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Abstract: The duality between theories of quantum strings and Yang-Mills gauge theories, in particular the AAS/CFT conjecture, has over th:
given rise to many important physical insights. Recently, the realization that both sides of the duality, in certain limits, can be be descrit
integrable systems has lead to a good deal of progress. In this talk we will review the construction of these integrable structures and their us
in understanding strings in curved backgrounds/strongly coupled gauge theories. We will discuss how the asymptotic S-matrix that enters th
equations for gauge theory anomalous dimensions provides a very convenient description of the system and how it can be reproduced 1
classical string theory. Further, we will outline some partial attempts to extend this equivalence, and the corresponding integrable structt
include world-sheet quantum loop effects.
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Motivations

« There has been a good deal of success recently in comparing the energies
of semi-classical string solutions with the anomalous dimensions of gauge
invariant operators in the context of AdS/CFT.

» So far much of the progress has involved considering specific string
solutions e.g. the solutions with certain large charges of Frolov, Tseytlin,
GKP, BMN and many others.

» In particular the (possible) presence of integrability in the classical
(quantum) worldsheet theory (Bena, Polchinski, Roiban also KMMZ and

others) and in the dual gauge theory (Minahan&Zarembo) has led to the
introduction of a number of powerful tools e.g. the Bethe ansatz.

» The S-matrix seems to be a particularly simple tool to describe the system
and there has been a good deal of progress in finding the correct S-matrix
for the gauge theory and worldsheet theory using symmetries, generalised
crossing, perturbative results, wild conjectures,...(AFS, BDS, HL, FK.RTT,
Janik, Beisert, Staudacher, HM, BHL, BES,...)

» Of course it would be useful to have a direct way to calculate and test the
various conjectured S-matrices and in this talk | will try to outline a few

partial results regarding the worldsheet S-matrix in the small momentum
limit.

» Based on hep-th/0611169 with T. Klose, R. Roiban, K. Zarembo and work
in progress.

Pirsa: 070%&}} ﬁ'l'.h, 2m.?, Page 4/71



Outline

« Briefly outline Metsaev & Tseyllin Green-Schwarz string theory on
supercoset space PSU(2.2(4)

SO(4.1) x SO(5)

and in particular the construction of a gauge fixed light-cone action.

» Describe the calculation of the classical string S-matrix in light-cone gauge.
This calculation leads to several puzzies, in particular the resulting S-matrix
appears be inconsistent with underlying symmetries: outline and explain
how this issue is resolved, in particular the appearance of a non-trivial
coproduct is important.

« Compare results with spin chain description of dual YM theory and the S-
matrix for the dynamical SU(2|2) sector.

« Discuss the one-loop corrections to four-point function for this action and in
particular show that one runs across unexpected divergences. Consider the
one-loop effective action of sigma model on supergroup manifold which is
finite and describes a step toward finding one-loop effective action of the
string theory in conformal gauge.

» Conclusions and possible future directions.
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AdSs x S° Geometry

The metric in global coordinates is given by:

ds® = R%(—cosh®p dt*+dp®+sinh®p dQ32 +cos*0 do* +db* +sin’0 dO3)

where R denotes the radius of both the AdS; and S° subspaces,

and dQ3. dQ3 are 3-spheres. The coordinate ¢ has periodicity 27.

»  We must use the covering space so that t is not periodic

« Bosonic isometry group, SO(4,2) x SO(6), combines with the
supersymmetries into the supergroup PSU(2,2|4)
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« The string action in this background is

R [ .

= o / d*o (V—hh*°Gyunx(X)9, XM 3,X") + fermions

™

« Action is non-linear and quantization of string theory in this
background is extremely difficult & so far unsolved.

« |t is only tractable in certain limits when expanding about certain
classical solutions; spinning string solutions (Frolov, Tseytlin,...) or
the fast point-like string moving on a geodesic on the sphere
(BMN).

« (Can describe the target space as a (super)-coset which allows for a

simple (relatively speaking) description of the action including the
fermions.

« Just like for sigma models on coset spaces this action is classically
integrable (it has an infinite number of (non-local) worldsheet
conserved currents) which gives us hope that it might be solvable.

Pirsa: 070?&)0% Gth m.?, Page 7/71



String S-matrix from scattering

« First we discuss expanding the Metsaev & Tseytlin action for the
GS string about the BMN vacuum and using the light-cone
Lagrangian to find the S-matrix. The action is

> 1 _ |
& = —z / o \Jag™ LiLy + :/ s NL'T* A E?
M3 Ms

2

« The L¥ and L“are the bosonic and fermionic components of the
super-vielbien

« AdSs x S° can be written as a coset manifold which makes finding
the vielbien possible (Kallosh, Rahmfeld, Rajaraman)

sinh M

L{u — D&QGJ
: ,.—'V[
.. = sinh?( M /2)
L{: — E""pc}nl"” o -L{BJ ( _,.'\,/!2 .Daﬁr
1 | I ;
wlth { 'I')HH}I = ({'LH 3 I (..L-'F 'y L t:)ﬂJ'm) r,l‘lfH) — :;f__.".frj: » f.')d‘.l"mr.r'“glj
2 - = - 1 ! G s e Pt — g RS
{.-M_}If' = f_LF[it[;:HJﬂf.Ip]_!_;*hf.{._[-JLH."HF\IJLI*_}_r}iﬂfﬂﬁljﬁ )
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Worldsheet Action

There are several issues involved in finding the appropriate action.

General Outline:

Introduce light-cone coordinates and make gauge choice.

We fix x* =1, p.= 1 and using kappa-symmetry t9 = 0
Remove x- using the constraint equations from the metric equations
of motion (actually leaves zero mode undetermined) .

Determine the world sheet metric using the x~ equation of motion

We calculate the light-cone Hamiltonian and express it in terms of
the transverse coordinates & momenta

‘P‘l' = H.’..f:.(PI--I-'”.--'UI-P.« t.i"f- C-C)

At this point it is necessary to make a redefinition of the fermions in
order to get canonical Poisson brackets.

Legendre transform in the transverse directions to find the light-
cone Lagrangian.

Expand in inverse powers of v\ .
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Alternatively

« Alternatively we can simply gauge fix the Lagrangian and Legendre
transform in the remaining light-cone direction. This again gives an
action for the transverse degrees of freedom.

Lve. =Lg4. —P-%
« This approach gives the same answer for the bosonic part of the

action however the fermions may be different and it may be
necessary to make a field redefinition to find agreement.

