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Abstract

We study the integrability of a family of birational maps obtained as reductions
of the discrete Hirota equation, which are related to travelling wave solutions of
the lattice KdV equation. In particular, for reductions corresponding to waves
moving with rational speed N/M on the lattice, where N, M are coprime inte-
gers, we prove the Liouville integrability of the maps when N + M is odd, and
prove various properties of the general case. There are two main ingredients to
our construction: the cluster algebra associated with each of the Hirota bilin-
ear equations, which provides invariant (pre)symplectic and Poisson structures;
and the connection of the monodromy matrices of the dressing chain with those
of the KdV travelling wave reductions.

Keywords: integrable systems, cluster algebra, discrete Hirota equation, lattice
KdV, Liouville integrability

(Some figures may appear in colour only in the online journal)

1. Introduction

The discrete Hirota equation [29] (which is also known as the bilinear discrete Kadomt-
sev—Petviashvili equation, the Hirota—Miwa equation [10, 20], or the octahedron recurrence
[5]) is an integrable bilinear partial difference equation for a function 7' = T(n;, ny, n3) of three
independent variables, namely

Tn1+1Tn171 = Tn2+1Tn271 + Tn3+1Tn371a

where for brevity we take T,,,+1 = T(n; £ 1, n2, n3), and similarly for shifts in the n, and n3
directions. The integrable characterization of this equation is justified by its multidimensional
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consistency property and the existence of a Lax representation. Particular reductions of the
discrete Hirota equation give rise to well-known integrable partial difference equations in
two independent variables, as well as integrable ordinary difference equations. Plane wave
reductions, given by

T(ny,np,n3) = exp(Cini + Conj + C3n3) Ty m = ng + 6111 + 621y + G303
for §; integers or half-integers, result in bilinear ordinary difference equations of the form
Tm4-61 Tm—6; = A Tm4-6, Tm—6, +b Tm-+63 Tm—d3 5 (1)

with suitable constants a, b, which are recurrence relations of Gale—Robinson/Somos type [16,
23]. These kinds of recurrences inherit a Lax representation from the Lax representation of the
discrete Hirota equation [14]. Their non-autonomous versions are associated with g-Painlevé
equations and their higher order analogues [12, 21, 22], and they appear in the context of
supersymmetric gauge theories and dimer models [1-3, 9]. Furthermore, they are particular
examples of cluster maps, which arise from cluster mutations of periodic quivers [7] and, as a
consequence they exhibit the Laurent phenomenon, i.e. all iterates are Laurent polynomials in
the initial data with integer coefficients [5, 19]. Cluster maps admit an invariant presymplectic
form, and can be reduced to lower-dimensional symplectic maps of a particular form [6], which
(following [12]) we refer to as U-systems.

In recent work [13, 14], two families of discrete Hirota reductions (1) associated with two-
dimensional lattice equations of discrete KdV/discrete Toda type have been studied. Both of
them admit Lax representations which generate first integrals. In this paper, we focus on the
discrete KdV family, that is plane wave reductions of the discrete Hirota equation that take the
form

Tt 2M+NTm = A Tt 2M TN + O Ty NTmas, M,N € N, ()

where a,b are constant parameters. These are examples of generalized T-systems, which
appear in diverse contexts related to both classical and quantum integrable models; see [18]
for an extensive review. The particular T-systems (2) are related to travelling wave (periodic)
reductions of Hirota’s lattice KdV equation, namely

1 1
Vit1s — Vi = « (Vk,l Ve ) . (3)
Our aim is to provide the details of the Liouville integrability of the travelling wave reduc-
tions of (3), and then use this to infer the integrability of the associated U-systems underlying
these recurrences with respect to their corresponding symplectic structures. Thus we extend
the results of [11], where the particular family of (N, 1) travelling waves was considered, and
give complete proofs of various assertions made concerning the case of general reductions of

type (N, M) in [14].

2. T-systems and U-systems

There are two different classes of U-systems associated with (2), depending on which of the
two integers M, N is greater. Therefore, henceforth we will always make the assumption that

N>M

and separate (2) into the two different cases
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T4 2NAMTm = A Tt 2NTmtM + D T N4 M Tt 4)
Tn42M+ANTm = A T oM TN + B Tt N Tt - )

Furthermore, we shall also assume the coprimality condition
gcd(M,N) =1,

since otherwise the T-systems (4) and (5) can always be decoupled into copies of systems in
lower dimension that do satisfy this condition.
The corresponding U-systems are described by the following proposition.

Proposition 2.1. For N + M odd,
1) 7,, satisfies (4) iff u,, = 2 ENEL satisfies the U-system

Tm4-1Tm+N
Ul 1 - - - UmsN+M—1 = b+ Qs Ut pi41 - - - U N—1, (6)
(2) T, satisfies (5) iff u, = 2V satisfies the U-system
Tm+1Tm+M
by MUms-M41 - - - UmtN—1 + @
UnUUm-1 - - - Ut N+M—1 = . (7)
Un+MUn+M+1 - - - Un4N—1
For N + M even,
(3) T satisfies (4) iff t, = % satisfies the U-system
m m
UpUmt2 - - Unp N4M—2 = D+ QU U p42 - - - Uppn—2, (8)

(4) T, satisfies (5) iff u, = 2EML2 satisfies the U-system
Tm+2Tm+M

by MUmsm42 - - - UmiN—2 + @
UmUm42 - - - UptN+M—-2 = . (9)
Umn+-MUm4+M+2 - - - U N-2

Proof. The results in (1)—(4) above follow directly by substituting the appropriate formula
for u,, into (6)—(9) respectively. (Il

Each of the T-systems defines a birational map (cluster map) in dimension Dj,
SOJ (CDj—>(CDj, j:1,2a334a

with dimensions D; = D3 = 2N + M, D, = D, = 2M + N, and each of the reductions (1)—(4)
described in proposition 2.1 defines a rational map that projects to a lower-dimensional space,
of even dimension 2d;, that is

mi: CP—C*i,  j=1,2,3,4,
where after projection the dimensions are
2dy =2dy=M+N—1, 2d3=2dy=M+N —2.

The U-system recurrences (6)—(9) define four birational maps in the corresponding reduced
space, which we denote by

¢ C¥i—C¥i, j=1,2,3,4,
with the intertwining condition

TjeWY;=¥joT;
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in each case. To see how the U-systems and the symplectic structure for the corresponding maps
¢ j arise naturally from (4) or (5), it is necessary to consider the cluster algebras associated with
the latter.

In order to give a brief outline of the connection with cluster algebras, we will just use
(5) in dimension D = 2M + N, since the discussion for (4) is almost identical, and follow
the approach of [7], where it was explained in detail how such Somos-type recurrences arise
from sequences of cluster mutations. An initial cluster is defined by the D-tuple of variables
(11, 72,...,7p); we can regard the coefficients a, b as additional frozen variables, which do not
mutate. Setting m = 1 in (5), we rewrite an iteration of the T-system in the form of a mutation
[41, namely

s T = gl B L (10
where

Biy+1 = Binyu+1 = 1, Bioyyr = Biyyr = —1,
and

Bixi=0 for k#M+1, N+1,2M+1, N+ M+1

defines the first row of a skew-symmetric integer matrix (exchange matrix) B = (B,) of size
D = 2M + N. The entries of the other rows can be found recursively, since they are required
to satisfy the formulae

Bip = Bii+1, Bitijy1 = Bix + Brivi[=Biit1ly — Bigpi[=Briyily, (11)

fori,k € [1, D — 1], with the notation [x]; = max(x, 0) for real x. For example, setting M = 3,
N =4 gives D = 10 and

0 0 0 1 -1 0 -1 1 0 0

0 0 0 0 1 -1 0 -1 1 0

0 0 0 0 0 1 -1 0 -1 1

-1 0 0 0 1 0 2 -1 0 -1

1 -1 0 -1 0 1 0 1 -1 0
B=1o 1 -1 0o =1t 0o 1 0o 1 -1 (12)

1 0 1 -2 0 -1 0 0 0 1

-1 1 0 1 -1 0 0 0 0 0

0o -1 1 0 1 -1 0 0 0 0

0 0o -1 1 1 -1 0 0 0
The mutation (10) generates a new cluster (7,72, ...,7p), which only differs from the

initial one in the first component. There is a corresponding mutated exchange matrix B’ =
#1(B), where in general the action of the jth mutation on B produces B’ = 1;(B) = (Bj;) with
entries given by

_Bi,k 1f1:]0rk:J,

B = 1

’ B+ E(‘Bi’j‘Bj’k + B,',j|Bj’k|) otherwise,

and there is an exchange relation analogous to (10) describing the action of a general mutation
pjona cluster, but we omit the details.

The matrix B defines a quiver (that is, a directed graph) without 1-cycles or 2-cycles, and
using the indices 1, 2, ..., N to label the vertices of the quiver, for each k there is an associated

4
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quiver mutation at vertex j, also denoted 4;. The matrices B being considered here have a
particularly special form, due to the conditions (11), which ensure that the action of x; on
the exchange matrix corresponds to a cyclic permutation of the indices 1,2, ..., D, and this
implies that, in terms of the cluster variables, applying the sequence of successive mutations
15 s [3, - - . .€tC In order is equivalent to iterating the recurrence (5). In the terminology of
[7], B is said to be cluster mutation-periodic with period 1.

It is known that, for any skew-symmetric integer matrix B, the corresponding log-canonical
presymplectic form

B;
w=Y —Ldnndn (13)

i<k 17k
transforms covariantly under cluster mutations [8], and for the particular case at hand more
is true: this two-form is invariant under iteration of the T-system (5), as was proved in [6] for
the general case of T-systems (cluster maps) obtained from cluster mutation-periodic quivers
with period 1. The matrix B has even rank 2d, and by choosing a suitable basis wy, ..., Wy,
for the image of B, im B, one can construct a projection to reduced variables given by Laurent
monomials in the initial cluster, that is

T Uy =T"", m=1,...,2d (14)

(where any integer vector a = (a;) defines a Laurent monomial 7® = [ jTjaj ), such that the T-
system reduces to a symplectic map in terms of the reduced variables. Furthermore, in [12] it
was further proved that (up to an overall sign) there is a unique choice of integer basis for im
B, called a palindromic basis, such that the symplectic map in the reduced variables takes the
form

@ (U, g1 ud) > (2. g, () F), (15)

for a certain rational function F = F(uy, ..., us). The birational map (15) defines the U-
system associated with the T-system that is specified by the matrix B. It preserves a symplectic
form w which is log-canonical in the coordinates (u;), and pulls back to the presymplectic form
corresponding to B, so that

©=Y “ldu Aduj, =&, TO=uw, (16)

for a constant skew-symmetric matrix B = (B;, -
In the particular example (12) above, B has rank 6, and the palindromic basis of im B, unique
up to sign, is given by shifting the entries of

W = (1, _1,05 _1’ 1,05 05 O,O,O)T,

so that
Wy = (0,15_150,_1,15050,0,0)T,"'5W6 - (050,050,05 1,_150,_1, l)T,

and the map 7 in (14) coincides with the formula for u,, in part (2) of proposition 2.1, i.e.
7 = 1 in this case. The U-system corresponds to a six-dimensional map ¢ = ¢», that is

a+ buy )

@2: (ul""’u57u6)H(uz""7u6’—2
uyuou3(Us)*usite

5
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which is symplectic with respect to the nondegenerate 2-form «w = @, defined by (16) with

0O o0 0 1 00
0o o0 0 1 10
. 0o o0 o0 1 1 1
B= -1 -1 -1 0 0 O
0 -1 -1 0 0 O
0o 0 -1 0 0 O

The following result shows that, with appropriate assumptions on M and N, the properties
of the preceding example generalize to all of the U-systems in proposition 2.1.

