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Abstract.

Modified Hamiltonians are used in the field of geometric numerical integration
to show that symplectic schemes for Hamiltonian systems are accurate over long
times. For nonlinear systems the series defining the modified Hamiltonian usually
diverges. In contrast, this paper constructs and analyzes explicit examples of
nonlinear systems where the modified Hamiltonian has a closed-form expression
and hence converges. These systems arise from the theory of discrete integrable
systems. We present cases of one- and two-degrees symplectic mappings arising
as reductions of nonlinear integrable lattice equations, for which the modified
Hamiltonians can be computed in closed form. These modified Hamiltonians
are also given as power series in the time step by Yoshida’s method based
on the Baker-Campbell-Hausdorff series. Another example displays an implicit
dependence on the time step which could be of relevance to certain implicit
schemes in numerical analysis. In the light of these examples, the potential
importance of integrable mappings to the field of geometric numerical integration
is discussed.

1. Introduction

This paper combines ideas from discrete integrable systems and geometric numerical
integration. Geometric numerical integrators are numerical methods that preserve
geometric properties of the flow of a differential equation. They have relatively small
error propagation in long time integrations, even for simple integration algorithms,
cf. [12]. Backward error analysis is the key to explaining this phenomenon. Backward
error analysis states that the numerical scheme can be viewed as the time step of a
modification of the original system. It is a well-known and essential fact that for a
Hamiltonian system the modified system is Hamiltonian if the numerical scheme is
symplectic. One then speaks of a modified Hamiltonian (MH) or an interpolating
Hamiltonian. This MH is a Hamiltonian, the flow of which interpolates the iterations
of the numerical scheme, i.e. its flow coincides with the computed points. Moser [18]
developed a formal scheme for constructing the MH as an expansion and Benettin &
Giorgilli [4] established that this MH exists as an asymptotic series in the step size
of the numerical scheme. This series is generally divergent, the necessary truncation
of the series induces an error, which can be made exponentially small in the step
size [12,28]. However, no error needs to be induced when the expansion for the MH
is convergent. Examples of the MH for the harmonic oscillator and discussions of this
situation can be found in [29-31]. However, for nonlinear systems the convergence of
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the MH can only be achieved in exceptional circumstances, e.g. when the numerical
scheme is integrable.

In the one-degree-of-freedom case, an autonomous Hamiltonian system always has
a conserved quantity since the Hamiltonian itself is a first integral. For the discrete-
time system this is no longer true and it is exceptional to have an invariant, which
only happens if the system is integrable [17,26,27,37]. A non-integrable map, however,
is not expected to possess a globally defined invariant function on its phase space,
and since the MH is an invariant of the numerical scheme by construction for such
a map the MH can not exist as proper function (i.e. it can not have a convergent
MH). On the other hand, if the numerical scheme is integrable, there must be a link
between the invariant and the MH, possibly through a transcendental relation, cf. [9].
In the multiple-degrees-of-freedom case, the situation is more subtle; for complete
integrability the system needs to possess as many independent invariants as there
are degree-of-freedom. This is the situation we explore in this paper with regard to
the two-degrees-of-freedom case. However, to have a convergent MH it might not
be necessary to have more than one first integral and the system may need to be
only partially integrable (such a situation corresponds to so-called quasi-integrable
systems). In this paper, we will not explore the latter possibility but consider the
numerical scheme viewed as a dynamical map (g, p) — (g, P) which is symplectic and
completely integrable, i.e. possesses a full set of invariants {I; } with I;(q,p) = I;(q,p)
which are independent and an involution with respect to the Poisson bracket, cf. [37].
The integrable numerical schemes that we consider in this paper arise as reduction of
nonlinear integrable lattice equations, which are integrable partial difference equations
on a quadrilateral lattice, cf. [14,20,23]. These equations arise also as a numerical
algorithms, e.g. Padé approximant and convergence acceleration algorithms [11], and
they are also important for the study of numerically induced chaos [33].

Reductions to maps are obtained from periodic initial value problems for such
integrable lattice equations. We present examples of systems in one- and two-
degrees-of-freedom arising from nonlinear integrable lattice equations, which give
mappings with invariants, and more than this, allow us to write the MHs in closed
form. In particular, these examples arise from periodic initial value problems of the
lattice versions of Korteweg-de Vries (KdV) and modified Korteweg-de Vries (MKdV)
equations, they are constructed by updating the lattice variables along a diagonal shift
so that the mapping is close to the identity mapping if the step size is small. This is
convenient, because it allows us to obtain symplectic mappings from the consideration
of an initial value problem on a two-dimensional lattice.

The outline of this paper is as follows. First, the MH due to Yoshida’s method [39]
is reviewed in Section 2.1, then in Section 2.2, the existence and expansion convergence
of the MH are discussed. In Section 3, we show how the lattice KAV and MKdV
equations give rise to finite-dimensional mappings which do indeed carry a spectral
interpretation, and that the invariants can be calculated systematically from the
monodromy matrix constructed from the Lax pair. The Lax pair description of
the mappings of KdV and MKdV types are then given. In Section 4, we study the
one-degree-of-freedom Hamiltonian system arising from the lattice KAV and MKdV
equations, and we show the derivation of the MH using Yoshida’s method. We also
write the MH in closed form expression using action-angle variables technique. The
transition to multiple-degrees-of-freedom brings important new features, such as finite-
gap integration technique [3], which we explore in the rest of the paper, but to keep
the discussion transparent, we restrict ourselves to two-degrees-of-freedom system.
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The multicomponent case requires the technique of separation of variables [32, 35],
which we discuss in Section 5, for the transformation to action-angle variables which
involves the theory of genus-two abelian features, as developed in Section 6. Finally, in
Section 7, we give a conclusion and discuss the scope for establishing a bridge between
the theory of mappings and the mathematical structures in geometric integration.

2. The modified Hamiltonian

2.1. Yoshida’s construction

Symplectic integrators are numerical integration schemes for N-degrees-of-freedom
Hamiltonian systems ({q;},{p;}, H), which conserve the symplectic two-form
Zj dg; Ndp;, where j =1,..., N. In 2N-dimensional phase space, the Poisson bracket

is defined as N
oF 0G  OF 0G
{F’G}:Z(fy—yy)’ (2.1)
=1 q; Opj Pj 04
where g;, p; are coordinates of the phase space, j = 1,..., N. Defining the differential
operator Dg by

DcF = {F,G}
we have
2; = Du 2j(q5,p;) = {725, H}, where z2=(q1,---,qN;P1,-- -, PN) -

Thus, the integrated t-flow of the equations of motion can be written by

e (25(q;.p5)) -
Consider the symplectic Euler method
aH(qjaZ_)j) aH(anp])
B — AL G —q; =7 ————>—J° 2.2
D; — Dj T . q;,—qG =T o (2.2)

applied to a Newtonian type

H(qla"'an;pla"'7pN) :T(pl,---,pN)+V(q1,---,QN) .

Equations (2.2) actually form a discrete analogue of the usual Hamilton’s equations
so we will refer to them as discrete Hamilton equations for short, and call the
corresponding H the discrete Hamiltonian. Thus, the discrete Hamiltonian is the
generating function for the canonical transformation formation (2.2). The symplectic
Euler method is represented by

eTPverPT (2.3)

The Baker-Campbell-Hausdorff (BCH) formula (cf. [24,36]) tells us that the product
of two exponentials can be expressed as a single exponential, i.e.

eXeV =e? |

where Z is given by the following infinite series of nested commutators:

Z= X4V + 5 X Y]+ oo (X Y]+ Y X))
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TD g+

Hence, the product e™?Ve™PT can be written as e , where using

[Dr,Dc] = Dia,ry

we have
H =T +V + g (T,V) + g T AT, VW + {V{V, T+ . (24)

Thus, the symplectic Euler method follows the exact 7 evolution of H*. In other
words, H* is the MH. For the canonical Poisson bracket (2.1), this result can be
written as

H*=H+7H +7*Hy+ - -

where

77_28H8H *ii <8H8H 0H  0HOH 0H )
< Op; 9q;° 2 12 Opj Op; 0q;0q; ~ 0q; 0q; Op;Op;

2.2. FExistence and convergence

It is well known that for linear systems (quadratic Hamiltonians), the expansion for
the MH is convergent. It used to be believed that the linear case is the only case of a
discretization arising from a Hamiltonian of the form

H= %pQ +V(q)

which gives a convergent series for the MH, while for nonlinear systems, the BCH
expansion for the MH does not converge, cf. [12,30,31]. If the series does not
converge, the MH may not exist as a proper function and as such provides only a
formal invariant. However, the paper [9] gives examples of systems coming from the
theory of discrete integrable systems, for which there exists a closed-form expression
for the MH, indicating that the BCH expansion should converge. Generally, if the BCH
expansion converges, the MH defines an invariant for the mapping. This provides a
link to the theory of discrete integrable systems.

In this paper, we build on the work in [9] and give further examples of discrete
integrable systems which, when viewed as an application of the symplectic Euler
method, have a closed-form expression for the MH. The corresponding Hamiltonian
systems are associated with the interpolating flow of these integrable mappings. In
particular, we give examples of one- and two-degrees-of-freedom systems which arise
from nonlinear integrable lattice equations. The construction of these examples will
be exposed in the next section.

