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Abstract

A technique is given to derive the well known Bell-Szekeres solu-
tion of the Einstein—-Maxwell vacuum field equations describing the
space—time and the Maxwell field following the head—on collision of
two homogeneous, plane, electromagnetic shock waves. The analogue
of this technique is then utilized to construct the space—time model
of the gravitational field following the head—on collision of two homo-
geneous, plane, gravitational shock waves. The latter collision, which
is followed by a pair of impulsive gravitational waves and a pair of
light like shells traveling away from each other, provides a mechanism
for generating a cosmological constant which may be important in the
theoretical description of dark energy.
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1 Introduction

This paper is concerned with exploring the strong analogy between the col-
lision of electromagnetic shock waves and the collision of gravitational shock
waves and with demonstrating that the latter is a mechanism for generating a
cosmological constant, which may be important in the theoretical description
of dark energy [1]. It is important in this context to note that the appearance
of a cosmological constant term on the left-hand side of the Einstein field
equations is equivalent to the appearance of an energy-momentum-—stress
tensor for a perfect fluid with an equation of state expressing the vanishing
of the sum of the matter proper density and the isotropic pressure. Thus for
the case of colliding gravitational shock waves the space-time consists of an
anti—collision region which is a vacuum and a post—collision region which is a
non—vacuum in this sense. Vacuum and non—vacuum regions of space—time
are familiar from solving the field equations for so—called interior and exterior
solutions. Immediately following the collisions considered here a pair of im-
pulsive gravitational waves is formed, moving away from each other, for the
case of colliding electromagnetic shock waves (which is a well-known phe-
nomenon [2]) while following the collision of two gravitational shock waves a
pair of impulsive gravitational waves and a pair of light-like shells, moving
away from each other, are formed.

The collision of plane electromagnetic shock waves with a Heaviside step
function profile has been solved in Einstein—-Maxwell theory many years ago
by Bell and Szekeres [2]. The collision is head—on and the waves are homo-
geneous. Such waves are described by a solution of the vacuum Einstein—
Maxwell field equations starting with the line element

ds* = — cos® auy (dx® + dy?) + 2dudv | (1.1)

where a is a real constant and u, = wi(u) with ¥(u) the Heaviside step
function which is equal to zero if u < 0 and equal to unity if v > 0. If we
write the line element in terms of the basis 1-forms ' = cosau, dv,9? =
cos au, dy, 9 = dv and 9* = du we have

dS2 - _(191)2 - (192)2 + 2193 794 = gabﬂaﬁb ) (1'2)

where the constants g, = gp, are the components of the metric tensor on
the half null tetrad defined by the basis 1-forms. Tetrad indices (such as a, b
here) will be lowered and raised using g, and g® respectively, with g the
components of the inverse of the matrix with entries g, and thus g*°g,. = §2.
The components of the Ricci tensor on this tetrad are given by

Ry = —2a*9(u)626, (1.3)
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The Maxwell field is described by the 2—form
1
F =S Fud® A 9° = ad(u)dt A, (1.4)

(or equivalently by the Newman—Penrose [3] component ®; = ad(u)) and
the corresponding electromagnetic energy—momentum tensor is

1
Eu = F F¢ — 7 Jab FyF% = —a®9(u)d2s; . (1.5)

Hence (1.3) and (1.5) demonstrate that the Einstein-Maxwell vacuum field
equations
Ray =2 Egp ) (16)

are satisfied. The Hodge dual of the Maxwell 2-form (1.4) is
“F = ad(u)9? A9* (1.7)
which clearly satisfies the vacuum Maxwell field equations
d'F =0, (1.8)