Theorem 2.2. For coprime N > M, each of the U-systems (6) and (7) preserves a log-
canonical symplectic form in dimension M + N — 1 when M + N is odd, and each of the
U-systems (8) and (9) preserves a log-canonical symplectic form in dimension M + N — 2
when M + N is even.

The proof of this result is presented in appendix A, where we also provide an explicit
description of the U-system Poisson brackets in dimension 2d, which take the log-canonical
form

{M,‘, uj} = a;_uji; (17)

with suitable constants @y = —a_; for 0 < k < 2d — 1.

3. Reductions of Hirota’s lattice KdV equation

As was shown in [14], besides the underlying U-systems, there is another class of lower-
dimensional recurrences associated with the T-systems (4) and (5), corresponding to travelling
wave reductions of Hirota’s discrete KdV equation (3) on a two-dimensional lattice. In this
context, it is necessary to allow coefficients a, b that are periodic in the independent variable
m. (One can also have more general dependence on m, which leads to equations of discrete
Painlevé type [1, 2, 12, 21].)

The (N, M) travelling wave reduction of (3) is derived by considering solutions that are
periodic with respect to simultaneous shifts by N steps and M steps in the &, / lattice directions,
respectively, that is

Vk+N,l+M = Vk,l — Vk,l = VUyp, M= kM — IN (18)

This is the discrete analogue of the travelling wave reduction for a partial differential equation
in 1 + 1 dimensions, which reduces a function V(x,?) to a function v = v(z) satisfying an
ordinary differential equation in a single variable z = x — ct. In the discrete setting, the ratio
N/M € Q corresponds to the wave speed ¢, and from (3) we obtain the following ordinary
difference equation in terms of the travelling wave variable m:

1 1
UntN+M — Um = (vav varM) . (19)
(Equivalently, setting m = IN — kM as in [14] leads to the same equation, due to a symmetry
of the discrete KdV equation.) An example of one of these travelling wave solutions of the
lattice KdV equation is presented as a 3D plot in figure 1; another view of the same solution is
provided by the contour plot in figure 2 (which is somewhat reminiscent of a contour plot of a
genus 3 solution of the continuous KP equation in [24]).

6
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Figure 1. 3D plot of V}; against k, [ for a travelling wave solution of the discrete KdV
equation (3) given by Vi; = vak—31+1000 Where v, satisfies (19) with N =4, M = 3,
« = —1 and initial data v; = 1 for 0 <j < 5, vg = 3.

The following key observation, from [14], is that the same discrete reduction (19) is related
both to the T-system (4) with a — —a, b — 3,,, and to the T-system (5) witha — o, b — 3.,
where (3,,, 3,, are periodic coefficients with periods M, N respectively.

Proposition 3.1. Suppose that a travelling wave solution of the lattice KdV equation is
given by

_ TmTm+N+M (20)

Um >
Tm+M Tm+N

satisfying the ordinary difference equation (19). Then T, satisfies the following two bilinear
equations:

s 2NAM T = BTt N+M TN — OTms 2N Tms-Ms  Bntmt = Bims (21)

T 2MANTm = BTt N+MTmAM + CTmsot Tgns By = B (22)

Conversely, if T, is a solution of either (21) or (22), then v,, given by (20) satisfies (19).

The T-systems (4) and (5) with constant coefficients can be seen as a particular case of (21)
and (22), where 3,, = 3, = b for any m. So it follows that v,, defined by (20) satisfies (19)
whenever 7, satisfies one of these discrete Hirota reductions with constant coefficients, but the
converse statement is not true.

3.1. Lax representation and first integrals

It was shown in [14] that any bilinear difference equation of the form (2), or a suitable gener-
alization with periodic coefficients, admits a Lax pair derived from the Lax representation of
the discrete Hirota equation. In the cases of (21) and (22) this construction involves N x N and

7
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Figure 2. Contour plot of the same 3-phase travelling wave solution of the discrete KdV
equation (3) as in figure 1.

min(N, 2M) x min(V, 2M) Lax matrices respectively. However, in these cases there is also a
2 x 2 Lax representation derived from the Lax representation of the lattice KdV equation.
The lattice KAV equation (3) is equivalent to the discrete zero curvature equation

L(Viirt, Virrir DM(Vi) = M(Vie 1 DL(Vir, Vier10)s (23)
where
v o VoA
L(V,W) = w s M) =|, af, 24
10 v

and ) is a spectral parameter.

It is well known that the Lax representation of quadrilateral lattice equations gives rise to
Lax representations of their periodic reductions (see e.g. [17] and references therein). First
integrals of these systems are derived from the spectrum of an associated monodromy matrix.
In the case of the lattice KdV equation, from the periodic reduction (18) and the Lax represen-
tation (23) we derive the reduced version of the discrete zero curvature Lax representation of
(19), that is

LV, Vngt-st) MUin) = MUigN430) LU v Unngpvnr)- (25)

Hence, by making the substitution (20) in (25), a 2 x 2 Lax representation can be obtained for
the (N, M) periodic reduction (19), and consequently for the discrete bilinear equations (21)
and (22), as well as for the corresponding U-systems of proposition 2.1.

For coprime N, M with N > M, for convenience we write

M; =M(v)), L;=L(;vj4m),

8
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and define the monodromy matrix to be

M—1
M, = H Merr,-+NLm+r,-+N7MLm+r,-+N72MLm+r,-+N73M to Lm+r,~+p (26)
i=0
where
v = kN mod M

(the product in (26) is arranged from left to right). For M > 1, we also consider the matrix

. -1
Ly = Lm Mm+N+MLm+NLm+N7MLm+N72M T Lm+r1
- Mnl+NLnl+N—MLnl+N—2M e Lm+)'1 5

where in the last equality we used (25). Now, from the above definitions, a direct computation
shows that M, satisfies the discrete Lax equation

MLy = LyMpsr. 27)

Therefore, the following corollary holds.

Corollary 3.2. For coprime N,M with N > M, the (N,M) KdV periodic reduction (19)
preserves the spectrum of the monodromy matrix (26).

Equivalently, the birational map corresponding to the KdV recurrence (19), that is
1 1
@1 (Vo, V15 -+ s UNFM—1) > | V1L V2,00 | — — — ] ],
UN UM

preserves the spectral curve
det( M) —v1)=0 (28)

for the monodromy matrix M(\) = M, obtained by setting m = 0 in (26), namely

M-1

M) = [ My nLesn-mLosn o Lo, (29)
i=0

where the dependence of L; and M; on the spectral parameter A is implicit from (24).

4. The odd case

From the U-systems described in proposition 2.1, it is evident that the two different cases
of odd/even N + M are structurally different. Thus we continue our analysis by considering
the odd case first. The periodic coefficients that appear in the discrete bilinear equations (21)
and (22) introduce periodic coefficients in the corresponding U-systems of proposition 2.1.
Furthermore, the u-variables of the U-systems are related with the v-variables of KdV periodic
reductions.

Proposition 4.1. Let N+ M be odd. If v, u, u,, are related by
U = Ul 1 - UnpM—1 = UpyUoy o Uy (30)

then the following statements are equivalent:



J. Phys. A: Math. Theor. 53 (2020) 364002 AN W Hone and T E Kouloukas

(a) vy, satisfies the (N, M) KdV periodic reduction (19);
(D) u,, satisfies the U-system (6) with periodic coefficients, that is

UnUm4-1 - - U4 N4+M—1 = B — QU MUM4+-M+1 - - - Un+N—15 5m+M = B 3D

(¢) u, satisfies the U-system (7) with periodic coefficients, that is

!/ ! !/ / «@ / /
umunl+l e um+N+M—l = ﬂm + / / / ’ 5m+N = ﬂn . (32)
Wt mUmtm+1 - - - U n—1
Proof. According to proposition 3.1, v,, = % satisfies (19) if and only 7, satisfies
m m

(21) and from proposition 2.1, for any 3,,, 7, satisfies (21) if and only if u,, = % satisfies
m m
UpUm-1 -« - Ut N+M—1 = Bm — QU MUm4+-M+1 - - - UnN—1-
Therefore, u,, satisfies (31), if and only if
P TmTm+N+M  TmTm+N+1 Tm+1Tm+N+2 Tm+M—1Tm+N+M
= = ..
Tm-+M Tm+N Tm-+1Tm+N Tm+2Tm+N+1 Tm+M Tm+N+M—1
= UmUm+1 - - - Up4-M—1
satisfies (31).
In a similar way, we derive that (19) is equivalent to (32) for
v — TmTm+N+M — TmTm+M+1 Tm+1Tm+M+2 Tm+N—1Tm+N-+M
= = ..
Tm-+M Tm+N Tm-+1Tm+M Tm+2Tm-+M+1 Tm+NTm+N-+M—1
T /
- unlunl+l e um—‘,—N—l’
from the second U-system (7) corresponding to (22). U

Using the substitution (30), the Lax representation of the (N, M) periodic reduction of
lattice KdV gives rise to a Lax representation of the two U-systems (31) and (32) and the
corresponding monodromy matrix (29) generates first integrals of the U-systems.

4.1. Bi-Poisson structure of the lattice KdV periodic reductions

We have seen that two different bilinear equations with periodic coefficients, obtained as reduc-
tions of the discrete Hirota equation, give rise to the same periodic reduction of the lattice KdV
equation. By theorem 2.2, the associated U-systems inherit a nondegenerate log-canonical
Poisson structure from the mutation periodic quiver corresponding to each of the bilinear
equations. In the case of coprime N, M, with N + M odd, the Poisson structure of the two
U-systems gives rise to two Poisson structures of the corresponding discrete KdV reductions.
We will prove that these structures are compatible in the sense that any linear combination of
them also defines a Poisson bracket. This fact will be the key to demonstrating the integrability
of the lattice KdV reductions, and consequently of the original U-systems. The main result is
described in the next theorem.