3. Integrable lattice equations and dynamical mappings

3.1. The lattice KdV equation

The lattice version of the KdV equation that we prefer to work with is the following
nonlinear partial difference equation [15,23,25],

(p—q+a—0)(p+q—u+u)=p*—¢°. (3.1)
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Here u := u(n,m) is the dynamical variable at the lattice site (n,m) with n,m € Z,
and ~ and " are shorthand notations for translations on the lattice, i.e. @ := u(n+1,m)
and u := u(n,m + 1), as shown in figure 1. Furthermore, p and ¢ are complex-valued
lattice parameters. Equation (3.1) arises as the compatibility condition of a pair of
linear problems (Lax pair) defining the shifts of two component vector functions ®(k)
in the n and m directions,

(0 — B)B(k) = LE)B(R), (g — k)B(k) = M)D(K) | (3.2)

where L(k) is given by

p—1u 1
L(k) = ~ 3.3

(k) (k2p2+(pU>(p+U) p+U)’ (3:3)
and where M(k) is given by a similar matrix obtained from (3.3) by making the
replacements p — ¢ and = — ~. The parameter k is the spectral parameter. An
important feature of the equation (3.1) is that it arises from a discrete action principle.
The action for the KdV lattice equation (3.1) reads

S= Z [un,m (un-‘er - “n,m-i-l) +edlog (6 + Un,m — “n+1,m+1)] ) (3-4)
n,mez

in which 6 = p — ¢, e = p + q. We note that we will be concerned with equation (3.4)
in section 6.

Let us now consider initial value problems for (3.1) on the lattice. One way of
doing this is to give initial data on a horizontal line which leads to a nonlocal scheme,
cf. [38]. In this paper, we are concerned with another type of initial value problem,
which gives rise to a local iteration scheme: we assign initial data on a staircase on
the lattice, cf. ref. [25]. By a staircase we mean a sequence of neighbouring lattice
sites with m and n nondecreasing, as e.g. illustrated in figure 1. From the fact that
equation (3.1) at each site involves only the four variables situated on the four lattice
sites around a simple plaquette, it follows that the information on these staircases
evolves diagonally through the lattice along parallel staircases. Furthermore, because
of the convexity of the staircase configuration, the initial-value problem is well-posed.
Although staircases of variable length and height stairsteps can be considered, for
the sake of clarity we use a standard staircase of an even-periodic configuration of
initial data. Thus, we choose initial data on the standard staircase through the origin
(n,m) = (0,0), as depicted in figure 1, namely

u(j, j) =: ugy, u(j+1,7) =: ugjp1 (jez).

In fact, more general initial value configuration could be considered as well, but we will
not do so here. In this paper, we take a different point of view from the one expounded
in ref. [25]. We perform iterations by updating the lattice variables u along a diagonal
shift rather than vertical shift; that is we define

U(]*l,]%»l) ::ﬁij u(]aj+1) = ﬁ2j+17
using the lattice KAV (3.1). In this way we obtain the following mapping,

_ €l _ €l
Up; = U — 0 + — — , Ugj41 =Ugjp1 — 0+ ——— . (3.5)
€ — Ugjy1 + U2j-1 € — Ugjy2 + Ugj
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Figure 1. Standard staircase of periodic initial data on lattice

We choose a diagonal shift so that the mapping is close to the identity mapping if §
is small. By introducing now the differences

Xj = u2j+1 — u2j,1, }/j = u2j+2 — 112j (] c Z) y
equations (3.5) can be reduced to the rational mapping

) 1) — 1) 1)
€ B € L Y=Y - e_ n e_ .
G—Yj G—Yj_l E—Xj efXjJrl

X;=X;+ (3.6)
The mapping (3.6) arises as the compatibility condition of a linear (Zakharov-Shabat
type of) problem, that is easily obtained from the linear problem for the lattice
equation (3.1). By using a special property of the Lax matrices £ and M of (3.2), (3.3),
it turns out that we can perform at each site of the staircase a gauge transformation
such that we obtain expressions for the I and M matrices in terms of the reduced
variables X; and Yj only. In this way one obtains the representation

Lj Mj = M1 L (3.7)
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for the mapping (3.6), in which

w85 )
M, — <€<)5\/fj _1@) <$j *§5/ya‘ (1)> 7 (3.8b)

where we have used the abbreviations z; = € — X, y; =€ — Y; and A = k? — ¢*. For
convenience a detailed description is outlined in Appendix A.

We impose now the even periodicity condition uy(;4py = U2j, Uz(j+p)+1 = U2j+1-
Note that P (P = 2,3,...) can be interpreted as the period along the two diagonals
of the lattice corresponding to the staircase. It is easy to see that these periodic
conditions are compatible with the lattice equation, and hence will be preserved after
iteration of the mapping. This means that we have to supply (3.6) with the periodicity

constraints,
P—1
> X, =0, > Y;=0. (3.9)
j=1 §=0
Equation (3.6) for j = 1,2,..., P together with the constraint (3.9) is a 2(P — 1)-
dimensional integrable mapping. The simplest case P = 2 corresponds to the mapping,

- 2¢0Y — 2¢5X
X=X+5"0,  Y=v-—2. (3.10)
e -Y 2 _ X

For the case of P = 3, the corresponding mapping reads in terms of four variables
X1, X2, Y1, Y5,

— €l €l — €l €l

Xi=X1+ — , Y=Y+ — — — , (3.11a
! eV e Vit Ys ' ' e—Xo €e— Xy ( )

— €l €l — €l €l

Xo=Xo+ — , Yo=Yo+ — — — . (3.11b
2 2 e—Ys e—Y) 2 2 e+ X1+ X €e— Xo ( )

All mappings obtained in this way exhibit P — 1 nontrivial integrals which can
be found in a straightforward way by exploiting the Lax representation (3.2) of the
original lattice KAV equation. In order to do this, we need to define the monodromy
matrix T (k) as

N-1
Tk = ] L1, w) , (3.12)
v=0
where the v indicates that the factors in the product are arranged from right to left,
and in which the translation matrices £(u,11,1,) represent either the Lax matrix
in the n-direction (v even), i.e. L(k), or the Lax matrix in the m-direction (v odd),
i.e. M(k). They are of the form

Pot+1 — Uyl 1
L(0y41,up) = : 3.13
(U- +h U ) <k2 - pv+1(uv+1 - U-U) — Uy4+1Uy  Pou+1 + uv) ( )
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where p,+1 = p if v is even and p,41 = ¢ if v is odd. This leads to, cf. [25],

N
tI’T(k/’) = H(pv +p'u+1 + Uy—1 — U-U-‘,—l)
v=1
N N
+ Z(kQ - P?) H (p’u +pv+1 + Uy—1 — u'u-‘,—l)
i=1 =y (3.14)

N N
+ Z (kapf)(lffp?) H (Po + Po+1 + Wy—1 — Up1)
i<j=1 v=1
vEi—1,i,j—1,j
+ e
The coefficients of the powers of k are the integrals of mappings.
Alternatively, having obtained the linear system in Zakharov-Shabat form (3.7),
one can also construct the monodromy matrix T'(\) by gluing the elementary
translation matrices L;(\) along the staircase over one period P, leading to

T()) := ﬁl Li(\) . (3.15)

Jj=0

The monodromy matrix T'(A) from (3.15) is the same as 7 (k) from (3.12), apart from
a similarity transformation corresponding to a gauge transformation at the beginning
and end point of the chain from 0 to 2P (which by periodicity is performed by the
same multiplying matrix), and the trace of the monodromy matrix leads to the same
result as before.

In the case of N = 2P = 4, equation (3.14) yields the integral of the mapping

IT=X*Y?-X?-Y?-2¢6XY, (3.16)

which is an elliptic curve that can be parametrized in terms of Jacobi elliptic functions,
thus leading to explicit solutions to the corresponding mapping. For N = 2P = 6, the
invariants are calculated from (3.14) as

1
7 :§5262 [t1 (Byo+3y1 —y2) +22(By1 +3y2 —v0) + 23 (3yo + 342 — y1)]

1
+ 556[% 2 Y1 (Yo — y2) + 1 23 Yo (Y2 — y1) + x2 3 Y2 (Y1 — o))
+T1T2T3YoY1Y2 , (3.17a)

Io=0d¢€lz1(yo—y1) + 22 (Y1 — y2) + 3 (Y2 — yo)]
+z1 2291 (Yo +y2) + 212390 (Y1 +y2) + v223Y2 (Yo + 1), (3.17b)

in which

zj=e—X;, yi=e—Y; (j=12), wp=e+Y1+Ys, z3=e+X1+Xo.

3.2. The lattice MKdV equation

Let us now consider the lattice version of the MKdV equation

pUD + qﬁ = quU + pﬁ% . (3.18)
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The parameters p, ¢ denote as before the lattice parameters, and the notations for the
translations in the lattice direction are as before in the lattice KdV case. Equation
(3.18) arises as the compatibility condition of the linear system,

(p—k)U(k) = SR)U(R) . (q—k)T(k) = M(R) V() ,
where £(k) and M(k) are given by

(k) = < K pg/v > M(k) = < K2/ qg/v >

Equation (3.18) is related to the lattice KAV equation via a Miura transformation as
follows

p—q+a—u=22"2Y (3.19)

On the level of the linear system, this reflects a gauge transformation of the form

2 o o S v
ot =ua), u=(7 o).
in which s = (p—@)v —pv and §=pv — (p+ u) v, leading to

Y -1 17 _1_1 _ 0 1 _ 0 0
Lk)y=ULU, UFU _kQE’ where E—(O 0), F—(1 0).

It should be noted that a similar relation with the same s holds for Mi(k), by just
replacing p — g and ~ — 7, i.e.

M(k) =UMU.

Let us now consider initial value problems for (3.18) on the lattice in precisely
the same way as before with initial data on staircases as the one depicted in figure 1,
namely

v(j,7) = vaj, v(j+1,7) = voji1 (Jjez).