where d denotes exterior differentiation. The Maxwell field (1.4) is type N
(the radiative type) in the Petrov classification with the vector field 0/0v as
degenerate principal null direction and thus represents pure electromagnetic
radiation. The profile of the wave is the Heaviside step function and so
the wave is a shock wave. The coefficient of the step function in (1.4) is
a constant (in particular independent of the coordinates x,y) and thus the
waves are homogeneous. The histories of the wave fronts in space-time are
the null hyperplanes © = constant which are generated by the null, geodesic,
shear—free (and, trivially, twist—free) integral curves of the vector field 9/0wv.
In the space-time with line-element (1.1) the vector field /0w is null and
generates the null hyperplanes v = constant. The latter can be the histories
of the wave fronts of electromagnetic shock waves traveling in the opposite
direction to those with histories u = constant and are given by the solution of
the Einstein—-Maxwell vacuum field equations consisting of the line element

ds®> = — cos® buy (dz® + dy?) + 2 dudv | (1.9)

where b is a real constant and v, = vd(v), and the Maxwell field is given by
the 2—form

1
F =S Fud® A 9 = bI(v)9® NI, (1.10)



or equivalently by the Newman—Penrose component ®; = b(v). Bell and
Szekeres considered the collision of two such families of electromagnetic shock
waves, in the sense that if the space-time and Maxwell field for v < 0 is
given by (1.1) and (1.4) and if the space-time and Maxwell field for u < 0
is given by (1.9) and (1.10) (the space-time for v < 0 and u < 0 is trivially
flat Minkowskian space—time with vanishing Maxwell field) then what is the
post—collision space—time for u > 0,v > 0 and post—collision Maxwell field for
u > 0,v > 07 The post—collision space-time and Maxwell field constitute the
Bell-Szekeres solution of the Einstein-Maxwell vacuum field equations. We
give a derivation of this solution in section 2 which acts as a guide for solving
the analogous problem for colliding gravitational shock waves in section 3.

The space—time model of the gravitational field of gravitational shock
waves is given by the line element

ds* = — cos? auydz® — cosh? au dy?® + 2 dudv | (1.11)

where @ is a real constant. This takes the form (1.2) with now the basis
1-forms given by

W' = cosauy dr , 9? =coshau,dy, 9 =dv, 9 =du. (1.12)

The components R, of the Ricci tensor on the tetrad defined by the basis
1-forms vanish, so that the metric tensor given via the line element (1.11) is
a solution of Einstein’s vacuum field equations. The corresponding Riemann
curvature tensor components in Newman—Penrose notation are given by

Vo=V, =V, =U3=0 and ¥, =a*I(u) . (1.13)

This is a Petrov type N curvature tensor and thus represents pure gravi-
tational radiation with propagation direction in space-time the degenerate
principal null direction of the Riemann tensor d/0v. We have again here
plane, shock waves which are homogeneous and have a step function profile,
but in this case the waves are gravitational waves. For similar waves traveling
in the opposite direction

ds® = — cos® b dx® — cosh® by dy® + 2 dudv | (1.14)

where b is a real constant. The analogue of the Bell and Szekeres problem is
to ask: if the space-time for v < 0 is given by (1.11) and if the space-time
for u < 0 is given by (1.14) (the space-time for v < 0 and u < 0 is trivially
flat Minkowskian space—time) then what is the post—collision space—time for
u > 0,v > 07 Following the pattern of the Bell-Szekeres derivation in section
2 below we give the answer to this question in section 3. This is the main
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result of this paper. The most significant feature of this answer is that the
appropriate field equations in the post—collision region of the space-time are
Einstein’s vacuum field equations with a cosmological constant. The cosmo-
logical constant, which could conceivably represent dark energy, is propor-
tional to the product of the constants a and b associated with the incoming
gravitational shock waves indicated above. Some important properties of the
derivation are discussed in section 4 including a summary of the principal
physical attributes of the solution derived in section 3.

