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1 Introduction

One of the hallmarks of integrability in a (1 + 1)-dimensional field theory is the existence
of an infinite number of conserved charges. At the classical level, this property can be
attributed to the existence of a Lax connection, depending on some auxiliary complex
spectral parameter \, whose zero curvature equation for all X is equivalent to the equations
of motion of the field theory. In principle, the conserved charges can all be obtained by
expanding the monodromy of the Lax connection in A around specific points. Depending
on the chosen point of expansion, the resulting charges can be either local or non-local in
the fields entering the Lax connection.

When passing to the Hamiltonian formalism, one requires additionally that the con-
served charges be in involution with respect to the Poisson bracket of the theory, namely
that they Poisson commute not only with the Hamiltonian but also between themselves.
It is known since the mid-eighties that a sufficient condition guaranteeing the involution
of the charges built from the monodromy is that the Poisson bracket of the Lax matrix
L(A, x), the spatial component of the Lax connection, be of Maillet’s general r/s-form [1, 2].
In most cases of interest, the pair of matrices r12(A, 1) and si2(A, 1), giving the form its
name, are rational functions on C? valued in the two-fold tensor product g ® g of some
finite-dimensional Lie algebra g. The mathematical formalism underlying this particular
case was pinned down by Semenov-Tian-Shansky in [3] where the - and s-matrices were
understood to be the skew-symmetric and symmetric parts of a single solution Ri2(\, 1)
of the classical Yang-Baxter equation. In general, the latter is related to the standard
solution RY5(A, 1) on the (twisted) loop algebra over g by

RQ()V 'u) = jo()‘v M)‘P(,“)_la



where () is a rational function [4-6] (see also [7]), known as the twist function. The
loop algebra over g is twisted by some automorphism o of order 7' € Z>1, with the non-
twisted case corresponding to 7' = 1. Recall that the twist function plays an essential role
in characterising a given integrable field theory. In fact, it was shown recently in [8] to
form an integral part of the Lax matrix itself, viewed as a rational function valued in the
untwisted affine Kac-Moody algebra associated with g.

The principal chiral model serves as the prototypical example of an integrable o-model
which fits the general formalism of r/s-systems with twist function [5]. As such, it has
proved extremely fruitful over the past couple of years to try and reinterpret some of its
properties in terms of its twist function. Indeed, once a given property has been under-
stood algebraically at the level of the twist function, it almost immediately generalises
to other integrable field theories described within this formalism. The first illustration of
this general philosophy came about from the desire to generalise the Faddeev-Reshetikhin
construction [9], initially developed in the context of the SU(2) principal chiral model, to
other integrable o-models with twist function. Specifically, it was shown in [10] that the
key initial step of this construction can be naturally reformulated in the language of twist
functions. This led to a proposal for extending the Faddeev-Reshetikhin approach to a
wide range of other models of interest, including the symmetric and semi-symmetric space
o-models, as well as the Green-Schwarz superstring on AdSs x S° in [11]. The prospect
of extending the subsequent steps in the Faddeev-Reshetikhin construction to these other
models remains an exciting open problem. It is interesting to note that, despite its useful-
ness in the case of the principal chiral model, the relevance of the twist function was first
appreciated in [6], following [12, 13], on the much more elaborate AdS; x S° superstring
both within the Green-Schwarz [14] and the pure spinor [15] formulations.

Another important application of the formalism of the twist function ties in with the
great effort made in recent years [16-27] towards deforming some well known integrable field
theories, such as the principal chiral model as well as symmetric and semi-symmetric space
o-models, while preserving their integrability. Specifically, it was realised in [18] that the so
called Yang-Baxter o-model, first introduced by Kliméik in [16] as a certain one-parameter
deformation of the principal chiral model on any real Lie group Gy, could be naturally
obtained by deforming the poles of the twist function of the principal chiral model. This led
to an immediate broadening of the landscape of Yang-Baxter type deformations to include
also one-parameter deformations of the symmetric and semi-symmetric space o-models,
incorporating, in particular, the Green-Schwarz superstring on AdSs x S° in [21]. In fact,
many other deformations were also understood a posteriori to arise in this fashion [28]. It is
worth noting in passing that the bi-Yang-Baxter o-model [17, 29] is special in this regard.
Although it was originally devised as a two-parameter deformation of the principal chiral
model on any real Lie group Gy, it can equally be regarded as a two-parameter deformation
of the symmetric space o-model on Go x Go/Go diag With G qgiag the diagonal subgroup of
Go x Go. It was shown in [30] that it is this latter formulation which fits within the general
framework of r/s-systems with twist function. The original description of the model as
a double deformation of the principal chiral model can be recovered by fixing the G giag
gauge symmetry, at the expense of losing the formulation in terms of a twist function [30]
(see, however, subsection 7.2 below).



Aside from providing a systematic way of constructing integrable deformations, the
idea of deforming the pole structure of the twist function of a given integrable field theory
has also played a pivotal role in establishing and characterising the symmetry algebras of the
resulting deformed models. Specifically, the principal chiral model and (semi-)symmetric
space o-models all have a double pole in their twist function which splits up into a pair
of simple poles when their Yang-Baxter type deformation is switched on. It was shown
in [18, 21], based on earlier work [31-38] (see also more recent related results [39-41]), that
the charges extracted from the leading order in the expansion of the monodromy at this
pair of simple poles satisfy all the relations of a Poisson algebra %(g), the semiclassical
counterpart of the quantum group Uz(g) with g = ¢". This general feature of Yang-Baxter
type deformations of double poles in the twist function was subsequently related to Poisson-
Lie G-symmetries in [42]. Amongst the charges spanning the Poisson algebra %(g), those
associated to non-Cartan generators are all non-local. In the example of the Yang-Baxter
o-model, the level zero charges together with two additional non-local charges coming from
the next order in the expansion of the monodromy around the simple poles of the twist
function, have been shown [43] to satisfy all the defining relations of the semiclassical
counterpart of the quantum affine algebra Uz(g).

The purpose of the present article is to provide another application of the general
formalism of r/s-systems with twist function. Specifically, we will describe how, in this
general framework, infinite towers of local charges can be associated with certain zeros of the
twist function, all of which are in pairwise involution. Following the same spirit as recalled
above, the starting point of our approach was to reinterpret the construction of local charges
in the principal chiral model due to Evans, Hassan, MacKay and Mountain [44] in the
present language of twist functions. In fact, this construction had soon been generalised to
include also the (supersymmetric) principal chiral model with a Wess-Zumino term in [45],
symmetric space o-models in [46] as well as supersymmetric coset o-models in [47]. Each of
these generalisations can be regarded as further evidence that such a construction should
hold for any integrable field theory with twist function, while at the same time providing
indications on how to do so. In the remainder of this introduction we will briefly summarise

the main results of the paper.

Let us first note that in all of the integrable o-models with twist function described
above, every zero of ¢()) is such that p(A)L(A, z) is regular there. In a general integrable
field theory with twist function ¢(\) we shall say that any zero of p(\) with this property
is regular. We denote by Z the set of regular zeros of ¢(A) in C. As discussed in subsec-
tion 7.4, the regularity property of the zeros of the twist function in an integrable o-model
is related to a general condition used for describing these models as dihedral affine Gaudin
models [8]. We shall further distinguish between two types of zeros: cyclotomic ones and
non-cyclotomic ones. This notion depends on the order T' of the automorphism o. In a
model with T = 1, every point is by definition non-cyclotomic, whereas in a model with
T > 1, every point is non-cyclotomic except for the origin and infinity. As explained in
subsection 2.2, throughout our analysis the point at infinity will be treated in much the
same way as the origin by using an inversion of the spectral parameter.



To every \g € Z, or every A\g € Z U {oo} if infinity is also a regular zero, we will
associate a subset of integers £,, C Z>2 and a corresponding tower of local charges Q;}U
labelled by n € &£),. The first main property of these charges which we will establish is
that any two such charges Q) and QY for any Ao, o € Z and n € &, m € &y are in
involution. Moreover, if infinity is a regular zero and either Ay or pg is taken to be the
point at infinity, the corresponding local charges will only Poisson commute up to a certain
field C(x) which will coincide with the coset constraint in Zp-coset o-models. Following the
standard terminology from the theory of constrained Hamiltonian systems, we will refer
to equalities as being weak when they hold only after setting this particular field to zero,
see subsection 5.1. Furthermore, we show that in every example of integrable o-model
considered, the Hamiltonian can be expressed as a particular linear combination of the
collection of quadratic local charges Qg‘o for \g € Z U {0} and the momentum of the
model. It then follows that all of the local charges are conserved.

Let us briefly outline the construction of the local charges by considering first the case
when Ao € Z is non-cyclotomic. If the Lie algebra g is of type B, C or D then the density
of the local charge Q)\° is obtained simply by evaluating

Te((A)" LA 2)") (L.1)

at the regular zero A\g. When g is of type A, on the other hand, the density of the local
charge QM is given instead by a certain polynomial in the above expressions, determined
as in [44] with the help of a generating function. In either case, £, is given here by the
set of exponents of the affine Kac-Moody algebra g associated with g, shifted by one (we
do not treat the case of the Pfaffian in type D). In the example of the principal chiral
model on a real Lie group Gy treated in [44], the twist function has simple zeros at +1
and the evaluation of ¢(A\)L(A,z) at A = 41 produces the currents j = g~ 101g of the
theory, where g is the Gy-valued field of the principal chiral model and J4+ are the partial
derivatives along light-cone coordinates on the worldsheet. We recover in this way the
higher spin local charges in involution of the principal chiral model constructed in [44].

When the regular zero A\g € Z is cyclotomic, i.e. \g = 0, it may happen, as a result of
the equivariance properties of both the Lax matrix and twist function, that the evaluation
of (1.1) at the point Ay vanishes identically. More precisely, the first non-vanishing term in
the power series expansion of (1.1) around A = 0 is of order \™ for some 0 < r, <T — 1.
If the Lie algebra g is of type B, C or D, or also of type A with an inner automorphism o,
then we define the density of the local charge Q¥ as the coefficient of this leading term. The
case when g is of type A and the automorphism o is not inner is treated in a similar fashion
to the case of a non-cyclotomic point in type A, with the densities of the local charges Q%
being obtained by means of a generating function. In each case it turns out that we need
to restrict attention to indices n such that 0 < r, < T — 1. As a result, and in contrast to
the case of a non-cyclotomic regular zero, some exponents of the affine Kac-Moody algebra
g are ‘dropped’ in the construction of the subset &y, specifically those such that r, = T — 1.
In the case of a symmetric space o-model, for which 1" = 2 so that only charges for which
rn, = 0 are kept, we recover in this way the local charges found in [46].



The collection of local charges Q). \g € Z, n € & \o i involution generate an
infinite set of Poisson commuting Hamiltonian flows {QQU, } on the phase space of
the model. To every such flow we then associate a corresponding g-valued connection
Vo = {QZ‘O, } + MM (X x) for some g-valued matrix M°(\, x) depending on the spec-
tral parameter A. The second main property of the local charges QQO, X € Z,n €€y
which we establish is that the connection Vf‘lo for any \g € Z and n € &£, commutes with
the connection V, = 9, + L(A,z). In this sense, the local charges generate a hierarchy
of integrable equations. We use this result to deduce that the local charges Qq)‘lo, Ao € Z,
n € &), are in involution with the non-local charges extracted from the monodromy of
L(A,z). Moreover, we go on to show that when g is of type B, C or D, any two such
connections V)0 and V4? for Ao, o € Z and n € &€, m € &,, also commute with one
another. Finally, we have also checked these results in the case of type A for low values of
n and m and on this basis we conjecture it to hold in general. If infinity is a regular zero
then the majority of these results still hold in the weak sense when we consider also the
local charges associated with infinity.

This article is organised as follows. The general framework of r/s-systems with twist
function which we employ throughout the article is reviewed in section 2. In particular, we
introduce the notion of a regular zero in the complex plane which plays a central role in our
analysis. In subsection 2.1, we define the R-matrices entering the r/s-systems of interest
and discuss their equivariance properties, as well as those of the Lax matrix and the twist
function. We will make extensive use of these properties when discussing local charges
extracted from cyclotomic regular zeros of the twist function. The list of examples we shall
consider is given in paragraph 2.1.4. In subsection 2.2, we define the notion of a regular zero
at infinity and relate it to that of a regular zero at the origin by inversion of the spectral
parameter. Finally, we establish some general results in subsection 2.3. Section 3 is devoted
to the procedure for extracting local charges in involution in the case of a non-cyclotomic
regular zero. In particular, we present in subsection 3.4 an explicit construction of the
currents .# for type A algebras using generating functions in the spirit of [44]. Section 4
deals with charges at cyclotomic zeros. We explain how the equivariance properties of the
various objects affect the construction of local conserved charges in involution. Here the Lie
algebras of type B, C and D can still be treated uniformly but in type A we need to consider
separately the cases when the automorphism o is inner or not. The generating function for
Lie algebras of type A with non-inner automorphism is presented in subsection 4.6. A list
of properties of these local charges is collated in section 5, including the fact that the local
charges extracted from different regular zeros Poisson commute (weakly when the point at
infinity is involved). Moreover, we show that all the local charges commute with the field
C(x) which will play the role of the constraint in Zz-coset o-models, therefore showing that
they are gauge invariant. We also discuss the reality conditions of all the local charges. The
Hamiltonian flows of the local charges Q;\LO are studied in detail in section 6. The main result
that any two of the g-valued connections V20 and V4 satisfy a zero curvature equation is
established in subsection 6.3. Finally, in section 7 we apply all these results to the examples
listed in paragraph 2.1.4. In paragraph 7.4 we interpret some of our results and assumptions
in terms of dihedral affine Gaudin models [8]. We end with an outlook and two appendices.



Type Algebra

A sl(n,C) = {M € M,(C) | Te(M) = 0}

B,D so(n,C) = {M € M,(C) | MT + M =0}

C sp(2n, C) = {M € My, (C) | M"J, + J,M =0}

Table 1. Defining representations of classical Lie algebras.

2 Framework and general results

2.1 Non-ultralocal models with twist function
2.1.1 Non-ultralocal models

In this section we begin by outlining the general framework which we will work in. We
consider a two dimensional field theory with spatial coordinate = taking values on the circle
S1 or the real line R. The dynamics of the model is described by a Hamiltonian # and
a Poisson bracket {-,-} on the phase space. Let P denote the conserved momentum of
the model, whose Poisson bracket generates the derivative 9, with respect to x on the
phase space.

We suppose that the model is integrable with Lax matrix £ valued in a Lie algebra
g and depending on a complex spectral parameter A\. Moreover, we also suppose that the
Poisson bracket of the Lax matrix with itself assumes the form of Maillet’s r/s-system, i.e.

{‘C()‘a x)l’ ‘C(:ua y)Z} = [RQ()H M)’ ‘C()‘v x)l] 5:131/ - [Rﬂ(ua )‘)7 ;C(,LL, y)g] 513,1 (2'1)
= (Raz(\, 1) + Raa (i, A)) 0y

using the standard tensorial notations 2. In this equation, Rj2 is a g ® g-valued matrix
depending on the spectral parameters A and p, 0, is the Dirac distribution and 5fvy = 0202y-
When the R-matrix is skew-symmetric, the term containing 5;@ vanishes and the model
is said to be ultralocal. In general, R is non skew-symmetric and the model is then
non-ultralocal.

In this article, we will focus on the case where the Lie algebra g is simple. More
precisely, we will restrict to the classical types A, B, C and D of the Cartan classification,

seen in their defining representations.!

2.1.2 7R-matrices and twist functions

A sufficient condition to ensure the Jacobi identity of the Poisson bracket (2.1) is for R to
verify the classical Yang-Baxter Equation (CYBE)

[Ra2(A1,A2), Ras(A1, A3)] + [Raz2(A1, A2), Ras(A2, A3)] + [Ra2(As, A2), Ras(A1, As)] = 0.
(2.2)

0 Id

-
1 0) and M denotes the

'Here J,, is the standard symplectic structure on C*" given by J,, = (

transpose of M.



Let us recall the family of solutions of this equation that we shall consider. Let T be a
positive integer, o : g — g an automorphism of g of finite order T and w a primitive T root
of unity. We fix a basis T of g and its dual basis T, normalised such that Tr(7T%T}) = dj.
We define the Casimir tensor on g to be

Crz =T"®T,, (2.3)

where here and throughout we use summation convention on repeated Lie algebra indices.
The standard R-matrix

RY, Ly~ 0iCi2 2.4
;}MMA (2.4)

is then a solution of the CYBE (2.2). Note that 01C12 = og_lCQ, as the Killing form on
g is o-invariant. In this article, we will consider a matrix R obtained by “twisting” this

cyclotomic matrix, namely

Raz(A 1) = Riz (A, (i), (2.5)

where ¢ is a rational function, called the twist function of the model. It is easy to check
that R is also a solution of the CYBE (2.2). We shall call a Poisson bracket (2.1) with
such an R-matrix an r/s-system with twist function.

As o7 = 1d, the eigenvalues of o are of the form w” where, by convention, we take
p € {0,...,T —1}. We denote by gP the corresponding eigenspace and by 7(®) the
projection on g in the direct sum g = @;{;01 g®). One then has the identity

=
7P — T w Pk,
k=0
Defining C£2) = i )CQ = C£ P) | we can rewrite R? as
T—

)\p T-1-p
Z ~C). (2.6)

=0

2.1.3 Equivariance properties

As o is of order T, it defines an action of the cyclic group Zp = Z/T7Z on g. On the other
hand, Z7 can be seen as acting on the complex numbers C via multiplication by w. We
then remark that the matrix R? is equivariant under these two actions, in the sense that

0;7%272()\, W) = R(l)l(w)\, 1. (2.7)
We will suppose that the Lax matrix £ possesses a similar equivariance property, namely
(LN ) = L(wA, z). (2.8)

The compatibility of these two properties with the Poisson bracket (2.1) imposes that

p(wA) = w (N, (2.9)



from which we deduce that A\p(A) is invariant under the action of Zr. Thus, there exists

a rational function ¢ such that
Ap(A) = ¢(AT). (2.10)

In this article, we will be interested in the zeros of the twist function ¢ in C. We will
say that such a zero A\ is regular if p(\)L(A, x) is holomorphic at A = Ag. By virtue of
the equivariance properties (2.8) and (2.9), if A¢ is a regular zero, all points of the orbit
ZrAo are also regular zeros. Let us pick (arbitrarily) one of them. We then form a set Z
of regular zeros of ¢ such that for every pair of distinct points Ag and g in Z, the orbits
ZrXo and Zppug are disjoint. As explained in subsection 2.2, we will also be interested in
the case where the differential form ¢(A)dA\ has a zero at infinity, i.e. where

U(a) = —%so <1) (2.11)

o

has a zero at a = 0. We will also see that the appropriate notion of a regular zero at

infinity corresponds to requiring that é(p (l) L (%, a;) be holomorphic at o = 0.

