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ABSTRACT. We develop the spectral theory of n-periodic strictly triangular difference operators
L =T"%"4 Zle afT’j and the spectral theory of the “superperiodic” operators for which
all solutions of the equation (L + 1)1p = 0 are (anti)periodic. We show that, for a superperiodic
operator L of order k + 1, there exists a unique superperiodic operator .Z of order n — k — 1 which
commutes with L and show that the duality L < .Z coincides, up to a certain involution, with the
combinatorial Gale transform recently introduced in [21].
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1. Introduction
In recent years, the theory of linear difference equations of the form
Vi=alVig—aVia+-+ (=D afVi g+ (1), ks (1)
with real periodic coefficients

al=al,, €R, i€Z 1<j<k,

i
all of whose solutions are n-(anti)periodic, that is, such that
Vi—i—n = (_l)kvi (2)

has seen a burst of interest due to connections with the theory of n-gons in projective space
(extensively studied in [5], [7], [9], and [11]) and the theory of SLj1-frieze patterns (created by
Coxeter and Conway in [3] and [4] and subsequently developed in [1], [2], [19], [20], [22], [26], and
[27]). Frieze patterns are a particular case of more general patterns arising in the theory of bilinear
discrete Hirota equations (see [31] and the references therein).

Our study was motivated by the recent work [21], where it was shown that the moduli space
Ek+1,n of Egs. (1) satisfying the constraint (2) is isomorphic, as an algebraic variety, to the moduli
space Fpi1,, of SLpii-frieze patterns of width w = n — k — 2 and that, if n and k£ 4 1 are
coprime, then both spaces are isomorphic to the moduli space 61, of n-gons in RP*. The main
result of [21] is a description of the combinatorial Gale transform, which is the duality between
the spaces &j41,, and &,_j_1,, analogous to the classical Gale duality on the moduli spaces of
point configurations. The former and the latter are induced by the duality of the Grassmannians
Gr(k+1,n) and Gr(n —k —1,n).

Recall that if V is an n x (k+1) matrix of rank k4 1 representing a point of Gr(k+1,n), then
the dual point is represented by an n x (n — k — 1) matrix W such that W7 V=0. The space of
n-gons in P¥ is the quotient of the Grassmannian by the torus action: €} 1, ~ Gr(k +1,n)/T""1
[9]. The points of Grassmannians representing dual n-gons are related by WTDV = 0, where D is
a nonsingular diagonal n X n matrix.

*The research was carried out at the RAS Institute for Information Transmission Problems at the expense of a
grant from the Russian Science Foundation (project no. 14-50-00150).
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If vectors V9) form a basis of the solutions of Eq. (1), then the matrix 17(1-) = (Vl(ﬁ, Vl(_i%, e

Vz(izl) determines an embedding (depending on the choice of i) of &1, into the Grassmannian
Gr(k +1,n). As shown in [21] (Proposition 4.3.1), the defining property of the combinatorial Gale
dual equations is the relation

WheV;) =0,  i—j=n—k—1(modn), (3)

where € is the diagonal matrix (1,—1,1,...).

The simplest example of a combinatorial Gale transform is related to Gauss’ pentagramma
mirificum [8]. This is a duality between 5-periodic difference equations of the third and the second
order. More precisely, duality means that if all solutions of the equation

Vi=a;Vie1 —biVio + Vi3, a; = its5, bj = biys, (4)
are H-periodic, then all solutions of the equation
Wi=a;Wi—1 — Wiy

are 5-antiperiodic: W; = —W,,5. In terms of n-gons, this transformation sends projective equiva-
lence classes of pentagons in P? to those in P!. In terms of frieze patterns, this is a duality between
5-periodic Coxeter friezes and 5-periodic S Ls-friezes.

The first goal of this work is to introduce a spectral parameter into Eq. (1) and develop the
Block—Flouque spectral theory of the corresponding difference operators. We emphasize that the
idea to introduce a spectral parameter into (1) is not new by itself. In [24] the spectral parameter
s was introduced into Eq. (4) as

Vi = sa;Vio1 — s 0 Vi_g + Vi_3, a; = aiy5, b; = biys, (5)

and used for constructing a complete set of integrals in involution for the pentagram map defined
in [29]. The algebraic-geometric integrability of the pentagram map was proved in [30] by using the
Lax operator with spectral parameter gauge equivalent to (5) (for Liouville-Arnold integrability, see
[25]). In a similar way the spectral parameter was introduced into higher-order linear equations for
proving the algebraic-geometric integrability of higher pentagram maps ([12], [13]; see also [18]). An
approach to introduce the spectral parameter into Eq. (1) by using cluster algebras was proposed
in [6] and [10]; for the SL3z-case, it turned out to lead to an equation equivalent to Eq. (5).

