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Ultra-relativistic particle collision:
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Ultra-relativistic particle collision:
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Ultra-relativistic particle collision:
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Ultra-relativistic particle collision:

f‘}/’W:IZ’ZO,g,...

At sufhiciently high MVMA
energies: W.

At energies well above the Planck energy, black hole production sets in, accompanied by the
coherent emission of real gravitons (gravitational waves) ‘t Hooft 87;
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Ultra-relativistic particle collision:
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Ultra-relativistic particle collision:
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Ultra-relativistic particle collision:
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Ultra-relativistic particle collision:
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Quantum Corrections
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The corresponding computations should follow completely from the well known laws of general
relativity, since any non-trivial quantum field theoretical phenomena are well hidden behind the
horizon” (on which quantum corrections become small for s large).
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Ultra-relativistic particle collision:
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The corresponding computations should follow completely from the well known laws of general
relativity, since any non-trivial quantum field theoretical phenomena are well hidden behind the
horizon” (on which quantum corrections become small for s large).

Graviton dominance in ultra-high-energy scattering
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Formation of an Apparent Horizon (AH)
from a high energy collision of boson stars
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Formation of an Apparent Horizon (AH)
from a high energy collision of boson stars

t=0.002

\

Depicted is the magnitude of the scalar field. Copyright Frans Pretorius; http://physics.princeton.edu/~fpretori/
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http://physics.princeton.edu/~fpretori/
http://physics.princeton.edu/~fpretori/

What is the fraction of the total energy radiated away
(inelasticity)
in a head-on collision of two particles
at (almost) the speed of light

computed in classical gravity?
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Part I:

Black hole collisions using numerical relativity:

- 1n higher-dimensions
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E/M (%)

Study black holes head-on collisions

Sperhake, Cardoso, Pretorius,
Berti, Gonzales, '08
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Study black hole scattering problem

(e.g. analyse energy conversion and orbital motion)

Sperhake, Cardoso, Pretorius,

Berti, Hinderer, Yunes 09 DE: ?‘“"'“‘“WSW‘-
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Two special values for impact
parameter:
-scattering threshold
-threshold for immediate merger
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Wead Jul 23 15:17:4F 2008

Non-head on collision of equal mass black holes (no spin). Copyright Ulrich Sperhake.
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Black hole collisions:

1) Higher dimensional black holes

PHYSICAL REVIEW D 81, 084052 (2010)
Numerical relativity for D dimensional axially symmetric space-times: Formalism and code tests
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The numerical evolution of Einstein’s field equations in a generic background has the potential to
answer a variety of important questions in physics: from applications to the gauge-gravity duality, to
modeling black hole production in TeV gravity scenarios, to analysis of the stability of exact solutions,
and to tests of cosmic censorship. In order to investigate these questions, we extend numerical relativity to
more general space-times than those investigated hitherto, by developing a framework to study the
numerical evolution of D dimensional vacuum space-times with an SO(D — 2) isometry group for D = 5,
or SO(D — 3) for D = 6. Performing a dimensional reduction on a (D — 4) sphere, the D dimensional
vacuum FEinstein equations are rewritten as a 3 + 1 dimensional system with source terms, and presented
in the Baumgarte, Shapiro, Shibata, and Nakamura formulation. This allows the use of existing 3 + 1
dimensional numerical codes with small adaptations. Brill-Lindquist initial data are constructed in D
dimensions and a procedure to match them to our 3 + 1 dimensional evolution equations i1s given. We
have implemented our framework by adapting the LEAN code and perform a variety of simulations of
nonspinning black hole space-times. Specifically, we present a modified moving puncture gauge, which
facilitates long-term stable simulations in D = 5. We further demonstrate the internal consistency of the
code by studying convergence and comparing numerical versus analytic results in the case of geodesic
slicing for D = 5, 6.

Thursday, January 17, 2013



In higher dimensions: Dimensional reduction by isometry and quasi-matter

Impose “axial” symmetry SO(D-3); make dimensional reduction on (D-4)-sphere

z = A
/N

Head-on Non head-on ‘
Spinless Spinning :

 J
SO(D — 2) SO(D - 3) A
isometry 1Isometry

“\.-_. p

F-."