«

2.1.4 Examples

To end this subsection we list some examples of models which fit the framework of this
article. We consider a real Lie group Gg whose Lie algebra gg is a real form of g. The
space of fields valued in the cotangent bundle T*G is naturally equipped with a canonical
Poisson bracket. One can parametrise this phase space by two fields g and X, respectively
G-valued and gg-valued. The Poisson bracket then reads

{X(2)1, X(y)2} = [Cr2, X (2)1] bay-

Models with T' = 1. The first class of examples of non-ultralocal models with twist func-
tion consists of the principal chiral model (PCM) and its integrable deformations (dPCM).
Among these models are the so-called Yang-Baxter deformation (or 7-deformation) [16-18],
the PCM with Wess-Zumino term and the combination of these two deformations [23]. The
Lax matrix of these models all have the form

j1 (1’) + /\]0(.7})

v (2.13)

Lapem(A, z) =

The go-valued fields jo and j; are expressed in terms of (g, X), in a model dependent way.
In the simplest case, the PCM, we have

jo =g~ ' Xy,

J1=—g _laxg .

For the deformed models, these relations are modified and involve two parameters n and k
(which are zero for the PCM).



In all these models, the Lax matrix (2.13) satisfies the Maillet bracket (2.1) with an
R-matrix of the form (2.5). The matrix R is given by equation (2.4) for T = 1 (and thus
o = Id) and the twist function is [23]

1— )2

parcm(A) = O k)2t A7 (2.15)

where A is a certain function of n and k, which vanishes when 1 = 0. The Hamiltonian
and the momentum of the model are given by

B
Hapom = 5 /dx Tr((A% + k2 + 1) (43 + 57) + 4kjoj1) (2.16a)

Papont = B / do Tr(k(j2 + 52) + (A2 + k2 + D)jogn), (2.16b)

1
with B a global factor depending on A and k via the relation B = —ZcpaPCM(l)goaPCM(—l).
The twist function pgpcy has two zeros at +1 and —1. Moreover, these are regular zeros,
i.e. p(A)L(\, x) is regular at A = £1. Note that the evaluation of the latter at +1 gives

J1(x) = jo(z)

Te@) = it a2

(2.17)

There exists another two-parameter deformation of the PCM, the so-called bi-Yang-
Baxter model [17]. It depends on two parameters n and 7, such that the case n =7 =0
corresponds to the PCM. It is integrable [29, 30] and has a Lax matrix which satisfies a
Poisson bracket of Maillet type (2.1). The associated R-matrix is not of the form (2.5) and
so the bi-Yang-Baxter model does not quite fit within the above framework. However, we
will see in subsection 7.2 how the method discussed here can be adapted to apply also to
the bi-Yang-Baxter model.

Models with T > 1. The second class of examples that we will consider are the o-
models on Zp-coset spaces [48]. Consider first the case of symmetric spaces, i.e. of Zo-
coset spaces, which possess a family of one-parameter deformations (that we shall call dZs
models). These models are constructed as follows. Let o be an involutive automorphism
of Gy and let H = Gf denote the fixed-point subgroup of Gy under the action of o.
The symmetric space is then the quotient Go/H. Differentiating o at the identity, we
induce an automorphism of gg. We extend it linearly to the complex algebra g and thus
obtain an automorphism of g of order 2, that we shall still denote o. As a vector space, g
then decomposes as the direct sum of the eigenspaces g(®) and g(!), corresponding to the
eigenvalues +1 and —1 (cf. paragraph 2.1.2).

The symmetric space o-model and its deformation are expressed in terms of fields A®*)
and II®) valued in the eigenspaces g(k), for each k = 0, 1. These fields are defined in terms
of the canonical fields g and X in a model dependent way (in particular, this definition
depends on the deformation parameter 7). The Lax matrix of the model (deformed or not)
is then [18]

1
Laz,(\x) = A (z) + =

; (i + A) AW () + %(AQ —DI(z) + 3 ()\ - i) M ().



The Poisson bracket of this Lax matrix with itself is of Maillet type (2.1) with a R-matrix
of the form (2.5). The matrix R is given by equation (2.4) with 7' = 2 and ¢ the above
involutive automorphism of g. The twist function is [18]
2\
A) = .
waz,(A) (1 - A2)2 + 2(1 + A2)2

The regular zeros of these models are thus the origin 0 and the infinity co.

(2.18)

To conclude the list of examples let us discuss briefly the general Zp-coset model,
for any T' € Z>3. Let o be an automorphism of the complexified group G, of order
T. The coset space is then Go/H, where H = G N Gy. We will still denote by o
the corresponding automorphism of g, which induces an eigenspace decomposition g =
@Z;Ol g(p) (see paragraph 2.1.2 for details). The phase space of the model is expressed
in terms of fields A% and II®), for k = 0,...,T — 1, which are defined in terms of the
canonical fields g and X and belong to g'*). The Lax matrix is then [8, 49

L (T —k)+kXT
T

Ly, (\z) = AFAR) Z LA e R (). (2.19)
k=1

Note that in this equation, and in general, we consider the exponents (k) only modulo T,
so that AT = A©) for example.

All Zp-coset models possess a gauge symmetry under the action of the subgroup H of
Go. In the Hamiltonian formulation presented above, A() plays the role of a gauge field
and 1) is the constraint associated with the gauge symmetry. In those models also, the
Poisson bracket of the Lax matrix (2.19) with itself is non-ultralocal with a twist function.
The associated matrix R is the one in equation (2.4), with the automorphism ¢ introduced
above. The twist function is [8, 49]

TAT_I

Pz, (A) = (S (2.20)

As for the Zs-coset, the regular zeros are 0 and oco.

2.2 Infinity and inversion of the spectral parameter

In this article we will construct a tower of local charges associated with each regular zero
of the twist function. As mentioned in paragraph 2.1.3, the set of regular zeros can include
the point at infinity, although the sense in which infinity can be a regular zero is slightly
different from the definition of finite regular zeros. In this subsection, we show how the
notion of a regular zero at infinity is related to that of a regular zero at the origin through
inversion of the spectral parameter, i.e. by the change of parameter A — o = A~!. Under
such a change of spectral parameter we have

P(N)dA = Y(a)da

where () is defined in equation (2.11). Suppose that infinity is a zero of the twist
function, i.e. that ¢ (0) = 0, and define

Pla,z) = égp <;> c (;1) . (2.21)
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We will say that infinity is a regular zero if P(«,z) is regular at & = 0. In the remainder
of this subsection we will assume this to be the case. We then set

C(x) = P(0,z). (2.22)

From the equivariance properties (2.8) and (2.9) of £ and ¢, we deduce that C is valued in
the grading g(°). Let us note here that in the Zp-coset models, described in paragraph 2.1.4,
this field C coincides with the gauge constraint I1(?).

Starting from the Poisson bracket (2.1) and using the form (2.5) of the R-matrix,
we find

{L’()\, z)1, P, y)g} = [oflR[Lz ()\, ofl) LA, 33);] Oy — [Rgﬁl (ofl, )\) go(/\)*l, P(a, x)g] Say
- (oz_lR(l)l ()\, oz_l) — a@b(a)Rgil (oz_l, )\) gp()\)_l)égy

Using the expression (2.4) of R, we have

T-1
(6] 1 — (0%
a 'Ry (A7) o0, T E UECQ:CS, RYy (@A) 220 . (2.23)
k=0

As P(o, x) and a1p(a) are regular at 0, taking the limit v — 0 in the above Poisson bracket,
we then obtain

© 0
(L 2)1,C(y)2} = [C1Y, LN, 2)1]80y — C1Y 8L, (2.24)
Applying the same kind of reasoning we also find
{C(x v)2} = [C 12 ,C(2)1]6ay- (2.25)

Let us define a new Lax matrix

LN z) =L z) — A To(A)1C(z).

From the fact that [C’Y;) Zi] = —[C’ﬁ), Zs] for any Z € g(© we find that

AR (1 ), Za] — 1 [Rez (N ), 2] = [C19), 23]

Using this identity and the Poisson brackets (2.1), (2.24) and (2.25), we prove that the
Poisson bracket of £ with itself is also of the r/s-form, namely

{EO0va)n L w)z} = [Raz\ ), L0201 | by — | Rea (X)Ll w)z| 8y (2:26)
— (Raz ) + R (. 1)) 3,
where Rya(\, i) = ﬁ?ﬁz(A,u)go(u)*I and

R\ 1) = RI(A\ ) — n1CLY. (2.27)

£, 2) :Z<;,x>.

The following theorem is the main result of this subsection.

We now define
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Theorem 2.1. The Poisson bracket of L with itself reads

{£2(a,2)1,£7(8,9)2} = [Ri3(a, B), L% (v, @)1] 62y — [R31(8, ), L7(B.)2] Ouy
- ( 12(a, B) +R§j(ﬁ,a)>5;y, (2.28)
where
15 (0, B) = Ry (e, BYy(B) ™

satisfies the classical Yang-Baxter equation (2.2).
Proof. Using equation (2.6), we find that

< T A T=1=k )
k=1

The theorem follows from the Poisson bracket (2.26) and the identity

~ 11
Ri2 <, > = Ry (a, B), (2.30)
o
which is a consequence of equation (2.29). O

To interpret Theorem 2.1, let us note that the matrix Rg; is nothing but the matrix

jo for the automorphism o~!. Moreover, from the equivariance properties (2.8) and (2.9),
we find that the corresponding properties of £ and v are

o ! (L2(a, ) = L (wa, x) and Y(wa) = w Y(a). (2.31)

The Poisson bracket of £ is thus an r/s-system with twist function 1, automorphism
o~ ! and spectral parameter & = A~'. Moreover, the point o = 0 is a regular zero of this
r/s-system. Indeed, we supposed that o was a zero of ¥(a) and one can check explictly
that ¥ (a)L>®(a, ) is regular at o = 0.

It is worth noting that the procedure just described is involutive, in the following sense.
If @(A)L(\, ) is regular at A = 0, one can check that & = oo (which corresponds to A = 0)
is a regular zero of the r/s-system of £>° and, moreover, that the corresponding field C*°
obtained by evaluating A"1y)(A71)L>®(A7L 2) at A = 0 is equal to C. Re-inverting the
spectral parameter a to A = o~ !, we can thus construct a “new” Lax matrix £%°(A\~1, z) —
Mp(A~H71C(x). According to Theorem 2.1, this Lax matrix should satisfy an r/s-system
with twist function ¢ and automorphism o. A direct computation reveals that this Lax
matrix is actually equal to the initial Lax matrix L.

Let us end this subsection by illustrating the inversion of spectral parameter on the
example of Zp-coset models. As noted above, for these models the field C coincides with
the constraint II(0). After performing the change of spectral parameter A — o = A~1, we

find a twist function
Tal-1
Yz () = —m =~z ().

— 12 —



Note that the property ¢ (a) = —¢(a) is also true for the twist function (2.18) of the
n-deformed Zo-model. The new Lax matrix is

7R ().

Mj

T
o T—k)+ka T
‘CZT(aax) = § :( >T Oé T k)
k=1 k=1

Comparing this to the initial Lax matrix (2.19), we see that it simply corresponds (up to
a minus sign on terms involving I1¥)) to changing every grading (k) to (T — k), which is
equivalent to considering the automorphism ¢! instead of o.

2.3 Poisson brackets of traces of powers of £

Recall that we consider the Lie algebra g in its defining matrix representation (see table 1).
We may therefore take powers of elements of g and traces of these matrices. In the following
sections, we will extract local charges in involution from the traces of powers of the Lax
matrix £. In this subsection, we will establish general results on the Poisson brackets of
powers of £ and their traces.

Lemma 2.2. Suppose that X and Y are g-valued quantities such that
{X1, Y2} = [a12, X1] + [b12, Y2] + c12.
Then the Poisson brackets of powers of X and 'Y are
{Xla } = [a12 l} + [bﬁm)ayz} + C(&m)’

where, for t = a, b, c, we defined

n—1m-—1

iy =375 xbvd g, xpithygrtl

k=0 [=0

Proof. The Poisson bracket being a derivation, we can use the Leibniz rule yielding
1m—1
(X7, Y5 =Y Xiyg { Xy, Yo} X7 Ryt
k=0 [=0

We conclude observing that X ngl and X l”_l_k Yzm_l_l commute with X7 and Y3 and using
the identity
Ml [M27 N]M?) = [M1M2M37 N]7

true for any matrices My, Ma, M3 and N such that [M;, N| = [M3, N] = 0. O
Corollary 2.3. Suppose that X and Y are g-valued quantities such that
{X1.Y2} = [a12, X1] + [b12, Y2| + c12.
Then we have
{Te(X™), Te(Y™)} = nm Trig(c12 X7 Y3" ),
{X, Tr(Ym)} =m [Trg(aQng_l),X} + mTrg(cQYzm_l).

,13,



Proof. Starting with Lemma 2.2, the corollary follows from the cyclicity of the trace and
the vanishing of traces of commutators. O

Let us now apply these results to the Lax matrix £. We work in the framework
described in subsection 2.1. We define

Sp(\,z) = o(A)LA, )" (2.33)

and
Tn(\,z) = Tr(Sn(A, 2)). (2.34)

Starting with the Poisson bracket (2.1) and the expression (2.5) of the R-matrix, we apply
Corollary 2.3. We find that

(T ), T y)} = —nm TrQ<UQ()\, M)Sn_l()\,x)lSm_l(u,y)z)(S;y, (2.35)

with
Ur2(A, 1) = ¢(NRI2 (A, 1) + @(11) R (1, ). (2.36)

3 Charges at non-cyclotomic zeros

The purpose of this section is to describe the procedure for extracting local charges in
involution from non-cyclotomic regular zeros of the twist function . Let us first explain
what we mean here by a non-cyclotomic point. If T = 1, i.e. if ¢ = Id and there is no
cyclotomic invariance, we define any point as being non-cyclotomic. If 7" € Z~1, a non-
cyclotomic point is a point which is not fixed by the action of the cyclic group Zr, i.e.
which is not the origin or infinity.

Throughout this section we fix a non-cyclotomic regular zero Ag. We will focus here
on the case where )\ is different from infinity. The case \g = oo is treated by the same
method, just replacing £ by £ and ¢ by ¥ (cf. subsection 2.2). The fact that A\ is a
regular zero implies that S, (A, z) and .7, (A, x), defined in equations (2.33) and (2.34), are
both holomorphic at A = Ag. Thus, we can define the current

2(2) = Tu(No, ). (3.1)

Let us briefly comment on the explicit expression of these currents in the case of the
PCM. As explained in paragraph 2.1.4, the PCM has two regular zeros at +1 and —1. The

corresponding currents are
+ .
/n,}%CM(‘T) = Tr(jl(‘r)) )

where ji(z) = 3(ji(x) £ jo(z)). These currents are the one investigated in [44], from
which local charges in involution for the PCM are constructed. In this section, we will
follow the method developed in [44], generalising it to any current (3.1) associated with a
non-cyclotomic regular zero Ag of the model.

— 14 —



3.1 Poisson algebra of the currents

We begin by computing the Poisson bracket of the currents #(z) and _#,°(y). Specifi-
cally, we would like to evaluate equation (2.35) at A = u = A\g. Since )¢ is a regular zero,
Sn—1(No, ) and Sy,—1(Ao, y) are well defined. Thus, it remains to determine Uj2(Ag, Ao)-
Starting with the definition (2.36) of U and using ¢(\g) = 0, one has

U2(A, do) = p(N)Ri2 (A, o).

Recall from equation (2.4) that RJ4(\, Ag) is not regular at A = \g, so that we cannot

simply evaluate the above equation at A = A\g. However, as \g is a non-cyclotomic point,
the matrix R? has the following local behaviour

1 Cha

0 —_
RQ(Av)‘O) - T\ — )\0

+ A (N), (3.2)

where AE(A) is regular at A = A\g. Using again ¢(A\g) = 0, we then obtain

¢’ (Ao)

Ui2(Xos Ao) = — T

Ci2,
where ¢’ denotes the derivative of ¢ with respect to the spectral parameter X\. Thus, one has

{ 7o), 70w} = "2 (0) Traz (CraSu 1 (o, 2)18n 100, 0)2) 8y (33)

Recall the completeness relation

Tr2(01222) = Z, (34)

for Z in g. We cannot directly apply this identity to equation (3.3) as S,,—1(\g, y) does not
belong to g in general (recall that S, is defined as the (m — 1)%* power of a matrix in g).

Following [44], we will show in the next subsections how to circumvent this difficulty.
We will treat separately the case where g is of type B, C or D and the case where g is
of type A.

3.2 Type B, C and D algebras

Let us first consider the case where g is of type B, C or D, i.e. where g is an orthogonal
or a symplectic algebra (cf. table 1). One can check that, for these algebras, if X belongs
to g, X™ also belongs to g if n is odd. Moreover, all matrices in g are traceless. We then

deduce that the currents /,f‘o are zero for n odd. Thus, we will only extract local charges
Ao
2n *

The Poisson bracket of such currents is given by equation (3.3). The right hand side

from the traces of even powers of L, i.e. from the currents

contains Trz(C’Qng,l()\o, y)g), and since 2m —1 is odd we have So,,—1(\o, y) € g. Hence,
we can apply the completeness relation (3.4), which yields

¢'(Mo)
T

{ 20 (), 2/\72(9)}24”7” Tr<52n—l()‘07SU)SQm—l()\Ovy))CS:/py‘
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Using the definition (2.33) of S, one has

Tﬂ&&&@&ﬁ“&@)z;&;@ﬁbﬂ&x) (3.5)

Using the identities f(y)d}, = 0x(f(x))dzy + f(2)8}, and (3.5), we obtain

{ 220(95)7 2/\7%(9)}:4””"0%0(;\0)( 2);?+2m—2( )5/ 2712_:;% (/2n+2m o( )5
(3.6)

M—/m (3.7)

where the integration is over the whole domain of the spatial coordinate x (i.e. the real line

Define the local charges

R or the circle S'). Once integrated over g, the right hand side of (3.6) is a total derivative
with respect to . Assuming the periodicity of the fields if € S' or that they decrease at
infinity if € R, we then conclude that

{0k} =0

In conclusion, we have constructed a tower of local charges Q;‘g in involution, as integrals
of the currents /;7‘10 (). These currents are polynomials in the fields appearing in the Lax
matrix L£(A, z). More precisely, the current /2);5’ is a homogeneous polynomial of degree 2n.

