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Motivation: Feynman's legacy
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What | cannot create | do not understand.
Know how to solve every problem that has been solved.
To learn: Bethe Ansatz Probs., <— Kondo, 2D Hall, accel

temp, Non linear classical Hydro
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Richard P. Feynman
(1918-1988)

Quantumelectrodynamics:

Feynman graphs

Strong interaction?
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Motivation: Organizing matter
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Motivation: Organizing matter

Electric interaction (potential ®(r) = k@)

.
Quantum mechanics (Schrédinger eq.) HW = (—% + d(r)) VW =FEWV
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Motivation: Organizing matter

Electric interaction (potential ®(r) = k@)

Quantum mechanics (Schrédinger eq.) HW = (— (hV) + Cb(fr))\lf Ewv

Main-group elements
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Organizing matter |l

Brookhaven: Relativistic heavy ion collider (gold ion)
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Brookhaven: Relativistic heavy ion collider (gold ion)

Number of elementary particles > number of atoms — classification
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Brookhaven: Relativistic heavy ion collider (gold ion)

Number of elementary particles > number of atoms — classification
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Organizing matter |l

oo
Brookhaven: Relativistic heavy ion collider (gold ion)

Number of elementary particles > number of atoms — classification

Decay — strong, weak interaction — Standard Model
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Feynman: /f you want
to learn about nature,
to appreciate nature,
it Is necessary to un-
derstand the language
that she speaks in.

Quantum

gauge theory

Quantum electrodynamics

electron

Relativity theory: A, = (P, A)
electric + magnetic int: Fj,,

+Quantum theory— QED
U (1) gauge theory: A, (z) = Au(x) + OuN(x)

photon

L=—3F2+W({j—m)V — eW AW

experiment: u = 92 Cs where g = 2(1 -+ a)
Gabrielse et.al.: « = 1159652180.85(.76) x 1012

perturbation theory:

Feynman graphs Q
o2

- s—— = 0.001161

or = 2mhe —1314oa

momentum- dependent coupling:

B(a) = ude >0




L=

Amefican Institut

Quantum gauge the-
ory

asymptotic
freedom
2004 Nobel Prize in Physics

Quantum Chromodynamics

photon A, <+ Glli"8 gluon — F/},'/'S

electron We <+ Wy, 1 quark
SU(3) gauge theory: G, — g~ 1Gpug + g 09

L=—3F24+ V(g —m)V — gUGW

— 4

experiments:

hadron spectrum

perturbation theory:
Feynman graphs
0.001 = & & & = O(1)

momentum-dependent coupling:

Blas) = e <0
asymptotic freedom

confinement
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CFT: maximally supersymmetric gauge theory

Fundamental interactions

Coupling

non—perturbative
no analytical tool

interaction particles gauge theory

electromagnetic photon+-electron

U(1l)

SU@3)

electroweak | W=, Z p,v+Higgs | SU(2) x U(1)

strong gluon-+quarks

SU(3)

A strong force
SU?2)
— S

only analytical tool: perturbation theory

maximally supersymmetric gauge theory

() perturbative

interaction particles

gauge theory

N = 4 supersymm. | gluon+quarks+scalars

SU(N)

all fields N — 1 component matrix
W12534

/! ¢
A, P123456

N\ /!

V1234

2
Iym

V(P, W) = Z [P, P2 + V[, V]

L=2 [d*Tr[—2F2 - 1(D®)?2 + VPV + V]

Energy

no running S = 0 — CFT

no confinement

supersymmetric

heavy ion collision:

finite T — SUSY is broken

quark-gluon plasma is not confined
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AdS: string theory on Anti de Sitter D gravitation

positively curved space
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positively curved space Anti de Sitter: negatively curved space
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AdS: string theory on Anti de Sitter D gravitation

positively curved space Anti de Sitter: negatively curved space
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relativistic point particle: ds? = —daz% -+ daz% + ...
S o< worldline < [ ds = [ Vx - xzdT X,




