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Abstract
The Q1 lattice equation, a member in the Adler—Bobenko—Suris list of 3D con-
sistent lattices, is investigated. By using the multidimensional consistency, a
novel Lax pair for Q1 equation is given, which can be nonlinearized to produce
integrable symplectic maps. Consequently, a Riemann theta function expres-
sion for the discrete potential is derived with the help of the Baker—Akhiezer
functions. This expression leads to the algebro-geometric integration of the Q1
lattice equation, based on the commutativity of discrete phase flows generated
from the iteration of integrable symplectic maps.

Keywords: Baker—Akhiezer functions, algebro-geometric solutions, integrable
lattice equations, integrable symplectic maps
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1. Introduction

Discrete integrable systems form an increasingly important part of the theory of soliton
equations, and it has become a main subject of study within the wider area of integrable systems
in recent decades. In particular the study of partial difference equations on a space-time lattice
has undergone a dramatic development in parallel to the more familiar theory of integrable par-
tial differential equations, (cf e.g. [1] for an elementary introduction). What has emerged from
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these developments, is on the one hand a remarkable level of analogy between the theory of
discrete systems and that of continuous integrable systems (cf e.g. [2]), but at the same time a
deepening of understanding of the phenomenon of integrability by exploiting the richness of the
discrete world and how it has spawned new mathematical concepts and ideas, cf also [3]. One
remarkable breakthrough was the classification of integrable quadrilateral lattice equations, i.e.
partial difference equations on a lattice of elementary quadrilaterals on each face of which the
equation is defined, and that exhibit as their key integrability feature the aspect of multidimen-
sional consistency (the latter forming a discrete analogue of the existence of infinite hierarchies
of partial differential equations of soliton type), cf [1] for details. The resultin [4] demonstrated
that under certain assumptions, and up to Mobius equivalence, the scalar quadrilateral lattice
equations can be classified as comprising only nine equations, denoted as H1, H2, H3, Al,
A2, and Q1, Q2, Q3, Q4. These are nowadays referred to as the ABS (Adler—Bobenko—Suris)
list of quadrilateral lattice equations, and they have been widely studied ever since. Some of
these equations, such as the lattice Korteweg—de Vries (KdV) family of equations [5], were
already known in the older literature since the early 1980s. They appear as the special value
6 = 0 case of a parameter that appears in several members of the ABS list, but the list also con-
tains some novel equations, as well as the § ## 0 variants, which were new. It is especially for
those latter cases that the question of finding explicit solutions has become quite prominent, as
they exhibit new complicating features in comparison to the § = 0 cases for which solutions,
including rational and soliton solutions as well as algebro-geometric solutions, were already
known. While soliton and elliptic type solutions were constructed for all ABS equations in
a series of studies [6—8], in this paper we address for the first time the issue of constructing
(higher genus) algebro-geometric solutions of one of these novel equations in the ABS list,
namely the (Q1); for § # 0.

Thus, in this paper we construct algebro-geometric solutions of the Q1 quadrilateral lattice
equation,

=202 = Ba — )@ — u) — B3G — w)(i — u) + 82 BIB3(BT — B =0, (1.1)

denoted by the symbol Z%F where j, k corresponds to the number of continuous and dis-
crete variables respectively. In (1.1) we have adopted our preferred short-hand notation for
lattice systems, i.e., partial difference equations for functions # = u,,,, depending on two dis-
crete independent variables m, n € Z, forming a regular lattice with coordinates (m, n) € 72,
and where elementary lattice shifts are denoted by &t = w1, = Uy 1. Equation (1.1) is
a member in the well-known ABS list of 3D consistent lattices [4], where 3,, 3, are (lattice)
parameters associated with the two lattice directions respectively, while ¢ is a fixed parameter.
For § # 0 this equation first appeared in the classification of [4], but the case § = 0 (which we
will denote by (Q1)o) first appeared in [5] where, due to the appearance of the canonical cross
ratio of four variables, namely written in the form

(i—w@—u) B}

= ==, (1.2)
(u—w—u) f
it was identified as a lattice version of the Schwarzian KdV equation [9, 10],
2
uy 1 Uxxx 3 Uxx
Doy _ = =0. 1.3
ux+4[ux 2(1@) (1.3)

Equation (1.3) is a relative of the famous KdV equation which is invariant under Mobius trans-
formation. Its lattice version, i.e., the (Q1), lattice, which first appeared in [5], can be used to
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define a discrete conformal map, by which the Riemann theta function solutions to (Q1), are
calculated [11, 12]. In the previous papers [13, 14], we constructed algebro-geometric solutions
of the (Q1)y equation, using the method of symplectic maps arising from a nonlinearisation
approach [15, 16].

The present paper considers the §-parameter extension of (Q1),, which amounts to a signif-
icant departure from the § = 0 case, since in a sense it ‘lifts’ the equation away from the KdV
related lattice equations, cf e.g. [1], and towards what one could call the Krichever—Novikov
(KN) class, on which we say a bit more below (see section 2). Furthermore, in the soliton
solutions, cf [6], the presence of the parameter § effectively induces a deformation of the
curve on which the lattice parameters (in (1.1) the parameters (3, 3,) take their values, and
hence in that sense the switching on of the ¢ represents an unfolding of the correspond-
ing ‘parameter curve’. As a consequence of the presence of this parameter also the corre-
sponding Lax pair is significantly more complicated than the KdV type lattice equations [13,
14, 17, 18], and various other simplifying features disappear. Hence, also the nonlineariza-
tion approach to the algebro-geometric solutions is significantly different from the one for
the KdV class systems. With regard to explicit solutions of (1.1) relatively little is known
so far: soliton solutions were constructed in [6], while elliptic type solutions were pre-
sented in [7], along with those of all members of the ABS list apart from the top equation
Q4. Elliptic N-soliton type solutions of the latter equation (where the equation itself is
defined over an elliptic curve) were constructed in [8]. Moreover, in [19], it indicates that
the QI lattice admits rational solutions. So far, to our knowledge, no explicit results exist
about the algebro-geometric solutions expressed in terms of 6-functions corresponding to
a hyperelliptic Riemann surface of any of the §-parameter equations in the ABS list for
higher genus g > 1. The present paper forms the first step towards filling this lacuna in the
theory.

