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Abstract

The energy levels, generally known as the Landau levels, which characterize
the motion of an electron in a constant magnetic field, are those of the one-
dimensional harmonic oscillator, with each level being infinitely degenerate.
We show in this paper how the associated von Neumann algebra of observables
displays a modular structure in the sense of the Tomita—Takesaki theory, with
the algebra and its commutant referring to the two orientations of the magnetic
field. A Kubo—Martin—Schwinger state can be built which, in fact, is the Gibbs
state for an ensemble of harmonic oscillators. Mathematically, the modular
structure is shown to arise as the natural modular structure associated with the
Hilbert space of all Hilbert—Schmidt operators.

PACS numbers: 71.70.Di, 03.50.De, 41.20.—q, 03.65.Fd

1. Introduction

The motion of an electron in a constant electromagnetic field is a well-known problem in
atomic physics. Quantum mechanically, the energy levels of such a system, which are
generally known as the Landau levels (see, for example, [8]), are linearly spaced, with each
level being infinitely degenerate. Indeed, the energy levels are exactly those of the harmonic
oscillator, with infinite degeneracy at each level. The Hamiltonian of the system can be written
as the sum of two oscillator Hamiltonians, together with an interaction part, which is an angular
momentum term. It turns out that the diagonalized Hamiltonian resembles that of a single
harmonic oscillator, with infinite multiplicity at each level. If the sense of the magnetic field
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is reversed, one obtains a second Hamiltonian, similar to the first but commuting with it. Both
these Hamiltonians can be written in terms of two pairs of mutually commuting oscillator-type
creation and annihilation operators, which then generate two von Neumann algebras which
mutually commute, and in fact are commutants of each other. This leads to the existence of a
modular structure, in the sense of the Tomita—Takesaki theory [16]. The invariant state of the
theory turns out to be the Gibbs state for an ensemble of harmonic oscillators; the modular
operator, giving the time-evolution under which this state is invariant, is directly obtained from
the interaction Hamiltonian and the modular conjugation operator simply interchanges the two
possible orientations of the magnetic field. Preliminary discussions of some aspects of the
theory presented in this paper have been given in [1-3] and [9]. However, here we present a
unified discussion along with a physical interpretation and explore holomorphic aspects of the
theory, its connection to families of orthogonal polynomials (Hermite and complex Hermite)
and to various related families of coherent states.

The rest of the paper is organized as follows. In section 2 we briefly recall the main
features of the Tomita—Takesaki modular theory of von Neumann algebras; in section 3 we
work out a simple example of this theory in the space of Hilbert—Schmidt operators on a
Hilbert space; in sections 4-6 we give a detailed analysis of the problem of the electron in a
constant magnetic field in the light of the modular theory, bringing out the physical meaning
of its various mathematical ingredients. In section 7 we look at some associated families of
coherent states. Finally in section 8§ we make some closing comments. Certain mathematical
properties of von Neumann algebras, which are required in the paper, are collected in the
appendix.

2. Summary of the mathematical theory

This section is devoted to a quick review of the Tomita—Takesaki modular theory of von
Neumann algebras, to the extent that is needed in this paper. Details and proofs of statements
may be found, for example, in [14—16]. Some basic definitions and notions about von Neumann
algebras are listed in the appendix. Let 2 be a von Neumann algebra on a Hilbert space
and 2’ its commutant. Let ® € §) be a unit vector which is cyclic and separating for 2. Then
the corresponding state ¢ on the algebra, (¢p; A) = (® | A®P), A € 2, is faithful and normal.
Consider the antilinear map

S:H+— 9, SA® = A*®, VA e . (2.1)
Since @ is cyclic, this map is densely defined and in fact it can be shown that it is closable.
We denote its closure again by S and write its polar decomposition as

S=JAT=A"2J, with A = $*S. (2.2)
The operator A, called the modular operator, is positive and self-adjoint. The operator J,
called the modular conjugation operator, is antiunitary and satisfies J = J*, J> = I. Note
that the antiunitary of J implies that (J¢ | J¢¥) = (¥ | ¢), Vo, ¥ € 9.

Since A is self-adjoint, using its spectral representation, we see that for ¢ € R, the family
of operators A~+#, for some fixed f > 0, defines a unitary family of automorphisms of the
algebra 2. Denoting these automorphisms by o, (#), we may write

a,([A] = ATPANIP, VA € 2. (2.3)

Thus, they constitute a strongly continuous one-parameter group of automorphisms called the
modular automorphism group. Denoting the generator of this one-parameter group by H,,
we get

AP = itHy and A =e P, (2.4)
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It can then be shown that the state ¢ is invariant under this automorphism group:

e PP — P, INLD N =D 2.5)
and the antilinear map J interchanges 2 with its commutant ('

JAI = (2.6)

Finally, the state ¢ can be shown to satisfy the KMS (Kubo—Martin—Schwinger) condition,
with respect to the automorphism group o, (¢), ¢ € R, in the following sense. For any two
A, B € 2, the function

