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FORMATION OF TRAPPED SURFACES IN THE COLLISION OF
NONEXPANDING GRAVITATIONAL SHOCK WAVES IN AN AdS,
SPACE-TIME

© 1. Ya. Aref’eva* and A. A. Bagrov*

We study the formation of marginally trapped surfaces in the head-on collision of two shock waves in
anti-de Sitter space—time. We compare the obtained results with the corresponding results for de Sitter
space—time. To clarify this comparison, we use coordinates that allow studying AdS/dS cases in a universal
way. We also analyze the dependence of the area of the trapped surface on the choice of the regularization
of the shock wave metric.
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1. Introduction

The possibility of black hole formation during the collision of ultrarelativistic point particles in the
Minkowski space-time is a generally accepted theoretical fact [1]-[3]. In connection with the appearance of
the TeV gravity paradigm [4], black hole formation during the collision of particles with a center-of-mass
energy of a few TeV and the possible experimental manifestation of this process [5] recently became the
subject of numerous comprehensive investigations [6]-[10]. We also note the proposed possibility of creating
other more exotic objects at the LHC [11]-[13]. Black hole creation during collisions of ultrarelativistic
particles in anti-de Sitter (AdS) and de Sitter (dS) space—times is also a subject actively discussed [14], [15].

A negative cosmological constant leads to a collapse of matter, while a positive cosmological constant
facilitates its repulsion. It is therefore natural to expect that a negative cosmological constant promotes
black hole formation and a positive cosmological constant weakens this process.

Here, we study the formation of marginally trapped surfaces during the head-on collision of two shock
waves in an AdS space—time in detail. In particular, we analyze the dependence of physical parameters on
the type of regularization of the §-function appearing in the shock wave metric. We also study the area
of the trapped surface as a function of the ratio of the cosmological radius and square of the shock wave
energy. We note that if the space—time is assumed to be asymptotically flat, then the presence of a trapped
surface usually guarantees the existence of the event horizon [16]-[19]. A similar theorem has not been
proved for an AdS space-time, but it is thought that the existence of a trapped surface can indicate the
formation of a black hole.

Our main motivation is related to the AdS/CFT correspondence. Despite the absence of a holographic
dual description of QCD, describing heavy-ion collisions in terms of gravitational shock wave collisions in
an AdS space—time was suggested in [20], [21]. Black hole formation in the bulk during collisions of objects
dual to the nuclei was interpreted in the space of one lower dimension as formation of a quark—gluon
plasma [22]-[24].
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In AdS, a dimension-dependent critical effect appearing in the collision of smoothed gravitational shock
waves was recently found [14]. For D = 4 and D = 5, there exists a critical value of the “blur” of the shock
waves in the direction of their motion, above which formation of a trapped surface during the collision
becomes impossible. We note that the results obtained in the AdS case agree qualitatively with the results
obtained in a flat space-time.

This paper is organized as follows. We begin by introducing the basic mathematical objects and recall
some basic facts about generalizing the Aichelburg—Sexl shock wave geometry [25]-[27] to nonexpanding
shock waves propagating in D-dimensional space-times with a nontrivial cosmological constant [28]-[36].
In Sec. 3, we present the trapped-surface equations in the complex coordinates. These coordinates are
especially convenient for analyzing the four-dimensional case. In the general case, the trapped surface can
be found as the solution of the particular Dirichlet problem (see Sec. 3 for the details) for the Beltrami-
Laplace operator on the hyperboloid where the shock wave is located. We conclude by comparing our
results with results in [14], [37] obtained in a different coordinate system.