« Last approach, one can T-dualize in the x direction and choose
the gaugef! — 7, r = ~o . We can now impose the appropriate
-gauge (using the projector orthogonal to the fermion kinetic
operator) and integrate out the world-sheet metric giving a Nambu-
like action (similar to Kruczenski, Ryzhov and Tseytlin).

E = VI— det h + sz

L%

[

« We now expand in powers of fields and we find the same answer

as the previous method provided we make the appropriate gauge
choice and for a suitable definition of the fermions.

irsa:

070?&)&1} ﬁth, m.? Page 10/71



Light-cone gauge and expansion parameters

This leads us to the issue of different gauge choices: a useful
interpolating choice is (AFZ)
P_.=(1l—a)E+al

— |If we choose J=P_to be constant and this gauge choice should give a
s-matrix which agrees with the small momentum limit of AFS (once we
take into account the difference in the definition of the string length).

— The “uniform” light cone-gauge, corresponding to E+J constant, the
formula are a little simpler and the scattering matrix should agree with
that of Frolov, Plefka and Zamaklar. Of course in the end these
different choices should give equivalent physical descriptions.

— Another issue is the exact expansion parameters: Gauge choice fixes
string length 2

T = %P_
Y 7/
one can now take ./ to infinity, which allows a sensible definition of the
S-matrix and i27 ‘he loop counting parameter.

v A
— Equivalently one can rescale the world-sheet coordinate by V A the
world-sheet length is P. which we take to infinity and now take a small
momentum expansion. At least at tree-level these two expansions
should be equivalent.
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PSU(2,2|4) String S-matrix

« After gauge fixing physical fields form a bi-fundamental representation of
psu(2|2), x psu(2|2)s (with shared center) i
Yoa — Y
] I
Tnd L Zﬂfft

« Two particle S-matrix act on tensor product of su(2|2)*2 module W,
S:W, W, - W, Wy,

» Expectation is that S-matrix describes an integrable system which implies
that
— That it splits into two factors, one foreachpsu(22) S =S @ S
— That there is no particle production
— The the multiparticle S-matrix factorizes into two-particle S-matrices which in turn

satisfy the YBE.
— To lowest order
_ 2mz T(p,p') (1)
S(p.p)=1+ 08—
PP \/1 E’p-—fp’ X
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« T-matrix also factorisesas T=12T+To 1
and satisfies the cYBE.
Using the manifest su(2)* symmetries we can write the T-matrix as

T = A556¢8 + B&YSE T = Ceac™,
T2, = D885 + E 828}, T = Feat™,
T =G, T =Las,
T'9 = H &5 TS = K 8°65¢ .

« This leads to a few puzzle:

— T-matrix doesn’t commute with global symmetries

— Resolution: Existence of additional central charges and the global
charges are non-local in light-cone gauge i.e. they have a non-trivial
coproduct.
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» Firstthe extra central charges (Beisert & AFPZ): The algebra when realized in
terms of Noether charges only closes up to constraint equations (or if all gauge
invariances are fixed up to compensating transformations). In the case at hand
the level matching constraint is imposed on states and the Poisson bracket of
susy charges closes up this constraint.

Tr{Q. Q}x/dar (PP XT 441 T) = /dax—

« Secondly there is non-trivial braiding for global charges: Quite generally currents
in 1+1 dim field theory can have non-trivial braiding relations with fields

J4 p(x) 9° (y) = Ogpe P°(y) o r(x)
where there is an implicit time ordering of fields. (Fields at a later time lie fo the left).

J(z)P(y) = J(z,t + €) P(y, t) b 2

+ When fields are mutually non-local and their definition requires a choice of
contour one must be careful to deform the contour when reordering fields.

Page 14/71
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« T-matrix also factorisesas T=12T+T® 1
and satisfies the cYBE.
Using the manifest su(2)* symmetries we can write the T-matrix as

T = A58 + B&lst T = Ceu™,
T, = D§ss+ E&d, TR =Fe ™.
To; =G 5565, Ty, = Lalsy,
1% = H§%) | TS = K 825¢ .

« This leads to a few puzzle:

— T-matrix doesn’t commute with global symmetries

— Resolution: Existence of additional central charges and the global
charges are non-local in light-cone gauge i.e. they have a non-trivial

coproduct.
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» Firstthe extra central charges (Beisert & AFPZ): The algebra when realized in
terms of Noether charges only closes up to constraint equations (or if all gauge
invariances are fixed up to compensating transformations). In the case at hand
the level matching constraint is imposed on states and the Poisson bracket of
susy charges closes up this constraint.

Tr{Q,Q} x /dﬂr P’l‘[ + LT*T) /a’a.‘i'_

« Secondly there is non-trivial braiding for global charges: Quite generally currents
in 1+1 dim field theory can have non-trivial braiding relations with fields

JA g(x) € (y) = Oppp P°(y) I p(x)
where there is an implicit time ordering of fields. (Fields at a later time lie fo the left).

J(z) P(y) = J(z,t +€) D(y.1)|__,

* When fields are mutually non-local and their definition requires a choice of
contour one must be careful to deform the contour when reordering fields.

Page 16/71
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For example if we consider the bilocal current in PCM’s

Joy =*Juy + 3[Jay,x]  x= [, *xJq
The non-trivial braiding can be schematically shown by the contour argument

=00

iy

C

= = _ - ) o
Q

Cx

= .
D(y)
Ig> I‘y I}‘I} Ix
which results in the expression
[2]( ) D(y) = & )Jaw) () — fﬂkal)( (¥)) {1} x)

where the action of the charge on a field is given by
Qly (B(y)) = f d=Jy(2)8(y)
T

and where the contour is
—00 - /;\
o

el

which reduces to the usual commutator when the current is local.

Y +00
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« For the worldsheet theory the global susy Noether r.:urrants depend
explicitly on x~ rather than it's derivatives: Jo—et BIXT)

» One can then use the constraints to show that

.r_('.r)::'[ dw ™ (w) {z (w), P(v) }—Ej——%ﬁ w—y) P(y)
and so -1/ :
Joap(z)B(y) = (e71/2748%d(y)) Joag(x) x>y

« Can now calculate the action of the charges on fields by integrating along
C, using the contour manipulation

Ty : C2 c, .
e — WAL e -
= N’ ¥

* Implying the resuit

Q4 8(¥°(2)) = Q) p° () — (eV/*% ¢ (2)) Qs

« The other charges don’t involve any countour in their definition however as
always to define the higher (non-local) conserved charges we will introduce
extra contours as before.
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« Similarly we can calculate the action on tenor products and it's easy to see that
the charges do not satisfy the usual Leibnitz rule but rather have a non-trivial
coproduct

== ¥ .. Oy
(QIIIB): {1}5' D 1 + e~ 1/2048%] g errB

« The other “local” charges have a trivial coproduct though as mentioned the
higher conserved charges will be more complicated (in principle gives a
definition for all powers and combinations of operators).

