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Introduction
Quantum ChormoDynamics (QCIi¥ the best undestood piece of
the Standard Model, from the point of view of the fundamental

degrees of freedom:

o« Itis SU(3) Yang-Mills theorywith six quark flavors in the
fundamental representation, weakly coupled at high easrgi

« Atlow energies it becomes non-pertrubative: confinement,
chiral symmetry breaking, a rich phase diagram...
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Introduction

Quantum ChormoDynamics (QCIi¥ the best undestood piece of
the Standard Model, from the point of view of the fundamental
degrees of freedom:

o« Itis SU(3) Yang-Mills theorywith six quark flavors in the
fundamental representation, weakly coupled at high easrgi

« Atlow energies it becomes non-pertrubative: confinement,
chiral symmetry breaking, a rich phase diagram...

Many approaches have been tried to describe these phenomen:
(perturbation theory, lattice, Dyson-Schwinger, chiral
Lagrangians...)Holography like all these techniques, has
advantages and limits. It offers a simple and powerful tool t
compute non-perturbative observables and it is especiaéful

In out-of-equilibrium situations.

o Inthis talk | will describe a class of phenomenological
holographic models that provide a good descriptions of many
aspects of the non-perturbative PRYSICS . swrmensogea soentic sproaen o aco -p2



SU(N) Yang-Mills
Sy m = %/d% Tr F,, F*, A= giuyN

« Free at high energyi(E) ~ (6ylog E/A;r)~1; strongly
coupled at low energy.

« Confining (Wilson Loop given by area law)
« All dimensionful observables are governed bsiragle scale A
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SU(N) Yang-Mills
Sy = %/d% Tr F,, F* A= gi N

« Free at high energyi(E) ~ (£ylog E/Arr)~t; strongly
coupled at low energy.

Confining (Wilson Loop given by area law)

All dimensionful observables are governed bgiragle scale A

o The spectrum is discrete (glueballs) and organized in tewer
associated to gauge-invariant operators, e.g:

TrF? < JPY =07, TrFF 0T 10 <2t
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SU(N) Yang-Mills
Sy = %/d% Tr F,, F* A= gi N

« Free at high energyi(E) ~ (£ylog E/Arr)~t; strongly
coupled at low energy.

« Confining (Wilson Loop given by area law)
« All dimensionful observables are governed bsiragle scale A

o The spectrum is discrete (glueballs) and organized in tewer
associated to gauge-invariant operators, e.g:

TrF? < JPY =07, TrFF 0T 10 <2t

« 't Hooft: IV large, ) fixed = the theory simplifies (e.g.
glueballs become weakly interacting)
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SU(N) Yang-Mills at finite temperature

o It displays dfirst orderdeconfinement transition at
T. ~ 260M eV with a latent heate A* N?
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SU(N) Yang-Mills at finite temperature

o It displays dfirst orderdeconfinement transition at
T. ~ 260M eV with a latent heate A* N?

NNNNNNNNNNNNNY

Equation of state
p(T") from lattice

Karsch,
hep-lat/0106019
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SU(N) Yang-Mills at finite temperature

o It displays dfirst orderdeconfinement transition at
T. ~ 260M eV with a latent heate A* N?

| Equation of state
p(T") from lattice

Karsch,

/ 3/4 s/T
! 4 i hep-lat/0106019
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« In the deconfined phase the spectrum is continuous and the
long-wavelenght physics is expected to be described by

(viscous) hydrodynamics.
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AdS/CFT

The AdS/CFT duality: conjecture that certain quantum fiakebties
are equivalent to theories of gravity in higher dimensions.

4—(:; - RGISQO,Q.
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AdS/CFT

The AdS/CFT duality: conjecture that certain quantum fiakebties
are equivalent to theories of gravity in higher dimensions.

4-() + KRG scole

« Equivalentmeans that the two theories contain the same
degrees of freedom, but arranged in differnt ways.

« Depending on the situation, one side or the other may bereasie
to handle.
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AdS/CFT

The AdS/CFT duality: conjecture that certain quantum fiakebties
are equivalent to theories of gravity in higher dimensions.

4-6 + KRG scole

N = 4 SYM theory in 4D« IIB String theory on4dsSs x S°

o large N, large\: Gravity side becomes classical and
non-stringy.

