View metadata, citation and similar papers at core.ac.uk brought to you by .{ CORE

provided by Sissa Digital Library

Extended Toda hierarchy
and its Hamiltonian structure

Guido Carlet
Mathematical Physics Sector
SISSA - International School for Advanced Studies

Supervisor: Prof. Boris Dubrovin

Trieste, June 2003.


https://core.ac.uk/display/287416129?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1




Contents

1 Introduction

2 Extended Toda hierarchy
2.1 The Toda chain hierarchy . . . . .. ... ... ... ... ... ...,
2.2 Dispersionless limit and extended hierarchy . . . .. ... ... ... ..
2.3 Logarithmof L . . . . .. . ... . .
2.4 Lax representation for the non-local flows . . . . . ... ... ... ...
2.5 Hamiltonian formulation . . . . . . . . ... ... ... ... .. .. ...
2.6 The taustructure . . . . . . . . . L
2.7 Bilinear relations for the wave operators . . . . . .. ... ... ... ..
2.8 Bilinear relations for the wave functions . . . . . . ... ... ... ...
2.9 Darboux transformations and soliton solutions . . . . .. .. ... ...

Extended bigraded Toda hierarchy

3.1 Extended bigraded Toda hierarchy in the Lax formulation . . . . . . ..

3.2 Background on R-matrix theory . . . .. ... ... ... ...

3.3

3.2.1
3.2.2
3.2.3
3.2.4
3.2.5

R matrix and the modified Yang-Baxter equation . . . . . . . ..
Linear brackets . . . . . . ... . o oo
Quadratic brackets . . . . . . .. ... L Lo
Non-unitary case . . . . . . . .. . oo

A lemma on Dirac reduction of Poisson brackets . . . . ... ..

Bigraded Toda bihamiltonian structure . . . . . . . . . .. .. ... ...

3.3.1
3.3.2
3.3.3

Algebras of difference operators . . . . . ... ... oL
Poisson tensors . . . . . . ..o

Explicit form of Poisson brackets . . . . . .. ... ... ... ..

12
12
15
18
21
22
25
28
31
32



3.3.4 Reductions . . . . . . . . .. 49

3.3.5 Bihamiltonian structure for (M, N)-difference operators . . . . . 51
3.3.6 Examples . . . .. .. 52

3.4 Relation between Lax and Hamiltonian formulation of the Extended bi-
graded Toda hierarchy . . . . . . .. .. ... .. ... .. ... 56
3.0 Tausymmetry . . . . ... Lo 61
4 Two-dimensional Toda hierarchy 62
4.1 Ueno-Takasaki formulation . . .. ... ... ... ... ... .. .... 62
4.2  R-matrix formulation. . . . . ... ..o oo 63
4.3 Explicit form of Poisson brackets . . . . . . ... ... .. ........ 65
4.4 Reductions . . . . . . . L 66
4.5 Hamiltonian representation . . . . . . . .. ... ... Lo 68
5 Dispersionless limit 69
5.1 Dispersionless bigraded Toda hierarchy . . . . . . .. ... ... ... .. 69
5.1.1 Poisson brackets . . . . . ... ... o L 70
5.1.2  Associated metrics and Christoffel symbols . . . . . ... .. .. 70
5.1.3 Generating functions for the Poisson brackets . . . . . ... ... 71
5.1.4 Generating functions for the metrics . . . . . . .. .. ... ... 73

5.1.5 Hurwitz spaces and Frobenius manifold associated to the disper-

sionless bigraded Toda hierarchy . . . . .. ... ... ... ... 73

5.2 Dispersionless two-dimensional Toda hierarchy . . . . .. ... .. ... 76
5.2.1 Poisson brackets . . . . ... .. oo L 76
5.2.2  Associated metrics and Christoffel symbols . . . . . ... .. .. 7
5.2.3 Generating functions for the Poisson brackets . . . . . ... ... 79
5.2.4 Generating functions for the metrics . . . . . . . ... ... ... 80
5.2.5  The first metric is non-degenerate . . . . . . ... ... ... .. 81
5.2.6 A new set of coordinates . . . . . . ... ... 82
5.2.7 Generating function in Fourier coordinates . . . . ... ... .. 82
5.2.8 Poisson brackets of divergence-free vector fields . . . . . . . . .. 83

6 Conclusions 86



Chapter 1

Introduction

The Toda lattice equation is a nonlinear evolution equation describing an infinite system
of points on a line that interact through an exponential force; it was introduced by Toda
[46] in the search for a simple explanation of the Fermi-Pasta-Ulam phenomenon, one
of the most important events leading to the development of soliton theory.

The Hamiltonian is given by
1
H=Y" §P3 + Qn-1=Qn (1.1)
n

where the canonical coordinates are (), the displacement of the n-th mass from equi-
librium, and P,, its momentum. The corresponding equation, in the coordinates

Up = Qn_1 — Qn and u, = —PF,,, can be written as a system
0
ol = et — etn (1.2a)
0
avn = Uy — Up_1, (1.2b)
with n € Z.

It was soon realized that this equation is an example of completely integrable sys-
tem: it admits an infinite number of conserved quantities [30, 21], can be solved for
rapidly decreasing boundary conditions through the method of inverse scattering [22]
and admits explicit quasi-periodic solutions by algebro-geometric methods [16, 5, 34].

The Toda lattice equation can be seen as the first element of a hierarchy of com-
muting flows, the Toda lattice hierarchy'. These commuting flows can be defined by
the Lax pair formalism

d
—L=1[A,L 1.3
il =40 1), (13)
hence they are isospectral deformations of the Lax operator
L=A+u(z)+ e’ @A (1.4)

"'We will also call it Toda chain hierarchy, to distinguish it from the bigraded and the two-dimensional
Toda hierarchies described in the following.



where we have used the continuous notation u(ne) = w, and A is the shift operator,
Af(z) = f(x+¢€). The difference operators A, are obtained by taking the positive part

of powers of L, A, = ﬁ([/qﬂh_

It is well known that this hierarchy admits a bihamiltonian structure [35], i.e. a
pair of compatible Poisson brackets {,};, ¢ = 1,2 and a set of Hamiltonians h, that
give the flows defined above. The Hamiltonians can be expressed in terms of the Lax

operator by
1

hy = —
7 (g+2)!
where the residue of a difference operator A =", apAF is given by Res A = ag and the

flows are obtained through the first bracket by %- = {-,hq}1. The pencil of Poisson
brackets actually defines the whole set of flows since it gives a recursion relation

{hg-1}2 = (a+ D{- hgh (1.6)

from which all the Hamiltonians can be implicitly obtained beginning from a Casimir
of the first bracket.

/da: Res LI+2 (1.5)

A new set of non-local flows was recently introduced independently by Zhang [48]
and Getzler [27] by providing an ansatz for the first nontrivial Hamiltonian and then
using the Lenard-Magri recursion relation. One actually expects that such flows exist,
since the first Poisson bracket has two Casimirs from which the recursion relation could
start; however the second Casimir cannot be used as a starting point since it is also a
Casimir for the second bracket. We call the set of the usual Toda flows and of the new
non-local flows Fatended Toda hierarchy.

Let us look for a Lax pair formulation of the non-local flows. The form of the
Lax pairs is suggested by an extension of the dispersionless Toda hierarchy that was
obtained in [20] in relation with the genus zero approximation of the topological C'P?
model.

Our first result is a construction of the logarithm of the difference operator (1.4);
we define .
log L = =5 (PP~ = QuQ7") (1.7)

where P = 1+pi(x)A™ +... and Q = qo(z) + q1(z)A +. .. are the dressing operators
defined by

L=PAP ' =QA'Q L (1.8)
We show that this logarithm is a difference operator of the form
logL = Zkak (1.9)
keZ

where wy, are power series in € with coefficients given by differential polynomials in w,
v, e and e”" (i.e. polynomials in these symbols and their derivatives).

The new isospectral deformations of L are written in the Lax form by e d%l L =
- q
[Ag, L], where )
Ay = 2 (L1008 L - <) (1.10)

4



N9 1.
and cg =) 4 4, co=0.

We prove that these flows are Hamiltonian with respect to both Poisson structures
of the Toda chain and the Hamiltonians can be expressed in terms of L and log L by

~ 2
hy = e /dx Res(L ' (log L — c441)). (1.11)
Moreover, they satisfy the recursion relation
{hg-1}2 = a{- hgh + 2{- hg-1}1. (1.12)

From this formula and the recursion relation (1.6) it follows that all the Hamiltonians
hg and hy are in involution among themselves.

An important object connected with the integrable hierarchies is the tau function,
from which all the relevant quantities like the Hamiltonians and the dependent variables
can be obtained by derivation. We show that for any solution of the extended Toda
hierarchy there exists a tau function 7; then we obtain, for example, that the dependent
variables can be expressed in terms of the tau function by

dlogT
oty

v=A1A-1)2logT u=¢eA-1) (1.13)

The wave operators are differential-difference operators P, Q defined in analogy
with the wave matrices in the context of two-dimensional Toda [47]. We show that all
the equations of the extended Toda hierarchy can be encapsulated in a single bilinear
relation

P(t)- PTH(t) = Q(t) - Q7 (t) (1.14)
where t = (to,t1,...;%0,...), plus a constraint
PAP = QA'Q7 L. (1.15)

Moreover, we find that similar bilinear relations hold for the wave functions 1[), 12}*, gZ;,
¢

Finally, we consider the Darboux transformations of the Lax operator L and we
obtain explicit soliton solutions for the extended Toda hierarchy.

A natural generalization of the Toda chain hierarchy is given by the bigraded Toda
hierarchy. The Lax operator in this case is

L:AN+UN_1AN_1—|-~--+U_MA_M (116)
for two positive integers IV, M. We define two fractional powers of L by
(LN =L and (Lm)M =T (1.17)

of the form L% = A +ap+a A" +... and L = b_1A"' 4+ by +.... Then we define
the logarithm of L by the same formula used in the Toda chain case (1.7), where now
the dressing operators are defined by

L=PANP1=QAMQL (1.18)



We prove that the coefficients wy, in (1.9) and the coefficients ag, by are e-power series
of differential polynomials in uy, ..., u_pr41, (u,M)ﬁ, (u,M)fﬁ and logu_ .

We then define the flows of the extended bigraded hierarchy through the Lax pair
formalism

oL
€om = Aag L] (1.19)
with
re-<) _a
Aag = F(q+—2iv%)(Lq+l N); for a=N-1,...,0 (1.20a)
-T2+ §7) o
g = ———— M7 _(patltyy o f =0,...,—M+1 1.20b
4 F(q+2+%)( Y or e =0 A (1:200)
1 1,1 1
A_ = (L9 log L — =(— + — 1.2
g = lEog L= 557+ el (1.200)
and g > 0.

To obtain the associated bihamiltonian structure we make use of the R-matrix
techniques developed first by Semenov-Tian-Shansky [42] and then generalized to the
non-unitary case in [40, 36]. Given an associative algebra G with an invariant non-
degenerate inner product we say that the linear endomorphism R € End G satisfies the
modified Yang-Baxter equation if

[R(X), R(Y)] = R([X, Y]r) = —[X,Y] (1.21)

for every X, Y € G, where [X,Y]r := [R(X), Y]+ [X, R(Y)]. In particular if R satisfies
the modified Yang-Baxter equation then [, | gives a Lie algebra structure on G (different
from the natural one given by the commutator) and hence defines on G* = G the usual
Lie-Poisson (Kirillov-Konstant) linear bracket

{f,91(L) = (L, [df, dg]r)- (1.22)

The theorems proved in [40] state that if moreover the skew-symmetric part S = %(R -
R*) of R satisfies the modified Yang-Baxter equation then we can define on G a second
Poisson bracket {, }2 compatible with the first one and quadratic in L.

We apply this construction to the algebra AT of formal difference operators of the

form
> uphb; (1.23)
k<400
the splitting AT = (A7), @ (AT)_ of the algebra AT gives an R € End G defined by
R(X) = X4 —X_ such that both R and its skew-symmetric part S satisfy the modified
Yang-Baxter equation. Thus we obtain a pencil of Poisson brackets on A™.

We then perform a Dirac reduction of these Poisson brackets to the affine subspace
of AT given by operators of the form (1.16) and obtain the following pair of compatible
Poisson brackets in the variables un_1,...,u_ps

{un (@), um(y)}r = Com[unsm(A"0(x = y)) = (A" unimd(z — y))]; (1.24)



{un (@), um(y) b2 = 2un (A" + (AT = Dumd(z — y))
+4>  (tngm (N s (@ = y)) = w (A g m16( — y)))

<m
—2(up 1L+ A )X+ AV A = AN)THA - 1)(1 — A upd(z —y))  (1.25)
1 n >0 1 m > 0.

—1 <0 -1 <0
where Cp, , = { " { m

We relate the Lax and the Hamiltonian representations of the flows using the first
Poisson bracket, i.e. we obtain that

d _
mun = {’I,Ln, ha,q}l (126)
where ﬁaﬁq = [dx hqq and the Hamiltonian densities are given by
1 I'2-% o
ha.q 21MR63(L‘7+2_N) for a=N-1,---,0 (1.27a)
N
1 T'2+ & o
ha7q 2MR€S(L(1+2+M) for o = 0, oy, -M + 1 (127b)
M
1 1 1,1 1
Mg == L1 log L — = (— + — : 1.2
hosta = 5oy e (B oL = 55 + e (1270
for ¢y = ;1-:1 % and ¢g = 0. For N = M = 1 we prove that this bihamiltonian structure

coincides with that of the standard Toda chain.

Finally we show that these Hamiltonian densities satisfy the tau symmetry

{h‘a’p717 B/Bvq}l = {hﬁ7q_1’ ]TLC‘Up}l' (1'28)

This gives a possibility to define the tau function for an arbitrary solution to the
hierarchy.

A further important step for the description of the bihamiltonian structure of this
hierarchy should be the determination of the recursion relations, i.e. the generalization
of formulas (1.6) and (1.12). The reduction of the second Poisson bracket to an affine
subspace needs a Dirac correction term, that is expected to produce some non-standard
recursion relation like (1.12). However the explicit approach used to derive the recur-
sion relations in the Toda chain case could not be generalized to the general bigraded
hierarchy.

In the case M = 0, Poisson structures related to those defined here for the bigraded
Toda were considered by Frenkel and Reshetikhin [24, 23], in the context of deforma-
tions of W-algebras (see Remark 47) . The R-matrix approach has been applied to the
theory of the Hamiltonian structures associated with difference operators also in [37, 1].
However the structure of the corresponding integrable hierarchy was not considered.

We then consider the two-dimensional Toda hierarchy and its generalizations. In
its simplest form this hierarchy has been first studied by Ueno and Takasaki in [47]. In
this case one has two Lax operators

L=A4uy+u A +... L=a A" +a9+ @A +... (1.29)



and two sets of times t4, t,.

Two sets of flows, denoted by the times ¢, and ¢, with ¢ > 0, are usually defined by
the following Lax equations

Ly, = [(L9)4, L] Ly, = [(L9)+, L] (1.30)
and

Ly, = [-(I%)-,L] Ly, = [-(L%)-. L] (1.31)

To obtain a bihamiltonian structure in this case we introduce the algebra AT @& A~
of pairs of difference operators of the form

(D wed®, > wpAF) (1.32)

k<400 k>—00

and then define R € End(A" @ A7) by
R(X, X)=(Xy—X_+2X_, X_— X4 +2X3) (1.33)

where (X, X) € AT @ A~.

This R-matrix comes from the following non-trivial splitting of the algebra
A" @ 4" = (diag(A°® 4%) & (A7) @ (47)4) (1.34)
i.e., it is given by R = P — P, where P and P are the projections operators given by
PX,X)=(X. +X_, X, +X ) PX,X)=(X_-X_,X,—-X,); (1.35)

hence R automatically satisfies the modified Yang-Baxter equation. We show that also
its skew-symmetric part satisfies the same equation, hence we obtain, by the general
theorems mentioned above, two compatible Poisson structures on the algebra AT™® A~.

Finally, by Dirac reduction to the affine subspace of couples of operators (L, L) of
the form

L=AYN + ’U,N_lAN_l + ... L= ﬂ_MA_M + ﬂ_M+1A_M+1 + ... (136)

for two positive integers N, M, we obtain a Poisson pencil on the variables u,, forn < N
and 4, for m > —M.

The (bigraded) Toda hierarchy fits in the general framework of classification of bi-
hamiltonian integrable systems starting from their dispersionless limit developed by
Dubrovin and Zhang in [19]. When the dispersionless limit of the bihamiltonian struc-
ture is given by a pencil of Poisson brackets of hydrodynamic type (as in the Toda
case), then it is in one to one correspondence with a Frobenius manifold [13].

It was show in [18] that a Frobenius manifold structure can be constructed on the
orbit space of the extended affine Weyl groups associated to a root system (which in



turn is labelled by a Dynkin diagram) with a fixed root. In particular the extended
(N, M)-bigraded Toda hierachy turns out to be the dispersive hierarchy corresponding
to the Dynkin diagram Apnpr—1 with the N-th vertex fixed.

An interesting problem is the determination of the full dispersive hierarchies corre-
sponding to all the Dynkin diagrams (A;, By, C, ...) considered in [18].

In the last Chapter we study the dispersionless limit of the hierarchies introduced
before and briefly consider the structure of the related Frobenius manifolds.

We first consider the dispersionless bigraded Toda hierarchy. After writing down
the explicit form of the dispersionless brackets and of the associated metrics, we find
their generating functions. For example, the generating functions of the first and second
(contravariant) metrics can be written as

N(g) — N(p)

(dA(p), dA(g))1 = 2 s (1.37)
and
(@D A@)e = 0N PN (@) + ——7 (BN (@) - NN E) (139
where
Ap)=pN 4+ +u_pp™ (1.39)
and
d\(p) = dun_1pV 4+ + du_pyp M. (1.40)

To provide a concrete realization of the Frobenius manifold associated to this pencil
of flat contravariant metrics we consider a particular case of Hurwitz space. A general
structure of Frobenius manifold was defined on such spaces in [10]. We prove that
the pencil of metrics obtained from the bihamiltonian structure of the bigraded Toda
hierarchy is equal to the pencil naturally defined on the Hurwitz space Mo.n—1,m—1;
hence the Frobenius manifold associated to the dispersionless limit of the bigraded
Toda hierarchy coincides with the one defined on this Hurwitz space.

It was shown in [18] that this Frobenius structure is moreover isomorphic with
the one that has been defined on the orbit space of the extended affine Weyl group
w®) (An+ar—1) associated to the irreducible reduced root system Anyar—1 with the
N-th root fixed.

We then consider the dispersionless limit of the two-dimensional Toda hierarchy.
As in the previous case we derive the generating functions for the Poisson brackets and
the associated metrics.

We prove that the first metric is non-degenerate and find a new set of coordinates
wp, w_1 and vy, k € Z in which it has the form

g 0 o 0 o 0
> (4 m)vnsm s ===+ wo ( + ) (1.41)

- VU, OUnp, Owg Ow—_1  Ow_1 Owy




i.e. it splits in the orthogonal sum of two blocks. The first dispersionless Poisson
bracket also splits in two independent parts: for the coordinates wy it coincides with
the first Poisson structure of the Toda chain hierarchy while the part corresponding to
the coordinates vy has the form

{0 (@), vm ()} = —2[n0nsm(@) + MO (2 —y) mymeZ.  (1.42)

If we pass to the coordinates given by the Fourier series with coefficients vy, (x)

v(z,y) = Z v (2)e™ (1.43)

nez

we obtain the following expression for the infinite dimensional part of the first disper-
sionless Poisson bracket

{v(@1, 1), v(x2,y2)} P = —47i [0, 0(x1,11) - 61 — 22)8 (Y1 — yo)

- aylv(acl, Y1) - 5,(331 —22)0(y1 — yz)]. (1.44)

We finally show that this bracket is the one naturally associated with the algebra of
divergence-free vector fields on the cylinder, i.e. with the dynamics of a two dimensional
incompressible fluid.

Layout of the thesis The layout of the thesis is the following.

