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A brief introduction

AdS/ CFT correspondence — the conjectured equivalence between a string theory defined on
certain 10D space and a CFT (Conformal Field Theory) without gravity defined on conformal
boundary of this space.

Maldacena example (1997):

Type 11Bstring theory on AdS, x ok ] =4 SYM theory on AdS boundary
in low-energy (i.e. supergravity) N— : 11!
approximation in the limit g, N[ 1

Essential ingredient: one-to-one mapping of the following group algebras
Isometries of S° <= Supersymmetry of[| =4 Super Yang-Mills theory

Isometries of AdS; <—=> Conformal group SO(4,2) in 4D space

String theory
AdS/ QCD correspondence —a program for implementation t

of such a duality for QCD following some recipies from the

AdS/ CFT correspondence We will

discuss
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AdS/CFT dictionary

boundary: field theory

bulk: gravity

energy momentum tensor 7%°

global internal symmetry eurrent J®°
order parameter/scalar operator O
fermionic operator O

spin/charge of the operator
conformal dimension of the operator
source of the operator

VEV of the operator

metric field gup

Maxwell field A,

scalar field ¢

Dirac field ¥

spin/charge of the field

mass of the field

boundary value of the field (leading part)
boundary value of radial momentum of the field

(subleading part)

(Global aspects)

global spacetime symmetry
temperature
chemical potential/charge density

phase transition

local 1sometry
Hawking temperature
boundary values of the gauge potential

Instability of black holes



[Witten; Gubser, Polyakov, Klebanov (1998)]
Essence of the holographic method
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/ / o(x,0AdS)=J(x)

generating functional action of dual gravitational theory 0> Poundary
evaluated on classical solutions
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The output of the holographic models: Correlation functions

Poles of the 2-point correlator — mass spectrum

Residues of the 2-point correlator — decay constants

Residues of the 3-point correlator — transition amplitudes

Alternative way for finding the mass spectrum is to solve e.o.m. fjjJ(;;!*H. q.,) — (‘%'?'Ipfj;j( q.;)



5D Anti-de Sitter space
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"4y —Yi— Y — Y3 — Yy =R

u =

Exclude ¢ and introduce

T + Y4 V=T — 1Yy
L2 P2
uv + vy, = R

ds* = dudv + dy,dy"

R? >
7= —, Ty = =Y,
u # R
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4D Minkovski space at z — ()
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Invariant under dilatations
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Physical meaning of Z: Inverse energy scale

The warped geometry is crucial in all this enterprise! For instance, it provides the
holographic coordinate hard (power law) behavior of string scattering amplitudes at high energies for
holographic duals of confining gauge theories (Polchinski, Strassler, PRL(2002)).



Bottom-up AdS/QCD models

Typical ansatz: /d dﬁwgp( jﬁ F{[]) — 1
. R? .
ds? = —(dx, dz" — dz?), 2 >0
22
Vector mesons:
7z =€— 0 Vir(z.€) < qy.q or Vi (x.€) < qv,7q
Ap (T, €) < qyu759 or  Ap(T,€) <= qVu5Tq

From the AdS/ CFT recipes: erE (A—J)(A+J—14) J =01

Masses of 5D fields are related to the canonical dimensions of 4D operators!

In the given cases: A=3J=1=ms=1 gauge 5D theory!



Hard wall model
( )

The AdS/ CFT dictionary dictates: local symmetries in 5D - global symmetries in 4D

The chiral symmetry: SUL(2) x SUg(2)

The typical model describing the chiral symmetry breaking and meson spectrum:

S = / d°x /g Tr{|D}{ 1

24 3|1X)2 -

ju:jj-j'ﬁ+J?-ﬂ;%,j|} 0<z< 2z,
5]
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The pions are introduced via X = Xgexp(i2n®t®) to — 52 /2

V =(AL +AR)/2 A= (A; — AR)/2 maR* = (A — J)(A+.J —4)

At z = 2z oneimposes certain gauge invariant boundary conditions on the fields.