Fpp(t) = (¢: Aay, (1)[B]) 2.7

has an extension to the strip {z = t +iy | t € R,y € [0, 8]} C C such that F4 5(2) is
analytic in the open strip (0, 8) and continuous on its boundaries. Moreover, it also satisfies
the boundary condition (at an inverse temperature B)

(9: Aay (1 +1B)[B]) = (95 oy (1)[B]A), reR. (2.8)

3. A simple example of the theory

A simple example of the Tomita—Takesaki theory and its related KMS states can be built on the
space of Hilbert—Schmidt operators on a Hilbert space. The set of Hilbert—Schmidt operators
is itself a Hilbert space, and there are two preferred algebras of operators on it, which carry the
modular structure. The presentation here follows that in [1] (chapter 8, section 4). A detailed
application of this structure to Landau levels is discussed in section 4, which extends some
recent work reported in [2].

Again, let $ be a (complex, separable) Hilbert space of dimension N (finite or infinite)
and {g“,-}iN=1 an orthonormal basis of it ({{; | ¢;) = &;;). We denote by B,($) >~ H ® 9 the
space of all Hilbert—Schmidt operators on §). This is a Hilbert space with the scalar product

(X | Y), = Tr[X*Y].
The vectors

{Xij =16l i, j=1,2,..., N} (3.1
form an orthonormal basis of B,($)),

(Xij | Xre)2 = dirdy;.
In particular, the vectors

Pi = Xii = 16)(&il (3.2)

are one-dimensional projection operators on ). In what follows / will denote the identity
operator on §) and /, that on 5,(5)).

We identify a special class of linear operators on B, ($)), denoted by AV B, A, B € L(9),
which acts on a vector X € B,($)) in the manner

(AV B)(X) = AXB™.
Using the scalar product in B,($)), we see that

Tr[X*(AY B*)] = Tt[(A*XB)*Y)] = (A Vv B)* = A" v B*,
and since for any X € B,(9)

(A1 V B1)(A2 v B)(X) = Ail(A2 Vv Bo)(X)]BY = A1A2 X BI By,
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we have
(A1 V B)(A2 Vv By) = (A1Ay) V (B1B). (3.3)

There are two special von Neumann algebras which can be built out of these operators.
These are

Ao ={Ar=AVI|AeL(H))} A, ={A,=1VA|AeL(®H))} 3.4)
They are mutual commutants and both are factors:
) =2y, )" = Ay, 2, NA = Ch. (3.5)

Consider now the operator J : B,($) —> B»($), whose action on the vectors Xj;in (3.1)
is given by
IXijj=Xji=J*=5L and  J(O)(WD) =1¥){gl, Vo, ¥ € 9. (3.6)
This operator is antiunitary, and since
VAV DIIXij =J(AV DXji = J(AX i) = J(AIG)(GD) = [6)(g A" = (T v A)X
we immediately get
JA T =, 3.7)

ijs

3.1. A KMS state

Letw;,i =1,2,..., N be a sequence of non-zero, positive numbers, satisfying ZlN:l a; = 1.
Let

(SIE

N N
1
®=) o Pi=) o X €ByH). (3.8)
i=1 i=1
We note the following properties of ®.
(1) @ defines a vector state ¢ on the von Neumann algebra 2(,. This follows from the fact
that for any A v I € 2,, we may define the state ¢ on 2, by
N
(@ AVI) = (® | (AV I)(®)), = Tr[®*A®] = Tr[p,Al, with p, =" a;P;.
i=1
3.9
(2) The state ¢ is faithful and normal. Normality follows from the last equality in (3.9) and
the fact that p,, is a density matrix. To check for faithfulness, note that forany Av I € 2,

N
(0 (AV D*(AV D) =Trlp,A*Al = ) ;| AG|I?
i=1

from which it follows that (¢; (A Vv I)*(A v I)) = 0if and only if A = 0 (since the ¢; are
an orthonormal basis set and the «; > 0), hence if and only if A v I = 0.

(3) The vector ® is cyclic and separating for 2(,. Indeed, cyclicity follows from the fact that
if X € B,(9) is orthogonal to all (A V I)®, A € L(5)), then

N 1
THX*A®] =Y o (& | X*AL) =0, VA € L(H).
i=1

Taking A = Xy, we easily get from the above equality, (¢, | X*¢) = 0 and since this
holds for all k£, £, we get X = 0. In the same way, ® is also cyclic for 2, hence separating
forAp,ie. AVIH)®=BVI)® << AVvI=BVI.

We shall show in the following that the state ¢ constructed above is indeed a KMS state
for a particular choice of «;.