We perform iterations by updating the lattice variables v along a diagonal shift, i.e.
’U(jilaj‘i»l) = V2ja U(]7]+1) = V2j+1 )
using the lattice MKdV (3.18). One obtains the mapping

_ Voj—1+ pPVaj+1  _ Vo + pV2jt2
Voj = Voj ——————————, V241 = V241 ﬁ
2j+2 2j

, (3.20)
V2j+1 T PVoi—1

where p = p/q. Again, we use a diagonal shift so that the mapping is close to the
identity mapping if p is close to 1. We can reduce the system (3.20) in terms of the
logarithmic variables

Vo, Vo,
X; = log 22+L Yj::log%—f2 (jez).
V2j-1 V2j

The reduced mapping turns out to be

(p +55)(1+ pe¥on)

(p+eX)(L+pes)
(3.21)

(p +eX 1)1 +pei)

Yj:Yj—i—log
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In a similar way as before we can find from the Zakharov-Shabat system for the lattice
equation (3.18), a linear system for the mapping in terms of reduced variables,

b= ( e qyzjj ) ( 2 px:ij ) (3.22a)
M= (o ) Y (& e )

in which we have used the abbreviations z; = e*i,y; = e¥i. The Zakharov-Shabat
equations, i.e. B
T, M; =M\ L;

leads to the mapping (3.21) as compatibility condition. We again impose the
periodicity condition

b
b

-1

> X, =0, Y;=0. (3.23)

<
I
—

<.
I
o

The mapping (3.21) together with the conditions (3.23) is a 2(P — 1)-dimensional

mapping that exhibits P — 1 invariants, that can be constructed in the same way as in

the case of the lattice KdV by using the monodromy matrix. The invariants can also be

constructed from the invariants of the KdV by using the Miura transformation (3.19).
In the case of N = 4, the corresponding mapping is given as

1+pe¥ p+eX

X=X+20o . Y =Y+20o _ . (3.24)
gp+€y g1+peX

We find the invariant
T = XY VX +2p(eX LY pe X +e*Y) +p2 (eX+Y+ef(X+Y)) . (3.25)

which is an elliptic curve.

In both the KdV and MKdV case we have similar structures, i.e. mappings
and invariants. In fact, both cases are examples of discrete dynamical systems that
are covered by the discrete version of the Arnold-Liouville theorem as formulated
by Veselov, cf. [37]. It was established in the paper [8] that the invariants of the
mappings are in involution. It is a hallmark of integrability that these invariants
themselves generate commuting flows using the Poisson bracket structures which are
compatible with the discrete mappings. The task in the remainder of the paper is to
make a connection between the invariants and the relevant MHs.

4. The modified Hamiltonian of one-degree-of-freedom

In this section, we focus on the one-degree-of-freedom case obtained from the simplest
reduction, leaving the systems with two-degrees-of-freedom to the rest of the paper.
We present a first example arising from the KdV reduction in section 4.1. The MH
of the symplectic mapping, as given by Yoshida’s approach, is then given. The MH
is also written in closed form by using action-angle variables. We present a second
example coming from the MKdV case in section 4.2. We also do the same for the MH
as in the first example.
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4.1. The KdV map example
Consider the integrable mapping
2€¢dq 2¢0p

:erm, §:¢I*€272_72, (4.1)

which is the mapping (3.10) in which we identify X := p and Y := ¢. We have the
standard Poisson brackets

{e.a} ={p,p} =0, {g,p}=1,

which is preserved by the map (4.1). Indeed, the mapping (4.1) is a canonical
transformation with the generating function

H(q,p) = €dlog(e* —p*) + edlog(e* — ¢*) , (4.2)
through the equations

H H

ﬁ_p:_%_qa a_q:aa_pa (43)
which, once again, we can regard as discrete analogue of the Hamilton equations,
where (4.2) can be regarded as the discrete Hamiltonian. The usual approach in
geometric integration is to start with a Hamiltonian differential equation and then
create a map using the same Hamiltonian as in the differential equation. Even if the
differential equation is integrable, the resulting map will generically be non-integrable.
In contrast, here we start from an integrable map and interpret the generating function
of the map as a discrete Hamiltonian. In that case, there is an underlying continuous
Hamiltonian flow whose Hamiltonian is given by an invariant of the map which is
different from the discrete Hamiltonian. More specifically, the mapping (4.1) conserves
the quantity

I=p"¢ - P +q°)—2edpq, (4.4)

and, therefore, by definition is an integrable map (i.e. it is a symplectic mapping with
an invariant). By considering ¢ in the mapping (4.1) to be the step size (i.e. 0 plays
the rule of 7 in the expansion (2.4)), we obtain the following expansion for the MH:

26%e¢pq
(e2 —p*)(e? — ¢?)
20° (p? + e q* +2p?¢?) 40 elpq(® +p*)(€ + %)
B 3 (62 _ p2)2(62 — ¢2)2 o 3 (62 _ p2)3(62 — ¢2)3

At this stage, it is not obvious that this expansion converges, however, we will
show that we actually have a closed-form expression for the MH. This will provide
a connection between the MH and the invariant, taking into account that if the
MH exists, then it must be expressed in terms of the invariant. As the mapping
is integrable, we can employ a transformation to action-angle variables to derive an
interpolating Hamiltonian where the canonical momenta are the invariants of the map.

A change to action-angle variables is a canonical (symplectic) transformation to
a new set of phase space coordinates, such that the new momenta are invariants of
the system and the coordinates evolve in a linear fashion. This can be viewed as

a* :6610g(62 —p?) +5610g(62 — q2) -
(4.5)

+0(8%) .
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an application of the Hamilton-Jacobi method, cf. [10]. A discussion of action-angle
variables for integrable mappings can be found in refs. 2, 5].

In the one-degree-of-freedom system under consideration, the relevant canonical
transformation (q,p) — (Q,P) is given by means of a generating function, S(q, P)
as

95 (¢, P) 95 (¢, P)
_ = 4.6
p 9g Q 9p (4.6)

with

oS
ot ’
being the transformed Hamiltonian, noting that in the case of a transformation to
action-angle variables the K only depends on P. Integrating the first system of
equations, we get S up to an arbitrary function of the invariant

Tedq ++/202¢%2 + (2 — ¢?)(e2¢? - P
S(q,P) = / v 2 (_ = X ) dq’ . (4.8)
q()

K(Q,P)=H+ (4.7

and consequently we obtain

a 1

_ dd’ . 4.9
Q(Q,P) /qo 2 \/52 €2 q/2 F (62 _ q/2)(62 q/2 _ 'P) 4 ( )

In the context of the mapping (4.1), the relevant continuous Hamiltonian flow is
the one whose Hamiltonian is given by the invariant of the map for which we have the
Hamilton’s equations
0T . 0T
dq’ = op
This system actually defines an interpolating flow where the trajectory of the system
(4.10) and the orbit of the map share the level set of the invariant. For the system (4.3)
the new momentum is defined to be P = Z, hence we integrate (4.10) by quadrature
to obtain

p=— (4.10)

£(tle.6,P) 1
t= dg , 411
/0 2VEEE (@ - PEE - P) -

which defines the relevant elliptic function £(¢le, d, P) in terms of an elliptic integral of
the first kind [13]. In fact, the modified Hamiltonian H* coincides with the canonical
transformed Hamiltonian K obtained by applying the canonical transformation (4.6),
viewed as a function of Q,P. Hamilton’s equations in the new variables imply

OH* . OH*
99 0, Q= oP

which tell us on the one hand that H* is a function of P alone, and on the other hand
that H* is obtained by integrating v with respect to P up to an arbitrary function of
the invariant.

In order to apply the canonical transformation to the map (4.1), we introduce the
“frequency” v as the discrete time-one step

ﬁ:

=v, (4.12)

\//E%d/ sothat 9— Q= (4.13)
- q ap q7 - 9 *
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which crucially depends on P only. Since the time flow ¢ interpolates the map (4.1),
the iteration of the map is a time-one step stroboscope of the continuous time, so the
integral (4.11) can be subdivided into uniform time-one iterate. Thus, we can choose
an initial point at ¢, and use the system (4.1) to compute g, starting from ¢ = 0 we

then obtain
2825/ P
g=—".

et +P
Thus, the frequency (4.13) is given as
2 5245 V=P 1
v=[ 7 dq (4.14)
0 202 ¢ + (2 — ¢*)(¢? ¢* — P)
and hence
P 262€f 779’ 1
H*(P) :/ “’ dgdP' . (4.15)
0 2022 ¢ + (2 — ¢*)(¢2 ¢ — P)

The inside integral is a definite integral and the outside integral is an indefinite integral
which is determined up to an integration constant. Equation (4.15) is a closed-form
expression for the MH of the map (4.1).

Writing equation (4.14) as a series in § and fixing the integration constant such
that for § = 0, the integrating over P vanishes, we obtain

2033 P 48P (P —26%)

P+’ I5(P+ ) +0(57) . (4.16)

H*(P) =delog (P +€*) + 3

Unsurprisingly, expansions (4.5) and (4.16) are the same, where the integration
constant in (4.16) is fixed. This matching can be seen on two steps. Firstly, one
needs to insert the invariant P and expand (4.16) in orders of §. Secondly, one needs
to rearrange the series arising from step one in orders of §, which can be done by
combining all terms with the same order of 4.

4.2. The MKdV map example

Consider the integrable mapping

14 pet
p+ et

p=p-+2log , 7g=q+2log — (4.17)
which is the mapping (3.24) where we identify X := p and Y := ¢q. We have the
standard invariant symplectic structure

dgA\dp=dqgANdp,

which is preserved by the map (4.17). The mapping (4.17) is in fact a canonical
transformation, and the generating function H (Hamiltonian) of the mapping is in
this case found to be

P 3 q €
p+e p+e
H =2 lo dé 42 lo d¢ . 4.18
(¢:D) /0 g 1 of 3 /0 g 1 of 3 ( )
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Note that this Hamiltonian can be written in terms of dilogarithm functions using the
well-known integral representation. The discrete-time Hamilton equations are written

as
0H _ OH

_q:a_ﬁa

p—p= _8_11’
and the mapping (4.17) conserves the function
T=eP 4¢P+ 2p(eP +el4eP+e )+ 0° (ePta 4 e—(p-i-q)) ) (4.19)

In this example we actually have a different type of situation from what we had
in the previous example since the step size in the mapping (4.17) is much more hidden
(implicit). Setting 7 = p — 1 and using (2.4) the expansion for the MH when applied
to (4.18) can be written as a series in orders of 7 as the following:

H* =27[p+q—2log(1l+eP)(1+e?)]