The algebro-geometric approach to soliton equations was initiated by early work on the peri-
odic initial value problem for the KdV and similar equations [20], (and references therein).
It basically reduces the problem to that of mapping the initial data to points on the Rie-
mann surface of a higher genus algebraic curve in the space of spectral variables, and using
the properties of Abelian functions on that Riemann surface to formulate a (Jacobi type)
inverse problem on that Riemann surface and the associated Jacobian of the curve. The
results of the inverse problem can usually be expressed in terms of Riemann theta func-
tions associated with the curve. The method we employ in the present paper to solve the
QI lattice equation (1.1) uses a variant of the standard theory of finite-gap integration based
on the construction of integrable symplectic maps in combination with the discrete version
of the Liouville—Arnold theory [21-25]. In contrast to the approach presented in [17, 18,
26], which employs associated completely integrable Hamiltonian systems (in terms of an
auxiliary continuous time-variable) for the integration of the lattice systems, in the present
approach we circumvent the need for an associated continuous variable and use the discrete
equation itself as the starting point. This, through the property of multidimensional consis-
tency, cf [1], provides the Lax pair, the commuting matrix operators, as well as the spectral
curve associated with a hyperelliptic Riemann surface, in the details of the construction of
solutions.

This paper is organised as follows. In section 2, we present the relevant Lax pair as well
as the underlying continuous systems associated with the quadrilateral lattice through con-
tinuum limits. In section 3, based on two commuting operators, we obtain the relevant sym-
plectic map, whose integrability is proved by using the r-matrix and (quasi-) Abel-Jacobi
variables. As a consequence, the discrete flows are constructed via the iteration of integrable
symplectic maps in section 4. Moreover, the evolution of the potential along the discrete
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flows is inverted with the help of the Baker—Akhiezer functions. As a result, the algebro-
geometric integration of the Q1 lattice equation is deduced by the commutativity of two discrete
phase flows sharing the same invariants. We finish the paper with some conclusive remarks in
section 5.

2. Lax pairs and associated continuous equations

By the method of multidimensional consistency, cf [1], a basic discrete spectral problem is
derived directly from equation (1.1)

2.1)

1 252 2
F=DO0by, DO = (Ab N0 ) ,

8 \b

where B = (b? — 62/32)!/2, Bb = it — u. The factor B is there to avoid that non-trivial relations
arise from the determinantal condition of the zero-curvature relation, and one way of guar-
anteeing that happens is by requiring that det D”(\; b) = A?> — 32 is a constant. The general
form (2.1) of the Lax pair for quadrilateral lattice equations was given in [27], in the context
of the one for the generic case of the lattice KN system, i.e., Q4 lattice equation. The latter
contains as a special case the Q1 model, cf also [28]. In the special case of the Q1 lattice
equation (1.1) the zero-curvature representation adopts the form

X =Dy =D\ b))y, with by =@ —u/p,
(2.2)
X =Dy =D (\iby)y, with by =@ —u)/p.
In fact, computing the difference Y — x yields the following identity:

=(02) 2 5 5 252
PEVPB) _ PEIPE) — = <>\ S1 + B152B1B2So AT07S2 + AS3 ) , (2.3)

B\B,B\B, AS> A’Sy — B132B1B1So
in which By = (b} — §%3%)!/2, and where the quantities S; are given by

_szz + b1by — 8*(B} + 533)

=TT BB, 1 BBEE
5 Pa—i—u +uwi)> + 12]1),
(B2B11> + BiB:21) B} 33
5 — @ —i—utuhs +1211)’
(B,B1J> + B1ByJ) 3} 33
Sy= SUTEZEED LKD) — UKo+ K — ),

- (ByB\K;, + B1BK/) B33
with

Iy = byby + 6°B1 o, Ji = Biby + Baby, Ki = B1b,B} + b1 B3,
L = biby + 6”1 s, Jo = by + Biba, Ky = B2b1B5 + Bi1baBi.

From equation (2.3) we conclude that the zero-curvature condition (implying Y = Y) is satis-
fied iff Z*2 = 0, i.e. if the Q1 lattice equation (1.1) holds for the function u, since generically
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at least one of the entries in the matrix on the right-hand side of (2.3) is nonzero. Thus, the

relation (2.3) forms a bridge between the discrete zero-curvature equation and the Q1 model.
Let us now consider continuum limits of the Q1 equation. A special sequel of continuum

limits yield the following form for a semi-continuum and full continuum limit respectively,

=MD = Blita, — @ —u)’ + 0?6} = 0, 24
1 3uy, — 467
20O = 4 - (um _ _L> —0. (2.5)
T4 2 Uy

In fact, setting 3, = c»¢, and i(x,y) = u(x + 2,y — (33 /3), then as remains /3, constant while
By — 0,1.e. ¢ — 0, we have the Taylor expansion

202 = 3220 + o).

