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MOTIVATION

Heavy ion collisions
o Why collisions?
to probe the quark and gluon constituents of nuclei
o Why heavy ions?
to get as many pT and n° as possible to hit each other

The STAR, PHENIX experiments at RHIC,
the ALICE, ATLAS, CMS experiments at LHC

Strip gold (37 Au) or lead (23*Pb) nuclei of electrons

Accelerate to speeds close to ¢

Arrange for a collision

Collision energies of 200[GeV] per nucleon at RHIC,
2.76[TeV] per nucleon at LHC
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MOTIVATION

A non-perturbative problem in QCD
Lattice QCD has no access to real-time dynamics

Experimental data are well described by relativistic viscous
hydrodynamic simulations

But, several competing models for the pre-equilibrium stage
that yield different initial energy density and flow velocity
profiles for matching onto the hydrodynamic stage

Would be desirable to have a single model to describe both
the pre-equilibrium stage and the hydrodynamic stage



MOTIVATION

Pre-equilibrium stage
o Duration: 0.2-0.4 fm/c
o A model: classical Yang-Mills dynamics of gluons
o Resulting energy density and flow velocity profiles are used
to match onto a hydrodynamic form of the stress tensor in
subsequent hydrodynamic stage

Hydrodynamic stage
o Duration: 5-10 fm/c (1 for higher collision energies)
o A model: relativistic viscous hydrodynamics
o Resulting hydrodynamic output is used to match onto
particle distributions in subsequent hadronic stage

Hadronic stage
o Duration: remaining evolution time
o A model: microscopic kinetic description
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Ficure: BH-BH collision in a Poincaré patch of AdSs, with black hole
masses My, Mo, boosts 71,72, and impact parameter b.

Adapted from hep-th/0805.1551



MOTIVATION

AdS/CFT correspondence

between an asymptotically AdS spacetime in d + 1 dimensions
and a CFT in d dimensions

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

N =4 SYMy at strong coupling «+— AdSs5 classical gravity
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SETUP

Classical gravity in d 4+ 1 dimensions with cosmological constant
A =d(d —1)/(2L?), coupled to real scalar field matter!:

1 1

The corresponding field equations take the local form?:

av
dy

2A I

R,w/ = ﬁgm/ + 8 (Tuy - HT aguy)

Op =

"'We will use scalar field collapse as a convenient mechanism to form BHs
*Real scalar field: Ty = 09,0000 — guv (397 0apdsp + V())
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SETUP

Evolution Equations

1
_igaﬁguu,aﬁ - gaﬁ,(pgy)a,ﬁ

—H ) + HoI' 1 — Faﬂurﬁav
—k1 (2n(,Cy) — (1 + K2)gun®Ca)

2A 1.
_ﬁg"” = 87'[' <TNV — HT oéglu/>

|

Eg,.) (d+2)(d + 1)/2 such equations,
one for each g,

fu(9) constraint damping terms ~ k1,

designed to damp towards C* = 0



Tyl @l

Guv

SETUP

gttdt2 + 291, dtdz + 264y, dtdxy + 291, dtdze +
gzdeQ + 29,0, dzdx1 + 2g25,dzdzo +
gxlxldx% + 291195261.%'1(1332 +

2
Gzoxs d$2

g,ulf(t7 2,1, 332)



SETUP

Gudzhdz” = gudt® + 2g,.dtdz + 2945, dtdxy + 2gip,dtdzTs + 2945, dtdrs +
922d2" + 290, dzdzy + 29.0,d2dTo + 2020, dzdrs +
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Gwow2dT3 + GupasdTadrs +
J

Juv = g;w(ty 2, X1,X2, x?))
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SETUP

Initial Data

= @WR4 K2 - KK — 27 — 167p
0 = D;K’;— D;K — 8nj;

l
0 = E¢, (d + 1) such equations, one for each ¢,

where! n,=—ad,t,
@ = gl
ji = 7guinl/T‘u‘l/7
1 1
Kij = —5Lngij = “on (=0igij + Difj + D;B;)

'Here, « is the lapse function and §; is the shift vector



SETUP

Initial Data (At a Moment of Time Symmetry)

= DRy oA~ 16mp
0 = — 8mji
l
0 = E(C) 1 equation, for g;; = <29£ds

where! n,=—ad,t,
@ = gl
ji = 07
1
Kij = 0= —5—(=0i9ij + Dif; + D;5)

'Here, « is the lapse function and §; is the shift vector
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SETUP

