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At large e distances the
_ﬁﬁofen*tla_ljshould be

linear (Wilson) due to
formation of confining
flux tubes. =




. Flux Tubes in OCD.
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= Thi;j_ﬁ-‘ bes are widely
- = used, for example, in
~ jet hadronization
ﬂ—-‘T—erlthms (the Lund
S’crlng Model) where
‘they snap through
quark-antiquark

creation.




S large N Gauge Theories'

S@ennection of géﬁj’e theory with string
theory is strengthened in "t Hoofts

generalization from 3 colors (SU(3) gauge

gifoup) to N colors (SU(N) gauge group).

\/__ 2l jE N large, whlle keeping the "t Hooft

-
-

z -'-The probability of snapping a flux tube by
guark-antiguark creation (meson decay) Is
1/N. The string coupling is 1/N.
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- Diricnlet grarles (Polenlr] mJ) EOFSTHINGITNERNY back 10
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JEE 'r Jf/ z're IGES'S
AvSteCkroITNERIRCHIET S=hranes realizes N=4.
supersymmetngsu(ﬁagauge theory in 4 dimensions.
-_I-t_alse-' Atﬂe- uersackground of 10-d theory

=E1—C = P_' Q:J‘)*:ﬁs = INEeT on)__,

2 L* —1;2 0)2 2 L* UQ 2, 2102
ds® = (l + ﬁ) (—(d_:t? )* + (dz*)*) + (1 + ﬁ) (d-r + r2dQE)

::-: E :
SVINICIITOISSING

g S, N e, T t‘-.

)

"approaches IEEE

*#"'-i"' 1 : . it J " .. . ‘

“Successfiul matching of graviton absorption-by D3-
branes, related to 2-poeint function of stress-energy
tensor in-the SYM theory, with a gravity calculation in

the 3-brane metric (IK; Gubser, IK, Tseytlin) was a
precursor of the AdS/CET correspondence.



THe AdS/CET dualit -

i —
Maldacena; Gubs_er IK Polyakov;®

Flelerie conformal gauge theory In 4. dimensions
HERSLHING theory on 5-d"Anti-de Sitter space times
2l ;pompact space. For the N=4 SYM theory
A ?:bmpact Space Is a 5-d sphere.

»_J I 1S0(2,4) geometrical symmetry of the AdS;
“space realizes the conformal symmetry of the
gauge theory.

-® The d- dlmensmnal AdS space Is a hyperboloid
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SVEN a gauge theory Is strongly couple i
[EEIUS Of curvature of the dual”AdSzand of the

5edfcompact space, becomes large: 5 -\,-"f#?%’-w-x—“’*

o

heory In such a weakly curved
jc reund can be studied in the effective

(Su| er) gravity approximation, which allows for
..-vﬂﬁ 10st of explicit calculations. Corrections to it
=2 ,—‘bToceed In powers of

s
-

® Feynman graphs instead develop a weak
coupling expansion in powers of | . At weak
coupling the dual string theory becomes difficult.



ugémant operators'in the CFT, are.in

INEFLGFONE coniespondence with fieldsT(or

exiended objects) in AdS:
torrdimensiontstdetermined by the mass

e dual field; e.g. for scalar operators

‘”*f"boundary conditions f, In AdS;, Imposed near
=—/— 0k

{:E?}{p / {T£4;1? f;‘}.j @ : = 7 string [q,.:‘f:a.ﬂ

®* |n the large N limit the path integral is found
from the classical string action: pASSENENEESESIER)




L . .
SPINING| Strings vs. Long Operatorss

SNilorating closed strings with large

o

e

—— strings are dual to long operators,
~ e.g. the dual of a high spin operator

T F,, D/ %F, *

IS a folded string spinning around
the center of AdS5 Gubser, IK, Polyakov




s The anomalows dimension of such a high spin
| ' | \)In.J

11N N
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® Calculation of f(I ) was recently addressed using
Integrability by Eden and Staudacher; Belitsky et
al



mrngs on S*and MagnDns

@ sting spinningraround the north™
0ole 'Jrl-. for large R-charge J:

E_ oo

ep and I\/Ialdacena with a 2-magnon

2ad \Where each magnon
The exact energy of a

‘e |S BPS protected

V 1+ —Hm (p/2)
Beisert

Its dual IS an open string spinning on S° : @
' !—Ience the 2-magnon operator dimension

IS p—

A_T—w1—+—uuﬂ

N agreement with the folded string
result for large | .
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2iieimagnon energy as a function
EXhiDits e'gm@g@iefatu ted of a

LI C -‘-!0-0 ‘gj.-!

AN alus of convergence.