4
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3.2. Time evolution and modular automorphism

We now construct a time evolution «,(¢), ¢ € R, on the algebra 2l,, using the state ¢, with
respect to which it has the KMS property, for fixed g > 0,

(@5 Agary (t +1B)[Be]) = (@5 (1) [Be]Ay), VA, By € 2y, (3.10)
and moreover the function
Fa,.5,(2) = (@; Aeay(2)[Be]) (3.11)

is analytic in the strip {J(z) € (0, B8)} and continuous on its boundaries. We start by defining
the operators

P =P v Py, i,j=1,2,...,N, (3.12)

where the IP; are the projection operators on §) defined in (3.2). Clearly, the P;; are projection
operators on the Hilbert space 3,($).
Using p, in (3.9) and for a fixed B > 0, define the operator H, as

N
p, =e Pl — H, = —% Z(lnai)]P’,-. (3.13)
i=1
Next, we define the operators
Hy=H,VI, H) =1V H,, H, = H, — H}. (3.14)
Since ZlN:l P; = I, we may also write
N N
Hﬁ:—— Zlna,PU, and H(;:—— ZlnajP,j
i,j=1 i,j=I
Thus,
1 & o;
H,=—— Z In [—} P;;. (3.15)
p i,j=1 o)

N

we define a time evolution operator on B, ($)):
e = [A,]7#, teR, (3.17)
and we note that, for any X € 5,(5),
el (X) = ZN: [&]_iﬂ P.(X) = |: N (a,)—,‘ﬂp:| v ZN:(a.)—%ﬁ]p(X)
= 2 L ij = Z i i < J J
— eifle! (X) o1t |
so that

iH, 1 iHyt

v el (3.18)

where H, is the operator defined in (3.13). From the definition of the vector ® in (3.8), it is
clear that it commutes with H,, and hence that it is invariant under this time evolution:

! () = elfle! & 7! = &, (3.19)

€ =¢

5
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Finally, using eiMe! we define the time evolution a, on the algebra 2, in the manner (see
(2.3)
o, (D[A] = et Ay e Ho! VA, € 2. (3.20)
Writing Ay, = AV I, A € L($)), and using the composition law (3.3), we see that
el A, e el = [eiflol g e~ 1Hol] v/ ], (3.21)
so that by virtue of (3.9),
(93 0y (D[AL]) = Trlp, e Ae™ ] = (p; Ay), (3.22)

since p, and H, commute. Thus, the state ¢ is invariant under the time evolution «,.
To obtain the KMS condition (3.10), combining (3.20) and (3.21), we first note that, with
Acy=AVvI,Bi=BVI,

Aoy, (1)[Be] = [Ae' Be el v I
Hence, again using (3.9),
Fa5,(t) = (@3 Acty (D[ Be]) = Trlp, A ' B e '] = Tr[p, e ™! A &' B;
the last equality following from the commutativity of p, and H,. Thus, since p, = e P,
Fa, 5, (t +ip) = Tr[p, e ' Pty A eitls! e=PHo B] = Tr[e He! A €' p,, B],
so that
(03 Avay (t +1B)[Bel) = Trlpye™ Be ! A] = (¢; ay ([ Bel Ar),
which is the KMS condition.

3.3. The antilinear operator S,

We now analyse the antilinear operator S, : B,(§)) —> B($)), which acts as (see (2.1))

Sy (A, ®) = A} P, VA, € U,. (3.23)
Taking Ay = AV I,
Sp(A,®) = AP, VAi ey, < S,(A®)=A"®, VA € L(9).

Using (3.8) we may write,

N N
1 1
S,(A®) = A*® = > oS, (AP) =) o A'P..
i=1 i=1
Taking A = Xy (see (3.1)) and using X,P; = 64 X, we then get

1

1 1 oy |2
0l Sy(Xp) = i S,(Xor) = S,(Xye) = [a—"} X (3.24)
¢
Since any A € L($) can be written as A = Zﬁlj:l a;jX;j, where a;; = (§ | Agj), and
furthermore, since P;; (Xx¢) = X;;8ixd ¢, we obtain using (3.6) and (3.16)

S, = J[AL]%, (3.25)

which in fact also gives the polar decomposition of S,.

Thus, we could have obtained, as described in section 2, the time evolution automorphisms
oy (1), € R by analyzing the antilinear operator S, (since S7S, = A,) directly. Also, from
(3.13), (3.16) and (3.18) we see that the modular operator simply defines the Gibbs state
corresponding to the Hamiltonian H,,.

6
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3.4. The centralizer

As defined in the appendix, the centralizer of 2l,, with respect to the state ¢, is the von
Neumann algebra:

M, ={Be € Ap | (@3 [Be, Ael) =0, VA, € A} (3.26)

Let us determine this von Neumann algebra. Writing A, = AV I, B, = BV I, the commutator,
[B¢, Ayl = (AB — BA) v I. Hence, by (3.9),

(¢: [Be, A¢l) = Tr[p,(AB — BA)].

Thus, in order for the above expression to vanish, we must have,

N N
D et | ABG) =) ei(ti | BAG), VA€ L),
i=1 i=1

Taking A = |x) (e, this gives
ok (Ce | B&k) = ae(Ce | BLk), Vk,£=1,2,..., N,

and since in general, oy # «y, this implies that (¢, | B¢x) = 0, whenever k # £. Thus, B is
of the general form B = Z,N=1 b;P;, b; € C. In other words, the centralizer 9, is generated
by the projectors Pf =P, vI,i=172,...,N, which are minimal (i.e. they do not contain
projectors onto smaller subspaces) in 2,. Alternatively, we may write 9, = {Hgf}”, where
H(ﬁ is the Hamiltonian defined in (3.14), so that it is an atomic, commutative von Neumann
algebra.