Boundary Conditions

Decompose metric into a pure AdS piece and a deviation:

Ad
uv = g#ys + h;w

A Poincaré patch of pure AdS in coordinates
(t,z,x1,...,24—1) With z € [0, 00), x; € (—00,00):

L2
zfpdﬂ+d£+dﬁ4a“+¢ﬁ4)

Boundary conditions at z = 0:

diszz(t, L1y eney xd_l) + ...

h,, = =z
hzm = Zdilfzm(tvxlw"vxdfl)+”'
hmn = ZdiQfmn(txb'"?xd*l)+"'

© = zdfw(t,ml,...,md,l)—i—...



SETUP

Boundary Conditions

Decompose metric into a pure AdS piece and a deviation:
Juv = g;?lfls aF h;w
A Poincaré patch of pure AdS in coordinates
(t, 2,21, 0y 1), 2 = 11 (12 — 2%) /22, z; = tan((y; /12)(7/2)):
L2
= (—dt* +dz* + daf + ... + dx]_)

Boundary conditions at z = 0:

h,, = Zd_szz(t,ﬂfl,...,ﬂfd_l)+...
zdilfzm(t, T1yeeny Tg—1) + -
ZdiQfmn(t,l’l, ...,l’d_l) F oo

o = zdf‘p(t,ajl,...,xd,l)—k...
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SETUP

Boundary Conditions

Decompose metric into a pure AdS piece and a deviation:
Juv = g;?,fls =+ h,u,u
A Poincaré patch of pure AdS in coordinates
(t,z,y1, .., Yg—1) with x € [0,1], y; € (—1,1):
r 2/, 4 2/ 2 2.4 4 2
A= (—dt?/a* + 4dz® /® + ... + (7/2)%a" cos* (y17/2)dy;_)
Boundary conditions at x = 1:

Ra diQfxx(t,yl,...,ydfl) =+ ...

(1—=)
( )d_lfmm(tyl;n-,ydfﬂ—l—...
o = (1—I’)d_gfmn(t,yl,...,ydfl)+...
Y = ( )dfip(taylv"'vyd—l)‘i‘---
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SETUP

Boundary Conditions

Decompose metric into a pure AdS piece and a deviation:

g = gw/ + h’#V

A Poincaré patch of pure AdS in coordinates
(t,z,y1, .., Yg—1) with x € [0,1], y; € (—1,1):

L2
1222 (—dt2/$4 + 4dx? [z + ... + (7/2)%2? cos4(y17r/2)dy§71)

Boundary conditions at x = 1:

h$l? = =3 fI t y Y1, .- ‘7yd71)(1 —.%')

(1—2z)"°]
( )2 ot y1s oy Ya1) (1 — 2
hmn = (1 _w)d S[f n(t Y1, ya-1)(1 — =
p = ( ) fo g, s yam1) (1 — @) + ...

hzm -



SETUP

Boundary Conditions

Decompose metric into a pure AdS piece and a deviation:
guy — g;?'fls + (1 _ {I:)upowerh guy

A Poincaré patch of pure AdS in coordinates
(ta Z, Y1, '-')yd—l) with z € [07 1]a Yi € (_17 1):

L2
7(1 — 2 (—dt2/$4 + 4dz? /2 + .. + (7 /2)%z? 0084(y17r/2)dy§_1)

Boundary conditions at z = 1:

Jzz = glquds + (1 - x)d_?)gﬂ?m(ta Ty Y1y eeey ydfl) gmm‘le =0
Gaem = gﬁrzs + (1 - I‘)d_ngm(t, Ty Y1y eeey yd—l) gzm‘le =0
I9mn = gfgs + (1 - x)d_ggmn(ta T, Y1y .-y yd—l) gmn‘le =0

Y = (1 _ x)d_lSE(t,%yla 000y yd—l) ¢|x:1 =0
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SETUP

Gauge Choice
Expand metric variables in power series near x=1:
G = (1 = 2)gyw + (1 = $)2§(2),w A cac

Expand field equations in power series near x=1:
OG1ye = (—20(1)0x + Haye) (1 —2) 72 + ...
O91yee = 490y + 30(1)ee — 4%iG1)yi — 2H 1)) (1 — )2 +
O91)yg = (201)ze — Haye) (1 —2) 7% + ...
D91y = (200w — Haye) (1 —2) 72 + ...
D9(1)ysys = (2(0)ee — Haye) (1 —2) 72 + ..

