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Abstract

We construct and study certain Liouville integrable, superintegrable, and non-commutative
integrable systems, which are associated with multi-sums of products.

1 Introduction

Integrable systems have a long and distinguished history. Starting with Newton’s solution
of the celestial two-body problem, the theory of integrable ordinary differential equations
(ODEs) was put on a firm footing by Liouville. His theorem states that an autonomous
Hamiltonian system in 2m dimensions (or equivalently m degrees of freedom), that possesses
m integrals in involution (i.e. whose mutual Poisson brackets all vanish) is integrable by
quadrature. In the 1960’s the discovery of solitons by Zabusky and Kruskal [27] heralded
a major revival for integrable systems. It became clear that a significent number of partial
differential equations (PDEs) was also to be regarded as integrable. Because a PDE may be
considered to be an infinite set of coupled ODEs, they actually possess an infinite number
of integrals in involution. The set of integrable PDEs includes several that have notable
applications (e.g. the Korteweg-de Vries equation, the nonlinear Schrodinger equation and
the sine-Gordon equation). For a survey of the theory of integrable ODEs and PDEs we refer
the reader to [28, [14]. More recently discrete integrable systems have come to the fore. In
these systems, all independent variables take on discrete values. All the above mentioned
integrable PDEs have discrete analogues in the form of partial difference equations (PAEs),
which are integrable in their own right.



When imposing a periodicity condition a PAE reduces to an OAE or a mapping. For
integrable PAEs the so-called staircase method yields a set of integrals for the reduced map-
ping [15 22]. For maps obtained as reductions of the equations in the Adler-Bobenko-Suris
(ABS) classification [I], for reductions of the sine-Gordon and modified Korteweg-De Vries
(mKdV) equations, and for the p-th order Lyness equation, first integrals were given in closed
form, in terms of multi-sums of products, ¥, by using the staircase method and noncommu-
tative Vieta expansion [18]. In particular, the Liouville integrability of mappings obtained
as reductions of the discrete sine-Gordon, mKdV, pKdV, and KdV equations was studied in
detail in [17, 20 [§].

This paper is concerned with integrable systems associated with a set of polynomials zi(n),
which are related to the multisums of products ¥. The polynomials and a Poisson bracket
{-,-} on R™ are given in Section 2 We show that

{Z% 17221 1} {sz >z21 }:0 (1.1)

for all k, 1 € {1,.. [ ]} and therefore each polynomial z( ") defines an associated integrable
Hamiltonian Vector ﬁeldE In Section 3] we consider the quadratlc vector fields associated with

é ). This is an n-dimensional Lotka-Volterra system [26l, 3], and we prove it is superintegrable
when n is odd and non-commutative integrable (of rank 2) when n is even. We also apply the
Kahan discretisation (sometimes also called Kahan-Hirota-Kimura discretisation [9} [10, [7]) to
these quadratic vector fields, restricted to a subspace, and show that Liouville integrability
and superintegrability are preserved.

2 Integrable systems associated to multi-sums of products

2.1 The polynomials z; and their independence

We introduce a set of n polynomial functions z1, ..., z, on R" and we show how they define
two integrable systems on R"™, with respect to a (constant) Poisson structure, which will
be given below. The polynomials zq,...,z2, are defined in terms of a large collection of
polynomials Yy b, where a, b, r denote arbitrary integers, with r > 0 For r > 0, the latter
are defined in terms of (x;);cz by

T = z ﬁxij . (2.1)
j=1

agiy <--<ir<b,
ian+j—1 mod 2

Notice that T?’b is a homogeneous polynomial of degree r and that it depends only on the
variables x4, Tq4y1,. .., xp; in particular,

T4 =0 whenb—a+1<r. (2.2)

!Some of these results were originally obtained in the PhD thesis of Dinh Tran [17].

2These polynomials relate to polynomials ¥ introduced in [18] by b = TZ bfla 5. They also are a
special case of a much bigger class of polynomials which has been introduced in [24]. A different class of
(non-polynomial) multi-sums of products, 6, was introduced in [2I]. For these multi-sums of products similar

relations to (1.1)) were derived in [20, Lemma 1].



Moreover, TP satisfies, for all a,b and for r > 1, the following two recursion relations
b 2,b +1,b b _ ~yab—1 | _b— b—1
T8 =TI 4o, YO YOO =187 4 Yo (2.3)
where

o 0 if ¢ and r have the same parity,
e 1 otherwise.

In order for these recursion relations to make sense and be correct also for r = 1, the following
additional definition is needed:

Tg’b::{ 0 if a-1>b,

2.4
1 if a—1<b. (2:4)
It is easy to see that the functions T2 are uniquely determined by either one of the recursion
relations in li together with 1' and 1' In terms of the functions T?’b, we define

zi 1= T}’n (2.5)

fori=1,...,n and we view each z; as a polynomial function on R™; when n is not clear from
the context, we also write zi(n) for z;. It is also convenient to extend the definition to
arbitrary ¢ > 0, by defining zg := 1 and z; := 0 for 4 > n. In terms of the functions z;, the
second recursion relation in leads to

zgnﬂ) = zl.(n) + E?l‘n+1zi(ﬁ)1 , (2.6)

i(”“) = zi(") if 4 and n have the same parity and z
(n) _ Z(n+1)

(n+1)

i

for any ¢ > 0, i.e., 2 = zi(n) + :cn+1z§f)1
otherwise. In particular, z ‘x 0 for all ¢ and n. Also, each polynomial z; is
n+1—

homogeneous and has degree i. Here are a few low-dimensional examples:

dimension 1 : 2z; =1,

dimension 2 : 2z =x1, 29 = X129,

dimension 3 : 2z =x1 4+ X3, 22 = 1T, 23 = T1T2T3 ,

dimension 4 : 2z =x1 4+ X3, 22 = X1T2 + T1T4 + T34 , 23 = T1T2L3 , 24 = T1T2T3L4 ,
dimension 5 : 2z =x1+ T3+ 5, 20 = T1T2 + T1T4 + T3T4 23 = T1T2T3 + T1T2T5 + T1T4T5

FX3T4T5 , 24 = T1X2T3X4 , 25 = T1X2LIT4TS5 -
Proposition 2.1. On the open dense subset D of R™, defined by
D = {(ml,l‘g,...,xn) cR” |~751$2---$n—1 750} (27)

the functions z1, ..., z, have independent differentials, hence they define a coordinate system
on a neighborhood of any point of D.