In Chapter 2 we introduce the Toda chain hierarchy and its extended version. We
motivate this extension by examining the dispersionless limit and the structure of the
Casimirs of the hierarchy. We introduce a formal logarithm of the difference Lax
operator L and define the new flows through the Lax pair formalism. In Theorem 7
we show that the coefficients of the logarithm are uniquely determined power series
in € of differential polynomials. Then we prove that these flows have a bihamiltonian
formulation (Theorem 12), we show the tau-symmetry (Theorem 17) of the Hamiltonian
densities and hence derive the existence of a tau-function for the hierarchy, expressed in
terms of the Lax operator. We then derive the bilinear relations for the wave operators
and the wave functions and finally we obtain the soliton solutions by the method of
Darboux transformations of the Lax operator L.

In Chapter 3 we define the bigraded Toda hierarchy. First we genf:ralize thle def-
inition of the logarithm log L. and introduce two fractional powers LN and LM. In
Theorems 27 and 28 we show that these operators have uniquely defined coefficients
that are power series in € of differential polynomials. Then we introduce the flows by
the Lax pair formalism. After a brief summary of some results of the R-matrix theory,
we define an R-matrix on the algebra AT of difference operators and we obtain three
compatible Poisson brackets on AT. Then we perform a Dirac reduction to an affine
subspace of AT, getting a pencil of Poisson brackets for the bigraded Toda (Theorem
45). We finally obtain in Theorem 52 the Hamiltonian representation of the Lax flows
through the first Poisson structure, and in Theorem 57 we prove the tau-symmetry of
the Hamiltonian densities.

10



In Chapter 4 we obtain the bihamiltonian structure for the two-dimensional Toda
hierarchy by applying again the R-matrix construction. We first define the relevant
algebra AT @ A~ and the define an R-matrix on it, showing that it comes from a non
trivial splitting. We obtain explicit expressions for the pencil of Poisson brackets on
A" @ A~ and, by Dirac reduction to an affine subspace, we derive a pencil of Poisson
brackets for the (M, N)-bigraded two-dimensional Toda hierarchy (Theorem 63).

In Chapter 5 we consider the dispersionless limit of the bigraded and of the two-
dimensional Toda hierarchies. We write explicitly the Poisson brackets and the asso-
ciated metrics and we obtain their generating functions. We then briefly recall the
definition of the Hurwitz spaces and of the natural Frobenius manifold structure on
them and show that it coincides with the Frobenius manifold structure associated with
the Poisson pencil of the bigraded Toda hierarchy. In the case of the two-dimensional
Toda hierarchy, after having obtained the generating functions for the Poisson brackets
and for the metrics, we prove that the first metric is non-degenerate. We then define
a new set of coordinates in which the first Poisson bracket has a simple structure and
we show that it is actually given by the direct sum of the first bracket of the bigraded
hierarchy and of the Poisson bracket associated with the dynamics of an incompressible
fluid.

In the final Chapter we review open problems and perspectives.

11



Chapter 2

Extended Toda hierarchy

In this chapter we introduce the Toda (chain) hierarchy and we extend it by adding an
infinite number of non-local commuting flows.

The Toda chain hierarchy is associated to the discrete Lax operator
Lym = 6n+1,m + un(sn,m + evn(sn—l,m (21)

where the dynamical variables are given by w, and v, for n € Z or n € Zj in the case
of periodic boundary conditions.

The flows of the hierarchy are given by the isospectral deformations of such operator,
i.e. by the Lax pair formalism L; = [A, L]; this equation gives exactly the Toda equation
(1.2) if we take Apm = Sntim + Undpm.

Instead of using discrete variables u, and v, we will adopt a continuous notation
v(z), u(z) and we will denote by e the lattice spacing; of course the two notations will
be related by u(ne) = u,. Since the usual equations of the Toda hierarchy are difference
evolutionary equations, we will write them using the shift operator AF f(z) = f(x+ k).

These results are obtained in collaboration with B. Dubrovin and Y. Zhang [3] (see
also [2]).

2.1 The Toda chain hierarchy

In this section we define the usual Toda chain hierarchy in the Lax pair formulation
and consider its bihamiltonian structure. Since the Hamiltonians can be constructed
recursively using the Lenard-Magri recursion procedure starting from a Casimir of the
first Poisson bracket, one expects that another infinite set of Hamiltonians could be
constructed starting from the second Casimir of the first bracket. We comment on the
fact that this is impossible due to the "resonance” of the Poisson pencil.

We introduce first the definition of the Toda chain hierarchy flows using the Lax
pair formalism.

12



Let’s denote with u(z) and v(z) the two dependent variables of the hierarchy. Recall
that the original dependent variables of the Toda hierarchy are w, and v,, where n
identifies the n-th site of a lattice with spacing €; in the continuous limit described
above u, = u(en) and v, = v(en). The functions u(z) and v(z) can be taken in the
space of periodic functions (z € S') or on the real line (z € R) but for the moment we
disregard the boundary conditions.

The Lax operator, that acts on the space of functions f(x) of one variable z, is
L=A+u(z)+ e’ @A (2.2)

where Af(z) = f(x + €) is the shift operator.

Given any difference operator A = 3", _, ap\* we denote by A, and A_ the positive
and negative parts respectively, i.e. AL = Zk>o apA¥, AL + A_ = A; we indicate the
commutator of difference operators with [A, B] = AB — BA. Moreover we define the
residue of A by Res A = ay.

The Toda chain hierarchy is given by the system of flows

0L

Em = [AZq,L] q 2 0 (23)
where the operators Aj , are defined by

1
(¢g+1)!

Ay = L), (2.4)

Example 1 Let’s give some explicit examples of Lax operators and associated flows.
The first example is simply

Aso=A+u (2.5)

that gives, by (2.8), the t*0-equations

eupo = ((A—1)e") (2.6)
€Vp2,0 = ((1—A_1)u);

these are just the usual Toda chain equations, written in the continuos formalism.

The following example is given by
1
Ayq = §(A2 + ((Au) +u)A +u? + (Ae”) +eY), (2.8)

and the t>'-equations are

T %(((Au)—i—u)(Ae”)—((A_lu)—i—u)e”) (2.9)
T %((Ae”)—(A‘le”)—i—u?—(A_luz)). (2.10)

13



Remark 2 We will use the following notation: whenever the shift operator A appears
inside a parenthesis, like in (Af), it is supposed to act only on the function f inside
the parenthesis; in the other cases it must be considered as an operator that acts on
everything on the right. More explicitly (Af) represents the function f(x+€), while Af
represents the operator (Af)A.

It is well-known that the hierarchy under consideration admits a bihamiltonian
formulation. This essentially means that the Lax flows defined above can be written as
Hamilton equations with respect to two compatible Poisson structures. We summarize
these facts in the following

Theorem 3 The flows t>? defined above can be expressed in bihamiltonian form
_ 1 _
V42,9 = {U,h27q}1 = ﬁ{v,h27q_1}2, (2.11)
_ 1 _
UtQ,q == {u7 h2,q}1 - ﬁ{U7 hQ,q71}2' (212)

The first Poisson brackets are given by

{ula), uly)h = {o(2), oy} = 0 (2132)
{ul@), o)} = ~(0 —y+ ) = 3z —y) (213b)

{v(x), uly)hr = %(5($*y)*5($*y76)) (2.13¢)

and the second Poisson brackets by

(ul@), uly))e = (5@ —y+ )~ Wi —y— ) (214n)
(), v(®)}2 = 26—y +6) — 5z —y — ) (2.14b)
(u(@), v(9)}2 = (@)~ y +€) ~ 5z ~ ) (214c)
(o), uw))z = (@) —y) —ule - @ —y—d).  (214d)

The Hamiltonian densities are given by

1
ho, = ———— ResLIt? > -1 2.15

from which the Hamiltonians ha, are obtained by integration: hegy = [ hogdx. All
these Hamiltonians are in involution with respect to both Poisson brackets, i.e.

{BQ,qa EQ,p}i =0 (2.16)
forp,q=>0andi=1,2.
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The proof will be given in the following sections together with the proof of the Hamilto-
nian theorem for the extended flows; however for the usual Toda flows it can be found
e.g. in [35].

Example 4 Some examples of Hamiltonian densities are
hgﬁl = U (2.17)

1
hoo = S((Ae) e+ u?). (2.18)

Consider now the Hamiltonian hy _1 = [ u(x)dz. One can easily check that, through
the first Poisson bracket, it gives a trivial flow. Indeed it is a Casimir of the first bracket,
i.e. it commutes with any other functional of the variables u(z) and v(x).

It is a well-known fact that, in the presence of a bihamiltonian structure, one can
construct recursively a sequence of Hamiltonians using the Lenard-Magri recursion
relations given by (2.11) i.e.

(a+D{" hagh = { hag-1}2. (2.19)

In this case one starts from the Casimir Bg’_l and builds all the Hamiltonians Bqu. In
particular one might expect to perform the same procedure starting from every Casimir
of the first bracket. The first Poisson bracket (2.13) actually admits a second Casimir

/ o(@)de; (2.20)

starting from this Hamiltonian one would like to obtain a second set of Hamiltonians in
involution with 1_12,(1 and between themselves. However we cannot start from the Casimir
(2.20), since it is a Casimir also for the second bracket (2.14). This phenomenon is called
"resonance” of the bihamiltonian structure (2.13), (2.14).

2.2 Dispersionless limit and extended hierarchy

Here we recall the Lax formulation of the dispersive limit of the Toda chain hierarchy.
We show that in this limit new flows can be defined, using the logarithm of the Lax
function. This is a first hint that analogous flows should exist in the dispersive hierarchy.

The dispersionless limit is obtained by putting ¢ — 0. It can be easily shown
[45] that the Lax representation is simply obtained by substituing A with p and the
commutator of operators with the canonical Poisson bracket between functions of the
variables x, p. More precisely the dispersionless flows corresponding to (2.3) are

oL 1

0124 Az, L3, Agg = e 1)!(ﬁq+1)+, (2.21)
where the Lax operator L is replaced by a Lax function
L(z,p) =p+u(z)+e’@p T, (2.22)
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and the bracket is
8[3 oC oC 0B

8p dr paip%
for any two functions B and C of z and p. (B); means that only non-negative powers
of p, in the power series expansion of B, are considered.

{B.C} = (2.23)

The dispersionless Hamiltonians h2 and Poisson brackets {, }?wp are obtained
from their dispersive counterparts (2. 15) (2.13)-(2.14) as the leading term in € in the
€ — 0 limit, i.e. for the Poisson brackets

{f, g} = el /,9}]"" + O(e?). (2.24)

One finds that the only non-zero terms of the dispersionless Poisson brackets (we drop
the superscript) are

{u(@),v(y)}h = ' (z — y) (2.25a)
{u(z), u(y)}2 = 2¢"@ ' (z — y) + @y (2)0(z — y) (2.25D)
{v(2),v(y)}2 = 28"(z — y) (2.25¢)
{u(@),v(y)}2 = u(x)d' (z —y). (2.25d)

In particular the same recursion relation as above (2.19) holds in the dispersionless
case.

Considering the genus zero approximation of the topological CP! model, in [20] it
was noted that new flows, that we denote with times ¢19, can be added to the usual
dispersionless flows given above; their Lax representation is

oL

2
otla {A1q, L}, Arg = a(ﬁq(logﬁ —cq))+ (2.26)

where ¢g = >°7_, %, co = 0. The logarithm of £ must be understood in the following
way

1
~log(1 +ue "p+ e Vp?) (2.27)

1 1
log £ = v + —log(1 +up t +e'p2) + 5

2

where the first logarithm on the RHS is seen as an expansion in negative powers of p
while the second one in positive powers of p.

These flows can be expressed in Hamiltonian form by

0
otha

where the dispersionless Hamiltonians are given by

_ { dzsp}dzsp (228)

disp _ 2 +1 dp
hig" = MR%:OW (log £ = cq41)~ 7] (2.29)

These Hamiltonians however satisfy a recursion relation that is different from the pre-
vious one (2.19) ) ) )
{ hig—1te=q{", high +2{-, hog-1}1. (2.30)
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One can use the standard argument for a Lenard-Magri chain to show that all the
Hamiltonians h, 4 are in involution with respect to both brackets. Essentially, applying
twice the recursion relation (2.19) one obtains that

_ _ +3 _ _
{h2,pa h2,q}1 = %{hlp—l-h hz,q—1}1; (2.31)

then it is clear that applying this formula multiple times one reaches the Casimir ﬁg,_l,
hence the Hamiltonians hs , are in involution with respect to {, }1. Using this fact one
obtains an analogous relation

_ _ +1 - _
{hZ,;mhl,q}l = ]%{th—la hl,q+1}1 (2.32)

from which the involutivity of ki, and ha, is proved. Using again this fact and the
recursion relation (2.30) one gets

S +1..
{h1p, high = pT{thJrh hig-1h (2.33)

and by repeated application of this formula one obtains that {h1 p, k1 4}1 is proportional
to

{h1,0, M1 g1p}1- (2.34)

Here we don’t reach the Casimir k1 _1; anyway the Hamiltonian by g = [ u(z)v(z)dz is
the generator of z-translations and hence acts trivially on any integrated quantity. We
conclude that all the dispersionless Hamiltonians Ba,p are in involution. An analogous
procedure is used to show involution with respect to the second Poisson brackets.

Thus in the dispersionless case the Toda hierarchy has two perfectly well defined
sequences of flows all commuting between themselves, denoted by the times t*9 for
q =20, a=1,2. We call this the Eztended dispersionless Toda chain hierarchy. The
classical dispersive flows corresponding to the times 29 defined above reduce, for € —
0, to the corresponding flows in the dispersionless hierarchy; on the other hand in
the classical dispersive formulation there is apparently no flow reducing for ¢ — 0 to
the dispersionless flows corresponding to the times t'?. However the Lenard-Magri
recursion relation (2.30) for the second set of dispersionless flows starts not from the
Casimir 7117_1 (resonance problem) but from the Hamiltonian 51,0-

This suggests to define a dispersive Hamiltonian l_zLo generating the z-translations
under the full dispersive Poisson brackets and then to define the dispersive counterparts
of the Hamiltonians hy , using the recursion relation (2.30). This was actually done by
Y. Zhang in [48] by providing the ansatz

o= [ u(o)(1 - A7) e (@), (2.35)
This Hamiltonian, containing the inverse of the discrete derivative 1 — A~!, is non-local

so we expect that in general all the Hamiltonians l_LLq will be non-local, too. These
Hamiltonians will be in involution between themselves and with all the usual Toda
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Hamiltonians (2.15) with respect to both brackets (2.13) and (2.14). This can be seen
by exactly the same proof just given above for the dispersionless hamiltonians. We call
this system of commuting flows the Extended Toda chain hierarchy.

While in principle we can construct all the hierarchy of Hamiltonians 7@17q by recur-
sion, in practice it is impossible to write down the Hamiltonians beyond the first few
ones. A much better computational tool is given by the Lax representation. We will
show in the following, by defining a logarithm of L, how to obtain the Lax representa-
tion for these flows and an explicit form of the non-local Hamiltonians.

2.3 Logarithm of L

In this section we define the logarithm of the operator L through the use of the dressing
operators. Then we show that if we extend the space of functions to be the space of
power series ;g fx(x)€* then log L is a well-defined infinite difference operator having
for coefficients series in powers of € of differential polynomials in the variables u(z), v(z)
and e?(®),

It is well known [47] that one can write the Lax operator (2.2) as the dressing of
the shift operators A and A~!

L=PAP'=QA Q7! (2.36)

where the dressing operators P, (Q have the form

P=> p@)A™*  po=1, (2.37a)
k>0

Q=> qlx)A". (2.37b)
k>0

By substituting in the definition (2.36), the functions pg, gr can be found in terms
of u, v. These dressing operators P and () are defined up to the multiplication from
the right by operators of the form 1+ 3, cxA™F and 2 k>0 ép\F respectively, with
constant coefficients.

Since the shift operator can be written as A = % one is led to define two different
logarithms in the following way

log, L := PeOP™' = €0 + PeP, * (2.38a)
log L:=—-QedQ ' = —ed — QeQ; . (2.38b)

Notice that the ambiguity in the definition of the dressing operators is cancelled in the
definition of these logarithms. They are differential-difference operators of the form

log, L =e€0+2 Z w_p(x)AF (2.39a)
k>0
log L =—€d+2) wi(x)A* (2.39b)
k>0
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Since we want to write an expression like (2.29) and we need to make sense of the
(1)+ part, we would like to have a purely difference operator for the logarithm, that we
define by

1 1
log L = ;log; L+ ;log L= —%(PxP” —Q.Q7Y); (2.40)
in this definition the derivative drops out and we get a difference operator of the form
log L =) wy(z)A". (2.41)
kEZ

Now we would like to find explicit expressions of the coefficients wj in terms of the
basic variables u(z), v(x).

We will need in particular to invert the discrete derivative operator A — 1 that
appears in the recursive definition of the coefficients wy; however there is no way to
find explicit formulas for such inversion if we work on the space of functions f(z). We
can consider instead functions that are power series in €, i.e. of the form

fla )= frlx)e", (2.42)

k>0

and impose that the shift operator acts on these functions as the exponential of the
x-derivative

d ko d
Af =efief =3 M (2.43)
k>0

then we have an explicit inversion formula in terms of the Bernoulli numbers By,

4 d 1 By, d
k>0
the Bernoulli numbers are defined by
1= > et (2.45)
k20

In (2.44) the operator A™ — 1 acts on the derivative e%f since Im(A™ — 1) = Ime%.
Indeed it is easy to check that Ker(A — 1) = C[[¢]] and Im(A — 1) = Ime-; these give
also the kernel and the image of A™ — 1, since A™ —1 = (A — 1)(A™ ! +..- +1) and
A™ 1 ... 4+ 1 is an automorphism of the space of functions of the form (2.42).

Now consider the case where the coefficients f; are differential polynomials

Definition 5 We denote by A the algebra of differential polynomials in u, v, e¥ and
o

e~V with differential %; A= Al[e]] is the differential algebra of formal power series in
e with coefficients in A.

Remark 6 In the approach of some authors (e.g. [7], [35] and [28]), these objects are
given a purely algebric definition, in the attempt to give a rigorous treatment without
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specifying any boundary condition for the space of functions. E.g. the algebra A can
be seen as the quotient of the polynomial algebra in the symbols u\™, v("™) eV and
e~V for m = 0, plus the constants, by the ideal generated by e'e™" — 1; it becomes a
differential algebra if we define the action of the differential % on the generators by

d g m) — 4, (m+1) d (m) — 4 (m+1) dov — pvd
L =u ;v = and - =e" .

Now we can state the important

Theorem 7 The coefficients wy, that appear in the definition of the operators log, L,
log_ L and log L are uniquely determined elements of A.

Proof By dressing with the operator P the relation [ed,A™] = 0 we clearly have
llog, L, L™] = 0; spelling out this relation and taking the residue we obtain

m—1

(A7 = D) = Sepym) + 3[0 - M)A pm)] (246
=1

with L™ ="' pr(m)A¥ and p,,(m) = 1. Since the RHS is in the image of A™ —1,
it’s clear that we can invert such operator and obtain w,, for m < 0 in terms of wy,
m < k < 0; hence w,y,, € A A priori each wy, is determined up to an element of
Ker(A™ — 1) = C[[¢]] i.e. of the form ;- cre®. On the other hand the definition
in terms of the dressing operator shows that these constants are zero, hence w,, for
m < —1 are uniquely determined; indeed from (2.38a) and (2.39a) we get

I~  d
n=—5 > e(5=pr) (AP} 2.47
w 2 e(- k) (AP ) (2.47)

where P! = Z,@OpZA_k. If we put u = 0 = €¥ in (2.36) we obtain (A — 1)py =0
hence pr € C[[¢]]; this implies that e%pk = 0 hence, by the previous formula, the

constant in w_,, is zero.