2. The shock wave in complex coordinates

2.1. The shock wave in plane coordinates. To begin, we allow ourself to briefly recall the results
in [28], [32], [35] devoted to the geometry of shock waves propagating in the four-dimensional AdS space-time
(see [38] for gravitational waves). In terms of the dependent plane coordinates (U,V, Z, Z*), Z = (22, Z%),
satisfying

UV + 72— 7% = a2, (2.1)

the line element of the shock wave space—time is
ds? = —2dU dV + dZ* — (dZ*)* + F(Z*)6(U)dU?, (2.2)

where U and V are related to Zg and Z; by U = (Zo + Z1)/v2 and V = (Zy — Z1)/V/2.
The shock wave shape function F' is a fundamental solution of the equation

(AHz — %)F = —16V27G4pd (i, 7o), (2.3)

where Appe is the Laplace-Beltrami operator on the two-dimensional hyperboloid H?, 7274 = —a?, My is
the location of the particle on the hyperboloid, p is the shock wave energy, and G4 is the four-dimensional
gravitational constant. The factor /2 in the right-hand side results from our choice of the coordinate
system (that factor disappears if we set —dU dV instead —2 dU dV in the metric for the AdS space and the
shock wave). This metric is a solution of the Hilbert—Einstein equations with an energy—momentum tensor
with the single nontrivial component Tyy ~ po(U).

For the parameterization Z* = a&, we obtain

F(¢) = 4\/§p<—2+§10g<%)>, (2.4)

where p = pGy is the rescaled energy and £ > 1.

Figure 1a schematically presents a single shock wave in a D-dimensional AdS space-time. The latter is
represented as a hyperboloid embedded in the (D+1)-dimensional Minkowski space—time. The coordinates
Zo and Z3 are suppressed in this figure. The shock wave is located at the intersection of the hyperboloid
with hyperplane Z° — Z' =0, U = (Z° + ZY)/v2, V = (Z° — ZY) /\/2.

Two shock waves colliding at U =V = 0 are presented in Fig. 1b.
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Fig. 1. (a) A single shock wave in AdS space. (b) Two shock waves collide at Z: 0 = 0.

Z4 Z4 Z4

Fig. 2. A shock wave in AdS at discrete Z°-time instants.

We consider a collision of two waves of the type described above. We suppose that in the region
{U < 0} U{V < 0}, i.e., the part of the space—time before the collision, the metric is given by

ds? = —2dU dV + dZ? — (dZ*)? + F(£,6)8(U)dU? + F(£,&)6(V)dV2. (2.5)

Here, & and &, are the locations of the two colliding particles (see [28] for the explicit formula for F(§,&;)).
We can also draw the position of a single shock at discrete instants. In Fig. 2, we can easily see that
our shock wave is nonexpanding.
In what follows, we use independent complex coordinates, which are convenient for a universal descrip-
tion of the dS and AdS spaces.

2.2. The shock wave metric in the independent coordinates. To study the structure of the
space—time in terms of independent four-dimensional coordinates, it is convenient to use the complex con-
formal flat coordinates

2aU 2aV V2a

= — = — = 22 23 . 2~

In these coordinates, the shock wave metric is

s —2dwdo +2d¢dC + 2H(C, C)6(w)du?

v [+ (wo — ¢0)/2a?)P ’ =0
where 11 14 ¢C/(207)
H((,f): §<1:FﬁCC>F<aW/(222)> (2.8)
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and F is given by (2.4). Hence,

H(G,C) = Mp(l T 2%,44) (—2 + % 1og(2<%2)>, (2.9)

where F corresponds to the respective AdS or dS case.
The shock wave is located on the two-dimensional hyperboloid/sphere (we consider only the AdS case
in what follows; see Fig. 2), and the induced metric on it is given by

2d¢d¢
(1—¢¢/(2a%))2"

The rescaled shape function H (¢, () divided by 15¢¢/(2a?) is the fundamental solution of the Beltrami-
Laplace equation on this two-dimensional hyperboloid,

ds* = (2.10)

2\_H(GO . =
(A]HP - ﬁ) W = —8\/§7TPG45(<)5(<)a (2.11)
where (ENE o2
1

1 2\°/02 108 1 02
A ==(1- ) (L 422422, 2.1
. < ) (ﬁﬁ_¥pap+p2&ﬁ> (2.13)

Because H given by (2.11) depends only on p, we have a fundamental solution of the ordinary differential

1 P\ 10 H(p) B _
5 (1 - 2_CL2) <8_p2 + ;a—p) T/(ZCLQ) = —8\/§7TpG45(p). (214)

2.3. Geodesics in term of the independent coordinates. Explicit expressions for geodesics in

operator

terms of the dependent five-dimensional coordinates are known:

