arXiv:gr-qc/0210084 v1 24 Oct 2002

Towards a theory of thin self-gravitating crossing shells

Berezin V.A. Smirnov A.L.

Institute for Nuclear Research of Russian Academy of Sciences berezin@ms2.inr.ac.ru smirnov@ms2.inr.ac.ru

October 25, 2002

Abstract

In the case of crossing thin dust shells the momentum conservation law is found. For two crossing isotropic shells it coincides with the ’t Hooft-Dray formula. The system of one isotropic and one time-like shell is considered. In this case we found a very simple formula which relate velocities of dust shell before and after crossing.

1 Introduction.

General Relativity is a nonlinear theory of gravitational interactions. Because of this nonlinearity the inclusion of sources of gravitational field with full reaction is a very difficult task. In many physically interesting cases it is possible to use very simple idealized source, namely, a thin self-gravitating shell. The mathematical theory of thin shells in General Relativity was elaborated by W.Israel. It was immediately applied to studying the gravitational collapse [2], but then it was forgotten for a long time. The interest to the theory of thin shells was arised again when it turns out that the vacuum phase transitions in the early Universe is well described by bubbles of new vacuum appearing and expanding in a vacuum with high symmetry [3]. A numerous papers were devoted to studying the dynamics of such bubbles [4]. On this way qualitatively new results were obtained. In particular, the constrains on parameters of the decaying vacuum were found and the two bubble universe model was built [5], [6].

The two bubble universe model appeared quite fruitful. Based on it V.A. Rubakov and M.E. Shaposhnikov [7] showed that the visible world can be a four-dimensional hypersurface in the fife-dimensional spacetime and fermion fields can be localized on it. Recently M.Goberishvily [8] , L.Randall and R.Sundrum [9] showed that the fifth dimension can be noncompact but on a four-dimensional hypersurface the gravitational field obeys the Einstein equations. These models name brane-world models. It turns out that such model provide a new solution to the hierarchy problem. To do this, it is necessary to consider more than one brane. Because of that how the problem of crossing shells arises.

Apart from cosmological applications the thin shells are the simplest objects for building quantum black hole models [10],[11],[12] and modelling Hawking’s radiation [13]. But in this area of physics it is necessary to consider crossing shells for building reasonable models, too.

Studying crossing shells is important for astrophysical applications. For example, globular clusters is well described by the system of sphericallysymmetric self-gravitating shells. Inside each shell stars move on quasielliptic orbits but total angular momentum equals zero [14]. Throughout the paper we use the system of units in which c = h̄ = 1

2 Crossing shells.

2.1 The momentum conservation law.

Conservation laws play important role in physics. There are two basic conservation laws in classical mechanics and special relativity. Namely for the momentum and the energy ones. Both of them are global in these theories. But the situation is changed in General Relativity. There are not global conservation laws in the general case. Nevertheless global conservation laws can exist for classes of spaces which possess some special properties like asymptotically flatness or symmetries. An example of latter class is static spacetimes. There is the energy conservation law in such spaces. The energy conservation law will be found in this paper for a system of self-gravitating crossing thin shells.

Because of nonlinearity Einstein equations even the study of a system of thin shells in general is difficult. It is necessary therefore to make some simplifying assumptions.

Let’s a given n-dimensional spacetime with evolving shells. One of the assumptions is the choice of the metric of the form

ds^2 = g_{AB} (x^0, x^1)dx^Adx^B − R^2(x^0, x^1)g_{ij} dx^idx^j (1)

indices A, B = 0, 1 and indices i, j = 2, ..., n − 2, the metric g_{AB} is a defined function of coordinates x^2, ..., x^{n−2}, and R^2 is a dilaton field. Then every shell can be considered like a classical particle moving in the 2-dimensional pseudo-euclidean spacetime.

