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ERSUIINERNESY Was inve‘ﬁﬁﬁtt@-de_scribe strong

[RLEraCHions, but in, 1973-74: two important developments
GENYEUNLSICOUTSE . - .
MYUENOdIScovery of the Asymptotic Freedom, QCD.
SIERGEdras the field theory for the strong interactions.
Gross 2 ) ék; Politzer ﬁ%’fé

o 117 p-
= £ /. l)l.' /

SRy oneya, and Scherk and Schwarz showed that closed

B SSiHRg theory describes quantum gravity.

%_-,}gglﬁ_EZS %ears later these two seemingQ/ different faces

~  oftstring 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

both the basic concepts and some of the recent progress
in this field.
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QCDe

SRALSIIONT d]s'r:JnceJ,
rrLer) gepelligmgi gl
IEANE guark= ; Y,
zIfIEle| Lzl ,)oseru‘ ST
gppIoXimately.
SOUIOMIC, di e to the
F\Jym,,u‘ :reedom

s At large distances the

”"E&.: ial should be

».-:Ime*ar'(Wllson) due to
- formation of confining

flux tubes.
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E‘Tlon of: gauge theony withi
~rrJrTr LHEE strengthenediing t
NS GENErAliZatioN o,

colars éSU&B) dauge group) to N
(*JJJJ!~ SU(N) gauge group).
MVekerN large, while keepmg the 't
‘-;rJF coupling \ — N fixed.

2’?‘50-;Tﬁ’e probablllty of snapEmg a flux

- tube by quark-antiquark creation
(meson decay) is 1/N. The string
coupling is 1/N.

® Yet, the planar diagrams needed
in the large N limit seem very
difficult to sum explicitly.




which for small r approaches EReERakd
Who radius is related to the coupling Dy FEESEERENE
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Sup

BRINhE =4.SYMitheornythere are 6/scalar: fields
(ENuSeful to combine them into 3 complex
S(ec) LJr_, Z W, V) and 4 gluinos interacting with
LJE Yl yens: All'the fields are in the adjoint

r:; sentatlon of the SU(N) gauge group.
= e Asymptotlc Freedom is canceled by the

'.-—~

-f’__,..

= extra fields; the beta function is exactly zero for
‘any complex coupling. The theory is invariant
under scale transformations x* -> a x* . It is also
iInvariant under space-time inversions. The full
super-conformal group is SU(2,2(4).
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Maldacena; Gubser, IK; Polyakov:Witten

CONfeIME ggg@,m@ggy_mﬁ_djmensmns
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T a 12es the conformal symmetry of the gauge
= 'th‘eory.

o The Ade space |s a hyperbolmd
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SMhEen a gauge theory is strongly ?%ej;&he :
EUIUSIoT curvattreefithe dual"AdSsand of: the"
2=¢f mpact space becomes large: N SN

(8%

«7'

.o\'

rbund can be studied in the effective
er) gravity approximation, which allows for
— % ost of explicit calculations. Corrections to it

'd-_—

.—ﬁ—‘pfoceed iIn powers of

-

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




3N mtroduction to gauge/gravitys

S (Orextended objects) in AdS;

" - " ——

— ®:Operator dimensions are an important set

Lol o

e

~ of guantitites

® [he operator dimension is related to mass
of the corresponding field in AdS space:




2 H‘—*rurn ' calculations of operator
GIIIENST Ons are mapped. to
mzengJ@ SPINMCHaINSSUGEEST ?4

XeCHLEGranility of the 7=4 SY
tri2or \/'5‘ Minahan, Zaremboj; Beisert, Staudacher

Elsenberg Spin chain emerges

Hoop. Higher loops correct the

== Eﬂ‘mitoman ut seem to preserve its
lntegrablllw (infinite number of
-conserved charges). Such spin
chains are solvable via Bethe Ansatz.

® This meshes nicely with earlier
findings of integrability in certain

subsectors of QCD. Lipatov; Faddeev,
Korchemsky; Braun, Derkachov, Manashov; Belitsky




J The iptegrability also holds on t gb—
Jlele of the duaht?%:.e for Iarge‘values of:

‘

bERSt It OORCOUPIIM G BenanRolchinskimRoibansis
SRS S ggests that It IS present for all
\/,JLJ‘-\ the coupling.

2 [} pIaUS|bIe assumption has led to some
= D eC|S|on tests of the AdS/CFT
"-' correspondence and will hopefully lead to
~ more (see other talks at this conference).



