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Introduction

This article is about the spectral theory of Schrodinger operators which are
used to describe electric particles moving in discrete 2-dimensional space under
the influence of a perpendicular magnetic field. It is a wonderful and fruitful
coincidence that among these operators are some which are invariant under au-
tomorphisms describing time evolutions of integrable doubly discrete quantum
field theories. So this article is also about the spectral theory of quantum in-
tegrals, a name which we give to integrals of motions of such automorphisms.
This adds a different point of view to the investigation of discrete models in solid
state physics and makes the whole machinery of the inverse scattering method,
in particular the Bethe ansatz, available for the task to determine the spectrum
of the corresponding Schrodinger operators.

The operators which are investigated here are generalizations of the Hofs-
tadter Hamiltonian which is the famous Hamiltonian describing an elementary
Quantum-Hall system; this is a discretized version of an electron in a constant
magnetic field, see [?]. The aim is to analyse their spectra. Early numerical work
of Hofstadter [?] indicated a rich fractal structure in what is nowadays called
the Hofstadter Butterfly. This points out the difficulty of the task: one com-
monly expects that for values of the magnetic flux which are irrational (in the
appropriate units) the spectra of Hamiltonians of Hofstadter type are Cantor sets
(nowhere dense sets without isolated points). A lot of work has been devoted
to study of their spectra using various methods including semiclassical analy-
sis [?, ?, ?], C*-algebra and K-theory, functional analysis, and measure theory.
These methods provide information on topological properties of the spectrum,
such as rigorous proofs that, for certain irrational values of the flux, the spec-
trum of the Hofstadter Hamiltonian is a Cantor set — we mention a few works
[?, 7,2, 7] refering the reader to [?] and [?] for further references — or continuity
of band edges in the flux variable [?, ?]. They also provide information on the
Lebesgues measures of the spectra [?, ?, ?] and on the measure theoretic nature
of the spectral measures. The last point is connected to the representation in
which the operators act, for an overview on results regarding that question for
the almost Mathieu operator see [?]. Specific spectral values for irrational flux
were, however, not obtained (apart from the value 0 in the Hofstadter spectrum).



2 Spectra of Quantum Integrals

The methods which will be employed here are different from the above. They
come under the name Bethe ansatz, and we shall concentrate our analysis on
two of its variants: the polynomial (or functional) Bethe ansatz as formulated
by Wiegmann et al. in [?] and the algebraic Bethe ansatz which was adapted
to the present case by one of the authors [?]. We will present here a simplified
approach to the polynomial Bethe ansatz which is based on a representation
theoretic property, namely the existence of polynomial solutions in a represen-
tation of the Weyl-Heisenberg algebra. This approach, in which the possible
role of quantum groups is de-emphasised, has the advantage that it makes the
neccessary structural ingredients clear and shows how both works, that of [?]
and that of [?], are interrelated. In fact, polynomial solutions for the family of
operators in question can be obtained in two ways, one leading to the Bethe
ansatz-equations and eigenvalues of [?] and the other containing the eigenvalues
of [?] in a special case (k = 1). The two solutions have a fundamental difference.
Whereas the Bethe ansatz-equations and eigenvalues which were obtained in [?]
do not show any regular behaviour under a small change of the magnetic field — in
fact, they can only be formulated for rational flux — does the other solution give
rise to eigenvalues and -functions which depend analytically on the strength of
the magnetic field. In particular, like all other solutions which may be obtained
by the algebraic Bethe ansatz, the latter solutions exist for irrational flux, too.

Apart from Wiegmann et al. [?] also Faddeev and Kashaev have approached
the calculation of exact spectral values using a generalized form of the Bethe-
ansatz [?]. We will not discuss their work here. It contains the Bethe ansatz
equations of [?] as special cases, and it is also restricted to rational flux.

We do only find a finite number of eigenvalues for the operators. It is therefore
natural to ask whether they play a special role in the spectrum. In a first attempt
to give an answer to this question we are led to the conjecture that for the
quantum integral related to the quantum pendulum, the solutions obtained by
the Bethe ansatz describe the touching of bands in the spectrum for rational
flux.

The article is intended partly as a review article, including an understand-
able overview, though neccessarily partial, on the used techniques and models
with particular emphasis on their discrete aspects. The first section is about the
discrete Weyl-Heisenberg algebra and some of its representations including the
irreducible ones for rational flux. This algebra arises in different fields of mathe-
matics under different headings. In algebra it is called the rotation algebra and in
geometry the quantized torus. Some of its representations have to be employed
to compute the spectra for rational flux. This is discussed in Section 2 together
with the simplification which arrises if a Chambers relation holds. In Section 3
we present the family of operators which are to be investigated. We show that
they are invariant under certain automorphisms of the Weyl-Heisenberg algebra,
an observation which is important for Sections 5 und 6. Section 4 is devoted to
a technique for computing eigenvalues and eigenfunctions of the operators which
may be seen as the essence of the polynomial Bethe ansatz. We discuss two
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qualitative different ways to obtain polynomial eigenfunctions and specify the
result to two operators of particular interest: the Hofstadter Hamiltonian and
the QP-integral. The mathematics used in Section 4 is comparatively simple
but can only be applied to a small subclass of operators. In order to go behond
this subclass one has to use a more sophisticated method which has its origin in
integrable quantum field theory. We discuss in Section 5 how to express the op-
erators of interest as quantum integrals of discrete sine Gordon field theory. The
sixth section is then devoted to the adaptation of the algebraic Bethe ansatz to
the present situation. It also contains the determination of where in the bands,
which exist for rational flux, the eigenvalues found by the Bethe ansatz lie. A
comparison between the results obtained by the polynomial Bethe ansatz and
by the algebraic Bethe ansatz concludes the article.

Before coming to the main part of the article let us devote a paragraph to
the motivation of one of our two main themes: discrete Schrodinger operators
describing the motion of electric particles in Z2 under the influence of a perpen-
dicularly applied magnetic field.

The discrete form of the Landau Hamiltonian

Landau considered the quantum mechanical problem of a particle with electric
charge 1 and mass 1 in the plane R? (spanned by e, e3) to which a constant
magnetic field of magnitude v along e3 is applied. The particle is not subject to
any other potential so that its Hamiltonian, acting on L?(R?), is [?]

v% + v%

2
where v; = p; — A; is the velocity operator (in units ¢ = i = 1) which contains
a vector potential A for the magnetic field, i.e. 1Ay — 92 A1 = 7. v} + v3 may
be termed magnetic Laplacian, because it generalizes the usual (2-dimensional)
Laplacian which is obtained for v = 0. However one chooses the gauge, one
obtains the commutation relation

[v1,v2] = 17. (0.1)

This commutation relation is algebraically the same as Heisenberg’s commuta-
tion relation. In fact, the latter may be obtained upon identification of v; with
the position operator, vy with the momentum operator, and 27y with Planck’s
constant. Under this identification Hj, becomes algebraically the harmonic os-
cillator and hence has discrete, equally spaced, unbounded spectrum which is
bounded from below. Due to the above algebraic similarity we call the exponen-
tiated velocity operators

Hy, =

W, (a) = exp —i(a1v1 + asvs) (0.2)
also Weyl-operators. Commutation relation (??) implies for the Weyl-operators

W (@)W (b) = e 7@ W, (a + b) (0.3)
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where o(a,b) = a1ba — agb; is the canonical symplectic form on R2. To describe
the action of W, (a) on L?*(R?) we choose the symmetric gauge, that is take
Ay = —3xy, Ay = 1. In that gauge

iy

W, (a) ¥(z) = e Z7@DW(z —q) . (0.4)
From that equation follows that, for all a,b € R?
W (@), W, (5)] = 0.

In particular, W_, (a) commutes with the Landau Hamiltonian Hy, and hence the
family {W_,(a)},er2 plays the role of a symmetry. Only if v = 0 (mod 27) this
family forms a group, namely the translation group. In general, the product is
twisted by a phase (compare (??)) and hence {W_,(a)}4egr2 furnish a projective
representation of the translation group. For that reason these operators have
been named magnetic translations [?]. To repeat, we have two families of Weyl-
operators, {W,(a)},ecrz and {W_,(a)},cr2. Algebraically they differ only by
a sign in their product but their role for the Landau model is different. The
generators of the first family are the velocities and give rise to the Hamiltonian,
whereas the second family furnishes the symmetry operators. Moreover, it can
be proved [?] that the set of bounded operators on L?(R?) which commute
with all W, (a), a € R?, is equal to the closure in the weak operator topology
of the set {W_,(a)},ecr2. Hence the two families are in a sense dual to each
other. Differing algebraically only by the value for the magnetic field, the W, (a)
are also called magnetic translations although they should, strictly speaking,
better be called dual magnetic translations. The generators of the W_,(a) are,
of course, k = p+ A. They have commutation relation [k, ko] = —iy and give
rise to the integrals of motion. One usually chooses here the Landau centre c,
c1 = kay™', co = —ki1y~!. This is the centre of gyration of the particle in the
constant magnetic field.

What happends if we discretize space, that is, if we allow the particle to move
only on Z? C R?? In that case, in order to obtain operators acting on the natural
Hilbert space of the discrete setting ¢2(Z?), the generators v;, j = 1,2, have to
be exponentiated along one lattice spacing the length of which we chose to be 1.
According to one possible scheme of how to replace differentials by differences
one then obtains that the discrete magnetic Laplacian, which acts on ¢2(Z?), is
given by

(1-W,(1,0)")(1—W,(1,0))+ (1 —W,(0,1)*)(1 —W,(0,1)) =: 4 — Hpos. (0.5)

Hpop = W5(1,0)+W,(1,0)*+W,(0,1)+W,(0,1)* is the well known Hofstadter
Hamiltonian. The Hofstadter Hamiltonian thus plays, up to a constant, the role
of the discrete Landau Hamiltonian. We are not only interested in this Hamil-
tonian but also in its generalizations involving translations to the next nearest
neighbours. It is clear that Hp,s belongs to the closure in the norm topology
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of the algebra which is (even linearly) generated by the set {W,(n)n € Z?}.
This algebra shall be called discrete Weyl-Heisenberg algebra. Its representation
theory lies at the heart of this work.

1 Discrete Weyl-Heisenberg algebra

The discrete Weyl-Heisenberg algebra is at the root of the following analysis. It
comes also under the name of rotation algebra and of quantized torus. The dis-
crete Weyl-Heisenberg algebra is the basic element of the algebra of observables
of the discrete sine-Gordon model and in particular of the quantum pendulum.

In this first section we define again the discrete Weyl-Heisenberg algebra
but this time abstractly. We discuss some of its motivations and go through a
list of representations which will be used in the latter part of this article. In
particular, we will construct a faithful family of irreducible representations of
the Weyl-Heisenberg algebra.

1.1 Definition of the discrete Weyl-Heisenberg algebra A,

We have introduced above the discrete Weyl-Heisenberg algebra in terms of Weyl-
operators acting on £2(Z?). As often in mathematics, it is usefull to abstractly
characterize the structure formed by the Weyl-operators. This is the C*-algebra
based on the relation W, (1,0)W,(0,1) = e=""W,(0,1)W,(1,0).

Let v € S =2 R/21Z, q = €V, and A?Y be the x-algebra over the field of
complex numbers generated by two elements u, v (and their image under the
x-operation u*, v*) modulo the ideal generated by the relations

w —1, wu—1, w =1, vv—1, wv—q ‘ou.
This means that any element x of Ag may be represented by a finite sum
x:chunlv"Z, (n € 7% ¢, € C).

In fact, by the first four relations, the elements represented by u and v are
invertible, and their inverses are equal to u* and v*, respectively. The last
relation allows one to order monomials in such a way that all u’s stand to the
left of v’s.

On Ag we define a norm as follows: Consider all representations of A% by
bounded operators on some Hilbert space, that is all x-homomorphisms p : Av —
B(H). Then, for z € AY, define

||| := sup{||p(z)]|||p a representation of Ag} (1.1)

and A, to be the completion of .A?Y with respect to this norm. This is by definition
the discrete Weyl-Heisberg algebra. By construction A, is a C*-algebra and
equation (??) defines its unique norm [?].

A, is also called the rotation algebra for reasons which will become clear
below. Furthermore, it may as well be understood as the twisted group algebra
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of Z? with twisting element e~ 3% where 0 : Z2 x Z2 — R is given by o(n,m) =
nimo — ming. This means essentially that Ag has a basis given by

~

W(n) := elzmnzyMynz, (1.2)
n € Z?, and the product of these basis elements is the twisted product
W (n)W(m) = e_%"("’m)W(n +m). (1.3)

Any representation of A, gives then rise to a projective representation of Z2.
We shall see below that the W (n) coincide in a representation on ¢?(Z?) with
the Weyl-operators W, (n) introduced in the last section.

We shall have to consider the angle v as parameter and consider the de-
pendence of certain properties of elements of A, on this parameter. This may
appear a priori a bit artifical, since some important algebraic properties of A,
are strongly dependent on the value of v. But already the interpretation of
as a physically measurable quantity (the flux through a unit cell) indicates that
certain features should depend in a regular way on 7. The technical context
which is needed here is that of the family of all A, forming a continuous, dif-
ferentiable or even analytic field of C*-algebras. But for our purposes it will be
sufficient to view the operators as elements which depend parametrically on +,
the dependence showing up in the way how v and v commute.

Now we list two basic properties of the Weyl-Heisenberg algebra. The second
one will be a consequence of Theorem 77 below.

e If ;= is irrational then A, is a simple C*-algebra, in particular all its
non-trivial representations are faithful (injective).
e In contrast, if ;L = % and M, N coprime, A, has a large centre. It is
generated by u?\fr and vY; therefore it is isomorphic to C(T2). Tt follows
that all elements of the form u” — z or vV — 2, z € C being of modulus 1,
generate ideals of A,.
We shall have to consider a variety of representations of the discrete Weyl-
Heisenberg algebra which we usually denote by (p, H). But in order to avoid cum-
bersome notation we shall adopt the convention to write for the action of u € A,
on a vector 1 of a representation space H simply w - 9, the x-homomorphism p
between A, and B(H) being understood.

