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Abstract
With the aim of numerical investigations of spacetime dynamics in higher curva-
ture models, we present the basic equations of the Einstein-Gauss-Bonnet gravity
theory. We show (NN + 1)-dimensional version of the ADM decomposition including
Gauss-Bonnet terms, and also show conformally-transformed constraint equations for
obtaining an initial data.

1 Introduction

One of the most surprising achievements in studies of general relativity (GR) is the singularity theorems
established by Hawking and Penrose in 1960s. It states that the spacetime singularities inevitably occur
(or occurred) under natural conditions within the framework of GR. This fact implies that GR cannot
describe whole of the spacetime structure, and GR itself is incomplete as a physics theory since an
appearance of singularity makes the future unpredictable.

One of the remedy of this paradox is the cosmic censorship conjecture proposed by Penrose. The
conjecture states that any singularity is hidden inside an event horizon in the process of gravitational
collapse, and is causally disconnected from our side of spacetime. However, it is also true that this
censorship does not essentially solve the break-down of GR at the singularity, and also that the initial
singularity at the birth of the universe, which is the consequence of the standard Big-Bang scenario, can
not be resolved. Therefore, we expect that the true fundamental theory will resolve this problematic
singularity treatment.

Up to now, several quantum theories of gravity have been proposed. Among them superstring/M-
theory, formulated in higher dimensional spacetime, is the most promising candidate. We are still far
from understanding the non-perturbative aspects of the theory, but perturbative treatments of string
effects to classical gravity theory begin revealing new features of the spacetime.

One of the typical string effects can be seen in a series of studies of cosmological models, which is
called string cosmology [1] or pre-Big-Bang scenario [2]. Although these analysis show that the singularity
problem has not been resolved yet, there are some cosmological solutions which do not start from an initial
singularity.

Another attractive proposal is the brane-world model of the Universe [3]; a picture that we live
on a four-dimensional timelike hypersurface embedded in higher-dimensional bulk spacetime. Since the
fundamental scale of the brane-world model could be around TeV scale, the model is thought to be tested
using the large hadron collider (LHC) by monitoring the creations and evaporations of tiny black holes[4].

Along to such a theoretical developments, we are planning to promote a direct numerical approach
to investigate non-linear dynamics in higher-dimensional and/or higher curvature gravitational models
both for singularity structure and cosmological models. This article is the first step; we rewrite the
fundamental equations into a suitable form for future numerical treatments.

The standard numerical approach is to treat the spacetime as a Cauchy problem. We therefore apply
the ADM formalism of GR for the (N + 1)-dimensional Einstein-Gauss-Bonnet gravity theory. The
Gauss-Bonnet terms are the next leading order of the a’-expansion of type IIB superstring theory, where
o/ is the inverse string tension [5], so that the first model to be investigated. In §2.1, we show that the set
of equations are divided into two constraints and evolution equations along to the standard procedure.
In §2.2, we present the conformal approach to solve the constraints which shall be used for preparing an
initial data. All the details will be reported elsewhere[6].

1E-mail: torii@ge.oit.ac.jp
2E-mail: shinkai@is.oit.ac.jp

361



2 Equations in Einstein-Gauss-Bonnet gravity

2.1 Equations to solve

We consider (N + 1)-dimensional spacetime (M, g,,,,) which is described by the Einstein-Gauss-Bonnet
action: *

1
S = / dN+1X\/ —g |:2I€2 (R —2A + aGBEGB) + Ematter ’ (1)
M
with Lgp = R? - 4RMVRIW + R;wpaRlega (2)

where £? is the (N + 1)-dimensional gravitational constant, R, R, Ruvpo and Limatter are the (N + 1)-
dimensional scalar curvature, Ricci tensor, Riemann curvature and the matter Lagrangian, respectively.
The action (1) gives the gravitational equation as

g;u/ +ageHu = K? %u > (3)
1
where guy = R;w - iguVR"'Aguw (4)
1
Huw = 2[RRuw — 2RuaR%, — 2RPRpawp + R, Ryapy] — s9mLan, (5)
6£m' tter
and 7;111 - _QW + guyﬁma‘cter- <6)

We define the projection operator to N-dimensional (spacelike or timelike) hypersurface, ¥, L, =
9w — €nyny,, where ny, is the unit-normal vector to 3 with n,n* = e, with which we define n,, is timelike
(if e = —1) or spacelike (if € = 1). X is spacelike (timelike) if n,, is timelike (spacelike). We define the
induced N-dimensional metric v;; as v;; = L;;, and the extrinsic curvature K;; as K;; = —L%Lﬂjvang.

