Journal of Physics A: Mathematical and Theoretical

PAPER « OPEN ACCESS

Multiform description of the AKNS hierarchy and classical -matrix

To cite this article: Vincent Caudrelier and Matteo Stoppato 2021 J. Phys. A: Math. Theor. 54 235204

View the article online for updates and enhancements.

This content was downloaded from IP address 94.2.81.21 on 12/08/2021 at 15:25


https://doi.org/10.1088/1751-8121/abfac9
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjssK9VxjXxqNQH7RWlkhBqCa46SLSHDYdzvkvYef0bBRnuJrkKZQ1CTeUQhrfmkiLKoFTHVuBM6olGI2Q-RYGQSgYmKhVbfuBv_FQ7r4ZSVpnnR6ODB2HP-72rnK3cvFe2ROU2gbAGDf8ukdnsYwYkfDtc7h2FEWVKbVztG8yiHdUbFeBmx-HLEr-3yZ2jnQM2roJCFBWD-Qqnb_nndW6JceL3OL24wdocvY_g0PFXqvB1jElNyNQ8iJlKUmTNXGxsYho-VMNv3PZqlwSav2HToEPSq4GWABnycTfglx&sig=Cg0ArKJSzPgd_gSd6vfA&fbs_aeid=[gw_fbsaeid]&adurl=http://iopscience.org/books

OPEN ACCESS

10OP Publishing Journal of Physics A: Mathematical and Theoretical

J. Phys. A: Math. Theor. 54 (2021) 235204 (43pp) https://doi.org/10.1088/1751-8121/abfac9

Multiform description of the AKNS
hierarchy and classical r-matrix

Vincent Caudrelier*® and Matteo Stoppato

School of Mathematics, University of Leeds, LS2 9JT, United Kingdom
E-mail: v.caudrelier@leeds.ac.uk

Received 5 January 2021, revised 12 April 2021

Accepted for publication 22 April 2021

Published 14 May 2021

Abstract
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In recent years, new properties of space-time duality in the Hamiltonian formal-
ism of certain integrable classical field theories have been discovered and have
led to their reformulation using ideas from covariant Hamiltonian field theory:
in this sense, the covariant nature of their classical r-matrix structure was unrav-
elled. Here, we solve the open question of extending these results to a whole
hierarchy. We choose the Ablowitz—Kaup—Newell-Segur (AKNS) hierarchy.
To do so, we introduce for the first time a Lagrangian multiform for the entire
AKNS hierarchy. We use it to construct explicitly the necessary objects intro-
duced previously by us: a symplectic multiform, a multi-time Poisson bracket
and a Hamiltonian multiform. Equipped with these, we prove the following
results: (i) the Lax form containing the whole sequence of Lax matrices of
the hierarchy possesses the rational classical r-matrix structure; (ii) the zero
curvature equations of the AKNS hierarchy are multiform Hamilton equations
associated to our Hamiltonian multiform and multi-time Poisson bracket;
(iii) the Hamiltonian multiform provides a way to characterise the infinite
set of conservation laws of the hierarchy reminiscent of the familiar criterion

{I,H} = 0 for a first integral I.

Keywords: classical -matrix, integrable hierarchy, Lagrangian and Hamiltonian

multiform

1. Introduction

The seminal work of Gardner, Greene, Kruskal and Miura [1] quickly followed by that of
Zakharov and Shabat [2] launched the modern era of integrable systems by introducing the
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inverse scattering method (ISM). The work of Ablowitz, Kaup, Newell and Segur [3] gen-
eralised this method and introduced the idea of an integrable hierarchy. The breakthrough
discovery of ISM provides one with a nonlinear analogue of the Fourier transform to solve
an initial-value problem for particular classes of PDEs. The other breakthrough discovery,
in [4, 5], that these PDEs were also examples of infinite-dimensional Hamiltonian systems
completely integrable in the sense of Liouville, established the other face of the coin of inte-
grable systems: the ISM was also a means to obtain the map to action-angle variables in this
infinite-dimensional setting. It also meant that these equations had a Lagrangian description
and could be thought of as classical field theories. With this in mind, the classical r-matrix
approach to classical integrable systems, initially introduced by Sklyanin [6] to perform the
canonical quantization of such systems into quantum field theories, quickly evolved into a the-
ory of its own describing the Hamiltonian aspects of integrable systems while furnishing a
geometric and algebraic framework in which the ISM could be reinterpreted (via the notion
of Riemann—Hilbert factorization problems). It developed into a deep theory based on the
work of Semenov-Tian-Shansky [7] and Drinfel’d [8]. In the realm of classical field theories
in 1 4+ 1 dimensions, an integrable model comes as part of an entire hierarchy of commuting
flows which can be viewed as the reason for its integrability, providing an infinite dimensional
analog of the situation in classical mechanics giving rise to Liouville theorem, see e.g. [9] for
a detailed account of this point of view.

More recently, it became apparent that the Hamiltonian formulation of an integrable classi-
cal field theory, which breaks the natural symmetry between the independent variables enjoyed
for instance by the Lax pair formulation and the zero curvature equation, represents a practi-
cal but also a conceptual limitation. Regarding the practical aspect, the limitation appeared in
connection with integrable classical field theories in the presence of a defect [10], specifically
when one tried to understand Liouville integrability of that context, see [11, 12] and references
therein. This was explained in [13, 14] where the idea of a ‘dual’ Hamiltonian formulation
of a given classical field theory was introduced to resolve the issue. An important observa-
tion, which was further developed in [15], is that in this dual formulation, both Lax matrices
of the pair describing the model at hand possess the same classical r-matrix structure, point-
ing to a space-time duality of this structure. This was unlikely to be a coincidence and the
question of the origin of this common structure led to the work [16] where, in the case of the
Ablowitz—Kaup—Newell-Segur (AKNS) hierarchy [3], it was traced back to a Lie—Poisson
bracket used by Flashka—Newell-Ratiu (FNR) in [17].

Regarding the conceptual limitation, this ‘dual’ description was still unsatisfactory in the
sense that one had to choose one of the independent variables or the other as a starting point, but
it did not seem possible to construct a classical r-matrix formalism capable of including both
independent variables simultaneously. This flaw of the (traditional) Hamiltonian formulation
of a field theory has been known for a long time. This is what motivated the early work of De
Donder and Weyl [18, 19] aimed at establishing a covariant Hamiltonian field theory. A wealth
of subsequent developments ensued, driven in particular by the desire to construct a covariant
canonical quantization scheme. This area is too vast to review faithfully here and we only refer,
somewhat arbitrarily and with apologies to missed authors, to [20] and the references in [21].
As we showed in [21], some of the ideas in that area provide a solution to our conceptual
problem: can we construct a covariant Poisson bracket such that the Lax form (sometimes
also called Lax connection) possesses a classical r-matrix structure and such that the zero
curvature equation can be written as a covariant Hamilton equation? This success in giving
the r-matrix a covariant interpretation was illustrated explicitly on three models: the nonlinear
Schrodinger (NLS) equation, the modified Korteweg—de Vries (mKdV) equation and the sine-
Gordon model in laboratory coordinates. Each model was considered in its own right as an

2



J. Phys. A: Math. Theor. 54 (2021) 235204 V Caudrelier and M Stoppato

integrable classical field theory. However, as mentioned above, it is known that they come in
hierarchies. Of those three models, two (NLS and mKdV) naturally fit into the AKNS hierarchy.
We can now pose the problem that is addressed in the present work: how can we extend our
results in [21] to the whole AKNS hierarchy? In other words, denoting by Q(k)()\), k > 0 the
set of Lax matrices associated to the flows with respect to the variables x*, k > 0 in the AKNS
hierarchy, is it possible to construct a Poisson bracket which can take the Lax form

(o @]

W) =Y 000 dxt

k=0

as an argument and which exhibits the classical r-matrix structure known to exist for each
individual 0 (\) [16]? Also, can we write the entire set of zero curvature equations of the
hierarchy, i.e.

30N — 0,00 + 10V, 0PN =0, j k=0

in Hamiltonian form? The appropriate generalisation of the covariant Poisson bracket and the
covariant Hamiltonian used in [21] to tackle this problem for individual classical field theories
was introduced recently by the authors in [22]. We call them multi-time Poisson bracket (for
the obvious reason that it can be used to generate the flows with respect to all the ‘times’ x* of
the hierarchy) and Hamiltonian multiform respectively. The latter terminology comes from the
fact that this object is derived from what is called a Lagrangian multiform, a notion introduced
by Lobb and Nijhoff in [23] and which encodes integrability in a variational way. At first,
Lagrangian multiforms appeared in the realm of fully discrete integrable systems, in order to
encapsulate multidimensional consistency, which captures the analogue of the commutativity
of Hamiltonian flows in continuous integrable systems. This original work stimulated further
developments in discrete integrable systems [24—29], then progressively in continuous finite
dimensional systems, see e.g. [30, 31], 1 4+ 1-dimensional field theories, see e.g. [32—-37], and
the first example in 2 + 1-dimensions [38]. The proposed generalised variational principle pro-
duces the standard Euler—Lagrange equations for the various equations forming an integrable
hierarchy as well as additional equations, originally called corner equations, which can be
interpreted as determining the allowed integrable Lagrangians themselves. The set of all these
equations is called multiform Euler—Lagrange equations. In [22], we realised that one could
apply successfully the strategy we used in [21] to obtain a covariant Poisson bracket and covari-
ant Hamiltonian, which is based on the data of a single Lagrangian, to a Lagrangian multiform
instead. The outcome is the desired multi-time Poisson bracket and Hamiltonian multiform.
Our main results are:

(a) We introduce for the first time a Lagrangian multiform for the complete AKNS hierarchy,
see equations (3.13) and (3.14). This is achieved using a generating Lagrangian -Z(\, 1)
which is a double formal series whose coefficients are the coefficients of the desired
Lagrangian multiform. It is remarkable that we can produce a closed form expression
in generating form while previous attempts involved complicated iterative procedures.

(b) Given this Lagrangian multiform ., we obtain the multi-time Poisson bracket {|, |} and
the Hamiltonian multiform A associated with it.

(c) We prove that the Lax form W(\) = Z,inQ(k)()\) dx* possesses a classical r-matrix
structure with respect to the multi-time Poisson bracket above, i.e.

{W1 ), Wa()[} = [ria(X — ), Wi(\) + Wa()],
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where r13(\) is the so-called rational r-matrix. This shows, together with [21, 22], the
potential of covariant Hamiltonian field theory to reproduce and generalise one of the
crucial identities in integrable systems.

(d) We show the Hamiltonian multiform nature of the set of zero curvature equations
20N\ — 0,0\ + [0V(N), 0 (\)] = 0, Vi, j > 0. We do this by proving that it is
equivalent to the multiform Hamilton equations for the Lax form, i.e.!

dAWO) = > {Hy W)L dx' A dx,

i<j=1

which take the suggestive form dW(\) = W(A\) A W(\) of the Maurer—Cartan equation.
Moreover, we were able to reproduce the known series of conservation laws and conserved
quantities of this hierarchy. This proves the success of Hamiltonian multiforms (and thus
indirectly Lagrangian multiforms) in describing the main features of integrable systems.

