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Abstract

There are different methods of discretizing integrable systems. We consider semi-discrete
analog of two-dimensional Toda lattices associated to the Cartan matrices of simple Lie algebras
that was proposed by Habibullin in 2011. This discretization is based on the notion of Darboux
integrability. Generalized Toda lattices are known to be Darboux integrable in the continuous
case (that is, they admit complete families of characteristic integrals in both directions). We
prove that semi-discrete analogs of Toda lattices associated to the Cartan matrices of all simple
Lie algebras are Darboux integrable. By examining the properties of Habibullin’s discretization
we show that if a function is a characteristic integral for a generalized Toda lattice in the
continuous case, then the same function is a characteristic integral in the semi-discrete case
as well. We consider characteristic algebras of such integral-preserving discretizations of Toda
lattices to prove the existence of complete families of characteristic integrals in the second
direction.

1 Introduction

Two-dimensional Toda lattice

Giwy = xXP(¢5 — Giy1) — exp(giz1 — ;) (1)

plays an important role both in classical differential geometry and in mathematical physics. It is
known to be Darboux integrable (i.e. it admits complete family of essentially independent charac-
teristic integrals), if the trivial boundary conditions ¢_; = —oco and ¢.41 = 400 are imposed for
some natural r. Toda lattice can be rewritten in the form

Uy, = exp(2u’ — u?)
uh, = exp(—u'"' +2u’ —ut), =2, -1, (2)
up, = exp(—u"~" + 2u")

+1 _ 4¢. This system is a particular case of the so-called exponential systems

u;y:exp (Zaijuj) , 1=1,2,...,7, (3)
j=1

that were introduced in [1] (here a;; are constant coefficients). Such integrable generalizations of
the Toda system corresponding to the Cartan matrices M = (a;;) of all simple Lie algebras were
studied in a number of papers in the beginning of 1980-ies [1]-[4]. Almost at the same time, discrete
versions of some of these systems started to appear in literature within the frame of discretizing the

where ¢; = u’
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theory of integrable systems [5, 6]. Due to the fact that generalized Toda systems are related to
many relevant mathematical theories, the number of papers on the subject is enormous: continuous
Toda systems and their discretizations are addressed from different perspectives and studied using
various methods. Not even attempting to make a review, we will mention the papers [7]-[17] that
are important for our approach to the problem of discretizeing Toda lattices.

Purely discrete versions of the generalized Toda lattice, associated with the A-series Cartan
matrices, were studied in [7, 8, 9]. Purely discrete and semi-discrete versions of the C-series Toda
lattice were examined in [11, 15]. Discretizations of generalized Toda lattices introduced in these
papers are based mostly on the notion of the Laplace invariants of hyperbolic difference or differential-
difference operators and on their specific properties, and therefore this approach is not applicable in
the general case of an exponential system associated to arbitrary Cartan matrix.

There are several general approaches that lead to (semi)-discrete versions of exponential sys-
tems (3) corresponding to Cartan matrices. Hamiltonian approach was used in [10] to obtain semi-
discrete analogs of exponential systems associated to Cartan matrices of all simple Lie algebras.
Another approach to the problem of discretization of exponential systems was proposed in [13, 14].
The idea is to look for a semi-discrete system for the functions u!, depending on continuous variable
x and discrete variable n, such that its characteristic n-integrals are given by the same formulas
as y-integrals of the continuous model. We will call this method integral preserving discretization.
This approach had appeared to be fruitful earlier in the study of Darboux integrable semi-discrete
scalar equations [18], before it was applied to the Toda lattices. The analysis of the case r = 2
from the viewpoint of integral preserving method allowed the authors [13] to propose the following
discretization for exponential system (3) with the coefficient matrix M = (a;;):

s i = o (z LB ) + S ) n

j=i+1

Similar approach [14] allows to define the analogs of exponential systems in the purely discrete case:
eXp(uiH—l,m—&—l + uj’b,m - u’ib-i—l,m - ufm,m—&—l) -

i—1 T
097 ] 1 .
=1+exp (Z azyui m1 T o — (U1 T U1 ) + Z aijuiLJrl,m) . (5)

j=1 j=i+1

In both cases, Darboux integrability was proved only for discretized systems associated with all
Cartan matrices of the rank 2 [13, 14]. In the general case, Darboux integrability for (semi)-discrete
versions of the Toda lattice is proven only for the A- and C-series lattice by constructing a generating
function for characteristic integrals [19], but this method is not applicable for the B-, D-series lattices
and for the systems corresponding to exceptional Cartan matrices Fg—FEg and Fj.

Although discterizations of A-series Toda lattice given in [10] and in [13] are the same, the meth-
ods used there produce different semi-discrete systems for other series of Cartan matrices (continuum
limits in both cases are the same). Another version of semi-discrete Toda system of the series B
is obtained in [16] by considering a modification of skew-orthogonal polynomials that arise in the
random matrix theory. In [17] direct linearization method was used to study semi-discrete analogs
of Toda systems corresponding to some series of affine Cartan matrices. In the purely discrete case
there also exist different versions of Toda systems corresponding to Cartan matrices, see [14, 12].