V =Vo+ ViU + Q(Z))6(U) + R(Z})6(U)U, (2.15)
7' = Z} + ZiU + Si(Z3)0(U)U, (2.16)
where
1 1 1

Q(Zy) = §F(Zo)a (2.17)

i 7 1 1 j i
S5'(Zy) = it os (F — Z3F ;) Zy, (2.18)
R(Z)=irziv L (F - ZipgVe+ LR L (P2 - (ZiF,) 2.19
(0)—271 1+2a2( o,z)0+8 ,i+8a2( (o,z))- ( )

These formulas have been obtained by a straightforward analysis of the geodesic equations with constraints
in [15] and also by an application of the theorem on embedding a manifold in [33]. Here and hereafter, we
use the convention

0(0) = (2.20)

1
5
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Although the Heaviside function is a generalized function and its value at one point should not play a
significant role in physically meaningful calculations, we are here obliged to deal with such an object as
6(0). We plan to discuss this aspect in detail in our next paper and perform an accurate regularization
procedure. Here, we simply use convention (2.20).

Using coordinate change (2.6), we obtain an expression for geodesics in terms of the independent
coordinates. In the first order of the parameter U, we obtain

wU) =wU+...,
o(U) =004+ 01U+ =0+ 00g0(U) + (010+0196‘(U))U+..., (2.21)

CU)=C+ QU+ =Coe+ CobU) + (Cre + Cob(U))U + ...,

where
2

wy = TZ{}/@’ (2.22)
2

%0 = 15 77 (2.23)
_2Q(Z))

00 = T3 770 (2.24)
B % B Z_f Vo

7o =2 (1 +Z8/a o (14 Za*/aV) | (2.25)

1o =2 R(Zy)  QZyzi  QSYZy)  SNZ) W (2.26)

! 1+ Z4a a1+ Z4/a)?  a(l+ 28/a)? a (1+27Zta)?) '
V22
Coe = W, (2.27)
Coo =0, (2.28)
4
(e Via 2 V2% (2.29)

B 1+Z8a o (1+2%a)?>

V28(Zh) st V22
=128 @ A+ 2 aR (2.30)

Here, the complex variables S, 2o, and z; are related to S%, Z§, and Z! by
S(Z}) = S%(ZY) +iS*(Z}Y), (2.31)
20 =23 +iZ3, oz =Zi+iZ;. (2.32)
We see that there is a discontinuity only for the o variable.

2.4. Smooth coordinates. To eliminate §(U) from the metric, we use a coordinate change analogous

to one introduced in [39]:
w=W,

o =S+ H(Y,T)§(W) + W6(W)Hy Hy, (2.33)
¢ =T+ W6(W)Hz.
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Here, Hy = Oy H(Y,Y). In the new coordinates, we obtain the metric

ds? — —2dW d% + 2|dY + WO(W)(H 5 dY + Hzw dY)|?
[1+ (WS- YT + Wo(W)G)/(2a2)]2 )

where H(Y,Y) depends on Y and T as H((,() given by (2.8) depends on ¢ and ¢ and
G =H - THy — THy.
We rewrite metric (2.34) as

ds® = 2gws, AW d¥ + gyr dY dY + 2g5 dY dY + ggx dY dY,

where
1
gws = _N7
2
gry = N@(W)WHTT(I + WHTT)’
1
9T = N7 [(1+6(W)W Hye) (1 + 0(W)W Hyy ) + 0(W)W? Hyy Hyy) =
1
— N[l + 20(W)W Hopp + 0(W)W?(HZ . + Hyy Hy )],
2
Iyy = JT/G(W)WHTT(l + W Hypy).
Here,

1 . . 2
N = 1+QTlQ(WE—TT+9(W)W(H—HTT—HTT))

2.5. Two shock waves. In the case of two shock waves, we have the metric

ds? = 27k W dS + g} dY dY + 2920 dY dT + gL dT dY,

where
@ _ 1
Iws = _Wa
@ _ 2t pnwa + wa 0(X)S(1 + XH
QTT_N(Q)[( YW (1 + TT)"’ (2)2(1 + TT)]a
) 1
g% = V@ (14 2(0(W)W + 0(2)S) Hy + (0(W)W? + 0(2)5?) (HZy + Hyy Hy )],
@) 2HW[@(W)WQ + WHey) + 0(2)S(1 4+ SHeey)]
Ivr = N@ TT v )l
Here,