Furthermore, setting 3, = ¢, and ii(x, y) = u(x + B,y — 33 /3), and ii(x, y) = u(x + B2,y —
33/3). As € — 0, we obtain

2
=02 = §u-‘ (c% — c%) 2229 L 0.
We note that equation (2.5) with § = 0 is exactly the Schwarzian KdV equation (1.3) which
is the continuum limit of (Q1),. Moreover, equation (2.5) is a special case of the KN equation
[9], which in its most general form is given by

3
ty = theee = 5= (3, — r(w)) + cus, 5 =0, (2.6)
Uy
with r(u) an arbitrary quadratic polynomial with constant coefficients. Adler [29], discovered
the following Backlund transformation for (2.6):

u vy = h(u,v), 2.7

where h(u, v) is an arbitrary symmetric biquadratic polynomial, i.e., a polynomial of degree less
than 3 in each variable. Furthermore, the nonlinear superposition principle for (2.7), i.e., the
permutability condition of the Backlund transform, in the most general, elliptic, form gives rise
to the Q4 lattice equation [28, 29]. In the more special case of the Q1 equation (2.7) coincides
with the semicontinuous equation (2.4) written as

uyit, = By (@ — u)* — 6767, (2.8)

by identifying v = u. The observation that the Backlund transformed quantity & can be iden-
tified with a lattice shift goes back to [30, 31]. On the level of the Lax pair, the semi-discrete
zero curvature equation A = DY — YDP + DY = 0, with U given by

1 /0 226242
Oux = U\ u)x = u (1 0+ uX) X (2.9

gives rise to the semi-discrete equation (2.4) as commutability condition. Indeed, by direct
calculations we have

o E b (PR 1 (0 0
~ BiBiiu, | B? b A6 By A\N0 —u )|’
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We mention in passing that the KN equation (2.6) arose in [9] from the problem of find-
ing special finite-gap solutions of the Kadomtsev—Petviashvili equation associated with rank
2 holomorphic vector bundles. We mention also that already early on it was observed that
the semi-discrete system is perfectly adapted for performing numerical calculations, and for
producing the plots of solutions, which reveals that the algebro-geometric solutions have a
practical value as standard special functions as well [32—34].

Motivated by these known facts, this paper is dedicated to the problem of constructing the
algebro-geometric integration for the Q1 equation (1.1). To set up the finite-gap scheme for Q1
it is most convenient to perform the calculations from a Lax representation perspective. In the
development of this method, a fundamental role is played by the Burchnall-Chaundy theory of
commuting differential operators [35, 36], whose discrete analogue concerning commutative
rings of periodic difference operators was developed [37, 38]. Their common eigenfunctions
are vector bundles over a Riemann surface defined by the corresponding eigenvalues, and this
forms the underlying geometry for the reconstruction of the potentials from a special class
of spectral functions which themselves can be obtained from solving a classical Jacobi inver-
sion problem for Abelian integrals on hyperelliptic Riemann surfaces [39—41]. Furthermore,
the algebro-geometric solutions of the associated discrete systems can be expressed in terms
of the Riemann theta functions associated with the Riemann surface, and a suitable choice
of a homology basis of curves (see [17, 42-50] and the reference therein). The approach in
this paper for the solution of the discrete equation is based on the construction of commut-
ing integrable symplectic (dynamical) maps, which in turn can be resolved in terms of the
algebro-geometric data.

3. Construction of the nonlinear integrable symplectic map

In this section we discuss how a linear map can be nonlinearized to produce a nonlinear inte-
grable symplectic map on the symplectic manifold N = (R*", dp A dg) with associated coor-
dinates (p,q) = (p1, ..., N> 415 - - .,qN)T, where N is a positive integer. A map S : (p,q) —
(p, g) is a symplectic transformation [5S1-53], if S*(dp A dg) = dp A dg. A well-defined notion
of integrability for symplectic maps was first given by Veselov [22, 23]. It is entirely analo-
gous to that of the Liouville—Arnold in the continuous-time case, i.e., there exists N smooth
functions I, . . ., Iy : R*?¥ — R with the following properties:

(a) The functions are invariants of the map, i.e., S*I; = I;.
(b) The invariant functions are in involution with respect to the Poisson bracket, i.e.,
{I.,1;} =0.
(c) The invariant functions are functionally independent throughout the phase space.
To construct an integrable nonlinear symplectic map suitable for the integration of the Q1

equation, we use the nonlinearisation method of [17, 18, 26] and apply it to the linear map
associated with the spectral problem (2.1) of Q1, which is given by:

(’ﬁ) = (af = 857Dy b) (”i) . 1<j<N, 3.1
qj 4qj

where {« j}l}’:l are the corresponding eigenvalues. We assume, moreover, that these eigenvalues
a%, R 0412\, are mutually distinct and non-zero. It turns out that the linear map (3.1) can be

extended to a nonlinear integrable symplectic map by imposing a restriction on the discrete
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potential® which is the quantity b. This fact has led in several cases to the construction of
integrable symplectic maps in the process of constructing the finite gap solutions for several
discrete soliton equations [17, 18, 26]. In the present case, the operator associated with the Lax
pair (2.2) is the Darboux matrix D'”(\; b) given by (2.1). Through direct computation, we find
that there is a matrix operator, i.e., the Lax matrix

(0 62<A2—<Aq,q>)> (Apr,q) —QA<Ap,p))
m”’”‘(l 0 loueo rome) G2

that commutes with D@ (\; b):
L p, DD (\;b) — DN b)LO; p, q) = 0, (3.3)

where A = diag(av, . .., o), (€,m) = £_,&m; and Ox(£,m) = (A — A*)7'¢, n). This com-
mutative relation (3.3) in cases considered implies a quadratic equation providing the con-
straints on discrete potentials [17, 18, 26].

