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Abstract

Lagrangian multiforms provide a variational framework to describe integrable hierar-
chies. The case of Lagrangian 1-forms covers finite-dimensional integrable systems.
We use the theory of Lie dialgebras introduced by Semenov-Tian-Shansky to con-
struct a Lagrangian 1-form. Given a Lie dialgebra associated with a Lie algebra g and
a collection Hy, k = 1,..., N, of invariant functions on g*, we give a formula for
a Lagrangian multiform describing the commuting flows for Hy on a coadjoint orbit
in g*. We show that the Euler-Lagrange equations for our multiform produce the set
of compatible equations in Lax form associated with the underlying r-matrix of the
Lie dialgebra. We establish a structural result which relates the closure relation for
our multiform to the Poisson involutivity of the Hamiltonians Hj and the so-called
double zero on the Euler-Lagrange equations. The construction is extended to a gen-
eral coadjoint orbit by using reduction from the free motion of the cotangent bundle
of a Lie group. We illustrate the dialgebra construction of a Lagrangian multiform
with the open Toda chain and the rational Gaudin model. The open Toda chain is
built using two different Lie dialgebra structures on s[(N + 1). The first one possesses
a non-skew-symmetric r-matrix and falls within the Adler—Kostant—Symes scheme.
The second one possesses a skew-symmetric r-matrix. In both cases, the connection
with the well-known descriptions of the chain in Flaschka and canonical coordinates
is provided.
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1 Introduction

The concept of Lagrangian multiforms was introduced in [1] with the objective of pro-
viding a variational criterion of integrability. The pioneering insight was inspired by
the well-established criterion for integrability known as multidimensional consistency
[2, 3] which is the discrete analogue of the property of commuting (Hamiltonian) flows
for a dynamical system sitting in an integrable hierarchy. It was proposed to introduce
a generalised action and a variational principle, involving a new object (a Lagrangian
multiform), to capture purely variationally multidimensional consistency. This idea
grew quickly, first in the discrete realm, see [4] and references therein. Over the last
decade or so, the universality of this idea and its connections with more traditional
features of integrability (Lax pair, Hamiltonian structures) has been illustrated in many
other incarnations of integrable systems: finite-dimensional systems [5] followed by
[6, 7], continuous infinite-dimensional systems—field theories in 1 4 1 dimensions
[8—14]andin 241 dimensions [15, 16]—and semi-discrete systems [ 17]. The relations
between discrete and continuous multiforms were explored in [18]. The concept was
even extended recently to non-commuting flows in [19]. In general, a Lagrangian mul-
tiform is a d-form which is integrated over a hypersurface of dimension d in a so-called
multi-time space of dimension greater than d to yield an action functional depending
not only on the field configurations but also on the hypersurface. This last point is the
main departure from a traditional action and principle of least action. One postulates
a principle of least action which must be valid for any hypersurface embedded in the
multi-time space. This is the postulate which captures the idea of the commutativity
of the flows and which was adopted as a definition of pluri-Lagrangians, see [7, 13]
and references therein. In Lagrangian multiform theory, there is an additional postu-
late, the closure relation which is the direct counterpart of the Poisson involutivity of
Hamiltonians, the Liouville criterion for integrability.
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The generalised variational principle produces equations that come in two flavours:
1) Euler-Lagrange equations associated with each of the coefficients of the Lagrangian
multiform which form a collection of Lagrangian densities; 2) Corner or structure
equations on the Lagrangian coefficients themselves which select possible models and
ensure the compatibility of the various equations of motion imposed on a common
set of fields. Classifying all possible Lagrangian multiforms along these lines would
amount to classifying all integrable hierarchies. In practice, it is a nontrivial task to
obtain all the Lagrangian coefficients of a multiform which produce compatible equa-
tions of motion. Beyond brute-force calculations to solve the corner equations [9],
several works have used the idea of variational symmetries to achieve this goal [7,
10, 13]. This produces an algorithm to construct the Lagrangian coefficients one
after the other from a given initial Lagrangian. Although perfectly fine in theory,
this can become quickly unmanageable in practice and usually formulas for only a
few Lagrangian coefficients are obtained. It also has the disadvantage of singling out
some independent variables in the hierarchy which then appear as the so-called alien
derivatives in the higher Lagrangian coefficients.

More recently, another approach was introduced which takes a more global view on
a hierarchy and provides an efficient way of describing all the Lagrangian coefficients
in one formula [12, 14], see also [16]. A key insight in [12, 14] was the incorporation
in the Lagrangian multiform of key ingredients known in the Hamiltonian framework
for integrable hierarchies, in particular the classical r-matrix, as well as the “com-
pounding” of hierarchies following [20]. This paper draws and expands upon this
insight and is concerned with Lagrangian 1-forms which allow one to treat integrable
hierarchies of finite-dimensional systems. Specifically, we show how the theory of
Lie dialgebras [21] can be used to construct systematically a Lagrangian multiform
for any finite-dimensional system which falls within the Lie dialgebra framework.
The latter incorporates and generalises the perhaps more well-known Adler—Kostant—
Symes scheme [22-24]. In terms of versatility, this goes beyond the results of [12,
14] which were confined to skew-symmetric classical r-matrices. The Lie dialgebra
framework can easily accommodate the non-skew-symmetric case. For conciseness,
we only illustrate this versatility and our construction on two famous models: the open
Toda chain and the (rational) Gaudin model. However, the construction can in principle
cover a much larger range of models which falls into the 7-matrix scheme, see [25] for
a description of many such systems including classical tops. To our knowledge, only
one instance of a Lagrangian description of the AKS scheme has been proposed before
in [26]. Compared to the present paper, [26] is limited to the AKS scheme and provides
only one Lagrangian corresponding to the quadratic Hamiltonian Tr L?/2 (the idea
of Lagrangian multiforms was not yet available at that time). By using ideas from
Hamiltonian reduction, we produce a Lagrangian multiform on a general coadjoint
orbit which encompasses the results of [26] as a special case.

Our main results are:

1. The definition (3.1)-(3.3) of a Lagrangian multiform from the data of a Lie dialge-
bra and the proof that its multi-time Euler—Lagrange equations produce a hierarchy
of compatible equations in Lax form, Theorem 3.2.
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2. For this Lagrangian multiform, the derivation of an identity relating its closure
relation, its Euler—Lagrange equations and the Poisson involutivity of associated
Hamiltonians, Theorem 3.3.

3. The construction of a Lagrangian multiform from the reduction of a “free”
Lagrangian on the cotangent bundle 7*A of a Lie group A and the connection
with the above Lie dialgebra case.

4. Explicit Lagrangian multiforms for the open Toda chain and the rational Gaudin
model.

The paper is organised as follows. In Sect.2, we briefly review the notions of
Lagrangian multiforms and Lie dialgebras that we need. Section3 introduces the
Lagrangian multiform and contains two main results, Theorems 3.2 and 3.3. Sect. 4
deals with another main result. We recast our results in the context of reduction from
free motion on the cotangent bundle of a Lie group and produce a Lagrangian multi-
form on a general coadjoint orbit. We show how to recover the case of a Lagrangian
multiform associated with a Lie dialgebra described in Sect.3. In Sect.5, we illus-
trate the construction for the open Toda chain associated with a Lie dialgebra via
a non-skew-symmetric r-matrix. We present explicit expressions for the Lagrangian
coefficients and relate our results to the well-known formulations of the Toda chain
in Flaschka and canonical coordinates. In Sect. 6, the same open Toda chain is used
to illustrate our construction in the case of a skew-symmetric r-matrix. We also relate
our results to the description in Flaschka and canonical coordinates. Section 7 is con-
cerned with the rational Gaudin model and is the opportunity for us to show how
our Lagrangian multiform operates in the case of an infinite-dimensional Lie algebra
which accounts for the presence of a spectral parameter in the Lax matrices. Although
it deals with a finite-dimensional Gaudin model, this section bears a lot of similari-
ties with the framework introduced in [14] for integrable field theories. We end with
concluding remarks in Sect. 8.

2 Background material
2.1 Lagrangian 1-forms
We review in more detail the notion of Lagrangian multiforms that we need, restricting

our attention to Lagrangian 1-forms since our aim is to describe integrable hierarchies
of finite-dimensional systems. The basic object is a Lagrangian 1-form

N
ZLlq) =Y Llqldy @.1)
k=1

and the related generalised action

S[g.T] = /F 241 22)
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where T is a curve in the multi-time RY with (time) coordinates t1, ...,y and ¢
denotes generic configuration coordinates. For instance, g could be a position vector
in R? for some d, or as will be the case for us, an element of a (matrix) Lie group.
The notations .Z[¢g] and .Z;[¢] mean that these quantities depends on ¢ and a finite
number of derivatives of g with respect to the times 71, ..., ty. In this paper, we
restrict ourselves only to the case of first derivatives and simply write .%; for the
Lagrangian coefficients. The application of the generalised variational principle leads
to the following multi-time Euler—Lagrange equations [6]

0.% 0.%
&Lk _ sz £ =0, 2.3)
aq gy,
0.%

K—o0, ¢#k, (2.4)
8(/];({
0.% 0.%

k_ 220k e=1,....N. (2.5)
gy, g1,

Note that (2.3) is simply the standard Euler—Lagrange equation for each .. Condition
(2.4) states that the Lagrangian coefficient .} cannot depend on the velocities g;, for
£ # k. The last condition (2.5) requires that the conjugate momentum to g be the same
with respect to all times #;. The closure relation then stipulates that

dZlql=0 & 8.2 —8,% =0, (2.6)

on solutions of (2.3)-(2.5).

2.2 Lie dialgebras and Lax equations

Here we collect facts from the theory of Lie dialgebras as defined in [21, Lecture 2],
see also [27, Chapter 4]. Proofs are omitted for brevity and the reader is referred to
[21, 27] for details. We emphasise that Lie dialgebras are different from the perhaps
more familiar Lie bialgebras appearing in Drinfeld’s theory of Poisson-Lie groups.
Connections and differences between these two structures are discussed in [21] and
[28].

Let g be a matrix Lie algebra, with matrix Lie group G, and g* its dual space. We
have the usual (co)adjoint actions! for all EegtX,Yeg geg,

ady - Y =[X,Y], (ady-§)(Y) = —&(adx - ¥) = —£([X, Y], 2.7
Adg- X =gXg™', Ad-E(X)=&(Ad, 1 X). (2.8)

The space g* can be endowed with the Lie—Poisson bracket defined by

{f.8}) =& [VfE), Vg®D, f,geC7(@), 2.9)

! For simplicity, we only work with matrix Lie algebras and corresponding Lie groups.
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where we introduced the convenient notation ( , ) for the natural pairing between
g* and g: £(X) = (&, X). The gradient V f (&) is the element of g defined from the
differential § f (£) by using the pairing

3/ @) = lim JExem = &) _ () v s (2.10)

€

The Lie-Poisson bracket is degenerate in general and the Ad*-invariant functions on
g* are the Casimir functions. Its symplectic leaves are the coadjoint orbits of G in
g*. The restriction to a coadjoint orbit gives rise to the Lie—Kostant—Kirillov—Souriau
symplectic form wx k.