Up to a global factor, the Poisson bracket (3.6) is the same as the bracket (4.16) of [44].
Thus, we can apply the methods developed in [44]. In particular, this allows to construct
a more general tower of local charges ngl(&) in involution, depending on a free parameter
& € R. These charges are defined as integrals

Qk(¢) = / da A0 (€, 7)

of some currents %/2?‘10 (£). These currents are given by homogeneous polynomials in the

2’\,€°’s, depending on the free parameter ¢ € R. In particular, the first currents %/2;\10 )

are given by:

3
AN = A O = S-S
15 252
AR = g0~ 2 o g 1 TS g (3.5

The expression of the current 75 (£) is determined (up to a global factor) recursively from
equation (3.6) by demanding that the charge Q;‘g(& ) be in involution with all the charges
05 (€) (m = 2,...,n — 1) constructed thus far. It can also be found without recursion
with the help of a generating function, which allows a general proof of the involution of
the charges Qé\g(f ): we refer the reader to the subsection 3.4 for more details.

Taking £ = 0 in equation (3.8), we get %f‘f (£=0)= 2/\,?. Hence, we recover the local
charges Q;‘g introduced in equation (3.7) as a special case of this one-parameter family of
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local charges. For different parameters £ and &', the towers of charges Qé\g(g ) and Qgg(g’ )
do not commute with one another. We thus have to work with a fixed value of £: in the
rest of this article, we will mainly focus on the simplest case & = 0. This choice is justified
first by simplicity, but also because the proof of the existence of an integrable hierarchy
associated to the charges Qg‘g({ ), presented in section 6, works only for the case £ = 0.

3.3 Type A algebras

Let us now consider the case where g is of type A, i.e. where g = sl(d, C) for some d € Z>9
(see table 1). If X € g, we have Tr(X) = 0 by definition, but in general X" ¢ g and
Tr(X™) # 0 for n > 2. Thus, we consider the currents _#,° for n > 2. The Poisson bracket
between two such currents is given by equation (3.3). Since in general S,,_1(\g,y) does
not belong to g, we cannot use the completeness relation (3.4) to simplify this equation.
However, a variant of the identity (3.4) exists for any matrix Z € My(C). Indeed, using
the facts that Z — 2Tr(Z)Id belongs to g and that Trg(C12) = 0, we find that

1
Trp(C12Z2) = Z — ETr(Z)Id. (3.9)

Applying this relation to equation (3.3) and using the identities f(y)d;, = Ox (f(2))bzy +
f(x)d;, and (3.5), we obtain

(. o) =m0 (g, @i, - L@ A @8, G10)
b 00 (N ol@)) by = A0 (S (0)) 8y ).

Integrating both sides over x and y, we see that the right hand side does not vanish
identically as it did in subsection 3.2. Nevertheless, following the method of [44] we will
be able to construct new currents %, such that the charges

QN = /dx A0 () (3.11)

Poisson commute with one another.

The Poisson bracket (3.10) is to be compared to equation (4.5) of [44], from which it
differs only by an overall factor. We can therefore directly apply the procedure developed
in [44] to the present case so as to construct the desired currents .#,;0’s. The expression
for the first s read

A A A A A A A A A A A
'%/207 207 <%/307 307 ’%/407 40 2l( 20)27 °%/507 50 3d 0 307
A A A0\2 A A Aoy\3
% ’ 60 3 l( 30) 1d 0 40 8d2( 20) . (312)

These currents are similar to the currents #,2(¢) described in (3.8) for g of type B, C or
D. More precisely, the current (3.12) coincide with the currents ., (é), recalling that for

type B, C and D, the /2/\ko+1’s vanish. As for .#2(¢) in type B, C and D, the expression
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of the current .# for type A is determined (up to a global factor) recursively from
equation (3.10) by demanding that the charge Q%U be in involution with all the charges
Qf;? (m =2,...,n — 1) constructed thus far. However, in the present case, one does not
have the freedom of a free parameter ¢ in the definition of #20: there is a unique tower
of charges in involution Q).

As in the case of type B, C and D algebras, the current .#,*(z) is a homogeneous
polynomial of degree n in the fields appearing in the Lax matrix £(A,z). And as explained
in [44], the degrees n for which the current .#*(x) is non-zero are the exponents of the
untwisted affine Kac-Moody algebra g plus one.

At this stage, we do not have a proof that the recursive algorithm described above
can be applied indefinitely. We shall now recall from [44] how to construct explicitly the
current # without a recursive algorithm, using generating functions.

3.4 Generating functions

In the previous subsections 3.2 and 3.3, we introduced currents %, (¢) (for types B, C
and D) and J#0 (for type A), constructed recursively from the currents # (and which
depended on a free parameter £ for types B, C and D). In this subsection, we will show
how to construct these currents using generating functions.

We will mainly focus on the case where g is of type A and will briefly comment on
types B, C and D at the end of the subsection. Let us then suppose that g = sl(d, C), so
that we can use the notations and results of subsection 3.3. We introduce

F(X, p, ) = Trlog(Id — pp(XN)L(A, z)) (3.13)

and
AN, p, ) = det(Id — pp(N)L(A, ), (3.14)

so that A(X, p, z) = exp(F(A, u, x)). By expanding the matricial logarithm in (3.13) as a
power series in p one finds

ok
w
F(A — .
) == (3.15)
k=2
with 7, (A, ) defined in equation (2.34). We are interested in the evaluations of F'(\, i, x)
and A(\, u, x) at A = g, which are well defined as )\ is a regular zero. Following [44], we

look for .#(x) in the form of

2,00 () = A(Xo, p, )P (3.16)
un
for some rational number p,, where f(u)|,» denotes the coeflicient of 44" in the power series
expansion of f(u).

The Poisson brackets of the currents 7, (Ao, z) = _#,)(z) are given by equation (3.10).
This allows one to compute {F(Ao, i, ), F(Ao,v,y)} and {A(Xo, i, z), A(Xo,v,y)}.  As
equation (3.10) coincides with the equation (4.5) of [44] up to a global factor, these Poisson
brackets are the same as in [44] (equations (4.13) and (4.14)), still up to the global factor.
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Thus, the procedure of [44] applies and we conclude that the Poisson bracket of the local
charges (3.11) defined in terms of the currents (3.16) is

M o) ¢’ (Ao)
{0, @} = pupnir T2 [ do A 1270, (A0, 27 Yo (1)

T ,LL"Vm’
where
n—1 m—1 1 1(n—1)(m—-1
S CELPEE I S T
Pn Pm p—v d PnPm
It follows that the charges Q) are in involution if we choose, for any k € Zso, pp = %.
The corresponding currents are given by
— pF
A _
H00(x) = exp ( kz_: ? ) (3.18)

un

One can check that the first currents defined by this generating function are given by
equation (3.12), up to overall global factors. The current .#,°(z) is the evaluation at
A = ) of the more general current

Wi\, z) = A\, p, )= 1/4 (3.19)
Mn
which we will need later. The equation
n—1 = pF
Wa(\z) = exp | —— > 7\ ) (3.20)
k=2

allows one to compute W, (A, x) as a polynomial in the (A, z). More precisely, W, is
related to the .Z’s in the same way that .#0 is related to the ’\0’ .

We end this subsection by saying a few words on Lie algebras g of type B, C or D.
In this case, we saw in subsection 3.2 that the local charges in involution can be taken as
integrals of currents ,%/220 (£), depending on a free parameter £ (see equation (3.8)). These

currents can be obtained from the / Ao

s using a generating function, similar to the one
presented above for type A. We will not enter into details here and will just present the

final result, based on reference [44]. The current %5 (¢) can be computed as:

%k
%ﬁ“(&x)zem< ) Z% >

k=1

(3.21)

un

Starting from the Poisson bracket (3.6), one can show that the corresponding charges
Qg‘g(f ) are in involution, using similar techniques as above for type A. We refer the inter-
ested reader to reference [44] for details on the proof. An explicit computation shows that
the first currents %20 (&) obtained from the above equation are given by equation (3.8),
up to overall global factors.
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3.5 Summary

To conclude this section, let us summarise the results that we obtained. In particular, we
will use this as an opportunity to extend the notations ;) and W,, defined for a type
A algebra in the previous subsections, to other types. This will serve to uniformise the
notation in the rest of the article.

When g is of type A, the currents e/”i/nAO (z) are given in subsection 3.4 through equa-
tion (3.18). We also defined a current W, (A, z) depending on the spectral parameter \ in
equation (3.20). For a Lie algebra g of type B, C or D (as treated in subsection 3.2), we
introduced currents Ji/,f‘o (€), depending on a free parameter {. However, as explained at
the end of susbection 3.2, we will only use the currents #(z) = £ (¢ = 0,z) in the
rest of this paper. In order to employ uniform notations throughout the paper, we shall
define in this case #0(x) = Z20(x) and W,(\, z) = F,(\, x).

With these conventions, independently of the type of g, the current 0 (x) is the
evaluation of W, (\,z) at A = \g and the charge Q)0 is given by

Qo = / dz 00 (). (3.22)

Recall also that we restrict the degrees n of the currents £\ to some subset €y, of
Z>2. In fact, independently of the type of g, €5, can (almost) be seen as the set of exponents
of the affine algebra g plus one. This was already observed for type A in subsection 3.3,
based on the results of [44]. For types B, C and D, we saw in subsection 3.2 that &), is the
set of all even numbers, which turns out to coincide with the exponents of g plus one for
types B and C [44]. For type D, there are some exponents missing in this construction (the
rank modulo the Coxeter number), which are related to the Pfaffian (see [44]). Although
we do not consider the Pfaffian here, we expect that it should be possible to construct a
corresponding local charge in the present framework too.

Having introduced these type-independent notations, we can summarise the results of
this section by the following theorem.

Theorem 3.1. Let Ay be a non-cyclotomic reqular zero of the model. Then, for any m
and n in &y,, the charges Qi‘LO and Qi‘,? are in involution, i.e. we have

{Q’,)\l()’ Qi\#} =0.

The notations and results summarised above will be generalised to the case of cyclo-
tomic zeros in the following section. Let us note here that there will be some subtlety in the
definition of the current W, for an algebra of type A in the case when the automorphism
o is inner, compared to the definition given above. We shall discuss this in subsection 4.7.

4 Charges at cyclotomic zeros

In this section, we explain how to construct towers of local charges in involution attached
to cyclotomic regular zeros of the twist function ¢. Recall that a cyclotomic point is a
point fixed by the action of the cyclic group Zr, i.e. the origin or infinity. Suppose we
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are considering a model with a regular zero at infinity. As explained in subsection 2.2,
working in the new spectral parameter o = A~! and with the new Lax matrix £°° amounts
to treating, instead, a model with a regular zero at a = 0 and automorphism o~!. Hence
it is sufficient to describe the extraction of local charges at the origin.

Throughout this section we therefore consider a model with 7" > 1 and a regular
zero at the origin. We thus have ¢(0) = 0 and p(A)L(\, z) regular at 0. Using the
equivariance property (2.9), we see that the smallest power of A in ¢ is of the form
aT — 1, for some o € Z>1. In terms of the function ¢, defined in equation (2.10), this
implies that (A7) = O(A\*T). We will mostly need the fact that ((AT) = O(AT), i.e. that
©(A\) = O(AT~1), and more precisely the asymptotic property

COT) = COAT + 0. (4.1)

Recall that in the previous section we extracted local charges by evaluating the traces
of powers of p(A)L(A, x) at the regular zeros. In the case of a cyclotomic point, this method
is not sufficient to extract all charges, as such traces can vanish. To understand how to
construct the whole algebra of local charges, we will first need to establish equivariance
properties of Sy, (A, z).

4.1 Equivariance properties

Recall the equivariance properties (2.9) and (2.8) of ¢ and L. In this subsection, we look
for a similar relation for S, (A, z). In general, S, (A, z) does not belong to the Lie algebra g
since it is defined as the power of an element of g seen in the fundamental representation.
Thus, one cannot consider directly the action of o on S, (A, z).

We refer here to the discussion of appendix A. We will restrict to the case where o
is not one of the special automorphisms of Dy = s0(8,C). In this case, we can extend
o to a linear endomorphism on the space F' of all matrices acting on the fundamental
representation, that we shall still denote o (see details in appendix A). Note that this new
endomorphism o of F' is still of order T. We will also need the following properties of o.
For any Z € F' we have

o(Z™) =" o(2), (4.2a)
Tr(o(2)) = €Tx(2), (4.2b)
for some € in {1,—1}. Note that € is always 1 except when g = sl(d,C) and ¢ has a
nT
non-trivial outer part, in which case T is even. We shall write ¢ = w]T, with 7 in {0,1}.
From equations (2.9) and (2.8) and the identity (4.2a), we deduce that S, satisfies the

equivariance property
o(Sp(\ ) = W =DHLG, (WA, 2), (4.3)

with k =1+ % Let us consider the power series expansion

Su(\z) = Anp(z)N. (4.4)
r=0
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We then find
U(An,r) = wT+R(n_1)+1An,r- (4'5)

Taking the trace and using equation (4.2b), we find
Tr(Ap,) = 0" Tr(Apn,). (4.6)

Thus, Tr(A, ) vanishes except if r = r, [T'], where r, is the remainder of the euclidian
division of —nk by T'. We define

In particular, the first term in the power series expansion of Z,(\,z) is A™ _#2(x). Note
that _#2(z) is the evaluation of 7,(\,z) at A = 0 if and only if r, = 0, i.e. if T' divides
nk. Note also, as —2k = —2 [T, that 7 = T — 2. Thus, we find

/20(37) = ('(0) resy—o p(\)Tr (L’()\, ac)Q),

where ¢ was defined in equation (2.10). Finally, let us remark that equation (4.6) implies
that Z,,(\, x) has the following equivariance property

In(wh, ) =w™ T, (N ). (4.7)

4.2 Poisson algebra of the currents

One can extract the Poisson brackets of the currents #,)(z) and _#,0 (y) as the coefficient of
A FTm in the power series expansion of {7,(\, z), Z,,(\,y)}. The latter can be computed
from equation (2.35). Specifically, using the identity (2.6) we find

T-1

— k
> AT RCR) + ()t
k=0

Ty _ T
)\MUQ()‘HUJ) = _W

with ¢ defined in equation (2.10). Taking the limit ¢ — A we obtain

Uia(MA) = =AT72¢(AT)Chg + A2¢(AT)CLY, (4.8)

so that

{Ta02), TN y)} = nmaT 2 (T gz (CraS s A 0)1Smoa (A p)2) 0y, (49)
= AT ) Tras (O3 St (A )11 (A, )2 0y

The first term of this Poisson bracket has the same structure as the Poisson

bracket (3.3). The main difference coming from cyclotomy is thus the second term, which

involves the partial Casimir C(%). We recall that we have the partial completeness relation

Tro(CYY) Z) = 70(2), (4.10)

for any Z € g.
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The second term in (4.9) will therefore involve the projection S’T(ZO_)I()\, x) of Sp—1(\, x)
onto the grading zero F(*) = {Z € F|0(Z) = Z}. To determine these projections, we can
make use of the power series expansion (4.4) and equation (4.5). In particular, one finds
that A,_1 47 is in FO) if and only if A,,_1, also belongs to FO) Let us then define g, to
be the unique integer between 0 and 7" — 1 such that A,_;, belongs to F ©) if and only if
r = qn [T]. Using equation (4.5) we find ¢, =7, + 1[T]. So ¢, =1, + 1 if 7, <T — 2 and
qn=01ifr, =T — 1.

To simplify the Poisson bracket (4.9), we will need to distinguish between three cases:

e gis of type B, C or D,
e gis of type A and o is inner,

e g is of type A and o is not inner.

4.3 Algebra of type B, C or D

We first consider g to be of type B, C or D. Recall that in this case So,—1(A, ) belongs to
the Lie algebra so that 5,1 (), z) is zero and hence we consider only the currents 73 (z).
Moreover, we can use the completeness relations (3.4) and (4.10) in (4.9). We then find

[Zon(A2), Tom(\,9)} = dnmAT =2 (AT )T (Son-1 (A, 2)Som-1 (A, 9) ), (4:11)
- zlmnA*Zg(AT)Tr(sg?LL1 (A 2)S) (A, y)) 5L,

After integration over y, the first term becomes a total derivative with respect to = by
virtue of equation (3.5) and thus vanishes when integrated over x.

Recall moreover that the Poisson bracket of #9 () with _#Z9 (y) is obtained
from (4.11) by keeping only the term A"2»%72m in the power series expansion. We note
that the smallest power of A in the second term of (4.11) is a1 — 2 + g2, + gom (cf. equa-
tion (4.1) and above). As we saw in the previous subsection, g, = rp + 1 if rp < T — 2 and
qr = 0if rp, =T — 1. In the case where ro, and 79, are different from 7" — 1, the smallest
power of A is then ro, + 7oy, + a1 so the second term of (4.11) does not contribute to the
Poisson bracket of #9 () with 75 (y), as a > 1.

If oy, Or 79, is equal to T'— 1 then there will be a contribution from this term involving
other objects than only the ko ’s, preventing us from constructing charges in involution.
Thus, we will only consider the currents _#J (x) such that ro, # T — 1. We then have

{an, ng} =0,

where QY, is the integral of the current _#J) ().

We have thus extracted a tower of local charges in involution from the Lax matrix
around the origin. Just as in the non-cyclotomic case, these charges are integrals of some
polynomials of even degrees in the fields appearing in the Lax matrix. The main difference
with the non-cyclotomic case is the fact that, in general, we do not have a current of any
even degree. More precisely, we ‘dropped’ the currents of degree 2n, for all n such that
rop, = 1 — 1. Recall from appendix A that in the case of an algebra of type B, C or D, we
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have ¢ = 1 and x = 1. Thus ry, is the remainder of the euclidian division of —2n by T,
which means that ry, =T — 1 if and only if 2n = 1[T]. In particular, we see that there is
no drop of any degrees if T' is even.

