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Quark-Gluon Plasma:

LHC reconstructed event from the first Collision of two Black Holes, merging into one
heavy ion collisions

gauge/ correspondence:
bridge between physical phenomena in gauge theories and gravity.



~ 850 CPU khours computations on RES MareNostrum I11/1V:

scientific highlights:

first non-conformal collisions
EoSization

(/s > 0.025 estimate
spinodal instability

across phase transition

New applicability of
hydrodynamics

scientific output (from 03/2016):

Maximilian Attems, UB

3 JHEP publications

MSCA fellowship, 2 PhD's

4 plenaries + 20 talks at
international conferences

2 colloquium Utrecht/Harvard
University + 7 seminars (CERN,
CEA/Saclay, Brookhaven
National Laboratory, ..)

Holographic Heavy lon Collisions



Introduction Heavy-lon collision

stage |lI: Hydrodynamics and viscosities

stage Il: QGP properties

Introduction Heavy-lon collision - the ‘little bang’
Introduction gauge gravity duality

stage |I: Non-conformal General Relativity setup
Non-conformal Thermodynamics

Non-conformal shock collision

Equilibration times |

Equilibration times Il

Spinodal instability

Spinodal instability: Hydrostatic + Hydrodynamic evolution

Maximilian Attems, UB Holographic Heavy lon Collisions



e e ae . final detected
Relativistic Heavy-Ion Collisions icle distributions
Kinetic
frcgzc-& _—

made by Chun Shen

Hadronization

g™ (& ; Stages of HI collision:

1) Out of equilibrium
2) Quark-Gluon Plasma
3) Hot Hadron Gas

collision evolution =
©~0fm/c t~1fm/c T ~ 10 fm/c T~ 10" fm/c

Cartoon of a ultra-relativistic heavy-ion collision: the two nuclei
approach, collide, first are out-of-equilibrium, form a Quark-Gluon
Plasma (QGP), the QGP expands and hadronizes, finally hadrons
rescatter and freeze out



Hydrodynamics assumes mean free path goes to zero and
conservation of energy and momentum

0T =0
expansion around isotropic equilibrium distribution:
Thyd = Tl o, — (NAL + NG

Together with the equation of state of the fluid, which is defined
as a functional relation between conserved quantities £, P, they
form a closed system of equations.

Shear viscosity Bulk viscosity
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Heavy-lon collision flow observable match hydro simulation
assuming early hydrodynamization [Heinz, Kolb 2001]

T T j Solid line: Shear+bulk, /s=0.095
0.08 0—‘id/ealo 0 - 1.8+ Dashed line: Shear only, n/s=0.16
o = 1/s=0.
e—on/s=008 |1 [ seeeeeeciii
| e-en/s=0.16 1 |
0.06 . = PHOBOS <147 Pl
s e 3 T
0.04F- o b e L
T 1y Trrmmm— ;
ol S e o+ K
. - e 1
0.6¢ T —s— g )
o 100 IgI(I)O 3(I)O 400 IP-Glasma+MUSIC+UrQMD (b)
o 0210 20 30 40
. . Centrality (%
shear viscosity over entropy _ i oo
density ratio /s ~ 0.08 Hydro simulation agreement
s nearly perfect fluid improves with bulk viscosity ¢
[Romatschke 2007] [Denicol et al. 2015]

Maximilian Attems, UB Holographic Heavy lon Collisions 7/21



P . . e final detected
Relativistic Heavy-Ion Collisions inal detecte
Kinetic

made by Chun Shen freeze-out

ST B Stages of Hi collision:
1) Out of equilibrium
2) Quark-Gluon Plasma

3) Hot Hadron Gas

_|__ free streaming

collision evolution

t~0fm/c T~1fm/c T ~10 fm/c € ~ 1015 fm/c

How to solve initial multibody Quatum-ChromoDynamics problem?

equilibrium aspects — lattice QCD
classical aspects — kinetic theory
weak coupling — perturbative QFT
strongly coupled dynamics — ?



P . final detected
Relativistic Heavy-Ion Collisions _distributions

Kinetic
made by Chun Shen freeze-out

Hadronization ) : . .
i array i Stages of HI collision:
1) Out of equilibrium

2) Quark-Gluon Plasma

3) Hot Hadron Gas

re-
[2 u?librium . hydrod .
Y"‘;me ynamics | free streaming
e STt

collision evolution

t~0fm/c T~1fm/c © ~ 10 fm/c € ~ 1015 fm/c

How can we describe the first stage at strong coupling?
How long is the first stage? LHC Data indicates < 10723 s
What determines when hydro becomes applicable?

What are the initial conditions for the Quark-Gluon-Plasma?