1.2 Discrete quantum mechanics: the Weyl-Schriodinger representa-
tion

In this subsection, we define a family of representations of the discrete Weyl-

Heisenberg algebra, which is of particular importance. It is the analoge of the

famous Schrodinger representation in the continuous case.
For any given angle 6 there is a representation of A, on L?(S'), defined by

u- f(z) = e g2 (L4)
v- f(z) = 2f(2).
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These representations are discrete integrated forms of the Schrédinger represen-
tation on S' of the Heisenberg commutation relation 27[g,p] = —ih. In fact,
v acts in this representation as the exponentiated position operator and u as
translation by v (for = 0). We shall therefore call these representations Weyl-
Schrédinger representations. These representations will be of particular use for
the polynomial (functional) Bethe ansatz (see Section ?7).

The x-algebra generated by the representative of v is that of Laurent poly-
nomials in one complex variable, and hence its norm-closure may be identified
with the continuous functions on the circle C'((S). Under this identification,
conjugating a function f € C(S*) by w results in the same as the automorphism
on C(S') induced by the rotation of S* about the angle v. This is the origin of
the name rotation algebra.

Often the Fouriertransforms of the Weyl-Schrédinger representations are con-
sidered. Under Fouriertransform L2?(S') — (2(Z): f +— 1,

Yn) = 5 = SN
the action becomes
u-h(n) = g (n) (15)

v-p(n) =p(n—1).

The famous Almost Mathieu equation is the eigenvalue equation for the operator
u+u*+k(v+0v*), k€ R, k>0, in such a representation.

To end this subsection, let us summarize some of the properties of the discrete
Schrédinger representation (see also subsection 1.4).

e If ;L is irrational, the Weyl-Schrodinger representations are irreducible. In
other words, the von Neumann closure of such a representation is B(H) (it
is a type I factor). For different #’s modulo 2, the representations are
inequivalent.

e If 5= is rational, the representations are reducible. Moreover, these repre-
sentations are not faithful.

e The family of all Weyl-Schrédinger representations, parametrized by the
angle 6, is faithful in the sense that only 0 € A, acts in all representations
as the 0-operator.

1.3 Discrete magnetic translations

Consider the representation on ¢2(Z?) given by

w-1p(n) = M1 Mp(ny —1,m,) (1.6)
v-1p(n) = e Myp(ny,ny — 1)

where A : Z? — R? is a gauge potential with discrete rotation :

(AQ(’II) - Ag(nl - 1,7’1,2)) - (A1 (n) - Al(nl, ng — 1)) =.



8 Spectra of Quantum Integrals

The function A for given magnetic flux «y is unique up to a discrete gradient. For
different gauges the representations are unitarily equivalent. If we choose the
symmetric gauge A;(n) = —3ng, A2(n) = n then the operators W (n) defined
in (??) act as

W(n) - (k) = e 27k —n) (1.7)

and hence coincide with the Weyl operators W, (n) defined in the introduction.
Thus they generate the algebra of observables for an electric particle moving in
7?2 to which a homogenuous magnetic field is perpendicularly applied. The angle
~ is proportional to the magnetic field or the flux per unit cell. For simplicity
we call 5= the flux. Let us include a proof of the following well known fact:

Theorem 1 The representation of the discrete Weyl-Heisenberg algebra A., by
discrete magnetic translations is faithful.

Proof: The positive linear functional 7 : AY — C, 7(W(n)) = do(n), d). denoting
the function on Z? which is 1 on k and 0 elsewhere, extends to a faithful normal-
ized trace on A,. Hence the GNS-representation with respect to 7 is faithful.
The Hilbertspace of that representation is the completion of A, with respect to
the scalar product (z,y) := 7(z*y). Hence we may take the W(n), n € Z? as a
basis of that space and the identification of W (n) with the function ¢,, defines a
unitary operator between the GNS-representation space and ¢2(Z?). Taking into
account that the action in the GNS-representation is given by left multiplication
one straightforwardly checks that this unitary furnishes a unitary equivalence be-
tween the GNS-representation and representation (??). Thus faithfulness of the
above representation follows from faithfulness of the GNS-representation and the
fact that a change of gauge may be incorporated in another unitary equivalence.
q.e.d.

The above shows that the representations on ¢?(Z?) may serve as a more
concrete definition of A,; we have already made use of this in the introduction.
The representations are, however, reducible for all 7. In fact, for irrational -,
their von Neumann closures are type Il factors. Like in the continuous case, in
the symmetric gauge, the commutant of the representation is the von Neumann
closure of the corresponding representation of A_. [?].

We have already mentionned the analogy between the magnetic flux v and
Planck’s constant in quantum mechanics. This analogy leads to quantization of
arbitrary functions on the space Z2 which plays the role of configuration space in
the discrete Landau model and of phase space for discrete quantum mechanics.
Let f be an element of the Schwartz test function space over Z2. Its quantization
is naturally defined by

W(f) =Y f(n) W(n). (1.8)
nez?

If v were 0 (mod 27) then the W( f) would all commute and therefore generate the
algebra of smooth functions over the torus (W (f) is then the Fouriertransform
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of f). For general values of v the discrete Weyl-Heisenberg algebra is therefore
also named — in the spirit of Connes’ non commutative geometry — quantized
(or non-commutative) torus. The Fouriertransform f of f is called the classical
symbol of the operator W(f).

1.4 Irreducible representations

To construct a faithful family of irreducible representations of the discrete Weyl-
Heisenberg algebra A, we decompose its faithful representation by magnetic
translations into irreducible constituents. This decomposition is well known but
we shall carry it out explicitly for the convenience of the reader. It leads to the
following theorem about, what we shall call, standard irreducible representations:

Theorem 2

i) For irrational fluzx, the Weyl-Schrodinger representation of the discrete
Weyl-Heisenberg algebra is irreducible. For rational flux this is not so.
ii) For rational fluz, 3~ = %, M and N coprime, the irreducible representa-
tions of the discrete Weyl-Heisenberg algebra are labelled by elements of the two
dimensional torus S x S. Every one is unitarily equivalent to the standard rep-
resentation defined below for some 6 in S xS. The standard representations are

foru

q
01 ’
uy=enN q ! (1.9)
1
and for v
0 1 0 0
o :
vg=ew o |- (1.10)
0 1
1 0 0

The labels 6 will be called Bloch parameters.

Proof: We prove first part of the theorem using the well known fact, that the
rotation by an irrational angle on S! is ergodic. Stated differently, any set
which is invariant under the rotation and has nonzero Lebesgues measure must
coincide with the whole St (up to a zero-measure set). Now suppose that the
Weyl-Schrédinger representation were reducible and let P be the projection onto
one of the proper invariant subspaces under the action of A,. It follows that P
commutes with the action of u. Since the von Neumann closure of the x-algebra
generated by u (and its inverse) in this representation is all of L>°(S!), and this
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algebra is maximal commutative, P must be an element of it. Hence P is a
characteristic function on a measurable set. Since P commutes as well with the
action of v this measurable set must be invariant under rotation with . Hence
for irrational 5=, by ergodicity, P is either 0 or 1 which is a contradiction.

The second statement is a corrolary of Proposition ?? which will be proved
at the end of this subsection. So we defer the proof of this statement until then.
q.e.d.

In order to make the analysis simple we choose the Landau-gauge which is
given by A;(n) = —na27y, Aa(n) = 0. In that case

u-p(n) =q " P(ny — 1,n2) (1.11)
v-P(n) =1p(ni,n2 — 1).

This choice of a gauge suggests a particular way to decompose the representation
into Weyl-Schrodinger representations in Fourierspace. Consider the unitary

operator
Fy: 2(2%) /® Ly
: — —Hy.
! S1 2 o
Hy is for each 0 a copy of 62(Z)ﬂ and the component g of F1() in Hy is given
by
Jo(na) = S ().

ni1€ZL

Hence F; maps the Hilbert space £2(Z?) into the Hilbert space of square inte-
grable sections in the trivial bundle S x ¢2(Z). In this representation the action
is

u-Pg(ng) = ¢ " Z eMOy(ny —1,m9) = g 24Py (n2)

ni1€EZ
and R R
v-p(ng) = g(ng — 1).
Hence u and v preserve the fibres Hg. Summarizing we have shown

Proposition 1  The representation (??) of A, on (*(Z*) decomposes into a
direct integral of Weyl-Schridinger representations parametrized by 0 in S'.

We have argued before, that Weyl-Schrédinger representations for irrational
fluxes are irreducible due to ergodicity of the corresponding circle action. Thus

1 An element ¢ of fg %'Ha is a direct integral of elements of Hy. Denoting the component
of ¢ in Hyg by ¢g the scalar product is given by

do
< ¢, b >=/ — < ¢9,9P0 >p2(z) -
Sl 27
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for irrational flux, the decomposition into irreducible representations is com-
pleted. Let us therefore now suppose that st = 4, (M, N) = 1 (which means
that M and N coprime), and consider the unitary operator

52 dcp

Fo:Ho —
S1 2

0,0)"

For each ¢, Hg ) is a copy of CVA The component qgw of Fo(¢) in Hg,y) is
given by
do(l) = e p(nN +1), (1.12)

nez

l€{1,...,N}. Then, since ¢¥ =1,

U - qgg,(l) = ei‘gq_léw(l) (1.13)
d
o P (z)—{ e, (N) ifl=1 (114)
VT 6,(0-1) if2<I<N '

Hence u and v preserve once again the fibres H g, ).

Proposition 2 For ;L = & (M,N) = 1, the representation (??) of A, on
0%(Z?) decomposes into a direct integral of N-dimensional irreducible represen-

tations parametrized over S' x S1. Acting on Ho,p) u has matriz representation

-1

q
ug = €% g (1.15)
1
and v

0 1 0 0
Vp = 5 o0 |- (1.16)

0 |

elp 0 0

2 Denoting the component of ¢ € f.sé‘Bl %H(@yw in Hg,,) by ¢y the scalar product is given
by

_ [ de s
<oo>= [ 525 5o
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Two such matrix representations, one for (0, ¢) and one for (¢/,¢"), are unitarily
equivalent if and only if 6 — 0" = nvy for some n € Z, and ¢ = ¢, that is if
N N

_ N N __
Uy = uy and Uy = V-

Proof: The matrix representations may be directly read off from (??,7?). Since
these two matrices generate the algebra of all complex valued N x N matrices
the representations are irreducible. If 8/ = 0 —n~y then ug: = v "ugv,, and hence

w .
ug: and ug are unitarily equivalent. On the other hand, since uév = ¢"V%id and

vg = ¢'%id the conditions #’ = 6 — n~y for n € Z and ¢’ = ¢ are also neccessary
to insure that the representation labelled by (6, ¢) and that labelled by (¢, ¢')
are unitarily equivalent. q.e.d.

In the last proposition it looks like there was an asymmetry in the parameters
labelling the irreducible components. This is of course not the case. In fact,
it is easely seen that the irreducible representation in the proposition labelled
by (6, ) is unitarily equivalent to the standard irreducible representation with
parameters 6 = (§; = N,6, = ) given by (??,??). Since the represention on
¢?(Z?) is faithful the above discussed matrix representations furnish a faithful
family of representations. That these representations are in fact all irreducible
representations up to unitary equivalence, as is claimed in Theorem ?7?, may
be seen as follows. The map ¢ : Azzy — Matn (C(S x S1)), 1(u)(0, ) = up,
1(v)(0, p) = vy, ug and v, as in (??,77), extends to an injective *-homomorphism
of C*-algebras. If p is an irreducible representation of A%’ it induces an
irreducible representation of Maty(C(S! x 1)) = Maty(C) ® C(S* x St). The
(non-trivial) irreducible representations of the latter algebra are those for which
the first factor in the tensor product, Maty(C), is represented irreducibly on
C¥, and the second, C(S! x S'), is an evaluation representation f — f(6, )
for fixed (0, ) € S* x S'. Since all irreducible representations of Matx (C) are
unitary equivalent, p is unitary equivalent to representation (?7?,??) with that

pair (6, ¢).

2 Computing Spectra for Rational Flux

We have seen that, for rational %, A, has finite dimensional representations.
In a finite dimensional representation an operator is a matrix and its spectrum
is the set of roots of the characteristic polynomial of this matrix. These roots
may be computed numerically, or even analytically if the degree is not too high
or in the presence of additional symmetries.

If {(pi, Hi) }ier is a faithful family of representations of A, i.e. if (), ker p; =
{0}, then the spectrum o(H) of an element H € A, is given by

o(H) = | o(pi (H)).
el

Thus, for rational 5= we may take the set of all standard representations to
obtain the spectrum o(H). Denoting by Hj; the Hamiltonian in the standard
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representation with Bloch paramaters g, o(Hy) is the set of roots of the char-
acteristic polynomials det(Hy; — A). o(H) is in general an infinite set, but for
selfadjoint H, where it is a compact subset of R, it consists of at most N bands
(or partly points) and may therefore be computed numerically. However, since
the size of the matrix Hy depends rather irregularly on g- this method is in
principle useless to obtain o(H) for irrational g- even at an approximate level.
Nevertheless, rather strong statements about continuity properties of o(H) in ~y
are known in cases. E.g., the band edges of o(H) vary continuously in v [?, ?].
For that reason, a picture which contains not only o(H) for fixed (rational) -
but for a whole family of them (e.g. for all ;- = & with N < Ny) can give
an impression of what o(H) for irrational ;= could be. Such a picture is often

2m
called a butterfly due to its aestethic appearence.

2.1 Chambers relation

The computation (as well as the analytical understanding) of o(H) simplifies
enormously if H satifies a Chambers relation. The Chambers relation says some-
thing about the form of the dependence of the characteristic polynomial of Hj

on 6. But it is not only a statement about H as an operator of A, with fixed
but a statement in which ~ enters as a parameter.