Theorem 4.2. Let N,M be coprime with N > M > 1 and N + M odd. The brackets

Cj-iVivVj, ]—I#N,

{o, vt = (33)

cj,,-v,»vj+cNa, j—i:N,

10
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dj,,"l)i’l)j, j— i 75 kM,

k-1
v i}, = (34)
ten vk, dj-vj+ dM(—Oé)kH Vit J—i=kM,

I=1

for0<i<j< N+ M— 1, where (up to rescaling by an arbitrary constant)

e = di = (=1, (35)
with

= 1 mod (N + M) (36)
fork=1,...,N+ M — 1, define two compatible Poisson structures on CN*M of rank N +

M — 1. Furthermore, the map (3.1) corresponding to the (N, M) reduction of the lattice KAV
equation is a Poisson map with respect to both of these brackets.

We will devote the rest of this section in the proof of this theorem.

4.1.1. First Poisson bracket. For coprime N,M with N > M, N+ M odd, we consider the
U-system (31) that corresponds to the discrete Hirota reduction (21). Each iteration of the
associated map p; : CMHN-1 — CM+N=1 defined by

B — QUMUMA-T - - - UN—1 )

O1: (U, Uty .« - o s UNFM—3> UNFM—2) F (Ml, Uy, UNFM-2,
uouy .. . UN+pM—2

is symplectic (really it is a family of maps depending on m, with the parameter /3,, vary-
ing with period M). Equivalently, ¢; a Poisson map with respect to the nondegenerate log-
canonical bracket (17), which we will denote by {, }u According to proposition 4.1, v,, =
Ul 1 - - - Upypy—1 Satisfies the (N, M) periodic reduction of the lattice KdV equation (19),
which corresponds to the birational map

1 1
@ (o, V1, .., UNtM—1) — (1)1,7)2,.-.,7)0 +a (— - —)) . 37
UN Um
We can write the variables vg, v1, . . ., Un4p—1 Of this map in terms of uy, . . . , uy4y—2 using the
recurrence (31), as
Uy = Ut -« Upypy—1 for 0 <m <N — 1,
and
k — QU MUREM A1 - - - Uk-N—1
UN_;,_k:ﬁ AMTR M + forO<k<M—1,
Uplje1 -+ - - UkN—1
or equivalently, by setting w41 . . . Ugrp—1 = Uk,
UmUm41 - - - Un+-M—1, OgmgN_ 1
Uy = _ a (33)
" B — , N<m<N+M-1.

Up—NUn—N+1 -« - - Up—1 Um—N

Next, we evaluate the Poisson brackets {vo,vn},, 0<m<N+M—1. For
0<m<N-—1, wehave
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N+M—2 M—1m+M—1
( Ovg Ovyy,
0, E a;_iu;u; = VoV, E g ai_il.
> m J—ili ]a al/t m : A J—i
i,j=0 i=0 j=m
Thenfor N<m < N+ M — 1, we find
_ -1
{vo, Um}, = {Uo, BN Um—NUm—N41 - - - Um—1) }u + {vo, Um-n1},
m—N
ﬁ . M—-1 m—1
m—N V0
= - aj i |+ {Uo,Um—N}u
Up-NUp-N+1 - - - Up—1 i—=0 j=m-N Un—N
- m—1
= <_Um - ) E E aj—i + {U()a Um—N}u~
i=0 j=m—N m—N

So, forany 0 < m < N+ M — 1 we can evaluate the Poisson bracket of {vo, vm}u in terms of
V0, V1, - - - s UN+y—1 DY using the recurrence

CmUVoUm, O < g N - 1,
Vg, UV = U, 39
{ 0 m}u CmUO’Um + Cma—o 3 {’U07 ’Um N}u’ N < < N+M — 1, ( )
Um—N Un—N
where
M—1m+M—1
Z Zaj_,-, O0<m<N—1,
0 _
Cm = = M-1 j m—1 (40)

Z aji, N<m<N+M-—1,

Additionally, we define c_,, = —c;, forO < m < N+ M — 1.
Now, by considering the Poisson property of the map ; we can prove the following lemma.

Lemma4.3. For0 < m <N+ M — 1, the coefficients c,, defined by (40) with ¢,, = —c_,
satisfy the equations

Cm = —CN+M-m = —Cm—N = —Cm—M- 41

The proof appears in appendix B. This lemma leads to a closed-form expression for the
Poisson brackets {v;, v j}u purely in terms of the variables vy, vy, . .., Uny+u—1, determined by
the coefficients c,,, so that the bracket {, }, lifts to a bracket on CN™ for the v;, denoted {, },
and given by (33).

To see how this comes about, note that for N < m < N+ M, wehave0 <m — N <M < N,
so from (39)

Vo

+ Cm-NC

{vo, Um}, = cmoUm + Cmet ”
m—N m—N

and from lemma 4.3, {vy, v}, = cwVoUn. Furthermore, {vo, vy}, = cyvovn + cya and
{vo, Um}, = cmVoUm, for 0 < m < N. So, since ¢ is a Poisson map and @jv; = viyy, the
bracket {, }, lifts to a bracket (33) of the form for the v;. Moreover, by construction (3.1)
is a Poisson map with respect to {, },, which proves the first part of theorem 4.2, except that
it remains to show that the coefficients ¢, are given by (35), up to rescaling by an arbitrary
constant. In due course we shall see that the latter follows from (41).

12
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4.1.2. Second Poisson bracket. Now, for coprime N > M with N + M odd, we consider the
second U-system (32), with periodic coefficients /3, , y = /3,,, that corresponds to the discrete

m?

Hirota reduction (22). The map ¢, : CM+N=1 — CM+N=1_given by

/ ! / /
Uy u o.u +«
A ’ / / / m MY M41 N—1
D2t (s Uy p—) (”1’~~~’“N+M2’( 7 7 O 7 )>
Ulty - - Uy pr 2yt g - - - Uy

is symplectic, with the associated nondegenerate log-canonical Poisson bracket of the form
(17). It turns out that the coefficients of this bracket for ¢, are the same as for ¢ (this is proved
in appendix A), but to distinguish between the coordinates for the two different U-systems we
denote the bracket for ¢, by { , },,. Inthis case, the quantities v,, = u,,u, . ...u,, . ; satisfy
the KdV periodic reduction (19). From the second U-system we can wite

U /
Up = Uyl g - Uy g, TOr O <m <M — 1,

/
!
UMtk = —— ﬂk, - , forO<k<<N-—-1,
kuk+1 ...uk+M71 Ui 41 - - - U/ N—1
and by setting wu, | ... 1),y | = vi, we derive
/ / /
Up Uiy - Uy i N1 0<m<M—-1,
Uy = I « (42)
Y + M<m<N+M-1

/ / / ’
um—Mume+1 e umfl Um-Mm

As before, we evaluate the Poisson brackets {vg, vy, },s, for0 < m < N+ M — 1. After some
calculations we arrive at

dm'U()’Um, 0<m < M — 1,
) ¢ = U [} 43
{UO Um}u dm'U()’Um - dma—o ) {UO, 'Um_M}u/, M sm g N —|—M — 1, ( )
Um—M Uin—m
where
N—1m+N—1
aj—i, O<m<M-—1,

dn =14 "0 (44)

-y aji, M<m<N+M-—1.

i=0 j=m—-M

Additionally, we define d_,, = —d,,, forO <m < N+ M — 1.

Lemmad4.4. For0 <m < N+ M — 1, the coefficients d,, defined by (44) with d,,, = —d_,,
satisfy the equations as for c,, in lemma 4.3, that is

dm - _dN—‘,-M—m - _dm—N = —Adm-M- (45)

The proof of this lemma appears in appendix C.

Similarly to the result of lemma 4.3, the latter result allows the brackets {v;,v;} , to be
written as closed form expressions in terms of v; only, determined by the coefficients d,,, so
that the bracket {, }, lifts to a bracket on CV*_ denoted {, }, and given by (34).

To see this, observe that for M < m < 2M, we have 0 < m — M < M, so from (43)

Vo Vo

{vo, Um}y = dwvovym — dpoe—— — dp_yov
Um—M Um—M

13
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and from lemma 4.4 we derive {vo, Un },; = dwVov,. Similarly, by induction we can show that
{v0, U}y = dmVoUm,

forany m withO < kM <m < (k+ )M < N+ M.
Moreover, (43) implies

{vo,vm}, = duvovy — duc.
So we obtain
Vo o 2
{vo, vam},y = damvovom — dayar— — —-(dyvovy — dy) = dayvovam + dy—5-»
Um Uy Vi
where in the last equality we used that dy; = —doy from lemma 4.4, and by induction we can
show that for k > 1,
dy(—a)t
{vo, v}y = dimvovm + —5—

5 5 2 -
Uy - - - /U(kfl)M

Finally, we have obtained explicit expressions for {vo, vm}u/, in terms of the v; only, for 0 <
m < N+ M — 1, and then the fact that ¢, is a Poisson map with p5v; = v;4 yields the required
formulae for the bracket (34), and completes the next part of the proof of theorem 4.2, apart
from showing that (up to an overall constant), the coefficients d; must have the form (35).
Furthermore, it remains to prove that the brackets {, }, and {, }, are compatible. These points
are addressed in the next subsection.

4.1.3. Coefficients and compatibility. So far we have proved that the map ¢ corresponding to a
lattice KdV reduction, given by (37), is Poisson with respect to the Poisson brackets { , }, and
{, }2 in (33) and (34), with coefficients ¢,, = —c_,,, d,, = —d_,, defined by (40) and (44),
respectively, and these two sets of coefficients satisfy the same conditions, namely (41), or
equivalently (45). We now show that the latter conditions uniquely determine the coefficients
in the form (35) with (36), up to an overall constant.

Lemma 4.5. If ¢, satisfies the conditions (41) and ¢,, = —c_,, for 0 <m < N+ M — 1,
then ¢, = (— 1), fork=1,...,N+ M — 1, where c is an arbitrary constant and hy. is given
by (36).

Proof. We set ¢y = —c, where c is an arbitrary constant. From the conditions (41), we have
that ci+1)» = —cim. Hence, ciyy = (—1ic, for any integer i > 1, such that 1 <iM < N+ M —
1. Furthermore, from (41) we derive that cjy—j—1)v = —cim—jn- Therefore,

v = (=1er = (=D(=Die = (=1)"e, (46)

forj > 1,with 1 <iM — jN < N+ M — 1. Now, let us consider an integer k € [I,N + M — 1]
and hy = % mod (N + M). That is Mhy — k = ¢(N + M), for some integer ¢. So, k = (h; —
)M — ¢N and from (46) we conclude that ¢, = (— 1)+ = (—1)*c. O

The coefficients d,, of the second Poisson satisfy the same conditions (lemma 4.4). Hence,
dy = (—=D)d, fork=1,..., N+ M — 1, where d is an arbitrary constant and /4 is given by
(36). By choosing ¢ = d = 1, we derive the Poisson brackets of theorem 4.2.