4. Application to Landau levels

We now show how the above setup, based on 5,($)), can be applied to a specific physical
situation, namely to the case of an electron subject to a constant magnetic field, as discussed
in [2].

In that case, ) = L?(R) and the mapping W : B,($)) — L*(R?, dx dy), with

1 A
WX)(x,y) = . Tr{U (x, y)*X], where Ul(x,y) =e (2P 4.1)
T)2

Q, P being the usual position and momentum operators ([Q, P] = i/), transfers the whole
modular structure unitarily to the Hilbert space $ = L?(R?, dx dy). The mapping W is often
referred to as the Wigner transform in the physical literature.

To work this out in some detail, we start by constructing the Hamiltonian H,, (see (3.13)),
using the oscillator Hamiltonian Hygs. = %(P2 + Qz) on $. Let us choose the orthonormal
basis set of vectors ¢,, n =0, 1,2, ... 00 to be the eigenvectors of Hyg:

1
Hose & = (n + 5) L. 4.2)
As is well known, the ¢, are the Hermite functions

1 1 2
n = —F———=¢ 2h,(x); 4.3
Cn(x) T € (x) 4.3)

the &, being the Hermite polynomials, obtainable as

ha(x) = (—1)" "0} e (4.4)
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Consider now the operator e #He< for some fixed g > 0. We have

e
1—e 8’

[S1i=Y

e_ﬂHosc — Ze_(n“’%)ﬁpn and Tr[e_ﬂHosc] —
n=0
Thus, we take
e_ﬂHosc /3 ° ,5 ﬂ 1 ad nﬂ
=———=(1—¢e" e PP, and P=[1—-e"]2 e 2°P,. 4.5
T ] = ¢ )g [ ] ;0 4.5)

Following (3.9) and (3.13), we write

Py

00
Py = Zanan a, =(1— e—ﬂ)e—nﬂ7
n=0
and

oo o0 _ _ﬂ
H, = —% Y[ —e e B, =Y |:n - l“(]—e)} P,

n=0 n=0

—eh
= Hosc - |:l + —ln(l © )i| Ia (46)
2 P

which is the Hamiltonian giving the time evolution «,,(¢), with respect to which the above p,,
defines the KMS state ¢. Since the difference between H, and Ho is just a constant, we shall
identify these two Hamiltonians in the following.

As stated earlier, the dynamical model that we consider is that of a single electron of unit
charge, placed in the xy-plane and subjected to a constant magnetic field, pointing along the
positive z-direction. The classical Hamiltonian of the system, in some convenient units, is

. -, 1 y\2 1 x\2
How =3 =47 =2 (no+3) +5(r—3) - 4.7
where we have chosen the magnetic vector potential to be At = A = %(— ¥, x,0) (so that

the magnetic field B = V x A" = (0,0, 1)).
Next, on $ = L?(R?, dx dy), we introduce the quantized observables

Y .9y X L0 X
.+ = =i+, ,— = P =—i——— 4.8
Pty — 0 ax T2 Py=5 7= iy "2 @Y
which satisfy [Q_, P_] = il and in terms of which the quantum Hamiltonian corresponding
to Hejec becomes

H'=1(P?+0?). (4.9)

This is the same as the oscillator Hamiltonian in one dimension, H,g, given above (and hence
the same as H,, in (4.6), with our convention of identifying these two). The eigenvalues of
this Hamiltonian are then E, = (¢ + 1), £ =0,1,2,...00. However, this time each level is
infinitely degenerate, and we will denote the corresponding normalized eigenvectors by W,

with =0, 1,2, ..., 0o, indexing the energy levelandn =0, 1,2, ..., oo,}he degeneracy at
each level. If the magnetic field were aligned along the negative z-axis (with AV = %( vy, —x,0)
and B=V x AV = (0, 0, —1)), the corresponding quantum Hamiltonian would have been

HY = 1(P}+ 03), (4.10)
with

J x a y
=—i—+ =, P=—-i——=, 4.11
Qr="lgi*y T T 2 @10
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and [Q,, P,] = ilz. The two sets of operators {Q+, P}, mutually commute
[Q+’ Q—] = [P+a Q—] == [Q+, P_] = [P+, P_] = O (412)

Thus, [HY, H'] = 0 and the eigenvectors W,, of H' can be chosen so that they are also
the eigenvectors of H¥ in the manner

H "W, = (n+1) @, H'W, = (€+3) Wy, (4.13)

so that HV lifts the degeneracy of H' and vice versa. In what follows, we shall assume that
this is the case.