Let us assume that the shells propagate in a vacuum media (the vacuum density on one side of a shell can be different from the vacuum density on the other side. In this case the Einstein equations for the metric (1) is fully integrable. Indeed, (2+(n-2))-decomposition of the metric leads to corresponding decomposition of the Einstein tensor

G_{AB} =^{(2)}G_{AB} −^{n−2}_R R_{|AB} −^{n−2}_R g_{AB} g^{CD}R_{|CD} +^{(n−2)(n−3)}_{2R2} g_{AB} g^{CD} R_{|C} R_{|D}+ 1 2R^2 gAB (n−2)R = 8πGεg AB (2) G_{ik} =^{(n−2)}G_{ik} − (n − 1)g_{ik} Rg^{AC} R_{|AC} −^{(n−2)(n−3)}_2 g_{ik} g^{AC} R_{|A}R_{|C} + 1 2 g_{ik}R^{2 (2)}R = −8πGεg_{ik}R^2 (3)

Here,^{(l)}G,^{(l)}R are the l-dimensional Einstein tensor and the scalar curvature respectively. The symbol | means a covariant derivative with respect to g_{AB} . Since the vacuum energy is constant ε=const and^{(2)}G_{AB} ≡ 0 then the metric g_{ik} is a metric of space with constant unit curvature i. e. the sphere , the hyperboloid or the flat space. Thus, for the curvature we have

(n−2)R = k(n − 2)(n − 3), k = ±1, 0 . It is easy to see that R_{|AB} = 1 2 dΔ dR g_{AB} , (4)

and the function Δ = g^{CD} R_{|C} R_{|D} obeys the following differential equation dΔ dR + n − 3 R Δ = 16π n − 2 GεR − k(n − 3) R (5) A solution to this equation is Δ = 16πGε (n − 1)(n − 2)

R^2 +

C_0 R^{n−1} − k (6)

It follows from (4) that the 2-dimensional part of the metric is

(2)ds^2 = F dt^2 − F^{−1}dR^2, (7)

where F = −Δ. One can show that the equation (3) is satisfied automatically.

At last, let’s assume that shell cross each other at the one point. Schematically, this system is shown at Fig.1.

Now, we consider two approaches to obtain conservation laws for systems of crossing shells. The first approach was proposed in [16]. In this work the system of shells satisfies assumptions described above.

The basic idea of [16] is the following. Let us have the trajectory of N-th shells is (x^0(τ ), x^1(τ )), where τ is the proper time on a shell. There exists a local Lorentz transformation from the coordinates (x^0, x^1) to the normal coordinates (τ, n) at every point of the trajectory. Of course, metrics in neighboring regions between shells are different. Nevertheless it is possible to find a coordinate transformation between regions if one consider a small region in the vicinity of the crossing point. This transformations can be done in two way. We can go around the point clockwise or counter-clockwise. The necessary condition of self-consistency is identity of the results the counterclockwise transition and the clock-wise transition. By itself this identity is trivial. But if one take into account the shells’ equations of motion then the trivial identity becomes the nontrivial conservation law.

There is another approach to obtaining the conservation laws. It was proposed in [17]. This approach doesn’t use the local flatness of 2-dimensional space-time and have some advantage.

Again, there is a system of N crossing shells. The metric in each spacetime region between two neighboring shells is given by (1). Let’s rename coordinates x^0 := t, x^1 := q and rewrite (1) as follows

ds^2_a = A_adt^2 + 2C_adtdq + B_adq^2 − R^2_a(t_a, q_a)g_{ij} dx^idx^j (8)

where the index = 1, ..., 2N is numerating regions between shells. We can use the freedom of coordinate transformation and put the following two conditions A_a = −B_a ≡ H_a C_a = 0 (9) Then the 2-dimensional metric takes the form

(2)ds^2 = H_a(dt̃^2_a − dq̃^2_a) (10)

Now, let’s introduce the double-null (isotropic) coordinates

U_a = t̃_a − q̃_a V_a = t̃_a + q̃_a

(11)

then the 2-dimensional metric becomes

(2)ds^2 = H_adU_adV_a (12)

Here we assume that on the plane (q, t) the coordinate q̃ varies along the abscissa and it increase to the right and the coordinate t̃ varies along the ordinate and it goes from down to up.

Now, the metric (8) with an account of (12) has a form

ds^2 = H_a(U_a, V_a)dU_adV_a − R^2_a(U_a, V_a)g_{ij} dx^idx^j (13)

As it mentioned above, the metric (13) has a jump crossing the shells. From the other hand, the metric itself is continuous everywhere. Hence, we have to assume the existence of continuous double-null coordinates (u, v). In these coordinates the metrics in the vicinity of crossing point reads as follows ds^2 = h(u, v)dudv − r^2(u, v)g_{ij} dx^idx^j (14) Here functions h(u, v), r(u, v) are continuous at the crossing point.