4.4 Algebra of type A and o inner

Let us now suppose that g is sl(d,C) and o is inner. In this case, we have the generalised
completeness relation (3.9). Moreover, we also have a similar identity for the partial Casimir
C’ig) , derived as follows. Recall that for any Z € F', Z — éTr(Z )Id belongs to g. Moreover,
we note that the identity Id is in the grading zero F() for ¢ inner (cf. appendix A). Using
equation (4.10), we then have

1
Try (C@Zg) = 70(2) - JTr(2)1d (4.12)

Using equations (3.9) and (4.12) in the Poisson bracket (4.9), we obtain

{F0 (0 2), TN )} = nmAT =2 )T (o1 (0, 2) S1 (A1) ) 8 (4.13)
— A2 )T (S0, 0 2) S () ) o,

nm ((AT) = AT¢'(AT)
T 22

%_1()\, J)) ym—l()‘v y)(su;‘y

The Poisson bracket of #9(z) with _#2(y) is obtained by extracting the coefficient
of A™»T"m in the above equation. To treat the second term on the right hand side of this
equation, we follow the discussion of the previous subsection 4.3. The smallest power of
A appearing in this term is o — 2 + ¢, + ¢, and if we restrict to n and m such that r,
and 7, are different from T — 1, this power is strictly greater than r, + 7,,. The term
then does not contribute to the Poisson bracket {_#2(z), #2(y)}. Let us turn to the third
term on the right hand side of equation (4.13). It can be seen from equation (4.1) that
CAT) = AT¢(AT) = O(N?T). The smallest power of A that can appear in this term is thus
2T — 2+ rp_1 + rm—1, which is always greater than 27" — 2 and therefore strictly greater
than 7, + rp, if r, and r,, are different from 7" — 1.

In conclusion, only the first term of the right hand side of (4.13) contributes to the
Poisson bracket {_#7(x), #2(y)}, which then has the same structure as in the previous
subsection. Integrating this bracket over x and y, we recognise the integral of a total deriva-
tive proportional to 0y 7y +m—2(\, ), which then vanishes, assuming appropriate boundary
conditions. Thus, for any n and m such that r, and r,, are different from 7" — 1, we have

{@ Q) =0
with QY the integral of the current #2(z). As in the subsection 4.3, we have ¢ = 1 and

k =1 for o inner. It follows that the integers n such that r, =T — 1 (for which we do not
consider the charge QV) are the ones equal to 1 modulo T
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4.5 Algebra of type A and o not inner

Finally, let us treat the case where g = sl(d, C) and ¢ not inner. In particular, this implies
that T" is even and we shall write 7' = 2S5 in this subsection. We still have the generalised
completeness relation (3.9). As o is not inner, we have o(Id) = —Id and hence 7(°)(Id) = 0.
We deduce that in this case, the partial completeness relation (4.10) actually holds for any
Z € F. Equation (4.9) then gives

(TN ), Tn(\y)} = nmAT—%'(AT)Tr(sn,l(A, 2)Sm_1(\, y))agy (4.14)
— imA2C )T (S124 (0 2) S5 (A ) ) &,

= N2 ) Z i (@) Tt (A ),

We follow the method of the previous subsections and look for the power r, + r,, of A in
the right hand side of this bracket. As explained in subsection 4.3, the second term does
not contribute when we restrict to r,, and r,, different from T — 1.

The first term is treated as in the case of a non-cyclotomic point: using the identity
FW)o,, = f(x)d, + 0:(f(2))dzy and the equation (3.5), we find

m—1

Tr('sn—l(Aa x)Sm—l()‘a y))(s;y = %—&-m—Q(Aa x)(slxy + n aa: (%—f—m—Q()\a J;))(Sary

(4.15)
The powers of \ appearing in the power series expansion of the first term are then of the

+m —2

form ryqm—2—2+aT, with a € Z>;. One has rp4m—2 =1+ 7m+2[T] and 0 < rpypm—2 <
T — 1. Moreover, 7, + 1, + 2 is always between 0 and 27 — 2 if we suppose r, and 7,
different from T'— 1. If 0 < r,, +rpy +2 < T, we have ry1m—9 = 7, +7m + 2 and the powers
Tn+m+2 — 2 + a1 are then all strictly greater than ry, + 7. UT < rp +rp +2 <27 —2
then rym—2 =1, + 1y +2 =T and the power 7,42 — 2+ aT is equal to r, + rp, if and
only if a = 1.

Finally, let us consider the third term on the right hand side of (4.14). The powers of
A in its power series expansion are of the form 7,_; + r;;,—1 — 2 4+ aT', with a € Z>;. Note
that 7oy =rp+1+S=ry,+1—-S[T]. Thus, rp_1 =7, +1+S5if0<7r, <S—1and
rp_1 =1+1-5if S—1 < rp <T—1. We then conclude that the power r,,_1+7,,_1—2+aT
is equal to r, + 7, if and only if r,, + 1 —=5>0,7r,,+1—S5>0and a = 1.

Combining all the above results, we find a closed expression for the Poisson bracket of
the currents _#)(z) and _#2(y) when 7, and ry, are different form 7" — 1, specifically

{Z2(@), )} (4.16)

m—1
= 0r, 121 nm(’ (0) (/V?erz(ﬂ?)%y + maﬂ: (I nim—a()) 5xy>

—0r11-50r,41-5 %C/(O) (/7?71(55)/7271(90)5@ + 201 ()0 (-1 () 5ry)7

where 0, =1if k € Z>p and 0, =0 if k € Zp.
As in the case of a non-cyclotomic zero, one can construct charges in involution by
taking integrals of new currents .%,°(x), constructed as polynomials of the currents 7% ()
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for m < n. The method in the present case is similar: one can construct the currents .#,°
recursively by asking that the corresponding charge QY Poisson commutes with Q% for
all m < n. One of the main difference with the non-cyclotomic case is the fact that we
do not consider a current £ when r, = T — 1 (we say that such a degree n drops from
the construction). The second difference is the presence of the terms 6 in the Poisson
bracket (4.16) compared to (3.10). Since these terms depend on the numbers ry, the
construction of the #"’s will depend on 7T'. As an illustration, we give here the expression
of the first #’s for T equal to 2 and 4.

In the case T'= 2, we have k = 2 hence r, = 0 for all n > 2. Thus, there is no drop of
any current due to the condition r,, # T'—1 and the current _Z,%(z) is simply the evaluation
of 7,(A\, x) at A = 0. Moreover, since 2—T and 1— S are both zero for T = 2, we note that
all 0 terms in the Poisson bracket (4.16) are equal to 1. The construction for the .#"’s is
therefore the same as in the non-cyclotomic case and their expression is given by (3.12).

Let us now consider the case T'= 4. We find x = 3 and r,, = n [4] and therefore drop
the currents #j  ,(z). Constructing the J¢”’s recursively we find

°%/20 - /207 c%/40 = /4?7 ‘%/50 - f50a (4'17)
15 7 2
%0:/60—@/20/407 %0:/80_@(/40)

where we dropped the currents 5" and #7° and more generally all currents %% 43

Comparing these currents to the ones constructed in the non-cyclotomic case (3.12),
one can observe a pattern in the cyclotomic procedure. Here also, the current J#° is
constructed by correcting _#,) with monomials 72 ... /,%p such that mi+...+m, =n.
We observe that not all the monomials in the non-cyclotomic corrections appear among
the cyclotomic ones but the ones that do have the same coefficients (for example 15/4d for
the #5 74 correction of #s). Moreover, we note that a monomial 79 ... /T%p appearing
in the non-cyclotomic procedure is also present in the cyclotomic expression if and only if
Tmy + .o+ Tmy, = Tn.

The above observations are still found to hold for larger values of T and n (although
we do not include the corresponding expression of % for conciseness). This allows one
to find the currents .#,°(z) without going through the recursive procedure if one already
knows the result for the non-cyclotomic case. A more systematic approach to constructing
higher conserved charges in involution in the cyclotomic case would be to find a generating
function for the #,’s, generalising the results of subsection 3.4. This will be the subject
of the next subsection.

4.6 Generating function for type A with o not inner

In subsection 3.4 we presented, following [44], the generating function for constructing the
currents %, (x) in the non-cyclotomic setting. In particular, we found that the relation be-
tween the 7, (x)’s and the #,,,(x)’s is given by equation (3.18). In the previous subsection
we showed how the currents .#,2(x) could be constructed in the cyclotomic case from the
knowledge of the corresponding result in the non-cyclotomic case. In particular, starting
from the expression of %, as a polynomial of the #,,’s, we observed that 0 can be
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constructed in the same way by keeping monomials /7%1 ces /nolp with the same coefficient
if and only if r, = ry, + ...+ ryp,. This procedure for going from the non-cyclotomic to
the cyclotomic setting has a natural interpretation in terms of equation (3.18). Indeed, the
current %, constructed above is equal to

k

(@) = exp (—” > ’;A’“kﬁ)u))

k=2

: (4.18)

Mn AT

where the projection onto the term A\ ensures that we keep only the monomials satisfying
the condition 7, = 1y + ... + 7,

Recall that A" #0(x) is the first term in the power series expansion of Zj(\,z).
Moreover, the next terms start with a (r + 7)™ power of A. Since r,, < T, such terms can
be added to the exponent in equation (4.18) without changing the left hand side as they
cannot contribute to a A"*-term. We may therefore also write

1
H(x) = exp (—”d 3
k=2 M”)\Tn

In terms of the definitions (3.13) and (3.14) of F/(\, u, ) and A(\, u, ) and equation (3.15),
we can further re-express equation (4.19) as

k

(4.19)

>R

%(/\w))

A () = A, )=/

n

(4.20)

Mn AT ’
or again

00) = o (PO

Starting from equation (4.14), using equation (4.15) and the identity f(y)d;, = f(2)d}, +
00 (F(2)) 2y, we got

#n ATn

{TN ), T (N y)} = nm Qum (N, z,y) + nm Apm (A, 2, y) (4.21)
where
Qnm()\a x, y) = AT_QC,()‘) <%+m—2()\7 x)é;y — é%_l()\, x)ﬂm_l()\, x)égcy (422&)
m—1 1
+max (Tntm—2(A, 1)) 62y — g%fl()\»ﬂf)am (Tm—-1(A,2)) 0ay |
Anm(N . y) = A2 TSI, (0, 2) S (A ) ) 3y (4.22b)

We want to compute the Poisson brackets between the charges Q¥ defined as integrals
of the currents (4.20). To begin with, note that the Poisson bracket between F'(\, p1, x) and
F(\,v,y) can be obtained from equations (3.15) and (4.21). We then find that

o0

{A()\7 K, x>p7 A(Aa v, Z/)q} - qu()\v My x)pA()‘a v, Z/)q Z (le()\a Z, y) + Akl()\v £, y)):ukl/l
k,l=2

(4.23)
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Up to a global factor and treating the spectral parameter \ as an external parameter,
Qnm (A, z,y) has the same structure as the right hand side of equation (3.10), which as we
saw already had the same structure as equation (4.5) of [44]. This equation (4.5) is used
in [44] to compute the Poisson brackets of the generating functions (equations (4.13) to
(4.15)). The method developed in [44] for computing these Poisson brackets then applies
to the terms €y in equation (4.23) and gives a similar result, up to the global factor and
the dependence on A that we keep. Specifically, we find

/ da / dy {A()\, )P ,,m} (4.24)

= PnuDm AT_2C'()\) ;w/da: AN, w1, :E)pnax(A()\,y,x)pm)hnm(u, v)

+ pnpm/dx/dy DS Auhzy) A, p )P

k=2 1=2

JAN v, y)Pm
un

lL"l/m

)

L AD

yn—l
where hy, (1, V) was defined in equation (3.17).

The first term on the right hand side of (4.24), proportional to Ay, (i, V), vanishes
when pi = % for all k € Z>2, as expected. It therefore remains to show that the second
term also does not contribute when we restrict to the (r, + r,)-th power of A. From
equation (4.22b), we see that the powers of A appearing in the power series expansion of
Agi(A, z,y) are of the form g +q;—2+aT', with a > a > 1 and ¢,, defined in subsection 4.2.

The equivariance property (4.7) can be rewritten as 7,(wA,z) = w™™.7,(A,z). In
terms of the generating function F'(\, u,z), this can be re-expressed as F(wA,pu,x) =
F(\, w " u, ). Thus, we also have A(wA, u, x)P = A(X\,w™ "u, x)P. Finally, we deduce that

A(wA, p, x)p‘uk =wFA(N, w1, x)p‘uk . (4.25)
In particular, this implies that the powers of A appearing in A(\, y, iﬂ)p‘“k are of the form
ri + 01 with b > 0. In conclusion, the powers of A in

A, y) A )| AR v )"

(4.26)

Vn—l
are of the form g + 7, +q +rm_i; — 2+ T, with ¢ > 1.

Recall from subsection 4.2 that g = r; + 1 [T, and therefore g + r,,— =, + 1[T].
Suppose now that r, and ry, are different from, and so in particular strictly less than, T'—1.
As g+ 7k is always positive and congruent to r, + 1 modulo 7', which is strictly less than
T, it then follows that g, + r,,_p > r, + 1. Similarly, we have ¢; + r,,,_; > 7 + 1 and we
thus deduce that g +7,_r +q +7rm_; — 2+ cT is greater than or equal to r,, +7r,, +71. We
deduce that the term (4.26) cannot contribute to the (7, + ry,)™ power of A, as required.

In conclusion, we have found that, for any n and m such that r, and r,, are different
from T — 1, one has {QQL, an} = 0, where the charge QY is defined as the integral of
the current #°(z) given by (4.20). Recall that the current _#(z) is constructed as the
coefficient of A" in the power series expansion of .7, (A, x). Similarly, one can rewrite
equation (4.20) as

H2(x) = W\, z)

n

(4.27)

)
ATn

with W,, defined in equation (3.19).
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4.7 Summary

Let us summarise the results of this section, as we did for non-cyclotomic zeros in subsec-
tion 3.5. In general, we define a charge QU associated with a current .#°(z), by

n rn

QY = / dz 40 (z), with H(x) = Wa(\ )| (4.28)

where the definition of W, (A, z) and r,, depends on the type of g and whether o is inner
or not.

For g of type B, C or D (see subsection 4.3) and for g of type A and o inner (see
subsection 4.4), we simply choose W,,(\,z) = Z,(\, ), so that #0(z) = #2(z). In this
case, we consider r, as the remainder of the euclidian division of —n by 7. When g is
of type A and o is not inner (the case discussed in subsections 4.5 and 4.6), we choose
Wi (A, ) as given by equation (3.20). In this case, 7y, is defined as the remainder of the
euclidian division of —n(l + %) by T.

The equivariance properties (4.7) and (4.25) imply that, independently of the type of
g and of ¢ being inner or not, we have

Wh(wA, ) = w™ Wy (A, x), (4.29)

for W, defined as above. It therefore follows that the powers of A appearing in W, (A, x)
are of the form r,, + kT, with k € Z>. In particular, the current %2 (x) of equation (4.28)
is the coefficient of the smallest power of A in W, (\, z).

As in the non-cyclotomic case, we restrict the degree n of the currents .#.°(z) to some
subset & of Z>5. More precisely, n belongs to & if n — 1 is an exponent of the affine
algebra g and ry, is different from 7'— 1 (with the exception of the exponents related to the
Pfaffian in type D, as in subsection 3.5). The results of this section can be summarised as
the following theorem.

Theorem 4.1. Let n,m € &. Then the charges Qg and le are in involution, i.e. we have
{qu QS%} = 0.

There is a subtlety in the definition of W, (A, z) for g of type A and o inner. Indeed,
in this case the current .#,(x) is extracted just from .7, (), ) as recalled above. Yet in
section 3, the current Ji/n)‘o at a non-cyclotomic point was extracted instead from W, (A, z)
which differs from 7, (A, x). Thus, for this case, we choose the appropriate definition of
Wh(A, ) depending on whether the regular zeros of the considered model are cyclotomic
or not.

We end this section by an open question. For a non-cyclotomic regular zero A\g and
g of type B, C or D, we considered local charges in involution Q) built as the integral
of the currents #(z) (see subsection 3.2). However, based on the results of [44], we
also exhibited a more general family of local charges in involution Q;\ZO (£), depending on
a free parameter £ € R and whose corresponding currents J?f/n)‘o (&, x) are constructed as
polynomials in the k/\o’s.
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In the subsection 4.3 of the present section, where we deal with a cyclotomic regular
zero at the origin for g of type B, C or D, the charges Q" are also constructed simply
as integrals of the currents #)(z). It is thus natural to ask if there exists in this case a
more general family of charges Q% (&), depending on a free parameter ¢, as for the non-
cyclotomic case. Moreover, for g of type A and o inner (as treated in subsection 4.4),
the charges QO are also integrals of the currents #)(z) (we do not need to construct
more complicated currents to obtain charges in involution). It is thus also natural to look
for a more general family of charges Q°(¢). This would be an interesting result, as it
would exhibit an important qualitative difference between the non-cyclotomic case and the
cyclotomic one (with o inner), for g of type A.

We expect these one-parameter families (for g of type B, C and D or for g of type A
with o inner) to exist. More precisely, we expect them to be given by the first non-zero
coefficient in the power series expansions of a suitable generating function, depending on &,
around the cyclotomic regular zero A = 0. As for the non-cyclotomic case, we will focus in
this article on the local charges which do not depend on a free parameter £ (as described
at the beginning of this subsection), for the same reasons as the ones discussed at the end
of subsection 3.2 for a non-cyclotomic zero.

5 Properties of the local charges

5.1 Algebra of local charges in involution

In the previous sections, we constructed a tower of local charges in involution at every
regular zero \g € Z. More precisely, we constructed currents %, (x), with degrees n in
some subset £, of Z>2, such that the charges Q° defined as the integral of #(x) are in
involution with one another. In this subsection, we study the whole algebra of local charges
in involution, formed by all the Qf‘lo for \g € Z and n € £,,. More precisely, we prove
that currents £, (x) and #}°(y) extracted at different regular zeros are in involution.
We establish this result for regular zeros in Z, excluding the point at infinity. If infinity

is a regular zero then one can also extract charges in involution Q°S°, using the results of

o0
n >
subsection 2.2. The Poisson brackets of the corresponding currents with the currents at
finite regular zeros involve some subtleties and will be treated separately at the end of
the subsection.
In general, the currents .#,(z) and J#%}°(y) are constructed as polynomials of the
currents _#,°(z) and _Z4°(y). It is therefore sufficient to prove that the Poisson bracket of
Ao (x) and _gZ1°(y) is zero. The currents _#,)°(z) and _Z4°(y) are extracted from 7, (A, x)
and 9, (u,y), whose Poisson bracket is given by equation (2.35). We can suppose that ug
is different from 0 and thus is a non-cyclotomic point, so that #h°(y) = Z,(po,y). Using
the fact that Ua(\, o) = p(A)RY2 (A, 1o) since p(up) = 0, we can evaluate equation (2.35)

at = po to find
{%(}\,.’L‘), rﬁo(y)} - _”mSO(/\)TrQ(R(:Lz()\,MO)Sn—l()\ax)lSm—l(MO,y)g>5;y (51)

We will now treat separately the cases \g cyclotomic or \g non-cyclotomic.
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Suppose that \g is non-cyclotomic so that /7{\0 (x) is simply the evaluation of .7, (A, x)
at A = A\g. Recall from paragraph 2.1.3 that, by construction of the set Z, as A\g and g are
different elements of Z, the cyclotomic orbits Zr Ay and Zrug are disjoint. In particular,
this means that RY5(\, o) is regular at A = \g. Indeed, by equation (2.4) the poles of
R({l(/\, o) are the &)ints of the orbit Zppg. Moreover, S,,_1(\, x) is regular at A = Ao and
we have p(\g) = 0. Thus, evaluating equation (5.1) at A = A9 we find that the currents

2o (x) and _Z1°(y) are in involution, as expected.