The spectral parameter s in (5) reflects the scaling invariance of the pentagram map (see [24]).
In this paper we consider a different spectral problem. Namely, let 21, be the (affine) space of
monic “strictly” triangular n-periodic difference operators with complex (or real) coefficients:

k
L=T"%1'4>"alT, d :ag+n}. (6)
j=1

{L € Dyim

Here and below, T is the shift operator acting on infinite sequences ) = {1}, i € Z, i.e., (T¥); =
¥i+1. It will also be assumed, unless stated otherwise, that the leading coefficient of L does not
vanish:

a; # 0.
Note that, for £ = —1, the gauge transformation
V=cp, c:={g=(-1)} (7)
transforms the equation
Ly = EY (8)

for the eigenvectors of L into Eq. (1).
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Remark 1.1. Similarly, the spectral parameter can be introduced into Eq. (1) as the coefficient
of the last term on the right-hand side of the equation, but the two ways of introducing the spectral
parameter are in fact equivalent due to the involution on Zy1 ,:

L— L =T YL +1) -1, (9)

where L* is the formal adjoint operator

k k

x _ k41 i J o k41 J j

L =T +§ TJZ._T +§ aiHTJ.
j=1 j=1

Under the gauge transformation (7) the constraint (2) defining the special triangular operators
L € &p1n C Djg1,n takes the form: All solutions U of the equation (L + 1)¥ = 0 have the
monodromy property

U = (-1)"hw,_,. (10)
For brevity, throughout the rest of the paper, the operators L € &1, will be called superperiodic.

Remark 1.2. Note that the choice of the multiplier g = (—1)"** in (10) can be seen as
the choice of a normalization in the following slightly more general setting. For a pair of complex
numbers (e, u), consider the (affine) space of triangular n-periodic operators of order k + 1 such
that all solutions of the equation (L — e)¥ = 0 are Bloch solutions with the same multiplier p:

éal:—’i-ul,n = {L S .@]H_Ln | (L — 6)‘1’ =0=p¥,; = \Ilz—n} (11)

The same argument as in [21] shows that this space is nonempty if and only if
Mk-i—l — (_1)knen' (12)

Indeed, the operator L is monic. Therefore, if WU) is a basis in the space of solutions of (11),
then det ®(;) = (—1)ke!det ®(;_1), where ®(;) = {\llgj_)s}izgllz The monodromy operator T~
restricted to the space spanned by W0U) is the scalar p. Therefore, the last relation implies (12).

Obviously, over the complex numbers, all admissible pairs (e, ) are in the same orbit of the
scaling transformation (e,u) — (c**le,c”u), ¢ € C. Over the reals, it can be directly verified
that if n and k 4+ 1 are coprime, then the parity of nk coincides with the parity of & and any
real admissible pair can be obtained by a real scaling from the pair (—1,(—1)"**) determining
superperiodic operators.

The scaling transformation introduced above reflects the scaling transformation of operators

Te: Dhiim — D1y (L) = FloLet, (13)

where C' is the diagonal operator and (Ct)); = c'1);. Note that the multiplication by cf*! of the
gauge transformed operator C LC~! is introduced in order to make the operator 7.(L) monic.

In the theory of ordinary linear differential operators it is well known that if the kernel of an
operator B is a subspace of the kernel of another operator A, ker B C ker A, then the latter is
divisible by the former, i.e., there exists an operator C' such that A = BC'. This is also true for
difference operators. It is easy to show that if an operator is superperiodic, then so is its adjoint.
As a consequence, we obtain that the original defining characterization of superperiodic operators
is equivalent to the following operator condition.

Lemma 1.3. Let L € D1, be a n-periodic triangular operator of order k + 1. Then it is
superperiodic if and only if the operator T—" — (—=1)"* is right and left divisible by L + 1, i.e.,
there exist operators L, and L; in P,_p_1, such that

T7" = ()M = (L= ()M)(L A+ 1) = (L4 1)Ly — (1)), (14)
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In Section 3 we show that if the period n and the order k+ 1 of L are coprime, then the Bloch
solutions of (8), i.e., solutions that are eigenvectors for the monodromy operator 7",

coincide with the discrete analogue of the Baker—Akhiezer function defined on the spectral curve
of L. This Bloch spectral curve is different from the spectral curves arising in the theory of the
pentagram map but is relevant to the combinatorial Gale transform, as will be seen in what follows.

More precisely, using the identification of the Bloch solutions of (6) with the discrete Baker—
Akhiezer function, we establish a connection of the spectral theory of triangular operators with
the theory of rank-1 commuting difference operators developed in [15] and [23], and through this
connection we clarify the defining constraint on the operators L € &1, and the combinatorial
Gale duality.

The appearance of commuting operators in the theory of superperiodic difference operators is
a direct corollary of our first main result.

Theorem 1.4. If n and k + 1 coprime, then

(i) the operators L, and L; defined by relations (14) for a superperiodic operator L coincide,
i.e., Lr = Ll;

(i) the involution (9) transforms the operator £ := L, = L; into an operator gauge equivalent
to the operator 4 (L) Gale dual to L:

G(L) =gt (16)
The statement (i) of the theorem and Egs. (14) imply the following assertion.
Corollary 1.5. The operators L and £ commute with each other:

IL,.%] =0.