For every region a coordinates (U_a, V_a) are U_a = U_a(u) V_a = V_a(v)

(15)

Then the metric coefficients in (13) and (14) are related by h(u, v) = H_a(U_a(u), V_a(v))U^′_a(u)V^′_a (v) r(u, v) = R_a(U_a(u), V_a(v)) (16) Thus, if we sit on the shell between regions a and (a + 1) then we have H_a(U_a, V_a)U^′_aV^′_a |_{shell} = H_{a+1}(U_{a+1}, V_{a+1})U^′_{a+1}V^′_{a+1}|_{shell} (17) R_a(U_a, V_a)|_{shell} = R_{a+1}(U_{a+1}, V_{a+1})|_{shell} (18) The equation of the shell in region a can be written as follows Σ^+_a (U_a, V_a) = 0 (19) Analogously, for region (a + 1) Σ^−_{a+1}(U_{a+1}, V_{a+1}) = 0 (20) Let’s differentiate (18) by u along the shell. The result is [ ∂_{Ua} R_a + ∂_{Va} R_a ( dV_a dU_a ) Σ^+ ] U^′_a = [ ∂_{Ua+1} R_{a+1} + ∂_{Va+1} R_{a+1} ( dV_{a+1} dU_{a+1} ) Σ^− ] U^′_{a+1} (21) The symbol ()_Σ means that we should differentiate the implicit function V (U). This function is given by (19), (20) for regions a and (a + 1) respectively.

It is worth to note that there is symmetry between u, v in above equations. It means that we can obtain equation analogous (21) using v instead u. If we consider time-like shells the choice of the coordinate is not crucial. But it becomes crucial for light-light shells.

Let’s return to (21). If one consider this equation and condition (17) at the point of crossing (u_c, v_c) then it is possible to obtain relationships between U^′_a, V^′_a and U^′_{a+1}, V^′_{a+1} ( U^′_{a+1} V^′_{a+1} ) = T_{a,a+1} ( U^′_a V^′_a )

T_{a,a+1} is a diagonal matrix of transition. This matrix can be calculated for each pair of regions.

Let’s make successive transition from the region 1 to the region 2 and etc., until the circle will be completed. If there exist coordinates (u, v) in the vicinity of the crossing point, then the obvious self-consistent matrix condition should be satisfied T_{1,2}...T_{N −1,N} T_{N,1} = I (22) I is the identity matrix.

In the next section we’ll show that from (22) the momentum conservation law can be obtain for time-like dust thin shells and isotropic shells in the case of spherical symmetry.

2.2 The momentum conservation law for sphericallysymmetric isotropic shells.

Let’s begin this section with the simple case of two isotropic shells in vacuum. The n-dimensional part of the (22) is the metric on the sphere S^n. Then

ds^2 = F (R)dt^2 − F^{−1}(R)dR^2 − R^2dΩ^2_n (23)

The numerating index a is temporarily omitted. It is convenient to introduce the “tortoise coordinate” R^∗ = ∫ dR F (R) (24)

Thus, the metric (23) becomes

ds^2 = F (R)[dt^2 − d(R^∗)^2] − R^2dΩ^2_n (25)

From (11) it follows that the isotropic coordinates are U = t − R^∗ V = t + R^∗ (26)

Since, an isotropic shell propagates either along U or V only then the equation of shells reads as follows Σ = V − A (27) for the shell propagating along U

Σ = U − B (28)

for the shell propagates along V . Here A and B are some constants. In the vicinity of the crossing point, the shells propagate along coordinates u and v respectively. If one take into account the equality ( dV dU ) Σ = − ∂_U Σ ∂_V Σ

(29)

and ∂_U Σ^± = 0 and ∂_U R = −F (R) then the left and right hand sides of (21) have a form (∂_U R)U^′ = −F U^′ (30) Now we return to numerating of regions and consider the shell between regions 1 and 2 before the crossing and the same shell between regions 3 and 4 after the crossing. Then from (30) it follows that a transition from coordinates of region 1 to coordinates of 2 is

U^′_2 =

F_1 F_2

U^′_1

Substituting this expression into (17) we have

V^′_1 = V^′_2

Analogously, for regions 3 and 4 we have

U^′_4 =

F_3 F_4

U^′_3

V^′_3 = V^′_4 If one use the basic identity (22) we can write a conservation law for two isotropic shells F_1F_3 F_2F_4

= 1 (31)

This formula was obtained by Dray and ’t Hooft in [15] .