Now we have to repeat the same arguments for the coefficients w,, for m > 0; we
define

Q::qng:1+%A+... (2.48)

and 3
L:=qy'Lqo. (2.49)

Using the fact that, from (2.36), we have

Gl (A ) = e (2.50)
then, it follows _
L=A"4u+ (Ae")A. (2.51)
Moreover we have that ~ _ N
L=QA Q! (2.52)



and

d _ d ~ ~ 1 _
log L =—€d+ 6(%%)(]0 Ty eqo(@Q)Q Yoo . (2.53)
Hence wo = %(%qo)qo_l =£(1—A"1)"!(e"), from (2.50) and, defining
d ~ ~_ .
e(—Q)Q™ =2 A, (2.54)
k>0

we can find wy, in terms of wy
wy, = Wrgo(Afqy ). (2.55)
Since it easily follows from (2.50) that

k
= H Neved (2.56)
j=1

then we just need to show that wy, € A. This is easily done as before by dressing with
@ the relation [—ed, A=™] = 0. O

Example 8 The first few examples of coefficients of log L are

wy = %((A—l)_leum) (2.57)
- é(A(A—l)_levx) (2.58)
w = %(Ae‘”(A—l)_leux). (2.59)

Observe that also the coefficients pg (), gx(x) of the dressing operators are in general
non-local functionals of the variables u(z), v(x); however a result similar to Theorem 7
does not hold, i.e. it is not possible to express them as power series in € of differential
polynomials in A.

2.4 Lax representation for the non-local flows

Using the logarithm of L defined in the previous section we now define the additional
flows by giving their Lax representation. We essentially follow the Lax form of the
dispersionless flows t19.

Definition 9 The flows defined by the following Lax pair formalism

oL
Em = [A]_7q7L] q 2 0 (260)
with 5
Ay = 1L og L~ ) (2.61)

where cg = > %_, %, co = 0 define, together with the usual flows (2.3), the Extended
Toda chain hierarchy.
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Remark 10 Notice that the difference Lax operators Ay 4 have in general an infinite
number of terms; alternatively we can use the operator

_ 1
Arg = L (log L = cq)ly — —1[L7(log L = ¢)] (2.62)

which gives the same flows, since it differs by a part that commutes with L, but contains

only a finite number of terms. Howewver it is a differential-difference operator as one
can see easily by writing it in the form

~ 1 1

ALq = *'Lqea + *'

q: q:

(LIS wihh — ¢))s — (L2 Y weh* — )] (2.63)

k<0 k>0

Example 11 The first ezample of Lax operator is
Ajg=ed (2.64)

and the associated equations of motion are simply given by x-translation, i.e. Ljo =
L.

The following example is

Apg = Aed — 1)+ AA — 1) Leul +ul(ed — 1)
+e(d+1—(A—1)"teu?)A™! (2.65)

that through (2.60) gives the following non-local equations

eupn = (A —1)(—e"(A™F = 1) Lev,) — 2(A — 1)e? (2.66a)
+ 5 ()2 + e(e)s (2.66b)
evpn = (A =D lewy) (A = Du 4 evg (A1) (2.66¢)
+ A euy + eup +2(A7 = 1w (2.66d)

2.5 Hamiltonian formulation

Here we prove the bihamiltonian theorem for all the flows of the Extended Toda chain
hierarchy. This in particular shows that they coincide with the flows introduced by
Zhang in [48] using bihamiltonian recursion relation starting from (2.35).

Theorem 12 The flows defined above can be expressed in Hamiltonian form with re-
spect to the first Poisson bracket

Uto,g = {u, Ba,q}la Viov,g = {’U, Ba,q}l (267)

with « = 1,2 and q = 0. The recursion relation is given by
_ 1 _ _
{1 hag-1}2 = (¢4 ta + ) hagh + Bod hyg-1h (2.68)
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where (1 = —pg = —%, Rg = 269031. The Poisson brackets were define previously
by (2.13) and (2.14). The Hamiltonian densities are in involution with respect to both
brackets and are given by

1
+ 2!

hag = Res[L ! (log L — c441)] (2.69)

2
ResLit2, hig =
’ q+1!

and ﬁa,q = fhajqu.

Example 13 Some examples of Hamiltonian densities are

hi1 = AA—-1)"lev, (2.70a)
hio = (A+1)(A—1)"teuy — 2u+ul(A — 1) evy; (2.70b)

notice that, up to total derivatives, hi 1 ~ v (the second Casimir for the first Poisson
bracket), while
hio ~ ub(A — 1) e, (2.71)

is the Hamiltonian (2.35) corresponding to x-translations. Hence the times defined
here in the Laz formalism correspond to those defined by Zhang in [48] by the recursion
relation (2.68) starting from (2.71).

Remark 14 In the following chapter we will see that these Poisson brackets have an
algebraic origin: they are respectively the Poisson-Lie (or Kirillov-Konstant) brackets
on the dual of a Lie algebra and the Sklyanin brackets (naturally defined on a Lie group).
Here however we prefer to introduce them by explicit formulas.

Proof The fact that the Poisson brackets (2.13),(2.14) form a compatible pair i.e. that
they give a bihamiltonian structure is well-known and can be found e.g. in [35].

To prove (2.67) we expand the Lax operators Ag , defined in (2.4) and (2.61) in the
form

Agq = ZAkaﬁ,q,k =12 q=0. (2.72)
k>0

Since Ag 4, = (Bg,q)+ for operators Bg, that commute with L, it follows that, since
[(Bgq)+, L] = —[(Bggq)—, L], the only nonzero terms in [Ag,, L] are the those with A°
and A~!; hence the Lax equations are well-defined.

Expliciting the Lax equations (2.3) and (2.60) we obtain

euysq = (Ae®agq1) —€'agq (2.73a)
€sa = g0 — (AN agqo). (2.73b)

Hence formulas (2.67) are proved if we show that

Shg.q 5hg.q

)

5u = aﬁaqvo 6U = aﬁvtLlev' (2'74)
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Consider the space of Lax operators of the form (2.2); it is parametrized by two
functions u(x) and v(x). The differential of L is

dL = du(z) + dv(z)e’ A~ (2.75)

and du(z), dv(z) are the basic differentials of the coordinates on such space. For a
functional

hgq = /h@’qdaz (2.76)
the differential will be obtained by functional derivation
] S 5T
dhg,= | d 4 9 d . 2.
» / . [ feldu@) + 5% du(z) (2.77)

Let’s consider the case 8 = 2. Using the fact that for any difference operator
A =73, AgA¥ it is easy to check that

/ Res[A,dLdz = 0, (2.78)
we have that
A _ 1 +1
dhy g = /dx TE) Res(LY™dL) (2.79a)
- / dz (ag,qp(:v)du(x) + aQ,q,l(a:)ev@)dv(x)) (2.79b)

and since du(z) and dv(z) are independent, comparing with (2.77) we obtain the equa-
tions (2.74) in the § = 2 case.

For 8 =1 we start by showing that

/ dx Res(LPdlogL) = / dz Res(LP~'dL); (2.80)
it is sufficient to show this for log, L. Using the formula
eploes L — p (2.81)
we have
pRes(LP~'dL) ~ Res dL” (2.82a)
— Res deP1os+ L (2.82b)
00 1 o
= pRes(ePl8+ Ldlog, L) (2.82d)
= pRes(LPdlog, L) (2.82e)

where by ~ we mean that we have equality up to total derivatives that vanish under
integration in x.
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Now

- 2
dhi g = /d:c ] Res(dLi (log L — c411)) (2.83a)
2
+1
= /dx ;Res(Ld(logL —¢q)dL) (2.83c)
= /d:c (a27q70(x)du(a:) +a2,q71(a:)e“(x)dv(x)) (2.83d)

hence we obtain equations (2.74) in the § = 1 case.

We have thus completed the proof for the Hamiltonian representation (2.67) using
the first bracket.

The recursion relations (2.68) follow from the identities

1 1
+1 Ll = —1%= — 9L 2.84
(q )(q 1! / / (2.84a)

2 2 1
qan(logL —cq) = L(q - 1)!Lq_1(logL —cqo1) — 2aL‘1 (2.84b)
2 1
= 7= 1)'Lq_1(logL —cq1)L — ZEL‘I; (2.84c)

in particular one expands both sides using (2.72) and expresses aqq) in terms of
Qq,q—1,k- Substituting such expressions in (2.73) one finds the recursion relation (2.68).
The involutiveness of the Hamiltonians has been already shown, after (2.35), using the
standard recursion relation argument. O

2.6 The tau structure

In this section we show that the Hamiltonian densities defined above are normalized
in such a way that the so-called tau symmetry holds; from this property we derive the
existence of a tau function for the Extended Toda hierarchy. Moreover we express the
Hamiltonian densities in terms of derivatives of the tau function.

First we introduce a gradation on the algebra A and we show that Hamiltonians
and the vector fields of the extended Toda hierarchy are homogeneous elements. Let’s

define
degd™u=1—m deg 0"v = —m dege’ =2 dege =1 (2.85)

where 0 = %. Then from the definition of the extended Toda hierarchy and of the
densities of the Hamiltonians it is easy to check that

[0}

OtBa

3
deg =q+ 18— pa deghp, =q+ 5 THs (2.86)
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where for simplicity we have introduced the notation u' := u and u? := v and the

constant i, is defined by pe = —puy = % We denote by A the subring of A that
consists of homogeneous elements of the form

=Y fue" (2.87)

k>0
where f;, are homogeneous polynomials of u, e*V, 0™u, 0™v for m > 1 and deg fi, =

deg f — k. Then we have

oue - ;
78;;»61 ced hg,cA (2.88)

Now we prove the following simple

Lemma 15 The following formula holds

Ohap-1 %Res[A@q, LP(logL —¢p)], a=1, (2.89)
otha m Res[Ag 4, LPT1], a=2.
Proof The only non trivial thing is to show that
Olog L
T [Ag,q,10g L]. (2.90)
It is sufficient to prove this formula for logy L; from [log, L, L™] = 0 we have
Olog, L
[Tﬁfq —[Agq,log, L], L™ =0 (2.91)
where we have used the Jacobi identity and (2.3)-(2.60). From the fact that agﬁf’qL -

[Ap,q,1og, L] is homogeneous and has the form >, gr\* we conclude from the last
equality that it is equal to zero. Similarly the same procedure holds for log_ L, hence
we conclude. O

Now we can define the coefficients Q p.5,4

Definition 16 The functions Qg .54 are defined by

ahoz,pfl

1
E(A —DQapsqg = 9tha (2.92)
and by the homogeneity condition
Qapisg € A degQapigg =P+ q+ pa +pp+ 1. (2.93)

The following Theorem shows that the coefficients €1, ;.53 , are symmetric with re-
spect to the pairs of indices («, p) and (3, q)
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Theorem 17 The Hamiltonians densities hqq give a tau-structure compatible with
spatial translations for the Poisson pencil (2.13)-(2.14), i.e. the following identities
hold

{ha,pfla Bﬂ,q}l = {hﬁ,q—la Ea,p}l «, ﬁ = 17 2 b, q >0 (2'94)
- 0
{hioh = E (2.95)

Proof Begin from the case « = 3 = 2; by Lemma 15

8h27p,1
ot24

(LT L L (2.96)

= Resl T+ )

(g +1)!
then simply use the fact that given two commuting difference operators A, B it follows
that

Res[Ay, B] = Res[By, A|. (2.97)

The other cases follow in a similar fashion. O

This Theorem and definition (2.92) imply that % is symmetric with respect to
the three pairs of indices (o, p), (8,q) and (o, k). This property justifies the following

definition of the tau function for the extended Toda hierarchy

Definition 18 For any solution of the extended Toda hierarchy there exists a function
T such that
5 0%logT

Qoppg = € BrariBa (2.98)

holds true for any o, 3 =1,2 and p,q = 0.

Since the first flow % of the extended Toda hierarchy coincides with the transla-

tion in z, i.e. % = %, we can moreover require that the tau function satisfies

OlogT  OlogTt
otto — 9x

(2.99)

Corollary 19 The densities of the Hamiltonians of the extended Toda hierarchy are
expressed in terms of the tau function in the following form

Olog T

hap = €(A — 1)8t0‘vp+1

(2.100)

fora,6=1,2 and p,q > —1.

Proof From the definition of €2, .10 we get

k—1 k+1 2
B € b1 B € g1 OlogT Olog T
ha,p—l = g Fa Q04,10;1,0 - g k! 0 OterHEo E(A - 1)Wa (2-101)
>1 >1

where we have used (2.99). O
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Remark 20 From the Corollary it follows that the variables u, v can be expressed in
terms of the tau function by

v=AYA-1)logr (2.102a)
Olog T

these were obtained by putting p = —1 in (2.100) and oo = 1,2 respectively.

2.7 Bilinear relations for the wave operators

All the equations of the extended Toda hierarchy can be encoded in a single bilinear
expression for the wave operators (plus a constraint), in analogy with the analogous
formula for the two-dimensional Toda hierarchy obtained in [47].

The equations of the extended Toda hierarchy can be obtained as a compatibility
condition of the linear system

LP=PAN LQ=QA! (2.103)
0 ~ = O A A
€at1,qP AlaqP 681517‘1@ = Al,qQ (2104)
0 - 1 0 4 1 .
P = q+1 — Lq"rl 21
ot q+ 1'( )+ 68752:(1@ q+ 1!( )+Q (2.105)
for g =0,1,2,... and !
~ 2 q 1 ‘
Ay = [a(L (log L — ¢4))+ — ik (log_ L — ¢;)] (2.106)
2 1
= [—E(Lq(logL —cq))— + an(logJr L—c¢y)l; (2.107)

here P, Q are differential-difference operators i.e. of the form

> apAF(ea). (2.108)

kEZ 120
The solutions have the explicit expression given by the

Theorem 21 If L is a solution of the extended Toda hierarchy then exist differential—
difference operators P, @, solutions of the previous equations, of the following form

D _ o~ 1 1 2, Aq+1 1 Lapg
P = Pequzzoe[wt AT 4 at A9(ed — ¢,)] (2.109)

YAy, A1, and A, are all valid Lax operators for the same flow; A; , anyway has a finite number
of terms.
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P=>pA*  pp=1 (2.110)
k=0

A 211,
Q:Qexp;Gq!t IN"U(ed + ) (2.111)
Q=> qA (2.112)
k=0

These solutions are called wave operators. They are determined up to

PP Y e A (ed) (2.113)
k>0

Q= QY &iA" () (2.114)
k>0

for constants coefficients ¢y, ¢.

Proof The proof is based on the following Lemmas

Lemma 22 (ZS representation) The extended Toda hierarchy is equivalent to
[8ta,q — Aa,q, Owsp — A@p] =0 (2.115)

fora,8=1,2 and p,q > 0. It is also equivalent to

[Broa — Ap g, Oyp — Agpl =0 (2.116)
where )
Agy= ——— (LY _ 2.11
2,q qul!( ) (2.117)
. 2
Arg =~ (L(0g L = c;))- (2.118)

Proof The proof is essentially the same as in [47]; one must be careful with commutators
involving more than one log L. O

Lemma 23 If L is a solution of the extended Toda hierarchy then exist P, () of the
form (2.110),(2.112) satisfying

L=PAP ' =QA Q™! (2.119)

O p_ 2 (1900gL P 9 0= 2(L0gL 2.120

Gatl,q - _a( (log L —¢g))— 6(%1’(]@— a( (log L — ¢q))+@ (2.120)
5, 1 9 1

P=——_(LH_P = ratt 2.121

“ot2a q—i—l!( ) eathQ q—i—l!( )+ ( )
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Proof This proof is essentially based on the fact that the compatibility conditions for
these equations are given by the ZS equations (2.115)-(2.116). A solution of (2.119)
can be easily shown to exist for t = 0, and it can be extended for all times t by solving
the Cauchy problem. The fact that (2.119) continues to hold for all t simply follows as
in [47]. O

One can now take P, @) as in the previous lemma and show, by direct substitution,
that P,Q satisfy equations (2.104)-(2.105); the theorem 21 is proved. O

The wave operators of the extended Toda hierarchy can be characterized by a single
bilinear relation plus a constraint. If P, () are wave operators (i.e. they solve the linear
equations (2.103)-(2.105)) then it follows that

€ P - P71 = €040 Q - Q71 (2.122)

for « = 1,2, ¢ > 0; then by induction one can show that this holds for a generic
multiindex a = ((a1, q1), (2, ¢2), - - -)

PP =08Q Q7 (2.123)
where 5 5
oF = e (2.124)

Otc1,q1 Ht2,92

This infinite number of equations can be encapsulated in the single expression
P(t) - PH(t) = Qt) - Q7 (t); (2.125)

by a Taylor expansion one obtains the expressions above. Notice also that, from (2.103),
we have
PAP™' =QA'Q7L. (2.126)

Viceversa the following theorem holds

Theorem 24 Suppose P, Q are operators of the form (2.109)-(2.112) and suppose
they satisfy the bilinear relation (2.125) and the constraint (2.126); then they are wave
operators. More explicitly, by defining L = PAP! = QA‘lQ_l it follows that L has
the form (2.2), and defining then log L, log, L, log_ L as usual, we have that P and Q
satisfy the equations (2.104)-(2.105).

Proof From (2.126) it follows PAP~! = QA~'Q~!, hence L has the tridiagonal form

(2.2). Consider first the t'¢ flow, the t>¢ case is done similarly. From the bilinear
relation, by Taylor expansion, we have

Eatl,qp . P_l — Eatl,qQ . Q_l (2127)

that explicitly gives

1 1
€dpgP- P71+ PaAq(eﬁ — )Pt =€0p..Q - Q7' + QaAq(ea —c)Q7Y,  (2.128)
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hence

2
€OpaP - P71 —€054Q- Q7 = ——L(log L — ¢q). (2.129)
q!

Notice that in the last expression there are only difference operators, hence it makes
sense to take the (-); and (-)_ parts. Since €0;1,4 P - P~1 and €01, @ - Q™! contain
respectively only negative and positive (or zero) powers of A, by taking the (-)4+ and
(1) part of the last expression we obtain the equations (2.120) for P,@ and finally the
correct equations for ]5, Q Ol

2.8 Bilinear relations for the wave functions

In this section we show that we can encode all the equations of the extended Toda
hierarchy in a single equation for the wave functions that is essentially a rewriting of
the previous bilinear formula for the wave operators.

Define the coefficients p;, q; by

ZA (z+1) Q z)= i Argi(z+1) (2.130)

k=0

and the wavefunctions 1&, ¢E, 1&*, ¢* in the following way

. . | 1
h=PAcexp z[mthxf“ + atlvwaog A —cq)] (2.131)
pord ! !
Y = P*ATE exp — i l[étm/\‘ﬂrl + ltl’q)\q(log A—cg)]  (2.132)
pr + 1! q 1
p="p AP =) At (2.133)
k=0 k=0
= ¢A< exp( Z tl»u I(log A + ¢4)]) (2.134)
a=0 © :
. ey_2 s S R
¢ = ¢* A< exp(— g[at N (log A + ¢,)]) (2.135)
q=0 '
o o)
d=> N ¢ => g (2.136)
k=0 k=0
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then the equations of the extended Toda hierarchy are given by

1
g+ 1!

?{ (e ()0 (@A + (@) (@ )ATTIAT AN = ]{ O (1)0" (1) A" dA

(2.137)
j{[ewtl*q(@?ﬁ*(x/))\xwl + ;w(ﬂﬂ)ﬂﬂ;' (/)X (Jllcqw(x)l/’*(xlﬂq”x/]d)\ =
= j{[eqﬁtl,q(m)gb*(f))\x_m/ + ql'gb(x)egb;/ (x/))\_q"'z_m/ + (]1!¢(x)qb(ac'))\_q+m_$’cq]d)\

(2.138)

and
]4 [(2) ™ (&) ATH = ]dA = f (B ()" () AT ]d . (2.139)

The proof is obtained simply by expanding this formulas in the different cases and
comparing with the bilinear relation for the wave operators considered in the previous
section.

2.9 Darboux transformations and soliton solutions

Here we introduce the Darboux transformation for Lax operator (2.2) and we obtain
that the usual solitonic solutions are stable under the non-local Toda flows.

The Darboux transformation for the equation Ly = A\, i.e.