The paper is organised as follows. In section 2 we give a brief and not exhaustive descrip-
tion of the AKNS hierarchy and of the r-matrix theory. In section 3 we give the Lagrangian
multiform description of the AKNS hierarchy, and we introduce the symplectic multiform. In
section 4 we treat the classical r-matrix structure of the multi-time Poisson bracket. In section 5
we give the Hamiltonian multiform description of the hierarchy, we show the Hamiltonian mul-
tiform nature of the zero curvature equations, and we obtain the familiar conservation laws in
this framework. In section 6 we illustrate our results on the first three times of the hierarchy
which include the NLS equation and the mKdV equation. Conclusions and the discussion of
open problems are included in section 7. Appendix A contains some properties of the useful
phase space coordinates e(\) and f(\) that we use to our advantage for many of our proofs.
For a better flow, some of those long, and not necessarily illuminating, proofs are gathered in
appendix B.

2. Algebraic construction of the AKNS hierarchy

In the 1983 paper [17], Flashka, Newell and Ratiu introduced an algebraic formalism to
cast the soliton equations associated with the AKNS hierarchy into what is known as the
Adler—Kostant—Symes scheme [39—41]. At the same period, the Russian school unravelled
the structures underlying this type of construction which culminated in the classical 7-matrix
theory [7], and the introduction of the notion of Poisson—Lie group [8]. Here, we review
some aspects of this topic, freely adapting and merging notations and notions coming from
both sources. It had been known before [17], since the work of [3], that the so-called AKNS
hierarchy can be constructed by considering an auxiliary spectral problem of the form

I e 2N 7[C) A W
where
P = (S g), Py = —ios, 2.2)

!'Here and in the rest of the paper the notation > j—1 means > ii=o-
i<j
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as well as another equation of the form?

0
o oxn’
with Q™ (\) = X"Qp + X" 'Q, + - - - + Q, where each Q; is a 2 x 2 traceless matrix. Then

the compatibility condition 0,0,% = 9,0, translates into the well-known zero-curvature
equation

O = 0"\, Oy 2.3)

PN — 8:0"(N) + [P(V), 0™ (V)] = 0. 24

By setting to zero every coefficient of powers of A one obtains a series of equations that allow to
find Q,, . . ., O, recursively. This produces O, = Py, Q; = P, (up to some normalisation con-
stants) and the entries of Q; with j > 2 are found to be polynomials in g, r and their derivatives
with respect to x. The last of these equations is

0Py — 0xQp + [P1,04] = 0, 2.5

and produces a partial differential equation for ¢ and r viewed as functions of x and x" which
is integrable. Different values of n gives the successive equations of the AKNS hierarchy. We
list them for n = 0, 1, 2, 3, giving the name of the corresponding famous example (which is
usually obtained by a further reduction, e.g. r = +¢* for n = 2 gives the (de)focussing NLS
equation).

q0 = —2iq, ro = 2ir Scaling,
q1 = qx, ro=ry Translation x — x + x',
qr = iqxx — iqzr, r, = —%rm + iqr2 Non — linear Schrodinger equation,
3 1 3
43 = = 4w + 2d7dxs T3 =7 T + S 477 Modified Korteweg — de Vries equation.

(2.6)

It turns out that all these equations can be interpreted as Hamiltonian flows which commute
with each other and can therefore be imposed simultaneously on the variable ¢ and r. This
is ensured by that fact that the following zero curvature equations hold for any k,n > 0 (by
setting x = x' and o =p),

3,00 — 8" + 10PN, 0" (N)] = 0. 2.7

In [17], these facts and several others were cast into the algebraic setup of the
Adler—Kostant—Symes scheme whereby one can introduce integrable Hamiltonian systems
based on the decomposition of a Lie algebra into two Lie subalgebras which are isotropic with
respect to an ad-invariant nondegenerate symmetric bilinear form on the Lie algebra. For the
AKNS hierarchy, [17] use the Lie algebra £ of formal Laurent series in a variable A\ with
coefficients in the Lie algebra sl(2, C), i.e. the Lie algebra of elements of the form

N
X\ = Z Xj)\j, X; € s1(2,C); forsomeinteger N, (2.8)

j=—o0

2Traditionally, the flows thus defined are associated to ‘time’ variable 7" but one of the main points of [17] is that
they all play the same role as x which could be viewed as ¢' in this hierarchy. We simply denote them all by x" since
whether they play the role of a space or time variable is really up to interpretation.
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with the bracket given by
X VIO = ) [X, V- (2.9)
kit j=k
There is a decomposition of £ into Lie subalgebras £ = £_ & L where

E_:{i Xj/\f},

j=—0
Ly=4> X}N: X;=0V j>N forsomeinteger N >0 p . (2.10)
j=0

This yields two projectors P4 and P_. The following ad-invariant nondegenerate symmetric
bilinear form is used, for all X, Y € L,

XY= > Tr(X.Y) = Resy THX)Y(\). @2.11)
it+j=-1

Without entering the details of the construction, we present the summarised results of interest
for us. The entire AKNS hierarchy can be obtained by considering Q()) as the following formal
series

S R
Q(A)—;Q,A =Qu+ st T 2.12)
0 = (‘c‘:j _b;) Ay =3 ax" b= 3N =Y e

(2.13)

and introducing the vector fields 0, by

9O = [PLN"QN), O(N)] = —[P_(A"Q(N)), Q(V)] = [RA"Q(N), Q(V)],
(2.14)

where R = %(P+ — P_) is the endomorphism form of the classical r-matrix. It is well-known
that this operator satisfies the modified classical Yang—Baxter equation and allows one to define
a second Lie bracket [, ]z on L (see e.g. [42])

[X.Y]r = [RX, Y] + [X,RY]. (2.15)

The significance of this reformulation is that the authors achieved several important results:

(a) The equation (2.14) are commuting Hamiltonian flows associated to the Hamiltonian
functions

h(X) = —%(Sk(X),X), keZ, (S X)) = XX, (2.16)

which are Casimir functions with respect to the Lie—Poisson bracket associated to the
Lie bracket (2.9). As a consequence, these functions are in involution with respect to the
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Lie—Poisson bracket associated to the second Lie bracket (2.15) on £ and their Hamilton
equations take the form of the Lax equation (2.14);

(b) In this construction, one can get rid of the special role of the x variable, which is now the
variable x!, no different from any of the other x". They then propose to define a hierarchy
of integrable PDE:s as follows: use (2.14) for a fixed n as a starting point to determined all
the Qj. This yields that b, ¢;for j > nandaj, j > 1 are polynomialsinbj,c;, j=1,...,n,
which are now viewed as functions of x”, and in their derivatives with respect to x”. Then,
one can use any one of the other variables x* to induce a Hamiltonian flow on the infinite
dimensional phase space b;(x"),c;(x"), j=1,...,n. The Hamilton equations takes the
form of a zero curvature equation

QM (", N) = 8,00(", N) + [0 (", 1), 0P(x", M)] = 0, (2.17)

where 0™ (x", \) denotes P (\"Q()\)) where the above substitution for a j»bj, cjin terms
of the finite number of fields b;(x"), c;(x"), j = 1,...,n and their x" derivatives has been
performed. See [16] for more details about this.
(c) There exist generalised conservation laws adFTff = 65% for all j, k, £ > 0 where Fy; can be
obtained efficiently from a generating function. For j = 1, they reproduce the usual AKNS

conservation laws with F'j; being the conserved densities and Fy, the corresponding fluxes.

Those results are reviewed in detail in [16] where the observation that one can start from an
arbitrary flow x" is used to prove a general result on the r-matrix structure of dual Lax pairs
which was first observed in [13, 14]. More explicitly, recall that the first r-matrix structure
appeared in [6] with the objective of quantizing the NLS equation. The fundamental observa-
tion is that one can encode the Poisson bracket {g(x), (y)} = id(x — y) allowing to describe
NLS as a Hamiltonian field theory into the (linear ultralocal) Sklyanin bracket [6]

{0106, 000w} = 00k =) [12 = ), 0106 ) + 0] 2.18)

where the indices 1 and 2 denote in which copy of the tensor product a matrix acts non trivially,
eg. M =M®I, M, =1® M, and r|5()\) is the classical r-matrix related to the operator R by

VXeL, (RX)N=res,Tro(rin(A — w)Xa(p)), (2.19)

where Tr, means that the trace is only taken over the second space in the tensor product. The
main results of [16] is that starting from a given x" and inducing the x* flow by considering
the zero curvature equation

BRQ™(x", ) = 0,00 (", ) + [0 (", 1), 0P (", \)] = 0 (2:20)
or starting from x* and inducing the x" flow by considering the zero curvature equation
0,000, 0) = 90" () + 100G, 1), 070, )T =0 (2.21)

yields the same set of integrable PDEs which possesses two Hamiltonian formulations with
respect to two distinct Poisson brackets {, }, and {, } for which one has

{010, 090, b = 006" = ) [rah = 10, O ) + 007, )| (2.22)
and
(0PG40, 0P 0R ol = 865 = 39 [rah = 0, 0P ) + 0P 0k ] . 223)

7
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We want to stress that despite the deep observation that all independent variables x/ play
the same role, both in [16, 17], the authors still implement the step of using (2.14) first for a
fixed (but arbitrary) x” in order to produce a phase space for a field theory consisting of a finite
number of fields b ;(x"), ¢;(x")j = 1,...,n. This leads to a rather complicated construction of
the Poisson brackets {, }" and {, }* in [16] whose common r-matrix structure is traced back to
the original Lie—Poisson bracket associated to the second Lie bracket (2.15). This also points to
the need of a truly covariant Poisson bracket capable of accommodating any pair of independent
variables x" and x* simultaneously and producing an r-matrix structure for the associated Lax
form W) = Q™ (\)dx" + Q®(\) dx*. This was achieved by us in [21]. Another essential
question was still pending: how to go beyond only a pair of times x" and x*, corresponding
to a single zero curvature equation, in order to include the entire hierarchy of flows? How
to construct a Poisson structure capable of dealing with the corresponding Lax form W(\) =
Z?O:OQ(DO‘) dx’/?

In this paper, we answer these questions by avoiding altogether the first step of fixing a
given time x" and by working with all the equation (2.14) at once. They are interpreted as
commuting Hamiltonian flows on a phase space with a countable number of coordinates b;, c;,
j = 1. This interpretation is less known than the standard field theory viewpoint but it provides
a deeper insight into the structure of the hierarchy. It is possible thanks to the very ideas behind
a covariant approach to field theories which promote a finite dimensional phase space over a
space-time manifold of dimension greater than one. Classical mechanics is viewed as a partic-
ular case where the space time manifold is reduced to R for a single time only. In our opinion,
our interpretation is also a true implementation of the original observation that all independent
variables x°, x!, x? . .. play a symmetric role. This is captured by our use of a Lagrangian and
Hamiltonian multiform which do not distinguish any particular independent variable as being
special.