Let us now treat the cyclotomic case where A\g = 0. In this case, _Z2(x) is the coefficient
of A" in the power series expansion of .7, (A, z) (cf. subsection 4.1). The Poisson bracket of
I9(x) with _#Z1°(y) is then the coefficient of A™ in equation (5.1). Recall from section 4
that for n € &, we have 7, < T — 1. Yet, in equation (5.1), RY5(\, 1to) and S,_1(\, z)

are regular at A = 0 and ¢(A\) = O(AT™1), hence the involution of #2(z) and _#4°(y). In
conclusion, we have proved

Theorem 5.1. Let o, 1o € 2 and let n € 5, and m € &,,. Then, if Ao # o, we have

{ @), shew)} =0

Combining this theorem with the results of previous sections, we conclude that the
local charges Qﬁo, for all A\g € Z and n € &), are in involution with one another.

We now turn to the case where one of the regular zeros is the point at infinity. In this
case, the current #5°(y) is extracted from the Lax matrix £%°(«,y). From the Poisson
brackets (2.1) and (2.24), we get

{‘C()‘v x)l? ‘Coo(aﬂ y)Z} = [ﬁg()‘? 0471), ‘C()‘7 x)l:| 59&2/ - [RZI (a717 )‘)7 L (a7 y)Z] 5xy

— (ﬁg()\, oz_l) + RE(O(_I, A))é;y + oz_lw(oz)_l [Rgl(a_l, )\),C(:L')g] Ouy,  (5.2)

with the matrix R defined in (2.27).

In the following, we will say that an equation is true weakly, and we will then use the
symbol ~ instead of =, if the equation holds when one puts the field C(x) to zero. This
denomination and its interest will be made clear when studying Zp-coset models, in which
case the field C(x) is interpreted as a gauge constraint. Note, in particular, that the last
term of equation (5.2) vanishes weakly. Using Corollary 2.3, we may then compute the
Poisson brackets of 7, (\, x) with

Ty y) = Tr (S (e, 2)) = Tr(gh(e)" L(a, 2)")
weakly, to find
{F02), Z(0,y)} = —nm Trgz (Via(h, 0)Su 1 oS3 (00 )2) 0y (5:3)

where

Via(A @) = —a 2o\ R\ a™h) + (@) Ry (@A),
Suppose first that A9 € Z is non-cyclotomic. We have ¢(\g) = 0, and hence

{F0@), 72 (ay) | & —nm (a) Traa (RS (071 A0} St (o, 2)15551(0,9)2 ) Oy
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The Poisson bracket between #,(x) and _#,°(y) is then obtained, weakly, by extracting
the coefficient of o' in the equation above. For m € &, we have r,, < T — 1. Yet
Y(a) = O(aT=1) and RY; (a1, Ag) and S°_,(«,y) are regular at o = 0. Thus _#,°(x)
and _Z,°°(y) are weakly in involution.

It remains to consider the case where Ao = 0. In this case, _#2(z) is the coefficient of
A" in (A, z) and we restrict to n such that r,, < T —1. We have to find the coefficient of
A" in equation (5.3). Due to the presence of p(\) or ¢(«) in the two terms appearing
in Vi2(A, ), we see that either the power of A or the power of « is greater than 7' — 1 and
thus cannot contribute to the term A"a". In conclusion, we have the following theorem.

Theorem 5.2. Suppose that infinity is a reqular zero of the model. Let \g € Z, n € &),
and m € E. Then we have

{ @), s} =0

Combining this theorem with the results of previous sections, we see that the local
charges Q)°, for all \g € Z U {oo} and n € &,,, are (at least weakly) in involution with
one another.

We thus constructed a large algebra of local charges in involution, composed of the
Ao

charges Q;°, with Ao regular zeros and n € £),. Since these charges are local, they are
also in involution with the momentum P of the theory, whose Poisson bracket generates
the derivative with respect to the spatial coordinate z. We have not yet discussed the
conservation properties of these charges. For the models that we consider as examples in
this article (listed in paragraph 2.1.4), we will see in section 7 that the Hamiltonian H
of the theory always belongs to the algebra of local charges described above. It therefore
follows that all these charges are conserved. More precisely, we will see that H is always a

linear combination of the quadratic charges Qg‘o and the momentum P.

5.2 Gauge invariance

In this subsection, we anticipate the application of the construction developed in the pre-
vious sections to integrable o-models on Zp-coset spaces. In those models, infinity is a
regular zero and the corresponding field C(x) (cf. subsection 2.2) is a gauge constraint. We
prove here that the currents %2 (z) constructed at regular zeros )\g in the previous sec-

tions are gauge invariant, in the sense that they Poisson commute with the constraint C(y).

Ao

;0’s, it is enough to prove the following theorem.

As the J,2’s are polynomials of the

Theorem 5.3. Suppose that infinity is a regular zero. Let A\g € Z U {oo} and n € &y,.
Then, we have

{Fh@.cw}=o.

Proof. Let us first suppose that g is different from infinity. The current £\ (z) is ex-
tracted from 7,(\, x) = @(\)"L(\, z)". Recall the Poisson bracket between the Lax matrix
L(A,z) and C(y), given by equation (2.24). By Corollary 2.3 we then have

{%()‘7 .CL‘), C(y)} =N 90()‘) Trl(cgsnfl()\a x)l) 5/xy
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If \g # 0, Z0(z) is simply Z,(Ao, 7). And since \g is a regular zero, S,_1(\, x) is
regular at A = A\g and ¢(A\g) = 0. Evaluating the above Poisson bracket at A = \g, we get
the involution of _#)(z) and C(y). If Ag = 0, _#%(x) is the coefficient of A in 7,(\, z)
and, since n € &, we have r, < T — 1. Moreover, since S,,_1(\, x) is regular at A = 0 and
©(A\) = O(AT=1), the A"»-term in the Poisson bracket above is then zero, as required.

Finally, let us treat the case A\g = oo, for which _#°(z) is given by the coefficient
of &' in Z;>°(av, x) = Tr(¢(a)"L>(cv, 2)™). Using the definition of £ and the Poisson
brackets (2.24) and (2.25), we find

{£%(a,2)1,C(y)2} = [C, £2(ar, 2)1] 80y — C13 8L,

This bracket has the same structure as equation (2.24). Therefore, the case A\g = oo is
treated exactly in the same way than the case Ay = 0, which ends the proof. ]

5.3 Reality conditions

To close this section let us discuss the reality conditions on the charges Q)° extracted at
regular zeros in the previous sections. In the examples of paragraph 2.1.4, we consider
integrable o-models with target space G or a quotient of GGy, where G is a real Lie group.
If gg is the Lie algebra of Gy, then the Lax matrix of the model is a g-valued field, where g
is the complexification of gg. In other words, gg is a real form of the complex Lie algebra
g. The fact that the o-models we consider are on the real form G (or one of its quotient)
is encoded on the Lax matrix as the following reality condition:

(LA, ) = LA, 2), (5.4)

where the bar denotes complex conjugation and 7 is the involutive semi-linear automor-
phism of g characterizing the real form gg. Moreover, we also have a reality condition on
the twist function, which simply reads

p(N) = (M) (5.5)

In particular, if \g is a zero of ¢, its conjugate \g is also a zero of . Combining the reality
conditions (5.4) and (5.5), we also see that if \g is a regular zero (see paragraph 2.1.3), Ao
is also a regular zero. Thus, the regular zeros can be of two types: real ones A\g € R and
conjugate pairs g, Ao.

We will use the reality condition (5.4) in a similar way to the way we used the equiv-
ariance property (2.8) in subsection 4.1. In particular, as we consider powers of the Lax
matrix, which are not in the Lie algebra g in general, we will need to extend “naturally” the
automorphism 7 to the whole algebra F' of matrices acting on the defining representation
of g. This was done for the automorphism o in subsection 4.1 and appendix A. One can
apply similar ideas to 7, using the classification of real forms of the classical Lie algebras
A, B, C and D. We do not present the details here and just summarise the results.

There exists an extension of 7 on the whole algebra of matrices F', which coincides with
7 when restricted to the Lie algebra g, and that we shall still denote 7. This extension is
still an involutive semi-linear map of F' to itself. However, it is not in general an algebra
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homomorphism. The main properties of the extension 7 that we will need are the following.
There exists v € {1, —1} such that

(Z") =~y (2)", (5.6a)
Tr(7(2)) =y Tr(2), (5.6b)

for any Z € F. For every real form gy of a classical algebra g we have v = 1, except
for the real forms su(p, q,R) of sl(d,C) (with p + ¢ = d), for which v = —1. Using the
properties (5.6) with the reality conditions (5.4) and (5.5), one finds that 7(Sn(\, z)) =
/"1, (A, z) and that
Zaoa) = 1" Tu( @), (5.7)
Consider a regular zero \g. Suppose first that \g is complex: its conjugate )¢ is
then also a regular zero. According to the previous sections, we can extract two towers
of (possibly complex) currents #(x) and /3‘0 () by evaluating 7, (A, x) at A = Ag or
A = \g (note that \g cannot be a cyclotomic point as it is complex). However, according to
equation (5.7), these currents are not independent. Indeed, they are related by the reality
condition

20 (x) =" g2 (x).
o

Thus, considering linear combination of QN and Q)°,

we extract from each pair Ag,
Ao of complex regular zeros two towers of real charges in involution: QN + 'y"QiO and
i(Qn =" Q).

Suppose now that )\ is a real and non-cyclotomic regular zero. Equation (5.7) then

imposes the reality condition

20 () =" i (). (5.8)
Thus, the current frf‘o is either real or pure imaginary. In each case, we can extract only
one tower of real local charges. Consider now the case where Ay is the origin and thus
a cyclotomic real point. The current Z)(z) is then the coefficient of A™ in the power
series expansion of .7, (), ). Yet, this coefficient is also the one of A" in the power series
expansion of 7, (\,z). The reality condition (5.7) then implies that equation (5.8) also
holds for A\g = 0.

Finally, let us discuss the case where \g is infinity, which we consider as a real point.
From the reality conditions (5.4) and (5.5), we find that the field C(z) defined in subsec-
tion 2.2 is real, in the sense that 7(C(x)) = C(z). We then obtain reality conditions on
the Lax matrix £°(«, z) and the twist function ¥ («) similar to equations (5.4) and (5.5).
As a result we can apply the above discussion, since the point at infinity in the variable
A corresponds to the origin in the variable a, and conclude that equation (5.8) also holds
for \g = oo.

To summarise this subsection, we have shown that one can extract:
e one tower of real local charges for each real regular zero Ay,
e two towers of real local charges for each pair \g, A\g of complex regular zeros.

In other words, one can extract as many towers of real charges as there are regular zeros.
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6 Integrable hierarchies and zero curvature equations

In the previous sections, we constructed a infinite set of local charges QQO in involution,
with Ag regular zeros. It induces an infinite set of commuting Hamiltonian flows, defined
by {Qﬁ‘to, } In this section, we show that these flows generate a hierarchy of integrable
equations. More precisely, we associate with each charge Q0 a connection

Vf\lo = {Q’l)'\lo? } +M$\ZO()\,SU)

which commutes with the connection V, = 9, + L(A,z). We show that the connections
V0 also commute with one another for finite regular zeros Ag. The commutativity of these
connections takes the form of zero curvature equations. In particular, we will use the zero
curvature equations involving £(\,z) and the M°(\, z)’s to prove that the local charges
Q20 are in involution with the non-local charges extracted from the monodromy of £(), x).

6.1 Zero curvature equations with £

The starting point of this article is an integrable system with Lax matrix £(\,z) and
Hamiltonian H. The dynamical equations of this system are generated by the Poisson
bracket with H. They are encoded in the form of a zero curvature equation

(H, L\ 2)} — BpM(\, z) + M\, z), L\, 2)] = 0 (6.1)

on the Lax matrix £(\, z) and a g-valued matrix M (A, z). In this subsection, we study the
dynamics of the Lax matrix under the Hamiltonian flows generated by the local charges
QM constructed in the previous sections. More precisely, we show that these dynamics
also take the form of a zero curvature equation on L(\, z):

Theorem 6.1. Let \g € Z and n € Ey,. There exists a matriz M) (\,x) such that we
have the zero curvature equation

{QQO,E(A, x)} — D M (A, ) + [MQ@(A,@, ﬁ(A,@} —0.

Proof. Let us apply the second result of Corollary 2.3 to the r/s-system (2.1). Using the
form (2.5) of the R-matrix, we find

[LO @), Zalits )} = | Tra (R (N 1)1 (1, 9)2) LN, )| 82 (6.2)
T (R0 1051 (s )2) ey~ 200 o (R 100851 1)2) By

Consider first the case where \g is a non-cylotomic regular zero. Evaluating the equa-
tion above at u = A\g and using ¢(Ag) = 0, we have

{£0va), 22w} = [V O009), L0 0)] 8y = A2 (0,08, (6.3)

where

NM(\ z) = nTrg<R({72 (A A0)Sn_1 (Do, x)g). (6.4)
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Suppose now that Ag is the origin, which is a cyclotomic point, in which case /T? (y) is
constructed as the coefficient of g™ in the power series expansion of 7, (u,y). Moreover,
as n € &, we have r, < T — 1 (see section 4). The Poisson bracket {L(\,z), Z2(y)} is
thus the p™-term in equation (6.2). We have ¢(u) = O(p* 1) and r, < T — 1, thus the
last term of equation (6.2) cannot contribute to p'™. Thus, we also have equation (6.3) for
Ao = 0, with

N\, ) = n Tra (R 1)S-1 (1, )2

/’LT"

We will say that A is the Lax matrix associated with the charge defined as the
integral of the current /n/\o Equation (6.3) implies a zero curvature equation for the
evolution of £(\,z) under the Hamiltonian flow of this charge. In general, the charge
Q)0 is not the integral of # but of M (see previous sections). Recall that 0 is a
polynomial in the #0’s. We construct the Lax matrix M (A, x) associated with Q) by

assigning any monomial /,f;? e Ti‘f; in this polynomial to the matrix
> (o a0
J#k
Using the fact that the Poisson bracket is a derivation, we find from equation (6.3) that
{e0na), 00} = ML), L0 2)] ey — MP O )T, (6.5)
After integration over y, we get the required zero curvature equation. [l

Thus, the Hamiltonian flows of the charges Q;\LO generate dynamical equations that can
be recast in the form of zero curvature equations. In conclusion, we have constructed a
hierarchy of integrable systems with Lax matrix £(),z) and Hamiltonians Q)\°. The zero
curvature equations of Theorem 6.1 can be seen as the commutativity of the connections

VAo = {QQO, } MM\ ) (6.6)

with V, = 0, + L(A,z). This connection V, can be thought of as the connection asso-
ciated with the local momentum P of the theory. As already mentioned, we will see in
section 7 that for the models we consider, the Hamiltonian is given by a linear combination
H =2 ez o Q) + bP of the quadratic charges Q3° and the momentum P. Therefore,
the matrix M(A, z) of equation (6.1) can be constructed as ), = axg M5 (N, ) +DL(N, z).

Theorem 6.1 only treats the case of finite regular zeros \g. Let us also briefly discuss
what happens when \g = oco. In this case, #°(x) is extracted from the Lax matrix
L>(a,x). Since this matrix satisfies an r/s-system with twist function (), one can
apply the method developed here. Doing so we find that the dynamics of £ («, z) under
the Hamiltonian flow of Q7° takes the form of a zero curvature equation. Moreover, starting
with the Poisson bracket (5.2) and working weakly, we also find a weak curvature equation

{2 L\ x)} — O MEP(N ) + [MEP(\, z), L\, )] = 0
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where the matrix M2°(A, z) is constructed from

NP @) = —na~? Trg (R (1, a™)S32 (@ 2)2)

a™n

in the same way as M\°(\, ) was built from N0 (), z) for a finite regular zero Ag. In other

words, Theorem 6.1 also applies for A\g = oo when Poisson brackets are considered weakly.
Let us end this subsection by stating a few properties of the Lax matrix M) (), z).

Using the equivariance property (2.7), we find that

o (M?LO()\,x)) = MMN(w, ).

The Lax matrix M0 thus satisfies the same equivariance property (2.8) as £. Recall that
the Lax matrix N2(\, z) is extracted as the yu"»-term in

No(p A, ) = 1 Trg (RE5(A, 1) S (1, 2)z). (6.7)
Consider the equivariance properties (4.3) and
2R3 (A, 1) = wRIp (A, wh).

Combining it with the fact that Tr(o(Y)o(Z)) = Tr(Y Z) for any matrices Y, Z € F (see
appendix A), we find that

Np(wp s Ay 2) = 0™ N (s N, ). (6.8)

Therefore, the power series expansion of N, (u; A, x) in p contains powers of the form
ry + KT, with k € Z>¢. In particular, NO()\,z) is the coefficient of the smallest power in
this expansion, in the same way as _#2(z) is in the expansion of 7, (u, x).

Let us define M,,(p; A, z) from N, (p; A, z) and F,(p, z) in the same way we con-
structed M° (A, z) from N0(\, z) and £ (z). In particular, M)°(\, x) is the evalu-
ation of My, (p; A, x) at p = Ao. From equations (4.6) and (6.8), we find the following
equivariance property

Mp(wp s Ay z) = w™ My (s A\, x). (6.9)

So MY%(\,x) is the coefficient of the first term g™ in the power series expansion of
Mo (5 A, ).
6.2 Involution with non-local charges

In this subsection, we use the result of the previous one to prove that the local charges
Q) are in involution with the non-local charges extracted from the monodromy of the Lax
matrix £(A, z). This monodromy is defined as the path-ordered exponential

T(\) = P&p (—/dzﬁ(A,z)) ,

where the integral is taken on the real line R or the circle S, depending on the coordinate
space of the model. Consider also the partial transfer matrices

T(\;z,y) = P&p <— /x dz L(), z)> .

