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Introduction
Tests of AdS/CFT Conjecture:

e Spectra of string energies & gauge scaling dimensions should agree.
e Compute energies of near plane wave strings. [t melovgin] [, 2noesso0s |

. . . . . Gubser Tr .
e Compute energies of classical spinning strings.  [Kiebanod| [[flor [, Teerdn

Polyakov

e Compute dimensions in near BMN limit. Wivahan] [ issansen | [hep-onvesorara,

Zarembo Staudacher'”

NB, Minahan 1T .
e Compute dimensions in thermodynamic limit. [ studcher | [l 5220 [, )0u07077 ]

audacher
Zarembo 4L

o Agreement at O(\?/L*). Mismatch at O(\3/LP). [&lan teg Veloughin] [ serbon |

audacher |

Conclude:

e AdS/CFT wrong?
e Strong/weak coupling problem. Cannot compare perturbatively!

Objective:

e How to compute planar energies & scaling dimensions?
e How to make use of apparent integrability in both models?
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Outline

* Classical Strings
e Derive & investigate spectral curve of a solution.
e Solve classical spectral problem.

* Higher-Loop Gauge Theory
e Perform coordinate Bethe ansatz.
e Present Bethe equations to solve higher-loop spectrum.

x» Deformations of N/ = 4 gauge theory
e Present several interesting deformations.
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Overview Strings

x Classical Superstrings on AdS5 x S°

e Coset space sigma model,

e Integrability, Lax connection, monodromy,

e transformation to a spectral curve (~ mode decomposition)

* Spectral Curve
e Generic structure,
e singularities and
e string moduli.

* Quantisation
e Spectral curve in quantum theory,
e integral equations, discretisation.
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Strings on AdS5; x S°

IIB superstrings propagate on the curved superspace AdSs5 x S°

<~
~__
— X X fermi
Coset space
P PSU(2,2/4)

AdSs x S° x fermi =

Sp(1,1) x Sp(2)
Decomposition of the algebra 1(2,2|4) to sp(1,1) x sp(2)

J € psu(2,2[4), 17=h+q +p+qe, h €sp(l,1) x sp(2).

Berkovits ]

Algebra j = [j1, jo| respects Zy-grading h: 0, q1: 1, p: 2, go: 3 [Bershadsky, Hauer

Zhukov, Zwiebach
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Supersymmetric Sigma Model
Field g(o,7) € U(2,2]4) (8 x 8 supermatrix) with flat connection J

J=—g'dg=H+ Q1+ P+ Qo, dJ —JNJ=0.
Coset g ~ gh with h(o,7) € Sp(1,1) x Sp(2). Action Vv oot

VA

oo

S, (%StrP/\*P—%strQlAQ2+A/\8trP).

psu(2,2|4) Noether current K and equation of motion
K:P—k%*Ql—%*QQ—*A, dxsK — J ANxK —xK N J = 0.

Virasoro constraints
str Pi — str P? = 0.

Strings 2005, Niklas Beisert 6


http://arxiv.org/abs/hep-th/9805028
http://arxiv.org/abs/hep-th/0010104

Lax Connection

Bena

Integrability ~» Lax pair: Family of connections [Poichinsii]

Roiban

A)=H+Liz7+2)P+i7 = 2P —A) +27'Q1 + 2 Qo
Connection A(z) flat for all values of the spectral parameter 2z
dA(z) — A(z) N A(z) = 0.

Equivalent to flatness of J and conservation of K.

e Analytic for all z € C.
e Poles at z = 0, o0.

e Point z = 1 related to global symmetry: A(1+4+¢€)=J —2exK +....
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Monodromy

_ _ Al

Monodromy of Lax connection around closed string [/, rheiov]
Q) = (P exp jc[ J) <P exp ]f A(z)> | -

_fY f)/ //'k“\\

~_

Eigenvalues invariant under deformations of ~ s, Zaambol

2(z) ~ diag(eiﬁl(z), e eiﬁ‘l(z)H e (z) eim(z)).