Proof. We need to show that at every point of D the rank of the Jacobian matrix

(n)
g . 021, .-, %n) _ <azi ) (2.8)
ij

O(x1,xa,...,xp) Ox;




is equal to n. To do this, we use an LU-decomposition of J(™), i.e. we write J™ = LM {y®),
where L(™ is a lower triangular matrix and U™ is an upper triangular matrix; we show that
all entries on the diagonal of L(™ and of U™ are non-zero at every point of D. Precisely,
we show that the upper triangular entries of L(™ are given by LE?) = Tff]l ™ so that all
diagonal entries of L(™ are equal to 1, and that the diagonal entries of U™ are given by
Uk(;:) = x1%2...ZTp_1. We do this by induction. For n = 1 it is clear, so let us assume
that J™ = LMU® for some n > 0, with L™ and U™ as above. As before, we usually
drop the superscript n and simply write J = LU. We need to prove that we can write
JoAD) — LDyt with L0 lower triangular, U™+ upper triangular, with entries as
given above. Using the recursion relation , we can write J11) in terms of .J, to wit,

00 ... 0 €}

00 ... 0 e’jzl
@GP R e

00 ... 0 €14120

where J is the (n x n)-matrix obtained from .J by multiplying its k' row by €py1Tn+1, for
k =1,...,n. We similarly define L, starting from L. Then the relation J = LU implies
J = LU, so that the first two terms in (2.9) can be written as

E-CN6 Y@ e

where L("t1 can be chosen as a lower triangular matrix: L itself is lower triangular, with
1’s on the diagonal, and we choose the last diagonal entry of L("*1) also equal to 1. For
1 < j <i<n we have, using ([2.3)) and the induction hypothesis,

LU = Lijg+ Lioyy = T2 + a1 = 000 (2.11)

similarly, if ¢ = n 4+ 1 and j < n, then

(n+1) _ 7 _ J+1ln _ Anj+ln+l
Lyyij=Lnj=2n 0,00 =100

This shows that L("t1) and its entries have the asserted form. We now turn our attention
to UMD Let us denote the last column of the last term in by j, so ji = €'z_1, for
i=1,...,n+ 1. Since L("*tV) is invertible there exists a unique column vector u such that
Lty = j. Tt leads to the LU decomposition J"*t) = LD ™+ where UMY is the
upper triangular matrix, defined by

yntl) . — <g 8) + (0 u).

In order to prove that the entries of U+ have the asserted form, it suffices to show that
W, = X122 ...%,. If we denote the last row of (L(”“))_1 by t, then u,11 = tj; we will

show that t = (0,...,0, —x,41, 1), from which we obtain

s n n
Upt1 =t) = —€,Tpp12n—1+ €112 = 2n = T122.. . T,
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as was to be shown. In order to prove the proposed formula for t it suffices to show that
(0,...,0,—xpy1, LD =(0,0,...,0,1), which is tantamount to saying that Lty =1

n+1,n+

(which is true by definition) and that L(Trl ,)c = xn+1L(n+l) =0for k=1,...,n. In terms of
the matrices L and L this amounts to Ly = Zy1 Lk, Wthh is precisely the deﬁnltlon of the
last row of L. O
Remark 2.2. The map x — z is in fact a birational map, i.e., one can write x1,...,T, as
rational functions of z1,...,z, (while each z; is a polynomial in the x). The proof goes
by induction on n. Suppose that we have shown that x1,...,z, can be written as rational
functions of z%l), ey zén),

T Rk(zgn), .. .,zy(l")) =R <Zi(n)>i_1 W

Ly

where the latter notation will come in handy soon. Repeated use of (2.6)) leads to

(n+1)
Zpi1 = xnﬂz,g") = =21T3...Tpi1,
n+1 n
Z'r(z+) = zﬁl):xlxg...xn,

so that
1)
o1 = 2000 2D (2.12)

Substituted in (2.6) we get, for i =1,...,n,

) ) i) ) () mien ()
Zp =% - & (n+1)11—z EiWifl )

where we used in the last step that if €' # 0 (so that n and ¢ have opposite parity), then

ZZ@J{I) = z(n) It follows that
(n+1) 2 (n+1)
+ 1 +
xL = Ry, ( ) _en ?:H)Ziﬁl ) , (2.13)
“n i=1,...,n
for k =1,...,n, Equations (2.12)) and (2.13)), together, show that xj, ..., 2,11 can be written
as rational functions of 211 ey zsrgl). Combined with Proposition[2.1|it shows that z1,..., z,

form a coordinate system on D.

2.2 The Poisson structure and involutivity

On R™ we consider the constant Poisson structure, defined by
{zi )}, = 0it1,5 — Gijr - (2.14)

When n is even, its rank is n; otherwise its rank isn —1 and z; = Z(HH To9;_1 is a Casimir
function, since {z;,z1} = 0 for all i. In geometrical terms, the Poisson structure in the
odd-dimensional case is obtained by a Poisson reduction (see [I12, Ch. 5.2]) from the Poisson
structure in the even-dimensional case: if we view R?>™~! as the quotient of R>™ under the
quotient map 7 : R?*™ — R?m~1 defined by (x1,,...,%2m) — (21,22,...,T2m_1), then



the pair (R?™ R?™~1) is Poisson reducible and the reduced Poisson structure, inherited from
{) Yo is {1 Yop_1- In particular, m : (R*™,{-,-}, ) — (R¥™~1 {- -}, ) is a Poisson
map.

In the following proposition we give explicit formulas for the Poisson brackets between the
functions z1,...,z,. We write here, and in the rest of the paper, a = b when a = b mod 2,
i.e., when the integers a and b have the same parity.

Proposition 2.3. For any i and j with 0 < 4,7 < n, we have that

0 if 1i=j,
{zi, 2}, = S (=) Ry i i=j41=
k4 t—itj
0< k<1

Proof. The proof proceeds by induction on n. It is easy to check that the formulas hold for
n = 1. Suppose that they hold for some n > 1. We need to prove that they hold for n + 1.
Let 0 < 4,5 < n+ 1 be arbitrary integers. If ¢ = 0 or 5 = 0 the formula is easily checked
(recall that zy = 1), so let us assume that i, > 0. Using , we have

n+1 n+1 n n n n n n
{zf + ),zj(. + )}n+1 = {zl( )—i-el- xn+12£7)1,zj(4 )+ejxn+1z§,)1}n+1 . (2.15)

We use F as a shorthand for {F, Tpy1}, = OF/0x, and we write z;, for z,gn) for any k. We
have that {z;,2;}, ., = {2, 2;}, because z; and z; depend on z1,. .., x, only. We distinguish
3 cases, according to the relative parity of i, j and n.

ei=j=n Then¢ =€) =0andj<n+1,so that (2.15) becomes

(n+1) _(n+1) . . .
{zi )2 }n+1 = {zl,z]}n =0.

ei=j=n+1 Then e =€ =1. We expand the right hand side of (2.15) and use that
{zi,2j} = 0 and that 2, = 2; = 0 (z; and z; are independent of z,, since i = j = n+1) to
obtain
1 1 . .
{Zi(nJr )7 Z](-n+ )} i = $n+1({Zz', ijl}n + Zi—125-1 — {Zj, Zz'fl}n - ij121'71) .
n

Since ¢ and n have opposite parity, we find from (2.6) that

and similarly for z;_1, so it suffices to show that
{Zi—lv Zj}n + zi—22j-1 — {Zj_l, Zi}n — 2j-2%i—1 = 0. (216)

Using the induction hypothesis, the left hand side in (2.16|) is given by

> ()T gz - D G ) Ch e AT

k+t=i+j—1 k+t=i+j5—1
0<k<i 0<k<j

which is zero, because every term appears twice with opposite signs (recall that i = j).



ei=j+1 By interchanging ¢ and j if needed, we may suppose that j = n. Then € =1
and € =0s0 that we get, as above,

1 1 . -
{zl.("Jr ),z](.”+ )}n+1 ={ziz}, —zag = >, (1) F gm0

E+e=i+j
0<k<j

This is to be compared with

i~k (n+1) _(n+1)
Z (=120 2
k+e=i+j
O0<k<:

= Z (‘Uiik (Zk—l + 52—11371—&-1214—2) (Ze—1 + 6?_1$n+12z—2)

k+l=1i+j
0<k<i

ik
= Z (=) "zp—120-1 + Tpga Z Zh—120-2 — Z Zh—220-1

k+0=i+j k4+0=i+j k+0=i+j
0<k<i 0<k<i—1 1<k<i
k=i E=i+1

= Z (_1)iszk_12£_1 .

k+e=di+j

0<k<i
Taking the difference of both expressions we get zero, again because in the difference every
term appears twice with opposite signs. O

2.3 The T-systems, their Liouville integrability and linearisation

Recall the definition of a Liouville integrable system:

Definition 2.4. On an (n = 2r + s)-dimensional Poisson manifold where the Poisson bracket
has rank 2r, a tuple of n —r = r + s functionally independent functions is Liouville integrable
if they are (pairwise) in involution.

