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The Beginningss™

SUENIINED/ Was boln out of attempts tor understand

Estrong| Interactions!

simpiiicall evidence for a string-like structure of hadrons
BNCOmES flilom arranging mesons and baryons into Regge

= tiajectories.

:' Poelen-Horn-Schmid duality conjecture: In meson
scattering, sum over s-channel exchanges >_<
S

eguals sum over t-channel exchanges X
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2P PlepPoSed a manifiestly:

"%"'1:.

plittide ferelastic pion

— wr Ilnear Regge trajectory

Xio)  X(on)

e Nambu, Nielsen and Susskind
Independently proposed Its open
string Interpretation




- Sirlnle] wor‘g Shieet dynamics'is governed by, the
I\Jrlmou EBleNaEa action
K

o 5‘:\7 Q= — T / dodt+/—det aa.- XH ab ‘Yr“-'

MHERSUINOILENSIon IS related  to the Regge slope through

3@ that the spin 1 state Is masless but the spin O Is a
= tachyon.

e: Calculation of the string zero-point energy gives

® Hence the model has to be defined in 26 space-time
dimensions.
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SPINING O pen String PictureseifVesors"

he inear relation between angular
momentum and mass- squared IS provided
By a semi-classical spinning relativistic
string with massless quark and anti-guark
at Its endpoints.




Crossroads In the 1970's

- Attempts to quantize such a string model in 3+1
dimensions lead to tachyons, problems with unitarity.

- Consistent supersymmetric string theories were
discovered in 9+1 dimensions, but their relation to
strong Interaction was initially completely unclear.

ST yS|c:|sts gave up on strings as a description of

strong, interact) listiead;, stiing theory emerged as

the le NOPENBITUNITYING quantum: gravity with-other
forces (the graviten appears in the closed strlng : =
spectrim). Scherk, Schwarz; Yoneya




Q61 giVes Strings a,chantel e

£ifl rJql Ak otentlal IS
(oubp |c due to the
=SV E’[OtIC Ereedom.

= At large distances the
potentlal should be
linear (Wilson) due to
flermation of confining
flux tubes.




. Elux Tubes ih OCD
e They C Jects ma'yE |
mately ..

J\Jrlrr "strings

Emmeionem lattice work by
D. Lemwrxc“ et al;, Univ. of
r\cIeJ,I.JCL.

.-1

= e tu OES' are widely
-~ — Used, for example, in
"J@t_ hadronization
~— algorithms (the Lund
String Model) where
they snap through
guark-antigquark
creation.
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pelarge N Gauge Theoress s

BNGHINECtion of galige theory with string
thaory s siranefiflaackig i slooiis
JENERalization friom: S colors (SU(3) gauge
er& 1e' N colors (SU(N) gauge group).

1\1- @ N large, while keeping the "t Hooft
= upllng A\ —J\MN fixed.

—
r
F-s,ﬂ"

- —

—* [he probability of snapping a flux tube by
guark-antiguark creation (meson decay) IS
1/N. The string coupling Is 1/N.




- In the large N limit the gauge
theory simplifies (only planar
diagrams contribute). Adding a
non-planar line (green) causes a

1/N- suppression.

- But it is still very difficult!

- Between mid-70’s and mid-90's
many theorists gave up hope of
finding an exact gauge/string
duality.

- An important exception Is
Polyakov, who already in 1981
proposed that the string theory
dual to a 4-d gauge theory should
have a 5-th hidden dimension, and
later argued that the 5-d space
must be “warped”.



