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Abstract: The AAS/CFT correspondence relates large-N, planar quantum gauge theories to string theory on the Anti-de-Sitter background. | will
discuss exact results in field theories with AdS duals, which can be obtained with the help of diagram resummations, mapping to quantum spin
chains and two-dimensional sigma-models.
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AdS/CFT correspondence:

* method to describe strongly-coupled field

theories using:
v string theory
v classical gravity (Emstein s equations)
General Q's:
e regime of applicability

e accuracy




Coulomb field VS. Flux tube

(QED) (QCD)
£ a =
q q

string carries constant

energy per unit length

Vi) —— V(ir)=Tr
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[ore refined lattice simulations confirm that the string fluctuates.
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Large-N expansion

(A (z) A (z)), = 6" #* Dy(x —y)  ijkI=1...N

2 [
7 k

AY

“Index conservation law ™ :
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Two expansion parameters:

"t Hoott coupling: X = 92 N
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Large-N expansion
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Two expansion parameters:
"t Hoott coupling: 5 — 92 N
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Large-N expansion

(A (2) A (z)), =6"#* Dp(z—y) ik I=1...N
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“Index conservation law :
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Two expansion parameters:
"t Hoott coupling:
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Planar diagrams and strings

Large-N limit: N — o0, A — fixed
[L 1/ e
DDUE/ /Z§ /
DQQ = — time
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Planar diagrams and strings

Large-N limit: /N — oo, A — fixed
[/ L/ o
DDqé/ B
DQQ =2 — == —
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Planar diagrams and strings

Large-N limit: N — o0, A — fixed

Iy, [ — -
DDqé/ =sss
DQQ =3 | — time

Pirsa: 10100051



Conceptual problems:

» Closed strings describe gravity. What 1s graviton
m YM?

e String theorv 1s onlv consistent in ten dimensions.

 How does the string remember that 1t 1s made of
gluons”
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Holographv

* strings and gauge fields live in space-time of
different dimension

bulk gtl'i I g@

y

. 0”’/’ /,/d' Zt‘u:rundm-}'
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Holographv

* strings and gauge fields live in space-time of
different dimension

bulk
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Anti-de-Sitter space (AdS;)

. dz*dz, + dz>
o — ;2

5D bulk

stringg

0

Sy 1
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4D boundary;
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Two-pomt correlation functions

(O(x)O(y))
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Two-point correlation functions

(O(x)O(y)) :

-0
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Two-point correlation functions

(O(x)O(y)) :
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(O(21)O0(22)O(x3)) .




Extra dimension as energy scale

- - A
Large 4d distances small energies <— Largez 2

0N

Small 4d distances large energies <—— Small z
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(O(21)O0(22)O(x3)) 1




Extra dimension as energy scale

- - A
[.aroe 4d distances small enereies =— L |
= = = Z

[y

Small 4d distances large energies <—— Small z
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Scale mmvariance

d:r‘“‘dl’“ — dag

s
as” — .
¢ —  ar* leaves metric
2 =" az invariant

|:> gauge theory dual to strings m AdS;

1s scale mvarant (conformal)
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Scale mmvariance

> dzfdz, + dz>

ds” =
2 5 ar” leaves metric
- —x az invariant

|:> gauge theory dual to strings m AdS.

1s scale mvariant (conformal)
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Breaking scale invariance

“Infra-red”

scale

/
74

<IR

/ asymptotically

AdS metric

il
[ g o CaTaEE =t
LV DOUndary

approximate

scale invariance
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Scale mvariance

>  dzxfdz, + dz>

ds” 2
¢ 5 ar” leaves metric
-~ - az invariant

|:> gauge theorv dual to strings in AdS;

1s scale mvariant (conformal)
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Breaking scale invariance

“IR wall”

s PO LL B
e
UV boundary

approximate

scale mmvariance
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Bound states in QFT

String states ~—— - _
= (mesons. glueballs)
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Breaking scale invariance
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Breaking scale invariance

“IR wall”

&

3 =N T = - '\.I_iij-
dsSy '-ILp'[OHx. Jil_‘-

UV boundaryv
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Bound states in QFT

String states ~—— = —
= (mesons. glueballs)
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Breaking scale invariance

“Infra-red”

scale

~IR

“IR wall”

