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ABSTRACT. We consider 2D and 3D complex Schrédinger equa-
tions with Abelian potentials and a fixed energy level. The poten-
tial, wave function, and the spectral Bloch variety are calculated
in terms of the Kleinian hyperelliptic functions associated with
a genus two hyperelliptic curve. In the special case in 2D when
the curve covers two elliptic curves, exactly solvable Schrédinger
equations are constructed in terms of the elliptic functions of these
curves. The solutions obtained are illustrated by a number of plots.

1. INTRODUCTION

Modern physical technologies have led to the manufacture of new
materials - films, super-lattices, 2D quantum dots arrays, etc., whose
mathematical models are based on the 2D and 3D Schrodinger equa-
tion with periodic and quasiperiodic potentials. The recent discoveries
of soliton theory, which involve the theory of Abelian functions, make
it possible to construct exactly solvable Schrodinger equations with
Abelian potentials. Progress in this area was made by Novikov and
coworkers since the middle of the 1970s (see e.g. [19]). In [15], the
multi-dimensional spectral problem for the Schrodinger equation un-
der the action of an external magnetic field was considered, and the
corresponding Bloch solutions were constructed at specific values of the
energy. The case of a real pure potential was solved in Refs. [21] and
[20] for some special hyperelliptic curves which permit involution with
two stable points, leading to Prym varieties.

The complex theory of the 2D Schrodinger equation with an Abelian
potential was developed by Buchstaber and Enolskii [11] by differen-
tiating the addition theorem for the Baker function of genus two; in
this approach, the 2D Schrodinger equation appeared as a compati-
bility condition for the ansatz introduced in [11]. The key ingredient
of this technique is the use of the Weierstrass-Klein realization of the
hyperelliptic functions, which is treated in the classical literature [3, 4]

and more recently developed in [14].
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The aim of the present paper is to develop the theory for 2D and
3D Schrodinger equations with an Abelian potential using, as the basic
ingredient, the Baker function ®(x; &) of the hyperelliptic curve V of
genus g

oclaa—ax
Ba(wi0) = 202 exp(¢()" ),

where the variable & and spectral variable e belong to the Jacobi
varieties of the underlying hyperelliptic curve, the o-function is a
generalization of the Weierstrass o-function to higher genera, and
G = 0/0z; Ino(x), 2 = 1,..., g are hyperelliptic (-functions. We em-
phasize that the Baker function is defined on the product of Jacobians
Jac(V) x Jac(V) in contrast to the Baker-Akhiezer function, which is
defined on the product V x Jac(V).

To explain the results, we first consider the n-dimensional
Schrédinger equation

(1.1) { Z u(m)} U(z; ) = M) ¥(z; o),

2
—~ oz,

where the potential U(x) depends on the column vector & belonging
to the n-dimensional complex space C*, ¥(x; x) is the wave function
depending both on 2 and the spectral parameter, which is a column
vector @ € C*, and A() is the spectral function. We assume that
the functions introduced have the following periodicity properties with
respect to the 2n n-dimensional vectors, which are columns of the nx2n
matrix (2w, 2w'’), where w,w’ are n X n-matrices given by

(1.2) Uz + 2wn + 2w'm) = U(z),
(1.3) U(x + 2wn + 2w'm; a) = &, m{a) ¥ (x; ),
(1.4) ¥(z; o + 2wn + 2w'm) = ¥(z; a),

where n, m are arbitrary integer column vectors, and the function £(ax)
is the Bloch factor. The Bloch factor is assumed to be of the form

(1.5) €nm(a) = exp {2k7 () (wn + w'm)},

and the quasi-momentum k(c) is identified with the eigenvalue of the
translation operator on the lattice.

The equations (1.3) and (1.5) represent a natural generalization of
the usual Bloch theorem to the case of Abelian potentials. Indeed, after
expressing the spectral parameter in terms of the quasi-momentum and
considering translations in the crystal lattice by a vector of the form
2wn, with 2w = (2w; ;)i j=1,..» being the n X n period matrix, we have
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from (1.3)

(1.6) ¥ (z + 2wn; k) = esz“’"\I!(:z:; k).

Similarly, with respect to points of the reciprocal lattice, (1.4) gives
(1.7) U(z; k + 2wn) = ¥U(x; k),

where 2wn is a reciprocal period, which is represented as a column of
the n X n reciprocal period matriz 2w, which will be shown later to be
equal to im(w)™!

These properties mean that the Schrodinger equation is considered
on the product of tori 7 x T, T' = C* /2w & 2w’, which we assume to be
generated by a hyperelliptic curve V and therefore T is the Jacobian
Jac(V') of the curve. Since the potential has the periodicity property
(1.2), it is an Abelian function, as is the corresponding spectral func-
tion.

In this case, the periods 2w and 2w’ are generated by the holomorphic
integrals over cycles of the curve V, and it is always possible to fix the
parameters of the curve in such a way, that the period matrix 2w is
real and the period matrix 2w’ is pure imaginary.

From the physical viewpoint, it is natural to consider the potential
and the wave functions as functions of the argument 2z + €2, where
is a real half period. Then the potential U(zx + §2) is periodic with
respect to the period lattice 2w’ and is smooth and real at real &, and
the wave function ¥(:z + Q; + '), where ' is a pure imaginary
period, satisfy the Bloch property (1.6)

(1.8) TGz + 2+ 2w'n;k(a)) = 2R (m(W)ng (10 4 Q; k(ar)),

with real quasi-momentum k(c).

In this context, we shall call this per10d1c1ty property of the wave
function the Bloch property. The subvariety B C Jac(V') for which the
spectral problem (1.1) can be solved is called the Bloch variety.