Let R : g — gbe alinear map. Itis a solution of the modified classical Yang—Baxter
equation (mCYBE) if it satisfies

[R(X), R(Y)] = R([R(X), Y]+ [X,R()]) = —[X, Y], VX, Y €g. (2.11)

By abuse of language, we will call a solution R of (2.11) a (classical) r-matrix, in
relation to the fact that with R one can associate r € g®g (which is whatis traditionally
called the r-matrix) when g is equipped with a nondegenerate ad-invariant symmetric
bilinear form ( , ) (e.g. the Killing form when g is a finite-dimensional semi-simple
Lie algebra). A famous example of an r-matrix arises in the case where g admits a
direct sum decomposition (as a vector space) into two Lie subalgebras

g=0+Dg-. (2.12)

Then, R = P4 — P_ is a solution of (2.11), where P is the projector on g+ along

gF.
Given a solution R of the mCYBE, one can define on the vector space g a second
Lie bracket

1
[X.Y]r = 5([R(X),Y]+[X,R(Y)]). (2.13)

The corresponding Lie algebra is denoted by gg. We therefore have an adjoint action
of gr on itself and a coadjoint action of gg on g* (g and gg, being the same vector
space, have the same dual space)

ad® .Y =[X,Y]lg, VX,Yeg, (2.14)
(ad*y - £)(Y) = —(¢, ad¥ vy =&, [X,YIp). (2.15)

The algebraic significance of the mCYBE and of the second Lie bracket [ , ]g is
given by the following results which lead to essential factorisation properties under-
lying integrable systems. The key objects are the maps

Ry = % (R +id). (2.16)
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Proposition 2.1 Ler g+ = Im Ry. Then,

1. Ry :gr — g are Lie algebra homomorphisms:
Ry (X, Y1g) = [Re(X), Re(Y)]. (2.17)

In particular, g+ C g are Lie subalgebras of g.

2. The mapping ig : gr — 9+ D g, ir(X) = (R+(X), R_(X)) is a Lie algebra
embedding. Thus §gr = Imig is a Lie subalgebra of g+ @ g_.

3. The composition of the maps

IR:GR =~ 9+ ® g, X > (Ry(X), R_(X)), (2.18)
followed by
a:g+Pg-—>g Xy X)Xy —X_, (2.19)

provides a unique decomposition of any element X € gas X = Ry (X) — R_(X).

Note that R — R_ =id and

[X,Y]g = Ry ([X, Y]R) — R—([X, Y]Rr)
= [R1(X), R- (V)] = [R—(X), R-(V)]. (2.20)

We can express the actions of gg in terms of those of g. For convenience, we write
X4+ = Ry (X) for X € g. Then,

1 1
ad® .y = zadR(X) Y + zadx “R(Y)=ady, - Yy —adx_-Y_, (2.21)

1 1
ad*R . £ = SR &+ S R*ady - §) = Ri(ady, -§) — R (ad}_-8),

(2.22)

where the adjoint A* : g* — g*ofalinearmap A : g — gisdefined by (A*(&), X) =
(&, A(X)).

The application of this framework to integrable systems hinges on the interplay
between the two Lie—Poisson brackets one can define on g*. Indeed, having a second
Lie bracket, we can repeat the definition (2.9) to obtain

{f.8}r() = (&, [Vf(E), Vg@©)]r). (2.23)

A similar conclusion holds: the symplectic leaves are coadjoint orbits of G, the Lie
group of gg, in g*. The restriction to a coadjoint orbit gives rise to the symplectic form
which we denote by wg. It is the interplay between these two structures that provides
integrable systems whose equations of motion take the form of a Lax equation. For
this last part, one needs one more ingredient: an Ad-invariant nondegenerate bilinear
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symmetric form ( , ) on g. It allows to identify g* with g and the coadjoint actions
with the adjoint actions. Specifically, one has

Theorem 2.2 The Ad*invariant functions on g* are in involution with respectto{ , }g.
The equation of motion

d
oL =L Hk (2.24)

induced by an Ad™invariant function H on g* takes the following equivalent forms,
for an arbitrary L € g*,

d

1
R
L=, L =5 adkona L =adi,ohq - L. (2.25)

When there is an Ad-invariant nondegenerate bilinear form { , ) on g so that we can
identify g* with g and ad* with ad, the last equation takes the desired form of a Lax
equation for L € g,

d
EL =[M+,L], Mi=RiVH(L). (2.26)

The proof can be found for instance in [27] and we only elaborate on certain points
which will be useful for our purposes below. The crucial point is to exploit the Ad*-
invariance of the function H defining the time flow. The latter means that the following
property holds

ad@H(S) E=0 & (&, [VH(E),X]) =0 Veéeg", VXeg. (27
Thus, for any two Ad*-invariant functions H; and H>,

(Hy, Hh}r(§) = (§,[VH(§), VH2(8)]r)

1
= E(S’ [RVH(§), VH2(§)]+[VH(§), RVH2(§)]) =0. (2.28)

For any function f on g*, the time evolution associated with the Ad*-invariant H with
respect to the Poisson bracket { , }g is defined by

d
g/ (D =1f Hir(L),

d 1
<EL’ Vf(L)> = (L. IVf(L), VHL)]g) = =5 (L. [RVH(L) , Vf(L)])

1
= (ad®% L. Vf(L) = 5 @dionqy L. VL),
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Finally, in view of (2.13) and (2.27), we have
adfeVH(L) L= Zadfeivﬁ(L) L, (2.29)

thus establishing the various equivalent forms of the equations in (2.25) (by restricting
f to be any of the coordinate functions on g*).

The involutivity property (2.28) ensures that we can define compatible time flows
associated with a family of Ad*-invariant Hamiltonian functions Hy, k = 1, ..., N.
If one can supply enough such independent functions, or work on a coadjoint orbit of
low-enough dimension, one obtains an integrable system described by an integrable
hierarchy of equations in Lax form (again using the identification provided by { , ))

9L =[RLVHu(L),L], k=1,...,N. (2.30)

The typical example of an invariant function Hj is given by Hy = ﬁ Tr(L5).

For our purposes, the Lie groups associated with g and gg will be important. We
introduce G and G as the (connected, simply connected) Lie groups defined for g
and gr respectively. For simplicity, we only think of matrix groups in this paper. Only
in special circumstances are G and G g diffeomorphic. In general, this is only true in a
neighbourhood of the identity where the crucial difference between the two groups lies
in their multiplications induced by [ , ]Jand [ , ]r respectively. The homomorphisms
R give rise to Lie group homomorphisms (which we denote by the same symbols)
and we obtain a factorisation at the group level. With ¢ = eX, X € g, we have

Ry g = efX, (2.31)

Specifically, let G+ = R1(Gpr) be the subgroups of G corresponding to g+. The
composition of the maps

iR:Gr = Gy xG_, g (Ry(g),R_(9)), (2.32)
followed by
m:GyxG- - G, (8+,8-)— &+ g:1, (2.33)

allows us to factorise uniquely an arbitrary element g € G (sufficiently close to the
identity) as

g=2g+8"". (8+.8-) € Gg =Imip. (2.34)

An element g € G can be identified with its image (g4, g—) € Gr C Gy x G-
and the multiplication -g in G is most easily visualised using the homomorphism

property
ir(g-rh) =ir(g) *ir(h) = (g+hy, g-h-) (2.35)

where = is the direct product group structure of G+ x G_. This is usually shortened
to
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34  Page 10 of 52 V. Caudrelier et al.

g Rh=1(g+hy, g-h-). (2.36)
The group G g acts on gg by the adjoint action and on g* via the coadjoint action

Ad{ - X=grXrg'. VXegr. gcGr, (2:37)
Adg*-g(X)z(g,Adg,l-X), VgeGr,Ecg’, Xegr. (2.38)

Remark 2.3 When writing using the suggestive notation g -z X -z g~ for the adjoint
action, we tacitly view - as an associative product on the matrix Lie algebra and its
Lie group. Strictly speaking, this is not possible if R is a solution of (2.11). It becomes
possible for instance if g is an associative algebra and we require R to be a solution of
the associative Yang—Baxter equation R(X) R(Y)—R(R(X) Y+ X R(Y)+XY =0,
see [29]. Thisimpliesthat X-gpY = % (R(X)Y 4+ X R(Y)) defines a second associative
product on g and allows us to view [X, Y] as the commutator X -g ¥ — Y g X, in
complete analogy with [X,Y] = XY — Y X. We will assume that -5 is such an
associative product in the rest of this paper and use the consequences, e.g. [X, Y]r =
X rRY—-Y rX.

The following relations are most useful in the practical calculations of the examples
discussed below. With g1 = R1 g, X4+ = R+ X, g € Gg, X € gr,

Adf X =g X 87 —g X g7", (2.39)
Adg* &= Ri(AdZJré) — Ri(Adzﬁ), VE e g*. (2.40)
Thus, the dual space g* hosts two coadjoint actions of G and Gg, as it does with

the two coadjoint actions of the Lie algebras g and gr. The last main result of this
framework is known as the factorisation theorem, see e.g. [21, 27, 30].

Theorem 2.4 Consider the system of compatible equations with the given initial con-
dition

L =adp, gy L, k=1,...,N, L@O,...,00=Loeg" (241

Denote (t1, ..., ty) = tfor conciseness. Let g+ (t) be the smooth curves in G which
solves the factorisation problem

e~ Tt iVHLO) — o ()7 g (), g1 (0) =e. (2.42)
Then, the solution to the initial-value problem (2.41) is given by
L(t) = Ad;(t) -Lo= Ad;(t) - Lo, (2.43)
and g+ (t) satisfy

0y 8+(t) = RV H(L(1)) g+(t). (2.44)
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This result shows that the solution lies at the intersection of coadjoint orbits of G and
G r. Combined with the fact that the coadjoint orbits provide the natural symplectic
manifolds associated with the corresponding Lie—Poisson bracket, this means that the
natural arena to define our phase space, i.e. where L lives, is a coadjoint orbit of G
in g*

Op ={AdS* - A; ¢ € Gg}, forsome A € g*. (2.45)

In the Lagrangian multiform theory, the prevalent idea is that one should think of
an integrable system as an integrable hierarchy, in a way completely similar to the
Hamiltonian integrable hierarchy we have just recalled. This leads us to work with the
space where (t1, ..., ty) = t lives: the multi-time space. Since the flows commute,
the multi-time is simply (a subspace of) RN x (§1)2, Ny + N, = N (in general
we should allow for the possibility of having periodicity in some of the independent
variables t1, ..., ty). The generalisation to the case where the vector fields giving the
flows no longer commute but still form a Lie algebra was considered in [19] and leads
to the consideration of the multi-time space being a (non-abelian) Lie group.

2.3 Extension to loop algebras and some special cases

The essential results of the Lie dialgebra construction discussed above extend to the
infinite-dimensional setting, e.g. the case of loop algebras.” The latter is relevant
when one needs Lax matrices with spectral parameters. This is typically the case for
integrable field theories but it can also be required for some finite-dimensional systems
such as the closed Toda chain or Gaudin models. We will present the extension of the
Lie dialgebra construction to this infinite-dimensional setting via the Gaudin example
in Sect.7 and we refer the reader to [21, Lecture 3] for more details.

There are special cases of the Lie dialgebra framework that may be more familiar to
the reader and will play a role in our examples below. They both arise when g admits
a direct sum decomposition (as a vector space) into two Lie subalgebras

g=0+Dg-, (2.46)

and we take R = P, — P_, where P4 is the projector on g+ along g-. The decom-
position of g induces the decomposition

=gl ®dg". (2.47)

Using a nondegenerate ad-invariant bilinear form on g, we can identify g} with g#.
The first special case, which historically is at the origin of the so-called Adler—

Kostant-Symes scheme [22-24] is obtained as follows. We fix A to be in g* and

consider the coadjoint orbit of elements L = Adf* - A. As aresult, only the subgroup

G_inGg >~ G4 x G_ plays arole since L = Adg* -A = —RZ(Adj -A)and the

2 There are several subtleties related to duals in infinite dimensions and completions which we do not touch,
keeping a less rigorous but more approachable exposition.
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coadjoint orbit Oy lies in g* . This is the historic setup which can be used to formulate
the open Toda chain in Flaschka coordinates. R is not skew-symmetric in this case.
We will present this example in Sect. 5 where details on our Lagrangian multiform for
this model will be given.

