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|. Introduction

Confinement: Regge behavior and linear quark potential
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String model & confinement Flux tubes of color field = glue
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QCD and string theory: AdS/CFT

J. M. Maldacena, Adv. Theor. Math. Phys. 2, 231 (1998)

The precise duality relationship is

<€f d4z<;30(5)@(f)>CFT = Zoring |6 (T, 2)

2=0 = Q0 (f” :

Is there a dual string theory for any strongly coupled gauge theory?
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QCD and string theory: holographic QCD

Dp-Dqg system in type-ll
superstring theory (10D)

Not my task! @ ﬁ

Build the

connection

between
dynamics
geometry

/\ _
QCD
and

4

3rd step: gravity dual
systematic framework

2nd step: deformed AdS,
Intelligent guess

1st step: just AdS;
naive try

Real QCD world:

Rich experimental data and lattice data




ll. Confinement and deconfinement
In graviton-dilaton system

For pure gluon system

S. He, M. H., Q. S. Yan, arXiv:1004.1880, PRD2011
D.N, Li, S. He, M. H., Q. S. Yan, arXiv:1103.5389, JHEP2011



1, Confinement for pure glue system
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R

O=miznminminmine g
Q Q

W[C] = iTT*rPexp[ij( A, dx"]

N c

- ’ (W(C)) x e~ TVaa

A
Y t T o

s - q




Holographic dictionary:

J. M. Maldacena, Phys. Rev. Lett. 80, 4859 (1998), hep-th/9803002.
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Metric structure determines the quark potential !

1, AdS; only gives Coulomb potential !
2, Deformed metric structure iIs needed to
produce the linear potential!



Deformed AdS; models I:
Andreev-Zakharov model: quadratic correction

O. Andreev, V.Zakharov, hep-ph/0604204
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Deformed AdS; models Il:

Pirner-Galow model: resemble QCD running coupling

H.J.Pirner, B.Galow, arXiv:0903.2701
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Deformed AdS; models IlI:

Our holographic model

S. He, M. H., Q. S. Yan, arXiv:1004.1880, PRD2011
String Frame:

h(z)L?

ds® = G5, dX*dXY = —S— (dt* + di® + d=?)

= 240 (dt? 4+ d7? 4 dz2?) .

‘.‘"'2 —_—
h(z) = exp (— g; — ¢ In( EI:IR H})
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h(2) = exp (—
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e In(ZE 2
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With only quadratic correction:
Andreev-Zakharov model
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— UV analytical

l. He, M. H., Q. S. Yan, arXiv:1004.1880, PRD2011

With both quadratic and
logarithmic correction:
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A systematic framework: Graviton-dilaton system

1 . 4 _
Ssp = d’z+/—g" (R - 5@1@5‘3#@ — Vi @)

167G
N=4 Super YM QCD
conformal nonconformal
AdS. deformed AdS;
2 2 __ 2 =32 2
ds® = i’—g (dt* + dz* + dz2?) ds” = ~—5— (dt* + dF* + d=°)
V(e 12 Dilaton field breaks conformal symmetry
E(‘%D} D E

Metric structure, Dilaton field and dilaton
potential should be solved self-consistently

from the Einstein equations.
13



Connection
between QCD dynamics and the geometry

Through the AdS/CFT dictionary, for any dilaton field ®, we have

_ o121 , )
ilE}] V(D) = —7z T m&(& —4)®* + O(D7).

A(A — 1) = M2L2

For positive quadratic correction in the metric,
the solution of the dilaton field has dimension of 2 :

4
Miz—ﬁ, A — 9

Indication of dimension-2 gluon condensate

14



2, Deconfinement phase transition

D.N. Li, S. He, M.H., Q. S. Yan, arXiv:1103.5389, JHEP2011

5D graviton-dilaton action:

1 - 4
Ssp = d’z\/ —g* (R — gapﬁf’a#@ﬁ — VE(@))

167G

: : 2 dz? ridg

(—f(::)dt + ) +dx'd )?
Metric structure, blackhole, Dilaton field and
Dilaton potential should be solved self-

consistently from the Einstein equations.
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Experiences in constructing holographic QCD model tells us that:

a quadratic correction in the deformed warp factor is responsible for
the linear confinement.

Ay(2) = ck*2?