According to Proposition the functions z; with even (resp. odd) index i are pairwise
in involution. Since for n odd the function z; is a Casimir, hence is in involution with all
functions z;, we define

F = (21,23,...,20-1) , F' = (z2,24,...,2n) if n is even,
F = (217237--'7Zn>7 F = (21,22,24,...,,2”_1) if n is odd.

We use the above results to show in the following theorem that both F and F’ are integrable
systems on (R",{-,-},).

Theorem 2.5. Both F and ¥’ are Liouville integrable systems on (R",{-,-},)). On the open
subset D, defined in Proposition [2.1] the functions z1,...,z, define a coordinate system in
terms of which all the Hamiltonian vector fields X, are linear.

Proof. Recall that the rank of the Poisson structure {-,-}, is equal to n when n is even, and
is otherwise equal to n — 1. When n is even both F and F’ contain n/2 functions which



are independent (according to Proposition and are pairwise in involution (Proposition
. Thus, both F and F/ define Liouville integrable systems on (R",{-,-}, ). When n is odd
the rank of the Poisson structure is n — 1 and so we need, besides the Casimir zj, another
(n —1)/2 independent functions in involution. Using Propositions and we can again
conclude that both F and F’ define Liouville integrable systems on (R",{-,-},).

In terms of the coordinates z1,...,2, on D, the Hamiltonian vector fields X, := {-, z},,
take a particularly simple form. We show this for even n. According to Proposition these
vector fields are given by:

X . 227" = 0 )
22 . s _ s—1 i—1
¢ Zoar—1 = Yoy (=1) 21200402,

Zor—1
X, : :
2s—1  ° . 2r—1
: Zop = Y i (—1)'2r—ic12064i-2 ,

|
o

where the dot denotes differentiation, i.e. 2 = 92. Each one of these vector fields becomes a

dt -
linear vector field after the first group of equations has been integrated (giving zo, = co, for
X2y, and 22,1 = cor—1 for X, ,, where the ¢; are constants). O

In the sequel, we refer to the integrable systems (R",{-,-}, ,F) (resp. the integrable
systems (R",{-,-}, ,F’)) as the odd (resp. the even) Y-systems in dimension n.

2.4 Lax equations for the T-systems

In this subsection, we show that the integrable vector fields X,; of the T-systems, defined in
Section are given by Lax equations, i.e. for each integrable system (in both odd and
even dimensions) we provide a matrix L and matrices B;, such that each vector field of the
system acts on L as the commutator with B;;

X.,(L) = [L,B].

This yields an alternative proof (i.e., without using Proposition that the functions z;
and z; are in involution, when 7 = j. We first consider the case of the even Y-systems in
the even-dimensional case (n even) and derive from it the odd-dimensional case (n odd); for
the case of the odd Y-system we first treat the odd-dimensional case and derive then the
even-dimensional case from it.

The case of F/ with n even. We set n = 2m. We show that a Lax operator for F/ on R"
is given by the following n X n matrix:

0 X1 0 X1 0 xr1 0 1
—x2 0 0 0 0 0 0 0
0 0 0 T3 0 T3 0 T3
L= | —aa 0 —z4 O 0 0 0 0 . (2.17)
0 0 0 0 0 o .- 0 Tam—1
—Tom 0 —m2m 0 —x9p, O - —zopy 0
To do this, we first show that the polynomials in F' = (29, 24, . . ., 22,,) appear as coefficients

of the characteristic polynomial of L}, .. First notice that it follows at once from a Laplace



expansion of the determinant with respect to the last two rows that det(L),,) = x1x2. .. .
For any s, we define a tridiagonal matrix M| by setting (M}); ; := x;1(6i7j+1 —0ji+1). It is
easy to verify that M) is the inverse of L), . Thus,

1

Ioy| (2.18)

and it suffices to compute the characteristic polynomial of M . We claim that for any s,

@
@
~
9,

(_1) s s—
PA) = ML = pl) = S > 2y (2.19)

Notice that the formula for p/, is obviously correct for s = 1 and s = 2. Expanding | M| — pl|
along its last column, one finds that

Pls+2(ﬂ) = M

/
- — up 2.20
() (220)

for all s > 1, so it suffices to show that the formula for p/(u), given in (2.19) satisfies the
recursion relation (2.20). That this is indeed so follows easily from ([2.6), combined with

the formula sz) = x122...%s. Combined with 1' this proves that the characteristic
polynomial of L}, is given by

m
/ 2 : 2m—2i
|L2m - )\IQm| = Zgil mes )

1=0

in particular, its coefficients are precisely the Hamiltonians 2o, 24, ..., 2z, which make up F'.
For k=1,...,m, a matrix By, . satisfying
xZZk( I2m) = [ /2mvBém,2k] ’ (2‘21)

can be chosen upper triangular and with entries b;; given by

> (0 — w XYy if i <jandi=j
bij = 0<r<2k-2 (2.22)
0 otherwise.

We will give a proof that the matrices L}, and Bém,2k satisfy in Appendix

The case of ¥’ with n odd. We set n = 2m — 1 and construct a Lax operator for F/ (in
dimension 2m — 1), by slightly modifying the matrix L), (which has size 2m): we substitute
0 for xa,, in L), (making all entries on its last row equal to zero) and for all entries in the last
column except the second-to-last entry (which is equal to xg,,—1). This yields a Lax operator
LY, 4 for F/ in the odd dimension 2m — 1. Its characteristic polynomial is given by

m—1 m—1
2m—2) ;2m—2i 2m—1);2m—2i
Ly 1 — Uni| = B|Lyy g — U] = Y 25222 = N7, 8m=lpzm=2i = (9.93)
i=0 =0
where we used that zé?md) = zé?mfl), an immediate consequence of 1) This shows that,
except for the Casimir 21, all functions in ¥/ = (21, 29, 24, ..., 2,—1) appear as coefficients of



the characteristic polynomial of Lj,, ;. For k =1,...,m—1, the matrix B;,_, 5 is obtained
from B, ., as follows: replace all entries in its last two rows and in its last two columns by

0, except for the entry at position (2m — 1,2m — 1), which is set equal to zgirfl_g)/xgm,l. For
a proof that the matrices Ly, ; and By, , 5, satisfy a Lax equation as in ([2-21), we refer
again to Appendix [C]

The case of F with n odd. We set, as before, n = 2m — 1. A Lax operator for F =

(21,23,...,2n) on R™ is given by the following n x n matrix:
il I I X I R 5 | I
0 0 o 0 9 e 0 T2
I3 0 I3 I3 T3 e I3 T3
Lopm—1 = 0 0 0 0 T4 -0 T4 (2.24)
5 0 5 0 x5 SRR 7 s
Tom—1 0 @om—1 0 Zom—1 -+ 0 Zopm—