. Conformal invariance= AdS spacetimés® = r~*(dr* 4 da?),
Scaling isometry: — Ar, z,, — A\x,,.

o RG scale= radial coordinate; UV < AdS boundary = 0.

The Phenomenological Holographic Approach to QCD - p.7



Field/Operator correspondence

o QFT operatoO(x) < Bulk field ©(x, r).
e Oy(x) = P(x,0)Is asourcefor O(x) in the QFT:
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Field/Operator correspondence

o QFT operatoO(x) < Bulk field ©(x, r).
e Oy(x) = P(x,0)Is asourcefor O(x) in the QFT:

DimensionA of O determined
by the mass ob:
m? = A(A — d).
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Field/Operator correspondence

o QFT operatoO(x) < Bulk field ©(x, r).
e Oy(x) = P(x,0)Is asourcefor O(x) in the QFT:

DimensionA of O determined
by the mass ob:
m? = A(A — d).

In the IargeN I|m|t

Zorr|Po(z)] = exp iSa|Po()]

S.|®o]: classical bulk action evaluated on the solution of the
field equations with fixed boundary conditidnR(z).
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Field/Operator correspondence

o QFT operatoO(x) < Bulk field ©(x, r).
e Oy(x) = P(x,0)Is asourcefor O(x) in the QFT:

DimensionA of O determined
by the mass ob:
m? = A(A — d).

In the IargeN I|m|t

Zorr|Po(z)] = exp iSa|Po()]

S.|®o]: classical bulk action evaluated on the solution of the
field equations with fixed boundary conditidnR(z).

0 0
5(130(561) o 5(130(£En)
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Phenomenological holography

N=4 SYM is rather far from QCD phenomenology in the vacuum
(conformal invariance, susy, lots of extra operators). dsatibe
QCD one needs to build other gravity solutions.
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Phenomenological holography

N=4 SYM is rather far from QCD phenomenology in the vacuum
(conformal invariance, susy, lots of extra operators). dsatibe
QCD one needs to build other gravity solutions.

Two complementary approaches:

Top-downConstruct string theory backgrounds which break
susy/conformal invarariance.

Bottom-up Construct phenomenological gravity models such that,
using holography rules, we can match the properties of the QF
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Phenomenological holography

N=4 SYM is rather far from QCD phenomenology in the vacuum
(conformal invariance, susy, lots of extra operators). dsatibe
QCD one needs to build other gravity solutions.

Two complementary approaches:

Top-downConstruct string theory backgrounds which break
susy/conformal invarariance.

 allows to control both sides of the correspondence;
o typically the gauge theory is only a relative of QCD;

Bottom-up Construct phenomenological gravity models such that,
using holography rules, we can match the properties of the QF
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Phenomenological holography

N=4 SYM is rather far from QCD phenomenology in the vacuum
(conformal invariance, susy, lots of extra operators). @sadibe
QCD one needs to build other gravity solutions.

Two complementary approaches:

Top-downConstruct string theory backgrounds which break
susy/conformal invarariance.

 allows to control both sides of the correspondence;
o typically the gauge theory is only a relative of QCD;

Bottom-up Construct phenomenological gravity models such that,
using holography rules, we can match the properties of the QF

« Not a controlled approximation of a more fundamental theory

o Free parameters can be used to fit data from other technigques
and have a quantitative match.
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Minimal phenomenological setup

o The bulk theory is five-dimensionat{ + RG coordinate)
 Include only lowest dimension YM operators & 4)

4D Operator Bulk field Coupling
TrF? & d N [e *TrF*
T & G [ g, TH

A = Ngi,, = e (finite in the largeV limit).
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Minimal phenomenological setup

o The bulk theory is five-dimensionat{ + RG coordinate’)
 Include only lowest dimension YM operators & 4)

4D Operator Bulk field Coupling
TrF? & d N [e *TrF*
T & G [ g, TH

A = Ngz,, = e (finite in the largeV limit).