Definition 1 An element H € A, viewed to depend on vy through the relations
in A, satisfies a Chambers relation, if for all rational 3= there is a function
hy 2 S* x S' — C and a polynomial p., such that

det(Hz — X) = py(X) + hy(0). (2.1)
The function h. is called off-set function.

Clearly, h., is continuous in 5, since Hj is, but its dependence on + is not required
to satisfy any regularity conditions; it is usually not continuous. Nevertheless, its
dependence on 7 is often less irregular as one might expect having the irregular
dependence of p, on v in mind. In fact, it will turn out that the off-set functions
for the operators which are investigated here coincide up to a rescaling with the
classical symbol of the operator.

To determine the spectrum of a selfadjoint element H satisfying a Chambers
relation with off-set function i one only has to know of that function its maximum
and minimum A,q, and A, because E € o(H) whenever by < —p(E) <
hmaz- Since the characteristic polynomials of Hy cannot have complex roots,
and we may choose p and h to be real, p can neither have a maximum nor a
minimum inside the range of h. Thus, if we define an h-band to be the closure of a
connected component of the preimage under p of the open interval (Amin, Amaz)
then o(H) is the union of N h-bands which may pairwise intersect at most in
one point. At such an intersection point, we must have p(E) € {hmin, hmaz}

3 reserving the name band for the connected components of the spectrum which contain at

least an interval
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and p’(E) = 0. If that happens, we call it h-band touching. An h-band edge is
a value of E at which p(E) € {hmin, Pmaz }-
If no h-band touching occurs then the family of eigenvalue equations Hgpz =

E(§)1/J§, V5 € Hy defines N continuous functions £ : S* x S' — R. These are
called band functions. Their image coincides with the spectrum. Away from
Bloch-parameters 6 € S* x S where h-band touching occurs these functions
may in fact always be defined. But if one tries to extend them over these points
topological effects may appear. If the set of Bloch-parameters where h-band
touching occurs is discrete there will be conical singularities in the manifold
which is defined by the graph of the E’s. This is for instance the case for the
Hofstadter Hamiltonian at £ = 0 with rational flux having even denominator.

3 Models of Hofstadter Type and Quantum Integrals

Above we have explained the significance of the Weyl-operators for the Landau
model and the role of the Hofstadter Hamiltonian for its discretization. We now
first introduce the family of operators to be investigated in this article. They are
generalizations of the Hofstadter Hamiltonian involving translations to the next
nearest neighbour. We then establish that these operators are invariant under
certain automorphisms of the Weyl-Heisenberg algebra. Finally we show that
all operators considered satisfy a Chambers relation and compute their off-set
functions.

3.1 Hamiltonians of Hofstadter type

The (isotropic) Hofstadter Hamiltonian is, up to a constant, the discrete mag-
netic Laplacian. The representation of A, by discrete magnetic translations
being faithful we consider that Hamiltonian abstractly as an element of A, the
Hofstadter Hamiltonian then becoming H = W (1,0) + W(0,1) + W(-1,0) +
W (0, —1). The family of selfadjoint elements which we consider in this article is
given by

H(a,b,c,d) =aW(1,0)+ bW (0,1) + cW(1,1) +dW(1,-1) + h.c.

depending on complex parameters a, b, ¢, d which may depend on the flux. The
expression X +h.c. in a star algebra shall mean X + X *. For simplicity we restrict
our attention to the case ¢ # 0,d # 0 which seems to exclude the Hofstadter
Hamiltonian. But in fact, H(0,0,1,d), d > 0, which belongs to Asy, C A, is
algebraically equivalent to the anisotropic Hofstadter Hamiltonian with doubled
flux. If we rescale H(a,b,c,d) by a real nonzero factor then its spectrum will
be rescaled by the same factor. If we multiply u and v by complex numbers
z1, 22 of modulus 1 then the spectrum doesn’t change at all. Restricting to
the case ¢ # 0,d # 0 we therefore may take the freedom to fix the following
”normalization”: We set

c=k
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where k is a strictly positive real number, and

d=c?!

)

denoting the Hamiltonian then more briefly by H(a,b, k). For clarity we repeat
its expression in terms of v and v

H(a,b, k) =au+bv+kqgPuv+ kg 2w + hee (3.1)

3.2 Automorphisms of A, and quantum integrals

Given an automorphism « of A, we call a selfadjoint operator H which is in-
variant under «, i.e. for which a(H) = H, simply a quantum integral (for ).
This notion is based on the interpretation of « as time 1 evolution of a discrete
dynamical system. H is then an integral of motion and we abreviate this as
quantum integral since the dynamics is not defined on a space or a commutative
C*-algebra but rather on a non commutative C*-algebra.

Examples of automorphisms of A, are those which are given by conjugation
with unitary elements U € A, z +— UzU*. They are called inner. Of another
class of automorphisms we have already made use above: given two complex
numbers z1, zo of modulus 1, u — zju, v — z9v extends to an automorphisms
of A,. Furthermore, there is a group homomorphism between SL(2,Z) and the
group of automorphisms of A, given by

M — ap,  apy(W(n)) = W(Mn). (3.2)

0 -1
is of particular importance for us. Raised to the fourth power it is the identity.
For rational z-, F has the interpretation of the discrete Fouriertransform [?].
Another family, labelled by continuous functions f : S' — S, is of importance

for us. Recall that, by spectral calculus, a continuous function f : S' — S!
defines a function from the group of unitaries of A, into itself.

The case F = ajs with

Lemma 1 Let f:S' — St be a continuous function. Then
ay: Ay, — Ay (3.3)
U= u

v vf (u)

is an automorphism.

Proof: Having defined oy on the generators of .4, we have to check, first, whether
ay preserves the relation uv — ¢~ 'vu = 0, and second, whether it is invertible.
As for the first, af(uv — ¢ tou) = (uv — ¢ tvu) f(u) = 0. For the second, one
immediately checks that u +— w, v — v f(u)* is the inverse of ay. q.e.d.



16 Spectra of Quantum Integrals

Theorem 3 H(a,a,k) is a quantum integral for &y, := F o oy, with

a+ kq%z_l + k_lq_%z
a+k-lgzz"1+kq 2z

fa(z) = (34)

H(a,b, k) is a quantum integral for &y, o éy,.

Proof: Let us compute ¢ y(H(a,a,k)) for arbitrary continuous f : S — St
Then

ar(H(a,a,k)) = av+au ' f(v) + kq%vuflf(v) + kiquévf*(v)u + h.c.
=av+ (C_L + kq2o* + kiquév) ff()u+ h.c.
Comparing with (??) we see that &s(H(a,a,k)) = H(a,a, k) if
(EL + kq%v* + kiquév) fflvy=a+ kqf%v + —I—kilq%v*l;

hence if f is as in (??). Note that f, is the quotient of two complex conjugate
numbers. If the denominator has a zero the nominator has one too and we may
obtain the value of f at that zero by continuity. This proves the first statement.
The second statement follows from

dfb (H(CL, b, k)) = dfb (H(b, b, k)) + (CL - b)dfb (u + U*)
=H(b,b,k)+ (a—b)(v+ vx)
= H(b,a, k).

q.e.d.

Note that the automorphism as constructed in Sect. 5 will be the inverse of
the above automorphism, i.e. afl = Qp-10 F3. Moreover in Sect. ?? we will
consider the case a,b € R which implies that F2(H (a,b,k)) = H(a,b, k), hence
there H(a,a, k) is also a quantum integral for a ;-1 o F.

It is not clear how one can make use of the invariance of H(a, b, k) under such
automorphisms in general. However, in case the dynamical system provided by
the automorphism is integrable (in a sense specified in Sect. ??7) one can use the

algebraic Bethe ansatz to calculate at least some eigenvalues and -functions of
H(a,b, k).

Remark: It is not clear to us what the role of the above automorphism in
solid state physics is. It is certainly not the case that H(a,b, k) generates the
automorphism in the sense that dy, o &y, (x) = U(H)zU(H)* where U(H) is a
unitary which is a continuous function of H, as e.g. U(H) = expitH(a,b, k) for
some t € R. In fact, this would mean that &, o &y, is inner which in the case of
irrational flux is ruled out by a topological obstruction. We cannot explain this
obstruction here, but see [?].
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3.3 Chambers relation for H(a,b, k)

Computing the off-set function for H(a, b, k) we follow so closely [?], where the
case a = b € R is treated, that we do not repeat the explicit computation here.
Since H(a,b, k) contains each generator of A, at most with absolute power 1

and since the characteristic polynomial det(Hg(a,b,k) — A) is invariant under

the transformation 6; — 6; + n;y, n; € Z, one ﬁnds that, for ;L = %,

det(Hpg(a,b,k) — \) = p(a,b,k; \) + h(a, b, k; §)
where p(a, b, k;0) = 0 and, setting &; = €%,
h(av ba kv 5) = h’l (av ba k)g{\f + h2 (CL, bv k)gév
+ ha(a, b, k)EY € + ha(a, b, k)ENE ™ + ce

(c.c. standing for complex conjugate). The coefficients are determined by con-
sidering various limits £ — oo or {2 — oo in that equation. The result is

ha(a,b, k) = =2Tn(=3)
h2(a7 b7 k) = _2TN(_g)

hs(a,b, k) = (—1)MEN
ha(a,b k) = (—1)ME=N,

where Ty is up to constants the Nth Chebychev polynomial of the second kind,

24271 . 2N 427N

2 )~ 2
for complex z # 0. Recall that the classical symbol of the Weyl-operator W (f)
associated to a test function f : Z? — C is the Fouriertransform of f. Hence
the classical symbol of H(a,b, k) is hejass.(a, b, k; 21, 22) = az1 + bza + kq%zle +
kilq’%zlzgl +c.c.. Thus we see that the off-set function h(a, b, k; 0) of H(a,b, k)
is obtained by inserting z; = €¢'V% in the classical symbol after having replaced
the coefficients a, b, and k by —2Tn(—%), —2Tn(—3%), and (—1)MEkN, respec-
tively.

We end this section by formulating the off-set function and its gradient in
variables r,, 0, and ry, 0, where

Tn(

a=rqef fr e

with r, > 1 and alike for b. Apart from the case ¢ = 0, in which r, = 1 and
6, = 0 or m, this determines r, and 6, uniquely.

h(a,b, k;0) = 2(—1)N 1 (rY cos N (01 + 0,) + 7, cos N(01 — 6,))  (3.5)
(—1)N-1 (le)v cos N (0 + 0y) + 1, ~ cos N(62 — 6y) )

+ 2
+2(=1)M (kN cos N (01 + 02) + kN cos N (61 — 62)) ,
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Ao, h(a,b, k;0) = 2(=1)NN (rY sin N (01 + 0,) +r; ¥ sin N(61 — 60,))  (3.6)
+2(=1)M7'N (kN sin N(01 + 02) + k=N sin N(6, — 6)) ,
do,h(a,b, k;0) = 2(-1)N N (ry’ sSin N (02 + 0p) + r; ¥ sin N(62 — 6,))  (3.7)
+2(=1)M7IN (kN sin N (0 + 02) — k™ N sin N (6, — 62)) .

4  Polynomial Solutions to the Eigenvalue Equation

Wiegmann and Zabrodin proposed to study the spectrum of the Hofstadter
Hamiltonian by a method they called functional (or polynomial) Bethe ansatz
[?] refering to an article of Sklyanin [?]. Their approach is based upon the ob-
servation that, for rational flux, the Hofstadter Hamiltonian may be expressed
through the generators of the quantum group U,(sl2), ¢ = e, represented ir-
reducibly on a subspace of L?(S'). Strictly speaking, it is a representation of
the Weyl-Heisenberg algebra on L?(S*) in which the Hofstadter Hamiltonian is
thus expressed. Therefore, the above identification of the Hamiltonian with an
element of Uy (sl2) in an irreducible representation of the quantum group has the
same effect than restricting the Hamiltonian to an irreducible component of the
representation of the Weyl-Heisenberg algebra. The Bethe ansatz equations then
furnish, if solved, eigenfunctions to eigenvalues corresponding to points in the
inner part of the bands. It is not clear to us what precisely the role of the quan-
tum group in this approach is, since we obtain below the Bethe ansatz equations
and energies by a simple ansatz for polynomial eigenfunctions in L?(S*) without
making use of the quantum group structure. The question after the existence of
polynomial eigenfunctions for difference operators was also addressed in [?], the
authors making use of Ugy(sl2) aiming at a classification of difference equations
which preserve a space of polynomial functions.

Let Prny my, m1 < ma € Z, be the subspace of L?(S*) which is generated by
the monomials {z™|m; < m < may}. A Laurent-polynomial function of L?(S')
is a function which is contained in some Py, m,. Note that in the Fourierspace
0*(Z) of L*(S') these correspond to functions with finite support. The poly-
nomial Bethe ansatz is an ansatz for Laurent-polynomial eigenfunctions of an
operator H in a representation on L?(S'). The representations on L?(S*) con-
sidered here are Weyl-Schrodinger representations, cf. (??). The next theorem
establishes necessary and sufficient criterions for the existence of polynomial so-
lutions for our family of operators and in the forthcoming subsections we discuss,
for rational flux, where in the bands their corresponding eigenvalues lie.