« This coproduct is similar to that constructed by considerations of the gauge
theory Gomez & Hernandez, PST:

— In fact using a nonlocal field redeﬁniﬁnnmeyc:anbemadeﬂiesame
where Z's are the length changing operators: .« . ,*=°

e

— On both sides the non-trivial braiding is due to the length changing
operators (loosely defined): =i ., Z+

With a canonical choices for the counit (and unit and muit.)

elr) =0V zxeg e(l) =1
there is a unique choice for the antipode 7 s.t.

Mo(idxv)oA=noe=Mo(yxid)o A
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We now go ahead and calculate the S-matrix to lowest order
in vA (actually rescaled coefficients of T-matrix )

T|Y,iYy;) = Alp. p)|YaiYsi) + B(p. P)1%5iY);) + C(p. pease™ | Toi Ts;)
T|Y,iY5) = Glp. p)|YaiTsi) + Hip. p)| V5 Y))
T|Y.1Ys) = Kip. p)IYaiT,;) + Lip, P Yai Yzg)

T|X,iY%;) = Dip, p)|Y%iTs) + Elp, P)|T5T,;) + F(p, pP)ease™ Yai Y3y

1 r [
Alp.p) = 3[{1 —2a)('p—cp) 4+ (p—p }2]

B(p,p)) = —E(p.¥) =

Clp.¥) = Flp.¥) = %v’t:—: +1) (& +1)(Ep—<p' +7 - p)
D(p.p) = -*[“ ~2a)(p—<p) ~ (» 'p'}z]

1
G(p.p) = L(p, pi*;[tl-hﬂ{ p—cp)’ P’+p""]

1 ,(-+1Hs +1)—pp
2 Jeirheey
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« Similarly we can calculate the action on tenor products and it's easy to see that
the charges do not satisfy the usual Leibnitz rule but rather have a non-trivial
coproduct

Fa d.r
(Q[UB) . Q 1)B & R 1 + e /274897 g errB

« The other “local” charges have a trivial coproduct though as mentioned the
higher conserved charges will be more complicated (in principle gives a
definition for all powers and combinations of operators).

» This coproduct is similar to that constructed by considerations of the gauge

theory Gomez & Hernandez, PST:

— In fact using a nonlocal field redefinition they can be made the same
where Z's are the length changing operators: . — *Z°

— On both sides the non-trivial braiding is due to the length changing
operators (loosely defined): ** . Z+

With a canonical choices for the counit (and unit and muit.)

e(x)=0Vxreg e(l) =1

there is a unique choice for the antipode 7 s.t.

Mo(idxvy)oA=noe=Mo(y xid)o A
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We now go ahead and calculate the S-matrix to lowest order
in v\ (actually rescaled coefficients of T-matrix )

T|Y,iY5:) = Alp, P)|YaiYsi) + Bp, p)|4iY0) + Clp. peare™ | Toi Ty;)
T|Y,iY5) = Glp.p)|YaiTsi) + Hip. P51 Y;)
T|Y.1Y;;) = Kp, PV Y,;) + Lip. P Tai Yz5)

TIY,iT%;) = Dip, P)|VaiTs) + Elp, D)5 TL;) + Fp pease® Voi Yy

I. F r ’
Alp.p) = I[“ —2a)('p—cp) +(p—p }2]

Bip,p) =—E(p.p) =

Clp.p) = F(p.p') = —\/ +1) (& +1)(p—=p P —p)
D(p.p) —-—[{l-EaJ(-fp—Ep'f-{p-p’}z]

1
G(p.p) = L(p,p) = I[*l — 2a)(p—=p/)’ = p? +pﬂ]

1 (e+1)( +1)—py
H(p.p) = K(p,p') = 5PP Vie+1)(e+1)
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« Notable features:
— invariant w.r.t. global charges only when we use non-trivial coproduct

and where now algebra includes exira central charges. In terms of
oscillators we have for example at quadratic level:
s = ( _}[f"'f |.“ 'ir‘- M _ 1 I r.”{_,_] B = /:;.,_,PCTH
— such that
{9, 9"} = —*%Emafﬂbqs s
{6 6"} = —2eare™ P .
{Q.% 6"} =35 L° + 6 Ra” + L6058 9
and the S-matrix should satisfy the intertwiner condition

.-

(11 ®Qu*s+ Qs ® e__ﬁﬂ’"l) S=85 (é}flns @l+e ATIQ ‘5}3)3)
which at tree-level corresponds to
Q2T +F2Q." T =+(3PF) 2 Q" — Q" @ 3BF)
[Gaﬂ '3 3 e E ::‘:‘ Gaﬁ* TI — _(%“BS) @ 6& = = 6&!’3 3 (5‘133)
and this is indeed satisfied.
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» At least for the rank one sector involving a single boson we can explicitly show
the absence of 2 ->4 particie production or equivalently the factorisation of three

body scattering
& 8
£y i o R i
' [ =] F P
- e == : ’“.I. L - = e _0
P i .I.': b i — o — "‘“—-..__\_H_\_\_h‘-- ’ﬂ-"_'__,_/-'-"" f:’ —
Afd_ S ) it Bi4.5.6) i
a— R e
> D\
_____

F > z \\ :
i |-I-"i-.f-'| r,

» The T-matrix does satisfy the cYBE
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The N=4 SYM Spin Chain

« At weak coupling planar U(N) gauge theory can be described by a
spin chain. In particular the eigenvalue problem for the dilatation
operator is related to that of a spin chain Hamiltonian

D-0=A/80.
« E.g. one-loop su(2) subsector is just the Heisenberg spin chain
Dy=» 1-Pooyy O=T(ZZWZ---ZW Z)

« Focus on a spin chain with su(2|3) symmetry (arises as subsector
of full psu(2,2|4) theory). Each spin site can take one of five

orientations | - -
x = {Z,¢', ¢* | v, v*}

« A generic state is a single trace gauge invariant operator and
D=gl(1) generator C su(2|3).

irsa:

070?0&% Gth, m.? Page 25/71



At least for the rank one sector involving a single boson we can explicitly show
the absence of 2 ->4 particle production or equivalently the factorisation of three

