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Motivation: Thermodynamics of 4D YM

4D Pure YM theory exhibits arst order deconfining phase
transitionaround?,. ~ 260MeV .
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Can AdS/CFT techniques reproduce the phase transition and
the YM equation of state found on the lattice?
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Motivation: Thermodynamics of 4D YM

4D Pure YM theory exhibits arst order deconfining phase
transitionaround?,. ~ 260MeV .

Karsch,
hep-lat/0106019

[ NNNNNANNNNNNNY

Can AdS/CFT techniques reproduce the phase transition and
the YM equation of state found on the lattice?

If yes, can it compute hydrodynamic and transport coefficien
of the QCD plasma?
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Outline

AdS/CFT 101

Holographic description of deconfinement transition
AdS examples
5D Phenomenological models
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| will take a phenomenological point of view: Type Il
according to the Nahrgang classification of the approaahes t
QCD
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Outline

AdS/CFT 101

Holographic description of deconfinement transition
AdS examples
5D Phenomenological models

| will take a phenomenological point of view: Type Il
according to the Nahrgang classification of the approaahes t
QCD

( = being creative)
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Gauge/Gravity duality

Equivalenceoetween ajauge theoryn D space-time dimensions
and agravitational theoryn higher-dimensional curved spacetime.
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Archetipal exampl@aidacena 98

N = 4 Super YM onR®1) < Type B string theory on
AdS5 X 55
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AdSs x S° has a “boundary” at = 0 which maps to thez
where the gauge theory is defined.
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Gauge/Gravity duality

Equivalenceébetween ajauge theonin D space-time dimensions
and agravitational theoryn higher-dimensional curved spacetime.

Archetipal exampl@aidacena 98

N = 4 Super YM onR®1) < TypeIIB string theory on
AdS5 X 55

g 2
ds® = () (dr® + nudatdz”) + £2dQ3

r

AdSs x S° has a “boundary” at = 0 which maps to thez(>)
where the gauge theory is defined.

r < RG direction/energy scal@JV < r — 0).
Isometry(r, *) — (ar, azt) < QFT Is conformal

| will restrict the discussion to theD (z*, r) directions,and
consider generalon-conformal backgrounds.
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Field/Operator correspondence

Gravity dual described by an action

Syrav = M / d°z\/gR — (0®)* + ...
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Field/Operator correspondence

Gravity dual described by an action

Syrav = M / d°z\/gR — (0®)* + ...

A bulk field ®(z, ) acts as aourcefor a QFT operatoO(z):

/d4:c ®(2)O0(x), O(x) ~ P(xz,r =0).
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/d4a:' ®(2)O0(x), O(x) ~ P(xz,r =0).

Generating Functional:

ZorT|®P] =~ exp iSyran [P (x, 7)] _
ey —P

Themodvnamics at strona couplina from Holoaranhic OCD



Field/Operator correspondence

Gravity dual described by an action

Syrav = M / d°z\/gR — (0®)* + ...

A bulk field ®(z, ) acts as aourcefor a QFT operatoO(z):

/d4:c ®(2)O0(x), O(x) ~ P(xz,r =0).

Generating Functional:

ZQFT[(I)] = eXp Z.Sgrav [(I)cl(xa T)] _
e —P

Computecorrelators of gauge-invariant operatn@am thegravity
on-shell actiorby differentiatingZg g [®] w.r.t. ®.
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Field/Operator correspondence

Gravity dual described by an action

Syrav = M / d°z\/gR — (0®)* + ...

A bulk field ®(z, ) acts as aourcefor a QFT operatoO(z):

/d4a:' ®(2)O0(x), O(x) ~ P(xz,r =0).

Generating Functional:

ZorT|®P] =~ exp iSyran [P (x, 7)] _
ey —P

Computecorrelators of gauge-invariant operatn@am thegravity
on-shell actiorby differentiatingZg g [®] w.r.t. ®.
Gravity description valid at larg®’, largeg? N
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Finite Temperature

To describe thermodynamics @= 1/, go to euclidean time,
and identifyr ~ 7 + 3.

Themodvnamics at strona couplina from Holoaranhic OCD



Finite Temperature

To describe thermodynamics @= 1/, go to euclidean time,
and identifyr ~ 7 + 3.