Analogously if the shell propagates along v the transition formulae have a form V^′_3 =

F_2 F_3

V^′_2

U^′_2 = U^′_3

V^′_1 =

F_4 F_1

V^′_4

U^′_1 = U^′_4 Again, we use (22) and obtain (31).

It is difficult to derive a kind of conservation law from above conclusion. This obstacle can be overcome if one use formulae from [12]. In this paper Hamiltonian approach for a self-gravitating thin dust shell was considered. Authors obtained expression for the canonical momentum conjugate to radius This expression have a form

β = exp ( +^{GP̂R}_R ) = √_{Fin} F_{out} β = exp ( −^{GP̂R}_R ) = √_{Fout} F_{in} (32)

P̂_R is the conjugate momentum, sign “-” in the exponent means that the shell is collapsing , sign “+” means that the shell is expanding. In our case the first shell expands before and after crossing and the second shell collapses before and after crossing. Thus, we have for the first shell before crossing

β_{b1} = exp ( + GP̂_{b1} R ) = √ F_1 F_2 for the second shell before crossing

β_{b2} = exp ( − GP̂_{b2} R ) = √ F_3 F_2

for the first shell after crossing

β_{a1} = exp ( + GP̂_{a1} R ) = √ F_4 F_3

for the second shell after crossing

β_{a2} = exp ( − GP̂_{a2} R ) = √ F_4 F_1

Indices b, a means shells before and after crossing. The momentum conservation law for a system of two isotropic shells reads as follows

β_{b1} β_{b2} = β_{a1} β_{a2} (33)

or √ F_1 F_2 √ F_3 F_2 = √ F_4 F_3 √ F_4 F_1 i.e. Dray - ‘tHooft formula. This conclusion proves that (31) is the momentum conservation law for isotropic shells.

2.3 Momentum and energy conservation laws for timelike shells.

In this section we consider a system of crossing time-like shells in vacuum. We assume the spherical symmetry of the n-dimensional metric. The metric has a form (23). Again we define “tortoise coordinate”. But in the case under consideration, coordinates (U, V ) are defined by more complicated way, namely U = t − σR^∗ V = t + σR^∗ (34)

Here σ = +1, if R^∗ increases along the R axis (this choice was made above when we define the double-null coordinates), σ = −1 if R^∗ increases to opposite direction of the R axis.

The equation of shells has a form Σ = R − R̂(t) (35) It is easy to obtain from (24) and (34) the following relations ∂R ∂U = −^{σF}_2 ∂R ∂V =^{σF}_2 (36)

In addition, we have from (34) ∂R̂ ∂U =^1_2^{dR̂}_{dt} ∂R̂ ∂V =^1_2^{dR̂}_{dt}

(37)

Substituting (35) in (21) and using (36), (37) we obtain ( ∂_U R − ∂_V R ∂_U Σ ∂_V Σ ) = F dR̂/dt F − σdR̂/dt (38)

Let’s define a proper time by

dτ^2 = F − 1 F ( dR̂ dt )_2 dt^2 Here, ρ = ρ(τ ) ≡ R̂(t) It is obvious that dR̂ dt = ρ̇ ( dτ dt )

Therefore we can rewrite (38) as follows ( ∂_U R − ∂_V R ∂_U Σ ∂_V Σ ) = F ρ̇ (ρ̇^2 + F )^{1/2} − σρ̇

(39)

If one takes the latter expression for the shells between regions a and (a + 1) and remember (21) then

U^′_{a+1} = F_a ( (ρ̇^2 + F_{a+1})^{1/2} − σ_{a+1}ρ̇ ) F_{a+1} ( (ρ̇^2 + F_a)^{1/2} − σ_aρ̇ ) U^′_a

Let’s multiply and divide the above expression by [(ρ̇^2 + F_{a+1})^{1/2} − σ_{a+1}ρ̇] and [(ρ̇^2 + F_a)^{1/2} − σ_aρ̇] respectively, then