. . z _24,.(x) 3‘45
6(2) = o + &1 / © T g+ 220
0

2 2
. giz 243(:;:]"" 2, ;As(y)A;(y)ﬂdy i
F(2) = fo+ fu (/Z B 20(@)—34.(2) d;{:) :
‘1*"“ 243(:
Ve(9) = —

(z?f”(z)—alf(z) (339‘4;’(:)— 22%¢" () + 2°¢(2) +3))

D.N,Li, S He, M.H., Q.S Yan, arXiv:1103.5389, JHEP2011
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Deconfinement phase transition

L(T) = ,%rtl‘ P(ZF) with P(Z) =P ol [3 dt Ao(t,E)
0 unbroken Zx symmetry phase

(P(2)) = non-zero  broken Zp symmetry phase

The positive quadratic correction deformed
AdS5 model can fit all the finite temperature
lattice QCD data for pure gauge SU(3) theory!

L attice data for EOS: G.Boyd et.al., NPB469(1996),419
L attice data for loop operators:

G.S.Bali et.al. PRL 71(1993),3059

S.Gupta et.al. PRD77(2008),034503
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D.N. Li, S. He, M.H., Q. S. Yan, arXiv:1103.5389, JHEP2011
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—— = s(T). e=—p+sT.

D.N. Li, S. He, M.H., Q. S. Yan, arXiv:1103.5389, JHEP2011
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Trace anomaly o T .
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D.N. Li, S. He, M.H., Q. S. Yan, arXiv:1103.5389, JHEP2011
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Electric screening Heavy quark potential

Vﬂfgq{Ge\J]
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D.N. Li, S. He, M.H., Q. S. Yan, arXiv:1103.5389, JHEP2011
14
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Magnetic screening and magnetic confinement
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D.N. Li, S. He, M.H., Q. S. Yan, arXiv:1103.5389, JHEP2011
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[I1. Linear Regge behavior and linear
guark potential in graviton-dilaton-
scalar system

Add flavor dynamics on
gluodynamic background

D.N. Li, M.H., Q. S. Yan, arXiv:1206.2824
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Confinement:

Regge behavior and linear quark potential

String—Breaking

Linear
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Deformed AdS; models for hadron spectra:

hard-wall AdS; model
soft-wall AdS, model: quadratic dilaton model

1, Hard-wall AdS; model:

L.. Da Rold and A. Pomarol, Nuecl. Phys. B 721, 79 (2005)
J. Erlich, E. Katz, D. T. Son and M. A. Stephanov, Phys. Rev. Lett. 95, 261602 (2005)

AdS; metric

1
ds? = E—E(—dzg + dxdx,,), 0<z<z,.

5D hadron action

1
493

S = /dﬁx@ T1~{|_£:'X|2 +3| X2 — —(F} +F§)}
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Lowest excitations: 80-90% agreement

J. Erlich, E. Katz, D. T. Son and M. A. Hil.‘.[}]lE‘i]‘Hﬂ'. Ji}ill“m'h. Rev. Lett. 95, 261602 (2005)
Measured Model A Model B
Observable (MeV) (MeV) (MeV)
My 139.6 = 0.0004 [8] 139.6" 141
m, 7753.8 = 0.5 [8] 775.8° 832
Mg, 1230 = 40 [8] 1363 220
- 92.4 = 0.35 [8] 9247 84.0
Fi? 345 + 8 [15] 329 353
Fi? 433 = 13 [6] 486 440
- 6.03 = 0.07 [8] 4.48 5.29

zm = 1/(323 MeV) 2z, = 1/(346 MeV)

However, no Regge behavior in the hard-wall AdS; model !

H.i'-?', PTOW as TEE
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2, Soft-wall AdS; model or KKSS model

AL Karch, E. Katz, D. T. Son and M. A. Stephanov, Phys. Rev. D 74, 015005 (2006

AdS; metric
gun dzMda™ = e*)(d2? 4, dztdx”)

A(z) = —1Inz, O(z) = 2"
A dilaton field to restore Regge behavior
I = [dsife_d’{:}@{—|ﬂﬁf 1

2 431X -
+ X 4g3
T J
|M2 g = dn + 4]

(F{ + Ffa]'}

However: only Coulomb potential, no linear quark potential

How to produce linear Regge behavior

& linear quark potential in a unified model?
27



Graviton-dilaton-scalar coupling system

D.N. Li, M.H., Q. S. Yan, arXiv:1206.2824
Also see poster by D.N. Li

Action for pure gluon system: Graviton-dilaton coupling

1 _
Sep = d°x./g.e 2P (R 48, 60™ d—V,
GD lﬁ?rG5/ r/gse”"" (R+40m 0™ §— V)

Action for light hadrons: KKSS model
Ny

S =—=
N,

L (F+ F}))

/d% gﬁe—fﬁTrOD}(F FVx+
95

Total action: S =Sagp+ Sny
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Quadratic dilaton field <——» Dimension-2 gluon condensate

Sop = — /d% gee 2 (R4+40,,00™d—V,)

- 16mGs

Quadratic dilaton field: ¢ = #232

oF1(1/4; )2 Lo oF1(5/4 g‘—j)?@?