Expand C, = H,, — Uz, = 0 in power series near x=1:

Caye = (=490t — G(1)ze + 48iG(1)yeys + Haye) +-. =0



SETUP

Gauge Choice
Expand metric variables in power series near x=1:
Jur = (1= 2)J(1y + (1 = 2)°Fpuw + --
Expand field equations, with C,, = 0, near x=1:
Ogaye = (—201)ze + Haye) (1 —2) 2+ ...
O9(1)0e = ( + 29(1)zz — Haye)(1—2) 72 + ..
O91)ymu = (201)ze — Haye) (1 —2) 7% + ...
O0(1)yays = (2(1)ze — Haye) (1 — )7 + ...
O9(1)ysys = (2(0)ee — Haye) (1 —2) 72 + ...
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SETUP

Gauge Choice

Expand metric variables in power series near x=1:
G = (1 = 2)gyw + (1 = $)2§(2),w A cac

Expand field equations, with C, = 0, near x=1:

OG1ye = (—20(1)0x + Haye) (1 —2) 72 + ...

09 1)z = ( +29(1)zz — Hpy) 1 —2) 72 + ...
Oy = (2(yze — Haye) 1 — )7 + ...
D91y = 2000w — Haye) 1 —2) 72 + ...
i — :c)72 + ...

—~

o

[jg(l)ygyg = (2g(1)xx -

Gauge choice near x=1:

Haye =5/290ye  Haye = 20y Hyy = 5/20(1)ay:



SETUP

Summary
1. Find gul,_g, OtGuvl,_, on some initial spatial slice ¥,
given some initial matter distribution @ on 3;—g

2. Update g, from ¥ to ¥4, subject to bogndary conditions
Guvly,—y =0, @|,—; = 0 and a gauge choice H, = f,(9)

Adapted from gr-qc/0703035



STRATEGY, IN GENERAL

3+1 Evolution on Poincaré AdSy:
with no symmetry assumptions in 4D
(built on top of PAMR/AMRD)

|

3+1 Evolution on Poincaré AdSs:
with SO(2) symmetry in 5D via “modified cartoon”
(built on top of PAMR/AMRD)

|

4+1 Evolution on Poincaré AdSs:
with no symmetry assumptions in 5D
(bwilt on top of GRChombo)



POINCARE PATCH
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FicURrE: The Poincaré patch of AdS, drawn in coordinates adapted to the
R?! boundary; constant-z» slices are copies of the hyperbolic plane Hs.

Adapted from hep-th/0805.1551



MASSLESS SCALAR PROPAGATING IN ADS
(COLOR SCALE: METRIC) (SLICE: z = (.5)

Loading ...
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Media File (video/mpeg)


MASSLESS SCALAR PROPAGATING IN ADS
(COLOR SCALE: METRIC) (SLICE: z; = 0)
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PoINCARE PATCcH WITH NON-COMPACT HORIZON

— / L2 ¥

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



CoLrLAPSE TO BH wiTH NON-COMPACT HORIZON
(COLOR SCALE: SCALAR FIELD) (SLICE: 215 =0)

Loading ...



ads5dp_stype3withbump_L1_phi1_tl2_xzslice.mpg
Media File (video/mpeg)


PoINCARE PATcH WiTH COMPACT HORIZON

xL2 ¥,
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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



CoLrLAPSE TO BH wiTH COMPACT HORIZON
(COLOR SCALE: SCALAR FIELD) (SLICE: 215 =0)

Loading ...



ads5dp_onebhcenter_L2_phi1_tl2_xzslice.mpg
Media File (video/mpeg)


STRATEGY, FOR STABLE BH-BH MERGERS

Non-Compact Apparent Horizon:
add compactly-supported matter, then add non-compact
sheet to ensure collapse to horizon with planar topology

!

No Apparent Horizon:
keep compactly-supported matter, and remove non-compact
sheet to arrange for zero background temperature

!

Two Disjoint Compact Apparent Horizons:
increase strength of compactly-supported matter to arrange
for two disjoint horizons each with spherical topology

!

Merger to Form Single Compact Apparent Horizon:
find common horizon as the two disjoint horizons merge



CoLLAPSE TO NoN-CoMmPACT BH: 5% BACKGROUND
(COLOR SCALE: METRIC) (SLICE: z12 = 0)

Loading ...