4 (ePTe 4 1)
2
— —2log(1+eP)(1+e?)+ ———
T [erq og (1 +e”)( +e)+(1+ep)(1+eq)
273 [3(ePT29 4 2P Fa  eP 4 ) N 2 (3e2(P+) 4 8ePHa 4 3) (4.20)
3 (14 eP)2(1 + e9)? (14 er)2(1 + e9)2

3

+ 2% [p+q—2log(1+eP)(1+4e)]+0(r) .

Once again, it is not obvious that this expansion converges, however, finding the
connection between the MH and the invariant will essentially assert that there is a
closed-form expression for the MH. Again, since the mapping (4.17) is integrable we
can follow the action-angle prescription of section 4.1 to derive the MH. Indeed, we
can define the invariant (4.19) as the new momentum P and its canonically conjugated
variable as the new coordinate Q. The canonical transformation from (g, p) to (Q, P)
can be parametrized in terms of a generating function S(q,P) as

0S(q, P 0S5(q, P
0q P
Similarly as in example 4.1, the corresponding frequency v is given by

dq

q
v:/ - - . (4.21)
¢ V2PP+P+2)(P-2p2 —dpel —dpe=7 - 2)

Choosing an initial point at ¢ starting from ¢ = 0, one then obtains

7 — 910 p+ A

in which we define the shorthand
_P—4p—/2PP+P+2)(P-2p"—8p—2)
N 2(1+p)?

The integral (4.21) is also an elliptic integral of the first kind. By using the Hamilton’s

equations with the action-angle coordinates, and denoting the new Hamiltonian by H*,
we obtain

A

P 210g( 1i+pAA) dq dpl
H*(P) =
) / /0 V2p2 + P +2) (P —2p2 —4pet —4pe=9—2)

. (4.22)
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up to an integration constant. Equation (4.22) is a closed-form expression for the MH
of the map (4.17). Again, setting 7 = p— 1 and fixing the constant of integration over
P such that for 7 = 0, the integral vanishes, we can write (4.22) as a series in 7 as
follows

H*(P)=—27log (P +4) + 12 <log(P+4) — L)

(P+4)
_2r (10 Py —2 2 ) +O( .
3 \° (P+4) (Pt4)p '

Equation (4.23) can once again be expanded in orders of 7 and, after following the
same procedure of section 4.1, the matching with series (4.20) will be seen.

The present examples of one-degree-of-freedom systems already display some
useful techniques from Hamiltonian mechanics. As we shall observe next, the
transition to higher-degrees-of-freedom systems requires some further technology from
the theory of discrete integrable systems. We will restrict ourselves to two-degrees-
of-freedom system to keep the discussion transparent. The higher-degrees-of-freedom
case has to be treated by the method of separation of variables in order to arrive at
the action-angle variables, and we restrict ourselves to the case of KdV mappings.

5. Separation of variables and finite-gap integration

In the two-degrees-of-freedom case the situation becomes more complicated, which
requires some mathematical techniques, such as separation of variables [32,35] and
finite-gap integration [3]'. Instead of transforming (g, p) directly to the action-angle
variables (Q,P), here we look for a canonical transformation to separated variables
(g,p) — (u,m) and a further transformation (p,n) — (Q,P), combined with a
description of the dynamics of the separated variables (u,n) — (@, 7). We employ
the key technique of separation of variables to the mappings of KAV type in section 5.1.
Then, we impose the Poisson bracket for the monodromy matrix, followed by the
Poisson brackets between its entries, to establish the separation of variables transform
as a canonical transformation, in section 5.2. We derive the discrete dynamics in terms
of the separated variables (discrete Dubrovin equations) for this case in section 5.3.
We establish the continuous-time evolution for the auxiliary spectrum generated by
the invariants in section 5.4. We introduce a canonical transformation to action-angle
variables on the basis of structure in terms of the separation variables in section 5.5.

5.1. Separation of variables

The method of separation of variables (SoV) plays an important role in studying
Liouville integrable systems. The SoV originated from the development of Hamiltonian
mechanics as a method to separate an N-degrees-of-freedom system into one-degree-
of-freedom system through the Hamilton-Jacobi equation for particular Hamiltonians.
The SoV approach has been applied to many families of finite-dimensional integrable
systems, cf. refs. [2,32].

Taking the monodromy matrix T(A) in the form

A\ B(N
T(\) = ( CEA) DEA) ) (5.1)

1 We note that in this section we are going to apply these techniques for higher-degrees-of-freedom
of genus g.
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it is well known that in the periodic problems for equations of KdV type, the roots
{1;}, j = 1,...,g, of the polynomial B(\) define the so-called auziliary spectrum,
cf. [34], and they play the role of separation variables, cf. [35]. These roots correspond
to the poles of the Baker-Akhiezer? (BA) function by which we mean an eigenfunction
of the Lax representation normalized in such way that its analytic behaviour as a
function of the spectral parameter J, is characterized through the singularity structure.

The monodromy matrix T'(\) for genus ¢ has a natural grading in terms of the
spectral parameter A:

Ty = (M N A Ay N By + AT By 4o By (5.2)
= )\(>\909+"'+CO) A(A9+A971D‘gfl+"'+D0) . .
We can write the trace of the monodromy matrix as
g .
T\ =Zo+ Y LN +2MT T, =4;+D; ;. (5.3)
j=1
As noted in section 3, the coefficients Z;, j = 0,...,g — 1, are the invariants of the

map, while the top coeflicient Z, = Ay + D4_; is a Casimir with respect to the natural
Poisson algebra associated with the dynamical map. The discriminant of the curve
takes on the form:

2

g
RO\ = (trT)* =4 det(T) = | 20T 4> ;N | —4MH A —w)®™,  (5.4)
7=0

where w = €J. The auxiliary spectrum B(\) has the following factorisation

g

B =By [T\~ ny) (5.5)

j=1

where By is a Casimir.
The linear problem for the BA function is the eigenvector

TA) d(A) =n(N) (A , (5.6)

of the monodromy matrix T'(A\) corresponding to the eigenvalue n(X) of the spectral
curve

det (T'(\) —m) =0, (5.7)

which defines a hyperelliptic curve of genus g. This provides that a normalisation of
the eigenvectors ¢ is fixed

N

ap=1, (5.8)

where o is a row vector suitably chosen. The pair (\,n) can be thought of as a point
of the spectral curve (5.7). The BA function ¢ is then a meromorphic function on the
spectral curve.

It is easy to see that the pairs (u;,n;), where n; = n(u;), thus defined satisfy
the separation equations (5.7), which express the fact that the (p;,n;) are lying

2 This terminology appears in the theory of discrete integrable systems, in particular, in finite-gap
integration.
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on the spectral curve. The canonicity of the variables (u;,7;) should be verified
independently. No general recipe is known how to guess the proper (that is producing
canonical variables) normalisation for the BA function. In our case the following
normalisation works,

a =(1,0) . (5.9)

From the linear equation (5.6) and normalisation (5.8) we derive that

aT¢=n,

(b(EE(,\))_l(;)' (5.10)

The following determinant has to vanish on the separation variables p;,

and hence,

B(\) = det( 2T0) ) =0. (5.11)

The formula (5.11) for the separation variables appeared already in [16] in the case of

standard normalisation
a=ao=(01).

The rational functions A(A) and D()\) of the entries of the monodromy matrix T'(\)

satisfy the following relations

A(pg) =n" () =n; and  D(py) =n"(u5) = 1] - (5.12)

What remains is to establish the SoV transform as a canonical transformation,
i.e. to verify that the Poisson brackets between the separation variables, have the
canonical structure. To do this we use the information about the Poisson brackets
between the entries of monodromy matrix T (A) provided by the classical r, s-matrix
structure.

5.2. Poisson brackets and r-matrix structures

Let us remind the reader of the Lax matrices of the mapping of KdV type considered
in section 3. These matrices depends on a discrete variable n labelling the sites along
a chain of length P, and are given by

_ )\+znyn7w Yn
L, = ( N \ ). (5.13)

The key object here is the monodromy matrix 7'(A) obtained by gluing the elementary
translation matrices L,, along a line connecting the sites 1 and P + 1 over one period
P, namely

T(\) = ﬁ La(\) | (5.14)

n=1
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which is essentially the monodromy matrix (3.15). The Poisson bracket for the
monodromy matrix 7'(\) in terms of the 7, s-matrix structure follows from the discrete
version of the non-ultralocal Poisson bracket structure [22] and reads as

12 12 21 1 2 2 1

{T,TYy=rf, TT—TTr,—Ts,T+Ts,T. (5.15)

In (5.15) the superscripts 1,2 for the operator matrix 7 denote the corresponding
factor on which this T acts (acting trivially on the other factors), i.e.

1 2
T:=T®I and T:=1x7T.