In the Weyl-Schrodinger representation (?7) with angle 8, H(a, b, k) acts on
a function f € L%(S1) as

H(a,b, k) f(2) = ¢®(a+ kg~ 42 + kg ="1) f(g~12) (4.1)
+ (b + b2 ) f(2) + e (@t kg 22 + B g72) f(g2).
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Theorem 4 The operator H(a,b,k) acting in representation (7?) on L?*(S1)
with angle 0 preserves Py, := Py n_1, n € N, if and only if

(¢" = D(k* —¢" ") =0 (4.2)

and

b=—ke¥qr — ke g 3. (4.3)

(The latter equation is equivalent to rp = k and 6 = 0, — 3 +m.) If H(a,b, k)
doesn’t preserve Py, with n' < n then all its eigenfunctions in P, are given by

n—1
fz)=11G-=),
j=1
where the z; satisfy the Bethe ansatz-equations
a—i—k_%z»—i—k_l %zf qz =z
a—+kq~ 2z Lyg- 1q2zj iy “lzj— 2z

The corresponding eigenvalues are given by

E(z1,... 20 1) =€P¢" " Ma+ e ¢" G (4.5)
n—1
_ (b+ei9kq%7n + efiekflqnfg) sz.
j=1

Proof: Inserting the function f(z) = 2™ in (?7) one obtains

H(a,b, k) f(2) = (ae®q™™ +ae0gm)sm
(b—|— kezéq—m—§ + L le —iqu—i-l) m+1
(b+ke—19 m—— +k 1 zeq—m—i- ) —1'

Thus the condition for the existence of polynomial eigenfunctions is equivalent
to the condition that H(a,b, k) preserves a subspace P, m,, namely it is

b+ kelq 23 4 ke Wgmety =0 (4.6)
B+ ke—ieqml—% + k—leieq—ml-'r% — 0'

Setting m; = 0 and n = ma + 1 (?2,7?) are equivalent to (??,??). Thus if
(?2,7?) hold true then H(a,b, k) preserves P, and we can make the ansatz
f(z) = H;le (z — z;) and substitute it in the eigenvalue equation (?7). In fact,
if H(a,b,k) doesn’t preserve P, with n’ < n then all its eigenfunctions of P,
have to be polynomials of degree n — 1. Dividing the resulting equation by f(2)
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one obtains

n—1 _

E= (bz—l—Bz‘l)+ei9(a+kq_%z+k_lq%z_l) H 1 2% (4.8)

Jj=1

te P at+kg it +kg2z) H =5

Z— Zj
j=1
This equation can only hold true, if the r.h.s. is constant in z. This implies that
the poles which seem to be apparent at z = 0,00, 21, ..., 2,—1 have to cancel
out. Cancellation of the poles at z = 0 and z = oo follows from (??,7?). The
pole at z = z; cancels out only if, forall 1 <j <n -1

kq 2z +k~lq3z;
e2i9a+ ¢ 3z kg __H 97 T E (4.9)
EL—I—kq_%zj_l—i-k*lq%zJ e 123 -z

These are n — 1 equations determining the possible values of z; and thus the
eigenfunction. Their corresponding eigenvalues are obtained by comparison of
the zero order term, or, what amounts to the same, upon remultiplying equation
(?7) by H;:ll (z — #z;) and comparing the term of order z"~!. This yields (?7).
q.e.d.

We call the eigenvalue (??) and the corresponding eigenvector of H(a,b, k)
simply Bethe-ansatz eigenvalue and Bethe-ansatz eigenvector, respectively. We
have established a neccessary and sufficient condition for H to have eigenfunc-
tions in Pp,, m, for m; = 0. The extension of this result to arbitrary m, is a
simple modification. In fact, if H acting in the Weyl-Schrédinger representa-
tion with angle 6 preserves Pp,,_m,+1 then it preserves Py, m, in the Weyl-
Schrédinger representation with angle 8 + mq+y. Since changing 6 into 6 4+ m-,
m € Z, changes the representation into a unitary equivalent one, essential prop-
erties like the Bethe ansatz-eigenvalues remain unchanged. Moreover, if H does
preserve as well Pp,, ,y with my < mé < mg then the eigenvectors obtained form

the Bethe ansatz-equations are of the form f(z) = 2™ ng ™ n particular
they all lie in Py i, -

There are two possibilities to meet the first part (??) of the requirements of
the theorem leading to two qualitatively different situations. Either one special-
izes the flux to values for which the first factor of (??) vanishes or, in case k = 1,
relates the angle 6 to the flux in such a way that the second factor vanishes.
The two corollaries below treat these two cases. The second case distinguishes
from the first in two remarkable ways. First, the eigenvalues obtained (may be
chosen to) depend analytically on the flux — so that in particular they hold as
well for irrational flux —, and second, the behaviour of the off-set function at
the Bloch-parameters for which Bethe ansatz-eigenvalues exist is different. In
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the most interesting case of the Quantum pendulum, which is discussed in Sec-
tion 7?7, the off-set function is at these special values extremal. Hence, the set
of Bloch-parameters in question is critical. Even more, this set is a circle.

4.0.1 Positioning of Bethe ansatz-eigenvalues in bands

For rational flux our operators have a band spectrum. Having established poly-
nomial solutions for certain parameters of our family of operators it is therefore
natural to ask, for rational flux, where in the bands they lie. To solve this ques-
tion one has to, first, determine Bloch-parameters for which the Bethe ansatz-
eigenvalue exists, second, evaluate the off-set function at these Bloch-parameters
and compare its value with A, and hA.,e,. But, third, one would have to take
the preimage of these three values under p, to obtain the position of the Bethe
ansatz-eigenvalue in the A-band. We shall carry out the first two steps, however,
we do not have good enough controle over p, to carry out the third step. With-
out that last step, one does not know precisely where and in which band the
Bethe ansatz-eigenvalue lies but one still has a topological picture of its relative
position inside the band it belongs to.

A qualitative characterisation of the set of Bloch-parameters at which poly-
nomial eigenfunctions may exist is given by the next lemma.

Lemma 2 Let H € A, be an element which satisfies a Chambers relation with
off set function h. Then, for rational 5, a neccessary condition for H to have
an eigenfunction in representation (?7) on L?*(S') with angle 0 is that h(0,02)
is independent of 0. In particular, if the eigenvalue lies at an h-band edge then
h(0,02) belongs to an absolute mazimum or minimum which is taken on a set
containing a whole circle.

Proof: Let 5- = % and assume that f € L?(S') satisfies H - f = Ef for some
E, H acting in the Weyl-Schrodinger representation with angle 6. Since 5= is
rational, this representation is reducible and we can decompose it as described in
Section 1. For that let ¢ € £2(Z) be the Fouriertransform of f. Then H-¢ = E¢,
H acting in representation (??) with angle . Recall from Section 1 that the
component gZA)@ of F5(¢) in the fibre Hg,, satisfies (??) and hence gZA)@(l) =

ez €™Pv ™V (1), Since v lies in the centre of A,

H Z emPy™N (1) = E Z ey N (1) = qug,(l)

nez neZ

independently of ¢. Therefore, qgg, is an eigenvector to eigenvalue F of the op-
erator which represents H in the irreducible representation space Hg ). Con-
sequently, F is a zero of det(Hyg g, — A), Nb2 = ¢, for all ¢ and hence h(6,62)
must be constant in #>. The last statement is clear. q.e.d.

The lemma shows, first, that polynomial solutions in Weyl-Schrodinger rep-
resentations cannot occur everywhere in bands but are related to the form of
the off-set function. It also shows that we do not have to decompose the Weyl-
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Schrédinger representation into irreducible ones in order to obtain the Bloch-
parameters at which Bethe ansatz-eigenvalues exist. In fact, one of the Bloch-
parameters is always the 6 which enters in Theorem ?? and since h(6,602) is
independent of #; the other Bloch-parameter is not constraint, i.e. the set of
Bloch-parameters at which a Bethe ansatz-eigenvalue exists is {(6,62)|02 € S'}.

4.1 Polynomial solutions for rational flux

Corollary 1 If - = % and k = 1y, then H(a,b, k) acting in representation
(??) on L*(S*) with angle 0 = w+0,— 3 preserves Py. The eigenvalues obtained
from a solution {z;}j=1,.. N—1 of the Bethe ansatz-equations, now becoming

-1 —-1,1 -1 N-1
ezieb“"‘kq R S qz; — Zi (4.10)
1 1 - 9 .
a+kqg 2z + kg3 z % 4%
are then given by
E(z1,...,2n-1) = —®F3)q — ~i0rt3)g (4.11)
_ _ N-1
+2i(e Ot 2y, — Ot 2)y 1) sing zj.
j=1

These values of the energy belong to the inner part of the bands.

Proof: Apart from the statements about the positioning of the Bethe ansatz
eigenvalues the corrollary follows directly form the above theorem if one takes
its hypothesis into account, in particular that ¢V = 1. To show that the
Bethe ansatz-eigenvalues are never h-band edges suppose that they were. Then
h(a, b, rp; T+0,— 5, 02) would be an extremum for all 62, according to Lemma ?7.
But by (??), we see that Jp, h evaluated at (7 + 6, — 3, 602) does not vanish for
all values of 65. This is a contradiction. q.e.d.

For later use we state

h(a,b,rp; 7+ 60 — g,6‘2) =2(=1)M1 (r cos N (6 + 04) + r; ™ cos N (6, — 6,))

(4.12)
which, as it should be, is independent of 65.

The formula for the eigenvalues requires a solution of the Bethe ansatz-
equations. This is a rather difficult task. On the other hand, it is a direct
consequence of the corollary that these eigenvalues are among thosd] of the
N x N-matrix H(a,b) having coefficients

Hyp(a,b) = (25, H(a,b,rp) - 2™), 0<Il,m<N—1, (4.13)

4All eigenvalues of H(a,b) are given by (??) in case H(a, b, 1) does not preserve a P, with
n’ <n.
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H(a,b,m) acting in the representation with angle § = 7 + 6, — 3. In fact,

this matrix coincides with the matrix Hz(a,b,r,) obtained in the irreducible
representation (?7,??) of A, with Blochparameters 1 = 7+, — 3 and arbitrary
f5. Its diagonalization its much easier than solving the Bethe ansatz-equations.
Hence, from the computational point of view the functional Bethe ansatz is a step
backwards. But the hope is that the Bethe ansatz-equations simplify enormously
if one considers the limit N — oco. This could then be used for investigating
the eigenvalue equation for irrational values of the flux, the irrational being

approximated by rationals with increasing denominators.
4.2 Polynomial solutions depending analytically on the flux
Corollary 2 Ifk =1 then the operator H(a,b, k) acting in representation (?7)

on L2(SY) with angle 0 = 7 + "T_lw preserves P,, n € N, provided

b= 2 cos % (4.14)

The eigenvalues obtained from a solution {z;};j=1,.. N—1 of the Bethe ansatz-
equations, now becoming

atkg iz +kTlern e (4.15)
d—i—kq*%z;l—i—k—lq%zj oz qz] .
are then given by
1-n n—1 v . n-1 "
E(z1,...12n-1)=—q¢ 2 a—q 2 a—4sin 3 sin T’y; Zj. (4.16)

All eigenvalues and eigenvectors of the operator which lie in P, may be chosen
to depend analytically on q% for q% belonging to the punctured S*. Furthermore,
for rational 5=, not only the off-set function itself but also its gradient is constant
along the circle of Bloch-parameters at which these Bethe ansatz-eigenvalues ex-

ist. If moreover a is real, this circle is a critical set of the off-set function.

Proof: The first statements follow directly from the above theorem if one specifies
the values for b, k and 0 as stated. The eigenvalues of H(a,2cos 5, 1) obtained
by the Bethe ansatz-ansatz as above, i.e. by (??), are among the eigenvalues of
the n X n matrix

Hypn(a,n) = (', H(a, 2 cos %, 1)-2™), 0<l,m<n-1, (4.17)

H(a,2cos g, 1) acting in the representation with angle § = 7 + "T_lﬂy, and
the eigenvectors determined by (?7?) are related to the eigenvectors for that
matrix in the obvious way. But the matrix H(a,n) depends analytically on ¢=.
The existence of eigenvectors and eigenvalues depending analytically on q% on
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a simply connected domain follows therefore from the analysis of [?]. To proof
the remaining statement we compute the derivative of the off-set function at the
circle {(m + 251v,65)|6; € S'}. With 7, = 1 and 6, = v we obtain from (??)

-1
a@lh(au 2 cos g’% Lim+ nT’% 92) = 2N(_1)M(n_l) (T.(JZV - r;N) sin NO,.
(4.18)
Since this is independent of 6 and since the other partial derivative vanishes
by Lemma 77, the gradient is constant along the above circle. The gradient
vanishes if r, =1 or §, = 0, 7, or equivalently, if a is real. q.e.d.

Also here let us state the value of the off-set function

-1
h(a, 2cos§% L+ "Tw%) = 2(~1)MO D=L (N 7 N) cos NO,. (4.19)
As in the previous case, the Bethe ansatz-equations are more difficult to solve
than the eigenvalue equation of H(a,n).
Note that § = 251y is for k = 1 also a solution of (??), but we may always
absorbe the phase —1 simultanuously in 4 and v without changing the spectrum

so that we may restrict our attention to the above case.

4.3 Application to the Hofstadter Hamiltonian and QP-integrals
4.3.1 Hofstadter Hamiltonian

As already mentioned, for a = b = 0, H(a, b, k) corresponds to the anisotropic
Hofstadter model with flux 2. To make this more clear recall that the anisotropic
Hofstadter Hamiltonian with flux ¥ is given by Hpoyr(k,¥) := @ + k™10 + h.c.,
% and ¥ generating As, i.e. U0 = e~"1pu. Then, upon writing @ = e~ *Zuv and
¥ = e~ “zuv* where u, v generate A, v = %, we have

Hipop(k?,27) = k71 H(0,0, k).

For a = b = 0 we can take r, = r, = 1 and 0, = 6, = £5. In particular,
Corollary 77 can be applied to the isotropic Hofstadter Hamiltonian, for which
k = 1. Corollary ?? is not applicable since it requires b # 0. As a result,

H(0,0,1) preserves Py, for .t = &, (M,N) = 1, but no Py, with N’ < N.

. . . . N-1
Hence, according to Corollary ?7 it has eigenfunctions of the form [[;_," (2 — 2)
where the z; satisfy
-1 1 -1 N-1
q 2zj+q2z; Zj — 2
1 J_l 1j = ot . (420)
qfizj + qz Zj i Z5 —qz;

The corresponding eigenvalues are given by

n—1
E(z1,...,2n1) = £2sin7y > _ 2. (4.21)
j=1
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(The sign depends on the choice for 6,.) If N is odd then (??) specializes
to h(0,0,1,75%,0,) = 0. Since, for the case at hand, hpmin = —hmae this is
sometimes interpreted as being the middle of the band. We call the corresponding
eigenvalues therefore also "middle points”, although, strictly speaking, they lie
in the middle of the band only in the case of odd N and energy value E = 0.