« Breaking of conformal symmetry, mass gap, confinement, and
all non-perturbative dynamics driven by the dilaton dynzsni
(aka the Yang-Mills coupling).

o Treat® as a 5D string theory dilatorg;&i) — ¥/ 3‘1’g£f) (the true
dual, If it exists, should be a non-critical 5d string theory
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5-D Eistein-Dilaton Theory

Bulk dynamics described by a 2-derivative action:

Sp=—MN; / d°z\/—g [R - §(8®)2 —V(®)
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5-D Eistein-Dilaton Theory

Bulk dynamics described by a 2-derivative action:
Sp=—MN; / d°z/—g [R = g((‘)CI))Q —V(®)
o V' (®) fixed phenomenologically. It should parametrize our

ignorance of the “true” five-dimensional string theory
. Effective Planck scale- N? is large.
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5-D Eistein-Dilaton Theory

Bulk dynamics described by a 2-derivative action:
Sp=—MN; / d°x\/—g [R — g((‘)CI))Q —V(®)

o V(@) fixed phenomenologically. It should parametrize our
ignorance of the “true” five-dimensional string theory

. Effective Planck scale- N? is large.

o Featuresasymptotic freedom, confinement, discrete linear
glueball spectrum, correct thermodynamics and phaseatagr

o Drawbacks: it is not a controlled approximation of a more
complete theory: unknown size of possible corrections (e.g
from higher dimension operators)

The Phenomenological Holographic Approach to QCD — p.12



Five dimensional setup

The Poincaré-invariant vacuum solution has the generat:for

ds? = 240 (dr? + dr,dx"), A=Xr), 0<r<4o0
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Five dimensional setup

The Poincaré-invariant vacuum solution has the generat:for

ds? = 240 (dr? + dr,dx"), A=Xr), 0<r<4o0

« ¢“(r) o 4D energy scale
e A(r) o< running 't Hooft coupling
« A(r), \(r) determined by solving bulk Einstein’s equations.
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Five dimensional setup

The Poincaré-invariant vacuum solution has the generai:for

ds? = 240 (dr? + dr,dx"), A=Xr), 0<r<4o0

« ¢“(r) o 4D energy scale
e A(r) o< running 't Hooft coupling
« A(r), \(r) determined by solving bulk Einstein’s equations.
e UV:XA =0, V(A)~ 2 (I+vod+uviA?..)
= asymptotically AdS solutions:(— 0) + log-corrections:

1 3 8
~ = —p
r BologrA’ "0 9"?

o IR: Genericallye” — 0;. Detailed behavior depends & \)
at large)\. Assume no IR AdS fixed point, eventually— oo at
larger.
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Five dimensional setup

The Poincaré-invariant vacuum solution has the generai:for

ds? = 240 (dr? + dr,dx"), A=Xr), 0<r<4o0

« ¢“(r) o 4D energy scale
e A(r) o< running 't Hooft coupling

Al

C

HEALS,
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AdS/CFT and Confinement

Confinement in AAS/CFT is decided via the dual of Yhigson loop
test. QFT Wilson Loop operator:

W(v) =Pexp i]{A

~

Confinement= Area Lawfor large size ofy: W ~ exp {io.Area., }
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AdS/CFT and Confinement

Confinement in AAS/CFT is decided via the dual of Yhigson loop
test. QFT Wilson Loop operator:

W(v) =Pexp i]{A

~

Confinement= Area Lawfor large size ofy: W ~ exp {io.Area., }

— linear potentiabetween two quarks at large separation:

W=¢e", S,=TV(L)~oJIL=V(L)=o.L
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AdS/CFT and Confinement

The holographic dual of the Wilson Loop is the action of angfri
attaching to the contour on the boundary, and closing ireo th
Interior.
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AdS/CFT and Confinement

The holographic dual of the Wilson Loop is the action of angfri
attaching to the contour on the boundary, and closing ireo th
Interior.

1

S- Areax

B 2702

> Is chosen as the minimal (i.e. geodesic) surface ending on
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AdS/CFT and Confinement

Area law< The string frame metric has a non-zero minimum at
somer,,

dsg = b3(r) |

non-confining confining
O'CZO O-c:b2(rm)
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AdS/CFT and Confinement

Area law< The string frame metric has a non-zero minimum at
somer,,

dsg — bg(r) [dr2 + dxlﬂ

by

3
o &
iy, s -
S !:f'li
= : P
¢ X BER ﬁ;
& 4 & M
7
4
o 4
e

oo
slfE

non-confining confining
O'CZO Oc:bQ(rm)
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AdS/CFT and Confinement

