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MOTIVATION

Open Questions

Gravitational collapse in AdS:
how generic is it?

Hairy AdS black holes:
what is the dynamical endpoint of thermodynamically
unstable black hole solutions?

Charged AdS black holes:
what are the dynamical properties of holographic gauge
theories at finite density and temperature?

Black hole collisions in AdS:
what are the dynamical properties of holographic gauge
theories far from equilibrium?

Within the context of £ = ﬁ [R —2A — %g“‘ﬁaawaﬁw —V(p) — %FW,F"“’}



MOTIVATION

Quark gluon plasma
o a non-perturbative problem in QCD
o lattice QCD has no access to real-time dynamics

o experimental data are well described by hydro simulations

o but, hydro always needs initial conditions

Description in terms of classical gravity: AdS/CFT
RHIC — CFT — AdS

goal: a black hole merger model of heavy ion collisions,
where My, Ms 71,72, are the only tunable parameters, the
rest is determined by AdS dynamics



MOTIVATION

AdS/CFT correspondence

between an asymptotically anti-de Sitter (AdS) spacetime in
(d+1)D and a conformal field theory (CFT) in (d)D

Proposed use

to find a gravity description of non-perturbative problems in
QCD

Major obstacle is the current lack of a gravity dual for QCD

Possible approach: try to capture some features of QCD with
a CFT toy model for which there is a known gravity dual



MOTIVATION
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SETUP

. » . / /
] Poincaré coordinates (t', 2, x1, x2, x3)

5 Fo global coordinates (t,r,x,6,0)

FicUure: Shaded region depicting the Poincaré patch, defined by
W(t,r,x,0,0) = (1+r)/(VL?+r2cos(t/L) + rsinx cosf) > 0.



SETUP

asymptotically AdS; spacetime

2=l © g, is a solution of Einstein field
equations with negative A = —6,/L?

o the bulk metric may deviate from
the pure AdS metric gZ‘VdS

© guv|onm belongs to the same
conformal class as gﬁfs lons

o the boundary of global AdS is
identified with R x S3

o the boundary of the Poincaré patch
is identified with R3!

. » . / /
] Poincaré coordinates (t', 2, x1, 22, 23)

L global coordinates (t,r,x,0,9)

FicUure: Shaded region depicting the Poincaré patch, defined by
W(t,r,x,0,0) = (1+r)/(VL?+r2cos(t/L) + rsinx cosf) > 0.



GLOBAL ADS;5: SCALAR FIELD VARIABLE ¢

Loading ...



cartesian_phi1_intcollision.mpg
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SETUP

R / x3
xl2 v,

. » . / /
Poincaré coordinates (t', 2, 1, 2, x3)

r oo global coordinates (t,r,x,0,0)

FicUure: Shaded region depicting the Poincaré patch, defined by
W(t,r,x,0,0) = (1+r)/(VL?+r2cos(t/L) + rsinx cosf) > 0.



A POINCARE PATCH OF ADSj5: Gy, ON (2, 23)-SLICE
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ads5dp_stypem1_L1_gb_zz_tl2_xzslice.mpg
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A POINCARE PATCH OF ADS5: §y,z, ON (X2, 23)-SLICE
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ads5dp_stypem1_L1_gb_zz_tl2_yzslice.mpg
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SETUP

Evolution Equations:

1
_igaﬁguu,aﬁ - gaﬁ,(pgy)oc,ﬁ

_H(,u,lz) + Haraw/ - Faﬂurﬁau
—K (Qn(MC',,) - (1 4 P)guunacoz)

2 1
_§A5g,w — 8w <TW — 3Tao¢g;w>
!
L (15 such equations, one for each pu, )

H* —Ox* (seek solutions for which C* = 0)



SETUP

Evolution Equations:

0= Lyl (15 such equations, one for each uv)

Solve by a Newton-Gauss-Seidel iterative scheme:
o three-level scheme at time levels t**+1, 7 71
—il 1

o knowns: fl, f[}kl , unknowns: fg;gl

o the fg-kl are used as an initial guess for the f;;zll

o one iteration step:

Rl7,

il Hil fligkl

ﬁ%l ﬁ%l j| (R'MM L|mM’jﬂUM
zgkl

be an approximate solution)

(letting an

o iterate until Ry[f%;; becomes sufficiently small
this is done at each time step

fmkl
fn+1

7

ijkl

)