A+ uh + A1y = M (2.140)
is given by
ult) = - LA (2.141)
v[1] = A v+ (1 — A H2log ey (2.142)
afl] = u+ (A —1) Afﬁl -~ (2.143)
where 1; is a solution of (2.140) for A = A;; this means that [1] will satisfy
A (1] + w1y (1] + e AT (1] = Ap[1]. (2.144)
Moreover if ¢ and 1 satisfy
€ = Ag gt) (2.145)
we assume that the Darboux transformed [1] satisfies
e[Lns = Ang[1J0[1] (2.146)

where A, 4[1] is obtained from A, 4 by substituting v with u[1] and v with v[1]. This
implies that the u[1], v[1] are a new solution of the compatibility condition of the linear
equations (2.144)-(2.146), i.e. a new solution of the extended Toda hierarchy.
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One—soliton solutions are obtained by starting from a constant potential, e.g. u =

0 = v; the first equations for 1 in this case reduce to

A+ AN =\
ePpa = (A+AHed — (A—ATh

(2.147)
(2.148)

while ¢1'0 is as usual identified with the a-translation. The generic solution of (2.147)-

(2.148) is a linear combination of

1 1
Py = exp(;(x + )\tl’l) log z4+ + gtl’l(—zi +1/z1))

with z4 roots of z 4+ 271 = X. We can choose, for example

1 1
Y1 = 2cosh(—(z + MtbH) log 2y + —tV (=21 4+ 1/21))
€ €

with 21 + 27 = A\; . The Darboux transformed potentials u[1], v[1] are

cosh(2((z 4+ Ath1) log 21 + th (=21 + 1/21)))
cosh(2((z + Apth1)log 21 + t11 (=21 4+ 1/21)) — log 1)

u[l] = (A—1)

1 1
v[1] = (1 — A1)?log[2 cosh(=(z + Ait" ) log 2 + =1 (=21 +1/21))]
€

€

These are solutions of the flow %, that in explicit form is
eupn = (A—1)(—e’(A"F = 1) tevy) —2(A — 1)e”
+5 (W2 + (e
evpr = (AP =1)Yew,) (A7 = Du + evg (A u)

+A " euy + eup + 2(A7 — 1w

(2.149)

(2.150)

As a further example we can consider the same solution with explicit t*° dependence

Y1

’U,[l] = (A - 1)A_1¢1

o[1] = (1= A7")?log ¢y

with
1 =1p(2) + (27

1 1
Y(z) = eXp(E log z + ftl’l(—z +27 1+ Alog z) + ,tQ,Oz)
€ € €
i.e. these are also solutions of

eugz0 = (A —1)e” evpo = (1 — A_l)u.
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The multisoliton solution with explicit dependence on all the times t*? is given
by iterating the Darboux transformation; choose IN solutions 1 ...%¥xN of the Lax
equations (2.140)-(2.145) with u = v = 0:

e = artp(zx) + b (2;,) (2.162)
with zp + Zk_l = )\, and
W(z) =z eXP{l Ztl"I[—l’cq(()\q)+ —(\)) + l')\q log 2] + 1 th,q%()\qﬂ)#
€ >0 q: q: € =0 q+ 1!
(2.163)

where (-); and (-)_ denote the part of a polynomial in z, 2! where z* compares with

k > 0 and k < 0 respectively. The multisoliton solution is then given by the iterated
Darboux transform which can be expressed as

v[N] = A No+ (1= A )2 logW (¢ ... 9N) (2.164)
u[N] = A Nu+ (1 = A HedpologW (i ... 1hN) (2.165)

(in this case u = 0 = v) in terms of the discrete Wronskian

W(d}l - ’QZJN) = det(A_j+1¢N+1_i)1<i’j<N. (2.166)

Remark 25 There are other classes of solutions of the extended hierarchy that deserve
further investigation. First of all consider the similarity solutions. The extended Toda
hierarchy admits the so called Galilean symmetry, i.e. the vector field

ov > v o Ju
9dv_q 1P == = 1P 2.167
commutes with all the flows of the hierarchy, %B?T”J, = %%. This is a general

feature of the bihamiltonian integrable hierarchies considered by Dubrovin and Zhang
[19]. The solutions of the hierarchy that are invariant under this symmetry satisfy the

so-called string equation
o0

Shep—

Y el — (2.168)
ou”

p=0

and are called similarity solutions. We consider an example putting t*P =0 forp > 1,
so we obtain the system

t20 2yt (1 - A lew, =0 (2.169)
t2le? 10 41 (1 — A) 7L (—€)u, = 0, (2.170)
that can be rewritten as a single equation for the variable v

(t1’1)2
oN] 1-AN)"11-AH e, =0 (2.171)

§21v 4 410 4
or equivalently as a differential—difference equation

(P12~ A1 = e + (15 = 0. (2.172)
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The nonlinear equations obtained from similarity reductions of integrable hierarchies
usually have nice analytic properties since they can be also seen as isomonodromic de-
formation equations [31]. In the present case we obtain differential—difference Painlevé
type equations.

Another important class of solutions is given by the algebro-geometric quasi peri-
odic solutions. They correspond to stationary reductions of the hierarchy, that in the
extended case are given again by ordinary differential-difference equations. It should be
possible to obtain such solutions through the method of the Baker-Akhiezer function on
a Riemann surface as was already done for the standard Toda chain. The work in this
direction s in progress.
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Chapter 3

Extended bigraded Toda
hierarchy

In this chapter we introduce the bigraded Toda hierarchy, a generalization of the Toda
chain hierarchy where the Lax operator is a difference operator of the form

L=AY4+uny AV T4 iy A ™ (3.1)

for two integers N, M > 0; thus the Toda chain corresponds to N = M = 1.

First we define two fractional powers and the logarithm of the operator L and use
them to define the flows of the hierarchy in the Lax formulation.

Then we derive the bihamiltonian structure for this hierarchy, using the R-matrix
approach. We review the main theorems from the literature and we apply the general
construction on suitable algebras of difference operators, thus obtaining two Poisson
structures on these algebras; finally we obtain the Poisson brackets on operators of the
form (3.1) by a Dirac reduction on an affine subspace.

By direct calculation we derive the connection between the Hamiltonian and the
Lax formulations (through the first Poisson bracket).

3.1 Extended bigraded Toda hierarchy in the Lax formu-
lation

Here we define the flows of the bigraded Toda hierarchy in the Lax formulation. To
this purpose we define the fractional powers and the logarithm of L and we show that
they are uniquely expressed in terms of powers series in € of differential polynomials in
the coefficients of L.

Let’s first define the fractional powers L~ and L7 of the Lax operator (3.1); these
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are two operators of the form

L¥ = A+ aphf (3.2a)
k<0
L = 3 bAk (3.2b)
k>—1
defined by the relations
L3N =L (LM =1L. (3.3)

We stress that we consider L~ and L as two different operators, even if N = M.

As in the Toda chain case the operator (3.1) can be written as the dressed shift
operators

L=PANP™L=QAMQ~! (3.4)
where the dressing operators P, () have the form
P= Zpk(x)A_k po =1, (3.5a)
k>0
Q=> qi(x)A". (3.5b)
k>0

The logarithms of the operator L are then defined by

log, L = PNedP™! = Ned + NePP, ! (3.6a)
log_. L =—-QMedQ ' = —Med — MeQQ, . (3.6b)

These are differential-difference operators of the form

log L =Ned +2N > w_p(z)A~" (3.7a)
k>0
log. L =—-Med+2M Z wy(z) AR (3.7b)
k>0

As before we define
1

1
logL = —1 L
og 0gy +2M

_ k
N log_ L= wpA (3.8)

kEZ
that is a purely difference operator since the derivatives cancel.

Of course an equivalent definition of the operators L% and LW can be given in
terms of the dressing operators

Ly =PAP™!  Lw =QA Q7L (3.9)

As 1in the Toda chain case we would like to find explicit expressions for log L, L~
and LM in terms of the coefficients of L. Let’s give the definition of the proper algebra
of differential polynomials in this case
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Definition 26 We denote by A the algebra of differential polynomials inun_1, ..., u_pr41,
(u,M)ﬁ, (u,M)fﬁ and logu_yr; A := Al[e]] is the differential algebra of formal power
series in € with coefficients in A.

First we prove that

Theorem 27 The coefficients of the operators L% and L3 are uniquely determined
elements of A.

Proof Spelling out the coefficient of AN~"~! of the relation (L%)N = L that defines
L~ we have for m >0

ALt Dam = fn(ag, - -+ Gmi1) + UN—m—1 (3.10)
where f,, is a difference polynomial in the variables ag, . . ., @_p41. Since AN 714 .41

is invertible on A we find that a,, € A for m < 0.

Now consider the operator L37. Define the operator L = q, 'Lgo where ¢ is the
leading term in the expansion (3.5b) of the dressing operator @). The coefficients 4y, of
L are clearly elements of A since they are expressed as

Uy, = uk(AkQO)qo_l (3.11)

and
k
Ao _ a-a=-1ak-ogu (3.12)
q0

Indeed from the definition (3.4) of @ we have
u_pr = qo(A Mgyt (3.13)

from which (3.12) follows. Moreover, since (1—A~)~1(A¥—1)logu_yr = go+g1e+...
where g, are differential polynomials and in particular gy = % log u_ps, we have that
(3.12) equals

1
(uan) (Y qilae+ G268+ ... (3.14)
>0

Ak .. -
hence qqu is in A.

For the same reason tlhe coefficients b, of L3 are elements of A if we can show
that the coefficients of LM can be expressed as e-series of differential polynomials in
U. Since (iﬁ)M = L, this is shown in the same way as we did before for the ay
coefficients. The theorem is proved. O

Finally we prove the generalization of the Theorem 7
Theorem 28 The coefficients of log L are uniquely determined elements of A.
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Proof For the coefficients wy with k& < —1 we start by dressing with P the relation
[€0, A"] = 0. The proof simply follows the steps of that of Theorem 7 but in this case
L™ is substituted wilth L%; hpwever, since we know from the previous theorem that
the coefficients of LM are in A, the proof remains unchanged.

For the coefficients wy, with k > 0 we introduce the operators Q and L as in (2.48)
and (2.49); then the coefficients uy, are related to ug by (3.11). One then follows the
same steps as in Theorem 7. U

Example 29 Some examples of coefficients wy are

wer = 5 (AN 1) ) (3.15a)

wo = 51— Aol (3.15b)
2 .Y

w; = g (e(l—A*M)*l(l—A)logufM) (1 _ A_M)_l(u—M—i-l)m- (3‘150)

Finally we can define the flows of the extended bigraded Toda hierarchy

Definition 30 The Extended bigraded Toda hierarchy consists of the system of flows
given by the following Lax pair formalism

oL

€ opad = [Aa.q, L] (3.16)

fora=N—-1,...,—M and q > 0. The operators A, 4 are defined by

re—-<) a

Apg=— NZ_(patl-% for a=N-1,...,0 3.17a
-2+ &) o

Apg = =M _(pati+ar)_ =0,...,—M+1 17b

»q F(q+2+%)( ]W) fO’I” « 07 ) + (3 7 )

A nrg = SL9(log L — S(= 4 2 3.17
-M,g = a[ (log L — §(M + N)Cq)]Jr (3.17¢c)

The choice of the normalization of the coefficients of A, , comes from the require-
ment of the tau symmetry for the associated Hamiltonians. We are however free to
multiplicate the Gamma functions I'(z) in the denominators by a function f such that
f(z+1) = f(x) without losing the tau symmetry.

Remark 31 Most of the definitions above continue to hold for the case M = 0 i.e. for
a Laz operator of the form

L=AY4uny (AN . (3.18)
However notice that in this case we will have only one dressing operator P

L=PAVpP! (3.19)

39



and correspondingly only the fractional power L defined by (3.3) and only the loga-
rithm log, L := PNedP~'. The main difference however is that we cannot define a
logarithm given by a difference operator like (3.8) since we cannot eliminate the deriva-
tive; hence we cannot define with such logarithm new flows by their Lax representations.

We can however define the other flows by

oL
ot

= (LT N)y, 1. (3.20)

3.2 Background on R-matrix theory

In this section we introduce the basic facts about R-matrix theory that will be used to
obtain compatible Poisson structures on certain Lie algebras of difference operators.

The classical R-matrix method was introduced by Sklyanin [44] as a by-product of
the quantum inverse-scattering method.

In general a (unitary) R-matrix on a Lie algebra produces a ”compatible” Lie alge-
bra structure on the dual of the Lie algebra; this ”Lie bialgebra” is the natural object
that describes the infinitesimal structure of a Poisson-Lie group (a Lie group with a
Poisson structure such that the multiplication is a Poisson map, see [8]).

The connection with the theory of integrable systems is mainly due to Semenov-
Tian-Shansky that in [42] introduced the modified Yang—Baxter equation, defined linear
and quadratic Poisson brackets on generic associative algebras with an R-matrix and
related these Poisson structures with the Lax formalism.

After reviewing some facts about the unitary case considered by Semenov-Tian-
Shansky we will recall the basic facts of the generalization to the non-unitary case
developed in [40, 36].

3.2.1 R matrix and the modified Yang-Baxter equation

Let G be a Lie algebra. A linear mapping R : G — G is called a (classical) R-matrix if
the bracket
[X,Y]|r :=[R(X),Y]+[X,R(Y)] for X, Y e€G (3.21)

is a Lie bracket, i.e. if it satisfies the Jacobi identity.
A sufficient condition for R € End(G) to be an R-matrix is that

equation (3.22) is called modified Yang-Bazter equation.'

"More generally the equation (3.22) can be substituted with
[R(X),R(Y)] — R([X,Y]r) = —a[X,Y] (3.23)

with a € R, that for &« = 0 corresponds to the original Yang-Baxter equation; by rescaling R one can
always reduce it to one of the only two relevant cases @ = 0 and o = 1.
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The typical example of R-matrix comes from the splitting of the algebra G; indeed if
we can split G into the direct sum of two subalgebras: G = G & G_, then the difference
of the projection operators onto these subalgebras

R=P, - P_ (3.24)

satisfies the modified Yang-Baxter equation (3.22) and hence gives an R-matrix on G.?
The Lie bracket in this case is

X, Y]r = 2[P4(X), P4 (V)] — 2[P_(X), P_(Y)]. (3.25)

The importance of the R-matrix in the theory of integrable systems lies in the fact
that it can be used to define non-trivial Poisson structures. Let’s recall the origin of
the linear and of the quadratic brackets.

3.2.2 Linear brackets

It is well known that we can always define a Poisson bracket on the dual of a Lie algebra;
such construction is due to Lie. Let G be a Lie algebra and f, g two functions on the
dual G*; then the Lie-Poisson bracket { , } : C*®(G*) x C*°(G*) — C*°(G*) is given by

{f,9}(&) =< &, [df , dg] > (3.28)

for any £ € G*; here the differentials df, dg are identified with elements of the algebra
G in the obvious way and <, > denotes the pairing of G with its dual.

Hence, given an R-matrix on G, we can define a linear Poisson bracket on G* asso-
ciated with [,|r

{f,gh1(8) =< &, [df,dglr > . (3.29)

If we define the Poisson tensor Pi(&) : G — G* by
{f,9}1(8) =< Pi(€)dg, df > (3.30)
then the Hamiltonian vector field on G* associated to some Hamiltonian H is given by
% - Pean (331)

Among all the possible Hamiltonian functions on G* a particular role is played by
the functions invariant under the coadjoint action of G on G*.

2The splitting of an associative algebra G = G, @ G_ gives a class of solutions of the so called
Poincaré-Bertrand formula

R(X)R(Y) = R(R(X)Y + XR(Y)) — XY (3.26)

which is the analogous of the modified Yang-Baxter for associative algebras. It gives a sufficient

condition for the product
X xrY =R(X)Y +YR(X) (3.27)

to be associative.
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Recall that the adjoint and coadjoint representations of G

ad :G — End G ad* :G — End G* (3.32)
X — ady X — ady (3.33)

are defined respectively by
adx L = [X, L] (3.34)

and
<adyé, L >=—<&adxL >=<¢,[L, X] > (3.35)
for X, L € G and & € G*.
A function f € C*°(G*) is ad*-invariant if

where df (§) € Ty G* ~ G.

The ad*-invariant functions on G* coincide (by definition) with the Casimirs of the
bracket {, }.

The main relation with the Lax formalism is given by the following theorem by
Semenov-Tian-Shansky

Theorem 32 ([42]) Let G be a Lie algebra with an R-matriz R : G — G; then

(i) The ad*-invariant functions on G are in involution with respect to { , }1.

(i) The vector field % = P1(§)dH on G* associated to an invariant Hamiltonian H
can be written

dg§ * ey
7 = “Ran(e)é = aan(e)é- (3.37)

where ad s the coadjoint representation of G with the bracket |, ]g.

If we identify G and G* through a non degenerate invariant inner product (,) on G
then formula (3.29) defines a Poisson bracket on the G

{f,9h(L) = (L, [df, dg]r) (3.38)

and the Theorem simply says that the Casimirs of the bracket {f, g}(L) = (L, [df, dg])
are in involution with respect to {, }; and that the Hamiltonian vector field associated
to one of such Casimirs can be written as

dL
= = [RdH, L] (3.39)

i.e. in the Lax pair formalism.
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3.2.3 Quadratic brackets

The quadratic Poisson brackets are naturally defined on a Lie group (the so-called
Sklyanin brackets) rather than on a Lie algebra. However their definition makes sense
also on a generic associative algebra, as observed in [42].

If G is an associative algebra with a symmetric non-degenerate invariant inner prod-
uct (,) (by which we can identify G with its dual), and R : G — G is skew-symmetric
and satisfies the modified Yang-Baxter equation (3.22), then the bracket

{f.9}3*"(L) = (L, [df, R(Ldg)] — [dg, R(dfL)]) (3.40)

is a Poisson bracket on G ; moreover it is compatible with the linear bracket (3.29),
seen as a bracket on G, i.e. any linear combination of {, }; and {, }2 is still a Poisson
bracket.

As before the Casimirs of {, } are in involution with {, }2 and for a Casimir H the

Hamiltonian flow % = PydH can be written in Lax form
dL
T [L, R(dHL)). (3.41)

3.2.4 Non-unitary case

In some cases, for example in discrete systems like Toda, the R-matrix turns out to be
not skew-symmetric. However, even in this “non-unitary” case, it is still possibile to
define Poisson brackets on a Lie algebra; these results are due to [40] and [36].

Let G be an associative algebra, with the natural Lie bracket given by the commuta-
tor. Assume on G the existence of a symmetric non-degenerate trace-form Tr : G — C
with an associated invariant inner product

(Ll,Lg) = TI'(LlLQ); (3.42)

using this inner product we identify G and G*. Let R : G — G be a linear map and
define the following three brackets on C'*°(G)

{fi, o 11(L) = (L,[df1,df2]r) = ([L, df1], R(df2)) — ([L, df2], R(df1)) (3.43a)
{f1, f2}2(L) = ([L,dfr], R(Ldf2 + df2L)) — ([L,dfs], R(Ldf1 + df1 L)) (3.43b)
{f1, f2}3(L) = ([L,df1], R(Ldf2L)) — ([L, df2], R(Ldf1L)). (3.43¢)

The first bracket is simply the linear bracket that we have considered above, hence we
already know that it is a Poisson bracket on the algebra G when

The previous results are generalized for the non-unitary case by the following

Proposition 33 ([40, 36]) (1) For any R-matriz R, {,}1 is a Poisson bracket. (2)
If both R and its skew-symmetric part A = %(R— R*) satisfy the modified Yang-Baxter
equation (3.22) then {, }2 is a Poisson bracket.

(3) If R solves the modified Yang-Baxter equation (3.22) then {, }3 is a Poisson bracket.
Moreover the three brackets are compatible.
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The Poisson tensors corresponding to the brackets (3.43) are defined by

{f1, f2}3i(L) =: (df1, Pi(L)df2) i=1,2,3 (3.44)

and are explicitly given by

P(L)df = —[L,R(df)] — R*([L,df]) (3.45)
Py(L)df = —[L,R(Ldf + dfL)] — LR*(|L,df]) — R*([L,df])L (3.46)
Py(L)df = —[L,R(LdfL)] — LR*([L,df])L. (3.47)

As before the Casimir functions of {, } are in involution with respect to these Poisson
brackets and the associated flows admit a simple Lax representation

Proposition 34 The Casimir functions of {,} are in involution with respect to the
three Poisson brackets (3.43). If H is a Casimir the associated Hamilton equations
have the following Lax form

PydH = —[L, R(dH)] (3.48)
PydH = —[L, R(LdH + dHL)] (3.49)
PsdH = —[L, R(LAHL)] (3.50)

3.2.5 A lemma on Dirac reduction of Poisson brackets
We will need to reduce the Poisson brackets defined on the whole algebra on a certain

submanifold, following the general Dirac prescription. Since we will always deal with
reductions to affine subspaces all we need is summarized in the following

Lemma 35 ([40]) Given two linear spaces U, V with coordinates u, v, let

Plu,v) = <1€ZZ i“;}) U eV SUaV (3.51)

be a Poisson tensor on U & V. If the component P, : V* — V is invertible then, for
an arbitrary v € V., the map P (u;v) : U* — U given by

Prid(u; v) = Py (u,v) — Pyy(u, v)(Pyy(u, v))fvau(u, v) (3.52)

1s a Poisson tensor on the affine spacev+U e U P V.