The second special case is a further specialisation where g4 are isotropic with
respectto ( , ), meaning

(9+.9+) =0

and implying that g, can be identified with g+ = gi. This case can arise with loop
algebras and will be discussed in Sect. 7 in relation to the Gaudin model. In this case,
R is skew-symmetric, i.e.

(RX,Y) = —(X,RY), VX,Y €.

Note that we will also illustrate the case where R is not defined from a decompo-
sition into two subalgebras but rather from a decomposition into nilpotent and Cartan
subalgebras. This different setup is accommodated without problems into Lie dialge-
bras. Interestingly, it can also be used to describe the same open Toda chain as in the
AKS scheme and this will be illustrated in Sect. 6. The underlying algebraic structures
are very different, though. In particular, R is skew-symmetric in this case while it is
not in the AKS formulation, showing that the same Toda chain can arise from two
distinct constructions.

3 Lagrangian multiform on a coadjoint orbit
3.1 The Lagrangian multiform and its properties

Recalling our comment about the coadjoint orbits of G g in g* being the natural arena
for an integrable hierarchy, let us introduce the following Lagrangian 1-form

N
ZLlpl =) Zdy = Klg]l - Hlg] 3.1
k=1
with kinetic part
N
Kipl=Y" (L dp ro™" ) du, L=AdR A, peGr  (32)
k=1
and potential part
N
Higl = ) Hi(L) dix. (3.3)
k=1
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The field ¢ € Gg contains the dynamical degrees of freedom and, as we will see,
the Euler—Lagrange equation will take a natural form when expressed in terms of
L= Adf;* - A. A is a fixed non-dynamical element of g* which defines O, the phase
space of the model. Each Lagrangian .%} in the Lagrangian multiform has a structure
comparable to the familiar Lagrangian pg — H in classical mechanics. The potential
part is expressed in terms of Ad*-invariant functions Hy € C*°(g*) and we suppose
we have N of them.?

Remark 3.1 We emphasised that one important ingredient in producing equations of
motion in Lax form from the coadjoint orbit construction is to use an Ad-invariant
nondegenerate bilinear symmetric form ( , ) on g toidentify g* with g and the coadjoint
action with the adjoint action. The reader could therefore wonder why we have written
our Lagrangian multiform using the pairing ( , ), an element A € g* and functions Hy
on g*. The point is that we found that it was less confusing to do so when deriving results
in general and in examples, in order to identify correctly the subalgebras involved in
the decomposition of g and g*. However, we cannot stress enough that ultimately
we always use the bilinear form ( , ) to make all the identifications and indeed
obtain equations in Lax form, whether this is clearly mentioned or not. Hopefully, this
understanding will make the exposition easier to follow.

We can now formulate our first main result.

Theorem 3.2 The Lagrangian 1-form (3.1) satisfies the corner equations (2.4)-(2.5)
of the multi-time Euler—Lagrange equations. The standard Euler—Lagrange equations
(2.3) associated with the Lagrangian coefficients £ take the form of compatible Lax
equations

L =[R+VH(L), L], k=1,...,N. 3.4
The closure relation holds: on solutions of (3.4) we have
3,,{3/—8[]..,7](:0, ],kzl,,N

Proof 1tis clear that each .Z} does not depend on 9;,¢ for £ # k so the corner equation
(2.4) is satisfied. To see that (2.5) holds, it is convenient to introduce local coordinates
¢o, ¢ = 1,..., M, on the group Gr. The only source of dependence on velocities is
in the kinetic term of .%. Now

(AdF* - A by o) =

= Z <A7 Qo_l ‘R _) 8tk¢ot = Zna 8l‘k¢a
0

a=1

(3.5)

3 At this stage, we do not necessarily have that N is exactly half of the dimension of O, . As in the AKS
scheme, this needs to be addressed in specific cases by choosing a coadjoint orbit of appropriate dimension
to ensure Liouville integrability. We will not worry about this for now as our construction follows through
anyway.
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where we have introduced the momentum
_ dp
rra:<A,(p I.R—> (3.6)

conjugate to the field ¢ . Thus,

92
9 (3 90)

:]‘[a

is independent of k. The remainder of the multi-time Euler Lagrange equations consists
of the standard Euler-Lagrange equations for each .%%. We compute

52 = (8L, duo-re™ )+ (L 8Guore™)) = 0H(L), BT
with*
SL = adgjw,l L (3.8)
and

SHL(L) = OL, VH(L) = = (L. [s¢r ™" VHL(L)] )

1

_ 1 _
=3 <L, [RVHk(L), 50 R @ ]) = (ad;VHk(L)-L, 50 R @ 1) .

So,

6L = (adfs Loy ke )+ (L, 8 @) ko)
- (L, o R RO R ) + % (adZde(L) L, d¢ R ¢_1>
= (adf(;R(p_. L, 3,9 R (p_l) - <3sz, S¢ R ¢_1>
+ (L, 8¢ r¢™" R O9 R <P71)
+ 9y, (L, ¢ -r 90_1> - (L, @ e RS R (P_l)

1 .
+ 5 (adromay L. S0 ro™)

4 More rigorously, the notation § L means the tangent vector to O, at the point L induced by the element
X € gg which we write more suggestively as ¢ -g @ 1. The latter notation is closer to the more familiar
one in variational calculus using matrix-valued fields.
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- (adﬁjw" Lo R (‘0_1) B (adt'lfi:ww’l L 0¢eR (p_l)

- - 1 -
+(L, [&p-mp DY 1]R>+§(ad’§VHk(L)-L,8¢~R¢ 1)
+oy (L. 89re™).

The first and third term cancel each other. In the second term we recognise

adR* _y - L =9, L. Hence,
atkfﬂ'R(/’

1 _ -
8L = <_8tkL+ Ead;VHk(L) “L,d¢-ro 1) + 9y (L’ So-ro 1)
and we obtain the Euler-Lagrange equation for each % as
1 *k
oL = 3 adpyp, 1) - L- 3.9)

Now recall that % adyy ma L= ad}‘,‘eiv (1) * L and that, with g being equipped
with an Ad-invariant nondegenerate bilinear form, ad}}iv HL) L is identified with
[R+V Hi (L), L]. Thus, we have obtained (3.4) variationally as desired. That this set
of equations is compatible follows from the commutativity of the flows which is a
consequence of the mCYBE and the Ad-invariance of H; as we now show. Going
back to having L € g* and evaluating its derivatives on a fixed but arbitrary X € g,
we have

1
(04 01, L)(X) = ==y (L. [RVH;(L), X])

Il
=
=~

L, [RVHi(L), [RVH;(L), X11)

—— (L, [RIRVH(L), VH;(L)], X]) .

Hence, using the Jacobi identity

(L. [[RVH(L), RVH;(L)], X])

-

([« 3, 1L)(X) =

1
-2 (L, R(IRVHy(L), VH;(L)]
+[VHi(L), RVH;(L)]), X])

1
=~ (L. [IVH(L). VH;(L)]. X]) =0

where we use the mCYBE in the second equality and property (2.27) in the last step.
We now establish the closure relation, i.e. d.Z = 0 on shell. It turns out that the kinetic
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and potential contributions vanish separately. We have
at,-‘Zk - 3tk«§/ﬂj = atj (L, 0@ "R ‘P_l) — Oy (L, 3;;‘/’ ‘R ‘/’_1)
—0;; Hi (L) + 0y Hj(L). (3.10)

Now, using (2.27), we find
1
3 Hi (L) = (ath, VH(L)) = - (L, [RVH;(L), VH(L)]) =0. (3.11)

Thus, it is a direct consequence of the Ad*-invariance of H that the potential contri-
bution to d.Z is zero on shell. We are now left with just the kinetic terms which can
be rewritten as

(B,jL, 8,0 R w") _ (a,kL, o0 R ) + (L, 31, (9,9 & so"))
— (L. 00 r9™))
= (8th7 0, ¢ R (P_l) - (atkL’ 3t,~§0 ‘R (0_1)
+ (L, 00y p R~ — 3y r §071)
+ (L, I R I 0~ — Oy R D™ )

From the commutativity of flows, we have 8,/. 0@ — 0Opy B,jgo = 0, which leaves us
with

(3th, 3tk(.0 ‘R (/’_1 ) - (atkL» 3tj§0 ‘R €0_1 )
+ (L, I ¢ R 3t_,-§0_1 — 0, ¢ R atk€0_1 ) .

The on-shell relation

1
0L = 5 adgyy, - L

allows us to express the first term as

_ 1 _
<3z_,L, @ R 1) =3 (ad}VHj(L)'L’ I rRY 1)

] *
-— (adafkw-w*l L, RVH,-(L)) .
Since
Rx* . _ * . .
(adatkww,1 L VH,(L)) =5 (ad; , 1 L RVH, (L))

5 (
2

1 *
+5 (ady g L VH (L))
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and

—1
(ad}gatkww,l L, VH,(L)) = — (adp ) - L. ROy 1 0 ) —0,

we have a further simplification to

(9L opre™)=—(adf, 1 L.VH;WL)

= — (9, L, VH;j(L))
=—0, H;j(L)=0

where we have used the result from (3.11) (with k <> j). Similarly, we have for the
second term

(L. B0 r@™") = =0, HiL) =0, (3.12)

For the last remaining term, we have

(L, 09 R alj(pil — 0@ R azk¢7l )
= (L, ~p e R0 RO+ 00 RET R0 R <p_1)

- (L’ [8tj‘»" RO R ]R)

_ Rx* —1
- (ad&j@'mﬂ_' "L, 0y9re )

== (0L, dpre™") = 0y HyL) =0. D

It is worth noting that the properties of our Lagrangian multiform heavily rely on
the mCYBE for R. It is at the heart of the commutativity of the flows and the closure
relation. The connection between the closure relation and the CYBE was first identified
and established in [14] in the context of integrable field theories. Here it is established
in the finite-dimensional context and related to Lie dialgebras.

3.2 Closure relation, Hamiltonians in involution, Kostant-Kirillov form

In this section, we derive a structural result which brings together Lagrangian multi-
forms and essential Hamiltonian aspects of integrable systems. It will be convenient
and clearer to work with local coordinates ¢, « = 1, ..., M, on the group G, as we
did in (3.5). Then, our Lagrangian multiform can be written in the form
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N

Zlpl = Z(Zm%% m%& (3.13)

k=1 =

where we recall that the momentum 7, is defined by

Ty = <A, 0! 8%”) (3.14)

Each Lagrangian .%; in the multiform has the structure pg — H of a Lagrangian in
phase space,

M
= o dyba — Hi, (3.15)

a=1

and yields its Euler—Lagrange equations from the variation

M M
5%=3 <Z (3& - 3&) 9 e — agk) 55 + Oy (Znawa) :
a=1

p=1 Iop  a a=1
(3.16)

This is of course consistent with the general result of the previous section, and the
comparison of the two expressions for §.%Z; gives

M 0 Hj
Z Qop 0y — 905 Sp

M

1 _
<_8ka+ 5 8kvma) L 8¢ R Y 1) =
p=1

(3.17)

and

(L, 5¢ r (p_l) _ (ina&ba) . (3.18)
a=1

Thus, we have natural coordinate versions of key components of the theory. In partic-
ular, let us denote by O the vertical 1-form

M

Zna&bﬁt—_Z( ’(p_l 88;:) )545&—_(1\7 ‘P_l 'R5(P)7

a=1

(3.19)
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and let us introduce the vertical 2-form

37'[0, 37'[/3

Qr =) Qupdpa ASbp.  Qup = — . (3.20)
a<p 8¢ﬁ 8¢a
Observe the important relation
Qpr = 50k. (3.21)

The form Qp, is the pullback to the group G g by the map

X : Gr — Op

R Ad(’;* A (3.22)
of the Kostant—Kirillov symplectic form wg on the coadjoint orbit through A € g*.
We recall here that we consider the coadjoint action of the group G g, not the group
G. Relation (3.21) is the well-known fact that this pullback is an exact form. The
expression ¢! -z 8¢ appearing in @ can be interpreted as the Maurer—Cartan form
on G . The structure of our Lagrangian coefficients, in particular their kinetic part, is
now elucidated in terms of fundamental objects associated with G g and its coadjoint
orbits in g*.