Transformation of solution g(o, 7) to set of quasi-momenta {px(2)}.

e The pr(z) are conserved, gauge-invariant quantities.

e No (conformal/kappa) gauge fixing required.

e Analytic functions of z: Much physical information in {px(2)}.

e {pr(z)} contains all (7) action variables in Hamilton-Jacobi formalism.
e Diagonalising {2(z) introduces (solution-dependent) singular points.
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Bosonic Branch Points

Eigenvalue crossing: Consider 2x 2 bosonic submatrix I" of £2(z) [o5 Gy ]

I' = 2 Z , Y2 =12(a+dE/(a—d)?+4bc) .

Generic behaviour at degenerate eigenvalues ¢?Pk(2a) = ¢iPi(za);

e'Pr(za) (1 + agvVz — 24+ Oz — za)) :

i //////////// a
LTI 7 7 .

Full turn around z, interchanges eigenvalues (labelling): Branch cut.
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Fermionic Singularities

Mixed eigenvalue crossing: Consider (1]1) x (1|1) submatrix I" of (2(z)

al|b bc bc
[ = : d , ’}/—d——|—a, ’Y—d—"‘d

'....
i L7
.........

*

e’iﬁk(ZZ) L* 14+ O(Z _ Z;)

Residue of fermionic singularity « ~ bc is nilpotent.
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Spectral Curve

Py X X X X=X X _—
i § § Y oy i
py _— 4 £ X 4 X  E—X —_—
...................... S S S 1 SRR SW O e S SR
_— ¢ D——X ¢ X X ¢ X 2
s Y Y s § § \ Y s A A
_— ¢ X——x ¢ X X X Db
fffffffffff sflt*" C, !Fﬂkl/cllkilfiﬁ?********471/(?2!7777777777A .-
_— ¢ X X X Ph
s Y Y § § \ Y A A
— X x X P
§__1§+1V I A A
Py F—X Dé—X £ X —_—
A él A vl/Clv § § A A
ps = x X _—
e More standard spectral parameter z: 22 = (x — 1)/(x + 1).
e Derivative p’(x) is a curve of degree 4 + 4. ATl

e Singularities at * = +1; asymptotics at x = 0, 00; symmetry z — 1/x.
e Bosonic modes: Square-roots, branch cuts (Bose condensates).
e Fermionic excitations: Poles (Pauli principle).
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String Moduli

Single-valuedness of e¢?: All closed cycles must be integer

%dp e 2n/.

Cuts/singularities: “mode number” n, € Z and “amplitude” K, € R

1 1 1
dp=0, n,=-— [ dp, K,=—=— 1—— dz.
/a p=0. na=go | dp 5 Aa( x2> p(z) dx

p]%a / \ /4/\ l’;’a\( 50 /
A A

Ca
p;. ﬁ C >_,_,3“/—%00 /

Solutions classified by: connection of sheets, mode numbers, amplitudes.
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Spectral Transformation

From embedding of world-sheet g(o, 7) to spectral curve p’(x).

X X X X X
/_\ S § § Y v S
X X X X E——X
v SN I § § Ly [ ST A
E—— X B4
S Y Y S § § y v S A A
DE—— X X
- - S v ﬁu -y -y V- 4 A
X X
S y Y § § y Y A A
X X
P — = = T = e . § § B Vv A y
XX—— P —— £ X
\_/ A A y y g § A A
X X

Spectral curve encodes conserved charges of a string solution.
What about angle variables?

e Points on Jacobian of the spectral curve?
e Important classically, but
e obscured by Heisenberg uncertainty in quantum mechanics.

Strings 2005, Niklas Beisert
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Towards Quantisation

Classical solutions understood.

