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Chapter

Introduction

In the mathematical treatment of a macroscopic mechanical system, the
assumption is made that Newton’s laws hold. This so-called classical
paradigm predicts the outcome of experiments well. However, since
our universe is more fundamentally ruled by quantum mechanics, such
a classical system should actually be a good approximation of some
quantum-mechanical system. The question then arises how one could
determine a quantum description of a system from the classical one.

The most convenient formalism of classical mechanics for this construction
is that due to Hamilton. Here, the system is described in terms of its
phase space, which is a symplectic manifold (M, w) of which every point
corresponds to a possible state of the classical system. An observable
quantity of this system is represented by a function f € C*(M): the value
f(p) is the outcome of the observation if the system is in state p € M.

On the other hand, a quantum system is described by a complex Hilbert
space §), and the states of the system are described by the unit elements of
$. An observable quantity of this system is represented by a Hermitian
operator A. If ) € $ is a unit eigenvector of A with eigenvalue A, the
outcome of the observation will be A if the system is in state 1,. From the
spectral theorem we conclude that more generally * Ay may be seen as
the expectation value of the observation if the system is in state 1.

These things considered, we are interested in constructing a Hilbert space
endowed with some distinguished Hermitian operators from the geometric
object (M, w). This procedure is called geometric quantization. After
quantization the Poisson bracket of classical operators should correspond
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to the commutator bracket of quantum operators.

It turns out that if w satisfies some integrality condition, it is not difficult
to construct such a Lie algebra representation. However, the naive con-
struction will give a representation on a Hilbert space that is “too large’
in some sense. To get the correct quantum Hilbert space some auxiliary
structure on (M, w) is required, namely a polarization.

We are especially interested in the case that (M, w) is an effective Hamil-
tonian T"-space, where T" is the torus of half the dimension of M. Then
M is called a symplectic toric manifold, and it is a theorem by Delzant
that a compact symplectic toric manifold is determined up to equivariant
symplectomorphism by its moment polytope A C R". By the same con-
struction we find that certain non-compact symplectic toric manifolds are
also determined by their moment polyhedron.

Classical systems corresponding to symplectic toric manifold are especially
nice, since they are completely integrable. We show that for such a
system, both the integrality condition on w and the complex Hilbert
space associated with (M, w) can be read from the lattice points in the
moment polyhedron A. For compact symplectic toric manifolds this is a
relatively well-known result, and a proof is found in [Hamo8]. However,
many mechanical systems that are of interest to physicists have a non-
compact phase space. It turns out that the theorem generalizes the class
of non-compact symplectic toric manifolds whose orbital moment map
is an embedding. This gives us an easy way to quantize two of the most
fundamental mechanical systems, namely the harmonic oscillator and the
spin particle.

In this thesis, we start out by recalling some definitions and theorems
from symplectic geometry and the connection with classical mechanics
in Section 2.1. We then recall some basics on the formalism of quantum
mechanics in Section 2.2.

In Chapter 3, we start by formulating a first attempt at quantization, called
prequantization. As discussed in Section 3.1, the prequantization of (M, w)
relies on the choice of a complex line bundle with curvature two-form
related to the symplectic form w, and an admissible bundle is called a
prequantum line bundle. The square-integrable sections of this bundle
define a complex Hilbert space, and the Lie algebra of smooth functions
on M has a representation as a Lie algebra of Hermitian operators on
this space. In Section 3.2 we discuss an alternate approach, where the
prequantum line bundles are replaced by certain principal U(1)-bundles



called Boothby-Wang bundles. We show the two approaches are equivalent
and result in isomorphic representations. Then in Section 3.3 we show that
the condition for a symplectic manifold to admit a prequantum line bundle
is an integrality condition on the symplectic form. Finally in Section 3.4
we give a treatment of a few simple mechanical systems.

It turns out that the resulting prequantum spaces are too big in some sense,
and in Chapter 4 we discuss how to define quantization. In Section 4.1 we
define the additional structure we need to endow (M, w) with, namely a
polarization. We find that we can only define quantization for a restricted
class of classical observables. In Section 4.2 we explore the quantization
procedure for a real polarization, and in Section 4.3 we show that a Kdhler
manifold (M, w) admits a holomorphic prequantum line bundle which
has a natural quantization. Then in Section 4.4 we revisit the examples of
the previous chapter.

In Chapter 5 we specialize to the study of symplectic toric manifolds. We
start in Section 5.1 by discussing a generalization of Delzants theorem
which relates symplectic toric manifolds with the image of their moment
map. In particular, we discuss a procedure to construct a symplectic toric
manifold (My,wp) from a simple, rational and smooth polyhedron A C
R". A slightly different construction gives M, a complex structure. Then
in Section 5.2 we get to the main part of the thesis. First Proposition 5.2.1
shows that a symplectic toric manifold is quantizable if the vertexes of its
moment polyhedron A are in the lattice 7Z", and Theorem 5.2.5 shows
that in that case the quantization is given by the lattice points in A. Finally
we show how this theorem leads to the quantization of the harmonic
oscillator and the spin particle in Section 5.3.