As we see, the existence of a commuting operator is a necessary condition for a periodic trian-
gular operator to be superperiodic. It turns out that this condition is necessary and sufficient for
operators that can be obtained from superperiodic operators by the scaling transformation (13).

Theorem 1.6. Suppose that, for an operator L € Pji1,, with 2(k +1) <n, (n,k+1) =1,
there exists a commuting operator K € Yy_j_1,. Then, in general position,

(i) the operator L is superperiodic up to the scaling transformation (13) with some constant c,
i.e., Te(L) € Epyim;

(i) there is a unique polynomial P such that the operator £ = K + P(L) is superperiodic up
to the scaling transformation (13).

Here “general position” means “for a Zariski open set of parameters.” The precise meaning will
be given in the proof of the theorem in Section 4.

2. The Discrete Baker—Akhiezer Function

To begin with, let us recall basic facts of the theory of commuting rang-1 difference operators.

Let I' be a smooth algebraic curve of genus g. Fix two points p+ € I' and let D =~y + -+,
be a generic effective divisor on I' of degree g. By the Riemann-Roch theorem one computes
(D +i(py —p_)) = 1 for any i € Z and generic D. Let ¥;(p), p € T', denote the unique section
of this bundle. This means that ; is the unique, up to a constant factor, meromorphic function
such that (away from the marked points py) it has poles only at ~,, and the multiplicity of each
such pole is not greater than the multiplicity of s in D, while at the point p; (p—) the function
1; has a zero (respectively, a pole) of order i.

If we fix local coordinates z in neighborhoods of the marked points, then the Laurent series for
1;(p) at these points have the form

wz:z:tz<z£;|:(z)28)’ Z:Z(p), P — p+.
s=0
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The function v := 1;(p) of the discrete variable ¢ and the point p of the curve I' is called the discrete
Baker—Akhiezer function [15]. Throughout the paper it will be assumed that 1 is normalized by
the condition £ = 1. Notice that, under the change of local coordinate z — Z = cz + O(z?) near
the marked point py, the normalized Baker—Akhiezer function transforms into

bi(p) = c'vi(p) (17)
(compare with the scaling transformation (13)).
Let </ (p4,p—) be the ring of meromorphic functions on I' that are holomorphic away from

the marked points p+. The uniqueness of the Baker—Akhiezer function easily implies the following
assertion.

Lemma 2.1 [15]. For each A € </ (p+,p—), there exists a unique difference operator

ky ky
L= Z agT_j < (Lav); = Z aiwi_j
j=—k_ j=k_
such that
Lt = A (18)

Here ki are the orders of the poles of A at p+.
Corollary 2.2. The operators L commute with each other, i.e., [La, L] = 0.

The coeflicients of the operator L4 are determined recursively from the system of equations
obtained by substituting the Laurent expansion of ¥ and A near the marked points. For example,
if A=coz7"+ 4+ ciz7%++1 4 ... is the expansion of A near the points p. , then

k ky—1 . .
a; T =co, a;t =co(& (i —ky) — &7 (0) — e,
Similarly, if A = caz_k* + ... is the expansion of A near p_, then

ko _ & (1)
a,; P~
& (i+k-)
Remark 2.3. For further use note that if A is in the subring <7, (p4,p-) C < (p4,p—) of
meromorphic functions on I' that have a pole only at p; and vanish at p_, then the operator L4 is
strictly lower triangular. In this case, the formula (19) for the leading coefficient a} takes the form

(19)

1 Ti—xi—1+!

a; =e , xn =I5 (7), l:=1Inc;.

Remark 2.4. The correspondence described above extends to the case of singular curves. More
precisely ([15], [23]), there is a natural correspondence

o« {L,py, F} (20)

between commutative rings ./ of ordinary linear difference operators containing a pair of monic
operators of coprime orders and sets of algebraic-geometric data {I', p1,.# }, where I is an algebraic
curve with a pair of distinguished smooth points and .% is a torsion-free rank-1 sheaf on I' such
that

WL, Z (ipy —ip-)) = h' (T, F(ipy —ip-)) = 0.
The correspondence becomes one-to-one if the rings 7 are considered modulo conjugation &/’ =
g9t g={g;} (in its final form the correspondence (20) is due to Mumford).
The discrete Baker—Akhiezer function and, therefore, the coefficients of the corresponding dif-
ference operators can be expressed in terms of the Riemann theta-function
0(z) == 0(z|B) = Y emitmatmiBmm) e 9,
mezZ9
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determined by the matrix B of b-periods of the normalized holomorphic differentials dw; on I':

Bj,k :% dw]', (5j,k :7{ dw]'.
by ag

Lemma 2.5 [15]. The Baker—Akhiezer function is given by the formula

. 0(A(p) +iU + Z)0(A(py) + Z) ¢i(p)
"0(A(ps) +iU + Z)0(A(p) + 2)

Yi(p) = (21)
Here

(a) Qo(p) is the Abelian integral [P dQ corresponding to the unique normalized (by fak dQy =10)
meromorphic differential on I' which has simple poles at the marked point p+ with residues +1,
respectively;

(b) A(p) is the Abel transform, i.e., a vector with coordinates A(p) = [*dws;

(c) U is the vector A(py) — Ap-);

(d) Z is an arbitrary vector (it reflects the arbitrariness in the choice of the divisor of poles of
the Baker—Akhiezer function).