A Jorcl,r_;_ point at a negative value of |
vv'rl 1 does not prevent a smooth
= :rﬁpolatlon from O to infinity along the

#,_ positive real axis (a flat direction of the
= SYM).
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Anpther (probably) exact result with similar
| ea" ‘€S IS the expectation valueror a
1l Wllson loop; obtained from; rainbow

_g J'—Jl; 'the radius of convergence of In W is
Yelated to the zero of the Bessel function I

) The strong coupling limit

(W)

/rainbow ™

IS In agreement with the AdS calculation.



NePYyAeIrthermeal supersymmetric
SU(N) theory. w7
> [rigfs aI CFT is described by a black hole

s Y
2=[z h

he CFT temperature Is identified with the
_?”*‘1—Iavvk|ng T of the horizon located at z,

- ® Any event horizon contains Bekenstein-

)'T-h

Hawking entropy B

* A brief calculatlon gives the entropy
density ™ N

Gubser, IK, Peet




S.is interpreted as the strong couplingjlimit of

[_. 1 el
w 1F0IT SITIC

calctliations in the N=4 SYM theory give

2.

lim f(A) =

® The entropy density is multiplied only by %4 as the

coupling changes from zero to Infinity. cubser, Ik,
Tseytlin



e'f theory enters largely
' Jthrough the overall

normalization.
Bringoltz and Teper (hep-lat/0506034)

Normalized &"T4. and 5\--"T?r

Hlﬁhg__m i

3 flavour

2 flavour
pure gauge

2+1 flavour o

o Energy, N=8, 83x5

> Energy, N=4, 16°x5
* Entropy, N=1. 16 x5

— Entropy. N=3. 32°x6, Boyd et al.
-~ Energy, N=3. 323:4:6: Bovd et al.
I I




udl K AU JUAdl K FULE] LA

@yrscale of the gaUge
Wasmall zussthe UNslange z.

Meleasant surprise, because
e 5-th dimension z, the
I@ picture applies even to
WIEONES that are conformal (not
ts—Qﬁ'ﬂnlng') The quark and anti-
= guark are placed at the
_boundary of Anti-de Sitter space
(z=0), but the string connecting
them bends into the interior
(z=0). Due to the scaling
symmetry of the AdS space, this

gives Coulomb potential (aldacena;

Rev VYee)




[AERS off therGluonic Sthne)

: | ——
S Callan; Guijesas Browg,_}fn, Thorn; 1K 12, Thom
:JF:J, uim,ofi small oscillations, of the
Wlth Dirichlet boundary condltlons

|s Known:

BY ( ﬂnformal Invariance, all energies scale

— S 1/L. Their spectrum is known, and they

= :i:'orrespond to gluonic excitations at strong
—~t Hooft coupling.

® But at weak coupling there are no such
excitations: only the ground state of
energy




w Asimgpnnco IMOUc] WIIETCS Oflly
adder graphs are summed
Adicates that the coupling s s
faere an infiniteé numiber of

ations.appear.is- SR

lneir appearance is related to

® The near-threshold bound

~ states are In exact agreement
with the spectrum of a highly
excited string containing a
single very long fold:




e
such a fall to the center
Siransition possible infQCD?

) j/_\ppas AN/ " N CO . = 09

" : aEr B=2.5
yimptotic freedom makes | —
arcoupling weak when the ,
Nds of the string approach

& @ach other.

cls
J
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the string excitation spectrum
shows this explicitly. Only one
level exists with energy much
lower than others at short | ,.
separation. suge, kut, Morningstar : -



Wiay.ane the flux tube excitations,..

- stabletina CFT 2

—

> FofcndolelpErilogelins] argetic anc ﬁTg‘E'-‘
NFE€asons!

\ftar"" ‘gluon is emitted the resulting state

\Jvoag @ be In a color adjoint, and would

= have positive energy. Hence, energy

;j{t:Oﬂservatlon forbids one-gluon emission
- from an excited bound state.

® The energy conservation does not forbid
glueball (closed string) emission. But it Is
suppressed at large N.




nterpolating functi o, —
= ---lgaia

INLE0IE tanfunctlons-of i Hooft coupling| are a general

feziitie gl glellel G Rl .

SUIC m~ ctlons cani easily explain the lack of agreement

beE\ 2En spinning string (strong coupling) predictions
Ipjefte Jéf s& rbatlve gauge theory results at 3 loops:

E/.J_ + a, [ /7”2 +a,12/34+a,() 13/ +

‘e- — .—

"Would Imply a perturbative "BMN scallng V|olat|on
appearing at 4 loops or higher.

J,Qterpolatlng functions are expected to have a finite
=~ radius of convergence.

