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h €01y Was invented to describe Strong
er ctions, ouc e L975-74 tweo Isgearteipe cavaloereples
SIEEENES COUISE:
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e ISCOVErRY. of the Asymptotic Freedom, QCD
flef ed a5 the field theory for the strong interactions.

roJ 8 Wllczek Politzer ‘“‘1
: Lo
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>oneya and Scherk and Schwarz showed that closed
—— —string theory describes quantum gravity.

' Some 25 years later these two seeming 3/ different faces
off string theory, the gauge theoretic and the gravitational,
have merged in the context of the AdS/CFT
correspondence and its extensions. In this talk I review

pboth the basic concepts and some of the recent progress
in this field.
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EEREpetential is

SIpIoximately

==epulombic, due to the

— Asymptotic Freedom.

o At large distances the
potential should be
linear (Wilson) due to
formation: of confining
flux tubes.
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F Ux Tubes In QCD

VWIERIESE OjEC b
zire g loeloplegitinkEls
triglr clizlpseis) ICF
SREOUNG a fermi),
piIEIRaynamics is
approximately
MEEsScribed by the
= Nambu-Goto area
—’:actlon So, strings
‘have been observed,
~ at least in numerical
simulations of gauge

theor (animation from lattice
work by D. Leinweber et al, Univ.
of Adelaide)
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SNV IIENEE SUGEESS, Of this  effectiEr strmg""

clesd |t|on S very nlce ene could ask a

(Jéér" ferE e MpIteUS qUESHOR:

SWATENIETE examples of EXACT duality
“een gauge theory and string theory?

-

Bdh QCD) it would not be limited to a long

= -—*:—*S’Erlng approximation, and would

— [ncorporate ALL the features of gauge
theory including the nearly Coulombic
short distance potential).
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Large N Gauge Theoress

SREBIIELLION Off gauge theory With strlng
WIEGIVAISISEERGIEREA NI OO
g ZE U ORNHONITS COIORSH(SE gauge
cJroLl 'r)?* erINFeolors (SU(N) gauge group).
VigkENNarge, while keeping the t Hooft
oLy ng fixed: 9

= A= gymiV

~d'
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._:s _sh'e ‘probability of snapping a flux tube by

e
o
—

— glUark-antiquark creation (meson decay) is

~ 1/, The string coupling is 1/N.

o In the large N limit only planar diagrams
contribute, but 4-d gauge theory is still very
difficult.




Brezdrg trie Ies

> Dirichlet branes (Polcrinsid) lzd stririg trigory Dzicis o
SENEE ‘t'neor\/ Ir) trie gl DO’SJ /
PRANScran RN NPl s SIASElanEs e alizZes IN=42
supersymmetnoﬁlJ@EB auge theory In 4 dimensions.
"'JJ;.aIse_-- =ales a=CL round of 10-d theory

TR o =

4N 1/2
) ((17‘2 = "rdeg)

-""
«v’]rﬂ'(“n_m; JranH c proaches AdSr X S’

",k‘
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?g’ﬁa;. .vr’v& ,(l ,
uccessful matchlng of gravrton absorptlon by D3-
branes relateal to 2=point finctionrof stress-energy
tensor in-the SYM theory, with a grayity calculation in
the 3-brane metric  (IK; Gubser, IK, Tseytlin) was a
precursor; of- the AdS/CFT correspondence
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MEIEoR/AIE eI alie 6 sEalal fields
sell o’ comine them Into 3" complex
caJa 527 W, V) and 4 gluinos interacting with
Iuons Al the fields are in the adjoint
9] esentatlon of the SU(N) gauge group.

j 36 Asymptotic Freedom is canceled by the

= oxtra fields; the beta function is exactly zero!
—Hence, the theory IS invariant under scale
transformations x= -> A x* . It is also invariant

under space-time inversions.

® Such a theory is called a Conformal Field Theory
(CFT).
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~ Maldacena; Gubser, IK, PonakoV"V\/TEﬁ

REIALESIconformal gauge theory In 4 dlmen5|ons to; string
"heor/ BliNSEENARNEEERSIHERSPECEMITIESIANSSEICOTIPAGH
Sozlcel =0l the N=4 SYM'T eory oIS compact SPaCe IS a
SEEISPhENE.