Chapter 2

Preliminaries

2.1  Formalism of classical mechanics

In this section we will explain how classical mechanics can be formalized
in terms of symplectic geometry, and we will recall some definitions and
properties relating to symplectic manifolds. For details, we refer to [Cano1]
and [Leeo3].

2.1.1  Symplectic geometry

A symplectic manifold is a smooth manifold M endowed with a non-
degenerate closed two-form w € Q?(M), called a symplectic form. It
follows from the non-degeneracy that M then must be of even dimension,
say dim M = 2n, and then w" is a volume form on M. The structure-
preserving maps are smooth map that pull back the symplectic form
on the codomain to that on the domain, and an symplecticly invertible
symplectic map is called a symplectomorphism.

At any point p € M, the tangent space T, M is a vector space endowed
with the non-degenerate skew-symmetric bilinear form w),. This form
gives rise to the symplectic complement: for a subset W C T, M this is
defined by

W :={ve T,M|Vw e W: wy(v,w)=0}.

A subspace W C T, M then is called isotropic if W C W*? and Lagrangian
if W = W%. The Lagrangian spaces are precisely those who are maximal
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in the class of isotropic subspaces, and necessarily have dimension .
Now a submanifold N C M is called Lagrangian if for any p € N, the
subspace T,N C T,M is Lagrangian. The Lagrangian submanifolds play
an important role in symplectic geometry.

In the Hamiltonian formalism of classical mechanics, a mechanical system
is described by a Hamiltonian system, that is: a symplectic manifold
(M, w) together with a distinguished smooth function H € C*(M), called
the Hamiltonian. States of the system correspond to points in M, and the
Hamiltonian is interpreted as assigning to any state its total energy. The
dynamics of the system are given by the integral curves of the Hamiltonian
vector field Xy € X(M), which is the unique vector field such that 1x,,w =
dH. The existence and uniqueness of this vector field follows from the
fact that a non-degenerate two-form w,: T,M x T,M — R induces an
isomorphism T, M — T/ M.

The definition of the Hamiltonian vector field of a smooth functions gives
rise to the Poisson bracket on the space of smooth functions, given by
{f, 8} = w(Xf, Xq). This bracket is bilinear, alternating and satisfies the
Jacobi identify, making (C®(M),{—,—}) into a Lie algebra. We recall
some basic properties of the Poisson bracket with respect to Hamiltonian
vector fields.

Proposition 2.1.1. If (M, w) is a smooth manifold and f,g € C®(M), their
Poisson bracket and Hamiltonian vector fields satisfy

{f.8} = Xof
and
Xipgr = —[Xp Xgl.

We also recall the coordinate representation of Hamiltonian vector fields
and the Poisson bracket.

Proposition 2.1.2. Let R?" be the standard symplectic space with coordinates
(¢/,pj) and symplectic form w = dg/ Adp;. If f,g € C®(IR*") are smooth
functions, then the Hamiltonian vector field of f is given by

of 9 df 0
dpidq' g’ Ip;
and the Poisson bracket of f and g is given by
of 9 _ of 9g

i.8h= dq'dp;  dp;oq’
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Often a mechanical system is described by a configuration space, a Rie-
mannian manifold (Q, g) of all possible instantaneous configurations of
the system. The phase space then is the cotangent bundle (T*Q, w®"). The
canonical symplectic form is defined as w®" := —dA, where A € Q(T*Q)
is the Liouville form, which on an open subset U C Q admitting coordi-
nates (q',...,4") with standard coframe (py, ..., p;) is given by

n

j=1

For the canonical symplectic form, we then find

n .
aJ|T*u = qu] /\dp]
=1

If we endow Q with a potential energy function V € C®(Q), and we
consider the kinetic energy function

K: T*Q — R
1
(,p) — 5.8(p.p),

where m is a constant that represents the mass of the system. The Hamil-
tonian corresponding to this system then becomes

H: (q,p) — K(g,p) +V(q), (2.1)

A physicist may want to make a measurement on a mechanical system. In
the most general sense, such a measurement gives a value that depends on
the state of the system. In other words: to any observable quantity there
is associated a function f: M — R. If we assume smoothness here, we
may think of C*(M) as the space of observable quantities of the system.
For example, the Hamiltonian H is the observable that corresponds to the
measurement of the total energy of the system.

2.1.2 Contact geometry

Contact geometry is the odd-dimensional analogue to symplectic geometry.
If M is a smooth manifold, a one-form a € Q'(M) defines a codimension-
one distribution ¢ by Cp = ker ap C TyM. Then « is called a contact form
if da restricts to a non-degenerate two-form on ¢, and we note that M then
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must be odd-dimensional. A smooth manifold M with a codimension-one
distribution ¢ then is called a contact manifold if ¢ if locally defined by
contact forms in the sense that for every open U C M and « € Q!(U) with
kera = ¢|y, w is a contact form.