/ asymptotically

AdS metric

UV boundarv ﬂ

approximate

Jd
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Bound states in QF1

String states <—— e e _
= (mesons, glueballs)
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States in QF T

Strine states _
= eballs)

(IMesSC
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States n QFT
eballs)

String states

N

String states <——>  Local operators

Resolves manyv puzzles of putative large-N
string:

e graviton 1s not a massless glueball. but 1s the
dual of the energy-momentum tensor T,

» extra dimensions describe the energy scale
and global symmetries
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States in QFT
eballs)

String states

N

\

String states <——>  Local operators

Resolves manv puzzles of putative large-N
string:

» graviton 1s not a massless glueball. but 1s the
dual of the energv-momentum tensor T,

» extra dimensions describe the energy scale
and global symmetries
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o __ _j g0 Ik
J© = Ltﬂavnr =y

/ d'z &' (J;(2)J,(0)) = 0" (quay — ¢ M )TL(—q")

Perturbation theorv (O)

[(Q°) — —

= 111 Q- at 2 5 00
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a =r =
J = Ltﬂa‘k{}r Y ¥

/dﬁf e’ (J%(2)J(0)) = 6*°(9.a0 — € Mo )TI(—¢°)

Perturbation theorv ( O)

Q%)

at Q* —

247

Spectral representation:

== F,
e (Q2 + M2) M2
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Sum rules

F L = >
Z(Quug)ug e & G-

rL
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G __ |0 "
JU = l"“'f-fl.?ﬂ.'t::r y ¥

/d4r e (J1(x)J2(0)) = 6*°(9uas — € Npw)II(—47)

Perturbation theorv ( O’)

N
2472

[(Q*) — — In Q° at Q* —

Spectral representation:

Q") = — Z (Q% + M2)M?
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Sum rules
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|
i
| asymptotically
I -
_ - AdS

UV boundaryv n

InQ* (pure AdS)

P
Z (Q2 + M2)M?2 Exact (spectral representation of 5D propagator)

g

>

F’*2 " _
=——"95 Z@- NTE ~ln@~ at @ —oxc

The simplest phenomenolomt,al 1110de1 deqcnbes all data n tk
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Problem: (classical) gravity 1s

only an approximation in string
theory, accurate in the AdS/CFT

context as long as A—a0
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Problem: (classical) gravity 1s

only an approximation in string
theory, accurate in the AdS/CFT
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- AdS

UV boundary e

InQ* (pure AdS)

Fa
Z (Q2 + M2)M2 Exact (spectral representation of 5D propagator)

F“ .
——> Z:Q~J~1I)U ERgE = .

The simplest phenomenological model de%cnbew all data mn tk
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AdS/CFT correspondence

Yang-Mills theory with

N=4 supersymmetry

Exact equivalence T R

String theory on
AdS;xS° background



AdS/CFT correspondence

Yang-Mills theory with

N=4 supersymmetry

Exact equivalence

String theory on
AdS;xS° background



AdS/CFT correspondence

N =4 SYM Strings on AdSs x S°

: _ ] =124 AT rr ___ JX
t Hooft coupling: A — g}rj{_\' String tension T — 2_

—

i

== == N\ E 3 =
Number of colors: .',\ otring coupling: gS — H

Local operators String states
Scaling dimension: A Energyv E

Pirsa: 10100051 Page 55/132




Strong-weak coupling interpolation
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AdS/CFT correspondence  uidacenass

N =4 SYM

Strings on AdSs x S

't Hooft coupling: /\ — g%-l{:\r

T TP SR e e i?\f-"

Local operators

i
- e e A i
SCaling diImension:
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String states

Energy E subser. Klebanov Polyvakov 98
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Strong-weak coupling inter

polation
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AdS/CFT correspondence

N =4 SYM

Strings on AdSs x S°
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Strong-weak coupling interpolation

0 3
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Strong-weak coupling mnterpolation

-y T = F
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Strong-weak coupling mterpolation

() 3

SYM perturoation S UINEZ perturoation
theory theorv

1+ +Q -

Circular Wilson loop (exact):

2

W (circle) = - I (\/X) :
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Strong-weak coupling interpolation

0 3
s

SYM perturbation String perturbation

theo Iy {ht‘-ﬁ'[’j ;

1+ +Q -

Circular Wilson loop (exact):

2

S

2

—_—

A
W(circle) =1+ -+ —+...