The condition of invertibility of P,, can be relaxed by asking that P,, be invertible
on the image of P,, : U* — V. Moreover it is easy to check that if two Poisson tensors
are compatible then their reductions to an affine subspace will remain compatible.
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3.3 Bigraded Toda bihamiltonian structure

In this section we introduce the simplest algebras of difference operators and using
the R-matrix constructions of the previous section we define Poisson structures on
such algebras. Moreover by reduction to a suitable affine subspace we obtain the
bihamiltonian structure for the bigraded Toda hierarchy.

We will compute the reductions also for the case of L given by a semi-infinite

operator
L=AY+uy AN 14 . (3.53)

thus obtaining its bihamiltonian structure; this can however be easily obtained from
the two-dimensional Toda case considered in the next Chapter, by putting @z = 0.

3.3.1 Algebras of difference operators

We will consider the following linear spaces of (formal) difference operators with coef-
ficients in C*°(R) or C*°(S!)

At = { > ak(x)Ak} (3.54)

k<+oo
AT = { Z ak(:c)Ak}. (3.55)
k>—o00

It is convenient to introduce also the spaces

A® = {Z ak(x)Ak} and A'=ATNnA". (3.56)

keZ

The spaces AT, A~ and A? are associative algebras with the usual multiplication
defined by Af(z) = f(z + €)A; hence they are Lie algebras with Lie bracket given by
the commutator. On the other hand the product is not well defined in A* due to the
presence of infinite sums; however it is possible to multiply elements of A* by elements
of A0,

On these spaces we have the natural projections on the positive and negative parts,
defined by

(Z ak(x)Ak> = Zak(x)Ak and X, +X_ =X (3.57)
keZ L k>0

for X any difference operator; we will also use the notations X, X<o with the obvious
meaning.

The residue is defined by

Res X := Xy where X =) X;AK; (3.58)
kEZ
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from translation invariance of the integral [ fdx = [(Af)dz it follows that Tr[X, Y] =0
where the trace-form of a difference operator is defined by

Tr X = /Restx. (3.59)
The bilinear pairing
(X,Y):=Tr XY (3.60)

gives a non-degenerate symmetric inner product on AT, A~ and A°; moreover it gives
a pairing between A° and A,

3.3.2 Poisson tensors

The Poisson structures of the Toda lattice are related to the splitting of a difference
operator in its positive and negative parts; moreover, since we need to use the R-matrix
theorems, we need an associative algebra with a non-degenerate inner product. Hence
we may consider the algebra AT with the bilinear pairing (3.60) and the splitting

At =AM, o (AT . (3.61)

The naturally associated linear endomorphism R : AT — AT
R(X)=Xy—X_ (3.62)
automatically satisfies the modified Yang-Baxter equation (3.22).

The splitting (3.61) is not isotropic with respect to the natural inner product on
AT equivalently R is not skew-symmetric i.e. R # —R* where

RY(X) = X<o — X=o. (3.63)

However we have that

Lemma 36 The skew-symmetric part A = %(R—R*) of R satisfies the modified Yang-
Bazter equation (3.22).

Proof The skew-symmetric part is given by A(X) = Xs¢ — X<o: then check (3.22) by
direct substitution. O

Hence by Proposition 33 we have

Proposition 37 There are three compatible Poisson structures on AT given by

Pi(L)df = =2[L,df] + 2[L, df]>0 = 2[L,df-] — 2[L, df]<o (3.64a)
Py(L)df = —2[L, (Ldf + dfL)+] + 2L[L, df]=0 + 2[L, df]soL (3.64Db)
= 2[L, (Ldf + dfL)_] — 2L[L, df)<o — 2[L, df]<0oL (3.64c)
Py(L)df = 2[L,(LdfL)_] — 2L[L,df]<oL (3.64d)
= —2[L, (LdfL)] + 2L[L,df]soL. (3.64e)
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Notice that the same considerations can be done for the algebra A~ in a completely
analogous way. It will be sufficient for us to consider the algebra AT, since we are
mainly interested in the resulting Poisson structures for the bigraded Toda hierarchy.

3.3.3 Explicit form of Poisson brackets

Here we express the Poisson brackets in the more usual form {u, (), um(y)}, using the
following

Lemma 38 The Poisson bracket (3.44) defined by a Poisson tensor P(L) can be writ-
ten as

{un(z), um(y)}(L) = Pum[6(x — y)] (3.65)
where Py, is given by
Pun[0(z = y)] = (P(L)A™™6(z = y))n  and  P(L)df = (P(L)df)iA". (3.66)
Proof This easily follow from the definitions, if we start with the functional on AT
given by
f(L) = w(y); (3.67)
it follows
O 5ud(w—y) (3.68)
5u5(x) — 0Usl Yy .
and
df (L) = A6 (x — y). (3.69)
Substituting in (3.44) we conclude. O

We emphasize that there is no reduction involved here, we are simply calculating
the explicit form of the brackets in some point L of the algebra AT.

First bracket

The explicit form of the first Poisson bracket calculated in L = Zk< N upAF is
{un(@), um(y) 11 (L) = Cpym [uner(:U)(S(:c —Y+n€) —Unsm(z—me)d(x —y—me)} (3.70)
where n, m € Z and the constant C, ,,, is given by
-1 <0 -1 <0
Coom = ST " (3.71)
’ 1 n>0 1 m > 0;
in formula (3.70) wuy, is assumed to be 0 for & > N.

The same formula clearly holds true also if we calculate the bracket in L = uy AN +
o+ u_pyA™M: in that case u, = 0 even if k < —M.

In the following we will use the abbreviated notation (A*f) = f(x + ex) where A
acts on all the functions on its right, inside the parenthesis, and the variables u are
functions of x; in this notation formula (3.70) becomes

{un(@), um(y) }1(L) = Cpmluntm(A"6(z —y)) = (A" unmd(z —y))l.  (3.72)
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Second bracket

The explicit form of the second Poisson bracket calculated in L =37, -y upAF is

{un(2), um(y)}2(L) = =2un(A"umd (2 — y)) + 2un (A" umd(z — y))

_ Z Clom [un+m,l(A"*lul(5(x — ) — w (A" ™y 0 — y))] (3.73)
n+m—N<ZIKN

where n,m € Z and uy = 0 for kK > N and the constant is given by

2 [ >m,
Clym = 0 | = m, (3.74)
-2 l<m.

The same formula holds in the case L = uyAN + -+ +u_prA~M but the sum must
be taken with the limits n +m — N <! < N and —M <l <n+m+ M at the same
time; this is equivalent to say that uy is nonzero only for —M < k < N.

Remark 39 One can easily show that the following is equivalent to (3.73)

{un (@), um(y) }2(L) = —2un (A" umd (2 — y)) + 2un (A" umd(z — y))
+ 2up (A" " upd(z — y)) — 2unund(z — y)

+ Z[4un+m—l(An_lul5(x - y)) - Z’Lul(Al_mun—f—m—l6(m - y))] (3'75)
l<m
This observation is based on the identity
i[un-‘rm—lAn_lul - ulAl_mun-‘rm—l] =0, (3'76)
l=m
hence the sum in (5.75) can be replaced with 3, .. An alternative way of writing the

sum in (3.75) is
min(N,m—1)

Z - Z (3.77)

l<m l=max(—M,n+m—N)
or
min(N,n)
Z - Z . (3.78)
I<n l=max(—M,n+m—N)

Third bracket

The explicit form of the third Poisson bracket calculated in L = Zk< N upAF s

{un(@)un@)}s(L) = 3 [erun(Nu) (W i6(a )
i

— cotg (A" Fug) (A Uy 10 (2 — 1)

+ Cguk(AkJrlfmun_,_m_k_l)(Akimul(s(l‘ — y))

(3.79)
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where the constants are given by
2 n<k 0 m<l
cp=cy—c3, Co= ’ c3 = ’ 3.80
P {o n>k {2 m>1. (3.80)

The same formula is true, considering u; nonzero only for —M < k < N, in the case
L=unAN +- - +u_pyA™M,

3.3.4 Reductions

To obtain the Poisson brackets for the bigraded Toda hierarchy we need to reduce the
brackets, found so far on the algebra AT, to the affine subspace of that algebra given
by operators of the form

L=AY4+un AN T4 ru_yA™M, (3.81)

We will perform such reduction in two steps, first to a linear subspace of A", then to
the affine subspace given by fixing uy = 1.

Linear subspaces

Here we consider reductions of the Poisson brackets to the linear subspace of AT with
elements of the form

L=unyAY +uy_ A1+ ... with N > 0 fixed, (3.82)
and to the linear subspace with elements (bigraded case)
L=unyAY +-- 4u_yA™  with N >0, M > 0 fixed. (3.83)

In the case of the first and second Poisson brackets this reduction is very simple
due to the follow observation

Lemma 40 For both the linear (i = 1) and the quadratic brackets (i = 2) defined
above, we have

{un(z),um(y)}i =0 forn < N and m > N (3.84)
if L=unAN 4+ ... and
{un(x),um(y)}i=0  for =M <n < N and m ¢ [—M, N| (3.85)

for L =unAN + - +u_pyA™M,

This means that the off-diagonal part P,, (in the notations of Lemma 35) of both
Poisson tensors Py and P; is zero, hence the correction term in (3.52) vanishes and the
reduced brackets have simply the form (3.70) and (3.73).

Remark 41 The third Poisson bracket does not admit this simple kind of reduction;
indeed the analogous of Lemma 40 doesn’t hold: for example {un(z),un+t1}3 is not
zero since it always contains the non-zero term —2un(ANun)(AN"Tuid(z —5)) (when
k= N, 1l = N). One should hence apply a Dirac reduction, that however we won’t
develop here, since it is enough for us to consider the bihamiltonian structure.
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Affine subspaces

Here we want to reduce the Poisson brackets to the affine subspace obtained from the
previous reduction by setting uy = 1 i.e. either to the case

L=AY +uny AN 14+ (3.86)
or to the bigraded case

L=ANtuy AN gy A M, (3.87)

In the case of the first Poisson bracket it is easy to check that
{un, um} =0 (3.88)

for each m, i.e. uy is a Casimir, hence we can simply restrict the bracket without any
correction, just by imposing uy = 1.

The second Poisson bracket needs however a correction term

Proposition 42 The explicit form of the reduced second Poisson bracket is

{un (@), um(y) t2(L) = —2un (A" umd (2 — y)) + 2un (A" umd(z — y))
- Z Clm (unﬁ-m—l(An_lulé(l‘ —y)) — ul(Al_mun-‘rm—lé(x - y)))
l
—2(up (L + A )X+ AV AN = AN)THA" - 1)(1 = A upd(z —y)), (3.89)

where uy = 1; moreover uy, is assumed to be zero for k > N in the case of the reduction
(3.86) and for k ¢ [—M,N] for the reduction (3.87). The constant c;,y, si given by

(3.74).

Proof We essentially need to apply Lemma 35. Consider the case L = unyAY +..., the
other case being completely analogous. In the notations of Lemma 35, P : U*® V* —
U @&V where

V = {uyAV} U={uy AN+ (3.90)
Vi={ANX_y} V= {Aka b ATNTIX Lk arbitrary} . (3.91)
Then using the definition of P, one finds that the correction term in (3.52) is given by
—(Puw o Pyl 0 Pu)(X) = —2[L, (1 4+ AN (AN — AN) 1 (AN + 1)[L, K]o)]  (3.92)

where X e U, L = uy1 AV +... € U. One then concludes by substituting
X =A"0(x —y). O

Remark 43 We can isolate in the sum in (3.89) the terms that contain uy: these give
ANty 6 — 9)) — At N (A V(@ — 1)) (3.93)

and the sum must be taken on all the other terms.
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Remark 44 The correction term in general is non-local due to the presence of (A=Y —
AN)TL. As in the previous chapter we can set A = e© and ask whether (A=Y — AN)~1
makes sense as a formal power series in €. This amounts to check if it acts on something
that is in the image of A= — AN ; this image coincides with the image of A=' —1 since

AN AN = (AN ) (A AT =), (3.94)

This is clearly always true hence the bracket is always well-defined as a formal power
series in €.

3.3.5 Bihamiltonian structure for (M, N)-difference operators

For clarity we summarize here the form of the Poisson pencil on the space of operators
of the form (3.81)

Theorem 45 The following brackets give two compatible Poisson structures in the
variables un_1(x),...,u_p(x) for N, M > 0:

{un(2), um(y) 1 = Crmltntm(A"0(z —y)) — (A" upmd(z — )], (3.95)

{un (@), um(y)te = 2un (A" + 1)(A™™ = Dumd(z — y))
+4> (tngm-t (A" b (@ — y)) = w (A g 16( — 1))

l<m

—2(up L+ A )X+ AN AN = AN)THA - 1)(1 = A upd(z —y))  (3.96)

where

-1 <0 -1 <0
Crom = ST " (3.97)
1 n >0 1 m > 0.

Remark 46 A further version of the formula (3.96) is obtained by semplification of
the first and third terms on the RHS

(@), un)y2 =43 (tnpmt (A" b (@ — 4)) = w(A ™16z — )

<m

+4(up (1 = AT THAN — D1 = AT und(z —y)). (3.98)

Remark 47 The reduction procedure works also for M = 0 (see Remark 31 for the
definition of the corresponding hierarchy), hence these are compatible Poisson brackets
in this case, too. Frenkel and Reshetikhin [24] have considered related Poisson structures
in the context of deformations of the classical W -algebras.
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The second Poisson bracket of Frenkel and Reshetikhin (see [23])

W m _ im _ ,m(N—j)
Wt = 3 (2) " )
meZ
min(i,N—j)

2
r=1

5 (“’jr) ()40 (2)

min(¢,N—j) w

-

r=1

reduces to (3.96) (multiplied by a factor —i) in the case M = 0 if we identify w = ¢¥,
2 =q¢% t, = (—1)Pun_p and substitute 6(¢°) — 8(x), i — n, j — m. The infinite
sum in the first term gives the Dirac correction; to evaluate it one uses the definition
0(q%) = D ez @™ For example it is easy to show (multiplying on the left by 1 — AN
that

(1 - AN o) = 3 1_‘—’va (3.100)

m

In the case of the first bracket, however, there is a discrepancy since the bracket
proposed in [24] is quadratic in the fields, while our bracket (3.95) is linear.

3.3.6 Examples

Example 48 (N=1) Let’s start from the simplest case N = 1; restricting the Poisson
brackets to the linear subspace of elements of the form

L=uiA4+ug+... (3.101)

we don’t have to add any corrective term, as explained above. In this case we have
an infinite number of fields ui hence there’s an infinite number of non-zero brackets
between them; spelling out the first entries of formulas (3.70) and (3.89) we obtain

Flirst bracket

{wi(2), w(y)hr =0 k<1 (3.102a)
{uo(z),uo(y)}1 =0 (3.102b)
{uo(2),u—1(y)hr = —2[u—16(z — y) — (Au_16(z — y))] (3.102¢)
{uo(@), u—2(y)}1 = —2[u—28(z — y) — (A*u_28(z — y))] (3.102d)
{u—1(2), u1(y)h = —2fu—a(A™ (2 — y)) — (Au—26(z — y))] (3.102¢)
{u_1(x), uma(y)hr = —2fu—3(A™15(x — y)) — (A*u_35(z — y))] (3.102f)
{u_a(2),u—a(y)hr = —2lu—s(A7%0(z — y)) — (Au_sd(z — y))] (3.102g)



Second_bracket

{ur(2),u1(y)}2 = —2u1(Aurd(z — y)) + 2w (A~ d(z — y)) (3.103a)

{ur(z),uo(y)}2 =0 (3.103Db)

{ur(z),u—1(y)}2 = —2u_1wd(x — y) + 2u1 (Nu_16(z — y)) (3.103c)

{uo(2),uo(y)}2 = 4ur (Au_16(z — ) — du_1 (A wd(z — y)) (3.103d)
()

{uop(x),u—1(y)}2 = —duou_10(z — y) + 4up(Au—_16(x — y))

+ 4uy (A*u_96(z — y)) — du_o(A uyd(z — y)) (3.103¢)
{u_q(z),u_1(y)}2 = —2u_1 (A u_18(x —9)) + 2u_1(Au_16(x — y))

+ duy (AN*u_38(z —y)) — 4u_3(A*u18(x — y))

+ dug(Au_28(x —y)) — du_o(A  ugd(x — y)) (3.103f)

Y

Recall that the third bracket doesn’t have a simple reduction to the N =1 subspace.

Let’s consider now the reduction to the affine subspace w1 = 1. The first bracket
doesn’t need any correction term, as we have seen before, hence the reduced bracket is 0b-
tained just by setting up = 1. For the second bracket, we have to add to {u,(x), um(y)}e
a correction term that is given by

—2u,(1+AH(A" = DAQ+ A4+ AT Dy, d(z —y) (3.104)

for m <0 and is 0 if m = 0; hence in the N = 1 case the nonlocal terms (A=t — A)~!
are not present.

Example 49 (N=1, M=1 and the Toda chain) The reduced brackets in the case
L=uA+ug+u A" (3.105)

are simply obtained by putting u = 0 for k < —1 in equations (3.102) and (3.103); the
only non-zero elements are

First bracket
{uo(@), u—1(y)hh = —2[u—16(z —y) — (Au_16(z — y))] (3.106)

Second bracket

{uy(x),u1(y)}2 = —2u1 (Aurd(z — ) + 2us (A turd(z — y)) (3.107a)
{ur(z),u_1(y)}o = —2u_1u16(z — y) + 2u1 (A2u_16(z — y)) (3.107b)
{uo(2), uo(y) Y2 = duy (Au_16(z — y)) — du_1 (A" urd(z — ) (3.107¢)
{up(x),u—1(y)}2 = —duou—_19(z — y) + dup(Au_16(x — y)) (3.107d)
{u_1(x),u_1(y)}2 = —2u_1 (A 'u_16(x — y)) + 2u_1 (Au_15(x — y)) (3.107e)
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If we now perform the reduction uy = 1 the only term that gets a correction is
{u_1(x),u—1(y)}2 to which we have to add

2u_1(A — A" Hu_16(x — y), (3.108)

finally obtaining the Toda chain Poisson brackets whose non-zero elements are

Flirst bracket

{uo(@), u—1(y)hr = —2[u_16(z — y) — (Au_16(z — y))] (3.109)

Second bracket

{u0(), uo(9) > = A(Au_15(z — p)) — 4u_1 (A" 15(z — y)) (3.110a)
{uo(z),u—1(y)}2 = —duou—_16(x — y) + 4dug(Au_16(x — y)) (3.110b)
{u_y(z),u_1(y)}e = —4u_1 (A u_16(z — ) +4u_1(Au_16(x — y)). (3.110c)

Remark 50 These Poisson brackets are respectively equal to (2.13) multiplied by 2e
and (2.14) multiplied by 4e.