Y
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These matrices satisfy the initial condition T'(\ ;z,z) = Id and the differential equations

TN sz,y) = =L\ 2)T(\;z,y), (6.10a)
OyT(Nz,y) =T\ s2,y) L\, y). (6.10b)

Moreover, the variation of 7" under a infinitesimal variation d£ of L is given by

T\ ;z,y) = —/ dzT (N ;2,2)0 LN, 2)T(\ 5 2,9).
y

This formula allows one to compute derivatives of T and in particular its Poisson
bracket with the local charge Q)\°, for \g € Z and n € £),. Specifically, we have

{QQO,T(A ;x,y)} = — /yx dzT(\;z,2) {Q:‘LO,E()\,Z)} T(\;z,y). (6.11)

The Poisson bracket of Q)\° and £(), z) is given by Theorem 6.1. Using this together with
the equations (6.10) and (6.11), we find

{Qr. Tz} =TO 2 ) MP () = MY A 2)T (A s2.y).

If the spatial coordinate is taken on the real line (from —oo to co) and the fields are assumed
to be decreasing at infinity fast enough, we get

{@e.1n} =0,

i.e. the whole monodromy 7'()\) is in involution with Q). If the spatial coordinate is taken
on the circle (from 0 to 27) and the fields are assumed to be periodic, we get

o, 70} = [1(0), MY (2, 0)]

In this case, Q)0 Poisson commutes with any central function of T'(\), e.g. the traces
Tr(T(A)*) and the determinant det(7'(X)). Thus, we have

Theorem 6.2. The monodromy T'(\) (resp. the central functions of T'(\)) is in involution
with the local charges Q)0 for \g € Z and n € &,,, if the spatial coordinate is taken on the
real line (resp. the circle). In particular, it is conserved.

Proof. It just remains to prove the conservation of the non-local charges. This follows from
the fact that the Hamiltonian H can be expressed as a linear combination of the quadratic
charges Q%O and the momentum P. |

Once again, this theorem applies only for finite regular zeros A\g. Following a similar

argument to the one given in the previous subsection, it also holds for the charges Q;° if
we consider Poisson brackets only weakly.
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6.3 Zero curvature equations between the Mf}bo ’s

In subsection 6.1, we showed that the dynamics of the Lax matrix £(\,z) under the
Hamiltonian flow of the local charge Q)0 takes the form of a zero curvature equation with
a matrix M2 (), z). We thus exhibited a hierarchy of integrable equations, corresponding
to the commutativity of the connections V° with V. This can be seen as the compatibility
condition of the two auxiliary linear problems V,¥ = 0 and V;\LO\IJ = 0, with ¥ a function on
the phase space, valued in the connected and simply connected Lie group with Lie algebra
g. In this subsection, we prove that the connections Vﬁ‘bo and VH0 also commute with one
another (except when ) is finite and py = o). This can be seen as the simultaneous
compatibility of all auxiliary linear problems VW = 0 and it takes the form of zero
curvature equations:

Theorem 6.3. Let Ao, 0 € Z, n € €y, andm € &,,. We have the zero curvature equation
{@v. Mz} = { Qi M)} + (M), Miz ()| =o.

This subsection is entirely devoted to the proof of Theorem 6.3. After stating some
general results, we will treat separately the cases \g # g and A\g = pp. Note that for the
latter, we only have a complete proof for an algebra g of type B, C and D. For g of type
A, we verified Theorem 6.3 for the first degrees n and m and conjecture that it holds more
generally for any n and m. To improve the clarity of the subsection, some technical details
of the proof are presented in appendix B.

Here also the theorem concerns the finite regular zeros Ag and pg. The method pre-
sented in this subsection also applies for \g = pp = oo as L>(\, x) also satisfies an r/s-
system with twist function (Theorem 2.1). However, the theorem does not hold when Ay
is finite and pg = 0o, even if Poisson brackets are considered only weakly.

6.3.1 Some general results

Let us consider the Poisson bracket (6.2). It can be rewritten

{SO\ ), (. y)} = =m Trz (Usz O\ 1) S (1, 9)z2)
+m [Trz (RY5 (0 1)Sun-1(1,2)2) SO0, 2)] 8oy,

with S(A\,z) = S1(A\,2) = @(A)L(A,x). Starting from this Poisson bracket, we elevate
S(A,z) to the power n — 1 and find, using the fact that the Poisson bracket and the
commutator are derivations, that

{SumtX ). Ton (1, 9)} = m | Trz (R0 1) Sunr (11 2)2 ) St (M, ) 6y (6.12)
n—2
= m Y Sp0 @) Tz (Ura O 1) St (1, 9)2 ) Sna- (A, )8,
k=0

Recall the definition (6.7) of N, (\;p,z). From the Poisson bracket (6.12), using the
cyclicity of the trace, we find

{NH()‘ ; :0733)’ ym(%y)} = Fz%(pv x)(szy + 52%(07%1/%
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where

T (p ) = nmTrag ( [Ra(p, A), R (A, 1)] Su-1 (A )21 (11 )3 ) (6.13)
;\L%(Pafﬂ y) - anI'@ (Rgz(P, Sm—1 ,U,, Zsk A, $ A N)Sn 2— k()\ 1') > (ﬁcyv
(6.14)

with U defined in equation (2.36). Let us introduce

+{Z N y) N (s p @)} = {Tm (1, ), Nu(A s p @)}
It contains a term equal to 6, times
N (X5 p, ), Non (11 9, )] + Tk (p, ) — Tl (p, ).

One can show from equations (6.7) and (6.13) that this is equal to

TTE(T@(% )‘7 M)Sn—l(Av x)gsm—l (M? :L');) )
with
Ti23(p, A 1) = [Riz(p, A), Ris(p, )] + [R2(p, ), RYs(\, )] + [Rz (1, A), Riz(p, )] -

This terms vanishes as R” is a solution of the classical Yang-Baxter equation (2.2). We
are therefore simply left with

Y (pyx,y) = Eptt (o, 2, y) — 40 (p, 2, y). (6.15)

The currents #, are extracted from 7. But in general, the charges are constructed
from currents %, which are extracted from Wy, where the definition of W) depends on g
and o (see subsections 3.5 and 4.7). In particular, we have %)‘O () = Wk(Xo, z) for a non-
cyclotomic regular zero A\g. For the origin, which is cyclotomic, %0(93) is the coefficient of
A"k in Wi (A, x). Let us define

Zpb (1, y) = IMa(X; ), Min (1 p, )] 6y (6.16)
+ WX y), Min (s p,2) = {Wm (1, y), M (X5 p, )}

Using the expression of W and My in terms of .7, and N}, we see that Z{}#@(p,x,y)
contains several types of terms:

1. commutators [Ni(X\; p,z),N;(1t; p, )], multiplied by polynomials in the .7}’s,
2. le“(p, x) and Fé‘k)‘(p, z), multiplied by polynomials in the .7;’s,
3. Eg;‘(p, x,y) and Ef,:‘(p, z,y), multiplied by polynomials in the .7;’s,

4. AT\ ), Ti(psy)y and {F(p, z), Zi(N, y)}, multiplied by polynomials in 7;’s
and Nj’s.
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Moreover, the terms of type 1 and 2 are always ultralocal, i.e. proportional to d,,. It can
be seen that these terms always combine into polynomials of .7; multiplied by

NL(A; ), N s p, )] + Tl (p, ) = T (p, ).

As explained above, this vanishes by virtue of the classical Yang-Baxter equation. There-
fore, Zﬁ[ﬁl(p, x,y) is composed only of terms of type 3 and 4.

6.3.2 Zero curvature equation at different regular zeros

Let us now prove Theorem 6.3 when )y and pg are different regular zeros. Since we are
not considering here the point at infinity (see discussion after Theorem 6.3), at least one
of them is non-cyclotomic, say po. Recall that Uag(, po) = @(N)RY(A, po), as ¢(uo) = 0.

Consider first the case where )\ is also non-cyclotomic. We will prove the that zero
curvature equation of Theorem 6.3 holds by showing that Zjoto (p,z,y) vanishes. As
explained above, it contains two types of terms. The ones of types 4 contain Poisson
brackets between currents k’\o and _#/"°. According to Theorem 5.1, these brackets are
all zeros. As Ao and p are two distinct elements of Z, the cyclotomic orbits ZpAg and
Zrpo are disjoint and thus R(A, o) is regular at A = \g. We then have Uag (Ao, po) = 0,

as p(Ag) = 0. We deduce from this that Eg?“o (p,x,y) = 0 and similarly Efko’\o (p,z,y) =0,

i.e. the terms of type 3 also vanish. Thus Zpoko (p,xz,y) = 0, as required.

Suppose now that \g is the origin and hence a cyclotomic point. Recall that J#9(z)
and MY (p, x) are the coefficients of A" in respectively W, (\, ) and M, ()\;p,x). Thus,
it is enough to show that there is no term A in Zpto (p,x,y) to prove Theorem 6.3 in
this case. Recall that J;(\, z) and Ni(\;p,x) contain powers of A of the form ry + aT'
with a € Z>g. Asr, <T —2 < T for n € £,,, the powers with a > 1 cannot contribute
to the \™-term. Following the discussion at the end of paragraph 6.3.1, the term A\ of
Zpo (p,x,y) is thus composed of polynomials in the #’s and NV’s times Poisson brackets
of 70 with #}/'° or terms of the form

= Ao =HOA

S (pzsy)|,, or By (e a,y)

AT

for k such that r, < T — 1. According to Theorem 5.1, the Poisson brackets of such

Y with /" vanish. Moreover, Zp°(p,x,y) is proportional to ¢(A\)RO(A, po). Yet,

o(\) = O\~ and rp < T—1, hence Ezlm} (p,aj,y)’)\ = 0. Similarly EZSA(p,x, y)‘)\ =0.
Tk Tk

Thus, the coefficient of A™ in ZpHo (p,x,y) vanishes, as required. This ends the proof of

Theorem 6.3 for different regular zeros A\g and .

6.3.3 Zero curvature equations at a non-cyclotomic regular zero
Let us now prove Theorem 6.3 for A\g = pg. We start with the case where )y is a non-
cyclotomic point. We then want to show that / dy Z,i‘%‘o (p,x,y) =0.

As in section 3, we treat separately the Lie algebras of type B, C and D and the Lie
algebras of type A. Suppose first that g is of type B, C or D. In this case, the currents

2;\10 are equal to the currents /2);? (see subsections 3.2 and 3.5) and the corresponding
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Lax matrices M%‘g are equal to the matrices 0 Thus, 22)‘3 o (p,x,y) is simply equal to

Yoo (p,x,y) (see paragraph 6.3.1). According to equation (6.15), we have

2n2m

Ao — Ao\ — Ao\
Voo (py,y) = 25050 (0, 2,y) — Zgpr 9, (0,7, ),

where = was defined in equation (6.14). To avoid cluttering the argument in the present
paragraph with too many technicalities, we postpone the details of the computation of

:é‘g)ﬁ%(p, x,y) in appendix B.1. We find

/
—Ao) @' (No) dnm(1 — 2n)
Eonam (P @, y) = T 2n+2m_2N2n+2m 5(p, )3y, +f2n2m( )0y,

where the function f;,? om Satisfies f2’\752 om = 2)‘7% o (cf. appendix B.1). It then follows that
/
oA ' (Ao) 8nm(m —n)
Vamom (0 T,y) = T 27+ 2m— N2n+2m 2(ps )6lxy?

from which we deduce that /dy Yjodo (p,xz,y) = 0, as required.

2n2m

Suppose now that g is of type A. In this case, the currents .#2 are different from the
currents /n 0 and we therefore have to consider 2202 rather than simply Y02, According
to the discussion at the end of paragraph 6.3.1, it contains polynomials in the /p/\o’s and
./\/I,)‘O’s, multiplied by either :2?/\0 (p,x,y) or {/k)‘o (x), jl)‘o (y)} This last Poisson bracket
is given by equation (3.10) and is expressed in terms of the /p’\ﬂ’s. As for type B, C and
D, we compute the expression of H)‘OAO in appendix B.1. We find

/
=0 ¢'(Xo) kl(k —1)
:k(l) O(p,x,y) = = T k41— Nk-‘rl 2( )6/
700y /lia(yw,jﬁl(p, £)8% + 10 (0, 2)0y

for some function f,;\lo such that f,jlo =
Hence 220 can be expressed in terms of the /p)‘o’s and N]D)‘O’s, up to terms involving
];\lo. The latter are always of the form

A
« p)lo (.’IJ) et p);o (.’IJ) klo (:01 x)(sxya

with a0 a constant. Moreover, one can check that for any such term, there is also a similar

one but with an opposite sign and & and [ interchanged. Using the symmetry property
2‘10 = l?‘f, one can then conclude that these terms always vanish.

Therefore 200 can be expressed in terms of the /p)‘o’s and ./\/'p’\o’s. Using the first

explicit expressions (3.12) for the current ,/“ifn)‘o and the corresponding expressions for the
matrices M, it can be check directly that [ dy 220 (p,z,y) = 0 for the first few degrees
n, m. Specifically, we have checked this for degrees n and m up to 7. In particular, we
observed that we could not have chosen different coefficients in equation (3.12) for these
zero curvature equations to hold (in the same way that these coefficients were uniquely
fixed by requiring the involution of Q0 and Q). Based on these strong observations, we
conjecture that it holds for any n,m € &,,.
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6.3.4 Zero curvature equations at a cyclotomic regular zero

Finally, let us prove Theorem 6.3 for A\g = po = 0, which is a cyclotomic point. Remem-
ber that #°(z) and M2 (p, ) are extracted as the coefficient of A" in the power series
expansion of W, (A, z) and M, (\; p,x) where r, is the smallest power appearing in these
expansions. That is, Theorem 6.3 for \yg = o = 0 is equivalent to the statement that

/dy Z0 (., y) =0

A'ntrm
Let us start with the case of a Lie algebra g of type B, C or D, for which 23, =Y\, .
According to equation (6.15), we have

yQ)\Ti\2m(pa x?@/) = E%T)I,\Qm(p7 x7y) - E%ﬁm?n(pv €, y)'

is performed in appendix B.2. The final result is

: —=AA
The computation of =575, | \rptrm

dnm(2n—1)

0
ot am—3 Ventam-2(0, )0y,

—_ 0
‘:‘%7)1\2m(p7 xz, y) = f2(n)2m(pa $)6xy_9T2n+T2m+2—T CI(O)

\2nt72m

with f2(2)2m a function symmetric under the exchange of n and m. By virtue of this
while the

symmetry we find that the terms involving f disappear in y;&m(p, Ty Y) |t s
other terms vanish when integrated over y, as required.

Consider now g = sl(d, C) of type A. The construction of the currents %, depends on
o being inner or not (see subsections 4.4, 4.5 and 4.7). If ¢ is inner, then the currents ,}ifko

and W, are equal to the currents fk? and .7,. In this case, we have

Zo (p, 2, y) = Yo (0.2, y) = Epm (0, T, y) — e (2, Y).

The expression for Z\ (p, z,y) is given by equation (B.7) of appendix B.2. It has

A'ntrm
the same structure as in the case of types B, C and D: the same arguments then apply and

we conclude that the integration of Y\ (p, z,y) \rntrm OVEr y vanishes.

Finally, consider g = sl(d,C) of type A with o not inner. In this case, the currents
0(x) and We(A, x) are constructed as polynomials of respectively #0(x) and Z;(\, ).
The corresponding structure of Za s discussed at the end of paragraph 6.3.1. In partic-

AA

ular, Z27 (p, z,y) is composed of two types of terms:

° Egl)‘(p, x,y), multiplied by polynomials in the Jj(A,-)’s,

° {%()\,x), T\, y)}, multiplied by polynomials in the .Zj(A,+)’s and Nj(A;p,+)’s.

We want to extract the coefficient of A™*™m in ZM (p,z,y). Recall that the powers

of X appearing in Zj(\, ) and Nj(\;p,-) are of the form r; + aT, with a € Z>o, and
that the coefficients corresponding to a = 0 are jjo(-) and /\/'Jo(p, -). In the two types of
terms mentioned above, one can check that the terms with a > 0 will not contribute to the

coefficient of A" "™ More precisely, Z,g\)‘ (p,x,y) is composed of two types of terms:

m ATntrm
o E3(p )

o { 7)(x), #(y)}, multiplied by polynomials in the #;(-)’s and N} (p,-)’s.

yriotr» multiplied by polynomials in the /jo(-)’s,
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The Poisson brackets {_#(z), #(y)} are given by equation (4.16). The expression for

=N p, ) is worked out in appendix B.2 and reads

ARt

kl(k —
k+1—

klflofl(y)/vlgfl(pa )5;3/’

= 0.0y Orn s COE I ND (0,2,

¢'(0)
d

Ep(p, 7, y) y

AktTL

- HTk-f—l—Se

where f,g?) is a function invariant under the interchange of k and I.
The rest of the argument follows closely that given in the non-cyclotomic case. Specif-

(0)

ically, the terms containing f;;” are seen to vanish by virtue of this symmetry property.

We can thus express Z\ (p,z,y) in terms of the #’s and N’s only. One then

A™ntrm
can check explicitly that this expression vanishes when integrated over y, as required. We

verified this for the first few degrees n and m (up to 8) and different values of T' (from 2
to 6). We therefore conjecture that this is also true for any n,m € & and any T

7 Applications

In paragraph 2.1.4, we gave a list of integrable o-models which fit the framework of the
present article. In this section, we apply the methods developed in the previous sections
to these particular examples, analyse the results and compare them to some existing work
in the literature. These models were recently re-interpreted as particular examples of so-
called dihedral affine Gaudin models [8]. We explain in the last part of this section how the
framework of dihedral affine Gaudin models is particularly suited to apply the methods of
the present article.

7.1 Principal chiral model and its deformations

Let us start with the simplest integrable o-model, the Principal Chiral Model (PCM).
The study of local charges of the PCM is already well known and was treated in the
reference [44]: these results were the principal motivation and guideline for the present
article. In particular, one of the aims was to generalise the construction of [44] to a wider
class of models, among which are the integrable two-parameters deformations of the PCM
(dPCM). We shall discuss the latter in this subsection.