Introduction gauge gravity duality

Quantum gravity in d + 1 dimension AdS < QFT in d dimension

Black hole

~
Sy
.
S
S,

[IB string theory on AdSs x Ss <+ N = 4 Super-Yang-Mills
[Maldacena 1998, Witten 1998]




Introduction gauge gravity duality

Quantum gravity in d + 1 dimension AdS < QFT in d dimension

Black hole T

~.
Sy
.
S
S,

[IB string theory on AdSs x S5 <> AN = 4 Super-Yang-Mills
[Maldacena 1998, Witten 1998]

shear visocity over entropy density ratio g =L ~0.08

47
[Policastro, Son, Starinets 2001]

Holographic Heavy lon Collisions



stage |: holographic shock waves

Heavy-lon collision: shock wave collision:

QGP formation black hole formation
2 i

<87J57Pxi> — %<_TE,T1_Z,T))<<’>

Holography allows to explore far from equilibrium dynamics:

Energy density
evolution of a typical
shock wave collision




Strong coupling toolkit for out of
equilibrium dynamics:

Future JdAdS

horizon

Dynamics

/ Fast hydrodynamization with first shock
<\ wave collisions in the characteristic
tial .
\ e formulation t,,4 < 1023 although very
N\ I anisotropic %! > 1 at
Nl L hyd
N hydrodynamization
\
Thin shocks hydrodynamize fast too, Initial

energy per unit transverse area u relates to
shock product after collision: ty,yg Thyq < %
3 ® Thyd =0.3u
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Einstein-Hilbert action coupled to a scalar with non-trivial
potential in five-dimensional bottom-up model:

s=2 [ e [jr- 50 - Vi)

1 1\, 1,5 3,
( )¢—§¢—§¢—3

1
V@)=~ 7"+ (5atas
4 4 2
1263, 204, 3¢2,
0.5
. N 04f — pumt
Interaction measure | = % as ; ¢
. o3t » N du=3
a measure of non-conformality, U AN
. . =10
NON-conformal at intermediate 02}: \ "
I} === =100
temperatures, conformal at /IR o} A
if
0.0 :
0 3 4 5 6

and UV

Holographic Heavy lon Collisions
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Heavy-lon collision: shock wave collision:
QGP formation black hole formation

<E,Jg, PX,-,V> = h ( TETE T 0)

Holography allows to explore far from equilibrium dynamics:

L5 - Energy density

[ evolution of a typical

~___ scalar shock wave
353> collision

: T 5
t e
ime 10 150

Deforming N = 4 Super Yang-Mills with an operator V dual to the
scalar field. The source A breaks scale invariance explicitly and
triggers a non-trivial Renormalization Group (RG) flow.
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Deviation of speed of sound c2:

s Bulk viscosity over entropy:
- 0.03
. — ¢u=20

0 /’.I‘\l‘ — ¢u=1 ¢M

25F e - Pm=5
. ! 0.02
S 20 N » - Pu=3
L1s \ N 7T o=l
o 0.01

0.5

0.0 E

107107 0.001 0.100 10
EIN*

Maximilian Attems, UB

Peq(€) = 3[€ = NVey(E)] -

Out of equilibrium the average pressure is
not determined by the energy density

alone, as the scalar expectation value V
fluctuates independently.

Holographic Heavy lon Collisions
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Shock wave dynamics
= Non-conformal shock collision
= Equilibration times |
= Equilibration times |1
= Spinodal instability
= Spinodal instability: Hydrostatic + Hydrodynamic evolution




0.02

0.01

N
0.02

0.01

10

Holographic Heavy lon Collisions

Hydrodynamics expansion:

8, T =0
THY — (e—l—p)u“u" _|_pg,uu

™ + (N(gh” + uu”)

Hydrodynamization:

’PLVT - Pffﬁ’ JP <01

EoSization:

|P— Pey| /P < 0.1




TINA

0.03
0.02} — i Non-conformal T scan:
thyd slow down, still
0.01} very fast
small required
> 0.025 f
2.5 - thyd Thyd C/S = or
2. non-conformal effects
1.5 == Igos Thyd
015' ordering of tgos and
'0 thyd depends on bulk
’ viscosity

0 0.1 0.2 03 0.4 0.5 0.6 0.7
Tnyal/
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Evolution of the scalar condensate:

0.9]
0.8]
0.7]
0.6}
0.5]

2]
1 =%= T Ipeak Thyd

Lo}

== TTIpeak Teond

== TT Ipeak Tros

e = e e

Pn=20

C

tpeak ~

T Thyd

0.6 0.7

Universal effects of the dynamics near the horizon that forms deep
in the bulk even in non-conformal theories

Maximilian Attems, UB
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Energy density evolution of black branes
afflicted by the Gregory-Laflamme
instability:

0.06
eInt
0.04
0.02

0.00 0

excited unstable mode growth until
non-linear saturation

Energy density versus
temperature for the gauge

theory:
0.100 L —
0.10
\\ 0.05[ T
oot e e ‘
f\) \~Z;\0.24 T
. " T/A
10;4 ._../ ............
0.24 0.25 036 -