The Bloch variety, when parametrized in terms of the quasi-
momentum k, and restricted to a fixed value of the energy € = Aa) =
const, is called a Ferms variety, denoted by F. If the Schrodinger equa-
tion permits solutions only at a fixed energy level, which is independent
of the spectral parameter ¢, then the Bloch variety and the Fermi vari-
ety are isomorphic, but generally speaking dimB > dim F. The Fermi
variety is a Fermi surface in the case dimF = 2 (this situation is usu-
ally realized at n = 3) and a Fermi curve in the case when dimJF = 1.
In the theory of the electronic structure of metals, most interest lies
in those exactly solvable Schrédinger equations which admit nontrivial
Fermi varieties.
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In what follows we shall interpret all these quantities for the case
of 2D and 3D Schrodingers equations in terms of Abelian functions of
genus two and genus three hyperelliptic curves.

We would like to emphasise that the known methods of derivation
of exact solutions of multidimensional Schridingers equations suppose
the separability of the potential, i.e. in 2D, U(x) = ap(z1)p(z2), where
the p(z;) are the Weierstrass elliptic functions, and a = const. In this
case the lattice structure is necessarily rectangular(cubic) in 2D(3D).
The non-separable potentials which we are considering enable us to
investigate more general lattice symmetries, with a greater range of
physical applications.

The paper is organized as follows. In Section 2 we consider the well
known case of the Lamé equation in 1D elliptic potentials. In Section
3 we introduce a suitable generalization of the Kleinian function to
higher genera and present a natural extension of the theory of the one-
gap Lamé potential to higher dimensions. The results of this section
will not be restricted to two dimensions but will be valid also in the
3D case. In Section 4 we apply the general results of Section 3 to the
2D case, by deriving the explicit form of a certain family of Abelian
potentials for which the 2D Schrédinger equation is exactly solvable. A
set of figures for the potential profiles, showing that they are periodic,
real and nonsingular, and therefore suitable for physical applications, is
also given. The corresponding eigenvalues and eigenfunctions are also
explicitly displayed. Section 5 is devoted to the case of reduction of the
2D Abelian potential and associated eigenfunction to elliptic functions.
To do this we use the general results of Section 3 together with the
explicit formulae for the deformation of the two-gap Lamé potential
under the action of the KdV flow and the 3-particle dynamics over the
locus, to derive exactly solvable 2D Schrédinger equations with elliptic
potentials. Finally, in Section 6 we will consider the extension of the
theory to the 3D case.

2. THE 1D SCHRODINGER EQUATION WITH ELLIPTIC POTENTIALS

One of the main problems in condensed matter physics is the con-
struction of solutions of the Schrédinger equation with real and nonsin-
gular periodic or quasi periodic potentials. Except in very few cases,
this problem is in general not solvable without resorting to approxima-
tions.

One of the few cases for which exact solutions are known is provided
by the remarkable example of the one dimensional Lamé equation with
an elliptic potential (here and below we follow the standard notation
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of the theory of elliptic functions fixed in [7]),
1) {1 - U@) | ¥(wi0) = ple)¥(ssa),

sla—z)
2.2) U(z) =2p(z), ¥(z;a)=0w(z;a)= exp {((a)z
( (z) (@) (@) }-
Since in the following sections we will consider the generalization of
this classical case to higher dimensions, we shall briefly review it here.
We recall that the Weierstrass functions g, { are given as logarithmic
derivatives of the o-function,

2

plz) = —zino(x), ()= Ino(z).

The o-function, which is the generating function for the whole theory,
is constructed from the elliptic curve

(2.3) w? =42 — gz~ g3 = 4(z —e1)(z — e3)(z — e3).

equipped with a canonical basis of cycles a,b as follows. The holo-
morphic differential and the associated meromorphic differential of the
second kind are given respectively by dz/w and zdz/w. Their a and b
periods

d d
(2.4) w = =, 2w ==,
a w p W
zdz zdz
2.5 2 = —_— — 2 ,=—— —
(2-5) n= P -

satisfy the Legendre relation
ur

(2.6) nw' —wy = 5

Then the Weierstrass o-function has the form.

2.7) o(z) = \/g \s/lzexp (g) (),

where ¥, is the Jacobian #-function, 7 = w'/w and A = 16(es—e3)*(e3—
e1)%(e1 — e2)?. This o-function can be also be represented as the power
series

5 7
o 92T gsT
@) =r- e stmz s
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with coefficients connected by a recursion relations first found by Weier-
strass [22] and documented in [1] (see also [17]). The Weierstrass o-
function has the periodicity property

(2.8) o(z + 2nw + 2mw)
— (—1) e (2 + )z + mwo + )} (2),

which leads to the following expression for the Bloch factor
(29) &(a) = exp(zwiC(a) - 2an'i)7 1= 17 2) 3.

The functions &;(e) are elliptic functions with periods 2w, 2w’, because
of the Legendre relation.

To give the physical interpretation of the above formulae we shall fix
the potential and the wave function as follows

(2.10) U(z) =2p(iz+w), ¥(z;a)=dw(r+tw;a+e’), z,a€R,

which has the real period —2w/’; the associated quasi-momentum is
given by the formula

(2.11) k(@) = ¢(a +w) ——'ZT’,(a+w'), a€R,

The wave function, considered as a function of k instead of a, has

the periodicity property (1.7) with the reciprocal period

% = :—’f
The Bloch variety B is the Jacobian of the elliptic curve, which is
isomorphic in this case to the elliptic curve itself.

We remark here that the 1-dimensional finite-gap potentials appear
to be important in applications. For example Belokolos proved in 1980
[8] that the exact solution of the famous Peierls problem is a finite-gap
potential.

The simplest generalization of (2.1) to the n-dimensional case can
be obtained if we consider the separable potential

n
k=1

where p(-; 2w®), 2w®)") are Weierstrass elliptic functions with periods
2w®) and 2w®’. The energy € and components of the quasi-momenta
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k are then

&€ = Z plax + w®’; 2w® 2®"),
k=1
o
ki(ag) = Cloj) — maj, i=1...,n.

The wave function is given in this case as a product of the functions
Sw.

In the case n = 3 such potentials lead to non-trivial and sometimes
very interesting Fermi surfaces. For example, Baryakhtar et al. [6] have
used separable potentials to calculate successfully the electron energy
of metals and high-temperature superconductors, and Belokolos and
Korostil [5] have studied the electron-phonon interaction function.