Example 51 (N=2, M=2) Now consider the bigraded case with

L =usA? +usA +ug +u_ A~ +u_oA™% (3.111)

the only mon-zero entries of the first and second brackets are

First bracket

{ur(z),ur(y)}1 = 2uz(Ad(z — y)) — 2(A tupd(z — ) (3.112a)
{uo(x), u1(y)h1 = —2[u10(z —y) — (Au_10(z — y))] (3.112b)
fuo(), u_a(y)h = —2fu_26(z —y) — (APu_26(z — )] (3.1120)

{u1(@),ur (W)t = —2[u—2(A716(z — ) — (Au_26(z — y))] (3.112d)
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Second_bracket

{us (), uz(y) }2 = 2ua (A 2uad(x — y)) — 2ua(A%usd(z — y))
{ua(@),u1(y)}2 = 2u(A " uid(z — y)) — 2u2u18(x — y)
+ 2ug (Aur6(z — ) — 2ua(A2u1d(z — 7))
{ua(@), u—1(y)}2 = —2uu_16(z — y) + 2uz(Au_16(z — y))
— 2us(A*u_16(z — ) 4 2ua(A3u_16(z —y))
{ug(2),u_a(y) Yo = —2u_ouad(x — y) + 2us(A*u_s6(z — y))
{wi(@),u1(y)}2 = —2u1(Auid(z — y)) + 2u1 (A urd(z — y))
— dug(A Y ugd(z — ) + 4ua(Augd(z — 1))
{ur(x),u0(y)}2 = —4u_1 (A ugd(z — y)) + dus(A*u_16(x — y))
{ur(2),u-1(y)}2 = —2u—1wid(z — y) + 2u1 (A*u_16(z — y))
—du_o (A und(z — y)) + dug(A3u_o8(z — 7))
{u1(z),u_2(y)}2 = —2uiu_2d(x — y) — 2us (Au_s26(x — y))
+ 2uy (A?u_98(z — y)) + 2uy (A3u_s0(x — y))
{uo (@), uo(y)}2 = 4ur(Au—16(z — y)) — du_1 (A" urd(z - y))
—du_oy (A 2und(z — y)) + dug(A%u_o8(z — 7))
{up(z),u_1(y)}2 = —duou_16(x — y) + dug(Au_16(x — y))
+ 4wy (A?u_98(z — y)) — du_o(Auid(z — )
{up(2), u_a(y) Yo = —dugu_20(x — y) + dug(A*u_25(z — y))
{u—1(2),um1(y)}e = —2u1 (A usid(a — y)) + 2u—1 (Au_16(z — y))
+ dug(Au_96(x — y)) — 4u_o (A ued(z — y))
{u_1(x),u_o(y)}2 = —2u_1 (A tu_s0(x — y)) — 2u_yu_s0(x — y)
4+ 2u_1 (Au_20(x — ) + 2u_1 (A*u_sd(z — y))
{u—a(2), u-s(y)}2 = —2u—(A*u_26(x — y)) + 2u—2(A*u_s5(z — y)

The first bracket reduced to the affine subspace us =1, i.e. with
L=A+uA+ug+u 1A +u_oA™?

s simply

First bracket

{ui(@),w(y)h = 2(Ad(z —y)) — 2(A710(z — y))
{uo(z),u—1(y)hh = —2[u—10(z — y) — (Au—16(z — y))]
{uo(x),u_s(y)}1 = —2fu_28(x — y) — (A*u_sd(z — y))]

{u—1(2),u1(y)h = —2fu—2(A"16(x — y)) — (Au_28(z — y)));

For the second bracket the non-local correction term

—2u, (1 4+ AHA+A%) (A2 = AH YA — 1)1 = A ™) upd(z — )
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must be added to {u,(x),un(y)}2; the non-zero elements thus obtained are

Second bracket

{ur(x),u1(y)}2 = —2u1 (Aurd(z — y)) + 2ur (A urd(z — 7))

—dug(A16(z — ) + 4(Augd(z — y))

+2ui(1+A2) A+ A) AT+ AN)TTA+D) YA - Dud(z —y)  (3.117a)
{uy(z),u0(y)}2 = —4u_1 (A7'6(z — ) + 4(A*u_16(z — y)) (3.117b)
{wi(@),u-1(y)}e = —2u—1urd(x — y) + 2u1 (A*u_18(z — y))

—du_(A716(z — ) + 4N u_20(z — 1))

—2u (1 + A" A+ADYA T+ A) YA +1)"HA - 1D)Au_10(z —y) (3.117¢c)
{u1(x),u—2(y)}2 = —2uiu_26(x — y) — 2us (Au_20(x — y))

+ 2u1 (A%u_ad(z — y)) + 2ur (APu_sd(z — y))

+2u1 (1 + A7) A+ AHA T+ A)TIAQ = Au_od(z —y) (3.117d)
{ug(z), up(y)}2 = duy (Au_16(x — y)) — du_1 (A" urd(x — y))
—du_o(A725(x —y)) + 4(A%u_28(z — 7)) (3.117e)

{uop(x),u—1(y)}2 = —duou_10(z — y) + 4up(Au—_16(x — y))
+ dug (A%u_96(z — y)) — du_o (A uyd(x — y)) (3.117f)
{ug(z), u_z(y) Yo = —dugu_s8(z — y) + dug(A2u_s8(z — y)) (3.117g)
{u_q(z),u_1(y)}2 = —2u_1 (A u_18(x —y)) + 2u_1(Au_16(x — y))
+ dug(Au_20(x —y)) — du_o(A  ugd(x — y))
—2u_ (14+A)A+A)A T+ AT A+ (1 = Au_16(x —y) (3.117h)
{u_1(z),u_o(y)}2 = —2u_1 (A u_s0(x — y)) — 2u_1u_s0(x — y)
+2u_1 (Au_o0(x — ) + 2u_1 (A%u_s8(x — y))
—2u_ (1+ A1+ A AT+ AT = Auod(z —y) (3.117i)
{u_a(x),u_2(y)}2 = —2u_2(A"*u_98(z — y)) + 2u_2(A*u_s6(x — y))
—2u (1 + AT+ AN+ A)THATT 1) (1 = ANuod(x —y). (3.117))

3.4 Relation between Lax and Hamiltonian formulation
of the Extended bigraded Toda hierarchy

In this section we provide the explicit form of the Hamiltonian theorem, i.e. we show
that the flows previously defined in the Lax pair formalism can be expressed in terms
of suitable Hamiltonians through the first Poisson brackets defined above.

The main result is the following

Theorem 52 The Lax equations (3.16) can be written in the following Hamiltonian
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form
d

Zgaqtn = {un, hagtt (3.118)

where the Poisson bracket has the form (3.95) and the Hamiltonians are given by

r2-%)

1 o
o= —— N pRes(LIt2 N =N-1,--- 11
haq 2I’(q+3—%)Res( N) « ;o000 (3.119a)
1 T2+ ) o
hog = == Res(LIT*Tur =0,---,—M+1 3.119b
q 2F(q+3+%) 68( M) « ) ) + ( )
h _1 Res | L™ (log L — l(i + i)c ) (3.119c¢)
“MaT 9+ 1) 4T\ TN/t ) ‘
where ¢y = ;1-:1 % and co = 0.

Proof (of Theorem 52) The proof is based on the following Lemmas. Lemma 53
essentially gives the form of the first Hamiltonian operator that coincides with that
found before. Then one has to express p,, in terms of the functional derivatives of the
Hamiltonians which is done in the following three lemmas.

Lemma 53 Let A=) _, A"py, such that [A, L] = 0; then Ly = [A4, L] is equivalent

mEZ
to

n+M

(un)t = Z (Amu—m—i-n - u—m—i—nAn)pm (3120&)
m=0

-1
(W) ==Y (A"Umin — UminA")pm (3.120D)
m=n—N

for =M <n<N—-1anduy =1.

Proof From [A4, L] = —[A_, L] it follows that the only nonzero terms in [A4, L] are
the coefficients of AF with —M < k < N; hence the Lax equations L; = [A,, L] are
well defined.

We have
N-1

[Ae L] = [Ac AN + A, 3 ] (3.121)
k=—M

the first term on the RHS gives only contributions of order A* with k > N, while the
second term gives

S D N (pmuk) — ur(A"pm)]A; (3.122)
n>—M m =0
—M<EkSN-1
k+m=n

collecting powers of A we conclude.
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The second formula is obtained exactly in the same way, starting from L; =
—[A_, L]. O

If we could express py,, defined by A = 3 A"p,,, in terms of the functional
derivative of some functional H

J

m=—DH 3.123
Pom = 5 (3.123)
we would obtain by the previous Lemma that the Lax equation L; = [A4, L] would
become
N-1 51
(un)e= Y Bﬁ%mﬁH n=N-1,...,—M (3.124)
m=—M
where
/~\_mun+m — un_,_m]X” if n <0 and m <0,
B%)l =2 —(]X‘muner — un+m1~X”) ifn>0and m >0, (3.125)
0 otherwise.
If we define 5 52
(Fah =3 L pg 20 (3.126)

oun, MMou
) n m

this is easily seen to be precisely the first Poisson bracket defined before.

In the following three Lemmas we show how to relate p,, with the functional deriva-
tive of some Hamiltonian. We consider first the usual case of integer powers of L, that
give the standard Toda flows.

Lemma 54 I[fA=L1L" =} _, A"py then

1
D = % <n+ : /dg; ResL"“) m=N—-1,---,—M. (3.127)

Proof The proof of this and of the subsequent Lemmas essentially follows the proof of
(2.74) for the Toda chain hierarchy. As in that case we observe that the differential of
Lis

N—-1
dL = > dupA* (3.128)
k=—M
where duy, for k = N —1,...,—M are the basic differentials of the ”coordinates” ug(x)

on the space of operators L of the form (3.1). The differential of a functional H on
such space is obtained by functional derivation

0H
dH = [ d d . 12
/ x Zk:(mk(x) u () (3.129)
For a functional H )
H = / dzx Res L1 (3.130)
n+1
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we have

dH = /daz Res(L"dL)

since for any difference operator B =), By AF it is easy to check that

/da: Res[B,dL]dz = 0.
On the other hand

N-1
Res(L"dL) = Res(ZAmpm Z dug AF)

= Z A~ k kduk

M
~ Z p_rdug
k=M

up to total derivatives, hence
N-1
dH = /dx > powduy.
k=—M

Finally comparing with (3.129) we obtain

N-1
0 1
_ n+1
/da: kngp rduy, /dy e (n 1 /da: ResL )duk(y)

and, by the independence of the differentials duy, we conclude.

Lemma 55 If A= L"logL =3 ., A"py then

L
n+ 1 dug

1 1 1

P—kr =

2n+1"M N

Proof First we show the following formula
/dm Res(LPdlog, L) = /dx Res(LP~1dL);
this implies
P P!
/dm Res(LPdlog L) = /dm 5037 N)Res( dL).
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(3.131)

(3.132)

(3.133)

(3.134)

(3.135)

(3.136)

(3.137)

(3.138)

(3.139)

(3.140)



Using the formula

eploes L — p (3.141)
we have
pRes(LP~'dL) ~ Res dLP (3.142)
— Res dePlos=1 (3.143)
— 1 n—1
— pRes(eP°5=Ldlog, L) (3.145)
= pRes(LPdlog, L) (3.146)
up to total derivatives.
Using (3.140) one shows
1.1 1 1
d|[d L™ (logL — = (— + — = 14
[ e Res(zmHog L - (5 + 1)) (3.147)
1 1 1 1
= L dlog L 1 L"dL(logL — = ——(~— + — 14
/da: [Res( dlog L) + (n + 1)Res(L"dL(log 2n+1(M+N)))] (3.148)
= /d:v (n+ 1)Res(L™log L dL). (3.149)

Essentially as in the previous lemma, one obtains that

N-1

/dfﬂ (n+1) > pgduy =

k=—M
=g . 11,1 1
= /da: k;M&Lk(x) (/ dy Res[L" ™ (log L — im(ﬂ + N))]) dug(z) (3.150)

and then concludes. O

Lemma 56 If A = L"LN = Y mez N"'Pm then

1 ) q
m=———— [ dr Res(L"'LW~ =N-—-1,...,—M. 3.151
D= g | A ResER) m=N o (3151)

The same formula holds also in the case N — M.

Proof We have

d / dz Res(L"1+%) =d / dz Res(L™ 8 ") (3.152a)
— (nN + N +q) / dr Res(L™ N ""dL¥)  (3.152b)

N+N "
- / d %Res(l) rdL) (3.152¢)
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where we have used the definition (L%)N = L; as in previous lemmas

N-1
n+lyr Ly q
d/d:c Res(L" L) = /d:z (n+1+ ) Z_:Mpkduk (3.153)
and the Lemma is proved. Il

Combining these three Lemmas with the observations made above one finally proves
the Theorem. O

3.5 Tau symmetry

In this section we prove that the Hamiltonian densities defined above satisfy the tau
symmetry.

Theorem 57 The Hamiltonian densities hq 4 satisfy the tau symmetry, i.e. the fol-
lowing identities hold

fora,6=N—-1,...,—M and p,q > 0.

Proof The normalization of the Hamiltonians has been chosen such that
ha,p = Res Bapt1 Aap = (Ba,p)+ (3.155)

for suitable difference operators B, ;, that commute among themselves: [Bq p, Bg 4] = 0.
It follows that

ahamfl

aepa — Resl(Bsa)+, Baypl (3.156a)

= Res[(Ba,p)+, Bp,q (3.156b)

= ppr (3.156¢)

since Res|[(-)+, (-)+] = 0 and Res|(:)_, (-)-] = 0; the Theorem is proved. 0

Moreover, using the terminology of [19], we have that this tau structure is compart-
ible with spatial translations (up to an irrelevant factor %), i.e. the Hamiltonian h_jz
corresponds to the x-translations

0 _
pres R { h—mo}1; (3.157)

this follows from the fact that A_p0 = 50;.

In complete analogy with the case of the Toda chain hierarchy, one can define the
functions €, ;.3 4 and then use the previous Theorem to show the existence of the tau
function for this hierarchy.
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Chapter 4

Two-dimensional Toda hierarchy

In this chapter we provide an R-matrix formulation for the two-dimensional Toda hi-
erarchy. We obtain a bihamiltonian structure on the algebra AT @ A~ by providing
an R-matrix associated to a non-trivial splitting. After suitable reductions to affine
subspaces we obtain the Poisson brackets for the two-dimensional Toda hierarchy of
Ueno-Takasaki [47] and for a generalized bigraded two-dimensional Toda hierarchy.

4.1 Ueno-Takasaki formulation

The two-dimensional Toda lattice hierarchy has been formulated in [47] by Ueno and
Takasaki. We will recall their definition, using the language of difference operators.

Consider two (formal) difference operators of the form
L=A+ug+u A4 ... (4.1)
L= ﬂflA_l + ug + Z_LlA 4+ ... (42)
where the coefficients, following our usual notations, are functions of the continuous

variable z. We define two sets of flows, denoted by the times ¢, and ¢, with ¢ > 0, by
the following Lax equations

Ly, = (L), L] Ly, = (L9, ] (4.3)

and

Ly, = [=(L9)-, L] Li, = [-(L9)-, L. (4.4)

q

All the commutators are well-defined since the operators (LP); and (L4)_ are of
bounded order; the following obvious observation is useful when trying to find the
R-matrix formulation of the hierarchy.

Remark 58 In the equation (4.3a) (an analogous observation holds for the equation
(4.4b) ) we can equivalently use —(LY)_ instead of (L?)4 since LY commutes with L;
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however in the equation (4.3b) (and in (4.4a) analogously) we must use (L), otherwise
the commutator is not well-defined.

These equations are compatible: this follows from the zero-curvature or Zakharov-
Shabat representation given by the following

Proposition 59 ([47]) The Toda lattice hierarchy (4.3), (4.4) is equivalent to the
system of equations

O, (L) = O (LP) 4 + [(L9) 4, (L) 4] = 0
Og, (L)~ — 0, (LF)—~ — [(L9)~, (L")-] = 0
Op, (L) 4 + 04, (LF)— = (L), (LP)-] = 0

4.2 R-matrix formulation

In this section we first define an algebra of difference operators which is naturally
associated with the two-dimensional Toda hierarchy. Then we introduce an R-matrix
and we show that it comes from a non trivial splitting of the algebra. We check that
the skew-symmetric part of the R-matrix satisfies the modified Yang-Baxter equation
and thus defines two compatible Poisson structures.

Since the two-dimensional Toda hierarchy is characterized by two Lax operators L
and L that are respectively elements of AT and A~ it is natural to consider AT & A~
as the correct algebra in this case.

The natural inner product on AT @ A~ is defined in the obvious way from the trace
form

TTXeX=TrX+TrX (4.8)
for X XcAt @A™,
We can guess the form of the R-matrix (a linear operator on AT @& A~) by comparing
equations (4.3)-(4.4) with (3.39); we obtain
R(X,X)=(Xy - X_+2X_,X_— X, +2X,) (4.9)
where (X, X) € AT @ A,

We emphasize that this R-matrix is not simply given by a direct sum of the pre-
viously considered R-matrices on A1 and A~ since equations (4.3b) and (4.4a) give a
coupling between L and L, that must be taken into account.

The operator R satisfies the modified Yang-Baxter equation (3.22) since it is given
by a splitting of the Lie algebra AT & A~; indeed we can write

R=P-P (4.10)
where P and P, defined by

PX,X)=(X:+X_, X +X ) PX,X)=(X_-X_,X:—-Xy), (411)
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are projections operators, i.e. P2 =P, P2 =P, PP =0= PP and P+ P = Id. Thus
the splitting associated to the R-matrix above is

At @A™ = (ding(4’ @ A%)) @ ((A%)- @ (47)s). (4.12)

As in the “one-dimensional” case (given by the algebra AT with the splitting
(AT) @ (A*)_) the splitting is not isotropic with respect to the natural inner product;
indeed the R matrix is not skew-symmetric since the adjoint R* is given by

R*(X,X) = (X<o — X0+ 2X<0, X50 — X0 + 2X50) = P* = P* (4.13)
where the dual projections are

PY(X,X) = (X<o+X<0, Xs0+X>0) P*(X,X) = (X=0—X<0, X<o—X50). (4.14)
Moreover one can verify! that

Proposition 60 The skew-symmetric part A of the R-matriz (4.9)
A(X,X) = (X>0—X<0—X0,X<0—X>Q+X0) (4.15)
satisfies the modified Yang-Baxter equation (3.22).

Proof 1t is checked by substitution in equations (3.21) and (3.22). O

Thus, by the previous general theorems, there are on A™ @ A~ three compatible
Hamiltonian structures (3.43). We will consider only the first two structures since the
third one doesn’t behave well under restriction to a subspace. We summarize this result
and the explicit form of the Poisson tensors in the following

Proposition 61 On the Lie algebra AT & A~ there are two compatible Poisson struc-
tures given by

Pi(L, L)X & X = (2[L, X- — X-] = 2((L, X] + [ X])<o,
ﬂi_X+—aX4]—2QLPX}+[EH?DNO (4.18a)

Py(L, L ([ (LX + XL)_ — (LX + XL)_]

2L([L, X]<o + L, X]<o) — 2([L, X]<o + [L, X]<0) L,

X+ XL)y — (LX + XL)4]

i
I_’([LvX]>0 + [l_-’v}?]>0) - 2<[L7X]>0 + [Z_-HX}>O)I_/) (4'18b)

[

!More generally one can prove that
RX®X)=(Xy—X_—2aX_,—a(X_—X;)+2X,) (4.16)
satisfies the modified Yang-Baxter equation for a = £1; however, given the adjoint
R (X ®X) = (X<o — X>0+ 2X<0, —2aX>0 + aX<o — aX>0) (4.17)

the skew-symmetric part A satisfies the modified Yang-Baxter equation only for a = —1.

64



4.3 Explicit form of Poisson brackets

Here we calculate the explicit form of the Poisson brackets above in the usual notation.
We have not reduced the brackets yet.

Let N, M be two positive integers. The explicit form of the first Poisson struc-
ture for two-dimensional Toda calculated in (L, L) for L = >,y upA¥ and L =

— l -

First bracket

{un(@), um(y) }1 (L, L) = 2(c(m) + c(n) — Dfunm(A"0(z — y)) — (A_mun+m5(:€<— y))])
4.19a,
{un (), @m(y) }1(L, L) = 2¢(m)[(A"" 406 (€ — ) — tmin(A"3(z — y))]
+2(1 = c(n)[(A™ " tm4nd(z — y)) — Unmin(A"6(z — y))]
(4.19D)

{tin (), m (y) }1(L, L) = 2(1 = c(n) — e(m))[tmn(A"6(x = y)) = (A" "t 4nd (2 — y))]
(4.19¢)

where the constant ¢(n) is defined by

c(n) = {1 n>0 (4.20)

0 n<0.