SETUP

Initial Data: need g,.|,_q, O:guvl,_, on the spatial slice ;g

o The spatial components gijkl|t:0, 0t Gijkl| 41— are constrained
by the field equations on ¥;—g

o Other components are set by the choice of coordinates

Adapted from gr-qc/0703035



SETUP

Key Features:
o Direct discretization of 4+1 field equations

o Cauchy evolution scheme

O

Spatially compactified coordinates

O

Dynamical horizon tracking

O

Adaptive mesh refinement
Modified cartoon method

O



SINGLE DEFORMED BH: METRIC VARIABLE g,
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rh05_gbcc_wywx32.mpg
Media File (video/mpeg)


QNM FREQUENCIES: DEPENDENCE ON BH SIZE

oo rn/L=12.211.640 — i(0.902)L /ry,
008 rp/L=11.3]1.640 — i(0.805) L /r,
o rp/L=10.5|1.641 — i(0.876)L /rp
o rp/L=9.0 |1.643 — i(0.864)L /rp,
rp/L=6.5 |1.650 — i(0.841)L /ry,
000 > /L=5.0 |1.661 — i(0.837)L /rp
-001 rp/L=4.5 |1.666 — i(0.823)L /ry
. rp/L=4.0 |1.675 — i(0.823)L /r),
. rp/L=3.3 1.692 — i(0.808)L /ry,

FIGURE: Fundamental qnm frequencies taken from g,, by projecting onto
S(200) near r — oo then fitting to damped sinusoids ~ e~*“*.



ENERGY DENSITY € ON R3!

€R3,1 = W746R><53

z2 T

Loading ...

z3

W= ()2 +(1+ a3 + a3 + a3 — (¢)2)2/4



minkowski_rotated_temperature_wywx32_nolegend.mpg
Media File (video/mpeg)


BH COLLISION: SCALAR FIELD VARIABLE @
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ads5dpolar4_dist0p7_L3_phi1_tl2.mpg
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BH COLLISION: SCALAR FIELD VARIABLE @
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ads5dpolar4_dist0p5_L4_phi1_tl2.mpg
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COMPARISON TO HYDRODYNAMICS ON R x S3:
SINGLE DEFORMED BH
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COMPARISON TO HYDRODYNAMICS ON R x S3:
BH COLLISION
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A POINCARE PATCH OF ADS;

/ | / x1,2 zs

FicURrE: The Poincaré patch of AdS5 drawn in coordinates adapted to the
R3! boundary; constant-z3 slices are copies of the hyperbolic plane Hs.

Adapted from hep-th/0805.1551



A POINCARE PATCH OF ADS;

/ R* / v
al2 ¥y

H/ H/
FicURrE: The Poincaré patch of AdS5 drawn in coordinates adapted to the
R3! boundary; constant-z3 slices are copies of the hyperbolic plane Hs.

Adapted from hep-th/0805.1551



PLANAR BH: ¢ ON (2/, x3)-SLICE
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ads5dp_stype3withbump_L1_phi1_tl2_xzslice.mpg
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PLANAR BH: g,,,, ON (7, 23)-SLICE
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ads5dp_stype3withbump_L1_gb_zz_tl2_xzslice.mpg
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SPHERICAL BH: ¢ ON (2/, x3)-SLICE

Loading ...



ads5dp_onebhcenter_L2_phi1_tl2_xzslice.mpg
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SPHERICAL BH: ¢ ON (29, 23)-SLICE
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ads5dp_onebhcenter_L2_phi1_tl2_yzslice.mpg
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BH COLLISION: @ ON (Z/, 23)-SLICE

Loading ...



ads5dp_twobhcenter_L2_phi1_tl2_xzslice.mpg
Media File (video/mpeg)


BH COLLISION: @ ON (9, 23)-SLICE

Loading ...



ads5dp_twobhcenter_L2_phi1_tl2_yzslice.mpg
Media File (video/mpeg)


SUMMARY

What physics can we hope to extract from these
simulations?

o dynamics of CFT far from equilibrium, relevant to head-on
heavy ion collisions

What has been done?

o black hole collisions in global AdS
o control over imposed symmetries on the Poincaré patch

What remains to be done?

o stable merger of two black holes on the Poincaré patch
o (Tyuw) o pr calculations relevant to RHIC observables
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