Area law< The string frame metric has a non-zero minimum at
somer,,

ds? = b2(r) [dr® +da2] b = N340

non-confining confining
V(A) SOMY3) V(A) 2 O(\Y3)
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Spectrum

Spectrum of states associated’ta= spectrum ohormalizable
fluctuationsof the corresponding bulk field

(ORO(=k)) =) 57"

n
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Spectrum

Spectrum of states associated’ta= spectrum ohormalizable
fluctuationsof the corresponding bulk field

(ORO(=k)) =) 57"

Bulk fluctuations:ég,, = e*Ah,,, (2, r), 6®(x,r)

= onetensormode () and onescalarmode ((r ).
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Spectrum

Spectrum of states associated’ta= spectrum ohormalizable
fluctuationsof the corresponding bulk field

(ORO(=k)) =) 57"

Bulk fluctuations:g,,, = e h,,, (z,7), §®(z,7)
= onetensormode () and onescalarmode ((r ).

Fluctuation equations equivalent to a Scrhodinger problem

—U+ V,(r)V = —k*T k2 =-—m?

Vs(r) determined by the background soluti@f(r), A(r))
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Spectrum

The Schroedinger potentials behave as:
NGO
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Spectrum

The Schroedinger potentials behave as:

S

b

non-confining confining

Area law< Gaped discrete tower of spin 2 and spin O states
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Finite Temperature

Equilibrium thermo dynamics &t = 1/ = euclidean periodic
timer ~ 7+ (.

The Phenomenological Holographic Approach to QCD — p.22



Finite Temperature

Equilibrium thermo dynamics &t = 1/ = euclidean periodic
timer ~ 7+ (.

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,(130]

« Different equilibrium states- Different gravity solutions
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Finite Temperature

Equilibrium thermo dynamics &t = 1/ = euclidean periodic
timer ~ 7+ (.

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

Z(ﬁ) — e_Sgrcw [90,(130]

« Different equilibrium states- Different gravity solutions
o Thermal partition function- sum over stationary points:

Z(ﬁ) = 6_6}—1 T 6_6]:2 6FZ(T) — Sg?“av

sol;
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Finite Temperature

Equilibrium thermo dynamics &t = 1/ = euclidean periodic
timer ~ 7+ (.

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,(130]

« Different equilibrium states- Different gravity solutions
o Thermal partition function- sum over stationary points:

Z(ﬁ) = 6_6}—1 T 6_6]:2 6FZ(T) — Sg?“av

sol;

o Phase transitiohappens at,. where#(T,.) = F»(T,)
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Finite Temperature

5-d Einstein-Dilaton theory: two different kinds of solurtis with
the same boundary conditionsrat 0:
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Finite Temperature

5-d Einstein-Dilaton theory: two different kinds of solurtis with
the same boundary conditionsrat 0:

Thermally excited vacuum:

dstq = >N [dr? + dr? + di?]
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Finite Temperature

5-d Einstein-Dilaton theory: two different kinds of solurtis with
the same boundary conditionsrat 0:

Thermally excited vacuum:
dshe = A7) [dr? + dr? + di?]

Black hole:

2
ds% = e240) ;(T)+f(r)d72+da?2 C frp) =0, |f(rp)| =4xT
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Finite Temperature

5-d Einstein-Dilaton theory: two different kinds of solurtis with
the same boundary conditionsrat 0:

Thermally excited vacuum:
dstq = A" [dr? + dr? + di?]

Black hole:

dr? . :
ds2,,, = e2A0) o + f(r)dr? +d@%|, f(rn) =0, |f(ry)| =4rT
« the black hole always corresponds tdexonfined phase
(9: = 0 at the horizon, and the string tension vanishes)
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Phase diagram

o N =4 SYM has no scale> no phase transition
Fpr = —cT'*, at any finiteI' BH phase dominates.

AT

The Phenomenological Holographic Approach to QCD — p.24



Phase diagram

o N =4 SYM has no scale> no phase transition
Fpr = —cT'*, at any finiteI' BH phase dominates.

 Einstein-Dilaton theory: behavior dependsiof\ — oo):
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Phase diagram

o N =4 SYM has no scale> no phase transition
Fpr = —cT'*, at any finiteI' BH phase dominates.
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Phase diagram

o N =4 SYM has no scale> no phase transition
Fpr = —cT'*, at any finiteI' BH phase dominates.