Proposition 3.1. The constraint for the discrete potential b in the spectral problem (2.1)
satisfies

PO (b; p,q) = B2 L2 (B; p, q) + 2L (B p.q) — L(B; p.g) = 0. (3.4)

Proof. First, note that the Lax matrix (3.2) can be rewritten as

0 &\ —(Aq q>)) e ( gj 035103>
£>\; ) - ’ +7 + k]
(A:p-q) <1 0 zZ: A—a;  Ata

j=
o (ijj‘ -p; )
Ej— 2 I
q; Piq;

Then we calculate L(\; p, ))DP(\; b) — DO N b)LN; pg) =T + 11,
B

—(6%(Agq,q) + B —)((A3,4) — (Aq.q))
1= B 8 >
0 5(52<Aq, q) + B>
I = lZN: <€~jD(‘8)(>\; b) — D(‘S)(A; b)e’:‘j i O'3<€~jO'3D(‘8)(>\; b) — 'D(‘S)()\; b)0'3<€j0'3
2 — )\ — Olj )\ —+ ij
j=l1
_ b B (—(Ag.q) M(P.@) + (p.q))
- §(<p’ Q> - <p’ q>)03 + ? ( 0 <AZ], Z]> s

where we use £;DP(aj;b) = D (aj; b)), 0DV (aj; b)oy = —DP(—aj; b). From equat-
ions (2.1) and (3.1), we have

1
p=(A*— ﬁzr‘/zg(bAp + B8°A%q + BB*q),

3 This assertion is based on the observation, going back to [9], that there exists an operator commuting with a member
in the Lax representation for nonlinear equations of KdV type, when discussing the associated finite gap classes of
exact solutions.
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1
g = (A% = B2 2 (Bp + bAg).

Hence
L p. DA b) = DP(N LA p.g)
1 . L
= 51b(p.9) = (p.a)) = B*((AG.q) + (Aq,q)) — BBl
== gP@(b; P93,
where o3 is the usual Pauli matrix. This concludes the proof by using equation (3.3). (]

Following the spirit of [9], we use the Burchnall-Chaundy theory [35—38] to study the com-
muting operators £(\; p, ¢) and D (\; b). We shall investigate their common eigenfunctions
and the corresponding eigenvalues which lie on a Riemann surface. In our case, the operator
L(\; p, q) has two eigenvalues,

+H) = £ —F), 3.5)
where

Fr = Falp.q) = det L p.g)
= (=0°N + 6%(Aq. q) + Ox(Ap, p))(1 + O(Aq,9)) — N*Q3(p, 9)
= —0°\> + O\(Ap, p) — 6°0x(A’q, 9) + 6°(Aq, 9)Q\(Aq, q)
+ O0\(Ap, POAAG, 9) — X O3(p, 9), (3.6)

with Q,(A%q, q) = \2Q.\(Aq. q) — (Aq. q). Moreover, F) is a rational function of ¢ = A\?, and
has simple pole at each point a?. Inspired by the relation between the eigenvalues ) and A,
given by (3.5), we consider the factorization of JF)

_ RIEC=% 5 RO
a(Q) Ca2(()

and then construct a hyperelliptic spectral curve associated with a two-sheeted Riemann surface
of genus g = N, cf [54-56],

Fi Q=1 (C—ap), (3.7

R:€ =R(). 38)

Since degR = 2N + 2, the above curve (3.8) has two infinities co, co_. For any ¢ € C, in
the non-branch case (not equal to A, o} or 0) we call the collection of points on R of the form

O = (CE=VRQ), @ ©=(¢6=-VRO),

the upper and lower sheets, respectively, where 7 : R — R is the map of changing sheets. The
branch point, given by ( = 0 and £ = 0, is denoted by o.

To proceed with the actual integration of the map, we first list some basic objects on R
[54-56]. Let ay,...,aq, by, ..., b, be the canonical basis of the homology group H;(R) and
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Wi, ... ,w; be the basis of holomorphic differentials:
8 (e d
Z = 1<i<s (3.9)
whose integral along ay is denoted by ay.. Then (3.9) in the vector form &' = (W), .. ., wg)T can
be normalized into & = (wy, ..., w,)" = CJ’ with C = (a;k)&?X o

Periodic vectors 5k, Bk are defined as integrals of & along ay, by, respectlvely They span a
lattice 7, which defines the Jacobian variety J(R) = C#/.7. The matrix B = (B,...,B ) IS
used to construct the Riemann theta functions which will be used in section 4,

0z.B) = exp mV/=1((BZ.7) +2(z.7). z€C" (3.10)

Jezs

The Abel map A : Div(R) — J(R) defined as
p
A(p) = / B, A (Smp) = St (po), 3.11)
Po

is the key ingredient in the Jacobi inversion problem.
As a consequence we obtain a nonlinear map arising from the linear map (3.1),

(P _ a2 a1l (PAp+ BEPA%q + BBq )
S (L )]=@A , 3.12
. (q) (A* =B ( Byt big (3.12)
b=[5(p.9)
where b = f;(p, q) is given by the roots of quadratic equation (3.4),
1
b=f3(p.q) = —————— (—BQs(p.q) £ H3) . (3.13)

1+ 0s(Aq, q)

which is single-valued as a function of p(3%) € R. Actually, Bb are the values of the following
meromorphic function on the curve R:

g o 5¢
o) = 1+Q5(Aq,q)< s "’)+a(52>>’

at the points p(3%) and (7p)(3?), respectively. Hence, the nonlinear map S is well-defined.
The next step is to show that Sg given by (3.12) is an integrable symplectic map on
N = (R*,dp A dg). In order to get the symplecticity of S, we calculate

dpj\ _ 2 12 (g (AP Gy (AP

1<j<N,
(3.14)

where

b, 1 (a; 28b
B) 'D(g) D(ﬂ) . J
€ ey b) = (@b) = =D b) B(O aj>’
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by using equation (3.12). Then,

N
L 3
> (dp; Adg; —dp; Adg)) = @dP(B)(b;p,q)/\db, (3.15)

=1

which implies S;(dp A dg) = dp A dg = dp A dg, since b = f4(p, q) given by equation (3.13)
satisfies the quadratic equation (3.4). Hence, Sj is a symplectic map on N = (R?N, dp A dg).