Then, it is well known (see, for example, [1]) that the map WV in (4.1) is unitary and
straightforward computations (see, for example [2]) yield,

OViIg\,,,—1_ (O« IgVv O\, ,1_ (0O
W<PV15>W _<P+>’ W(IﬁVP)W _<P—)’ 19

Hoge V 1 o (HY B
w (1,5 9 Hosc> w = ) WX, = Wy, 4.15)

and

where the X, are the basis vectors defined in (3.1) and the W,,; are the norqlvalized eigenvectors
defined in (4.13). This also means that these latter vectors form a basis of $§ = L%(R?, dx dy).
Finally, note that the two sets of operators, {Q., P.} and {Q_, P_}, generate (see appendix)
the two von Neumann algebras 2, and 2(_, respectively, with WAW-! = A, and
W2AW~! = _. Thus physically, the two commuting algebras correspond to the two
directions of the magnetic field. The KMS state ¥ = W®, with ® given by (4.5) is just the
Gibbs equilibrium state for this physical system. Let us note that the parameter §, introduced
in the definition of the KMS state and representing an inverse temperature, has not been fixed
in this discussion. In an experimental setup, Landau levels are observed for very strong fields
and low temperatures, i.e. for 8 > 1.

Remark: The problem of lifting the degeneracy is a major point in the analysis and
understanding of the quantum Hall effect: it is exactly this infinite degeneracy for the single
electron Hamiltonian which allows for the existence of different many-body wavefunctions.
It is also known that different electron densities (measured by the so-called filling factor v)
correspond to physically (and not only mathematically) different wavefunctions, describing a
Wigner crystal for small v or an incompressible fluid, for larger v, [5]. Mathematically, it is
clear from the analysis that if the magnetic field is pointing upwards, so that the Hamiltonian
is given by (4.9), an additional term in the Hamiltonian depending on the other two operators,
P, O, such as might arise from a crossed electric field or confining potential (see, e.g. [7]),
would lift the degeneracy of the levels. Physically, the degeneracy of the Landau levels is
explained by the impossibility of quantum mechanically fixing the origin of the centre of the
circular orbits of the electron.

5. A second representation

It is interesting to pursue this example a bit further by transforming to complex coordinates,
which will essentially reduce the action of the operator J to one of the complex conjugation.
The possibility of having this other representation is a reflection of the fact that there is more
than one possible way to represent the two commuting von Neumann algebras (.. As before,
let us consider the electron in a uniform magnetic field oriented in the positive z-direction,
with vector potential AT = 1(—y, x, 0) and magnetic field B =V x A" = (0,0,1)). The

9
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classical Hamiltonian is now given by H' = %(Z) - KT)z. There are several possible ways to
write this Hamiltonian, which are more convenient than using the coordinates x, y and z. One
such representation was used in section 4 and we indicate below a second possibility. Note
that the quantized Hamiltonian may be split into a free part H, and an interaction or angular
momentum part HJ,[

H' = Hy+ H],,

Ho= Hoy+ Ho, = 2 (324 2 ) + L (524 2

o= Hox+ 0y =75 Px"'z +§ Py"'z ) 5.1
1 I 0

Hiy = _E(xpy —Ypx) = —L;.

with the usual definitions of X, p,, etc. Of course, [¥, p.] = [¥, p,] = iI§, while all the other
commutators are zero. Introducing the corresponding annihilation operators,

ay = X +ip.], ay = 53 +ip,]. (5.2)
and their adjoints

ai=LFE-ipd, @=L -ip, (53)
which satisfy the canonical commutation rules [a,, ai] = [ay, a;‘] = Ig; while all the

other commutators are zero, the Hamiltonian H' can be written as H' = Hj + Hiil, with
Hy = (ajax + ajay + Ig), Hiﬁt = —i(acay — ayay). H" does not appear to be diagonal even
in this form, so that another change of variables is required.

Using the operators Q4, Py, given in (4.8) and (4.11), let us define

Ar = J(04 +iP) = 3(ax — iay) — j(al +ia)),
A} = 504 —iP) = §(a] +iay) — ;(ax —iay), 5.4)
A- = 5(10- — P) = j(ay +iay) — 1(a] +iay), .
A* = L (-0 - P =3} —ia)) - {(ac —iay).
These satisfy the commutation relations
[As, ATl =1, 63

with all other commutators being zero. In terms of these, we may write the two Hamiltonians
as (see (4.9) and (4.10)

H'=N_+1I, H'=N,+1I, with Ni=A%LAy. (5.6
Furthermore,
Hy= (N +N_+1) and Hl = -1(N, - ND), Hyo= (N, — N_).
(5.7
The eigenstates of H T are now easily written down. Let Wy be such that A_Wyy =

A Woy = 0. Then we define

1
W, = ——— (A% (A*) Wy, 5.8
¢ m( DAY Wy (5.3)
where n,¢ = 0,1,2,.... All the relevant operators are now diagonal in this basis:
NeWyg = nWe, NoWyp = (W0, HoWyp = $(n + €+ DWW, and H) W, = $(n — Oy
Hence,