Various properties of integrable models are usually taken as a basis for finding discretizations.
Discretization of Toda systems proposed in [13] is based on the notion of Darboux integrability and
hence it is important to show that systems introduced in [13] are Darboux integrable indeed. In this
paper we focus on semi-discrete exponential systems (4) and prove that such systems corresponding
to the Cartan matrices of all simple Lie algebras are Darboux integrable. Therefore we justify the



integral preserving discretization method for generalized Toda lattices. More precisely, we prove
that if exponential system (3) admits y-integral

o 1 r 1 r 1 r
IT=1T(uy, . ..,ul Uy Ul Uy Ul ),
then the same function
_ 1 r 1 r 1 r
In - ](un,:m T 7un,:c7 un,xaz’ T 7un,:r;a:7 un,xxx’ e 7U’n,xxx7 o )7

whose arguments are replaced by the dynamical variables for the semi-discrete case, is an n-integral
for discretization (4) of this system. Besides this, using characteristic algebras, we prove that semi-
discrete versions (4) of B-, D-series Toda lattices and the systems associated to exceptional Cartan
matrices Fg—Fg and F; admit complete families of essentially independent characteristic xz-integrals
(Darboux integrability of A- and C-series lattices have been proved earlier). Altogether, this proves
Darboux integrability of all semi-discrete Toda lattices (4) corresponding to the Cartan matrices of
simple Lie algebras, which was conjectured in [13].

The paper is structured as follows: in Section 2 we review the notions of Darboux integrability,
characteristic algebra and the relation between them. In Section 3 we describe Habibullin’s method
and prove the existence of a complete family of characteristic n-integrals for semi-discrete lattices (4)
corresponding to the Cartan matrices of all simple Lie algebras and hence we justify Habibullin’s
integral preserving discretization method by showing that if a function is a y-integral of discrete
exponential system, then the same function defines an n-integral for its semi-discrete analog. Basic
properties of characteristic algebras for exponential systems associated to the Cartan matrices of
simple Lie algebras are discussed in Section 4. In Section 5 we prove the existence of a complete
family of independent z-integrals for semi-discrete exponential systems corresponding to the Cartan
matrices of all simple Lie algebras.

2 Darboux integrability and characteristic algebras

In the theory of integrable systems there are several different approaches to integrability depend-
ing in the class in the systems that are being considered: Liouville integrability, existence of a Lax
pair, existence of higher symmetries. Darboux integrability is a kind of “very strong” integrability
that is defined for hyperbolic systems and that is closely related to explicit integrability. We start
this Section with a series of definitions and notation [1, 20] that will be used in this paper.

Function

o 1 r 1 r 1 r 1 r
VA L (T VA Vo 7L Ve L Ve TN |

is called a y-integral of hyperbolic system

i % 1 r o1 r 1 r .
Uy, = F'(z 0, ug, gy, ), =1, (6)

if its total derivative with respect to y by virtue of the system vanishes:

~ (oI 0l ;
0=D,(I)=>)_ <uyw+F oo T Da(F)

=1

oI

oul

.01
2 7
+D1<F)augm+'“)’

where D, is the total derivative with respect to x. The highest order of z-derivative of the functions
u',...u", on which y-integral I depends, is called the order of I; y-integral is called non-trivial if it
depends not only on the independent variable x. Here and further we will consider only non-trivial
integrals; x-integrals of hyperbolic system (6) are defined similarly. Both z- and y-integrals are

called characteristic integrals. Denote



Characteristic y-integrals Iy, ..., I} of orders dy,...d; are called essentially independent if the rank
of the matrix

o o6 O
8“311 8u31 T 8u21
ol Ol Ol
6"1112 8u§2 o 8u;2
Ol Ol oIy,
8uék @ T 8u2k

is equal to k.

DEFINITION 1. Hyperbolic system (6) is called Darbouz integrable if it admits complete families of
essentially independent z- and y-integrals.

ExaMPLE 1. Liouville equation
Uyy = €XP U (7)

is Darboux integrable since it admits characteristic integrals in both directions: functions

1 1
I =z, — éui and J = uy, — §u§ (8)

are y- and x-integrals respectively.

Exponential systems associated with the Cartan matrices of simple Lie algebras (i.e. exponential
systems (3) such that the coefficient matrix is the Cartan matrix of one of simple Lie algebras)
are known to be Darboux integrable [2]. These systems are also known in literature as generalized
Toda lattices corresponding to the Cartan matrices of simple Lie algebras. Explicit formulas for
characteristic integrals in terms of wronskians were found in [21] for Toda lattices of series A-D.
Another approach that allows to obtain generating function for characteristic integrals was developed
in [22] for the A-series Toda lattices and in [19] for lattices of the series A-C.

Characteristic integrals are two-dimensional analogs of first integrals for ODEs, but there is an
essential difference between these two cases: hyperbolic equations having characteristic integrals are

exceptional. If function [ is a y-integral of (6), then its z-derivatives D,(I), D3(I),... are obviously
also y-integrals, but these integrals are not essentially independent. The existence of a complete
family of characteristic integrals is controlled by an algebraic tool — Lie algebra of differential

operators that is called the characteristic algebra of hyperbolic system [23, 1, 4]. Characteristic
algebra can be defined for arbitrary hyperbolic system of form (6), but in this general case it should
be considered as a Lie-Rinehart algebra (see discussion in [24]). In the special case of exponential
systems (3) the situation is more simple and the characteristic algebra can be referred to as a Lie
algebra generated by differential operators of a certain kind.

DEFINITION 2. Lie algebra generated by operators

A Dy—;(ewfazmx () oo+ 02 () aié+...),

where w' = a;u' + -+ + a,u", is called the characteristic algebra of exponential system (3).