By P e
P
L]
i | F e
{‘ lll|‘
ALS_5 ) e Hi4,5.6)
e = =,
- e
- == B o
;J-_n. J"I
LU 4,5,6)

The T-matrix does satisfy the cYBE

/F

b= ;;é;f;f’“” =0
S _‘_‘_‘—‘—\__‘_‘_\_\_ J']
i N \l‘
b N

L f_l
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The N=4 SYM Spin Chain

« At weak coupling planar U(N) gauge theory can be described by a
spin chain. In particular the eigenvalue problem for the dilatation
operator is related to that of a spin chain Hamiltonian

D-O=A/A0.
« E.g. one-loop su(2) subsector is just the Heisenberg spin chain
Dy=» 1-Poopy O=T(ZZWZ---ZW Z)

« Focus on a spin chain with su(2|3) symmetry (arises as subsector
of full psu(2,2|4) theory). Each spin site can take one of five

orientations . S
x ={Z,¢", &% | ¥, ¥?*}

« A generic state is a single trace gauge invariant operator and
D=gl(1) generator C su(2]|3).
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« Hamiltonian can been explicitly constructed in perturbation theory at low

orders 5 -
3 A 3 G5 ar N

r,r" = _
. .-\.'1':—[_"' ;..;T_‘

« Perturbative calculations confirm the presence of integrability at low orders
(and recent four loop calculations (Bern et al, BES) have confirmed
conjectures assuming integrability to all orders).

» Hamiltonian at higher loops is long-ranged, the maximum length of
interaction being that of the loop order.

= The action is dvnamic, the generators can change the number of spin sites
€.g. (_’i{,'_* ~ [@‘ Z]

* Define vacuum state: é (277 - - - Z777) ,consider infinitely long and
asymptotic states. Remaining excitauons are

b

x = {¢',¢° | ¥, v*}

the algebra which preserves the number of excitations is su(2|2), consists of
two su(2)’s, the central charge (the dilatation operator), the susy charges
(which can change the site numbers).

Page 28/71
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The N=4 SYM Spin Chain

« At weak coupling planar U(N) gauge theory can be described by a
spin chain. In particular the eigenvalue problem for the dilatation
operator is related to that of a spin chain Hamiltonian

D-O=A0,.
« E.g. one-loop su(2) subsector is just the Heisenberg spin chain
Dy=» 1-Pooyy O=T(ZZIWZ---ZW Z)

« Focus on a spin chain with su(2|3) symmetry (arises as subsector
of full psu(2,2|4) theory). Each spin site can take one of five

orientations - 5
v = {Z.¢', ¢ | !, ¢?)

« A generic state is a single trace gauge invariant operator and
D=gl(1) generator C su(2|3).
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« Hamiltonian can been explicitly constructed in perturbation theory at low
orders e
5 A Gy ar N

g = e
J S 872

« Perturbative calculations confirm the presence of integrability at low orders
(and recent four loop calculations (Bern et al, BES) have confirmed
conjectures assuming integrability to all orders).

» Hamiltonian at higher loops is long-ranged, the maximum length of
interaction being that of the loop order.

+ The action is dvnamic, the generators can change the number of spin sites
eg. 0y ~ |0, Z]

« Define vacuum state: é (ZZ7Z - - -Z777) ,consider infinitely long and
asymptotic states. Remaining excitatuons are
x = {¢',¢° | ¥, ¥*}

the algebra which preserves the number of excitations is su(2|2), consists of
two su(2)’s, the central charge (the dilatation operator), the susy charges
(which can change the site numbers).
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* However it is necessary to extend the algebra to include two additional
central charges. This is because the only possible (2|2) representations
of su(2|2) have D=+1/2 and anomalous dimensions must vary
continously with g.

- Additional central charges vanish when evaluated on physical states
satisfying the trace cyclicity condition.

« Using only the symmetry algebra one can find the eigenvalues of the
dilatation operator (for asymptotic states) up to a single arbitrary
function of the coupling

1 / (A2 P
E\/1+ffg}:-i:1 3

» To include the effects of interactions between states we use the S-
matrix which describes two particle permutations

SL” - ;'},Jk;-l,;. N } T h\. {Jff 1:‘”. o ;

» The Bethe equations for are then simply the boundary conditions on
eigenfunctions for the integrable spin chain Hamiltonian.

ePl = 11 S(ps,p;)

Page 31/71
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Comparison of Spin Chain/String theory

« The requirement that the S-matrix commutes with (centrally extended) symmety algebra

Ay Oc) = 6$|$u) = %{Tgl‘?}t:) ’ N vy) = 5.?'1_5‘.1} = é‘og"*"r) .
0.'|6c) = adg|va) Q.°[y) = beage™|0.2)
G2 |o.) = ceae® 0, 27 . S.°|) = dP|o,) -

Blx) =ab|xZ27) , Kx)=cd|xZ7)
fixes all coefficients up to a single overall factor

; : b o 5 3 o —
Sm‘O?Oé} = AlZlOi} Ol ; - Blz (,)E; @1}; . 2 ClgE‘ﬂ :a3|'ﬂ-'g't;13 >,.

S1g|'¢.-‘?'¢'.’§> DﬂlL§ L* ) -+—E1 IL; L*l]) lFlf)- ..ﬂblozo?Z'*}
Si2|¢§¥5) = Gra|v36%) + Hialé5e7),

512|L 1(')2> hljlh 21291> + LIQIQZL $

« In this a key step is using |Zd=.!() = e*‘*"l_xZ*) this is the source of the
coproduct for the gauge theory which is similar to that of the worldsheet
theory but not identical (a separate gauge issue).
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For comparison with string theory we will be particular interested in the
small momentum limit: to see why, recall the siring length was

27
= —F_
I=A
and we considered the limit of infinite length with our loop parameter being ~—
The spin chain length is L= J+a M thus we must rescale all dimensional Vv A

2r
parameters by~ in particular  ® T 37
Thus we rescale and expands.t. p, — 0 A —> o0

So for example

Ap; = fixed

=3 TE‘F;.'E-P F l 2P
o Ty = vﬁﬁiu% (1 +\( 1+ =3 Sin 2)
and for © equal to that of AFS (whim reproduces the semiclassical string

spectrum) we get the string theory result for const-J (a=0) gauge .
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Comparison of Spin Chain/String theory

« The requirement that the S-matrix commutes with (centrally extended) symmety algebra