Our main objective is to construct a Poisson bracket {|, |}, called multi-time Poisson bracket,
and a Hamiltonian multiform H = >77° . H;jdx' A dx/ such that:

(a) It is possible to compute {|W1(\), Wa(u)|} for the Lax form W(\) = Z;O:OQ(i)()\) dx/
associated to the entire hierarchy, and to prove that it possesses the r-matrix structure;

(b) The collection of all the equations 9 Q(\) = [QP(\), Q(N)], k > 0 or, equivalently?, of
all the zero curvature equations

9,09\ — 0;0”N\) + [QV(N), 0PN =0, i,j=>0, (2.24)

can be written in Hamiltonian form as dW(\) = 3272 {{Hij, W[} dx' A dx/.

It is remarkable that in order to achieve the first objective, one can apply the construction
of [21], which was based on a single Lagrangian, to a Lagrangian multiform which contains in
particular the collection of Lagrangians corresponding to all flows in the hierarchy. Then, using
the construction introduced in [22], we are able to obtain the required Hamiltonian multiform.
In our exposition, the use of generating functions in the form of formal (Laurent) series will
turn out to be extremely efficient. With this in mind, we collect the following set of compatible
Lax equations for Q()) as defined in (2.12),

90N =[0PN), 0N, k=0,1,2,..., (2.25)

3 This equivalence does not seem to be well-known but we use it all along and deal interchangeably with the FNR
equation (2.14) and the zero curvature equation (2.24). The implication (2.14) = (2.24) is shown for instance in [16,
lemma 3.13]. The converse is discussed in [43, chapter 5].

8
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where 0®(\) = P (A\*Q())), into

L0\
D00 = Ll’j)_%( i} (2.26)

where we introduced the derivation

=1

D= Wa"’ (2.27)

k=0

and used the formal series identity

< 0o
52 2Y0) _ o 028)
k=0

k1 - M_)\'

It is important not to get confused by the notation D,, which is not meant to be the partial
derivative with respect to u, but simply the generating expression (2.27). We remark that writ-
ing the AKNS hierarchy in the generating form (2.26) allows us to reproduce quickly known
results. From the symmetry of the right-hand side in (2.26), we have

D,0(N) = D \Q(w), (2.29)
which in component is

001 = 001, jik > 0. (2.30)
Moreover, by means of the Jacobi identity we have

D\D,Q(v) = D,D,\Q(v), (2.31)

which means that the flows 9; and 9, commute®*. Finally, noting that the generating function
of the Hamiltonian functions (2.16) is given by

1 1 = 1
gV = =3 Tr Q) = =5 Tr Q5+ > vy (2.32)
k=0

we find
D,g(M\) = 0. (2.33)

This shows that the flows take place on the level surface g(\) = C(\) where C()) is a series in
A~! with constant coefficients. Therefore, in line with [17], we fix

Tr Q*(\\) = —2, (2.34)

in the rest of this paper.

40f course, this had to be the case in the first place so as to allow us to consider those flows simultaneously and to
define D,,, but this is a good check of the generating function formalism and an argument in favour of its efficiency.
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3. Lagrangian and symplectic multiforms for the AKNS hierarchy

The framework of this work is the variational bi-complex, whose algebraic description is given
in [44]. Very roughly, let M = RY be the multi-time manifold with coordinates (xg, X1, X2, . . .),
and let it be the base manifold of a fibred manifold, in which the section of the fibres are the
fields and their derivatives u’(‘ﬁ, () = (s J1> J2» - - -) where only a finite number of j;’s are non
zero. The base coordinates will be called horizontal, and the fibred coordinates will be called
vertical. We will model the fibres using a differential algebra A, with derivations J; acting in
the usual way, du{ = ug i)+e; We will use two different differentials, a vertical one d, which
resembles the variational derivative, and a horizontal one d, which is the usual total differential,
such that (6 + d)> = 0. With the symbol AP? we mean the set of forms with vertical degree
p and horizontal degree g of the form

_ (i) ki . kp JA ... J O]
w= Y R0uy N ASUE AT A xR R e A (3D)
[OXCOXE);

The reader can find more details on how to use these tools in the context of multiforms in [22].

Lagrangian multiforms were first introduced by Lobb and Nijhoff in 2019 [23] to describe
integrable hierarchies using a variational principle, in a way that preserves multidimensional
consistency. For 1 4 1-dimensional field theories, the starting point is to consider a two-form

Llul =Y Lijluldx”. (3.2)

The fields u themselves are functions of the multi-time variables x°, x!, x?, ... For each i, j,
the notation L;;j[u] means that L;; is a function of a finite set of fields collectively denoted
by u for simplicity, and their derivatives with respect to the multi-time variables up to some
finite order. We used the notation dx”/ = dx’ A dx/, and the convention L;;[u] = —Lj[u]. In this
paper, the coefficients L;; do not depend explicitly on the multi-time variables. The equations
of the hierarchy, together with the so called corner equations, are then obtained by setting

§dZLlul =0, (3.3)

that are called multiform Euler—Lagrange equations. These are obtained via a generalised vari-
ational principle for an action associated to -Z’[u]. The reader is referred to [38, 45] for details.
The main sign of integrability put forward in the original work [23] was the closure rela-
tion. In our context, it means that d.Z = 0 ‘on-shell’ i.e. when the multiform Euler-Lagrange
equations §d.Z = 0 hold. We include the closure relation as a property of a Lagrangian
multiform in the present work.

In [22] we introduced and developed the Hamiltonian counterpart called Hamiltonian
multiforms, which for 1 + 1-field theories are two-forms

Hlul = ) Hijuldx". (34
1

i<j=

When paired with a symplectic multiform Q € A%V, we can obtain the so-called multiform
Hamilton equations as

0

oH = dei A 5,‘_!9, where 5, = Zu(k)ﬂi%.

i=0 (k)

(3.5)

10
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We remark that for a given hierarchy both H and €2 can be obtained from the Lagrangian
multiform .Z through a Legendre transform-type procedure [22, definition 2.3]. For a specific
class of horizontal forms called Hamiltonian forms, we can introduce the multiform analog of
a Poisson structure, that we called multi-time Poisson bracket: for any two Hamiltonian forms
F, G we define

{F,Gl} = (=1)¢r 160G, (3.6)

where r is the horizontal degree of F and £ is the (multi)vector field satisfying £ 1§2 = 0F. We
refer the reader to the paper [22] for an introduction and detailed explanation of these concepts.

3.1. Lagrangian multiform

We now introduce a Lagrangian multiform which allows us to implement the strategy [22]
recalled briefly above and obtain # and € for the AKNS hierarchy. Recall that the collection
of flows in the AKNS hierarchy is written in generating form as

b >\ - l
e S Db (3.7
i=0
~fa(N) bV _(ai b
Q()\) - (C(}\) _a(>\)> ’ Qt - (Ci _ai> ’ (37b)
% Tr Q(N)? = a®(\) + b(Ne(N) = —1, (3.7¢)

where A and p are formal parameters. In order to find an appropriate Lagrangian multiform, it
is convenient to note that we can write Q(\) as

O\ = (M) Qop(N) ! (3.8)
with O, = —io; being constant and
o) =1+ % 3.9)

J=1

This has been established independently from various angles, in relation to the factorization
theorem, see e.g. [42] or in relation to vertex operators, see e.g. [43, chapter 5]. Contrary to
the parametrization used in the latter book, we find it useful to use the following remarkable
set of coordinates found in [17]

b e O R | L
e()‘)_m_;)\l’ f()‘)_m_;)\l’ (IlOte.e()—f()—O),

(3.10)

and set

o) = (V2= eNf) e(N) . 3.11)
V2i —fN V2i—e(MN)fN) '

A direct calculation using a*(\) + b(A\)c(A\) = —1 shows that det p(A\) = 1 and @(\)(—ic3)
©(A)~! = Q()\) as required. The reader can find more about the coordinates e(\), f(\) in

1
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appendix A. Their main property is that they provide Darboux coordinates for all the single-
time Poisson brackets {, }, constructed from the single-time symplectic forms wy, see corollary
3.3 and proposition 4.3 below. We can now formulate the first main result of this section. We

obtain the desired Lagrangian multiform .% = »7° . L;;dx" using the generating function

formalism and collecting the coefficients L;; into a formal series in A~ !land u" as follows
L p) = L 3.12
=2 NIt (5-12)
i,j=0
By a slight abuse of language, we will also call Z (A, i) a Lagrangian multiform.

Theorem 3.1 (Lagrangian multiform and multiform Euler—Lagrange equations).
Define

L 1) =K\, p) — V(A ), (3.13)
where

K\ 1) = Tr (¢() ' Dag()Qo — (V) 'Dyup(N Qo)

1 A) — 2
VO = — 2 T QN =L (3.14)
2 A—p
Then ZL(\, p) is a Lagrangian multiform for the AKNS hierarchy equation (3.7a).
Indeed, the multiform Euler-Lagrange equations § d.Z" = 0 are given by
[Q(1), Q(V)]
D00 = L2 O] (3.15)

A

and the closure relation d.Z = 0 is satisfied on those equations. In generating form, the latter
is equivalent to

D, L\, 1)+ Dy L1, v) + D, L, \) = 0. (3.16)

The proof is given in appendix B.1.

Remark. Although we discovered it differently, the Lagrangian multiform (3.13) and (3.14)
bears some striking resemblance with the Zakharov—Mikhailov (ZM) Lagrangian appearing
in [46], despite the fact that the latter is a standard Lagrangian and not a multiform. The ZM
Lagrangian was introduced to provide a variational description of the system of compatibility
conditions (zero curvature equations) corresponding to a Lax pair of matrices which are rational
functions of the spectral parameter with distinct simple poles. Interestingly, one can formally
relate our Lagrangian multiform to the ZM Lagrangian but we do not elaborate on this here
as we have not gained any insight on either our results or the ZM Lagrangian by doing so.
A Lagrangian multiform constructed on the ZM Lagrangian was obtained in [36] and used to
obtain a variational derivation of Lax pair equations themselves. In that same paper, the authors
presented the first few coefficients of the Lagrangian multiform for the AKNS hierarchy but it
was not clear how these derive directly from the ZM Lagrangian multiform. Our Lagrangian
multiform and theorem 3.1 fill in this gap and provide the complete set of coefficients L;; of the
Lagrangian multiform for the AKNS hierarchy. We note that Lagrangians producing the zero
curvature equation (2.24) in potential form were obtained in [47]. They involved a potential

12
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function denoted by H in that paper which produces the Lax matrices ¥’ we use here via the
relation Q' = 9,_H. However, assembling all those Lagrangians into a two-form does not
seem to provide a Lagrangian multiform for the set of AKNS equations. The closure relation
does not hold for instance.