Moreover, a general theory for the Schrédinger equations with sep-
arable multidimensional Lamé potentials with an arbitrary number of
gaps in the spectrum was recently developed in [10]. This approach was
shown to be effective for the exact computation of the energy bands
and Fermi surfaces of 2D lattices with square or rectangular symmetry.
The extension of these results, however, to lattices with more general
spatial symmetries seems problematic in the context of separable mul-
tidimensional Lamé potentials.

We shall develop below another generalization, which leads to a non-
separable potential. Namely we shall show that the Lamé equation
(2.1) can be generalized to higher dimensions within the Weierstrass-
Klein generalization of Weierstrass elliptic function theory to higher
genera, following [3, 4] and also [13, 14]. This generalization enables
us to treat more general symmetries than the separable case.

3. MULTIDIMENSIONAL SCHRODINGER EQUATIONS AS
GENERALIZED LAME EQUATIONS OF HIGHER GENERA

To develop the theory of the multidimensional Schrédinger equation
we need a suitable generalization of the fundamental o-function of the
hyperelliptic curve V = V(w, 2z) of genus g

_ 2g+1 29 .
(3.1) w® = 4 H (z — ;) = 4% + Z Azt
i=1 i=0

by the fc;llowing formula, which is analogous to that in the elliptic case

(32) ofa) =/ s mexp{m%}o[el((zw)-lwm,
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A= % |- 2],

is the necessarily half integer characteristic of the vector of Riemann
constants, and f[e](v|7) is the standard multi-dimensional theta func-
tion with characteristic

where

(3.3)
Olel(vlr) = D exp{m(m + &) T7(m +€') + 2m(m + €')T (v + €)}.
The matrix

(3.4) 2 = n(2w)!

is the symmetric matrix which generalizes the factor /2w in the ex-
ponential (2.7) to the higher genera. The 2g X 2g period matrix,

w w

o ) satisfies the generalized Legendre relation

(3.5) w o 0 -1, w [0 —lg Y __w
n 7 ,b 0 nn , 0 2’

where the g x g period matrices 2w, 2w/, 27, 27 are

2w = (% duj) , A= (f duj) )
a; $,7=1,...,g b; $,3=1,....9
2n = (—j{ drj) , 29 = (—j[ dr,—) .
a; 3,5=1,...,g b; i,j=1,....g

Here the du; are the holomorphic differentials

k14
(3.6) du” = (duy,...,dy,), du, = z — z’

and the dr; are the differentials of the second kind with a pole at infinity
dr?’ = (dry,...,drg),

e zkdz
(3.7) dr; = kZ (b+1= Dy F=1...,9
=j

The Kleinian o-function has the following periodicity property

o(x+292(n,m)) = exp{2ET(n,m)(x + Q(n,m))}

Tm — 2ireTm}o(z),

(3.8) x exp{—tmn
where E(n,m) = nmn + 7'm, Q(n,m) = wn + w'm, n,m € Z° and
eT is the lower line of the characteristic of the vector of the Riemann
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constant. The Kleinian ¢ and p—functions are introduced through log-
arithmic derivatives of the Kleinian o—function,

_ Olno(x) 9 Ino(x)
C’L(w) - am‘i ) p‘l,](m) - amzamj
8% Ino(x) .
go,-,,-,k(a:) = —W ) 'L,J,k = 1,...,g etc.

We will omit commas between indices when the resulting formula is
unambiguous. The Abel map 2 : (V)¢ — Jac(V) of the symmetrised
product V X --- x V to the Jacobi variety Jac(V') = C9/2w @ 2w’ of the
curve V is defined by the equations

g (wr,zk)
(3.9 Z / du=c.

k=1 (0,e)

The Kummer variety is defined as the factor Kum(V) = Jac(V)/z —
—a by the involution € — —x.

The principal results of the theory of the hyperelliptic Kleinian can
be formulated using the (g + 2) x (g + 2)-matrix

H= {hi,k}iik=1,...,g+21 hit = 49151 — 20k,i-2 — 20i k-2
(3.10) +§ (0: k(A2ima + A2k—2) + Ok sr1A2i1 + G k1 dok—1) -
We denote the minors of the matrix H as follows
H[_’;ll::_’;;]{h’ik,j;}k:l,...,m;l:l,...,n-
Theorem 3.1 ([14]). The matriz H has the following properties
o Let (w1, z1),. .-, (wg, 2,) be an divisor and Z = (1, z,...,29%"),
then for arbitrary vectors
2g+2
wow, = ZYHZ,, and in particularZTHZ = Z Nzt
i=0
o Let (wy,21),...,(wgy,2,) be the divisor, then the vectors Z =
(1,2,...,28™Y), r = 1,..., g are orthogonal to the last column
of the matriz H or equivalently the z, are the roots of the equa-
tion
(3.11) 27 — ng(u)zg_l — ... — p1g(u) =0,
which yields the solution of the Jacobi inversion problem, where
the second coordinate of the divisor is defined as follows

g9
(3.12) Wy = — Z Pigg(w)zi 7.
=1
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e rank H = 3 at generic points and
1 .
(3.13) —PiogPhgg = det H [fotiet?], Vik=1,...,9.

The intersection of the g(g +1)/2 cubics defines the Jacobi va-
riety as an algebraic variety in Co+39(e+1),
e The intersection of the g(g — 1)/2 quartics
(3.14) det H [FL9Hot8l =0, Vi£jk#1=1,...,9

defines the Kummer variety.as an algebraic variety in C39(g+D),
o The following equality is valid

1 ky+lg+2
(315) RTTI'jl‘ll’g;cS = Zdet ( H [N 9+19+2 0 ) :
where R, S € C* are arbitrary vectors and

~BPggk
Pggi
Pgik—1 — Pgi-1k
£29—1,,k—1 — Pg—iki-i T Pgki—2 — Pg,i,k—2
On the basis of the above relations, we shall construct the linear
* differential operators for which the spectral variety will be defined in
Jac(V'). Following Baker (see [3, page 421]) we define a function on
Jac(V) x Jac(V).
Definition 3.1. The standard Baker fuinction &5 of the curve V is the
function on the product Jac(V') x Jac(V), and is defined as follows