For odd N equations (??,7?) where obtained in [?]. It is worth mentioning
that Bethe ansatz-eigenfunctions can be obtained for E' = 0 and arbitrary odd N
[?]. Zabrodin has generalized the approach of [?] to the anisotropic Hofstadter
Hamiltonian by considering an auxiliary Hamiltonian which turns out to have
the same spectrum in the appropriate representations [?]. Faddeev and Kashaev
present a rather involved different approach to the problem of solving the spectra
of models of Hofstader-type [?]. They obtain a class of Bethe ansatz-equations
which includes those of [?] as well as Bethe ansatz-equations for the isotropic
Hofstadter with even N.

One might think that it could be more successful to consider directly the oper-
ator H(1,1,0,0) which is also the isotropic Hofstadter but with flux v and which
we have ruled out so far by our normalization. But then the off-set function,
which is h(f) = 2(—=1)N~1(cos N8 + cos Nb) does not satisfy the neccessary
conditions formulated in Lemma ?7. But since

h71(0> = {(91,92)|91 :|: 92 = 7T}

a linear transformation performed on the Bloch-parameters allows us to obtain
the form neccessary for the lemma, if uv or uv—! play the réle of the operator of
multiplication by z. To make that point more precise, let us denote the Weyl-
Schrodinger representation by (pg, L?(S')) and consider the automorphism 7 of
A, given by n(u) = v~'u, n(v) = v. Lemma ?? can be easily adapted to a
situation where one considers polynomial solutions in the representation (pg o
n, L2(SY)). In fact, one just has to replace h by ho#) where 7 is the transformation
on the Bloch-parameters induced by 1. And indeed, pgon(H (a,b,0,0)) preserves
P, for & = % if @ = band 6 = 5. The resulting Bethe ansatz-equations
and energies are straightforwardly obtained, they may also be found in [?], the
energies are also "middle points”. In this representation too, analytic Bethe
ansatz-solutions cannot be found.

4.3.2  Quantum pendulum-integral at k =1

The operator H (b, b, k) will be called quantum pendulum-integral, or short QP-
integral, as it is derived from an integral of motion of the (discrete) quantum
pendulum; this will be explained in Section 5. Let us concentrate here on the
family
n n
Hgp(n, k) := H(2cos 57 2 cos 37 k)

and specialize the results of Corollary 2 to the case k = 1, n € N. That case is
special in that the critical circle of the off-set function which corresponds to a
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Bethe ansatz-solution is in fact an absolute extremum. In fact, by (?7?),

h(2 cos E*y, 2 cos E”y, 1w+ n—_l, 6y) = 4(—1)M~1
2 2 2
which is for M even (odd) the absolute minimum (maximum). The Bethe ansatz-
eigenvalues are thus at h-band edges, but lateron we shall observe (but not prove)
that they describe h-band touching for all but finite rational values of the flux.
The Bethe ansatz-equations for the z,, are given by

q® +q7 3 +q%z;1+q‘%zg‘ nl qz; — %

n “n —1_-1 I - — (4.22)
q2 +q 2 +q 2z; +q2z; iy % T4
The energies become
n n—1 .7 . n—1 nt
E(zl,...,zn,l):—4cos§*ycos 5 7—4511155111 5 W;Zj. (4.23)

The first solutions are easy to obtain. But already for n = 3 we have to employ
the matrix representation (??) to obtain the eigenvalues. In that case they are
given by

3
FE1 = —4cos 57 cos 7y

3 3
Esy = —2(cosvy + 1) cos 27 + 2\/(cos~y —1)2 cos? 37 + 8 sin? % sin? 7.

They are depicted in Figure ?7.
4.4 Relating the Hofstadter Hamiltonian to the QP-integral

The ”"middle points” in the spectrum of the isotropic Hofstadter Hamiltonian
have been obtained upon application of Corollary ??. Corollary ??7 furnished us
with energy values, in particular of the QP-integrals at £k = 1, which depend ana-
lytically on the flux. We will now show that these two cases are interrelated, and
explain how the Bethe ansatz-solution for the QP-integrals contain the ”middle
points” in the spectrum of the Hofstadter. In fact, there are two ways to relate
the Hofstadter Hamiltonian with QP-integrals, and we will discuss both of them.

But before we do so, note, that to H(a,2 cos %, 1), and hence to the QP-
integral Hgp(n, 1), both, Corollary ?? and ?? apply at § = 7+ %47 for rational
flux. Thus if 5= = %, where (M, N) =1 and N > n, then H(a,2cos 7, 1) pre-
serves P, and P, ny—1 in the Schrédinger representation with the above angle.
In that case, the Bethe ansatz-ansatz equations (??) determine eigenvectors and
-values belonging to P, ny—_1 and equations (?7?) eigenvectors and -values belong-
ing to P,. Since the eigenvectors belonging to P, ny—_1 are divisible by 2", all
solutions of (?7?) are of a form where z1,...,2, =0 (up to a permutation of the
indices).
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Case 1. Let us consider first the QP-integral Hop(n, k), i.e. a = b = 2cos =,
at rational flux ;& = 22 (M odd and coprime to n). Then a = b = 0 so that

for this value of the flux k' Hgp(n, k) coincides with the anisotropic Hofstadter
Hamiltonian at flux 2y = 277%. This has an immediate consequence for the
special case of k = 1.

Theorem 5 For ;- = 2 with (M,2n) = 0, the Bethe ansatz-eigenvalues of

2n
Hgp(n,1) acting in the Schrédinger representation with 6 = m+ %47 are points
where h-bands touch and coincide with the "middle points” in the spectrum of

the isotropic Hofstadter Hamiltonian at flux 2mL.
n

Proof: Recall from above that under the hypothesis of the theorem both corol-
laries apply to Hgp(n, 1) and that therefore equations (??) have only solutions
for which at least n of the variables z; vanish. Upon inserting z1, ..., 2z, = 0 into
(??) which now becomes (??) one obtains precisely (??), the term ¢ —¢~% van-

ishing for the above flux. Using 6, = §v = % and taking into account that for

the above value of v also sin "T’lﬂy = sin % cos 5 one sees that the formulas for
the energies, (??) and (??), which now become (??) and (?7), coincide. Hence
we may conclude that each eigenvalue of Hgp(n,1) is in the representation of
the theorem two fold degenerateﬁ and is a "middle point” in the spectrum of the
isotropic Hofstadter Hamiltonian. This implies that the eigenvalues — of which
we know that they lie at h-band edges — actually are points where h-bands touch.

q.e.d.

Note that the last result is in perfect agreement with the observation that,
with v as in the theorem, the Hofstadter Hamiltonian has at flux 2y at most n
bands but Hgp(n,1), at flux 7, 2n h-bands.

Case 2. We have seen in the last paragraph that the Bethe ansatz-solutions of
the family of QP-integrals contain information on the spectrum of the Hofstadter
Hamiltonian at rational flux. Surprisingly, QP-integrals are also related to the
square of the Hofstadter Hamiltonian with half flux. In fact, setting ¥ = 3 and

upon substituting v = q_ifw* and v = q%m} one obtains

1
%) —2(k+ k') = H(2cos %, 2COS%,]€) = HQP(§,
Thus the square of the Hofstadter Hamiltonian for flux 3 is up to multiplica-
tive and constants equal to the QP-integral at b = 2cos for flux v. Speci-

kHI%Iof(ka k)

1
fying to k = 1, b = 2cos § is not a value for which Corollary ?? applies but
if v = 27T22n—]\f[r/1, (M',2n 4 1) = 1 then 2cos 5t = (—1)M/2cos%, and hence,

in the Schrodinger representation with angle 8 = 7 + "T_lw, the Bethe ansatz-
eigenvalues of Hgp(n,1) are as well eigenvalues for the square of the Hofstadter

5Recall that the Weyl-Schrédinger representation provides the first step of the Bloch-
decomposition for the operators which we consider. This implies that each (generalized) eigen-
value can be at most be twofold degenerate.
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Hamiltonian for flux 3 = 27‘1’%. The relation between the different Bethe
ansatz-equations is not so clear in this case but one can show that the eigenvalue

of H%Iof(l) which is not obtained as a Bethe ansatz-eigenvalue of Hgp(n,1) is

the one that at £ = 0. Taking into account that lefof(k) has for flux 2#%

only n+ 1 bands (the spectrum of Hy,y(k) is mirror symmetric around 0) it fol-
lows that n h-bands of Hgp(n, k) have to touch for v = 2”2271—]\-{1' There is strong
evidence that (??) describes again the n points at which this h-band touching

occurs.

5 Discrete Sine Gordon Field Theory

In this subsection we summarize some notions and facts about the doubly discrete
sine-Gordon theory as much as it is necessary for the remainder of this article.
For details we refer to the articles by Bobenko and Pinkall [?] and of Faddeev
and Volkov [?] in the first part of this book and - of course - to the original
literature as e.g. [?],[?],[?],[?1,[?1,[?], [?],[?],][7]-

The doubly discrete sine-Gordon model is a particularly interesting example
of a field theory on a two dimensional space-time with Lorentz metric. Dynamics
is Einstein causal and integrable in the classical as well as in the quantum sense.
The classical model possesses a nice geometric interpretation which parallels the
continuum theory to a surprising extent [?] and which provides a most usefull
guiding principle for the analysis of the model. This geometric picture suggests
the interpretation of the sine-Gordon field as an observable field in the sense of
algebraic quantum field theory, living on the faces of a discrete surface in R3 with
constant negative Gaussian curvature, and to look at it as the gauge invariant
part of a larger field algebra, living on the edges of the discrete surface.

The usefullness of this point of view becomes evident in the derivation of
quantum integrals by the inverse scattering method and in the determination of
eigenvalues and eigenvectors for some of them. In both cases, operators play a
role, which are not in the observable algebra, i.e. in the algebra generated by the
sine-Gordon field. In particular, the ladder operator used in the Bethe ansatz
does not belong to this algebra.

5.1 Sine-Gordon theory as gauge theory

The key observation in the analysis of the discrete sine-Gordon model from a
geometric point of view is due to Bobenko and Pinkall: It is the surprising fact,
that all concepts of continuum theory of surfaces of constant negative curvature
can be taken over to the discrete setting, if the key geometrical concepts like
that of constant negative curvature, Gauss map etc. are properly chosen. A
two dimensional discrete surface with constant negative Gaussian curvature, or
simply a (discrete) K-surface, is defined by a map F : Z? — R3 satisfying certain
conditions reflecting the geometrical properties. It is convenient to view Z2 as
the set of vertices in a light cone net £. By this we mean that its standard
basis {e,,e;} is interpreted in such a way that e; points into the left moving
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light cone and e, into the right moving one in two dimensional Minkowski space.
Furthermore, two neighboured lattice points are joint by oriented edges. More
precisely, we denote by €;(n) and €,(n) the edges which have source n and range
n; :=n+e; and n, := n + e,, respectively. The obvious squares, each one being
surrounded by four edges, will be referred to as faces. Analogously, edges and
faces in the discrete surface, the image of F', are defined. A K-surface is up
to an overall translation and scaling uniquely determined by its so-called Gauss
map N : Z2 — S$2 [?]. N(n) is the normall to the surface at F(n). We like to
view N as S2?-valued vertex field, which we call the normal field. An arbitrary
normal field configuration provides the Gauss map of a K-surface if it satisfies
the discrete field equation

ON = N(n) + N(na) = N(m) — N(n,) = p(n) (N(n) + N(m,) + N(n) + N(n,)

(5.1)
p: 72 — R being a scalar field determined by the equation and n, = n+e; + e,..
The normal field subject to this equation is the discrete version of the O(3)-
invariant chiral model [?]. N is closely related, but not equal to the sine Gordon
field, and for various reasons it is not the field which will be quantized.

As often in physics, it turns out to be fruitful to consider fields with more
internal degrees of freedom describing the original one with the help of a gauge
group. In this spirit we consider not only the Gauss map but a whole mov-
ing frame ¥ : Z? — SU(2). Using an orthonormal basis {f;}i=123 for R3,
U(n), acting (from the right) in the spin 1 representation, describes the dreibein
{W(n)~tfi}iz12.3 attached at F(n) with 3-direction pointing towards the nor-
mal, hence N(n) = ¥(n)~!-f3. Taking (multiplicative) differences along edges
defines an edge field V,

denoting by € an edge and by s(e) and r(e) its source and range, respectively.
The edge field has to satisfy the compatibility condition that for any four edges
€1, - -, €4 forming a closed path, that is for which r(e;) = s(€;11), ¢ € Zy4, holds

V(€4)V(63)V(62)V(61) =1. (52)

In fact this is a discrete version of an SU(2)-bundle over Z? and its associated
spin one vectorbundle. V' takes values in SU(2), but an arbitrary edge field
configuration, even if it satisfies (?7?), does not always give rise to a moving
frame of a K-surface. In particular, one has to incorporate a consequence of the
field equation for N, namely that the angle A, (n) between N(n) and N (n,) does
not depend on no (that is, is constant in left moving direction) and the angle
A;(n) between N(n) and N(n;) not on n;. In fact, for the present discussion of
discrete sine Gordon theory one restricts to the case in which these two angles

6 As part of the definition of K-surfaces, edges emanating from a point F(n) lie in one plane.
The normal at F'(n) is defined by this plane.
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are constant along the whole surface . We denote them by A, A,.. In that case
V has, in its fundamental representation, the form

A(e) eie(e) i tan 26 gib(e)
V(e) = cos . p) 53
(€ 2 < ¢ tan #e_zﬁ(ﬁ) e—io(e) (5.3)

with a(e), 8(e) € S* and A(e) = A, if € is parallel to e;,. Thus in the present
situation the edge field takes values in a two-dimensional submanifold of SU(2)
which is homeomorphic to the 2-torus S' x S! (but it is not a group). This
S x Slvalued edge field € — (af(e),3(¢)) plays an important role. It is this
field which shall lateron be quantized. Keeping in mind that the Gauss-map
already determines the surface, it is natural to consider a change of the moving
frame ¥ by (pointwise) multiplication with a rotation leaving the normal of
every point F'(n) fixed as gauge transformation. The gauge group is thus given
by U(1)-valued vertex fields G : Z*> — U(1) C SU(2), with U(1) being the
subgroup which stabilizes f3 in the spin 1 representation. G acts on edge fields
by conjugation

V(e) = G(r(e)V (e)G(s(e)) "

This gauge transformation may as well be formulated as a gauge transformation
on the angles a(e) and ((¢) entering in (?7?) separately.