Vg =—12 3 | 3

Dimension-2 gluon condensate:

peoo 12 1.5 9
Va P T3 + EMZI,&II MzL? = —4

AA—-4)=MZL? A=2

1< J:l.i = ,u,fl 29




Background with dimension-2 gluon condensate ¢ = #232

and quark-antiguark condensate <X >= X(;“)

1

Sypac =
naee 16?!'(__;5

/df‘m@{e_zd‘ (Re +40,,00™ ¢ — V) — Ae™? (%amxamx +V,)}

dS% = B2(—dt? + d7 +d2?) B2 =et = L2

fr F fr 4 F r }‘. r
AT LA A —Ze®yv? = 0.
S_|_ = +3l 3 .E"r':']"} GE X ¥

Fr r r ¥ 3.}‘- r

¢ + (34, —2¢ )¢ —Ee*‘r‘*;ﬁ

3 . _
—Eez‘qs_%‘#ﬁtﬁ (84;3¢V¢_} + AETH‘FVE) = 0,

X+ (B4, — $ ) — BT, = 0
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X(2) ' Mgz + 7.0

UV asymptotic form: ¢

IR asymptotic form constrained by linear potential:

b3 (2)
Voo(20) = S V
" o Voo . p2(,)
1 bi{zn 99
Raq(20 _2/ dz\/—bz{z
A (2) =30, A,(z) = Const,
—A +A2+2m _—A’m’_ A€¢X:E — 0.
3 6
2 ;1 I
20" —Ze®?2 =0
= 37 7% X
x(2) =3 \/8/ Aue?/?
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Produced guark potential
compared with Cornell potential

33



Produced hadron spectra compared with data
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V. Conclusion and discussion

1, A systematic framework connecting QCD
dynamics and geometry:

graviton-dilaton for pure gluon system
graviton-dilaton-scalar for hadron spectra

2, The linear Regge behavior as well
as linear qguark potential can be produced in a
dynamical holographic model!

The dimension-2 gluon condensate induces
the linear confinement.

og ~4p?  [< A2 >= 43 o




Dimension-2 gluon condensate
& linear confinement

F.V. Gubarev, L. Stodolsky and V.I. Zakharov
( g2 AE) Phys. Rev. Lett. 86, 2220-2222 (2001)

R. Akhoury and V.I. Zakharov
Phys. Lett. B 438, 165-172 (1998)

K. I. Kondo, Phys. Lett. B 514, 335 (2001)

gr(Z2)r 9

@) = @ g [1 iz -2 T O(H)]

ae(r)

V(r) = —CF

+ or ‘ Ty = gR{ﬁf}R
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4D pure gluodynamical model: Fukun Xu, M.H. arXiv:1111.5152

fG _ —%Gﬂ}Gﬁ” ]m _ (9 Aa 3 Aa +8fﬂbCAbAC
A%(x) := A% + o7(x) [ Afla=@oms (vac| A " vac) =0
(vac —-—~G“ A0)G £¥(0) vac)"m-;_z-[(vaclg AK(0) A (0)|vac)]2

Lol ppo)=—7[F v & -
(s @o) T I )] “pairing” of gluons

-> gluon condensate at
zero momentum
-> effective gluon mass

2

mg
+2

o p(x) LB (x)— by

2 213,22
meg = [ T]?g Po >
b ____[__§__]_§__ 2 Celenza, Shakin, PRD34(1986) 1591
=l 128 - .



L(T)

Polyakov loop comparing with lattice result
Kaczmarek-Karsch-Petreczky-Zantow 2002
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Fukun Xu, M.H. , arXiv:1111.5152
L(x) = Zexp| ﬁfA )] L [gz{Ai}
(x) = ZZexpli; ’ dTA4X, T < L >=exp|- —
p q X .D 4 p 4NET_

E. Megias, E. Ruiz Arriola and L. L. Salcedo, JHEP 0601, 073 (2006) 38



Color Electric deconfinement & color magnetic confienment
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