U^′_{a+1} =

(ρ̇^2 + F_a)^{1/2} + σ_aρ̇ (ρ̇^2 + F_{a+1})^{1/2} + σ_{a+1}ρ̇ U^′_a It follows from (17) that the transition formulae for V have a form

V^′_{a+1} = F_a ( (ρ̇^2 + F_{a+1})^{1/2} + σ_{a+1}ρ̇ ) F_{a+1} ( (ρ̇^2 + F_a)^{1/2} + σ_aρ̇ ) V^′_a Now, the consistency condition (22) can be written as 2N∏ a=1 (ρ̇^2_a + F_{a+1})^{1/2} + σ_{a+1}ρ̇_a (ρ̇^2_a + F_a)^{1/2} + σ_aρ̇_a

= 1 (40)

Now, let us turn to a system of dust shells. The same paper [12] gives us an expression for canonical momentum of dust shell in the case of the spherical symmetry

β = exp ( ± GP̂_R R ) = ρ̇ + σ_{in} √ ρ̇^2 + F_{in} ρ̇ + σ_{out} √ ρ̇^2 + F_{out} Thus, the identity (40) is the multiplicative momentum conservation law i. e. 2N∏ a=1 β_a ≡ exp (_{2N} ∑ a=1 ± GP̂_R ρ_c ) = 2N∏ a=1 (ρ̇^2_a + F_{a+1})^{1/2} + σ_{a+1}ρ̇_a (ρ̇^2_a + F_a)^{1/2} + σ_aρ̇_a

= 1 (41)

Here ρ_c is the radius of the crossing point, and ρ̇ is the velocity as a function of the proper time of the respective shell.

In addition, we can find the energy conservation law. For simplicity, we consider a system of two shells. Let’s numerate spacetime regions, as usual. Schwarzschild masses in these region are m_1, m_2, m_3, m_4. The mass m_2 describes the spacetime between shells before crossing and the mass m_4 describes the spacetime after one. The fact that the spacetime is described by two masses instead of four is based on the Birkhoff uniqueness theorem. If we use the definition of the total energy a dust shell Δm = m_{out} − m_{in}, then Δm_{b1} + Δm_{b2} = Δm_{a1} + Δm_{a2} (42)

Here, Δm_{b1} = m_2 − m_1 is the total energy the of the first shell before crossing and etc. Let’s use the equation of motion of a dust shell [6] Δm = σ_{in}M √ ρ̇^2 + F_{in} − GM^2 2ρ , Δm = m_{out} − m_{in} then the trivial identity (42) become the nontrivial energy conservation law.

At the end of this section we are going to consider the transition from a system of time-like shells to a system of light-like shells.

We consider a system of two shells. First of all we suppose that parameters σ equals +1. It means that the crossing point belong to the R_+-region i.e. an observer at infinity can keep track of shells evolution all time. It is interesting to go to to the limit the light speed when shells velocities have equal sign. Substituting

(ρ̇^2 + F )^{1/2} + ρ̇ = 2ρ̇ + O ( 1 ρ̇ ) (43)

into conservation law (41) and ρ̇ → ∞ we have

1 = 1

The physical explanation of such a trivially identity is the following. In the case of time-like shell the shell crossing is possible when the shells move in the same direction. In other words, one shell can run down another shell. In the case of isotropic shells this scenario is obviously not possible. This is why the conservation law reduces to trivial identity.

Thus, the signs of velocities before crossing as well as after crossing have to be different. The momentum conservation law has a form

(_{(ρ̇2}

b1+F_2 )^{1/2}+ρ̇_{b1} (ρ̇^2_{b1}+F_1 )^{1/2}+ρ̇_{b1}

) (_{(ρ̇2}

b2+F_3 )^{1/2} −ρ̇_{b2} (ρ̇^2_{b2}+F_2 )^{1/2} −ρ̇_{b2} ) ×

× (_{(ρ̇2}

a1+F_4 )^{1/2} +ρ̇_{a1} (ρ̇^2_{a1}+F_3 )^{1/2} +ρ̇_{a1}

) (_{(ρ̇2}

a2+F_1 )^{1/2}−ρ̇_{a2} (ρ̇^2_{a2}+F_4 )^{1/2}−ρ̇_{a2} ) = 1 (44)

If we use asymptotic expression

(ρ̇^2 + F )^{1/2} − ρ̇ = F 2ρ̇ + O ( 1 ρ̇^3 ) (45) and (43) then (44) is written as follows ρ̇ → ∞

F_1F_3 F_2F_4

= 1 (46)

i. e. the Dray - ’t Hooft formula.