It is known that the map x is a submersion.> Also, a coadjoint orbit is always even-
dimensional as it admits the nondegenerate symplectic form wg. Let us introduce local
coordinates &,,,m = 1,...,2p,on Op (2p < M). The tangent map x is represented

locally by the 2p x M matrix (%) From now on, summation over repeated indices

is understood. The pushforward of the vector fields % on G is given by

7)) = O 323
X*Q%)'ﬁwa&; 623

and the pullback of the differential 1-forms §&,, on Oy reads

X" (8&m) = Db 8pa- (3.24)

If we write for the Kostant—Kirillov form
WR = Wy 8&m N 88y, (3.25)

then we have the following relation with the coefficients of its pullback Qr = x*(wg),

0E, 05,
P D g

O (3.26)

5 We suppose that we are in a situation where this holds, for instance, excluding the trivial case where the
orbit is reduced to a point and assuming that the G g action is proper.
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In view of (3.17), it remains to introduce the Euler—Lagrange vertical 1-forms on G g

p 3 H
ELy = ELL 8¢5 = ( Qup 040 — 3% S¢p. (3.27)

This is the pullback of the following vertical 1-form on Oy,

ELy = x+(Yx) = T],: X+ (85,) = (Z ®Dmn 8tkgm - 3%‘
n

) xx(88,)  (3.28)

with the relation

(3.29)

Since y is a submersion, the matrix ( i ) has maximal rank 2 p, so the Euler-Lagrange

equations E L?=o0 imply the equations Y;' = 0 (and vice versa). This is of course just
the confirmation in the present coordinate notations of the result we obtained previ-
ously that the (multi-time) Euler-Lagrange equations from our Lagrangian multiform
produce Lax equations naturally living on coadjoint orbits of Gg.

As a consequence, whenever we say that an equality holds “on shell”, we mean that
itholds modulo E Lf = O orequivalently Y}’ = 0. We can take advantage of this in the
following way. Q2 is the pullback of the Kostant—Kirillov form wg on the coadjoint
orbit Og. The latter is nondegenerate and therefore induces a Poisson bracket with
bivector

d
Pgr = Z Pmn Ea P 0pr = 8y (3.30)
n

m<n

The corresponding Poisson bracket on 04 is known (see e.g. [27, Chapter 14]) to be
the restriction of the Lie—Poisson bracket (2.23) on g*

(£, 8hx® = (£ 1V /(€). Ve®lx ). (3.31)
In other words, when f, g are restricted to O, , we have

af dg

{f.glr= L TaET

(3.32)

With these notions introduced, we see that the Euler-Lagrange equations Y}’ = 0 take
the form

oH
> O Oy = ?k (3.33)
m n
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and can be written in Hamiltonian form

aHk
atASm = Pun—— aéj = {é,-:my Hk}R‘ (3.34)

The system of simultaneous equations (3.34) on the &,, admits a solution (at least
locally) if and only if the flows are compatible, i.e. [9;,, d;,] = 0. For an arbitrary
function f, this means

[atkv 8l@]f - {{Hkv H[}R’ f}R - O'

The stronger condition {Hy, Hy}g = 0 is the familiar Hamiltonian criterion for inte-
grability (together with a sufficient number of independent such functions Hy, of
course).

After these preliminary steps, we are now ready to state our second main result and
its corollary, the significance of which will be discussed after the proofs.

Theorem 3.3 The following identity holds

.4 0%

— — — + Y Py, Y] = {Hy, Hy}g. 3.35
o o + k f'mn 1y { k Z}R ( )

Proof The proof is by direct computation.

0.4 0.% _ 07Ty 87'[/3 659 6 0 Hj Ok b5 + 0Hy ey o
a1, o1, = a¢ﬁ I tg B Ot Pa ¢ 1 Pp e 1 Pa
0 Hj 0H, 0&
( off atk¢oz - 3¢ ) tz¢/3 + — 8§m 8(,2;2 8tk¢ot
( o aH") RN
Om ) _
Ssm g teSn g Sm
0 Hj 0H 0H, JdH,
(U)mn atk%_m - E) Py <a)rs at@%—s + ?j asj) + — 9E, alkgm
vy Py 1) 4 e p O
k Inr 1y o8, nr 98, ,
hence the result. m|

Corollary 3.4 The closure relation for the Lagrangian multiform £ is equivalent to
the involutivity of the Hamiltonians Hy with respect to the Lie—Poisson R-bracket

{s}R'

Proof The closure relation requires that on shell, we have

0% 0%
d.Z = — — —— )dfy, A dty = 0. 3.36
g(ark M) ¢ Adtg (3.36)
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From the previous theorem, on shell we have

3% 0%
AT 337
31 I { k Z}R ( )

hence the result. O

Remark 3.5 The connection between the closure relation for Lagrangian 1-forms and
the involutivity of Hamiltonians was first discussed in [6]. The content of our Corollary
establishes this result for all Lagrangian 1-forms in the class that we have introduced
in this paper. They include any system describable by the coadjoint orbit and r-matrix
methods of Lie dialgebras. An extension of the connection between closure and invo-
lutivity to the field theory context (Lagrangian 2-forms) was discussed in [31].

Remark 3.6 In the field theory context, the connection between the closure relation
and the classical Yang—Baxter equation was elucidated in [14]. In the present article
on Lagrangian 1-forms, this connection is also at the heart of our results since the
entire construction is based on the availability of the second Lie bracket [ , ]z on g,
a feature ensured if R satisfies the mCYBE.

Remark 3.7 The content of the theorem sheds fundamental light on the link between
the closure relation and the involutivity of the Hamiltonian as it establishes an off-shell
identity which clearly shows the interplay between the coefficients of d.#, the Euler—
Lagrange equations, the Poisson tensor on the coadjoint orbit, and the Poisson bracket
of the Hamiltonians related to our Lagrangian coefficients. A particular point is that it
shows in the present general setting that d.Z has a so-called double zero on the equation
of motion. This idea was introduced in [10] and developed in [15, 32] as an important
ingredient of Lagrangian multiform theory. However, the relation to Hamiltonians in
involution was not noticed there. The status of the “double zero” term Y}' P, Y is
now clearly identified as well as its relation to the Euler—Lagrange equations. This term
is the off-shell element linking the Hamiltonian integrability criterion { Hy, Hp}g = 0
and the integrability criterion advocated in Lagrangian multiform theory: the closure
relation d.Z = 0 on shell.

4 Lagrangian multiform on a coadjoint orbit from reduction

It is well-known that many integrable systems arise from Hamiltonian reduction on
the cotangent bundle of a Lie group A following the intuitive idea that the more
intricate dynamics of the integrable system of interest on the reduced phase space
comes from the simplest “free” dynamics on the cotangent bundle. In this section, we
show how one can construct a general Lagrangian multiform on a coadjoint orbit by
a Lagrangian analogue of the procedure of Hamiltonian reduction. The multiform of
Sect. 3 is recovered as a special case.

We follow mainly the exposition and ideas in [21, Lectures 1 & 2] to summarise
the key notions. By fixing a left trivialisation of 7*A we can parametrise it with
(¢,a) € a* x A where a* is the dual of the Lie algebra a of A. The canonical
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symplectic form €2 is exact and derives from the canonical one-form 6
Q=380 with 6 = (a,a"'8a). (4.1

The cotangent lifts to 7*A of the action of A on itself by left and right translations
read

Mt (a,a) = (a,ba), pp:(a,a) — (Adj ~ot,ab_1), beA. “4.2)

The canonical one-form and hence the symplectic form are invariant under these
actions. The corresponding moment maps are given by

we(a,a) = Ad; -, pr(e,a) = —a. (4.3)
In applications to integrable systems, one usually consider the case where only Lie
subgroups A and A_ of A act by left and right translations. In this case, the moment

maps are the restriction of the above moment maps to a4, the Lie algebras of Ay.
Thus they are elements of a. and we denote them by

pe(e, a) = Mgr (Ad} - ), py(@,a) = —Mgra. (4.4)

In the special case where A is the trivial group and A_ = A, it is known that the
quotient Poisson manifold 7*A/ A is isomorphic to a* equipped with the Lie—Poisson
bracket, see e.g. [21, Proposition 1.24].

Since our emphasis is on the Lagrangian formalism, let us describe the translation
of the above situation into this framework. We consider the following Lagrangian on
T*A

P = <a,a]d—a) : (4.5)
dt

The importance of .# is that the Cartan form arising from its variation is precisely
the canonical one-form on 7*A. Indeed, we have

d d d
8.0 = <8a,a_ld—ctl> - ((x,a_léaa_ld—(:> + (a,a_lrsd—‘:)
d d d
= 8oz,a_1—a — oc,a_léaa_l—a — —a,a_léa

dr dt dr

da d

144 ¢ -1
+ (oz, a dta 8a> + ” (oe, a 8a)

. da d _ d _
:<8a,a la>—<E(Adz-a),8aa 1)4‘5(0[,61 18a).
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In the last term we recognise that the Cartan form is 6 (up to a conventional sign).
Also, we see that this Lagrangian yields trivial (free) equations of motion

d d d d
180, S(Adra)=0 & — =0 d—(::

a pr—
dt dt dt

0. (4.6)

The Lagrangian % 0 is invariant under the global transformations («, a) — («, ba)
and (a,a) — (Ad; - a,a b~1') where b € A is constant. The conserved currents
produced by Noether’s theorem are the moment maps fi¢ . It is immediate from (4.6)
that they are indeed conserved currents. The symmetry group A x A of this free theory
is too large to produce systems of interest. One easy way to reduce the symmetry group
to Ay x A_ = {e} x A acting by right translations only is to include a potential term
where the potential function depends on («, a) only through fs:

d d
£ = <a,a1d—‘;> — H (—pe(e @) = (a, ald—‘;> —H(Ad @), @7

where H is a function on a*. By Noether’s theorem, we expect that p, = —a« is still
a conserved current. Indeed, a computation analogous to that in the proof of Theorem
(3.2) gives

8L = (aa,a‘i—‘: — Ad,1 - VH (Ad} -a)>
d * * * —1 d -1
— (5 (AdE @) =l g0y - (A7 @) B! ) + 2 (@ alba). (48)

Thus the equations of motion read

da _,; d
Frii VH (Ad} - a) =0, m (Ad} - ) — ad@H(AdZ_a) (A} -a) =0
4.9)
or equivalently
d—aa—l—VH(Ad*-a)zo ia=0 (4.10)
dr “ Codr ' '
The analogue of fixing the moment map p, = —o« to some fixed value —A € a* in

the Hamiltonian reduction approach consists of “integrating out degrees of freedom”
by solving %a =0towa = A € a*, and inserting back into the Lagrangian to get the
effective Lagrangian of the reduced model. This yields

Lot = (A,a‘li—f) — H (Ad} - 7). (4.11)

This Lagrangian describe a system on the coadjoint orbit of A € a* under A. At this
stage, if we equip a with a nondegenerate symmetric bilinear form to identify a* with
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a, we obtain as before that the equations of motion take the Lax form for L = Ad}; - A

dL

— =[VH(L), L]. (4.12)

dr
Note that we did not assume anything special about the function H so that strictly
speaking there is no notion of integrability at this stage, only that the equations for the
system under consideration are written in Lax form.