Fix gauge, introduce ghosts, Poisson brackets, quantise... Some results:

i e i i —— Alday |
e Uniform gauge & compatibility with Lax pair. Arutyunoy] prutne
e Some quantum commuting local charges for near plane waves. [,.., 6z |
e BRST consistent bi-local generator (pure spinors). [lep s oton159)

Some open problems:

e Current algebra, quantum anomalies?
e Algebra of monodromy (classical /quantum)?
e Proof of Serre relations for bi-local Yangian generators?

Directly quantise spectral curve? Qualitative picture.
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Riemann-Hilbert Problem

Parameterise spectral curve through its branch cuts and singularities, e.g.

dyp(y) 1 .
plx) ~ -+ sing.
@) /cl—l/?ﬂy—w

Function p(xz) parametrises discontinuity of p(x) across the cuts C.

Singular integral equations from integrality of cycles

21N, = P, () — Pr, () for x € C, x,

Strings 2005, Niklas Beisert 15
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Quantising the Curve

Classical solution is good approximation for large spins i ~ 1/.5 [0 65058

hep-th/0304255
S = / dz p(x).
C

Spins of compact symmetries are quantised S € Z.
Interpret p(x) as density of discrete contributions xy: (c.f. matrix models)

X
X

(( s ) o | /C dep(x)f(x) = Y flax,h) ( i

k=1

X
X

e To do: Find a suitable quantum extrapolation f(x, k) of f(x).
e Gather inspiration from gauge theory: Finite S natural.
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Overview Gauge Theory

* Dilatation Operator and Spin Chains
e States, Hamiltonian, perturbation theory.
e Summarise results of construction.

* Asymptotic Bethe Ansatz

e Diagonalise the Hamiltonian

e S-matrix, Factorised scattering.

e Asymptotic Bethe equations for N' = 4.

* Thermodynamic Limit

e Spectral curves and comparison to classical string theory.
e Bethe equations for quantum strings, stringy spin chain.
e O(1/L) finite size/quantum effects.

Strings 2005, Niklas Beisert
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Gauge Theory and Spin Chains

Single trace operator, complex scalars ¢1, ¢5 equivalent to spins | T), | | )

O =Tr ¢101020101010202 O)=1TT1T1T7111])

b G
@@gbl
6 !

1 sz 2

Length L: # of fields, # of sites.

More general: all fields W = {D"®, D", D" F} instead of just ¢1, ¢-.
Infinite-dimensional module W € Vi of psu(2,2|4) symmetry.

Operator mixing, quantum superposition: |O) = *|...) +*[...) 4+ ...

e Conserved charges: 2+3 integral spins of su(2,2) x su(4).
e 3rd conserved charge of su(2,2): Continuous conformal dimension D.
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Dilatation Generator

Scaling dimensions Dy (g) as eigenvalues of the dilatation generator ®(g)
D(g) O = Dol(g) O.

Dilatation generator/dimensions as spin chain Hamiltonian/energies.
Quantum corrections: O(g!T9~2) for I/0O in/out legs

++9 ;@€ + D34+ gDy + ... =D+ g*H(g).

Local action along spin chain (homogeneous, long-ranged, dynamic)

£ LA

p—2 p—1 p p+1 p+2 p+3 p+4
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Construction

Hamiltonian/dilatation operator constructed (without field theory):

e completely at leading order: nearest-neighbour interactions, |[.., ./ou072r7|
e in s5u(2|3) sector (¢1.2.3,11.2) at O(g®) (dynamic), [lnep-tn/o31053)]
e in su(2) sector (¢12) at O(g'?). e

Integrability

Spin chain model apparently integrable:

e One-loop: R-matrix formalism, Minae] ] [aenensosorses.
. . NB

e some commuting charges constructed at higher loops, Kristjansen)

. . . . NB .

e degeneracies in the spectrum: planar parity pairs, [Icrisiansen | [lp-cayo310252)]

Dolan .
-[1 I/Agarwal

Nappi ]
[Witten Rageev |

e conserved bi-local Yangian generators.

Proof of Serre relations for perturbative bi-local generators?
Proof of integrability at all loops? Assume integrability. ..

