 [arXiv:hep-th/9512170].

[11] V. A. Rubakov and M. E. Shaposhnikov, “Do We Live Inside A Domain Wall?,” Phys. Lett. B 125 (1983) 136.

[12] T. Banks and W. Fischler, A Model for High Energy Scattering in Quantum Gravity, hep-th/9906038

[13] I.Ya. Aref’eva, High-energy scattering in the brane world and black hole production, Part.Nucl.31 (2000) 169, hep-th/9910269

[14] S. Dimopoulos and G. Landsberg, Black Holes at the LHC, Phys.Rev.Lett. 87 (2001) 161602, hep-ph/0106295.

[15] P. C. Argyres, S. Dimopoulos and J. March-Russell, “Black holes and submillimeter dimensions,” Phys. Lett. B 441, 96 (1998); [hep-th/9808138]

[16] S. B. Giddings and S. Thomas, “High energy colliders as black hole factories: The end of short distance physics,” Phys. Rev. D 65, 056010 (2002) [arXiv:hep-ph/0106219].

[17] I. Y. Aref’eva and I. V. Volovich, “Time Machine at the LHC,” Int. J. Geom.

Meth. Mod. Phys. 05 (2008) 641 [arXiv:0710.2696 [hep-ph]].

[18] A. Mironov, A. Morozov and T. N. Tomaras, If LHC is a Mini-Time-Machines Factory, Can We Notice?, arXiv:0710.3395

[19] P. Nicolini and E. Spallucci, Noncommutative geometry inspired wormholes and dirty black holes, arXiv:0902.4654.

[20] I. D. Novikov, N. S. Kardashev and A. A. Shatskiy, “The multicomponent Universe and the astrophysics of wormholes,” Phys. Usp. 50, 965 (2007) [Usp. Fiz. Nauk 177, 1017 (2007)].

[21] E.I. Novikova, I. D. Novikov, Homogeneous singularities inside collapsing wormholes, arXiv:0907.1936

[22] R. Penrose, unpublished, 1974.

[23] D. M. Eardley and S. B. Giddings, “Classical black hole production in high-energy collisions,” Phys. Rev. D 66, 044011 (2002); [gr-qc/0201034].

[24] J. Pumplin, D. R. Stump, J. Huston, H. L. Lai, P. Nadolsky and W. K. Tung, J.

High Energy Phys. 0207, 012 (2002).

[25] D. M. Gingrich, “Black Hole Production at the Large Hadron Collider,” Int. J.

Mod. Phys. A 22, 5685 (2008) [arXiv:0706.0627 [hep-ph]].

[26] C. Amsler et al, Particle Data Group, Phys. Let. B 667, (2008) 1

[27] V. M. Abazov et al. [D0 Collaboration], “Search for Large extra spatial dimensions in the dielectron and diphoton channels in pp̄ collisions at √ s = 1.96-TeV,” Phys.

Rev. Lett. 102, 051601 (2009) [arXiv:0809.2813 [hep-ex]];

V. M. Abazov et al. [D0 Collaboration], “Measurement of dijet angular distributions at sqrts=1.96TeV and searches for quark compositeness and extra spatial dimensions,” Phys. Rev. Lett. 103, 191803 (2009) [arXiv:0906.4819 [hep-ex]].

[28] G. Landsberg, “Collider Searches for Extra Spatial Dimensions and Black Holes,” arXiv:0808.1867 [hep-ex].

[29] S.W.Hawking, Commun. Math. Phys. 43, 199 (1975).

[30] G. Dvali and S. Sibiryakov, “Creating semiclassical black holes in collider experiments and keeping them on a string,” JHEP 0803, 007 (2008) [arXiv:0801.3808 [hep-th]].

[31] P. Meade and L. Randall, “Black Holes and Quantum Gravity at the LHC,” arXiv:0708.3017 [hep-ph].

[32] H. Yoshino and R. B. Mann, “Black hole formation in the head-on collision of ultra relativistic charges,” Phys. Rev. D 74, 044003 (2006) [arXiv:gr-qc/0605131].

[33] M. Cavaglia, Int. J. Mod. Phys. A 18, 1843 (2003);

G. Landsberg, Eur. Phys. J. C 33, S927 (2004); J. Phys. G 32, R337 (2006); P. Kanti, Int. J. Mod. Phys. A 19, 4899 (2004); arXiv:0802.2218 (2008).