The second Poisson structure calculated in (L,E) for L =Y, <N Uk AF and [ =
dis-M ;A is given by
Second bracket

{un (@), um (y) yo(L, L) = —2un (A" und(x — ) + 2un (A" upn8(x — y))
+ 2up (A" " upd(z — y)) — 2upmund(x — y)
+ Z[4un+mfl(An_lul(5(w - y)) - 4“[(Al_mun+m715('r - y))] (4'213)

<m
{un (), um(y) t2(L, I/) = 2up (A" " U b(z — y)) — 2Umund(r — y)
— 2y (A" 8 (2 — y)) + 2up (A" U6 (x — y))

+ S A ) (A3 (1 — ) — At ) (A (2 — )]

o (4.21b)
{tn (@), G (y) Y2(L, L) = 2tn (A" timd (z — ) — 2tn (A"t (2 — y))
+ 2ﬂn(An_mﬂm5(ﬂf - y)) - 2ﬂmﬂn5($ - y)
+ Z [4an+m—k(An_kak5(x - y)) — duy, (Ak_man-‘rm—ké(l' - y))] (4'210)

k>m

65



4.4 Reductions

In this section we calculate the reduction of the Poisson brackets to affine subspaces of
operators of the form

L=AN + uN_lAN_l + ... L= ﬂ_MA_M + Q_L_M+1A_M+l + ... (422)

hence obtaining a pencil of Poisson brackets for each of these bigraded two-dimensional
Toda hierarchies. In particular for N = M = 1 we obtain the bihamiltonian structure
for the usual two-dimensional Toda hierarchy.

As in the “one dimensional” case the reduction to the linear subspaces given by
operators of the form

L= Z up AF and L= Z wA! (4.23)
k<N I>—M

is trivial.

Let’s perform the reduction to the affine subspace given by uy = 1; using Lemma
35 we obtain that the reduced second Poisson tensor in this case is given by

Prid(X @ X) = (2[L, (LX + XL)_ — (LX + XL)_]
- QL[LaX]<0 - QL[EaX]<0 - Q[L,X]goL - Q[LXKOL
= 2[L, (AN + 1AV + DAY = AM) (L, X]o + [L, X]o)],
L, (LX + XL)y — (LX 4+ XL),]

= 2L, (AN + 1)(AY + AN = AN) (L, Ko + [L, X]o))]: ) (4.24)

the first Poisson structure does not need any correction term and its explicit form is
simply obtained by putting uy = 1 in (4.19).

The explicit form of the second reduced Poisson bracket is
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Second bracket

{un (@), um(y) }2(L, L) = =2un (A" umd(z — y)) + 2un (A" umd(z — y))
+ 20 (A" " U0 (2 — y)) — 2umund(z — )
+ Z[4un+mfl(Anilul‘5(x —y)) — 4ul(Alimun+m715(x )

I<m
+ 2u, (AN + DAY + (AN — ANTHAY — 1)(A™™ = Dupd(z — )
(4.25a)
{un(@), im(y) }2(L, L) = 2un (A" (x — y)) — 2uniimd(z — y)
— 2up (A" (z — y)) + 2un (A" U o (z — y))

+ D AT ) (AT @6 (2 — y)) = At (AT ) (A5 (2 — )]

I<m
+ 2up, (AN + DAY + DAV = ANTHAY — 1)(A™™ = D d(z — y)
(4.25b)
{tn (), um (y) }2(L, I_/) = 2Up (A" d(z — y)) — 2Up (A" d(z — y))
+ 20 (A" g8 ( — 1)) — 2l iind(z — y)
) [l (A" P (2 — ) — 40k (A" g6 (2 — y))]
k>m
+ 20, (AN + DA™V + (AT = AN)THA™ = (AT = D)t (z — y)
(4.25¢)

Remark 62 The second Poisson brackets can be also rewritten in the following form

N-—n

{un(@), um(®)}2 = 4 ) [wnst(A"" 18 = ) = wmt (A un18(2 — y))]
I=1

+ 4u, (AT = 1)(1 = A" N1 = A8z — ) (4.26a)

{tn (), U (y) Y2 = +uny (A™™ = 1)(1 = A M1 = AN a,,0(z — 3) (4.26b)
min(M+m,N—n)

4 Y A ) (A 18— ) — (A i) AT (2 — )
k=1

Jr
{ﬁn(x) Z Up— lA Ul+m5( - y) - ﬂl+mAlﬁnfl5(x - y)]
B(A" — 1)(1 = A1 — AN (e — ) (4.26¢)
We summarize the results in the following

Theorem 63 The brackets (4.19) and (4.25) give two compatible Poisson structures
in the variables u, for n < N and U, for m > —M.

We will call these Poisson brackets for the (M, N)-bigraded two-dimensional Toda hi-
erarchy. In particular for N = M = 1 we should obtain the bihamiltonian structure
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for the usual two-dimensional Toda. Notice however that to have a complete descrip-
tion of the bihamiltonian structure of the hierarchy we should relate the Hamiltonian
flows with the Lax pair definition given above and in particular we should obtain the
recursion relation for the Hamiltonians.

Remark 64 The definition of logarithm makes sense even in the two-dimensional Toda
case; the dressing operators are defined by

L=PANPY L=QAMQ! (4.27)
and the two logarithms by
log L = NePOP~! log L = —MeQoQ ™. (4.28)

In this case however we cannot use the same trick as before to obtain a logarithm that
is a difference operator like in (3.8). So we cannot define additional logarithmic flows
as before.

4.5 Hamiltonian representation

We obtain now the Hamiltonian representation of the flows defined in (4.3) and (4.4).
On the algebra AT @ A~ we can define the functions

1 1 1 1

- Jian == e 4.2
S| dx Res S| dx Res (4.29)
where (L, L) is a point in AT @& A~. We clearly have
1 ~ 1_
dhy = (G19,0)  dhy = (0, 517). (4.30)

From the R-matrix construction, since h, and l_zp are invariant functions on the algebra,
we have that (3.48) gives

L .

27 = [Rdhy, L] = Pydh, (4.31a)
P
i o )

% = [Rdh,, L] = Pdh, (4.31b)
P

where L = (L, L). Spelling out this relations, using the R-matrix (4.9), one obtains the
Hamiltonian formulation of the flows (4.3) and (4.4). These formulas continue to hold
when we restrict to an affine subspace. Hence we obtain

Theorem 65 The flows (4.3) and (4.4) admit the Hamiltonian formulation

0 0 ~
8717' - {" hp}l aizp - {'7hp}1 (4'32)

where the Hamiltonians are defined by (4.29).
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Chapter 5

Dispersionless limit

In this chapter we consider the dispersionless limit of the bigraded Toda and of the
two-dimensional Toda hierarchies.

The process of taking the dispersionless limit ¢ — 0 of a bihamiltonian system is
the simplest instance of a general procedure of averaging that associates to the disper-
sive brackets and Hamiltonians their averaged counterparts. In general these averaged
systems are expected to be in correspondence with Frobenius manifolds; moreover in
the simplest case of the ¢ — 0 limit the reconstruction of the whole dispersive hierarchy
from the associated Frobenius manifold has been developed in [19].

After having obtained the form of the dispersionless brackets and of the associated
metrics we will derive their generating functions. In the case of the bigraded Toda we
will show that the associated Frobenius manifold is given by a Hurwitz space of mero-
morphic functions with two poles. In the case of the two-dimensional Toda hierarchy
we will show that the first metric is non-degenerate and that the first bracket is given
by the direct sum of the first bracket for the bigraded Toda plus a bracket associated
to the algebra of divergence-free vector fields on the cylinder.

5.1 Dispersionless bigraded Toda hierarchy

In this section we consider the dispersionless limit of the first and second Poisson brack-
ets of the bigraded Toda hierarchy. Since these are Poisson brackets of hydrodynamic
type, they are naturally associated to a flat pencil of contravariant metrics. We write
down the explicit form of the metric and the associated Christoffel symbols. Moreover
we obtain the generating functions associated to these quantities. Finally we show that
this hierarchy is associated to the Frobenius manifold given by the Hurwitz space of
meromorphic functions on the Riemann sphere with two poles.
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5.1.1 Poisson brackets

The dispersionless brackets {, }?iSp are obtained as the leading term of the dispersive
brackets (equations (3.95) and (3.96)) in the e — 0 limit, i.e.

{un(2), um ()i = e{un(@), um(y) 177 + O(2). (5.1)

In the case of the bigraded Toda hierarchy the variables are un_1,...,u_j; withuy =1
and N, M > 0. The explicit form of the brackets is

First bracket

{un($)7 um(y) (1ﬁ8p = Q(C(n) +C(m) - 1) [(n+m>un+m5/(x - y) + mu;ﬂ-m(s(x - y)] (5'2)

Second bracket

{un(x), um(y) giSp = _4munum6/(x - y) - 4munu;n§(z - y)
+4 Z [(n+m — 2D tpym—ywd (z — y)
I<m
+ (n = Duppm-1uwid(z — y) + (m — Dujypp_ywd(z — y)]
4 ! 4 !/
+ Nnmunumé (x —y)+ Nnmunumé(:n — 7). (5.3)

The last line in (5.3) is given by the correction term obtained by Dirac reduction. In
these equations, on the LHS the indices span the range —M < n,m < N — 1, while
on the RHS it is understood that uy = 0 for kK > N or k < —M, and uy = 1. We
recall that here and in the following the costant ¢(n) is defined to be 1 for n > 0 and 0
otherwise.

5.1.2 Associated metrics and Christoffel symbols

The dispersionless Poisson brackets (5.2) and (5.3) are of hydrodynamic type, i.e. they
are of the form

{n (@), um ()} 1P = g6 (@ — y) + TPl d(z — y), (5.4a)
{(n (), um () Y957 = GV (x — y) + TPl S (x — ). (5.4b)

It is a well-known result of Dubrovin and Novikov (see [15]) that such brackets
satisfy the Jacobi identity if and only if the coefficients g™ define a flat contravariant
metric and the coefficients Ffj = — ginF?k are the Christoffel symbols of the Levi-Civita
connection associated with g;;

1
Fi.fj = Egkl(aiglj +0jgi — 8[.917) (5.5)

where 0; := %.
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For reference we write the explicit forms of the metric and the Christoffel symbols
for the first bracket

9" =2(c(n) + c(m) — 1)(n + m)untm (5.6)
™ = 2(c(n) + c¢(m) — 1)mbg pntm (5.7
and for the second bracket
~Nm n
g = 4(N — Dmupuy, + 4;(71 +m — 20wyt (5.8)
nm n
Fk = 4(N — 1)mun6k7m + 4; [(n — l)un+m_15k’l + (m — l)u15k1n+m_l] . (59)

In these equations hold the same considerations on the ranges of the indices that were
given after (5.3).

5.1.3 Generating functions for the Poisson brackets

Here we want to obtain the generating functions for the dispersionless brackets (5.2)
and (5.3).

Let’s define the function

Ap, ) = p™ +unap™ ™ uo M (5.10)
The generating function for the bracket {, }?isP is an expression {\(p, z), A(q, y)}?isp
such that
di di
A, 2), Ma, )} = D {un(@), um ()} "9 g™, (5.11)

at least for the powers of p and ¢ for which the RHS is defined.

Let’s start from the first bracket. Using the relation f(y)d'(z—y) = f(z)d'(x —y)+
f'(x)0(x — y) we can rewrite (5.2) in the form

{un($>v um(y) ilisp = Q(C(n)ch(m)*l) [nuner($)5/(I‘fy)+mun+m(y)5/($fy)]; (5'12)

substituting in (5.11) one finds
S 0 n._m
{\p,2), Mq, 9)}{™ = %5, (Z(C(n) +c(m) = Dpm(2)p"q ) ' (x —y)+

+ 2q§q (Z<c<n> T e(m) — 1>un+m<y>p"qm> e—y) (5.13)

and, using the identity

1 1

— )‘(pa x)pi

: : (5.14)

S eli) + clm) = Vgl = 22D

n,m
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finally obtains the desired generating function

Generating function for the first bracket

. T -1 _ T —1
{AMp, z), Mg, v) ihsp=2p§p <)\(q’ )q—l AE]? L )5'(w—y)+

pi—q
D (May)a " = 2oy o
+ 2q8q < " d(x—y). (5.15)

For the second dispersionless Poisson bracket we first consider the preliminary case
where uy is not yet fixed to 1. The bracket can be rewritten in the simpler form

{un(2), um()}5™ = —4mun (2)um(y)d (z — y)+
+4 Z [(TL - l)unerfl(‘r)ul(y) + (m - l)ul(w)unerfl(y)] 5/(.%' - y)' (5'16)
I<m

Then one has to substitute this in (5.11) and multiply both sides by (p~' — ¢~!)?; one
then expresses the RHS in terms of products of A and derivatives; this calculation is
quite involved and we don’t report it here. Eventually we have to add the term due to
Dirac reduction to the affine subspace with uy = 1 that is given by

4 0 0
Npqafp/\(p,w)afq/\(q,y), (5.17)

finally we obtain the

Generating function for the second bracket

- 4 9 )
disp __ = v v / _
A, 2), Mg, y)}5"" = Npqapk(p,w)aqk(q,yﬁ (z—y)+

4 0 0 /
+ P <)\(Pa x)%A(q’y) — Ay, y)%A(P, $)> 0z —y)+
—1,,—1
+ s (A Ma.2) A @) @ =) (.19

Remark 66 As we already observed, the first bracket can be obtained as the linear
part of the second one. In particular the following relation holds between the generating
functions

1 dis
7{A(p7 J")u A(Q? y) 2 P

2 = %{A(Paw%)\(%y)}g“”+€{A(p, ), Mg, y)}¥P. (5.19)

A—A+e

This suggests to write the generating function for the linear bracket as
; 2 0 0
A A disp — 2 () — = 8 (x —
DDA = 2 (o)~ AR ) o)+

2p~ gt )
(= (Mg, z) + AP, y) — APy z) — Mg, y)) ' (z —y).  (5.20)
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5.1.4 Generating functions for the metrics
Using the generating functions for the Poisson brackets here we derive the generating
functions for the associated contravariant metrics.

The bilinear forms (,); associated to the metrics ¢ and "™ are extended on
differentials dA(p) of the form

d\(p) = duy_1p™ "+ -+ du_pyp™ (5.21)
simply by
(dA(p),dA ()1 =D _g"™"p"q™,  (dA(p),dA(9)2 = §""p"q"" (5.22)

Then, from (5.18) and (5.20), we easily get the expressions

N(g) = N(p)

(dA(p), dA(g))1 =2 o

(5.23)

and

(@A), AN D)2 = —=paN PN (@) + ———— APV (@)~ NN (@) . (5.24)

N pt—q

Remark 67 The formula (5.23) is an analogue of the formula of Saito, Yano and
Sekiguchi [41] that provides an invariant quadratic form on a space of polynomials
associated to finite Cozeter groups.

5.1.5 Hurwitz spaces and Frobenius manifold associated to the dis-
persionless bigraded Toda hierarchy

After briefly recalling the definition of the Hurwitz spaces and of their coverings we show
that the pencil of metrics defining the Frobenius structure of such spaces coincides with
the one obtained from the dispersionless limit of the Poisson pencil of the bigraded Toda
hierarchy.

The Hurwitz spaces are moduli spaces of Riemann surfaces C' of genus g with an
n + 1 branched covering A of CP! with fixed ramification type over co € CP!. More
precisely a point in the Hurwitz space Mg.y,,....n,, 1S given by an equivalence class of
pairs (C,)\) where C is a compact Riemann surface of genus g and A : C — CP!
a meromorphic function of degree n + 1 such that the degrees of the ramification
at the points oog,...,00, € C over the point at infinity co € CP! are respectively
no+1,...,nm~+ 1. Two pairs (C,\) and (C, \) are identified if there exists an analytic
isomorphism 6 : C' — C such that o6 = .

In [10] it is shown how to construct a Frobenius manifold structure on a covering
of My.n,....n,, corresponding to a fixation of a symplectic basis of cycles in the first
homology group of C' and to a choice of primary differential dp. Factorization by
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the group of changes of the basis gives a twisted Frobenius manifold structure on the
Hurwitz space.

For the general construction of the Frobenius manifold structure on the Hurwitz
space see Lecture 5 in [10]. Here we will simply consider the Hurwitz space correspond-
ing to the case of the bigraded Toda hierarchy.

Consider the case with g =0, m =1, ng =M — 1 and n;y = N — 1 for two positive
integers N, M. The (covering of the) corresponding Hurwitz space is given by the
space of functions

Mz) =2 Funy_12V a2 M (5.25)

with u_ps # 0 and z € C and the primary differential is defined by dp = %.
As is well known from [13], the Frobenius structure on a manifold is uniquely
specified by a flat pencil of metrics. From the general construction of the Frobenius

manifold on a Hurwitz space we have that the corrisponding flat pencil of metrics is
given by

;o d'(Ndz)0"(\dz)
@,0") Wz; Resga—o = (5.26)
and by
' (log A dz)9"(log A dz)
/ /!
= . 2
(0,07) M; Resga=0 Zdlog \ (5.27)
Another pencil of flat metrics has been defined on a space with coordinates uny_1,...,u_y

by the dispersionless limit of the bihamiltonian structure of the bigraded Toda hierarchy
considered previously.

We now show that these two pencils coincide.

Proposition 68 The (covariant) metrics (5.26) and (5.27) are the inverse of the (con-
travariant) metrics (5.6) and (5.8).

Proof Let’s start from the first metric. We want to show that

> 9" Gk = Ok (5.28)
=M

where ¢"" is given by (5.6) and, from (5.26)

m+k 1
ZA,

Imk = Z Resy.—o dz. (5.29)

\)\|<oo

Now multiply (5.28) by w", sum on —M < n < N —1 and then the generating function
(5.23); then we have to show that

(Aw(w) — A, (2))z 1 k
A%: Resy.—0 -~~~ — . dz = w". (5.30)



In the LHS the term \.(2) in the numerator doesn’t contribute, since it cancels with
the denominator and gives a function without poles in A, = 0. Hence the LHS is given
by the following sum of three residues

Wy (w) 2"

(Res,—0 + Res,—o0 + Res,—y) m

dz. (5.31)

The residue in z = w gives exactly the desired result w¥, while it is easy to show, using
the fact that —M < k < N — 1, that the other two residues are 0.

The analogous result for the second metric is obtained in the same way: multiplying
the product of the two metrics as before by w™ and summing on n, one needs to show,
after substitution of the generating function (5.24), that

Aw A -1
Z Res)\zfow ( dz— Z ResAzfo (15) dz+

|A]<oo || <oo

A (w)2 _ ok
+|/\; Res), _0 o w_l)z)\zdz—w. (5.32)

The first two terms on the LHS vanish since they don’t have poles in A, = 0. The third
term gives exactly the same sum of residues (5.31) as before. |

From this result it actually follows that the Frobenius manifold associated to the
dispersionless limit of the bigraded Toda hierarchy is given by the Hurwitz space

Mo.pr—1,8-1-

An observation based on the proof of the first part of the previous Proposition is
the following

Proposition 69 The first metric (5.26) has the form

o'\ 06”)\ 0 a/)\<06//)\<0
9,01 = —ReSy—no ——dz — Res,—g —s—2 2. 5.33
(@, IO W R TP M (5.33)
Proof Consider, in the coordinates u;, the term
o) o)
A A
Ou; 7 Ou; .
RGSZZO Wdz, (534)
expanding close to z = 0 it gives
dz ivj M
~ Res,— s 727 (14 0(2)) (5.35)

hence it is non zero only for ¢ + j < —M, i.e. it is necessary that both i,j are < 0.
Then it is clear that only the Mgy part is relevant. An analogous proof holds for the
second term in (5.33). O
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Remark 70 Finally we recall, from [18], the prescription for the flat coordinates of
the first metric. These are given by

1 —ad
o = 5 Res,— o )\NN @z 1<a<N-1 (536&)
z
1 ad
t* = 5 Res,—g p R i -M+1<a<0 (5.36b)
z
1
tiM = m 10g U—_MN- (536C)

Notice that these are the Casimirs of the first dispersionless Poisson bracket.

