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Motivation   
Relativistic Ion Collisions 

RHIC	
  

LHC	
  



Heavy-Ion Collisions 

•  2003-present: QCD matter behaves fluid-like, 
not gas-like (despite asymptotic freedom) 

•  Large “flow” signals, e.g. v2, v3, v4, v5 in  
 Pb+Pb collisions at LHC (correspond to l=2..5 
in CMB Background) 

•  Hydrodynamic models correctly describe 99% 
of particles registered in experimental 
detectors 



Light-on-Heavy-Ion Collisions 

•  Large “flow” signals, e.g. v2, v3 also found in  
d+Au, p+Pb collisions  

[PR,	
  1502.04745]	
  



QGP: Matter @ 4 Trillion K 

•  Temperature: 4x1012 K 
•  Lifetime: 10-23 sec 
•  Size: 10-14 m 

Gradients are large! 
 

Why does hydrodynamics apply at all? 
Even for small systems (p+Pb)?  

Can we understand equilibration? 



Motivation 
Understand	
  equilibra8on	
  in	
  rela8vis8c	
  ion	
  

collisions	
  using	
  AdS/CFT	
  



Goal 
Solve	
  dynamical	
  Einstein	
  Equa8ons	
  (w/	
  or	
  
w/o	
  addi8onal	
  fields)	
  in	
  asympto8c	
  AdS	
  

for	
  strong	
  gravity	
  situa8ons	
  (BH	
  
forma8on,	
  BH	
  collisions,	
  etc.)	
  

Want:	
  general	
  purpose	
  tool	
  to	
  study	
  far-­‐
from	
  equilibrium	
  strongly	
  coupled	
  

systems!	
  



Einstein Field Equations in GH 
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Einstein Field Equations in GH 

Slides	
  from	
  Hans	
  Ban8lan,	
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  Boulder,	
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  2014	
  
We	
  solve	
  these	
  numerically	
  

+evolu8on	
  eq’s	
  for	
  Hμ	
  



Use	
  second-­‐order	
  differencing	
  to	
  discre8ze	
  these	
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  CU	
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  2014	
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Numerics/Hardware 

•  C,C++, Fully parallel (openMPI) 
•  Hardware used: 
Eridanus cluster (CU Boulder, 192 
cores @ 2 GHz/core), Infiniband 
interconnections 
Orbital cluster (Princeton, ~3700 
cores @ 3.5 GHz/core), Infiniband 
interconnections 



Simulations of BH Collisions in 
Global AdS5 

•  Head-on Collisions 
•  Global AdS rather than Poincare patch 
•  Initial Data: pure AdS + massless scalar field 

(Coulomb branch), quickly collapsing to form 
BHs (non-planar horizon!) 

•  Use excision to simulate space-times with BHs 



Heavy Ion Collisions as BH 
Collisions in AdS5 

‘nuclear collisions’ in 3+1d as shock wave 
collisions in AdS5: 

established the form of the line element for given (energy-) density profiles of nuclei, a
lower bound on the total entropy produced in the collision of two of the shock waves.
Moreover, using techniques from numerical relativity on the collision of black holes
in various dimensions, the actual equilibration of the gauge theory from a far-from
equilibrium state to hydrodynamics has been observed in numerical simulations with
a high degree of symmetry (the nuclei where assumed to be translationally invariant
in the plane transverse to the collision axis) [25, 26]. However, these simulations
could not provide information on the pre-equilibrium dynamics in the transverse
plane, which is of interest because it could potentially lead to observable effects in
nuclear collision experiments at RHIC and the LHC. The aim of the present article
is to provide the foundation to lift this shortcoming by providing the metric shortly
after the head-on collision of two gravitational shock waves, including the extraction
of the early-time gauge-theory energy-momentum tensor. By the nature of the early-
time series employed, the results obtained will be quantitatively reliable only at
mid-rapidity and close to the boundary of AdS space. Nevertheless, we presume
that using these results in conjunction with recent numerical advances in solving the
Einstein equations in AdS

5

(cf. [32]) will allow observation of equilibration of the
system including full transverse dynamics.