We note that the proof of equation (5.15) can be found in Appendix C.
In the classical case the traces of powers of the monodromy matrix are invariant
under the mapping as a consequence of the discrete-time evolution

T) = MO)TN) M, M= <A N ((;”/_ T)f(f{f/;)x) _ﬁ/ f) . (5.16)

where M is M, and the periodicity condition Mpiy = M;. Thus, this leads to a
sufficient number of invariants which are obtained by expanding the traces in powers
of the spectral parameter A\. The dynamical map in terms of the monodromy matrix
is preserved by the Poisson bracket as a consequence of the compatibility condition
of a discrete-time ZS (Zakharov-Shabat) system (3.7). The involution property of the
classical invariants, which was proven in [8], follows also from the Poisson bracket

{trT(\), trT(X)} =0, (5.17)

which in turn follows from (5.15).
The classical r, s-matrix structure for the mapping of KdV type is given by

Pa _ 1 1 _ _
N S19 = N BBy, sf, = )\—2F1E2, =1+ sl — s, (5.18)

in which A\, = k2 — ¢%,a = 1,2, and the permutation matrix &1, and the matrices

E, F are given by
0 1 0 0
’ E_(O 0)’ F_<1 0)'

Using equations (5.15) and (5.18) we can extract the following Poisson brackets
between the entries of the monodromy matrix (5.1):

Ty =

r@12:

o oo
O = OO
o o= O
= O O O

(A, AQ)} = )\%B(Al) Clh) — )\%B(Ag) ) (5.190)
{A(\1),B(\2)} = A2) B(/\;z : i(m A) + %2 B(A1)D(\2) , (5.19b)
(D) - 2BNIC0) D)) -
{B(M),B(A2)} =0, (5.19d)
(50, () - 2B D) ) 50) .
{D(M),D(A2)} =0 (5.19¢)
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Equations (5.19) can be used to establish the canonicity of the separation variables:

{pi, iy = {ni,n;} =0, {pirnit = dimj (5.20)
using n(u;) = A(p;)-

5.8. Discrete Dubrovin equations

The Dubrovin equations arise in the theory of finite-gap integration as the equations
governing the dynamics of the auxiliary spectrum or equivalently of the poles of the
Baker-Akhiezer function. In [21] the finite-gap integration of mapping reductions of
the lattice KdV equation was considered, cf. also [7], for complementary results. As
a byproduct difference analogues of the Dubrovin equations, cf. ref. [19], were derived
which form the equations of the discrete motion of the auxiliary spectrum under the
KdV mappings.

Let us first present the equations of discrete motion for the diagonal evolution
in terms of the auxiliary spectrum, which are different from the equations for the
vertical evolution given in [19]. The discrete dynamics in terms of the separated
variables follows from (5.3), (5.4) and (5.16), and is given by a coupled system of set
of first-order difference equations for the p;, details of derivation are given in Appendix
D, namely

o (o209 ¢ [ (o)

J J

210 S (/.L) T i —
= ﬁ +2By = (=1 Sy 41 (1) = Sy ()], (5.21a)
i=1 i
—-1
[//fl (m/R(u) A e)L - V/ (E\/R(ﬁ) A e)L
2:[0 w
=———F—-2B,T+2C, = .21b
O T2 —
where j = 1,...,9. Thus, the actual discrete Dubrovin equations comprise two

expressions (5.21a), (5.21b), and coupled through the T which can be eliminated
by combination of both. In equation (5.21), ~ is the shift in the discrete dynamical
variables, p = (p1, .. ., ug)t denotes the vector with entries 15, Zg denotes the invariant
given in equation (5.3), e = (1,1,...,1), .# denotes the Vandermonde matrix

mooe o
= . (5.22)
pe 1

and S(u) is the vector of symmetric products Sy of its arguments, i.e.

g

Se(fin, i) = > iy iy - iy So(p1s---ypg) =1.
11 <t < - <ip

We note that the k in (5.21) denotes the sign k = + corresponding to the choice
of sheet of the Riemann surface, subject to the condition K = k. The latter is the
case K = K since the bar shift ~ is the composition of two shifts K — k = —x and
Kk — R = —k, each of which provoke a change of sheet of the Riemann surface [19,21].
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In the case of g = 1 the discrete Dubrovin equations (5.21) reduce to set of two
coupled equations, namely

R + = V/R@D = 1o (“ﬂ—f) +28, (). (5.230)

1 — 1 - Wt - w
E\/R(M) u\/R(M) =T <—ﬁu >+2le 201 =, (5.23b)

where we can use that & = x and fixed x at an initial point. Solving equation (5.23a)
for T and inserting into (5.23b) we obtain the actual discrete Dubrovin equation of
second-degree, namely

(n—T—w) <7V R(ﬁ_)%) —(p-T+w) <7V R(“)”‘))
H H (5.24)

:i_‘; (VE® - o) (VRGW +To) —4B1 C1 (n—0)* .

which is different from the first-degree Dubrovin equation given in [19] for a different
discrete map. The Casimirs By and C; are both equal to 2e.

In the case of genus g = 2 the discrete Dubrovin equations are given by the
following set of first-order difference equations

(/) R(pa) = (L po)/ Rlpz) (1) v/ R(y) — (1/52)/ R(Hs)

H1 = 2 H1 = H2
1 1 _ w
= IO (‘ulM2 + ﬁ1ﬁ2) — 232 T + 202 % , (525&)
(1/p1)/R(p1) = (1/p2)/ R(p2) i (1/m)/ R(iry) — (1/715)/ R(1i5)
H1— 2 = o
1 1 x _ _
(p2/p1)/ R(p1) — (p1/p2)y/ R(ps2) + (12 /101)/ R(11y) — (1 /182) / R(715)
H1 = 2 Hy — fho
=T (“L;’:Q - ‘“ﬁfﬁ:@) +2 By = (upz = i) (5.25¢)

where the Casimirs By and Cy are both equal to 3¢e. As before eliminating T from
(5.25), we get a coupled first-order difference equations of degree two for the variables
1, pm2. In general, this system is difficult to solve directly. It is conceivable that
the system can be solved using the techniques of Abel’s paper [1], but we will not
pursue this line of investigation here. Instead, we consider the integration by means
of continuous-time interpolating flow. Note that equations (5.24) and (5.25) describe
the discrete evolution of the separation variables.

5.4. Interpolating flow

We will now establish the continuous evolution generated by the invariants. First,
we need to establish the Poisson brackets between canonical separation variables.
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Using (5.19b) and (5.19e) we obtain
(A1) [A(A2) = D(A2)] — B(A2) [A(\) — D(M)]

[AQ) + D), BOw)} = 2 =2 (5.26)
This yields in the limit As — A1 the relation
{AON) + DV, B} = [A(N) = DOV B'(N) = BW [AN) =DV, (5.27)

where the prime denotes the differentiation with respect to A\. From the auxiliary
spectrum (5.5), using B(u;) = 0 and the relation

{A+ D, B}(u;) = (A= D) () B'(n;) ,

we obtain
{(A+ D)(u;), 3} = (A= D)(n5) , (5.28)

whereas for p; # p1; we have

{pi, (A+ D)(p;)} = 0.

A set of canonical separation variables is introduced by taking the {1, } as the position
variables, and {v;} as momenta variables defined by

eTG) L (A
2 cosh(v;) T () = ]21g<D(,uj)>’ (5.29)

leading to the Poisson brackets

{Mi,/l/j}:{yi,l/j}zo, {/j/i7l/j}:6ija jzla7g (530)

In order to construct an interpolating flow for the map (5.16), we consider the
continuous-time evolution for the auxiliary spectrum using tr 7'(\) as the generating
Hamiltonian of the flow® (a similar time evolution was considered in [7] by Cao & Xu),

ie.

R(pj) B(A)
(A= 15) By Hz‘;&j(ﬂj — i)
which are the Dubrovin equations for our case. The value of A will be fixed later.

From the definition (5.29) and equation (5.31), the second companion equation for
the conjugate variable v; is given by

5 _ VdetT(uy) BA) 8 [ trT(py) (5.32)
T (A=) B'(ng) Oy \ /et T(wy) ) '

The coupled equations (5.31) and (5.32) derive from the Hamiltonian of the form

=
T Oty

{1y, 0 TN} = (5.31)

Hy(i1, - g5 1, 1 0g) = Z 2 cosh(v;)+/det T'(1;) B(A) — B(A) tr T'(p5)

=1 (A — ;) B' (1) , (5.33)

J

3 In choosing a single parameter-flow generated by tr 7'(\) we anticipate matching this flow to the
map in the case of g = 2. For higher genus we would need a multiparameter combination of traces.
‘We will not consider the latter extension in this paper.
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which is different from Toda’s equation, cf. [34], where he gave the potential term only.
Using the Lagrange interpolation formula

0 , 0<k<g-1
S+ : 5.34
ZB/ :uz ,uz_)‘) {1/Bga k=g ( )

we can integrate the Dubrovin equations (5.31), leading to the following Jacobi
inversion problem

Bt —to) / du, k=0,...,9—1, (5.35)
o) Z ito) VR ,U

on the hyperelliptic Riemann surface of genus g = P — 1
I': n?—trT(\)n+detT(\)=0. (5.36)

We note that the time variable ¢ = ¢(\) depends on the parameter value A. We also
note that for different values of A the compatibility flows commute as a consequence
of equation (5.17).

5.5. Generating functions structures and action-angle variables

We can now introduce the canonical transformation to action-angle variables in terms
of the spectral variables fi1, ..., ftg,V1,...,74. We look for a canonical transformation
given by a generating function G(u1, ..., tg; P1,- .., Py) in which the action variables
Pi,..., Py are the invariants appearing in (5.3); specifically P; = Z;_1 where
7 =1,...,g9. This generating function is obtained from

G §(/‘ Pi,.. P d f /M n( 1 8TW Ny (san)

= P,y ..., = arccosh | - ———=— , .

~ Jus (i P DT L 2 JdevT(m) ) "
J= J= J

up to an arbitrary function of the invariants. Note that the integral (5.37) depends
on u’s and P’s only. The angle variables are obtained from

oG 9 i (t) Mkfl
Q) = / dy, k=1,...,9. (5.38)
P ;;umm R(u)

As a consequence we have that the transformation to action-angle variables on
the one hand and the mapping on the other hand form a ladder of commuting
canonical transformations, as shown in figure 2. In fact, we can think of the
transformation between the original variables and action-angle variables as the
result of the composition of two generating functions which factorize the canonical
transformation that leads to the MH. To our knowledge, there is no existing general
theory of composition of generating functions, and we basically give a description by
the following commuting diagram for what we mean by that.