2 Derivation of Bell-Szekeres Solution

For the head—on collision of homogeneous plane waves, the post—collision
region u > 0,v > 0 of space-time is well known to take the Rosen—Szekeres

form [4], [5], [6]
ds®* = —e V(eVda? + e Vdy?) + 2 Mdudv (2.1)

where U, V, M are each functions of u,v. For the case involving electromag-
netic waves, which interests us particularly in this section, the Maxwell field
has in general only two Newman-Penrose components ®g(u, v) and ®q(u, v),
or equivalently, the Maxwell field is given by a 2—form

1
F = S Fyd" A" = ®0* A9+ Bot' A9 (2.2)

which also serves to define &y and ®, in terms of F,;, and the basis 1-forms.
It is convenient to write

(I)O = €M/2¢0 and (I)Q = €M/2¢2 5 (23)
and then Maxwell’s equations in terms of ¢g(u,v) and ¢o(u,v) read:
dpy 1 1
u §Uu Po — §Vv P2 (2.4)
opy 1 1

with the subscripts denoting partial differentiation, and the Einstein-Maxwell
field equations read:

Uw = UU,, (2.6)
2, = UZ2+VZ2—-2U,M,+ 4¢3, (2.7)
2U,, = UZ+V7?—2M,U, + 4¢; , (2.8)
2V = UV, + U,V +4¢00o , (2.9)

oM,, = V,V,—U,U, . (2.10)



We wish to solve these equations in the region u > 0, v > 0 with the following
boundary conditions (which are obtained from (1.1), (1.4) and from (1.9),
(1.10) respectively) :

Whenv=0: eV =cos?au, V=0, M=0, ¢»=a0a; (2.11)

Whenu=0: eV =cos?’bv, V=0, M=0, ¢o=0h, (2.12)

where a, b are constants. We note the well known fact that under a change
of coordinates u — @ = u(u) and v — v = v(v) the line element and field
equations remain invariant in form with M — M, ¢g — ¢g, P2 — ¢9 with

— du do _ do\ _ AN
M = - — M p— —_— p— —_—
e = Ju dve . ©o (dv) b0, P2 <du> o2 . (2.13)

Eq.(2.6) is equivalent to (e7”),, = 0 and solving this with
eV = —1 + cos? au + cos? bv = cos(au — bv) cos(au + bv) , (2.14)

satisfies the boundary conditions.

We see from (2.12) that when u = 0 we have V,, = 0 but we shall require
V., and ¢o when u = 0 which we write as (V},)u=o and (¢2)y—o. Also when
v = 0 we have V,, = 0 and we shall require (V),—0 and (¢g),—o. To derive
(Vi) u=0 and (¢2)u—o we use (2.5) and (2.9) evaluated at u = 0. First we note
from (2.14) that

U, = atan(au — bv) + atan(au + bv) , (2.15)
U, = —btan(au — bv)+ btan(au + bv) , (2.16)

and so (Uy)u=o = 0 and (U, )y—0 = 2btanbv. Hence (2.5) and (2.9) evaluated
at u = 0 yield

dci{(%)uocosbv} = _S(Vu)uOCOSbU7 (2.17)
CZ}{(Vu)uO cosbv} = 2b(¢a)u=ocosbv , (2.18)

respectively. Solving these we arrive at
(P2)u=o = P tanbv + @Q and (V,)y=0 = —2P + 2Q) tanbv , (2.19)

where P, () are constants. When v = 0 and v = 0 we have ¢ = a and V,, =0
and this implies that P = 0 and ) = a. Therefore

(p2)u=0 = a and (V,)y—o = 2atanbv . (2.20)
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Similarly using (2.4) and (2.9) evaluated at v = 0 leads to
(¢0)v=0 = b and (V},)y=0 = 2btanau . (2.21)

Now Maxwell’s equations can be written in the form

3 1 ¢2 a 1 1 9250
—(1 == =V, — —(1 - V.= 2.22
8u( og ¢o) 2Uu V b and ( 0g ¢2) = 2Uv 2Vu by (2.22)
from which we easily deduce that
0 %o <Z50 ¢2
2 log = — 2.2
We now make the key assumption that
$o _ A(u)
0 _ ’ 2.24

for some functions A(u), B(v). On account of (2.13) this means that there
exists a frame of reference 4, v such that ¢y = ¢,. This implies that ¢2 = ¢2
and so if ¢g, ds are thought of as describing two families of backscattered
electromagnetic radiation following the collision, then we are making the
simplifying assumption that in the barred frame the energy densities of the
two families of backscattered waves are equal. From (2.20) and (2.21) it
follows that (2.24) implies