One can easily show that y-integrals of exponential systems (3) cannot depend on u!,...u": they
depend only on their z-derivatives. Therefore any y-integral annihilates the whole characteristic
algebra.



REMARK 1. In the general case of hyperbolic systems (6), one has to define characteristic algebra
in the direction of the variable z and characteristic algebra in the direction y. For exponential sys-
tems (3), these Lie algebras are isomorphic since variables x and y enter the equations symmetrically.

PROPOSITION 1. Let the matrix M = (a;j) of exponential system (3) be non-degenerate. Then its
characteristic algebra is generated by operators

0 > i 0 o, ;0
X = L L) =1,
‘ (ﬁuzl * L oul * 28u§+ ) ' :

where b, = bl (wi, wh, ... wi e~ DE(e") is the k-th complete Bell polynomial of the variables

wiws, .. wt and wi = DF(w?).

Proof. Simple calculation shows that for all i =1,... r

0 ~ - N
|:%7 Dy} = ain X1+ appXo + -+ a; X,

Hence, all operators of the form aﬂXl + CLZQXQ + -+ CLWX belong to the characteristic algebra,
and it follows from non-degeneracy of the matrix M that operators X; are linear combinations of
these operators. Therefore, they belong to characteristic algebra, and since D, = =X+ + X,

they generate the characteristic algebra together with ?ﬂ, where 1 =1,...,7. D

THEOREM 1. [1] Ezponential system (3) is Darbouz integrable if and only if its characteristic algebra
is finite-dimensional.

EXAMPLE 2. Characteristic algebra of the Liouville equation (7) is two-dimensional: [2, D,] = D,,.

REMARK 2. Since 3
|:—. X1:| = Clini

ous’
for all 4,7 = 1,...,7 and characteristic y-integrals of an exponential system (3) cannot depend on
ul, ..o Ul it s sufﬁment for the study of Darboux integrability to consider reduced characteristic

algebra generated by Xi1,...,X,: obviously, exponential system (3) is Darboux integrable if and only
if its reduced characteristic algebra is finite-dimensional. Note that this Lie algebra is isomorphic to
Lie algebra generated by vector fields X;,... X, where X; = e @' X, foralli=1,...7.

The notion of Darboux integrability can be extended to the case of (semi)-discrete hyperbolic
systems. Function

_ 1 T 1 T 1 T 1 r
Lo = Ty Uy Uy ey Uy s Uiy s ey Uy s Uy sy Uy s )
is called an n-integral of semi-discrete hyperbolic system
7 7 _ 7 1 r 1 r 1 r .
unH’I—un,x—F(x,n,un,...,un,unvx,...,unvx,unﬂ,...,unﬂ), 1=1,...,r, (9)

if its total difference derivative by virtue of the system vanishes: I,,,; — I, = 0. One can verify that
in the semi-discrete case n- integrals cannot depend on shifted variables u?, +1 and z-integrals cannot
depend on the derivatives u! . where i = 1,...,r. The order d of an z-integral is defined as the

n,xr?



highest shift u, 4 on which it depends. Family of z-integrals Ji, ... J; of orders dy,...d; are called
essentially independent if the rank of the matrix

aJ1 aJ1 aJ1
8u;+dl 8ui+d1 e au;erl

0Jo 0Jo 0J2
8“;-9-512 8“%-9—:12 Y 6“2+d2

AJy, AJy, AJ
au,lﬂ_dk auierk e ('?u:H_dk

is equal to k. Similarly to the continuous case, hyperbolic system (9) is called Darboux integrable if
it admits complete families of essentially independent n- and x- integrals. In the entirely discrete
case, Darboux integrability of hyperbolic system

i i i i i 1 r 1 r 1 r
Upt1m+1 — Upnrim = Upmat + Upm = F <n7 My Uy s -+ s Up oy U tmo -+ - Unaelms Unomer 15 - - - 7un,m+1)7
where ¢ = 1,...,r, requires the existence of essentially independent families of m- and n-integrals.

Darboux integrability of semi-discrete and entirely discrete exponential systems corresponding to
the Cartan matrices of the series A and C' (i.e. generalized (semi)-discrete Toda lattices of the series
A and C) was proved in [19]. Another approach allowing to obtain a complete family of essentially
independent z-integrals for semi-discrete A-series Toda lattice in terms of casoratians was developed
in [25].

3 Integral preserving discretization

There are many different ways to discretize integrable systems. One of the popular methods to
discretize a PDE with two independent variables is to consider iterations of its Backlund transfor-
mations as shinfts in a new discrete variable. Then the formula for Béacklund transformation that
relates the unknown function u with its Backlund-image u, is a differential-difference equation and
it can be referred to as a semi-discrete analog of the initial PDE. In this case, the superposition
formula plays the role of entirely discrete analog. Although this approach is widely used in the
theory of integrable systems, we will use another approach proposed by Habibullin et al. [18] that
is based on the existence of characteristic integrals for generalized Toda lattices, which is a very
specific property for this class of systems.

In this section, we describe the integral preserving discretization method for exponential systems
associated to the Cartan matrices of simple Lie algebras and justify it by proving that this approach
provides Darboux integrable semi-discrete systems.