[34] E. Kohlprath and G. Veneziano, “Black holes from high-energy beam-beam collisions,” JHEP 0206, 057 (2002) [arXiv:gr-qc/0203093].

[35] S. B. Giddings and V. S. Rychkov, Phys. Rev. D 70, 104026 (2004).

[36] H. Yoshino and Y. Nambu, “Black hole formation in the grazing collision of highenergy particles,” Phys. Rev. D 67, 024009 (2003) [arXiv:gr-qc/0209003].

[37] H. Yoshino and V. S. Rychkov, “Improved analysis of black hole formation in high-energy particle collisions,” Phys. Rev. D 71, 104028 (2005) [arXiv:hep-th/0503171].

[38] H. Yoshino, A. Zeinikov and V. P. Frolov, Apparent horizon formation in the head-on collision of gyratons, gr-qc/0703127.

[39] S. S. Gubser, S. S. Pufu and A. Yarom, Entropy production in collisions of gravitational shock waves and of heavy ions, Phys. Rev. D78 (2008) 066014, arXiv:0805.1551

[40] L. Alvarez-Gaume, C. Gomez, A. S. Vera, A. Tavanfar, and M. A. Vazquez-Mozo, Critical formation of trapped surfaces in the collision of gravitational shock waves, arXiv:0811.3969

[41] D. Grumiller, P. Romatschke, “On the collision of two shock waves in AdS5,” JHEP 0808 (2008) 027, arXiv:0803.3226 [hep-th]

[42] S. S. Gubser, S. S. Pufu and A. Yarom, Off-center collisions in AdS with applications to multiplicity estimates in heavy-ion collisions, arXiv:0902.4062 [hep-th]

[43] S. Lin and E. Shuryak, “Grazing Collisions of Gravitational Shock Waves and Entropy Production in Heavy Ion Collision,” arXiv:0902.1508 [hep-th].

[44] J. L. Albacete, Y. V. Kovchegov, A. Taliotis, “Asymmetric Collision of Two Shock Waves in AdS_5,” JHEP 0905 (2009) 060, arXiv:0902.3046 [hep-th]

[45] I. Y. Aref’eva, A. A. Bagrov and E. A. Guseva, “Critical Formation of Trapped Surfaces in the Collision of Non-expanding Gravitational Shock Waves in de Sitter Space-Time,” arXiv:0905.1087 [hep-th], JEPH, 1130709, 2009

[46] I. Y. Aref’eva and A. A. Bagrov, “Formation of Trapped Surfaces in the Collision of Non-expanding Gravitational Shock Waves in AdS_4,” Theor. Math. Phys. 161, (2009), N3.

[47] I. Y. Aref’eva, A. A. Bagrov and L. V. Joukovskaya, “Critical Trapped Surfaces Formation in the Collision of ultra relativistic Charges in (A)dS,” arXiv:0909.1294 [hep-th].

[48] N. N. Bogoliubov, D. V. Shirkov, Introduction to the Theory of Quantized Fields, Interscience Pub - Inc., New York, 1959

[49] N. N. Bogolubov, A. A. Logunov, A.I. Oksak, and I.T. Todorov, General principles of quantum field theory, Kluwer Academic Pub. (Dordrecht, 1990).

[50] I. Y. Arefeva, B. Dragovich, P. H. Frampton and I. V. Volovich, “Wave function of the universe and p-adic gravity,” Int. J. Mod. Phys. A 6, 4341 (1991).

[51] S. B. Giddings, “Nonlocality vs. complementarity: a conservative approach to the information problem,” arXiv:0911.3395 [hep-th].

[52] I. Y. Arefeva, L. D. Faddeev and A. A. Slavnov, “Generating Functional for The S Matrix In Gauge Theories,” Theor. Math. Phys. 21, 1165 (1975) [Teor. Mat. Fiz. 21, 311 (1974)].

[53] S.W.Hawking and G.R.F.Ellis, The large scale structure of space-time. Cambridge University Press, 1973

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

[55] G. ’t Hooft, Commun. Math. Phys. 117, 685 (1988).