®p : Jac(V) x JacV — C

j—(%;(—‘:])exp(c%)w),

where (" (a) = (Gi(e), - - -, ¢(a)), and

(wr,2k) (Vrattre)
Z/ du, a= Z/ du € Jac(V),

(0,ex) (O,ex)

Tk =

Dp(z; ) =

where ((w1,21), ..., (wg,2)) and ((v1, 1), - - -, (Vg, tig)) are nonspecial
divisors on V. The ®p—function is meromorphic in & and has the
periodicity property (1.3) with the Bloch factor

(3.16)

tnm(@) = exp{2¢T(@)(n, m) - 2ET(n,m)a}, i=1,...,g,

where Q(n,m) = wn+w'm, E(n,m)=nn+nm, n,m cZ are
arbitrary integer vectors. We shall call the Baker function any function,
which is meromorphic on Jac(V) x Jac(V) and has the periodicity
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property (1.3) with the Bloch factors (3.16). Evidently in the case of
genus one ®y = &p.

We remark, that the spectral variety of the standard Baker function
is the Jacobi variety of the curve, in contrast with the Baker-Akhiezer
function, whose spectral parameter is evaluated on the curve. In our
notation, the Baker-Akhiezer function is ®pa(u; (,v)), which is given
by the formula (see [18])

(vope)
o| [ du—= (vo12)
(v0,p0)

(:DBA(m; (,U;, V)) = 0(:1:) €Xp drTm )

(V()rl‘o)

where (v, ) € V, and « € Jac(V'). The function 5,4 solves the one
dimensional Schrédinger equation with the potential 2p,

A
(3.17) (@~ 200200 = (2+22) s,
with respect to u, for all (v,u) € V.
Let us fix as the period lattice the matrix of real periods 2w. In
analogy with the case of genus one, the Bloch factor (3.16) of the
standard Baker function can be written as

tn(a) = exp{2kT(a)wn},
(3.18) k(a) = ((a+SY)—2(a+ D),
where ' is an imaginary half period.

To prove the last formula we take into account the definition and the
symmetry property of the matrix sc. We have

(m)7 B = (s(2w)n)” B = 287 sawm.

The Bloch factor is an Abelian function, whose periodicity properties
are provided by the periodicity property of the (-function and the gen-
eralized Legendre relation (3.5). '

We shall prove the following

Proposition 3.2. Let V be a hyperelliptic curve of genus g < 4. Then
the g+ 1+ 1g(g + 1) Baker functions on Jac(V') x Jac(V) are

Fo(z; o) = 2p(x; ),

)
(319) Fi(s @) =
2

9 .
Fij(z;a) = {8$-3$- — 2p,-j(a:)} bp(x;a), 1<j=1,...,9,
i0T;

QB(m;aL 'I:Z].,...,g,
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where ®g(x; ) is the standard Baker function of the curve. These
Junctions, regarded as functions of x, are linearly dependent, i.e. there
exists at least one relation between them of the form

(3.20)

co(a@) Fo(z; o) + Zc,—(a)F,-(:n; a) + Z cij(a) Fij(z; ) = 0,

i=1 i<j=l,.g
where not all functions in a: cy(a), ci(a), ¢;i(ax) are equal to zero.

Proof. We shall prove the statement for g = 2 and g = 3. Let us write
the standard addition theorem of the second order f-functions

o[ e’ ](v+u|7')6[i,; ](v—uIT)

el ++T
T T T
. (—1)4€T59[5T](2v|2¢)0[€ + 0 ](zu|zf),
| ] A
28€(Z/22)9

Now set u =0 and v =0,
(3.21) ,

#[5 o= 3 o] & ] oo 5] orn),

26€(2/22)9

where 7 = (01,...,04) with 26; =1 or 0, i = 1,...g. We multiply
both sides of (3.21) by the factor exp{2uTscu}, where v = (2w)~u and
the matrix s is given in the definition of the fundamental o-function.
One can see that the entire functions

6| % |0 = ewtumae| & | e,
(3-22) {/5[31](21427) = exp{2uT}tu}0[g:](2'v|2'r).

have the same periodicity property
6T
#| or | @o+ 2020m,m)ir)
6T
(3.23) = exp {2E7 (m, m/)(z + Q(m,m’)) } ¢ { o7 ] (2v|7),

with E(m, m') = nm + n'm’ as defined above. Therefore any 29 + 1
entire functions which posses the periodicity property (3.23) are linearly
dependent. Moreover this statement can be extended to the case of
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entire functions which have the periodicity property

¥(v + 2Q2(m,m'))
(324) = exp {2ET(m,m')(z + Q(m, m')) + y(m, m’)} ¥(v),
where (1, m’) is some constant. The proof given is valid for genera
satisfying the inequality

glg+1)
=

These are the cases g =2 and g = 3. O

29 <g+

We remark, that in the case of g = 2, the statement of Proposition
3.2 was derived in [11], see also [13], as the condition of the validity of
the addition theorem for the Baker function

YT (u; a)AY (v; a)
XT(u)AX (v)

with the integer 4 X 4-matrix A, where X (u) is a 4 component mero-
morphic vector function and the 4 component vector function Y (u; o)
has the periodicity properties (1.3,1.4).

The origin of the ansatz (3.25) is explained as follows. In the case
g = 1, (3.25) follows from the Weierstrass addition formula for the
o-functions,

(3.25) ®p(u+v;a) =

olu+v)o(u—v) o) — oy
(326) 0'2(11.)0'2(’0) - P( ) p( )1

which can be written in the equivalent form

Dy (u; @)y (v; @) — Sw (v; )P (u; @)
p(u) — p(v) '

This last equality can be rewritten in the form (3.25) with the vectors

(3.28) Y(u;a) = ( g,(&;;z)) ) X ='( o(1) ) ,
and the 2 x 2-matrix
(3.29) A= ( 2 _01 ) :

In the case of genus g = 2, a solution of (3.25) was found in [11] with

XT(u) = (p22(ur), pr2(w), p11(u), 1),
YT (u; ) = C (Fo(u; @), Fi(u; a), Fa(u; a), Fia(u; «)),

(327) Ow(u+v;a)=
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where the 4 X 4-matrices A and C are given as follows

0 -1 0 0 100 0

1 0 0 0 010 0
A=ty o0 o0 1|0 ©C= 001 0 ’

0 0 -1 0 0 00 —1/5722((1)

The Schrédinger equation (4.11) and the hyperbolic equation (4.16) in
this approach are, in this approach, the compatibility condition of the
validity of the ansatz (3.25).