From (21) it easily follows that the coefficients of the commuting difference operators L4 are
quasi-periodic functions of the variable ¢. The operators with periodic coefficients are singled out
by the following constraints on the algebraic-geometric data.

Lemma 2.6. Suppose that on I' there exists a meromorphic function w = w(p) which is
holomorphic away of the marked point p,, where it has a pole of order n, and has a zero of order
n at the marked point p_. Then the coefficients of the operators L are n-periodic.

Proof. The function w, if exists, is unique up to multiplication by a constant. If the first
jet of a local coordinate near the point p, is fixed, then w can be normalized by the condition
w = z~" 4+ O(2z7"*!). The uniqueness of v; implies then that relation (15) holds. Hence the L4
are n-periodic.

Real operators. The formula (21) for generic ¢ € C defines 1;(p) as a multivalued function
on I'. A single-valued branch of it can be defined on I' with a cut between the marked points which
does not intersect the chosen basis of a- and b-cycles. The coefficients a! of the corresponding
operators can be seen as meromorphic functions of the complex variable i. The spectral data
corresponding to operators with real (for i € R) coefficients are singled out as follows.

Lemma 2.7. Suppose that on an algebraic curve I' with two marked points p+ there exists an
antiholomorphic involution T for which the marked points are fized, i.e., T(p+) = p+. Then the
Baker—Akhiezer function v corresponding to a real divisor D = 7(D) satisfies the relation

¥(p) = b(r(p) (22)

(provided that the coordinate z in a neighborhood of py wused for the normalization of ¥ is also
real: Z=1T7"z2).

Equation (22) implies that if the function A is real, i.e., A = A(7(p)), then the corresponding
operator L4 has real coefficients. Still these coefficients may be singular functions of the variable
1 € R. In the framework of the finite-gap theory there are two basic types of conditions sufficient
for the regularity of the corresponding operators. Let us present one of them, which is relevant to
the case under consideration.

Recall that an antiholomorphic involution 7 of a genus-g smooth algebraic curve I' has at most
g + 1 fixed ovals. The curves having the maximum number of fixed ovals, Ay,..., Ay, are called
M -curves.

Lemma 2.8. Let I be an M -curve with two marked points py € Ao, and let D be a set of g
points vs € Ag, s =1,...,g. Then, for any real function A = A(7(p)) € & (p+,p—), the coefficients
of the operators L4 corresponding to the Baker—Akhiezer function constructed from D are real and
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nonsingular. Moreover, their leading coefficients a, "~ are sign definite:

Ky —k_ _
a;, " = co, sgn(a, ") =sgnc, .

The proof of the lemma is standard in finite-gap theory (see, for example, the proof of a similar
statement for the difference Schrodinger operator in [16]).

In what follows, we shall use one more basic concept of algebraic-geometric integration theory.

The dual Baker—Akhiezer function. The concept of the dual Baker—Akhiezer function ™
is universal and is at the heart of the notion of Hirota’s bilinear form of soliton equations. In the
discrete case, the dual Baker—Akhiezer function corresponds to the dual divisor DT = Vf +-- -—i—q/; ,
which is defined by the equation

D+ D" =K+p_+pyeJI),

where K is the canonical class. In other words, the points of D and D™ are zeros of the meromorphic
differential df2 with simple poles at p4+ with residues +1, respectively. The dual Baker—Akhiezer
function is then defined by the following analytic properties:
(i) the function 1" (as a function of the variable p € I') is meromorphic everywhere except at
the points p4 and has at most simple poles at the points 7", ... ,7;’ (if all of them are distinct);
(ii) in a neighborhood of the points p+ the function 1 has the form

o0
v = Z“(fomzs), z=2(p), p—pe, X§ = 1.
s=0

In fact, this is the same Baker—Akhiezer-type function, and therefore it admits an explicit theta-
function expression of the same type:

() — ot PAD) = U = Z = Alp) = Alp)) 0(Ap2) +2) i
' " O(A(p-) +iU + Z2) 0(A(p) — Z — Alp+) — Alp-))
Lemma 2.9. Let ¢ and ¥" be the Baker—Akhiezer function and its dual. Then
resp, (Qﬂj—?ﬂj) dQ) = 51'71', 1,7 € Z. (23)
By the definition of duality, the differential on the left-hand side of (23) for ¢ # j has a pole
only at one of the marked points pi. Hence, its residue vanishes. The differential w;" 1; d€) has
poles at p; and p_ with residues +1, respectively. This completes the proof of the lemma.
Corollary 2.10. Let @ be the Baker—Akhiezer function, and let L4 be the linear operator
determined by (18) with this v. Then the dual Baker—Akhiezer function is a solution of the formal
adjoint equation

YT La = Ay,
Recall that the right action of a difference operator is defined as the formal adjoint action, i.e.,
f+T =71 f+.
3. The Bloch—Floquet Theory of Triangular Periodic Difference Operators

Let us briefly recall the conventional setting of the spectral theory of periodic difference opera-
tors. Consider an n-periodic linear difference operator L. The monodromy operator 1T'~" preserves
the (k + 1)-dimensional space .Z(E) of solutions of the equation Li) = Et. Let T7"(E) be the
restriction of 77" to Z(FE). The common eigenvalues of L and the monodromy operator satisfy
the algebraic equation

R(w,E) =det(w-1—-T""(E)) =0.
The same equation can be obtained by considering the n-dimensional space 7 (w) of solutions of
Eq. (15) and denoting the restriction of L to .7 (w) by L(w). Then

R(w,FE) = det(L(w) — E-1) =0.
Our first observation, which turns out to be crucial for the further considerations, is as follows.
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Lemma 3.1. If n and k + 1 are coprime, then the spectral curve of an operator L € Dyq1.,, is
defined by an equation of the form

R(w,E) = w**t — E" + > rijw'E7 =0 (24)
1>0, 520, ni+(k+1)j<n(k+1)
with

n
ri=rio = H ajl-. (25)
j=1

Remark 3.2. Lemma 3.1 asserts that the Newton polygon of R is the triangle with vertices
(0,m), (k+ 1,0), and (1,0) and gives the explicit form of the coefficients corresponding to the
vertices. Before presenting a proof of the lemma, let us elaborate on the specifics of the algebraic
curves defined by Eq. (24).

From (24) it follows that the affine curve defined by the equation R(w, E) = 0 at infinity is
compactified by one smooth point p;. At this point the function w = w(p), p € I', has a pole of
order n and E = E(p) has a pole of order k + 1. Notice that (24) implies also that if w = 0, then
E = 0. Moreover, if r # 0, then one branch of the multivalued function w(E) defined by (24) near

the origin is of the form
[ee]
w=r"1E" <1 + E ’USES).

s=1
Hence the curve I' has another marked smooth point p_ at which w has a zero of order n and E
has a simple zero. The degrees of the zero and pole divisors are equal; therefore, w does not vanish
on I'\ p_.

Let %441, be the family of curves I' defined by equations of the form (24). Its dimension (the
number of parameters, that is, of the coefficients r;;) equals k(n 4 1)/2. For generic values of r;;,
the curve I' is smooth and has genus g = k(n — 1)/2. Let %41, be the Jacobian bundle over an
open subspace of smooth curves in .71 . A generic point {I', D} € Z} ,, of this bundle defines
a unique Baker—Akhiezer function ¢ and, hence (by Lemma 2.1), the operator Lg corresponding
to the function F = E(p). This function has a pole of order k + 1 at p; and vanishes at p_.
Hence L is strictly lower triangular. Moreover, Corollary 2.6 implies that Lg is n-periodic. The
established correspondence

PR C Prsin — Dt (26)
of an open domain will be referred to as the inverse spectral transform.

Example. For £ = 1 and n = 2m+1, the family .7 is the family of hyperelliptic curves defined
by the equation
w? + Qum(E)w — E*™ 1 =,
where @Q,, is a polynomial of degree m.

Proof of Lemma 3.1. By definition, the polynomial R is of degree k+ 1 in w and of degree n
in F. The matrix L(w) has k + 1 nonzero diagonals below the main diagonal and k + 1 diagonals
in the upper right corner. The entries of the latter contain w as a multiplier. Hence R(0, F) = E™,
and the summation in (24) is over ¢ > 0. The coefficient r; o is the product of the entries of the
first above the main diagonal and the coefficient of w in the lower left corner of the matrix. This
proves (25).

It remains only to prove that the summation in (24) is over the pairs of indices (i, j) such that
ni+ j(k+1) <n(k+1). For further use, we present the proof of this statement, which goes along
the same lines as in the theory of commuting differential operators (see details in [17]).

Lemma 3.3. Let L be in Dji1,. If n and (k + 1) are coprime, then there exists a unique
formal series

E(z) = z~ 4D <1 + i eSZS) (27)
s=1
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such that the equation Ly = E has the unique formal solution
wle) = (14 6 002 (28)
s=1

with periodic coefficients
&5 (1) = &5 (i+n) (29)
normalized by the condition £F(0) = 0.