D-dimensional vacuum Einstein equations yield 4-dimensional Einstein equations
with “quasi-matter” (scalar field)
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Black hole and shock wave collisions:

1) Higher dimensional black holes
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The numerical evolution of Einstein’s field equations in a generic background has the potential to
answer a variety of important questions in physics: from applications to the gauge-gravity duality, to
modeling black hole production in TeV' gravity scenarios, to analysis of the stability of exact solutions,
and to tests of cosmic censorship. In order to investigate these questions, we extend numerical relativity to
more general space-times than those investigated hitherto, by developing a framework to study the
numerical evolution of D dimensional vacuum space-times with an SO(D — 2) isometry group for D
or SO(D ~ 3) for D = 6. Performing a dimensional reduction on a (D) — 4) sphere, the D dimens
vacuum Einstein equations are rewritien as a 3 + 1 dimensional system with source terms, and presented
in the Baumgarte, Shapiro, Shibata, and Nakamura formulation. This allows the use of existing 3 + 1
dimensional numerical codes with small adaptations. Brill-Lindquist initial data are constructed in D,
dimensions and a procedure to match them to our 3 + 1 dimensional evolution equations is given. We
have implemented our framework by adapting the LEAN code and perform a variety of simulations of
nonspinning black hole space-times. Specifically, we present a modified moving puncture gauge, which
facilitates long-term stable simulations in D = 5. We further demonstrate the internal consistency of the
code by studying convergence and comparing numerical versus analytic results in the case of geodesic
slicing for D =5, 6.
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Black hole and shock wave collisions:

1) Higher dimensional black holes
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Achieved:
- First higher D BH collisions

- For unequal masses there 1s good

agreement with point particle results
- Dithcult to get to (highly) boosted
collisions PRD 84 (2011) 084039
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dimensions and a procedure to match them to our 3 + 1 dimensional evolution equations is given. We
have implemented our framework by adapting the LEAN code and perform a variety of simulations of
nonspinning black hole space-times. Specifically, we present a modified moving puncture gauge, which
facilitates long-term stable simulations in D = 5. We further demonstrate the internal consistency of the
code by studying convergence and comparing numerical versus analytic results in the case of geodesic
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Other results in higher D:

Scattering in D=5

I—CD Okawa, Nakao, Shibata '11

@ 37

o 36" |
S 35 i
D +

c 34 O +

© 3.3 | O

S 3.2 b + ®

5 310
S e

04 0.5 06 07 0.8
%

5.i
1

-10 - w[?%g]S 10

X [Rq]

1O O O

O =N W A
- X[Rg]
APDOMN BN

Thursday, January 17, 2013



Other results in higher D:

Scattering in D=5
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Part 11:

Shock wave collisions in D-dimensions

(semi-analytical technique)
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Gravitational field of a point particle at rest:

167GpM 1 or € R g
IR D 2 2 3
ds® = — (1 — D0 rD—3> dt® + (1 - o TD—S) dr +r dQD_?,

Curved

Curved o Curved

Curved
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Gravitational field of a point particle at rest:

167GpM 1 or € R g
IR D 2 2 3
ds® = — (1 — D0 TD—3> dt® + (1 - o TD—S) dr +r dQD_?,

Curved

Curved o Curved

Curved

e —

Boost particle and take a limit of fixed energy
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Gravitational field of a point particle moving at the speed c:

ds* = —dudv + dp® + p*dQ%_5 + k®(p)d(u)du?

Aichelburg-Sexl shock wave
%"ed

Flat o Flat
Cm"xd
(—
= kTl =
®(p) = « 2
: Sinempns L et
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Gravitational field of a point particle moving at the speed c:

ds* = —dudv + dp® + p*dQ%_5 + k®(p)d(u)du?

Aichelburg-Sexl shock wave
%"ed

Flat Flat
SD—S
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Gravitational field of two colliding shock waves:

e

CurVed

\

—

Flat

e -

CHI’ Ved
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e

Metric 1s the superposition of the two shock waves

(until collision)
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Gravitational field of two colliding shock waves:

e
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Gravitational field of two colliding shock waves:

e

ur Ved
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In a head on collision we expect a black hole to form
(smoking gun: find an apparent horizon)
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Shock Wave Collisions

Flat Flat

region |1 region |

v=0)
dS?LlS(Ea Uyers O)
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Shock Wave Collisions

Flat Flat

region |1 region |

Thursday, January 17, 2013



Shock Wave Collisions

Flat Flat :
region |1 region |
Flat
0 region I11 S0

regions [, I and III ds? (E,u=0)

dS?LXS(Eav . O)

region [V ?
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Shock Wave Collisions

t
Curved
region [V
Flat Flat :
region |1 region |
S N it
U—Q%lﬂ(ﬁ) Flat U 2/<zln(/<})
T region I11 =0