H'W, = (€+ 1) W,y (5.9

10
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This means that each level £ is infinitely degenerate, with n being the degeneracy index.
Again, this degeneracy can be lifted in a physically 1nterest1ng way namely, by considering
the reflected magnetic field with vector potential AV = 3 (y, —x, 0) as in section 4, with the
magnetic field directed along the negative z-direction. The same electron considered above is
now described by the other Hamiltonian, H*, which can be written as
V12 A2
H¢ (P R A¢) = HO + Hmt’ (510)
Hmt - Hml
Thus, since H' can also be written as in (5.6), its eigenstates are again the same W, given
in (5.8). (Recall that [H", H'] = 0, so that they can be simultaneously diagonalized.) This
also means that, as in (4.15), WX, = V,, and the closure of the linear span of the W,;’s is
the Hilbert space $ = L?(R?, dx dy).
However, this is not the end of the story. Indeed, introducing the complex variable
7= \L@(x — iy) and its associated derivative 9, = %2(8,( +1id,), the operators A, and A_ can
be written as

A =17+, Ay =3z+0s, (5.11)

and their adjoints as
A* =1z -0, Al =17-0.. (5.12)
In this (z, z)-representation the ground state Wyo(Z, z) is the solution of the equations
A W00(Z,2) = A_Wg(Z, z) = 0, so that Wpo(Z, z) = \/j —21:” We conclude from (4.15)
and (5.8) that

1 " ¢
U,0(Z,2) = WX0) (T, 2) = —Z— az> (Ez — 32) Woo(z, 2). (5.13)

1
A/nte! \2
When using this representation, we shall write our Hilbert space as H = L*(C, d—z?ﬁ) and
then it is useful to make the further unitary transformation

dz Ad kI dz Adz
VL (C, . - Z) — L*(C,dv(z, 2) where dv(z,2) = ezn < i S (5.14)
to the more convenient Hilbert space L?(C, dv(Z, 7)), using the mapping
212
VW) E,2) =21 e T U, 2), (5.15)

and to rewrite all the operators in question on this new space. Note that this space contains the
two subspaces $Hpor and $Ha-ho1, of holomorphic and antiholomorphic functions, respectively.
Both these subspaces contain the constant unit vector, Hyo(z, z) = 1, V(Z, z). Apart from this
one vector, all other vectors in the complementary subspaces of o and $a-po1 are mutually
orthogonal. Since

D wE et = [ R TE Ted z)} 5,

9z
we immediately find that
A_=vA V=4, A =VA YV =0, (5.16)
Af = VA VT =7 — b, AL =VAV T =7—0., '
Furthermore, in this representation we have the number operators
N, :=VNV ! = AT A, = —0,0-+70: 5.17)

N_:=VN_ V= A* A_ = —8.0-+z0..

11
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Writing H,, = VW,,¢, for the transformed basis vectors (5.13), we have

1 1
H,,(z = = — 8.)"(z — 82) Hon(Z — (AYYY(AY H(F
ne(Z, 2) \/M(Z ;)" (z — 92) Hoo(Z, 2) m(fh) (AZ) Hoo(z, 2),
1 1
= ——(2Z-3)"(") = - '@ 5.18
Also,
=n Z@
H 7z = H Z = — 1
10(Z5 2) N and 0e(zZ, 2) NG (5.19)
so that $,-10] is spanned by the vectors H,o, n = 0, 1,2, ..., and the space $, by the vectors
Hy, £ =0,1,2,....
The vectors H,, are joint eigenstates of the number operators:
N+Hng = anKy N_Hng = I’lHn[ . (520)
Moreover, writing
HY =VH'V, HY =VHV!,
1 14 Ty (3:21)
Ho = VHy)V™ ", Hid = VH "V,
for the two Hamiltonians, we clearly have (see (5.9))
H Hy = (C+5) Hye, HYHy = (n+ 1) Hy. (5.22)

The functions 5, x(Z,2) = vnlk'H,(zZ, z) are just the complex Hermite polynomials
[10, 11], also obtainable as

hai (@, 2) = (1) P arak e, (5.23)
Explicitly, the &, ; are given by
nYk

_ -0/ @7
I’l”’k(Z,Z)Zl’l!k! N N AN
; U =il k=)

where n Y k denotes the smaller of the two numbers n and k. In particular,
hox@,2) =2 and  hu0@E ) =7 (5.25)
One also has the useful series expansion

(5.24)

© X, vuk © X, vk _
———h, 1 (Z,2) = Ho(Z,7) = e"<He v, (5.26)
Furthermore,

hn i (2, 2) = hin(2,2) and Mk (@, 2) = (AD"hos)(Z,2).  (5.27)
They also satisfy the recursion relations,
hn+1,k (Zv Z) =z hn,k(Za Z) —k hﬂ,k*l(zv Z)

B B B (5.28)
hn 1@ 2) =2 hp (2, 2) =1 hy 14, 2),
from which we further obtain
zhn,n+1 (Za Z) =z hn+l,n (Zv Z)
(5.29)

(k—m) hy1(Z,2) =7 k41T, 2) — 2 M1 4 (T, 2)-
If we formally take z to be real in (5.23), the complex Hermite polynomials %, ¢ (z, z)
become the well-known real Hermite polynomials 4, (x) (see (4.4)) :

ha(x) = (=1)" e 9" e,
which satisfy the recursion relations
xRy (x) = nhy_y (%) + $hue (x). (5.30)

12
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6. Some physical considerations