It can be shown by induction that det Lo,,_1 = x122...x2om_1. For any s, consider the matrix
M, which is obtained from the matrix M/ by replacing the entry in its upper right corner
(which is zero) by x;}hl. It is easy to verify that My, 1 is the inverse of Lo, 1. Expanding
| My — ulg| along its last column, we find that ps(u) = pl(p) + (z122...25)" . Using the
explicit formula for pl,(p) it follows, as in (2.18)), that

m
9m—1 2m—2i
|Lom—1 — Mopm—1| = =17 + E 2oi—1 17T
i1

in particular, its coefficients are precisely the Hamiltonians z1, 23, ..., 2z, which make up F.
The matrix Bgy,—12x—1 is defined as in (2.22)), but with 2k replaced by 2k — 1. Notice that
this yields that Ba,,—1,1 = 0, which is correct since z; is a Casimir. The proof that

:X:Z%—l (Lmel) = [Lmely B2m—1,2k—1] ;

for k =2,...,m is an easy adaptation of the proof given in Appendix [C]

The case of F with n even. We set n = 2m and we construct the Lax operator Ls,, from
Loy41 by substituting in it 0 for x9,,4+1 (making all entries on its last row equal to zero) and
for all entries in the last column except the second-to-last entry (which is equal to x2,,). One

obtains, as in (2.23)),

m
2m+1 (2m) ;2m+2—2¢
-1 + 2951l .

=1

|Lom — Uopmi1| = | Lam—1 — Uam—1| =

The matrix Bo, or—1 is obtained from the matrix By, 41211 as follows: replace all entries
in its last two rows and in its last two columns by 0, except for the following entries

2m) 2m 2m)
b1om = —Zék_Q/iL‘zm, bom,2m = Zék_%/«%?ma b2.2m+1 = _Zék_g/xl :

More details can be found in Appendix C.
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3 On the quadratic vector fields

The integrable vector fields of the Y-systems are homogeneous, namely the Hamiltonian
vector field associated to z; is homogeneous of degree i — 1, since z; is homogeneous of degree
i (recall that the Poisson structure is constant). In this section we study the quadratic vector
fields of the n-dimensional T-systems. We show that they are closely related to a class of
Lotka-Volterra systems in dimension m, where m = [(n + 1)/2]. We establish the super-
and Liouville integrability of these Lotka-Volterra systems, by exhibiting explicit rational
constants of motion; notice that the only non-trivial dimension in which the integrability of
these Lotka-Volterra systems was known is in dimension 4, see [6, Example 12]. We derive
from it the superintegrability (if the dimension n is odd) and non-commutative integrability
of rank 2 (if the dimension n is even) of the quadratic vector fields; recall that their Liouville
integrability was obtained in the previous section. For the reader who is not familiar with
these notions, here are the definitions.

Definition 3.1. A vector field on a n-dimensional manifold is superintegrable if it admits
n — 1 functionally independent constants of motion.

In particular, a Hamiltonian vector field is superintegrable if there is a functionally inde-
pendent set of n — 1 functions, including the Hamiltonian, which are in involution with the
Hamiltonian.

Definition 3.2. On an n = 2r 4 s-dimensional Poisson manifold M where the Poisson
bracket has rank > 27, a tuple of n — r = r + s functionally independent functions is non-
commutative integrable of rank r, if r functions are in involution with all n — r functions, and
their Hamiltonian vector fields are linearly independent at some point of M.

Thus, on a Poisson manifold, superintegrability is equivalent to non-commutative integra-
bility of rank 1, and Liouville integrability is equivalent to non-commutative integrability of
rank r, although here we would rather say that the system is commutative integrable. In both
cases the rank of the system is at most half the rank of the Poisson bracket, with equality in
the commutative (Liouville) case.

At the end of the section, we also derive from the superintegrability of the special Lotka-
Volterra subsystems the superintegrability of their Kahan discretization; surprisingly, both
the original system and the discretization have the same constants of motion.

3.1 The quadratic vector fields

Recall that z3, which is the Hamiltonian of the quadratic vector fields of the T-systems, is
given by

1
23 = Tg’n = E TiTiT; -

1<i<j<k<n
i, k odd; j even

When n is odd, n = 2m — 1, the quadratic vector field X,, is explicitly given by

-1 m
ba1 = w1 [ =D @yt Y wya | (U=1,...,m),
g=1 J=t+1 (3.1)

L m
Tog = Ty szj_1— Z T2j-1 (=1,...,m—1);
J=1 Jj=t+1

11



when n is even, n = 2m, it is given by (3.1)) plus one extra equation, to wit,

ijm = — Z aciacj . (3.2)

1<i<j<2m
i odd; j even

The proof of these formulas is by direct computation. Let us check the first formula in (3.1)):

{z20-1,23},, = Z z; {T20-1, l“j}n Tk

1<i<j<k<n
i, k odd; j even

= E LiLk — g LiLk

1<i<20<k<n 1<i<2—1)<k<n
i, k odd i,k odd
= E Top—_ 1Tk — g LiT20—1 -
1<28<k<n 1<i<20—1)
k odd i odd

When considering the integration of the vector field X,, in dimension n = 2m, one may
first integrate the vector field in dimension n — 1 since is independent of xo,,; then za,,
can be obtained from it by simply integrating the right hand side in , because it is also
independent of xy,,. Geometrically speaking, the vector field X,, in dimension n = 2m —1 is
a (Poisson) reduction of the vector field X, in dimension n = 2m. We therefore concentrate
in the sequel on the case n = 2m — 1, that is, on the equations .

3.2 A superintegrable subsystem

A closer look at the first set of equations in (3.1]) reveals that they involve only the variables
xy, with k£ odd. This means that the vector field X, projects to a vector field on R™, under
the map

. 2m—1 m
¢ R - R (3.3)
(l‘l,IL‘Q,...,ZL‘mel) = (1'1,1'3,...,1‘27”,1) .
Denoting the coordinates on R™ by
Yi = T2i—1, t=1,...,m, (34)

the projected vector field is given by

i—1 m
Yi = Yi _Zyj+ Z Yj (i=1,...,m). (3.5)
j=1

j=i+1

Such a vector field goes under the name of Lotka- Volterra system [26,[3]. In fact, it is a special
Lotka-Volterra of the form y; = . ¢;jyiy;, where the constants ¢;; satisfy ¢;; = —c¢j;. This
implies we have a Poisson structure and a Hamiltonian [6]. Notice that the quadratic vector
field of the T-systems is not of this form because the constants c;; do not satisfy the
skew-symmetry property. Thus the subsystem is a Hamiltonian vector field, but not
with respect to the Poisson structure which is induced from the Poisson structure on R?™~!
via the map ¢ (the induced Poisson structure is trivial). Instead, consider the quadratic
Poisson structure on R™, defined by

{vi,yi}? = yiyy, (3.6)

12



for any 1 < i < 7 < m. This bracket is distinguished notationally from the bracket (2.14]) by
the superscript ¢ (for quadratic) and we have omitted the dependence on the dimension. It
is a well-known fact that this indeed defines a Poisson structure, see e.g. [12, Example 8.14].

Then it is clear that
=z = Z Yi (3.7)

is a Hamiltonian for the vector field @ Infinitely many copies of the system did also
arise in the work of Bogoyavlenskij [3, Equation 2.8], who provided exact solutions, and, in
the m = 4 dimensional case, gave 3 integrals. In what follows we show, for any m, that this
Hamiltonian system is superintegrable, and that it is Liouville integrable.