We shall show in the next sections how the Proposition 3.2 is used to
derive 2D and 3D Schrodinger equations with a potential expressible
in terms of Kleinian gp-functions.

4. THE TWO DIMENSIONAL SCHRODINGER EQUATION WITH AN
ABELIAN POTENTIAL

Consider the Riemann surface of a curve V(z,y) of genus 2, in the
form
w? = 425+ Azt + X322 + 22 + Mz + X
(4.1) = AIT;_,(z — &)
equipped with a homology basis (ay, a; by, bz) € Hy(V,Z). The canon-

ical holomorphic differentials and the associated meromorphic differen-
tials of the second kind have the form

d
du1 = —z, dU2 = EQE,
w w
A 2422 + 1223 2
dr, = DEFcMZ AL, =P
4w : w
The fundamental Kleinian o-function is expanded near & = 0 as follows
1 1
(4.2) o(x1,%2) =z1 — gmg + ﬂAﬁ? + o(z?).
Denote |

0 )
G(x) = 3:1:,—111 o(z), i=1,2
2

2
Pu(@) = = Or;0

Ino(x), %,j=1,2

J
The equations of the Jacobi inversion problem

(w1,21) (wa,22)
I; = / du,- +/ du,f, 3 = 1,2
(0,61) (0132)
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are equivalent to an algebraic equation
(4.3) P(z, ) = 2° — pa(x)z — p12(z) = 0,
i.e., the pair (21, 22) is the pair of roots of (4.3). So we have
(4.4) pa2(x) = z1 + 29, pra(x) = —2120.
The corresponding w; is expressed as
(4.5) w; = Page(X)z; + pr1za(x), 1=1,2.

The function g;,(x) is expressed in terms of symmetric functions of
the divisor as
F(Z1, 22) - 2w1w2

4(2’1 -— 22)2 ’

(4.6) pu(z) =

where
2

F(zl, 22) = Z Z{CZS (2)\2k + )\2k+1(2’1 + 22)) ;
k=0

The three functions g1, 12, P22 are known to be algebraically de-
pendent, being the coordinates of the quartic Kummer surface, which
is given by the equation

Ao M —2p11  —2p12
det X 1>\2 +4pn A3 +2p12 202 | _ 0
—2p11 3A3+2p12 g+ 4pe 2 '
—26012 —2p22 2 0

where the variables g22= X, p12 =Y, po11 = Z are regarded as coordi-
nates of the surface in C3.
We are now in a position to formulate the following theorem

Theorem:4.1. The following equality is valid for the siz Baker func-
tions Fo(zx; ), Fi(z; e), Fa(z; a), Fui(z; o), Fio(x; o) and Fo(x; o)
in the case of genus two
_ 1
[aFu + bF12 + apra(c) Foz + 55922(0)1;'22
1
(47) + (09122 + 'z"bpzzz(a)) F2]

= [o (bne) — pr@pn(e) + 1) - ghea(e)] B

where a,b are arbitrary and the \; parameters of the curve (4.1).
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Proof. Consider the six functions,
(4.8) o(z)’F(z;a),0(x)?Fi(z; ), o(x)*Fy(z;a),4,5 = 1,2.
These are linearly dependent second order entire functions, satisfy-
ing (3.24) with v(m,m') = ¢T(a)U(m, m') — ET(m,m")a = k(a).
Therefore there exist constants cg, ¢1, €2, €11, €12, €22 # 0, such that
(4.9) coFo(z; ) + Z e Fr(x; o) + Z ¢ijFij(e; ) = 0.

k=1,2 ij=1,2

Using the expansion (4.2) and the identity p112 = p202012 — P122022,
we arrive at the equations

1 = 0,
1
co + cripn (o) + Zcu)\z — Caopae(a) = 0,
2c11p12(a) + crzpaz(ar) — 2¢22 = 0,
—2c2p12() + crzpr22( ) + 2c00p102(c) =0,
—copaz () — c11p112(Cx) + Cazpoona(ax) = 0,
2cy — 2011@122(0!) = CIZPZZZ(Q) =0,
whose solution reads
1 = a, c12 =0,

1 1
co = al pula)— pz(a)pn(a)+ Z/\z) - 5%32(0),

' 1
e = ap(a)+ 55@22(0),
1
(410) Cy = 0,50122(05) + Eb@zzg(a),

where a and b are arbitrary. The equality (4.7) then follows immedi-
ately. ; O

By choosing the parameters a = 1,6 = 0 and then a = 0,b = 1 we
get from the equality (4.7) the following equations on Jac(V') x Jac(V)

{ [5@—; ~ zpu(m)] + pr2(a) [66_:2 = 2@%(“’)] } V1 (; o)

1 2

— Wa—)(’\" + daprz(@) + Aapla () U1 (z; ),
where
¥ (z:0) = B(o; a)erp { 122, |

and
2

on(@){ | 752 = 200(0)] +20u(0) [ 32— ~ 20u(@)] } wa(er o)
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= —ps(a)¥s(x; ),
where

(50 = 8(z; @)exp { -3 pum(0)en .

Therefore the following theorems are valid for the case of genus two:

Theorem 4.2. Let V be nonsingular hyperelliptic curve of genus 2
given by the equation (4.1). Let ®g(x; ) be the standard Baker func-
tion on Jac(V) x Jac(V). Let Q@ = (w11, ws1)T, @ = (wi1,wa1)T be the
real and imaginary half periods.

