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In this paper we study generic features of nonlocal charges obtained from marginal deformations of
Wess-Zumino-Novikov-Witten models. Using free-field representations of CFTs based on simply laced Lie
algebras, one can use simple arguments to build the nonlocal charges; but for more general Lie algebras
these methods are not strong enough to be generally used. We propose a brute force calculation where the
nonlocality is associated to a new Lie algebra valued field, and from this prescription we impose several

constraints on the algebra of nonlocal charges. Possible applications for Yang-Baxter and holographic 77

and 7J deformations are also discussed.
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I. INTRODUCTION AND STATEMENT
OF THE PROBLEM

A. Marginal deformations

Integrable deformations of conformal theories form a
powerful method to probe physics near a fixed point theory.
When the deformation is exactly marginal, we still have, by
definition, the constraints imposed by conformal sym-
metries. When one can additionally consider supersym-
metry, gauge symmetry and so on, the final deformed
theory can still be manageable from the computational
viewpoint. On top of that, integrability may also be taken
into account, and in that case it is possible to compute the
S-matrix, correlation functions and other observables with a
certain degree of generality, although the integrable
deformed models are not, obviously, completely tamed.

Deformations of the boundary CFT,_; correspond, from
the AdS/CFT correspondence viewpoint [1], to deforma-
tions of the dual AdS,; x M (_, string solution. When the
CFT modification is defined by an exactly marginal operator,
the AdS part of the string background remains unchanged,
which means that only the internal manifold M,_,, suffers
modifications, as expected. On the other hand, it might
happen that the boundary CFTs are deformed by (margin-
ally) relevant or irrelevant operators, and it implies that the
deformations necessarily modify the AdS, space.
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We are obviously interested in all these situations.
Exactly marginal deformation is a necessary tool to classify
CFTs and understand the geometrical and physical aspects
of the moduli spaces. In two dimensions (2D), it is the first
step towards a complete classification of the string theory
solutions which may ultimately describe the Universe we
live in. But we also need to consider the possibility that
marginal deformations also receive quantum corrections
and break the conformal symmetries. Therefore it is
mandatory to develop methods to study the resulting
symmetries when we leave the fixed point theory, and it
means that we need to consider relevant deformations of
CFTs. The resulting massive theories are quite generally
harder than the undeformed models, but one might hope for
some progress towards their understanding if we assume
integrable deformations of the CFTs.

One remarkable example of an exactly marginal pertur-
bation in four dimensions is given by the Leigh-Strassler
deformations of A" = 4 Super Yang-Mills [2], which give
conformal theories with A" = 1 supersymmetry. Within the
AdS/CFT context [1], the four-dimensional Leigh-Strassler
theories provide examples of CFTs with corresponding
AdSs x M5 dual solutions obtained as deformations of
the AdSs x S° solution. The gravity dual to the Leigh-
Strassler theories are not known in general, but for real
p-deformations the dual supergravity solution has been built
through sequence of a T-duality followed by a shift, and a
second T-duality (TsT-transformation) of the AdSs x S°
solution, while for complex f-deformations we use either
an SL(3,R) transformation or an STSTS [3]; see also [4,5].

Moreover, the Lax pairs of the TsT-transformed solu-
tions have been found in [5], and these objects settle the
classical integrability of the deformed models. Interestingly
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enough, the TsT transformation is just one example of a
bigger and more powerful set of integrable deformations,
namely the so-called Yang-Baxter deformations [6—10].
Associating these new integrable backgrounds to their
elusive holographic dual, one can learn a great deal about
the surprising mathematical and physical aspects of a vast
collection of quantum field theories; see [11-42] for a
nonexhaustive list of references.

B. Nonlocal charges from marginal deformations

Two-dimensional theories are of great interest for string
theorists and statistical physicists. Fortunately enough,
conformal symmetry and integrability in two dimensions
are much more restrictive thanks to holomorphicity proper-
ties. As one important example of the power of two-
dimensional theories for our present work, there is a
theorem which determines the necessary and sufficient
conditions for exactly marginality of 2D CFT deformations
given by a product of holomorphic and antiholomorphic
currents, namely O, 1y = J(z)J(Z) [43,44]; see also [45].
Additionally, it has been argued that this class of marginal
deformations can be written as O(d,d) transformations
[41,42,45-51]. In this respect, the authors [42] extended
important results on integrable exactly marginal deforma-
tions of two-dimensional CFTs using O(d,d) deforma-
tions, and they have also shown how to build the nonlocal
Lax pairs of the deformed models which guarantee their
classical integrability.

We should remark that integrable theories are often
defined in terms of commuting local conserved charges,
but for some special models it is known that integrability
can be equivalently formulated in terms of noncommuting
local and nonlocal charges, and it is the most important
concept behind the Yangians. As for the very definition of
integrability, there exist good reasons to study the presence
of nonlocal charges in local field theories, but it is definitely
not limited to this aspect. In other words, nonlocal charges
also have a prominent role in condensed matter theories, in
anyonic and parafermionic statistics, superselection sectors
and in the axiomatization of quantum field theories. As we
see in the text, one may think of these nonlocal objects as
analogues of the ’t Hooft operators; consequently, a better
terminology for these nonlocal charges would be disorder
operators.

The analogy with the 't Hooft operator becomes even
more conspicuous with the observation by Ricci et al. [52]
that has shown how local (Noether) charges and nonlocal
charges are exchanged by T-duality. This result is similar to
the well-known fact that Wilson loops and ’t Hooft operators
are exchanged by Hodge duality. Notwithstanding the
limitation of this simple analogy, this idea underpins the
current work at the most fundamental level: We want to find
the algebra of a collection of disorder operators obtained
from deformation. Additionally, as the authors of [42]
pointed out, nonlocality of the Lax pair should not be

considered as a surprise since these charges induced by the
nonlocal Lax pairs may be thought of as a result of the
stringy aspects of their approach. In other words, it should be
considered as a benefit rather than a drawback of this
analysis.

C. Motivation

The scrutiny of these nonlocal charges cannot be thought
of as a simple refinement of quantum field theories. In the
way we understand these objects nowadays, they suddenly
appear in different corners of physics, but there is no
complete understanding of their general properties what-
soever. On the other hand, the argument that we are
deepening our comprehension of field theories could be
used to justify a very broad variety of research lines. In fact,
the present paper was driven by a series of pragmatic
questions. First of all, as we said before, the authors of
[52] have shown how T-duality exchanges local and nonlocal
charges. Although their analysis was inspired by one specific
scenario, the original AdS5/CFT, duality, one may ask if it is
possible to devise a situation where all local charges, and
consequently their algebras, are dualized (or deformed) to
nonlocal charges with a consistent corresponding algebra.

Furthermore, classical nonlocal charges have also
appeared in the Yang-Baxter literature, see for example
Frolov [5] in his analysis of the integrability aspects of the
Maldacena-Lunin background. It has also been suggested
that the resulting symmetries of Yang-Baxter deformed
models are obtained as Drinfel’d twists [10,19,31,32,53-55]
of the original symmetries. Hence, one may also expect the
same twists extended to the Yangian structure of the
N =4 SYM [56-60]. In other words, when we have an
integrable system with known Yangian symmetry, one may
naturally expect that the resulting deformed model is also
endowed with a Yangian obtained from the twist of the
original one.

These two aspects show how our methods to build
nonlocal charges strongly rely on the integrability of models.
Quite remarkably, Matsumoto and Yoshida [10,53] may
teach us how we can leave the integrable systems realm. They
have also shown that the deformed currents can be written as
nonlocal gauge transformations of local currents. One
important aspect of this particular result is that it closes
the question on the existence of these nonlocal objects after
Yang-Baxter deformations: they are quite ubiquitous.
Consequently, once again we may ask ourselves if it is
possible to consider a model (not necessarily integrable) so
severely deformed that all global conserved charges are
converted into nonlocal ones.

D. Summary of the paper

Therefore we have some distinct but complementary
problems summarized as follows. Given a generic, not
necessarily integrable, deformation of the CFT, we would
like to know if, and how, one can define the nonlocal
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charges of the deformed theory in terms of the undeformed
local ones. This babe problem is summarized in the case (b)
in the table below. Observe that knowing how the nonlocal
charges of the original theory change under deformation is
an important step if we want to know how the Yangians are
deformed; for that reason it would be of great interest to
understand all of the following four maps.

(a) local — local (b) local — nonlocal
2

? ?
(¢) nonlocal — local (d) nonlocal — nonlocal

As for the existence of these charges, inspired by the
ideas of Bernard and LeClair [61], briefly described in
Sec. I1 C, we propose a very economical approach to define
nonlocality in Sec. III A via free field representations of the
CFTs. As we see, an important consequence of this
construction is that the CFT Hilbert space structure is
preserved. Sadly enough, if the symmetry group is suffi-
ciently large the calculations become cumbersome very
fast, and it is obviously an unavoidable drawback of this
approach.

Inspired by the same methods of [61] and by the defor-
mations via nonlocal gauge transformations of Matsumoto
and Yoshida [10,53], we try a daring proposal to describe the
nonlocal currents in Sec. III B. We conjecture the existence of
a g,-algebra valued field which defines the massive theory
obtained by deformations. The CFT limit of this new field is
given by the sum of left and right currents which define the
Kac-Moody algebras §; x §z. More specifically, the field
can be written as A = £ + R and satisfies our beloved free-
field equation of motion 99.4 = 0 at the fixed point. In other
words, A is fairly trivial as an object in the CFT, but it may
become a fundamental dynamical object in the deformed
theory, and understanding its role for nonlocal charges is part
of our proposal in Sec. III B.

Additionally, this second brute force proposal is much
more general and allows us to understand the Hilbert space
structure of the deformed theory. As a matter of fact, the
Hilbert space decomposition of the CFT is not generally
preserved under relevant deformations, and imposing this
decomposition, see for example in [62], seems to be a bold
conjecture in the current state of affairs. From the technical
point of view, it means that the deformed current operator
product expansions (OPEs) have nontrivial structures and
that the usual decomposition between holomorphic and and
antiholomorphic sectors does not exist if the deformation is
not exactly marginal. In Sec. IV we start developing some
methods to study these OPEs, and the algebras generated
by the charges.

In Sec. V we try to see how these ideas may be applied
(in spite of the current limitations) to Yang-Baxter defor-
mations, and in the 7T and 77 deformations [63-67]. As
we said before, the ideas concerning Yang-Baxter defor-
mations are one of the reasons behind the present paper, but
the use of this technology in a different context may appear

as a good surprise. First of all, at the leading order, the
operator TT is built from the holomorphic and antiholo-
morphic terms of the stress-energy tensor, while 7.J comes
from the holomorphic part of the energy-momentum tensor,
but also needs a U(1) current J(Z). Consequently, these
deformations are irrelevant from the renormalization group
(RG) viewpoint with conformal dimensions (2,2) and (2,1),
respectively, and many interesting aspects of these trans-
formations have been addressed, for example, [68—77].

