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Abstract: In the context of the possible existence of large extra dimensions, and aso the context of the AdS-CFT correspondence, there has been
much interest in black holes solutions in theories of gravity and matter that are exotic - they might live in spacetime dimension other than 4, or have
exotic matter and boundary conditions. | will review the types of physics that are accessible by studying such exotic black holes, ranging from LHC
phenomenology to potential applications to condensed matter physics (via the AdS-CFT correspondence). One common theme is that traditional
analytic methods<br>to find solutions tend not to work when confronted with these more exotic solutions and instead we are increasingly forced to
use numerical techniques. | will discuss a numerical approach to finding static and stationary solutions, and give some example applications. | will
also show how dynamical numerical simulations in these exotic contexts are playing an increasingly important role.
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Novel black hole physics and numerics
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Plan for this talk...

Asymptotically flat extra dimensions - some analytic
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Plan for this talk...
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Conventional black hole physics

Analytic contro of eql liIbrium (ie. static/stationary) vacuum solutio

solution - given mass M and ang mom J there is a unigueness thm.
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Numerics in 4d

e Including matter or going out of equilibrium requires numerical methods to
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Large Compact Extra Dimensions

 Already in 1920’s Kaluza & Klein proposed extra dimensions to unify gravity

* In modern context string theory requires of 10 (or 11) spacetime dimension:
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Large Compact Extra Dimensions

e Already in 1920’s Kaluza & Klein proposed extra dimensions to unify gravity

and electromagnetism.

e In modern context string theory requires of 10 (or 11) spacetime dimension:

/\imdentif\/ planes
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Large compact extra dimensions (oo

» Naivelv: L < (']'{") L 10 |sm
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Large compact extra dimensions (oo

 Naively; L < (TeV) '~ 10" %m

| If ma 1S confined \ \ ] rane’)
perimental pi IS the | | periment; | .1 mm
» Fundamental Planck scale Mp is reduced the larger the extra dimensions;
(Mp)P~2 = (M)?/LP1 My ~ 10MGeV

e Mp ~TeV 1o ‘solve’ hierarchy problem, then requires D >5 and
L>> (TeV) !
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Collider physics with LXD

 |f collide fundamental particles with center of mas: lanck mass, they w

orm a black hole. [ Giddings, Thomas |
 Compton wavelength of product A~ 1/m

[)—-3 2-D
dAIUS for product H ~ .'1/“ m

D
s

Hawking radiates away qgiving distinctive sit

e
© =
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Large Extra Dimensions
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Compact XD

Consider 1 extra compact dimension - Kaluza-Klein (KK) theorv. We restrict to
olutions asvmptoting to Minkd x S!

h bvi tatic black hole sol INn KK: the h jeneou
bla« t) |l i OC:i d blac | 10m 1201 nalyti
ds® (f.wl'i[,s{,h b odz®

Dy 2
ds® >~ dst 6.,
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GL instability
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O ‘Inhomoge'neous
Marginal _ black strings’
/ /
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Topology change

Moving in space of static solutions
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Static/stationary numerical problem

} I \ \ / s y . Yy | N 2T { b~ | Py |
":I.II:..;I‘I:I|.|‘--: Wopiern snol 1|H:.:. ||H|. Cl. the FOoIsson eguation 10l

'|",:_‘.I]_']:_ii;"“II‘_'I:|.|I]: i ---;ii'.*: '-‘!‘l'-|-‘i:'\‘:"i‘i|‘-‘|:|-‘| "::-;‘-||‘ "||‘I}|:_:_
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Kaluza-Klein embeddings
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Topology change

| i i
S 0
/

Topology change

Moving in space of static solutions

oving in Simce of static solutions
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Kaluza-Klein embeddings

Pirsa: 12060015 Page 20/59



Numerical Results: Kaluza-Klein black holes

 Area against mass:

A/L?
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0.8 Holes
. .
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Asymptotically flat XD

Imple generalization and 1s unique.

‘Black saturn’

[ Elvang, Figueras]
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Asymptotically flat, D>5

(»y o
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Asymptotically flat XD

 Consider asymptotically flat spacetime. The static Schwarzschild b.h. has
imple generalization and is unique.

‘Black saturn’

[ Elvang, Figueras]
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Asymptotically flat, D>5

levond D=5 1 ‘.“-.,‘|“.L|_|,\-:I-|‘1‘l 1S NO Mmaximum .|'|1\‘ ||]

[ Dias, Figueras, Monteiro, Reall, Santos ]

[ Emparan, Figueras |
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Stability and dynamics

he numerical problem of determining stability is only just starting.

ehner and Pretorius have simulated the GL instability
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Stability and dynamics

' The numerical problem of determining stability Is only just starting.