If (M, ¢) is a contact manifold of dimension 21 + 1 and « is a global contact
form, we have a canonical volume form of M given by a A (da)".

An important property of symplectic manifolds is that since the non-
degenerate symplectic form gives a correspondence between smooth func-
tions and certain vector fields. In contact geometry we have an analogous
correspondence, albeit a little more complicated. First we see we already
have a vector field associated with a contact form.

Proposition 2.1.3. If (M, ¢) is a contact manifold with contact form w, there is a
unique vector field Ry € X (M) which satisfies iroda = 0 and 1z, = 1. We call
this the Reeb vector field of .

The analogue to the construction of the Hamiltonian vector field of a
smooth function on a symplectic manifold then is the following

Proposition 2.1.4. If (M,{) is a contact manifold with contact form « and
f € C®(M) is a smooth function, there is a unique vector field Xy € X(M)
which satisfies a(Xy) = f and fodzx|§ = —dfl|s. We call this the contact

Hamiltonian vector field of f.

Proof. Note that since da|z is non-degenerate, there is a unique Y; € I'(¢)
such that iy dals = df|s, and it is easy to verify that

Xf = —Yf + fR,. (2.2)

satisfies the defining properties of the contact Hamiltonian vector field. [

2.1.3 Completely integrable Hamiltonian systems

On a Hamiltonian system (M, w, H), an observable f € C*(M) is called
an integral of motion if it is invariant under the flow of the Hamiltonian
vector field Xy which gives the dynamics of the system: that is, if Xg f = 0.
By Proposition 2.1.1 this happens if and only if {f, H} = 0. In particular,
the Hamiltonian H is an integral of motion which corresponds to the
principle of conservation of energy in physics.
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If f is an integral of motion, the equations of motion restrict to the level
sets of f. These are contact manifolds of dimension 21 — 1. If a system has
multiple integrals of motion fi, ..., fy € C*(M), we can do even better by
reducing to combined level sets.

Definition 2.1.5. A symplectic manifold (M, w) with dim M = 2n is called
completely integrable (in the Liouville sense) if there are smooth functions
fi,..., fn € C®°(M), called a complete set of commuting functions, that
satisfy the following two conditions:

¢ they are independent in the sense that there exists some dense open
U C M such that (df1)p, ..., (dfx)p are linearly independent in T; M
forall p € U;

¢ they commute pairwise in the sense that for all 1 < j,k < n we have
{ f]-, ki} = 0.

In particular, a Hamiltonian system (M, w, H) is called completely inte-
grable if (M, w) is completely integrable with f; = H.

It should be noted here that for each p € M, the subspace of T, M spanned
by the (X f].)p is isotropic since

wp(Xp, Xp) = {fi ket (p) = 0.

Using that under the identification T*M = TM given by w the Hamilto-
nian vector field Xy, corresponds to dfj, and by independence of the func-
tions we conclude span{ (X f].)p};?:l has dimension 7. Since it is isotropic
of maximal dimension it is Lagrangian.

Example 2.1.6. On the standard symplectic space R?" with the symplectic
form w = Y, dg’ Adpj, both the sets {q',...,4"} and {p1,..., pu} are
complete sets of commuting functions.

2.1.4 Symplectic reduction

The idea of reducing the phase space of a constrained system is formalized
as follows.

Definition 2.1.7. The action ¢ of a Lie group G on a symplectic manifold
(M, w) is called a Hamiltonian group action if G acts by symplectomor-
phisms, ¢: G — Sympl(M, w), and there exists a map y: M — g* that
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is equivariant with respect to the co-adjoint action of G on g* and that
satisfies d(, ¢) = ix,w for all § € g, where Xz € X(M) denotes the funda-
mental vector field of {. The map u is then called a moment map for the
action, and the quintuple (M, w, G, ¢, u) is called a Hamiltonian G-space.

Theorem 2.1.8 (Marsden-Weinstein). If (M, w, G, ¢, u) is a Hamiltonian G-
space for some compact Lie group G such that G acts freely on Z := u~1(0), then
the orbit space Z /G, which is denoted by M,eq, admits a unique smooth structure
such that 7w: Z — Myeq is a smooth submersion and a unique symplectic form
Wreq SUch that

Fw = 1T Wreq,

where 1 denotes the inclusion Z — M.

2.1.5 Kihler manifolds

For quantization, it will turn out to be useful to study symplectic manifolds
that have some sort of complex structure. This will locally be modelled by
a complex structure in a real vector space.

Definition 2.1.9. If V is a finite-dimensional real vector space, an endo-
morphism | of V is called a complex structure if ]> = —Iy.

We note that such a map can only exists if the dimension of V is even. The
complex structure then gives rise to an actual complex vector space V;
such that V; = V as a set where scalar multiplication is given by

C x V] — V]
(a+ bi,v) — av+bJ(v).

Another way to construct a complex vector space form V is by endowing
the tensor product V¢ := C ®R V with the scalar product

Cx Ve —vC

(A, z®0) — (Az) Q.