Using the AdS/CFT correspondence in our favor, one can
easily notice that given an irrelevant deformation of the
boundary (or holographic) CFT, the string background
should suffer a deformation as well. Evidently, the strings
propagating in this new deformed background are described
by a Worldsheet CFT. Consequently, the counterpart of the
irrelevant deformation of the holographic CFT must be
marginal from the Worldsheet perspective. In this respect,
the authors of [78-83] have shown how we can construct
certain exactly marginal deformations of the Worldsheet
CFT that describe the most important features—rather than
all the features—of the 77 and TJ deformations of the
boundary CFT. Unfortunately, the methods we use here do
not seem to be strong enough to be applied within the context
of exactly marginal deformations, but we still can try to
understand some aspects of these deformations.

It is well documented that nonlocality is also associated
to nontrivial braiding relations and disorder operators, and
that it is also important in the study of anyons and
parafermions [60,84-87]. The message we want to leave
is that nonlocal structures are poorly understood even in the
easiest cases where they are present. In this paper we
address some problems, and propose some methods to
study them.

II. NONLOCAL CHARGES FOR WZNW MODELS

As we have just explained, the construction of nonlocal
charges is a difficult problem to handle, and in order to
study them in full generality, it is necessary to develop new
techniques first. Evidently there are well-known results that
can be used as guiding principles. This section intends to be
a review of these well-known results, and I also hope to
bring together some calculations scattered in the literature.

A. Nonlocal charges

We start with the action for a o-model based on the Lie
algebras g given by

S = SO + Swz, (213.)

where we have the respective terms

k 2 -1

So=— d*cTr(0g™ 0,9).
4 oB
L -1 -1 -1
Swz == | 46V Te(g700g9™ 05997 0,9),  (2.10)
T JB
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with a being the coupling constant and k the level of the
theory. When the running constant reaches the value o = 1
we have the conformal fixed point described by the Wess-
Zumino-Novikov-Witten (WZNW) model. Once we con-
sider the current

Ju=9"0,9. (2.2)
and the condition 9,97" = —¢7'9,9g7", the equations of
motion can be written as

0,RM =0,/ + aed, j, =0, (2.3)

with the conventions €' = —¢!'? = 1. Similarly, we could

consider the fields jﬂ = ”gg" with corresponding cur-
rents £, = j, — ae,,j".

At the risk of repeating ourselves, the relevant informa-
tion about these models is carried by the conserved currents

Rﬂ(t, X) = jﬂ(t, x)+ a€ﬂyj”(tv x),

L,(t.x) = j,(t.x) —ae,, j*(t.x), (2.4)
where a is a running constant whose value a@ = 1 gives a
fixed point in the RG flow. It has been known for quite
some time that these are the basic ingredients to construct
the nonlocal currents of the theory [88-93]. Let us write
them as

EKLI)
=K
1
K, (t.x) = (1- az)eﬂl,j”(t,x) —|—§ [Rﬂ(t,y),é *R(t’,y)}
(2.5a)
and
=7 -
= 1
7,0 = (1= @) (1) 43 | £, [ #6060
(2.5b)

where the nonlocality is governed by the line integral along
any curve C, € R? connecting the points {(¢, —0), (¢, x)},
and it is parametrized by (7', y). Observe that in the CFT
limit only the commutators survive.

Although not strictly necessary for our future consid-
erations, let us for completeness verify the conservation of
the nonlocal currents (2.5a) and (2.5b). Using that
*R = —e}wR”dx”, we have

I, (1. x) = (1= a2)6/“’8ﬂjy(t, X)

% {R”(" x), /C 9H*R(t’,y)} . (26)

where we have used that 9, R* = 0. We can now calculate
the two pieces separately. The first term is

I = (1= a?)emd,j, = (1 - a®)(Doj1 — Drjo)

= —(1=a)]jo. j1l. (2.7)
where we have used the identity dyj; — 01 jo + [jo, J1] = 0,
while the second term gives
O = 2(1 = @) [jo. Ji)- (2.8)

Putting all these facts together we see that 9*IC, (¢, x) = 0,
which means that the nonlocal current (2.5a) is conserved.
Evidently one can repeat the analysis for (2.5b) to show that
0"Z,(t,x) = 0. The important aspect of this analysis is that
these conservation laws are independent on the value of the
running coupling a; therefore, these objects can be defined
for any nonlinear sigma model, and not only in the fixed
point o = 1.

At the conformal point we can write the currents in a
particularly useful form. Let us start seeing that for @ = 1
we have

Ry = ju+e€wi’, (2.9a)
which essentially means that
R — i i
R=Ro = -R, where{ 0= 0TI (a.0p)
Ri=-jo+ /1

Using the light-cone coordinates z =+ x and 7 = ¢ — x,
one can show that the above current satisfies

OR =0, where R =g '0q. (2.10)
This equation clearly implies the antiholomorphicity
R = R(Z). Moreover, one can easily show that

OR = —-[R,R), (2.11)
and it readily implies the flatness condition
OR —OR + [R,R] = 0. (2.12)

On similar grounds we have £ = dgg~', and that implies
the relation 9L = 0 and the holomorphicity £ = £(z). As
it is well known, these currents define the Kac-Moody
algebras which emerge from the OPEs
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a ks ife .
LRI ) ~ s T T L) (2139)
R(Z)RP (W) ~ k5uf >+ ife Re(w).  (2.13b)

(zZ—-w)?> z—-w

Once we define the nonlocal charges (2.5a) and (2.5b), we
need to find a good prescription to describe their quantum
counterparts. Using the results of [61,89,90,94], a useful
prescription is given by the point-splitting regularization

[ (x+8),ju ()] = Cln(8), (%) + Dyin(8)3,j(x),
x4 8). 5 ()] = Cou(8)], (x) + Dia(8)0,1s(x). (2.14)
where the OPE coefficients C and D can be obtained from
the conservation laws and additional physical constraints,
such as the CPT theorem and locality [61,89,90,94].
Roughly speaking, in the next section we see that in order
to define nonlocal conserved currents for the deformed
models, we need to solve a system of nonlinear coupled
differential equations, which is difficult to solve. On the
other hand, we can obtain some intuition on the algebra
defined by these currents using an expansion inspired by
(2.14) and imposing the conservation law and appropriate
physical conditions.

At any rate, it is well known that the quantized currents
are defined as

Kylt0) = Jim (1) 2(0)0.2)

+% [Rﬂ(t, x),/c *R(t’,ylé)D

X

Z,(t.x) = lim ((1 —a*)e,, Z(8) (1, x)

0—0,
1 /
+ 2 L,(t.x), [ *L(1,y|)] ], (2.15)
Cx
where R(¢',y|6) and L(7', y|6) are written in terms of the

point-splitting regularization (2.14). Additionally, the coef-
ficients Z(6) and Z(5) are multiplicative counterterms.

In conclusion, we have the following situations:

(1) In a principal chiral model point, @ = 0, we can
easily build our nonlocal charges and therefore, our
Yangian symmetry when the Wess-Zumino term
goes to 0 [60].

(i) It is known that there are no anomalies in the
renormalized currents [89,90], and that the corre-
sponding quantum nonlocal charges are preserved in
a very straightforward manner. These objects gen-
erate the Yangian symmetry )V, (G) x Vg(G).

(iii) The perturbed theory is evidently harder to be
analyzed, but there is at least one situation where
the analysis is straightforward, namely, when the

deformed theory is described by a sigma model. In
other words, if the deformed theory is another sigma
model based on the Lie algebra §) C g and a # 1, the
analysis we performed above is easily applied. This
situation is, as one may imagine, very unique and
demands a combination of factors.

In the case where we do not know if the deformed theory
is described by a sigma model, the method above is useless
and we need to develop other techniques to build our
nonlocal charges.

B. Marginally relevant deformations

We want to consider perturbations of conformal field
theory of the form

S=Sarrtn [ @x0uz0. (210

where O, x)(x) is an operator of conformal dimension

(A, A). When our CFT is defined in the IR region, one may
consider that the perturbation operator above is relevant,
(A <1, A< 1), which essentially means that it is a small
perturbation in the UV limit, but becomes large in the
infrared region. For spinless fields we have A = A, and it
naturally implies that the coupling # has conformal dimen-
sions (1 — A, 1 —A).

Remember that we are in a quantum theory; therefore the
expressions below are defined inside correlation functions,
and it ultimately means that everything is properly renor-
malized [95]. It is important to keep this point in mind since
we consider perturbations which are classically marginal
but that can have anomalous dimensions. These are the
marginally relevant deformations that play a fundamental
role in the present work. In summary, our perturbations are
of the form

8S :n/dzxo(l,l)(x), (2.17a)

or more specifically, we consider deformations generated
by a current-current operator

55 = n / Ce(aoion)@.  (2.170)

In the case of marginally relevant deformations, the
coupling 7 receives quantum corrections and has dimen-
sions

1] = (8(no). 8(10))- (2.18)
where 7 is the bare coupling. This deformation is marginally
relevant provided 0 < 6 < 1, and in that particular case we

can try to understand the perturbed theory using the well-
established techniques of Zamolodchikov et al. [61,62].
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The hallmark of two-dimensional conformal field theo-
ries is the existence of a traceless and conserved stress-
energy tensof,

T:=0, aT(z) = 0. (2.19)
Moreover, factorization of (unitary) CFTs implies that any
field 7™ of conformal weight (4,0), where k just enu-

merates these fields, satisfies the holomorphicity condition

oTM = 0. (2.20)

Once we perturb the theory, we should not expect these two
distinctive properties unless the perturbation is given by an
exactly (or truly) marginal operator. Quite generally, we
have a relation of the form

AT™ (z,7) = 000 (7,7) = ARW), (2.21)

where the stress-energy tensor occurs for, say, k = 1, and
the nondiagonal element of the symmetric stress-energy
tensor is ®(1)(z, 7). Moreover, we have assumed that only
terms of order O(4) contribute to this equation. For further
details, including the notation, we refer to the original
paper [62].

Zamolodchikov has also shown that given perturbations
of the form (2.17a), the corrections for relevant deforma-
tions are given by the equations

_ _ n =
aTﬁ’fBl(z,z) = 2—m7§dw(’)(W, z)Tﬁkﬁl(Z)»

oW (z,2) = 2i ]{ dwo(z, w)TW, (2), (2.22)

i

where O = Oy ;) and s is an additional index that labels the
spin; therefore, the stress-energy tensor would correspond
to (k,s)=(1,1). We refer to these formulas as the

Zamolodchikov’s equations, and they play a fundamental
role in our discussion.