4D: O(x) Al oz, z) J A (115 )7
gt gL _;_1%“ | 3 0
gr"t"qnr £ T—“:‘H | 3 0
TRndr (2/2)X *F 0 3 —3




Equation of motion for the scalar field

| r . .. 1
:—53}& = :—__jr_'fl'ﬁd“l — . :Tr:}:)L
Solution independent of usual 4 space-time coordinates

. 1 1
Xplz) = H‘M—: + 5
d/‘ i \ quark condensate

current quark mass

}—'ﬁ:.}u

As the holographic {’O(ﬂt.‘j“}
dictionary prescribes [ ®(x, 2)._o = 2 Bg(x) + 27 3'_”\ y here A =3

3

Denoting  X;(z) = (2 11, viz)=mz+ 0oz

the equation of motion for the vector fields are (in the axial gauge V:=0)

i J‘ i il " I:.-I!I 2 T " -
|:D': (Tf}: V (052 j) + —V u (0y 2 f]} =)
- i J_

where Vg, z) = fﬂT'l;'E e 1TV (x, =) due to the chiral symmetry breaking
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| b

f2 = QMY

The GOR relation holds 1 .

T,
==

The spectrum of normalizable modes is given by .Jy(m,,z) = 0

thus the asymptotic behavior is

m N (Rediscovery of 1979 Migdal’s result)
n

that is not Regge like mf n
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Regge and radial Regge linear trajectories

m2
l | ' ! | > P
O+ 1 Al 3 4" J
m2 (J) = mg + ' J ] Regge trajectories

m2 (n) — ,U(? + aon 3 Radial Regge trajectories



massless quarks

A simplistic model
"l W

i i vA A
Hadron string picture for mesons: Y 3 g

gluon flux tube

Rotating string with relativistic massless quarks at the ends |\/| 2

= 270 L

O -string tension, | -angular momentum (J = L,L £1)

1

Bohr-Sommerfeld quantization J‘ p(r)dr =27l n+=
2
N - radial quantum number, p(r) and [ are relative momentum and distance
related in the simplest case by M =2 p + or
Taking into account M =|o  Wwherelisthe string length
1

the result is |\/|2 =47Z'G n+ —

2




CRYSTAL BARREL

A.V. Anisovich, V.V. Anisovich and
A.V. Sarantsev, PRD (2000)

D.V. Bugg, Phys. Rept. (2004)

! o 1 2 3 4 5 " o 1 2 3 4 &5
Many new states Iin 1.9-2.4 GeV range!
Doubling of some trajectories: -”"";‘f‘f-‘-‘"“/G D M2, Gev
L=0 (S-wave): J= 11 =%+% =1 sp #2200 S0 5| 2275
— 4t 4t 2030
qq 3r — 3
2 ol
p1377) a1(13++)
| =2 (D-wave): J=| || =2-%-%2=1 1|
an o 1 2 3 4 5 " S s S ma ma S
] M?, GeV? S5 M2, Cev?2
j Two Kkinds of p t I 2360
or {2230 5
2070
1t e
3r — 3
5| 1370 1500 ol
] fo(00TT) 2 1300 r(10—+)
1 ® 950 1
. N o 140 =




Soft wall model (Karch et al., PRD (2006)) - - 3
, _ I = d”x ng e L
grM N [iIﬂI[iIh p— IE_.’EA[E}{[{:”E + 'T}'m,—d-m#d;lfp) {I} — (I)(_":}

The IR boundary condition is that the action is finiteat < = ©oC
Plane wave ansatz: 1,.-;(;11_ 2) = _-:_-f“f_?ipri'_*.(:) pg — m?2 Axial gauge 1, = ()
EOM.: 9, (e B0.v,) + mie Bu, =0 B =d(z) — A(2)
Substitution o, = EB’@'{{‘“
1M {7_'." P L 2 B {r(,) . l(BI)E 1BH
— + Ul z)h, = m; iy, (z) = 7l ~ 3
3

With thechoice B =& — A = ﬂ_:g 4 ]{j{_:_r > - [] = “2 _:'2 1 i

One has the radial Schroedinger equation for harmonic oscillator with orbital momentum L=1

, L*—1/4
—" + [:2 | 5 “f } = E E = |ﬂ\m.
To have the Regge like spectrum: @ — &—,:9
, 1
To have the AdS space in UV asymptotics: 4 = — lq}g r - 24 — —

The spectrum: -'m.i = 4|a|(n + 1) n=~0,12. ..