Then the following 2D Schridinger equation at a fized energy level
is valid

{82 +_?12_u1(m)}\111(w;a)

02 ' Ozl

1
(4.11) = Z(/\O + A + /\4)‘1’1(11; a),

where the smooth and real potential U (x) and wave function ¥4 (x; o)
have the form

(4.12) Uz(x) = 2p1(z + Q)+ 2p00x +Q), =R
Uz a) = P+ Qa+ D)
1
(4.13) X exp {iplzz(a + )2z + w{z)} , x,a€R?
and are restricted to the complex 1-dimensional Bloch variety By given
by the equation
(4.14) B, = {(@)lpuale + Q) = 1}.

The vector of quasi-momentum is real and is given by the formula

1

Theorem 4.3. For the conditions of Theorem 4.2, the following hy-
perbolic equation at the zero energy level is valid .

(4.16) { 3:1:?;:172 - uz(m)} Ty(z;0) =0,

where the smooth and real potential Uz(x) and the wave function have
the form

(4.17)  Uy(x) = 2p12(ez+ ), xR
(4.18) Uy(z; @) = Pp(iz+ Qs a+ Q)

(4.15) k(a)=((a+ ) —2x(a+ Q)+ -12-p122(a + ') ( 0 ) .

. _
X exp {580122(&)(22131 + wgl)} , z,acRk?
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and 1s restricted to the complex 1-dimensional Bloch variety B, given
by the equation

(4.19) By : {(a)|pz(a+ Q) = 0}.

The vector of quasi-momentum is real and given by the formula
1 1
(420) k(o) = (ot ) = 2x(a+ ) + Jpmla+ ) § ).

The Bloch varieties By, C Jac(V), k = 1,2 are pull-backs of the vari-
eties By C Kum(V), &k = 1,2 under the projection Jac(V) — Kum(V),
where the By, are given by the equations:

Ao 3N -2Z -2
%Al Ay +42 %)\3 +2 —-2X

—2Z X3+2Y N\
=2 0 2

B, =(X,Z) : det 2 %)\3+2 oy s 0
-2 —2X 2 0
in the case of the 2D Schrédinger equation, and
doo 3k -2Z  -2Y
By=(V,2):det | 2N Jet4Z 3ht2Y 0 | g
0

in the case of the hyperbolic equation.

The Bloch varieties B, 2 are algebraic curves, and it is straightfor-
ward to show that these curves are genus two hyperelliptic curves with
a branching point at infinity. But in contrast with the case of genus one,
these curves are not equivalent to the initial curve at generic A, .. ., A4.

We remark, that the explicit description of the varieties By, k = 1,2,
which can be realized as algebraic curve of genus 4 with involution, and
its link with the results of Veselov and Novikov [21, 20}, is given in [12}.

As an application of the above theory we show in Fig. 1 and Fig.
3, the potential profiles as derived from (4.12), for two different sets
of the parameter values (in Fig 2 and Fig 4 the corresponding level
sets of these potentials are also shown). We see from these figures that
the potentials are both real and smooth and have a spatial symmetry
which is more general than the square or rectangular one considered
in Ref. [10]. The full choice of more general crystal symmetries which
can be found by properly appropriate choices of the parameters {e;},
one can arrange is still under investigation. These properties make the
above potentials suitable for physical applications. Similar results can
be obtained for the potential (4.17) (for simplicity details are omitted).
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7 -2

FIGURE 1. Potential profile as function of z,y for the
branching points e; = 24/3,e3 = 3,e3 = 0,64 = —ez,€5 =
—e€1.

5. THE TWO DIMENSIONAL SCHRODINGER EQUATION WITH AN
’ ELLIPTIC POTENTIAL

In this section we shall construct an elliptic 2D Schrodinger equation
with a potential which can be expressed in terms of an elliptic function
by using the concept of elliptic solitons for the KdV equation. We
shall show, that the real and nonsingular potential in the (z,y) plane is
provided by the dynamics over the locus of the Calogero-Moser system.
The particle dynamics of the system over locus is essentially complex
and was traditionally considered as non-physical. The equations for
the Kleinian p-functions :

1
(5.1) 2222 = 650%2 + 4019 + Agoo2 + -2-)\3,
(5.2) Pr222 = 62212 — 2p11 + Aapra,

represent the KdV hierarchy for genus two curves with respect to the
function

1
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FI1GURE 2. Topographic map of the potential in the case:
e; = 24/3,e2 = 3,e3 = 0,e4 = —ez,e5 = —e;. The
regions between contours are shaded in such way that
the ones with higher values are lighter. .

The equation (5.1) becomes, after differentiation by uy = z, the KdV
equation, -
1
5 (
while the second equation (5.2) represents the second KdV flow which
is stationary for the two-gap potential (5.3).

We further interpret the coordinates (z;,z;) as space coordinates
(x) and set (z1,22) = (y,z). Consider the elliptic solution of the KdV
equation

(5:5)  Ulz,y) =2p(z — fi(y)) + 2p(z — f2(y)) + 2p(z ~ f(y)),

where p(z) is the standard Weierstrass elliptic function, which repre-
sents the isospectral deformation of the two-gap Lamé potential 6gp(z)
under the action of the KdV flow. The solution of the form (5.5) was
introduced for the first time by Dubrovin and Novikov [16]; the general

(5'4) u-’cl = uzzzzxz - Guzzu) )
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FIGURE 3. Same as in Fig. 1 for e; = 2,65
0,eg =—1,e5 = —2.

T T

FIGURE 4. Same as in Fig. 2 for e; = 2,6z
0,64 = —-1,65 = -2.

21
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case was investigated by Airault et al. [2]. We use this elliptic KdV
solution below to construct a special solution of the 2D problem.

The ansatz (5.5) implies the following structure of the hyperelliptic,
genus two, o-function in the reduction case:

3
(56) 0($7 y) = HO’(:I: - fl(y))7
i=1
where o is the standard o-function from the Weierstrass theory of el-
liptic functions. The associated algebraic curve is known to be of the
form

(5.7) w? = 4(2% — 3g5)(z + 3e1)(z + 3e2)(z + 3e3).