2

N® =11+ 2—; (WE =TT+ (0(W)W +0(2)X)(H — HyY — HY))

(2.34)

(2.35)

(2.36)

(2.37)

(2.38)

(2.39)

(2.40)

(2.41)

(2.42)

(2.43)
(2.44)
(2.45)

(2.46)

(2.47)

This form of the metric is correct for three space—time regions: (X < 0,W < 0), (X < 0,W > 0), and
(X > 0,W < 0). It should be modified for (¥ > 0, W > 0) because of the gravitation interaction (finding
a modification of the metric in the fourth region (X > 0, W > 0) was recently attempted in [40]). In what

follows, we present the main steps in deriving the expression for the trapped surface in the space—time

region where formula (2.42) is applicable.
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2.6. Derivation of the equation for the trapped surface. The trapped surface in the four-
dimensional space—time is a two-dimensional closed spacelike surface determined by the condition that the
convergence of null geodesics on it is equal to zero. We recall that the convergence of geodesics passing
through a given surface is given by [17], [41], [42]

6 =hMNV ey, (2.48)

where £y is a tangent vector to a geodesic, Vjy is the covariant derivative, and hM¥ is a four-dimensional
tensor related to the two-dimensional metric induced on the surface (the exact definition is given below).

In coordinate system (2.33), the trapped surface whose explicit expression we seek has two parts. We
let S1 and S2 denote those two parts of the trapped surface in the respective regions ¥ < 0 and W < 0.
They are defined in terms of the two functions ¥ (Y, T) and ¥y(Y,T) as

W = 0, E = 07
Sy _ Sy: _ (2.49)
¥ = —0y(T,7), W = —Wy(T,T),

with the additional boundary conditions at the shock wave intersection C C {W =X = 0}
Sile = Sale (2.50)

and

0781|c = 07S2c, (2.51)

where 9z denotes the normal derivative to the surface.
Condition (2.50) means that

(T, 7)|, =0, (T, T)|, =0, (2.52)

and a consequence of (2.51) is given in explicit form below (see (2.73)).

Because S1 and Sy are in the respective regions W < 0 and ¥ < 0, we also have \Ill(T,T) > 0 and
\IJQ(T,T) > 0.

We now derive equations for the two functions W (Y, T) and W5(Y,T) determined by the condition
that the surface they define is marginally trapped [17], [41], [42], i.e., that the convergence of outgoing null
geodesics orthogonal to the surface has zero expansion. Our calculations are very close to the corresponding
calculations in the review section in [21].

The null geodesics passing through the trapped surface can be specified by the tangent vectors £ with
the components for W < 0

M mwm=1-ng  €=a, £=0 =0 (2.53)

Because of the isotropy condition ganEMEN = 0 for the geodesics, we obtain
29wsoiwi + 9rr(; + 29v76i G + gr (i = 0. (2.54)

This condition fixes the parameter oy:

o1 = (971G + 20v761C + g7 7CF)- (2.55)

 2gwrw
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We also suppose that £ is orthogonal to the surface Sy, i.e.,

(& K.)=0, a=¢(¢, (2.56)

where KM are two independent four-component vectors tangent to the surface,

KM =(0,-0,%,0°). (2.57)
This leads to
—gws0, Vw1 + gl = 0. (2.58)
We hence easily obtain
¢ =wig”gwsdy V. (2.59)
For &5y, we have
& = gung™, (2.60)
where
&V =wy, (2.61)
1 — _
& =0, = — 59wz (Or Vg oW + 205V g L O U + 05T g T YO 0), (2.62)
£ = ¢ = wigws(g" OV + g T 7)), (2.63)
€7 =G = wigws(g T ¥ + g¥ TOFD). (2.64)

Here, we can use an approximate expression for the metric. In the matrix notation up to the first order
in W, we have