To help the reader recognize the most familiar models, we write some of the coefficients
of the Lagrangian multiform explicitly using our formula. Using the expansion .Z(\, ) =
> oie i Lij/ N 7t we have, forall i, j > 0

1< 1<
Lij = E; (fr0iejr1-k — exOif jr1-1) — E; (fr0jeir1-« — edifiv1-x) — Vijs

(3.17)

where the coefficients V;; are given by

Vij= Z Qakait jr1-k + brCigjr1-k + Ckbig jr1-1)- (3.18)
=0

Recall that the elements a;, b; and c; can all be expressed in terms of the coordinates e; and
f; (see appendix A). At this stage, no particular choice of time has been made to write these
Lagrangians as field theory Lagrangian, in the spirit of [15] for instance. Hence, as an example,
we simply have

1 1
L = E(flalez —e101f2+ f201e1 — €201 f1) — E(flazel —e1Ohf1) — Vi,
(3.19)

and

1
Liz = E(f181e3 —e101f3 + f201e2 — €201 f2 + f301e1 — €301 f1)

1
- §(f153€1 —e105f1) — Vis, (3.20)

which produce partial differential equations for the phase space coordinates e, f}, j = 1,2,3.
Now to make contact with the more familiar form of these Lagrangians and the corresponding
equations of motion, we express the phase space coordinates in terms of b} = ¢, ¢c; = r and
their x! derivatives’. Note that this amounts to choosing the x! equation in (2.14) and use it to
solve for Q; (standard field theory point of view). Doing so yields,

i 1 1
Lz = 2 (qar — qra) + (g +qri) — 7¢°r°, 3.21)
4 8 4
and

i i 3i
Lz = Z(rCB —qr3) + R(Qm" —qrin)+ 1—6qr(qr1 —rq1), (3.22)

3 The reader can find the relations between the e;’s and f,’s and ¢ and r and their derivative with respect to x' in
appendix A.

13
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which are known Lagrangians whose Euler—Lagrange equations are

1 1

iq2 + 56]11 —q'r=0, ir, — 5711 + gr?, (3.23a)
1 3 1 3

43+ 9 — Sqrq = 0, rstogri T g = 0. (3.23b)

These are the (unreduced) NLS and mKdV systems respectively. We can just as easily produce
the Lagrangian L3, firstin the e and f coordinates and then, if desired, in the g and r coordinates
as before. It reads

i I i
Ly; = T6("61112 —qri2) + R(qmz —qi2h1) — T6(Q1172 — qari1)
3i 1 1
- B‘F(Wz —qr) — g(CIBr +qriz) + g(f’l% +q173)

1 1 1
+ Tedm — %(qul +qur) + R(C]rl —qi)* + 16131’3, (3.24)

and its Euler—Lagrange equations are just consequence of (3.23a)-(3.23b).

Remark. The partial Lagrangian multiform thus derived here for the first three times
Lo dx'? + Ly dx?® + L3 dx'3 is equivalent to the one first obtained in [36], up to an overall
coefficient £ and the (total) differential of — (g1 + riq) dx* — £ (q11r — gri1) dx’.

3.2. Symplectic multiform

Equipped with a Lagrangian multiform for the AKNS hierarchy, we now construct the asso-
ciated symplectic multiform ). As always, it is very convenient to work with generating
functions so we introduce

SNPRO)

M)y — Y N W
QP => o =3 5 (3.25)
Jj=0 j=0
to represent respectively
OV =3 "W Add, Q=) windy (3.26)
j=0 j=0

As before, by a slight abuse of language, we also call 2(\) symplectic multiform.

Proposition 3.2. The symplectic multiform associated to L (\, ) is given by

Q) = = Tr (Qoe(N) '8N A (V) 'dp(N)) . (3.27)
The proof is in appendix B.2.

Remark. The expression for () is reminiscent of the well-known expression for the (pull-
back to the group of the) Kostant—Kirillov symplectic form on a coadjoint orbit of the loop alge-
bra £ through the element Q. To make this more precise, let us use for instance the formulas
in [48, section 3.3] giving the expression of the pull-back to the group of the Kostant—Kirillov
form for the orbit through a diagonal matrix polynomial A(\),

w = Resy Tr (A(N)g~ ' (MdgM) A g~ (N)dg) . (3.28)

14
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Here, choosing A(\) = —iXo3, k >0, and g(A) = p(N), we get the connection between our
symplectic multiform and the Kostant—Kirillov form

w = Res)y Q) = wy. (3.29)

In particular, each single-time symplectic form wy corresponds to w on the orbit of the element
—iX‘o3. Therefore, our symplectic multiform contains in a single object all those symplectic
forms. This is the first time such an object is derived and, to our knowledge, it is the first time
that a Kostant—Kirillov symplectic form is derived from a Lagrangian perspective.

As a consequence of the explicit formula for 2, we get the following remarkable result that
the e, f coordinates provide Darboux coordinates.

Corollary 3.3.
Q) = 6N A de(N), (3.30)

and hence, wy = 0 and,

k
we=»_ OfiNbexi1in Vk=1. (3.31)

i=1

Proof. Direct calculation by inserting (3.11) into (3.27). O

4. Classical r-matrix structure

4.1. Hamiltonian forms and multi-time Poisson bracket

As explained in [22], we can define multi-time Poisson brackets only for a specific class of
horizontal forms called Hamiltonian forms, i.e. a form F such that there exists a (multi)vector
field & (called Hamiltonian vector field) that satisfies the relation £, .(2 = JF. Having the
symplectic multiform €2 at our disposal, we can investigate in detail under which conditions
a horizontal form is Hamiltonian and then compute the multi-time Poisson bracket for two
such forms. Recall (see [22]) that in our case, only zero- and one-forms can be non-trivial
Hamiltonian forms. We have the following two propositions, the proofs of which are given in
appendices B.3 and B.4.

Proposition 4.1. A one-formF = ;" Fi dx* is Hamiltonian with respect to ) if and only

if Fy is constant and, for all k > 1, Fy depends only on the coordinates (ey, . . ., ek, fi, - - -.fi)
and
F F F F
@:a"“, Qza"“, ji=1,....k .1
dej  Oejy ofj Of i
Its Hamiltonian vector field is given by
- OF; OF
= -0, + —0;, | . 4.2
Proposition 4.2. Every zero-form H(ey, . . ., f;, . . .) is Hamiltonian with respect to ), with
Hamiltonian vector field given by
- OH OH
= — Q= 0e /\ i —_ /\ i . 4'3
gH Z ( Bf,-al 3+3eiaf1 8) (4.3)

i=1
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Note that in practice, we will deal with zero-forms that depend only on a finite number of
coordinates ¢;, f; in which case the sum in (4.3) truncates accordingly.

We can now construct the multi-time Poisson bracket with respect to €2 between two
Hamiltonian forms F and G as

{IF,G[} = (=1)¢r 210G, (4.4)

where r is the horizontal degree of F. Theorem 2.18 in [22] gives the decomposition of
the multi-time Poisson brackets in terms of the single-time Poisson brackets {, }; con-
structed from the symplectic forms wy: for every F, G functions of ey, ..., e fi,....f; we
have {F,G}; = —£z10G where pw; = §F. Given that we know the explicit form of the
single-time symplectic forms wy, see (3.31), we obtain the following specialisation as a
consequence.

Proposition 4.3 (Decomposition of the multi-time Poisson brackets). The multi-
time Poisson brackets with respect to Q) of two Hamiltonian one-forms F = Y2 F dx* and
G=>,2,Gk dx* satisfies the following decomposition:

{IF.Gl} = Z {F. G} dr,
k=0

k
OF, 0Gy OF; G )
Fo, Gl = Ik - » k21 2
{F, Gt ;(afjaekjﬂ Oej Of k—jr1 -

and {F(), G()}() =0.

Thanks to the propositions above, we can prove by direct but long calculations that the
multi-time Poisson bracket {|, |} satisfies the Jacobi identity.

Proposition 4.4 (Jacobi identity). If F,G,K € A%V and H € A are Hamiltonian
forms, we have that

(@) {|F,G|} and {|F,H|} are respectively a Hamiltonian one-form and a Hamiltonian
zero-form,

&) {{IF.GI}. K[} + {{IK, FI}. G|} + {[{|G. K[}, F|} = 0,
(© {{IF. GI} H} + {{IH, FI}, G} + {{IG. HI} FI} = 0.

Remark. It is known (see e.g. [49]) that the Jacobi identity is not necessarily satisfied by a
covariant Poisson bracket. This problem could therefore be present in general for a multi-time
Poisson bracket (which can be viewed as a generalisation of a covariant Poisson bracket). This
is why the Jacobi identity was not discussed in [22] and why we checked it here directly.

4.2. Classical r-matrix structure of the multi-time Poisson bracket

Definition 4.5. We call Lax form the following horizontal one-form with matrix coefficient

o0

W) = Z 0P\ dx', (4.6)

i=0
where, fori > 0,
0\ :=PL(N'OWN). .7
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Note that the definition of a Hamiltonian form extends naturally to the case of matrix coef-
ficients by requiring that each entry be a Hamiltonian form. We also extend the tensor notation
used in the Sklyanin bracket, as reviewed in section 2, to the present situation as follows

Wi =) 0%Weldd=>" Y 0’Waeldi= > WMNoel 48)

i=0 i=0 k=+,—-3 k=+,—3
W)=Y Teo?Wdd =" > o’WIoad'= Y WWieo, @9
i=0 i=0 k=+,-3 k=+,—3

where we have written the matrices in terms of the sl(2, C) basis o4, o_, 03. We define the
multi-time Poisson bracket between W (\) and W,(u) by

(Wi Wl = Y AW LW o ® o (4.10)
kf=4+,-3

Finally, we define the commutator of a matrix zero-form M and a matrix one-form W by
[M.W] = [M,W;]dx' (4.11)
i=0

We are now ready to formulate the main result of this section, the proof of which is long but
straightforward and is given in appendix B.5.

Theorem 4.6. The Lax form W(X) is Hamiltonian, with Hamiltonian vector field

SN ANT0LIP) M (A
OEDY (— Qaff )agk+ Qael( )af-k>. (4.12)
k=1

Its multi-time Poisson bracket possesses the linear Sklyanin bracket structure i.e.

W10, Wa ()} = [ri2(A = ), Wi(A) + Wa(u)l, (4.13)
where r12(\, ) is the so-called rational classical r-matrix given by

rlz()\) = —%. (414)

Remark. We have already shown directly that our multi-time Poisson bracket {|, |} satisfies
the Jacobi identity for zero- and one-forms. In the case of one-forms, this is also a corollary
of theorem 4.6 since W(\) contains all the coordinates of our phase space and it is known that
the rational r-matrix satisfies the classical Yang—Baxter equation which implies the Jacobi
identity.

5. Hamiltonian multiform description of the AKNS hierarchy

5.1. Multiform Hamilton equations for the AKNS hierarchy

According to formula [22, definition 2.3], the coefficients of the Hamiltonian multiform H =

> i Hij dx'/ associated to % and Q" are given by

Hij = 0" — 00" — L. (5.1)
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As is now customary, we rewrite this in generating form as
H, 1) = DroQV(p) — Dus VN = L\, p), (5.2)

where we introduce the notation Dy = Z(i)iogi /AT 1in line with (2.27).

Lemma 5.1. The following holds

. 2
1 (@) - 0

HA ) =V p = 3 o (5.3)
or, in components,
Hy=TrY OO ksi- (5.4)

k=0
Hence, H(\, 1) satisfies the closure relation.