AdS5Dp_v1p59_planar_ahsearch_amp3_1p0_L1_gbyy.mpg
Media File (video/mpeg)


REMOVE NoN-ComMmPACcT BH: 0% BACKGROUND
(COLOR SCALE: METRIC) (SLICE: x12 = 0)

Loading ...



AdS5Dp_v1p59_planar_ahsearch_amp3_0p0_L1_gbyy.mpg
Media File (video/mpeg)


xlT

ENERGY DENSITY ON R3*!: 1% BACKGROUND

Loading ...
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AdS5Dp_v1p59_planar_ahsearch_amp3_0p5_L2_epsilon.mpg
Media File (video/mpeg)


xlT

ENERGY DENSITY ON R3*!: 0% BACKGROUND

Loading ...
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AdS5Dp_v1p59_planar_ahsearch_amp3_0p0_L2_epsilon.mpg
Media File (video/mpeg)


POINCARE PATCH WITH MERGER OF DISJOINT
CompPACT HORIZONS

/ R /71;9‘9J
: . 1,2 ,

T
3
A
\
|
I
4
4
T

H/ H/
FicUrEg: 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



CoLLIisiION OoF Two CompacT BHS: PRE-MERGER
(COLOR SCALE: SCALAR FIELD) (SLICE: 215 =0)

Loading ...



AdS5Dp_v1p59_spherical_height0p50_L2_phi1.mpg
Media File (video/mpeg)


GLOBAL ADS
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GLOBAL ADS

Ficure: Shaded region depicting the Poincaré patch,
defined by /1 +72/L? cos(7/L) + r/Lsin x cosf > 0.



GLOBAL ADS

R / x3
xl2 v,

Poincaré coordinates (t,z,21,22,23)

r < oo global coordinates (1,7,x,0,0)

F1curE: Shaded region depicting the Poincaré patch,
defined by /1 +72/L? cos(r/L) + r/Lsin x cosf > 0.



GLOBAL ADS

V1+7r2/L?sin(r/L)

1+ 712/L?cos(t/L) + r/Lsin x cos 8
1
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r/Lsin x sin 6 cos ¢
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r/Lsin x sin 6 sin ¢

S V14 1r2/L?cos(t/L) 4+ r/Lsin x cos

r/Lcosx

1+ 7r2/L?cos(T/L) + r/Lsin x cos 0

F1curE: Shaded region depicting the Poincaré patch,
defined by /1 +72/L? cos(r/L) + r/Lsin x cosf > 0.
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MASSLESS SCALAR PROPAGATING IN ADS
(COLOR SCALE: SCALAR FIELD)

Loading ...



cartesian_phi1_intcollision.mpg
Media File (video/mpeg)


CoLLIisiION OoF Two CompacT BHS: PRE-MERGER
(COLOR SCALE: SCALAR FIELD)

Loading ...



ads5dpolar4_dist0p7_L3_phi1_tl2.mpg
Media File (video/mpeg)


CoLLisION OF Two ComMmpAcT BHs: PosT-MERGER
(COLOR SCALE: SCALAR FIELD)

Loading ...



ads5dpolar4_dist0p5_L4_phi1_tl2.mpg
Media File (video/mpeg)


ENERGY DENSITY ON R3! BOUNDARY

€R3,1 = W746R><53

z3 |

Loading ...
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W= /(2 + (1 + 23+ 23 + 2f — (1)2)2/4



minkowski.mpg
Media File (video/mpeg)


COMPARISON TO HYDRODYNAMICS:
FrRoM MERGER OF Two BHs
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COMPARISON TO HYDRODYNAMICS:
FroM SINGLE DEFORMED BH

0.04;
£0.03;
g 0.02|
n 0.01£ L
HCD f ;% S ]
= 0.0 s —
80 05 1.0 15 2.0 2.5

T



COMPARISON TO HYDRODYNAMICS:
MERGER OF Two BHSs

0.8 —

GR
Ideal Hydro, ti=0.3 =
07} . |deal Hydro, ti=0.9 =
Ideal Hydro, ti=2.1

0 . . 005115..2’:3;5
0 05 1 15 2 25 3 35 4 45
t



SUMMARY

What physics can we hope to extract from these
simulations?

o dynamics of (T),,)pp far from equilibrium, relevant to
head-on heavy ion collisions

What has been done?
o BH-BH collisions in global AdS and on the Poincaré patch

What remains to be done?
o Post-merger stability
o Boosted black hole initial data
o GRChombo implementation (4+1, AMR, optimized)
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