-

—.

SHIIEHT aI CFT is described by a bIack hole
IIPAGH 5

L, L !
.-".- Vo “ -.'I-L i

g e CFT temperature IS |dent|f|ed with the
fﬁﬂawklng T of the horizon located at z,

- o Any event horizon contalns Bekenstein-

-"

Gubser, IK, Peet




NISHS mterpi"‘reted as the'strong couplinglimit of;

VEGRT btafti@@upimg-behawer—ef-the
Jn.cere' function Is determined by Feynman
Galcu atlons In the W 4 SYM theory

111}1__: fN) =

o The entropy density is multlplled only by 34 as the

couPImg changes from zero to infinity. Gubser, Ik,
Tseytlin



A Sl readliction of
RENHOPYAbY. strong-coupling
SeeSHSTOSErVedinlattice
or=st ersymmetrlc gauge
'rnéor ESHOIEIN =SS UNE aITo))
Srow free ield Vallies.
iairse) "e’l'at/0106019).

-
,.

endence In the pure
G lL SAhEoery. enters largely
;_— Fough'the overall

= Rormalization.
= Bringoltz and Teper (hep-lat/0506034)

’
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. A 3
Normalized &/ T, and s/T"

3 flavour

2+1 flavour

2 flavour



1
n = lim —

Zu.-f, ‘a4 AN
w—0 2w dt dx ™ ([T y (1, %), Ty (0, 0)])

For the N=4 supersymmetric YM theory this 2-point

function may be computed from graviton absorption by
the 3-brane metric.

o é\t vedry strong coupllng, Policastro, Son and Starinets
oun
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* ve Tow VISCOSIity. Shuryak,

B

‘-—‘:ZI' eaney, Gyulassy, Mclerran, Hirano, .

% A new term has been coined,

, to describe the state
observed at RHIC. A lot of
recent string theory research
IS devoted to developing
intuition about this state.

Viscosity bound



| _....w- Lo theories that are

E==—coniormal. The quark and anti-
__.quark are placed at the

= poundary of Anti-de Sitter

,_‘- e strlng plcture applles

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 (Maldacena; Rey, Yee)




-'5 d'metric should have a
enped form (Polyakov):

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

(I. ( max )

2may’



adlover the S2 at the tip of

.Q‘

oG 1fold

W — l da’ ]‘2 -+ ltfa‘I )2) -+ rI-j'.l'“’FQ ij rfhﬁ

conifold, a simple Calabi-Yau
space defined by the following
constraint on 4 complex variables:
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wcothr —1
lr—————(sinh 2z — 22)/3
sinh® x

in the IR. The
dynamlcally generated confinement scale IS

® The pattern of IS the same
as in the SU(M) SYM theory: Z,y -> Z,



EOMparison of warp factors in the AdS, warped
e conitold, and warped deformed conifold cases.
k = Jihe warped conifold solution with e =0 has an
= Unacceptable naked singularity where h=0.

- ® This is how string theory tells us that the chiral
symmetry breaking and dynamical scale
generation must take place through turning on
the deformation e. The finiteness of the warp
factor at r=0 translates into confinement.



o

_'ek SewS the string

—theory result for the
~ Warped deformed conifold.

® [he lower graph shows
lattice QCD results by G.
Bali et al with r, ~ 0.5 fm.
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=64
Cornell




Al Of'tlm‘vides us withran r
JJ‘ J elassi0fi4-d large N conﬂnlrlgf"" e
SUPErSymmetric galige theories.

- Fmss‘f@ C ,-,. groundifor.. .

_,r,JJyJ; grstrengly colpled gauge theory:

2 hyper approximation to /=1
SUIET ymmetrlc gluodynamics.

SESOIme results on glueball spectra are already
=\ aﬂable and further calculations are
‘}:"Oﬁg()lng Krasnitz; Caceres, Hernandez; Dymarsky, Melnikov; Berg, Haack, Muck;

- Benna Dymarsky, IK, Soloviev

® Possible applications of these models to new
physics include RS warped extra dimension
models, KKLT moduli stabilization in flux
compactlflcatlons as well as warped throat D-
brane cosmology (KKLMMT).




o A blausible explanation of
why the Universe is
observed to be big and flat

Guth; Linde; Albrecht, Steinhardt; Starobinsky;
Mukhanoy, Chibisoyv; ... (early ideas by Gliner, ...)