Proof. The substitution of (28) and (27) into the equation L) = E1 gives a system of difference
equations for the unknown coefficients e; and & of the series. The first of them is the equation

e+ & () - i —k-1) =a. (30)
The periodicity constraint (29) uniquely defines e; = n~1>"" | a¥ and reduces the difference equa-
tion (30) of order k + 1 to a difference equation of order 1, namely,
m—1
mes + &5 (D) = &5 =1) = > al i), (31)
j=0
where m is the positive integer smaller than n such that m(k+1) = 1 (modn). Equation (31) and
the initial condition & (0) = 0 uniquely define &, (7).
For arbitrary s, the defining equation for es and £ has the form

€s + g:(l) - g:(l —k— 1) - Qs(eh .. 765—1;617 cee 768—1)7
where @, is an explicit function linear in ey and &y, s’ < s, and polynomial in ag. The same
argument as above shows that this equation has a unique periodic solution. This proves the lemma.

By definition, the series F(z) is formal. It turns out that it is a convergent series and coincides
with the Puiseuz series of the function E regarded as an analytic function on the algebraic curve
determined by Eq. (24) near infinity. More precisely, an argument identical to that in [14] (see
details in [17]) proves the following lemma.

Lemma 3.4. Let E(z) be the formal series defined in Lemma 3.3; then the characteristic
polynomial R(w, E) is equal to
n
Rw,E) = [[(E-E(z)), z"=w. (32)
j=1
The right-hand side of (32) is a symmetric function of the variables z;. Hence, a priori, it is a
polynomial in the variable E and a (formal) Laurent series in w~!. Equation (32) states that this
is a polynomial in w. It also implies that the degree in z of all terms in R(w, E) except w**! and
E" is strictly less than n(k + 1). This proves Lemma 3.1.
In a similar way we describe the Bloch solution near the second marked point.

Lemma 3.5. If L is a strictly lower triangular operator (not necessarily periodic), then the
equation Ly = Ev has a unique formal solution of the form

Vi(E) =" E"' <1 +) & (i)E5>, e = (33)
s=1

normalized by the condition & (0) = 0.

Proof. The substitution of (33) into (8) gives a system of equations for the unknown coeffi-
cients £; . They are nonhomogeneous first-order linear difference equations

§ (1) =& (1 —=1) =565, €20),
which, together with the initial conditions, recursively define the &; (i) for all 7.
The uniqueness of the formal solution (33) implies the following assertion.
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Corollary 3.6. If L € D414, then the formal series (33) is the Bloch solution, i.e., it satis-
fies (15) with

w(E) = (E) = E" Y w,E".
s=0

The coordinates of the Bloch solution ¥; = v¥;(p), p = (w, F) € I', normalized by the condi-
tion Yy = 0 are rational functions of w and E. A standard argument of the theory of finite-gap
integration shows that the poles of 1; do not depend on ¢. In order to find the degree of the
pole divisor D, it is enough, as usual, to consider the matrix F(E) with entries F/ = 1;(p;(E)),
0 < i < k, where the p;(F) = (w;,E), 1 < j < k+ 1, are the preimages of £ on I' under the
projection map p € I' — E(p) € C. The matrix F' depends on the ordering of the preimages, but
the function f(E) = det? F(E) does not, i.e., f is a rational function of E. It has double poles at
the projections of the poles of ¢ (if they are distinct) and a pole of order 2k at E = 0. If T" is
smooth, then f has zeros at the images of the finite branching points of the cover E: I' — C. The
multiplicity of the zero of f then equals the multiplicity of the branching. The infinity point py is
a branching point of the cover I' — C of multiplicity k. From (28) it follows that at £ = oo the
function f has a zero of order k. The degrees of the pole and zero divisors of a rational function
coincide. Hence 2deg D + 2k = v, where v is the total multiplicity of the branch points. The cover
I' — C is of degree k + 1. Hence, by the Hurwitz formula, the genus of I" (if it is smooth) is equal
to 2g = v — 2k. Therefore, deg D = g, and we have proved that the Bloch solutions on smooth
spectral curves coincide with the discrete Baker—Akhiezer function.

Remark 3.7. The coefficients r;; of the characteristic equation (24) are polynomial functions of
the coefficients of the operator L € %41 . The straightforward proof that they are independent is
highly nontrivial, and the author is not aware of any universal approach to this problem except the
combined use of the direct and inverse spectral transforms. Under this approach, in order to prove
their independence, it is enough to show that the image of the correspondence %41, — “rt1n
contains at least one smooth spectral curve. This is established by constructing the inverse map (26).

Summarizing the results presented above, we obtain the following statement.

Theorem 3.8. If n and k+ 1 are coprime, then the map (26) is a one-to-one correspondence
between a Zariski open subset of the Jacobian bundle over the family of spectral curves given by
(24) and an open subset in the space Dyi1, of n-periodic lower triangular difference operators of
order k + 1.