[56] H. J. Matschull and M. Welling, “Quantum mechanics of a point particle in 2+1 dimensional gravity,” Class. Quant. Grav. 15, 2981 (1998) [arXiv:gr-qc/9708054]. H. J. Matschull, “Black hole creation in 2+1-dimensions,” Class. Quant. Grav. 16, 1069 (1999) [arXiv:gr-qc/9809087].

[57] M. W. Choptuik and F. Pretorius, “Ultra Relativistic Particle Collisions,” arXiv:0908.1780 [gr-qc].

[58] R. C. Tolman, “Static solutions of Einstein’s field equations for spheres of fluid,” Phys. Rev. 55, 364 (1939).

[59] P. S. Florides, Proc. R. Soc. London Ser. A, 337(1974), 529.

[60] M. Colpi, S. L. Shapiro and I. Wasserman, “Boson Stars: Gravitational Equilibria of Selfinteracting Scalar Fields,” Phys. Rev. Lett. 57, 2485 (1986);

[61] F. E. Schunck and E. W. Mielke, “General relativistic boson stars,” Class. Quant.

Grav. 20 (2003) R301 [arXiv:0801.0307 [astro-ph]].

[62] E. Babichev and D. Langlois, “Relativistic stars in f(R) and scalar-tensor theories,” arXiv:0911.1297 [gr-qc].

[63] S. Creek, R. Gregory, P. Kanti and B. Mistry, “Braneworld stars and black holes,” Class. Quant. Grav. 23, 6633 (2006) [arXiv:hep-th/0606006].

[64] M. Heydari-Fard, H. R. Sepangi, General Relativity and Quantum Cosmology Spherically symmetric solutions and gravitational collapse in brane-worlds, arXiv:0903.0066

[65] P. C. Aichelburg and R. U. Sexl, “On The Gravitational Field Of A Massless Particle,” Gen. Rel. Grav. 2, 303 (1971).

[66] T. Dray and G. ’t Hooft, “The Gravitational Shock Wave Of A Massless Particle,” Nucl. Phys. B 253, 173 (1985);

T. Dray and G. ’t Hooft, “The Gravitational Effect Of Colliding Planar Shells Of Matter,” Class. Quant. Grav. 3, 825 (1986).

[67] P. D. D’Eath and P. N. Payne, “Gravitational radiation in high speed black hole collisions. 1. Perturbation treatment of the axisymmetric speed of light collision,” Phys. Rev. D 46, 658 (1992);

P. D. D’Eath and P. N. Payne, “Gravitational Radiation In High Speed Black Hole Collisions. 2. Reduction To Two Independent Variables And Calculation Of The Second Order News Function,” Phys. Rev. D 46, 675 (1992); P. D. D’Eath and P. N. Payne, “Gravitational radiation in high speed black hole collisions. 3. Results and conclusions,” Phys. Rev. D 46, 694 (1992).

[68] V. S. Rychkov, “Black hole production in particle collisions and higher curvature gravity,” Phys. Rev. D 70, 044003 (2004), hep-ph/0401116

[69] S. B. Giddings and V. S. Rychkov, Black holes from colliding wavepackets, hep-th/0409131

[70] Thorne, K. S., “Nonspherical Gravitational Collapse – A Short Review”, in Magic without Magic, ed. J. Klauder, (W. H. Freeman, San Francisco, 1972).

[71] G.’t Hooft,“Graviton Dominance in Ultrahigh-Energy Scattering,” Phys. Lett. B 198, 61 (1987);

G. ’t Hooft, “On The Factorization of Universal Poles in a Theory of Gravitating Point Particles,” Nucl. Phys. B 304, 867 (1988).

[72] G. W. Erickson and H. M. Fried, J. Math. Phys. 6, 414 (1965).

H. Cheng and T. T. Wu, Phys. Rev. Lett. 22, 666 (1969); H. Abarbanel and C. Itzykson, Phys. Rev. Lett. 23, 53 (1969). M. Lévy and J. Sucher, Phys. Rev. 186, 1656 (1969).