C. Sine-Gordon and SU(2) WZNW at level k=1

The construction of nonlocal charges from marginal
deformations of WZNW models has been partly addressed
in [61] from a very different point of view. Consider the
sine-Gordon model

1 - .
S=4- / P(0DOD + 44: cos(pD):),  (2.23)

where the interaction term 41: cos(f®) is treated as a
perturbation of the free-field theory. When the parameter
assumes the value ﬁ = /2, the perturbation is marginal and
it can be described as a current-current deformation of the
SU(2), WZNW model. Therefore, the sine-Gordon model
can be described as

o A o _
S:S’gt—/%z)—&—% / d*2(LYR™+L R 49LRY),  (2.24)

where ¢ breaks the SU(2), symmetry defined by the OPEs

L)~ 5
L9(2)LE(w) ~ + (‘i _(V:V)) ,
0 w
LA 0) ~ _1W)2 ?f_(wi (229

and similarly for the right-moving currents .
For the free boson theory, it is well known that we can
write the field ®(z, 7) as

D(2.2) = ¢(2) +¢(2).  (p(2)p(w)) = —In(z—w),

(2.26)

with primary fields V,(z) = : e : of weight A = o?/2.
Evidently, it is easy to see that V, 5(z) = £*(z) have
conformal weight 1. Moreover, the vertex operators V,(z)
satisfy nontrivial braiding relations, and using this fact
Bernard and LeClair studied the quantum group structure
of the perturbed theory [61]. In the free boson representa-
tion we have

V2

The field ¢(z,x) is no longer holomorphic once we
perturb the theory, but in the special case where the
decomposition of ®(x, ) is preserved, we can write

EO(Z) _ ,Ci(z) _ :eii\/?qﬁ(z):_

I(2). (2.27)

d(1.x) = % <<I)(x, 0+ / " dyd,(y, z))

—00

P(1,%) :;<¢>(x, /) — /_ " dy9,0(y, z)), (2.28)

[Se]

where these formulas can be verified from the conditions
Op(z) = O¢(Z) = 0 that are satisfied at the conformal fixed
point. Nonlocality is a consequence of the integral in
(—o0,x) above. The most immediate consequence of this
condition is the existence of equal-time braiding relations

Ja(t,x)J5(1,y) =R&GIe(1,x)Jd(1,y) y<x. (2.29)
Moreover, one can easily verify that the matrix R satisfies
the quantum Yang-Baxter equation. One can think of these
braidings as topological obstructions when we move a
disorder operator as in Fig. 1. As a matter of fact, the
terminology disorder operator is much more appropriate for
the objects we are considering, and it would avoid possible
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= 7 N _ s

>

y T

FIG. 1.

confusions that the term nonlocal could bring, especially
when we are in fact studying a local quantum field theory.
In any case, we continue using the standard terminology.

Nonlocal currents in the sine-Gordon theory, the
deformed SU(2), model, are (£*(z), H*(z)), where L*
are now defined in terms of the fields (2.28). The explicit
expressions for H* have been written in [61], and it is

immediate to verify that H* (z) “=" 0. These currents satisfy
OL* = OH* and there are, evidently, the corresponding

expressions for the antiholomorphic sector, namely
OR* = OH*. The nonlocal charges are
+ 1 + St
0F = — dzL* + | dZH
2ni
_ 1 _ _
0" =— ( / dzR* + / dzHi>. (2.30)
27i

Putting all these facts together, Bernard and LeClair have
shown that the deformed algebra of nonlocal charges is

p——

given by s/(2),, where the deformation parameter is simply
g = exp(—+/2zi). One should also observe that the defor-

—

mation parameter of the g-deformed algebra s/(2) 4 does
not depend on the deformation parameter #.

III. NONLOCAL OPERATORS FROM
VERTEX OPERATORS

How could we generalize the methods that were useful in
the SU(2), WZNW? Evidently the answer to this problem
is not straightforward; otherwise it would already have
been answered. We address it in the present section, and, in
particular, we discuss some ideas about a complete deve-
lopment of new techniques to build and unveil the algebra
of nonlocal charges in more general WZNW models. In the
absence of a definite answer, now we discuss two different
directions.

A. Nonlocal charges from free-field representations

Our initial proposal is to use the free-field representation
for WZNW models as a starting point of nonlocality. This is
a very direct generalization of what has been discussed by
Bernard and Le Clair, and consequently the applicability is
extremely limited [61], as we show now. Given a simply
laced Lie algebra g, the free-field representation says that for
all simple roots we have a corresponding free boson ¢’ with

)

N
>

=

Topological obstruction.

(@'(2)¢/ (w)) ~ =6 In(z — w), (3.1)
and with currents
Hi(z) = id¢)(z),  E*(z) =™, (3.2)

where a - $(z) = 3 ; a/¢/(z). For further details see our
favorite CFT books [96,97].

From these equations and from the expressions (2.28),
we can immediately generalize what Bernard and LeClair
have done for the su(2), model in [61]. In other words, we
have a simple collection of expressions of the form

$i(1,x) = % (@i(x, 0+ / " 4y, iy, ;)>

—00

#e0 =3 (@60 - [ wo00),

(Se]

(3.3)

one for each simple root. Consequently, we also need to
write down a list of OPEs for the currents and for the vertex
operators of conformal weight A = 1. Furthermore, the
explicit expressions for the deformed currents are strongly
dependent on the specific perturbation we are interested in,
but there is no challenge in writing down the explicit
formulas once we fix the operator which defines the
perturbation. It would also be a straightforward, but
laborious, exercise to determine the deformation that gives

—

the quantum group s/(n), as residual symmetries.

For nonsimply laced Lie algebras, the presence of short
roots makes the situation a bit harder, but it may be possible
to apply similar ideas. For instance, operators of the form
exp(Lia - ¢) have conformal dimension 1/2, and in order
to transform them into currents, we need to multiply them
by free fermions. As an example, the WZNW associated to
the algebra B, demands n bosons and one additional
fermion. In the deformed theory, if the nonlocality is
defined just in terms of the bosonic field ¢ as before,
leaving the free fermionic field local, the previous analysis
is very trivial to be performed. On the other hand, we expect
that in a more general situation, both the bosonic and
fermionic fields define some sort of nonlocality, and it
demands new mathematical tools.

Observe that what we have said up to now can be also
extended to Lie algebras at any level £k > 1. Remember that
in those cases, it is also possible to use free-field represen-
tations, and we simply need to define the Cartan generators
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as H' = iv/kOg/. The vertex operators exp(%ia - ¢/\'k)
have conformal dimensions A = |a|?/(2k), and as in the
nonsimply laced case, in order to obtain our currents we
simply multiply the vertex operators by new fields of
appropriate conformal dimensions. Remarkably, these
new operators have interesting nonlocal properties and
are called parafermions [84,96,98].

Finally, for general Lie algebras g; we would need to use a
stronger approach, for example, the Wakimoto free-field
representation, but the drawbacks of these free-field inspired
approaches are much more evident. For example, once we
assume a very generic deformation in this particular repre-
sentation, the (f3, y)-system is also modified and the explicit
expressions for the nonlocal charges would be much more
involved. On the other hand, we see in Sec. V that there are
situations where some progress can be made, and that this
representation may be useful to determine the nonlocal
charges for deformations of the AdS; x S x M, strings.

Some of these issues are addressed in Sec. V, but we
hope to fill computational details of this section in a future
publication. For now, we recognize that there are severe
limitations in the free-field representation and we try to find
a better and stronger approach. We unfortunately do not
provide a final answer to this point, but the next section is a
sort of brute-force calculation, and although it may seem a
contrived construction at first, it might be possible to learn
more about the algebra of nonlocal charges.

B. Nonlocal charges from deformed
WZNW-model currents

The authors of [53,99,100] have shown that in the
context of integrable deformations, the deformed currents
can be written as nonlocal gauge transformations. More
specifically, they have shown that given an integrable field
theory with currents J* = ¢g~'0. g, where g is the Lie group
element, the Yang-Baxter deformed theory has resulting
currents given by J. =G '0,.3, where §= Flg are
nonlocal fields defined through a twist element F whose
explicit form is in the original papers. Therefore, the
nonlocal currents are finally written as

J.=GI.G'-0,6G7", (3.4a)
where J. are the original undeformed currents and
G = g~'Fg. This relation is one of the reasons behind the
study of symmetries of the Yang-Baxter deformed theories,
and it suggests that the symmetries are obtained through a
Drinfel’d twist of the original ones. These ideas have been
explored in many texts, including [10,19,31,32,53-55].

The form (3.4a) is the finite form of a Yang-Baxter
deformation. For an infinitesimal expansion of the field
G~1+n(nonlocal), where n is a perturbative para-
meter, one could suppose that the infinitesimal version
of (3.4a) has the following structure

J. =J; +n(nonlocal term). (3.4b)
For the marginal deformations of our interest, we look for
nonlocal currents with this structure.

More specifically, the marginally relevant current-
current deformation (2.17b) is written as

S =St LS e / PLI(RYE),  (35)
a,b

where 7 is an infinitesimal parameter and c,,, is the matrix
that defines the specific deformation we are interested in.
Furthermore, it is known under which conditions these
deformations are exactly marginal [43—45]. We should also
observe that the deformations above are not, in general,
g invariant. Consequently we cannot apply the usual set of
ideas [94,101-103], and, in particular, the massive theories
do not define (local) massive current algebras as defined by
Bernard in [101].

In what follows, we use different symbols for the fields at
the fixed point theory, namely £¢ and R¢, and we keep the
notation £¢ and R for the perturbed theory. In order to
construct an object of the form (3.4b), let us now define the
g-valued function

A (z,2) = L,(z) + R.(3), (3.6a)
in the infrared conformal field theory. This object is very
trivial in the CFT point, and it obviously satisfies the free
boson equation of motion

00A,(z,7) = 0. (3.6b)
Once we move along the RG flow, one may assume the
structure (3.6a) is preserved, that is,

A(t,x) = L(t,x) + R(t, x), (3.6¢)
and in this sense, one can try to use the same methods
of [61]. Moreover, using that 0 = (9y + 0;)/2 and 0 =
(0g — 01)/2 we find

87?* =0 807_2* = —817_?,*

and 0L, =0& )L, = 0,L,. (3.7)
Therefore, we can write the following objects,
1 X
_ 1 X
R=3 (A - / dydpA(t, y)), (3.8)

which are analogous to the expressions (2.28). Once again,
in the fixed point these two equations are identities, but as
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we move along the RG flow one may consider (3.8) as
nonlocal definitions of the conserved currents £ and R.