¢ b
P _ 2 2.25
5 a (2.25)
for u > 0,v > 0. Using this in (2.23) we arrive at the wave equation
1 0 10 /1
Vol ===— 1=V, ), 2.26
adu ( ) b ov (b ) ( )
or, with u = au, v = b,
Vaa = Vi - (2'27)

Solving this for V (@, v) using the d’Alembert formula, with
V(0,5) =0 and V,(0,7) = 2tand (2.28)
by (2.12) and (2.20), we find that

v+u U —
V(a,v) = = . 2tan d€ = logzzz(u:_j; ) (2.29)



and thus
cos(au — bv)

p—t 1 — 2-
V(u,v) = log cos(au + bv) ’ (2:30)
for u > 0,v > 0. Now
V. = —atan(au — bv) 4+ atan(au + bv) , (2.31)
Vo, = btan(au — bv) + btan(au + bv) , (2.32)

and so with (2.15) and (2.16) we find that U,U, = V,V,. Now from (2.10)
we have M, = 0 from which it follows, using the boundary conditions (2.11)
and (2.12), that M = 0 for u > 0,v > 0. Substituting U from (2.14) and V
from (2.30) into (2.7) and (2.8) with M = 0 results in

¢o=>b and ¢y =a, (2.33)

for u > 0,v > 0, and now (2.9) is automatically satisfied, as are the Maxwell
equations (2.4) and (2.5) since bU, — aV,, = 0 = aU, — bV, on account of
(2.15), (2.16), (2.31) and (2.32). The line element for u > 0,v > 0 is now

ds* = — cos?(au — bv) dz* — cos?(au + bv) dy* + 2 dudv . (2.34)

Equations (2.33) and (2.34) constitute the Bell-Szekeres solution of the
Einstein—-Maxwell vacuum field equations.

We can write the line element of the space-time in a unified form in-
corporating each of the four regions of the space-time I(u < 0,v < 0),

II(u > 0,v < 0), [II(u < 0,v > 0) and IV(u > 0,v > 0) as
ds® = — cos®*(auy — bvy ) da? — cos®(auy + bvy ) dy* +2dudv . (2.35)

On the tetrad defined by the basis 1-forms 9! = cos(au, — bvy)dw, ¥* =
cos(auy + bvy ) dy, 92 = dv and ¥9* = du the Ricci tensor components are

Ry = —2abd(u)9(v) 6, 6 +2abd(u)d(v) 2 5}
—20%9(v)62 63 — 2a*9(u)d2 5}
— 2E, (2.36)

where FE,;, is the electromagnetic energy—momentum tensor calculated with
the Maxwell field

F =ad(u)o' A* + bI(v)0® Aot . (2.37)



Finally the Newman—Penrose components of the Weyl conformal curvature
tensor for the Bell-Szekeres space-time are given by

Uy = —bdé(v) tanauy , (2.38)
U, o= 0, (2.39)
U, = 0, (2.40)
U, = 0, (2.41)
U, = —ad(u) tanbu, . (2.42)

For v > 0,v > 0 this space—time is conformally flat. The appearance of
the Dirac delta functions in two of these components means that there is
an impulsive gravitational wave with history v = 0,u > 0 described by W,
and an impulsive gravitational wave with history v = 0,v > 0 described
by Wyu. Thus the energy in the incoming electromagnetic shock waves is
re-distributed following the collision into two impulsive gravitational waves
followed by the superposition of two systems of electromagnetic shock waves
described by (2.37).