AdS: string theory on Anti de Sitter D gravitation

positively curved space Anti de Sitter: negatively curved space
w5 .
b 4 PPN
i¥inac NP
P
oI
| . < AT
: ) -
x(7T)
relativistic point particle: ds? = —daz% -+ daz% + ...
S o< worldline < [ds = [ V& - xdT X,
!
relativistic string: ds? = —dz2 + dx? + x
g. E— O 1 o o o 0

x(T,0)

S o worldsheet < [dA = [ \/(:1: . 2)2 — &22?drdo




AdS: string theory on Anti de Sitter D gravitation

positively curved space Anti de Sitter: negatively curved space
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P
N
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T

r

x(7T)
relativistic point particle: ds? = —daz% -+ daz% + ...
S o< worldline < [ ds = [ Vx - xzdT -

relativistic string: ds? = —daf% -+ da:% + ...
S o worldsheet < [dA = [ \/(:1: . 2)2 — &22?drdo

S2 Y2+ YR+ Y2+ Y2+ Y2+ Y2=R?

-
AdSs - X5+ X7+ X534+ X34+ X7 — X2 =—R? -

x(T,0)

PSU(2,2|4)

2 .
S = Z, i dzlra (8aXM8aXM - 8aYM8aYM) + fermionok |supercoset SO(5)% SO(1.4)



CFT: Observables

maximally supersymmetric gauge theory observables
Wio34 parameters: gy s, IV
A 123456 fields SU(N) matrices observables: partition function
V1234 ) o gauge-invariant operators
S = fw fd4aj—|_l’ [ %FQ _ §(D¢)2 + WPV 4 V} O(CU) — Tr(AL1WL2¢L3..)
_ 1 U
V(P, W) = ;[®, D]° + V[P, V] correlators: (01 (z)O>(0))

correlators: (O1(x)02(0)) = [[dA...]e 01 (z)O2(0) = <O]_(£U)02(O)€_iv>o

perturbation: V] Q genus exp.
2 =2 2 N

9y M 9y m 9y m 2 3 _ a2 _ 2
g2 /N3 = N2\ X=g2,N

partition func. Z(\, %) = N2 Zg(%)zg >, a(g,n)A™ string interactions? (t' Hooft)

conformal field theory: (O;(z2)0;(0)) = | (|52A scale dim.: A; Konishi op. O = Tr($?)

Ag(\) =246 24(4A2)2+168

oy —(1410+144((3)+5(324+864((3) —1440((5))) zoey:
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AdS/CFT correspondence (Maldacena 1998)

I1 5 superstring on AdSs x S°

-5 BE500
5D sph
’32 ti j? Sitt
space
e
£<:>
o=
A
>
spac —
time extra dimension
SOY2=R? —++++-—=-R?
B [ drde (9, XM Xy + 8.Y MO Y) + . ..

N =4 D=4 SU(N) SYM

2= [d*aTr [ 3F? = S(DP)? + W PW + V]
V(P W) = ;[®, ®]? + W[, W]

PSU(2,2|4
8 = O superconformal SO(5) >§SO|(1),4)

gaugeinvariants:©O = Tr(P?), det( )
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AdS/CFT correspondence (Maldacena 1998)

I1 5 superstring on AdSs x S°

4D
Minkowski
space
ere

e extra dimension

6
21 Yz'2 = R?

4r

—++++-=-R
B[22 (0,XM0° Xy 4+ 0. YMOY) + ...

2

2
gYIW

Couplings: VA = R—,Z gs = % — 0
8%
2D QFT

String energy levels: E(\)
E(\) = E(c0) + A+ 2+ ...

N = 4 D=4 SU(N) SYM

8 = O superconformal

[d*aTr [—2F2? — 1(D®D)? + WPV + V]

V(P, W) = 2 [P, P2 + W[D, V]
PSU(2,2|4)
SO(5)xS0(1,4)

gaugeinvariants:O = Tr(P2), det( )

Dictionary

strong<—>weak

U

A= g}Q/MN , N — oo planar limit

(On(@)Om(0)) = r2xas
Anomalous dim A ()
AN) = A0) + XA+ X200+ ...