The remaining Kleinian gp-functions, p;5(x) and g1 (), are express-
ible from (5.1,5.2) as differential polynomials of g2, and have the form

68 pu = -3 Y plo—fe)eE - 56)+ 0

1<j=1,2,3
puu = —27p(z — f1(y))e(z — fo(y)p(z — fa(y))
+3 Y ¢z )o@ - £Y)
i<j=1,2,3

59) + T Do pla = AW,

where g is the standard Weierstrass p-function. This implies that the
Abelian elliptic potential for the two-dimensional Schrodinger equation
has the form

Uz, y) = —bdp(z —£i(y))p(z — f())pz — f3(y)) \
(610) 46 3 - A 56)+ 2D el ).
i<j=1,2,3 - i

For the proof we remark that the compatibility of the ansatz (5.5) with
the KdV equation leads to the equations '

iy = —6P12 — 6P1s, -
d

EJ:;Z = —6P2 — 6%Pa;,
d

d—f; = —6P3; — 6933,

with
(5.11) Pl +Pia =0, P +Pos =0, P5, + Pi; =0.
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Here we denote Pi; = p(fi(y) — fi(y)). These equations represent
the well known dynamics of the third flow of the integrable Calogero-
Moser system, restricted to the stable points of the second flow. We
remark, that the addition theorem for the Weierstrass g-function and
the equations of the locus (5.11) allow us to rewrite the first group of
the equations for f; in the form

d d d
(5.12) dfl 6B 23, d_];z = 6P13, d_J;; = 6P12

and therefore the elliptic KAV solution is given in the form

(513) Uy =2 3 p|iz+tw—6 / o(fi) — F()dy | |

i<j=1,2,3 o

with w being a constant of integration. We shall find below the explicit
expressions for the functions p(f;(y) — f;j(y)) and show that (5.13)
represents an elliptic soliton, i.e. a real and smooth function which
is doubly periodic in both z and y. With this aim we consider the
equations of the Jacobi inversion problem associated with the curve
(5.7):

(w1,21) q (w2,22) 4
(5.14) / = +-/ Zen=y,
(co0) W (co,00) W
(wi,z1) 5, (w2,22) 14,
5.15 - — ' —_— =1, = 2.
619 [ e e

The solution of the problem has the form

3
(5.16) z1+2 = 2ZP($—fi(y)),

(617)  am =3 Y pla-Le)elE-H)- 30

i<j=1,2,3

where we use (5.1,5.2) and (5.5) to denve (5.16,5.17). Let us take the

limit z — f1{y). lhen it follows from (5.16,5.17)

22 = 00, 21 = 3(P12 + Piz) = —3Pos,
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and the equations of the Jacobi inversion problem will take the form

~3Pa3
(5.18) dz =y,
24/(2%2 — 3932)(z — 3e1)(z — 3e2)(z — 3e3)
~3P23
(5.19) 2dz

J 24/(22 — 392)(z — 3e1)(z — 3e2) (2 — 3es) -7

Two other pairs of equations of the form (5.18,5.19) appears as the
result of cyclic permutations of the indices 1,2,3. To proceed we shall
use the reduction formulae of Hermite, under which the hyperelliptic
integrals in the lLh.s. of (5.14,5.15) are reduced to elliptic integrals
associated with the elliptic curves:

(520) VP =4p®—gop—gs, P =4 — Gt —Gs,
whose moduli are linked by the relation

- 4 ~ 72
(5.21) G2 = ?(393 +27g3), G3= F(gsgg — 3g3).
> 2

The equations for the cover are

- w 22 —9g; — 5495 2%+ 27g3
5.22 w , ,
(5.22)(n, v) (27 22— 3¢ 0(2%— 392))

o 2 2 1 a3
(5.23)(7, 1) = (V 279319(42 392), 392(42 992Z+993))-

The reduction of the holomorphic differentials has the form

2 dv 1
(5.24) dz 2 dv zdz_ldp
w 34392 [ w 3v
The application of the reduction formulae to equation (5.18) results
in the following cubic equation with respect to Pos

1 1 _.3
(5.25) APB33 — gaPos — 39+ 592@(5\/ 392y) = 0.

Evidently the remaining two roots are exactly ;2 and ;3. Note that
the equation (5.25) displays the following properties of the functions
‘Bi; on the locus:

(5.26) Pz + Piz + P2z =0,
(5.27) P12P13 + PasPiz + P1sPas = —igz-
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Tet us show that the application of the reduction formulae to the equa-
tion (5.19) leads to the equivalence. Indeed the substitution of the
reduction formula (5.22) into (5.18) implies

_ ‘~I3§3 — 83
(5.28) p3hH) = - Z g

We transform the left hand side:

p(3f) = p({h—-Ff}+{A-F})
(because of the equality fi + fa+ f3 =0)

o 1P —Pis]
= —Pio m13+4[q312_q313]

(because of the addition theorem for the Weierstrass

elliptic function)
;2

— 23
= dm (212 + Pas)?

(because (5.26) and locus equations, which imply
bs” — Pha® = (Bhs + Bo) (Phs + B2) = 0)-
Further, the equation (5.27) leads to the relation
(2P1z + Pas)” = 92 — 3935
Collecting all these equalities together we transform (5.28) to the equal-
ity

Pos + ‘,B’232 — = ‘1333—93 ,
92— 3P3s 92— 3P3s
whose validity can be checked directly.
Therefore we have proved the following proposition (a proof in com-
pressed form was given in [9], see also [2], pg. 144)

Proposition 5.1. Let (u,v) and (7,1) be two elliptic curves in the
Weierstrass form with the moduli g2, g3 and ga, g3 given in (5.12). De-
note by p and § the corresponding Weierstrass elliptic functions. Then
the formula (5.18) describes the elliptic solution of the KdV equation
with the integrands

P(fz(y)_fy(y)) ="B‘i,j1 (21.7) = (112)’(1’3))(2v3)
being the roots of the cubic equation with coefficients depending on the
moduli of the elliptic curve g2, g3 and the Weierstrass function §