Note that if V is of real dimension 27, then V; is of complex dimension n
and V¢ is of complex dimension 2#.

If ] is a complex structure on V, it complex-linearly extends to an endo-
morphism J¢ of V€. This operator has eigenvalues +i, and we denote
by VIV the eigenspace corresponding to i and by V! the eigenspace
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corresponding to —i. We have a C-linear identification V; =¢ V10 since |
corresponds to multiplication with i. Furthermore, complex conjugation
gives a isomorphism of real vector spaces V10 = V01,

Since V€ = V10 g V01 we get natural inclusions of the exterior algebras
A(VIO) — A(VE) and A(VO1) — A(VE). We define AM (V) for k,1 > 0
to be the subspace of A(VC) generated by

{unov|ue A (VYP), v e AFVOI]

Definition 2.1.10. If (M, w) is a symplectic manifold, then a section | €
I'(End(TM)) is called an almost complex structure on M if for every
p € M the endomorphism J, is a complex structure in T, M.

Similar to the linear case an almost complex structure induces a decompo-
sition of the complexified tangent bundle T M, which is defined such that
Ty M = (T,M), into two bundles consisting of pointwise eigenspaces.

The bundle T’ M, which consists of the i-eigenspaces of | is called the
holomorphic tangent bundle, and the T®'M which consists of the —i-
eigenspaces of | and is called the anti-holomorphic tangent bundle. For
k,1 > 0 this gives rise to the differential forms of type (k,1), QX' (M),
which is the subspace of I'(A(T¢M)) generated by

{wAy | weT(ANTYM)), 1 € T(A(TM))}.

We also have genuine complex manifolds.

Definition 2.1.11. If n > 0, a complex manifold of complex dimension # is
a pair (M, A) where M is a Hausdorff and second-countable topological
space and A an atlas consisting of charts (U, ¢) with U C M an open
subset and ¢: U — C" such that the transition maps are biholomorphic.

It is clear that a complex manifold M of dimension # also has the structure
of a smooth manifold of dimension 21, when the complex coordinates
(z1,...,2zn) are replaced by real coordinates (ql, e g%, p1,- ., Pn) such
that z; = g —i pj- The reader is warned that this is not the same convention
as in [Cano1]. However, it turns out that this is the natural identification
for the quantization of the harmonic oscillator in Section 4.4.1.

Now M also has a canonical almost complex structure |, which is locally
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defined by

we can simply describe the holomorphic and anti-holomorphic tangent

bundles by
1< < n}

and if we define dz; = dg/ — idp; and dz; = dg/ — idp;, we have that

TlOM—spanC {88 1< < n} TOlM—spanC {aa

Zj

Okl (M) is generated by elements of the form
dzjy N NdzZj NZj N AN ZG

The constant 1/2 in the definition of the holomorphic and anti-holomorphic

derivations is chosen to ensure that for any complex-valued function
f € C®(M;C) we have

df = Z(afd +afd‘>

Considering the projection operators

7o T(A(TCM)) — QN (M)
the complexification of the exterior derivative may be written as a sum
d€ = 9 + 9, where

d:— n_k—l—l,l o dC 5 = 7.L_k,l+1 o dC
are the so-called Dolbeault operators. From the vanishing of d?, they
satisfy:

00 =0 00+0d =0

Q|
(o3]]
I
o
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Definition 2.1.12. A complex manifold M, seen as a real manifold with
almost complex structure | and endowed with a symplectic form w, is
called a Kdhler manifold if

is a Riemannian metric on M.
It turns out that w can locally be written in terms of a scalar potential,

Lemma 2.1.13. If (M, ], w) is a Kihler manifold, and p € M, then there exists
a neighbourhood U of p and a smooth function p € C*(U) such that

i -
wly = 588p.

Such a function p is called a Kdhler potential. It immediately follows that
w must be of type (1,1), and that the (1,0)-form

i
satisfies w = —do.

Example 2.1.14. If we consider C" = IR?", the canonical symplectic form
can be written as

i ¢ _
wp = _EE dzj A\ dz;. (2.3)

The function

p(Zl,. . .,Zn) = — ZZ]'E]'

then is a global K&hler potential, and the corresponding symplectic poten-
tial is

i i &
Eap = _E Z‘{Z]dZ]
]:

We can write the Hamiltonian vector field in terms of the holomorphic
and anti-holomorphic coordinates as follows.
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Proposition 2.1.15. If f € C®°(IR?") is a smooth function, then the Hamiltonian
vector field of f is given by

X, =2 (ﬁiﬁi),

j=1 BZJ aZ] aZ] 82]

2.2 Formalism of quantum mechanics

In this section we provide some details on the formalism of quantum
mechanics, which is formulated in terms of complex Hilbert spaces. We
tirst discuss some concepts from functional analysis that form the math-
ematical framework of quantum mechanics. Then we discuss quantum
mechanics itself and the canonical quantization of classical systems given
by standard symplectic space.