In this diagram, the S denotes the generating function of the canonical
transformation from the original variables to the action-angle variables, the F' denotes
the generating function of the canonical transformation from the original variables to
the separating variables, and the G denotes the generating function of the canonical
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S(a,P)

F(q, G(u,P
@p 4B R g p

H(q,ﬁ)l W (g, U)J lK(Q, P)

(@,p) Fam (m,7) G(ﬁ—,f)) (Q,P)
\//}
S(q,P)

Figure 2. Commuting diagram of canonical transformations

transformation from the separating variables to the action-angle variables. The H
is the action functional describing the canonical transformation which is the discrete
mapping (Hamiltonian). The canonical transformation, with generating function W,
realising the dynamical mapping in terms of the separation variables, is obviously, by
construction, an integrable map itself. Unfortunately, however, it does not seem easy
in general to obtain an explicit expression for the generating function W, since this
requires the elimination of the invariants entering as coefficients of the spectral curve.
The K is the action functional describing the canonical transformation in terms of the
action-angle variables.

As an explicit example of the above diagram, let us consider the KdV map
example 4.1. In this example the generating function S satisfying the defining
equations (4.6) is given by (4.8). The generating functions F' and G which are,
respectively, parametrized as

_OF OF

pi(’)_q’ V:*a—’u ) (5.39a)
oG oG
el = — .39b
v o Q 7P (5.39Db)
are given by
F(q,p) = (w—p)log(e+q) + plog(e —q) —eq (5.40)

0

1% 421 2 4 ! / P 2
G(M,P):/ log (VACK AP+ + VANt ) TP 4O 0
M VA +P+a2 — /A (i +a) + P + a2
up to an arbitrary function of the invariant, and in which o = € — w. In

equations (5.39) p and v are given by

1
M:Z(ew—wq—63—62p+eq2+pq2), (5.42)

v =log (”‘1), (5.43)
e q
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where p is the auxiliary spectrum and v defined in (5.29). The generating function
H satisfying the relations (4.3) is given by (4.2), whereas the generating function K
satisfying the relations

— 0K — oK

P-P=—-——==, —Q=—,

09 e-Q oP

is given by (4.15), which is in fact the MH of the map (4.1). We note that the
generating function K is presented in terms of the variable P only since P is an
invariant, i.e. P = P. The schemes that we set up in section 5 will be illustrated for
genus-two in the next section.

6. The modified Hamiltonian of two-degrees-of-freedom

As discussed in section 3, the lattice KdV equation (3.1) leads to the integrable
mapping (3.11) when considering a staircase with period P = 3. For convenience,
this mapping is introduced below:

_ n €l €0 _ €0 n €l
P =01 - ) qd, = q1 — — — —
! €E—q1 €e+q+q ! €—Pp €+Pp—D (6.1)
_ n €0 €l _ n €0 €0 '
= Do — 5 = (2 —_ —
Pa=p €E—q2 €+q+g =1 €+pPy  €+DPp—DPo

in which we identify
X1 = p1, X2 :=p2 — p1, Y1 = q, Yo i=qo .

A further discussion of this mapping can be found in Appendix B. In terms of the
conjugate variables q1, g2, p1, p2, we have the standard symplectic structure

Q= dql A dp1 + dQQ A dp2 5 (62)
leading to the standard Poisson brackets

{a1, 02} = {p1,p2} = {a1,p2} = {@2.01} =0, {q1,p1} ={q2,p2}=1.

This structure is preserved by the map (6.1), and the mapping is in fact a canonical
transformation, i.e. Q2 = 2. The Hamiltonian,

H(q1,q2,D1,P2) =€dlog (e + Dy —Da)(e —Py)(e +Pa)

+edlogle+qr+q2)e—q1)(e—gq2) , (6:3)

acts as the generating function for the mapping (6.1), i.e. one has the discrete-time
Hamilton equations

_ OH _ oOH
p1*p1:*a—ql, ‘h*(h:a—]_)l,
_ OH _ oOH
pg*l’z:*a—(p, QQ*(DZG—I_)Q,
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leading to the equations of the mapping (6.1). As noted around (3.17), the
mapping (6.1) conserves the invariants

1
P 155262 [T1 Byo+3y1 —w2) +22(Byo+3y2—y1) + 23 (By1 + 32 — yo)]

1
+ 5 delzrzayo (y2 —y1) +x1x3y1 (Yo — y2) + T2 23y2 (Y1 — yo))
+T1T2T3Yo Y1 Y2 , (6.4a)

Py =0d¢€lz1 (Yo —y1) + 22 (Y2 — o) + 3 (y1 — y2)]
+x1 2290 (Y1 +y2) + 212391 (Yo + Y2) + 2223 Y2 (Yo + Y1) (6.4b)

in which we have used the abbreviations
T1=€—P1, T2=€+P2, T3=€+P1—P2, Yo=€+q1+q2, Y1 =€—q1, Y2 =€—¢q2 .

The canonical structure allows us to show the integrability property that the two
invariants are in involution with each other, with respect to the canonical Poisson
bracket: {P1,P2} = 0. The invariance and involutivity of these can be shown by
direct calculations. The calculations involved are large, but have been verified by
MAPLE. The invariants P; and P will thus generate two commuting continuous
flows to the mapping (6.1).

Now, by applying the BCH formula (2.4) to the Hamiltonian (6.3), where we
consider § as the step size of the mapping (6.1), one obtains the following expression
for the modified Hamiltonian:

H* =delog(e+p1 —p2)(€e —p1)(e +p2) +delog e+ q1 + q2)(€ — q1)(€ — g2)

62 €2 [( 1 1 )( 1 1 )
2 €+pi—Dp2 €—D1 €e+q+q@ €e—q (6.5)

1 1 1 1
(=) e =) oo
€+p1L—p2 €+ P2 €Et+q1+q €—qe

We can also express the MH in terms of the invariants:

H* = §elog (P1) + O(5°) . (6.6)

After inserting the invariant P; and expanding equation (6.6) is seen to agree with (6.5)
up to order §2. Observe that in equation (6.6), the term corresponding to §2 is zero.
In fact, in the light of our present investigation we expect that for Hamiltonian system
of KAV models, all terms of the interpolating Hamiltonian which correspond to §2"
where n € N, are equal to zero.

Turning to the action-angle variables technique, accordance used Hamilton-Jacobi
theory we need separation variables to obtain a closed-form expression for the MH
(6.5). This is advantageous in this case because in this manner we can take care
of the separation of variables. P; and P can be defined as the new momenta and
their canonically conjugated variables as the new coordinates Q, Qs, thus, we have a
canonical transformation

(1, p2, v1,v2) — (Q1, Q2, P1, Pa) (6.7)
which can be given by means of a generating function, G(p1, p2, P1, P2) as
oG oG 0G oG
vy vo=5—, Q1= Q= (6.8)

" om’ Opa Py P,
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With
= H P — 6-9
lfk At 9tA ) ( )

being the transformed Hamiltonian. Thus, we get G up to a function of the invariants

s 1 trT H2 1 trT
G= arccosh 1T d,u—i—/ arccosh 1T du, (6.10)
9 2 /At () 2 et T ()

and consequently we have

Q / Ry Lo (6.11a)
= iz +/ oy 6.11a
e VR W /R

0
M1 M2
1 1
QQ:/ dqu/ — . (6.11D)
no \/R(1) ny VR

We note that in the case of genus two, the discriminant of the curve takes on the form:

R(A) =366 X° + (4P; — 3w” — 54w+ 81¢*) A*
+2(9€* Py —3wPy +2P1 +2w?) A? (6.12)
+ (182 P1 —6wPL + Po*) A2+ 2P1 Pa A + Pi” .

As discussed in section 5.4, a continuous-time evolution for the auxiliary spectrum
can be introduced by considering tr T'(\) as the generating Hamiltonian of the flow.
In the two-degrees-of-freedom case, the trace of the monodromy matrix is given by

trT(A) =2\ +3(3® —w) A+ Pa A+ Py . (6.13)

Using the trace (6.13) as the generating Hamiltonian of the flow, one can obtain the
following set of equations

m:u—mmi(wy ju = OV

H1 — H2 O det T'(u1) H1 — H2

. (A—m)y/detT(p2) 0 tr T'(p2) . (A=) R(pu2)

vy = | T 2= , (6.14b)
H2 — H1 Opz det T'(u2) H2 — H1

which derive from the Hamiltonian of the form

2 cosh(v;)+/det T'(p;) — tr T'(p;)
< [Ty (g — pa) ) - (615)

Hy(p1, p2,v1,v2) = Z H()\*Hi)

J=1,2i#j

Note that the dot - in (6.14) denotes the differentiation with respect to the continuous-
time flow variable . Using (5.34) we can integrate (6.14) to obtain

( ) u(t) 1 u2(t) 1 ( )

t—t :/ ———du+ —dy, 6.16a
pa(to) / R(p) p2(to) / R(1)

( ) p(t) L p2(t) L ( )

At —to :/ du+/ dp . 6.16b
wi(to) VR(w) pa(to) V/R(1)
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In fact, the modified Hamiltonian H* coincides with the canonical transformed
Hamiltonian K obtained by applying the canonical transformation (6.7), viewed as a
function of Q1, Qs, P71, P2. Hamilton’s equations in the new coordinates are given by

. OH* . OH*
= — = = = -1
P1 20, 0, 9 P, Vi, (6.17a)
. OH* . OH*
= — = = = .1
22 90, 0, Qs a7, Vo, (6.17b)

which tell us that H* depends on Py, Ps only.