One should observe that these currents are not neces-
sarily associated to any hidden Yangian. In other words, the
deformations above are not necessarily integrable; there-
fore, these nonlocal currents should not be considered as
objects (necessarily) built from the monodromy matrix. In
fact, the presence of these fields is not in general clear, but it
may be a generalization (in the sense that we do not require
integrability of the system) of an exotic symmetry as those
studied in [99,100,104-107].

The field A(z, Z) does not give any additional informa-
tion in the CFT limit since it is just a sum of the chiral and
antichiral components of the currents, but in the massive
theory, this field has its own dynamical equation that is a
modification of (3.6b). Using the Zamolodchikov’s equa-
tions (2.22) we have

DOA)(27) =51 f dwO(w, 2)IL, (2),

20N (=7) = 51 f PO (z, IR (3). (3.9)
These two conditions should obviously be the same, and
this equality enters as an additional constraint. On the other
hand, we want to find an expression for the field A. Using
the explicit form of the marginal operator, we see that the

first condition gives

D(0A(2.7)) = 5o f dwLe (W)L ()R (2)

= icyynf@? 0L (2)RY (2)

= icaynf**.0A (2, 2)RY (2). (3.10a)

In the last equality we have used the condition 9LS(z) =
0.AS(z, Z) that obviously holds in the IR fixed point theory.
Finally, one may consider the J-derivative

O*(0A(2.2)) = icaynf < (00A: (2. 2)RY (2)

+ 0A(2,2)0AY (z,2)). (3.10b)

Moreover, we can repeat the same idea for the second
expression in (3.9),

O0A(2.2)) = 51 car P WL (IR (B)IRE(2)

= icapnf?e LY (2)ORE(Z)

= icaynf?e LY (2) DALz, 7). (3.11a)
Taking the O-derivative
82<8Aa (Z’ Z)) = iCa/b/I’]fb/ac(ﬁﬁf/(Z)aaAi (Zv Z)
+ 0A% (2,2)0A(2,2)). (3.11b)

Therefore if we impose the equation 99.A4¢ = 0 on the
rhs of (3.10b) and (3.11b), their sum and difference yield
respectively

0D(DA(2.2)+0.A9(2.2)) Zicoyn( £, 0A(2.2)DAY (2.2)
TP 0AY (2,2)DA(2.2)).

00(DA(2.2)—0A%(2.2))=ic yyn(f* . 0A (2,2)DAY (2.7)
— " DAY (2,2)0.A(2,2)),

(3.12a)

where we considered that A=~ A, + O(y) to make the
replacement A, — A. These equations are rather involved,
but we may notice that we could initially try to find a
solution for X¢ = 9.A4% and Y* = 0.A%, so that the equa-
tions above become

000Gz 2) + 10(e 2) = (oK V() + e (5 Ve (e ) (3.120)
90(X*(2.2) = Y*(2,2) = —icayn(f*“ X (2. 2)Y"(2.2) = f**. X" (2.2)Y*(2.2)),
|
and now we have a system of 2 dim(g) second order  nonlocal currents define conservation laws. Using

differential equations with unknowns X¢ and Y%, a =1, ...,
dim(g). In other words, this system of nonlinear differential
equations defines the field .4, which is the necessary object
to define the nonlocal charges of the deformed WZNW
model.

1. Currents conservation

In the deformed theory, we also need to verify if the
nonlocal currents are associated to a new form of symmetry
in the system, possibly similar to those exotic symmetries
as in [99,100,104—107]. Our first test is to certify that the

Zamolodchikov’s equations (2.22) we find

BL4(2.7) = gzcar f aw(LY (0)EH)RYE)
— ewy (KSTOORY (2) + f74 L5 (YRY (2))
ORY(2.3) = 5zcan AR () (RY (PIRE(E)
= neay (k6" 0LY () + 7 LY (2)RE(R)),
(3.13)
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where we have used the OPEs (2.13a) and (2.13b). Using
that in the fixed point theory we have OR, =0 and

0L, = 0, we can write the conditions above as conserva-
tion laws

0oL (t, x) = Oy H (¢, x), 0o R(t, x) = 0,K4(t, x),

(3.14a)

where we have defined the following components,

H(1,x) = L(t,x) + negy [, / " dy L (6, y)RY (1),

K (1,x) = =R(t,x) +neap [ / dyLe (1,y)RE(1,y).
(3.14b)
Together, these conditions show that the nonlocal currents

are, indeed, conserved.' One may also define the following
g-valued 1-forms

J(t,x) = (J§(t, x)dt + J§(t, x)dx)T*

= (L%(t,x)dt + H (1, x)dx)T*, (3.15a)
and
J(t,x) = (J&(t, x)dt + Jé(t, x)dx) T*
= (R4(t,x)dt + K(t, x)dx)T?. (3.15b)

Finally, one can conveniently recast the conservation laws
(3.14a) as
¢, (t,x)=0  9J,(t,x)=0. (3.16)
Moreover, we assume that J ”(t, X), J ”(t, x), and A(r, x) are
the only g-valued fields in the massive theory. This
condition means that these objects and the equation of
motion for A(z, 7) carry all necessary information to define
the deformed currents.
It is convenient to write the conservation laws (3.14a) as

0L (2,2) = ey f :he(2)RY (2)) = 0He,  (3.17a)

'Bernard and LeClair have shown in [61] that when the algebra
is compact, semisimple, and is at the level 1, we have

OL* + OR* = 0.
In this case, we also have
OLY — OR® + 2 febe LORC = 0

and if we define the new structure constants as _ff;b" = 5fc we
have the flatness condition.

ORY(2.2) = O(nc iy f79:LE (2)h°(2)) = 0K, (3.17b)
where we have used the notation a,a = 1,2, ..., dim(g),
which denotes the left- and right-moving symmetries.
Hence, from the conserved currents

Je= (e J8) = (L9HY)  JT= (8 0E) = (K RY),

we can finally define the charges

Qla = zim ( / d2L9(2.2) + / dzH (2, z)),

Q —i</ dzica(z,z)+/dz7'za(z,z)>. (3.18b)

Since the mathematical formalism behind nonlocal
(or disorder as it may be much more appropriate) operators
in a local quantum field theory is not completely unveiled,
we assume, as a general hypothesis, that the symmetry
corresponding to these fields mimics the main features of
ordinary symmetries associated to local operators. Observe
that it is not an ad doc construction, but it has been verified
in a number of examples related to Yangians and more
exotic symmetries, but the vagueness of this hypothesis
does not lead us too far. More specifically, we modify some
early ideas of [94,101-103], and we assume a broader set of
hypotheses.

2. Hypotheses

We assume that the perturbed theory has a nonlocal
symmetry with associated 1-form currents J(x) =
J4(x)Tdx* and J(x) = J4(x)T*dx* as given by (3.15a)
and (3.15b), and these satisfy the following conditions:

(1) The nonlocal currents are conserved in the perturbed

theory, that is,

dJe = 0.

(ii) The nonlocal currents £%z,z) and R%(z,Z)
become local for the undeformed theory, and they
generate the Kac-Moody algebra of the WZNW
theory. Equivalently, in the asymptotic limit # — 0
the currents £¢(z) and R¢(zZ) satisfy the OPEs
(2.13a) and (2.13b).

(iii) The components £%(z,0), H(z,0), R(r,0) and
K%(z,0) do not generally give the massive current
algebra as defined in [101].

Before continuing, we need to justify these hypotheses.
Conditions (i) and (ii) are obvious. We are just saying that
we have a conservation law associated to the nonlocal
currents J and J and that in the undeformed limit we
recover the WZNW model with Kac-Moody symmetry
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g x §. In fact, when we considered the condition A ~ A, +
O(n) before, we secretly used the hypothesis (ii). Condition
(ii) also implies that in the conformal theory limit, the
components £ and R become local. Equivalently, we have
assumed that once we deform the theory, one introduces
these disorder operators, which in essence means that the
currents become nonlocal. In the examples of Yang-Baxter
deformations [99,100,104—107] and in the cases studied by
Bernard and LeClair [61], we can find specific cases of
nonlocality generated by deformations (although in differ-
ent contexts) which justify this second hypothesis.

Finally, condition (iii) is subtler. We relax the conditions
imposed by Bernard in [101], and that particularly says that
we do not assume that the OPEs close solely in left- or
right-moving modules of g x g. In other words, we assume
that any product involving the components L%(t,x),
H(t, x), R%(t,x) and K(t,x) needs to be expanded in
terms of these currents and their descendants. Evidently, the
conditions considered in [94,101-103],

LR~0, LK~0, HR~0, HK~O, (3.19)
are extremely useful, but it seems artificial in a very generic
situation such as those we try to address. It is reasonable to
assume that once the theory is deformed, the chiral and
antichiral structure of the theory is spoiled, and it is this that
condition (iii) denotes. Additionally, Zamolodchikov [62]
imposes that the Hilbert space decomposition is preserved
once we deform the theory, but it is not obviously generic
enough, so we explore other possibilities.

One can now try to use these general hypotheses to study
the algebra generated by nonlocal symmetries. It is evi-
dently a highly nontrivial task, but we can start with a
babe problem, finding some algebraic constraints imposed
by physical arguments. That is exactly what we start
doing now.