4. Superperiodic Difference Operators

In this section we consider the spectral theory of superperiodic operators. The spectral curve
Ispec of an operator L € &41 4, is never smooth. The definition of &4, implies that the point
po = (w = (—=1)"* E = —1) € Typec is a multiple point of order k + 1 (at which all sheets
of the cover E: I'ypec — C intersect transversally). This condition requires the vanishing of the
coefficients of the Tailor expansion of R at py of degree less than k, which gives (k + 1)(k +2)/2
linear equations on the coefficients of R. There is one relation between these equations, because
if w = (—1)""* is a root of the equation R(w,—1) = 0 of multiplicity at least k, then it is of
multiplicity k& + 1. Hence the space .#pec of the spectral curves of operators L € &4, is of
dimension k(n +1)/2 — (k+1)(k+2)/2+1=k(n — k — 2)/2.

Let Y41, be the space of algebraic curves I' obtained by a partial normalization 7: I' — I'gpec
of spectral curves resolving the multiple point pg; this means that the map 7 is one-to-one except
at k + 1 smooth point p/ € T', j = 1,...,k + 1, that are the preimages of pg, i.e., 7(p’) = po. In
other words, a smooth curve I' in 3, is characterized by the following properties:

(i) on T' there exists a meromorphic function w having one pole at py of order n and having
a zero of order n at the other distinguished point p_;

(ii) on T' there exists a meromorphic function E having one pole at py of order k+1 and such
that the zeros p’ of the function E + 1 are distinct and, moreover, at p’ the function w — (—1)k*n
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also vanishes:
E@)=-1, wp))=(D"" j=1.. k+1

Under the normalization 7 the arithmetic genus of I's,ec decreases by k(k + 1)/2. Hence, for
an open set in Y11, corresponding to spectral curves I'spec for which pg is the only singularity,
the corresponding curve T' is smooth and of genus g = k(n —1)/2 — k(k+1)/2 = k(n — k — 2)/2.

Consider the preimage 7*(¢) (for which we will keep the same notation 1) of the Bloch function
under the normalization map. It has the same expansions (28) and (33) at the marked points py € I".
The function E(p), p € ', defines a cover I' — C which has k41 sheets over the point £ = —1. The
same counting as above gives that 1) has g poles on I'. Hence we obtain the following statement.

Theorem 4.1. For a Zariski open set of operators L € &1y, the corresponding Bloch solu-
tions ¢ of the equation L = Ev are parameterized by the points p of a smooth algebraic curve
I' € Xjq1,n. Moreover, the function 1;(p) is the Baker—Akhiezer function.

Notice that the evaluation of (21) at the points p/ € I gives explicit theta-functional expressions
for the basis WU) := 4)(p?) of the solutions of the equation (L + 1)¥ = 0.

Corollary 4.2. The inverse and direct spectral transforms establish a one-to-one correspon-
dence

P = Eptin

between an open set in the Jacobian bundle & over the subspace of smooth curves in Xji1, and
an open set of superperiodic operators.

Now we are ready to prove Theorem 1.4.

Proof. Consider the function
w — (_1)n+k

F+1
on I' € ¥jp41,,. At the zeros 7’ of the denominator the numerator vanishes as well. Hence G(p) is
holomorphic on I' \ p4. At the marked point p; the function G has a pole of order n — k — 1. It
vanishes at p_. By Lemma 2.1 there exists an operator .2 = Lg € %,,—j—1,, such that £y = G,

where 9 is the Bloch solutions of the equation Li) = E1. From the definition of G it follows that
the operator equation

T7" = ()M = (2~ (D)) (L+1) = (L+ D)L ~ (-)M™)

G = + (_l)n—i-k

holds. This proves the part (i) of the theorem.

The function w — (—1)**" has n zeros on I', k + 1 of which are the points p?. Let ¢, m =
1,...,n — k — 1, be the set of the remaining zeros. At these points G(¢™) = (—1)**". Hence
Z e gn—k—l,'rr

In order to prove the last statement of the theorem, it remains only to prove relation (16). The
latter is a direct corollary of the following statement.

Lemma 4.3. Let \Tl(,;) be the n x (k + 1) matriz with columns

(Wir1 ()5 - Vi (),

and let (I\Izg) be the (n — k — 1) x n matriz with rows

(w;—l(qm)v te 7wi—:—n(qm)))

where v and ¢ are the Baker-Akhiezer function and its dual on I' € Yjy1, and the points
{p?,q™} are zeros of the function w — (—1)kT™. Then the orthogonality relation

VUG =0 (34)

holds for all i.
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Proof. The relation (34) is a corollary of the orthogonality of the eigenvectors and covectors
of a linear operator which correspond to different eigenvalues:

E(@™) (" (¢™), v (")) = @ (™), Lv(@)) = E@ ) (¢™), v (")), (35)

where (-, -) stands for the pairing between vectors and covectors. By definition E(p’) = —1. The
function E is of degree k + 1. Hence it does not equal —1 at any other point of I'. This implies
E(p’) # E(q™). Thus, (35) holds only if

W (@™@) =) vt (@™ irs(p) = 0,
s=1

which is equivalent to (34).
For L € &j4115, Eq. (34) coincides with the duality relation (3) between solutions of the equa-
tions corresponding to the operators L = Ly and EL‘éE_l. This proves the part (ii) of Theorem 1.4.