AdS/CFT correspondence (Maldacena 1998)

I1 5 superstring on AdSs x S°
B D6 6
3D sphere N =4 D=4 SU(N) SYM
= e
'—2> e -
%% B 2 [ d*aTr [-3F2 = J(DP)2 + W PW + V]
= = V(P W) = [, ] + W[, W]
=
— _ PSU(2,2]4)
e B = O superconformal SO(5)xSO(L.4)
" = e dimensin gaugeinvariants:O = Tr(P2), det( )
S3Y¥2=R? —444++4-=-FR
B[22 (9, XM Xy + 0.YM0Yr) + . ..
, Dictionary
Couplings: VA = R_/ gs = % 50 A= g%MN , N — oo planar limit
o —_— 5nm
oD QFT strong<—>weak (On(x)Om(0)) = 22An)
String energy levels: E(\) 4 Anomalous dim A ()
E(,\):E(oo)+%+%+... AN) = A0) XA+ 2200+ ...

2D integrable QFT

spectrum: Q@ = 1,2,..., 0o dispersion: en(p) = \/Q2 + %SiﬂQ%

Exact scattering matrix: Sg, 0., (p1, P2, \)




CFT: Integrablity

Perturbative correlator: (01 (x)O5(0)) = <(91(ar;)(’)Q(())e—i(%[CID,CD]Q—I—W[(D,\V])>O

Conformal (scale invariant) field theory: = |$|§X(/\) |$|2A(O) [1 + AA1 log z |2 + .

Scalar sector: 71 = P1+iPyp, Zo = $P341P4, SUSY st: O = Tr [Zﬂ — Ap(N) =J

O1=Tr[Z12125Z5] <> | T14) — =

Operator mixing: On = Tr (212271 75] < | 1AL - & o

diagonalize the 1-loop mixing matrix: O+ = 01 + O AO+(>\) =4
_ . — 04 ;
" Ao (V) =446,

generic state at size J: O;; ;, = Tr [Zil . Zij] i1 ... 1)

j] j2 jk jk+l j] j] j2 jk jk+l j] J j2 jk jk+l jJ j] j2 jk jk+l jJ

i A=JIl+ AQ S 1T —Pppt1)
o
i T I I Helsenberg spin chain

W — ; b — ; — ; = L
i, iy ik 1 iy iy ik ] IR P U SIS J Wi, iy ik 11



CFT: Integrablity + Bethe Ansatz

Mixing matrix on the subspace Tr [Zi : ZZ-J} of dim 27 Minahan-Zarembo 2002

1°°

A=Hy+ A H1+XNHo+...=JI+ 2oHxxx + A2Ho + ... |

H»5: next-to-nearest neighbour integrable! — use Bethe ansatz

1. choose a groundstate: Z = Z1 — Tr [Z‘]} =Tr[ZZZZ7Z .. ZZZZ] +|T... )

2. excitations Z...Z X Z...X with SUSY multiplet X = Z5, Z3, W& W D,

n
3. plane wave: 32, eP"T(Z..Z X Z ... Z2)

2

4. scattering states: Ty, npaya, €P1" VP22 THZ L Xay 2.2 XayZ ... 2)+S(12)a} T

o
symmetry completely fixes the S-matrix for any A (satisfies unitarity, crossing, Yang-Baxter)
Bethe ansatz follows from S-matrix: Shastry's Hubbard S-matrix