Brezudrig ine lce

> Diricrilet ¢ ernﬁs( ol(mqu) l2cl sirlnie) trgary gzl o)
gJalligje 'reJr/ Inl tre id-90's
SANSTeCRAQTEINED] f'euuﬂ es realizes N=4 .
supersymme’_c,nesﬁlaliﬁ ‘:gauge theory In 4 dimensions.
~ {-alsesereates SECUWERRIATKkground of 10-d theory
- 20F-G16:S 3QC ol RICIC[S Clrivver "'Ime—ronl S A S TE
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=3 uccessful matchlng of grawton apserptien-hy D3—
pBranes, related tor 2-point function ofi stress-energy.
tenser in the SYM theory, with a gravity calculation in
the 3-brane metric (1K; Gubser, IK, Tseytlin) was a
precursor ofi the AdS/CET correspondence.



THe AdS/CFT duallt -

- Maldacena;; Gulsser, 1K, Polyakov:s
REIAEs confiormal gauge theory in 4 dimensions
OISO tHEory on 5-a Anti~de Sitter space times
e compact space. For the N=4 SYM theory
il scompact space is a 5-d sphere.

- .;E‘“"‘ S0(2,4) geometrical symmetry of the AdS.

e

.._,__ﬁs;pace iealizes the conformal symmetry of the
— gauge theory.
- % he d- dlmensmnal AdS space is a hyperboloid

—
4_-




theory is strong| editfie. .
SRWIiEn & galge theory is strongly couplediftie
ARG OF curvatliresofithe dual AdsHand of the

SEURCOIIPACH SPACEECOmES [aroe: K

Y

SRSl theory in such a weakly curved
Perckgiound can be studied in the effective
SBUPER)=gravity approximation, which allows for

== 2/ host of explicit calculations. Corrections to it

® Feynman graphs instead develop a weak
coupling expansion in powers of A. At weak

coupling the dual string theory becomes difficult.




Solldthevclosed string side ofithe
AEND exhibitiessimplification?.

SV AECERWOWItRNBY RISk 2C R ol9E7

rggorbcr'" clelllie|e (if1220) AV, 0)] SR DSEE
PIENEST Al BHE TP Off a cone Re/IF Where the
slalivldrgreu - reaksiall the
SUSEISYMIMEtny.

SV istisight, the gauge theory seems

- cf formal Pecause the beta functions for
= all smc?le -tliace operators vanish. The
_f--‘.-’candl ate string dual is AdS: x S°/T..

= Kachru, Silverstein: Lawrence, Nekrasov Vafa:
Bershadsky Johanson

s" However, double-trace operators made out
of twisted single-trace ones, f O,, O_,, are
Induced at one-loop. Their beta-functions
have the form

pr=ar+2yfr+ 1




If:_y2 2 =\0jthen there is.ne

2@ peInt fier 1.

gl .
Here s a'plot of a one- 00D SUINYS i —

SN ERHERT/ Quantity, DiFedio|

tHENIIBINdIstate closed strmg m2

Or tne cone WItRoLt tre Do)

n—_l, .., k-1 labels the twisted
SIEIMIBIFE CIESS 0fi Z, ornifelds

' JEE Arerreely acting on the 5-

IETES , and x=n/k.

-

— —

i 2 one- Ioop peta functions

iaestroy e confermal Invariance
precisely in those twisted sectors
wihere there exist closed-string
tachyens localized at the tip of
RS/T". Thus, a very simple
correspondence between
perturbative gauge theory and free
closed string on an orbifold
emerges. \Why?




o ugelmant operatorsiinlthe CET, arein
IERORONIE correspondence With erJQ_S'(OF ——
Syended objects) ITAdS:
OISEIEOIAEIMENSIBIRNESEEtEMIMECNaY thE mass
of rr. dualtfield; e. g for scalar operators

® Pé'_ felauon functions are calculated from the
= (__ "ependence of string theory path integral on
= boundary conditions ¢, in AdSg, imposed near

z=0:

{(exp / d%::jy.:,@} = Zstring| 0]

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




—directlo dual to the

/ sealerefi the gauge
small z 1s therBVE lange z

|
e . -th dimension z, the
|cture applies even to
e rJ SEthiat are conformal (not
] Angl): The quark and anti-
| ark are placed at the
—bo pundary 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