A change of the angles A;, A, gives rise to a different Gauss map and hence
a different surface. But if one changes the angles in such a way that the product

A A
k := tan — tan —~
2 2
is left unchanged one obtains a family of surfaces which have equal second funda-
mental form. One may parametrize this family by a so-called spectral parameter
and two functions A, A; : R>% — S determined by
Al _ s, tanAsz) .

The sine Gordon field w can now be obtained as a gauge invariant expression
of the angles a(e) and [(e) entering in the edge field. It may be interpreted as
Sl-valued field living on the faces. If f(n) is the face which has vertices n, ny,
n,, and n, =n + e; + e, then

w(f(n)) = —ala(n)) + Ba(n)) + ale (n)) = Bler(n)).

w(f(n)) + 7 can also be expresses as the angle between the vectors F(n;) —
F(n) and F(n,) — F(n). In particular, the sine Gordon field is not only gauge
invariant like the normal field but unlike the latter it is also invariant under

“In the continous case this is in fact no restriction [?]. Discrete surfaces have more structure,
which we restrict by this ad hoc assumption.
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a change of the spectral parameter 7. This latter invariance is crucial for the
integrability of its field equation. This field equation may be derived from the
field equation of the normal field (??). It may, however, as well be deduced from
the compatibility condition (??) assumed to hold for an edge field depending on
a spectral parameter through the angles A, (1), Ai(n):

B A(T], 6) eia(e) in—U(ﬁ)k%eiB(f)
V(n,€) = cos T2 i r@pemin© e—ia(e)

where o
ole) = 2 }f €1s parallel to ¢;
if € is parallel to e,

1
2
Writing shorter w(n) for w(f(n)) the field equation so obtained, the so-called
discrete sine Gordon equation, is given by

Ow(n) = 2arg(l+k e ™)) 4 2arg(1 +k e w()), (5.4)
Equation (??) can be rewritten in terms of the coordinates Q(n) := e~ (™),

Q(n) Q(nu) = M(Q(m)) M(Q(n,)) (5.5)
k+z 1

ME) =190 = A

The Mobius transformation M maps the circle to itself.

5.2 Classical dynamics and Poisson structure for the sine Gordon
field

For the purpose of quantization we need a formulation of classical sine-Gordon
theory in phase space with Poisson structure which is compatible with the dy-
namics. The time evolution of the classical sine Gordon field is described by
(??). This is a second order hyperbolic difference equation. A solution of this
equation contains therefore the time evolution of the Cauchy-Data along the
” Cauchy-zigzag” at time ¢

C ::{n€Z2|n1—n2:tornl—ngzt—l—l}.

In other words, the field configuration on such a zigzag corresponds to initial
conditions for the second order difference equation (??), because a zigzag consists
of two consecutive time slices. Covariant phase space can be identified with the
space of field configurations on Cy. It is an infinite dimensional torus M =
(S1x S1Z, an element (21, 22) is given by 21(s) = Q(s(e, —e1)), 22(s) = Q(s(er—
e;)+e;). The doubly discrete sine-Gordon equation (??) induces on phase space
a time evolution defined by the shift

a:M — M (5.6)

z = (21,22) — a(z) = (22,23)
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where z3(s) := e~ w(s(er—e)terte) In terms of these coordinates time evolution
is
21(8) z3(s) = F(s,22), (s € Z, zp € (§Y)%),

where F is given by

o = (K20 (AE0). o

The geometric background of the model suggests a natural Poisson bracket on
sufficiently regular functions on phase spacefl It suffices to define the Poisson
brackets on coordinate functions only:

{wn),wln,)} = {wn),wn;)} =1, (5.8)

for all n = (k,—k),k € Z. All other brackets vanish. It is straightforward
to prove, that the equation of motion (??) and the Poisson structure (??) are
compatible (see also the article in this book by Kutz [?] and [?]) and imply the
following Poisson brackets for the discrete classical field w:

{w(n),w(m)} = 0, for n,m € Z* space-like

and
{wn),wn,)} = {wn),win)} = 1,(n €Z?).

(n,m space-like means that the Minkowski length of n — m be smaller than
0.) Hence, the theory possesses discrete Einstein causality. Furthermore time
evolution is an automorphism of the Poisson algebra of functions on phase space.
Let us also mention that the Poisson bracket is compatible with the choice of
periodic boundary conditions.

The Poisson structure just introduced, is close, but not the same, as the one of
the discrete elastic chain. In fact, the coordinate functions w(n) = (—1)"2w(n)
have the same Poisson brackets as the relative coordinates of the elastic chain,
ie.

{w(nl)v zb(n)} = {d}(n)v w(nr)} =1 (5.9)

for all n = (k,—k),k € Z. In terms of Q(n) := e~ time evolution (??) is
given by

Qn) _ M(Q(nr) (5.10)

Q) M(Q(m))

The reformulation of the doubly discrete sine-Gordon model in terms of w and
Q = e " is called the discrete Volterra model.

8 To be on the safe side, consider smooth functions, which depend on finitely many argu-
ments only.
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5.3 Quantization

It is possible to quantize the sine Gordon field directly in the canonical way,
i.e. upon replacing the Poisson bracket (??) by canonical commutation relations.
But for the reasons which we have already indicated the edge field needs to be
quantized as well. Its quantization is guided by the constraint that it is com-
patible with the quantization of the sine Gordon field. One way to proceed is to
first define a Poisson bracket for the edge fields and then to quantize this bracket
in a standard manner. This turns out to be the same as replacing the 2-torus
in which the edge field take its values by its non commutative analog, the quan-
tized torus. In other words, quantizing the edge field amounts to replacing the
two complex numbers ?(€) ie=%3(€) in V() by two unitary operators u(e), v(e)
subject to the relation u(e)v(e) = e "3 v(e)u(e), the angld] v being proportional
to Planck’s constant.

5.4 Quantum dynamics of the sine Gordon field

As mentioned before, the classical sine Gordon equation is a consequence of the
compatibility equation. One may now define a quantized compatibility equation
as being formally the same as (??) but with noncommutative entries and derive
from it the quantized sine Gordon equation.

For that purpose it turns out to be more convenient to choose the reformu-
lation of the sine Gordon model as Volterra model. Geometrically the change of
coordinates Q(n) — Q(n)(=V"* can be achieved by turning the corresponding
dreibein by an angle of 7 around the fi-axis whenever ns is an odd number. The
effect on the edge field is easily determined and if we renormalize the edge-field
by dropping irrelevant constants cos &%(") in front of the matrices, we arrive at
the basic equation for the derivation of the (quantum) time evolution. This is
the (quantum) compatibility equation

V(n, e (n)V(n,&(n)) =V(n, a(n))V(n, e (1)) (5.11)
where
ule _ %k—a(e)v* €
V(i €) = ( n%k,ﬁ(g)v(e) " (& () ) (5.12)

and € is edge € with reversed orientation. V(n,€) comes also under the name
Volterra L-matrix. The strategy is to look for an automorphism ¢ € Aut (A% ®
A~ ) which, when extended to an automorphism ¢ € Aut(Mata(Az ® Ay)) by
entrywise action, becomes ”twisted half time evolution” of the edge field along
a face. Mathematically this means that

V(77= El(nr))v(nv 6,«(7’”)) = @(V(nv El(”))V(na 67“(”))) (513)

One then extends ¢ to a whole zigzag and combines this extension with the
extension conjugated by a discrete space translation to obtain the discrete time
evolution.

9The factor % in front of the angle is chosen for better comparison of formulas lateron.
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To explain this in detail we abandon the geometric ”space-time” indexing
in favour of a purely ”space” indexing which is better adapted to the algebraic
aspects. The reason for this notational change is that first, from now on every-
thing takes place in one time slice only, i.e. on edges €;(n), €,(n) with constant
ny — ng, and second, the product above (?7) is the product of 2 x 2 matrices
in which the entries multiply with the tensor product. We therefore use consis-
tently the following notation: For X,Y € Mat,(A) the product X,Y7 shall be
the matrix Z € Mat,, (A®.A) which has entries Z;; = Y, X; ®Y};, and similarily
are products like Z3X5Y] etc. defined. This notation is now adapted to the space
structure of the time slice at ¢ = 0 by identifying V,, ,(n) with V(n,&(s,—s))
and Vi (n) with V(n, €.(s, —s)), where

il
Vi) = ( 1 7725 “Us >, (5.14)

and we recall from above that usvs = e *Zvsus. In the new notation (?7) reads

Vs (mVr (n) = ¢(Va (V1" (n))- (5.15)
Condition (??) does not uniquely determine the action of ¢, very much like the
classical compatibility equation does not determine a unique time evolution of
the edge field. We shall now derive the restriction of ¢ to the largest subalgebra
of .A% ® A% on which the action of ¢ is infact uniquely determined by (??). Let
us set

L(n, k) = V5 ()Vy ()

where we indicate for a moment with the dependence on the parameter k, that
condition (??) may be reformulated as

P(L(n, k™)) = L(n, k), (5.16)
foralln. L(n, k) is an element of Maty(S) where S is the subalgebra S C Ay @Ay
generated by the unitaries

U=uy'uyt, V=wui', Z=uy; uiv (5.17)

which are subject to the relation UV = q*%VU and Z is a central element.
Hence,

S=A;®C(S b,
For irrational 5=, S is the fixed point algebra of A% ® A% under the automor-
phism given by conjugation with Z.
Proposition 3 Let ¢ be an automorphism of Ay ® Ay whose extension ¢
satisfies (7?). Then its restriction to S C Ay ® Az is given by

eU)=U (5.18)
o(Z)=2 (5.19)
V)=V h(k)l = Vf({U?2) (5.20)
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where h(k) = k=2 + k2q~2U%Z, i.e.

k% + k%q’%z

=77 = 5.21
&= e (521)

Proof: In the variables of S, L(n, k) has the form

(U —qUZ  —n2Vh(k)
w00 = (i oo )

Since (??) has to hold for all n, (??7,7?) follow immediately and
e(Vh(k™)) = o(V)h(k™)

which has to be equal to Vh(k). From that relation follows (??). This extends
in fact to an automorphism on S since %, which we define to be 1 in case
k =1, is unitary and commutes with U and V. q.e.d.

Given a natural number p let ¢ = ¢®? be the extension of ¢ to the algebra
A®2p . In the spirit of algebraic quantum field theory we like to view A®2p as

the field algebra on a fixed time slice consisting of 2p points. We con31der space
as periodic so that the automorphism o € Aut (A? P given by the cyclic shift in
2

the tensor product, i.e. by o(an,) = an+1, plays the role of translation in space.
Definition 2 The (discrete) time evolution is given by an automorphism

a:@oao@oo_l

of AZ? where the extension ¢ of ¢ € Aut(AD?) satisfies (77).
2 2

The automorphism « is also refered to as time 1 map. As already indicated, it

cannot be uniquely determined by condition (??). We will show now that its

restriction to the subalgebra generated by the elements C,, := u;, 'u, v, M, 1,

n =1,...,2p (mod 2p) is uniquely determined by this condition. In fact, this
subalgebra forms in the classical case the algebra of gauge invariant quantities
on which time evolution given by the discrete sine-Gordon equation is defined.

Lemma 3 Suppose that the extension ¢ of ¢ € Aut(A%?) satisfies (27). Let
2

Ot :=poot! and C), = u;lugilvglvn_l. Then

¢+(Cont1) = Conyi£1-
Proof: First observe, that

Con = U} Zy (5.22)
Cony1=U Z V01U (5.23)
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due to (??). Therefore, ¢ acts trivially on half of the C,,, namely
@(0277,) - CQn-

This implies the statement. q.e.d.

The last lemma is not only of technical value, but it also helps visualizing
the time evolution which we have sketched in the figure below:

N : )

The generators C,, with even index are invariant under ¢ and those with odd
index are invariant under ¢y o @ o gbj_[l. The equations satisfied by ¢4+ suggest
to interprete them as light cone shifts and hence time evolution to be their
composition o = ¢4 o ¢_. This is the content of Definition ?7.

Theorem 6 Under the conditions of Lemma 77

a(Cans1) = f(Can) ' Cong1 f(Conya) (5.24)
a(Can) = f((Con—1))" ' Con f((Can1)), (5.25)
where f is given by (?77?).
Proof: Considering generators with odd index we have
(Cant1) = ¢+(Con) = 4(Cans1)

?? 11
S U 2V W Un)

= U, ' Z, f(Con) 'V 'Waga f(Copga)Unga
= f(C2) *Cons1f(Cany2),

where we used that f(z)~! = f(z=!). The proof for the generators with even
index is likewise. q.e.d.

We thus have obtained a local quantum evolution law for all faces of the light
cone lattice. In terms of the sine Gordon variables Q2 = C'és_l) » Qas1 = C’é;}%
the above yields

k+ q%an k+ q%Q2n+2
1+ q%kQQn 1+ q%kQ2n+2
k+qza(Qum-1) k+q2a(Qumi1) - 1

L a Q- (5.27)
14+ q¢2ka(Qan—1) 14+ ¢2ka(Qant1)

(Qan1) = Qonit (5.26)

a(QQn) -
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This is discrete quantum sine-Gordon equation. Equations (??) and (??) are
the quantized form of equation (?7), with the following correspondence between
classical and quantum fields:

Qn ~ Q2n+17 Qnr ~ Q2n+2; in ~ QQny Qnu ~ a(Q2n+1)-
Similarily (?7?) and (?7?) relate to equation (?7).