3 Collision of Gravitational Shock Waves

Taking the Bell-Szekeres example as our guide we consider now the head—on
collision of the homogeneous, plane gravitational waves described by (1.11)
and (1.14). Again for the post collision space-time we work with a line ele-
ment of the form (2.1) but now we are interested in Einstein’s field equations
with a cosmological constant A given by R,, = A gu. Written out explicitly
these equations read:

Uw = U U, —Ae™ | (3.1)
W = UV +UVy, (3.2)
Uy = UZ+VZ2-2M,U,, (3.3)
2U,, = UZ+VZ?-2M,U,, (3.4)
oM, = V,V,—U,U, . (3.5)

The Newman—Penrose components of the Weyl conformal curvature tensor
are:

1

U, = —ieM{Vw—k(Mv—Uv)Vv}, (3.6)

U, = 0, (3.7)
1 1

U, = ZeM(vuvU—UuUUHéA, (3.8)



U, = 0, (3.9)

U, = —;eM{Vuu + (M, — U,)V,} . (3.10)
The Bianchi identities are:

%‘1:) _ (Mu + ;U) 7, 2%% | (3.11)

8(;1;4 = (Mv + ;U) 0, gvuxpz : (3.12)

‘?: = ZUU% — ;%\114 : (3.13)

= - v (3.14)

These can be calculated using the formulas given by Chandrasekhar [7] or,
alternatively, they can be calculated directly by taking the appropriate partial
derivatives of (3.6)—(3.10) and simplifying the results using the field equations
(3.1)—(3.5) and using again (3.6)—(3.10). The boundary conditions in this

case are:

When v =0: eV = cosaucoshau , e = cosau ., M=0, U,=d;
cosh au (3.15)
) .
When u=0: eV =cosbvcoshbv , " = Sk , M=0, ¥y=0b",
cosh b (3.16)

where a, b are constants.
To begin with we shall require (U, )y—0, (Vi)v=0, (My)v=0 and (Vg)y—o. It
is useful to note from the boundary conditions that
(Uu)v=o = atanau — atanhau , (3.17)
(Vi)v=o = —atanau — atanhau . (3.18)

Evaluating (3.1) at v = 0 results in
@
du

which we can rewrite as

(Uyp)v=o0 + a(—tan au + tanh au)(U,)y=o = —A , (3.19)

™ (cos au cosh au(U,),—9) = —A cos au cosh au (3.20)

and solve with
cos au cosh au(U,)y—g = —2—(sin au cosh au + cosausinh au) + C' , (3.21)
a
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where C' is a constant of integration. Since U, at u = 0 and v = 0 vanishes
we have C' = (0 and thus

A
(Up)p=o = —%(tan au + tanh au) . (3.22)

Similarly by evaluating (3.1) at u = 0 we obtain

A
(Uy)u=o = —Q—b(tan bu + tanh bv) . (3.23)

To determine (V},),—o we evaluate (3.2) at v = 0 and arrive at

d

A
d—(Vv)v:O = %(tan au — tanh au)(V,)y=o + Z(tan au + tanhau)? . (3.24)
u

To solve this we make use of the identity

d A
A 2 A a4 _ A _ 2
1 (tan au 4 tanh au) oa u(tan au — tanh au) 1 (tan au — tanh au)” .
(3.25)
This enables us to write (3.24) in the form
d
CZIL/ - g(tan au — tanh au)W =0 , (3.26)
with A
W = (Vy)v=o — 2—(tan au — tanh au) . (3.27)
a
Now (3.26) reads
d
@{(COS aucosh au)?W} =0, (3.28)

and thus we arrive at
A
(Vy)v=o = 2—a(tan au — tanh au) + C4 (cos au cosh au) ~V/? (3.29)

where (] is a constant of integration. Since V, vanishes when v = 0 and
v = 0 we have C; = 0 and thus

A
(Vy)v=0 = 2—(tan au — tanh au) . (3.30)
a

Proceeding similarly with (3.2) evaluated at u = 0 we find that

A
(Vi)u=o = 2—b(tan bv — tanh bv) . (3.31)
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Next we require (M, ),—¢ and this is obtained by evaluating (3.5) at v = 0.
From (3.17), (3.18), (3.22) and (3.30) we see that the right hand side of (3.5)
evaluated at v = 0 vanishes and so we have
4
du
and thus (M, ),—0 = Cy = constant. But M, vanishes when u =0 and v =0
and so Cy = 0. Hence

(My)p=0 =0, (3.32)

(My)y=0 =0 . (3.33)

Evaluating (3.5) at u = 0 similarly results in
(Mu)u=o =0 . (3.34)