~® |In most cases the singularities should lie away from the
positive real axis, but some special quantitites may have
singularities there and exhibit real phase transitions.
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StuiingNIIeoreticsApproachn. o

"he o correspondence

S[ ch a way that the guark-
rr iolark potential is linear
2l arge distance.

N\ Cartoon”” of the necessary
metriciis

[ M—

5

® The space ends at a
maximum value of z where
the warp factor is finite.
Then the confining string
tension IS  [EEIEm.

Doy’




_ = Seyeral 10=dimensional backgrounds with. these"

gieitative, properties are known, (t pact
S|Peice: IS actually “mixed” with the 5-d' space).
IWitten (1998) constiucted a background. in the.

VIversality class of non-supersymmetric pure glue
Jeige tineory. While there Is no asymptotic
iiEedom in the UV, hence no dimensional

'rm.f Smutation, the background serves as a simple
= M eI of confinement.

f'fany infrared observables may be calculated from
“this background using classical supergravity. The
lightest glueball masses are found from
normalizable fluctuations around the supergravity
solution. Their spectrum Is discrete, and resembles
gualitatively the results of lattice simulations in the
pure glue theory.



gonplinement in SYM theones,..

-'l"h._._
jedliction of minimal

i)
5 uem mme — D fiacllitates
comstr;' 0N O gauge Strngravalities.

ARUEEUI teel Is to place D3-branes

clig rJ Wi apped D5-branes at the tip of

2l -_;cone e.g. the conifold.

e 10-d geometry dual to the gauge
_,.-—-w-ri E@ry @n these branes is the warped
— :deformed conifold (1K, Strassler)

9

o (5], = ,‘;_13(7')( — (:d;l.?'j )2 + (dax"’ ] + hl/2 (7)dsg

A is the metric of the deformed
conifold, a simple Calabi-Yau space

defined by the following constraint on
4 complex variables:




n the UNVSthere is a logarithmic running, of the
gercouplings. Surprisingly, the 5-formiitix,
tO'N, also changes logarithmicallywith the

IK, Tiseytlin

NS tlhaesexplanatienvashesdual
AIXSU((k-1L)M) SYM theory coupled to
indamental chiral superfields A;, A,, B;, B, ?
veI phenomenon, called a ,
lBKes place: k repeatedly changes by 1 as a
Ity IK, Strassler
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- - Dimensional tr in the IR. The -
syneimically generated confinement scalensy

— —

iE pattern of T is the same
*mrf\L I SYMtheorv: Wzl -
2R the gauge theory cascades down to

vi)ix SU(M). The SU(2M) gauge group

lvely has N:=N..

-baryon and antl baryon operators  seiberg
A= itiNe A2 A%Ne
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-acquire expectation values and break the U(1)
symmetry under which A, -> e? A;; B, -> e™@ B,.
Hence, we observe conflnement W|thout a mass
gap.dueto

there exist a Goldstone boson and its massless
scalar superpartner.



- HReEr Ko SeIUteRL IS part or a moaull

SpieE0f confining SUGRA backgrounds, -
resolved Wz c— _—
GUIIEEIISEIZO0), 1K Buttl, Grana, M-i-nasian, Retrini, Zaffareni

BiERicimily.of.solutions s dualito;, the
NsEenIc branch’ In the gauge theory:

:_—

=6 fj g ther SUGRA solutions, various K
“"@ﬁ]aﬁtltles have been calculated as a §
fiinction of the modulus U=In |z]. §

" Here IS a plot of the string tension: o "
string at the bottom of
resolved warped deformed conifold is
an chromo-electric
flux tube. Dymarsky, IK, Seiberg




s All O orovides us with an

solution.c aﬁ‘l*a_%fl"-d largesN Eﬁﬁ
SUPET: mmetrlc.gaue theories.

IS should be a good playground for
UESTIN g/arlous ideas.

SEME I results on glueball spectra are
= : ady avallable, and further calculations

|
i .s

== —e OngOIﬂg Krasnitz; Caceres, Hernandez; Dymarsky, Melnikov (work

= Fm*progress)

~® Are there any integrable confining 4-d
gauge theories?




Conclusions
IreUghout its history,, string theory has peen
IEVIHE VTRt E e eI StfORg TRtEractions

i /CFT correspondence makes this connection
orac‘ge |t makes a multitude of dynamical statements
ABbUL S strongly coupled conformal (non-confining) gauge
"rrwgﬁ'“ Integrability in AdS/CFT should be important for
_ Erstandlng Interpolation from small to large ®.

..-:-'C ruge/strlng dualities for confining theories provide a
"'_"*’“ new. geometrical view of such important phenomena as
—  dimensional transmutation and chiral symmetry breaking.

This allows for calculations of glueball and meson

spectra. Are there integrable confining gauge theories?