Strings 2005, Niklas Beisert 20


http://arxiv.org/abs/hep-th/0407277
http://arxiv.org/abs/hep-th/0310252
http://arxiv.org/abs/hep-th/0405001
http://arxiv.org/abs/hep-th/0212208
http://arxiv.org/abs/hep-th/0307042
http://arxiv.org/abs/hep-th/0303060
http://arxiv.org/abs/hep-th/0303060
http://arxiv.org/abs/hep-th/0310252
http://arxiv.org/abs/hep-th/0308089
http://arxiv.org/abs/hep-th/0409180

Coordinate Space Bethe Ansatz

Solve spectrum for 0,1,2,many excitations. hep e oa13153 |

Vacuum of an infinite chain: half-BPS state (Z: complex scalar)
0)=|...Z2Z2...),  H|0) =0.

One-excitation states with excitation A at position a, momentum p.

Berenstein

Excitations A = ¢, D, 2,1, 44 4|8 flavours, stringy spectrum. [weidacens|

Nastase

Ap) =) P A%, HIAD) = ea(p)|A ).

Obtain dispersion relation e 4(p).

e ¢4 (p) derived at three loops, hep. thy0a15186)
e equal for ¢, v (and DZ) and
e asymptotic form conjectured (plane waves limit). NB, Dippel
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Elastic Scattering

Staudacher
hep-th/0412188

Two-excitation scattering state

A, p; B, q) = Zabw%\g (D). C% D),

Demand eigenstate of elastic scattering process

H|A,p; B,q) = (e(p) + e(q))|A, p; B, q)

with asymptotics of the wave function ¥

ipa-+1igb ¢C D
p q 5./4587

ipa-+1qb SCD (p, C])

J’AB a<<b(p (]) — €
V9B ass(D,q) =€

e S-matrix derived for su(1|2) sector at O(g%) and [ 5 5is e [o8 Sudecher ]

e simple all-loop form conjectured (apparently new). ren o 0800100
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Factorised Scattering

Integrability: Factorised S-matrix, e.g. three excitations:

NB, Staudacher

Computed and extrapolated S-matrices satisfy YBE. ren o 0800100
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Nested Bethe Ansatz

Momentum flow diagonal, flavour flow non-diagonal.

YBE: S-matrix diagonalisable
S” (z,2") = 8107, S, (z, z).

e Use new types of excitations j =1,2,....
e Eg.:p:1,1Y:1+2. Then 1: main spin wave; 2: nested flavour wave.
e Replace momenta p, p’ by spectral parameters z, 2.
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Asymptotic Eigenstates

Eigenstate composed from partial asymptotic wave functions.
Phase between partial wave functions determined by S-matrix:

T3, J3 T4, J4 T1,J1 x5, J5 T2, J2

x1,J1 Z2, j2 x3,J3 T4, Ja x5, Js

Note: Eigenstate on an infinite spin chain. Periodicity: Bethe equation

T2, j2 3,73 T4, J4 x5, J5 T1,J1
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Bethe Equations

N =4 SYM/psu(2,2|4) has 7 types of diagonalised excitations.
Expected structure of Bethe equations:

1=25 HH x]k,x/k/)

=1 k'=1
(j’,k’#(j,k)

Scattering phases S;/(z, 2") tightly constrained by desired properties:

e At g = 0: One-loop equations; should explain multiplet splitting.
e should be compatible with Bethe equations in subsectors.

e Aspects of dynamic spin chain should be reflected.

e Restriction to cyclic states (trace) should be crucial.

e Structure of the algebra psu(2,2|4) should be important.

e Spectrum should agree with known anomalous dimensions.