IV. ALGEBRA OF NONLOCAL CHARGES

As we have just seen, the chiral decomposition of the
theory is broken in the deformed theory; therefore we do
not want to preserve the notation associated to structure as
an artifact. In order to study the algebra generated by the
nonlocal charges 0! and 0% it is much more convenient
to define the column vector

Js L
Ja Je He
A= = - = 1, 4.1
= () =5 | = e | @0
7) \rs

with #! = J¢ and #? = J% Moreover, we already know
that nonlocality is equivalently written as the equal-time
braiding relations

e (txy)] (7P (1.x)] = R (x12)] 5 [ 7 (1.20)] - [7° (2.1 )]
(4.2a)

).
2b)

Using the vertex operator representation, the braiding
relations (4.2a) are closely related to anyonic statistics,
which has been analyzed in many different contexts,
including in the search for quantum group structures in
two-dimensional conformal field theories. The relation
between these ideas, if any, is not clear and deserves
further investigation.

where

[R%] = < R ]

@) e (R R
o) 9= (o e
(4

A. R-commutators

Now we can start some full-fledged calculations.
Remember that one of our main hypotheses is that these
nonlocal objects mimic some features of the local currents.
Associativity of their product imposes that the following
expressions are equal,

(J(x )fﬁ(xz))fy(?%)
= Rgf(xu)RZi(xB)R%(xg)f”(x3)f’(x2)j’<(x1 ),
(4.3a)

FJ(x1)(FP(xp) F7(x3))
= RY (123 R (x13)RE (612) 77 (x3) 7" (x2) F¥ (1),
(4.3b)

and it immediately implies that the matrices R%) are, as
expected, solutions of the quantum Yang-Baxter equation

Ryp(x12)Ry3(x13)Ra3(x23) = Roz(x23)Ry3(x13)Rya(x12).
(4.4)

One may use the direct calculation—that is, we take the
explicit product of currents in the quantized theory—to fix
the matrix R, but currently it is obviously impossible to
complete this program, and for now this matrix is an input
of our construction. It might be possible to solve this
conundrum by deepening our understanding of the con-
sistency conditions, something along the lines of a boot-
strap program. Fortunately, when we have an integrable
Yang-Baxter deformation, the situation is slightly better,
and it seems possible to use the Yang-Baxter solution
which defines the deformation as a seed for the braiding
matrix. We discuss more of this possibility in the specific
example of Sec. VA.
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The important aspect is that with the column currents
J%, one can define the charges (3.18b) as

Q= L (/ doge + /dzf§>,
2mi

and now we can invoke the results of Bernard and LeClair
[61] to compute what we call R-commutators,

(4.5a)

Q. U] = QUQF —RUQ'Q* = Q%(QF),  (4.5D)
where the ths of this equation is given by
() = i ([ @m0 7w w)
+ / dzdi F2(2.2) 7% (w. )
4 / dzdw, 72 (2. 2) 7 (w. W)
+ [ i) hiw ) (4.50)

In summary, the problem is then reduced to the calculation
of four terms,

QU(Qh), Q%(Qh). QUQb). QYQP).  (4.5d)
Using the first element to understand the structure of these

objects, we have

2mi w—7

QY (QF) = L [/ dzRes(L£4(2)KP (w, w))

+ / dzRes(H(z,2)RE(w))

WwW—Z

1 o i
—J—ﬁ/dzdwﬁ (z,2)RP(w,w)

1 —
+— [ dzdwH(z,2) K (w, W)|,

= (4.6)

where we have considered the perturbative expansion

L(z,Z) = L.(z) +nLi(z,2),
R(z.2) 2 R, (Z) + 1R (2.2).

lall

(4.7)

The first constraint we need to impose is related to the
obvious fact that in the undeformed limit # — 0 we must
have H* - 0 and K% — 0. Consequently, one should
suppose that these fields are of order O(1), which can
be easily verified in (3.17a) and (3.17b). Additionally, we
can rewrite the charges in terms of the coordinates (x, 7)
instead of (z,7); therefore

&(QP) = / drdy (L9 (x, )KP (v, £) + HO (x, )yRP (v, 1)
+L9(x, )R (y. 1) + H (x,)KP(y.1)),  (4.8a)

and we see that in order to finish this calculation we
simply need to integrate the perturbed operators OPEs.
Additionally, we also have

O*(Qh) = / dedy( L2 (x, 1) £ (3, 1) + £ (x, ) YHE (v, 1)

+H(x, 1) LE(y, 1) +H (x,t)H (v,1)), (4.8b)

Qa(Qb):/dxdy(ﬁa(x,t)/Cb(y,t)+Ha(x,t)7_€b(y,t)

+L3(x, )R (y,t) + H¥ (x, 1)K (y,1)),  (4.8¢)

and evidently

o7 (QF) = / dxdy (K (x. ) RP (. 1) + R (e, 1)KCP (3.1)

+RA(x, ) RE (y,1) + K% (x, )K" (v,1)).  (4.8d)

We have just seen that the algebra of nonlocal charges
can be completely determined from the analysis of operator
product expansions of the corresponding conserved cur-
rents. In other words, we need to find the coefficients of the
matrix

77 = 177 ® 7]
LY LMY LOKP LORP
_ | Hect Hent Ha/c'_? HRb (49)
Karh ganb  gagch o jgcaRb ’ ’
Rarh  Rapb 7‘3&;@3 Raﬁi’

where consistency imposes that the lowest orders in 7 are

LLRR~O(n°)
LH,HL, LK, KL, LR, RL, HR, RH, KR, RK ~ O(n)
HH, HK, KH, KK ~ O(n?). (4.10)

Observe that there is another subtlety at this point. The
matrix above cannot be reduced to an upper (or lower)
triangular matrix since we do not have the usual bosonic or
fermionic statistics at our disposal anymore; therefore we
need to compute all OPEs. In [61] the authors considered
that the OPE closes independently in the left of right
modules so that terms of the form LR are regular. As we
said before, that simplification is very unnatural, and we
consider the most general case. The next section is an
attempt to unveil properties of these products.

025008-12



NONLOCAL CHARGES FROM MARGINAL ...

PHYS. REV. D 101, 025008 (2020)

B. (Nonlocal) operator product expansion

Before starting our calculations, we need to remark—
maybe redundantly—that the present construction is
intrinsically quantum; and in this sense, all these expres-
sions are inside correlation functions. Therefore, it
should be clear that once we deform the theory, a new
prescription for the calculations of vacuum expectation
values (VEVs) must be imposed, and it is well known that
the perturbed VEVs are related to those of the original
theory by

(®(z1. o0 2)) = (®(z1. ooz Oy (411
where @©(z,...,z,) is an arbitrary product of fields and
(- ) is the undeformed VEV. In this sense, we simply
want to develop methods to calculate the correlators when
they have insertions of nonlocal operators.

We have seen that once we deform the theory, nonlocal
conserved charges and consequently their corresponding
currents can be defined. For integrable theories, the
existence of classical nonlocal charges is often associated
to the underlying Yangian symmetry. Much more impor-
tant, there exist prescriptions to build an infinite tower of
nonlocal charges Q,), n > 1, starting from a local charge
Q<O); see [60,108,109]. The algebra of these charges can be
calculated using the Poisson bracket (which can be later
quantized) and it has been shown that the computation of
the brackets of Q(()) and Q(l) (together with the so-called
Serre relations) are enough to determine the algebraic
structure of this symmetry.

What we meant is that local and nonlocal currents often
come together, but in the present work we study a more
exotic situation where we do not specifically consider any
(obvious) local charge to be paired with the nonlocal ones,
in such a way that the more familiar Yangian symmetries
are generated. So, we need to learn how to live with these
nonlocal charges, and in particular we need to describe their
algebra directly from the OPEs, perhaps following ideas
similar to those used in the vertex operator algebras
construction. But how can we do that? The most direct
approach is to find the classical counterpart of the nonlocal
charges defined in the previous section, take the Poisson
bracket, and finally use the standard canonical quantization.
This direct program is not only difficult, it is unpractical
and unrealistic. Alternatively, given that the construction
so far has been intrinsically quantum (we considered

D

Yy x

marginally relevant operators, OPEs and so on), we need
to take it as an advantage to make Ansdtze for the OPEs,
and try to see what the physical constraints have to say
about the coefficients.

As we said many times before, nonlocality is comprised
in the existence of an R-matrix, which imposes that for each
pair of operators O;(x) and O,(0), one says that they are
mutually nonlocal if under permutation their product
O, (x1)0,(0) transforms as exp(2zia)D,(0)O; (x;) where
the phase exp(2zia) is an unspecified component of the
R-matrix. Observe that this situation is similar to what
happens with anyons or parafermions [84,98] statistics,
where the anyonic or parafermionic pair of operators would
be a-nonlocal if under an analytic continuation of x, their
product O;(x;)O,(0) gets a phase exp(2zia). Even more
importantly, if we embrace this analogy for the case of Zy
invariant lattice models, we have the order o, and disorder
u; operators, with k =1,...,N —1 which are mutually
nonlocal. For the definition of the OPEs one needs to
introduce the parafermionic operators themselves, and
consequently we do not have any ambiguity to express
the operator product expansions.

The nonlocal nature of these operators makes it hard to
give an interpretation in terms of operator product expan-
sion, but we assume that when the space is simply
connected, two nonlocal operators which are close to each
other can be replaced by a sum of nonlocal operators.
Observe that in a complete general situation where we
know the deformed local and nonlocal operators, we could
impose that the OPEs would close using both types of
operators, there is no contradiction to assume that. The fact
is that we have just nonlocal operators to care about, so let
us assume that these operators are enough to make a closed
algebra.

Moreover, we have also assumed that the space is simply
connected. That is very important because we need to
assume that the integration curves are all homotopic; see
Fig. 2. In fact, for homotopic curves we can use the
expansion of Fig. 2, but it is not exactly clear how we can
define the OPEs for two operators defined via homotopi-
cally inequivalent curves; see Fig. 3. We do not address this
type of subtlety in this paper, so let us assume that we have
a simply connected space where the first construction is
appropriate.

All in all, the OPEs are defined in the usual way, except
we drop the consistency conditions implied by locality
[102,103]. They have the following structure,

L
>

x

FIG. 2. Nonlocal OPEs in a simply connected space.
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m = 2
oo :
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Yy

FIG. 3. Nonlocal OPEs in a nonsimply connected space.

Fz2,2) 7P (w,w) Zc‘g“/” (|z = w|) O (w, W),  (4.12a)

where k is an enumeration index. Given that we have
assumed that the only Lie algebra-valued operators avail-
able are the nonlocal currents, we have that @) are the
currents themselves #7 and derivatives thereof. Hence, the
relevant terms are

I42.2) I (w ) ~C (2= w]) F7 (w. )

+ D (|z-w)(8.7) (w.w).  (4.12b)

Moreover, it is convenient to use the coordinates (, x); then

T (@) F0(0) ~ (Chn)? (0).75(0) + (D) (x)0, 74(0).

(4.12¢)

As before, the index a = (a, a) denotes the left- and right-
moving Lie algebras and now we make a small change of
notation in the indices (m, n), namely

Je=(J4.J4) = (LY He) T°

Il
—~
~
+
~
I}
~

|
—~
3
‘.Q
by
N
~

and £ remains the same 7% = (J¢,J%). As we see, this
small modification enhances the readability of the results.
Additionally, we further assume the expansion

76,(x) 70(0) ~ F (Chn(%)F(0) + Dhis(x)0,.74(0)) |
(4.12e)

Initially one can impose some obvious constraints
related to the engineering dimensions, perturbative expan-
sion in 77 and associativity of the product. More specifically,
we have the following:

Engineering dimensions: The easiest constraint comes
from dimensional analysis. As in [103], we have

Chn(x) = O(|x|7179), Dih(x) =~ O(|x|), (4.13)

where |x|™ denotes possible logarithmic divergences.
The structure constants: The first interesting con-

straints are related to the structure constants }",,ﬁ , Chin

and D5Y. The OPEs £ #° and % 7% give the Kac-Moody
algebra for 1 = 0; therefore we consider expansions of the
form

FE = tnfte FE = fT i
Fe ﬁ’l]?abz

ab ., Fab
Fy=nfe,

oo

QQ ﬁggl
3
=

y=c,C. (4.14)

Using the OPEs structure (4.10) we have that the following
coefficients

ci., Ct,, C-., cf., Cz,, Ci., Ci., C(CZ,
D, Dif, D, DX, Dz, DIz, D3,

Dz, D, D,

D77, Dy, Dz, DiZ, D=3, Df;  (4.15a)

are of order O(n). Additionally, the coefficients

C’+

- Ciyv
D+, Dt

- -

DI, D73 (4.15Db)
are of order O(n?) and they can be neglected in the current
perturbative analysis. All other coefficients are the leading
order O(1°) terms.