Proposition 3.3. The Hamiltonian system on R™ admits for 1 < k < [mT“} the
following rational functions as constants of motion (first integrals):

(y1 +y2 + -+ yar—1) Y2k +1Y2k43 - - - Y if m is odd,
Y2kY2k+2 - - - Ym—1

B = (3.8)
(yi +y2+ -+ yor) Y2k +2U2k4d - - Ym if m is even.
Y2k4+-1Y2k4-3 - - - Ym—1

Proof. We assume m is odd. Then Fj can be written as

2%-1 (m—1)/2

Z Y2s5+1 . (3.9)

(=1

It is easily computed from (3.5)) that

2k—1 2k—1 m d y y
. g8 (Yasrr) o _Best1, .
Y= () () g (22) -2,

=1 Yas

and so

{=2k

d (m— 1)/2y (m—1) /2y m
25+1 _ 2s+1
T ) (3w)

The fact that F}, = 0 follows at once from these formulas. The case where n is even can be
proven similarly. O

Notice that H = Fj(;;,41)/2)- More constants of motion can be produced by the following
trick. On R™ we consider the involution , defined by

Wy Y2, - Ym) = Wms Ym—1, -, Y1) -
The map 2 is anti-Poisson map, since for any 7 < 7,
{7y "y} = {Ymr1—is Ymr1-5 " = ~Ymr1-iYmr1—5 = =" {yi, Y5}
Also, H is invariant under this involution, +*H = H. As a consequence,

(Fy) ={Fp, HY! = {"Fp, o H}! = =" {F},, H}" =0,

13



which proves that the rational functions Gy := +*Fy (k = 1,..., [mT‘H]) are constants of
motion of . Notice that we have constructed precisely m — 1 different constants of
motion: when m is even, all Fj, and Gy are different, except for I}, o = H = G, /2; when m
is odd, all Fj and Gy, are different, except for F,,, 112 = H = G(;,41)/2 and F1 = G1. We
note that for the 4-dimensional Lotka-Volterra system the integrals coincide with the
ones given by Bogoyavlenskij [3, (7.9)].

Proposition 3.4. Let r := [mTH] , so that m = 2r when m is even and m = 2r — 1 when m
is odd. For i and j, satisfying 1 < 4,5 < r, we have

{F, Fj} = {F,H}?" =0, (3.10)
(G, G} = {Gi, HY = 0. (3.11)

Moreover, the following m — 1 functions are independent:

F,...,F._1,Gy,...,Gr_1,G, = F, = H, when m is even, (3.12)
=G, F,...,F._1,Go,...,G, = F. = H, when m is odd. (3.13)

As a consequence,
(1) The vector field s superintegrable;
(2) (R™,{-,-}*,(F,...,F,_1,H)) is a Liouville integrable system;
(3) (R™,{-,-}*,(G1,...,Gr_1,H)) is a Liouville integrable system.

Proof. In Appendix [A| we prove that both sets of functions and are functionally
independent. Here we prove that {F;, F;}? = 0 for all ¢ and j satisfying 1 < 4,5 < r. We do
this by induction on m. For m = 2, 3,4 there is nothing to prove. Assume therefore that the
formula is correct for some m > 4; we show that it holds for m + 2. We denote the functions

F}, which are constructed in dimension m by Fk(:m) and we set, as before, r := [(m + 1)/2].
For k=1,...,r, we have
+2 Ym+2
FimiR) — plm dmi2 (3.14)
Ym+1

Let 1 <i4,j <r+ 1. In view of the above formulas and the induction hypothesis,

{F‘(m+2) F(m+2)}q _ {F'(m)ym-‘rQ F(m)ym+2 }q
’ B ! ym+1’ T Yt

Ym—+2 (Fi(m) {ym+2 7 F.(m)}q _ p(m) {ym+2 ’ Fi(m)}q> ‘
Ym+1 Ymt1 7 T Ymi
The latter two brackets are zero for the following general reason: if F' is a function which

depends only on yi,...,Ym, then {ymi2/Ym+1, F'} = 0. To show this fact, let 1 < i < m.
Then

{ym+2 }q _ Ym2Ui 4 Ym+2Ym+1Yi 0
)y I - - .
Ym+1 Ym+1 yr2n+1

q
This shows that {Fi(erz),Fj(mH)} =0 for 1 < 4,5 < r+ 1, which proves (3.10]), since

we know from Proposition that the functions F; are first integrals of Xz, hence are in

14



involution with H. Also, since ¢ is an anti-Poisson map, follows immediately from
(13.10].

This shows that in both cases (m even or odd), the Hamiltonian vector field X, which is
explicitly given by , has m —1 independent constants of motion, hence is superintegrable.
When m is even, the rank of the Poisson structure {-,-}? is equal to m, so that the r functions
Fy,..., F._1, H, which are independent and in involution, define a Liouville integrable system
on (R™, {-,-}%). When m is odd, F; = G; is a Casimir function of {-,-}? and one needs for
Liouville integrability, besides the Casimir function (m —1)/2 = r — 1 independent functions
in involution, so again the functions Fy,..., F,_1, H define a Liouville integrable system on
(R™, {-,-}9). This shows property (2). Property (3) is an immediate consequence of it
upon using the involution ¢; in particular, the Liouville integrable systems in (2) and (3) are
isomorphic. O

It is a classical result, due to Poisson, that the Poisson bracket of two constants of motion
is again a constant of motion. We give in the following proposition explicit formulas for the
Poisson bracket of the constants of motion F; and G; of X, as proven in Appendix

Proposition 3.5. Letr := [mTH], as in Proposition . Fori and j, satisfying 1 <i,5 <,
set k:=i+75—r—1. Then

-FGj Kk <0, m even,
0 Kk <0, m odd,
{F;,G;}"=< —F,_;G,_; k>0, m even,

o 1—o(F1Gy — Fi_pyeGj_y)
[ (FiGyr 4+ Fi_ e 0-1Gj—p)

Since the vector field (3.5 is superintegrable, it can be quite explicitly integrated. This
can be done as follows. For j =1,...,m, define u; := y1 +y2 +--- +y;. Then H = u,,. It is
easy to see that in terms of the functions u;, the Poisson structure is given by

(=1

k=0, m odd.

{ui, u} = wiuj —ws) , i<y,
in particular the Hamiltonian vector field (3.5]) is in terms of these coordinates given by
le' = {’U,Z‘,H}q = uz(H — ’U,Z) . (3.15)

Thus, the variables u; provide a separation of variables and each one of the variables satisfies
the same differential equation (3.15)); its explicit integration is immediate, and can be found
in [3].

3.3 Superintegrability and non-commutative integrability of the quadratic
vector fields

We now show how the superintegrability of the m-dimensional Lotka-Volterra system, studied
in Section extend to the superintegrability (resp. non-commutative integrability) of the
quadratic vector field of the T-system in dimension n = 2m — 1 (resp. n = 2m).

Proposition 3.6. When n is odd, the quadratic vector field of the n-dimensional T-system
1s superintegrable.
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Proof. Write n = 2m — 1. Suppose first that m is odd, set m = 2r — 1 and consider the
following n — 1 functions:

31)23)'"aznuFlaFQ)'"aFr—17G27G37-”7GT—1 .