[73] B.M. Barbashov, S.P. Kuleshov, V. A. Matveev, A. N. Sissakian, Eikonal approximation in quantum field theory, TMP, 3, 1970, 342;

B.M.Barbashov, S. P. Kuleshov, V. A. Matveev, V. N. Pervushin, A. N. Sissakyan, A. N. Tavkhelidze, Straight-line particle path approximation in the description of high-energy hadron scattering in quantum field theory, TMP, 5, 1970, 330; V. R. Garsevanishvili, V. G. Kadyshevskii, R. M. Mir-Kasimov and N. B. Skachkov ”Representation for relativistic scattering amplitude at high energies”, TMP, 7, 1971, p. 203

[74] D. Kabat, M. Ortiz, Eikonal Quantum Gravity and Planckian Scattering, hep-th/9203082

[75] D. Amati, M. Ciafaloni and G. Veneziano “Effective action and all order gravitational eikonal at Planckian energies,” Nucl. Phys. B 403, 707 (1993).

[76] G. F. Giudice, R. Rattazzi and J. D. Wells, ”Transplanckian collisions at the LHC and beyond”, Nucl. Phys. B 630, 293 (2002) [arXiv:hep-ph/0112161]

[77] H. L. Verlinde and E. P. Verlinde, “Scattering at Planckian energies,” Nucl. Phys.

B 371, 246 (1992), arXiv:hep-th/9110017.

[78] M. Ciafaloni and D. Colferai, “S-matrix and Quantum Tunneling in Gravitational Collapse,” JHEP 0811, 047 (2008) arXiv:0807.2117 [hep-th].

[79] G. Veneziano and J. Wosiek, “Exploring an S-matrix for gravitational collapse,” JHEP 0809, 023 (2008), arXiv:0804.3321 [hep-th].

“Exploring an S-matrix for gravitational collapse II: a momentum space analysis,” JHEP 0809, 024 (2008) arXiv:0805.2973[hep-th].

[80] S. B. Giddings and R. A. Porto, ”The gravitational S-matrix”, 0908.0004

[81] P. Lodone and S. Rychkov, ”Radiation Problem in Transplanckian Scattering”, 0909.3519

[82] I. Arefeva and V. Korepin, “Scattering in two-dimensional model with Lagrangian L =^1_γ

(_1 2 (∂_μu)^2 + m^2(cos u − 1) ) ,” Pisma Zh. Eksp. Teor. Fiz. 20, 680 (1974).

[83] L. Randall and R. Sundrum, Phys. Rev. Lett. 83, 3370 (1999).

[84] Shiromizu T, Maeda K i and Sasaki M “The Einstein equations on the 3-brane world,” 2000 Phys. Rev. D 62 024012, gr-qc/9910076

[85] R. Gregory, V. A. Rubakov and S. M. Sibiryakov, Brane worlds: The Gravity of Escaping Matter, hep-th/0003109.

[86] I. Y. Aref’eva, M. G. Ivanov, W. Mueck, K. S. Viswanathan and I. V. Volovich, “Consistent linearized gravity in brane backgrounds,” Nucl. Phys. B 590, 273 (2000) [arXiv:hep-th/0004114];

I. Y. Arefeva, I. V. Volovich, W. Mueck, K. S. Viswanathan and M. G. Ivanov, “Linearized gravity on thick branes,” In *Moscow 2000, Quantization, gauge theory, and strings, vol. 1* 271-279

[87] Gibbons G W and Wiltshire D L “Space-Time As A Membrane In Higher Dimensions,” 1987 Nucl. Phys. B 287 717

[88] I. Y. Aref’eva, M. G. Ivanov and I. V. Volovich, “Non-extremal intersecting p-branes in various dimensions,” Phys. Lett. B 406, 44 (1997) [arXiv:hep-th/9702079].

[89] R. Emparan, G. T. Horowitz and R. C. Myers, “Black holes radiate mainly on the brane,” Phys. Rev. Lett. 85, 499 (2000);

[90] R. Emparan, “Exact gravitational shock waves and Planckian scattering on branes”, Phys. Rev. D 64 (2001) 024025 and hep-th/0104009

[91] K. Kang and H. Nastase, Planckian scattering effects and black hole production in low M_{P l} scenarios, hep-th/0409099

[92] Chamblin A, Hawking S W and Reall H S “Brane-world black holes,” 2000 Phys.