L = %l’),u oot —V 1 (‘.ti



Odels wWithivenry.filat poten‘claIS’-'Fn'és Proven N to
tult Recent strlng theory: constructions use

LT/ KKEMMT model, the warped deformed

f“Jr]JL)_G JSiembedded into a strlng compactification. An

,Jnr1~ =Prane is added at the bottom to break SUSY
dfgenerate a potential. A D3-brane rolls in the

‘rr'e‘. IS radial coordinate plays the role of an

Ja on Kachru, Kallosh, Linde, Maldacena, McAllister, Trivedi

warped throat
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SNNindamental string at the bottom of the warped

GETOMMEM conlfeldisidual tea.confining . strng. A

DESUIIENS A URINLOar CERAINTSOIItONIC SLANG dle to
spntan* broken baryonic U(1) symmetry in
WERINeat: Ihere Is also a rich spectrum of (p,q)

SUINGS.
eRUponrembedding of the warped throat into a flux
Ecompactification, these objects can be used to
== baél COSMIC Strings. Copeland, Myers, Polchinski; ...

- - —

"5","__-'Détectable Via gravity wave bursts? pamour, vilenkin
~ ® This throat is not the " standard model throat” but
another, inflationary throat,” dual to a hidden

%ecigor gauge theory with confining scale ~10%¢
eV.

Es




5 Gluigle oAt Nt ar Calabr=Yau="

nianifold modifes the inflaton potential.
J_un nn “Dymarsky, Kachru, IK, McAllister

Here are large r perturbations of the
— E rfoat geometry, which in the gauge

= ~’cheory correspond to adding irrelevant
operators to the gauge theory.

AK =c / 0 MG® XX Oy = AV =c Mg3|Fx[?Oa
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= '5"I'n the warped conifold throat, the lowest
dimension is 3/2. Balancing the two terms
can lead to an inflection point.



I effect'im%'ntial for the

IiietenREERErically. has a local
exmumiand minium. Itcanibe
HHESInEd to have an mflectlon
0olrit,

Mation al ar the inflection pomt
salIPIOUUGE EnoLgh e-folds of  Paf

lf]fLLJJE . Baumann Dymarsky, IK, McAllister,

Jmmrur.i}' - 2.14

—

e =

—

M @els oft Inflection Point
——:Iﬁﬂatlon were also considered in
“string theory. by Itzhaki and
- Kovetz; Linde and Westphal,

and in MSSM inflation by
Allahverdi, Engvist, Garcia-Bellido
and Mazumdar;

4_.14_
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SIAGG/CET also Ieads to selving’ certain

SUONIIYANE f

[dCtNg theores In
JJJ’J‘]%.E . I'hese theories arise on

colln) dent membranes in 11-dimensional
'JV-* 3eory. Due to recent progress we
ﬂderstand that they are certain

' supersymmetrlc versions of Chern-Simons

- gauge theory with group U(N) x U(N)

A(4,0,4, + = 44~h—%r-"‘4'~h+ 4441“]

Bagger, Lambert; Gustavsson; Van Raamsdonk; Aharony, Bergman, Jafferis,
Maldacena
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si\When N'isarge, the dual descriptiomny
gJeligEtnEory isiprovided bysthesweakly
GUIVed AdS, x S7. background in 11-
SIIFIENSION VEEReory Whict [ally.
J‘-‘_)f"rlﬂ by Einstein gravity coupled to
Sher fields.

- c-uv

r 'ieads to many non-trivial predictions,
, .d. the number of degrees of freedom
: scales as N3/2 LK., A. Tseytlin

o Suich models may provide approximations
for strongly interacting many-body systems
on a plane.

_ L
~ ~
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2 Trifotic)lele|H]e hlstorT'strmg theory has been
ierwnediwithithe theony/ ofistrong interactions.

2 [rie ,-\JJ = corresponence Makes thiS connection
PIECISE. It makes many dynamical statements about
SUIO]) _)]j soupled conformal gauge theories.

eaensions of AAS/CFET provide a new geometrical
sl erstanding of confinement, chiral symmetry
=breaking and other strong coupllng phenomena.

’f’PﬁysmaI applications of the new methods range from
-~ heavy. ion collisions to cosmological inflation.

- ® Superconformal Chern-Simons gauge theories in
2+1 dimensions are dual to 4-d AdS backgrounds in
M-theory.