Since the quadratic vector field is the Hamiltonian vector field X.,, Theorem implies that
the functions 21, 23, 25, . . ., 2, are in involution with z3, hence are constants of motion of X,,.
Furthermore, according to Proposition the above functions F; and G, with , are
constants of motion of {-, H}, which is the projected vector field of X.,, hence they are,
viewed as functions on R", constants of motion of X,,. It can be shown that these n — 1
functions are functionally independent (a proof is given in Appendix . This shows that the
vector field X, is superintegrable when m is odd. The proof in case m is even, m = 2r, is
the same; in this case one uses the following n — 1 functions:

21,23,...,Zn,Fl,FQ,...,Frfl,Gl,Gg,...,Grfl .
t

Proposition 3.7. When n is even, the quadratic vector field of the n-dimensional Y -system
is a non-commutative integrable system of rank 2 on (R, {-,-},).

Proof. Write n = 2m and suppose first that m is odd, m = 2r — 1. Consider the following
n — 2 functions:
217237--'7zn717F17F23"'7F7“*1’G23G3)"'7G7"71 .

As in the proof of Proposition |3.6] z3 is in involution with each one of these functions. Since
z1 = G, = F, = H, we have that z; is also in involution with all these functions. Since these
n—2 functions are independent, as is shown in Appendix[A] and since the Hamiltonian vector
fields of z; and z3 are independent (at a generic point of R™), this shows that these n — 2
functions define a non-commutative integrable system of rank two. The proof in case m is
even, m = 2r, is the same; one uses in this case the following n — 2 functions:

217Z37"’7zn—17F17F27"’7F7“—17G17G27"'7GT—1 .

3.4 Kahan discretization

Kahan discretization was introduced as an unconventional discretisation method in [9] [10].
It seems to have quite remarkable properties in the sense of preserving geometric structures
[16, B]. In this section we consider the Kahan discretization of the quadratic Hamiltonian
system . The Kahan discretization of with step size 2¢ is given by

—yi=ey (P2e+9s+...+0m)+ein (Y2 +ys+...+ym) ,
Jo—y2 =€y (=1 + U3+ ...+ Um) +efo(—y1 +y3+ ...+ Ym) »

U —Ym =€Ym (=01 — Y2 — . — Jm—1) + €Jm (=1 — Y2 — ... — Ym—1) -
In what follows we introduce the variables

ui=yrtye oty @G=G Gt + (3.16)
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Thus, u,, = H, cf. (3.7), and it follows at once from summing up the above equations that
Uy, = U, i.€., that H is an integral of the discrete map

(ylay%"'aym)*_) (glag%-"agm)' (317)

We will prove that, more generally, all the integrals given by (3.8) are also integrals for this
discrete system. To do this, we use the following lemma.

Lemma 3.8. The Kahan discretisation of is explicitly given by, for 1 < j < m,

A (1—€eH)(1+€H)
Yi (1 —€eH + 2euj_1) (1 — eH + 2eu;) ’

yj = (3.18)

where uj, and H, are given by ({3.16]), and (3.7)), respectively.

Proof. Summing up the first j equations of the above Kahan discretization, we get, upon
using H = Uy, = U,

Uj — Uj = EUj(H — ﬂj) +67:Lj(H — Uj) ,

which can be solved linearly as

1+ed
Uj = Uj———— . 3.19
1 ujl—eH—{—Qeuj (3:.19)
The formula ([3.18)) follows at once from it, since y; = u; — uj_1 and g; = 4; — U;j_1. O

We remark that equation (3.19) is the Kahan discretization of equation ([3.15).

Proposition 3.9. The rational functions Fy, defined in proposition [3.3, and the functions
Gy := 1" F} are first integrals of the Kahan discretization|3.18

Proof. We give the proof for m odd; it is essentially the same for m even. First, observe from

Lemma [3.8 that ~
Yos+1 _ Y2s+1 1 —€eH + 2eugs—1

- . 3.20
Y2s y2s 1 —€eH + 2eugs iy (3:20)
Therefore, using the formula (3.9) for Fy, (3.19) and (3.20) we get that
(m—-1)/2 _
Fy = gy H Y2s+1
y25
s=k
—1)/2
. 1+eH (ml—[)/ Yos41 1 —€eH + 2euns_q
N 2k—1 1—eH + 26U2k,1 —k Y2s 1—eH + 26U23+1
1)/2
= u i mH)/ Y2s+1
R el + 2y, A
(m—1)/2
T H Y2s+1 _ F
s—k Y2s

where the last line was obtained by using that H = u,,. This shows that each Fj is a first
integral. Since the discrete system is invariant under the map @ (upon replacing € by —e¢),
each G}, is also a first integral. O
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Proposition 3.10. The Kahan discretization of 1s a Poisson map.

Proof. Notice that in terms of the coordinates u;, the Poisson bracket is given by {u;, u;}? =
ui(uj — ), for i < j; in particular, {u;, H}? = u;(H — u;). It therefore suffices to show that
{@;,4;}? = @;(a; — ;) for i < j. Notice that @; depends only on u; and H, since

- 14+eH
= U . 3.21
i =t 1 —eH + 2eu; ( )
We have
ou;  1—ée*H? ou;  2eu;(1+ euy)
Ou; (1 —eH + 2eu;)?’ OH (1 —eH + 2¢eu;)?
It follows that
ou; 0w ou; 0u; ou; Ou;
P YI UA— (a5 SSRR U} CZ) o HY 4+ 22 CH
{u“u]} auz 3Uj {u“u]} + 8uz aH {u“ } + aH auj { ’u]}

(1 — H?)u;(uj — u;) 9119
= 1—€¢H 2¢(1 H)u;
(1—6H+26ui)2(1—6H+2€uj')2( ‘ +2e(1+ el ;)
(1 + 6H)2(1 — EH)’U,Z‘(UJ' — ul)

(1 — eH + 2eu;)%(1 — eH + 2eu;)

= ul(ﬂj - ﬂl) .

as was to be shown. O

For a discrete map in dimension n the existence of n — 1 integrals is not enough to claim
(super)integrability.

Definition 3.11. An n-dimensional map is superintegrable if it has n — 1 constants of motion
and it is measure preserving. A n = 2r + s-dimensional map on a Poisson manifold, which
respects the Poisson structure of rank 2r is Liouwille integrable if there are n —r = r + s
functionally independent constants of motion in involution, cf. [4, 13, 25].

It is known that for a symplectic map L : y — y with structure matrix {2 we have
dL.Q.dL" = Q,

where dL is the Jacobian matrix of L. It yields (det(dL))? = det(€)/det(€2). By calculating
the determinant of our structure matrix when m is even, we obtain the following result. The
result also holds for odd m, which is why we provide a direct proof, i.e. without assuming
symplecticity.

Proposition 3.12. The Kahan discretization 1§ measure preserving, with measure

1

——dy1 ANdya A -+ A dyp,.
Y1y2 - - - Ym

Proof. 1t is easy to see that

~—

a(glvg%'"?gm) — a(glvg%"'vgm) 8(u1,uz,...,um (3 22)
a(yhyQ""?ym) 8(“17“27"'5“771) 8(y17y25'°'7ym)
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Since y; = u; — %;—1, we have

oW1, G2y - > Gm) _ O(Ur, U2, ..., Up)  O(0,01, Uz, ..., Un-1)

= — = A
O(ur,ua, ..., Um)  O(u1,us, ..., Uy) O(ur,ug, ..., Uny)
Entries of A are obtained by direct calculation and given as follow
8112 B 1—5211/371 . ..
dur = (—cum3eu)? if j =1,
S 1—e?u2, =1
A[Z’J] = Oui—1 (l—eum+2€ui_1)2 1 J =1 ) (323)
ot 0Uj—1 2€u¢(1+eui) 26ui,1(1+eui,1) =
Dum  Otum  (I—eumt2ew;)?  (I—eumt2eu;_1)2 LI =M,
0 otherwise.
2.2
To calculate the determinant of A, we divide the j® column by (l_leufn% for all j < m

and then adding the first i; rows to the i*" row. We obtain an upper triangular matrix with
1 on the diagonal. Therefore, one gets

(1— 2y2,)m1

det(A) = m 3.24
et(4) (1 — €up, + 2€u1)?(1 — up, + 2euz)? ... (1 — eup, + 2€up,—1)? ( )
_ 2 m (3.25)
Yiy2 .- - Ym
On the other hand, the determinant of H in (3.22)) is 1. Thus,
dijp N -+ ANdy 1 01, ..., 7 dypr Ao ANd
?/1~ d ym:~ _ (71, ’ym)dylA---/\dym: Y1 ym’
Y- Ym G Ym0y, .- Ym) Y1 Ym

which shows the Kahan discretization (3.18)) is measure preserving, with the given measure.
O

As a direct consequence of Propositions and we get the following result.