Goursat [26] had found a complete list of scalar hyperbolic equations having both characteristic
integrals of order not greater than 2 (the so-called Goursat list) within the frame of the study
of hyperbolic equations that admit characteristic integrals. The idea proposed in [18] is to take
characteristic y-integral for an equation in the Goursat list and to find semi-discrete hyperbolic
equation such that this function is its n-integral. The discretization obtained using this method
inherits the main property of its continuous counterpart: by construction, it admits an n-integral of
order not greater than 2. Surprisingly, all semi-discrete equations found in [18] appear to be Darboux
integrable, i.e. in addition to n-integrals they also admit characteristic z-integrals. Moreover, this
method was also applied to these semi-discrete equations in order to get entirely discrete analogs of
the equations from the Goursat list [18].

The same method was used in [13] to guess an appropriate formula for semi-discrete analog
of exponential systems (3) corresponding to the Cartan matrices of simple Lie algebras. More
precisely, careful analysis of the systems corresponding to the Cartan matrices of the rank 2 and
their characteristic integrals allowed the authors to find semi-discrete analogs for exponential systems
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of the rank 2, to obtain formula (4) and to conjecture that systems (4) are Darboux integrable for the
Cartan matrices of all simple Lie algebras. The following theorem is the main result of this section
and it proves the first part of the conjecture from [13] (that Habilullin’s discretization preserves
y-integrals); the second part that states the existence of sufficient number of essentially independent
x-integrals is proved in section 5.

THEOREM 2. Let [ = I(ul,...,ul,ul ... u” ul ... ou" . ...) be a y-integral of exponential
system (3) with non-degenerate matriz M = (a;;). Then the same function
r 1 r 1 T
I - ]( nw’ to 7un,1’7un,x:v7 ce 7un,xax7 un,acacaw ce 7un,mc;t7 s )

is an n-integral of discretization (4) of this system.

Proof.
Let I be a y-integral or order d of the continuous system (3). Similarly to the continuous case,
denote u,, = DF(ul) and w), = anul, + --- + azul for all i = 1,... k. Using Taylor’s expansion,

rewrite the difference I,,,1 — I,,, where variables u;‘l satisfy semidiscrete system (4):

Iy — 1, = Z Z auk n+1,k - Ufm) +

z: 2: 22 _ i2 1 _ i1 el —
+ 8u’1 aUZz Up 1,k “n,kz) (“n+1,k1 un7k1)+ =

11#2 1 k1,k2=1

r d

| ! . o1
=2 la X o T i) Gy @apa | (10

T d
s= rod A =1 k=1
ikt 25 20 Aik=s H IT Ai!

—_

Denote

. i . . .
E; = exp(wy), A =exp (% (U;H - U;) + Aiit1 ( 3;;11 U:LH) R e (U;H - U;)) )
t; = E;A;, where ¢ = 1,...,r (here we omit the dependence on n for simplicity in notation). Hence,
the i-th equation of (4) can be rewritten as u},,, , — u;, , = t; and therefore we need to simplify the
terms of the form D ~1(¢;) in (10) using equations (4).

The remaining part of the proof of this Theorem is divided into a series of propositions on some
specific properties of the the functions ¢; and the operators

i 0 0 0
X;=e"X;, = b, b
€ a - + a - + 28 +.
PROPOSITION 2. For alli=1,...,r functions t; satisfy the relation
i Qag
D, (t:) =t <bzl + Eti + Qiipalipn + -0 F a'irtr> : (11)

Proof. Differentiate t; and use relations
D.(E) =V E;, D.(A;) = a2“t + Qiiprtivr + o+ apt,. O
PROPOSITION 3. Operators X; satisfy the relation
Xj(Ds + b)) = (Ds + by + b)) X; + a5

foralli,7=1,...,r



Proof. Complete Bell polynomials By = B (v, ..., v) are known to satisfy the relation
D,(By) = Bxy1— BiBr, k=1,2,...

Apply this relation to calculate the commutator:

. o 9 o . " 0 0
X,.D, +0b]| = 4+ b v . b L tuh— + ... —
[Xi: De 401 (01/1 * Youd - 8u3 ) <1+; (u25ull +u38u12 * ))

—(b§+DI)(£1+bﬁ£2+bﬂa{z3 ..):

= X,00) + X0+ X o= Dal) gy = Delb) =
:aij+blai{+bfa%2+ (b{b{—bg)ﬁi%Jr(b{b;—bg)ai%er:
:aij—i-b{(aaj—i-b]aaj—i-bjaig ...>=aij+b{Xj. O

PROPOSITION 4. Operators X; satisfy the relation
: . : k(k—1

foralli,7 =1,...,r and for all natural k.

Proof. Use induction in k. The base of induction follows from Proposition 3. [J

PROPOSITION 5. Let ky, ..., ks be arbitrary natural numbers and assume 1 < j1 < jo < -+- < Js < 7T
Then
XEXE X (D, +0)) = (D + kb + -+ kb +0)) XXX

ks —1
—I—k?s (aijs—i——

k’s—l ks—l kl
5 Giajs T ks—1aj, 5, + ks—aaj, o5, + -+ kl%js> Xo XX

+kyy (aijs_l + %%_u‘s_l + ks20j,_pj s+ Fsos3j, 5o, + o ’flajljs_l) Xp XX
ks —1 k ks—1 yka vk
+ ks (aij3 + Tamg + koajy i, + klaj1j3> Xj; .. .Xj;’ Xj;lel—l—
ke —1 k ko—1 vk ki —1 k ko k1 —1
+ ko (aijQ + T%J-Q + klajm) Xj: .. .Xj22 lel + kq (aijl + Tajljl) Xj: .. .Xj;lel
(12)
foranyi=1,...,r
Proof. Use induction in s. The base of induction follows from Proposition 4. [J
PROPOSITION 6. Let k € N. Then DX(t;) is a polynomial in t;, ... t, of the degree k + 1,
k+1
=D Ol Mt (13)

where the summation is taken over all partitions » = k; + - - - + k, into a sum of non-negative whole
numbers such that k; > 0. Coefficients are given by

1

k _
Chicer = k.. k!