Proof. A direct calculation shows that Dy Q" (1) — D, sQV(\) = K(\, ) hence H(\, j1) =
V(A, p). Performing a series expansion of the explicit formula for V(\, ), one obtains (5.4).
Finally, the closure relation of H is a general result [22, corollary 2.6] but here, we get a direct
confirmation from the structure of the proof of theorem 3.1 which established that V' is closed
on the equations of motion, separately from K. ([

For completeness, we now check the validity of the general result of equation (3.5) in our
case.

Proposition 5.2. The multiform Hamilton equations associated to H and ) are
equivalent to

>\ >
Doy = 9N-201 55)
—p
Proof. The multiform Hamilton equations read
OH = dxI NDQ, (5.6)
J
or, in components,
5H,‘j = 5]‘_1601' — 5,'_1(.0]‘. (57)
This is reformulated in generating form as,
SH, 1) = D, 2Q(N) — DroQ(p). (5.8)
We have already computed 6H (A, u) = dV(A, ) as
1
OHA, p) =Tr <M_—)\<P(>\)_1[Q(,u), O(N)]1op(N)
1
- mw(u)‘l[Q(/\), Q(u)]&p(u)) : (5.9)
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Now the right hand-side is

D, Q) — Dy 2Q(p)
= Tr (—=Qo(N) ™' DupNp(N) ' 50(N) 4+ Qop(N) ™ 3NN\~ Dyip(N)
+ Qoe() ' Dap(u)p(1) ™ 5p(1) — Qo)™ (1) (1)~ Dap(p))
= Tr (¢~ NDLONILN) — @~ (WDAQ()Sp(1)) - (5.10)

The result follows by reading the coefficient of dp (1) or equivalently dp(N). O

5.2. Zero curvature equations as multiform Hamilton equations

It is one of the most important results of the theory of integrable classical field theories that
their zero curvature representation admits a Hamiltonian formulation. This is established for
all famous models and goes as follows, for the example of the NLS equation, see e.g. [9]. We
choose 0V(x, \) = —i\o3 + Q,(x) satisfying the Sklyanin linear Poisson algebra (2.18), and
H being the (appropriate) Hamiltonian extracted from the monodromy matrix of the spectral
problem (0, — Q(”)\II = 0. One can then show that the time flow induced on Q(l)(x, AN by H
ie.

9,0V (x, \) = {H, 0V (x, \)} (5.11)
takes the form of a zero curvature equation
9,0 (x, \) = {H,0V(x, )} = 0.0P(x, \) + [0P(x, ), 0V (x, V].  (5.12)

0@ (x, \) is derived from the classical r-matrix and the monodromy matrix. In [21] the authors
cast this result into a covariant framework, for the NLS and mKdV equations separately: the
covariant Hamilton equations for the Lax form associated to each equation (thus containing
only the two relevant Q'”(x, \)) produce the respective zero curvature condition.

Here, we are in a position to prove the analogous result for the whole AKNS hierarchy at
once, thanks to our Hamiltonian multiform and multi-time Poisson bracket. The following is
the main result of this section

Theorem 5.3. The multiform Hamilton equations for the Lax form W(\) =
o @R dxt, e

dw(\) = Z {H;;, W[} dx”, (5.13)
i<j=1
are equivalent to the complete set of zero curvature equations of the AKNS hierarchy®
B0\ — 9,070 = 10", VW] Vi< . (5.14)

The proof is given in appendix B.6.

6 Recall that we pointed out that in turn, this set of zero curvature equations is equivalent to the set of equation (2.14).
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5.3. Conservation laws

An important aspect of the theory of integrable PDEs is the presence of an infinite number of
conservation laws. When formulated in the traditional Hamiltonian framework, this means that
the Hamiltonian / is one element in a countable family of independent Hamiltonians functions
hy, k > 1 say, which are in involution with respect to the Poisson bracket {, } used to write the
PDE of interest as a Hamiltonian system

{hph} =0, n,m>1. (5.15)

When using the classical r-matrix formalism to tackle this problem, the strategy is to com-
pute the Poisson bracket of the entries of the monodromy matrix, starting from the linear
Sklyanin bracket and deduce that (5.15) holds, where the A;’s are extracted in an appropri-
ate way from the monodromy matrix. The details depend on the model and on the boundary
conditions imposed on the fields, see e.g. [9] for a full account of this procedure.

It is natural to ask what happens to this approach in our context and where to find the stan-
dard Hamiltonians /,,, which are rather different from the coefficients H;; of our Hamiltonian
multiform. In our opinion, it is rather remarkable to we do not need to resort to any notion of
monodromy matrix to answer this question. Instead, all the required information is encoded in
our Hamiltonian multiform # and the notion of conservation law which we naturally define as
follows.

Definition 5.4. A conservation law is a Hamiltonian one-form A = Y ° |A; dx' such that
dA = 0 on the equations of motion.

In components, this yields of course the familiar form of an infinite family of conservation
laws

OA; — D,A; = 0. (5.16)

We have proved in [22] that A is a conservation law if it Poisson-commutes with the
Hamiltonian multiform, i.e.

Z {H;;, A} dx7 = 0. (5.17)

i<j

The familiar conservation laws and related Hamiltonians /; are obtained by considering the
following one-form.

Proposition 5.5 (Conservation laws). The form

A=) Add,  Ac=a (5.18)
k=0

is a conservation law.

Proof. From (A.2), we find Ay = a441 = Zleeifk-s-l—i so that g—?{ =eif1-; = S?IJ:I and
S S
DA;

oA, . I
e = firi-j= ag/’: . Hence A is Hamiltonian. Now,
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_ o = aAk 8[{mn 8Ak 8[{mn mn
dA—fAJ(YH—ZZ <_a—f18—€k+a—€1 Bfk ) dx

m<nk=1

- OH, OH -
_yy <_ek on + 1 ) dr (5.19)

m<nk=1

,where we have used g%‘ = fi, g% = ¢;, and the fact that ‘)g% = ‘g{% = 0if k > n (without
loss of generality, we consider m < n). From the explicit expression of H(z, w), a direct but

tedious argument shows that each H,,, is in fact a polynomial in ey, ..., e,, f},..., f, of the
form
Hu = Y hap@(HY, (5.20)
(@),(HEN"

where the sum is finite (only a finite number of coefficients /y; € C are non zero) and
we havs used the ’Illotations (W =¢ele}...em (f)V = ﬂl ffa. o fin, annd has (t{jhe property
that Zk:ﬂ@ = i 1Jx- The result. then follows since Z@:Wk@ and ), fi57; are Euler
operators with respect to the coordinates ¢, and f; respectively.

This result provides a reinterpretation of the known fact the quantities h; = % J ar dx!,
viewed as the traditional hierarchy of standard, single-time, Hamiltonians are indeed constant
of the motion and in involution with respect to the traditional (single-time) Poisson bracket
{, }1 (see e.g. [44, section 9.3]).

6. Recovering previous results and the first three times

It is straightforward to recover our previous results [21] by ‘freezing’ all times except a given
pair. This singles out a single 1 4 1-dimensional field theory within the hierarchy and our
Lagrangian multiform, symplectic multiform, Hamiltonian multiform and multi-time Poisson
bracket reduce respectively to a Lagrangian, multisymplectic form, covariant Hamiltonian and
covariant Poisson bracket.

As the simplest example, let use freeze all times except x' = x and x*> = #: we specialise
to NLS and recover all the results of section 4.2 in [21] by direct calculation. The Lax form is
simply

W) = 0P\ dx + 0P\ dr, (6.1)

which can be computed using again the coordinates ¢, r and derivatives with respect to x for
instance to reproduce the well known NLS Lax pair. The Lagrangian multiform reduces to
L = Ljp dx A dtf where L, is given in (3.21) while the Hamiltonian multiform only involves
H ;. Using our general formula,

H;; = Z Qarais j1-k + bicit jp1-k + ckbit jr1-1)s (6.2)
=0
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we find
Hiy = 2apas + bocy + cobs + 2aiaz + bics + ¢1b3

i

—2i(eif3 +exfr+e3f1)+ 2ie (fs + 4€1f%> +2if (6’3 + l&fl)
(6.3)

4
= 2ieyfr — €1 f?

1
_Z(C]lrl — ).

This is the covariant Hamiltonian for NLS found in [21] (up to an irrelevant factor). The
symplectic multiform boils down to the following multisymplectic form

QO =w; ANdx +wr Adt, (6.4a)
j 1 1
w = %(5(1/\5& Wy = 151’/\5611 + Z(Sq/\érl, (6.4b)

also found first in [21] (up to irrelevant factors). It gives rise to a covariant Poisson bracket
which is simply the reduction of our multi-time Poisson bracket to only two times and our
main results, theorems 4.6 and 5.3 restrict accordingly to the results of [21].

We stress however that we can instead choose any pair of times x” and x* and apply the same
reasoning. Doing so provides a way to unify the results in [16] which established the r-matrix
structure of dual Lax pairs for an arbitrary pair of times and the results in [21] which provided
a covariant formulation of this structure but only for the pair of times (x', x?) and (x', x%).

The salient features of the multiform theory appear when at least three times are combined
together. In general, the coefficients L, (resp. Hj,) are not too difficult to construct but all
the other ones are, and indeed up to now, it was not known how to obtain them. For instance,
freezing all times except x', x2, x*, the coefficient L,3 was first obtained in [36] by complicated
calculations. Here, we obtain it rather easily, see (3.24), as well as the associated coefficient
H >3 in the Hamiltonian multiform which reads

. 1 i
Hy = —2iesfs; + §€1f1(f1€3 +eif3) —(erf2+ f1e2)* + ge?f? (6.5)
1 r 1 1
= —jgduni+ %(rqu +grin) — T6(W1 —qn)’ — Z‘I3r3- (6.6)

For completeness, let us also give
) 3
Hiz = =2i(eaf 3 + e3/f2) — Eelfl(flez +e1f2), (6.7)

i
:g(QIrll — riqi) - (6.8)

We remark that these coefficients differ from those in [22] by a factor % In the rest of this
section, we illustrate in every detail the calculations involved in our general results when
restricted to the first three times. This has only pedagogical value. We hope that this will help
the reader familiarise themselves with some of the new formalism while dealing with the most
familiar and easiest levels of the AKNS hierarchy. We now turn to the symplectic multiform
QO = w; Adx! + wy A dx? 4 ws A dx3, where
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w1 =6f1/\661, (JJZZ(Sfl /\(5€2+(5f2/\(5€1, (.U3=(5f1/\(563+5f2/\5€2+(5f3/\(561.