Moreover, let us denote the inverse of (F.

that is,

)aﬂ by (gy)aﬂ’

(gy)“ﬁ(gy)arﬁ =09, (4.16)

and using the inverse structure constants, and the expres-
sion (4.12e) we obtain

F g (6)T0(0) ~

hin ().75(0) + Dhh(x)0,75(0) .

(4.17)

Associativity: Associativity imposes that the braiding
matrix satisfies the Yang-Baxter equation, but if we use this
condition in the OPEs, we find an additional important
constraint. Specifically we need to study the two sides of
the equality

(4 (x) 70 0) Fi(z) = Fa(x)(Fn () Fiz),  (4.18)

where we (unwisely) use z as a real parameter, and it must
not be confused with the complex coordinate we used
previously. The left-hand side of this equation gives
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(F24 () I FHz) = FFFE[Con(x = 9)C3, (v = 2) + Dindh (x = ) O35 (v = 2)].7%(2)

+ [Chn(x = Y)Di (v = 2) + Dhih (x = ) D (y = 2)]0,.77(2)}.

and the right-hand side gives

(4.19a)

T4 (I3 IH2) = FPFTLCh(y = 2)Chp(x = 2) + D (y = 2)0)Chy (x — 2).74(2)
+ [Chr(y = 2)Dip (x = 2) + Dol (y = 2)Chuy (x — 2) + DRI (y = 2)9p Dyt (x — 2)]0,.77 ()

+ D (v — 2)Diiy (x — 2) 0505 77 (2) .

(4.19b)

Comparing both sides we have that the term with two derivatives §* . must be paired with regular terms in the expansion.

Additionally we have

and

Chn(x = )C5(y — 2) + Dhit(x = y)3,5C5,.(y — 2) (4.20a)
= Chr(y = 2)Chp(x = 2) + Do/ (y = 2)05Chg(x = 2) |

Ciir(y = 2)Diip (x = 2) + Dar(y = 2)Cug (¥ = 2) + D (v = 2) 9 Dy (x = 2) (4.20D)
= Cr(y = 2)Diip (x = 2) + Do (y = 2)Chug (X — 2) + Dt (v — 2)8pDiig (x — 2). |

Crossing symmetry: Finally, we should also impose
crossing symmetry. We do not open the calculations in full
details, but we impose the following conditions,

— — I_'_l—l 1
I IRIS IS~ I IR I IS~ I I8 Iy Fo
(4.21)

where the symbols ~ denote the fact we need to take into
account the braiding relations.

These two previous conditions, namely the associativity
and crossing symmetries, are extremely important but
difficult to be properly analyzed.

C. Discrete symmetries

As in [103], we could try to consider the constraints
imposed by discrete symmetries, but, as we said before, the
nonlocality of these currents is closely related to the
anyonic statistics which has as one of its essential features
the violation of parity and time reversal transformations.
Given that the current understanding of these objects is not
complete, it is not clear to the author if we should impose
these constraints, although CPT and C symmetries are
unlikely to be violated.

In this respect, we see that the introduction of propor-
tionality constants under these transformations is the safest
route for us in the present paper. Moreover, a possible CPT

violation of the currents should not be confused with
inconsistencies of the theory. These nonlocal operators
are not related to any observables in the final theory, and we
should think of them as computational devices. We may
remember that ghost fields are also nonphysical, since they
violate the spin statistics, but they are also useful computa-
tional devices. Modulo this subtlety, these constraints mean
the following relations

§1. Parity P is defined by

PA(tx)P™ = ()" Phga(t —x)  (4.22a)

P, 7%(t, x)P~! = (=)mtnPrs 9, 79(1, —x)  (4.22b)

for m,n, r,s = 0, 1. Observe that in the usual case we
have Pj, = o), and P}, = 0,05, but we have allowed
nontrivial terms to denote our ignorance on the non-
local terms.

§2. Similarly, the CPT symmetry gives

0.7% (1, )01 = — o 79(—1,—x),  (4.23a)

®8mjg(t’ X)®_1 ; Hrrnsnarj?(_tv —X), (423b)
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where 6}, = !, and 0.5, = 5,05 in the case of local charges. These relations imply

where one should also impose

and

105Chn(x) = =6,0,Ch(-x) 647 Dili(x) = 6,0, D (—x)]. (4.24)
§3. The charge conjugation C seems to be an unquestionable constraint, and it goes as follows:
C74(1,.x)C™" = B 7 (1. %), (4.25)
CFu(C) = 74 = (4.262)
F1yCI4FnC™!
= C(Chn(x).75(0) + D (x)0,74(0))C™ = |F1,,B%, B!, = F5, B,| (4.26b)

In order to be clear, we may think of this situation where
we have several operators associated to discontinuities,
such as a bunch of Dirac strings, and that these operators
are conserved and satisfy an algebra. When inserted into
correlation functions these operators impose conditions on
the observables, but are not by themselves observables of
the theory. We may see that depending on the properties P
and @ many interesting situations may happen. For exam-
ple, triviality conditions appear when there is an odd
number of currents inside a correlation function, and the
matrices P and @ are different from the identity. In any case,
if these ideas are physically possible or if they are wild
speculation will be the theme of a future publication, for
now we want to see other possible constraints.

D. Braiding relations

Finally, we now turn our attention to constraints imposed
by nonlocality itself. As we said many times before, the
braiding matrix R comprises the nonlocality of the currents,
and consequently the constraints on the algebra of charges.
Then

T (x)70(0) = RE®)FH0) 750 (), (4.27)
and one can easily show that
Chn(x) = (=F4,REF)Chn(x).  (4.28a)

Observe that this condition imposes that the diagonal
terms vanish unless

1 paf Tre _
j’-"a/jR;’(;fﬁ =-1,

(4.28b)

|
and we can justify this choice by imposing that in the CFT
limit the Kac-Moody algebra is recovered. The same
condition also imposes that

Dhih(x) = xPChu(x) — D (x). (4.28¢)
Let us now define the tensor
1
Thi(x) := Dhih(x) — 5xpczm (x), (4.29)

and from it we can readily show that (4.28c) can be
equivalently written as

(708 () = =104 (x)

: (4.30)

where we evidently used the symmetry of Cf,,, (x). We have
just settled the antisymmetry of the indices (m, n). Now, we
can be utterly pragmatical and write 7 1% (x) in terms of its
symmetric, skew symmetric and diagonal in the indices
(p,q), that is,

T (x) = THO(x) + TR (x) + pP9T (). (4.31)

The first and obvious observation is that current conserva-
tion imposes that the diagonal terms in (p, g) are identi-
cally 0, that is, 7 ,,,, = 0. All in all, we have the expansion

025008-16



NONLOCAL CHARGES FROM MARGINAL ...

PHYS. REV. D 101, 025008 (2020)

a/)’ja( )f/,i(o)
~ Coun (%) F7(0)

+ (74909 + T + 320 Cln()) 0,740
(4.32)

Quite remarkably, similar conditions can be found using
the currents locality [61,94,102]. As a direct consequence
of these calculations, we can import the early results of
[61,94,102] to determine the OPE coefficients of the
nonlocal OPEs. Therefore, these terms can be written as

Chin(x) = Ci1ux*xP + Cy(x,,0% + x,0m) + C3x,,x,x”
(4.33a)
TPD =t (xP (%, — x,6%) +x9 (x,,00 —x,00))  (4.33b)

Q(Qh) =

4 Sonfe [ dxdy(Cha(be =30 750) + DR = 12, 750))

m.n.p.q
=+,—

T — 1, (55,88 — 54,68)x (4.33¢)
where one can use the current conservation
0"Ch, =0 9"Dhi =0]. (4.34)

to determine a series of algebraic equation for the coef-
ficients C;, t, and t,. We refer to [103] for the explicit
expression of those functions.

E. Algebra of charges

In an ideal situation where all the constraints above are
completely solved, we would have all necessary ingredients
to finish our calculations for the algebra of charges we
started in Sec. IVA. For example, we know that

Qa Qb Racbi ch
C

Q'(Q). (4.35)

where we need to calculate the terms

anah [ axdy(Chatbe =750 + DA = 72 750)

(4.36a)

Moreover, Qa(Q” ) is obtained from a simple transformation @ — @ and b — b in the equation above. Additionally

&'(Q") - Z(f“” ) [ axdChalle=31)750) +

mnpq

4 Y onie [ dxdy(Cha(be =375 + DR = 12, 75(0))

m.n.p.q
=+,—

and finally

Q(Q) =

The final R-commutators are

/ dxdy(Chon (1 = Y1).F5(y) + Do (|x = ¥)8, 75 (7).

Dyt (1x = y))0,.75(y))

(4.36b)

> nft, / dxdy(Chon (11 = Y1).F5(y) + Do ([ — ¥)8, 75(2))

(4.36¢)

00 -RYQ Q" = 7T

(4.37)

where

Th = /dxdy(Cfnn(|x—y|)f§,(y)+DZ‘{1(|x—y|)8qfé(y))-

(4.38)
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Unfortunately we do not have any means to finish this
calculation, but the problem has been posed. In summary, if
we want to calculate the algebra of charges for a given
theory with nonlocal operators, we just need to understand
two specific problems. The first problem is to elucidate the
behavior of the braiding R-matrix jiggling around all these
calculations. At this point it is just an input and, as we see in
the next section, there is a good candidate for these objects
in the case of Yang-Baxter deformations.

The second problem is to determine the behavior of
objects 7*. One immediate question to be answered is to
explain when and if 7% can be written in terms of the
charges Q“. Additionally, one may also try to see if there is
any other interesting possibility. For example, remember
that in a quantum theory it is known that if an operator Q
satisfies the following relation

[T#, OF] = T#[Q] 0, (4.39)
we say that 7%[Q] is the topological charge of the operator
Q. Therefore, it would be most interesting to verify if and
when these objects are topological-like charges.

V. APPLICATIONS: FROM YANG-BAXTER
TO T'T & TJ DEFORMATIONS

We finish our paper with a rather incomplete analysis of
how the central objects of the current work can be applied
when we have deformations of the Worldsheet and boun-
dary CFTs. It is evidently an unfortunate situation that we
cannot describe the whole mechanism in full generality, but
we can try to see some features of this construction.
Although the topic of the present paper is not necessarily
confined in the string theory context, these two examples
are inside this research program.