Proposition 3.13. The Kahan discretization s both superintegrable, and Liouville
integrable.

Finally we’d like to remark that due to the preservation of both the Poisson structure,
and the Hamiltonian, the Kahan discretization (3.18)) is the time advance map for the exact
Hamiltonian system (3.5)) up to a reparametrization of time [29].
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A Functional independence of the integrals of the quadratic
vector fields

We first show that when m = 2r is even, the m — 1 functions FY, ..., F._1, Gy,...,Gr_1, H =
F, = G, are (functionally) independent, as was asserted in the proof of Proposition Let
us write 1 as a shorthand for the point (1,1,...,1) € R?". At this point, we have that

1 fl1<i<2k
F AN ~X b
%k(l) _ aaGk(l) = 2k if 2k <1 < 2r and 7 is even, (A.1)
Yi Yor+1—i —2k if 2k <4 < 2r and ¢ is odd.

Define rational functions Ki,... Ko._1 by

K — F(jfl)/Q — H lfj 18 Odd7
I Gri1—jj2 — (r+1—3/2)Gy if j is even,
where Fy := 0, so that K1 = —H. We show that the Jacobian of these functions is of maximal

rank (2r — 1) at 1. On the one hand, (A.1)) implies that

OK. . .
1(1) = 0 for { ‘Y.Odd’ t<d;
o jeven, 1 <j—1.

On the other hand, for i =1,...,r — 1, the matrices

0K i— K. i— . .
oy (1) g (1) _ 1—2i 2 — 3
6y§i1 (1) 8[;221 (1) 20—1—2r 2r—21+43

are all non-singular and %(1) = —(2r — 1) # 0. It follows that the Jacobian of the

functions K1, ..., K9,_1, and hence of the functions F, ..., F,._1,G1,...,G,_1,H = F. = G,,
is of maximal rank at the point 1. This shows that the latter functions are functionally
independent on R?". The proof that when m = 2r —1 is odd, the m —1 functions F| = Gy, F»,

oy Fr1,Go, ... G = F, = H are functionally independent goes along the same lines.
As was stated in Section the above rational functions K; remain functionally inde-
pendent when they are viewed as functions on R™ and the odd polynomials z3, z5,... are

added to them; here n = 2m —1 or n = 2m, depending on whether n is even (Proposition
or odd (Proposition . Since the functions K; depend only on the variables y; = x9;_1, i.e.,
are independent of the variables z9;, we only need to verify that the Jacobian determinant of
the polynomials zs, z5,... with respect to the variables xo, 4, ... is non-zero (at one point
at least). Precisely, when n is odd (resp. n is even) one needs to check that the rank of the
following Jacobian matrices is maximal:

023,25,y 2n) 023,25,y 2n—1)
, resp. .
O(x2, gy .., Tp—1) O(x2, x4y, Tp—2)

The proof is very similar to the proof of Proposition which shows that the Jacobian

matrix
8(21, 2y eny Zn)

O(z1, T2, ...,xp)

has maximal rank.
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B The brackets between functions F and G

We outline the proof of Proposition [3.5] which proceeds by induction.

Proof. For m < 3 there is nothing to be checked, while for m = 3 it is contained in Proposi-
tion For m = 4 we only need to check that {F},G1}? = —F1G1, which is easily done with
the following explicit formulas: Fy = (y1 + y2)ya/y3s and G1 = (y3 + y4)y1/y2. Assuming that
the formulas hold for some m > 4 one shows that they also hold for m + 2. As in the proof
of Proposition we denote the functions Fj, and Gj which are constructed in dimension m

by F,Em) and G*) and we set, as before, r := [(m + 1)/2]. We have, besides li

r—j+1
2 Y2k—1
G§m+ ) _ Gyfi + Wmi1 +ymi2) ] :
el Y2k

pmt2) (m+2)

q
and so, in order to compute { ; ;G } , we only need to compute the following types

of Poisson brackets:
q
{Fi(m)’ GET}} , which is given by the induction hypothesis;

q
Fi(m)7 Ym41 + ym+2} - Fz‘(m) (Ym+1 + Ym+2), see below;

r—j+1 q
Fi(m), H Y2k-1 , see below;
el Y2k

q
Ym+2 , G(m%} = 0, since GET% is independent of Yu+1, Ym2;

Ym+2

q
) y Ym+1 + ym+2} = - (ym—H + ym+2)§
+

Ym+1

r—j+1 q
2 2k—1 . PR
Ymt , H Yokt b 0, since each % is independent of 4,41, Ym+2-
Ym+1 5 Y2k

q
In order to show that {Fi(m), Ym+1 + ym+2} = Fi(m) (Ym+1+Ym+2), it suffices to observe that

{Yis Ym+1 + Um+2}? = Yi(Ym+1 + Ym+2) when ¢ < m and that Fi(m) is homogeneous of degree
1 and depends on the variables y1, ...,y only. Finally, when m is even,

r—j+1
MO 2 ivi<rtn,

{ chayy ! Yok
F‘Z'(m)7 H 2k—1} _ k=1

Ly ‘ 4
k=1 _Fr(rl)_jny% 1 iti>TrH1,
1 Y2k
as follows at once from
Y . Y
2k—1 2 )
(m) Y2k—1 ! - (Yor + Yor—1) H - k<1,
F o Yok omity Y251
0 k>i;
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when m is odd,

r—j+1 q 0 i+j<sr+1,
Fﬁm)) Y2k—1 _ 2i—2 Fuys i+j—r—2 Vo2 . .