2 Setup: Heavy-ion collisions as gravitational shock waves

Boosting a charge to very high velocities, its energy-density distribution becomes
highly singular. This is very similar to the case of boosting a mass to very high
velocities. However, in the latter case it has been understood by Aichelburg and
Sexl in the 1970’s that a reasonable description of the energy-momentum tensor can
be given by rescaling the mass with the boost factor [33]. By complete analogy, the
energy-momentum tensor of a boosted charge ⇢ can be calculated analytically by
means of a rescaling of the coupling constant [34], arriving at a form of
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Heavy Ion Collisions as BH 
Collisions in AdS5 

•  Two infinitely boosted ‘nuclei’ superimposed 
become two shock waves in gravity 

•  Extremely high-energy analogue of black-hole 
collisions (Aichelburg-Sexl shock waves) 

•  Hard to treat collision process via numerical 
relativity 

•  Some insight may be gained analytically 



Hans	
  Ban8lan,	
  	
  CU	
  Boulder,	
  Oct	
  2014	
  



Metric, separation D=0.5  



Metric, separation D=0.7 
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  and	
  PR,	
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Relevance	
  of	
  the	
  regulator	
  BH	
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“Collision”	
  veloci8es	
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Boundary 
Energy 
Density 

[Ban8lan	
  and	
  PR,	
  1410.4799]	
  



Simulations of BH collisions 

•  We have numerical results for metric in all of 
space-time, including boundary data 

•  We have metric data (a bit) inside trapped 
surfaces: could be useful for entanglement 
entropy calculations (?) 

•  Metric data/boundary data could be used for 
comparison to analytic results  

•  This data is publicly available. If you can’t 
find something on our website, just ask! 



AdS/CFT Phenomenology 



Can AdS/CFT dynamics be 
experimentally probed in 
relativistic ion collisions? 



AdS+hydro+cascade (“SONIC”) 

[van	
  der	
  Schee,	
  PR	
  &	
  Prac,	
  PRL111	
  (2013)]	
  



AdS+hydro+cascade 

[van	
  der	
  Schee,	
  PR	
  &	
  Prac,	
  2013]	
  



AdS+hydro+cascade 

[van	
  der	
  Schee,	
  PR	
  &	
  Prac,	
  2013]	
  



AdS+hydro+cascade 

AdS/CFT+hydro	
  results	
  are	
  	
  
independent	
  of	
  choice	
  of	
  

switching	
  8me	
  

You	
  get	
  what	
  you	
  get.	
  
No	
  ‘tuning’	
  



[Habich,	
  Nagle	
  and	
  PR,	
  1409.0040]	
  



[Habich,	
  Nagle	
  and	
  PR,	
  1409.0040]	
  

SONIC	
  works	
  well	
  for	
  describing	
  exp’	
  data	
  in	
  AA	
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SONIC:	
  AdS+Hydro	
  (eta/s=0.08)+Hadron	
  Cascade	
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SONIC:	
  AdS+Hydro	
  (eta/s=0.08)+Hadron	
  Cascade	
  



Strong vs. Weak Coupling 

[van	
  der	
  Schee,	
  PR	
  &	
  Prac,	
  2013]	
   [Epelbaum,	
  Gelis,	
  2013]	
  

g=0.5	
  g=∞	
  

How	
  about	
  making	
  more	
  comparisons	
  like	
  these???	
  



A way to probe QCD pre-eq flow? 

[PR,	
  1502.04745]	
  



Turbulent Gravity 

[Adams,	
  Chesler,	
  Liu	
  2013]	
   [Gorda	
  &	
  Ban8lan,	
  unpublished]	
  

Planar	
  Horizon	
  (Black	
  Brane)	
   No/Poincare	
  Horizon	
  	
  



Turbulent Gravity 

[Gorda	
  &	
  Ban8lan,	
  unpublished]	
  



Summary/Conclusions 

•  General Purpose numeric solutions to Einstein 
Equations in asymptotic AdS using GH 

•  Successful numerical solutions for BH 
collisions in global AdS5 

•  AdS (preeq)+Hydro(eq)+Hadron Cascade 
works surprisingly well in describing 
experimental data 

•  More results (e.g. AdS stability) coming soon! 



Bonus Material 
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Infiniband connections essential 
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  node,	
  
mul8ple	
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  used	
  
	
  
Eridanus:	
  single	
  core	
  
on	
  different	
  nodes	
  
used	
  



From Bulk to Boundary 

Hans	
  Ban8lan,	
  	
  CU	
  Boulder,	
  Oct	
  2014	
  





Shocks with Transverse Profiles 

[van	
  der	
  Schee,	
  PR	
  &	
  Prac,	
  2013]	
  



Use AdS/CFT initial conditions 
and compare to data 

•  Idea: pre-equilibrium flow for smooth, central 
collisions is simple 

•  Parametrize as 

and use for different collision systems (Pb+Pb, 
Au+Au, Cu+Cu, Al+Al, C+C, p+p)  
Compare: 

[Habich,	
  Nagle	
  and	
  PR,	
  1409.0040]	
  

[Scoc	
  &	
  Vredevoogd,	
  PRC79	
  2009]	
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  1409.0040]	
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