5.2 Dispersionless two-dimensional Toda hierarchy

In this section we consider the dispersionless limit of the first and second Poisson
brackets of the two-dimensional Toda hierarchy. In this case the hierarchy has an infinite
number of independent variables; thus to these hydrodynamic brackets we can associate
a pencil of infinite dimensional contravariant metrics. We write down the explicit forms
of the metrics and the Christoffel symbols. We obtain generating functions for the
brackets and the metrics.

Then we prove that the first metric is non-degenerate; this gives a first hint that an
infinite dimensional Frobenius manifold should be associated to this pencil of metrics.

We finally make a change of variables and show that the first Poisson bracket splits
in two parts: a finite dimensional part that corresponds exactly to the first bracket
of the Toda chain and an infinite dimensional part that, in Fourier coordinates, is the
Poisson-Lie bracket on the dual of the algebra of potentials associated to divergence-free
vector fields.

We have considered here only the case N = M = 1, however the results are easily
modified to hold in the general N, M case.

5.2.1 Poisson brackets

As in the bigraded case the dispersionless brackets are obtained in the limit € — 0 (see
(5.1)) of the brackets (4.19) and (4.25). In this case the variables are uj with k < 1
and @; with [ > —1. The explicit form of the brackets is
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First bracket

{tn (), U () } TP = —2 [(n+ M) tngmd (x — y) + muy, ., 6(x — )] (5.37a)
{un (@), i (9) 17 = =20(m) (1 + m)tn (2 = y) + mun+m6<w )]
—2[(n + m)tn4md' (x — y) + miy, ,,0(z — y)] (5.37b)
{tn (@), um(y)}]'™" = =2¢(n) [(n + m)tn4md'(x — y) + mun+m5($ y)]
—2[(n + M)Ungmd (z — y) + ma), ., 06(z — y)] (5.37¢)
{tn(@), T ()17 = 2(1 = c(m) = e(n)) [(n + M) tn 1’ (l’ —y) + My, 0(z — y)],
(5.37d)

Second bracket

{un(x), um (y) giSp = 4m(n — Dugund (z — y) + 4m(n — Duyul,6(z — y)

+4 Z [(n +m— 2l)un+m—lul5/(x - y)
l<m

+ (n = Dungmaiuwid(z — y) + (m — Dujpyp,_wid(z —y)]  (5.38a)
{un (), am (y) giSp = 4m(n — Duptmd (x — y) + 4m(n — Vu,,,6(z — y)
—1—42 (n+ m)Upym 1t (x — 1)
I<m
(1 = Y 116 — ) — (1 + 2 — Dt 5 — )]
(5.38b)
{tn (), um (y) giSp = 4n(m — Dunt,d (x — y) + 4n(m — u),un,d(z — y)

— 42 [(n 4+ m)upsm_iwd (z — y)
I<n

+ (L+m)up, b (z — y) — (n = Dggma@d(z —y)|  (5.38¢)
(i (@), T (1) Y5 = 4n(1+ m)iinind (z — y) + An(1 + m)inis,d(z — y)
+4) 0 [(n+ m = 2k) ikt (z — y)
k>m
+ (n = k)lntm—kU,0(z — y) + (m — k)l k6 (z — y)].
(5.38d)

It is understood that on the RHS of these formulas @, = 0 for £ < —1 and ug = 0 for
k > 0 and u; is set to 1. In each of the quadratic brackets one can easily recognize the
term due to Dirac reduction to the affine subspace u; = 1.

5.2.2 Associated metrics and Christoffel symbols

We define the metric ¢™" and the Christoffel symbols FZm associated to the first metric
by

{ua (@), un ()} = g0 (x — y) + T2 5(x — y). (5.39)
As in the previous formula, an index with hat, like 1, will be sometimes used to indicate
that it spans both the values of m and m. In (5.39) it is understood that uz = @,.
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We obtain that the metric is

9" = =2(n 4+ m)uptm (5.40a)
g"" = =2c(m)(n 4+ m)untm — 2(n + M)Uptm (5.40b)
g = —2¢(n)(n + m)upim — 2(n + M) Upim (5.40c)
g =2(1 — c(n) — c(m))(n + m)iy1m (5.40d)
and the Christoffel symbols
L™ = —2mdg pm ry™=0 (5.41a)
L™ = —2¢(m)mdk nim L™ = —2m6k ptm (5.41b)
L™ = —2¢(n)mdgntm 7" = —2m6k ntm (5.41c)
™ =0 P = 2(1 — ¢(n) — c(m))mbg pim- (5.41d)

For the second bracket we have

{ua(@), un ()} = 570 (x — y) + TP} 6 (x — y) (5.42)

and we find that the metric is

""" =4dm(n — Dupuy, + 4 Z(n +m = 20D Uy (5.43a)
l<m

§" = dm(n — Duytiy, — 4 Z(n + M) Uy —1 Uy (5.43Db)
<m

gﬁrh = 4n(m + 1)ﬁnﬁm +4 Z (7’L +m — 2k)an+mfkak (543C)
k>m

and the Christoffel symbols

me =4m(n — 1)Un5k,m +4 Z[(n — l)un+m—l5k,l + (m— l)ulék,n—i-m—l] (5.44a)
I<m
Iy =0 (5.44b)
an =4 Z (I — m)uoy, ntm—l (5.44c¢)
I<m
L™ = dm(n — 1)upGpm — 4 Z(n +2m — Duptm—10k, (5.44d)
I<m
L™ = dn(m — 1) a0 m — 42@ + M)W Ok n4m—1 (5.44e)
I<n
TP =4 (0 — Dty 10k (5.44f)
I<n
L™ =0 (5.44g)
f%m - 4n( + m)unék m+4 Z n-— l un—i—m l(;kl + ( — l)ﬂlék,n—i—m—l]- (5.44h)
I>m

In all these formulas the indices on the LHS span the ranges n,m < 0 and n,m > —1;
moreover the same considerations that were given after (5.38) apply.
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5.2.3 Generating functions for the Poisson brackets

Here we write the generating functions for the dispersionless Poisson brackets (5.37)
and (5.38).

Let’s define the functions A and \

=Y (@)t Apa) =) ax(x)p". (5.45)

k<1 k>—1

As in the bigraded Toda case we have to rewrite the first Poisson brackets in a form
similar to (5.12); then, essentially applying identities like (5.14), one obtains

Generating functions for the first bracket

D) N = 2p s PO AR

+2 ;q [A Efi’ y)pl] 5 —y), (5.46a)
D) N = 2p 0 [T AE?’ D s

+ 2q§q [X 4:Y) - Efj y)pl] 5z —y), (5.46b)
M@, 2), Mg, ) h = 21988]? [)\ PP~ ch’x)q_l] &' (x —y)

+2¢ (,fq [X DY E‘{ y)q_l] 5 (z —y). (5.46¢)

For the second dispersionless Poisson brackets one has essentially to follow the same
steps as in the bigraded Toda case: first write the brackets in a form similar to (5.16)
and then substitute in (5.11) to obtain the generating functions.

The main difference is in the equation

{un(2), am(y) 1o = 4m<n — Dy (2) i ()8 (z — )+

+4 Z l B T)Uppm— l( ) + (l —n- 2m)u"+m*l(aﬁ)ﬂl(y)+
l<m

+2(m = Duntm—1(2)w(2)]8'(z —y)  (5.47)

since the last term has both factors evaluated in x.

Thus we obtain
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Generating functions for the second bracket

Do) Mg Hir = — 2 (A(p, D)5 M) = Alg 1) 5 A ar)) 5@ —y)+

pl—q
-1 -1
+ m (Mg, 2)Ap,y) — Mp, )M (g, ) 8’ (z — y)+
+Apa M. )5 M@s)Y (2~ ) (5.482)
A, 2), Mg, 9) 5™ = p_liq_l <A(p, w)aaqx(q,y) + g, y)aik(p, x)) &'(x —y)+
“1,-1
s M)A, ) = Mg AP 9) = Mo )0, ) 8 o — )+
9 8 - ,
+ 4pqafph(p, x)afqh(q, y)d(z —y) (5.48D)

(0. M7 = 2 () g0+ Ma) g ) ) ' =)+

-1 -1
+ (]f]f_qql)Q (=g, 2)A(p,y) + Ap, ) Mg, y)) 0 (z — y)+

O 5

+ 4pqafpk(p, )= Nq,y)0' (z — ). (5.48c)

Remark 71 As in the bigraded case the first brackets (§.46)70an be obtained as linear
part of the second bracket after the shift \ — A +¢ and A — A+ €.

Remark 72 The same generating functions (5.46) for the first brackets hold in the
general N, M case. For the generating functions (5.48) of the second bracket one needs
to divide by N the Dirac correction term (the last line in each of the equations (5.48)).

5.2.4 Generating functions for the metrics

As was done for the bigraded Toda, we can extend the bilinear forms (, ); associated to
the contravariant metrics g™ and g™ on the differentials

dA\(p) =Y dup®,  dA(p)= ) dugph. (5.49)

k<1 k>—1

Then from (5.46) and (5.48) we get

Generating functions for the first metric

(@) @) = 22 =) (5.502)
(@), @)y = 22 (5.50b)
(@) A () = 22 =20 (5.500)
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and

Generating functions for the second metric

(@NP)N@)2 =~ (APN@) = NN E) + 4N GIN (@) (5:51a)
(dA(p), dA(q))2 = p_lfq_l (AN (9) + M) X (p)) + 4pgX (p)N (q) (5.51b)
(@D D)2 = = (AN (@) + NON ) + 4NN (@) (5:510)

5.2.5 The first metric is non-degenerate

Here we show that the metric associated to the first Poisson bracket of the dispersionless
2-dimensional Toda hierarchy is non-degenerate; this gives a first hint of the existence
of an associated infinite dimensional Frobenius manifold.

Proposition 73 The metric g"" is non-degenerate.

Proof We essentially want to show that

> 4" Mg =0 = v =0 (5.52)

m

for generic values of the entries of the metric. Here vy is a vector with components
vy, for m < 1 and o7 with m > —1. If we explicit the above equation for n = —1 and
n = 0 we obtain

v9o=79 and v_1=7_1 (553)

respectively.
If we introduce the variable w,, such that
<0
Wy, = {”m mn (5.54)
Um m >0
then the equation (5.52) becomes
> (04 m) (Ungm + ngm)wm = 0. (5.55)
neZ
Using the Fourier series
u(z) = Z ey,  w(r) = Z e My, (5.56)
neZ neZ

one finds that (5.55) is equivalent to
u(z)w(x) =0 (5.57)

thus implying, for generic u(z) and together with (5.53), that all the components vy,
are zero. 0
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5.2.6 A new set of coordinates

We introduce a new set of coordinates obtained from the splitting that gives the R-
matrix for the two-dimensional Toda. The first dispersionless Poisson bracket splits
into two independent parts and the associated metric splits in diagonal blocks.

Let’s consider the coordinates wg, w_1 and v, k € Z, defined by

Uk k< -1
_ u_1+u_1 k=-1
wo = U
{0 0 k=< uy+a k=0 (5.58)
WwW_1 = U_
! ! 1+ k=1
U, k> 1.

The first Poisson bracket (5.37) in these coordinated becomes

{wo (@), wo(y) " = {w_1(z), w_1(y)}T*" =0 (5.59a)

{wo(z), w_1(y)}{*" = —2w_1(y)&' (z — y) (5.59b)

{w-1(@), wo(y)}{"*F = —2w_1(2)8'(x — y) (5.59¢)

{wn(2), v;m(}P =0  n=0,1 meZ (5.60)

{vn (@), tm )} = =200 1 (2) + MUY (@ —y) nomeZ  (5.61)

The coordinates wy, give exactly the first bracket for the first bracket of the Toda
chain (i.e. bigraded Toda with N = M =1).

The metric is given by

0o 0 0o 0 o 0
Z (TL + m)vn+m%% +w_q < + > . (562)

8w0 8w_1 8’(0_1 8w0
n,meZ

Since the w-block of the metric exactly coincides with the metric of the Toda chain we
can readily write down the first two flat coordinates: wy and logw_1.

5.2.7 Generating function in Fourier coordinates

First let’s write down a generating function for the v-block of the metric. Defining
v(x) = Zvnem“” (5.63)
n
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it easily follows

Zvn+meinz+imy _ Z QL / e—i(n-i—m)zv(z)dzeim:—f—imy
T
1 n(x—z im(y—z
:g U(Z)Zn:e ( );e (y )dZ
= 277/1}(2)5(:6 —2)0(y — 2)dz

= 27T/v(z)5(y —z)dz 0(z — y)
= 2mv(z)d(z — y). (5.64)

Now we have
Z(n + M) Uy pme™Te™ = —j (38;1: + (38y> Z Vg €0 TIMY (5.65)

nm nm

o (; N jy) v(@)8(z — ) (5.66)

= —2miv'(x)6(z — y). (5.67)
Hence the generating function for the metric (dv,, dv,,) = ¢™™ is given by
(dv(z),dv(y)) = —2miv'(z)6(x — y) (5.68)

with dv(z) =Y, dv,e™®.

We can also obtain the generating function for the infinite dimensional part of the
first Poisson bracket; defining

v(z,y) = Z U ()™ (5.69)

and following essentially the same steps above we obtain

disp __

{v(z1,91),v(72,92) }; —4mi [0 v(z1, 1) - 021 — 22)8" (11 — Y2)

— Oy, vz, y1) - 0 (21 — 22)6(y1 — y2)]. (5.70)

5.2.8 Poisson brackets of divergence-free vector fields

In this section we want to show that the generating function for the first bracket in
the coordinates v is the natural Poisson-Lie bracket associated to the potentials of
divergence-free vector fields on a cylinder.

Let’s consider, first of all, the Lie algebra V of vector fields v = (vi(x),...,vn(2))

on RY with coordinates x1,...,zxy. The commutator of two vector fields is simply
0 0
[v,w];(z) = via—xiwj - wia—xivj. (5.71)
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We denote an element of the dual space V* by p = (p1(z),...,pn(x)); the pairing
between elements of the algebra and the dual is given by

<p,v>= /dNCL‘(pl ()v1(z) + -+ pn(z)on(x)). (5.72)

The commutator induces on V* the Poisson-Lie bracket by the usual formula

{f,9}(p) =<, [df,dg] >, (5.73)

where f and g are functionals on V*. If we choose functionals of the form f[p] = p;(y)
we obtain

i0), B30} = 3 (&) 0 — ) + pily) O ) (5.74)

7 J
where, of course, §(z —y) =d(x1 —y1) - 0(xn — yN).
Now consider the divergence-free vector fields on the plane (N = 2) with coordinates
x,y. For the vector field v = (v, vy) the condition 0 = dive = a%”x + a%vy implies the
existence of a potential f(z,y) such that

of _of

(O

In this case the commutator of the vector fields induces a Lie algebra structure on
the space P of potentials
[f» g] = fmgy - fyga: (5.76)

such that
Vi, Vol = Viggl (5.77)

where by V; we indicate the vector field associated to the potential f by (5.75).
The dual space P* will be given by functions w with a pairing with P given by

<w,f>= /da: dy wf (5.78)

for w € P* and f € P.

The transpose of the map f + Vy from P to V is given by the map that associates
to p = (paz,py) € V* the vorticity w, € P*
_ Op: _ 9Opy

T (5.79)

Wp :

since we have
<wp, f>=<p, V5 >. (5.80)

The Lie algebra structure (5.76) on P defines a Poisson-Lie bracket on the P*; a
straightforward calculation shows that this bracket is given by

{o(z1,91),v(22,¥2) } = vy (21, 91)0(21 — 22)0 (Y1 — y2) — vy, (21, 91)0 (21 — 22)3(y1 — y2)
(5.81)
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for v(z,y) € P*, i.e. exactly the generating function obtained in the previous section
(up to a factor).

Of course one can obtain the same bracket on P* simply from (5.74) substituting
the formula (5.79).

Notice that in the case of an incompressible fluid the space V and the dual V* are

identified through

Pz = PUz (5.82a)
Dy = puy (5.82b)
where p is the constant density, thus obtaining the construction of [39].

We can now state the following theorem on the structure of the first dispersionless
Poisson bracket

Theorem 74 The dispersionless limit of the first Poisson bracket of the two-dimensional
Toda is isomorphic to the direct sum of the first Poisson bracket of the dispersionless
Toda chain with the brackets (5.81) associated to an incompressible fluid on the cylin-
der.
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Chapter 6

Conclusions

In this thesis we have studied three related integrable hierarchies of Toda type. Let’s
summarize our results in each case.

We have considered first the extended Toda chain hierarchy. We have defined
the logarithm of the difference operator L and used it to obtain a Lax representation
for additional non-local flows. Then we have introduced the bihamiltonian formalism,
expressing the non-local Hamiltonians in terms of traces of L and log L. We have shown
the existence of a tau function and we have obtained the bilinear relations for the wave
operators and the wave functions. Finally we have obtained the soliton solutions.

We have then generalized some of these results to the case of the bigraded Toda
hierarchy. We have first defined the logarithm and two fractional powers of L and
introduced the flows of the hierarchy through their Lax representation. We have then
obtained a pair of Poisson brackets on the space of bigraded difference operators and
expressed the flows of the hierarchy in Hamiltonian form using the first bracket. Finally
we have shown that also in this case a tau function can be defined.

On the algebra of pairs of difference operators A™ ® A~, we have introduced an R-
matrix associated to a non-trivial splitting and we have used it to obtain a bihamiltonian
structure for the two-dimensional Toda hierarchy. Then we have expressed the
well-known Lax flows of this hierarchy in Hamiltonian form through the first Poisson
bracket.

Finally we have considered the dispersionless limit of the Poisson pencils associ-
ated to the bigraded and the two-dimensional Toda hierarchies. In both cases we have
obtained the generating functions for such pencils of Poisson brackets and also for the
associated pencils of metrics. We have then related the dispersionless bigraded Toda
hierarchy to the Frobenius manifold structure on the Hurwitz space Mo.ps—1,v—1. In
the case of the two-dimensional hierarchy we have shown that the first Poisson bracket
splits in the direct sum of the first bracket of the Toda chain with the Poisson bracket
associated to an incompressible fluid on the cylinder.

We recall the main open points and lines of future research.

e Starting from the simpler case of the extended Toda chain, one should consider
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the behaviour of interesting classes of solutions under the non-local flows. In par-
ticular the similarity solutions satisfy ordinary differential-difference equations
that should be analogues of the Painlevé equations. The algebro-geometric
quasiperiodic solutions should be tractable through some modification of the
usual method of the Baker-Akhiezer function on a Riemann surface.

Still in the case of the extended Toda chain, one needs to obtain the Hirota
bilinear relation for the tau function. To this purpose one should use the
bilinear relations for the wave operators and the wave functions that were obtained
in Chapter 2. This problem is also connected with the covariance under the
Darboux transformations that we have assumed in the derivation of the soliton
solutions.

In the extended bigraded Toda hierarchy case, the main missing point is the deter-
mination of the recursion relation for the Hamiltonians. The explicit method
used in the Toda chain case fails to work for the general bigraded hierarchy.

The construction of a Poisson-Lie group of pseudo-differential operators done in
[32, 33] should be possibly extended to the case of difference operators. One of
course doesn’t expect to have a Poisson-Lie group in this case, but a twisted
Poisson structure [36] on a Lie group of difference operators with complex lead-
ing exponent. This framework should provide a natural characterization of the
logarithm as the inverse of the exponential map connecting the Lie algebra and
the group.

It is important, in particular, to complete the study of the Frobenius manifold
associated to the bigraded two-dimensional Toda hierarchy. This turns out to be
an infinite dimensional manifold that naturally splits in a part corresponding to
the bigraded Toda hierarchy plus a infinite dimensional part. One expects that an
explicit realization of such manifold, in analogy with the realization as an Hurwitz
space of the Frobenius manifold associated to the bigraded Toda hierarchy, could
be linked to a space of conformal maps. Work in this direction is in progress.

A general line of research, that we have already stressed in the introduction, is
to construct the full dispersive hierarchies associated to the Dynkin diagrams
By, Cp, ... . In this thesis we have shown that the bigraded Toda hierarchy is
associated with the A; root system with a fixed root. A possible hint on the inte-
grable systems associated to the other root systems is given by the construction
of Frenkel-Reshetikhin of deformations of W-algebras associated to simple Lie
algebras [26].
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