There are many textbooks on quantum mechanics, and for example [SN17]
gives a nice explanation of the physicists perspective. For a more mathe-
matical treatment one might consult [Hal13] or the first few chapters of
[Folo8], and for details on the functional analysis we refer to [Congo].

2.2.1 Complex Hilbert spaces

Since quantum mechanics is defined in terms of operators on a complex
Hilbert space, let us first of all recall the definition of a Hilbert space.

Definition 2.2.1. If §) is a complex vector space, then an inner product is a
map (—,—): $ x $H — C such that

e For every ¢ € ) we have (¢, ) € R and (¢, ) > 0 with equality if
and only if ¥ = 0;

 For every ¢, ¢’ € $ we have (¢, 9’) = (¢, ¢);
e For every ¢ € §) the map ¢’ — (¢, ¢’) is linear.

A complex Hilbert space (), (—,—)) then consists of a complex vector
space together with a complex inner product such that § is complete with

respect to the norm ||| := \/(¢, P).

Remark 2.2.2. Here we follow the convention which is popular under
physicists that the complex inner product is linear in the second term.
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Lebesgue spaces are important examples of Hilbert spaces, and they also
play an important roll in the formulation of quantum mechanics.

Example 2.2.3. If (X,%, ) is a measure space, we consider the space
L2(X, 1) consisting of the measurable functions f: X — C such that the
integral satisfies

2du < oo,
J \fPan < oo

Now we define an equivalence relation by setting f = g precisely if f = ¢
almost everywhere, and we define the Lebesgue space LV (X, i) to be the
quotient space £2(X, i)/ =.

This space has a natural inner product: for f,g € L?(X, u), we set

(f,g) = /X fgdu.

which is finite due to Holder’s inequality. The space is also complete, and
thus an example of a Hilbert space.

In the rest of the thesis, we will mainly ignore this quotient and use
language that refers to elements of the Lebesgue space as functions instead
of equivalence classes.

Other Hilbert spaces that will play a role in this thesis are the so-called
holomorphic Lebesgue spaces.

Example 2.2.4. If U C C" is an open subset endowed with the standard
Lebesgue measure dz and p € C®(U) is a continuous and strictly positive
function on U, we define the holomorphic Lebesgue space HL>(U, ) to
consist of the holomorphic functions f: U — C such that

2udz < oo.
[ fute < o

This is a closed linear subspace of L?(U, udz) and therefore is a Hilbert
space.

Definition 2.2.5. If § is a complex Hilbert space, then a linear map A: $ —
5 is called a bounded linear operator if there exists a k € R~ such that
for every x € 6,

A < K ||x]].
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The set of all bounded linear operators on § is denoted by B($)). It turns
out that these are precisely the continuous linear endomorphisms of ).

We may similarly define bounded functionals to be bounded linear maps
from § to C. The space of such maps is denoted by $* and called the
continuous dual of §). One of the useful properties of Hilbert spaces is the
following:

Theorem 2.2.6 (Riesz’ representation). If §) is a complex Hilbert space, then
the map

H— o
pr— (¥ — (¥, 9))

is well-defined and a conjugate linear isomorphism of vector spaces.

Among the consequences of this theorem is the definition of the Hilbert
space adjoint of a bounded linear operator, and a notion of Hermitian —
or, as a mathematician might prefer to call them, self-adjoint — operators.

2.2.2 Densely defined operators

The operators defined by quantization will, in general, not be bounded.
We are therefore compelled to provide at least the definition of a Hermitian
unbounded operator. However, since the aim of this thesis is to develop
the geometric properties of quantization, we shall mostly ignore the issues
of unboundedness in the later chapters.

Definition 2.2.7. If §) is a complex Hilbert space, then an operator on $
consists of a linear subspace dom A C §), called the domain of the operator,
together with a linear map A: dom A — $). The operator is called densely
defined if dom A C §) is dense.

Definition 2.2.8. If §) is a complex Hilbert space and A is an operator on
9, then the graph of A is the linear subspace

gra(A) := {(x,f(x)) | x e dom A} C $ x $.

More generally, any linear subspace G C § x §) such that for every ¢ € 5,
the set ({1} x $) N G has at most one element is called a graph on ). The
operation gra then provides a bijective identification of the operators on $
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and the graphs on §). This provides a partial ordering on the operators,
and we say an operator B is an extension of A if gra A C gra B.

Definition 2.2.9. If §) is a complex Hilbert space and A is an operator on $),
then A is called closable if clgra A is a graph and closed if gra A is closed.

Now we are interested in the construction of the adjoint of a densely
defined operator A. First, we define

dom A* :={yp € H | ¢/ — (¥, AY') has a bounded extension}.

We note that since A is densely defined, this bounded extension must be
unique. From Theorem 2.2.6 we then see that for ¢y € dom A* we have
a unique element of H, which we will call A*y, such that (A*yp,¢’) =
(Y, Ay') for all ¢’ € dom A. This defines an operator A*, which we call
the adjoint of A.