Rev. D 61 065007

[93] Dadhich N, Maartens R, Papadopoulos P and Rezania V “Black holes on the brane,” 2000 Phys. Lett. B 487 1;

Casadio R, Fabbri A and Mazzacurati L “New black holes in the brane-world?,” 2002 Phys. Rev. D 65 084040;

Kofinas G, Papantonopoulos E and Zamarias V ‘Black hole solutions in braneworlds with induced gravity,” 2000 Phys. Rev. D 66 104028; Karasik D, Sahabandu C, Suranyi P and Wijewardhana L C R “Small black holes on branes: Is the horizon regular or singular?,” 2004 Phys. Rev. D 70 064007

[94] K. I. Maeda and M. Nozawa, “Black Hole in the Expanding Universe from Intersecting Branes,” arXiv:0912.2811 [hep-th].

[95] R. Gregory, ”Braneworld black holes”, arXiv:0804.2595

[96] P.Kanti, Brane-world black holes, 0903.2147

[97] N. Kaloper and D. Kiley, “Exact black holes and gravitational shock waves on codimension-2 branes,” JHEP 0603, 077 (2006). [hep-th/0601110].

[98] S. Creek, R. Gregory, P. Kanti, B. Mistry, ”Braneworld stars and black holes” Class.Quant.Grav.23:6633-6658, 2006, arXiv:hep-th/0606006

[99] N. Kaloper and J. Terning, “How black holes form in high energy collisions,” Gen.

Rel. Grav. 39, 1525 (2007) [Int. J. Mod. Phys. D 17, 665 (2008)] [arXiv:0705.0408 [hep-th]].

[100] L.D. Landau, E.M. Lifshitz, The Classical Theory of Fields, Butterworth- Heinemann, 1980.

[101] V. Ferrari, P. Pendenza and G. Veneziano, “Beamlike Gravitational Waves And Their Geodesics,” Gen. Rel. Grav. 20, 1185 (1988);

[102] H. de Vega and N. Sanchez, “Quantum String Scattering In The Aichelburg-Sexl Geometry,” Nucl. Ph. B 317, 706 (1989).

[103] D. Astefanesei, R. B. Mann and E. Radu, “Reissner-Nordstroem-de Sitter black hole, planar coordinates and dS/CFT,” JHEP 0401, 029 (2004) [arXiv:hep-th/0310273].

[104] C. O. Lousto and N. G. Sanchez, “Gravitational Shock Waves Generated By Extended Sources: ultra relativistic Cosmic Strings, Monopoles And Domain Walls,” Nucl. Phys. B 355, 231 (1991);

C. O. Lousto and N. G. Sanchez, “High-Energy Superstring Collisions And Their Relation To Gravitational Shock Wave Backgrounds,”

[105] G.Gibbons, Nucl.Phys. B207, 337, 1982;

G.Gibbons, K.Maeda, Nucl.Phys. B 298, 741, 1988

[106] D. Garfinkle, G. T. Horowitz, and A. Strominger, Phys. Rev. D 43 (1991) 3140.

[107] R.G. Cai, J.Y.Ji and K.S.Soh, Ultrsrelatvistic limits of boosted dilaton black holes, gr-qc/9801097

[108] Hotta M., Tanaka M. Shock wave geometry with non-vanishing cosmological constant, Class. Quant. Grav.10 (1993) 307.

[109] K. Sfetsos, On gravitational shock waves in curved space-times, Nucl. Phys. B436 (1995) 721746, hep-th/9408169. hep-th/9408169

[110] J. Podolsky and J. B. Griffiths, Impulsive waves in de Sitter and anti-de Sitter space-times generated by null particles with an arbitrary multipole structure, Class. Quant. Grav. 15 (1998) 453463, gr-qc/9710049.

[111] J. Podolsky and J. B. Griffiths, Nonexpanding impulsive gravitational waves with an arbitrary cosmological constant, Phys. Lett. A 261 (1999) 1, gr-qc/9908008 J. Podolsky, Exact impulsive gravitational waves in spacetimes of constant curvature, arXiv:gr-qc/0201029.

[112] Esposito G., Pettorino R., Scudellaro P., On boosted space-times with cosmological constantand their ultra relativistic limit, arXiv:gr-qc/0606126v3.

[113] J. Podolsky and M. Ortaggio, Symmetries and geodesics in (anti-)de Sitter spacetimes with nonexpanding impulsive waves, Class. Quant. Grav. 18, 2689 (2001), gr-qc/0105065