Strings 2005, Niklas Beisert
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Full Bethe Equations for Higher-Loop N = 4 SYM

Found solution which has all desired properties.

coupling constant

transformation between v and z

x(u) = %u—l— %u\/l —2g2%/u?,

2
u(m)—x—l—g—

xt parameters

spin chain momentum

local charge eigenvalues

anomalous dimension
1
- o $ ()

j=1 J34 Ly j

some free parameters in o(z1,z), for N =4 SYM: 0 =1

Strings 2005, Niklas Beisert

Bethe equations
_ ﬁ xi)

j=1 Tajj

Ko ZK41_

2 +
/21‘17k1‘47j

— U
- [ et Ll

j=1 Ul — U2 — 2 j=1

Ko

2/2$17kx;j

i

— U + 2

NB, Staudacher
hep-th/0504190

. K-

1= 1] Uk — Uz j — & T Uk
jo1 U2k — U2 155 Ugg
J#k

Ko Us g 1 Ky

K
— Uzt 5 T Y2k

K2
T U3 T g =1 Uk

+

| — k— U2+ 35 T3k — Ty
- 11 -

jo1 Usg — U2 — 5 i T3k — Ty

2 /9 +
9/2$4k$4] 2

1— <$4,k> H (954,1@ — Ly 1- kL
A\ - + 2 — T
Tok) =1 \Tar — Taj 1—yg /2$4,k174,j

J#k
Ky

H 1-— 92/21’;]{:%‘17]‘ Ks

- _ . Ks
Ly — 13,5

- ul,j —

2
i
2

($4,k7 1’4,]'))

K7

=1

— 2/9.+ , T
1—-yg /2934,1@95171 j=1Tak

+
T sk — T4

K . K.
T Usk — Ugj + 3
=11 »

3
j=1 Us e — Usj — 5 j=1 L5,k

J

K7

o + _ ) _
T35 oy Tap — sy g L

— 2 —
Ly — L5,5 H l—yg /2954,k137,j

2 +
9% /2% 7

Ko K
T Usk — Usj — 1 T U6k —
1—H

—1 Uk — Uej 12 Usk
J#k
Kg u67 + 1 Ky 1_

— US,j —

2 +
/2$7,kx4’j

1:HU7k

j=1 Uk —

C_ 1 — 2 =
U6,j — 3 j=1 l—yg /2x7,kx4,j

1

Usg + 5 71 Usk —
: H
2 =1
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Results on Scaling Dimensions

Explicit (more or less) computations of higher-loop scaling dimensions:

e Various anomalous dimensions from constructed dilatation generator.
o Twist-two Tr WW at O(g%) extrapolated from QCD [vermaseres] [“Gricieric |

Vogt Velizhanin

A A2
D="sh -
D=5 1o

(hg + h_3 — Qh—2,1 + 2h1ho + thh_z) -+ ...

comfirmed by unitarity of four-point amplitude, [ oon |

Smirnovl-

e Konishi Tr ®,,®,, and operator Tr &,,®,,,,, at O(g®) by EOM, [ s=ci

Sokatchev:

e operators Tr D3¢? at O(g?). (-

hep-th/0501234 |

Complete agreement!

e Almost certainly true at three loops. Predictions for higher loops.
e Asymptotic: Designed for L loops (L: length). Wrappings?
e Proof? Analytic properties? Transfer matrices?
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Dynamic Transformation

Curious identity of S

2
g
ng = Slj S()j when X3 — 2_561 .
E.g. for = 4 we have
+ 2 + -+
T3 — T 1 —g“/2x1x T
O34 = >, Su= 2/ =, Su=-—"%.
T3 — X, 1 — g?/2x12, T,

In words: An excitation of type 3 is equivalent to type 0 + 1.

e Excitations j' = 1,3 are flavour spin waves.
e “Excitation” 5/ = 0 adds a field Z.

Dynamic spin chain effect!
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Thermodynamic Limit

e Long spin chains, L. — 0.
e Long wavelengths, A\~ L, p~1/L.
e Large number of excitations (spins) K ~ L, coherent states.