Penrose pPenrose 74 found an apparent horizon with area

1
Area = 327E? = FE, 4 < (1 — —) 2F
Saas /2

region [V ?
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Shock Wave Collisions

t
Curved
region [V
Flat Flat 7
region |1 region |
= s o s INE S5 1
U—QIQIH(K) Flat U 2K1n(/£)
= region I11 S0
3 2 2 i g
regions [, I and III dsq(E,u =0) —|— dsoq(E,v=0) region [V ?

Penrose pPenrose 74 found an apparent horizon with area

1
Area = 327E? = FE, 4 < (1 — —) 2F
Saas /2

Estimate that no more than 29.3% of the initial energy
in the shock waves can be transformed
into gravitational radiation.
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Shock Wave Collisions

t
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region [V
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Has the intrinsic geometry of two flat disks at u=0, v=0:
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Shock Wave Collisions
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Very similar in D dimensions; at u=0, v=0: Eardley and Giddings ‘02
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Shock Wave Collisions

A t
Curved
region [V
Flat Flat 7
region |1 region |
Flat
= region I11 S0
3 2 2 i g
regions [, I and III dsq(E,u =0) —|— dsoq(E,v=0) region [V ?

D'Eath and Payne ‘92 gave a more precise estimate of the energy radiated:
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Shock Wave Collisions

t
Curved
region [V
Flat Flat 7
region |1 region |
Flat
= region I11 S0
3 2 2 i x
regions [, I and III dsq(E,u =0) —|— dsoq(E,v=0) region [V ?

D'Eath and Payne ‘92 gave a more precise estimate of the energy radiated:

1) moved into a highly boosted frame (velocity v, 1-v<<1):
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Shock Wave Collisions

Flat Flat 7
region |1 region |
Flat
TE region I11 v=0
2 — x
regions I, IT and III dSiS(e—l_aE, U = O) —I— dSAS(e aE’ (o8 O) region [V ?

D'Eath and Payne ‘92 gave a more precise estimate of the energy radiated:

1) moved into a highly boosted frame (velocity v, 1-v<<1): e” = W
— v
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Centre of Mass Frame
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Centre of Mass Frame
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Boosted Frame
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Boosted Frame




Shock Wave Collisions

Flat Flat 7
region |1 region |
Flat
TE region I11 v=0
2 e,
regions I, IT and III dsis(e—l_aE, U = O) —I— dSAS(e aE’ (o8 O) region [V ?

D'Eath and Payne 92 gave a more precise estimate of the energy radiated:

1) moved into a highly boosted frame (velocity v, 1-v<<1): e” = W
— v

2) made a perturbative expansion of the metric in region 1V,
using the ratio of energies as the expansion parameter,
and computed the metric to second order
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Shock Wave Collisions

Flat Flat 7
region |1 region |
Flat
TE region I11 v=0
2 e,
regions I, IT and III dsis(e—l_aE, U = O) —I— dSAS(e aE’ (o8 O) region [V ?

D'Eath and Payne 92 gave a more precise estimate of the energy radiated:

1) moved into a highly boosted frame (velocity v, 1-v<<1): e” = W
— v

2) made a perturbative expansion of the metric in region 1V,
using the ratio of energies as the expansion parameter,
and computed the metric to second order

3) computed the “news” function and obtained that 16,3% of the
initial shock waves energy 1s radiated into gravitational radiation
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Suggestive agreement with Numerical Relativity I:

Sperhake, Cardoso, Pretorius,
Berti, Gonzales, ‘08
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Suggestive agreement with Numerical Relativity I:
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Suggestive agreement with Numerical Relativity 11I:

Head on collision of fluid particles e prewris 12

E
Energy radiated: e 16 £2% (v = 10) = —100%
_9 C5
Luminosity: 1.4 x 10 Iel

New qualitative feature: two individual apparent horizons form, before the common one.
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Suggestive agreement with Numerical Relativity 11I:

Head on collision of fluid particles e prewris 12

E
Energy radiated: e 16 £2% (v = 10) = —100%
_9 C5
Luminosity: 1.4 x 10 Iel

New qualitative feature: two individual apparent horizons form, before the common one.