5.5 Quantum integrals for periodic boundary conditions

With the help of the inverse scattering method operators may be found which are
invariant under the above automorphism. For that one has to impose periodic
boundary conditions so that we require p now to be finite. In fact, lateron we
shall be interested in the case of p = 2.

Denote by trez : Mato(A) — A the partial trace given by trez2(X) = X111 +
X9, where A as any C*-algebra.

Lemma 4 If ¢ satisfies the conditions of Lemma 77 then

F(n) := tre2 (Vo () Va1 (0) - Vo (m) V1 (1))
is invariant under g4 .

Proof: We have, writing shorter V* = V¥ (n),

Gy tre2(Vy Va1 - Vi Vi) = Gtree (VT Vg, ... VSVy)
= @gtre2 (Vg .- ViV V)
= tre2(P(Vap Vapo1) - 9V V1))
=tre2 (Vg Vap_1--- V3 Vi)
where we have used the cyclicity of the partial trace trcz in the second step.

Clearly F(n) is invariant under a double shift o2, hence the assertion follows.
q.e.d.

5.6 Quantum integrals of the (discrete) quantum pendulum

We shall now apply the above lemma to the case p = 2 which is the smallest
nontrivial choice and corresponds to a field theory in 0 + 1 dimensions. Since
the classical continuous sine-Gordon equation,

Wee — Wy = bsinw b>0,

becomes the equation of the mathematical pendulum if one looks for z-indepen-
dent solutions we call that theory the discrete quantum pendulum. The mono-
dromy matrix in the case of p = 2 is

M(W) = L2(777 k)Ll(T]a k)
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It is a 2 x 2-matrix with values in A which satisfies Maa(n) = M7, (n) and
Mai(n) = —M74(n) where we treat the spectral parameter as a variable which
is invariant under the star operation. By Lemma 7?7 its trace, which has the
form F(n) = Mi1(n) + Mji,(n), is an integral of motion. The expansion into
powers of 1 of My1(n),

Mui(n) = A© —nAD 45?4 (5.28)
results in
A0 = iyt
AW = Uy Z,U7 Y + UL Z2,U5 Y + Vahoht V7
AP = U, Z,U4 Z4,
where h; = h;(k). Hence, for p = 2 the inverse scattering method provides us
with three integrals of motion (quantum integrals). Two of them, A(®) 4 A~

and A® + A®" turn out not to be very interesting. The remaining one is the
one we are looking for. Let us give it here the short name:

Definition 3 The operator
H=A" 4 A0"
is called SG-integral.

5.6.1 The QP-integral

The SG-integral H = A®) + AD" is an operator which depends only on the
unitaries T = Vl_lVg, Cy = U3Zy, A and A®). The algebra spanned by these
operators is a subalgebra of S ® S in which A(® and A® are central, i.e. A©
and A® commute with C; and T and among themselves. The QP-integral is
a reduction of the SG-integral which is achieved by imposing a relation among
the eigenvalues of A and A®). Such a reduction is algebraically defined, but
at the end of this section we provide a physical interpretation for it.

To describe the reduction we first express the SG-integral in the above men-
tionned variables.

AW = AOC, + ADCT 4+ 2 AQ A oy
YR OUT + kT + kgA© A@ T 2T,
Consequently, the SG-integral is given by
H=(A® £ A0 + (1 4+ A0 A@ Yoy
R 4 kgAQ AP T 2T 4 e,

This looks a bit cumbersome, but if we introduce a square root w of A 4@
and use variables
Pl = wC4 (529)
Py = q2wCyT = q* P, T (5.30)
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then PP, = q%w2CZT and P, Py = q%T_1 and consequently
H=(wA® 4 hc)Py+(w+hc)Po+k 'q 2 PPy + kq> PLPy + hoc.. (5.31)

Note that P, and P span the rotation algebra A,, namely they are unitaries
subject to the relation

P1P2 = q71P2P1'

The algebra C which is generated by the unitaries {Pl,Pg,w,A(2)} is called
algebra of sine gordon variables. Of course, Cy and T are elements of C. The
unitaries w and A®) are central elements in this algebra so that

C= A ®C(S xSY).

CNS ®S is contained in the fixed point algebra of S ® S with respect to the
automorphism given by conjugation with A(®). Moreover, it contains only even
elements w.r.t. a grading giving U; and V; degree 1 and Z; degree 0.

We are now in a position to come to the concept of reduction which is ap-
propriate to our situation:

Definition 4 Given two complex numbers z1, zo of modulus 1, the reduction of
the SG-integral defined by these numbers is the image of H under the canonical
projection C — C/ T, », where T, ., is the ideal generated by the two elements
w— 21, A®) — 4. If zo = 1 we call the reduction a QP-integral.

Since C/ T, 2, = A, the reduction defined by z;, z2 can be identified with the
operator H(a,b, k) of A,, where, using the notation of section ??,

a =229+ 27 2yt (5.32)
b=z 427" (5.33)

A QP-integral is thus a reduction H(a,b, k) for which a = b € R, |b| < 2. Note
that the spectrum of H (b, b, k) is invariant under a sign change of b.

We have defined reductions of the SG-integral via specification of the values
of the central elements in C. Let us now show that such a reduction is preserved
under the dynamics, and hence all reductions are integrals of motion. For that
we first recall that the automorphism ¢ ® ¢ defined by (??7,7?,?7?) preserves
CNS®S. In fact, it is easily seen that

0 ® p(A®) = A©) (5.34)
P ®p(A®)) = A®) (5.35)
P 30(021) = (Cy; (536)

k=l 4 q3Cy 1+ k" 1g30
e ®p(T) = ik i

= — 1 — T (5.37)
1+ k= 1g2Cy k=14 q2C5
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a result which leads again to (??) and (??). Next, we show that the cyclic
permutation o preserves C. One obtains

0'_1 (A(O)) = 0'_1 (U4u3u2u1) = A(O) (538)
o1 (AP = o7 (v wgwy toy) = A7 (5.39)
o H(Cy) = uz vy tuy oy = q%A(Q)_IC'4T (5.40)

and, using 0=2(Cy) = Co,

o N P) =P, (5.41)
o Y (Py) =Pt (5.42)

In particular, the restriction of o~! to the subalgebra generated by the P; is the
Fouriertransform.

Theorem 7 All reductions of the SG-integral are integrals of motion, i.e. in-
variant under the automorphism a. The QP-integrals and those for which zo =
—1 are even invariant under the automorphism ¢ .

Proof: Since the SG-integral is invariant under ¢4 we only have to check whether
a = ¢pop_ preserves T, NS®S. Formulae (??,77) show that 7, ., NS®S is
preserved under ¢4 if and only if zo = £1. From this the last statement follows.
Furthermore these formulae show that ¢?(w?) = w? and @*(A®)) = A® from
which the first statement follows. q.e.d.

In analogy with sector-theory (an algebraic field theoretic notion) we may
take the numbers 21, zo which define the reduction of the SG-integral as labels
for sectors of the SG-integral. By the last theorem they are invariant under time
evolution. The QP-integral is thus an integral of motion of the discrete sine
Gordon model with space compactified to one point, in a sector with zo = 1.

6 Algebraic Bethe Ansatz for the SG-Integral

The algebraic Bethe ansatz [?] is a wellknown ansatz to construct eigenfunctions
and eigenvalues for quantum integrable models. We shall apply it first to the SG-
integral and then perform the reduction to the QP-integral. Note that our Bethe-
ansatz for the SG-integral differs slightly from that known in the literature (see
e.g. [?]). Nevertheless this difference is important for performing the reduction
to the QP-integral.

Roughly speaking, one may view the construction of Bethe ansatz eigenvec-
tors in analogy to the construction of eigenvectors to Js in a highest weight
representation of sl3(C). One starts with a highest weight state, which is called in
the Bethe ansatz-context Bethe ansatz-groundstate, although it will have nothing
to do with the groundstate of the QP-integral, and which is a nullvector of
Mos1(n). One proceeds to construct "excited” states by applying the ”ladder
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operator” Miz(n) one or several times. However, the commutation relation
between the trace M11(n) + Maa(n) and Mia(n) (the Young-Baxter relation)
is rather more involved then the commutation relation between Js and J; so
that, only with a special choice of spectral parameters 7y, - -, n,, application of
Mia(m) -+ - Mia(n,) to the Bethe ansatz-groundstate will furnish an eigenvalue
of M11(n) + Maa(n). The system of equations which determines these spectral
values is called Bethe ansatz-equations.

In the present context, where the monodromy matrix was obtained from
the edge field, the interpretation of the ”excited” Bethe ansatz-states has to be
carried out with care. The reason for that is that, whereas the trace of the
matrix consists of operators which steem from gauge invariant quantities, this
is not the case for the ladder operator Mia(n). As an effect, application of the
ladder operator will change the sector of the quantum pendulum. Algebraically
speaking this can be traced back to the fact that the intersection of the ideal
J.\.2 With S ® S is not an ideal in S ® S since A is not central in S ® S.

6.1 Bethe ansatz groundstate

The Bethe ansatz ground state is a solution of the equation
Mo ()2 =0. (6.1)
Expanding Mo, () = n2 (C(2) — nC(2)) into powers we get
C) = (WU + B0V Va) V!

C) = (h3U1Zy + WUy 25 VW) Vy L (6.3)
Hence, (?7?) is equivalent to the two equations
(R3UT U + RV W) Q=0 (6.4)
(U2, — U U 270 =0 (6.5)
where Q = V, Q. Setting T = V;” 'V, we reformulate (??,27)
(h3AQ L BITYQ =0 (6.6)
(AD —ABHQ =0 (6.7)

and solve the first equation in a representation of the quotient algebra C modulo
the ideal generated by the element A(®) — A®)_ Stated differently, we look at
representations of the algebra generated by {A?), Cy, T} and substitute in (?7)
A© by AP A faithful family of representations of that algebra labelled by
two angles 1 and ¢ is given by the following extensions of the Weyl-Schrodinger
representations of A, on ¢?(Z):

(n) = eq " ¢(n) (6.8)
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Theorem 8 For all values of ¥ and 0 there exists a solution Qg 5 of (77 ) which
is a complex-valued bounded function over Z. It is a generalized eigenvector of
Mi1(n) whose eigenvalue is independent of ¥, namely,

M1 ()5 = e’ (q7%n2 + (kil +k)n+ q%> Qy.5. (6.9)
In particular, the spectrum of the SG-integral has a band containing the interval
[—2(k+ k1), 2(k + k71)).

- Si fAO) LT = (k=% + k3g3C)AO 4 (k% + k3 g3 C A 4@ "
Proof: Since h5 AP +hiT = (k=2 +k2q2C})A") + (k2 +k2q2C1 AV A T
and upon substituting A© for A®) equation (??) looks in the above represen-
tation, where €2 is a function over Z,

(k7% + k2" 2e™) e Qn) + (k™% + kTg7 " 5e™) Q(n — 1) = 0.
Let us first consider the case k =1 and ¥ = 7w + (n + 3)v for some n € Z. Then

Q(n) = 68, is a solution, where 6, (m) = 1 if n = m and 0 otherwise. In the other
case, 'V # —k‘lq""’% for all n € Z, we obtain a recursion relation
Qn—1 kI 4 kremWgnt:
Qn=1) _ k™2 Hkze g3 (6.10)
Q(n) k™2 + k2edg T2

In particular

~ 2 )
Qn—m)|  14+k*+ k(e®qntm=z 4 c.c.)
Q(n) 1+ k2 + k(g™ 2 + c.c.)

which shows that €(n) remains bounded for all n. Therefore a solution can
always be constructed recursively. For the second case it is even unique up to a
constant. It is not square summable, but this is to be expected. Now let ng_y(;
be a solution of the recursion relation for given ¢ and § and set Qy s = ‘/2019)5.
For that we should identify Vo with a unitary operator in a Hilbert space which
contains the representation space of representation (??). But this is in fact not
neccessary since we can use the algebraic relations between V5 and the elements
of C to carry out all neccessary calculations. Let us first determine A(I)Qﬁ)(;.

ADQy 5 = (U2 ZoUy ' + U1 Z0Uy ) s + Vaho bV VaQy 5
?? ~
= (UsZoUyt + Ui 20Uy Q.5 — Vahoh3 Uy 'UT Q0 6
= (V22U + W 21Uy = UaUy 2y — g P U U 2 257
e Tt k)U;lUl—l) Qo5

??
Z (kT k) AP Qy

Since A®Qy ;s = q’%VQA(Q)QW; = ei‘;q’%Qm; and, similarily, A© Qg5 =
qA®P)Qy 5 one obtains from (??) the result for My (n). q.e.d.

Note that, in case k=1 and 9 =7+ (n + %)”y the support of € is 1.
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6.2 Bethe ansatz equations

The following theorem is the specification to the case of shortest periodicity of
the general result derived in [?] for the discrete sine Gordon model.

Theorem 9 Let Qy s be a Bethe ansatz-groundstate. Then

Dy 5(ms. .y n—1) = Miz(m) ... Mi2(n—1)Q,5

is a (generalized) eigenvector of F(n) provided the spectral parameters ny,...,n
are pairwise different and satisfy the so-called Bethe ansatz-equations

n—1
i 14 T az(n;)
where _ ) )
as(n) =€ (g 2" + (k+ k=" )n+q?) (6.12)

is the eigenvalue of Mi1(n) on Qys, cf. (?7). The corresponding eigenvalue
Es(nsm, -+ n—1) of F(n) is given by E = f5s + f5 where

(VB

n—1 1 —
niq2 — N9
f6(77=7717-~777n—1):Gé(n)HJ%. (613)
o

The eigenvalue Es(n1,...,7,—1) of the SG-integral is given by the linear coeffi-
cient of the expansion of Es(n, n1,...,nn—1) in 0, that is Es = —0, f5|y,=0 + c.c.
(the complex conjugation not effecting the ;). It is easily seen that

n—1

Onfsln=o = €20"7 [ k+k7 + (¥ —q 5 0t | (6.14)

j=1
Since we can vary ¢, all these become bands of the SG-integral around 0.