12



AdS/CFT correspondence: confirmation

supersymmetric BPS operators
— 1 2 1 \s
Z =P+ 1Py, X = P34+ 1Py

Opps =Tr(Z7) & [11... 1)
Apps =J

weak<+>strong

BPS string configuration

SS

Epps(A\) = J
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AdS/CFT correspondence: confirmation

supersymmetric BPS operators
— 1 2 1 \s
Z =P+ 1Py, X = P34+ 1Py

Opps =Tr(Z7) < | 11... 1)
Apps =J

weak<+>strong

2D integrable QFT

BPS string configuration

SS

Epps(A\) = J

supersymmetric groundstate Fg(J) = A(A\) — J =0




AdS/CFT correspondence: confirmation

supersymmetric BPS operators
— 1 2 1 \s
Z =P+ 1Py, X = P34+ 1Py

Opps =Tr(Z7) < | 11... 1)
Apps =J

weak<+>strong

2D integrable QFT

BPS string configuration

SS

Epps(A\) = J

supersymmetric groundstate Fg(J) = A(A\) — J =0

Nontrivial anomalous dimension

supersymmetric theory: Excited state

O =Tr(ZXZX +..) < | 111 +.




Confirmation: excited state - Konishi operator

nonsupersymmetric operator: Konishi

O =T (ZXZX +..) & | 1t +

operator mixing
T e 3 %
o — 3 o

AN

/N
N

= A0) +AA1 + ...+ MDA+

& & (% [Fiamberti .."08]

= —2496 + 576(5 — 1440(s

string configuration

=

moving bumps (sine-Gordon) [Hofman .. '07]
string action=saddle point+loop corr.

E(\) =E(c0) + A+ % +...
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Confirmation: excited state - Konishi operator

nonsupersymmetric operator: Konishi S @Er AR
Ok = T(ZXZX +...) © | 1) + P

: 55
operator mixing

—o— — S o \‘/
AN) =A0)+FXA1 4 ...+ XA+ v

moving bumps (sine-Gordon) [Hofman .. '07]
(Fiamberti .08 string action=saddle point+loop corr.
lamberti ..’ B B
EQ\) = E(co) + 2 + & 4 .
= —2496 + 576(3 — 1440(s X) (0) VA A

two particle state

b= FEpa+ Epsc
Bethe Ansatz: e/ S(p, —p) =1

Fpa =2B(p,\) =2)/1+ 2(sin§)2
—eQL

Ersc = Y0 [ 34551(q,p)Sq1(q, —p)e
Fa = A4 = —2496 + 576(3 — 1440¢s [Z.B., R. Janik '09]




AdS/CFT spectral problem
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AdS/CFT spectral problem

Konishi dimension: Tr(ZXZX — ZZXX)
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AdS/CFT spectral problem

Classical string/gravity theory

perturbative
gauge theory

)

1]
5
53 Semiclassical string/gravity theory
S
0]
50 :
= quantum corrections
en
N
5
Quantum string/gravity theory _§ é .
finite—size S ! b=
I TBA . S| 2| E
corrections S Cg |
3 0 .
< =
Strongly coupled gauge theory 5 £
=
S .-
, >
loop corrections £
I-loop perturbative gauge theory
0 size




AdS/CFT correspondence: applications

Minimal surface

quark-antiquark potential

—quark

M

Wilson loop: (¢~ Audaxt)
non-perturbative

__ 4x3/2)1
time extra dimension V(T> - r(%)él. ?

exact for strong coupling A — oo

S

=




AdS/CFT corresp

ondence: _applications

Minimal surface

me

T

. space
ume |\

extra dimension

exact for strong coupling A — oo

quark-antiquark potential

Wilson loop: (¢ Apdaxt)
non-perturbative

2
V) =4

growing black hole

S |2

SIE / £
i / - G
5|8 -

g

ERRS - ack hol
S

metric 0g(z,0) o< (T)w)
ds® = %(g(w, 2)wdztdx’ + dz?)
Einstein equation
IRy = %gabR — 69 = 0
growing black hole

_ (1=2/23)2 . _ z*
91t = ~Qgapp G = 1 5

Heavy ion collision: expansion

(T},0) matter distribution
relativistic hydrodynamics
OuTH” = 0 and T[L‘:O
viscous quark-gluon plasma
expansion in time: perfect fluid + g =

1
47

+...