. . NB, Minahan
Roots x; condense on curves C, with density p. [t [ s?udacbher]
o X
o o ° X y
. ° . alc C
{ [ ([ 1 2 3 4
e o° ®*° o, — } — p p( xx5;)p XTg P
° ¢ ° \
o ® X
o X
Roots can also remain single x* and/or form stacks. ooz

Discrete sums/products turn into integrals with density p

fo’“ H/1dx102/2xz (Z)—I—Zaf(ZEZ)
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Comparison to Strings

Integral equations for thermodynamic limit similar to classical strings:

e Agreement at O(A\?/L%).
e Disagreement at O(A?/L°%): But A < 1 vs. A > 1!
e Bethe equations can be adjusted to classical strings.

Stringy Choice of Parameters

e Can extrapolate Bethe equations to finite L (quantum strings). [ oo |

Staudacher
Reproduce O(1/L) results for near-plane wave strings.
Reproduce generic v/ behaviour at large ).
What about quantum effects for spinning strings?

e Can also extrapolate to small \. [bep-tn0a09054)

Bethe equations actually describe a spin chain: “string chain™.
Does the extrapolation have anything to with strings or is it lunatic?
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Bethe Equations for

Bethe equations

Ky o+

x4 >

1= =

j=1 T4
K: i K 2 +
1= ﬁ Uy — U2 + 3 ﬁ 1 —g%/2xy g
j=1 U1k — U2, — 2 j=1 1-g /2-T1,k-754,j

K . K. i K
T Ugp — Upy — @ Ty Uok — Usj + 5 ¢ Uk — Ur; +
- i -

ol |pole.

1 . _ L o —
jo1 U2k — U 055 U — Uz — 5 i Uk — Ul
ik

]_:

K i K +
T Uk — Ui+ 5 o L3k — Tdj
al
2

j=1 U3k — U2,5 —

-\L Ky + - 2
x ri,—xy; 1—g%/2x] 2y
V= () O (e S 2y

Tok) =1 \Tar = Taj 1—yg /2x4,kx4]
Jj#k
Kl K7

Quantum Strings & String Chain

local charge contributions

v =5 (= - )

auxiliary scattering phase

97',s(x17 xQ) = (%92>(T+S_1)/2 q7-(ZL'1) qs(‘%‘?)

function o (1, x2) for quantum strings

0(1"1, $2) = exXp (l Z(er,rﬂ(xl, 5172) - 9r+1,r($17 1‘2)))

9 r=2
—9° /27 27,5

<10 1—g°/2x; 21 ﬁ Typ — T35 ﬁ Typ — Ts I

— 2ot o o
Zil—g /221, j=1Tak — T34 j=1 Tak — L5 j=1

K i K +
T Usk — Usj T 5 T Tok — Td
-1 .

- =
j=1 sk — Uej — 3 j=1 Lo,k — Ly

Kg K i Ky i
1 T Usk — Usj — 1 o Uk — Usj+ 5 71 Uek — Urj+ 3
_Hu —Ug; +1 ;5 U 4—1Hu =2
j=1 6,k 6,7 j=1 46,k — Us j 2 j=1 Y6,k — Uz 4 2
J#k
K i K 2 +
1= l_i U77k—U6] 2 ﬁl_ /2.1'77]“([47]-
= — — %
j=1 Utk — U6j — 2] 11 /2$7,kx4,j

1— gZ/Qkaxm

resummed function o(xy, z5)

- 92 gQ . 92 i(u1—u2)
Qa7 aT S opTat T 9 -
o(x1, 1) = ;2 : x;QxQ I;Q%
— 1— 1—
20wy 2 xS 2, Ty

Challenge: Derive equations from strings? first principles, constraints?
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Finite Size & Quantum Effects
Two types of effects at O(1/L). |

hep-th/0306130

Spectrum of fluctuations around a classical solution:

* Strings: Expand around classical solution to second order.