Thepartition functionis given by thegravity action evaluated at its
extremum(solution of the of the gravity-side field equation)

Z(ﬁ) — e_Sgra'U [90@0]

whereg, and®, are periodic with period.
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Thermal phase transitions

Different thermal equilibrium states- Different classical
solutions on the gravity side
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Thermal phase transitions

Different thermal equilibrium states- Different classical
solutions on the gravity side

Thermal partition function~ sum over stationary points:

Z(T)~e P e P2 BF(T) = Sgraw

sol;
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Thermal phase transitions

Different thermal equilibrium states- Different classical
solutions on the gravity side

Thermal partition function~ sum over stationary points:

Z(T)~e P e P2 BF(T) = Sgraw

sol;

Phase transitiohappens al. whereF(1,.) = F»(T,)
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Thermal phase transitions

Different thermal equilibrium states- Different classical
solutions on the gravity side

Thermal partition function~ sum over stationary points:

B(T) = e P+ BF(T) = Sy

sol;

Phase transitiohappens al. whereF(1,.) = F»(T,)

From F;(T) we can compute other equilibrium quantities
(entropy, pressure, speed of sound) using standard
thermodynamic formulae.
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Plasma/Black Hole correspondence

Holographic description of a deconfined plasma in thermal
equilibrium at temperaturé = 1/:

0

A Black Hole in the bulk with temperaturg,; = 7T
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Plasma/Black Hole correspondence

Holographic description of a deconfined plasma in thermal
equilibrium at temperaturé = 1/:

0

A Black Hole in the bulk with temperaturg,; = 7T

Due to AdS boundary conditionsH is stable.
Polyakov loop gets a vey, signaling deconfinement.
Spectrum of quasinormal modes.
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N =4SYMonR’ x St &
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N =4SYMon R? x S! < Poincaré AdS-
S = Mg/d%\f(}z _ 9)

Thermal gas ilAd.S AdS Black Hole

¢ [ dr?

+ f(r)dr? + di”

2 £ o 2 | 12 dspy = —
dstq = — [dr® + dr” + d”] r2 [ f(r)

fir)=1—(aTr)t, r,= -5
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N =4SYMon R? x S! < Poincaré AdS-
S = Mg/d%\f(}z _ B)

Thermal gas ilAd.S AdS Black Hole

¢ [ dr?

+ f(r)dr? + di”

2 £ o 2 | 12 dspy = —
dstq = — [dr® + dr” + d”] r2 [ f(r)

fir)=1=(xTr)* 1=

Faas > Fprg forall T > 0: BH always dominates;
Thermodynamics of aonformal gasf = ¢T*
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N =4SYMonS? x S! < Global AdS;

To get a phase transition at nonz&rave need to introduce scale,
e.g. put\' = 4 on ans>.

Themodvnamics at strona couplina from Holoaranhic OCD



N =4SYMonS? x S! < Global AdS;

To get a phase transition at nonz&rave need to introduce scale,
e.g. put\' = 4 on ans>.

T

2 BHs forT > T,,,:,,
none forl" < T,,in el N —
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N =4SYMonS? x S! < Global AdS;

To get a phase transition at nonz&rave need to introduce scale,
e.g. put\' = 4 on ans>.

2 BHs for’l" > T,

none forl” < T,,in N e,
7 '

“Large” BH dominant for a

Te > Tinin v |
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N =4SYMon S? x S' < Global AdS-

To get a phase transition at nonz&rave need to introduce scale,
e.g. put\' = 4 on ans>.

Hawking-Page transition.
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HP Transitions on R?

Can we get a transition iR? rather thans® ? We need to introduce
a scale in the theory
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Can we get a transition iR? rather thans® ? We need to introduce
a scale in the theory

Black D4 backgroundwitten, '98)
not conformal in the UV
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HP Transitions on R?

Can we get a transition iR? rather thans® ? We need to introduce
a scale in the theory

Black D4 backgroundwitten, '98)
not conformal in the UV

Hard Wall AdS/QCDHerzog, '06)

f:f()—CT4, SNT3
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HP Transitions on R?

Can we get a transition iR? rather thans® ? We need to introduce
a scale in the theory

Black D4 backgroundwitten, '98)
not conformal in the UV

Hard Wall AdS/QCDHerzog, '06)

f:f()—CT4, SNT3

still “too” conformal, except for the transition;
Issue of boundary conditions at the IR cutoff
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5D Einstein-Dilaton Theories

A simple class of models that displagssalisticthermodynamics

Sp=—M;N; / d°z\/—g [R = g(ﬁcb)z —V(®)
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5D Einstein-Dilaton Theories

A simple class of models that displagssalisticthermodynamics

Sp = —Mng/d%\/—g [R = g(ﬁcb)z — V(®)
Thermal gagConfined phase)

ds* = b3(r) (dr2 +dr* +dz?), O = Py(r), 0 <7< 4o0.
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5D Einstein-Dilaton Theories

A simple class of models that displagssalisticthermodynamics

Sp = —Mg’Nf/d%\/—g [R = §(661>)2 — V(®)
Thermal gagConfined phase)

ds* = b3(r) (dr2 +dr* +dz?), O = Py(r), 0 <7< 4o0.