 Einstein-Dilaton theory: behavior dependsiof\ — oo):

AT

b

'.)' VC") N

Y

\’3;@4 1 \/(r) A

‘—
v 'r

> IR

V(A 2 O(AY?)
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Phase diagram

5:
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Phase diagram

F
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ase diagram

Confining geometries display a first order transition to &lbla
hole phase foli" > T.. Exact correlation between Wilson loop
area law, mass gap, and thermal phase transitions.
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Matching Pure YM Thermodynamics

Appropriate dilaton potential (fixed asymptotics plus 2 fit
parameters)y- Good agreement with lattice YM thermodynamics.
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Matching Pure YM Thermodynamics

Appropriate dilaton potential (fixed asymptotics plus 2 fit
parameters)y- Good agreement with lattice YM thermodynamics.

1 T T T T ‘ T T T T

2
/T

S(T)/T3 lattice data; Panero, hep-lat/0106019
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Matching Pure YM Thermodynamics

Appropriate dilaton potential (fixed asymptotics plus 2 fit
parameters)y- Good agreement with lattice YM thermodynamics.

18— T L L LA
i al « SUM)

=
e
Bl

- 8U(S) =
+ 8U(6) A
. SU®) _
improved holographic QCD model

v
[
[

= =
N (=] —_—
1 T T T T

=
I~
I

o L

S
e
1%
+ %
02— +
% % B s
1 1 1 | 1 ‘ | |
1

A/ 7", normalized to the SB limit of p / 7"

\\\\\\\\\

(6 — 3p)/T4 lattice data: Panero, hep-1at/0106019
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Matching Pure YM Thermodynamics

Appropriate dilaton potential (fixed asymptotics plus 2 fit
parameters)y- Good agreement with lattice YM thermodynamics.

18 T T | T T T T

16— - . SUG) —
r A o SUM)

14— = . 8U(5) -
r + 8U(6) -

12+ - 8UE) —
L improved holographic QCD model | |

A/ 7", normalized to the SB limit of p / 7"
L

e
08—
L *
0.6
: ! . N :
ik, ‘; 2 _.-a'j?:_.-.-l B -
0 1 | % | | | ] ‘ 1 |- | | | | | | | 1 | | | | | | |
0.5 1 L5 25 3 35

(6 — 310)/T4 lattice data: Panero, hep-1at/0106019

AdS black hole may provide a good description of the
deconfined phase at high but close tdl.. non-conformality
becomes important.
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Beyond Equilibrium

Everything discussed so far can be computed on the lattipgo U
this point, we modeled a holographic setup to reproducedatt

results.

Where AdS/CFT techniques can really lead to advancemem is t
« Real-time dynamics of the deconfined phase.

o Finite baryon density
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Quark-Gluon plasma

The deconfined phase of of QCD is studied in Relativistic dan
collision experiments (RHIC and LHC).

H |g\/\ ’T e g ! ’
:DQOO h""N\'}J i . / 5
Phese ¢ J

After a thermalization phase, the dynamics is indeed weltdbed
by a hadrodynamic limit in terms of a few quantities (trarmgpo
coefficients):

o Flow parameters
o Bulk and Shear Viscosity
o Transport related to heavy probes (energy loss, jet quegEhi
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Hydrodynamic Transport

In the long-wavelength limit the dynamics is described bgrgm
transport with a hydrodynamic stress-tensor:

™ = (e+p)uu” +pg"”

o 9
— Pt pYI [77 <(9@u] + (‘9jui — ggijé’ - u) -+ Cgij 0 - ’LL]

The Phenomenological Holographic Approach to QCD — p.29



Hydrodynamic Transport

In the long-wavelength limit the dynamics is described bgrgm
transport with a hydrodynamic stress-tensor:

™ = (e+p)uu” +pg"”
o 9
— PHtpYI [77 ((9@”&3 —+ 0juz- — ggijé’ . u) -+ Cgij O - u]

n : Shear viscosity.
« RHIC data consistent withery smally/s, ~ 0.08 — 0.2

« Closest match: Strong coupling holographic computation in
N =4SYM: /s = (47)~1 = 0.08

o IHQCD setup: same result asim = 4 SYM (universal in
2-derivative models)
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Hydrodynamic Transport

In the long-wavelength limit the dynamics is described bgrgm
transport with a hydrodynamic stress-tensor:

™ = (e+p)uu” +pg"”
o 9
— PHtpYI [77 ((()LUJ —+ 0jui — ggijé’ . u) -+ Cgij O - ’LL]

¢ : Bulk viscosity

« Vanishes in a conformal fluid (liké/ = 4 plasma), but one
expects a non-zero answer away from conformality.

o How signigicant is{ close tol.?