It remains to show the compatibility of the two Poisson brackets. To see this, consider

Gds=1h = 1o b

14
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Then, for0 < i <j <N+ M — 1, from (33) and (34) together with (35) we derive that
k-1
o) [ ot d—i=knM,

=1
VLUt = 7
fuk =1 P

0, otherwise.
This is a Poisson bracket that coincides (under the transformation v; — IL and by inserting
the parameter «) with the one that is derived from the Lagrangian structure of the lattice KdV
equation in [25]. Therefore, any linear combination \;{.,.}, + A2{., .}, satisfies the Jacobi
identity and so defines a Poisson bracket.
An example of the aforementioned bi-Hamiltonian formalism appears in [14], where

the case N =3, M = 2 is presented in detail and Liouville integrability is proved for the
corresponding lattice KdV reduction and U-systems.

5. Liouville integrability

In this section we will prove the Liouville integrability of the (N, M) KdV periodic reductions
in the case of coprime N, M with N > M and N + M odd.

5.1. Monodromy matrix refactorization

As stated in section 3.1, the integrals of the Poisson map (3.1) are derived from the trace of the
monodromy matrix (29). Let us now consider the matrix

L(g.)) = (ﬁ’ 3) | (48)
We notice that

M(v))L(v;, v;) = L(vj, A — a)L(v;, \)
and )

L(v;,vj) = L(v; — a/v;, N).
Therefore, the monodromy matrix M = M()) in (29) can be rewritten as

M-1

M= H I:(U;-,-+N, A — a)l:(vr,~+N—M, )\)I:(U)',--&-N—ZM — OV pN-Ms A) - -
i=0

X L(,UrH,l - a/vr,'+1+Ma >\)

This form of the monodromy matrix motivates us to consider a new set of variables that we
present below.

5.2. A new set of coordinates

We consider the variables g;, i = 0, . .. vy4y-—1, defined by

v, forN—-—M<LIi<N+M-1,
0 (49)

&= v; — @ , forO0<i<N-—-M-—-1.

Vi+-M

15
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In these new variables the monodoromy matrix (29) can be written as

M-1

M) =[] Lgriws A = Lr v -1 VE(@r4v-20: M) - - - Ly N (50)
i=0

and the (N, M) KdV periodic reduction as
¢=fogof,

where ¢ is the map (37) and f : CN*M — CN*M js the birational change of coordinates
f(o,vr, .., UNtm—1) = (80,815 - - s 8N+M—1)-

The explicit form of the map b is
43(80, e 3gN+M71)
« «
=818 s 8N-M—1-8N-M — —s EN-M~+1>EN-M~+25 - - - » EN+M—1-80 + — | . (5D
8N 8N

We can also express the three invariant (compatible) Poisson brackets of the (N, M) periodic
reduction that were presented in the previous section in terms of the g-variables. The pushfor-
ward of the Poisson bracket (47) by the function f implies the following Poisson bracket in
g-variables (we use the same symbol { , }, for this bracket as well)

—a, j—i=M,
{gingits = { j—i=N, (52)
0, otherwise,

for 0 < i <j < N+ M — 1. This bracket is invariant under the map (;NS

Remark 5.1. The g-variables that we introduced here are not the same as the g-variables that
appear in [11] for the (N, 1) periodic reductions of the lattice KAV equation.

5.3. Connection with the dressing chain and integrability

We now consider, for any K odd, the system of ordinary differential equations
hi = —hi(his1 — higa + higs — -+ — higx—1) + b — b1, (53)

where the indices are considered modulo K, labelled 1,. .., K. This system was introduced by
Veselov and Shabat in [27] from the dressing chain for Schrodinger operators, and they proved
that it is a Liouville integrable Hamiltonian system.

Proposition 5.2. The integrals of the dressing chain (53) are given by the trace of the
monodromy matrix

KO\ = Lihg, Co)L(hg 1, Cx1) - - - L, ), (54)

where L is the matrix (48)and ¢; = b; — \.

16
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Proof. The trace of KC()\) is

K

9 \ T
w ko =] (1 + C"*‘m) [ (55)

i=1 i+1 /=]

and this formula coincides with the trace formula of the (different) monodromy matrix that
is given by Veselov and Shabat in [27]. Equation (55) is obtained by a corresponding trace
formula in lemma 4.3 of [15] for the product Hf’zl T;, where T; = (PL(g;, \)P~ "), with P =

L) -

According to [27], the integrals of the dressing chain are pairwise in involution with respect
to the Poisson bracket

-1, j—i=1,
{hi,hj} =< 1, j—i=K-—1, (56)
0, otherwise,

for 0 < i <j < K. This Poisson structure has rank K — 1 and the function &y + hy + - - - + hg
(the coefficient of the highest degree term of the polynomial (55)) is a Casimir function.

Next, we set K = N + M and we change the h; variables of the dressing chain to g; variables
by setting

(hla hz, h3a e ,hN+M) - (g()a ghgz; e ’ng—l)’ (57)
where

gi - (ng,ia ng,i-&-M, ng,i-&-ZM, g)'M,,'—‘r?)M, e ng,,-,l +N)

Lemma 5.3. Under the change of variables (57), the integrals of the map (51) coincide
with the integrals of the dressing chain (53) for K = N+ M and a particular choice of the
parameters by, . . ., bg.

Proof. We consider b; = —q, if h; = g,,+n according to (57), and the rest of the parame-
ters b; being zero. Then, by comparing (50) with (54) under (57) we conclude that M(\) =
IC(—=A). Therefore, the coefficients of the polynomials trM,(A) and tr/C(\) coincide up to a
sign. (]

Now, we can prove the complete integrability of the map (51) and subsequently of the lattice
KdV periodic reductions in the odd case.

Theorem 5.4. For any coprime N, M, with N > M > 1 and N + M odd, the (N, M) periodic
reduction of lattice KAV given by the map ¢ in (37) is Liouville integrable.

Proof. Itsuffices to show that the map ¢ (51) is Liouville integrable. We have already proved
that this map is Poisson with respect to the Poisson bracket (52). By considering the change of
variables (57) we observe that, in terms of the bracket (56),

{h,’, hj}3 =« {h,’, /’lj} .
That means that the map 1 : CN*t¥ — CV*M | with

17080, 815 - - - » &N+M—1) = (M1, hay oo hvgpsr)

17
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is a Poisson map. Now, we consider the map (51) in the h-variables, given by conjugation
1o po n~!. By construction, the latter map is a Poisson map with respect to the bracket (56).
Furthermore, by lemma 5.3 and by the Liouville integrability of the dressing chain we conclude
that this map is Liouville integrable and consequently the map ¢ is Liouville integrable as well,
as is ¢ which is conjugate to it by a birational transformation. (]

Remark 5.5. 1In a similar way we can express the first two Poisson brackets (33) and (34) in
g-variables by (49) and consequently in A-variables by (57). The induced compatible Poisson
structures in h-variables agree with the bi-Hamiltonian formulation presented in [27] (see also
[4], where a relation of the dressing chain with integrable deformations of the Bogoyavlen-
skij—Itoh systems is established). Likewise, if we denote by II, and 113 the Poisson bivectors
of (34) and (47) respectively, then it can be shown that

A #
(Hz + EH3> dtr M()\) = 0.

Furthermore, we remark that the case of (N, 1) periodic reductions, for N even, can be treated
in the same way. In this case by just setting ; = g;_;, fori =1,...,N+ 1, we obtain the
equivalent dressing chain system with by = b, = ...b, = 0and byy| = —a.

Since the brackets {, }, and {, }, were obtained by lifting the log-canonical brackets of the
form (17) for the U-systems, the commuting first integrals for the map ¢ can be rewritten in
terms of the variables u; and the parameters o, /3, so they provide commuting integrals for the
U-systems, leading to the following.

Corollary 5.6. The maps ¢y, @5 in CNTM=1 that correspond to the U-systems (6) and (7)
are Liouville integrable.

Remark 5.7. A careful counting shows that ¢ has one more integral than is necessary for the
U-systems. It turns out that the Casimir of {, }, or {, }, is the extra integral, and becomes a triv-
ial function of the parameters when rewritten in the U-system variables. For explicit examples
of this see [14].

5.4. Poisson bracket on the space of monodromy matrices

A direct calculation shows that for M + N odd the monodromy matrix can be written as

_(POY oW o s
M()‘)_<R(A) S(A)>, OO = AQ" (V). S = AS"(N), (58)

where P has degree g = (M + N — 1)/2, Q" is monic of degree g, R is monic of degree g, and
S* has degree g — 1. For the second Poisson bracket {, }2, the entries of M satisfy a quadratic
Poisson algebra, defined by

~ ROVS(W) — RSN

{RN).vISW)}, = . ,

. . A 'QPW) — v Q)P
(XTo). v P}, = S
A'QNSW) — v Qw)SN)

{X o vism}, = - -

18
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(RO, P)}, = _R(A)P(V; — R()P( A),
-V
_ SVPW) = Sw)P(\)

{X'oW. R}, = - .

A'OVR(@W) — v QWIR(N)

NPV VTS ), = -

together with

{PV). P}, = {OQN), QW)}, = {R(N), R}, = {S(N), S}, =0,

so that the coefficients of the polynomial P all Poisson commute with one another, and the

same is true for the coefficients of the polynomials Q, R, S.
If we write

8 g

o =J[x-». =J[e-o.
i=1 i=1

and set

vi=38\). mi=PG),

then from the spectral curve (28) written as

v — (PO + SO\) v + POV)S(N) — QRN = 0,

which is hyperelliptic and of genus g, we see that

pi= Wy, pi=(Cpn), j=1,....8
are points on the curve. The poles and zeros of function

o) v—=580\)
v—P\) RO

give the linear equivalence of divisors

8 8
0,00+ > pj~ (00,000 + > _ p-

J=1 J=1

Moreover, the brackets for the monodromy matrix imply that the coordinates of these points
(or rather, their logarithms) provide two sets of canonically conjugate variables on the phase

space:
{Novit = i, {G.nit = Gmidij,

with {Ai, A;} = 0 = {vi, v}, {G, ¢} = 0= {mi.m;}.

It is known that the algebro-geometric solutions of the discrete Hirota equation are given in
terms of the Fay trisecant identity for an arbitrary algebraic curve [26]. It would be interesting
to use the above spectral coordinates on the hyperelliptic curves (28) to derive explicit for-

19



J. Phys. A: Math. Theor. 53 (2020) 364002 AN W Hone and T E Kouloukas

mulae for the solutions of the iterated maps corresponding to the lattice KdV travelling wave
reductions, as has been done for solutions of the discrete potential KdV equation in [28].