Proof of Theorem 1.6. The direct spectral transform (20) for commuting difference operators
is constructed along the same lines as in the case of the direct spectral transform for periodic
operators. Let us briefly recall some necessary steps of the construction.

Let P41 be the affine space of monic strictly triangular operators of order k41 (not necessarily
periodic). Consider a pair L € 1 and K € 2, ;1 with [L, K] = 0. The restriction of the
operator K to the (k + 1)-dimensional space of solutions of the equation (L — E)1 = 0 defines a
finite-dimensional linear operator K (E).

Lemma 4.4 [15]. If n and k+ 1 are coprime, then the characteristic equation of the operator
K(FE) has the form

Rk, BE) = gFTH - prk=1 4 Z pijk BV =0, (36)

(i,5)el
where the summation is over the set of pairs of nonnegative integers (i,j) such that 0 < i(n—k—1)+
Jjk+1) < (n—Fk—1)(k+1). For commuting pairs in general position (when the spectral curve I

defined by (36) is smooth), the common eigenfunction ¢ of the commuting operators L and K, for
which L = Ev and K¢y = ki, (k,E) € I', is the discrete Baker—Akhiezer function.

The number of coefficients in (36) is (k + 2)(n — k)/2 — 2. For the generic values of these
coefficients, the corresponding curve I' is smooth and has genus g = k(n — k — 2)/2. The two
marked points on I' are the infinity point p;, where £ and s have poles of orders k + 1 and
n—k—1, respectively, and the point p_, where these two functions vanish. If I" is smooth, then the
ring o7, of meromorphic functions on I'" having pole only at p, and vanishing at p_ is generated
by E and k. If 2k + 2 < n, then the function £ can be characterized as a generator of o7, with
the lowest order of the pole at p, . This condition determines it uniquely up to multiplication by a
constant: E' = ¢**1E. The second generator « of the ring is unique up to the transformations

[n/(k+1)]—1
K =k — Z asE®,
s=1

which preserve the order of the pole at p, and the form of Eq. (36).

As mentioned above, the generic pairs of commuting operators have quasi-periodic coefficients.
By the assumption of the theorem the operator L is m-periodic, i.e., [L,77"] = 0. This implies
that the ring &7, contains a function w which has a pole of order n at p, and a zero of order n
at p_. Because A, is generated by E and k, this function can be represented in the form

w=kE —erx+ Q(F), (37)

where e is a constant and @ is a polynomial of degree d such that d(k + 1) < n (recall that, by
assumption, 2(k + 1) < n) and vanishing at F = 0.

Relation (37) implies that the function w takes the same value p := Q(e) at the zeros p’ of
the function E — e. In general position these zeros are simple. Therefore, the evaluation of the
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Baker—Akhiezer at these points gives a basis of solutions of the equation (L —e)¥ = 0 having the
same monodromy multiplier p.

Remark 4.5. In the statement of the theorem, “general position” means precisely that {p’}
is a set of k4 1 distinct points.

The scaling of E and k by a constant ¢ corresponds to the scaling transformation (13) of
operators. By a proper choice of the scaling constant ¢ the constant e in (37) can be transformed
into e = —1. Hence the operator L is superperiodic up to the scaling transformation. This proves
the first statement of the theorem.

To prove the second statement it is enough to note that the polynomial Q(E) — Q(e) is always
divisible by E — e, i.e., there is a unique polynomial P(FE) without constant term, P(0) = 0, such
that Q(E) — u = (E — e)(P(E) + e ) holds. Then from (37) we obtain the equation

w(p) == (E@p) —e)Ap) + e n),  Ap) =r+ P(E).
This implies that the operator . = K + P(L) is superperiodic up to the scaling transformation,
which completes the proof of the theorem.

Remark 4.6. Throughout the paper we considered mostly operators with complex coefficients,
but all constructions and results admit a simple real reduction. If the coefficients of the operator L
are real, then so are the coefficients of the characteristic polynomials. Therefore, complex conjuga-
tion defines an antiholomorphic involution 7 of the corresponding spectral curves. Equation (22)
implies that the divisor D is invariant under the involution 7(D) = D. Hence the direct and
the inverse spectral transform establish one-to-one correspondence between the space of generic
operators with real coefficients and an open part of the space of a bundle over the space of real
spectral curves whose fiber is the real locus of the corresponding Jacobian. Note that the bundle
over the space of M-curves whose fiber is the real locus of the Jacobian (the divisors D described
in Lemma 2.8) corresponds to operators L with sign-definite coefficients a}.
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