(6.9)
As done above for w; and w,, it is interesting to write ws using b; = g, ¢; = r and their
derivatives with respect to x!, denoted by q;, r1, 1, r11- We find

(JJ3 = é(sr/\(sq“ —|— éér“ A(Sq+ §5q1 /\5"1 + %&]/\5", (6103)

and we remark that they also differ from the ones in [22] by the same factor %, so that the

multiform Hamilton equations 6H = ) j dx/ A D ;€2 are the same. Let us compute them, in
the new e and f coordinates. In components we have

L] (5H12 = BZJ(JJ] — 81_10025

O1f1=2if, Oie) = —2iey, (6.11a)
Oifr—Oof1 =2eifl,  Orer — Drer =261 f 1. (6.11b)
The top equations give the relations b, = £01b1 = g1 andc; = —£d1c; = —4ry, and the

bottom ones give the NLS equations.
L] (5H13 = 834(.01 — 81_10035

Oif1 =2if, Oier = —2iey, (6.12a)

. 3 . 3
Oifr =2if3+ Eelfi, ey = —2ies — Ee%fl, (6.12b)

3 3
Oifs—03f1 = Eezf% +3eif1f2, Osze — Orez = Ee%fz +3ei1fies,  (6.12c)

where the top four equations give the relations b, = £g; and ¢; = —ir|, and b3 =
—%6]11 + %qzr and ¢3 = —%m + %qrz, and the bottom ones are the mKdV equations.
o 51‘123 = 8340.)2 — azJLU3Z

. 1 . 1
O f1 =2if3— §€1f%, Ohey = —2ie; + Ee%fb (6.13a)
Orf2— Osf1 =2f er+2eif1fa,  Oser — Drery =2eifr+2eif1e2,  (6.13b)
1, 3i 53 2
Osf2— Oaf3 = §f1€3 +eififs + §€1f1 —2e1f; —2f1e2f2, (6.13c)
1 3i
Ohey — Ozey = Eeffs +eifies + ge?f% —2f1e3 — 2e1exf 2, (6.13d)

which reduce to differential consequences of the previous equations.

The single-time Poisson brackets {, }; fork = 1,2,3

k
0 0 0 0
U ks Z (3_fz denrii a€k+1ia_fi> ' ©.14)

i=1
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can be re-expressed in the g and r coordinates as

0 0 0 0
=2l —— — —— .1
. h l(@raq Bqar)’ (6.15)
0 0 o 0 0 0 o 0
{ . }2_4<58_q1+8_q(‘3_r1_8_q15_8_r18_q>’ (6.16)
(0 0 o 0 o 0 o 0
G5 G a3 on g oy o
_iﬁ_ﬁi_ii_m,iﬁ) .
86]11 8r 86]81’11 81’1 8q1 1 81’11 8q11 '

These differ from the ones obtained in [22] by a factor —2i.

‘We will now show how to obtain the classical r-matrix structure within the multi-time Pois-
son brackets for the first three times. We will use the first three Lax matrices repackaged into
the Lax form W(\) = 0P (V) dx' + 0@ (\) dx? + 0P () di?

W) = by dx! + (\by + by) dx® + (\*by 4+ \by + b3) dx®, (6.18a)
W-(\) = ¢ dx! + ey + ¢2)dx? + (N2er + Aea + ¢3) dx°, (6.18b)

W3\ = —iddx! + (—i)\z _ %bm) dx!

\ .
T (—i>\3 - %blcl _ %(blc2 +c1b2)> i, (6.18¢)

which we can also write in terms of the coordinates e and f as in

Wt = \/Zel dx! + \/Z()\el + 62)(1)62 +2i ()\261 + ey +e3+ %e%ﬂ) dx?,
(6.19a)
W= (\) = V2if 1 dx' + V2i\f1 + f2)dx® + V2i <A2f1 +Af2+ f3+ ;elfo dx?,

(6.19b)
W3\ = —iddx! + (—id> + e f) dx! + (=X + dei f1 +eifr + eaf 1) dx.
(6.19¢)

We can then compute the Hamiltonian vector field associated to each component of the Lax
form:

Epr (V) = V2i (afl + A0y, + (v + %el f1> dp, — ;e%ag3> , (6.20a)
Ew-(N) = V2i (-agl — e, + (—)\2 — éel f1> Doy + i f%af3> , (6.20b)
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Ew3(N) = —e10., + [10y, + (=Ae1 — €2)0,, + (A f1 + f2)0f,. (6.20¢)

Let us now compute the multi-time Poisson bracket.

W)Wl = Y AW Wiwhe © o
i,j=+,—3

={Wr Q. Wrwlhor @ oy + {WT O, W (o @ o
HIWEQ). W (ot @ o3 +{W- ), W (wlo- ® oy (21
+{W- )W (o @0+ {{W- ), W (o s
W), W (o @ oy + (WO, W (wlos @ o
+ W, W (wltos ® o3.

The reader can check that {|[WF(\), WH(u)|} = {|[W-(\), W ()|} = {{W3\), W ()|} =0,
while the other non-zero Poisson brackets are

{WTO), W ()} = —2idx' — 2\ + p)dx? = 2i (A + M+ p? + ey f1)dx®  (6.22a)
W), WHF = 2ida 4+ 200 + p) do® + 20 (N + A+ g2 +ierf1)dx®  (6.22b)

AW, WA} = —V2iey dx® — V2i((\ + ey + er) dx®, (6.22¢)
W3O, WH() [} = V2iey dx® + V2i(A + per + e5) dx, (6.22d)
W=, WA (W} = V2if 1 dx® + V2i(A + @) f1 + f2) dx’, (6.22¢)
W20, W (]} = —V2if1dx? — V2i((A + ) f1 + f2) dx. (6.22f)
Adding everything together one realises that {{W;(\), Wa(u)[} = [%, Wi(\) + Wa(u)], as
desired.
Let us verify that for the first three times
> {H; WOl = W) A W) =D 1070, 0V(N)] dx (6.23)
i<j i<j
or, in components,
{H:;, W[ = [0V, 0V (6.24)

We write explicitly the (1,2) term. The coefficient of the Hamiltonian multiform H;, =
—2ieyf2 — e} 7 has Hamiltonian vector field

& = Ze%flagl A0 — 2€1f%afl A0y + 2i€28€1 A0 — 2if2afl A Dy, (6.25)
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so that the left-hand side reads

{{H12, WV} = £1200W ()
= Ena(erdf Adx® + f1de; A dx?)os
+ 5124(\/5561 Adx' 4+ V2ifes A dx? + V2iNde; A d)cz)aJr
+ Ea(V2ibf1 Adx' + V2idf5 A dx® + V2iN6f1 A dxP)o
=2i(erf2 — f1e2)03 + V2i(—=263 1 — 2idex)o+ + V2iQ2er [ + 2iAf2)o—
= [0 (N, 0P WV)].
(6.26)

Similarly one obtains {|Hi3, W(N)[} = [0P(N), 0P\ and {|Ha, W[} = [QP(N),
0% (M)

We can also verify that A = a; dx' 4 a3 dx?> + a4 dx? is indeed a conservation law in the
usual coordinates ¢ and r. In fact, we have that

i

a =ef = —5an (6.27a)
1
az=eifr+erf1 = Z(QN’ —qr), (6.27b)
i i 3 ,, i
as=eifz+erfr+efi = gdm + ganr— g4~ gain. (6.27¢)

Imposing dA = 0 is equivalent to the equations

Oiaz = Dray, (6.28a)
61614 = 63612, (628b)
62614 = 63613, (628C)

which hold on the equations of motion.

7. Conclusions and perspectives

This work constitutes progress towards the understanding of the role played by multi-time
consistency and the application of covariant Hamiltonian field theory to integrable systems,
which is a line of research that started with [21] and continued with [22, 50]. In this paper,
we have presented a new Lagrangian and Hamiltonian multiforms to describe the complete
Ablowitz—Kaup—Newell-Segur (AKNS) hierarchy, and recognised in this description the
main features of integrability, including the presence of an infinite number of conservation
laws and the classical r-matrix structure. Unlike the usual approach to an integrable hierarchy,
our formalism preserves equal footing with respect to all the times of the integrable hierar-
chy, and avoids altogether the infinite-dimensional Hamiltonian formalism in favour of a more
“finite-dimensional’ approach to a field theory. The Lagrangian multiform is written as a dou-
ble generating series in the negative loop algebra, and is proved to satisfy the closure relation.
In turn, via a ‘multi-time Legendre transform’, we obtain a Hamiltonian and a symplectic
multiform, which encapsulate respectively all the covariant Hamiltonians and the symplectic
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structures of the hierarchy. The classical r-matrix structure is found within a multi-time Pois-
son bracket (that is derived from the symplectic multiform), which contains all the single-time
Poisson brackets of the hierarchy. The set of zero curvature equations are obtained as multi-
form Hamilton equations for the complete Lax connection. Conservation laws have a vanishing
multi-time Poisson bracket with the Hamiltonian multiform, emulating the familiar condition
in finite dimensional Hamiltonian mechanics. The well-known fluxes and conserved quantities
are re-obtained naturally from this requirement.

These results point to some interesting open questions. In [50] we have identified a covariant
equivalent of the famous relation ‘H = TrL*’ between the Hamiltonian multiform and the
Lax connection. An open question is if there is such a formula for the AKNS hierarchy as
well, and what are its implications. The conservation laws are obtained in this paper without
resorting to the monodromy matrix [51], and without involving the r-matrix structure at the
group level, which is the starting point of the traditional and well-known (quantum) ISM. This
is in our opinion certainly remarkable, and it needs to be understood whether the monodromy
matrix is really out of the picture and if so, what is the reason. Moreover, we were not able
to relate the closure of the Lagrangian multiform with the ‘mutual involution’ of the single-
time Hamiltonians, which would connect our work to the one of [52]. Finally, we believe that
a similar approach will be useful in describing other integrable hierarchies, such as the ones
containing the (potential) Korteweg—de Vries equation or the sine-Gordon equation, which
were first analysed with a Hamiltonian multiform formalism in [22]. This is left for future
investigation.

As mentioned above, the classical r-matrix structure of a single-time Poisson bracket is the
starting point of a well-established procedure of canonical quantisation [6]. We wish to remark
that this work (together with [21, 22] and partly [50]) belongs to a programme whose overar-
ching goal is a new approach to canonical covariant quantisation of an integrable system, and
builds an important step towards this objective. We believe that the classical r-matrix structure
within the covariant (and multi-time) Poisson bracket can provide a new outlook on how to
perform this canonical quantisation in a covariant fashion.

Data availability statement

No new data were created or analysed in this study.

Appendix A. The e and f coordinates

In this section we discuss some of the properties of the coordinates e and f, which are defined
as

b W)
We remember that we are restricting to the subset where a?(\) + b(A\)c(\) = —1, which means
that a(\) = e(\) f(A\) — i, in fact
12
ey = 2V Tl ma ) g (A2)

i—a(\)  i—a(\)
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We list the first few coefficients of e and f:

6()20, f():()y
1 1
ey = —by, —c,
1 \/El fl \/Z_il
lb 7 1
ey = —=bs, —0C,
2 \/22 2 \/ZZ
1 1 1
e3 = —= (b3 — =bic, |, =—=|c
1 1 1,
ey = Wr <b4 — Zblclbz — 8b1€2> , fa

Conversely, we have that

by = V2iey, 1 = V2if1,
b2 = \/Z_iez, Cy = \/Efz,

b3=\/2_i(e3+ie%f1>, C3=\/E<f3+ielf%>,

(A.3a)

(A.3b)

(A.3¢)

(A.4a)
(A.4b)

(A.4c)

i i i i
by = \/Z_i(€4+ §€1f1€2+ 4€%f2>, cy = \/E<f4+ §€1f1f2+ f%@) .