6. The even case

We will now investigate the case when N, M are odd and coprime. The situation in this case is
different than before because the corresponding U-systems cannot provide an invariant Poisson
structure for the KdV periodic reductions. However, they can do it for a third map that is one
dimension higher than the associated U-systems and one dimension lower than the KdV map.
The Liouville integrability of the latter map ensures the integrability of the U-systems and of
the KdV periodic reductions.

For N, M odd and coprime we consider the Hirota reductions with periodic coefficients (21)
and (22):

T 2N+MTm = BTt NAMTim+N — QT NTm+Ms Bt = Bms

/ / /
Tm+2M+NTm = 5anm+N+MTm+M + QT 2M TN 5m+1v = 5m~

The corresponding U-systems

UnUm+2 -« - UptN+M—2 = Bm — QU+ MUNMAMA+2 - - - Um+N—-2, Bm—&-M = Bma (59)

o /

5 /Bm—‘,-N = /BI{II (60)

’o ’ Y
umum—‘rZ e unl+N+M—2 - Bm + / / /
Uy MUy 42+ - - Wpp N—2

are obtained by considering

TmTm+N+2 / TmTm+M~+2
Uy = — u, = ——-

s m >
Tm4+2Tm+N Tm+2Tm+M

respectively. On the other hand, the substitution v,, = % leads to the KdV periodic
reduction (19),

1 1
Un+N+M — Un = ( - .
'Um+N UerM

From the above substitutions it is not hard to derive that the U-systems variables and the KdV
variables satisfy

rot !
UmUm+1 = UmUm+1 - - UntM—1 = Up Uy g oo - Uy N -

Next, we consider a new set of variables by setting w,, = v,,v,,41 and we prove the following
proposition.

Proposition 6.1. Let N, M be odd and co-prime. If Wy, Uy, t, W, satisfy
Wi = UpOmg1 = Uiy 1 - - - U -1 = Uy 1 - U (61)

then the following statements are equivalent:

(a) vy, satisfies the (N, M) KdV periodic reduction (19)
(D) u,, satisfies the U-system (59)

(¢) u, satisfies the U-system (60)

(d) wy, satisfies the recurrence
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N+M-2 N+M-2

2 2
H Wm4-2i41 — H Wm4-2i
i= i=0

i=0

N-3 M3 M3 N-3
2 2 2 2
=« H Win42i41 H Wing2it N1 — H Wint2i41 H Wnr2igm+1 | - (62)
i=0 i=0 i=0 i=0

Proof. From (61) we obtain

Uy, u

== ; (63)
UniM Uiy Umg2
and
M—1 N—1
!/
H Un+2i = UmUm4+-M» H Ui 2i = UnUm+N- (64)
i=0 i=0

The first U-system (59) can be written as

U4 2oMUm+-2M 42 -+ - U+ N+M—2
(umum—i-Z e unl+2M—2) + «
Un+MUn+MA4-2 - - - Ut N-2

B
Un+MUn+M+-2 -« - U4 N2
and from (63) and (64) as
Um+N Bm
UmUm+M +a = .
Um+Mm U+ MUm+M+2 - - - Un+N-2

By the periodicity condition 3,, = /3,1, we get

ﬂm+M

UnUmtN + O =
Un+MUm+M+2 - - - Um+N—-2

Um2oMUm-2M4-2 - - - Un+-M4+N—2

= Um NUm+N+2 - - - UmtN+omM—2 + Q
Un+MUn+MA4-2 -+ - U4 N2

Um+N

= Un+NUm+N+M +
'Um+M

(by using (63) and (64) in the last equality), which implies the KdV reduction (19). Conversely,

(19) implies B,, = B4.u> T01 B,y = Ul -+ - Uy N4-M—2 + QUi MUt M+2 - - - U N—2-
The second U-system (60) can be written as

/

! / !
/ / Ol Ny MU+ N+M+2 -+ - WnpoN—2
umum+2 s um+2N72 -

/! /! /!
Ut Wit m+2 -+ - Ut N—2
/ ! / !
mUm+ N+MUm+-N+M+2 - - UppoN—2-
By (63) and (64) and the periodicity condition 3;, = 3, y we derive

Um+N o / ’
= 5m“m+N+M“m+N+M+2 s UypoN—2

UmUm4+N — &
Um+M

_nl / / /
= Pm+NUm+N+MUm+N+M+2 - - - UnpoN—2
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R / / ’ / /
= Uy Ummt2 - - Wnp N—2) Uy Ny N2 -+ - U o =)

/ / /
U N MmN M2 - YinpoN—2

7 0 ] — O = UpfN+MUm4N — &
unl+Mqu+M+2 e unl+N—2

and conversely from (19) we conclude that 8, = 3, y for

’ o

ro_ /
B = Uy« - Uy N2 — = 7 7 .
Ut Wit m+2 -+ - U N—2

Finally, (19) is equivalent to

N+M-1 N+M—1 N+M—1 N+M—1
) Unti L) Um+ti+1
H Um+i+1 — H Un+i — & - >
i=0 i=0 Um+N Um+M
which up to (61) is equivalent to (62). U

We claim that in this case the corresponding map of the recurrence (62) inherits bi-Poisson
structure and it is Liouville integrable. We will demonstrate this in the following example for
N=5and M = 3.

Remark 6.2. 1Inthe case of M = 1, (61) implies that w,, = u,,, i.e. recurrence (62) coincides
with the U-system (59) that corresponds to the Hirota reduction (21). Therefore, U-system (59)
inherits a bi-Poisson structure which proves the integrability of these cases.

The integrability of KdV reductions with M = 1 was proved in [11], using the observation
that these reductions are given in terms of a tau function that satisfies the bilinear recurrence
relation of the form (22) (for M = 1) and a Poisson structure derived by the Lagrangian for-
mulation of the reduced maps. The results in this work extend this observation to the general
(N, M) KdV reductions, and shows that in each case there are actually two different bilin-
ear equations involved, namely (21) and (22), which provide the two compatible Poisson
structures.

6.1. A periodic KdV reduction of order 8

We consider the case of N = 5, M = 3. The two bilinear equations in this case are

Tm+13Tm = ﬁme+87_m+5 — ATy4+10Tm+3> ﬁm+3 - ﬂma (65)
/ / /
Tm+11Tm = Bme—‘,-STm—&-?) + AT+6Tm+5 /6m+5 - ﬁm (66)
For u,, = —#mt7_ 4/ — ndS _we obtain the corresponding U-systems
Timn+2Tm+5 m Tim+2Tm+3
UmnmUm2Unm+4Unm+6 = ﬂm — Qlp4-3, ﬁm+3 = ﬂm’ (67)
o
’o ’ ’ Y / Y
unzum+2um+4um+6 - ﬂm + / ’ Bm—i—N - ﬂm (68)
um+3

and for v,, = % the (5, 3) reduction of the lattice KdV equation

vm+g—vm:a< ! — ! > (69)

Um+5 Um+3
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Furthermore, by setting
_ _ o ! / /
Wi = UpUmt1 = Ul 1 U2 = Uy Uy Uy o Uy 4 38 g (70)
we derive the recurrence
wm+4wm+6(wmwm+2 - awm+1) = wm+1wm+3(wm+5wm+7 - awm+6)~ (71)

Letting ¢, i = 1,2 denote the maps associated with the U-systems and by ¢,, ¢,, the maps
that correspond to the recurrences (69) and (62) respectively, we have

B — aus)

!
¢V (uo, uy, uy, us, ug, us) = <M1,M2,M3,M4,M5,

UoUr Uy
/]
a+ B u
P Y A Y A Y A A Y A m™3
¢( )(“03”1’“2’”3’“4’”5): Uy, Uy, Uz, Uy, Us, ————7 |
U U U Uy
1 1
@y (Vo, V1, V2, V3, Vs, Vs, Ve, V7 V1, V2, U3, V4, Us, Us, V7, Vg + e
5 3

¢w(w0, wi, Wy, W3, W4, Ws, We wp, W, W3, W4, Ws, We, We

=
)= awi (w3 — wy) + Wowrwy
o w1wW3wWs '

6.1.1. Compatible Poisson structures. The maps ¢'”, ¢'* associated with the U-systems are
symplectic with respect to the symplectic structure specified by the Poisson brackets
{ui, uips}, = winiys, {uwiuipsy, = —winiys, {uiuipj}, =0, for j=1,2,4, (72)
{up s}, = wuiy s, {uufy s}, = =l s, {uj,uiy ;} =0, for j=1,2,4. (73)
We will show that these Poisson structures for the U-systems give rise to two different Poisson
structures for (71).

First, by considering w,, = uUp+u,+> and the recurrence (67), we can write the w
variables of the map ¢,, as

Wo = UpUiUz, W) = UiUrlU3, W2 = UpU3U4, W3 = U3U4lUs,

_ (Bo — auz)us (o — auz)(B — aug) (B — aug)(Br — aus)
= - -7 - ws = , We =

Wy , : - (19
Uor UoUi1U U3 U4 uiruruzlqUs
Now, we can evaluate the Poisson brackets {w;.w;}, from (72) and (74) to derive
{wi, wit1}, = wwipr, {wi, Wi}, = 2wwito, {wi, wips}, = 2wiwiys,
QW41 W43
(g}, = -2
Wi+2
WiWi42Wi4-4 Wi4- 1 Wi3Wi45
{wi, wiys}) = —2wwies — o ( + ;
Wi+ 1Wi43 Wit2Wit4
WiWi2Wi+4Wi+6
{wi, wi+6}1 = _2wiwi+6 B — (75)

Wi4-1 Wi4-3Wi4-5
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!

Furthermore, by setting w,, = u,,u,, , \u,, U,  3u, 4, from (68), we obtain

wo = ugu UGy, Wy = ) ubusuyus,
wi w2 w3
wy = (e + By —,  ws = (a+ By =, wi = (a+ s,
W w) w2

e — <a+5'3(0‘+56“'3)> Ws e = <Q+M> )

Ty ey
UgUAUS LY w3 TRTATATA Wy

Similarly, from (73) and (76) we evaluate the brackets {w;.w;}, in terms of the w variables
that gives

{wi, wit1}, = wiwipr, {wi, Wig2}, = —Wir1 + 2wWw;ss,

WiWi42 + wi+lwi+3)

{wi,wi+3}2 = 2wjwiy3 — « ( Wit Wira
1 1

2
QWWi42Wj+4 Q" Wi4-1Wi4-4
{wi,wigaty = —————, {w, wiysh = 2wwis + —————

b
Wi 1Wi43 Wi2Wi43

WWi2Wi45 Wi+ 1Wi44Wit6
+ . (77)

2
{wi, wite}, = —2wiwire + (
Wi4- 1 Wi4-3Wit4 Wi42Wi4-3Wi+5

Proposition 6.3. The brackets (75) and (77) define two compatible Poisson brackets on C’
(with coordinates {wy, . . ., we }) and the birational map ¢, : C" = C’ that corresponds to the
recurrence (71) preserves both of them.