Applying this construction to the case A = Gg, a = gg we see that each of our
Lagrangian % in (3.1) is of the form of . Of course, in that case, each function
Hj was assumed to have the additional property of being invariant under the coadjoint
action of G so that the closure relation, the Lagrangian criterion for integrability,® was
valid. However, let us go back to the general situation above and suppose we form a
Lagrangian 1-form by assembling N effective Lagrangians of the form (4.11) with N
independent (arbitrary smooth) functions Hy defined on a* (or possibly only on Oy ):

N N
2= Zdu = ((Aa"'da) - He (Ad; - A)) die. (413)
k=1 k=1

The arguments of Sect. 3.2 can be repeated verbatim and lead to the same conclusion
as in Theorem 3.3.

Theorem 4.1 The following identity holds

%4 0%
_k__f+T]§n Pun Y} = {Hy, Hy}o, (4.14)
dty otk

where { , }q* is the Lie—Poisson bracket on a* and Py, the corresponding Poisson
tensor on Op.

Note that so far we have not assumed anything on the functions Hy. The exact ana-
logue of Corollary 3.4 follows from Theorem 4.1 in the present context. We stress its
importance in this general situation: if we can solve for %} such that the multi-time
Euler-Lagrange equations and the closure relation hold for the 1-form (4.13) then it
qualifies as a Lagrangian multiform and (4.14) implies that the corresponding func-
tions Hy are in involution. Conversely, if we use functions Hy that are in involution
with respect to { , }4+ then the 1-form (4.13) satisfies the closure relation and is a
Lagrangian multiform. In Sect. 3, we used the latter point of view in a special situa-
tion: We took advantage of the Lie dialgebra construction which uses Ady;-invariant
functions to produce functions in involution with respect to { , }g on the dual of gg.
In the present section, the above results imply the stronger statement that one can
associate a Lagrangian multiform with any family of Hamiltonians in involution on
any coadjoint orbit of a Lie group.

The perspective of the reverse procedure consisting of solving the multi-time Euler—
Lagrange equations and the closure relations to produce (new?) integrable systems

6 Modulo, as always, the requirement of having enough such independent functions.
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and Hamiltonians in involution is tantalising. However, it is far from clear whether
such a philosophy is more (or less) promising than the established integrable system
classification tools such as symmetry analysis or classification of the solutions of the
(modified) classical Yang—Baxter equation.

Itis instructive to recover our Lagrangians .%; as effective Lagrangians via a slightly
different, but related, mechanism. Suppose now that we reduce the symmetry group
to Ay x A_ such that, at least locally, any element a € A factorise uniquely as
a = a;la,, at € Ai. At the Lie algebra level, we have a unique decomposition
X =Xy — X_, X+ € a4 and by duality o = Hgra — Igxa. Identifying a with
(a4, a—), we see that the action of Ay X A_ on a amounts to an action by right
translations (a4, a_) +— (a+b_l, a_bjl). Thus,

s:T*A — a*, (a,a) — Ad* -« (4.15)

is invariant under the action of A4 x A_. Equipped with this, as before, it is easy to
introduce a Lagrangian which has A4 x A_ as symmetry group

L = <a, alz—f> — H (—s(a, a)), (4.16)

where H is a function on a*. By Noether’s theorem we expect that ¢ . in (4.4) are
conserved currents. The direct verification from the Euler—Lagrange equations follows

by noticing that
_1 da _ da+ —1 da_ —1
a,a — |=—|s,—a, ———a_|.
dr dt dt
Therefore

da+ -1 da_ -1 d —1
8. = — <8$, ?@_ — ?a_ — VH(—S)) + <a <Adz+l . S) N 6a+a+

d d
_ <a (Ad:_1 -s) , 8aa_1> -5 (s, 8a+a;1 — Sa,ajl) 4.17)

giving
d d
ar Mes (A s ) = ey (Ad} - ) = — e =0,
d d d
anai Ad::l S )= Ena’iCU:—a My =0, (418)
day _; da

The first two equations are indeed the conservation of the Noether currents, as expected.
We use them to integrate out the corresponding degrees of freedom. Namely, we set

He = —A+ ey, Urp = A_€a_, (419)
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and substitute back into the Lagrangian. To obtain the effective Lagrangian, note that
s =g (Ad;;+ : ;u) + g (AdZﬁ .M,) . (4.20)

This can be seen by the following computation.” For any X € a,

(5, X)=(s, X4 — X_) = (Adzl, s, Ad, ~X+> - (Ad:_l -5, Ad, -1 ~X>

= (e Ador - X1 ) + (e A1 - X )
- (nui (Adj+ : W) + Mge (Ad;_ : Mr) : X) .
Putting everything together, and setting
L=—s=Tg (Ad;;+ : A+) Mg <Ad;i -A_> 4.21)
the effective Lagrangian is

day _; da—

Lett = (L, o 5 T3 a_l> —H(L). (4.22)

In the special case where A = G, a = g, ar = g4 with g+ = Ry (g), this effective
Lagrangian is exactly of the form of our Lagrangian coefficients .Z. This alternative
construction amounts to reducing a free system on 7*G by acting with G4 x G_ ~
G r. Werefer the interested reader to [21, Section 2.4] for a discussion of the connection
between the reduction on T*G g by left translations of G g and the reduction on 7*G
by left and right translations of G4 x G_. The main reason why we discussed the
alternative construction here is because it suggests that one may be able to construct
Lagrangian multiforms for systems of Calogero-Moser type. In the terminology of [21,
Section 2.4], one would have to drop the assumption that the subgroup H of G x G
used for reduction is transversal to the diagonal subgroup and implement instead a
reduction corresponding for instance to the action of G on itself by conjugation. We
leave this open problem for future investigation.

5 Open Toda chain in the AKS scheme

As this is our first example, we first spend some time reviewing the known Adler—
Kostant—Symes Lie algebraic construction of the Lax matrix and the Lax equation
reproducing Flaschka’s approach. Then, we will make the connection with our varia-
tional approach.

7 This computation is the generalisation to the present context of the analogous argument used in [26]
where our s corresponds to their X.
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Algebraic setup: Let us choose g = s[(N + 1), the Lie algebra of (N +1) x (N +1)
traceless real matrices, g the Lie subalgebra of skew-symmetric matrices and g_ the
Lie subalgebra of upper triangular traceless matrices, yielding

g9=9+Dg-. (5.1

Here R = P, — P_ and R4 = £P4 with Py the projector on g4 along g-. The
following Ad-invariant nondegenerate bilinear form

(X,Y)=Tr(XY) 5.2)

allows the identification g* >~ g, and it induces the decomposition
gF=g" @gl ~gr gl (5.3)
where gi is the orthogonal complement of g+ withrespectto ( , ): gi is the subspace of

traceless symmetric matrices and g the subspace of strictly upper triangular matrices.
Let us choose

01 0 O 0
10 1 O 0
01 0 1 0
— ko oL
A= 00 1 €gl ~gy 5.4
: S |
00 O ... 1 O

and consider its orbit under the (co)adjoint action of G _, the Lie subgroup associated
to g_ consisting of upper triangular matrices with unit determinant.

Lax matrix and Lax equations for the first two flows: As explained in Sect.2.3, the
AKS case corresponds to the particular case where ¢ € G_ so that

L=AdM A =-R*(Ad;_ - N),
and the coadjoint orbit Op lies in g*. Using ( , ) we can identify the adjoint and
coadjoint actions. Also, we use it to identify the transpose A* : g* — g* of any linear
map A : g — g with the transpose of A with respect to ( , ) defined on g. Writing
(&, X) = (Y, X), this means that we have
(A%(§), X) = (£, A(X)) = (¥, A(X)) = (A*(Y), X).
This allows us to work with

L=—R(p_-Ao-")y=—R*(pAop "), (5.5)
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where we have dropped the redundant subscript on ¢ in the second equality with
¢ = ¢_ € G_. From the definitions (X, R+Y ) = (Ri X, Y)and (X, P+Y) =
(IMI£X, Y ), where we denote by IT.. the projector onto gi along g#, we find R} =
=+I1 . Note that this is an example of non-skew-symmetric »-matrix since

R*=Tl_—-Tly # —R=P_— Py. (5.6)
Now, ¢ A ¢~ ! is of the form
aj * ok kL. *
by ap x * ... *
0 b2 az k... *
-1 _ .
0 0O 0 ... bN anN+1
So, we find
ag by 0 0 ... 0
by a» by 0 ... 0
0 by a3 b3 ... 0
— -1\ — .
T T bN
0 0 0 ... bN anN+1
i.e. it is symmetric tridiagonal. Using the Hamiltonian
1 2
H|(L) = —3 Tr L~ 5.9
we then find
0 by 0 0 ... O
—-by 0 b O 0
0 —b, 0 b3 0
RyVH|(L) = P.(-L) = 0 0 —bs (5.10)
. . . bN
0 0 0 ...—by O

A direct substitution in (3.4) with k =1, i.e.
Oy L =[RtVH(L), L]
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reproduces the open finite Toda lattice equations in Flaschka’s coordinates a,, b,
dar =2b3,  ani = —2b%,
a,lajzz(b§—b§_l), j=2,...,N, (5.11)
B,Ib./:bj(aj+1—aj), j=1,...,N.

The next flow generated by the Hamiltonian
1 3
H>(L) = —3 Tr L, (5.12)

with gradient VH, (L) = —L? yields Ry VH(L) = P+(—L2) as

0 bi(ay + ap) by by 0 0
—bi(a; + a2) 0 by(ay + az) by b3 0
—bi1by  —bs(az + az) 0 b3(a3z + as) 0

0 —by b3y —b3(az +aq)

: . . by(ay +an+1)
0 0 0 —by(ay + an+1) 0

The corresponding equations from (3.4) with k = 2 read

dpar =2b%(a +az),  dpani1 = —2b%(an +ant1),
Opaj =2b3(aj +aj1) =267 (aj-1+a), j=2,....N,
Iyb1 =bi(a3 —ai +b3), by =by(ak,, —ay —bY_).

3t2bj=bj(a?+l—a?+b?+l—b?_l), j=2,...,N.

(5.13)

Lagrangian description: We need to choose a convenient parametrisation of ¢ since
this is the essential ingredient in the Lagrangians .%%. We choose

p=UY, (5.14)
where Y = diag(yy, ..., yn+1) is the diagonal matrix of diagonal elements of ¢ (i.e.

yi = ¢i;) and U = ¢ Y ™! is the upper triangular matrix with 1 on the diagonal and
arbitrary elements u;j, 1 <i < j < N. Since ¢ has nonzero determinant, y; # 0,

i=1,..., N+ 1, and with this parametrisation, we find L as in (5.8) with
Y2 YN+1
ap = —uiz, aN+1 = — UN N+1,
Y1
Yi+1 Vi .
a4 =~ uji| — ——ui—1;, i=2,...,N, (5.15)
Vi Yi—1
b =24 i1 N,
Vi
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N+1

Note that Z 4= 0, so we have 2N independent variables on the coadjoint orbit
/:

O . We compute the kinetic part of .%; defined in (3.2) as

Ki=(—R*(@Ag™, 0 re ) =—(9Ag™ ", R_(yp -re™ "))

1 1 . (5.16)
=—(pA¢ ", oo ) =-Tr (Aw szw) :
where in the third step we have used the morphism property of R_

R_(0yp R~ ") =040 ' (5.17)
and ¢_ = ¢ € G_. It remains to express it in terms of our chosen coordinates to get
Ki = —Tr (A y-lu-! alk(UY)) - _Tr (YA y-lu-! alkU)

Y Yj+1
==Y L du (5.18)

=t

From these results, it becomes apparent that the convenient coordinates are b; as
givenin (5.15) and u; = u; j4+1,i = 1,..., N. The first two Lagrangians involve the
Hamiltonians (5.9) and (5.12) respectively, and can now be expressed in the u;, b;
coordinates as follows

N N

1 2

YA =K, — H =—2bj 8;|uj+§2;(bjuj _bjflujfl)
J= J=

N
1 1
2 2.2 2 .2
+2bj+§b1 uj +§bN”N7
j=

N N
1
92”2=K2—H2=—ij8,2uj+52(bjuj—bjflu]e])?’
=1 =2
1 ;1 ;
+§(b1M1) +§(bNMN)‘

N—-1

+ Z bi(bjs1ujin —bj_1uj_1)
j=2

+ b2 (byup) — by (by—1un—1).