Finally we shall require (¥g),—o. The expression for ¥, given by (3.8) eval-
uated at v = 0, remembering (3.15), yields

1
(Ba)o = 1A (3.35)
Using this, along with (3.17) and (3.30), in the Bianchi identity (3.11) eval-

uated at v = 0 we find

d 1 A?
@(\Po)vzo— ia(tan au—tanh au)(Vg)y—o = —%(tan au—tanhau) , (3.36)
which can be rewritten in the form
. a2 (0)oco = o L cosaucoshan (337
™ (cos au cosh au) 0)o=0} = 5 (cosaucoshau) ™, .37)
which leads to
A? Cs

(Wo)v—o = (3.38)

+
4a?  (cosaucosh au)l/?’
where (3 is a constant of integration. Now we can summarize the current

situation with regard to the Weyl tensor evaluated at v = 0 as follows:

A? Cs A
1/2 ) (WQ)’U:O - E

(\IIO)UZO y (\114)1,:0 = CL2 . (339)

T 4a? (cos au cosh au)
We will return to these equations after we have discussed, for the present

case, the analogue of (2.23) with (2.24).
From (3.11) we have

0 1 3.,V
o-logWo = M, + JU, = SV, =*

— 4
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and from (3.12)

0 3. W,
—log U, = M, —-V,=—= A1
gy 8 Ya= Mot 2U 2V, (3-41)
from which we deduce that
2 82 \114 0 \I’Q 0 \DZ
— 1 — ) = — =) - — —= . 42
3 Judv 8 <\Ifo> ov (VU \I/0> ou (Vu ‘1/4> (342)

Next (3.13) and (3.14) can be written as

0 3 1 U,
0 3 1 W,
and thus we have
0 Uy 0 W,
— | Vp,— V., =0. 3.45
ov ( \Ilz> Au ( > ( )

We have here two equations, (3.42) and (3.45), where we had one equation
(2.23) in the electromagnetic case. If we make the assumption that

Uy = kU 2w (3.46)

for some constant k to be determined later, we can arrive at a situation
exactly analogous to the electromagnetic case. With this assumption (3.42)
becomes

2 O v o (. vl o (. v/
— 1 — == Vi ]| —=— (W , 3.47
3k Oudv ©8 (‘Ifo> v ( \1;5/2 ou \1,1/2 ( )
while (3.45) now reads
o (. wy? o (. v/
Y -~ 0 1 =0. A4
ov (Vv @(1)/2 ou V“\I,}lﬂ 0 (3.48)
Thus we now have the analogue of the electromagnetic case in that
‘114 A('LL)
e 3.49
T Ey (3.49)

for some functions A(u) and B(v) and then V(u,v) is determined by (3.48)
(the analogue of (2.26)).
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Before proceeding it is useful to now compute the constant of integration
C5 in (3.38). We see that when (3.46) is evaluated at v = 0 we must have
(¥o)y—o constant, since (Vg),—o and (V4),—o are constants given in (3.39).
Therefore C'5 = 0 and so
AQ
(\110)7):0 - Aa? .
But from (3.16) we have Wy = b? when v = 0 and v = 0 and so A? = 4a?b?
and we can take

(3.50)

A =2ab, (3.51)

from now on since, in particular, the signs of a and b are free to specify. This
demonstrates the importance of including the cosmological constant in the
field equations at the beginning of this derivation. Thus we have

1
(\IJO)UZO = bQ ) (‘112)1):0 = §ab s <\D4)v:0 = CL2 s (352)
and so (3.46) evaluated at v = 0 yields k = 3.