Having asserted the symplecticity of the map, we now turn to the construction of its
invariant. In fact, by taking the determinant on equation (3.3), we have det L(\; p,q) =
det L(\; p,q), i.e.,

F = 7. (3.16)

Thus, invariants of the map S can be generated by the partial fraction expansion,
Fr=—62\? Ex 3.17
A== + Z Yo (3.17)

where

Ep = oxpi — 82 0qq; + 6 (Aq. q)ouqi — Pidi

L > (Paj = Pia0”  (pedi+ Pig)* (3.18)

2 2 2 2
o — o5 (0% (0%
R0 R Pt

In fact, substituting (3.17) into the both sides of equation (3.16) and comparing the residues at
a2, we obtain

E,.=E, 1<k<N. (3.19)

The next step is to show that N invariant functions E1, . . ., Ey on the phase space RN for the
symplectic map S are in involution with respect to the symplectic structure, and are function-
ally independent. These conditions are essential conditions to assert the Liouville integrability
of symplectic maps. We employ a different approach here from previous papers [17, 18, 26],
by employing an r-matrix structure to exhibit the validity of these conditions. The relevant
r-matrix structure is similar to the well known cases [2, 57, 58], and through direct calculation
we find that the Lax matrix obeys the fundamental Poisson bracket

{LVY @ L} = 1O\ ), LiOV] + [, ), La(w], (3.20)

where L(\; p, q) is often written as £(\) for short, £;(\) = LN @I, Lo() =1 @ L(), and
'\, 1) = —r(u, \) satisfies

1
r(\, p) = )\27()\(01 Q0 4 02 @ 02) + oz @ 03 + 1) + 2% oy @ o

— 2
w 0 0 0 0 0 01
“x=zlox o ot o0 0 of G
0 0 0 p 0 00O
with 0, 03, 03, 04 the Pauli matrices and / the usual unit matrix.
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In addition to (3.20), there are two further matrix functions s, s’ such that

(L2 ® L2} = [s LiV + 15 La(w): (3.22)
This is derived from
{£2 @ L2G0} = LiNLGD{LN) @ L4} + L1{LN) © LG} L2
+ L2 LN @ LGDFLIN) + {LO) @ LI LI V).

(3.23)

Substituting (3.20) into (3.23) and by using the formula £;(A\)Lo(u) = Lo(u)L1(N) = L(A) ®
L(p), we get

s = L1(NL2()r(A, 1) + LiOr(A, ) Lao(p) + La()r(A, () L1(A) + r(A, ) Lo() L1(N),
s = LiNL2()r' O\, ) + L1 O ) La(p) + Lo(p)r' O, L) + 17O, ) L2() L1(N).
As a consequence of the r-matrix structure we have the following:

Proposition 3.2. The invariants E,,...,Ey of the symplectic map Sg are in pairwise
involution.

Proof. Since £2(\) = —F\l, L*(p) = —F, I, we calculate
1
{Fa Fub = (L2 @ L2Go)}- (3.24)

Hence by equation (3.22), we obtain
{FnFub =0, VpueC. (3.25)
Substitute the partial fraction expansion (3.17) into (3.25), then calculate the residues, we have
{EEj} =0, 1< jk<N, (3.20)

which implies {E}} given by equation (3.18) are in involution. O

Interestingly, by the r-matrix method, we can get the evolution of the Lax matrix along a
phase flow resulting in the independence for invariant functions [17, 59]. In order to do this we

calculate
d (p; —0F\/0q; Dj
—_— = = )\, : J . 3.27
dr, (%’) (3]3/31’1 W a)) q; 42D

where 7) is the flow variable corresponding to the Hamiltonian function ), then we obtain

2 (M:“(A) pL2(N)

W(A’,u):)\zi M‘CZI()\) _)\ﬁll()\)

— ) —28%uLP (Vo (3.28)

This statement can be cast in Lax form as follows:

Lemma 3.1. The Lax matrix L(11) satisfies the evolution equation along the ty-flow,

dL(p)/dty = VA, ), L] (3.29)
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Proof. Since £2()\) = —F,I, we obtain
{L2N @ L} = {~Fd @ L)}

(T )

_(dL(p)/dey 0
o ( 0 dﬁ(,u)/dt,\) ’ (3.30)

By equation (3.20), we calculate the left-hand side of (3.30) again and get
{L2) @ L)} = LIV{LN) @ L)} +{LA) @ L) }Li(N)
= LiNVF O, ) L) — Li(N)Lo(p)r' (N, 1)

+ 'O L2 L1 = La(r' A ) L1(N)
= [L1OV7 O\ ) + 7O L1, Lo()]

_ (VO ), L()] 0
= ( 0 VO ), ﬁ(u)]) ' 3D
Then comparing (3.30) and (3.31), equation (3.29) is verified. O

We next address the problem of parameterizing the solutions. In fact, by introducing an
elliptic (curvilinear) coordinate system {1/]2} defined by the zeros of the following function
[51, 60]:

8 2 8
=1+ Af’_qfa% - % w0 = [J€-vd, (3.32)
=1 j=1

we consider one component of the equation (3.29),
AL (p)/dey = 2002 A, L () — W O i £ (), (3.33)

at points p = v, I < k < g. Then the Dubrovin equations for our case [49, 61] is obtained?,

1 d_v,f _ 2 n(¢) (3.34)
2VRGD A Q) — WD) '
Hence by using the Lagrange interpolation formula for polynomials, we get
g 2\g—s 2
e dyg 26 os
———=——=C", (1<s<y), (3.35)
kz;: 2\/R(1}) di, oa(C)C ¢
which can be rewritten in the simple form
o, 25
R S =5, (1<s< 3.36
dt)\ {¢s /\} a(c) C ( s g) ( )

41n [62] a discrete version of the Dubrovin equations was obtained associated with the finite-gap solutions of the lattice
KdV system.
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with the help of the quasi-Abel-Jacobi variables q_b” =(¢,..., ¢’g)T,

4= / D des<y (3.37)
f aRG o (Sese |

k=1 Po

determined by the basis of holomorphic differentials in equation (3.9). Thus, we arrive at the
following proposition:

Proposition 3.3. The invariants E,, . ..,Ey of the symplectic map Ss are functionally
independent throughout the phase space R*".
Proof. Suppose Ejjy:IdeEj = 0.Then El};lcj{d)g,, E;} =0,V s. We shall now prove thatc; =

0,V. Substituting the expansion (3.17) into (3.36) we get

__28
o/(a?)

{6.Ej} =

(@),

by calculating the residues at points ( = a? (1 < j< N). Then the coefficient matrix
({¢.. E;})nxn is non-degenerate since its determinant is Vandermonde determinant. This
completes the proof. (]

To summarise the results so far, the nonlinear map S defined by (3.12) has been shown to be
symplectic and integrable, possessing N invariant functions E}, . . ., Ey, pairwise in involution
and functionally independent on R?",

4. Evolution of the solutions to Q1 equation

In the spirit of previous papers [17, 18, 26], we will now discuss the actual theta function
solutions of the Q1 equation (1.1) arising from the integration of the symplectic map. It is the
compatibility of discrete flows that is essential for constructing these solutions, and we will
implement that on the relevant Baker—Akhiezer functions [39, 63]. Thus, by considering the
iteration of the integrable symplectic map Sz obtained in section 3, we obtain a discrete phase
flow (p(m), g(m)) = S’ (po, go), with (po, go) € R any initial value point. Here the number of
iteration coincides with the lattice variable m. Then the commutative relation (3.3) along the
S3-flow has the form,

Lyt 1(NDE N = DD (NLLN), 4.1)

where £,,(\) = L(\; p(m), g(m)), and DD (\) = DP(\;b,,) is the Darboux matrix given by
(2.1) with discrete potentials b, u,, satisfying

ﬂbm = Un+1 — Up, OF

Bb =1u— u.

4.2)

We note that both the eigenvalues £, given by the formula (3.5) and the spectral curve R
defined by equation (3.8) are invariant under the S%3-flow, since ) (p(m), g(m)) = Fx(po, qo)
by using equation (3.16). According to the Burchnall-Chaundy theory [35—-38], we now inves-
tigate the common eigenvectors of the two matrix operators £,,(\) and D¢ (\). Considering
DY(N) as a shift operator, we suppose

h(m + 1, X) = DY (Mh(m, ), (4.3)
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where h(m, \) is the eigenvector corresponding to the eigenvalue A. This is a linear equation,
and then an alternative way of viewing h(m, \) is as a solution to the equation (4.3). Thus we
discuss the fundamental solution matrix M (m, \) and find

M@m+ 1,)) = DD NM@m, N), MO, \) =1. (4.4)
Then by induction, the solution can be written as a matrix product chain
M(m, ) =D (MDY, ... DY), (4.5)

which implies det M (m, \) = (A2 — 3?)". Fortunately, the solution space of equation (4.3) is
invariant under the action of the algebra operator £,,(\). In fact, by using the commutative
relation (4.1) we have

(Lh)mi1 = Loy 1r(DY hi) = DY (Lh).
Moreover, from equations (4.1) and (4.5) we obtain
Ln(MM(@m, N) = M(@m, \)Lo(N), (4.6)

which demonstrates that the evolution on the level of the Lax representation is nothing
more than a (matrix) similarity transformation. Hence we consider the common eigenvectors
h.(m, \) associated with the eigenvalues A and -7, which satisfy the following formulas
simultaneously:

Lo Nhe(m, N) = £Hahs (m, V), 4.7
he(m + 1,)) = DD (Nhi(m, N). (4.8)

Since the rank of £,,(\) F H,I is 1, the eigenvector in each case is unique (up to constant
factors). Thus, the simultaneous eigenvectors A (m, \) can be expressed as

hD(m, \) ot
he(m,\) = (h(f(m, N = M(m, \) ( 1 ) . 4.9)
Substituting (4.9) into (4.7) and choosing m = 0, we deduce
LU + Hy —L2N)
£ =0 = ) : 4.10
CTTRON LT, @10

Referring to [9, 64, 65], when the rank of the commuting pair, i.e., the dimension of the
eigenspace of common eigenvectors, equals to 1, the associated equations of Lax type have
finite-gap solutions. Here we shall investigate the common eigenvectors A, (m, \) by using
the Baker—Akhiezer functions, which can be expressed by theta functions on the hyperellip-
tic Riemann surface corresponding to the spectral curve R given by (3.8). Consequently, the
discrete potentials b,,, u,, in equation (4.2) can be reconstructed in terms of coefficients of the
asymptotic expansions of these Baker—Akhiezer functions, which leads to the theta-function
solutions for the Q1 equation (1.1) [17, 18, 26].

Technically, separating out the two cases: m = 2k — 1,2k, by using equation (4.5) and
induction, we find that the following functions are polynomials of the argument ¢ = \*:

M2k — 1, M), AWM 2k — 1, ), AWML 2k, \), MP(2k, N).
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Furthermore, it is easy to see that Acy and Ac, are the values of a meromorphic function
onR,

C(¢ = A po, qo) + 66/ ()

CO) =" =AY g, )

at the points p(\?) and (7p)(\2), respectively. Thus, we can construct meromorphic functions
HP(m, p), (m =2k — 1,2k) on R, i.e., Baker—Akhiezer functions, with the values at p and
TP as

HP 2k — 1,p(AD) = MiP(2k — 1, ),
HP2k — 1,7p(N\%) = MP(2k — 1, \), 4.11)
§2 2k, p(N) = K2k, N), §P 2k, Tp(N) = K2 (2K, N),

where

M2k — 1,0) = M2k — 1, DAct + AMP2k — 1, ),
(4.12)
RP 2k, \) = XM 2k, MAeE + MP 2k, \).

According to the theory of Riemann surface [54-56], we now find the zeros and poles for
meromorphic functions H®(m, p), (m = 2k — 1, 2k), which determine the expressions in terms
of theta functions.