X P XX ), (14)
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Proof. Use induction in k. The base of the induction follows from (11) since X;(b}) = a;.
Assume the proposition holds for

Dy(t:), Di(t:),...,Di(t;)

and differentiate (13) with respect to 2. The total derivative of the coefficient C}f , = contributes
only to the coefficient of t¥ ... % in the expansion of D¥*'. Due to (11), the derivative of t¥ .. ¢k
contributes to the coefficient of tfi o tf‘fT and to all coefficients of the terms of degree k; +---+k, +1
such that only one power differs from k;, ..., k. by one. First consider one of the leading coefficients
C’,’j“k in D¥1(¢;). It appears as the result of differentiation of the terms

k‘ifl ki+1 k’r H—l 1 z+1 k;r—l
A A R o 4 RS Fu S 7 e ul R Fu

where the corresponding power ks — 1 is non-negative. Hence,

a;
k+1 ik 17
Ckiki+1...kT - Ckifl,k¢+1“.kr<k‘i - )

a”L 7
+Ckkl+1 1.. k (/Ca“+1+(/€ 1_1) +1 +1)+

2 2
Ai4+25+2
+ O]l;ki+1ki+2*1...kr <k @ i+2 + k2+1az+1 i+2 T (k 2 1)%) ot
Apy
+ C@ki+1—1...kr—1 (kiai,r + kip1ip1 + Kivotigo, + o+ keo1ae1, + (ke — 1) — 5 ) =

1 ki —1

Kita

-1 .
+ ki+1 (kiai,i—i—l + Tai+17i+1) Xfr Xlitl 1Xk 1(bk) S

k., —1 _ ok
+ kr <kiai,r + ki+1ai+l,r + ki+2ai+2,r ++ kr—lar—l,r + 9 arr) Xfr ! .- X@Jﬁ Xlk 1(bk))
(15)
Apply now formula (12):

XEXE L XEXETI ) = X ;?X'“( LU0 =

i+1 7 7
k. —1 -
- k (azr 2 arr—{'krflarfl,r_‘_"' a’““) Xkr 1er11 szl l(bf)++
kivg —1 ke kiv1—1 yki—1 1k
+ kip1 | Qi + Taz+1 i1+ ( a1 | X, X X (b7)+

k
ok ( 2, )Xkr XEP XS, ()

Here we used relation
XPr X XER X =0,
which holds since k; + --- + k. = k 4+ 2. Comparing formulas (15) and (16) proves the claim for
leading coefficients in the expansion for D¥*1(¢,).
The formula for non-leading coefficients is proved similarly, although the calculation is more nasty

k; :
in this case since one has to take into account the terms bit¥it} ..tk where s = i,...r, that come

from the differentiation of tk fjll ...tk and the terms that appear from the differentiation of the
coefficient Cf, . which are non-zero if s < k+ 1. Note that formula (12) has to be used also to

simplify the coefficient that comes from differentiation of Cy. . O

PROPOSITION 7. Polynomial D%(t;) is divisible by t; for alli=1,...,r and k € N. The coefficient
of t; in DE(t;) equals bk:
DE(t) = t;(bF 4+ ...



Proof. The first claim follows from (11). The second claim immediately follows from (14). O

PROPOSITION 8. Let I be an analytic y-integral of exponential system (3). Then

oo 1 .
LHI—Lf:§:< > ET—?jxﬁxﬁg.”xf%nﬁk.iﬁ>, (17)

b 10 ... Rp

where the sum s taken over all partitions m = ki + - - - + k. such that ky,... k. > 0.

Proof. Use induction in m. If m = 1, then we need to prove that the coefficient of ¢; in the
sum (10) equals X;(/) for all i = 1,...,r. Since the monomial ¢; is contained only in the expansions
of form (13) for ¢;,t; 4, ti 4a, - - ., the coeflicient of ¢; in (10) equals

o on O o O _OL 0l ol

oul + 100Gyt + 100 Gt out  'ouh ol

due to Proposition 7.
Assume now the coefficient B of ¢)" .. .tfj in (10) has the form

1

kj ki k
mX] Xj_ll...Xll(])
forall | < j and kj+--- +k; < m. According to (10), the coefficient B is obtained from the product

r d

[TII ke ™

i=1 k=1

by extracting the coefficients of tf’ . .tfj and multiplying them by appropriate multiple derivatives

of I. Hence,
0°1
B =
> (Tt g )
where C’fql 4, are the coefficients of the form (14) in one of the expansions of DE(t;) in (10),

0<¢q < kjforalli=1...,j (here ¢...q; depend on i and k) and p, € R are products of
binomial coefficients which appear when expansions of D¥(t;) are raised to powers \; in (10). We
do not need to specify the set of indices over which the sum and the products are taken — we will
only need the general form of B.