We now have in particular (¥¢),—o = b* and (¥4),—¢o = a® and similarly
we find that (U4),—0 = a* and (¥y),—o = b?. Hence it follows from (3.49)
that for u > 0,v > 0,

\114 CL2

—_— = 3.53

Uy b2 (3:53)
Consequently with @ = au,v = bv we see, following (3.48), that V(u,?)
satisfies the wave equation

Vo = Vaa - (3.54)
Using the d’Alembert formula with (by (3.16) and (3.31))
V(0,7) = log —2"  and  V,(0,7) = tan — tanhd , (3.55)
cosh v
we have
1 cos(u + v) cos(v — u) 1 pota
=1 S| tang — tanhéd
V(@) 2 %8 <Cosh(u + ) cosh(v — a) N 2 Jo-u ang —tanh&dt
(3.56)
which simplifies to
cos(au — bv)
=log| ——— = :
V' =log (Cosh(au - bv)) ’ (3:57)

for u > 0,v > 0.
We do not yet know Wy, ¥y, Uy individually for u > 0,v > 0. However we

do know the following relations between them which hold for v > 0,v > 0:
vy a? 1/2 1,1/2
e b= NS i (3.58)
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and thus 5
a
3V, = -V, = -, . 3.59
2= W= S0 (3.59)

Using the latter in the Bianchi identities (3.11)—(3.14) we have

?’ab%q: - (Mu + ;Uu) ?’abqf? - ;’v;,% , (3.60)
?’;%\? _ (Mv + ;U) ?’b‘”\yz _ ‘;’VU% , (3.61)
A T (3.62)
8;’; — ;vapg - SZVU\I/2 . (3.63)

Thus (3.60) and (3.62) with Wy # 0 yield
M,—U, = —% v, (3.64)

and (3.61) and (3.63) with Uy # 0 yield

M, - U, = —Z v, (3.65)

With V' given by (3.57) the first of these two equations reads

M, —-U, = —atan(au— bv)+ atanh(au + bv) ,

= 5(1 (log cos(au — bv) + log cosh(au + bv)) . (3.66)

Integrating and using the boundary conditions (3.16) results in
M — U = log {cos(au — bv) cosh(au + bv)} . (3.67)

We easily see that this satisfies (3.65) with again V' given by (3.57). At this
point we do not know M and U separately for v > 0,v > 0. Substituting for
U in terms of M from (3.67) and for V from (3.57) into the field equations
(3.3) and (3.4) results in the equations

and
2M,, = —Mf , (3.69)
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respectively. Since M, = 0 when v = 0 and when v = 0, and in addition
M, = 0 when u = 0 and when v = 0, the only solutions of (3.68) and (3.69)

which satisfy the boundary conditions are
M,=0=M,, (3.70)

for u > 0,v > 0 and thus it follows from the boundary conditions (3.15) and
(3.16) that
M=0, (3.71)

for u > 0,v > 0. Hence we have from (3.67):
U = —log{cos(au — bv) cosh(au + bv)} , (3.72)

for u > 0,v > 0.
With V, M, U given by (3.57), (3.71) and (3.72) respectively the line ele-
ment (2.1) reads

ds® = — cos?(au — bv) dz® — cosh?(au + bv) dy? + 2 dudv (3.73)

for u > 0,v > 0. Calculating Wo, Uy, U, from (3.6), (3.8) and (3.10), using
V, M, U given by (3.57), (3.71) and (3.72), results in

1
To=02, U, = gab . Uy =ad?, (3.74)

for w > 0,0 > 0. It is now straightforward to check that (3.11)—(3.14) are
satisfied since bU, = aV, and aU, = bV, with V given by (3.57) and U by
(3.72).

4 Discussion

We have seen that an important part of the argument in section 3 is the
assumption (3.46) relating Wy to ¥y and Wy. It is clear that, as a conse-
quence of the field equations (3.42) and (3.45), (3.46) implies the separation
of variables (3.49) in the function W,/Wo. The converse is also true. If the
separation of variables (3.49) is assumed then, as a consequence of the field
equations (3.42) and (3.45), the equation (3.46) holds. To see this we note
that if the separation of variables (3.49) is assumed then (3.42) reads

O ( W\ D [ Uy
» (V%> - (qu;) —0. (4.1)
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Putting

Wy
£ = W ) (4.2)
we can rewrite (4.1) as
9 \1/1/2 o (. w?
Using (4.2) again we can rewrite (3.45) as
0 \1/}1/2 0 xpg/Z
% 1/26 % \Il1/2€ : (4'4)

