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+ Gravity in Anti-de Sitter (AdS) has become a central theme.
Especially after the AdS/CFT correspondence was put forward.

+ And has found applications in several realms:

heavy ion collisions; quark-gluon plasma; fluid dynamics; holographic superconductors; ...

+ But the subject of gravity in confined spaces has intrinsic interest.

Even in the context of four-dimensional classical gravity.
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+ More motivation: the turbulent instability of AdS. [Bizon, Rostworowski (201 1)

[Dias, Horowitz, Santos (201 )]
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+ . ' ' .
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+ Arbitrarily (?) small perturbations of AdS typically (?) collapse after a sufficiently
large number of reflections.
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Introduction: Thin shells

+ A useful idedlisation that allows to treat a class of interesting problems exactly
is the consideration of infinitely thin matter shells.

+ These can be obtained by gluing two given
spacetimes along some hypersurface, which

determines the location of the shell.

[Israel (1966)]
[Darmois (1927)]

+ Note: the thin shell may be dynamical even if the two spacetimes matched

are static.
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Introduction: Goal & Problem

+  We aim at studying the gravitational dynamics of matter in confined spaces in

the simplest possible setup:

— 2 spherical thin shells, concentric

— Interacting only gravitationally

— Inside a reflecting box, or iIn AdS

This basic setting displays astonishingly rich dynamics and
provides easily tractable time evolution.
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+ Previous studies with relativistic multiple-shells systems:

— collision of two null shells [Dray, 't Hooft (1985)] [Redmount (1985)]

— collision of two timelike shells [NUfiez, Oliveira, Salim (1993)]
[Ida, Nakao (1999)] [Nakao, Ida, Sugiura (1999)]

— long term evolution of two shells [Eid, Langer (2000)]

— long term evolution of multiple shells [Gaspar, Racz (2011)]

Crucial difference: absence of a confining mechanism
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Dynamics of a spherical shell: Details of the setup

+ For a single spherical shell: inner and outer geometries
are both Schwarzschild-AdS.

5 =~ ()i + f) e+ a0, )= (1- 24 T)

r [2

determine the radial potential that governs the motion of the shell:

. / R2 M, +M_ (My—M_)?[(R\*" m2*
2 _ _ _ 7t _ AP —
RP+V =0 V=1+ 5 — : i

/ m[%w

integration constant (invariant mass of shell):
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Dynamics of a spherical shell: Details of the setup

+ Need a mechanism to counteract gravitational (fatal) attraction.

— positive pressure (simplest choice)
— add electric charge

— rotation can play a similar role [Delsate, JVR, Santarelli (2014)]

+ Need a confining mechanism. Or else dll shells break loose.

— impose reflecting boundary conditions (in otherwise flat spacetime)

MM (M =M,

=l R m? 4RHAw

— consider AdS background

V =

My + M- (My —M_)? (R\* m?*
R m2 z 4R2+4w
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Double-shell systems: Shell crossings

+ Now consider two shells. Occasionally they will collide.

+ Input is required to evolve to the future of such events.

+  We assume:

— shells are transparent’

time

— Proper madasses mi; dre preserved

during collision

radius

+ This determines the post-collision ‘ADM’ mass of the intermediate region, M>".
[lda, Nakao (1999)]

Note: The outgoing shell always transfers energy to the ingoing shell.
[Nakao, Ida, Sugiura (1999)]
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Results: Critical phenomena

type B: My = dl, My = 0.541,
mi1 — Mo — 0271551,

Number of crossings before collapse depends sensitively on initial conditions.
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Results: Critical phenomena

+ Number of crossings before collapse depends sensitively on initial conditions.

Consider the system in AdS with two types of inrtial conditions:
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Results: Comparison between ‘cavity’ and ‘AdS’

+ The critical exponent 7 is sensitive to the matter content, i.e. the choice of w.

[Koike, Mishima (1995)]
[Maison (1996)]

+ It also depends strongly on the cosmological constant.

E.g., fixing w=1,we get 7~ 0.2 for the system in a cavity and 7~ 0.9 in AdS.

+ A similar trend has been observed recently with massless scalar fields.

[Santos-Olivan, Sopuerta (2015)]
[Cal,Yang (2016)]
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+ The double-shell system in Newtonian gravity (without CC) is chaotic.

How about in GR, in AdS? [Miller; Youngkins (1997)]
[Barkov, Belinski, Bisnovatyi-Kogan (2005)]

0 |||

e
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+ Observe exponential growth in the separation between two initially nearby orbits.

Eventually growth saturates because system is confined.

+ Similar behavior was observed for a massless scalar field in AdS.

[Oliveira, Pando Zayas, Terrero-Escalante (2012)]
[Farahi, Pando Zayas (2014)]
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+ The simplicity + richness afforded by this setup provides an ideal testbed for explorations
of gravitational collapse in confining geometries and its holographic dual interpretations.

The study of the dynamics of these systems only requires solving two decoupled ODEs.

+ Depending on initial conditions one finds:  — prompt collapse to a black hole
— delayed collapse

— perpetual osclillatory motion.

+ We observe traces of critical behavior and chaotic nature in this setting,
reminiscent of confined scalar fields undergoing ‘turbulent’ dynamics.
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The study of the dynamics of these systems only requires solving two decoupled ODEs.

+ Depending on initial conditions one finds:  — prompt collapse to a black hole
— delayed collapse

— perpetual osclillatory motion.

+ We observe traces of critical behavior and chaotic nature in this setting,
reminiscent of confined scalar fields undergoing ‘turbulent’ dynamics.
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Extra: Junction conditions

+ Start with a single spherical shell.
+ Geometries inside and outside are both Schwarzschild -AdS:

ds® = —f(r)dt® + f(r)"tdr® +r2dQ*,  f(r) = (1 _2M + ﬁ)

r [2

+ Apply junction conditions for the timelike hypersurface, ¢t =T(7), 7= R(7).
. . + - _
induced metric — g,gj ) = g,gj = Yij 5 shell’s stress-

(+) _ kz(j_)) — gi; (kD) — k()Y = —87GS;; < _energy tensor

extrinsic curvature —» (kij —

+ The 2nd junction condition dictates the form of the shell stress-energy tensor.

It’s a perfect fluid:
’ Sij = (p+ P)usu; + Pgi; (u = 9:)

T

pressure
|6



Extra: Non collapsing configurations

+ Self-sustained non collapsing configurations of multiple shells can exist,

even without a confining mechanism.
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Extra: Non collapsing configurations
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Extra: Ida-Nakao formula

+ Post-collision ‘ADM’ mass:

, r r r r
My =03 +v)p + (= 1= f) = =1D0F =~ )y + 5
r 1/2
_€1€2ﬁ [Vil _ 2(1 - f2)V1 + (1 — f2)2] / [Vél — 2(f1 =+ fz)V§ =+ (f1 — f2)2]1/2
expanding shell
where fi=1-— o v; = mesr € = ivl.\

/ contracting shell

collision radius



Chaotic phase space

Extra

+ Scan non-collapsing configurations: system is quasi-periodic in the low energy regime.
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