Proof. From the construction of (75) and (77), it follows directly that they are Poisson brack-
ets. Furthermore, the bracket { , }; ={, }, —{, }, satisfies the Jacobi identity, so (75)
and (77) are compatible. Finally, the preservation of these brackets under the map ¢,, fol-
lows from the preservation of the Poisson brackets (72) and (73) under the maps qﬁ(l) and (;5(2)
respectively. (]

6.1.2. Monodromy matrix and integrability. The monodromy matrix in terms of the KdV
coordinates is derived by (29) for N = 5, M = 3 and it reads

M = M(vs)L(v2, vs)M(v7)L(vs4, v7)L(v1, v4)M(v6)L(v3, v6)Li(vo, v3),  (78)

where L(v;, v;) and M(v;) are given by (24). The trace of the monodromy matrix can be written
as

trM = 2)\4 + 13)\3 + [2>\2 + 11)\ + 10,
where Iy, I, I, I3 are functionally independent first integrals of the map ¢,.. From these inte-

grals, by considering the substitution (70), we obtain four integrals for the map ¢,,. Let us
denote them by Iy, I, I, I respectively.

Proposition 6.4. The map ¢, : C' — C’,

aw; (w3 — wy) + wowzw4)

d)'u,’(w()awl,"'awﬁ,wﬁ) - wlaw25"'aw65w6
Wiw3Ws

is Liouville integrable.
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Proof. The rank of the Poisson brackets (75) and (77) is six. Furthermore, the integrals
Iy, I, I, I5 are functionally independent and pairwise in involution with respect to both Poisson
brackets. O

The function
C, = 7() + 0171 + aziz + 01373 + 204

_ (awiws + wowrwg)(Qwaws + wiwzws)(Qw3ws + WrwawWe)

W1 W W3W4Ws5

is a Casimir function for the Poisson bracket (75), while the function

(=

Wi41

is a Casimir function for the Poisson bracket (77).

The integrability of the map ¢, : C® — C8, that corresponds to the (5,3) KdV periodic
reduction, follows from the integrability of the map ¢,,. In particular, let us consider the Poisson
bracket

—a, j—i=3,
a, j—i=25,
v
{ovil; = a2 o
2—7 ] — 1= 67
V34
0, otherwise.

for 0 < i <j < 7. This Poisson bracket coincides with the bracket (47) for N =5 and M =
3. Now, we can see directly that the pushforward of the Poisson bracket { , }; by the map
7 C¥ = 7,

To(Vo, - - -, V7) = (Wo, - . ., We),  Wj = VjVjt1,

yields the Poisson bracket { , }; ={, }, —{, }, for the w variables, where { , },, {, },
are the brackets (75) and (77) respectively. In other words, the map m, : (C8, {, }3 ) —
(’, {, };)is aPoisson map. Therefore, the involutivity of the integrals I,i=0,...,3, implies
the involutivity of the KdV integrals I; = [; o 7. Furthermore, ¢, is a Poisson map with respect
to { , }3.Hence, we conclude that ¢, is Liouville integrable as well. With similar arguments
we can prove the Liouville integrability of the U-systems (59) and (60).

7. Conclusions

Plane wave type reductions of the discrete Hirota equation are associated with periodic reduc-
tions of integrable lattice equation. In this work, we focussed on a particular class of Hirota
reductions associated with the (N, M) periodic reductions of the lattice KdV equation and
we studied the integrability of the induced ordinary difference equations using the proper-
ties of the underlying cluster algebra structure. We developed various integrability aspects
of the corresponding maps, including invariant Poisson structures, a bi-hamiltonian formal-
ism, a refactorization of the monodromy matrices and a connection with the integrals of the
dressing chain. In this way, we managed to prove the Liouville integrability of all lattice KAV
periodic reductions and of the corresponding U-systems when N + M is odd. The even case
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turned out to be more complicated. In this case the integrability can be justified by the inte-
grability of a different map (one dimension lower than the KdV map) that inherits two com-
patible Poisson structures. We demonstrated this through an example for N =5 and M = 3
and we aim to give a full proof in the future. In a similar framework we are motivated to
study different families of discrete Hirota reductions associated with various integrable lattice
equations.

‘We have not considered the regularity analysis of the solutions presented here. As any (N, M)
periodic reduction corresponds to a birational map, this means that there are sets of initial data
for which each such map develops singularities, resulting in singular travelling waves. The
analysis of the singularity structure of each reduction is a delicate problem in its own right,
which deserves further investigation in the future.
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Appendix A. Poisson brackets for U-systems

In this appendix, we give a proof of theorem 2.2, and further give a precise description of the
nondegenerate Poisson brackets for the U-systems in proposition 2.1. The fact that these U-
systems are symplectic when N and M are coprime follows from a computation of the rank of
the exchange matrix B associated with one of the T-systems (4) and (5).

In order to illustrate the proof, we consider the B matrix for the T-system for (4) in the case
N =4, M = 3, which is the 11 x 11 matrix

0o 0 O 1 -1 0 0 -1 1 0 0
o o0 0 O 1 -1 0 0 -1 1 0
0o o o0 0 O 1 -1 0 0 -1 1
-1 0 0 O 1 0 1 0o o0 0 -1
1 -1 0 -1 O 1 0 1 -1 0 O
B=10 1 -1 0 -1 0 1 0 1 -1 0 (79)
0 0 1 -1 0 -1 0 1 0 1 -1
1 o o o0 -1 0 -1 0 0 O 1
-1 1 0 I -1 0 0 0 0 O
0o -1 1 0 0 I -1 0 0 0 O
o 0 -1 1 0 O 1 -1 0 0 O

In this case, B has rank 6, and according to proposition 3.9 in [12], im B has a palindromic
basis of integer vectors, unique up to fixing an overall sign. This basis is obtained by starting
from the vector

wi =(1,—1,0,0,—1,1,0,0,0,0,0)" € Z'",
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and then repeatedly applying the shift operator s, which shifts the non-zero entries of any vector
so that

w2 - S(W1) - (Oa 1, _1,05 0, _1, 1,05 Oa Oa O)Ta
and so on, up to
we = s°(w;) = (0,0,0,0,0,1,-1,0,0,—1, )"

Letting r; denote the jth row of B, we see that the first and last three rows are given by

T T T T T T
ry =wy, I, =Ws5, I3=Wq Iyg=—W, Ijjg=—W, Ij|=—W3

while the middle three rows are written in terms of the basis as
rST:wl—w4, rgZWQ—Ws, r;:W3—W6,
and the remaining rows on either side of these are given by
r, = —(Wi + Wo+ W3 + Wa + Ws + We), T =W+ W+ Ws+ Wy + Ws + We.

By direct calculations using the conditions (11) on the entries (B;;), these formulae generalize
to the exchange matrices of all the T-systems (4), of size 2N + M, which are obtained by start-
ing from the first row with 1 in entries M + 1 and 2N + 1, —l inentries N + l and M + N + 1,
and all other entries zero, and then recursively obtaining the subsequent rows from the condi-
tions (11). Similar calculations apply to the exchange matrices of all the T-systems (5), of size
2M + N.

Lemma A.1. For N+ M odd, the rows of the exchange matrix B of size 2N + M for the
T-system (4) are given by

T Mtk—1 T k-1 T -1
rp =" W), =W, i =5), fork=1,....M,
T k-1 T

Ty = —S "= Ty fork=1,...,N—-M,

with
N—-M M 2M
2 : ! 2 : " 2 :
V= W, vV = W, — WN_M+ s vV = W,
=1 =1 =1

where the vectors w; = sj_l(wl),j =1,...,N+ M — 1 are the shifts of the vector w; with I
in entries 1 and and N + 2, —1 in entries 2 and N + 1, and all other entries zero. Similarly,
the rows of the exchange matrix B of size 2M + N for the T-system (5) are given by

T _ Mtk—1 T k—1
rp =", =5, fork=1,....M,
T k—1,0/
Conomny ek =S (), fork=1,...,|[N—2M]|,
T k—1 11 T .
Ty =—S (V)= —Tuwemnsr tork=1,....minM,N — M),
with
N-M min(M.N—M) oM N-M
! s
V= E W V= E W; — WnineMNy+j> V' = E w; + E Wit s
J=1 J=1 j=1 j=1
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where in the latter case the vectors w; forj = 1,..., N+ M — 1 are the shifts of the vector w,
with 1 in entries 1 and and M + 2, —1 in entries 2 and M + 1, and all other entries zero.

The above explicit expressions for the rows of B show that im B is a subspace of the span
of the vectors wy, ..., Wy 1, but to show that these spaces coincide requires coprimality of
N and M.

Proposition A.2. For gcd(N, M) = 1 with N+ M odd, the exchange matrices for the T-
systems (4) and (5) both have rank N + M — 1.

Proof. To prove the result, it suffices to show that N+ M — 1 rows (or columns) of B are
linearly independent. For (4), where the exchange matrix has size 2N + M, if we choose the
first M rows of B, and minus the last M rows, together with rows ryy41, - .., an—1, then by
expanding them in the basis w; we see that this gives N + M — 1 independent vectors if and
only if the determinant

| I | 0
1 1 0
2M
(80)
0 1 1
1 1 0
N-M-1
| I | 0

is non-zero. For (5), where the exchange matrix has size 2M + N, we again choose the first
and the last M rows, and apply suitable row operations (which are different for N > 2M and
N < 2M) to obtain N — M — 1 more rows, leading to the same determinant. Up to an overall
sign, expanding (80) about the last column yields the determinant of the (N + M — 2) x (N +
M — 2) Sylvester matrix for the resultant of two polynomials, namely

2M_1 N_M—l
Res * ,x )
x—1 x—1

and this is non-zero if and only if N and M are coprime, when these polynomials have no roots
in common. U

Before considering the associated U-systems, we present the corresponding results when
N+ M is even.