£a’|0e) = &¢la) — 354100) . R’y = & va) — 3051¢) |
0a"|6c) = adZ|va) Qo) = bease™|9:.2")
S’lo.) = ceae® W, Z2) . S.2\¢) = d2)e,) -

Pix) =ab|x2%) ., fx)=cd|xZ7)
fixes all coefficients up to a single overall factor

| 3
S12|0505) = Aqa]dd” 01 ) + Blgig[, @1], + 2C12v ha@hzt. RE ),

Sl‘)ltif > DIQ[LE L' 3 "+"'E]_ ‘Lz LTl ;-' -+ IF -(.r, IOGQIZ+$

| 31.
Sl?i@ﬁf y= Glz‘.]ﬂ"i}.@lf * Hl?|¢*2iL 1/

« In this a key step is using |Z X) = 84:1?\&3:&) this is the source of the
coproduct for the gauge theory which is similar to that of the worldsheet
theory but not identical (a separate gauge issue).
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For comparison with string theory we will be particular interested in the
small momentum limit: to see why, recall the siring length was

T ‘E!’:TP
_\/I "
|',.}:_

and we considered the limit of infinite length with our loop parameter being ~—
The spin chain length is L= J+a M thus we must rescale all dimensional V-

27
parameters by—u in particular 7" VXP a
Thus we rescale and expand s.t. pr — 0 \ — oc Ap; = fixed
So for example
rh — 2z e
AB_go "¢ "p with S2, =_— " J»¥)
- z; o T, 18
P
i TEF [1 2 2P
where = vTﬁiu?,— (1 +\( i i S 2)

and for © equal to that of AFS (which reproduces the semiclassical string
spectrum) we get the string theory result for const-J (a=0) gauge .
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Comparison of Spin Chain/String theory

« The requirement that the S-matrix commutes with (centrally extended) symmety algebra

£ = éﬁlﬂﬂ) = %‘ﬁ‘ﬂc} ’ Ay Uy) = ‘5#;"-5.'&1} = %dﬂw‘r) ;
0.16.) = adg|va) . 0. |1y) = beage™|0.Z") ,
G20 = ceae® W, Z27) . S.°|¢) = dé8|d.) -

PBlx) =ab|xZ2%) ., Kx)=cd|xZ7)
fixes all coefficients up to a single overall factor

el
}E+BIZ'9[}‘91}J+QCIZ=- PeapltSU; Z7),

812|L1L2> D12|L2 LT }3 "+‘E121L4} L'lf i )Fl}_.nj-.a !(5 ?g-'-}.

v - .- J
Sl‘.?[¢3”1":i"i:rS = Gl?lu"z@lf + Hyo|oow

Dy __ -
31}[0?05; A12[02 04

Slp_lt,?f}g) hrlzr]LQOI:} 6> = leiozt_ $

« In this a key step is using |Z X) = 6*‘9\1*2*) this is the source of the
coproduct for the gauge theory which is similar to that of the worldsheet
theory but not identical (a separate gauge issue).
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For comparison with string theory we will be particular interested in the
small momentum limit: to see why, recall the siring length was

2%
=
oF "5

and we considered the limit of infinite length with our loop parameter being 3—:
The spin chain length is L= J+a M thus we must rescale all dimensional V"

27
parameters by—— in particular "~ W e
Thus we rescale and expand s.t. pr — 0 A — 00 Ap; = fixed
So for example
| —
+ - =
Ty—Z% . 0 » P #(py)
AB — SSF H with bPP' — I—_J‘E
Iﬂ — IP r;,:r,.
& .*-FF:‘E-P ; A 2 P
s G 5 Sl e
where . v A :-sin:’_-;- ( %3 . 2)

and for © equal to that of AFS (which reproduces the semiclassical string
spectrum) we get the string theory result for const-J (a=0) gauge .
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Comparison of Spin Chain/String theory

« The requirement that the S-matrix commutes with (centrally extended) symmety algebra

£ab @c) —= éﬁlmﬂ) _ é‘f:laf} ' maﬂ L"r} o ‘ifluh} =3 %’dﬁlha) :
Qa."|6c) = ade|va) . Qo) = beage™|6.2*)
&2 |0.) = ceae® 0, Z27) . S.°|¢y) = déP|os) -

Blx) =ab|xZ2%) . Klx)=cd|xZ7)
fixes all coefficients up to a single overall factor

h : b b @
Sia|6268) = Au;@iﬂol}} + Bia|doy) + AC1a6™epluSul Z27),
S1a|l 1 Lg) — D12|Li L' ) o Elf}fl_ 2 L"1], -+ zFlf}- c.abIOr;Olz_l-}.

f L) L ] I i.'j"
512]@1@-‘2} — Gl?l'{i-‘i;f;')l} Hw|Oot 1

Si2lt§85) = K1a|v563) + Lia| o307,

« In this a key step is using |Z£.X> = eﬂp\..‘tzi) this is the source of the
coproduct for the gauge theory which is similar to that of the worldsheet
theory but not identical (a separate gauge issue).
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For comparison with string theory we will be particular interested in the
small momentum limit: to see why, recall the string length was

'L?' — _'P—
VA
2x

and we considered the limit of infinite length with our loop parameter being =
The spin chain length is L= J+a M thus we must rescale all dimensional V-

27
parameters byﬂ— in particular " VI‘D =
Thus we rescale and expand s.t. pr — 0 X — oo Ap; = fixed
So for example
| ———"
+ - g
AB Sgpf Mg~ Tp with Sgy = IP’:" E_lﬂi'F-P"}
= -— ==
Ty — Xy S
T re— 3P .ri i-( 2P
— Ty = vTﬁiug- (1 +\( 1+ =3 sin 2)

and for © equal to that of AFS (which reproduces the semiclassical string
spectrum) we get the string theory result for const-J (a=0) gauge .
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Comparison of Spin Chain/String theory

»  The requirement that the S-matrix commutes with (centrally extended) symmety algebra

£2°|6c) = 816a) — 30al0e) . Ra’[ty) = 82|¢a) — 300105)
0a’|6c) = a8:|va) Do'lty) = bease™|6:.2Z")
6a”|0c) = ceae™ 27} . 6.° Uy) = dé’fl‘:’ﬂ:’ -

Blx) =ab|xZ27) |, KRx)=cd|xZ7)
fixes all coefficients up to a single overall factor