The adjoint has the following properties:

Proposition 2.2.10. If § is a complex Hilbert space and A is a densely defined
operator on §), then A* is a closed operator. Moreover, A* is densely defined if
and only if A is closable, and in that situation the closure of A is A**.

This suggests the adjoint is well-behaved on the class of closed densely
defined operators, which we shall denote by C($)).

Definition 2.2.11. If §) is a complex Hilbert space and A is an operator on $,
then A is called Hermitian if (A*y,¢') = (¢, Ay’) for all ¢, ¢’ € dom A.

Remark 2.2.12. This differs from the standard definition of self-adjointness
of densely defined operators, where A is self-adjoint if A = A*, since the
equality of two operators is also a statement about their domains. What
we call a Hermitian operator is referred to as a symmetric operator in
most literature.

2.2.3 Canonical quantization

In the description of a quantum-mechanical system, the central object is
a complex Hilbert space §). A state of the system is described by a unit
vector ¢ € §). The obervables are describes by Hermitian operators. How
an observation of such a system may be precisely describes is a contested
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topic, which we will not go into here. It suffices to say that if ¢ is an
eigenvector of an observable A with eigenvalue Ay € C, the observation of
A of a system in state i will be the value Ay. If ¢ is a linear combination
of eigenvalues, ({, A) may be interpreted as the expectation value of a
measurement. This is also true if the spectrum of A is not discrete. Just
as in the classical case, the equations of motion of a quantum system are
given by the observable corresponding to the total energy of the system.

The classical systems with the most simple description are those with con-
figuration space Q = R", so that T*Q is just the standard 2n-dimensional
symplectic space. It is not surprising that these are also among the most
simple systems to give a quantum description. First let us consider the
requirements for the operator algebra of the quantized system.

If Qf denotes a quantum operator associated to some classical operator

f € C*(R?") Paul Dirac [Dir30] derived that the commutator of such
operators must be related to the Poisson bracket by

[Qf, Q] = i1 Q¢ o (2.4)

Here 7 is the reduced Planck constant, which gives the scale at which
energy is quantized. Explicitly, a quantum of electromagnetic radiation —
called a photon — with angular frequency w has energy fiw. The reduced
Planck constant thus must have units of energy multiplied by time, and
has the empirically determined value of i = 1.055-1073*Js. Since we
prefer to keep the units implicit, in the rest of this thesis we will simply
assume /1 € R+ .

If we also assume that

Q=1 (2.5)
as Dirac does implicitly, we find the so-called canonical commutation
relations:

[ij’ ka] =0 [qu’ qu] =0 [qu/ ka] = lh(s]](/ (26)

for all 1 < j,k < n. Here we use a shorthand notation by writing a scalar
A € C for the operator Al

Operators satisfying these commutation relations may be realized on the
Lebesgue space $§ = L?(IR") of square-integrable functions.

Qi § — qiy Qi — —zha—;”j. (27)

This choice of operators is called canonical quantization.
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2.2.4 Fock quantization

There is another standard way to define the quantization of Q = R"
as functions on the total phase space. We note that we have canonical
isomorphisms of the real manifolds T*Q = R?"* & C", Following [Haloo],
we consider the quantization of the complex coordinates z; = g+ ip;
and the conjugate coordinates z; = g — ipj. One might be concerned
that we are now quantizing complex-valued classical observables. By
C-linear expansion of the quantization map this is well-defined, though
the resulting operators no longer need be Hermitian.

From complex linearity, we get the operators

sz = qu + iij QZ]' = qu - iij

and since Q g and Qp]. are Hermitian, it is clear that we have Q;‘j = ij.

The canonical commutation relations (2.6) imply that for 1 < j, k <n we
have

[Q2,Q] =0 [Q:, Q5] =0 [Q:,, Qz,] = 2hé). (2.8)

We now want to define a quantization in terms of the operators z; and z;.
From this one may recover the operators of Section 2.2.3 by

0y =5 (0 +0:) 0y = (0, - 0;).

Vladimir Fock had the idea that to use the operators z; and d;; up to some
scaling to get the commutation relations (2.8), and Valentine Bargmann
constructed the Hilbert space in which these operators are each others
adjoints.

Definition 2.2.13. If n > 0 is an integer, the Segal-Bargmann space on C"
with parameter 7 is the holomorphic Lebesgue space HL?(C", ji) as in
Example 2.2.4 with the positive function py: C" — R+ given by

1 1,2
(=) = e "

Any holomorphic function can be written as a series of monomials, and
after normalization we find that

1 1
PR — Zlfl RN Zﬁ”
. k:
j=1 k]'(Zh) ]
k... kn>0
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is an orthonormal basis of HL?(C", uy,).

On the Segal-Bargmann space $) = HL?(C“, uy,) Fock quantization is the
choice of the operators

oY
QZ],: P — 27718—2:]' Qz].: P — Z]‘17L7.