1 1 _/3 .
(5.29) 4X3 — g X — 39 + 992k (5 392?/) = 0.
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We shall summarize the results as follows:
Theorem 5.2. Let V be the Lamé curve
w? = 4(2% — 3g2)(z + 3e1)(z + 3e3)(z + 3es),

which covers 3-sheetedly the two elliptic curves

-~ 2 - = - -
(530) =40 —gp—gs, @ =46°— G2pp — G,

whose moduli are linked by the relation
. 4 .72
(5.31) &= 9—2(393 +27g3), §s = ?(gsgi’ —~ 393)-
2 2

Then the wave function

(5.32) Ug(x;0,B8) = [[ @wliz +w — fi(y); e — fi(B)),

=1
where the three functions f; are given by the formulae

fi(y) = —6 / ' Xily)dy,

and X; are the three roots of the cubic equation
' 1 1 _/3
(5.33) 4X% — go X ~ 39 + 9926 (5 3923/) =0
satisfy the 2D Schréodinger equation |
i o?
Ve =AU
{6:1:2 +— a ) u(l‘,y)} E E,

with the elliptic smooth .and nonseparable potential given by the formula

U(z,y) = -5450(37 — fily))p(z — fo(y))p(z — fs(y))
(5.34) +6 Z (& - FiW)P @ — @)+ 1 Z p(z — fi(v)),

i<j=1

on the fixed energy level A = —36g2g3 + 36g5. The spectral variety is a
one dimensional variety given by the equation

(535) 3 > pla—fi(B)pla- f;(ﬁ))——gz-—l

i<j=1,2,3

We remark that the Bloch variety (5.35), which is given as a hyper-
elliptic curve, is uniformizable in this case by elliptic functions with
moduli (5.31).

We note that we could consider other two-gap elliptic potentials in
an analogous fashion.
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6. THE 3D SCHRODINGER EQUATION

We consider the case of the curve defined by the equation
6
v =4z" + Z)\jxj.
0

The principal matrix H is given by (3.10) and is a 5 x 5 matrix of the
form

Ao %)\1 —2p1 —2p12 —2p3

A dpu A 2012+ 3Xs  4p13 — 2022 203

H=1| —2p1 2p12+1iX 4pm—4piz+As 2p3+3)s —2ps3
—2p12 413 — 2p2 2923 + 35 433 + e 2
—2pn3 —2g93 —2p33 - 2 0

The expansion of the o-function of genus 3 in the vicinity of u = 0
(found for the first time in [14]) has the form

0(“1, Ug, U3) =U1U3 — Ug

1
o1 (2)\0u‘11 + 2)\1u:1”u2 + Azu% (3u§ — ugug) + 8u2u§
+ 20qurud + 2\quj + 2Xsudus + Aud(3ul — uius))
(6.1) + higher order terms.

We are in position now to prove the following theorem

Theorem 6.1. Let F; ;(x; ) be the functions (3.19). Then the follow--
ing equalities are valid for all z; a0 € C3

4 (p113(a) — pr22(@)) Fas(x; @) — 4(2 Fis(x; @) + Fo(; @) pr3s(a)
+8 Foz(x; @) prasla) + 4 Fia(z; @) pass(a) =

where
A = 4(2p1i(a) — p(a)) puas(a) + Aspin(a)
—4 p3z(a)pri3(a) — Aapzaz(a) + 4 pa3(a)pr22(a)
—4 p11(a)pass(@) — Asprs(a),
and
4 (2 pr23(a) — aze()) Faz(x; ) + 8 (aa3(@) — pras()) Fos(x; )
—4 (2 Fiz3(z; @) + Foa(%; @) pasa(ax) + 8 Fia(x; @) pa 3 3(x) =
AFy(z; ),
where

A = 4(2p13 — pPo2) 233 — 2 A6f123 + A6go222 — 8 33123 + 4 P33p202.
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Proof. Let us take (3.20) in the case g = 3 and assume c;3 = 2cs.
Then we have

(63) C()Fo + ZC,,F + Z Oi+_1 ij = 0
i<j=1,...3
where we denote ¢;; = C;y;. Let us multiply (6.3) by 0?(a) and expand

the resulting equality in a power series in 4, ug, u3 by using (6.1). We
find

(6.4) a=c=c3=0,
and 6 equations to define Cy, Cs, C3, Cy, Cs, Cs:

—2C5 + 2Cypsz + 2Cop13 + 2C3p03 = 0,
—4C2p12 + (—4p22 + 813) Cs
+(As + 4p23) Cs + (8ps3 + 226) C5s +4Cs = 0,
(A2 — 4p11) Ca + (2)3 + 8p12)C3 + (4hq + 12022 — 8p13) Cy
+(2A5 + 8p23) Cs + (X6 = 4p33) Cs +4Co = 0,
(A2 + 4p11) C2 + (8pis — 4p2a) Ca + (N6 + 4pa3) Cs +4Cy = 0,
MG+ (8p11 + 2X2) Cs
+(As + 4p12) Cs + (813 — 4g22) Cs — 4Cep93 = 0
4X0C2 + 211 C3 — 8Csp12 — 8Csp013 — 8Capp1n = 0.

We find from the third equation

1 ' 1
(6.5) Co=—(p11 — Z/\z)Cz + (22 — 24013)Ca — (g33 + Z)\ — 6)Cs.

To define the remaining parameters, add the third equation to the

fourth and consider the remaining 5 equations. They are homogeneous

equations with respect to the 5 variables Cs, C3, Cy, Cs, Cg, whose ma-

trix is exactly the matrix H. Because the matrix H has rank 3, the

general solution depends on two arbitrary variables a = C; and b = Cj.

The remaining variables are computed by applying the formula (3.15).
The matrix of the first equation (6.2) is

§333 0 —§133
M = 0 —§133 P123

—$133 123 P113 — P122
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and the matrix of the second equation (6.3) is
0 333 — 0233
M; =1 ps33 —§0233 —p133 + 203
—fo233 —@133 T P23 2123 — P22
It can be checked by direct substitution that in the rational limit

— 2 L 5 6
oo, an,03) = —aj + o103 — —a05 + —o3
3 45
there are regions in (@i, a2, @3) space where the principal minors are
all nonpositive. O
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