Consider the coefficient B of #)" .. .tfjtjﬂ in (10). It is the sum of the terms of two types: the

first one is the product of the coefficient of /" . . .tfj in (10) by the coefficient of ;41 in expansions
of D¥(t;41) for all K = 0,1,..., and the second one appears when ¢;,; is additionally taken from
one of the expansions of D*(t;), where i < j + 1. For the terms of the first type, the derivative of
the function I in (10) is differentiated by u),* +1 since the whole expression is multiplied by D¥(;,1).

According to Proposition 7 the coefficient of ¢, in D¥(t;,1) equals b, 1. Therefore, it follows from
the inductive assumption that the contribution of the terms of the ﬁrst type to B has the form

1 ki xrki-1 ky oI J+1 y ki ki1 Ky ol

1 ki <k oI
+Wﬂ%ﬂmﬁ( )+m>u&

8u]+1
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Examine now the contribution of the terms of the second type to B. Since tj+1 is additionally
taken from one of the expansions of D*(¢;) in this case, the terms contributing to B have the form

0°1
k
(“” Y C) @ (G

ik

where ¢;41 = 1 for only one pair (i, k) and is zero for all other pairs (7, k). Note that due to (14)

Olfl]z G+ Xj+1 <Ci]fqz-~-qg'> (19)

foralli=1,...,r and for all £k € N.

Since X Jk X fi’ll ... X["(I) is a linear combination of various multiple derivatives of the function
I with certain coefficients and X, is a linear first order operator, all the terms in the expression
for .

k
Xt <—/€z le”X/f...Xﬂ(I))

can be grouped into two families: the operator X;,; is applied to the derivatives of I in the first
family and it is applied to the coefficients in the second family. Clearly, it follows from (18,19) and
the Leibniz rule that the first family corresponds to the terms of the first type in B and the second
family corresponds to the terms of the second type. Therefore, B = X,1(B).

The proof that the coefficient of ¢’ £ H in (10) has the form

1 kj+1 < ki1
kil okl (ks + 1)!Xj Xjmr e
is conducted in the same way, but one has to take into account additional coefficient £; 4 1 that
comes from multiplicity in this case. [
Proof of Theorem 2 immediately follows from (17) since every y- integral annihilates the whole
characteristic algebra and, in particular, it annihilates the generators X, ... X,. Since X; = e~ "' X,
it also annihilates operators Xi,... X,. [J

XF(D)

4 Characteristic algebra of exponential system

In this Section we review a number of basic properties of characteristic algebras for exponential
systems corresponding to the Cartan matrices of simple Lie algebras in the continuous case.

LEMMA 1. Let

X = Zzpka Z’ _Zzukﬂg z’

i=1 k=1 i=1 k=0
where P} = Pi(ul, ... u" ul, ... uf,ud, ..o ub, . 0) and v = u'. If [D, X] =0, then X = 0.

This lemma and its various analogs are widely used for explicit description of characteristic
algebras. The proof is straightforward and trivial.

PROPOSITION 9. [1] For any 1 < iy, ..., i < 1 operators X; satisfy following commutation relations:

(D, [ X, [Xigs -+ [Xip s Xin] o ] = = (08 4+ U)Xy, (X - Xy X))
— (Qigiy + Qigiy + -+ @iiy) [Xig, [Xigy -5 [Xip_ 1, Xan] - ]]—

— (Qigiy + Qigig + -+ @iin) [ Xy [Xigy oo o0 [ X1 Xip] -2 ]] —

—(@iy_yipy F Qi )Xy [ X (X Xa )] - ]—

= Qg [Xiu SRR [X [X XZkH e ] + QAig_qiy, [Xiu SR [Xik—sv [X

13 [“Hig—2) ig—29

Xl (20)
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Technical Propositions 10-14 can be proved straightforwardly using Lemma 1.

PROPOSITION 10. Reduced characteristic algebra of exponential system (3) corresponding to the
A-series Cartan matriz of the rank r is a linear span of the following vector fields:

Xk, k:1,2,...,7",
[Xk;[Xk-&-l,‘H;[Xl—l;Xl]~--H7 1<k<li<r

PROPOSITION 11. Reduced characteristic algebra of exponential system (3) corresponding to the
B-series Cartan matriz of the rank r is a linear span of the following linearly independent vector
fields:

Xk, k:1,2,...,7’,
[le[Xk—l—la'"?[Xl—laXl]"-]]a 1<k<l<T7
[Xk7 [kala [Xk*% SRR [X27 [Xh [Xb [X27 SRR [Xl*27 [XI*DXZH e ]H] e ]H? I<k<i<r

PROPOSITION 12. Reduced characteristic algebra of exponential system (8) corresponding to the
C-series Cartan matrix of the rank r is a linear span of the following linearly independent vector

fields:

Xk, ]{3:1,2,...,7“,
[Xk‘7[Xk-l-lv"'?[Xl—17Xl]"'H7 1<k<l<T7
(X, [(Xim1, [ X, o0 [Xoy [ X0, [Xo, o [(Xase, [(Xoo, XO)) )] -0]) 2kl

PROPOSITION 13. Reduced characteristic algebra of exponential system (3) corresponding to the
D-series Cartan matriz of the rank r is a linear span of the following linearly independent vector

fields:

(X [Xesrs - (X, X)), 2<k <<,

X1, [Xo, ., [Xon, X)) ], 3<i<r,

X0, [Xs, . (X X)), 3<i<r,

X [ Xt (X o (X [X0, (Ko (X (Ko X, X0 D) 3<k<i<r

REMARK 3. The above bases for the series A and D can be found in [1] but with no proofs. Detailed
proofs for all these four cases can be found in [35].