In HL?(CY, i) these operators are indeed adjoints of one another. These
operators are related to the so-called creation and annihilation operators

1 1
a]' = - QZ' aj - @QZ]

If we label the normalized basis vectors by {¢x, k. }k,,.. k>0, We see that

* _
APy, kg = A K Tk i1,y
APky, kg = \/k7j¢k1,...,kj—1,...,kd-

The so-called number operator

d

Ni:=a;a; = zj=—
4 ]aZ]'

I ]

then clearly has any yy, . «, as eigenvector with eigenvalue k;.



Chapter 3

Prequantization

3.1 Prequantum line bundles

We are interested in extending the notion of canonical quantization, as
discussed in Section 2.2.3, to more general mechanical systems. As dis-
cussed in Section 2.1.1, these systems are mathematically described by a
symplectic manifold (M, w) and a Hamiltonian H € C*(M).

A first attempt would be to construct a complex Hilbert space ﬁﬁ/r[e of
square-integrable complex-valued smooth functions on M endowed with
a representation OP™ of the Lie algebra of smooth functions on M as
densely defined Hermitian operators on $%,". However, it will turn out
such a construction is bound to result in a Hilbert space that is too large
to be a quantization theory. For this reason, the construction is called
prequantization. A nice description of this procedure is found in [Ler].

If this prequantization is to resemble the physical reality, we will require
Dirac’s quantization conditions (2.4) and (2.5) to hold:

[QF, Q¢ = ih Q{7 (51)

Q" — Iypn. 62

Due to the identity [Xf, X¢] = —X{¢4) from Proposition 2.1.1, the choice
Q?re := —ihXy acting on C*(M) satisfies (3.1), but it does not satisfy

(3.2) since X; = 0. We may adjust our prequantization map to Q?re =
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—ih Xy + my, where the last term denotes pointwise multiplication with f.
Then (3.2) is satisfied, but now we have

[—Zth +myg, —ith + mg] = Zh( — ZhX{f,g} + Zm{f,g}) .
However, this problem can be easily fixed by replacing the operator X; on

C*®(M; C) with some exterior derivative Vx ,ona complex line bundle E
with curvature F(V) such that

F(V)(Xf, Xg) = i {f, g} = ih 'w(Xy, Xy).

Definition 3.1.1. If (M, w) is a symplectic manifold, a prequantum line
bundle over M is a hermitian line bundle 7: E — M together with a
hermitian connection V in E which has curvature F(V) = it 'w. The
prequantum Hilbert space ﬁﬁ/r{e of M with respect to this bundle is the
Lebesgue space of sections ¢ € I'(E) which are square-integrable in the
sense that

| @) <o,

and it is endowed with the inner product

(.9 = [ (e
The prequantization map then is
QP™e; C2(M) — C(555)
f — —ithf —+ Mf,

where we recall C (531;26) is the space of closed densely defined operators
on J"j};/rle as defined in Section 2.2.2.

Note that if M is compact, the situation is nicer since all measurable func-
tions on a compact space are square-integrable. However, the cotangent
bundles form an important class of spaces one might want to quantize,
and such spaces are never compact.

Example 3.1.2. If the cotangent bundle T*Q is endowed with the canonical
symplectic form w®" = —dA defined in terms of the Liouville form A,
then there exists a canonical prequantum line bundle: the trivial bundle C
endowed with the connection

Vx =X —ih~'myx). (3.3)



3.1 Prequantum line bundles 25

In the same way we can find a prequantum line bundle (C, V) on any
manifold endowed with an exact symplectic form.

It is obvious that the prequantization map satisfies the condition (3.2). We
now show it also satisfies the other quantization condition (3.1).

Lemma 3.1.3. If (M, w) is a symplectic manifold and (E, V') a prequantum line
bundle on M, then for any f,g € C*°(M) and ¢ € §H%,° in the domain of the
relevant operators, the prequantization map satisfies

[QF, QF Ty = ih Q.
Proof. Note that per definition of the curvature two-form we have
[Vx, Vx| = Vix,x]¥ + F(V)(Xf, Xg)9
= —Vxy o ¥+ w0(Xy, Xo)yp
= —Vx, o ¢+ {f,g}y.
We calculate
Q?reggres — (ih)zvvaxglp — ihVngl[) — ithXgl[J + fgs
— (ih)ZVXfoglP — ihpXsg —ihgVx P —ihfVx 1+ fgs
and similarly
QgreQ?res — (ih)zngVXﬂnb — ihlPng — ithXgl/J — ithXfl[J +gfs
Then using Proposition 2.1.1 we find
Q" Q" = (i [Vx,, Vx,Jp — in({g, f} — {f,g})y
= _(ih)zvx{f,g}lp - Zh{f’g}lp + ZZh{f'g}w

= —(in)*Vx,, ¥ +i{f, g}y
. pre
= Q0¥

which proves the lemma. O

Lemma 3.1.4. If (M, w) is a symplectic manifold and (E, V) a prequantum line
bundle on M, then for any f € C®(M) the prequantization Q?re is Hermitian.
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Proof. We need to show that for any ¢’ € $}° such that the linear map