The integrable structure of the dPCM was discussed in subsection 2.1.4. In this case,
o = Id so that T" = 1. Their Lax matrix and twist function are given by equations (2.13)
and (2.15) respectively. In the language of this article, the regular zeros of these deformed
models are +1 and —1. The evaluation of p(A)L(\, z) at these zeros gives the fields Jy(x)
of equation (2.17).

The local charges Q' constructed in the present article are related to the traces of
powers of these fields. In the undeformed case, i.e. for the PCM, these fields coincide with
the fields j. = —g~'01+g used in reference [44] to construct the local charges. Thus, the
method presented in this article gives back the results of [44] for the PCM, as expected.
In the deformed case, it generalises these results, while keeping a similar structure in the
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construction: in particular, we obtain two towers of local charges in involution, correspond-
ing to the two chiralities of the model, and the spin of these charges is still related to the
exponents of the affine Kac-Moody algebra g, as it was in the PCM case [44].

The Hamiltonian and momentum of the deformed PCM are given by equations (2.16).
One can check that these are related to the quadratic charges Q;ﬂ as follows

o N Q5!

20apen (1) 200pen(—1)’

9! B ;'
20apon (1) 200pen(—1)

Harcm = —

Parcm =

In particular, the Hamiltonian belongs to the algebra of local charges in involution so that
these charges are conserved (see also the discussion at the end of subsection 5.1).

This observation also allows one to recover the temporal component M(\, x) of the Lax
pair of the model (see the paragraph below equation (6.6)). More precisely, the equation
of motion of the dPCM can be recast as the Lax equation (6.1), where

MGT(A\2) My (Ne) o) + An(x)

Mapem(A\z) = —
200pem(+1)  200pap(—1) 1— a2

This zero curvature equation (6.1) is the first among a whole hierarchy of integrable equa-
tions generated by the local charges Q! (cf. subsection 6.1).

In particular, this result was used in subsection 6.2 to show that the local charges
QF! are in involution with the non-local charges extracted from the monodromy of the
Lax matrix £(A,z) (see Theorem 6.2). In [44], it was shown that the local charges of
the undeformed PCM Poisson commute with the non-local charges generating the classical
Yangian symmetry of the model. In the framework of this article, if we consider the model
on the real line R, we expect these non-local charges to be extracted from the expansion of
(a gauge transformation of) the monodromy around the pole A = 0 of the twist function
of the PCM.

For Yang-Baxter deformations (kK = 0 and n # 0, see paragraph 2.1.4), this Yangian
symmetry gets deformed to a quantum affine symmetry [42, 43]. In particular, studying
the monodromy around the poles +in of the twist function of the Yang-Baxter model, one
can extract a g-deformed affine Poisson-Hopf algebra %, (g). We have therefore proved that
this algebra of non-local charges is in involution with the algebra of local charges consisting
of the Qﬂfl’s.

As mentioned in the paragraph 2.1.4, the PCM and its deformation are defined on a
real Lie group G, whose Lie algebra gg is a real form of g. This real form is characterised
by a semi-linear involutive automorphism 7. The Lax matrix (2.13) of these models sat-
isfies the reality condition (5.4). Moreover, the twist function (2.15) verifies the reality
condition (5.5) and the regular zeros of the model (+1 and —1) are real. Thus, the discus-
sion of the subsection 5.3 applies to these models and the charges Q! are real (possibly
up to a redefinition of some QF! by a factor of i, depending on 7).
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7.2 Bi-Yang-Baxter o-model

There exists another two-parameter deformation of the PCM, the so-called bi-Yang-Baxter
(bYB) o-model [17, 29]. Its Hamiltonian integrability was established in [30], by viewing
it as a deformation of the Zs-coset model Gy x Go/Gp diag- In this formulation, the bYB
model falls into the framework of the present article but has to be considered as a model
with a gauge constraint (this is also the approach of the reference [8]). This can be treated
with the methods developed here, using the results of subsections 2.2 and 5.2 to take into
account the gauge constraint. The analysis of the local charges for this model would then
be close to the one for the Zs-coset model that we perform in the next subsection.

In this subsection, we choose to treat the bYB model in its gauge fixed formulation,
which is more natural if we see it as a deformation of the PCM. As we will see, this
formulation does not fit exactly within the framework of this article, but we will explain
how one can overcome this difficulty by further relaxing the general assumptions we made.
Even though this generalisation could have been done throughout the entire article, we
chose here to work in a more restricting but more common framework for clarity and
simplicity. In this regard, the present subsection is also used to illustrate, a posteriori, how
the methods and results we found apply under the generalised conditions.

The Hamiltonian integrability of the bYB model in its gauge fixed formulation was
studied in the last section of the article [30]. In order to see this model as a deformation
of the PCM, one should first perform a change of variables from the conventions of [30]:
more precisely, we relate the spectral parameter z of [30] with the spectral parameter \ of
this article by the involutive transformation

1=
z = T
In particular, after this change of spectral parameter, the Lax matrix of the gauge fixed-
model takes the form

() A
Lyy(A, ) = jl(xi - Ago(x)

for some g-valued fields jg, 71 and jo. In particular, the field jo, vanishes when the

+ joo (), (7.2)

deformation parameters 1 and 7 go to zero. We then recover the Lax matrix (2.13) of the
undeformed PCM. In this sense, the gauge fixed model with spectral parameter A\ describes
an integrable deformation of the PCM.

The equation (3.8) of [30] gives the twist function of the bYB model in terms of the
spectral parameter z, which we shall denote xpyp(z) here. We define a corresponding
function ¢nyp(\) of the spectral parameter A by the relation

xbyB(2) dz = pryB(A) dA.

It is found to be of the form
1— )2
(aX? 4+ b)(cA?2 +d)’

@bYB()\) =8K

where a, b, ¢ and d depend on the deformation parameters 1 and 7. This is to be compared
with the twist function (2.15) (where &k = A = 0) of the PCM. The presence of a global
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factor in the twist function is directly related to the global factor K in the definition of the
action of the model: it can be reabsorbed by setting K to a particular value.

In the undeformed case n = 77 = 0, one has b = ¢ = 0. Thus, up to the global factor,
the function ppyp(A) coincides with the twist function of the PCM in this case. The bi-
Yang-Baxter deformation thus has for effect to deform the poles of the twist function of the
PCM: the two double poles at 0 and oo in @pcp(A) dA split into four simple poles on the
imaginary axis. The zeros of the twist function stay undeformed in this procedure: indeed,
the zeros of ¢nyp are +1 and —1, as for the PCM and its deformations. Considering the
expression (7.2) of the Lax matrix of the bYB model, we see that these zeros are regular.

It was shown in [30] that the Lax matrix of the gauge fixed model satisfies a non-
ultralocal Poisson bracket of the form (2.1). Using the parameters of [30] and after per-
forming the change of spectral parameter described above, we find that the R-matrix
describing this Poisson bracket takes the form

Riz(\ 1) = eoye (1) TRIZP (N, 1),

where

REYBOA 1) = RO (A1) — —F g — — 1 Ris. 73
BP0 = Ria ) = —Cin = L —F (73)

In the above equation, R is the non-split solution of the modified CYBE considered in [30]
and we use the standard R%-matrix

C12
=X\

RYa(\, ) =

In the undeformed case, 77 and ¢ vanishes and we recover the integrable structure of the
PCM, as described in paragraph 2.1.4. However, in general, the matrix RPYP is different
from R°. Thus, the bYB model does not fit exactly within the framework described in
subsection 2.1.

Let us note that RPYB is still a solution of the classical Yang-Baxter equation
(CYBE) (2.2), using the fact that R is a non-split solution of the modified classical Yang-
Baxter equation (see [30]) and the identity

[Cig, X+ X5] =0,

true for any X € g. Note that the coefficients of C72 and fig in equation (7.3) are strongly
constrained by the requirement that RPY® fulfils the CYBE.

As explained above, RPYP is different from R and therefore we cannot directly apply
the results of this article. However, going through the details of the proofs of these results
for a non-constrained model with 7" = 1, we see that the only properties of the matrix R°
that we used are the CYBE (for the zero curvature equations), the fact that Ry (A, u1) is
holomorphic at pairs (Ao, o) of distinct regular zeros and the asymptotic propaty (3.2)
near a regular zero u = X\g. The matrix RPY® also satisfies the CYBE, as explained
above. Moreover, one easily checks that it also verifies the holomorphy condition and the
asymptotic property mentioned above. Thus, the results we found in this article also apply
to the bYB model.
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This is a general observation: we can also treat the models where the matrix R is re-

placed by a matrix R’ satisfying some similar properties. More precisely, we require that R’
e obeys the CYBE (2.2),
e is holomorphic at (Ao, po) with A\g and g different regular zeros in Z,
e verifies the asymptotic property (3.2) around non-cyclotomic regular zeros,

e satisfies the equation (4.8) for Ujz(A, A) around a cyclotomic regular zero, up to a
term O(A*T=3) (which would not contribute to some (7, 47, )™ power of X in (4.9)).

In particular, let us consider a matrix R’ of the form

/172()‘7 /1') = R(l)l()‘? :U’) + DQ(:“’)? (74)

like the matrix RPYB. Then R)5(\, i) is holomorphic for A and x going to different regular
zeros if D is holomorphic at zgy regular zero (this is for example the case for the bYB
model). This condition also ensures that the asymptotic property (3.2) is satisfied by R'.
In the same way the condition on Uz (), A) is satisfied by R’ if D12(\)+Da1(A) = O(AT2).

Let us note, however, that these conditions do not allow to treat the case where infinity
is a regular zero in the same way that we did in this article (subsections 2.2 and 4). This
would require, among other conditions, that the asymptotic properties (2.23) at infinity
are also satisfied by the matrix R'. One can check that a matrix R’ of the form (7.4) can
never satisfy the second property of equation (2.23).

As explained above, we can apply the construction of local charges in involution to
the bYB model. These local charges will be very similar to the ones of the PCM and its
deformations, described in the previous subsection, so we shall not enter into much details
here. Let us note that these charges are related to traces of powers of jo(z) = ji(x), where
jo and j; are the fields appearing in the Lax matrix (7.2). As in the case of the PCM (see
previous subsection), the Hamiltonian and the momentum of the bYB model are related
to the quadratic charges Q;ﬂ by the relation

HyyB = — 9 9,
20pyp(+1)  20pyp(—1)
Q+1 Q*l
PryB = 2 2

200yp(+1)  2¢0yp(—1)

In particular, the local charges constructed above are all conserved.

7.3 Zp-coset models and their deformations

In this subsection, we discuss the construction of local charges in involution for Zp-coset
models (and the deformations of Zs-coset models). These models were described in para-
graph 2.1.4. The order T of o is strictly greater than one. Their twist function and Lax
matrix are given by equations (2.20) and (2.19). Such local charges were constructed for
symmetric spaces, i.e. Zo-cosets, in references [46] and [47]: we shall compare these results
with the ones of this article.
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As already mentioned in the paragraph 2.1.4, the regular zeros of these models are
the origin and infinity, which are both cyclotomic points. We shall therefore apply here
the construction of section 4. Moreover, all these models possess a gauge constraint I1(0)
(see paragraph 2.1.4), which is identified with the field at infinity C(x) described in sub-
section 2.2. The results of subsection 5.2 ensure that the densities of the local charges that
we construct here are gauge invariant. Indeed, by Theorem 5.3, these densities Poisson
commute with the constraint C.

As in the case of the PCM (see subsection 7.1), the degrees of the local charges are
related to the exponents of the affine Kac-Moody algebra g plus one (here also, we do not
consider the exponents corresponding to the Pfaffian for type D). However, as explained
in section 4, the fact that the regular zeros of the model are cyclotomic makes some of the
exponents ‘drop out’, in the sense that we cannot construct a charge of the corresponding
degree. Recall that a degree n (corresponding to an exponent n— 1) drops out if r,, is equal
to T'— 1 (where 7, was defined in subsection 4.1).

Let us study this in more detail for the case of Zs-cosets. In particular, we shall
compare this phenomenon of exponents dropping out with some results of reference [46].
Indeed, in this reference, some local charges in involution were constructed for symmetric
spaces (i.e. Zo-cosets). These symmetric spaces correspond to quotients Go/G§ of the real
Lie group Gy by the subgroup of fixed points under the involutive automorphism o (see
paragraph 2.1.4). Such spaces were classified, up to isomorphism, for classical compact
groups Gy.

In particular, the possible exponents (i.e. the degrees minus one) of the local charges
for each symmetric space of this classification were listed in table 1 of [46]: they form a
(potentially proper) subset of the exponents of g. A simple case by case computation of
the integers r, for these symmetric spaces, and thus these automorphisms o, shows that
the exponents of g which do not appear in this list are exactly the exponents that drop out
in the formalism of the present article. We therefore recover the structure of the degrees
of local charges found in [46] (except for the integer h of [46], which we could not interpret
in the present formalism).

An explicit computation of the traces of powers of ¢z,(\)Lz, (A, z) around the origin
A = 0 shows that the charges constructed in this article coincide, up to some factors, with
the ones constructed in reference [46]. The two regular zeros 0 and co correspond to the
two chiralities of the model. The article [46] focused on one particular chirality. Here, we
also have the Poisson brackets between the two towers of local charges constructed in this
way. Indeed, according to Theorem 5.2, we show that these two towers of charges Poisson
commute weakly.

This article also generalises the results of [46] in different directions. First of all, the
present formalism also allows to treat the integrable deformations of the Zs-coset model.
Indeed, as explained in paragraph 2.1.4, the regular zeros of these models are still 0 and oo
and so the methods developed here still apply. The main generalisation is that this article
does not restrict to (compact) symmetric spaces and also generalises the construction to
any Zrp-coset model. Finally, in this article we have also studied the hierarchy of equations
induced by the flow of these local charges.
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The reference [47] deals with the local charges in involution for the supersymmetric
models on symmetric spaces, working with a superalgebra g. Although we did not consider
such models in this article, we expect the construction to extend to these theories, by
working with the Grassmann envelope of g and replacing all traces by supertraces. One
should however be careful about how the automorphism o is extented to the whole matrix
algebra (see appendix A) in these supersymmetric cases. Such considerations could allow
the construction of local charges in involution for supersymmetric o-models whose target
space includes AdS manifolds, with possible applications to the hybrid formulations of
string theory.

We end this subsection by observing that the Hamiltonian of the Zp-coset model is
related to the quadratic charge Q9 at the origin and the momentum Pz, of the theory by

_ <%
O

where ¢ was defined in equation (2.10) (note that this expression also holds for the deformed

HZT + PZT )

Zo model). Thus, we conclude that the local charges constructed above are conserved, as
they commute (at least weakly) with the Hamiltonian.

As the Zp-coset models are constrained models, their Hamiltonian is defined up to a
term Tr(p(z)C(z)), where u is a g-valued Lagrange multiplier. In this sense, Hz, defined
above is a particular choice of such a Hamiltonian, which generates a strong zero curvature
equation (6.1) on the Lax matrix £. Another choice of Hamiltonian involves the quadratic
charge Q35° extracted at infinity, namely

where (, is defined in the same way than ¢ by (s (a’) = ay)(a). This Hamiltonian is
weakly equal to Hz, and generates a strong curvature equation on the Lax matrix £°°.

7.4 Dihedral affine Gaudin models

Let us end this section by discussing briefly dihedral affine Gaudin models (DAGM) and
their relation to the present article. These models were defined and studied recently in
reference [8], extending the notion of cyclotomic Gaudin models of [50]. In particular,
it was shown that all the integrable o-models mentioned in the previous subsections and
paragraph 2.1.4 are examples of such DAGM. In fact, we will argue in this subsection that
the construction of local charges of the present article automatically applies to a broader
class of DAGM than just these integrable o-models. We use the notations of [8] and refer
the interested reader to the original article for the details.

Reference [8] defines a DAGM as a Hamiltonian field theory with a Poisson algebra of
local observables Sy (gR), depending on the following data:

e a semi-simple Lie algebra g;

e an automorphism o of g of order 7" and a semi-linear involutive automorphism T,
forming the dihedral group II = Do
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e a set of points 2z C P! containing infinity (not to be confused with the set of regular
zeros Z of this article), associated with positive integers n, (r € z), encoded as a
divisor D = Z Ny ;

zez

e complex numbers £ (p = 0,...,n,—1) forallx € z\{oo} and £° (¢ = 1,..., 10— 1),

called the levels of the DAGM.

The dihedral group IT acts on P! via the multiplication by w and complex conjugation.
The set z is chosen such that any two points of z are in disjoints orbits under the action
of II. We define the Gaudin poles I1z as the set of all images of points in z by II. For this
article, we shall restrict the discussion to the case where the highest levels £; | are all
non-zero (this is the main case treated in article [8]).

The twist function ¢ and Lax matrix £ of the DAGM are introduced in the form of
a “natural” connection V = p(A)d; + ¢(A)L(A,z). In particular, the twist function is
uniquely defined by the levels £ of the model (see equation (4.44) of [8] and below). The
Lax matrix £(\, z) then naturally satisfies an r/s-type Poisson bracket (2.1) with twist
function ¢(\). Moreover, the Lax matrix and the twist function of the DAGM are shown
in [8] to verify the equivariance properties (2.8) and (2.9) and the reality conditions (5.4)
and (5.5). Hence the DAGM automatically fits in the framework of the present article,
described in subsection 2.1.

Let us now look at the zeros of the twist function. In the construction of [§], the
connection V defined above (and so in particular the twist function) has poles exactly at
the Gaudin poles I1z. The zeros of the twist function then do not belong to I1z. Yet, the
matrix component S(A, z) = @(A)L(A, z) of V has poles only at the points I1z. Thus, all
zeros of the twist function are regular zeros. The methods developed in this article thus
apply naturally to the DAGM.

Finally, let us relate the discussion of the point at infinity in the present article, based
on the results of subsection 2.2, to its treatment in a DAGM given in [8]. We will argue that
the notions studied in that subsection can naturally be transposed to the DAGM setting.
For that, we restrict attention to the case where no, = 1. As one can check from [§],
this hypothesis is equivalent to the condition that P(«,x), defined in equation (2.21),
is regular at @ = 0. With this condition fulfilled, we can then define the field C(z) as
in equation (2.22). Throughout the present article, based on the examples of Zp-coset
models, this field C(z) was seen as a gauge constraint (with Theorem 5.3 stating that the
local charges Q)0 are gauge invariant). This interpretation generalises to any DAGM, as
the field C(x) computed above can be seen to coincide with the constraint defined in the
paragraph 4.5.3 of the reference [8].