Wrw iagauge theory Is strongly coupled, the radius of
sUlvatlre ofithe dual’ AdS: and of the 5- d compact space
—emes large: ‘

T

== ”‘?S’trmg theory in such a weakly curved background can
= De studied in the effective (super)-gravity approximation,
— which allews. for a host of explicit calculations.
Corrections to it proceed in powers of

e Feynman graphs instead develop a weak coulglln
expansion in powers of A. At weak coupling t ual

string theory becomes difficult.




E ugelmwt operatorsinrthe CFT, aiesin
IESOEOE Correspondence mth.ﬂel@,s-(ﬁr ———
Syaended! objects) i AdS:

OPE e tordimEnSIoNNEraEterminedibyAthe mass
of crr @laliiield; e.q. fior scalar operators ckpw

= r e BPS protected operators are dual to SUGRA

&==ig|ds of m~1/L. Their dimensions are

— N e

T - ~— ——

— = independent of A.

= The unprotected operators (Konishi operator is
the simplest) are dual to massive string states.

AdS/CFT predicts that at strong coupling their
dimensions grow as A1/4,

—
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Spinnin arged |

o Vigreldiple cIosed strlns With large
EIEITONIE TORrtEr5=sphere
gieralialftorSYMioperators with: large
REChagE (the number of fields Z)

fr nsteln Maldacena, Nastase

= B9iGEenernally, semi-classical spinning
,:? = s’trmgs are dual to long operators,
~ e.d. the dual of a high-spin operator

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




- Exact Integrability s
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N r # W— F
SRPETlIIIatIVE] CalCUlationsieifanomalous GIMENSIONS aie
frizigoee to Integrablerspin Chains, SUJEEsHnG EXact

Jﬂregro ALY OIFtIE IN=A SYIVIStRERKY., Minahan, Zarembo;
SRIEEStalidacher

ROJRE .,ample, ior the ~SU(2) sector” operators

Tr (22 . Where Z and W are two complex
9z lars, the Helsenberg spin chain emerges at 1 loop.

- 1gher Ioops correct the Hamiltonian but seem to
E— fresen/e its integrability.

=% “Iis-meshes nicely with earlier findings of integrability in
certain subsectors of QCD. Lipatov; Faddeev, Korchemsky; Braun,
Derkachov, Manashov
¢ [he dual string theory approach indicates that in the
SYM theory the exact integrability is present at very
strong coupling (Bena, Polchinski, Roiban). Hence it is likely to
exist for all values of the coupling.




EIShrUICtUTeror dimensions of hlgh SPIN
Or)‘_‘r rC S A—5S=f(g)InS +0(5), Vo

5 The furledels (@) IsiindeEpendent of the tW|st
WNESRUIIVETSEINAFEENPIA AT,

o At Jrre coupling,, the AdS/CFT corresponds
pref €LS Via the spinning string energy

(“’" G 1at|OnS Gubser, IK, Polyakov; Frolov, Tseytlin

o 31ln2
flg) =49 ———+

yOAt weak coupling the expansion of the
universal function f(g) up to 3 loops is

S

8g° ——=m —rt O«
flg) = ; 3;+4 ;+U}




e coefficients in f(g) arerelated to the
soniesponding coefficients in OCD. throuEh™ s
SEIECUIIGE At eachreraerRtine; ternm Wikinrthe highest
"EJ”EJJ’B ndenta“t « Kotikov, liipatey, Onishichenkoe, Velizhanin

%m Vo gliéat progress nas beenrachieved on
[REIENi(g) at 4 loops and beyond!

J JJJ 19 the integrability in AdS/CFT, the " dressing
PIESE I the magnon S-matrix was determined

_‘___Ipf_St IRrthe Iarge g expanS|on (Belsert Hernandez, Lopez),

—— and then'via appropriate resummation in the
— smaII g expanS|on (Belsert, Eden, Staudacher).

® fi(g) Is determined through solving an integral
eguation, which corrects an earlier similar
equation derived by Eden and Staudacher

flg) = 16g76(0) a(t) = - (E{Uf 0) — 4¢° [ dt' K(2gt, 2gt") o (t') )
L

(: J—
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- rtummution of therBES equationgives:
tHE®Elopiterm. in f(g) —

(adifiers by relative signifirom the ES Erediction
Wigichldid not include the dressing phase’)
SRREMgnkably, an independent 4-loop calculation
PYABErN, Dixon, Czakon, Kosower and Smirnov
Evielded anumerical value that prompted them to

== conjecture exactly the same analytical result.