Je Nt SUrorse necalse
D

]
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5
g
C
_,,Q

gives Coulomb potential (valdacena;
Rey, Yee)



MAppPIIcalen: entiepy: of thermalks
SUPErSymmetric SU(N)-th‘é’ory
SNiETmel CETL is described by a black hole

= The CFT temperature is identified with the
- —’Hawkmg T of the horizon located at z,

-~ s Any event horlzon contalns Bekenstein-

Gubser, IK, Peet




SOOI CoUPRIING; Feynman glirapn
ions In the N=4 SYM theory give

lim f(\) =

A— 00

® The entropy density Is multiplied only by as the

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




o N sinliElg affac s -
o'o 2@ 1n lattice P/

muJ«-" ONS Off NoR= [ |
SUPENSYIMMELric gauge 3 ¢
ineorigs g IN= .|
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== ependence 1N the PUIe | R R G —
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— fhrough the overall 5l B s L
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f J "VISCOSIty nrofithesPlasma™

> 1) El. Ca movmg irame; 15 = 0i5p—1 (r'_"j?f wj + dju; — 50y i‘);.\,-u.;c)
; L 3 i

‘L :
i

- arr 222150 determined through the

KLge SRrormula 1 |
- .,' — ]1111 _— dt dx E‘-‘-EWt < {ﬂ{:y (t.. X) ’ Iﬂl?'y (O" D )]>

w—0 2w

'3- Eorthie N=4 supersymmetric YM theory this 2-point
filnction may. be computed from graviton absorption by

the 3-brane metric.
s At very strong coupling, Policastro, Son and Starinets
found




0S |yentropy joWer beuneZ

-3 Keviun,, Son, Starinets

i
SNNE SYV LhEBy/ Ve stiohd coupllng . _11

IIENENEESONARIE O gEnEral grotnds: e’ shear
VISEOSIIA "  ENErgy density’ times guasiparticle mean
WEENIMEN T, SO, 1)/S — guasiparticle energy x T, WhichiIs
,'oou:fo BaNiremI below: by the uncertainty principle.

> —

-

= --,—'weak coupling n/s is
_-Jafge fhere'is evidence it
decreases monotonically.

Buchel, Liu, Starinets




Veryrstrongly cotipled SYiVisthe
oSt perfiect fltndP™

> For riowrftiek J1t1ne) |
riitrogen, Wertgs 5 ST —
consiclgiEigAliejlee | o

—— Nifrogen 10MPa

IMENOlEEgllon plasma Waer 100V

pIeuUcEdfat RHIC is believed
eI SIongly coupled and to
;‘“' SSIaVe veny low: viscosity, within

S factor of 2 of the bound.

Shuryak, Teaney, Gyulassy, McLerran,
Hirano; ...

s A new term has been coined, _ Viscosity bound
, to describe the state
observed at RHIC. Could it be
appreximated by a strongly
coupled CFT?




A high-energy collision of gold ions at BNL's
Relativistic Heavy lon Collider (RHIC) produces a
fireworks display of particle tracks, as recorded
by the STAR detector. In central collisions, about
7500 hadrons are produced.




-xcreated in"the collisions of gold Ions Is more like a liguid than a gas

- gives us a profound insight into the earliest moments of the universe,”
‘Said. Dr. Raymond L. Orbach, Director of the DOE Office of Science.
“The possibility of a connection between string theory and RHIC
collisions Is unexpected and exhilarating. String theory seeks to unify
the two great intellectual achievements of twentieth-century physics,
general relativity and guantum mechanics, and it may well have a
profound impact on the physics of the twenty-first century.” (from a
BNL press release, April 2005)




e
So]m 'iﬂg Strings \/S,. LONGLOPETALeIS™

rlfJJB MemeEntum onrthe 5-sphere
geraalite SYM operators with large
ri* harge Berenstein, Maldacena, Nastase

enerally semi-classical spinning
.,'-:.i-’strlngs are dual to long operators,
~ £.0. the dual of a high spin operator