In order to define a constrained DAGM, it is required in [8] that the levels ¢f satisfy
some additional relation (4.64). In the context of this article, this relation ensures the
regularity of the twist function v («), defined in equation (2.11), at « = 0. If we suppose
that the DAGM is such that 7' > 1, then this regularity, combined with the equivariance
property (2.31), implies that ¢)(0) = 0. In this case, the point at infinity is then a regular
zero of the model and the methods developed in the present article apply.
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8 Outlook

In the present paper we showed how, in any integrable field theory described by an r/s-
system with twist function ¢(\) and underlying finite-dimensional Lie algebra g of classical
type, one can assign an infinite tower of local conserved charges Q)0, n € £, in involution
to each regular zero \g of ¢(\). If the regular zero \g is non-cyclotomic then the set of
degrees &), of these charges consists of one plus the exponents of the untwisted affine Kac-
Moody algebra g associated with g (excluding the Pfaffian in the case of type D). This
generalises the results established in [44, 45] for the principal chiral model, with or without
a Wess-Zumino term, on a real Lie group Gy of classical type. On the other hand, if g
is cyclotomic then some exponents may ‘drop’ and the set of degrees &£, forms a subset
of the set of exponents of g plus one. In the case where the order of the cyclotomy is
T = 2, a simple computation reveals that the ‘drops’ occur precisely when g is of type A
and the automorphism o is inner. In particular, by performing a direct comparison with
the results of [46] we find perfect agreement with the set of exponents naturally associated
with a compact symmetric space Go/G§ listed in table 1 of that paper (see also [51])
describing the degrees of the local charges in involution in a symmetric space o-model. We
were, however, unable to interpret the Coxeter number of the compact symmetric space
Go/Gg in our present formalism. It would be interesting to understand whether there
is a more fundamental connection between these two descriptions of the degrees of local
charges in involution for symmetric space o-models. This would also provide insight into
the extension of the definition of the exponents to the case of Zp-cosets.

As noted in subsection 7.4, the regularity assumption on the zeros of the twist function
is intimately related to a condition imposed on the levels of a dihedral affine Gaudin model
in [8], so that the results of the present paper automatically apply to r/s-systems arising in
the latter framework. In light of this fact, a noteworthy feature of the densities of the local
charges Q) is that they were all obtained from the particular combination p(A)L(), ) of
the twist function and Lax matrix of the model. Indeed, the significance of this expres-
sion is that it forms the matrix component of the connection V = p(N\)d, + p(N)L(A, z)
characterising the dihedral affine Gaudin model. As argued in [51], the invariant tensors
used to build local charges in involution in the principal chiral model and symmetric space
o-models can be obtained directly from the Weyl-invariant tensors appearing in the lead-
ing derivative-free terms of the local charges in involution of g-mKdV theory, given by the
Drinfel’d-Sokolov construction. On the other hand, it follows from the results of [8] that
g-mKdV theory is itself a cyclotomic affine Gaudin model whose corresponding connection
V is the starting point in the construction of Drinfel’d-Sokolov. It is therefore natural to
speculate that a more general tower of local charges in involution, involving derivatives
of the fields appearing in the Lax matrix £(\,x), may be constructed starting from the
dihedral affine Gaudin model connection V itself.

With the application to dihedral affine Gaudin models in mind, it is also interesting
to note that the results of the present paper bear a strong resemblance to the structure of
commuting integrals of motion in a (quantum) Gaudin model for a finite-dimensional Lie
algebra g. Indeed, it is well known from the work of Feigin, Frenkel and Reshetikhin [52]
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(see also [53, 54]) that the algebra of commuting integrals of motion in a Gaudin model
with NV € Z>1 sites, known as the Gaudin algebra, is generated by elements of the algebra
of quantum observables U(g)®" whose degrees are given by exponents of g plus one. An
important open problem is to obtain an analogue of this result in the case of quantum
Gaudin models associated with affine Kac-Moody algebras. Although this is still currently
out of reach, the results of the present article may furnish useful hints in this direction by
providing a similar description of local Poisson commuting integrals of motion in classical
(dihedral) affine Gaudin models.
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A Extension of the automorphism to the whole space of matrices

We consider a Lie algebra g of classical type A, B, C or D, in its defining matricial repre-
sentation. We therefore regard elements of g as acting linearly on a vector space V, i.e. as
element of the space F' of endomorphisms of V. Note that we can consider some connected
matrix group G C F whose Lie algebra is g. Let ¢ be an automorphism of g, of finite order
T. In this article, we are considering powers of elements of g, which do not belong to g in
general but are elements of F'. Thus, we want to extend the automorphism o to the whole
space of matrices F', in a “natural way”.

A.1 The conjugacy case

Let us begin with the case where ¢ is inner, i.e. when ¢ : X € g — QXQ ™' for some
@ € G. Then the extension of o to F', which by a slight abuse of notation we still denote
as o, can be naturally defined as

o: F +— F

X — QXxXQ ! (A1)

This covers the case of types B and C, as they do not have any non trivial diagram
automorphism.

Let us now consider the algebra D, i.e. g = s0(2n,C), for n > 5. In this case, there
always exists one non trivial diagram automorphism. However, this automorphism can be
realised on the defining representation as an external conjugation: o: X € gr— QXQ!
where @ is not in the group SO(2n, C) but belongs to O(2n,C). In this case, the endomor-
phism o as defined in equation (A.1) still naturally extends o on F.

Let us say a few words on the algebra Dy = s0(8,C). It is known to have 6 diagram
automorphisms, forming the triality, isomorphic to the symmetric group S3. One of them,
of order 2, can also be realised as conjugation by a matrix @ € O(8,C) and so extends
to F' = Mg(C) by equation (A.1). The other non-trivial ones cannot be realised in any
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“natural way” on the defining representation and thus cannot easily be extended to the
whole space Mg(C). We shall not consider them in this article.

We now describe the properties of the extension ¢ defined in (A.1). The fact that
the automorphism o of g is of order T is equivalent to the fact that Q7 belongs to the
centraliser of g in F,

Zp(g) ={X € Fst.[X,Y]=0,VY €g}.

By Schur’s lemma, this implies that Q7 = A1d for some A € C. Therefore o on F defined
by (A.1) is also of order 7. We shall make extensive use of the following five obvious
properties of o as defined in (A.1):

o(XY)=0(X)o(Y), o(X")=0o(X)", o(d)=1d,
Tr(o(X)) = Tr(X), Tr(o(X)o(Y)) = Tr(XY),

for any X,Y in F.

A.2 The transpose case

The last case that we have to treat is the one of a type A algebra, with ¢ being not inner.
We thus consider the defining representation g = sl(d, C). The action of o on g can then
always be expressed as 0 : X € g = —QX'Q"!, where X7 is the transpose of X and
Q@ is a matrix in SL(d,C). Here also we can naturally extend o to an endomorphism of
F = My(C), which we still denote o, by letting

o: F — F

X _oxTot (A.2)

Once again, let us investigate the properties of . As the automorphism o of g is not
inner, its order 7 must be even, and we shall write ' = 2S. We note that o2 acts as
conjugation by R = Q(QT)~!. The fact that o7 = (02)% = Id[, is thus equivalent to the
fact that R belongs to the centraliser Zg(g). Thus R = \Id for some A € C and so
o defined in (A.2) is also of order T. We end the subsection by noting the following five
properties of o:

7(XY) = —o(V)o(X), o(X") = (1) lo(X)",  o(ld) = —Id,
Tr(o(X)) = —Tr(X), Tr(o(X)o(Y)) = Tr(XY),

for any X,Y in F.

B Computation of =

In this appendix, we give the details of the computation in some particular cases of the
term E;\L‘Tf@(p, x,y), defined by (6.14).
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B.1 At a non-cyclotomic regular zero

We first suppose that \g is a non-cyclotomic regular zero and that g is of type B, C or D. Re-

call that in this case, we constructed currents %5 Ao 2)7‘3 and the associated Lax matrices

—=AoAo
2n2m

M/\,% = ./\/'2)‘73 We want to compute Z (p, x, y) starting from equation (6.14). Recall
from section 3 that for a non-cyclotomic zero \g, one has Uag(Ag, A\o) = —%cp’ (Ao)Ch2.
Recall also from subsection 3.2 that Sa,,,—1(Ag, ) belongs to the Lie algebra g, as it is an

odd power of a matrix in g. Using the completeness relation (3.4), we find

20050 (02 2, ) (B.1)
2n—2
dnme' (A
= —(';(U)Trz (R(ﬁ(pv Xo) Y Sk(/\o,x)zszm—1(>\o,y)252n—2—k(/\0,$)2> Oy
k=0

Using the identity f(y)dL, = f(x)d,, + (02f())dzy and the fact that Sp(A, z)S,(\,z) =
Sptq(A, ), we get

_ dnmy’ (M) (2n—1
25030 (0,2, 9) =[50 3 (Ps T)Oay — l ;)( )TI"z(R(Lz(Pa X0)S2n42m—3(X0, )2 )5;;;,,
where
f2n2m(p’
2
4nm (Xo)
(P 0) ——Try ( 2(p; Ao) Sk(Ao,a?)z@m(Szm1(>\0,$)2)52n—2—k(>\0,$)2> :

Recalling the definition (6.4) of NV, we obtain

—XoXo ~ ¢’ (No) dnm(1 —
‘—‘2n2m(pa 'Y )_ T N+ 2m —

)N2n+2m 2(p, )0, +f2n2m( L (B.2)

As 9;5,(\,x) = Zf;ol Si(A\,2)05(S(A,2)) Sp—1-1(X, ), one can rewrite the function
Ao

2n 2m as
2n—22m—2
£ (po2) = — 20N SNy (R (.00
k=0 [=0
Sk+1(X0, 2)20: (S (X0, 2)2) Sant2m—a—k—1( Ao, 90);) -
Mo

In particular, note that f2n om = Jorm om-

Let us now compute Z)02 for a non-cyclotomic regular zero Ao and an algebra g of
type A. As in the case of type B, C or D, we have Uag(Ag, \o) = —%@’(AO)CE. Using the
generalised completeness relation (3.9) and the fact that /p’\o (z) = Tr(Sp(Ao, z)), we find

from equation (6.14) that

n—2
_nmy'(A
Ennl(p,x,y) = (pT(O)Trz (R(])j(pa 20) D Sk(X0, 2)2Sm-1(X0, )25 —2-k (Mo, 96)2) Oy
k=0
n nm(n — 1)¢'(Ao)
dr

21 () Trz (R (0, 20) Sn-2(h0, 2) )8y

— 55 —



From the identity f(y)d}, = f(2)d}, + (02f(x))dzy and equation (6.4), we find

)\0)\0 ,(AO) nm(” ) /
(;0,-75 y) T n+m— 2N+m 2(p7 )6:cy
¢ (Ao)

+ nm 70 (YN 1 (p, )00, + fal (p, 2)day,

dT
with

/ n—2
f2o(p x) = —Wﬁ2 <R(1)2(p7>\0)28k(/\07$)28x(5m 1(X0,2)2) Sn—2—k(Xo, )2 )
k=0

As in the case of type B, C or D, we can re-express f, 0 as

m(p, )
nme )\0 n—2m-—2
#ZZTIQ(RlZ(pa 20)Sk41(M0s )20 (S (Ao, 2)2) Snpm—a—k—1(Xo, )2 )
k=0 =0

In particular, note that f)0 = flo

B.2 Around a cyclotomic regular zero

This subsection is devoted to the computation of 2\ (p, ,y) around the origin A = 0 and
more precisely to the computation of the coefficient of ™™™ in its series expansion. Our
starting point is the definition (6.14) of Eﬁ‘,‘n To evaluate this equation at p = A\, we will
need the expression of Uj2(A, A). We saw in section 4 that this is given by equation (4.8).

The presence of the partial Casmur C£2) in this equation will gives rise to projections
of Sm_1(\,y) onto the grading F(*) = {Z € F|o(Z) = Z} of the matrix algebra. More

precisely, the calculations will involve

gmn(pvx y) =nmA~ 2C(AT)TI'2 <R12 pa Zsk A, -73 )7 ()‘ y)2Sn 2— k(>‘ .T) ) 5glvy7

(B.3)
where S(O) denotes the projection of S, on F ). As we are computing the coefficient of
Nntrmoin ZMwe will consider the A "m-term of g;),,. Let us show that this term is
actually always zero. Using the conventions and results of the subsections 4.1 and 4.2, in
particular the integers a and ¢,,, we see that the smallest power of A appearing in gﬁm is
a = ol — 2+ g, as the Sy(A, z)’s are regular at A = 0. Recall that r, and ry,, are both
strictly less than T"— 1 when n,m € & and that in this case, we have ¢, = ,, + 1 (see
subsection 4.2). Thus a = T — 1+, and hence a > 1, + 7y, since « > 1 and T — 1 > r,,.
We can then conclude that the coefficient of A™*™ in g = vanishes, as announced.

We will also need the function

Fom(ps )
n—2m-—2

= A 2N Y Y Tr;(R(le(p, NSkt 2)20: (SO0 2)2) S k-1 (A, x)g),
k=0 1=0
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similar to the function f¢ defined in the non-cyclotomic case (see previous subsection) and

which possesses the same symmetry property fa, = fa,. As for g, we will use more

A
nm

precisely the function fT(L% = which is also symmetric under the exchange

ATntrm?
of n and m.
To go further in the computation, we will need to distinguish between the algebras of

type B, C and D and the ones of type A. Let us start with types B, C and D. In this case,

AN

we restrict to degrees 2n and 2m (see subsections 3.2 and 4.3) and thus compute =575,

Recall that Sa,,—1(A, y) belongs to the Lie algebra g, so that we can apply the completeness
relations (3.4) and (4.10) to it. One then gets

—AA =N A
:'2n2m(p7x7y) = :2n2m(p7x7y) + anQm(p7x7y)7

with g3, 5, defined in equation (B.3) and
EQ\;L\Zm(pv €L, y)

2n—2
= —47’L’I7’L)\T_2C/()\T)Tr2 <R22(p7 )\) Z Sk’()‘aw)QSQm—l()\a y)gS2n—2—k()\, x)Z) (5glcy
k=0

=AoAo

The first term =3, has the same structure as Z5°%° studied in the previous subsection

(see equation (B.1)). Thus, the calculations of that subsection apply here and we get to

an equation similar to (B.2) for 23}, . Namely, we have

Eé\T)L\Qm(pvxa y) (B4)

_ dnm(2n — 1)
_ A A T—241(\T . /
= fonom (P, T)0ay + g2 om (P2, y) — A 77C(A )mNQn+2m—2()‘7p7 x)(sxyﬂ

where f2) o, is defined above.

We now compute the coefficient of A™2»+"2m in this expression. We showed above that
95 2m does not contribute to this term and we have defined f2(2)2m as its contribution
from f2),5,,- Recall also that NVi(\;p,z) has the same equivariance property as (), x)
(equation (6.8)) so that its power series expansion starts with A". Thus, the smallest
power of A in the second line of equation (B.4) is greater than or equal to T'— 2+ 19,1 2m—2.
We have shown in subsection 4.5 that this is equal to 9, + 1oy, Or 7oy, + 79, + 1, depending
on whether 7o, + 79, is greater than or strictly less than 7" — 2. We find

E%ﬁQm(paxvy) (B5)

\"2nt72m
0 dnm(2n — 1)
= Finom (P 2)0ay — by e C(0) 5 oo

Finally, let us study the case of a Lie algebra of type A, i.e. of g = sl(d, C). The term in

N20n+2m72(p7 x)érlpy

=\

=7y, involving the Casimir Ci2 is treated with the generalised completeness relation (3.9).

In the same way, one has a generalised completeness relation for the partial Casimir C'g).
This relation depends on whether the extension of ¢ to the whole algebra of matrices
fixes the identity Id or not, and thus whether o is inner or not (see appendix A and

subsections 4.4 and 4.5). In general, one can write

Trya (C1 Z2) = 70)(2) - STv(2),
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for any Z € My(C), with @ = 1 if ¢ is inner and a = 0 if not. Using this relation and the
relation (3.9), one finds

—A\ =\ A
Enm(p,x,y) = E00. (0, 2,y) + gnm (P, 2, ),

with g\, defined in equation (B.3) and

n—2
Enn(p,y) = —nmAT 2 (AT Trg (Rm (0. N) D Sk(A 2)2Sm—1(A, 1) 2Sn—2-k (X, 7)2 )6 oy
k=0
-1 )\T / )\T o )\T
g e 2 DACAD) 20 530, ) Trea (R0, Va3, )2) L,

The first term in this expression is treated in the same way as in the case of types B, C
and D. Moreover, we recognise in the second term the definition of Aj,—1(\;p, z). Finally,
we obtain

= 1
S (9 3) = Fon(0,2)0ay + G (. 2) — X2 D e i),

n+m-—2
nm A'¢'(AT) — a¢(AT)
R A2

ym—l()\vy)'/vn—l()‘ﬂpa x)(S;.y (BG)

We now Compute the coefficient of X"+ in ZM . As explained at the beginning of
this subsection, g, does not contribute to this term and the contribution of f;,, is defined
as 1&% The contribution from the third term is calculated as in the case of types B, C
and D. In particular, it vanishes when r, + r,, is strictly less than 7" — 2.

Finally, let us discuss the contribution of the last term. First of all, we note that if
a=1, \XI'¢'(\T) — a¢(A\T) = O(X?T). Thus the powers of A in this term are greater than
2T — 2. Yet, we have r,, +r,, < 2T — 2 for n,m € &y, so this term does not contribute to

the A™»*"m_term in this case. Hence for ¢ inner, we have

—_ nm
=2 (p,2,9) = ) (0, 2)Sy — O C'(0) D)

Arn+rm n4+m— 2N7(1J+m 2(p7 )6/ <B7)

Ty
as in the case of types B, C and D.

Suppose now that ¢ is not inner, so that a = 0. Then the smallest power of A in the
last term of equation (B.6) is greater than or equal to T'—2+7r,,_1+7,,—1. In subsection 4.5,
we have shown that this is equal to r, + ry, if both 7, and r,, are greater than S — 1 and
that it is strictly greater than r, + r,, otherwise. In conclusion, we find

nmin
D NS sl ),

nm
+ 0r,+1-50r,,+1-5¢'(0) T/m—l(y) N1 (p.x)d,. (B.8)

E’?Lﬁl(ﬂ?'r’y) Arntrm = ’r(LB)L(pPZ‘)(Sl'y - 9Tn+r7n+2—T C/( )
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