0 gws 0 0 0 -1 0 0

gsw 00 0 | 1 |-1 0 0 0
0 0 grr gev| N[l 0 0 QHrrO0(W)W 1+ 2H 0(W)W
0 0 gvr gy 0 0 1+2H0W)W  2Hz=0(W)W

Hence, at the point W = 0, we obtain

_ Oy Vo~V 1 O T Ol
Ev = (1 - TT/]E2G2)’ 1—YT/(2a2) 1 —YT/(2a2) 1 — T%/(Q(ﬂ))’ (2.65)

0 0 0 0
0 —20yV0=V OxU OyV
RMN = gMEN gab — £ R (2.66)
0 OV 0 -1
0 oy v -1 0
The components of the corresponding connection are
IsN NN IsN
Fil = - N ) F%2 = _Wa F%Q = _Wa (267)
H’r’r 8’1‘./\/ &J\/
F%2 - 2 3 ng - —T, F%?) - —;T, (268)
OsN 1 OsN
I‘?g:—w, F%gz—m(aWN_HTTN), ng:_W’ (269)
Hey DN
Ty = — T8 = == (2.70)
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Substituting them in (2.48) and taking (2.66) into account, we obtain the zero-convergence equation (the

equation for the trapped surface):

TY T T 1
(1 - ﬁ)air(w —H)+ (ﬁ&”{ + @aa (20 — H) — ﬁ(zxy —H)=0. (2.71)

The geometric meaning of this equation becomes clear if we rewrite (2.71) in the form

where p? = YT, Ag2 on the shock wave is given by (2.12) (YT = ¢ and T = { on the shock wave), and
k = 1/2 (this particular value of x is related to our choice 8(0) = 1/2).

We recall that the shape function H of the gravitational shock wave divided by the factor 1 — p?/(2a?),
F =2H/(1 — p?*/(2a?)), is the fundamental solution of Eq. (2.11). This means that the trapped-surface
function ¥ also divided by the same factor 1 — p?/(2a?) up to a solution to the homogeneous version of
Eq. (2.4) is a fundamental solution of this equation.

We can easily see that condition (2.51) can be represented in the form

O V107 0s|, = 1. (2.73)
Indeed, this boundary condition can be written in terms of the vectors E as
&=6& (2.74)

because the vector 5 tangent to the geodesics is also normal to the trapped surface and

€M = (1,00005, 0y, —aqu)(l - %) (2.75)
& = (0r Vo5V, 1, -0y 7, —8T\I/)<1 - %) (2.76)

A sufficient condition for black hole formation in an asymptotically flat space—time is the existence
of a marginally closed trapped surface at the hypersurface {W < 0, = 0} U{W = 0,% < 0} [9], [37],
[36], [39], [43]. We note that there are no general theorems in non-asymptotically flat cases, but there is a
widespread opinion that the existence of the marginally trapped surface can indicate creation of a a black
hole.

3. The trapped surface in AdS, for head-on collisions

3.1. Solution of the trapped-surface equation. Here, we consider a head-on collision preserv-
ing the rotational symmetry around the axis of motion of massless particles, i.e., O(2) symmetry in
the D=4 case. Because of the O(2) symmetry of the head-on collision, the functions ¥;(Y,Y) and
Uy (Y, ) describing the trapped surface are identical and depend only on the parameter p?> = YY:
Uy (T, Y) = Uy(Y,T) = ¥(p?). In this case, it is convenient to introduce the new function

_ 2¥(p) — H(p)
o(p) = T 22



which depends only on p. Equation (2.71) then transforms into the ordinary differential equation

Po 106\ 4o
(1_272) <3p +p3,0>_a_2_0’ 3.2)

whose solution has the general form

A(p* + 2a®) + B((p? + 2a?) log p + 4a?)

d(p) = 732

(3.3)

Because we are interested in the regular solution of the homogenous equation, we must set B = 0. We then
obtain the expression

(p) = x/§p(1 — 2%) <—2 + ;az +2’ lo <2p“2 )) - 2—;11214(;)2 + 2a?) (3.4)
for the trapped surface function. As mentioned above, in the head-on case, we must solve the boundary
problem

Ple =0, (3.5)
OrVOrYe =1, (3.6)

for one function ¥, which is a solution of the equation for the trapped surface.
It is obvious that the bound C of the sewing of identical components of the surface is a circle,

p = po = const .