Lemma A.3. For N+ M even, the rows of the exchange matrix B of size 2N + M for the
T-system (4) are given by

rl =", = ), =), fork=1,...M,

ry =SV = —rf e fork=1,...,N—M,

with

(N-M)/2 (N-M)/2

M
! "
V= E W21, V = E W1 — Wpy42j-1, V :E W21,
J=1 J=1

J=1
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where the vectors w; = §~'(wy), j = 1,...,N + M — 2 are the shifts of the vector wy with I in
entries 1 and N 4 3, —1 in entries 3 and N + 1, and all other entries zero. Similarly, the rows
of the exchange matrix B of size 2M + N for the T-system (5) are given by

r =" W), =5, fork=1,...,M,
T k=11
l‘min(ZM,N)Jrk:S (V), fOI‘kZ 1,...,‘N_2M‘,
T k-1 T .
Cy =5 (V)= —Tnwounsx  fork=1,...,min(M,N — M),
with
M
(N—M)/2 ZWZJ‘—I — Wut2j-1, N > 2M,
/ J=1
V= Z Waj-1, V= w-m2
—
! Z Waj 1 — WNi2j 1, N < 2M,
j=1
M (N-M)/2
v = ZWZj—l + Z WM42j—15
=1 j=1
where in the latter case the vectors w; forj = 1,...,N 4+ M — 2 are the shifts of the vector w,

with 1 in entries 1 and and M + 3, —1 in entries 3 and M + 1, and all other entries zero.

Proposition A.4. For gcd(N,M) = 1 with N + M even, the exchange matrices for the T-
systems (4) and (5) both have rank N + M — 2.

Proof. To show that N + M — 2 rows of B are linearly independent in each case, we start with
(4), where the exchange matrix has size 2N + M. Choosing the first M rows of B, and minus the
last M rows, together with the N — M — 2 rowsS r'y4p+1, - - -, Fay—2, then by expanding them in
the basis w; we obtain a square matrix of size N + M — 2, namely

10 1 -+ -« 1 0 0
10 1 10
oM
0 1 0 1 - oo 1 (81)
1 0 1 - 1 [ I
N-—M-2
1 0 1 -~ 1 0 0

with an alternating block 101 - - - 01 of width N — M — 1 in each of the first 2M rows, and a
similar block of width 2M — 1 in the last N — M — 2 rows. Upon expanding about the last 2
columns, we obtain the determinant of the Sylvester matrix of size N + M — 4 for the resultant

x2M_1xN—M_1
R 9 9
eS<x2—1 x2—1 )
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which is non-zero if and only if the odd integers N and M are coprime. For (5), where the
exchange matrix has size 2M + N, we again choose the first and the last M rows, and by taking
suitable linear combinations of the other rows of B we obtain N — M — 2 more rows, leading
to the same matrix (81) as for (4). O

Having verified that the corresponding B matrices have a kernel of the appropriate dimen-
sion, theorem 2.2 now follows directly from the general results on cluster maps in [6]. How-
ever, there remains the question of determining the coefficients a; that appear as coefficients
in the log-canonical bracket (17) for the associated U-system. Although we have not suc-
ceeded in finding a simple self-contained expression for the a;, analogous to the formu-
lae in theorem 4.2 for ¢, d; that appear in the brackets for the KdV reductions, we will
describe a simple method which quickly yields the coefficients of the U-system brackets,
and show that the log-canonical Poisson structure is unique up to multiplication by a scalar.
The reduction from the presymplectic form then guarantees that this Poisson structure is
nondegenerate.

We start by considering the U-systems (6) and (7) in proposition 2.1, for fixed coprime
integers N > M with N + M odd. If we set m = 0 and take the Poisson bracket of both sides
of (6) with u; for j € [1,(N+ M — 3)/2], then each value of j gives two homogeneous linear
equations for the coefficients g in (17). Since g, = —a_y, we need only write the equations
in terms of g, for positive k € [1,N+ M — 2], and taking the brackets with the left-hand
side of (6) produces the (N + M — 3)/2 equations

aj+ a1+ +ayym—j=0, j=2,....(N+M—-1)/2, (82)
while from the brackets right-hand side the equations split up into the M — 1 equations

aj+ajp+---+av-pyj-1 =0, j=1,....M—1, (83)
together with a further (N — M — 1)/2 equations given by

aj+ a1 +---+ay-u-;=0, j=1,...,(N—M—1)/2. (84)

Thus we have a total of N + M — 3 homogeneous linear equations for N + M — 2 unknowns,
which completely determine the coefficients a; up to overall multiplication by a scalar. Fur-
thermore, it is clear that taking Poisson brackets of u; with both sides of (7) yields an identical
set of equations, so the two different U-systems (6) and (7) preserve the same log-canonical
Poisson structure.

Upon taking linear combinations of the equations, an equivalent set of relations is obtained,
namely

I: ap+avemr =0, k=2,...,(N+M—1)/2. (85)

(By symmetry, the above is valid for all k € [2, N + M — 2], but here we are concerned with
counting the number of independent relations.) Similarly, subtracting the equations (83) from
each other in pairs produces the relations

II: gy =ay-ysx», k=1,....M =2, (86)
while combining the relations (84) with the case j = 1 of (82) gives the simpler set of equations
ar+ay_y—r =0, kZO,...,(N—M—l)/Z, (87)

which in fact holds for all k € [0, N — M] by symmetry. Thus we have a simpler set of
N + M — 3 independent linear relations, but before proceeding further it is convenient to use
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(87) followed by (85) to replace ay = —an—_y—x = dam+x, SO that instead of the (N — M + 1) /2
equations (87) we can take

III : g = A2M+ks k:O,,(N—M—l)/Z (88)

(The validity of this identity extends to k € [0, N — M — 2], but once again we are counting
independent relations.)

Note that from (88) for k = 0 we have ayy = 0, and so by (85) with k = 2M it follows that
ay-y = 0, and similarly ¢; = 0 for any index k that can be related to index 2M by one of the
equations (85), (86) or (88), while there must be other index values with non-zero coefficients,
since theorem 2.2 guarantees that a nondegenerate Poisson bracket of the form (17) exists. As
already mentioned, it turns out that this bracket is unique up to an overall scalar, but the number
and location of the vanishing coefficients depends on N and M in a complicated way, as does
the choice of + signs on the non-vanishing a; (if we fix one of them to be 1, say).

The most efficient way that we have found to calculate the g, is to write down a tableau
of indices consisting of four columns, starting with the integers r=1,...,(N+ M — 1)/2
in ascending order (smallest at the top), with the next column being index values k ordered
according to the rule

k =2Mrmod (N + M), (89)

while the third column consists of the values r = (N+ M — 1)/2,...,N+ M — 1 in descend-
ing order (largest at the top), with the adjacent fourth column being the corresponding values
of k given by the rule (89). We can then use one of the relations I-III above to connect index
values k in one row of the tableau to indices in the same row and/or the next one.

For illustration, in table 1 we present the index tableau for the case N = 16, M = 9. The
index value N + M — 1 = 24 is included in brackets: this corresponds to a gap in the tableau,
since there is no coefficient with this index (only the values k = 1, .. ., 23 are relevant). Observe
that index values of k in the same row have coefficients a; that are related to one another by a
change of sign, due to relation I, given by (85). We have added extra columns on the left and
right, to indicate where an index k in the nearest column is related to the value immediately
below it by transformation IT (sending k — k + 7 in this case), its inverse IT"' (sending k —
k — 7), or by transformation Il (sending k — k + 18 here). Note further that every row contains
one of these transformations either on the left or on the right, apart from row 5 and the final
row; thus a line is inserted under row 5 to signify that it is not related to the row beneath it.
The tableau implicitly contains 11 ‘horizontal” relations of type I, relating the values of k on
left and right in the same row, this being the number of rows minus one: there is no horizontal
relation in row 7 due to the gap (24). More apparent are the ‘vertical relations’ in the tableau:
there are 7 relations of type I or IT"!, and 3 relations of type IIL. Then 11 4 7 + 3 = 21 leaves
one missing relation, namely the fact that, from (88) with k = 0, the coefficient a;g3 = 0. All of
the index values above the horizontal line in the middle are related to the index k = 2M = 18,
so have vanishing coefficients, while the non-vanishing coefficients correspond to the index
values below this line. Hence, if we fix a choice of scale by setting a; = 1, then all the plus
signs are in the lower left part of the tableau, and the minus signs are on the right, so the
coefficients in this case are obtained as

(alaaz, L aa23) = (15 _150,05 1, _1,0, 1, _150505 15 _1,0,0, 1, _1505 15 _1,0,0, 1)
Theorem A.5. For coprime positive integers N > M with N + M odd, the U-systems (6)

and (7) preserve the same log-canonical Poisson bracket (17), which is unique up to overall
multiplication by a scalar.
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Table 1. Index tableau for N = 16, M = 9.

r k r k
Im! 1 18 24 7 1I
I 2 11 23 14
3 4 22 21
4 22 21 3 1I
5 15 20 10
Im! 6 8 19 17
111 7 1 18 (24)
8 19 17 6 I
Im! 9 12 16 13
111 10 5 15 20
11 23 14 2 I
12 16 13 9

Proof. The proof follows the same pattern as the example in table 1. The index tableau
contains (N + M — 3)/2 horizontal relations of type I, together with M — 2 vertical relations
of type II/TII"! and (N — M — 1)/2 vertical relations of type III; this makes a total of (N +
M — 5)/2 vertical relations. Hence, of the (N + M — 1)/2 rows in the tableau, in addition to
the last row, there is one row somewhere in the middle that is missing a vertical relation, so is not
related to the rows beneath it. Hence the indices & in that row and all the rows above it, including
k = 2M, are related to one another and have coefficients a; = 0, while the relations between
the indices in the remaining rows underneath uniquely determine the non-zero coefficients, up
to an overall constant. ([

The situation for N + M even is slightly more complicated, and the tableau method requires
a few modifications in that case. The analysis of the analogues of the homogeneous linear
relations (82)—(84) for the ay is slightly trickier. The conditions for even indices k decouple
from odd k, yet the conditions can still be simplified to obtain relations of types I, II and III,
given by the same equations (85), (86) and (88), respectively, but with slightly different ranges
of indices, namely

I: k=3,....(N+M)/2, W: k=0,....M—3, M: k=1,...,(N—M)/2—1,
(90

together with one additional relation:

a(N,M)/z =0. (91)

This gives a total of N+ M — 4 homogeneous linear equations for the coefficients a; with
indices k € [1, N+ M — 3]. There are slight differences in the analysis according to whether
(N + M) /2 is odd or even, so for illustration we describe one example of each before discussing
the general case.