* Bethe ansatz: Add one Bethe root. tandocne ooe ol [hep-ensoa0s167]
e Find set of allowed positions (discrete).

e Compute backreaction on condensates of Bethe roots.
e Relate to certain cycles on the curve? (c.f. matrix models)

Quantum energy shift of classical solutions:

* Strings: Sum of fluctuation energies 6E = 5, ey. [ Pk ][ Park |

Tseytlind LTseytlin-

x Bethe ansatz: Careful expansion in 1/L, anomalies. ['g, Tsiin] [Fsmindes tope

Zarembo Periaiiez, Sierra ||

e Using analyticity, can derive 6E = 55, €, for su(2) sector. [,ousibita:]
e Generalize to complete psu(2,2|4) at higher loops?
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http://arxiv.org/abs/hep-th/0502188
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Overview Deformations

Many results for ' =4 SYM (few proofs). More general models:

* Plane Wave Matrix Quantum Mechanics
e Similar spin chain model.
e Perturbative computations somewhat simpler.

* Twist Deformations
e Large class of integrable deformations.

* Large-N. QCD
e Open chains.
e Towards phenomenology?

x Orbifolds of N/ = 4 SYM
e May preserve all integrability.
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Plane Wave Matrix Quantum Mechanics

Truncation of N' = 4 SYM to finitely many spin orientations. [5earfﬁscteeri3][§le%]

Nastase
e Spin chain with su(2[4) symmetry.
e Hamiltonian in su(2) sector computed at four loops. Rlosel ] [|iactasrer |
e Bethe equations derived.
e Violation of BMN scaling at two/four loops.
e Wrapping effect computed, not yet compatible with Bethe equation.
e Complete higher-loop Bethe equations? Similar to N' =4 SYM.

. . o Spradlin Hadizadeh
e Count states. Partition functions. Integrability?  [ven Roamsioni] [_Remadanovic |

Volovich Semenoff, Young
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http://arxiv.org/abs/hep-th/0310232
http://arxiv.org/abs/hep-th/0412331
http://arxiv.org/abs/hep-th/0409178
http://arxiv.org/abs/hep-th/0409318

Twist Deformations

See also Frolov's & Lunin's talk.

Introduce phases when two charged excitations cross.

Antisymmetric product ¢ x ¢ = Cupqaq;, antisymmetric twist matrix Clp.
e Similar twist for Hamiltonian: (-deformed N = 4. [Jlc2 |[Feersten] [, Sonn
e Twist of flavor symmetry: *x-product.

e Can twist spacetime symmetry: Sort of noncommutative theory. [
e YBE preserved by generic twist.

e Bethe equations for complete twisted model proposed. Roan | [ NE ]

Tseytlin

Strings 2005, Niklas Beisert 36


http://arxiv.org/abs/hep-th/9503121
http://arxiv.org/abs/hep-th/0405215
http://arxiv.org/abs/hep-th/0502086
http://arxiv.org/abs/hep-th/0505187
http://arxiv.org/abs/hep-th/0503192
http://arxiv.org/abs/hep-th/0505187

Large-N. QCD

e One-loop integrability found several years ago. 2 T [lcomey Warchamaiol]
e Not completely integrable, only in sectors.

e One-loop Bethe equations for maximal integrable sector. |
e Antiferromagnetic ground state. Ferper, Heise]
e Open spin chains.

e Higher-loop integrability?

e Why integrability? Inherited from N =4 SYM?

Orbifolds of N/ = 4 SYM

e Interesting & rich types of spin chains.
e Good chances for complete & higher-loop integrability. When?
e Some results & Bethe equations. hepenra11037 | [ erinroasiois ]

e No conclusive picture yet.
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http://arxiv.org/abs/hep-th/0407232
http://arxiv.org/abs/hep-th/0412029
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Conclusions

e Exciting subject.

e A lot of progress in the last few years. This talk:

* Solved the spectral problem of classical strings.
x Proposed Bethe equations for ' =4 SYM (and quantum strings).

e Many questions remain: Hard problems, easy problems.

e What about three-loop disagreement? Wrappings? (hard problem)
Better question: Why two-loop agreement? (some understanding)

e Integrability: when and why? Inherited from N =4 SYM?!

e /f Bethe equations is an answer, how general can the question be?
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