Using Abel’s theorem, cf. Appendix E for more discussion, we introduce the
frequencies v1, vo (not to be confused with a canonical variables vy, 12) as the discrete
time-one step as the following

P 1 o 1 (wn(@) 1
v1:/ 7du+/ d,u:—/ —dp, (6.184a)
vV R(1) we VR(W) o0 R(p)

p1
iy o (wm(w))

Vo = F w+/ L @:—/ P gu,  (6.18Db)
B :u) K2

Vv R( VR(w) o0 R(p)

so that - -
Q1 — Q1 =V, and Qo — Qo =vy,

and in which we have chosen a specific value of A\ given by

B (wn(w)) L (wn(w)  q
A= (/Oo mdu)/(/Oo mdu). (6.19)

In fact, the integrals (6.18) provide us with the solution of the discrete Dubrovin
equations (5.25).

As the system of equations (5.25) is given, we can then follow the KdV map
example prescription of section 4.1 to compute the limits 71y, fiy of the integrals (6.18)
at some suitably chosen initial points p1, pe. However, the calculations involved are
very large and cannot be reproduced here, but we shall just give the steps how to
compute these limits. Step one, consider the auxiliary spectrum py, uo (i.e. the roots
of polynomial (5.5) for g = 2) which are expressed in terms of the variables ¢1, p1, g2, pa2-
Step two, let g1 = g2 = 0, and thus pu1, po, respectively, take the expressions

1
p1 = 5 (3w+26p2—462+\/4064—463])2—862])%—67)2—3w2), (6.20a)

1
tg = 5 (3w+26p2—462—\/4064—4631)2—862])%—67>2—3w2). (6.20b)

Step three, use the coupled system of equations (6.4) at ¢ = g2 = 0, i.e.

2
P = % (4P, —8epipa+8epips + 15w” —16€*),

Py =—2¢€ (p} —p1p2+p3 —3€),

to eliminate py from the equations (6.20). Step four, rewrite the coupled system of
equations (6.20) as a system for which p1, pe depend on the variables Py, P2 only.



Shami Alsallami, Jitse Niesen, and Frank Nijhoff 28

Step five, use the system (5.25) and equation (6.12) together with the initial points
141, po obtained from the latter step to compute 1y, Tiy.
Denoting the new Hamiltonian by H*(P1,P2) one obtains

(P1,P2)
H*(P1,Py) = / vy Py + va dPy], (6.21)

over any curve in the Pp,Ps-plane up to an integration constant, and where the
expression between brackets is a differential 1-form. The key reason is that on the
basis of the integrals (6.18), using the dependence of the discriminant R(u) on Py and
P2, one can prove that
(9\/1 . (9\/2
oPy  OP1’

asserting that (vi,vs) is a conservative vector field. Hence the integral (6.21) is
independent of the integration path in Pj, P2-plane chosen and thus leads to a well-
defined function of (Py,P2) obeying the relations (6.17). Equation (6.21) is a closed-
form expression for the MH of the mapping (6.1).

(6.22)

7. Conclusion

We have presented examples of integrable numerical integration schemes arising from
the reduction of nonlinear integrable lattice equations, which have closed form MHs.
Furthermore, we have discussed the extension to multiple-degrees-of-freedom. It is
generally understood that common numerical methods applied to Hamiltonians of the
Newtonian form H = p?/2 + V(q), where &V (q)/d q is nonlinear, have an expansion
for the MH which does not converge. However, in the light of the present study,
there exist special symplectic integrators that do allow convergent expansion for the
MHs for some non-Newtonian Hamiltonian systems, which are associated with discrete
integrable dynamics. The corresponding Hamiltonian systems are associated with the
interpolating flow of these integrable mappings. We have presented an example of
the Hamiltonian system for the simplest case (i.e. one-degree-of-freedom) which arises
from the reduction of the lattice KAV equation. In this case, we obtained a closed-form
expression in terms of an elliptic integral and compare it with the expansion that we
get from Yoshida’s approach.

In the present paper, we broadened the perspective by looking at two parallel
extensions. Omne was the extension to an implicit scheme where the MKdV case
is key example. In particular, the example of the MKdV map exhibits an implicit
dependence on the time step which could be of relevance to certain implicit schemes
in numerical analysis. Another extension was the extension to multiple-degrees-of-
freedom. In the latter case, we are dealing with the more complicated situation
where the underlying spectral representation of the underlying of integrable systems
is associated with higher-genus algebraic curve. This case forced us to deal with some
new techniques, such as separation of variables and finite-gap integration. One striking
aspect was the role-reversal interplay between the discrete and continuous evolution
of the separation variables. Another point of interest is the diagram of commuting
canonical transformations between the original, separating and action-angle variables,
which follows as a consequence of the transformation to action-angle variables on the
one hand and the dynamical mapping on the other hand.
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We finish by making a few general remarks on further ramifications. We remark
that for the MHs which are constructed by the well-known BCH series, the precise
relation between the integrability of mappings and the structure of the BCH series
still remains mysterious. One may conjecture that a deeper understanding of the BCH
series may arise from the convergence analysis of the expansion for the MH. We also
remark that the interplay between discrete-time integrable systems and geometric
integration occurs in a wider range of settings than that considered here. In both
geometric integration in numerical analysis and quantum field theory, mathematical
structures have been discovered and studied which provide insights into the BCH
series, for instance rooted-trees expansions, Butcher groups and Hopf algebras. These
insights have never been directly applied, to our knowledge, to the context of discrete
integrable system. We may conjecture that techniques arising from the theory of
discrete integrable system combined with the techniques arising from the areas of
numerical analysis and Hopf algebras, may shed light on the structure of the BCH
series.
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Appendix A. Lax Pairs

Here we will go over the steps how to construct the Lax pair for the mappings of KdV
type starting from the Lax representation of the lattice KAV equation (3.1). Recall
the Lax representation of the lattice KdV equation,

L=UPU, M=UQU™",

(1 0 _(p 1 (g 1
0= 1) r= () ()

As the initial value configuration that we have considered, the Lax matrices £, M can
be written as

in which

L=Uy,PUL,, M =Us;11 QUL .
By consideration of the two paths as shown in figure A1, we have
— =1 ——1 _ _
Usjia P Uy Usjro QU 5 Usjia QUL , Usy PULYL
— —1 = —1 = =1 ——1
=Usj41 QUy; 5 Ug PU, ., Ugjn P10, U QU
—1 = —1 = —1 = =1 ——1
= (Q Ugjpa U2; PUyg; U2j—1) (U2j—1 Ugjt P ! Us; Uz; QU4 U2j—1)
—1 = pp— —1 _ _
= (U2j+1 U2j+3 p! U2j+2 U2j+2 Q U2j+3 U2j+1) (Q U2j1+2 U2j p U2j1+1 U2j71) :

Renaming the matrix products in the brackets, it is easy to show that we can write
the latter equation in the form

L;M; =M, L;



Shami Alsallami, Jitse Niesen, and Frank Nijhoff 30

T
L——(—————(—-T_

Ug; Ugj+1

Uzj+2

Figure A1l. The Lax matrices for the mappings are derived by a consideration
of the compatibility of the two paths shown
in which
L, = QUL Us PUL, Usy oy, M, =T, Tojy1 P 1T, Uy QUL U
j = Q 2§42 Y2J 2j+1 Y25—1, Jj — VY25—-1 Y2j+1 25 Y2 Q 2j+1 Y2j—-1 >

which can be used to construct the integrals of mappings. The Lax matrices L; and
M, factorise as follows

_ _ 10
L =QL;Q™", M;=QM;Q7", Q<q 1>’
in which the mappings of KdV type arises as the compatibility condition
LjMj =M Lj,

with the Lax matrices

(v 1 z; 1 M —w/T; 1 z;—wfy; 1
J A0/ \N=w 0)° J A —Z; A 0/

Using the same way as in the case of the lattice KdV, the Lax pair for the mappings
of MKdV type can be constructed by using the relevant Lax representation given in
factorized form as follows

e=V1lPV, M=v-1QV,

(10 _(p 1 _(q 1
v=(o ) =8 ) e ()

Appendix B. Mapping Action

in which

We present here an action for the KdV lattice equation (3.1) for the case of genus two,
as depicted in figure B1, namely

Sper = Z[uo (up — 1) +edlog(e+ug —uz) + T (ug — o) + €dlog (e + W — T3)
t
+ug (uz —T3) + edlog(e+uz —uy) + T3 (ugy —Ty) + €0 log (e + T3 — T5)
+u4(u5fﬁ5)+e5log(e+u4fuo)+ﬁ5 (u07ﬁ0)+6510g(6+ﬁ57ﬁ1)],



Shami Alsallami, Jitse Niesen, and Frank Nijhoff 31

in which u = u(t),7 = u(t + 1) and Sper is S (3.4) modulo periodicity. Using the
reduced variables

X; =ugjqi1 — ugj_1, Y, = ugjio —ug; ,

the latter equation can be reduced to the following form

N Y
Y Y
Y N
\N YO \NX1
Y Y
Y Y
Y Y
N N
l \\ U \\ us
77, 17 ' '\ Y
Uo Uy N N
Y Y
Y N
\y Yl \NXQ
Y Y
Y Y
Y Y
N N
Solug . U5
_ @ —@ @ ®
Uz us3 AN AN
Y Y
Y N
N X
N 2 3 3
Y Y
~ AN
N ~
\\ Uug \\ ux
_ @ —@ ¢
Uy Us
T T

Figure B1. Action of mapping over three periods

Sper :Z X -NX-Y2 X5+ Y2 X3

+edlog(e—Y1)(e = Ya)(e + Y1 +Y2) (B.1)

+edlog (e — X1)(e — X3)(e+ X1 + X3)],
where X3 = —(X; + X3) using the periodicity constraints. The Euler-Lagrange

equations for (B.1), which are obtained by variation of S with respect to the variables
X1, X35, Y1, Y, ie.