The extension to massless higher-spin fields leads to (for a > 0)

.-) .
m; ;= 4a(n +.J) (#)
e—az’
In the first version of the soft wall model a <0 ( ) gMN = —5 T]MN
A Cornell like confinement potential for heavy quarks was derived
( )
In order to have (#) for a <0, the higher-spin fields must be massive!
Generalization to the arbitrary intercept m> = 4|al(n + 1 + b)
{:I—&-EI‘:‘] . ]_—{l _|_ [J})[*Q(h “ (1 :2){.3—&}:2 (Afonin, PLB (2013))

AN

Tricomi function

But! No natural chiral symmetry breaking!



Calculation of vector 2-point correlator: Wip [;?L.;ﬂ (:r)]

4D Fourier

transform \

source

Vi(q.2) = v(g. 2)Vg (q) v(g,€) =1

)
_—az" -
i i € _ €
E.O.M.: f)z ( dz E‘) I

St

5|2, €)]

Action on the solution

I = / A ViV, —

IS[F:Q

L

vd,v

/\dd‘TEin{jﬁ(‘T) Jy(o)} — (ij’;;(}p — qg‘g,tm)HV(_qE)




. , [a— 1 .
My (—q%) = ¢ F |ﬂ| S (1 .q )} + const

q° 4|al
Hv(—{}ﬁ) = c? {1—2|;;1| i 2|{1| 5 CONST
g 5 4lal(n+1) —¢*




The dilaton background can be eliminated by

i 2 /9,
1’1-’\[ R (_{{1.:, /2 1 )

The gauge invariant action can be formulated as (No-wall model; Afonin, IJIMPA (2011))

S = /!’JF_IJ'HF.: ﬁ{|ﬂm;|z — mf_};z — — FMNF‘U‘\

492

Dy = 0y — Vg

The E.O.M. for the scalar field: — O, (—

If we want to have the linear spectrum:

g

po ~ =z —> rr;rfjﬁg = —4

= N
/

from m_R* = A(A —4)

O (Olz) term Is absent in the OPE!



Possible extensions

= Various modifications of metrics and of dilaton background

» Alternative descriptions of the chiral symmetry breaking

* Inclusion of additional vertices (Chern-Simon, ...)

= Account for backreaction of metrics caused by the condensates (dynamical AdS/ QCD)
= Construction of acceptable AdS/ QCD models from a 5D gravitational setup

Some applications

- Meson, baryon and glueball spectra

O Low-energy strong interactions (chiral dynamics)
 Hadronic formfactors

d Thermodynamic effects (QCD phase diagram)

O Description of quark-gluon plasma

O Condensed matter (high temperature superconductivity etc.)
4.

Deep relations with other approaches

» Light-front QCD

» Soft wall models: QCD sum rules in the large-N_ limit

» Hard wall models: Chiral perturbation theory supplemented by infinite number of vector
and axial-vector mesons

» Renormgroup methods



Holographic description of thermal and finite density effects

Basic ansatz A = At{g‘)__ - corresponds to 'if‘f[_]ﬂ}
A, =0 {izlz---,&:):
R? dz?
ds® = — (f{:)dtg — d7* )
2° f(2)

One uses the Reissner-Nordstrom AdS black hole solution

4 B
Fle)=1—(1+@QY) (—) +Q9(’_Z—) |
Q)

A (z)=p— HEEE:

“h
where 0 < Q) < /2. Isthecharge of the gauge field.
1

The hadron temperature is identified with the Hawking one: 7y = e

The chemical potential is defined by the condition A, (z,) =0 = K—



Deconfinement temperature from the Hawking-Page phase transition
(Herzog, PRL (2008))

Consider the difference of free energies AV = Tim (Vgu(e) — Vrn(e))

Zlfd

HW: T, = ~ 0.157Tm, = 122 MeV

ey

SW: T. ~ 0.49va~ 0.246m, = 191 MeV

—

O(1) -confined phase
Entropy density-
. . . . V.7 O(N?) -deconfined phase
0.1 02 03 04 05 00 -

FIG. 1: The solid line is the free energy difference in the hard
wall model, the dashed line the difference in the soft wall model.