The projections of the gravitational equation can be the following three:

(gw/ + aGBH;UJ) n*n’ = KQ T,LLV ntn? = KQPH, (7)
(Guv + acaHyu) n* 1 = K2 T n 1y = —K2J,, (8)
(Guv + agpHpuw) LW LY, = KT L9 17 =t K2S,,, (9)

where we defined T, = pgn,n, + Juny + Jyn, + Sy, which gives T = —py + S%.
Following the standard procedure of the ADM formulation, we find the equations, eq. (7)-(9), corre-
spond to (a) the Hamiltonian constraint equation:

M + agp(M? =AM M + MapegM ) = —2ex>T,,,n"n" (10)
(b) the momentum constraint equation:
N +2agp (MN; — 2M;*N, + 2M* Ny — M;“** Nope) = =2 Tntv" (11)

and (c) the evolution equations for ;;:

1
M;; — §M%‘j —e(—Ki K% + Yij Kap K — £, K + ’Yiﬂabanab)

+ 200 {HJ + e (M, Ky — 2M," £, Koy — 2M " £, K i — WijaboenKab)} = KT, (12)
respectively, where

Mijii = Riju —e(KinKj — KaKji), (13)
Nij = D;iKjp — DKy, (14)

*The Greek indices move 1,---, N + 1, while the Latin indices move 1,---, N.

362



Hij = M>M;; —2(MjgM% + M M;qj0) + Miape M

1
—2¢ *KabKabMij - iMKiaKaj + KiaKabej + KjaKabel- + KacchMiajb
1
+NiNj = N*(Nagj + Nagi) = 5 Navi NG = Niap N}

1
fifyij [M2 _ 4MabMab + Mabchabcd]

—e7i [Kap KM — 2Mp K““K > — 2N, N® 4+ Nope N1, (15)
Wi = Myigy™ = 2Migy™ — 29, MM + 2Mi0jy* ™, (16)
and these contracted variables; M;; = Vamejm M = W“bMab, and N; = W“bNm»b. Note that the terms

of £,K,, appear only in the linear form. This is due to the quali-linear property of the Gauss-Bonnet
gravity.

2.2 Conformal Approach to solve the Constraints

In order to prepare an initial data for numerical evolution, we have to solve two constraints, (10) and
(11). The standard approach [7] is to apply conformal transformation between the initial trial metric 4;;
and the solution ~;;, as

Yij = VP45, (17)
and solve for 1. (We generalized the power to 2m here.) For N-dimensional spacetime, Ricci scalar is
transformed as

R=vy"2"R— 2(N — 1)(Ag)yp=2mt — (N —1) [2 — (N — 2)m]m(V1/))21/)_2m_2,

from which we specify m = 2/(N — 2) for simplifying the equation.
Regarding to the extrinsic curvature, we decompose K;; into its trace part, K = +* K;;, and traceless
part, A;; = K;j — +7:;K, and assume the conformal transformation as

Ajj = Ay, (18)
The conformal transformation of the divergence D; A% becomes
DAY = pTImHD AT 4 ap AL [ (N — 2)] AV Djap, (19)

which indicates to set £ = —m(N — 2) = —2 for simplifying the equation. »

We introduce thAel 1ongiAtgdipal part Qf A AZ = AW — A7, where D; A7 =0, and express A7 with
a vector potential AY = D'WJ + DIW* — 241D, Wk.

We also assume the conformal transformation of matter terms as p = ¢~"p and J* = ¢~ 4m+ Jt, and
assume K = K, then two constraints, (10) and (11), can be written as

4%&0 = Ry — (A AV )p(T3N+D/(N=2) %KQ — 27 — 167Gpy " [N F+2/(N=2)
tagp (M? = AMu M + MpeqMe?) p(N+2)/(N=2) (20)
and
. N—2.. . Ny N -1 .
AW + TDleW’“ + R, WF = T¢2N/<N*2>DZK + 87GJ*

—2agp (MN' = 2M™N, + 2M" N, — M"**Ny,) . (21)

Note that we do not transformed Gauss-Bonnet terms in these expression, since they produce higher-
power terms in ¥. Therefore we have to proceed iterative schemes for solving both (20) and (21) updating
the trial metric as ’%j|new = wiﬁ/ (N72)%j|old. Although there is no proof to guarantee the existence
of a solution in such a system, our numerical code obtains converged solutions. We will report details

elsewhere.
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2.3 Evolution equations

The Einstein evolution equation in general N-dimensional ADM version is presented in [8]. With the
Gauss-Bonnet terms, the evolution equation, (12), cannot be expressed explicitly for each £, K;;. That
is, eq. (12) is rewritten as

(14 2ag8M)£,Kij — (hijh® + 2068W;") £n Kap — 8age M £0K a)j)

(22)

1
=—€ (Mij - 2Mhij> — Kia K% + hi Ky K® + e T, W' hY; — 2eagpHij

and the second and third terms in RHS include the mixing terms between .£,, K;;. Therefore, in an actual
simulation, we have to evolve ;; and Kj; in each step simultaneously using a matrix form of (22) like

L7111 L7111 Ky

£nm12 £n712 Ko

£n')/13 0] O £n713 K3

£7LK11 N 9] Mixing £nK11 +

£nK1g £n K1z Source
nK13 £7LK13

We are now developing our numerical code and hope to present some results elsewhere near future.
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