Writing these equations out more explicitly we have

1/2 1/2 1/2 1/2
Vogi ) &= Vet | &= = (Vo |~ (Ve ) 1€
\IIO/ \114/ 8"0 / ou \114/
(4.5)
L L v o ([, w/\ o[ u
A\ ) e\ e ) T e Vklfé” Tou\MwE )
(4.6)
Adding (4.5) and (4.6) with £ # 0 results in (3.48) and then (4.5) and (4.6)

each become U "
vy L5
( \111/2)6” ( \111/2)&:0' o

We now have before us the wave equation (3.48) and this equation (4.7).
Under the coordinate transformation v — u = ﬂ(u) and v — ¥ = 0(v),

mentioned following eq.(2. 12) above, Uy — U, = (gz’]) ! Uy, Uy — Uy =
Uy and U, — U, = (35) v, and thus £ — 5 = £. Hence if we choose
MA@ amd %= (B (4.9

with A(u), B(v) appearing in the presently assumed separation of variables
(3.49) then WU, = ¥y and (4.7) and (3.48) simplify to read

Volo =Vala (4.9)

and

Vs = Vaa , (4‘10)



respectively. The general solution of the wave equation (4.10) is
V(a,v) = f(u+0)+g(u—0), (4.11)

where the functions f, g are arbitrary functions of their arguments. Substi-
tuting into (4.9) we have

(Ca—&) f'+(Ga+&)g =0, (4.12)

where the primes on f, g denote differentiation of these functions with respect
to their arguments. If (4.12) is to hold for f, g arbitrary then we must have
¢ = 0 = & which implies that £ = constant and thus (4.2) agrees with
(3.46).

As in section 2 we can write the line element of the space-time in section
3 in a unified form incorporating each of the four regions of the space-time
I(u < 0,v<0), II(u>0,v<0), [II(u < 0,v>0) and IV(u > 0,v > 0) as

ds® = — cos®(auy — bvy) da® — cosh®(auy + bvy) dy* +2dudv . (4.13)

On the tetrad defined by the basis 1-forms 9! = cos(au, — bvy)dz, 9% =
cosh(auy + bvy ) dy, ¥? = dv and ¥* = du the Ricci tensor components are

Ry = bé(v) (tanau, + tanhau,) 8> 6} + ad(u) (tanbv, + tanhbv, ) 52 6
+2ab?(u) V(v) gap - (4.14)

The Weyl conformal curvature tensor components in Newman-Penrose no-
tation are

Uy = bv*9(v) + ;b (tanh auy — tanauy ) o(v) , (4.15)
U, = 0, (4.16)
v, — ;abﬁ(u)ﬁ(v) | (4.17)
Uy = 0, (4.18)
U, = a*d(u)+ ;a (tanh bvy — tanbuy) d(u) . (4.19)

For v > 0,v > 0 this Weyl tensor is Type D in the Petrov classification.
The situation following the collision of the two gravitational shock waves is
more complicated than in the electromagnetic case. Now the energy in the
incoming waves is re-distributed into (1) two light-like shells (see [8]), which
could correspond to bursts of neutrinos, described by the Dirac delta function
terms in the Ricci tensor components (4.14), (2) two impulsive gravitational
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waves described by the Dirac delta function terms in the Weyl tensor com-
ponents (4.15) and (4.19) and (3) dark energy in the region v > 0,v > 0
described by the Ricci tensor in this region of space-time having the form

Ry =ANgas with A=2ab. (4.20)

It is well known that the Bell-Szekeres space-time with line element (2.34)
can be written as the sum of the line elements of two 2-dimensional manifolds
of equal constant curvature [9]. This is the so—called Bertotti-Robinson
space-time [10], [11]. Motivated by this we have derived the line element
(3.73) as the sum of the line elements of two 2-dimensional manifolds of
constant curvature differing only in sign (see [12], [13]). This is the so—called
Nariai-Bertotti space-time [10], [14]. A particularly simple example of a
collision of plane, homogeneous, light-like signals combining gravitational
and electromagnetic shock waves in each in—coming signal has recently been
given in [15].
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