Important for fit to experiment: if too large, linear hydrodinamic models break down
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Bulk Viscosity

The viscosity is computed by Kubo formula

1 ~ /dtd?’a: <Tzz($)n(0)>r6t

Correlator obtained holographically from the low-frequnc
Isotropic scalar mode fluctuations around BH witfalling
boundary conditions at the horizon.

S

0.14¢
0.12}
0.1+ : n/s

008 & i o el

0.06¢}
0.04¢}
1
0.02¢ !
| eee s

Matches indication from latticereyer '08) and result from lattice ther-

e o . o . . T/Tc
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Axial sector

In YM We can consider the pseudoscalar operator:
O=TrFF < a(z,r) A=4=m2=0
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Axial sector

In YM We can consider the pseudoscalar operator:
O=TrFF < a(z,r) A=4=m2=0
« Contribution of the topological term to glue dynamics is

suppressed at largeé: Neglect backreaction af on the
geometry.

(0a)?
2

Shutk = N Spig g, A + /d4513d7“ vV —9Z ()
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Axial sector

In YM We can consider the pseudoscalar operator:
O=TrFF < a(z,r) A=4=m2=0
« Contribution of the topological term to glue dynamics is

suppressed at large: Neglect backreaction af on the
geometry.

(0a)?
2

Shutk = N Spig g, A + /d4513d7“ vV —9Z ()

|

Background geometry
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Axial sector

In YM We can consider the pseudoscalar operator:
O=TrFF < a(z,r) A=4=m2=0
« Contribution of the topological term to glue dynamics is

suppressed at largeé: Neglect backreaction af on the
geometry.

(0a)?
2

Shutk = N Spig g, A + /d4513d7“ vV —9Z(\)

4 4

Background geometry probe pseudoscalalz, r)
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Axial sector

In YM We can consider the pseudoscalar operator:
O=TrFF < a(z,r) A=4=m2=0

« Contribution of the topological term to glue dynamics is
suppressed at large: Neglect backreaction af on the

geometry.
2 4 (Da)?
Svutk = N*Sbkg|Guv, A] + /d zdr/—gZ (M) 5
4 4
Background geometry probe pseudoscalalz, r)

o Shift symmetry in the largeév limit = No potential fora.
o Z()\) 1o be fixed phenomenologically.
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Chern-Simons diffusion

The low frequency limit of the correlator givesiéfusion constant
Tog = / d*z(TrFF(z)TrFF(0)) g

This quantity plays an important role in the chiral magneffect:
« large magnetic fields are generated in the QGP
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Chern-Simons diffusion

The low frequency limit of the correlator givesiéfusion constant
Tog = / d*z(TrFF(z)TrFF(0)) g

This quantity plays an important role in the chiral magneffect:
« large magnetic fields are generated in the QGP

« Together with (out-of-equilibrium) chirality violationyb
TrFF, B can lead to a net chiral current:

1 ey

0, @
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Chern-Simons diffusion

The low frequency limit of the correlator givesiéfusion constant
Tog = / d*z(TrFF(z)TrFF(0)) g

This quantity plays an important role in the chiral magneffect:
« large magnetic fields are generated in the QGP

« Together with (out-of-equilibrium) chirality violationyb
TrFF, B can lead to a net chiral current:

J° = psB, ps < I'os

« Holographic computation in the deconfined phase:

T o STZ(?“h)
OS5 T N2 on
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Chern-Simons diffusion constant
Su= 5 / V=9Z(\)(0a)?