From equations (4.9) and (4.10), we derive

ha(m, VL (m, \) = — 50— M(m, N[ Lo(N\) + Halica M (m, \). (4.13)

£21()\)

Then by using equations (3.32), (4.5) and (4.6), we find one entry of the above matrix
equation (4.13) satisfies

@ @ 2m vi(m)
K m, Ay - K m, ) = (¢ - B Hc 0 (4.14)
Thus, by equation (4.11), we have
HP(2k — 1, p(OIHP 2k — 1, 7p(0) = ¢(C — 5 T[ 42(22"(0_)”
(4.15)
H 22k, p(CNHP 2k, Tp(()) = (¢ — W"H = 22((20"))

which implies zeros and some poles, while the asymptotic behaviors in the vicinity of the
infinity point on R will provide the remaining poles. Indeed, as A ~ co, we obtain

¢y = 5[ + 0\ D), (4.16)
by using equation (4.10) and
LN =00, LN =N[1+0N ],
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L2 =14+ 0072, Hy=08\1+ 0N

Besides,
A AZI o] ATTIZE2 [+ o))
Mm, A) = (Amlzﬁ,l[l FON D] NZ2[1+ 0\ Y] ) @.17)
where
[z} )\ 1 (6Gu+z,) P —2z,")
(i +6B) . (o +8)\ (4.19)
" N\ wr —0B) ... (bo—6B)) '

by equation (4.5) and induction. Substituting (4.16) and (4.17) into (4.12), we obtain the
asymptotic behaviour for H® (m, p) near points oo, co_:

{h@)@k —1,p) =21 CFL+ 0N, p~ ooy,
(4.20)
HP 2k — 1,p) = 23 [ C[1+ 0], p~oo_.
{h(z)(%p) =21+ 0D, p~oog,
4.21)
HPQ2k,p) = 25/ F[1+ O H], p~oo-.

This leads to the following conclusion on the analytic behaviours of the Baker—Akhiezer
functions.

Proposition 4.1. The Baker—Akhiezer functions h®(2k — 1,p), f?(2k,p) on R have the
following divisors, respectively [ 54—56] :

8
Div(h®(2k — 1,p) = Y (p(}(2k — 1)) — p(1/}(0)))
j=1
+{o} + 2k — DHp(B?*) — koo, — koo,
8

Div(h® 2k, p) = Y _ (p(v}(2k) — p(17(0))

j=1

+ 2kp(B%) — koo — koo_.

(4.22)

Let us now introduce the Abel-Jacobi variable $(m) = A (3;_ p(wim)))onJ(R) = C¢/ T,
with the help of the Able map .« given in (3.11). Resorting to the dipole technique developed
by [66], equation (4.22) implies

G2k — 1) = ¢(0) + k3 + (k — DO + Gy, (mod ),
B(2K) = $(0) + kO f + kG, (mod ),

which can be rewritten as
- A
2

+A

dm) = 6(0) + ==

mQEer "G5+ Ay, (mod F),  (4.23)

2912



Nonlinearity 34 (2021) 2897 X Xu et al

where G = [ (o1 Q; = Sy and (y = [2@. Moreover, A, is equal to 0 and 1 for
even and odd j respectively.
A usual argument leads to the expressions for the Baker—Akhiezer functions as [17, 54—-56]
Ol—2/(p) + 2k — 1) + K]
01— (p) + $(0) + K]

e lpokelp(8).00 4 14— Dwlp(82).00- [+wlo.00-]

h@Q2k—1,p)=C

(4.24)

>

O[— ot B2K) + K1 [ jlp().00 4 FHkelp(52)00
b2k, p) = Coy - [—(p) + d:( ) + £ ]efgok (P50 Hkelp()00-1 (4.25)
Ol—(p) + ¢(0) + K]
with Coi_1, Co; the constants; K the Riemann constant; w|[p, q] the dipole, a meromorphical
differential having only simple poles at p, g, with residues +1, —1, respectively.
From asymptotic behaviours (4.20) and (4.21), we obtain

Ol—A(004+) + P2k — 1) + K1 [0 G tpatp()00- 1wlo00-1 Y

1 =Co_q - = -
T g o0 p) + 4(0) + K]
(4.26)
O0[—<f 2k —1 K ” - _
il = Oy PEF T FO= D4R poitpimrnt (ot e (a1)
O — o (co_ )+¢(0)+K]
o 2k K » o
2o = Cop - 01— (OO+)+¢( )+ ] po kelp(52).00- ] S +)k (4.28)
0[— ,szf(oo+)+¢(0)+K]
5l = Cy - Ol —a7(co-) + ¢(2k) + K] fp “klp(Bo0 s ] (Vg)k’ (4.29)
0 — = (oo )+¢(0)—|—K
where
1 2 1 P a2
+ JE wip(8?).004 1 _ b e wp(8%).00-]
I S ’
_ . 1 P wlo,00_
o e

Hence

, B-e/(00p) + 2k~ D+ K] Ol-/(00-) + $(0) + K]

k-1 = O] — o (c0_) + (E(Zk — 1) +K] O—a(c0y) + QZ;(O) + K]

k—1
] ﬁ ) ﬁ ] ef:;Jr(kfl)wlp(ﬁz),oofJ+w[o,oofjaf;f;kwlp(l#)ow]
rg rof ’
2 O=d(00) + 60 + K] Ol-e/(0) + §0) + K]
Ot (00 ) + 62 + K1 01— (001) + H(0) + K]

k
+ §
r; 0 0,
. ( Li ) . e-fpo k”lp(52)’°°’]7~fpo k“]lpr)’OOJr]. (4.30)