Before starting our analysis, let us quote an important
result that classifies the types of deformations we are
interested in. Chaudhuri and Schwartz [43] and recently
Borsato and Wulff [44] have considered marginal defor-
mations of the form

0(2,2) = c ;L) R (2), (5.1)
where c,j, are constant coefficients. They have shown that
in exactly marginal deformations the constants c ; identify
two maximally solvable subalgebras. See also [45] for a
systematic collection of results and examples. Knowing
this result we try to see what it can do for us.

A. Yang-Baxter deformations

Consider integrable deformations of AdS; x S*. The
first thing one may observe is that being an exactly
marginal deformation is generally not enough to guarantee
that the deformed background is a string solution. Quite
generally, there are several other conditions, amongst them
the existence of a nilpotent Bechi-Rouet-Stora-Tyutin

operator in the deformed theory, which may be used to
define physical states of the quantized strings.

Observe that when we say string solution we strictly mean
that the theory has as massless excitations only those fields of
the usual ten-dimensional supergravities. In this sense,
marginal deformations that give string backgrounds must
be built from physical vertex operators of the original theory.
Considering the Yang-Baxter deformations [8,9,20,21], con-
sistency of the vertex operator is translated into a condition on
the classical r-matrix called unimodularity [22], and this same
condition has also been discussed in the pure spinor formal-
ismin [110,111].

Therefore, given a Yang-Baxter deformation one has the
following possibilities:

(1) Unimodular deformations: As we have just said,
these deformations give consistent string theory
solutions; therefore, they are obtained from exactly
marginal operators and on top of that, the unim-
odularity condition is satisfied. That also means that
such deformations satisfy the so-called (weak)
Chaudhuri-Schwartz (CS) conditions defined in
[43]; see also [44,45,112].

(2) Nonunimodular deformations: In this case we do not
find consistent string theory solutions, but two
interesting things may happen.

(a) These deformations may be generated by margin-
ally relevant operators. In this case, the current-
current deformation does not satisty the CS
condition. This condition is equivalent to defor-
mations generated by classical r-matrices that do
not satisfy the unimodularity conditions, and the
symmetry generators do not belong to the maxi-
mal soluble Lie algebra [44]. The nonunimodu-
larity is realized in terms of a new vector field K
in the massless spectrum of the theory, and this
term adds to the beta functions a K* contribution.

(b) But it may also happen that deformations
are exactly marginal (the CS condition is sat-
isfied, which means that the deformed CFT has
vanishing beta functions) but that there is a
massless nonphysical field in the string spectra
[33,110,111] which manifests itself again as the
Killing vector field K at the supergravity level.
That essentially means that the unimodularity
condition is not satisfied, despite the fact the
deformation is exactly marginal. Observe that
this case is precisely what happens in [113],
where the solutions have null Killing vector
fields, i.e., K with K”K” = (0. Given that the
modifications of the beta functions are realized
as a term of the form K2, the beta functions are
still vanishing, and consequently the resulting
theory is still a CFT, but with a nonphysical field
K that spoils their string theory interpretation.
That essentially means that other stringy require-
ments are not satisfied.
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These are the types of deformations we study now.

1. Marginally relevant deformations of the AdS; strings

Among the extensive collection of advantages of this
particular deformation, one of them is extremely compel-
ling to our proposal; namely, there is a very natural
candidate for the braiding matrix R. In other words,
suppose we have Yang-Baxter deformations of nonlinear
sigma models based on the R-matrix R ~ 1 + nr + O(i?),
where r satisfies the classical Yang-Baxter equation.
Therefore, one can use this same R-matrix as a seed for
our braiding R-matrix. More specifically, for a deformation
of the form

35 [ rgl @R, (52)
with r,; = —r,, one can impose that R, = (1 +#r),.
Observe that in the infinitesimal limit we consider now, the
diagonal components (in the left- and right-moving sectors
R,, and R; ;) do not play any role in the deformation itself,
but are important in the algebra of nonlocal charges.
One may try to study these nonlocal objects for defor-
mations of string theory in the background AdS; x S* x T*
supported with a B-field. In order to make the text self-
contained, we review some of its features in Appendix. It is
well known that this theory is equivalent to an
SL(2,R) x SU(2)-WZNW model, and this particular
model has two maximally solvable subalgebras generated
by {V3,V_,K3} and {V3, V_, K3}. Therefore, any pertur-
bation defined by these generators is exactly marginal.

We have a list of possible marginally relevant deforma-
tions of the SL(2,R) WZNW model

5.8 = %/d%ﬁ—(z)fz*(z),
5, 8= % / PzL(2)R(2)
),

I B R e
b8 =L / 2L (R3(2)

21

_n 2,3\ D+
53,8 2ﬂ/d 2L ()R (

P / RoLt(2)RH(3),
2

where the currents are

L3 = k(Ou+cosh2pdv),
R = k(Ov+cosh2pdu),

L* =k(dptisinh2pdv)eTi?,
R+ =k(Op +isinh2pdu)e T2,
(5.4)

and the familiar OPEs are given by

()t ~ )

RIERE(W) ~ + fi_(v;)
B ~ 5
RER(9) ~~ 3=

L)L ()~ - _kw)2 N 25(3)
RHQR() ~ 4 ) 55)

(z—-w)? z-w

It has been argued in [44] that the coefficients ¢* may be
interpreted as the nondiagonal elements of an r-matrix one
can engineer as a solution of the classical Yang-Baxter
equation. In particular, the example 4.3.4 of [38] corre-
sponds to the r-matrix

1 -
r:_ﬁV+A(V3+V3) <
558 =L [ @2Lr @R >0

and we notice that the perturbation by the operator
O(z,zZ) =nL*(z)R3(Z) is not only marginally relevant,
but also (classically) integrable by the arguments of [44].
With this deformation we can now (try to) apply the
techniques we developed in previous sections regarding
the existence and algebraic relations of the nonlocal
charges.

As we said before, the deformed nonlocal fields are
defined in terms of a new gauge-valued field A obtained
from its dynamical equations (3.12a) or, equivalently, from
(3.12b). For example, if we assume the marginally relevant
operator O(z,z) = nL*(z)R3(Z), it is straightforward to
show that Eqs. (3.12b) are

00X+t =Xty ™, I0X~ = —nXtY", 20X3 =0
(5.7a)

and

90yt =0, 90Y~ = 21X3Y3, 90Y3 = —nX+Y3,

(5.7b)

where X9 =04 and Y = dA* for a = +,3. With the
solution for these equations for the components .A* we can
directly characterize the nonlocal currents £ and R* and
their algebraic properties.
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B. Comments on holographic TT and T.J

Certain irrelevant and integrability preserving deforma-
tions, called 7T and TJ deformations, have been studied
initially in [63-67]. As we know, the subject of the present
work is essentially marginal deformations of field theories;
consequently, the perturbations defined by Zamolodchikov
et al. may seem absolutely unrelated to the current
discussion. Here the magic of AdS/CFT comes into play.
It has been suggested that certain marginal deformations of
the string Worldsheet theory, which is defined by the
gravity dual to the undeformed holographic CFT, encom-
pass all essential features of these 7T and T7.J deformations
[78-83].

More specifically, given a 2D QFT, not necessarily
conformal, we can define the following irrelevant operator
of weight (2,2),

TT(x) = lim(T(y)T(x) - ©(y)O(x)),

y—ox

(5.8)

where T, T, ® and © are the components of the stress-
energy tensor, which must satisfy the conservation law
0:T = 0,0, 0, T = 0;0. (5.9)

Observe that this irrelevant operator is universal in the
sense it can always be defined, since this object only
depends on the stress-energy tensor.

When we have a theory with (at least) a SL(2,R) x U(1)
symmetry, one can define the following (2,1)-irrelevant
operator

JT(x) = lim(J(y)T(x) — T (y)©(x)).

y=x

(5.10)

where the conservation law for the current must also be
satisfied,
07 +0J = 0. (5.11)
From the holographic viewpoint, we may also study
this deformation from a stringy perspective. As usual,
when the two-dimensional CFT is holographic dual to a
string background of the form AdS; x N, where N is
a compact space, its 7T and 7J deformations above
should correspond to a double trace perturbation.
Consequently, these deformations change the boundary
conditions of the theory [114,115]. Quite remarkably, the
authors of [78-81], see also [83], argue that there are single
trace deformations of the AdS; strings which reproduce the
essential (or all) features of the 77 and TJ deformations.
These single trace operators are exactly what we need to
implement our ideas on the existence and algebra of the
nonlocal charges.
Let us concentrate on the 77 deformations since the 7.J
follows similar reasoning. It has been shown that the 7T

perturbation in the boundary CFT is equivalent, from the
Worldsheet perspective, to
5L, = —nL(2)R™ (). (5.12)

One should notice that this transformation is, indeed,
exactly marginal since it does not belong to the maximally
soluble subalgebra specified in the previous section.
Evidently, in this particular case, the limitation of our
analysis is much more noticeable.

In the Wakimoto representation of the AdS; strings, we
have the Lagrangian

Frs = BBy + P07+ 0900~ \ TR~ VR, (513)

where we have written explicitly the fy-system which may

be appropriately bosonized as

p= i8¢+

p=i0p, where ¢, (2)p_(w)~In(z —w),
(5.14a)

y=1i¢_
7=ip_

and now we can use the Coulomb gas formulation
machinery. One can think of the bosonized fields in terms
of the scalar field ®(z) = ¢, (z) + ¢_(2).

The boundary TT deformed theory is equivalent to the
Worldsheet theory,

- - = 2 . —2 g\ o=
Zus = POy + P07 + 00 — —Rep — (n + ).

-+

(5.15)

in such a way that this new theory isnot SL(2, R) x SL(2, R)
invariant anymore; therefore one could expect that the non-
locality of the deformed theory should be summarized in
terms of the new scalar field ® = ® + A(nonlocal).
Unfortunately, we have not been able to define the expres-
sions for the nonlocal terms for exactly marginal deforma-
tions. The recent discussions of these issues (at the classical
level) in terms of O(d, d) transformations may be the correct
direction to address this problem, and it is an interesting
direction to explore [42,112].