REMARK 4. One can verify that in characteristic algebras of exponential systems corresponding to
the Cartan matrices of the series A—D there are no non-trivial relations between multiple commuta-
tors of the form [X;,, [Xi,, ..., X;,]]. More precisely, any such non-zero commutator is proportional
to some element from the corresponding basis (see Propositions 10-13).

PROPOSITION 14. Reduced characteristic algebra of exponential systems (3) corresponding to the
Cartan matrices of the E-series, of Gy and F) root systems are finite-dimensional, and in each of
these cases there exist a basis such that any non-zero multiple commutator [ X, [X; X, ] s
proportional to some element from this basis.

29 e

'We do not provide here suitable bases because they cannot be represented in a compact form like in Proposi-
tions 10-13.
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5 Characteristic x-integrals of semi-discrete exponential sys-
tems

Integral preserving discretization (4) of a Darboux integrable exponential system (3) admits a
complete family of independent n-integrals. Darboux integrability of a semi-discrete system also
requires the existence of a complete family of essentially independent x-integrals, and since the
variables 2 and n do not enter the equations symmetrically (one of them is continuous and the other
one is discrete), such family of integrals cannot be obtained just by renaming the variables (as in the
continuous case). Complete family of characteristic integrals was obtained explicitly in [19] for semi-
discrete A- and C-series lattices, but this approach is not applicable for the lattices associated with
the Cartan matrices of other simple Lie algebras since it is not known whether they are reductions
of an A-series lattice or not. In this section we are going to prove the existence of complete families
of characteristic x-integrals for semi-discrete lattices corresponding to the Cartan matrices of all
simple Lie algebras using the concept of characteristic algebra.

Characteristic algebras for (semi)-discrete hyperbolic system were defined in [27]-[29]; these Lie
algebras for (semi)-discrete exponential systems (4),(5) associated with the Cartan matrices of rank 2
where described explicitly in terms of generators and relations in [13, 14]. Characteristic algebras are
an effective tool in the study of Darboux integrability of hyperbolic equations both in the continuous
and in the (semi)-discrete cases (see papers [30]-[34] by Ufa mathematical school).

In this section we define a special Lie algebra of differential operators that controls the existence
of complete family of z-integrals for semi-discrete exponential systems (4). Although this Lie algebra
is very similar by its properties to characteristic algebra defined in [28] and its construction is based
on the same ideas, these Lie algebras are not isomorphic.

We will not describe the construction of characteristic algebra in the semi-discrete case from [28]
here. Instead, we introduce a Lie algebra with similar properties that allows to prove Darboux
integrability of all exponential systems associated with the Cartan matrices of simple Lie algebras.

Consider semi-discrete exponential system (4) and introduce the following notation:

i

(R

(Y

where ¢ = 1,...,r. Hence, equations (4) can be rewritten as
Vi =€ AL i=1,. 7 (21)

Consider differential operators

0

i i
+ta ov? T6 ot
n+1 n+2

Y, +..., 1=1,...,n

b
= C
0 .
ov},
where
CO - An? Cl = €Xp (Zn) An—l—l?""ck = eXp (Zn+zn+1 + e +Zn+k‘—1) n+k» 1= 17"'77.‘ (22)

PROPOSITION 15. Let the matrix M = (a;;) of exponential system (4) be non-degenerate. Then
function

_ 1 r 1 r 1 r
J=J(Up, - Up Upity ooy Up 15 Upiay ooy Upgs oo e )

is an z-integral of (4) if and only if it annihilates operators Yy, ..., Y.

Proof. Since
i _w? i _ o wh i\ Al
Un+1,:v =€ n+1An+1 =er eXp(Zn>An+1

13

7 7 i 1 r R ) 7 i 1 g i+1 r
n Upgp1— Uy, Wy = ailun+' ) '+a'i7“un7 Zp = Wy~ Wy, An = 6xp ( 92 Un + Qi i+1Vy +oeee air”") ?



due to (21), one can easily verify by induction that

i KT i i i i
Un+lc,ac =er exp(zn + ZnJrl et Zn+k71) n+k*

Hence, apply the total derivative with respect to x:

T o ‘ a
B Z Z n+k$8"u Z Z . exp( Z + Zn+1 +oe Tt z:z+k—1)An+kaTJ =
+

i=1 k—0 i=1 k=0 Un-tk
T oo T
9 .
1 1
= g g ew"czai = E e Y;(J).
v
i=1 k=0 n+k i=1

Therefore, if M is non-degenerate, then exponents e¥» are linearly independent and .J is an 2-integral
if and only if it annihilates operators Yy, ...,Y,.. [J

Variables

1 1 1 T 1 r
Un,...,un,vn,...,Un,Un+1,...,’UnJrl,UnJrQ,...,UnJrz,...

are independent. Lie algebra £ generated by vector fields

8 0 ~
— Yi,....Y,
a 8 7“ ) 1, s Iy
where Y; = e*nY; for alli = 1,...,r, is a discrete analog of the characteristic algebra for exponential

system (3). Similarly, Lie algebra £ generated by vector fields Yi,...,Y, is a discrete analog of
the reduced characteristic algebra for (3). Nevertheless, in order to avoid ambiguity in the use of
terminology, we will call this Lie algebra the defining algebra for semi-discrete system (4). The
following theorem is proved exactly as Theorem 1 in the continuous case.