 Shibata and Yoshino have shown the MP solution with large angulal

ehner and Pretorius have simulated the GL instability
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Part ||

e Conventional 4d black holes: analytics and numerics

e Exotic gravity theories
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Exotic theories of gravity

e Fascinating situation where one might test the theory via black holes rather

L |
nrough the force law.

e 4-d but not Einstein; scalar-tensor theory, Einstein-Aether, TeVeS

A ¢ ver vasitl Y1 ko ~ . ) ~ ( e (O \ (
» Theories with XD but not compact: Randall-Sundrum (RS), D

il 1D |
1
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RS I

e The 5d Randall-Sundrum |l model is a remarkable ‘comj
gravity is recovered on the brane, at scales larger than [;

RSII

Source /-

Isreal junction conditions
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Exotic theories of gravity

e Fascinating situation where one might test the theory vi:

r]lu.\u\i‘_I|'-.'|u::-‘-,w:‘ aw
)

e 4-d but not Einstein: scalar-tensor theory, Einstein-Aether, TeVeS
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he 5d Randall-Sundrum |l model is a remarkable ‘compactificatio
aravity Is ref I on ‘ brane. aft .‘:.‘I‘Hf ‘._i*i )| than ]
| E .
‘| 1ATOr Aot A~ | . } ) LI | 1id
J s

laim [Tanaka; Emparan, Kaloper, Fabbri ‘02]: For black holes, radius &y <!

nere exist no static solutions. Counter argument [Fitzpatrick, Randall, TW ‘06]

"M\’ /1mm\°
 Reasonable argument claims timescale for time dependence; 7 ™~ ( \/ / yr

2
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a

lhe 5d Randall-Sundrum |l model is a remarkable ‘compactific

gravity Is recovered on the brane, at scales larger than |.

4d propagator goes as; ~ - 4 ... Sothereis no mass

tion’. 4d

Claim [Tanaka; Emparan, Kaloper, Fabbri ‘02]: For black holes, radius
here exist no static solutions. Counter argument [Fitzpatrick, Randall, TW ‘06]

Reasonable argument claims timescale for time dependence; 7 ™~ (

M
M.

[‘)l
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& |

[1mm
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9
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RSI| results

d solutions from very sm:

1000
100
< 10
®
1 a
0.1 o
o
0.1 02 05 10 20 50 100 200

Pirsa: 12060015

Page 36/59



RSI| results
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Another example...
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Part |ll

numerics

Part Il
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)y higher spin or string theories) In spacetime
I \ l su U(N) YM which |
il'li: ) | i|(| | ‘ ; cuum
| f. 1The }'I‘I.'\||'\:i|‘i related

A%
A= Ngynm ]
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iInderstand (quantum) gravity by
H \l:: ‘|i--|‘-.1 eq In HT.‘

)| ng about gravity in asymptotically Ad:
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AdS-CFT

he vacuum aeometrv is AdS - the C lives’ on the boundar 1
A  ,
f._
/ uv IR
Conformal
boundary
Minkowski . I° N
( ) ds® = — (r/:“ b dat da” )
CFT coordinates = Bulk radial coordinate =
-_/
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ity (string theory) @(x, z) corresponds to an operator O(x)
s boundary conditions - fix J(x)

initially in vacuum with source J(x)

d~Jx)+ V)P +...
\ Neumann
Dirichlet

2 ((/‘.'2 F g dat da')
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AdS-CFT

Norizon

e
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AdS-CFT

e Black holes are fascinating objects in AdS-CFT as they are understood as

|\£-|1||jl‘ﬁ._i:..w_t"i_[\l.ul." iermal equilibrium ie. |
a plasma - c.f. a fluid. The variety of black holes yields the various therma
phases of the CFT. The black hole dynamics then gives equilibration of this

\
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AdS-CFT

Norizon

-
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' AdS-Cl as they are understood as
CFT where there is local thermal equilibrium ie. |
/ariety of black holes yields the various therma

ICK hole dynamics then gives equilibration of this
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AdS-CFT

e Understanding strongly coupled plasma in QCD is at the hea
|

lon collision expts such as RHIC and ALICE. Much work has 1

modelling QCD and understanding the gravity dual plasma.
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AdS-CMT

(Gl r ; Hartnoll, Herzog, H itz| There is al 1ase transitiol
black hol hat s| ndu N the CI urrent-curren rrelat
he compls alar Is ‘turned | di to a comp \lar operator, O
charged under a global U(1). Tl imetry is brokel
y<- () /
() > |
W #0
"‘\.
0.0 0.2 04 0.6 0.8 1.0 /
n
T

Pirsa: 12060015 Page 51/59



AdS-CMT

(Gl r : Hartnoll, Herzoqg, Horowi [here is al 1ase transitiol
black hol hat sl rcondu N the CI urrent-curren rrelat
he compls alar is ‘tur | dual to a comp lar operator, O
\arged under a global U(1). Th mmetry is brokel
> @) /
() > |
Y #0
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AdS-CMT

he dynam of superconductol ' area of interest in CM n important
juestion 1s what happens if on Ut It ipercondu nd inj

1erd [his | \ notoriol touah prol | | | f the art is W 1
Barankov-Levitt vh 1P ations in B heol L vy ical
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B-L in AdS/CMT

dvnamical simulation we may ask whether the same Is obsel
coupled superconductor. We quickly turn on and off a source for the ordel

Y #0

cf. Murata et al
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B-L in AdS-CFT
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B-L in AdS-CFT
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B-L in AdS-CFT

Page 57/59



Summary

he phenomenology of extra dimensions and modifications to gravity lead
| 'i 1 a o] |' I {
! the pt ck hols LH
el the p \ nstrain theories using observations o
istrophysi lack hols \-E)
» Black holes in AdS-CFT play the role of thermalized plasma. Equilibrium bh:
give thermal phases in CFT. Their dynamics describes out-of-equilibrium
bel our of plasma, interesti oth 1 | | |
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Summary

ne pnenormt |‘|| of extra dimensions and modifications O graviLy lead

give thermal phases in CFT. Their dynamics describes out-of-equilibrium
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