 Am——
—

IS a folded string spinning around
the center of AdS:. cubser, Ik, Polyakov




SNiEnomalous dimension of suchia high
SPIPYISt=2 eperator is: INg

PGS/ CET predicts gl at strong coupllng

SWAREE 00 perturbative N=4 SYM calculation
_ES Kotikey, Lipatov, Onishchenko, Velizhanin

113

-
s F 1120 T O ))

s An approximate extrapolation formula
works with about 10% accuracy

A3 L
— A O\
272 ( 1152 O '))




StiineMieoreticiApproach,toe

2 . :
ire r\e corresponence
RSHEHRENWAN thal the guark=
enuEbarkepotential 1s linear
el arge gistance.

= A Cartoon!’ of the necessary.

—

; — etrlc IS

¢ Jhe space ends at a
maximum value of z where
the warp factor is finite.

Then the confining string
tension is m




e

verﬁ'i'mensmnal PECKErounaes Wlth ihese
qn Ve PropENtIES are known, (t mpact
SpPelCENS actlally~mxed ™ With the S=d Space).

IWIEIINEIC OB conSULCIECREMACKOOURNEINEIE.

WigIversality class of nen-supersymmetric pure glue

JellBENteery. While there IS no asymptotic

IEeeEmiIn the UV, hence no dimensional

piansmlitation, the background serves as a simple
.E 100el of confinement.

“Many infrared observables may be calculated from
ihIs 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.




finement in SYM thesries,

BTl toollis to place D3-branes
irje) W rapped D5- branes at the tip of

= = eory enithese branes Is the warped
"’deformed conifold (1K, Strassler)

M= (T }( — ( da" ._.)“ + ( dr') 2 ] + K1/2 (1) daﬁ

o [ s the metric of the deformed
conifeld, a simple Calabi-Yau space

defined by the following constraint on
4 complex variables:




s Boethiti Wic off the defermed conifeld, and
IIENWAND TACIOITAre KNoWNNn terms of NBEIIOIIC
'ﬂmgur Spwhich aIIows o many.explicit -
Jatlons

Jn NEUVithel ofzle <o) fo)t]p]e exhlblts lefefzlffinlpnlie
runnligiepaiigisnesualigieilly ddal®

U( (PFA))xSU(Mp) gauge theory coupled to
giitidamental chiral superfields A;, A,, By, B,.

r\ 1 Vel phenomenon, called a duality cascade,
IRESTplace, where p repeatedly changes by 1.

_.._."
—

—— e T

—.-“'
-

e
—

The two inverse gauge couplings ;=12 = —




SDiinensonalansmutation takesiplace. The dynamically
JENENEEa confinement scaleris |

IRENRIINE galgerthieen cascadesren 0 SUICZIVI) X
U(J\/I- The SU(2IV) gaugergrotpreficctively has Ne=N_.

Trie geryor) 2l mﬁmﬁmﬂiﬁt@ﬁg—-—————
wony (AD)THAD)S? (A5 (A2) T (A2)M 2 L (Ag)S
b ~ gX1a2...a2 'LI(B ) (Bl) (Bl)lf (B;)l

M N +1 (

b ~ (_f}lﬂ

2)2 s

aice| Nirerexpectation values Hence, we observe
:JJn INEMmeEnt without a mass gap: due to U(1); chiral
ESymmenny breaking there exist a Goldstone boson and Its

-
e

~ — massless scalar superpartner.

s* The warped deformed conifold is part of a continuous
family’ (moeduli space) of confining backgrounds which
Interpolate towards another similar background, the

Maldacena-Nunez solution. Gubser, Herzog, IK; Butti, Grana, Minasian,
Petrini, Zaffaroni

® This family ofi solutions is dual to the baryonic branch in
the gauge theory: 5 JEAZM

%] 2M
2M > B = \)U
‘:.