In table 2 we present the example N = 17, M = 9, where (for reasons that will become
clear) we have given the tableau for odd indices k only, with the column labels 7 omitted. In this
example, (N + M)/2 = 13 is odd. Due to the relation I with k = (N + M)/2 = 13, it follows
that a;3 = 0, so we start the first row with this value of k appearing twice. In the first column
we obtain each entry from the one above by subtracting N — M = 8 and evaluating modulo
N + M, that is, mod26, while in descending the second column we add 8 instead of subtracting
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Table 2. Index tableau for N = 17, M = 9 (odd k only).

k k
! 13 13 Ir!
5 21 1I
23 3
15 11
7 19 !
(25) 1 11
17 9
and evaluate mod26 until all 12 of the odd indices 1, 3, ..., 23 have been entered; and there

is a gap in the tableau corresponding to one spurious index (25). Then as before we write II,
III or there inverses next to a column if this transformation relates an entry to the one below
it. In this case we find that the indices fourth row are unrelated to the entries below, so there
is a line under this row. There are 6 horizontal relations in the tableau (type I) and 5 vertical
relations (written as type II/III or their inverses), giving a total of 11 relations for the odd index
coefficients. Because a3 = 0, it follows that all the indices in the first four rows correspond
to vanishing coefficients, while the entries in the last three rows below the line correspond to
the non-vanishing coefficients. Upon fixing a; = 1, this determines the coefficients with odd
indices as

(alaa3,"'aa23) - (150,0_ 1,150,050,_1,15050)'

For the even indices, note that there are 11 coefficients as, aq, . . . , a, while the total number of
relations remaining is also 22 — 11 = 11. Hence the homogeneous linear system for the even
index coefficients has only the zero solution,

azj:O, j:1,...,11,

and there is no need to present the even indices in a tableau.

In contrast, table 3 is the odd index tableau for the example N = 17, M = 11, in which
case (N + M)/2 = 14 is even. This means that the index (N — M)/2 = 3 is now odd, so we
place this index in the top right entry and descend in steps of N — M = 6, adding in the right
column, subtracting in the left column, and evaluating modulo N + M, i.e. mod28. For the 13
odd indices, there are 6 horizontal relations, and 5 vertical relations, plus the extra relation (91),
with no vertical relation in the second row. Hence the first two rows correspond to vanishing
coefficients, and the remaining rows contain the indices of non-vanishing ones. Fixing a; = 1
as before, this determines the odd index coefficients as

(alaa3,"'aa25) - (150,_1,150,_1, 1,_151505_1, 1,0)

There are 24 — 12 = 12 remaining homogeneous relations for 12 even indices, so again the
even index coefficients are all zero.

Theorem A.6. For coprime positive integers N > M with N + M even, the U-systems (8)
and (9) preserve the same log-canonical Poisson bracket (17), which is unique up to overall
multiplication by a scalar.

Proof. Using (90) and (91), the precise counting of the odd/even index relations is slightly
different according to whether (N + M)/2 is odd or even, but in both cases there are
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Table 3. Index tableau for N = 17, M = 11 (odd k only).

k k
25 3 I
19 9

! 13 15

! 7 21

11 1 (27)
23 5 I
17 11

(N + M)/2 — 2 independent relations for odd indices, and the same number for even indices.
Since there are (N 4+ M)/2 — 2 even index coefficients, the corresponding homogeneous linear
system has only the zero solution. The tableau for the odd indices has one row in the middle
with no vertical relation, with the indices of vanishing coefficients in this row and above, and
indices for non-vanishing coefficients below, giving the unique solution for the (N + M)/2 — 1
odd index coefficients (up to an overall constant). O

Appendix B. Proof of lemma 4.3.

We set vy = v + (L - i), where v,,, 0 < m < N+ M — 1, are given by (38).

UN M
Assume that

{vo, Ongm-m}, = f(Vo, V1, ..., UNyM—1)s
where f'is defined by (39). Since the map ¢; is Poisson,
{Vms Ontm ty = FOms Uty - ooy Vmgnm—1) =: F(vo, V1, . . ., Ungpa—1)s

where Unia, UNfm+1s - - - » UmtN+m—1 have been written with respect to v, . . ., Uy4p—1 Using
the recurrence (19). Equivalently,

{Umsv0}, — %{vm, v}, + %{vm, vy}, = Fuo,v1, ..., Unsm—1)- (92)
We will use this equation to prove (41). (]
For a = 0, flve, V1, - - s UN+M—1) = CN+-M-mVOUN+M—m- SO,
F(vo, ... sonem—1) = f(Ums -« o s UntN4M—1) = CN+M—-mUmUN+M = CN+M—mV0Un;-

Also, {vo, Un}, = CmoUn, and from (92) we derive
Cm = —CN+M—m> O<m<N+M. (93)

ForO<m < M,wehave N<N+M-m<N+M,O0O<M-m<MandN—M <N —
m < N. From (39) we obtain

Vo
S o, Vs -+ s UNEM—1) = CNAM—mVOUN+M—m + CN+M-m O + Cr—mex .
UM—m UM—m

So we have
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F('UO, ceey /UNJerl) = f(Um, e 3'Um+N+M71)
Um Um
= CN+M—-mVUmUN+M + CN4M—mO— + C—m O ——
Um Um
Um

Um
= CN+M-mV0Um + CN4M-—mO— + CM—mO—
UN Um

and {vo, Um}, = Cw0Um> {VUms N}, = CN-mUnON, {Vms UM}, = CM—mUnvm. Hence, from (92)
we get
Cm = —CN+M—m = CN—m, 0 <m <M. (94)

ForM <m < N,wehave M < N+ M—-—m<N,0O<m—-—-M<N-MandO<N—m<
N — m. Now, from (39) we obtain

fo,v1, ., UNEM 1) = CNEM-mVOUN+M—m-
So,
F(vo, ..., Un+M—1) = CN+M-mUnmUN+M
Um Um
= CN+M-mV0Um + CN4M-mQ—— — CNAM-—m O~
UN Um
Also, {vo, Vm}, = cmVoUm, {VmsVn}, = CN-mVmONs {Ums UM}, = —Cm—mUmvy and from (92)
we derive

Cm = —CN4M-m = —Cm-M = CN-m» M <m<N. 95)

Finally, for N<m < N+ M, we have O < N+ M —-m <M, N—M <m—M < N and
0 <m— N < M. Here as Well,f(vo, Vlye vy UN+M—1) = CN+M—-mVOUN+M—m and

Um Um
F(vo, ..., UntM—1) = CN+M-mVOUm + CNAM-mO = — N4 MmO
N M

Then we find

Vo «
{vo, Un}, = CmV0UM + cpoe—— + {vo, Vm—n},
VN VAN
m—. m—

V)
= CmU0Um + CmQ¥ + Cm-NC 0 s
Um—-N Um—-N
{Um, v}, = —Cm-nUmvy and {vy, vy}, = —Cm_mUmM. SO, equation (92) implies
Cm = —CN4M-—m = —Cm—-M = —Cm—N, N<m<N+M. (96)
Now, taking into account that ¢_,, = —c¢,, for 0 <m < N+ M — 1, we can combine
(93)—(96) to find
Cm = —CN4M-m = —Cm—N = —Cm—M> 0<m < N+M — 1;
while from (93) and (96), for 0 < m < M, we obtain ¢y, = —CN4m = CN4m—N = Cim-
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Appendix C. Proof of lemma 4.4
Following the proof of lemma 4.3 we consider

{vo, Untm-m}, = 8(W0, V1, - - ., Unpa—1)s

where here g is defined by (43) (this function g should not be confused with the g-variables
introduced in section 5.2). Since the map ¢, is Poisson,

{Um, Un4m}, = 8Wm, Ungts - - oy Unengm—1) =: G(vo, V1, - . ., Ungm—1),

where Uy, UN+pm+1s - - - » Umin+m—1 are evaluated with respect to vo, . . ., Uyyy—1 using the
recurrence (19). So we have

«Q «Q
{Um, vo}, — UT{Uma'UN}M + vT{vnl,vM},, = G(vo, V1, - -, UNfM—1)- 97)
N M

First, by considering o« = 0 we can show immediately, as in the case of lemma 4.3, that
dm = —dNJrM,m, O<m<N+M. (98)
Now, for N— M <m < N,wehave M < N4+ M —m <2M and 0 < N — m < M. In this
case
Vo Vo

- dN_mOé .
UN—m UN—m

8o, Vi, -+ - s UNtM—1) = AN4M-mVOUN+M—m — ANF MmO
Then

G(,U03 Uly ooy /UNJerl) - g(Um, Uerla e 3'Um+N+M71)
v, Um

m
= ANt M-mVUnmON4+M — ANg—m O — — dy_po—
UN UN

Um
- dN—‘,—M—m’U()Um - dN—i—M—mai - dN—mai
Um UN

and {v, vv }, = dyv_munvy. Hence, from (97) and (94) we derive

« v,
—{v0, Um}y + = {Om v}, = —dwoUm + dna—. (99)
Uy Um
If 0 < m < M, equation (99) is equivalent to
v, v,
—dy VoV, + dM—mOZ7m = —d;VoUy, + dm()(fm.
Um Um
So this gives d,, = dy—m-
If M < m < N, equation (99) is equivalent to
« « , Vo
_T{vM’ 'Um}u + T{’UOa ’Ume}u = mal — dna (100)
Unm Un—m Um Um—M
But we also have
{00, Vm—m },, = dn—mV0Vm—p1 + Ko, Vm—2at> Um—30 - - - » Um—kt)s
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for some k > 2, where the function K is determined by the recurrence (43). Subsequently,
{vm, Um}, = dm-mVMVm + K(Upt, Upts Um—2m15 - - - s Um—e—1ym)- Substituting these into (100),
we derive d,, = —d,,_y. Finally, taking into account that d_,, = —d,, we have

dm:_dm—Ma forN—M<m§N

Equivalently, if we set m = N + M — [, by the last equation and (98) we get

dy= —dnyy—1 = dy_y = —diyy, M <1 <2M. (101)
Furthermore, for N<m < N+ M, we have O < N+ M —m <M and 0 <m — N < M.
Here, g(vo, v1 ..., UntM—1) = ANt M-mVOUNEM—m>
v, ,
G(v0, V1, -« -, ON+M—1) = ANt M-mV0Um — AN4M-mO— + dNfM-mO—
Um UN

and in a similar way, from (97) we derive
dy=—dpy-n=—dp-y, N<m<N+M
or by settingm =N+ M — [,
dy=—dyiy—1=dy_1=dy_1 = —diry, for0O<I<M. (102)
To sum up, from (101) and (102) we have shown that
dy = —dpyy = —dysy—1, for 0 <m < 2M. (103)

Finally, we notice thatforM < m < N+ M

N—1 m—1 N—1 m+2M—1
dm = — E ajj= — E E aj—i = Am42M, (104)
i=0 j=m—-M i=0 j=m+M

since, by (88), the coefficients a,, of the Poisson bracket (17) satisfy the equation a; = ax+ou
(extended to negative indices via a_; = —ay).
From (103) and (104), we conclude that

dm - _dN—‘,-M—m - _dm—M

for 0 < m < N 4+ M, which completes the proof.
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