2.4 Momentum conservation law for a system of one isotropic shell and one time-like shell.

In this section we study a system of isotropic and time-like shell. There are several cases of this system. They is shown at fig. 2,3,4,5 . Now we have all formulae to find explicit form of (22) for each type of system.

First of all let’s consider the case in which an isotropic shell moves from left to right (on the figure). It supposed that shells’ inner region lies always on the left. Now an isotropic shell propagates along v coordinate then it’s better to write transition formulae for V^′. Thus, we have

V^′_2 =

F_1 F_2

V^′_1

V^′_3 =

F_2 ( (ρ̇^2_b + F_3)^{1/2} + σ_3ρ̇_b ) F_3 ( (ρ̇^2_b + F_2)^{1/2} + σ_2ρ̇_b )V^′_2

V^′_4 =

F_3 F_4

V^′_3

V^′_1 =

F_4 ( (ρ̇^2_a + F_1)^{1/2} + σ_1ρ̇_a ) F_1 ( (ρ̇^2_a + F_4)^{1/2} + σ_4ρ̇_a

) V^′_4

Momentum conservation law has a form ( (ρ̇^2_b + F_3)^{1/2} + σ_3ρ̇_b ) ( (ρ̇^2_a + F_1)^{1/2} + σ_1ρ̇_a ) ( (ρ̇^2_b + F_2)^{1/2} + σ_2ρ̇_b ) ( (ρ̇^2_a + F_4)^{1/2} + σ_4ρ̇_a

) = 1 (47)

The second case can be named ’reflection’, i. e. type of motion (collapse or expansion) is changed after crossing. In this case we have

V^′_1 =

F_1 F_2

V^′_2

V^′_3 =

F_2 ( (ρ̇^2_b + F_3)^{1/2} + σ_3ρ̇_b ) F_3 ( (ρ̇^2_b + F_2)^{1/2} + σ_2ρ̇_b )V^′_2

V^′_4 =

F_3 ( (ρ̇^2_a + F_4)^{1/2} + σ_4ρ̇_a ) F_4 ( (ρ̇^2_a + F_3)^{1/2} + σ_3ρ̇_a

) V^′_3 V^′_1 = V^′_4 Again, we can write the momentum conservation law as follows F_1 ( (ρ̇^2_b + F_3)^{1/2} + σ_3ρ̇_b ) ( (ρ̇^2_a + F_4)^{1/2} + σ_4ρ̇_a ) F_4 ( (ρ̇^2_b + F_2)^{1/2} + σ_2ρ̇_b ) ( (ρ̇^2_a + F_3)^{1/2} + σ_3ρ̇_a

) = 1 (48)

Now let’s consider cases when an isotropic shell moves from right to left. In the case of crossing we have

U^′_2 =

F_1 ( (ρ̇^2_b + F_2)^{1/2} − σ_2ρ̇_b ) F_2 ( (ρ̇^2_b + F_1)^{1/2} − σ_1ρ̇_b

) U^′_1

U^′_3 =

F_2 F_3

U^′_2

U^′_4 =

F_3 ( (ρ̇^2_a + F_4)^{1/2} − σ_4ρ̇_a ) F_4 ( (ρ̇^2_a + F_3)^{1/2} − σ_3ρ̇_a

) U^′_3

U^′_1 =

F_4 F_1

U^′_4 Thus, the momentum conservation law can be written as follows ( (ρ̇^2_b + F_1)^{1/2} − σ_1ρ̇_b ) ( (ρ̇^2_a + F_3)^{1/2} − σ_3ρ̇_a ) ( (ρ̇^2_b + F_2)^{1/2} − σ_2ρ̇_b ) ( (ρ̇^2_a + F_4)^{1/2} − σ_4ρ̇_a

) = 1 (49)