ANIte 95ervablersithe tension ofi.a -
COIosIte stiing, connecting, g quarks with'g s
elfJil- arks I any SV gauce B
EBIAtAmUSHbEsymmeticunder
c| = '—q. Thisi is achieved through §
2] s-rr"7' effect: g strings blow up
er 0) ¢ Wrapped D3-brane. werzog, ik

0 flux (q/M)

ashed ine refers to the MN background where
T'(q) ~ sin(mq/M)

* \ore generally, the availability of string duals of
confining backgrounds makes it possible to
study deep-inelastic and hadron-hadron
Scattering. Polchinski, Strassler




aln.ﬁ'hg Elux Compactifications
—
ENGHENVAPEC throat"EMECUECNNTO a m
sOIIPECfication With NSENS and R-R
XESH EC .
ENRISCEIE the bottom o the throat v ) mage s
airicl irg s trlng seale: — S

REUIRSUndtmE; Verlinde; IK, Strassler; Giddings, Kachru, Calabi-Yau
PoJch]nskf ,KLT; KKLMMT

| o)l e dual cascading gauge theory the
= A’F‘R Scale'is the confinement scale:
= confinement stabilizes the hierarchy

-~ petween the Planck scale and the SM
or therinflationary scale.

Cascading gauge theories dual to
“standard moedel throats” may offer
Interesting possibilities for new physics
beyond the standard model. cascales,
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SERNECTIoN With Cosmlcq}r.mgs

Copeland Wyers, Polchinski
> A fupelespemiizbsiidislopeiiinlenoje)iic) galojiuin)e '
WelpEd deformed conifeld Is dual to a confining
SuEPATDESNG! IS dual to a solitonic string
Whichrcouples to the Goldstone mode.

— @on embedding of the warped throat into a

= -_:ux compactlflcatlon these objects can be used
=10 model cosmic strings.

~® T[S throat Is not the “standard model throat”
but another throat, like the “inflationary throat,”

dual to some hidden sector cascading gauge
theory.




o | onmification glejealrsymmetnes -
SEEEME gauged. On the baryonic gél?plrﬂd(l)g.-—
ERsTORens throughrasSUSY Higgs mechanism. We
flne an N=1 massive VECtor multlplet containing
£l ([ rl SIVENECRIRGEDENERtEWI bl asFigasiscalal.
Tre aryonlc pranchris lifted by the D-term
pQ-tgj ~ ¢, (BP = |BP)’

\_-"

; ce, only the Z, symmetric warped deformed
BConitoldl solution |s allowed.

="/ D-string at the bottom of the throat, which
= ias been used to model a cosmic string, should
be dual to a solitonic ANO string In the
cascading gauge theory, described at low
energies by an effective field theory.

Gubser, Herzog,, IK
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COncIusmns S

SO UeheUt ItS hlstor string iheory hasi been
mzerrw" SENWITH e tHEDBIY 01 SUFeNG TNLEFACLIONS

INIE! / dS/CFT correspondence makes this
sOIIN Ection precise. It makes a multitude of
c_J samical statements about strongly coupled

iceniormal (non-confining) gauge theories.

= *'filts extensions to conflnlng 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 and of
hadron scattering in model theories.




CNlIsrecent progress offers new: tantalizings
IBPES AL an aifalyiic approxim'a‘tiﬁﬁet?)—' QCD
meENVAe achieved along thisi route, at least for a
B UMIE O Colors: :

SElliRuene 1S much work to be done if this hope is
ONECOmeE a reality. Understanding the string

pals erweakly coupled gauge theories remains

&2 important open problem.

-
— - ——
o e § i
—_ d—
—

— S Embedding gauge/string dualities into string
compactifications offers new possibilities for

physics beyond the SM, and for modeling
Inflation and cosmic strings.