Evidence for “Matter does not Matter”
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Compute the fraction of the total energy radiated away
(inelasticity)
in a head-on collision of two D-dimensional shock waves.
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Shock waves approach:

Ist order perturbation theory

Flat Flat

region |1 region |
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region 11 Lty

0

u
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Shock waves approach:

Ist order perturbation theory

Thursday, January 17, 2013



Shock waves approach:

Ist order perturbation theory

u =20

strong shock
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Shock waves approach:

Ist order perturbation theory

u=20

strong shock

‘\Y\ \Weak shock null generators
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Shock waves approach:

Ist order perturbation theory

u=20

strong shock

\f
‘\Y\ \Weak shock null generators
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Shock waves approach:

Ist order perturbation theory

u =20

strong shock

weak shock null generators
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Shock waves approach:

Ist order perturbation theory

u=20

strong shock

weak shock null generators
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Shock waves approach:

Ist order perturbation theory

u=20

strong shock

weak shock null generators
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Shock waves approach:

Ist order perturbation theory

u=»>0
strong shock

weak shock null generators
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Shock waves approach:

Ist order perturbation theory

p=>0

WV\A\\ u=10
A T Ti strong shock

weak shock null generators

Spatial Projection
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Shock waves approach:

Ist order perturbation theory

p=>0

N\ =0
A T T iT strong shock

weak shock null generators

Spatial Projection

Occurs at 711
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Shock waves approach:

Ist order perturbation theory

p=>0

N\ =0
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For u<0 and u=0:
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For u<0 and u=0:

u=~0 ‘
strong shock

by A G
gur =75 |+ 200+ (2) 02|

weak shock null generators

where:

u

hg&) & (D =, S)CI)/QI’L(U,IO), h(lz) % _%\/i(D o 3)(]:),h(’lj,p),

= (—6@7 + (D~ 2)5’7;?) h(v,p),
— 3)? i V2(D — 3)?
1@ =B D ony 2, D= BVAD I g, pp
2 0 2
L5
hi? = (57;7‘ =2 (D ) p2‘7> h(v, p)?,
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For u>0:

u=~0 ‘
strong shock
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For u>0:

o0 7
5 S (2) A 120 o
g,uV =D =3 77,“’/ -+ ; h,uu , strong shock
2 =1 :

weak shock null generators

Einstein equations are solved order by order.
To linear order, in de Donder gauge (to decouple perturbations), one
solves a sourceless wave equation in Minkowski space:

mhoC =0 o (08,0, £ 07V R, =0

Thursday, January 17, 2013



For u>0:

u=>~0

strong shock

weak shock null generators

Einstein equations are solved order by order.
To linear order, in de Donder gauge (to decouple perturbations), one
solves a sourceless wave equation in Minkowski space:

mhoC =0 o (08,0, £ 07V R, =0

Integral solution for the wave equation: OF =0

1 )
F(U,U,Zlfi) — )M /dD_2CC,aU/2 F(O,’U/,ZU{L') )
U

(27
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Ist order perturbation theory
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Shock waves approach:

Ist order perturbation theory

u=20
hypersurtace

1 D
SR = /dD_2x’8U,2 R b :

=2

22
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Wave extraction: use Landau-Lifshitz pseudo-tensor:

1 1
167Gpthy = W, h*, — RHeRYE, + il (haﬁ 1o §h50’0‘h50,a)
1
SAh T Bt LR e S
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Wave extraction: use Landau-Lifshitz pseudo-tensor:

1 1
1
—h”gh;y hVﬁh0M+hua,ﬁhV e Zhﬁduh

Yields a well defined energy:

Eradiated == /t%iLnideta

Under an 1sotropy assumption the inelasticity becomes:

= D_1
Cradiated = éD—S 9_})1?:00 (/(Tp E ) dt) )
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Wave extraction: use Landau-Lifshitz pseudo-tensor:

167G pthy = h* h* — hHY B 5+

1 1
5 Sl J’ahﬂa,a)

2 2

77,ul/ (hozﬁ hO‘
1
SRCh e e e S

Yields a well defined energy:

Eradiated == / Landet

Under an 1sotropy assumption the inelasticity becomes:

= D_1
€radiated — éD—g 9_}})1?100 (/(Tp E ) dt) :

where the wave amplitude 1S:

400 / o A
E,=- (@@)%42 / i dwdi[ (1 -2%)°T | 65 (o] - v)
2T ). P L

where . ; »
U,:v_p—prfBer R
3 g 2u I =
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Wave forms from first order computation (even D)

rE,.vAr D=4, 0=m-0.001 rpE, VAT D=6, 6 =m—0.001 réJzE,v‘/A'r D=8, 6§ =x—0.001
1.].04 ‘ 4} r - 1.10-1 r

4 5.10% -eeeee N e [ U9 | ), JE—— . 3T —
1.107 -——- LV Ai110% -—-- 0104 -

0k ; h

-2 | A
4} ] !
L]

1 _9 1 1

0 0.5 1 1.5 0 0.5 1 1.5
(r—7)/AT (r—7)/Ar
p=10

Two independent
numerical integrations
(Mathematica
and C++ codes).

Occurs at 11
Occurs at 7
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Wave forms from first order computation (odd D)

1

Il y e R Y|
4 . '

240~

1.102 -
3.10° ---

.(7' —711)/AT

Two independent
numerical integrations
(Mathematica
and C++ codes).

3
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|

weak shock null generators
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Shock Wave Collisions

D Ao 6 7 8 2 10 11

AH bound 293 335 361 379 393 404 412 419
G S 30.0. 3337 357 37,5389 40,0409

) +

PRL 108 (2012) 181102
also

JHEP 07 (2011) 121

week endin
PRL 108, 181102 (2012) PHYSICAL REVIEW LETTERS AMAY 2013

Radiation from a D-Dimensional Collision of Shock Waves: A Remarkably
Simple Fit Formula

Fldvio . Coelho, Carlos Herdeiro, and Marco O. P. Sampaio
Departamento de Fisica da Universidade de Aveiro and I3N, Campus de Santiago, 3810-183 Aveiro, Portugal
(Received 9 February 2012; published 2 May 2012)

Recently we estimated the energy radiated in the head-on collision of two equal D-dimensional
Aichelburg-Sex! shock waves, for even D, by solving perturbatively, to first order, the Einstein equations
in the future of the collision. Here, we report on the solution for the odd D case. After finding the wave
forms, we extract the estimated radiated energy for D = 5, 7,9, and 11 and unveil a remarkably simple
pattern, given the complexity of the framework: (for all D) the estimated fraction of radiated energy
matches the analytic expression 1/2 — 1/D, within the numerical error (less than 0.1%). Both this fit and
the apparent horizon bound converge to 1/2 as D — co.
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Remarks:

1) Example of how D dimensional gravity can be used as
a tool to understand four dimensional one!

2) Results have been checked by using a method with a Bondi mass loss
formula in D dimensions.

3) Method stops being legitimate for charged shocks.

Questions:

1) Is this fit formula exact in first order perturbation theory?
Can one derive it analytically?

2) Is there an analogous simple formula in second/higher order theory?

3) Isotropy emission assumption - how good is it?
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Trans-Planckian scattering 't Hooft 87; two massless (scalar) particles; in this frame particle B has much
less energy than particle A.
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Trans-Planckian scattering 't Hooft 87; two massless (scalar) particles; in this frame particle B has much
less energy than particle A. Particle A energy is so tremendous that its gravitational field cannot be
ignored: it 1s described by a shock wave as 71:
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Trans-Planckian scattering 't Hooft 87; two massless (scalar) particles; in this frame particle B has much
less energy than particle A. Particle A energy is so tremendous that its gravitational field cannot be
ignored: it 1s described by a shock wave as 71:

A B e
u=1t—z
Y=t

i
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Trans-Planckian scattering 't Hooft 87; two massless (scalar) particles; in this frame particle B has much
less energy than particle A. Particle A energy is so tremendous that its gravitational field cannot be
ignored: it 1s described by a shock wave as 71:

A B ol
u=1t—z
Y=t

i

ds® = —dudv + k®(p)6(u)du® + dsas
—Ap2[£P(p)] = 47K (p)

—21n (p)

dore v sE(p)l o

Solve the Klein-Gordon

equation in this background:
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ds® = —dudv + k®(p)6(u)du® + dsas
—Ag:2[kP(p)] = 47K (p)

—21n (p)
A ¢ -
u>0; M P
¢0ut o Tl )] The phase shift has a classical

Interpretation: geodesics experience a 0

; dependent shift of the v coordinate.
Solve the Klein-Gordon

equation in this background:
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The phase shift has a classical
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dependent shift of the v coordinate.
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