The pure gravitational part of the SW model [ ~ /{{5;11 R_/E,;—ﬂ-zg where a>0

For a<O0, the criterium based on the temperature dependence of the spatial string tension can

be used (O. Andreev, V. Zakharov, PRD (2006)) I
1, = 2lal ~ 0.45+/|al

]

i




Some examples of phase diagrams

TiGeV)
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FIG. 3: The phase diagram in T" and p plane. At small u, the system undergoes a first order phase transition at
finite T". The first order phase transition stops at the critical point (p..7T.) = (0.714GeV, 0.528GeV ). where the phase
transition becomes second order. For u > u., the system weaken to a sharp but smooth crossover.
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Line in the T' — i plane where ¢ vanishes.
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Hadronic formfactors
Definition for mesons: (P'|J*0)|P) = (P + P Fy(q?)
Electromagnetic formfactor: J" = e,g7"q
In the holographic models for QCD:
/ d'z dz\/g A (z, 2) B} (z, N8 y®p(x, 2) ~ (21)61(P'— P — q) e.(P+ P Fuy(q?)
Op(z,2) ~ E—iP-m{I}{Ej P, Pt = M?

Az, 2), =€, 97J(Q%2), A, =0, JQ*=0,2)=J(Q*2=0)=1 (Q? = —¢? > 0)

1.0F | | | |

FIG. 3: Space-like behavior of the pion form factor F,rlfqz}
as a function of a:;rE for Kk = 0.375 GeV and Agep = 0.22
GeV. Continuous line: soft-wall model, dashed line: hard-
wall model. Triangles are the data compilation from Baldini
et al. [90], boxes are JLAB 1 [91] and diamonds are JLAB
2 [92].

Brodsky, de Teramond, PRD (2008)




Light-front holographic QCD
(Brodsky et al., arXiv:1407.8131, submitted to Phys. Rept.)
In a semiclassical approximation to QCD the light-front Hamiltonian equation p, P*|¢) = M?|¢)

reduces to a Schroedinger equation
d° 1-4I°
- - U (€) = M29(0),
[~ - T+ U0) 610 = M0
where [ Isthe orbital angular momentum of the constituents and the variable¢

IS the invariant separation distance between the quarks in the hadron at equal light-front
time.

Its eigenvalues yield the hadronic spectrum, and its eigenfunctions represent the probability
distributions of the hadronic constituents at a given scale. This variable is identified with the

Aelsiata e sootdinate hivAdesRAeed istance between hadron constituents

Hard wall models: 0 < 2z < z., close relatives of MIT bag models!

E.o.m. for massless 5D fields of arbitrary spin in the soft wall model after a rescaling of w.f.

12 1 —4.J? 5 - -
( ; 5~ I - a?2? 4+ 2a(J — l}) o(z) = M?¢(2)
dz 2

The 5D mass from holographic mapping to the light-front QCD: (mR)* = —(2 — J)* + L?

1. J. )

i

W am o F F

) J+ L |
The meson spectrum: M? ;. = 4\ﬂ|(-n. | ) n,J,L=20,1,2




(7=, 775 {
The light non-strange
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Classification of light non-strange mesons in (L,n)

ws(2250)

i 1 2 3 4
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In average (in GeV?)

M“(L,n)~1.1L+1.1n+0.7 (Afonin, PRC(2007))

—> Thelaw |\/|2(|_’n): | - n| works!

Like in the nonrelativistic hydrogen atom:

E[] i N=|L+n+1 - principal quantum number

N2’

Potential models cannot explain the existence of “principal” quantum number!



THANK YOU!