S €d €d

R + =0,
6X1 - Ele 6+X1+X3

oS €l €l
—=Y-Y; — =0
5X3 2 =2 6—X3+€+X1+X3 ’
IS — €l €l

— =X - X; - =0
3 ZE L S Vo S S VA
S — €l €l

— = X3 — X3 — =0
S A P A Caris T



Shami Alsallami, Jitse Niesen, and Frank Nijhoff 32

lead to the equations

€l €l €l €l

= ~ -~ <~ 72_}/2: = ~ =
€+X1+X3 6—X1 €—X3 €+X1+X3
. (B.2b)

71 — Y1 (B2a)

€l €l €l €l

N-X =y Ty o T Oy on

which is the integrable mapping (3.11). Now, our aim is to perform a Legendre
transformation to establish a Hamiltonian structure for the mapping. A discussion of
performing such a discrete-time Legendre transformation can be found in [5].
Consider a Lagrangian . = Z(X1, X1, X3, X3,Y1,Ys), such that the Euler-

Lagrange equations

0Z 0% 0L 0%

— +t = = 0, —+—=0 s

0X1 090X, 0X3  0X3
correspond to the mapping under consideration. The discrete-time Hamiltonian is
obtained through the following Legendre transformation

H(Y1,Y2,X1,X3) =Y1X1 -V X1+ Yo X3 - Yo X3 +.2 .

Now, we have

0H — 0H — OH 0H
— 00X+ —8X3+ 81 + - OY;
> CR> SR ) TR )
=Yi10X1 4+ X10Y1 — V10X, — X10Y1 + X38Yo+ Vo bXs3— Y20X5 — X3568Ys
0L 0L — 0L ¢ — 0% 0%
ED CRR) JRE) > U L) )
Thus, one obtains a set of equations
0H 0L OH 0%
—_— = —5/1 + — B —_ = 2 + e 5
00X, 0X4 0X3 0X3
0H — 0L OH — <L
— =X - X — — =X3— X3+ —
v, T oy o T T o
0¥ 0%
0=Y1+ — 0=-Yo 4+ —
LT ax, ! 2T ox;
and consequently we get
H = H —
a_ :Ylfyl, —a— :Y2*Y27
00X, 0X3
0H — OH —
— =X; - X — = X3—X3.
oY, 1 1, oY, 3 3
By identifying
X1 :=p1, X3 := —pa, Yi:=aq, Y2 :=q2,

one obtains the discrete-time Hamiltonian in terms of variables g1, g2, D1, P

H(q1,q2,D1,P2) =€dlog (e +Py —Py)(e —Py)(e +Dy)
+edlogle+qr+q2)le—q1)(e—gq2) ,
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which acts as the generating functional for the mapping, i.e. one has the discrete-time
Hamilton equations

_ _ 0H _ oH
D1 b1 = aqla q1 q1 = apl )
~_ 0H _ oH

Py — P2 = ana ds q2 = aﬁ2 )

leading to the equations of the mapping under consideration. In terms of the conjugate
variables q1, ¢2, p1, p2 we have the standard symplectic structure

Q =dg; ANdp1 + dgz N dps
leading to standard Poisson brackets

and the mapping is in fact a canonical transformation, i.e. Q = €.

Appendix C. Proof of Equation (5.15)

In this appendix we prove the relation (5.15). Let us first recall the discrete version
of the non-ultralocal Poisson bracket structure from [22], i.e.

1 2 1 2 2 1 1 2 1 2
{Ln, Lm} = 75n,m+1 Ln STQ Lm + 5n+1,m Lm 51_2 Ln + 5n,m (TB Ln Lm - Ln Lm T1_2) .

Using this equation together with equation (5.14) we can establish

12 11 12
{T, Ly} ={LpLp—1---L1, Ln}
1 2 1 1 1 11 2
={Lp, Ly} Lp_1---L1+ Lp---La{Ly, L}
Py 1 12 1 1
+ Z Lp---Ljti{Lj, Ln} Lj—1--- L1
j=2
1 1 1 1 L2\ 1 1
—{Lp, Ln}Lp - Li+Lp-Lops <Ln+1 512Ln) Ly Ly
1 1 12 2 1 1 1
+Lp---Lpty <rBLnLn LnLnrl_Q) Lp_1---Ly
1 1 /2 1 1 1 1 112
+Lp---L, (Lnsl_QLn—l) Ly_o---Li+Lp---Lo{L1, L,} .
At this point it is useful to establish the commutation relations between the
monodromy matrices 7' and T,F, T, using the fundamental commutation relations
of the matrices L,,. Introduce the following decomposition of the monodromy matrix

(5.14)
T =T} T

n—1>

in which
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Thus, we obtain
12 102 1 2. 1 2 2 1 1
{T,Ln} = {LP, Lo} Tp_y + T3 {Ll, Lo} + Lo Ty (512 = 712) Ty

T — ) T L,

Jr
n+1 (S
Finally, we have that

2
{TT} ZLP n+1{T Ln}Lnl Ly

P— 1

12 12 2
:{TL }TP 1+T {T L1}+ZTn+1{T7 Ln}Tnfl
n=2
P-1,
B 2
{T LP}TP 1+ZTn+1{LPaL }TP 1 T
n=2
r-l 2. 01, 12 2. 1. N 12
+ Z <Tn T, (512 - 7’12) T, T, —To T (512 7"12) T, Tn)
n=2
Polg 1 2 2
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Appendix D. Discrete Dubrovin Equations

In this appendix we will show how to derive the discrete Dubrovin equations for
the mappings of KdV type starting from the the discrete-time evolution (5.16). The
auxiliary spectrum B(A) (5.5) leads to the expressions for By/By,...,Bg—1/B, as

elementary symmetric functions of the zeroes p1, ..., pg. Similarly, the coefficients of
C(\) are symmetric functions of its zeroes 71, ...,7,. From the fact that
(4~ D)) = s/RO) — ABOVCOY (D.1)

where the x denotes the sign k = £ corresponding to the choice of sheet of the Riemann
surface, subject to the condition & = &, and taking A = y; in (D.1) we obtain the
system

-1
I, — 2Dy pr e k1 R(pw) — o
1y —2Dg N kg R(pg) — Lo
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Thus, we obtain

I, —2D; ;= [//1—1 (HN/R(H)—IOe)], j=1,....9, (D.2)
J
where . is the VanderMonde matrix given in equation (5.22). From the Lax equation
for the map (5.16) we have the following discrete relations for its entries

s sesapo s )l om

[/\ <x%)]B§D>\F§Z, (D.3b)

A<x—§—§>A+AC:U{)\—§<x—%)]+)\5<x—f—§>, (D.3¢)

s
A(x—f—i”)BJFAD:AE—g
y T

8IE 8I&

C. (D.3d)

From (D.3) we establish that the top coefficients B, and C, can be taken to be equal
and constant. Expanding equation (D.3a) in powers of A we are lead to the following
coupled equations

Ay=Ay=Tp Agicgzg+ﬁg<sz), (D.4)
z Y
while expanding equation (D.3b) we are lead to the following set of equations
J— w —
AO = BO r— — y Bg = Bg y (D5a)
W — — w w .
%(Aj_Dj—l):Bj—l_Bj—l""%( —g)Bj, jzl,,g (D5b)

Using the equations (D.4) and (D.5a) one obtains
_ B _
ByT—=Cy=Dyy—Dy1+ =LA, . (D.6)
xz BQ

By using the relation (D.2) and the fact that

Q

BO) =By [[(v =) =3V By = By Y N (15, (w)

Jj=0 Jj=0

together with the relations (D.5b) and (D.6) we obtain a coupled system of set of
first-order difference equations for the p;, respectively, namely

o (o209 ¢ [ (o)

J

N % +25, g (=197 Sy j11(B) = Sg—jr1(p)] (D.7a)
{///*1 (H\/R(/L) -1y e)L - [/7/_1 (EW—IO e)L
27,

w
=———-2B,z4+2C, = D.7b
(_1)9 Hf:l i 9z+ Cg T ’ ( 7 )

where j=1,...,9.
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Appendix E. Baker-Akhiezer Eigenfunction

Here we look at the asymptotic form of the Bloch eigenfunctions ¢()), i.e. (5.10), of
the spectral problem. In fact, we have for these eigenfunctions the following properties

To* =nrer,  § = Mo,

where n* are the two different solutions of the hyperelliptic spectral curve, and the
signs £ correspond to the solutions on the two sheets of I'. We have the following
expressions for the Bloch eigenfunctions

1 1
(niA> ‘Pi: < CD) ‘Pi . (E.1)
B n--—

We also have

w (w _ _w((nf=A
—+ 17 o+ T \y :C)+>‘ E( B )
P | qta ] =9 L Wt A (E.2)
5 A x—x—g)—i—)\( 5 )
The scalar function ¢ solves
—+ Dt yel
w (D—nm B
— == A= E.3
ot f( B )+ B’ (E3)
thus we have . - ( )_
TP B A—w)B
T A (A—w) === EA4
o N YETanB ()

Note that (E.4) has pole at co and zero at A = w. We point out that the u; arise as
the poles, and the 7z; as the zeroes of a transition factor ©/ where ¢ is the relevant
Baker-Akhiezer function.

As a consequence of Abel’s theorem, cf. [6], we have the following relation

g (55m5) (wn(w))
Z/ W —|—/ wr =0 (mod Ay), (E.5)

=1 (15.m5) oo

which provides us with the solution of the discrete Dubrovin equations. In
equation (E.5) wy is the normalized differential of the first kind (Abelian differential)
and w denotes the parameter value given in (5.4), whereas A, is a period lattice of the
associated Riemann surface.
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