; )
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Strong-weak coupling interpolation

-~

() A
>

SYM perturbation String perturbation

theory theors

1+ +Q -

Circular Wilson loop (exact):
2

W (circle) = ¥ I (\/X) : —

: A N ) Y .
Wi(chele) =1+ —+—+4-.. Wiarcle) —4f A "7,
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Strong-weak coupling interpolation

O /.
—_ . : >
SYM perturbation String perturbation

theorv theorv

1+ QO+ Q -

Circular Wilson loop (exact):

Wcircle) = =y (V) o

A ¥ e
W(cacle) =1+ —+—14--. W (circle) = :/\_3H € V/E
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Strong-weak coupling interpolation

0 /.
==

SYM perturbation String perturbation

theory theory

1+ +Q -

Circular Wilson loop (exact):
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Schwinger pair production

—

L

Wins energy if EL>2m.
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Schwinger pair production

—

L

L

Wins energy if EL>2m.
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Schwinger pair production

> Imaginary-time tunneling picture

e

L
Wins energy if EL>2m.
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Schwinger pair production

> Imaginary-fime tunneling picture

[
i

L
Wins energy if EL>2m.

&
I!
try| 3

E =2mmR — 7R’E
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Schwinger pair production

> Imaginary-time tunneling picture

> hJ_,.a"l

L

Wins energy if EL>2m.

|

E =2mmR — 7R*E R, %

Pair production rate: [' ~ e~ E
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Schwinger pair production

> Imaginary-time tunneling picture

.,
s
[

ol

E
Wins energy 1if EL>2m.
‘ m
£ =2mmR—wR’E R.= =

| : . = = = m
Pair pl*OdHC‘[lOll rate: F ~ e E -
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Schwinger pair production

sehvwmeer 51

> Imaginary-time tunneling picture

< TS
= ,.J_,z"l

e

E
Wins energy 1if EL>2m.
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E=2rmR—nR°E R.=F
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Pair productionrate: ['~ e " E Be=—
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Correlation functions

1

2
j=—1

(O(z) O(y)) =




Correlation tunctions

1

= 2A
|z — y

(O(z) O(y))

Dilatation operator:
D|0) =A|0)

DA 13 £ X1 - IR

matrix of anomalous dimensions
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Local operators and spin chains

Z — ‘I’l + E'(I)g
IT’v — (Djj . 3 I(I'Q
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Correlation functions

= 1
=3

(O(z) O(y)) A

Dilatation operator:
D|0) =A|O)

B—A8cg i N1 XD 00N

matrix of anomalous dimensions
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Local operators and spin chains

o (I)l —1:—3'(1)2
II' — (I)jj +E‘I’4
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Correlation tunctions

(O(z) O(y)) = ——=
|z — y|

Dilatation operator:
D|O) = A|O)

T S Y S, ) SN ) o e

matrix of anomalous dimensions
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Local operators and spin chains

i (1)1 = d;(b"_:!
W = ®3 + 19y
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Local operators and spin chains

L =D +195
II"' _ (I):i = E(I)_;

tr ZZZZWW ZZZWW ZZZWWW ZZWW

Pirsa: 10100051




Local operators and spin chains

4 =P + 19,
W = ‘I);j + E‘I‘_;
Zij <—>> 1 ]
IV,;J- — - J
v
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Local operators and spin chains

L =D + 1D
W = &; + id,
1 1 ]
Z‘ij | —
[I/ij o m— ] J

St LLLLIWWLZZIWWZLZZWWW LZZW W

T X2 1
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One loop planar (N—x) diagrams:

L
™



One loop planar dilatation generator:

A
672

L
Y (1 —0or-0141) +O0(N)

=

D=L
1

Heisenberg Hamiltonian
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One loop planar dilatation generator:

A
672

L
Y (1—or-0141) +O(N)

=

D=L
1

Heisenberg Hamiltonian

L
Q =— Zﬂ'f ' [O’g+1 X 0'5_5_2]
=1 ==
Integrability!
[D,Q] =0

Pirsa: 10100051 Page 99/132



One loop planar dilatation generator:

L
A 2
e EE_l(l—«::n;-cml)+0()~ )

Heisenberg Hamiltonian

L

Q :ZCT[ : [CT,{_.:_]_ X U‘g+g]

Integrability!
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The spectrum

Ground state:
wtﬂLﬂTHTHHHHHw
tRee et eeseaeeattetttttd

Excited states (magnons):
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The spectrum

Ground state:
wtrmtmﬁfﬂﬂtﬂtw
Lttt et eeaneptaatattt]

Excited states (magnons):
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* scattering phase shafis
momentmm /'
e i(total phase shift) _ szL I I pJ Pk)

k#3

RirsasOI0005IFEE TS e = . e Pagel09/132



t

< =
lﬂ[(Elii"':“mmtnrmr,mrm
;

‘ttnmmmrmrrttr
= %

scattening phase shafis
momentum '

S

H:./
ei(total phase shift) _ eiij I I eié(pj Pk )
k73
Exact perniodicity condition:

oPil _ | I o —%9(Pj,Pk)
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Bethe equations for Heisenberg model

Rapidity: gip _ % 7T /2

u—1/2
(uk—l-i/Q)L = H ug—w; |
ur —1/2 S O
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Bethe equations for Heisenberg model

Rapidity:  gip _ %1 /2

uw— /2
(uk—l-i/?.)L*Huk—aj—l—z
ur —1/2 j#kuk—uj—z ==

Anomalous dimension:
M
, A 1
o ?E
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Bethe equations for Heisenberg model

Rapidity: gip _ Y + /2

u—1/2
(uk—l-.i/Q)L = H =i
U —1/2 = =
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Full asvmptotic BA for Super-Yang-Mills
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Pirsa\10100031 __ .![.I‘L, —x7) — 1] I I i — Page 114/132



Wrapping/finite size effects

Aexact = Aasymptotic BA T O( € _H(A)L)

k(A) = 2arcsinh =

\/—/{ Ambjern_Jamk Kristansen 035
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Wrapping/finite size effects

Aexact = Aasymptotic BA T O( € _H(A)L)

k(A) = 2arcsinh
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Wrapping/finite size effects

Aexact = Aa.synllz)tc;ﬂ:it:: BA T O( € _H:(/\)L)

k(A) = 2arcsi

Ilh l Ambjern.Janik Kristtansen 035
VA

Weak coupling:

A=Ag+MA+...+ 0"
= W L'-.'-.';._';ppmg order

captured by ABA

irsa: 10100051 Page 117/132



Spmn chain

Strine
L
= %

Magnons

M

>  String vibrations

Exact dispersion relation:
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Known S-matrix
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Wrapping/finite size effects

Ae:-cact = Aa.syl:nl:)‘c-t::ﬁ:it:: BA T O( € _R(A)L)

K /\) — 2 arCSi—Dh L Ambrern.Jamk Knistjansen 03
( /A

Weak coupling:

\_W"_J Lﬁ_ﬁ'j:jglﬁif-lilg order

ENPR Yoreoety © (Ul | o
captured bv ABA
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NMagnons

< > String vibrations
: . : . f A 4% Beisert.Dippel.Staudacher’ 04
Exact dispersion relation: =(p) = \/ 1+ s /% Beisc
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Known S-matrix -
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time 1 \ \/

space
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| |
time | | (-

space

periodic time == thermodynamics
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E Xac t SO h'ltloln- Gromov.Kazakov. Viewra 09

Gromov Kazakov Kozak Vie 9
Bombardell: Froravan aten (02
F O It Q
L Laed LW, -

Y-system of thermodvnamic Bethe ansatz:

}1:+3}1:_L4 (1 "'}:_;,.:---1”1 "'}:1.:1-1*

}::--l..*}::—l.:- (1 'f‘}:;--l.:-”]- "‘}::.—1.3‘
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E};d C t S Oh-ltio'ﬂ Gromov Kazakov Viemra (9

Bombardelli. Froravanti. Tatec
Arptvinov E g
il LW L2 LN

Y-svstem of thermodvnamic Bethe ansatz:

)::.'*}1._-1 (1 '7'3:;.3*1”1 "-}:_;.3_1‘

}:;--1.3}-:.—1.:* (1 "‘}:.1--1..# i1 "‘}::—1.3’
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