. k=1
Alsoa=ef —i,soar=>,_,eifr
ag = —Ii, a; =0,

as = e f3+exfr+ fies.

a =ef,

4
(A.4d)

az=efr+efi,
(A5)

It is also useful to express these relations in terms of the usual ¢ and r coordinates (and their
derivatives with respect to x' = x) we have the following identities

by =g, cL=r,
i i
by = 24v € =—35n,

1 1 1 1
b3=—1q11+§q2r, C3:_Zrll+§qr2’
b i +3i i 3

=—= —qri = =1y — —qrr
4 811111 411 qi1, Cq 3 111 411 1»

1 ¥ 1

ey = —q, = —r,
Ve VY

1 i ¥ 1 i

) = —(——(1, = ——==r,
2 \/Zqu 2 \/52 1
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4

g >’ f3: !

= (—tqu+ e
V2i

1 i n 5i n i 2,
ey = —— | —= —qr — ,
4 V2 8Qm 8q q1 16q 1
Conversely:
q=\2iei,  r=V2ify,
q = —V2iiey, = V2i2if>,

qi1 = \/Z (—463 + 3ie%f1) ’
qi11 = \/Z (8i64 + 2oelf1€2 - 2e%f2) ’

L+ 2P
L
Vai \“am T g

).

rin = V2i (=8ifs —20e1 f1f2+2fTe2) -

f_1<i,, S
4—@ 8111 86]1

(A.7c)

i 2
16q1r > .

(A.7d)

(A.8a)
(A.8b)
(A.8¢)

(A.8d)

We can also write the expressions for the derivatives of O with respect to the coordinates

eand f:

i—3a(\)

8Q(>\) B )\—k C()\) P —
de,  i—alV) | _ AN —e(N) ’
2(i — a(\)

b*(\)
200y AF bV =T ay
ofr  Vi—a\) | i—3a(N) b\

T2 W
Therefore we have

Ba,» s
% - fl*ja
ob; ( i—3a(\) )
de;  \2vi—aV) /), ;
dci ( -2 ) B ( —c*(\) )
dej  \2i—aN)/, ;  \20—aN)? ),/
Oai _
3fj - el—ja
ob; ( —e*(\) ) - ( —b*(\) )
of i \2vi—aN )., \26—aNy?), ;/
dci ( i—3a()\) )
of;  \2vi—aN)),_;
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(A.10¢)
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(A.11b)
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Appendix B. Proofs

B.1. Proof of theorem 3.1

Proof. We need to calculate § dK and then § dV. We do so with the help of the generating
functions as follows. Note that

dK = Z (OiK i + OKij + 0;Ky) dx', (B.1)

i<j<k

hence we associate to it the generating function’ D, K(), p)+ O. To obtain § dK, we simply
calculate D, K(\, p)+ O. The same holds for § dV. We will need the following identities:

Tr Q(N)S(D, Q1) = Tr (1)~ ([D, Q(1), Q(N)]
+ D)~ IO, Q()]) dp()
—Tr ()~ '[N, Q()16(Dyip(11)), (B.2)
Tr D,Q(NS6Q(1) = Tr (1)~ [Q(11), D, QM5 o(1). (B.3)
We have that
DK\, ) = Tr (=)' Dusp(u)p(1) ™' Dao(1)Qo + ¢~ (1D Drp(11) Qo
+ o) DN EN) DN — ¢ (VDL DLp(NQ) -
We now apply the J-differential.
6D, K\, 1) = Tr (o() ™" (Duip(u)p(u) ™ Dao()o(p) ™' Q) + Dao(p)p(p) ™!
X QUOD,p(1)p(1) ™" — DyDrp(1)p(1) ™' Q1)) Sp(p)
— ()~ Dap(p() ' Q(I(Dyp(10)
— () QD (1) (1)~ S(Dap(11))
+ o) ' QWD D)) — (A > 1)) - (B.5)

We add the cyclic sum and we select the coefficients of dp(p), dD, (1), etc adding the
corresponding terms from dD)K(u, V).

(B.4)

§dK =Tr ()" (Dup(e(w) ' DAQ(k) — Dap(w)e(1) ™' D, Q(w)) 5ok

— (W) ' DAO(WS(D,p(1) + (1) ' D (S (Drp(p)+ O) -
(B.6)

We do the same for V(\, 1) = m Tr (Q(\) — O(p))>.

1
D,V(\ 1) = Y Tr(D,O(N) — D, Q()(Q(N) — O())
a (B.7)

1
“a—p Tr(D, Q(NO(1) + Dy Q()Q(N)),

7With (9 we mean the cyclic permutations of (v, A, ).
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where we used Tr Q(\)D, Q(\) = Tr Q(u)D, O(1) = 0. We now apply the J-differential.

1
oD, V(A 1) = p Tr (D, QNQ(1) + Q(NI(D, Q1)) — (A < ) (B.8)

and using the identities above we get

1
DV ) = 3= Tr (=)~ "TON), Q18D ()

+ ()™ (1D, 0(), Q] + [Q(1). D,ON)] (B.9)

+ Dyp(u)p(1)~ [N, Q()]) (1)) — (A > ).

We add the cyclic sum and we select the coefficients of dp(p), dD, (1), etc adding the
corresponding terms from 6D,V (p, v).

1
0dV = Tr (=)' T, QWIS (1)) + (1)~ (1D, Q(1), Q(N)]

+ Q). DLON] + Dyp(1)p(1) "' [ON), Q(i)]) b))
(B.10)

+ Tr (o(1) ' [QW), Q) 1S(Drp(11))

— () (IDAO(), Q)] + [Q(1), DAQ(W)]
+ Dyo(p(1) ' TOW), Q(W1) Sp()) + O .

By comparing the coefficients of 0D, ¢(1) and of D y¢(1) we get the desired equation (3.7a).
The equations coming from the coefficients of d(11) are differential consequences of them.
We turn to the closure relation. We are going to use the following identities:

uiu_kiv:(u—txf—v)’ B0
! n ! n ! —0, (B.12)

U= —0) = NE=N @ —m

THOW), 0()1ON) = 0, (B.13)

THON). 0 10() = THQ(). QA IO(). (B.14)

A direct computation shows that the kinetic term brings

D K\, 1) + DAK (1, v) + DK (v, A) = Tr(D, (NN ' D, QM)+ ©)

1
. ( D00+ o)
—

—Tr(—— o).
' <(>\ S0 QO WG+ o)

1
:T _ )\ N :O.
' ((Q o= o) feley Q(V)]Q(M))
(B.15)
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We have that the potential term brings:

1
D,V p) = —5+——2 Te(D,O(N) — D, Q()(Q(N) — O(p)
2\ — )
1 A), 1 )
= L CORLON 6 oy — L e LN 0 o
b= A A—v nw—A w—v
1 1
- THOW), — T , A
G0 TN, QW0 + s THO(0, Q)1
1 1 1
=3 ( - ) Tr[Q(N), Q()]1Q(1)
—pu\A—v pu—v
1
= m Tr[O(N), 01O ().
(B.16)
The cyclic sum then is
( (RN ) THQ(2), QVIQ() = 0
A== ==X == ) e -
(B.17)
so that we have that the Lagrangian multiform satisfies the closure relation d.Z = 0. (]
B.2. Proof of proposition 3.2
Proof. First, we claim that Q" is given by the generating function
QPO = Tr (Qop(V)'dp(N)) - (B.18)

We need to show that % + dQ" = 0 on the multiform Euler—Lagrange equations D, Q()\) =
@’;%(M. For convenience, let us denote 1)(\) := ¢~ '()\). A direct computation shows that

OK (A, 1) = Tr (Dxp(1£)Qodt(11) + Qoo (11)d(Dxp(1s))

(B.19)
— D o(N)Qo0h(N) — Qot(NS(D,p(N))

and

1 1
SV i) =Tr <mw(>\)[Q(>\), Q1PN = 3= (I, Q(u)]éso(u)) .
(B.20)

The coefficient of the generating function QV(\) = Z,fiow,(cl) /N1 are obtained as (note that
(1)
wy =0)
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k
Wi =Tr > Qi

i=1

Hence, for the corresponding form, we have using the variational bicomplex calculus,

do® =d (Z w” A dxk>
k=1
k
(Ocibp j1—i + Vib(Okpja1—i)
-1

Jj<k=l1i
— Oibprs1-i — Vid(Djprsr1—n)) A dx.

The associated generating function is given by

dQPO\ p) = Tr (QoD/,w()\)ésO(/\) + Qo (N)I(D (M)
— QoD \Y(1)dp(1r) — Qorp(1)d(Drp(1n)) -

So the sum 6K(\, 1) — 0V(A, p) + dQV(N, p) reads

1
Tr (1/1(/\)DuQ(>\)5<p(>\) - md}(k)[Q()\), Q()16p(N)

1
—P()D\O(1r) + mw@)[gm, Q(u)]&p(u)) :

This vanishes on the multiform Euler—Lagrange equations

[O(1), O(N)] [QN), O(w)]

DO = =S D =

thus completing the argument. As a consequence,
Q) = 62PN = =Tr (Qop(N) '3\ A (V) 1dp(N)

as required.

B.3. Proof of proposition 4.1

Proof. We start with the general expression of the vertical vector field
& = Z (Ajafj —|—Bj361) ’
j=1

and determine A ;, B; such that £ 1) = JF holds, or equivalently,
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§p_|wk = 5Fk, vV k 2 0

Since wy = 0 we instantly get that Fy has to be constant. The left-

k

Z Z (Ajé,;jéek_ﬁl - Bj(sj,k—i-&-l(sfi)

i=1 j=1

o0

§p_|wk =

k
= Z (Ak_i+1(56i - Bk—i+15fi),

i=1
6f,~> |

whilst the right hand-side is

>

i=

OF
Be,-

OFy

it o,

Comparing the two we get

OFy OF}
—=—=0, Vi>k,
8e,~ 8f, !
8Fk aFk
= Ai—it1, = =By, Vi<k
De: k—i+1 3fi k—i+1 l
The latter brings that
OF; OF 41
:A i :A —(i - 5
aei k—i+1 (k+1D)—(+D+1 3ei+1

and similarly for f;. These conditions are necessary and sufficient.

B.4. Proof of proposition 4.2

Proof. We need to show that

€uoQ=0H where Q=" " 6fn Adexp1mAdxt.

‘We start with the left-hand side

> > K OH OH
En Q= ( 0, N O+
=20 2 (ot g
. (0H

ok

k=1 m=1

lk5k+1 —m, léfm> +

e = 0H.

34

oo ook

2.

i=1 k=1 m=1

(B.28)

hand side reads

(B.29)

(B.30)

(B.31a)

(B.31b)

(B.32)

(B.33)

8 AN 8,) | (5fm AN 5ek+1,m N (5)Ck)

OH
( OikOm,1 0€k+1— m)

(B.34)
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B.5. Proof of theorem 4.6

Lemma B.1. Foreachk > 0, the only non-zero single-time Poisson of a;, b; and ¢;, 0 < i <k,
are given by

{ai,bj}tk = bivj k-1, (B.35)
{a;, Cj}k = —Citj—k-1> (B.36)
{bi,citk = 2aipj 51 (B.37)

For convenience, we use the convention that a coefficient in a series vanishes when its index is
negative. Hence, it is understood that {a;,bj}x = {a;,cj}x = {bi,c;}x = 0 whenever i+ j <
k—+ 1.