The variation of . reads
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N N N
=1 j=1 j=l
N

+ Y (bjuj—bjquj 1) u;8bj+bjduj)
j=2

N—-1
— > (bjgrujpr — bjuj)u;8bj +bjduj)
j=1

N
+2 " bj8bj + biuj 8by + bjuy Suy + byuy, 8by + byun Suy .
j=1

and gives the following Euler-Lagrange equations

Opul = u%bl —uy (byuy —byruy) +2by,
opuny =uny (byuy —by_1un_1) + M%\; by +2by,
8tlu.,~ = Ltj(bj uj — bj—l uj_l) — uj(b.,~+1 Mj+l — bj I/tj) + Zb./,

» (5.19)
0 b1 = by (buy — byuy) — bj uy,
dbn = —by(byuy —by_1un—1) — b% uy,
Ibj=bjbjriujrr —bjuj) —bjbjuj —bjyuj-1),
for j =2,..., N — L. Itis easy to see that these equations give exactly (5.11) using
the identification (see (5.15))
=biuy, = —b ,
aj 141 AaAN+1 NUN (5.20)

aj=bjuj —bj_quj_1, j=2,...,N.

This provides a very explicit check that our Lagrangians produce the corresponding
Lax equations, in coordinates naturally dictated by the coadjoint orbit construction of
the kinetic term, here u j, b;. As recalled in Sect. 3.2, the kinetic part of a Lagrangian
provides the (pullback of the) symplectic form of the model via the Cartan form 6.
Here, we have (see the total derivative term in §.%))

N N
Or=) bjdu; = Qr=Y 8bjAduj. (5.21)
j=1 j=1

This shows that the coordinates u ;, b; are canonical. In the present case, choosing
bj,ajfor j =1,..., N, as the coordinates on the coadjoint orbit O, we can also
express the Kostant—Kirillov form explicitly using the formula
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1 J
uj=—3 a
b =1

to get

wR = Z Z8b A Say. (5.22)

]€1

It is instructive to see how the usual Hamiltonian formulation of the open Toda chain
in canonical coordinates g;, p; is derived from our Lagrangian formulation. From the
symplectic form (5.21), we deduce the following (canonical) Poisson brackets®

{bj, ur} = dji, {bj, b} =0={uj, u}, Jok=1,...,N. (5.23)
The Legendre transformation

0.4
—_ — b,
(Byuj)

reproduces, as it should, the Hamiltonian

N 1 N N
Z dquj— L=~ (bjuj—bjyuj1)* = > b
= (alluj) 2 j=1

j=2

1 1

The matrix L for s[(N + 1) in canonical coordinates (g;, p;) is given by

P ed1—42 0 0 0
ed1—42 I ed2—43 0 0
0 ed2—43 3 ed3—44 0 o
L= 0 0 , (5.24)
: edN-1—9qN Pn edN —4N+1
0 eINTAN+L  puy

8 Here we drop the subscript R when referring to the Poisson bracket { , } since there will be no confusion
with another Poisson bracket.
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and by comparison with (5.8), we set the change of variables

N
gj=)» Inb., j=1,...,N,
k=j

(5.25)
pj=bju;j—bj_juj_1, j=2,...,N,
pr=biui, pnt1=-—byun.
From (5.23), we deduce by direct calculation
‘7 :8‘7 -1 :O: ‘7 9 .Skzl"“7N7
lgj, pi} =6jk, {q;, ar} {pj. P}, J (5.26)

{gj, pn+1}=—1, {pj, pNt1} =0, j=1,...,N.

Note that py4 is redundant for the description of the dynamics since we only need

the map (4, b;) — (gqj, pj) for j =1,..., N. This is captured by the fact that the

previous relations imply that C = Zy:ll pj is a Casimir on the 2N phase space with

coordinates (q1, ..., 4gn, P15 - - - » PN+1) and we can work with C = 0. The coordinate
PN+1 1s still useful to write the Hamiltonian in the compact familiar form as

1 N+1 N-1
Hi==3 ) pj= ) 0 om -, (5.27)
j=1 j=1

Hamilton’s equations o,,q; = {q;, H1}, 9, p; = {pj, H1} yield

oy p1= 2e2@1—q2) 3y PN+l = —2e2an
O pj =2 (20D —2@j-1—ap))  j=2 N—1, (5.28)
0qj = pPN+1—pj, J=1,...,N.

These can be seen to be equivalent to (5.11), thus completing the Hamiltonian descrip-
tion of the first flow for the open Toda chain, from our Lagrangian formulation. The
same analysis can be performed with %, although the calculations are longer. We
simply record here the Euler-Lagrange equations obtained from §.%%

dpur = ur ((bru))? — (brus — byur)? — b3) +2by byus,

dpun =uy ((byuy —by_1uy—1)* = by un)? +b3_, ) —2byby_1un—1,

Optej = uj ((bjuj—bjyuj)® = bjprujpr —bju)®) +uj by = b3 p)
+2bj (bjr1ujrr —bjquj_1), (5.29)

d,b1 = by ((bauz — byu)* — (byur)* +5b3),

doby = by ((byun)? — (byuy —by_1un—1)> —b%_,),

Onbj = bj ((bjsrujer —bjup)® = (bjuj = bjyuj1)*) = bj (b3 = b3,

for j =2,..., N—1. Weleave it to the reader to check that these correctly reproduce
(5.13) again using (5.20). To conclude this example we establish the closure relation
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for the first two flows, i.e.
0,-21 — 01,25 = 0 on shell.

We know from our general results that this must hold, so this is simply an explicit
check. We know that the kinetic and potential contributions give zero separately, so
we split the calculations accordingly. For the potential terms, it is more expedient to
use the aj, b; coordinates® and equations (5.11) and (5.13)

N+l 3 N N+l ,2 N
O Hy =y Hy = 0 | 30 4+ Y biaj +ajen | =i [ 30+ )0
=1 =1 =1 j=1
N+1 N
2,1.2 2 2,2 2 2 2
=) 24} —bH+ Y 2bia; —aj +bi —bi)
=1 j=1
N+1
— Z Zaj(bi_l(aj_l +aj)— b;(aj +aji1))
j=1

N
2,2 2 2 2
— ZZb,(al _aj+1 +bj—l _b./‘+1)
—1

N+1
2 2
= Z 2(ajaj+1bj — ajaj_lbj_l)
Jj=1
=0,

where in the last step we recognise a telescopic sum. For the kinetic terms, we also
use the a;, b; coordinates wherever possible to expedite the calculations

N

O Ky — 0, K1 =Y (31 (bjdhyuaj) — By (b))
j=1

N
= @, ((a7y —a; +bjy1 —b5_Dujbj —2b%(aj +aji1))
=1

— O ((aj+1 —aj)ujb; — 219?))

N
=Y (O (@ —a; +bjr1 —bj_)) — dp(aj1 — ap)ujb;
j=1
— 263 (b — b3_))
= 0,

9 Note that for conciseness, we treated the equations for j = 1 and j = N on the same level as for
j =2,..., N — 1 by formally introducing byp = 0 and by 1.
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where in the last step the first term gives zero for each j upon using the equations of
motion and the remaining terms form a telescopic sum adding up to zero.

A Lagrangian multiform for the Toda chain was first constructed in [7] using vari-
ational symmetries of a given starting Lagrangian, which would be .%} in our context,
to construct higher Lagrangian coefficients which constitute a multiform when assem-
bled together. The infinite Toda chain was studied more recently in [17] to illustrate
the newly introduced theory of Lagrangian multiforms over semi-discrete multi-time.
In [7], the analogue of our % and %3 were constructed. The Noether integrals J;
and J> (equations (10.11) and (10.12) in [7]) which constitute the potential part of
their Lagrangians are nothing but H>(L) and H3 (L) with L parametrised as in (5.24),
up to an irrelevant change of convention e?' %+l — e%+17% and setting q; = x;
and p; = x;. The kinetic part of the higher Lagrangians in [7] involves the so-called
alien derivatives which are symptomatic of constructing a multiform from a starting
Lagrangian and building compatible higher Lagrangian coefficients. Our construction
prevents the problem of alien derivatives altogether, putting all the Lagrangian coef-
ficients on equal footing. This was also achieved previously in the context of field
theories in [12, 14].

6 Open Toda chain with a skew-symmetric r-matrix
We now present the same model for the same algebra g = s[(N + 1) but endowed with
a different Lie dialgebra structure. This is based on the Cartan decomposition of g and
leads to a skew-symmetric r-matrix. One attractive feature of this setup, that we only
illustrate for sI(N + 1), is that it allows for a generalisation to any finite semi-simple
Lie algebra, see [27, Chapter 4].
Algebraic setup:  Consider the decomposition

g=nOHdn_, 6.1)
where b is the Cartan subalgebra of diagonal (traceless) matrices and ny the nilpotent
subalgebra of strictly upper/lower triangular matrices. Let P+, Py be the projectors

onto ny and h respectively, relative to the decomposition (6.1) and set R = Py — P_.
It can be verified that R satisfies the mCYBE. Here Ry = +=(P+ + Pp/2) and

g+ =Im(Ry) =br =h S ny. (6.2)
We have the following action of R4 on the elements y € hh and w4 € ny,
Ri(y) = i% y.  Ri(wx)=ZFws, Ri(wg)=0. (6.3)
Taking the same bilinear form as in (5.2), i.e. (X,Y) = Tr(XY), we see that
P{ = Py, Py =Py sothat R* = —R. (6.4)
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Thus, we have a skew-symmetric r-matrix here. For the related Lie groups, we have
the following factorisations close to the identity,

o=9r9-",  gr=WiYE Y eexp(h), Wi ecexpiy). (6.5

Lax matrix and Lax equations for the first two flows: For A € g* >~ g, the expression
of L as a coadjoint orbit of A is given by

L=Ad A=R (WY AY'WH =R (W_Y'AYW ).  (66)

We choose A as in (5.4), emphasising that in this case it is an element of the full
g* >~ g,and Y € exp(h), Wi € exp(n+) given by

Y =diag(n,n2....0n41) , detY =1, (6.7)
+ o+ +
1 0 0 ... 0 L o, @3 OLN
wy, 1 0 0 0 1 oz oy
w_=| @1 2 1 0 , Wa=)lo o 1 . . (6.8)
o 0 ; Loy
_ _ - : ©CON_IN
On Oy Oy g ] 0 0 ... 0 1

From (6.4), we deduce that R} = £(P+ + Pp/2) so that
% 1 k *
Ri) =%y, Ri(wy) =0, Ri(ws)=Fws, (6.9)
for y € h, wy € ny. Let us introduce the variables (w;, z;), defined as

N _
w. . — . : [
Ziidl = Fidli o ML (6.10)

w; = N
2 ni

from which we determine the Flaschka coordinates as

W; Zj —Wij—-12i—1

a4 = ———————, i=2,...,N—1,
w1 21 WN IN
= , =2 6.11
aj z<2 an+1 > (6.11)
bi==, i=1,...,N
2

The evaluation of (6.6) in those coordinates reproduces the tridiagonal form as in
(5.8). One can then check that the equations for the first two flows (5.11) and (5.13)
in the previous section derive from the Lax equation

L =[Ru(VH(L), L], k=12,
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where the Hamiltonians are taken as
2 2 3
Hi(L) = Tr (L%), Hy(L) = gTr (L), (6.12)

and we recall that R, = P, + Py/2 here.