We thus obtain a system of two equations for the two constants A and py:

2a® + p3 2a 1
\/_p< 52 )( 2+227p21 (p0>>—ﬁA(pg+2a2)=0, (3.7)
(23 pa? - 2(Vap— A) — Vappion( 2% "y 3.8
pye pa® — pg(V2p — A) — V2 ppglog 7 =4. (3.8)

Substituting A from (3.7) in expression (3.4), we obtain

o= i (1 2) ()

To connect with the results in [37], it is instructive to rewrite the condition imposed on p as an equation
in terms of the initial shape function F in the plane coordinates. By (2.4) and (3.4), we have

po (17 Flp) — —— A(p? + 22 (3.10)
1 942 )\ T gz P T 24 '

Because this ¥ depends only on p, condition (3.6) can be rewritten as d¥/dp = +2 (to avoid unphysical
roots, we choose the minus sign):

(o) = (1= 902 ) F0) - LF (o) - S (3.11)
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Fig. 3. (a) Plot of U(p)/(pyv/2) for different values of po: this plot shows that ¥(p) > 0 for p < po.
(b) Plot of the function f(x) defining the value of po: line 1 corresponds to a small value of a/p, and

line 2 corresponds to a large value of a/p.

On C, we have

Vil = (1 2 ) Flon) - 52 F() (3.12)

1, rb F'(po) — —L% F(py) +2 =0. (3.13)
4 2a2 2a2 + p?

We can define pg from requirement (3.13). We introduce a dimensionless parameter py = po/a. From
Egs. (3.9) and (3.13), we find that gy satisfies the equation

F(po) = ﬂ%, (3.14)
where L oo
fla) = 5(21722) (3.15)

This equation has a solution for each value of the ratio a/p, and we therefore have no critical effect, unlike
in a dS space-time. Because the point p = v/2a corresponds to spatial infinity (the dS horizon), we are
interested in solutions in the interval 0 < pg < v/2a, and Eq. (3.14) has unique solution in this interval for
a given a/p.

For a small ratio a/p (high-energy particles and/or a strongly curved space-time, which we call the
high-energy limit), the solution of (3.14) is close to pg ~ v/2:

HE _ /5 a?
Py =vV2a— s (3.16)

For a large ratio a/p (low-energy particles and/or a weakly curved space—time, which we call the low-energy
limit), the solution of (3.14) is about pg ~ v2p/a:

pEE ~ V2p. (3.17)
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3.2. Area of the trapped surface. We can now easily obtain the area of the trapped surface.
Because the metric of the space—time with two shock waves is given by (2.42), the induced metric on half
of the trapped surface (for definiteness, W =0 and ¥ = —¥(Y,T)) is

—101 3.18
95 = 5\ o) (3.18)

Therefore, the whole area of the two parts of the trapped surface can be written in the form

Po dmp dp p3/(2a°)
A=2/ 24/| det g |27rpdp=2/ = 8ra® 0 (3.19)
’ o N 1= 03/ (20%)

For a large ratio a/p, as shown above, py ~ V2p, ie., p2/a? is small, and

2 P 2 P
Az47rp0+27r¥z87rp (1+§+...). (3.20)

The first term here reproduces the result in the flat case.
For a small ratio a/p, we have py ~ v/2a — \/a3/p and

A = 4dray/2pa. (3.21)

We can hence see that the presence of a small negative cosmological constant leads to a small increase in
the area of the trapped surface formed during the collision of ultrarelativistic particles and correspondingly,
perhaps, to an increase in the cross section of black hole creation.

3.3. Comparison with recent results. An equation describing the trapped surface in an AdS
space—time was also recently presented in [14], [37], [44], where mainly the Poincaré coordinates were used.
It is helpful to compare our result and the result in [37] and to demonstrate their equivalence. For this, we
must show that the equations for the trapped surface and also the boundary conditions obtained here and
in [37] coincide.