I —

= ® [his has led the two groups to the same
conjecture for the complete structure of the
perturbative expansion of f(g): it is the one
vielded by the BES integral equation.
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SNiiBiapproach yields analytic predictionsiior aﬂ__,
FlaifaifPEFUFDaIVENCOEHTCIENtS™S
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(sl
- flfl "ﬁ,f——'T,f—Fz"- ,f—l (W"—F—lgﬁ I.),f

o 4 -: .:‘ i '-.1:
32 [ — s —|— '.Tr L,.t I —I——l”t.,l ) (5 J)f
i -J

64 136883 8 —lll_
B (’”-lf!jjﬂﬂ +1_' C3)* + =7 “C(3)¢(5)
+210{(3) C(7) + Lu_.},.-'(_r-:-lﬁ) 12
128 1-'; -.1:_ 3 kq} -0,
+s ( 310510200 +1TT C(3)* +1—- C(3)C(5) 4+ T0m2¢(3) ¢(T)

+ 347252+ 11T6C(3) C(9) + 1092 C(5) C(T) + 4 ¢(3 J),r“

—==5 So far the 4-loop answer is only known
‘numerically. Recently, a new method yielded
Improved numerical precision and agrees with
the analytical prediction to around 0.001%.

Cachazo, Spradlin, Volovich
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SNIGNSe)VE the equation at finite cguplmg, P—

WERNSE & 0aSiS OINIRENIY, mdependent

£ o Ja(2gt)
.rLJ .rJ\Jg F .r =) "HL] - Z Sn ﬁqf - p—

n=l

SDEErmination of [EEEE is tantamount to
VERING ani infinite matrix.

2(2gt) (Qﬁ Jon(29t) J(2gt)
] ' - = — HZ 11 — 2n Z‘n..-m."-'_;-m. ' . \ iy .
2gt 2gt 29t 7 / > I (2gt) 1. (2gt)
Jon(2gt) S te! — 1)

—16n { 2m —1 } Z 2n,2m—1 Zom—1 rSrT

® [runcation to finite matrices converges
VErYy rd pldly Benna, Benvenuti, IK, Scardicchio
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SENENIREEerers to
ERsESIEqUation) red

[IFERORHIE ES green
line to tri= lllaﬁl- _
\/VJL] e E dreSSIng 304 % C ok o8

f(g)

pemeNsiaivided by 2.

® [jANi J:~ POeIterms of _
'JLJC—) _F) Iarge g 104
i ]E)tOtICS aiie In Very
seragrieement with
= fﬁé—AdS/CFT spinning

— Stringl predictions.

flg) = (4.000000 £ 0.000001)g — (0.661907 £ 0.000002)

20
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Aty the.exact analyticisel B Washs
ed for the Ieadlng order BES

] A F J,
C)] x Alday, ARty OReY T E d, EJEnN, |

(—=1)""(2n — 1)!!
2"(n —1)!

,’4 5 Since S;=1/2, this proves that
f(g)=4 g + O(1)
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r -dlrectl AdS s dualfto

(D(-.‘

IENEIEN@YAscale of the gauge
IIED r\/ malliz is ther\Elarge z
[Sttne IR
e NIECS AN SURPIISE DEcalse”
OIRLES: -th dimension zZ, the
Strlle) ¢ picttre applies even to

) orr that are conformal (not

WRgL): The guark and anti-

=l f'; are placed at the

= ~~btmdary oft Anti-de Sitter space

~ (z=0), but the string connecting
“them bends into the interior
(z>0). Due to the scaling

@) L‘ﬁU
@

symmetry of the AdS space, this

glveYs )Coulomb potential (valdacena;
ee




StringShieeretic Approaches,to

generalize
P CONESPONCENCE
Ir) Ju aiWay: that the quark=
ibigUeikepotential s linear
Gy 'érge distance.
= -.e 5-d metric should have a
..- = arped form (Polyakov):

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

2’