Z(\) = Zo (14 1A + eg)?)
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Chern-Simons diffusion constant
S.= 5 [ V=920)(@a)’
Z(\) = Zo (14 1A + eg)?)

l l

Finite v;,, 0~ glueball asymptotics
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Chern-Simons diffusion constant
S0 =5 [ V=92(3)(0a)
Z(\) = Zo (14 1A + eg)?)

l l l

Free parameters to fix by matching lattice/experiment
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Chern-Simons diffusion constant
S.= 5 [ V=920)(@a)’
Z(\) = Zo (14 1A + eg)?)

Tes/ (K Zo/27)
(sT/Ne’)

2 g

R I BLAC
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Adding Flavor

Ny quark flavorsspacetime-fillingD4 — D4 branese. iritsis and

collaborators

o Worldvolume fields:

The Phenomenological Holographic Approach to QCD — p.37



Adding Flavor

Ny quark flavorsspacetime-fillingD4 — D4 branese. iritsis and

collaborators

o Worldvolume fields:

S = Sglue [gaba >‘] +

M3N; N / Pz, Vo(N) e *“NT° /— det(gap + h(N) DT T)

e YSB:T — oo inthe IR.
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't Hooft vs. Veneziano limit

o 't Hooft limit: NV — oo, N fixed = neglect backreaction of
flavors on colors.

. Confined phase> T — +oco Inthe IR

. Deconfined phase (BH)- no regular solutions at, with
non-trivial ' = chiral symmetry restored
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't Hooft vs. Veneziano limit

o 't Hooft limit: NV — oo, N fixed = neglect backreaction of
flavors on colors.

. Confined phase> 7" — +oco inthe IR
. Deconfined phase (BH)- no regular solutions at, with
non-trivial ' = chiral symmetry restored
o Veneziano limit:N, Ny — oo, z = Ny /N fixed = backreaction
of T"Is included

. IR fixed point with unbroken,, in a conformal window for
Te < T < 9.9, T 4.

. = < z. = the would-be conformal fixed point is not reached
(7" tachyonic at the fixed pointy- confined phase with
brokeny
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Phase diagrams

Finite Temperature

Finite  Temperatur ;

and Density
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Conclusion

Phenomenological holographic modpl®vide a calculational
framework for quantities that cannot be tackled with other
techniques. In situations where other techniques can Qdesdpp
these models give gualitatively correct and even quaiveigt
accurate results.

Contrary to top-down string theory models, some approxmnat
and assumptions not under control. A more precise contdilat wi
string theory would be desired.
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Parametrizing the axion Lagrangian

Su= 5 / V=9Z(N)(0a)?

Z(\) = Zo (14 1A + eg)?)

Discrete0~ " spectrum with asymptotics (from WKB method)

~ T, Jn~n
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Parametrizing the axion Lagrangian

S0= / V=9Z(N)(0a)?

Z(\) = Zo (14 1A + eg)?)
Discrete0~ " spectrum with asymptotics (from WKB method)
~n, fn~n

Forc, = 0, ¢4 = 0.26 one finds a good match with Lattice result for
the lowest lying)~ " states.

5d model| lattice hep-lat/9901004
mo—+ /m0++ 1.50 150(4)
mo*_+/m0++ 210 211(6)

The Phenomenological Holographic Approach to QCD — p.41



	Introduction
	$SU(N)$
Yang-Mills
	$SU(N)$
Yang-Mills at finite temperature
	AdS/CFT
	AdS/CFT
	AdS/CFT
	Field/Operator correspondence
	Field/Operator correspondence
	Phenomenological holography
	Minimal phenomenological setup
	5-D Eistein-Dilaton Theory
	Five dimensional setup
	Five dimensional setup
	AdS/CFT and Confinement
	AdS/CFT and Confinement
	AdS/CFT and Confinement
	AdS/CFT and Confinement
	Spectrum
	Spectrum
	Spectrum
	Finite Temperature
	Finite Temperature
	Phase diagram
	Phase diagram
	Matching Pure YM Thermodynamics
	Beyond Equilibrium
	Quark-Gluon plasma
	Hydrodynamic Transport
	Bulk Viscosity
	Axial sector
	Chern-Simons diffusion
	Chern-Simons diffusion constant
	Chern-Simons diffusion constant
	Chern-Simons diffusion constant
	Chern-Simons diffusion constant
	Adding Flavor
	't Hooft vs. Veneziano limit
	Phase diagrams
	Conclusion
	Parametrizing the axion Lagrangian