The composite map
U:=VoW:B(H) — L*C,dv(z, 7)), with UX,e = Hy, 6.1)

transforms the modular conjugation map J in (3.6) to J = UJU~" which basically acts by
complex conjugation (see (5.16) and (5.27))

(T Hne)(Z,2) = Hen (2, 2) = Hye(2,2) and JALT ' = Az = A, (6.2)

etc. (The overline indicates the complex conjugation of the variables appearing in the
definitions of the operators.). Similarly, the two mutually commuting algebras, {{, = I A,.4~!
and 4 = U A_U"', generated by the two sets of operators {A,, A*} and {A_, A*},
respectively, are transformed into each other by 7, both algebras being factors. Additionally,

THoJ = Mo, THN T =H =—H, = JTH'T=H' (63)

The KMS state on the algebra L., which is a vector state, is given by the vector (see (3.8) and
4.5))

X=Ue=(1-e"Y e ¥ H,clXCdE2)  JTX=AX (6.4)
n=0
The Hamiltonian

H, =H' —HY =2H], = 2, —N), (6.5)

then gives the modular operator

[o¢]
A, =expl—H,1 = Y e PO Hyy) (Hyl, (6.6)
n, =0

and the one-parameter automorphism group
A, = explit, 1] = expl2iHi 1], t € R, AP x=x, 6.7)

which stabilizes X'. In other words, the modular automorphism is basically the time evolution
generated by the interaction Hamiltonian. One also verifies that

AP =y, 6.8)
The conclusion is therefore the following: the map J in (6.2) is, at the same time,

e the modular map of the Tomita—Takesaki theory;

e the complex conjugation map; . .

o the map which reverses the uniform magnetic field, from B to — B, thus transforming '
to HY, while leaving H, unaffected;

o the operator interchanging the two mutually commuting von Neumann algebras L4, these
latter defining, therefore, the experimental setups corresponding to the two directions of
the magnetic field;

e an intertwining operator in the sense of [12], see below.

Let us consider this last claim in a bit more detail, following [6, 12] and references therein.
The main result on this topic is the following: suppose we have two Hamiltonians, H; and H»,
which are related by an intertwining operator X in the following way: X H; = H,X. Then, the
knowledge of the eigensystem of, say, H; essentially fixes the eigensystem of H,. Indeed we
have [12] that if ¢,(ll) is an eigenstate of H, with eigenvalue E,, H, ¢,(,1) = En¢,(ll), then X¢,(,1) is
either zero or is an eigenstate of H, with the same eigenvalue: HZ(X ¢,§1)) =E, (X ¢,(,1)). This

13
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is just a consequence of the intertwining relation. In [6] this approach has been generalized,
proposing a procedure to build up H, from H; and from a certain operator which plays the role
of the X above.

Writing J HYT = HY as THY = HY T, we see that 7 is an intertwining operator between
HY and H'. Hence, if ® is an eigenstate of H' with eigenvalue E, then J @ is either zero or
is an eigenvector of H} with the same eigenvalue. This is exactly what is explicitly expressed
by equations (5.22) and (6.2) above.

7. Bi-coherent states and conjugate coherent states

There are several natural families of coherent states associated with the Hamiltonians HT, HY
and H, = H' — H'. These were constructed in a different context in [2]. Here we look at
them again using the complex Hermite polynomials and the modular conjugation. Using the
expansion in (5.26), we define the (non-normalized) bi-coherent states:

n—k

bes W Gy A vAr-TA
Na v = ZZ =e 2 ¢ e’ " Hy, u,veC, (7.1
n=0 k=0 V7' 'k
where use has been made of the following equalities:
oF A ATA, _ ey —TA, and oF TA A _ FA A
a € C. Clearly (see (7.1)),
TN, = n%,. (7.2)

Since the H,; are the eigenfunctions of H, = H' — H' = 2H],, these are coherent states
related to the interaction Hamiltonian, or alternatively, to the modular automorphism group
(6.7). They satisfy the resolution of the identity

/ / |22 | dv @, w) dv(v, v) = 2 v, (7.3)

where dv(z, z) is the measure introduced in (5.14).

We denote, as before, the subspace of L*(C,dv(z, 2)), consisting of holomorhic functions
in the variable z, by $po and the subspace of antiholomorphic functions (i.e. holomorphic
in Z) by $.no. As we have seen before, the subspace o is spanned by the vectors
{H()(), Hm, H()z, ey H()n, .. } and 57);1_1101 is spanned by {H()(), Hl(), Hz(), P H,,(), .. } Let
Ppor and P,y be the corresponding projection operators, so that Pho; N Py-no1 = |Hoo) (Hool-
We now define the (non-normalized) coherent states:

n
=To Z \/EHHO € Na-hols VzeC = n(w)=e"%,
(7.4)
F =l = Z HOn € Hhol, vZeC = iz(w)=e""

Note that this definition is consistent with the fact that the function K (w, z) = e¥%, which is
a reproducing kernel, can be written as (see (5.25) and (5.26)):

n=0 n=0
X —pn

=3 = HuG.2) (15)
n:OM n <,

14
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In view of (7.2) we also have,

In: =iz, (7.6)
and furthermore,
-2 « = zz S A*
ne=et ey, = et e g, 17

Because of (7.6), we shall call the pair {n,, 7z} conjugate coherent states.
The following resolutions of the identity, on $pe and $,-por are then readily established:

/(; |772><772| d\}(z, Z) = ]P)a-holv

(7.8)
/ 152) (7] AV(E. 2) = P,
C
Using this and (7.6), we also obtain
TPt = / 12) (2] v Z. ).
¢ (7.9)

TPy = /C 17.) (2] dv E, 2).