I"‘B
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Then by using equation (4.19), we have

by 1+08 _ B Ol—(004)+ 620 + K] Hl—a/(00) + $(2%k — 1) + K]
bu-1— 6B B, - (o) + ¢2k) + K] O[—(coy) + ¢k — 1) + K]

o Jey wlp(oet-wloe ]
s
by +08 By Ol—e(004) + ¢k + D)+ K] O[—ef(00-) + $(2k) + K]

bu—0B B O—el(co )+ ¢k + 1)+ K] O[—ol(00s) + G(2k) + K]

>

+ ‘
T oo 00 g2
. % . efpo W[Oqoc—]—fpo wlp(B ),004—], (431)
"o
which can be put in a unified form by introducing the function

_ bu+ 3B _ Ol—a(00p) + dm+ D)+ K] l—o(00) + d(m) + K]
by —0B G-l (co_)+ dm+ 1)+ K] O[—ot(c0s) + ¢(m) + K]

T

. (rg‘)Am+l . (rof)(fl)A"H'l
(r)An
oo Bmelp(P)00 T DAMwlo.00 1= At [y wlp(8)o0 ]
(4.32)
from which we have by inverting the definition
08(Y, +1
b, — 5; _+1 ). (4.33)

Substituting equation (4.2) into (4.33) we arrive at a recursive relation for the potential u,,, in
terms of theta functions,

0T+ D)

Un+1 — Un = Tm 1 (434)

In order to get the algebro-geometric solutions to equation (1.1), we introduce two distinct
and non-zero lattice parameters 3, 3,. According to the results in section 3, we obtain two
commuting integrable maps S3,, S3, since they share the same invariants £y, . . ., Ey [22-26].
Their iteration give rise to commuting discrete flows S and S . Consequently the following
function is well-defined on the Z? lattice:

(p(m, n), q(m,n)) = S5 S (po, q0) = S, (p(0,n),q(0,n))
%55 (Po, g0) = S, (p(m, 0), q(m, 0)). (4.35)

Furthermore, by equations (3.1) in the two special cases and (4.2), the jth component satisfies

Pi - b1 . j u—u

(g’j) = (a} — B})'/*D¥ >(a,~,b1><§;), b= (4.36)
Di _ i u—u

(g’;) = (af = ) PD P s b) (Z) by= "5~ (4.37)
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which are compatible on account of the commutative relation between the maps Sg, and Sp, .
Thus D@D = D@ PGV Then by using equation (2.3), the evolution of the recursive rela-
tion (4.34) along the flows 8%, and S5, leads to the solutions for Q1 lattice equation (1.1) in the
form as expressed in the following.

Proposition 4.2. The QI equation (1.1) has special solutions u = u,,, satisfying

0BT + 1)

Un+1n — Unmn = T 1 5 (438)
where
O] — ot (c04) + d(m + 1,n) + K] Ol-/(c0 ) + B(m,n) + K]
" et (00 ) + pm + Lom) + K] 0]— e/ (c0) + p(m.n) + K]
(VGI)A (r,)(,l)AnH-l
(rA I)Aﬁl 0
_ef:;JrAmwlp(Bf),oofJJr(fI)A’”wlo,ooflfAmMf;;’w[p(ﬁlz),ooH, (4.39)
- - A, A
dom,n) = 6(0,0)+ T2 4 M2,
Ayay A,, - .
+ Sy G, + A+ AT, (mod 7,
+ . o0 ‘; — o0 — .
andQ f(; Q fp(Bf)w’ j=1,2.
Be51des,
2
mmn 1
Umn+1 — Umpn = %, (440)
where
_ Ol=(004) + dmn+ D+ K] 6=/ (0) + $m, ) + K]
G~ (00 ) + pmn+ 1)+ K] Ol—(c0y) + ¢lm,n) + K]
+1A,
B yenen (4.41)

A,
(r 52)
olvot Belp(33).00 T 1AM wl0.00 = Ayt [y wlp(5)001 ]
This proposition forms the main and final result of the paper. We remark that based on (4.38)

and (4.40) the solutions to Q1 equation (1.1), in terms of theta functions, should be integrated
in order to find u = u,,, in the form

m
U= Uoy + Z (uj,n - Mj—l,n)

j=1
= ttpo+ Y, (thmj— thmj1) - (4.42)
j=1
However, it is not clear yet that the sum (4.42) can be explicitly computed in closed form.
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5. Conclusion

In this paper we constructed algebro-geometric solutions of the Q1 equation (1.1) in a novel
way different from earlier approaches applied in e.g. KdV type systems [17, 18, 26] where the
continuous spectral problems associated with the integrable Hamiltonian systems in the Liou-
ville sense are essential. Here only the lattice equation is the starting point which gives rise
to the purely discrete Lax pair by means of the multidimensional consistency. From the latter
we deduce the compatibility relations, as well as the relevant spectral curve and the associated
hyperelliptic Riemann surface. Moreover, the integrability for the symplectic maps are stud-
ied with the help of the r-matrix. An outstanding new feature in the present approach is the
revelation that the discrete systems themselves without the continuous integrability provides
enough information for calculating the exact analytic solutions by the finite-gap technique.
Thus, in a sense it is justified to consider the discrete integrability as the more fundamental
aspect, which can subsequently be used to investigate the associated continuous integrable
systems.

‘We note, however, that the solutions are obtained in a ‘derived’ form, which to obtain the
solution, should still be integrated (in the discrete sense), to get the algebro-geometric solutions
for Q1 lattice equation in explicit form. Whether or not those forms can be explicitly integrated
remains an open problem, but there are precedents in the case of soliton solutions where that
can be done (see [67]). However, the latter, which has never been achieved in the finite-gap
case, is a matter for future investigation beyond the scope of the present paper.

We finish by expressing our confidence that the techniques used in the present paper for
the QI equation can be readily extended to the remaining equations in the ABS list which
are beyond the KdV type class, and notably to the problem of constructing algebro-geometric
solutions of the Q4 equation which figures at the top of the list.
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