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Introduction




Why higher dimensions?

BH production at the LHC

ADD scenario RS I scenario

Planck Energy = O(TeV)

Theoretical motivation

In 4D, long-term evolutions of BHs have become possible

Pretorius (2005) and other various groups.

In 5D, the temporal evolution of Gregory-Laflamme instability was studied.
Choptuik, Lehner, Olabarrieta, Petryk, Pretorius and Villegas, PRD68, 044001 (2003).

We develop codes of numerical relativity in higher dimensions.
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with Tanaka, Tanahashi and Shibata
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D 4 5 6 7 8 9 10
oan/mrn(2p)?| 0.76 1.54 2.15 2.52 2.77 2.95 3.09

Numerical simulations of BH high-velocity collision in 4D.

Sperhake, Cardoso, Pretorius, Berti and Gonzalez, PRL101, 161101 (2008).

Shibata, Okawa and Yamamoto, PRD78, 101501 (R) (2008).
Sperhake, Cardoso, Pretorius, Hinderer and Yunes, arXiv:0907.1252.
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Stability of Kerr BHs

Separation of variables of fields in a high-D Kerr spacetime
has been done for scalar fields and Dirac fields.

e.g., Alberta separatists

However, separation of variables in metric perturbations
has been only partially done.

Ohta and Yasui, arXiv:0812.1623 [hep-th].
Murata and Soda, PTP 120, 561 (2008) [arXiv:0803.1371 [hep-th]].

The multi-dimensional analysis shows that a Kerr BH is
unstable for large Kerr parameter at least for D > 7.

Emparan and Myers, JHEP 0309, 025 (2003).
Dias, Figueras, Monterio, Santos and Emparan, arXiv:0907.2248 [hep-th].

The numerical relativity may be able to give the answer for
onset of instability and subsequent evolution.
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Evolution of BHs in RS II braneworld scenarios

The exact solution of the braneworld BH
exists in 4D case.

However, no one has discovered an exact @BH
brane

solution in 5D case.

AdS/CFT correspondence may imply the non-existence
of such solutions.

Tanaka, Prog. Theor. Phys. Suppl. 148, 307-316 (2002).
Emparan, Fabbri and Kaloper, JHEPOS, 043 (2002).

A 4D BH with quantum fields €« A 5D classical BH

) t

evaporates by Hawking rad. €<= escapes into the bulk (?)

The recent numerical calculation by myself also supports
the non-existence of a static BH solution.

Yoshino, JHEP 0901, 268 (2009) [arXiv:0812.0465].
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Cartoon method in 4D

Alcubierre, Brandt, Brugmann, Holz, Seidel, Takahashi, and Thornburg, gr-qc/9908012.
cartesian coordinates (z,y, z)

Axisymmetric system (x=y, z) N
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r = pCoS @
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Vector
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Cartoon method in 4D

Alcubierre, Brandt, Brugmann, Holz, Seidel, Takahashi, and Thornburg, gr-qc/9908012.

cartesian coordinates (z,y, z)

Axisymmetric system (x=y, z) N

cylindrical coordinates (p, ¢, 2)

r = pCoS @
y = psin¢
z =2z

Symmetric tensor

(2, y,2) = 5%(p,0,2)
(

=Y
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L, ) (x/p)sz:c(p’ 0, Z) o (y/zo)szy(pv 0, Z)
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,Y,2) = (x/p)*S™(p, 0, 2) + (y/p)*S"(p,0, 2) — (2zy/p*) S (p, 0, 2)

(
(
(z,y,2) = (y/p)*S"*(p,0, 2) + (x/p)*S"(p, 0, 2) + (2xy/p*)S**(p, 0, )
(z,y,2) = (zy/p)[S™ (p, 0,2) = S*(p,0,2)] + [(z* — y*)/p*]S**(p, 0, )
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Cartoon method in 5D
Space is 4D (x, y, z, w)
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SO(3) symmetry (x=y=z, w)
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Double Cartoon method
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Cartoon method in 5D
Space is 4D (x, y, z, w)

U(1)xU(1) symmetry (x=y, z=w)

SO(3) symmetry (x=y=z, w) @Bm

Symmetric tensor

— §%](r,0,0,w)
— S§%](r,0,0,w)
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Our code for 5D spacetimes

My code
SO(4) symmetry (x=y=z=w) [1D code]
U(1)xU(1) symmetry (x=y, z=w) [2D code]
SO(3) symmetry (x=y=z, w) [2D code]

Shibata’s code

U(1) symmetry (x=vy, z, w) [3D code]
U(1)xU(1) symmetry (x=y, z=w) [2D code]



Our code for 5D spacetimes

My code
SO(4) symmetry (x=y=z=w) [1D code]
U(1)xU(1) symmetry (x=y, z=w) [2D code]
SO(3) symmetry (x=y=z, w) [2D code]

Shibata’s code

U(1) symmetry (x=vy, z, w) [3D code]
U(1)xU(1) symmetry (x=y, z=w) [2D code]

Scheme

Time direction: 4th-order Runge-Kutta
Space direction: 4th-order finite discretization

Courant number: C=0.5
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Linear gravitational wave in a flat spacetime

(x=Y, Z=W)-symmetry
hyper-spherical coordinate (7,6, ¢, x)
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Energy extraction by the Landau-Lithistz pseudo tensor
super potential HHavB — ghvgalb _ gav gl g = /—gg"",
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Energy extraction by the Landau-Lithistz pseudo tensor
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5D Schwarzschild spacetime in geodesic slices

singularity

[7“8 4 (Th/r0)27_2}2 AR2
rg — (rn/r0)?7?] R?

2 2
2 ] h

ds® = —dr? + +




5D Schwarzschild spacetime in geodesic slices

singularity
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singularity
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5D Schwarzschild spacetime in geodesic slices

singularity

[7“8 + (Th/T0)27'2}2 dR?
7§ — (ra/r0)?7%] R?

7“2 2
7"3 = R2 (1 -+ 4£2>

ds? = —dr* + +

snapshots for 7/r;, = 0.5,...,0.9 constraint violation at 7 = 0.9r},

! ! ! 0.5 ! ! ! |
30 < dr=0.1 1 X : dr =0.1

o: dr =005 _ 0.4 : . dz = 0.05
03 . dr = 0.025

25




Code tests

Linear gravitational waves in a flat spacetime

(X:ya Z:W)
scalar mode

vector mode
tensor mode

(X=y=2, W)
scalar mode

Energy extraction by the Landau-Lifshitz pseudo tensor

Schwarzschild spacetime

Schwarzschild spacetime in geodesic slices
Long term evolutions in the 1+log slicing

Evolution starting from a limit surface




Long-term evolution in the 1+log slicing

c.f. Hannam, Husa, Brugmann, Gonzalez, Sperhake and O’Murchadha,
or-qc/0612097 (4D case)

1+log slicing Orax = —20K
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Evolution starting from the limit surface
with Nakao, Abe, Shibata in progress

Final state of the maximally sliced evolution, K = ( .

Estabrook, Wahlquist, Christensen, DeWitt, Smarr and Tsiang (1973).

Baumgarte and Naculich, PRD75, 067502 (2007).
(4D case)
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Summary

We studied a formulation of higher-dimensional
numerical relativity, and developed codes.

These codes have passed several tests and thus have
been validated.

Next step is to apply our codes for several interesting
issues in higher-dimensional gravity.

Stability of a Kerr BH;

BH formation in high-energy particle collisions;

Braneworld BHS.
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