At last, for ’reflection’ we have

U^′_2 =

F_1 ( (ρ̇^2_b + F_2)^{1/2} − σ_2ρ̇_b ) F_2 ( (ρ̇^2_b + F_1)^{1/2} − σ_1ρ̇_b

) U^′_1

U^′_3 =

F_2 F_3

U^′_2

U^′_4 = U^′_3

U^′_1 =

F_4 ( (ρ̇^2_a + F_1)^{1/2} − σ_1ρ̇_a ) F_1 ( (ρ̇^2_a + F_4)^{1/2} − σ_4ρ̇_a

) U^′_4

Momentum conservation law has a form

F_3 ( (ρ̇^2_b + F_1)^{1/2} − σ_1ρ̇_b ) ( (ρ̇^2_a + F_4)^{1/2} − σ_4ρ̇_a ) F_4 ( (ρ̇^2_b + F_2)^{1/2} − σ_2ρ̇_b ) ( (ρ̇^2_a + F_1)^{1/2} − σ_1ρ̇_a

) = 1 (50)

It is possible to make some formalization of above expressions. Namely, the first and the second cases turn into the third and fourth ones respectively if we exchange indices 1 and 3 and simultaneously exchange +1 and -1 in front of σ. Then we can define the parameter η equal +1 for the first pair of cases and -1 for the second pair of cases and it is easy to see that we obtain two generalized formulae ( (ρ̇^2_b + F_{2+η})^{1/2} + ησ_{2+η}ρ̇_b ) ( (ρ̇^2_a + F_{2−η})^{1/2} + ησ_{2−η}ρ̇_a ) ( (ρ̇^2_b + F_2)^{1/2} + ησ_2ρ̇_b ) ( (ρ̇^2_a + F_4)^{1/2} + ησ_4ρ̇_a

) = 1 (51)

F_{2−η} ( (ρ̇^2_b + F_{2+η})^{1/2} + ησ_{2+η}ρ̇_b ) ( (ρ̇^2_a + F_4)^{1/2} + ησ_4ρ̇_a ) F_4 ( (ρ̇^2_b + F_2)^{1/2} + ησ_2ρ̇_b ) ( (ρ̇^2_a + F_{2+η})^{1/2} + ησ_{2+η}ρ̇_a

) = 1 (52)

for crossing and ’reflection’ respectively.

2.5 A nice formula.

In this section we obtain a simple expression for velocities before and after crossing. First of all it is necessary to write the system of equations describing shells. This system consists of momentum conservation law and two equations of motion (before and after crossing). If one uses formalized expressions then the system of equations can be written as ( (ρ̇^2_b + F_{2+η})^{1/2} + ησ_{2+η}ρ̇_b ) ( (ρ̇^2_a + F_{2−η})^{1/2} + ησ_{2−η}ρ̇_a ) ( (ρ̇^2_b + F_2)^{1/2} + ησ_2ρ̇_b ) ( (ρ̇^2_a + F_4)^{1/2} + ησ_4ρ̇_a

) = 1 (53) σ_2 ( ρ̇^2_b + F_2 )_{1/2} − σ_{2+η} ( ρ̇^2_b + F_{2+η} )_{1/2} = η GM ρ (54) σ_{2−η} ( ρ̇^2_a + F_{2−η} )_{1/2} − σ_4 ( ρ̇^2_a + F_4 )_{1/2} = η GM ρ (55)

We choose all the parameters σ = 1 Then for crossing we have ( (ρ̇^2_b + F_{2+η})^{1/2} + ηρ̇_b ) ( (ρ̇^2_a + F_{2−η})^{1/2} + ηρ̇_a ) ( (ρ̇^2_b + F_2)^{1/2} + ηρ̇_b ) ( (ρ̇^2_a + F_4)^{1/2} + ηρ̇_a

) = 1 (56) ( ρ̇^2_b + F_2 )_{1/2} − ( ρ̇^2_b + F_{2+η} )_{1/2} = η GM ρ (57) ( ρ̇^2_a + F_{2−η} )_{1/2} − ( ρ̇^2_a + F_4 )_{1/2} = η GM ρ (58)

One can use the latter pair of equations to obtain ( ρ̇^2_a + F_{2−η} )_{1/2} = Δm_a M + η GM 2ρ ( ρ̇^2_a + F_4 )_{1/2} = Δm_a M − η GM 2ρ ( ρ̇^2_b + F_2 )_{1/2} = Δm_b M + η GM 2ρ ( ρ̇^2_b + F_{2+η} )_{1/2} = Δm_b M − η GM 2ρ Here Δm means the full energy of shell. Substituting the latter expressions into (56) and making some algebra one can find very simple expression

ρ̇_a − ρ̇_b = η Δm_b − Δm_a M (59)

References

[1] W.Israel, Nuovo Cimento 44B, 1 (1966); ibid. 48B, 463 (1967).