THEOREM 3. Semi-discrete exponential system (4) admits a complete family of essentially indepen-
dent x-integrals if and only if its defining algebra is finite-dimensional.

We are going to prove the existence of a complete family of independent z-integrals for semi-
discrete exponential systems (4) corresponding to the Cartan matrices of all simple Lie algebras by
applying Theorem 3 and by describing the defining algebras £ explicitly.

PROPOSITION 16. Let T' be the shift operator, T'(v,) = vy11. Then

T[Y;u [}/;2, R [Yvikfuyzk] B ']]Til = eXp(_(Z:Ll et Z:zk)) ([}/;17 [}/;27 SRR [Y;kfwyvik] o H_
- Cizl(aizil T+ Qigiy + 000+ a’ikil)[m27 Dfisv SRR [}/;k—17}/;k] e ]]_
- C:f(ai3i2 + Qigiy + 00 a/iki2)[Y;l7 [Y;3> SR [}/ik717y;;k] e H T

- Cflk_z (aik—1ik—2 + a/ikik—Q)[)/;l’ SRS [Yik—:s? [Yik—1 ) Y;k]] . ']_

- ij 1alklk 1[}/117 R D/;k—37 [Y;k—w }/ZkH . ] +Cilka’ik—1ik [Yiu R [}/;lc—37 [Y;k—w Yik—l“ . ]) +.o (23)
where the dots in the end stand for multiple commutators of the degrees 1,...,k — 2.

Proof
It follows from relations (22) that

TY,T™' = e,
for alli =1,...,r. Formula (23) is proved by induction using relation
Y;O (eXp<_(Zle +eeet Z;ﬁ))) = —Cif (ailio + Qizig et aikio)
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and representation
T[Y;ov D/;l’ [Y;za SO D/;k:—17 Y;k] .- 'H]T_l -
= (YT ) (TYi,, Yy Vi, Vil T ) = (i, Vi -, Vi

THEOREM 4. The defining algebra of semi-discrete exponential system (4) corresponding to the Car-
tan matriz of any simple Lie algebra is finite-dimensional.

PR k—17 270 k=17

Proof. We will prove that the defining algebra of semi-discrete exponential system (4) corre-
sponding to the Cartan matrix of any simple Lie algebra is isomorphic to the reduced characteristic
algebra of its continuous analog. Since in characteristic algebras corresponding to the Cartan ma-
trices of all simple Lie algebras there are no relations between non-trivial multiple commutators
except for the skew-symmetry, the Jacobi identity and their implications (see Propositions 10-14),
it follows from Lemma 1 and from formula (20) that commutator

Xy, [ Xigs oo (X Xap] - -] (24)
is trivial if and only if all terms in (20) vanish. Therefore, either commutator
(X, (Xigs oo (X, Xy - (X X2 0]

is trivial, or its coefficient

k—17

Wiy yiy T Qigyoiy T 000 1 Qi
iszero for all I =1,... k.

For each of the Cartan matrices the isomorphism is established by induction in the degree of
multiple commutators. Note that the coefficients of multiple commutators of degree k£ — 1 in for-
mula (23) are the same as the coefficients in (20). If commutator (24) is trivial, then all the terms
in (20) vanish. Hence, relation (23) for the corresponding multiple commutator of Y;,,...,Y;, does
not contain terms of degree k& — 1. Careful analysis of the relations between coefficients in for-
mula (23) for multiple commutators of degrees [ and [ — 1 for each Cartan matrix shows that the
absence of the terms of degree k — 1 yields the absence of all terms of degrees 1,...,k — 2. Hence,
commutator (24) satisfies relation

T[K17[Y;27"'7[}/i Y;k]"']]T_l:exp(_(zfg+"'+Z:Lk))[}/i17[yi27"‘7[y; YZ]]]
which holds only if £ = 1. Therefore, if commutator (24) is trivial in the reduced characteristic

algebra of exponential system in the continuous case, then the corresponding multiple commutator

of Y;,,...,Y;, also vanishes. This proves the isomorphism. [J

k—1) k—1"?

REMARK 5. We used the concept of characteristic algebra in order to prove the existence of a
complete family of z-integrals. Although our attempts to find explicit formulas for z-integrals did
not give any result in general, some integrals can be found explicitly. For example, semi-discrete
Toda lattice (4) corresponding to the B-series Cartan matrix of the rank r > 3 admits z-integral

—_

- . . -
J = (eXp(UfzijJrl — Upyj1) +exp(v, — Uﬁ:—l)) + eXP(UZH - 2”711+1)+

<.
||
N

+ eXp(2U,11 — U?LH) + 2 exp(vi — UTIH_I) + exp(vy,) + exp(—v; ).

REMARK 6. It would have been interesting to prove that Habibullin’s integral preserving discretiza-
tion leads to Darboux integrable systems in the purely discrete case as well. Entirely discrete ex-
ponential systems were introduced in [14] and it was proved there that for all Cartan matrices of
the rank 2 characteristic z-integrals of corresponding semi-discrete lattices appear to be m-integrals
of their purely discrete analogs. It was conjectured in [14] that the same property holds for purely
discrete exponential systems associated with the Cartan matrices of all simple Lie algebras, but un-
fortunately our approach appears to be not applicable for proving the integral preserving property
in the entirely discrete case due to the form of equations (5).

15
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