The first operator is a partial isometry between $,-no1 and $Hpo1, While the second is the reverse
isometry. Note, also that

TPholT = Py-pol. (7.10)
We also note that, since (5.16) and (5.18) imply that A, H,o = /nH,_19, we get
Az = zn;, A_iz = 7z,

so that, putting

(A O _(z 0 _(n:
s=(o 2) ==Y m me=(3)

we have An; = Zn;. Hence these vector coherent states are eigenvectors of the matrix
annihilation operator A (see also [4]).

8. Conclusions

In the problem of the electron studied here, the Hamiltonian governing the motion had a pure
point spectrum, with each level being infinitely degenerate. Moreover, the energy levels were
equally spaced. It seems possible to consider more general Hamiltonians, again with pure point
spectra and infinite degeneracies, but not equally spaced, and go through a similar analysis.
This would lead to other Hilbert spaces of holomorphic and antiholomorphic functions and
to mutually commuting von Neumann algebras generated by more general shift operators.
Hence, a modular structure similar to that considered in this paper can be recovered. There are
also indications of an interesting connection between the problem studied here and the recently
studied non-commutative quantum mechanics, as described, for example, in [13]. Both these
aspects will be considered in a paper which is now in preparation. Furthermore, the relation
between our procedure to lift the degeneracy and the right choice of the wavefunction for the
fractional quantum Hall effect is a very appealing problem which we plan to consider in the
near future, together with other aspects of the model intimately related to the Hall effect rather
than with the Landau levels. Also, as mentioned earlier, introducing an electric field, in a
direction orthogonal to the magnetic field, or introducing a confining (e.g. a two-dimensional
harmonic oscillator) potential for the electron could also lift the degeneracy. The resulting
effect on the mathematical theory would be to modify the modular structure and the KMS
state. This is another interesting issue which we intend to study in greater depth.
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Appendix. Basics of von Neumann algebras

In this appendix we collect together some basic definitions and facts about von Neumann
algebras. Details may, for example, be found in [17]. Let $) be a Hilbert space over C. For
our purposes it will be enough to assume that §) is separable, of dimension N, which could be
finite or infinite. We denote by £(£)) the set of all bounded operators on §. Let 2 € L($)
and 2’ its commutant (i.e. the set of all elements of £(£)) which commute with every element
of ). Let 2 be closed under linear combinations, (operator) multiplication and conjugation
(i.e. if A € A then its adjoint A* € /). If in addition 20 = 2", then 2 is called a von Neumann
algebra. 1t can then be proved that 2 is a weakly closed set. A von Neumann algebra always
contains the identity operator /¢ on $). The von Neumann algebra 2 is called a factor if
ANA = Cly.

Let ¢ : 2 —> C be a bounded linear functional on 2, which we denote by
(p; Ay, A € . We call ¢ a state on this algebra if it also satisfies the two conditions:
(a) {(p; A*A) > 0,YVA € A and (b) (p; Iz) = 1. The state ¢ is said to be faithful if
(p; A*A) > Oforall A # 0. A state is said to be normal if and only if there is a density matrix
p such that (p | A) = Tr[pA], VA € 2. Itis called a vector state if there exists a vector ¢ €
such that (p; A) = (¢ | Ap), VA € 2. Clearly, such a state is also normal. A vector Y € §
is called cyclic for the von Neumann algebra if the set {Ays | A € 2} is dense in $); it is said
to be separating for 2 if Ay = By, A, B € 2, if and only if A = B. It can then be shown
that v is cyclic for 2 if and only if it is separating for 2" and vice versa. An automorphism
of the von Neumann algebra is a map « : % — 2 which preserves its algebraic structure. It
can then be shown that « is norm preserving.

The centralizer of the von Neumann algebra 2, with respect to the state ¢, is the von
Neumann subalgebra,

M, = {B €A (p: [B, Al) = (p: BA— AB) = 0,VA € 2}. (A.1)

A von Neumann algebra is generated by all the unitary elements in it. As an example, if we
take the unitary Weyl operators (see (4.1)) Us(x, y) = exp[—i(xQ+ +YP1)], x,y € R, with
Q4, Py asin (4.8) and (4.11), they generate the two von Neumann algebras 2. introduced
at the end of section 4. Similarly, a von Neumann algebra is generated by all the projection
operators contained in it. Thus, as mentioned in section 3.4, the centralizer algebra 90, is
generated by the projection operators ]P’f, i=1,2,...,N.
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