T/A
The dashed red curve is
locally unstable, the dotted
green curve metastable.
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Hydro description P, =

Peq(E) + a1 y1(E)(0:6)* + fi, /1 (E)(DZE)

Pressures agree with hydrodynamic
prediction for a different state

Pressures predicted by
hydro match:

2l — P — P — Py

—all __ophe phwdd

Z6l e P Py
100 200 300 400

tA

Early time behaviour with
exponential decay of
quasi-normal modes
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First simulation of a holographic non-conformal model for
heavy ion collisions:

New example of the applicability of hydrodynamics to systems

New relaxation channel from bulk viscosity: EoSization

Fast hydrodynamization at early time with conservative
estimate (/s ~ 0.025 for non-conformal effects

Paths to equilibrium in non-conformal collisions:
Four orderings of Condensate relaxation, EoSization,
Hydrodynamization times

with large gradients: Gregory-Laflamme dual to spinodal
instability settling to static inhomogeneous black brane

More studies are on the way:

Maximilian Attems, UB

Asymmetrical collisions, exploding balls
Different potentials: N = 2*, Gubser, ..

Holographic Heavy lon Collisions
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Comparing varying non-conformality ¢p:

2.5 2.5
2t du=20 =% thyd Thyd 2 du=5 =% thyd Thyd
L5 % == tios Thyd L5 == s Thya
1. 1.
0.5 e i B S i
0. ————y ———y
0 01 02 03 04 05 06 0.7 0o 01 02 03 04 05 06 0.7
Thya!\ Thyal/\
2.5 2.5
2l ou=3 =% thyd Thyd 2l ou= =% thyd Thyd
1.5 == Iios Thyd L5 == o5 Thyd
1. - L.
0.5 k= = e e pm 05 MM N e b e e
0. ~— o
0 01 02 03 04 05 06 0.7 0 01 02 03 04 05 06 0.7

Thyd/A

Thya/\

conservative estimate (/s > 0.025 needed for tgos > thyg

Maximilian Attems, UB
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Backup: Non-conformal theories

Condensate relaxation times and hydrodynamization times
for collisions with different ¢p;:

4 dn=20 4 ou=5
3 /__..--‘-----... 3 J'---. ."""-----..-....-.
2. / == tiyd Thy 2. / =% thya Thya
2
L M teond Thyd L \“” = ** leond Thyd
e e e = ki e m o e = ke ]
0.0 0.1 02 03 04 05 06 0.7 08 0‘0 0.5 1 1.5 2 2.5
Thya!/\ Thyd/A
4 Pu=3 4 2L =2
gantt el o Tl
3 -~ o T -
2 fw =% thya Tiya 2 ;5 =% thyd Thya
1L -~ = feond Thya 1 =" leond Thyd
b '*"****-A.*..‘,.-*__-*____* I e e e m e

0 010203040506070809 1. 00 05 10 15 20 25
TiyalA TygalA
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Landau match of the transverse pressure,
/
Landau frame assumes no momentum flow T,; =0

0.8 .
1
:_ Py

0.6 I
1 — Prhyd
1

- 0.4 [ J— Prhya(¢=0)
Q :

L pina(C=0.ES)

o2/ \O
I ---------------- \

0.0 :
1

At

Equation of state essential for hydrodynamics prediction,
bulk viscosity slows down evolution lowers pressures
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Landau match of the longitudinal pressure

0.08 '
|
1— P
0.06 I L
: —— PLhyd \
1
[y 0.04 v e
0.02 R
0.00
i 6

At

Solid vertical line indicates hydrodynamization time t;yq once both
pressures agree with hydrodynamics
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At Hydrodynamization time almost Gaussian distribution:

1.0¢

o
®

Eloc/E10c(2=0)
o
[*2)

----- Thya/A=0.51
R - - NN
04’/ P Thya/\=0.25 N \\
. / — = Thya/\=0.17 \\
1.0 -0.5 0.0 0.5 1.0
y

Higher energy densities results in broader rapidity profile

Maximilian Attems, UB
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Boost invariant flow at mid rapidity:

1.0020

1.0015¢

"= 1.0010¢

1.0005}

1.0000

the component of the velocity field along the proper time direction

u™ = cosh (y) u* — sinh (y) v*
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Backup: Quasi-Normal-Modes

¢» and by as functions of time for a z-independent configuration

=10, €/¢) =0.379686

0.100,
0.095
0.090
§0.085|
0.080
0.075
s fitl
-- fit2
070!
o 1 2 3 4 5
t/dy
6y =10, €/¢; =0.379686
— data
0.04 - fitl
.- fit2

—0.02,

—0.04]




Backup: Convergence analysis

Differences between the coarse and medium (blue solid line) and
the medium and fine (red dashed line) resolution run

Gy =10, ¢y =2, A=1, 0 =0.32

— =104,
‘‘‘‘‘ =0
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