[ P

a by
8% + 1C126*Pcaplug vl Z27),

Sy2|070,) = Al?.lﬂ'i’zﬂ‘?l ) + By2|o

S2|vSh) = le-&"i“ti-" ) + Ej9 IEF-;. z-;'*"j]} + 5Fy2e® PenlosedZ),

i

a5 '
Sia2|ofvn) = GIZILz‘D )+ H1°|‘-72U1n
Slgl'{i'?t}?3> =K 1g|'{_‘l‘2 fDI; * L-lglOQ't_-':] )
« In this a key step is using |Zﬂ=k) — eﬂp\kzi) this is the source of the

coproduct for the gauge theory which is similar to that of the worldsheet
theory but not identical (a separate gauge issue).
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For comparison with string theory we will be particular interested in the
small momentum limit: to see why, recall the siring length was

2T
J =—F
VA

and we considered the limit of infinite length with our loop parameter bemg
The spin chain length is L= J+a M thus we must rescale all dimensional v

:,.4

27
parameters byﬂ— in particular " T ?,{‘U =
Thus we rescale and expand s.t. pr — 0 \ — oc Ap; = fixed
So for example
rh —z; i ’_'Fli’__
B_go ¢ "p with S°, =_— £~ J»¥)
A _bpﬂ"r—_r+ PP' 1___1I+_‘
v P T e
+ TE i"’ A 2 P
where e \,f)i&m—- ( +V[ + i 3)

and for © equal to that of AFS (which reproduoes the semiclassical string
spectrum) we get the string theory resuilt for const-J (a=0) gauge .
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So for the choice
v
9

-

g = =

Op.p) = —— rox(zl,=5) X\*¥) = (Z-v) [Ty + (1——)111(1_,__

The resulting gauge theory answer is

2

1 ! ! i ) ! & I
A(p-p’)=z[(=‘ —=p)" —2(p—p)(= —=‘p1+(p—P}]
and the corresponding string answer is

’ 1 - 4 (o - e
A(p,p) = 1 (_-,'1 —2a)lep —ep)"+(p—p J")

There are additional terms due to differences (M) in definition of spin

chain/woridsheet length which drop out when we calculate physical quantities.
We find similar results for all ten coefficients.

An appealling simple alternative is to choose S%=exp( i(p-p’) ) and we get the
a=1/2 result and indeed we can tensor two copies to find the full S-matrix for all
physical fields. Just as for the previous case it should be possibie to extend this
S-matrix to all orders to include worldsheet loop effects.

Finally the spin-chain S-matrix, in a similar fashion to the string S-matrix, does
not satisfy the naive YBE but rather one has to include additional phases due
to the Z=.
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For comparison with string theory we will be particular interested in the
small momentum limit: to see why, recall the string length was

and we considered the limit of infinite length with our loop parameter being 3—:
The spin chain length is L= J+a M thus we must rescale all dimensional V-

27
parameters by*-— in particular 7" ~ /37
Thus we rescale and expand s.t. pr — 0 A — oc Ap; = fixed
So for example
AB_go ¥ 7P with SO, =_——F~ S»)
A ==
P o P
v
=3P | A\
£ e / # T 1P
rE = 144/l 4+ ain®>
where » VTﬁin% ( s V e w2 :’)

and for © equal to that of AFS (which reproduces the semiclassical string
spectrum) we get the string theory result for const-J (a=0) gauge .
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So for the choice

' \/I |- 1 1 1
dlp.p) = EZ"S\(I;.I;;} x{tz,y) = (r—y) a’r l—— {1l ——

A e =

The resulting gauge theory answer is

1 ! ' o F r r
A(p.p) = Z[(:' —ep) —2(p—p)'p—P) + (p - P’}Z]
and the corresponding string answer is

. " 1 ! r g { AT
A(p,p) = 1 (Fl —2a)lep —ep)"+(p—p :'H)

There are additional terms due to differences (M) in definition of spin
chain/woridsheet length which drop out when we calculate physical quantities.
We find similar results for all ten coefficients.

An appealling simple alternative is to choose S%=exp( i(p-p’) ) and we get the
a=1/2 result and indeed we can tensor two copies to find the full S-matrix for all
physical fields. Just as for the previous case it should be possible to extend this
S-matrix to all orders to include worldsheet loop effects.

Finally the spin-chain S-matrix, in a similar fashion to the string S-matrix, does
not satisfy the naive YBE but rather one has to include additional phases due
to the Z=.
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For comparison with string theory we will be particular interested in the
small momentum limit: to see why, recall the string length was

'L?' — _—"P—
VA

and we considered the limit of infinite length with our loop parameter belng
The spin chain length is L= J+a M thus we must rescale all dimensional v

2
parameters by—* in particular " VK‘U =
Thus we rescale and expand s.t. pr — 0 X — oc Ap; = fixed
So for example
 ——
+ - R
AB_go ¥ " with S2, =7 S0
Ty -z TR
+ '}Tf_p _l 2 P
where = \’Tﬁiu% (1 i V(i = s 1")

and for © equal to that of AFS (which reproduces the semiclassical string
spectrum) we get the string theory result for const-J (a=0) gauge .
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So for the choice

’ J‘ F 1 I
p.p) = :'/_*r_ E rsx(.r;..r';,} x(z, ) = (r—y) I:E + (1 ——)ln(1_,'_
- t

ra—

The resulting gauge theory answer is
1

Alp.P) = 7 [(-s’ —ep): —2(p— )P —<p) + (p - p’f]

and the corresponding string answer is
1 = >
A*(p,p) = 7 (1 —2a)(ep’ — €P)" + (p— P))

There are additional terms due to differences (M) in definition of spin

chain/worldsheet length which drop out when we calculate physical quantities.
We find similar results for all ten coefficients.

An appealling simple alternative is to choose S%=exp( i(p-p’) ) and we get the
a=1/2 resuit and indeed we can tensor two copies to find the full S-matrix for all
physical fields. Just as for the previous case it should be possible to extend this
S-matrix to all orders to include worldsheet loop effects.