Y2i—1 Y2i—2s—1

k=1 s=1

as follows at once from

T
Yok—1 Y2s—1 :
- Yok + y2r—1) [] == k<i,
Y2k s—it] J25—2

202

{F'(m) Y2k—1 }q _ ' r
R ym;lzyjn% k=i,

Y2i T (Sif Y22
L 0 k>1.
Each one of these formulas is proven easily by direct computation. O

C Lax pairs for the T-systems

We prove in this appendix that the Hamiltonian vector fields defined in Section can be
written in the Lax form L = [L, B], where the matrices L and B were given in Section
We do this for the systems associated to F’; for the case of F, the proof is very similar. We
start with the even case, n = 2m. Recall that the Lax operator L = L/, is in this case given

by (2.17) and that the matrix B = Bj_, is, for even k given by (2-22). Recall also (from
Section [2R.4)) that this matrix L is invertible and that its inverse is given by the tridiagonal

J .
then its inverse M satisfies the Lax equation M = [M, B] and vice versa. It is therefore
sufficient to prove the latter Lax equation. We first compute its left hand side. Since the

polynomials T?’b depend linearly on the variables xj, one easily computes from 1’ that

matrix M, with entries m;; := x> (8; j+1 — 0;,+1). When L satisfies the above Lax equation,

0z, . .
_ } : 1i—1~ri+1n
or. - Tr Tk:—r—l : (Cl)
boo<r<k
r+l1=:

Therefore, we obtain for the Hamiltonian vector field associated to z,

8zk azk i AT ; i
1,ini+2,m 1,i—2~nt,n X
- Z (TT lrk—r—l - Tr ‘ Tk—r—l) )

B = {2021} = Oxit1 0wy
3 1—

os<r<k
r=t
Siiiq — & s y . .
. Y541 4,j+1 1,j~vi+2,m 1,j—2~05,n
Mij = 22 § : RO T A (i Y
J 0<r<k
r=j

This formula is to be compared with the (7,j)-th entry of the commutator [M, B], i.e., we

need to show that b ) )
. i—1,7 i+1,7 ij+1
T = Jj i Jigtl
Ti—1 Lit+1 Zj Zj

bij—1

(C.2)

This is obvious when ¢ > j + 1 and when i = j, because in these cases all terms in (C.2)) are
zero. Let us first show that the right hand side of (C.2)) is also zero when i < j — 1. For

22



simplicity, we assume that i # 1 and that j # n. If we substitute the values of the b;; and
we collect on the one hand the first two terms and on the other hand the last two terms of

(C.2)), then we get

1,i 1,i—2 j+1,n T 1,i—1 j+2,n j,n
Z (Tr—l - Tr—l > Tk—Q—r + ; Z Tr—l <Tk—2—r - Tk‘—Q—’!’) :
2<r<k—2 T 1<r<k-3
r=i+1 r=i
Using the first recursion relation in (2.3) on the first term and the second recursion relation
in (2.3) on the second term, we find that both terms cancel out. We next consider the case
i = j+ 1. For simplicity we suppose that j # 1. We need to prove that (b;; —bjt1,j4+1)/x; =
mjy1,4. Written out, it means that we need to prove that

, Z 1,j—2~d+ln Z 1,j—1~J+2,n Ljypd+2mn  _ ~rlj=2~dn
Ly TT Tk—r—Q Ly TT Tk—r—2+ TT Tk:—r—l TT Tk—r—l
0<r<k—2 0<r<k—2 0<r<k
r=j r=j+1 r=j

is zero. If we combine the second and third term, and we use the second recursion relation in
(2.3) to simplify the sum of the first and last term, we get

1,5 Arli—1 J+2,n 1,j—2~~j+2,n
DR FEEETs vl R AT SR ¢Sl AR (C.3)
1<r<k—1 1<r<k—1

r=j r=j

In fact, when j is even, one gets two other terms, to wit (T(l)’j — T(l)’j 72)Tf:21’n, but they cancel
out (recall that we supposed that j # 1). The fact that equals zero follows at once from
the first recursion relation in . To finish, we consider the remaining case i = j — 1. We
need to prove that bi—l,z’—&—l/xi—l — bi+1,i+1/xi+1 — (bi’i+2 — bi7i)/xi+1 = 1 41 Written out,
it means that we need to show that the following sum of six terms is zero:

2 Li—2~nit2,n . Li—T1Anit2,n . Li—1~nit3n
Tit1 E, T, 050, — — i E, T 50, 4wt E: LSS AR

1<r<k-2 1<r<k-2 1<r<k—2
r=i+1 r=i+1 r=t
1,i—2~ri+1,n 1,i+1~ni+3,n 1i—1~ni+1n
+ Tit1 E : TT’ kaer - § : TT kalfr + § : TT kalfr :
1<r<k—2 1<r<k 1<r<k
r=i r=i+1 r=i+1

As before, we combine the terms in pairs and apply the second recursion relation in (2.3):
terms 1 and 4 yield term I below, terms 2 and 6 yield II and terms 3 and 5 yield III (to obtain
ITI one uses the recursion relation twice)ﬂ

1,i—2~~i43,n 1,i—1~ni+3,n 1,i—1
I = Tit1 E Tr—l Tk—l—r , II = E Tr Tk—l—r +Tk—1 di=0
1<r<k—1 1<r<k—2
r=i+1 r=i+41
1,inni+3,n 1,i—=2~~i+3,n 1,i+1~ni43,n 1,i+1~ni43,n
Hr = - E TTZTk—l—T — Titl E : T N, — Ly L 0= — T 15 di=o -

2<r<k—1 2<r<k—1
r=i+1 r=i+1

If we add up II with the first and third term in ITI, only the single boundary term Ti’iil’fﬁ:i’"éizo
remains. Similarly, adding up I and the second term in III leads to the single boundary term

3For integers a, b we use the Kronecker-like notation §,=p, which is 1 when a = b (modulo 2) and 0 otherwise.
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x¢+1T(1)’i_2TZt32’n5Eo. So it remains to be shown that the sum of these terms with the last
term of III is zero, i.e., if i is even then

<Ti7i—1 n xi+1T[1)7i—2 B T%,i—i—l) Tz:é,n —0.
That this is so follows at once from Té’iiz =1 and Ti’”l = ZYJFD =21+ 23+ + Tit1-
This proves the Lax equations for F/ when n is even.
We derive from the above result the proof for F/ when n = 2m — 1 is odd. Recall from
Section that the matrices L), ; and B} . (for k =1,...,m — 1) were obtained by
slightly modifying the matrices L, and Bém,2 i from the previous case. We analyse how these

modifications affect on the one hand the vector field and on the other hand the commutator,
which are the left and right hand sides of the Lax equation

xZ%L,Qm—l = [ /Qm—lvBémfl,Zk] : (04)

Before doing this, notice that since by definition the last rows of Lj,,_; and of By, |, are
zero, the last row of both sides in ((C.4)) is zero. Similarly, there is a single non-zero entry in the
last column of Lj,,,_;, and none in the last column of By, , 5, so one only needs to check that

2m—3 2m—1
{Zom—1, 22k} o1 = —zéle ). On the one hand, {zom—1, 22k }o,,_1 = —8z§km )/ax2m_2;
on the other hand, it follows from the recursion relation 1) that zéimfl) = zéimf:g) +

(

.’L'Qm_QZZiTl_?)). Next, notice that the remaining entries of the second-to-last rows and columns
of both sides of (C.4) are zero, since they are already zero in L, and are by definition zero
in By, ;o (except for the diagonal entry). For the other entries (i,j) of the matrices we

compare the vector fields. The recursion relation 1' yields zéim) = zéim_l) + xgmzéifl_l),

which implies that
1“2k 2m—1 1y “2k o, 9

‘12m:0
since ¢ < 2m — 1. This means that, except for its two last rows and columns, the matrix
X2, Lb,,—1 1s obtained from X,,, L5, by substituting 0 for x9,. We need to check that
this is also so for the corresponding submatrix of [L,, 1, B, ;o). Let 1 <4,j < 2m —
2. Then ( ,2m—1)i7f(Bém71,2k)eJ = ((LIQm)i,K(Bém,%)é,j)Izm:o and (Bémfl,Qk)if(L/Qm—l)fJ =
(B, ok)it (Lo )e),, —o for £=1,...,2m: for £ =1,...,2m — 2 this is true by definition,
while for £ = 2m — 1 and ¢ = m both sides are zero.
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