Black holes(Deconfined phase - Gluon Plasma)

ds* = b*(r) (f(:) + f(r)dr* + d:cf) , P=®(r), 0<r<nry,

b(r) — bo(r) ~4L/r, f(r) — 1, f(rp) =0,

r—0 r—0
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Dilatonic Black holes

Gursoy, Kiritsis, Mazzanti, F.N. '08
Consider a potential that in the IR (largg asymptotes:

V((I)) N 64/3<I>(I)(a—1)/a

Fora > 1 vacuum solution has a mass-gap and discrete spectrum
(confinement). BHs haveualitatively different behavian
confining ¢x > 1) vs. non-confininga < 1) cases:
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Dilatonic Black holes

Gursoy, Kiritsis, Mazzanti, F.N. '08
Consider a potential that in the IR (largg asymptotes:

V((I)) N 64/3<I>(I)(a—1)/oz

Fora > 1 vacuum solution has a mass-gap and discrete spectrum
(confinement). BHs haveualitatively different behavian
confining ¢x > 1) vs. non-confininga < 1) cases:

confiningcase: a minimal BH temperature and 2 BH branches;
non-confiningcase: only 1 BH for all temperatures
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Dilatonic Black holes

Gursoy, Kiritsis, Mazzanti, F.N. '08
Consider a potential that in the IR (largg asymptotes:

V((I)) N 64/3<I>(I)(oz—1)/oz

Fora > 1 vacuum solution has a mass-gap and discrete spectrum
(confinement). BHs haveualitatively different behavian
confining ¢x > 1) vs. non-confininga < 1) cases:

confiningcase: a minimal BH temperature and 2 BH branches;
non-confiningcase: only 1 BH for all temperatures

Situation as in the globaldsS case { > 1) or PoincaréAds (o < 1)
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Dilatonic Black holes

Gursoy, Kiritsis, Mazzanti, F.N. '08
Consider a potential that in the IR (largg asymptotes:

V((I)) N 64/3<I>(I)(oz—1)/oz

Fora > 1 vacuum solution has a mass-gap and discrete spectrum
(confinement). BHs haveualitatively different behavian
confining ¢x > 1) vs. non-confininga < 1) cases:

confiningcase:Hawking-Page transition
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Explicit Model

Gursoy, Kiritsis, Mazzanti, F.N. '09
Simple parametrization for' (¢) = good numerical agreement with
lattice Yang-Mills thermodynamics
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Explicit Model

Gursoy, Kiritsis, Mazzanti, F.N. '09
Simple parametrization for' (¢) = good numerical agreement with
lattice Yang-Mills thermodynamics
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Being Phenomenologic
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Being Phenomenological

The setups | described (including AdS/QCD) are examples of
phenomenological holographic modetsey are designed to
capturesome featureef 4D QCD, and at the same time stay
simple and calculable.

Themodvnamics at strona couplina from Holoaranhic OCD



Being Phenomenological

The setups | described (including AdS/QCD) are examples of
phenomenological holographic modetsey are designed to
capturesome featureef 4D QCD, and at the same time stay
simple and calculable.

Thetrueholographic dual of QCDis likely a full non-critical
string theory (not just 2-derivative gravity). True reasonthis
IS the existence of aingle scalean QCD = stringy states have
masses comparable to gravity states.

*if it exists
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Being Phenomenological

The setups | described (including AdS/QCD) are examples of
phenomenological holographic modetsey are designed to
capturesome featureef 4D QCD, and at the same time stay
simple and calculable.

Thetrueholographic dual of QCDis likely a full non-critical
string theory (not just 2-derivative gravity). True reasonthis
IS the existence of aingle scalean QCD = stringy states have
masses comparable to gravity states.

The potential/(®) is supposed to be fixed phenomenologically
as a way of parametrizing some of the unknown features of the
full holographic dual.

*if it exists
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Conclusion

Holography seems to naturally capture the thermodynanfics o
the deconfined phase of 4D gauge theories
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Conclusion

Holography seems to naturally capture the thermodynanfics o
the deconfined phase of 4D gauge theories

Phenomenological 5D models can be used obtain quantitative
accurate results
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Conclusion

Holography seems to naturally capture the thermodynanfics o
the deconfined phase of 4D gauge theories

Phenomenological 5D models can be used obtain quantitative
accurate results

Natural to extend the description beyond equilibrium (e.qg.
diffusion)
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