Finally the spin-chain S-matrix, in a similar fashion to the string S-matrix, does
not satisfy the naive YBE but rather one has to include additional phases due
to the Z*.
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For comparison with string theory we will be particular interested in the
small momentum limit: to see why, recall the siring length was

27
= —PFP_
J 7
and we considered the limit of infinite length with our loop parameter being 3—:
The spin chain length is L= J+a M thus we must rescale all dimensional V"
27

parameters br— in particular 7" ~ /37

Thus we rescale and expand s.t. pr — 0 X — oc Ap; = fixed
So for example

+ =
..-I‘p,r Ip

. I—T.|r

B _ o0
AZ — S ,I
pi’ P IP,.IP

+ '-T*‘:&P J _‘f_ . 2P
where L VT:—siug- (1 = Vrl ® a2 2)
and for © equal to that of AFS (which reproduces the semiclassical string
spectrum) we get the string theory result for const-J (a=0) gauge .
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So for the choice
8p,p) = r E rs\{.r;..r;,} xlz,y) = (r—1y) E l_r_y In 1—E
i t

r.a =
The resulting gauge theory answer is
. 1 i 5 P ) ) 1y 2
.—'Hp-p’}=z[(-=' —ep') —2(p—p')('p—=p }+(.v—p’)]
and the corresponding string answer is

1 g "3
A%(p,p) = 1 ('1 —2a)(ep’' —€p)*+(p—p 1")

There are additional terms due to differences (M) in definition of spin

chain/worldsheet length which drop out when we calculate physical quantities.
We find similar results for all ten coefficients.

An appealling simple alternative is to choose S%=exp( i(p-p’) ) and we get the
a=1/2 resuit and indeed we can tensor two copies to find the full S-matrix for all

physical fields. Just as for the previous case it should be possibie to extend this
S-matrix to all orders to include worldsheet loop effects.

Finally the spin-chain S-matrix, in a similar fashion to the string S-matrix, does
not satisfy the naive YBE but rather one has to include additional phases due
to the Z*.
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For comparison with string theory we will be particular interested in the
small momentum limit: to see why, recall the siring length was

I="2p

v, o

and we considered the limit of infinite length with our loop parameter belng
The spin chain length is L= J+a M thus we must rescale all dimensional v

27
parameters bym in particular "~ V*”X‘U =
Thus we rescale and expand s.t. pr — 0 X — oc Ap; = fixed
So for example
 ——
+ - =
AB =352, v —Tp with SO, == M0
= = =
Ty — Xy S
. e T ,I; A =P
where - \,rT:ein_?,- (1 +\( i 72 a 2)

and for © equal to that of AFS (which reproduces the semiclassical string
spectrum) we get the string theory result for const-J (a=0) gauge .
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So for the choice
VA

9
-

A e =

1
p,p) = — rox(zl, z5) X\%¥) = tr—yJ[E + (1——)111(1_'_

The resulting gauge theory answer is

’ 1 ’ ' = i F ! 12
."-i(p.p):z[(-:’ —:‘p)z—l(_P—P]'(:‘P—fP}'*'(P—P)]
and the corresponding string answer is

2

’ FiN l p i ) r ! f AV
_43{1;_10 § = I (1 — .-..]t.ll:ll(fp — € p) + \Pr— p }ﬂ)

There are additional terms due to differences (M) in definition of spin

chain/worldsheet length which drop out when we calculate physical quantities.
We find similar results for all ten coefficients.

An appealling simple alternative is to choose S%=exp( i(p-p’) ) and we get the
a=1/2 resuit and indeed we can tensor two copies to find the full S-matrix for all
physical fields. Just as for the previous case it should be possible to extend this
S-matrix to all orders to include worldsheet loop effects.

Finally the spin-chain S-matrix, in a similar fashion to the string S-matrix, does

not satisfy the naive YBE but rather one has to include additional phases due
to the Z=.
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So for the choice

: VA 8 1 i
#p.p) = = rox(zl,z5) Xxi=¥) = (-9 [E + (1 - I—y)lu(l - —
rs—=+
The resulting gauge theory answer is
1 4 1% 4 3 I ) : §
Alp.p) = ;[(-f —p)" =20 —P)(E'P—2P) + (p—p _}2]

and the corresponding string answer is
) 1 g r ' 9 I |
Atp. o) = 1 ((1 —2a)(ep’ —€p)"+(p—p')°)

There are additional terms due to differences (M) in definition of spin
chain/worldsheet length which drop out when we calculate physical quantities.
We find similar results for all ten coefficients.

An appealling simple alternative is to choose S%=exp( i(p-p’) ) and we get the
a=1/2 result and indeed we can tensor two copies to find the full S-matrix for all
physical fields. Just as for the previous case it should be possibie to extend this
S-matrix to all orders to include worldsheet loop effects.

Finally the spin-chain S-matrix, in a similar fashion to the string S-matrix, does
not satisfy the naive YBE but rather one has to include additional phases due
to the Z=.
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Some further comments

« As we mentioned the spin-chain S-matrix is determined up to the
overall phase by the algebra and the action of charges on
asymptotic states.

« On the world sheet we don’t expect the coproduct to take quantum
corrections:

—Lagrangian only involves derivatives of x” and so is local function of
transverse fields to any finite order in perturbation theory. Hence we don’t

expect any renormalization of the currents to introduce any additional
factors of x.

~the x field is the only field with non-trivial boundary conditions

T (—o0) — 7 (+0C) = Pus
and given that in a massive theory we don’t expect q. fluctuations to effect
long range physics we don’t expect the action of x- will be unchanged. In
essence we don't expect that the coproduct will receive quantum
corrections and so we can expect that we can now make the same
argument as on the gauge theory and determine the S-matrix up to an
overall phase.
To understand how integrability is realised we can study the invariance of

the higher non-local charges (or even just the first bi-local one) (C.f. two
loop Yangian symmetry for spin chains Agarwal&Rajeev, Zwiebel).
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Quantum Corrections

 Now we wish to calculate the one loop corrections to the four point
function and for this we will need the full Lagrangian incl. all fermions
and other bosons.

« The full liaht-cone bosonic Laaranaian to quartic order in fields is
L, = . [(8:2)% — (8,2)% + (B:y)* — (B,y) — P2(2% + )]

%
J""- 2 I‘l.- lfl'j . r i 2 'II'..’r 2 . g
Li = sy(@y) —527(3:2) + 7y [(8,2) +MJ]—I- (O,y)* + (9.y)°]

while the terms quadratic in fermions are
Ly = —— (5¢°9aS — ip_STIS)

-—-

Ly = —'{Pm{bﬂ' a.S — Sp'a,8)y* +iSNS((8,y)* — (2.9)*))

= = = L F i 1 1 i
*{’6 (SP°T9S(3,y' ') — 35p'TS(3,' ) + 756 TS, 0,

with the fermionic fields S being eight component Majoranna spinors
and the p’s are two dimensional Dirac matrices. Also need all terms

with six fields but expressions are a little unwieldy.
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« We can now calculate the one-loop correction to the bosonic two point
function and combining contributions from the bosons and fermions we find

Fu il

e )
G(1,2) = (wywas — nyns — p? ]f

?es

sz +{P‘ + finite

H

- [f we now impose energy/momentum conservation and the quadratic
equations of motion the divergent term goes away.