G %me'ment IN'SYM theofies

Ule0) s to place D3-branes
GG :_,_rapped D5- branes_ at the tip of

" > ‘i heow On these branes is the warped
deformed conifold! (1K, Strassler)

— (da")? + (da")?) + h'*(7)ds?

o PB4 s the metric of the deformed
conifold, a simple Calabi-Yau space

defined by the following constraint on
4 complex variables:




ItherUVAGENSEckaround differs fiiomi AdS only: through
SEElithMIC ERNECES Indicating| a logarithmic runAiNEReIEthe
clauge colelies: Surprisin? v, the S-TermufiLngre gl Cor N
giseieheneestogarithmicaliyawithrthe RGISEale. ik, Tiseytin

L) o

o Wizt Is thesaolzretionioieclis
SEEMIXSO((=1OM)ISYMitheory coupled to bifundamental
slliclNSUPErfields Ay, Ay, By, B; 7 A novel phenomenon, called
z dua , takes place: k repeatedly changes by 1 as

a0l the Seiberg duality i, strassler
S Giagiamrier RG flows from a review by M. Strassler)

-
nect SUBDxSUCIM) #°C

S ~ K
g== g* £~-g, N\“\ -~
- "~ -~
. ~ )
N I o & SUGM) x SU([lk—1]M) n<<l
‘«J*‘ g£~g, g=<g,
PRSrAN
~ SD'([k—Z]*WXSU([k_IJIW' \’~ Y A
n<<l - S
g~g, g==g, <
Vs
-~ . . - )
. I‘ - P SU([7€‘_—_2]4M) xSUR—1]M)  j<c
e g==g, g~g,
- < ‘\

SU(Tk—2]M) x SU(k—3]M) % ':

g<<g_ g~g, =y,




J C nslonal tr _in the IR. The .
sinemically’ generated confinement scaleNs

—

T

AN ttern of is the same
RS IV RSYAVISERR S Zo = >

UENIR the gauge theory cascades down to
( M) x SU(M). The SU(2M) gauge group

ctlvely has Ne=N..

baryon and anti-baryon operators  seiberg
A= gline g0 AN

Qi N, l’\.

IN
B=e¢, iy Bl . BN

ajay "’ QAN.AN,.

acguire expectation values and break the U(1)

symmetry under which A, -> e@ A,; B, -> e™@ B,.

Hence, we observe conﬂnement without a mass
ap: due to

there exist a Goldstone boson and its massless

scalar superpartner.
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s e KSisplitienNs part ofi a meduli

SpaeEeliiconiining SUGRA backgrounds,
—

resolved wa

ENSSEI ErZe eIk Butti, Granay iMinasian, Petrini, Zaffaronl

> T f Ry of SO|UIOS IS dual te the

rJr\/on ol EIgaUGE DY

“ | A=idPMC, B=iAdM

-\

=0 s g ‘the SUGRA solutions, various

= glantities have been caIcuIated asal
= funetion of the modulus U=In [Z]. )

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

00 -150 1



fomprovides Us with anr = cle
o) [Nl T of arclass of 4-dilargé’ N
COflf in SUPERSYMMmEtrcigalide

IED]
r ];!; should be a good playground for:
ESuIG Various ideas about strongly

Upled dauge theory.

53" ome results on glueball spectra are
already available, and further

calculations are ongoing. «rasnitz; caceres,

Hernandez; Dymarsky, Melnikov; Berg, Haack, Muck

—
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Conclusions J—

o Trirou JJ’ QUL IS history, strlng theory has PEEn INtertwined
Wb ERIEOI/AGIRSEENENRLEACLHORS

S EVAGS) I CorreSpOndence makes this connection preC|se
i mfj}frk armultittide off dymamical statements about strongly
_Aconformal (non-confining) gauge theories.

_fnr,, cbility’has become a crucial tool for solving the gauge
*_r,'r 20N.as al function of coupling. The initial worries about

= Sreopi discrepancies’ have recently been replaced by
nferpolatlons from weak to strong coupling that successfully

- test AdS/CFT.

- [ts extensions to confining theories provide a new
geometrical view of such important phenomena as
dimensional transmutation and chiral symmetry breaking.
They also exhibit a new type of RG flows: the duality
cascades.
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