Proof. We start with the fact that for any power series o and 3 we have

k
Z Qi firi—k—1 = (@B)iyjk—1- (B.38)

=1
In fact, by limiting the sum only to the non-zero terms:

k i
E iy Bipok-1 = E Qg Bjro—k—1
=1 =k+1—j
it k-1

= > Qirjktm B = (@B)itj k- (B.39)

m=0

We study the case where k +1 — j < j,namely i+ j > k+ 1. If i+ j < k + 1 then the sum
is empty, and the result is zero. We are now ready to compute the following Poisson brackets
using the formulas in appendix A.

k
- Ba,» Bb, _ % 8a,-
{ai bk = ; <3f/2 Oexr1—¢  Of 3€k+1—f>

s (i) ()
_4:1 “\2vi—a JH—k—1 Ni—a),, et (B.40)

ie — 3ae + e*f B ie—3ae—|—(i—|—a)e>
i+ jk—1

_< 2Vi—a )H—j—k—l_( 2Vi-a
=(eVi—@iyjr—1=Dbiyjr 1.
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k
- Bai 8cj BCJ‘ 8a,~
tan et = ; (afz Oerr1-0  Of a€k+lé’>

k e .
= E eié’(.if> - <ﬁ> Sito—k-1
- 2Vi—a k-1 2Vi—a j—t (B.41)

_ (—ef2—f(i—3a)> _ (—f(i+a)—if+3af>
2m it j—k—1 2m i+j—k—1

—(fVi—@iyjr1=—Citji1

k
B Oa; 0Oa; % Oa;
lai b = [z:; <3f¢ Oeryi—r  Of 3€k+1z>

> ((775). (559,00

' . (B.42)
Ni—a), \2Vi—a) 4y
_ (M) _ ((H—a)z —<i—3a)2>
- 4(i — a) it jk—1 N 4(i —a) it j—k—1
=204 k1.
(]

Remark. These Poisson bracket coincides with the {, }_ in [16]. In this instance we don’t
take the Poisson brackets of a;, b;, ¢; for i > k because they do not belong to the kth single-time
phase space.

Proof of theorem 4.6. We start by proving that

0 0 0
oW =Age. E = 00 (B.43)
Of Of k+
This is done for each matrix element. In fact
o0 BQ e .00 100 90 Oe 0
= — = _ =N = = . B.44
der e Bek = Oe AA Oe A Oe ey Oept1 ( )
Similarly 3 dQ = 91?3 By virtue of this result, and since Q, is constant, we have the
following:
BQ, j
B.45
8ek Z 8ek A ( a)
o~ 00\~ 00 Qi1
A= Ll —=r B.45b
3€k+1 Z ey Z aek+1 Z a€k+1 ( )
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92 _ ‘)Q/Jrl
> Oey - ey

If we look at the coefficients in A we see that, for all j and k
obtain that - ‘)Q’ = ngZ%
Finally, We check that the Lax form is Hamiltonian, using proposition 4.1, i.e. that

. Similarly one can

i

20" _ ZAH(% _ Z - 1 0Qk+1 Z}\(zﬂ) (1) 0@t
Oe;

Bej — 8€j+1 8€j+1
. . ' (B.46)
— ZXH —k 9Ok _ aQ('H) it Qo _ dQtD
8e]+1 8ej+1 8€j+1 8€j+1
where we used that Q, is constant. Similarly % ‘)Q() = %%('ii)
J

We now turn to the proof of (4.13). Thanks to the decomposition of the multi-
time Poisson bracket into single-time Poisson brackets, we have that {|W;(\), Wa(w)|} =
[ri2(A, ), Wi(A\) + Wo(w)] if and only for all &k > 0,

{00, 0P ()i = [ria\, ), 0PN + 0P (). (B.47)

Writing QP(\) = 0P (Vo s + 0PN + 0P (\)o, the right hand-side of (B.47) reads

2
[m@m@%»+$wn:;j@Wm—ﬂmmu®m—m®ﬂ>

¢M>QW»

(03 Q@04 —04 ®03)

—-A
) (k)
gﬁ%§!&m®m—m®w’

(B.48)

while the left-hand side is given by

k
)\ k
{Q%RAxQﬁkunk=:§:(}5Z ({aiajhvos @ o3 + {bi,bi}koy @ oy + {cicihio @ o
i,j=0

+{bi,cifioy @ o +{ci,bj}ro- ® oy +{ai,bj}roy ® 0

+{biaj}kor @ o3 +{ai,c;}ros @ o- + {ci,a;}ro- @ 03) .
(B.49)

We now invoke lemma B.1 which gives the necessary single-time Poisson brackets and allows
us to check directly that (B.48) is equal to (B.49). We show it for the 0+ ® o_ component, as
the others are obtained similarly. In the left-hand side we have

2 & . :
@ = 0PN = 1 W =N e

J
Z Npk=i=i-1q,, (B.50)
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while right hand-side is equal to

k k—n—1
()‘:u) n, k—n—m—1
)\tjl+1kl_222)\tkm+lz ZZZ)\M m

i,j=0 i=0 m=0 n=0 m=0
(B.51)

This concludes the proof. (]

B.6. Proof of theorem 5.3

Proof. Note the set of zero curvature equations can be written as

dW(X) = W(A) A W), (B.52)
where the right-hand side is understood as
W) A W) = (Z Q“')(A)dx") A 0P Ndx
i=0 j=0
= > 107\, QPN dx, (B.53)

i<j
and the left-hand side is of course dAW(\) = Y, j(&Q(ﬁ()\) — 9;0”(\))dx". Thus, we have to
prove that
W) A W) = Z{\H,» i W[ dx. (B.54)
i<j

By definition >, {|Hij, W[} = Ew(NadH = >, (Ew(N)20H;j) dx”/, where, using the
expression (4.12) for £, (\), we find

L (009N 0Hy 90PN OH,
€W(A)J5H,~j—k§:l ( 9ei 0f, " o, aek>' (B.55)
Hence (B.54) is equivalent to, for i < j,
: L 100®0\) OH;  A0M(N) OH;;
(i) () _ ij ij
10700, 001 =3 ( - aek). (B.56)

k=1

We prove the latter in generating form as follows. We multiply both sides by x~"~'v~/~! and
form the following sums over i and j

ZZ peT ,+1 [07(\), 0V

Jj=0 i=0

&1 K (0090 ol 00 OH,
-3y f+1w'+1k§_:l< der Ofc  Of aek>' (B:37)

Jj=0 i=0

We can rearrange the sums in the right-hand side to get

38



J. Phys. A: Math. Theor. 54 (2021) 235204 V Caudrelier and M Stoppato

oo oo 1 oo oo 1
ZZZW(W):ZZZW(W)’ (B.58)

=1 =k i=o k=1 j=0 i=0

where we have used the fact that H;; depends only on ey,...,e; and f{,... ,fj in the sec-
ond step to extend the sum over j from O instead of k. We can similarly form the sums with
1+ v and use the same trick to rearrange the sums in the right-hand side. Using the anti-
symmetry of both left and right-hand side of (B.56), we come to the following generating form
of (B.56)

o0

1 ,
D Q0. 0V
i,j=0
(B.59)
_ i 00PN 9 i Hj 90"\ 0 i Hj;
po Oey afki,j:() Mi+1,/j+1 ofi 3eki7j:0 Mi+1,/j+1
ie.
[Q(1), Q)] = QPN OH (1 v) =~ QP N) OH (1, v)
RS VIS ViaD Dy et T AP DR T A T (560
where we have used
< 0w
Z ¢ J(ri\) = o : (B.61)
— M H—=A
We now show that (B.60) holds by computing its right-hand side recalling that
1
H(p,v) = s— Tr(Q(n) — QW))*. (B.62)

2w —p)

For convenience, denote a(j1), a(v), a(\) by a, d’, d” respectively and similarly for b and c. We
have

OH(p, v) 1 (3Q(M) 8Q(V))
= T - - B.63
Df - r oFs o (Q(p) — () ( )
and
L o090 - 00w
— Mk; G T 57, QW = QW)
b2
R R o ¢/ OV R N R v (a —d b- b’)
V=i dey  pki—a i—3a b c—c d—a
2
1 & 00%W) 1 W be—)  (i—3a)b-Db)
_I/—/J,kz:; Oe; uk\/i—a<2b(a_a)_ 2(i — a) + 2 )
ok 0 0w 1 N b(c—=c) | (i—3a)b-Db)
_(V—u)aelu—)\\/i—a<2b(a @) 2(i — a) + 2 >
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1 1 bc—c)  (i—3a)b—b)
= 20(a—d) —
<u—u)<u—A)i—a<b(“ D T 2
i—3a
C
x 2 2 ], (B.64)
C2i—a)
where we have used that >~ | Q/;—,f) = u(%’i; — %) and that Q) is constant. Similarly, we have
1 <= 900\ 90(v
522N 1 290 ) — oy
V—u —l 661 Bfk
1 1 b —c)  (i—3d)b—b)
= 2b'(a —d) - +
W —Ni—d ( AT 2 (B.65)
, i—3d
C
X 2 2 s
- '
2(i — a)

o0 (k)
L 59070 o, age(:‘)@(u) — QW)

v—pi=  0fy
1 1 Ab-b) (i—3a)c—Cc)
= 20(a — d') —
o= Ni—a e 5Ty 2 ) (B.66)
b2
2(i—a)
X
i—3a b
2
and
1 o= 90®(\ o00(v
G- 1 90 6y — 0wy
v—pi=  0fy Oey
1 1 Pb—b)  (i—3d)c—c)
= 27(a —d) —
W —Ni—a 2T 5T 2 ) (B.67)
;b
% 2(i —a')
i—3d Y
2
We collect all the contributions on the o3 component for instance (the other two are obtained
similarly). The numerator of m is
2 A v _ b/
Ny = 2bea—ay— Le= ) U=3acb=cbh
2(i — a) 2
b2 (b —b) B (i — 3a)(bc — bc')
2(i — a) 2

40



J. Phys. A: Math. Theor. 54 (2021) 235204 V Caudrelier and M Stoppato

 — 3
= (=2 4 c'b* + b P —bb' ) + ! a(cb —¢b' — be + bc')
2(i — a) 2
b j —3
TG - e —vo+ %(bcl —<b)
— (i — a)(bc' — be) (B.68)

,where in the last equality, we have used that bc = —1 — a® = (i — a)(i + a). Similarly, the
numerator of WVW is —(i — a')(bc’ — b'c), by simply swapping  and v. So, in total
the o3 component of the right-hand side of (B.60) is given by

bd — b 1 1 bc' — b
€ - —_re-oe (B.69)
v—p \p—A v-—2A (=N =N
This is exactly the coefficient of the 03 component of &%‘% as is readily seen. The other
components are dealt with in the same way, and are omitted for brevity. ([
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