» This occurs as a non-trivial combination of the bosonic and fermionic
contributions and after dropping integrals of the type [d*2%gx1 -

« Even off-shell such a divergence can be removed by a redefinition of the
fields.
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« We can now calculate the one-loop correction to the bosonic two point
function and combining contributions from the bosons and fermions we find

Y - O, Y

(«(qj(i 2) = | .;} rlg_g‘{q 1 finit
e Z) = Wi — nNyna — P~ _ — - Trnite
i R (27) qg 4 ;E

- |f we now impose energy/momentum conservation and the quadratic
equations of motion the divergent term goes away.

» This occurs as a non-trivial combination of the bosonic and fermionic
contributions and after dropping integrais of the type [d>2%gx1 -

» Even off-shell such a divergence can be removed by a redefinition of the
fields.
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« We now calculate the four point function which receives contributions from
terms involving
— two quartic vertices and vertices with six fields
\ / T : :

S PSR

— If we calculate in the c.o.m frame and use the dispersion relation we
find that

.Z—QF
G (p.—p.p.—p) ~ -—%—-—(...—., *nt, 4 o n]) - , : — + finite
p= P P (27) ¢* +p=

— which does not vanish nor does it seem to be removabie by
renormalizing the fields.
» |tis perhaps most illuminatingly written as a divergent contribution to the
effective action in coordinate space and for the full SO(4) vectors (and after
using the equations of motion to simplify the expressions)

1 g Mo e Sl M g
_"_""(ary ' acrg)“ i 2 _'."'(aary)z[ary)h - Eyz(aay]z] : — + finite
[ P Pz ¢ +pt
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« Several comments are in order

— In light-cone gauge with a curved worid-sheet metric the ghosts do not
decouple and so we must include their contribution at one loop. There is no
contribution to the two point function and unfortunately they do not remove
the divergences from the four point function.

— The finite part of the four point function does not vanish when one considers
zero-mode states, these excitations are BPS and so should remain free. A
similar problem arises in the calculation of near-BMN energies and is

remedied by making a field redefinition for the fermions. In fact we are
allowed to make arbitrary field redefinitions e.g.

S— S+ M(y)S, M(y) = A(y) + p’B(y) + p'C(y) + p’p' D(v)

and we expect that a similar redefinition will remove the zero-mode

interactions in this case. We can further ask if a field redefinition will
remove the divergences unfortunately this does not seem to be the case.
However it is possible that a more general redefinition may work

— There is also the issue of world-sheet diffeomorphism invariance. We might
expect that a different choice of gauge would remove these divergences.
Certainly trying a different light-cone gauge where J is uniformly distributed

rather than P. does not seem to fix these issues however perhaps there is a
more general transformation that would.
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Sigma model on supergroup manifold

Given these difficulties it is perhaps useful to consider the string
action in conformal gauge. As a toy model we examine the sigma
model on the supergroup manifold psu(2|2) a la Bershadsky et al
which is related to the super string in Euclidean AdS., x S3 . This
theory contains a bosonic su(2) and we could hope t?'uat many of the
features will be shared by strings on S° indeed we could further
hope that many features would be relevant to strings on the
psu(2,2|4) supercoset manifold.

Two dimensional non-linear sigma model with the fields, G(x),
taking values in supergroup PSU(2|2). The Lie algebra of PSU(2|2)
consists of the 4 x 4 supermatrices (bosonic diagonal blocks and
fermionic off diagonal blocks), with vanishing supertrace and which
satisfy a specific reality condition (super antihermiticity).

R XY . gl o= | i & Y o
M — (}. B) where trA=trB=0 & M' = (—L,Yf BT = —M
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 The fluctuations are massless relativistic scalars with the usual
kinetic term and propagator

S - i I’!‘?I? Pi.trle :21A o
A -'z}—f 27 2(—p2?)
« To calculate the one loop diagrams we only need a single cubic
vertex:

oy HJ P; 5

—iV = 2 5y
—@ S % s
# 3 5 (_‘l){mlf'mnfnup?ququ ~ C‘.-' = 1

%': % {— 1)[!!1]__} mnfnapﬂ:'quqbsﬁl'ﬂ.f}mn =0

Thus the one, two and three point functions all vanish at one loop
(as was already known (in fact they vanish to all orders in
perturbation theory)).

8(Zpi)J%(p1) - p2 X (02) X4 (p3)van 2
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« At this point we have evaluated the full one-loop four point
contribution to the effective action. At the moment the expression is
still a little complicated but it’s finite.

*» We can similarly perform the two loop calculation; we now have
several more graphs but again the contribution seems to be finite
and X fopr V" feas OF faer Y™ foas - At this point it is hard to draw too
many conclusions from this but one notable feature is that the
answer is always in terms logarithms of momenta and it makes
clear the advantage of using properly infrared safe variables.

« |t is straightforward to do the same calculation for the coset sigma

model and there are only a few extra diagrams which should also
be finite.

» One could possibly include ghosts following Berkovits, Vallilo (pure
spinor superstring is conformally invariant at loop level).

» Interesting to consider psu(n|m), n=m. Theory is asymptotically free
and so one can use standard arguments to define quantum non-
local charges which in turn can be used to find exact S-matrix up to

usual overall phase. Crossing-sym. is now simple and we have
useful perturbative results. Take conformal limit and solve nested

—Bethe equations to find "physical” excitations.
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Summary

« |t is of interest to find as much information about the string S-matrix

as possible and here we have described some partial results:

— Studying the scattering of excitations in the physical light-cone like
gauges: tree level results seem to make sense, once we include novel
Hopf algebra structure and we get good agreement with the
corresponding gauge theory calculations. At one-loop we find
divergences which are difficult to interpret and suggest an alternative
approach is possibly needed. For example calculating the quantum
effective action for supercoset sigma model. Here we find finite resuits
which may give us hope that a similar approach for the full string theory
may work.

— Future work:

— Remaining issues regarding Hopf algebra structure, YBE,
non-local charges. Similar conts models with novel Hopf alg.
su(2|3) LL?

— Find a redefinition to remove divergences in |.c. gauge or
find a sensible interpretation.

— Extract sensible s-matrix from supercoset calculation and
extend results to full string theory (incl ghosts). In fact sigma
models with supermanifold target spaces in general have not
been much studied and there are a lot of open question.
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