Lagrangian description: The Lagrangian multiform takes the form

&= Lidn =) (Ki(L) — He(L)) d, (6.13)
k k

for L € Op, ¢ € Gg, with the kinetic and the potential terms given by

Tr (LK), (6.14)

Ki(L)=Tr(Ld,0 o~ "), H(L)=
«(L) r(Lo@-ro™ ) k(L) 1

respectively. As in the previous section, the kinetic term will allow us to recognise
natural canonical variables of the system in this description. Recalling (6.5), (6.7),
(6.8) and (6.10), we find

Ki(L) = Tr(A g™ g 3,0)

= Tr(Ag;' o) — Tr(Ag~" 30 )
N N

Ni+1 _
- Z _:7,' Oty (6.15)

Il
=
[z
&
K
£
.t
£

The k-th Lagrangian coefficient expressed in terms of the coordinates (wj;, z;) reads
N

L= K — Hy =) 2i dywi — Hi. (6.16)
i=1

with (w;, z;) being canonical coordinates, and for k = 1, 2,

N N-1
1 1
Hi(L)=Tr (L2) = E 1 3 (zlz + wl-2 le) — El 3 Wi Zi Wit1 Zit1,
1= 1=
2 3
Hy(L) = gTr (L)

1
2 2 2.2 2 2
=> i (Zi Wit Zit] — 2y Wi Zi + WF 2] i1 Zig — Wi 7 Wi Zi+1) .

i=1
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To obtain the latter expressions of the Hamiltonians, it suffices to use the following
expression for L in the w;, z; coordinates

w1 21 21 0 0 ... 0
Z1 W22 —wWiZ] 22 0 ... 0
1 0 22 W373 —W222 23 ... 0
L= o . . (617
2 0 0 23 .ot : ( )
ZN
0 0 0 ... IN —WN ZN

Note that we can just as easily determine the higher Hamiltonians and hence the higher
Lagrangian coefficients %%, although the expressions become long. The variation §.£]
yields the following Euler-Lagrange equations

w1
Opwy =21 — - (w222 —wy 21) —wi 21),

wWN
oWy = 2N — BB (—wyzy — (Wy vy — WN—12ZN-1)),

wi
O w; =z — > (i1 zZig1 —w;i zi) — (W Z; — Wi—12i-1))

Z1 6.18
01, 21 =7 (w222 —wy 21) — w1 21), (©6.18)
N
0N = > (—wyzy + (wy zy —wy—12ZN-1)),
Z
0 zi = El (Wi Zig1 — wi 2i) — (Wi Zi — Wi—12Zi—1)) ,
fori =2, ..., N — 1, while the variation of .%, gives the Euler-Lagrange equations
for the second flow
21
Oz = (w222 —wi20)? = (Wi z0? +33),
9o = N (- 2 _ _ 2_ 2
hIN =7 ((—wyzn)? — (wy 2y — wN—12Zv-1)* — 23 ;) »
z-
0nzi = Zl((wi+l Ziel —wi Z)? — (Wi zi —wim1zi—1)? + 25, — 7).
71 wi
Ipwy = ?(wz ) — T<(w2 22— wi 21)* — (w1 21)? +z§),
(6.19)

opwy = Z7]\](101\/—1 ZN—l)

wWN

) ((wN n)? — (wy zv — wy—12Znv—1) — 212\,,1>,

zi
O w; = 5((wi+1 Zigl — wi i) — (Wi Zi — wi—1 Zi—1))

wi 2 2, .2 2
I (Wi1 Zig1r — Wi 2i)° — (Wi 2z — Wi—1 Zi—1)" + 27 — 21 )s
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withi =1, ..., N—1.One can check that these reproduce the more familiar equations
(5.11)-(5.13) in Flaschka coordinates, using (6.11). As in the previous section, we can
relate our results with the Hamiltonian formulation of the Toda chain in traditional
canonical coordinates (g;, p;). With

N
GRZZZifswi = {zi,wj} =6;, {wi,w;} =0={z,z;}, (6.20)
i=1

we see that it suffices to set

Wi Zj — Wi—12Zi—1 . (6.21)

The explicit verification of the closure relation in the first two flows is completely
analogous to that given at the end of the previous section.

7 Rational Gaudin model

Gaudin models are a general class of integrable systems associated with Lie algebras
with a nondegenerate invariant bilinear form. Unlike the case of the open Toda lattice,
the Lax matrix of a Gaudin model is a Lie algebra-valued rational function of a
variable A, the spectral parameter. We will only look at finite Gaudin models here,
which describe certain spin chains and mechanical systems. To accommodate this, we
need to extend our construction to certain infinite-dimensional Lie algebras.

Before diving into the required algebraic machinery, it is useful to recall the usual
presentation of the equations of the model that we are aiming at describing variation-
ally. We do so in the simplest case of a rational Lax matrix with simple poles. Many
generalisations are known, including elliptic and non-skew-symmetric cases [33]. The
Lax matrix of a (rational) Gaudin model associated with a finite Lie algebra g and a
set of points § € C (r = 1, ..., N) and the point at infinity is given by the following
g-valued rational function

N

X
L(A)ZE:,\ ’{ + Xoo, X1,..., XN, Xoo € 0. 7.1
— §r

r=1

The coefficients H]', of (A — &)L n =0, in Te(LOW)* Y /(k+ 1), k > 1, are
Hamiltonians in involution (with respect to the Sklyanin bracket). Of course, only a
finite subset of them are independent and generate nontrivial flows. In the rest of this
paper, we will focus on the coefficients corresponding to n = 0 and drop the extra
label by simply writing H,g » = Hy . The most famous ones are the quadratic Gaudin
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Hamiltonians which are the coefficients Hj , in

N 2 N
1 1 Tr(X?) H, 1 5
ZTr(LOY?) = = r : —Tr(X 7.2
5 Tr(L()) aéuf0ﬂ+£ﬁ—o+2r(w’ (7.2)
and read
Tr(X, X,
mJZE:%L7¥+Jumxw,r=L””N. (7.3)

The functions Hy , give rise to a hierarchy of compatible equations in Lax form
I L) = [My, (M), L) (7.4)

For k = 1, we have

My, = — , (1.5)

)"_Cr

and (7.4) gives the following equations of motion for the degrees of freedom in
Xiyoeoy XNy Xoo

B,rXS:M, s #ET, (7.6)
! & — s

oy Xr = — ; % —[Xr . Xool. (7.7)

I Xoo =0. (7.8)

We proceed to derive a Lagrangian multiform description of the set of equations (7.6)-
(7.8), as well as those corresponding to the next higher Hamiltonians with k = 2. In
principle, we could also include all higher Hamiltonians, but the first two levels are
enough to illustrate our method. To do so, we need to be able to interpret L(A) as
living in a coadjoint orbit and use the framework of Lie dialgebras. This is described
in [21, Lecture 3] which we now review and adapt to our purposes.

Algebraic setup: Let Q = {¢1, ..., ¢y, 00} C CP! be a finite set of points in CP!
including the point at infinity, and denote by F(g) the algebra of g-valued rational
functions in the formal variable A with poles in Q. Further, define the local parameters

1
)\r =A— é‘ra {r # o0, )"OO = Xs (79)
and let S = {1, ..., N, co}. This is to be used as an index set, so oo is viewed here

purely as a label for an index, not as the point at infinity. For each r € S, consider the
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algebra g, of formal Laurent series in variable A, with coefficients in g,
9 =g ®C(()), (7.10)
with Lie bracket
AL ya1=1x.ypit,  x.veg (7.11)

We have the vector space decomposition into Lie subalgebras

O =0+ OO, (7.12)
where
G+ =0®CIAIL 7 #00,  Foot = 8O AacCl[Ao]l, (7.13)
and
T =ag@1'CA, r#00,  Fooo =g®CIALL (7.14)

In other words, @, is the algebra of formal Taylor series in A, (without constant term
when r = 00) and §,_ is the algebra of polynomials in A ! without constant term
(except when r = 00). Associated with this decomposition, we have projectors Py
onto g+ relative to g,+. Let us now consider g defined as the following direct sum
of Lie algebras

Go=D7- (7.15)

res

The above decompositions yield the decomposition of g¢ as

§o =G0+ ®@To- with Gor =P T+ and Go- =PF—.  (7.16)

res res§

and the related projectors Py . Although useful, as we will see below, the decomposition
(7.16) is not what we need to interpret (7.4) within the Lie dialgebra setup. So, let us
consider the map

b Fo@ =B fe (S un oo f), (7.17)
where(;, f € g, is the formal Laurent series of f € Fp(g)at¢, € CP! andu f € Gr

that of f € Fp(g) at {xc. This is an embedding of Lie algebras. In addition, we have
the vector space decomposition

o =To+ ®uFol9). (7.18)
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Let us introduce the projectors I+ associated with this decomposition. They are differ-
ent from Py related to (7.16). The following relation is useful in practical calculations
(see below when computing gradients or in (7.26))

M_(X) =1, om0 P_(X), X €3o. (7.19)

where the map 7, : go— — Fp(g) given by

T (Y131, - YNON), Yoo (Roo)) = ZYr()\-r) (7.20)

resS

puts elements of §o_ and Fp(g) in one-to-one correspondence. This amounts to
decomposing an f € F(g) into the sum of its partial fractions Y, (1,).
We define the r-matrix we need as

R=T, - T (7.21)

and use it to define on g the structure of a Lie dialgebra to which we will apply the
results of that theory. Since we want to work with rational fractions which we have
naturally embedded as 1, Fg (g) into o, we need to identify the dual space this corre-
sponds to, so that we can identify the coadjoint action and its orbits appropriately. The
nondegenerate invariant symmetric bilinear form on g, given by (X, Y) — Tr(XY),
can be used to define a nondegenerate invariant symmetric bilinear form on go by
setting

(X,Y) = ZreSxFo Tr(X, (Ar)Yr (27)). (7.22)

reS

Both o+ and 1, Fp(g) are Lie subalgebras which are (maximally) isotropic with
respect to the bilinear form ( , ) in (7.22). This tells us that

00+ = u.Fo(9), (7.23)

so that elements of E*Q . are those we should work with if we want to deal with Lax
matrices which are rational fractions of the spectral parameter. Accordingly, coadjoint
orbits of G4 in E*Q . are the natural arena for the description of Gaudin Lax matrices.

5Q+ is the group associated with the algebra g, with elements of the form

P+ = (P14 (A1), -, N+ (AN), Poot (Aoo)) - (7.24)

Each component ¢, 4 (A,) is a Taylor series in the local parameter A, with values in G
whose Lie algebra is g,

o0 o
Pri) = @A r#£00,  geor(heo) =1+ ¢WAL. (725)

n=0 n=1
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As always, in practice we use the identification (7.23) (identifying the action and
coadjoint actions accordingly) and the (co)adjoint orbit of an element f € , Fp(g)
can be seen to be given by the elements

F=Tl_(Ady, - /) =uL. (7.26)
In (7.26), the adjoint action of ¢4 on f is defined component-wise

(Adg, - ), G) = 01 O) O @A)~ r €S (7.27)

Thus, we have a construction that allows us to interpret a rational Lax matrix L(A)
as an element of a (co)adjoint orbit and recast (7.4) as the following Lax equation in
uFo(g)

Oyl = [ReVHy (L), t; L], (7.28)
where Hj , are the following invariant functions on gg

Tr(X, (A )* )

Hi,: X €go > resy —
k,r do X=0 k1

L k> 1. (7.29)

We now apply the described framework to show how (7.4) is derived in this context
for k = 1, 2. Then we construct explicitly the corresponding Lagrangian coefficients

of our multiform and check that their Euler—Lagrange equations produce the correct
equations of motion.