We recall the relation between plane coordinates (2.1) and the Poincaré coordinates:

t
Z%=a , 3.22
NP (3:22)
leax—l, (3.23)
\/iz
2
X
7% =a—, 3.24
0~ (3.24)
2 =2 2
3 Z a®—r°+t
Z _§<_1+T)’ (3.25)
2 =2 2
4 Z a®+zr°—1
A _§<1+T>' (3.26)

The shock wave located at an intersection of hyperboloid (2.1) and one of the two planes Z° + Z! = 0 is
located at ¥ = t42! = 0 in the Poincaré coordinates. Metric (2.2) can be rewritten in the new coordinates
as

ds® = dsiags, + gé_(z, 235 (x ™ )dx 2, (3.27)
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Where (he funcll()n ¢7(27 X ) 18 the S()].ull()n ()f lhe e(]uall()n
AH2 - 5 ®7 z — _1671 G4p(5 zZ—a (5 3-28

and the Beltrami-Laplace operator Agz on the hyperboloid H? in the coordinates (22, z) can be obtained
from the metric on H?2,

2
ds?, = %((daﬁ)? +d2?), (3.29)
and has the form - , )
z% 0 z 0
Apr=——+—==— | . .
H a? 0z2 + a? <8x2) (3.30)

The authors of [37], [44] used the chordal distance coordinate, i.e., the distance in the embedding space
metric between a chosen point (22, z) and the fixed point (0, a),

(z —a)? + 23

= 3.31
q 1as (3.31)
Metric (3.29) in terms of these coordinates is
ds? = a2< dg* dq(q + 1)d¢2) (3.32)
q(q+1)
Here, we introduce the angle variable tan ¢ = —Z3/Z5. The Beltrami—Laplace operator A2 can be written
* 0? 0 0?
1 1
Az = = Nes+014+2¢)— +———=— ). 3.33
. a2<q(q+ Vo Tt q)3q+4q(q+1)3¢2> (333)
The chordal distance g is related to the parameter p by
2 2 2
__p/Ra%) (3.34)
1= p2/(20)
Using (3.34), we can write boundary condition (3.13) in terms of gy corresponding to po:
F'(qo) — —2— Flqo) + ——% __—0 (3.35)
O T 20 T et '

We can now easily see that this equation up to a difference in the coefficients coincides with the similar
equation previously obtained in [37]. This difference results from a different convention for 6(0). If we
set #(0) = 1 and rescale the shape function F(q) = v/2®(q), which is required by the difference in the
coordinate systems, then we obtain:

2a
14 2q0 (%) q0(1+ qo) (3:36)

which exactly reproduces the result in [37].
We now note that if we use an arbitrary regularization 8(0) = &, then we obtain
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instead of Eq. (2.71). It is easy to understand how the area of the trapped surface depends on «. If (0) = &,

then Eq. (3.14) changes to
a

V2pk’

f(po) = (3.38)

which leads to

b =~ 22k, (3.39)

HE /2 a’ 3.40
Po = VLa— 2K (3.40)

For the area of the trapped surface, we obtain

87“12&2) 2 pé 2 2 2p2
ALE:m%4ﬂpo+2W¥%32ﬂp KR 1+k ﬁ (341)
in the first case and - s
8 4+/2
Aug = TP v2ma ~ 81/ Kkpa’ (3.42)

2a% — p? - V2a— po

in the second case. We can hence see that in both energy regimes, the influence of the parameter k,
depending on the kind of regularization of the initial metric singularity, is very significant. Only a detailed
analysis of this problem can indicate the physically reasonable choice.

4. Concluding remarks

We have studied the process of forming marginally trapped surfaces during the head-on collision of two
shock waves in the AdS, space-time and established the dependence of the physical characteristics of the
surface on the ratio of ¢ and p. A multiplicative correction to the area of the trapped surface (compared
with the flat case) depends on that ratio in a scaling way. In contrast to the dS4 case, there is no criticality
in the AdSy case. We noted that our result differs from the previous results by a certain numerical factor,
which results from the choice of the type of regularization of the initial singularity of the wave metric. A
more detailed study of regularization requires further consideration and will be the subject of a separate

paper.
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