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•
Exam

ple: Q
uark-gluon plasm

a created in heavy ion collisions.  

•
Today I would like to extend this to curved spacetim

e. 

•
H

olography has provided insights into dynam
ics of strongly-coupled in 

flat space, specially out of equilibrium
. 

Introduction



•
Som

e phenom
enological m

otivations com
e from

 C
osm

ology: 

‣
Q

C
D

 phase transition.
‣

G
U

T theories. 
‣

D
ark M

atter could be strongly self-interacting. 

•
For sim

plicity I w
ill take the cosm

ological background to be dS4.

•
T

heoretical m
otivation: C

urvature m
ay lead to new

 interesting effects. 

Introduction



•
D

isclaim
er: H

olography w
ill only describe the strongly coupled m

atter in 
dS, not dS itself.

In other words I am
 not doing dS/C

FT. 

N
on-dynam

ical dS4 m
etric 

+ dynam
ical m

atter 

5D
 dynam

ical gravity 
w

ith dS4 boundary conditions 

Introduction



•
Sim

plifications:

Introduction

‣
Ignore back reaction of m

atter on dS m
etric. 

‣
Spatially hom

ogeneous states.
‣

Sim
ple non-conform

al 4D
 gauge theory. 

•
N

on-conform
ality is crucial because dS is conform

al to M
inkow

ski. 

‣
Sim

plest expanding m
etric: dS w

ith H
ubble rate H

.
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e
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th
e
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eory,
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U
V
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iver-
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ces,

etc.
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e
w
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G
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A
s
w
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w
ill

see
b
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th
e
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are
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to

th
e
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ce
of
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W
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w
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interested
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th
e
case

in
w
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is
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a
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sym
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•
In 5D

: G
ravity + scalar field w

ith potential w
ith two AdS extrem

a.

The m
odel
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In

contrast,
T
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ely
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ed
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(3.9),
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e
enth
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d
en

sity.
It
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ed
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G
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-flow
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•
C

rucially, the bulk viscosity is 
non-zero.



•
Im

portant: Energy density and pressure are schem
e-dependent. 

•
T

herefore, I w
ill often subtract their late-tim

e value, since this 
difference is schem

e-independent. 

•
Equivalently, I could choose a renorm

alization schem
e such that their 

values at asym
ptotically late tim

es vanish.  

The m
odel



•
Start w

ith equilibrium
 therm

al state in M
inkow

ski and turn 
on H

 sm
oothly. 

Initial states

•
T

his leads to a transient period w
ith non-constant H

 in w
hich the 

boundary m
etric interpolates between M

ink4 and dS4. 

•
A

fter this we are left w
ith w

hat we w
ant to study: 

A
n excited gauge theory state in dS4.  



•
Late-tim

e state is independent of the turn-on procedure:

D
ynam

ics
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•
Energy density and pressure dilute exponentially due to expansion 
(recall late-tim

e values are schem
e-dependent):

D
ynam

ics
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D
ynam

ics

•
Interesting physics is in how

 they dilute. 

•
For exam

ple, is this close to equilibrium
 EoS in flat space? 

•
O

r is it well predicted by hydrodynam
ics during the evolution? 

-

3
Δ

/Δ
ℰ

Figure5.Scheme-independentratiooftheexcesspressureovertheexcessenergydensitydefined
in(4.34)asafunctionoftimeforthesameinitialstatebutdi↵erentvaluesofH.

5
Thevertical

greybandsindicatethedurationofthequench.Thesolidblackcurveslabelled“strongcoupling”
correspondtotheexactresultobtainedholographically.Dottedblueanddashedredcurvescorre-
spondtotheidealandviscoushydrodynamicapproximations,respectively.IntheplotswithH<1
viscoushydrodynamicsprovidesagoodapproximationtotheexactresultforsometimeafterthe
quench.Duringpartofthisperiodthedi↵erencebetweenidealandviscoushydrodynamicsisof
orderunity,meaningthatgradientcorrectionsareaslargeastheidealterms.Intheplotswith
H�1viscoushydrodynamicsneverprovidesagoodapproximationtotheexactresult.

idealandviscoushydrodynamicsisoforderone,indicatingthatthefirst-orderviscouscor-

rectionsareaslargeastheidealterms.Thisprovidesanotherexampleofhydrodynamics

workingwithlargegradients[3–5],inthiscaseinadynamicalspacetime.ForH>1the

evolutionafterthequenchisneverwelldescribedbyhydrodynamicsandweconcludethat

theevolutionisfarfromequilibrium.

–27–

•
For schem

e-independence we w
ill look at 

•
Let us start w

ith sm
all H

 com
pared to M

:
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•
A

s H
 increases, system

 no longer described by hydro:

Pressure in effective 
EoS can becom
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negative for H

 ~M
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atter 
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•
D

ividing by this factor:



Entanglem
ent entropy

•
C

onsider entanglem
ent entropy of ball of radius r at the boundary. 
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•
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onsider entanglem
ent entropy of ball of radius r at the boundary. 
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.
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al surface 
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•
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ith phase transitions. 
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•
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