Lax matrix and Lax equations for the first two flows: Let us choose

N

A=) - f’{ +Q, (7.30)

r=1
and apply (7.26) to f = 1, A to get

L =TI_ (Adw ~LAA) =y om o P_ (Ad(pJr . L)LA)
©) 0)y—1 ) 0)\—1
A A
6o T (¢1 1 ((b] ) ‘ (bN N (¢N ) ’ Q)

r—a T =y

B ( Ay Ay )
=) 0T, EIRI ’Q
A—=8 A—<LN

N A,
=1 Z/\_GJFQ ) (7.31)

r=1

This is the desired form of (7.1) where now each X, is of the form A, =

,(0) Ay ((;5,(0))_l with A, € g fixed and ¢£O) containing the dynamical degrees of
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freedom. This is the (co)adjoint description required to compute our Lagrangian coef-
ficients, see below.

Next, we derive the Lax equations in (3 Fp(g) associated with the functions
Hy ,(t; L) for k = 1, 2. The gradient of Hy , at the point ¢, L is defined as the element
of g satisfying

5 Hi (L +€n) — Hy (1) L)
mm =

e—>0 €

(n, VHi,r(1L)), (7.32)

forall n € EQ. It is enough for our purposes to calculate R_(V Hy (1, L)), therefore,
we can restrict 7 to go. Thus, writing

VHi, (L) = N® 4400, N® egor, 'P0) e Folg), (7.33)

recalling that § o+ and ) F (g) are isotropic with respect to the bilinear form in (7.22),
(7.32) becomes

resy, —o Ir (nr L)LrLk) = Z resy,—o Ir (ns L)Lsh(k)> , (7.34)

ses
for any 55 € gs+, s € S, implying

uh®)y_ =0, Vs#r, (7.35)
(6, ") = (5, L% . (7.36)

This means that the rational function 2% (1) has a nonzero principal only at ¢, which
equals (L;LrLk),, SO

P = @, LH-o), (7.37)
and we find

R-(VHy, (wL) = =1 (VH, (1) = =6h® = =i, (0, L5-) . (738)

For k = 1, 2, this gives us

Ay
R_(VHy (L)) = g = (7.39)
and
A? AAs + AgA, AQ+ QA
R_ VH r L = — r + ,
( > (L)L )) " O‘ - é-r)2 Z ()\ - {r)(é‘r - CA) A= §r

SFEr
(7.40)
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respectively. As a consequence, we find the Lax equations for the two levels of flows
as

3 iy L A L (7.41)
rp L= —ip——, ¢ , .
(428 . 0 A
A2 A As + AGA AQ 4 QA
drinL = | —uy —72+Z rAs + AgAy + rS2+ r Ll
2 ()\ - §r) Ar ()L - Cr)(é‘r - Cs) A= Cr
(7.42)
Explicitly, they yield the following equations on the Ay,
Ar, A
E),rAS = M’ Ky # r,
! é-r - Cs (7 43)
[Ar, Al :
dyAr=—) ——=—[A,, Ql,
= oG

thus reproducing (7.6)-(7.7) ((7.8) is automatic here since 2 is a constant element of
g), and

[A7, Al [ArAy + AvAr, Al | [A/Q+QA,, A
Oy Ay = : + ’ ’
T g)? § & = &) — &) =4 v

[Ar, AsAy]
or Ay = 44
E Z - ;Y)Z ;; (& = &) (& — &9) 74
_Z[Ar,AQ—FQA] (A, Q2.
S#Er S

Lagrangian description:  Applying our formula for the Lagrangian coefficients, we
obtain the following multiform on the orbit of A (1), with elements ¢ L givenin (7.31),

N
L= L, di, (7.45)
k=1reS§

with

iy = Y1520 Tr (11, L 00 0) 961G ™) = Her (L), (7.46)

sesS

where Hj (1 L) is the restriction of Hy , to ¢, L. For the kinetic part, we have

resy, =0 Tr(tx, L ;7 @5+ (As) @5+ (M) =Tr (A5(¢s(0))_18;]:¢s(0)) , s=1,...,N,
(7.47)
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and
1570020 Tr (b1 L g Pt (hoc) P (hoo) ™) = Tr (20,00 00)
_ %a,; Tr (9(¢g>>2) . (7.48)
The contribution at co is a total derivative, so it will not enter the Euler-Lagrange
equations and hence we discard it. Thus, only the term ¢>§O) in the Taylor series of

@s+(Ag) appears in the kinetic term. We will simply denote it by ¢, to lighten notations.
The Lagrangian coefficients of the Gaudin multiform take the form

N
i = 3 Tr (A5 065 ) = Her (L), (7.49)
s=1

More explicitly, for k = 1, 2, we have

Tr(A,A
HiL) = 3 )t ), (7.50)
s;tr Cr - CS
and
2
A, 5 Ay
Hy,(i,L) =Tr | A, Z +Q —Tr | A2 Z—z
S#Er gr - Cs ST (Cr - {v)

(7.51)

Varying £, and %5, with respect to ¢5, s = 1,..., N (recalling that A; =
#s Ay ¢ 1), one can check by direct calculations that the Euler-Lagrange equations
give exactly (7.43)-(7.44).

Remark 7.1 The algebraic framework we have used to describe the Lagrangian mul-
tiform for the Gaudin model is to a very large extent similar to that used in [14] to
construct Lagrangian multiforms of Zakharov-Mikhailov type. Therefore, in hindsight,
it is perhaps not so surprising that the Lagrangian

N
L= Tr (Ascp‘;la,fcps) -y % —Tr(A,Q), (7.52)
s=1 SFEF r §

appears to be the direct analogue in the finite-dimensional case of the Zakharov-
Mikhailov Lagrangians which describe integrable field theories with rational Lax
matrices [34]. It is a rather satisfying outcome that we have unravelled the unifying
structure underlying such Lagrangians, whether in finite or infinite dimensions. They
are all connected to Lie dialgebras which control the structure of their kinetic part and
tell us which potentials to include (invariant functions on g*). Note that in [35], a very
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similar Lagrangian, their Equation (24), was constructed by a completely different
method: an adaptation of the idea of 4d Chern-Simons theory, see [36] and references
therein, and of the construction in [37] to the case of a BF theory in 3d. This suggests
the tantalising direction of deriving our Lagrangian multiforms from an appropriately
adapted BF theory. This could perhaps offer an interpretation for the appearance of
Lie dialgebras from this point of view, instead of introducing them ad hoc as we do in
the present paper.

We know from the general theory that the closure relation d.Z = 0 holds on shell.
This implies

at;'gk’r - 8,[:.,%,5 = O, (7.53)
for all possible combinations of j, k and r, s. As we know, the kinetic and potential

contributions give zero separately in each case. Let us illustrate the main steps here
fork =1, j =2 and r # s in (7.53), the left-hand side of which will then read

N N
et (nes ) - S ()
s'=1 s'=1

— 8,3‘ Hy (L) + 81{ Hy (1, L) .

Using the equations of motion, we have

s Hy,r(L.L)

1 (A2, A,] [A Ay + A Ay, Al [AQ+ QA A,]
= T — —+ + AY’
Z & — &y ! (( ({a - gr)z Z (Z& - Cr)({s - {s”) Cs — & ) ’ )

s'#r 5" #s
1 [A2, Ay] [AyAg + Ag Ay, Ayl [AQ+ QA , Ayl
+ Tr[ A | -2+ +
sZ;é:r gr - g:/ ' ( ( ((v - {x/)z Aé:s‘ ({v - {s’)({s - ;s”) é-s - {s’ ))
s'#s
1 [A2, Ay] [As, AyAgr]
+ Tr | A, = _
A ( (; & — 4?2 Z;Z; & =& — &)
_ Z [Ax s AS/S_Z + QAS’] _ [As i QZ]))
s'F#s s &
[AZ, A, [AsAy + Ay A, Ar]l | [AsQ+ QA Ayl
+Tr| | -2 + + Q.
! (( & —5)? 2#: G — (& — &) G-t ) )

This is seen to add up to zero by assembling the terms of the same nature (quartic,
cubic or quadratic in A), manipulating the sums, using the ad-invariance property
Tr([A, B]C) = Tr(A[B, C]) and the identity

1 1 1
=0
S Y S T Y s S

&s — é'r)(zs - é‘s’)
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Similar calculations give 3z1’ H> (1, L) = 0. For the kinetic terms we have

N N
0y D Tr (Ao 000 ) = 0 3 Tr (Avey o)
s'=1

s'=1

N N
= 2 Tr (@540 @05 ") = 30 Tr (0 A0 @is9)85 ")

s'=1 s'=1

N
+ 3 Tr (Al @600, " 0d0)67"1)
s'=1

" i T (AS’ <(3f5 By b )by — By dsbs)dy 1)) '
s'=1

The commutativity of flows ensures that the last term equals zero. Further, using the
relation

ds Ay = [(B5p)y " Agl. s’ =1,....N, (7.54)

it is easy to see that the first and the third terms cancel each other. Finally, for the sec-
ond term, using ad-invariance, (7.54) and the on-shell relations in (7.43) and (7.44),
we have

N
Z Tr ((atl’As’)(atéd)é,)qb;l)

s'=1

=T ((aterrxa,;qsrw;‘) + 3 Tr (0 A0 0500097

s'#r
[ ro —1
== Z Tr < (8t2¢r)¢r ) —Tr ([Ar . Q103 8r)9, )
/#r
rs Ay
+ZTr([ ]<at2¢5 63 )
ot & — Ly
Tr(Ay o A, Tr(A, 3y Ay

=— Z Tr(Ay034r) — Tr(Qds A,) — Z (4,334,

s'sr & — &y ? s'%r & — Ly

= =0y H1r(LL)

which we previously showed to be zero.

8 Conclusion

In this work, we provided an answer to the problem of constructing all the coefficients
in Lagrangian 1-form for a large class of finite-dimensional integrable systems (any
model fitting the Lie dialgebra framework). A reinterpretation of our construction is
that we proved that any collection of compatible equations in the Lax form

@ Springer



34 Page 50 of 52 V. Caudrelier et al.

9L =[ReVH(L),L], k=1,....N, 8.1)

is variational, by explicitly providing a collection of Lagrangians assembled in a
multiform. The closure relation is equivalent to the involutivity of the Hamiltonians
H;. This is a corollary of our stronger result, Theorem 3.3.

We recast our construction in a more general context which makes it clear how it
descends from a “free” (phase space) Lagrangian on the cotangent bundle of a Lie
group by reduction. This procedure is well-known in the Hamiltonian framework and
we have explained how it translates into our framework, by exploiting the correspon-
dence between moment maps and Noether currents. This offers a larger perspective on
our results. On the one hand, it may lead to the possibility of constructing Lagrangian
multiforms for systems of Calogero-Moser type by using reduction ideas appropri-
ately. From the point of view of r-matrices, a strong motivation, and at the same time
an anticipated difficulty, is the appearance of dynamical r-matrices in such systems.
Comparison with the early work on Calogero-Moser multiforms [5] would be bene-
ficial. On the other hand, it shows that our Lagrangian coefficients turn out to have a
structure similar to those appearing in so-called geometric actions. The latter can be
traced back (at least) to [38—41] and are concerned with quantisation using Feynman’s
path integral in conjunction with coadjoint orbit methods. This interesting connection
deserves further investigation.

Of the many models we could have used to illustrate the results in the present
work, we chose the open Toda chain and the Gaudin model, two emblematic finite-
dimensional integrable systems. The motivation for studying the finite Gaudin model
is Vicedo’s construction of a class of non-ultralocal field theories as affine Gaudin
models [42]. We very much hope that the present results combined with the approach
of [14] and Vicedo’s construction will allow us to overcome the current limitation of
Lagrangian multiforms to only ultralocal field theories.
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