[2] V.de la Cruz, W.Israel, Nuovo Cimento 51, 744 (1967); J.D.Bekenstein, Phys.Rev. D4, 2185 (1971); J.E.Chase, Nuovo Cimento 67B, 136 (1970); D.G.Boulware, Phys.Rev. D8, 2363 (1973); V.P.Frolov, Sov.Phys.JETP 38, 393 (1974).

[3] M.B.Voloshin, I.Yu.Kobzarev, L.B.Okun’, Sov.J.Nucl.Phys. 20, 644 (1975).

[4] S.Coleman, Phys.Rev. D15, 2922 (1977); K.Lake, Phys.Rev. D19, 2847 (1979), D29, 1861 (1984); S.Coleman, F.DeLuccia, Phys.Rev. D21, 3305 (1980); K.Sato, M.Sasaki, M.Kodama, K.Maeda, Prog.Theor.Phys. 65, 3 (1981); S.Parke, Phys.Lett. 121B, 313 (1983); V.A.Berezin, V.A.Kuzmin, I.I.Tkachev, Phys.Lett. 120B, 91 (1983), 124B, 479 (1983), 130B, 23 (1983), Sov.Phys.JETP 59, 459 (1984), JETP Lett. 41, 547 (1985), Phys.Rev. D36, 2919 (1987), Int.Journ.Mod.Phys. 5, 4639 (1990), Phys.Rev. D43, R3112 (1991); T.DeGrand, K.Kajantie, Phys.Lett. 147B, 273 (1984); A.Aurilia et al., Phys.Lett. 147B, 258 (1984), Nucl.Phys. B252, 523 (1985); B.Linet, C.R.Acad.Sci.Paris, Ser.IIMec.Phys.Chim.Sci.Univers Sci.Terre 301, 1333 (1985); P.Laguna- Castillo, R.A.Matzner, Phys.Rev. D34, 2913 (1986); E.Farhi, A.Guth, Phys.Lett. B183, 149 (1987); S.K.Blau, E.I.Guendelman, A.Guth, Phys.Rev. D35, 1747 (1987); E.Farhi, A.H.Guth, J.Guven, Nucl.Phys. B339, 417 (1990).

[5] S.Coleman, F.DeLuccia, Phys.Rev. D21, 3305 (1980).

[6] V.A.Berezin, V.A.Kuzmin, I.I.Tkachev, Phys.Lett. 120B, 91 (1983) .

[7] V.A.Rubakov, M.E.Shaposhnikov, Phys.Lett. B125, 136 (1983).

[8] M.Gogberishvili, Mod.Phys.Lett. A14, 2025 (1999).

[9] L.Randall, R.Sundrum, Phys.Rev.Lett. 83, 4690 (1999).

[10] V.A.Berezin, N.G.Kozimirov, V.A,Kuzmin and I.I.Tkachev, Phys.Lett.212B, 415 (1988).

[11] V.A. Berezin Phys.Rev. D55, 2139, (1997).

[12] V.A.Berezin, A.M.Boyarsky, A.Yu.Neronov, Phys. Rev. D57, 1118, (1998)

[13] V.A. Berezin, A.M. Boyarsky, A.Yu. Neronov, Phys.Lett. B.455, 109 (1999)

[14] M.V. Barkov, V.A. Belinski, G.S. Bisnovatyi-Kogan Chaotic motion and ballistic ejection of gravitating shells. astro-ph/0107051

[15] T.Dray and G.’t Hooft, Commun. Math. Phys. 99, 613(1985); T.Dray and G.’t Hooft, Class. Quant. Grav. 3, 825 (1986).

[16] D. Langlois, Kei.Maeda, D. Wands, Conservation laws for collisions of branes (or shells) in general relativity. Phys.Rev.Lett. 88 (2002) 181301; gr-qc/0111013.

[17] A.Yu. Neronov, Brane collisions in anti-de Sitter space. JHEP 0111 (2001) 007; hep-th/0109090.