6.3 Bethe Ansatz for reductions of the SG-integral

If we want to specialize the above to reductions of the SG-integral we find that
the special form of the ladder operator imposes restrictions on the choice of
the reduction parameters. In particular, it will turn out that we get the same
constraint on b as in Corollary ?7.

First note that, the ladder operator has the form Mz(n) = B(n)U, *Va where
B(n) € C. Therefore,
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Corollary 3 Let @y s(m,...,Mn—1) be as in Theorem ??. Then,

nry
H(2cos0,2cos — 5 K)YRy s, 1) = Es(1, - n—1)Pos(01, - 1)

(6.17)
where
_ -1
Eg(’l]l,...,?’]nfl):—2(k+k )COS( D) ’}/+5) (618)
+4sm(Tw+5 sm— Zn
provided the 1; satisfy the Bethe ansatz-equations
= niq — i 7621'5‘17%7732““%(]‘34‘]‘371)4‘(1% (6.19)
im0 g2 +ni(k+k1) +q 2 '

Proof: To obtain an eigenvalue ® for the reduction of the SG-integral which is
defined by 21,29 we must before all make sure that w® = 2;® and AP =
2,®. Due to the relations (22,22) APy s(n1, ..., 7n1) = 22P95(N1, -+ -, P1)
implies,

A(2)Q19)5 = 22(]%@19)5 (6.20)
WPy 5(M, - 1) = 42 Lo (M, -y 1) (6.21)

Consequently, we must choose €’ = ¢% 2, and 2; = ¢%. Hence, for b = 2, +c.c. =
2cos 5y and @ = 2122 + c.c. = 2cosd we may apply the last theorem to obtain
generalized eigenvectors and (?7?) to obtain their eigenvalues for H(a,b, k) as
stated. q.e.d.

We call the (generalized) eigenvalue (??) and the corresponding (generalized)
eigenvector ®y,5(11, ..., Nn—1) of H(2cosd, 2 cos 7, k) simply Bethe ansatz-eigenvalue
and Bethe ansatz-eigenvector, respectively.

The corollary shows a peculiarity of the reductions. Due to the relations
(?7,77) the Bethe Ansatz does not furnish us with infinitely many eigenfunctions
and -values. In particular, in order to obtain the Bethe ansatz-eigenvectors and
-values for H (2 cos 0,2 cos 5, k) we have to solve for a Bethe ansatz-groundstate
which is, for n > 1 not an elgenstate of H(2cosd,2cos =, k).

6.3.1 Solution forn =1

The solution for n = 1 is contained in the corollary without explicit mentioning.
The Bethe ansatz-eigenvector is the Bethe ansatz-groundstate, so that there are
no Bethe ansatz-equations to solve, and the corresponding eigenvalue is given by
expression (?7?) without the sum, i.e. by

Es = —2(k+ k') cosd.
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This solution, specialized to the value for the QP-integral which is § = 3, is
shown in Figure ?7; it is the same solution as in [?] where it was depictured for
rational values of 5.

6.3.2 Solution forn =2

For n = 2 there is a single Bethe ansatz-equation, namely

_1 — 1
_ 2wt i tmk R 4 g2

1 .
G2 +mk+ k1) +q 32

(6.22)

We solve this equation for § = v which corresponds to the QP-integral. In this
case it may be written with n = n; as

(MY

1P(q% —q 2) +nk+k ) (g—q ) +q> —q 2 =0.

It is merely of second degree in 77 and has two real solutions:

Ny = —(k—i—k*l)cos% + \/((k+k1)2 —4)COS2%+ 1.

It follows that

E,(ny) = —2(k+k~ ") cos %(1—2 sin? 2)$4 sin? %\/((k + k=1)2 — 4) cos? % + 1.

2
(6.23)
These two solutions are shown in Figure ?7.

6.4 Positioning of the Bethe ansatz-eigenvalues in bands of the spec-
trum of the QP-integral

Like in Section 4 one may ask, where in the bands, which exist for rational flux,
the eigenvalues obtained by the algebraic Bethe ansatz, i.e. by Corollary 7?7, may
be found. We shall verify now that for £ > 1 too, the Bethe ansatz-eigenvalues
of the QP-integral lie at h-band edges, provided the flux is rational. Hence, we
assume for the rest of this section that ;L = 4L (M, N) = 1.

Recall that the first step to determine the positioning of a Bethe ansatz-eigen-
value of H (2 cos d,2 cos &, k) is to determine the Bloch-parameters at which they
exist, that is, to determine the eigenvalues of P} and PJ¥ on the corresponding
Bethe ansatz-eigenvector @y 5(n1, - - ., Nn—1)-

Clearly, e’V is the eigenvalue of CJ' on Qﬁ)(;. For the above value of & and
k > 1, the vector Qﬁ)(; becomes N-periodic. Hence it is an eigenvector of T%.
Qv.5(n=N)

Qy.5(n)
dently of n, so that we obtain from (??) an equation among the eigenvalues of
CN, TN, AP (these operators are all central in C), namely

We denote the corresponding eigenvalue by 5. Clearly, § = , indepen-

N-1,_ L9 1l
8= (- I k' e g
k=14 eidgnts

n=0
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Using that
N-1

H (a+ qm‘f‘%) — aN _ (_1)]\4_,’_]\/'7
m=0
which may be seen by comparison of the roots, we obtain that, for k > 1,
B = (=1)NeiNog—iNv (—1)NeiNo _ (_1)MpN
(—1)N — (—1)M NN

(6.24)

Proposition 4 Let 5~ = %, (M,N) =1, and ®y5(n1,...,M—1) be a Bethe
ansatz-eigenvector of H(2cosd,2cos g, k). Then

PY®y s(n1, 1) = (=DM e Dy 5(n1, . m1)
and, for k > 1,

PN®y sy 1) = e2®p s(n1y ...y 1n—1)

with :
e ) -1 Mn ,i01 _ -1 MJrNkN
6192 — _elNé( ) € ( ) - (625)
1— (_1)M(nfl)+N6191kN

and et = (—1)MneiNv,

Proof: Since @y 5(m, - ., Nn—1) is of the form B'(n, . .. ,nn_l)Uzl_"VQ"ng,g, with
B'(n1,...,mn—1) € C, the eigenvalues of P}¥ and P} can be obtained from the
eigenvalues of CY, TV, A®) | and w upon using their relations with U217”V2”.
These relations are

wUy "V = q3 Uy~ "Viw,  Cally "y = g7 Uy "V Cl,
ADUI Iy = CRUSVRAR, TURTV = g U T
Hence, for P = wC} one obtains
PN®ys(m,. . mn-1) = (1) eN®y 50, 1)
which shows the first statement. For P, = q%PlT we obtain
Py ®y s, 1) = B' (1, 1-1) U3 T Ve (PIT)N Qo 5.

Since (P,T)N = ¢V PNTYN and ¢V ¥ = (=1)MN = (=1)M+N+1 (as M and
N are coprime) the eigenvalue of Pj¥ is given by

ew} _ (_1)N+1eiN196
provided that k& > 1. We can combine this with (??) obtaining (?7?). q.e.d.

The following theorem shows that the Blochparameters just determined fur-
nish in case of the QP-integral Hop(n,k) = H(2cos §v,2cos §v,k) a critical
set of the off-set function, for £ > 1 too.
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Theorem 10 Let 5~ = %, (M,N) =1, and k > 1. The off-set function
h(2cos 5,2 cos %, k) of the QP-integral takes for odd M its mazimum and for
even M its minimum on the one-dimensional subset of the torus

Mn (_1)MneiN01 _ (_1)M+NkN

5 1 1) ,iNOy _
{0 €S xS e =—(-1) 1 — (—)MO DTN eiNoi ;N }-

(6.26)

In particular, the Bethe ansatz-eigenvalues of the QP-integral are h-band edges.

Proof: Inserting r, = r, = 1 and 0, = 0, = 75 into (?7,77) one obtains that

the partial derivatives of the off-set function vanish on the above set. Further
explicit calculation shows that h(2 cos 57,2 cos 57, k) takes on this set the value
(=1)M=12(kN + k=) and that this value is an absolute extremum. The set (??)
consisting of those § for which N& satisfy (??) it follwos that the Bethe ansatz-
eigenvalues of the QP-integral H (2 cos §+,2cos 57, k) lie at h-band edges.q.e.d.

This can be used to generalize Theorem 7?7 to k > 1.

Theorem 11 For % = %, (M,2n) = 1, the Bethe ansatz-eigenvalues of
Hgp(n, k) are points where h-bands touch. Moreover, they are interior points in

the spectrum of the anisotropic Hofstadter Hamiltonian Hpor(k?,27).

Proof: The last theorem shows that the eigenvalues of Hgp(n, k) obtained in
Corollary ??7 are h-band edges, if £ > 1. We assert first, that for k£ = 1 they are h-
band edges, too. Proposition ?? shows that if k = 1 and ¥ = 7+ (n'+1)y, n’ € Z,
then the eigenvalue of P is equal to (—1)M(*+1) (here N = 2n). In particular,
P} has in both representations, that of Corollary ?? and that of Corollary ?7?,
the same eigenvalue. This eigenvalue being the first Blochparameter and the
second Blochparameter being unimportant (by Lemma ?7) it follows that all
eigenvalues of Hgp(n,1) obtained by Corollary ?? are among the eigenvalues
obtained by Corollary ??. But of those we know already that they lie at h-
band edges. Moreover, by Theorem 7?7 the eigenvalues are for k¥ = 1 band
touching points. Recall that at o= = 22 Hgp(n, k) = kHpop(k?,27). Using the
wellknown fact that no gaps of Hp,f(k?,27) open up or close upon varying k, see
e.g. [?] for a proof, we conclude that the eigenvalues in question remain h-band
touching points for & > 1, too, because otherwise a gap would appear. Since
h-band touching points lie in the interior of the spectrum the last statement is
clear. q.e.d.

Not only the last theorem suggests that the Bethe ansatz-eigenvalues of the
QP-integral play a special role in the spectrum. Investigating Figures 2 and 3 one
sees that the flux-dependent curves which describe the Bethe ansatz-eigenvalues
almost never seem to intersect the bands at their edges. This leads us to conjec-
ture:

o If 5L = %, (M,N) =1, and N > 2n then the Bethe ansatz-eigenvalues of
the QP-integral are points in the spectrum where h-bands touch.
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Looking at Figure 3 one sees that for % = %, M = 1,3, an extra h-band touch-
ing is present at £/ = 0. This is easily explained by the observation that 5= = %
is value of the flux at which the QP-integral coincides up to a multiplicative con-
stant with the Hofstadter Hamiltonian. The h-band touching there is thus the
same as the one of the Hofstadter Hamiltonian at £ = 0. As already mentionned
the latter gives rise to a conical singularity in the graph of the band function.
These conical singularities do not occurr at Bethe ansatz-eigenvalues, since there
the relevant extremum of the off set function forms a one-dimensional set. The
h-band touching occuring at Bethe ansatz-eigenvalues is therefore topologically

different from the h-band touching occurring at - = %, M=1,3, E=0.

7 Comparison

We have presented two methods to obtain eigenvalues and -functions for a three
parameter family of operators H(a, b, k). The first one was to look for polynomial
eigenfunctions, the second the algebraic Bethe ansatz. Both approaches have
limited applicability. But both apply to H(a,b, k) with k = 1 and b = 2cos =,
n € N, and a € [—2,2]. In this situation both approaches give rise to families
of eigenvalues and eigenvectors which are at least continuous in the flux, thus,
in particular hold for irrational values of the flux as well. The advantage of the
polynomial Bethe ansatz lies in its simplicity. It reduces the eigenvalue problem
to one of finite matrices. But the algebraic Bethe ansatz is more powerful, since
it applies to the case k # 1 as well.

Comparing the two approaches the first remarkable fact is that the restriction
on the parameter b, which was neccessary for the existence of solutions which
are at least continuous in the flux and hold for irrational values as well, is in
both approaches identical. Second, restricting the Bethe ansatz-eigenvector ob-
tained by the algebraic Bethe ansatz to the case k = 1 one finds that the Bethe
ansatz-groundstate (2 has, in the appropriate representation, support of length
1. Moreover, the ladder operator Mis(n) enlarges the support by one so that
the eigenstates ®,,_1(n1,...,n,—1) have support of length smaller or equal to n,
or equivalently, their Fouriertransforms are Laurent polynomials, in fact, poly-
nomials, of degree n — 1. In other words, the algebraic Bethe ansatz furnishes
for £ = 1 also polynomial eigenfunctions. Of course, these eigenfunctions have
to be among those obtained by solving the eigenvalue equation for the n x n
matrix H of (??). So the question arrises, how are the two kind of Bethe ansatz-
equations related. They look rather different. This difference steems from the
fact that the solutions of the functional Bethe ansatz-equations furnish eigen-
functions whereas those of the algebraic Bethe ansatz yield admissible products
of ladder operators. Hence they are related as follows: If 1, ...,n,-1 solve the
algebraic Bethe ansatz-equations then the zeros of the Fouriertransform of

Maia(m) ... Mi2(Mn-1)s.0

solve the functional Bethe ansatz-equations.
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Flux ' ' ' ' '
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FiG. 1. Flux-dependence of the spectrum of Hgp(3,1) for rational 5= and Bethe
ansatz-eigenvalues
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Flux ' ' ' ' '
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Fi1G. 2. Flux dependence of the spectrum of Hgp(1,2) for rational 5= and Bethe
ansatz-eigenvalues
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FiG. 3. Flux dependence of the spectrum of Hgp(2,2) for rational 5= and Bethe
ansatz-eigenvalues