At any rate, one needs to ensure that the net effect of the
nonlocality is summarized in the algebraic discussion of
Sec. IV. The fact that the resulting theory is still a CFT
imposes several constraints to the braiding matrix and, in
particular, we have the following OPE product matrix

£C 00 0
0 00 O
o« 7h| — [ ga - . (516
7 =7 @ 7] 0 00 0 (5.16)
0 00 RIRP
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since H* =K =0, and evidently we have the usual
decomposition between holomorphic and antiholomorphic
sectors in the Hilbert space. As a direct consequence we
have the regularity of the following OPEs £R" = 0 and

RLP = 0. These constraints greatly simplify the compu-
tation of the R-commutators (4.5b)

Q. 'k = 97(Q")
Q. Qe =[Q" @k =0

[Q7. Q" = Q(Q"). (5.17)

As we said before, the methods we tried to define in this
paper do not seem to be strong enough to address exactly
marginal deformations. As a sad consequence, we are
unable to compute, or at least to give a way to calculate,
the nonlocal charges above. Incurring the risk of repeating
ourselves, the JJ deformations are better described by
O(d, d) transformations, and recently the deformed theory
nonlocality has been addressed in [42]; we see that
integrability also plays an important role there. We can
certainly explore those directions to understand the quan-
tum algebra of these deformations, and we hope to study
these points in a future work.

VI. CONCLUSIONS

In spite of their ubiquitousness in field theories, nonlocal
charges are still difficult to explore, especially due to the
absence of general methods to define them. In integrable
theories, these are usually related to the Yangian symmetry
which is believed to be an alternative to the inverse scattering
method in the study of integrability. The role played by
nonlocal charges, and the circumstances under which we can
define them are not clear for generic quantum theories. In
this paper we tried to address these problems using very
unsophisticated and primitive methods, such as OPEs and
brute force constraints imposed by physical arguments.
Perhaps with future development of string theory and
nonperturbative methods in field theories, one may use its
methods to address these questions properly.

After a brief review in Sec. II, we started our analysis of
nonlocal charges in Sec. III with the definition of currents
directly from the deformations of free scalar representations
of conformal theories. This method is a simple generali-
zation of what has been done by LeClair and Bernard [61].
On the other hand, the applicability of this approach is very
limited and it represents an evident drawback of this
technique.

In the same section we dared to apply the idea to the
currents themselves, and not in the fields defining them.
These objects are written in terms of a new algebra valued
field A, and from it we addressed the algebraic properties
of the deformed charges in Sec. IV. We tried to find a
handful of constraints imposed by physical conditions.

Most of the analysis we performed in this work is extremely
incipient, and should be obviously extended or modified to
be useful in the precise definition of the algebra of nonlocal
charges.

The case of marginally relevant operators is easier to
study, in particular, because we were able to use some
known methods developed by Zamolodchikov in the
80s [62], but even in this simplified context the calculations
become involved very fast. In Sec. V we tried to show how
the nonlocal charges may appear in the calculation of pure
NS-NS AdS; integrable deformations in type-IIB string
theory. In order to complete the calculations we need to
solve a system of PDE for the coefficients A%, a = =+, 3,
which are important in the definition of the deformed
currents. It is just a technical problem that may eventually
be solved.

When the deformation is exactly marginal the situation is
even harder. In this particular scenario, the deformed
objects £ and R become nonlocal under deformation as
expected, but they preserve their chirality, and it necessarily
implies that H“(¢, x) = 0 and K%(z, x) = O despite the fact
that n # 0.

Another important point we did not discuss in the current
paper is the role of these charges, their physical meaning
and how they act on the theory itself. As a matter of fact,
these problems are poorly defined, but one may use as a
guide the recent ideas on the role of Yangians in the action
and correlation functions of the N' = 4 super Yang-Mills
[54,116,117]. At any rate, it is not obvious to what extent
those methods can be generalized to other theories.

There are many doable and immediate problems to be
addressed in a finite time. Most of the calculations of
Sec. III should be properly done, in particular for the cases
of nonsimply laced Lie algebras. This is, evidently, a rather
mechanical work but in the process of opening the
calculations one may have interesting insights. Much more
important is to look for a stronger prescription for the
definition of the R-matrix. In the present work we con-
sidered it as an input, but it is evidently a very unsatisfac-
tory situation, since it should be a consequence of the
deformation itself, as in our example of Yang-Baxter
deformations. Another interesting aspect is to understand
if we can consider the right-hand side of Eq. (4.37) as
topological charges, if we can write it in terms of the
original nonlocal charges, or even a more exotic situation.

For integrable deformation, there are better tools to
handle the existence and properties of the nonlocal charges
[42], but for generic deformations one may try to use (and
extend) some of the ideas we explored in this paper.
New ideas are certainly needed, and we hope to report
new results in future publications.
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APPENDIX: AdS; STRINGS

In order to make the paper self-contained, we review the
main features of strings propagating in the AdS; x S3
background supported by a B-field. We start with the
sigma-model description of this geometry,2

1 1
ds® = — (dz” = dudv) + 7 [d¢3 + cos’3d}
+ (depy + sin p3dgp; )?| (Ala)
dundv 1 .
B = R Esm ¢3dd, A deps. (Alb)

Isometries of the AdS; metric are defined by the
following Killing vectors,

ko = ud, +§az, kiy =0,
k_y = —u*d, — 720, — uzd,,
]NCO =—v0, — %81’ ]}—1 =0,,
koy = =020, — 220, — v70,, (A2a)
which satisfy the following commutation relations,
[ka’ kb] = _fabckc’ [];a’ ];b] = _fabciéc’ (AZb)

where f,,¢ are the structure constants of two copies of the
algebra sl(2, R),
[S0,S1] = Es41, [s1.521] = 250,

[So. §4] = £344, [$1.5.4] = 25,. (A3)
For each Killing vector field above, we have the trans-
formation (no sum in the index a)

2Comparing with the notation of [44], we have u = x* and
V=X,

5aXm :eaka(xm)
5aG :eagka (G) :O
5,B=c, % B
1
:eai(kga,,an + 0kl B, + 0,kiB,,,)dX™ AdX"

=—¢,dJ,, (Ada)

6,G=€,%; (G)=0
B=¢,7; B
1 ~ - -
:gai(kga,,Bm,, + 0,k B, + 0,kiB,,,)dX™ A dX"

=-&,dJ,. (A4b)

where &, is the Lie derivative along the vector v.
The Worldsheet action

T _
s=1 / 26OX" (G, + B,,)0X"  (ASa)

explicitly gives

1 - _ 1 _
S = k dzd(—z (6Z8Z - 31}814) + Za¢la¢l
e

T2z

+ %34&252151 sin ¢3> s (ASb)

where we have used the following definitions for the
Worldsheet coordinates:

6260+617 520—0_617 a:80" 3265‘
_ _ _ _ 1
;70-0- = ]766 = —2, €90 = —¢%° = —2, do = 5(16(15
(A5c¢)

The Noether currents are obtained from the variation

, i
5,5 =3 / &0((De, K2 (G + B) DX

+ OX"™ (G + B, k2(0€,) + OX™8,B,,,0X").
(A6)

We can simplify the notation of this expression with the
following currents:
J]a = ‘ﬂaHr = kzl(Gmn - an)aXn

Jy=J,_ = K" (Gpy + Bypn)OX". (A7)
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We also need to calculate the last term in (A6). Given that
<,B=-dJ,,

1
5.8 = 5 8,B,,dX" A dX"

= —ead(J,, ,dX")
= —¢,d(J,do + 7 ,d5)

1
= =5 € O = Ol )AX" A X", (ASR)

Moreover, we notice that

e
5,B = 26,B,,,0X"0X" (2 do A da—>
= 20X"8,B,,,0X"d*6 = 26,B,;d%6. (A8b)

Integrating this expression we have

- 1 1
/ d*¢0X™é,B,,,0X" = 5 / 5,B = 3 / de, N J,

— [ @otoeju = deais). (A%)
where J, = j,do + j,d5 with

Ja = JamOX™, Ja = JamOX™. (A9b)

Putting all these facts together, we have

0,8 =7 [ €ol(06)(3,+7u) + (Be)da = i) (A10)

Therefore, the Noether’s currents can be written as

ja,i :‘ﬂu.i iju.i' (All)

Similarly, we have

ja,:l: = J]a,j: + ja,:t' (A12)
Strings propagating in the AdS; background can also be

described as an SL(2,R) WZNW model. We show now

that the sigma model currents we obtain in both descrip-

tions are equal, and it settles the equivalence of these

descriptions. We start with the calculation of j, .

§1 Let us first calculate the current associated to 655 = 0.

In this case, we have

8B = 0; (A13)

then

jO,i = J]O,i = k(r)n(Gmn + an)aixn' (A14)

§2

§3

025008-23

Therefore

_ ., udv 0z —udv+z0z 1
j0,+=jo— Z—2+2—Z— 2 261nz
_ 1-
;70,_5\702581112. (AIS)

The important point is that these currents do not agree

with the chiral currents we obtain in the WZNW

model. But one can gauge the field B so that one of

these currents agrees with the chiral current that one

obtains from the WZNW model,
1

Jo Z (z0z — udv).

(A16)

In other words, we suppose B — B + dA, so that
<L\ =—J,. We find

Tox = Tox £ s (A17)
and we conclude that
A 1
Jo+ = Ealn Z,
1- 1
j{{_ = Eﬁlnz = JQ =-ZA= Edlnz, (A18)
and from this expression, we notice that
jo,Jr = jo,
j(),— = 0’ (A19)
where we drop the prime.
Next, we want ;S = 0, where
0B =0; (A20)
then
\7+1,i = \D+1,i = kﬁl(Gmn + an>8ixn' (A21)
Therefore
ov
Jur=Tn= —?
JT-= :7+1 =0, (A22)

and this time, these objects are equal to the currents
coming from the WZNW model. In this case we have

jﬁl,— =0= J+] = _3k+lA =0.
(A23)

Jhe =0

Finally, we can repeat the calculations for 6_;S = 0.
Therefore
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5_1B="""dz A du
Z

=¢_,(0Inz0u — 0In z0u)do A d&

= [~(De_;)udInz + d(e_judInz)

+ (Oe_)udnz — d(e_ udn z)|do A da.
(A24)

(
(

The boundary term can be neglected and we conclude
that

jois=udlnz,  j_=udlnz (A25)
Given that 6B # 0, the currents
j—l,:t = kr—nl (Gmn + an)atin + j—ld: <A26)
give
20 0
J_ 14 = “ 21} _E+ udlnz,
z z
- udz -
J_i-=0u————udlnz. (A27)

Z

Evidently we need to consider the gauge trans-
formation B — B + dA to obtain the chiral current

= ”2(3” - 2uZ8z u (A28)
Given that Z_|A = —-J_4,
Tlie=Tox £ (A29)
and from this expression we have
A= —2%& + Ou, o= —2%& + Ou.
(A30)

Using these expressions, we can find the gauge A and
consequently the new B-field. Once we obtain the explicit
expression for the B-field, the equivalence of the sigma
model description of the AdS; strings and the SL(2,R) is
completely settled.
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