Y (0, Q) = [ (W, =inVx, ) + @ f5) "
is bounded, we have
0= (¢, Q" y) — (QF ¢ p)

for any ¢ € 5’)110\26. We prove this by showing that, whenever the integrals
under consideration are finite, both terms of the prequantization are
Hermitian:

0= [ (W, =inVx) = (~inVx, ', ¢)) "
0= [ (W f9)— (F44)) "

Note that (¢/, fy) = f(¥', ) = (f¢', ) holds since f is real-valued, so
the latter integral clearly vanishes. For the former we calculate

[ (W, =invxp) = (=inVx g 9))o" = [ (=i, Vi) - in(Tx, ¢, 9) )"
— =it [ (W, Vi) + (T8 9) )"
= it [ Xy, p)”
— —in [ Lx, (¢, 9)")
= —in [ a((y, p)ix, ")

where we used the assumption that our connection is Hermitian and the
last identity follows from Cartan’s magic formula. Due to Stoke’s theorem
and the fact the manifold under consideration has no boundary, this
vanishes. From these observation we conclude Q?re is indeed Hermitian.

O

Remark 3.1.5. This proof only checks that Q?re acts as its adjoint on its

domain, and so is not a proof of the self-adjointness but only of the
symmetry of the operator: see the discussion in Remark 2.2.12
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3.2 Boothby-Wang prequantization

Some texts, such as [SW76], describe prequantization in terms of certain
principal U(1)-bundles called Boothby-Wang bundles. It turns out that
this approach is completely equivalent with the prequantum line bundle-
approach described above. However, both pictures have their advantages
and while we will mainly work with line bundles, it is useful to also
describe this approach and proof that it results in the same quantization
as the line bundle approach.

Definition 3.2.1. If (M, w) is a symplectic manifold, a Boothby-Wang bun-
dle over M is a principal U(1)-bundle p: P — M together with an Ehres-
mann connection § € O (P;iR) which has curvature F(§) = it ' p*w.

Note that we identify u(1) with the imaginary numbers iR, which is canon-
ically identified with the space of skew-Hermitian elements in End(C).
We choose a canonical generator i ! € u(1) and accordingly we identify

1 .
U(l) = {%627'[11’ t e R} .

This choice will ensure the contact structure on P is independent of 7.

Proposition 3.2.2. If (P, ) is a Boothby-Wang bundle, « := —ih6 is a contact
form and the Reeb vector field R, generates the U(1)-flow on P.

Proof. Note that the connection form 6 induces a horizontal distribution
H = kerf of co-dimension one, and it is obvious that « is a locally
defining one-form for . Since dimu(1) = 1 the Lie bracket of one-forms
[0, 6] vanishes, and so df = F(0) = ih ™ 'p*w, and then clearly da = p*w.
Therefore, at any x € P we clearly have Typ: Hy 5 TP(X)M and we see
daly, = (Txp)*wp(y) is non-degenerate. Thus a is a contact form on P,
and (P, ?H) is a contact manifold.

Since dimu(1) = 1, its action is generated by the fundamental vector field
X1 of the generator i™! € u(1). By the properties of the Ehresmann
connection 8, we have

(X)) = —ih0(X, 1) = —i- (in71) = 1.
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We also note that since « is a contact form we have V = ker da, and since
fundamental vector fields are vertical we see

dﬂc(Xihfl) =0.

From these two observations, it follows that X, 1 = R, is the Reeb vector
field of «. O

Proposition 3.2.3. Let (M, w) be a symplectic manifold. Then there is a bijective
correspondence between isomorphism classes of prequantum line bundles and
isomorphism classes of Boothby-Wang bundles on M.

Proof. We will give the construction of a Boothby-Wang bundle starting
from a prequantum line bundle. It is left to the reader to convince them-
selves that the associated bundle-construction gives an inverse at the level
of isomorphism classes of bundles with connection.

Let (m: E — M, V) be a prequantum line bundle. By choosing local
trivializations of E consisting of frames that are orthonormal with respect
to the Hermitian metric on E, we reduce the structure group of E to the
unitary group U(1). Therefore the orthonormal frame bundle p: P — M,
defined pointwise by

Py = {¢x: C — Ey | ¢y is a linear isometry},

with the action defined by ¢ - A := ¢ 0 A for A € U(1) C GL(1;C) and
¢x € P is the principal U(1)-bundle associated with E.

Now consider the pullback bundle p*E with pullback connection p*V.
Note that this bundle admits a tautological global frame (e;), since for
¢x € Py we have (p*E)y, = E, and may take

e1(¢x) == Px(1)
Therefore p*E is canonically trivial, p*E = C, and we have a canonical

tautological connection V%" in p*E. The difference between the two
connections is an End(p*E)-valued form,

0:= p*V — V% ¢ Q!(P;End(p*E)).

As the difference between two Hermitian connections, 6 is in fact skew-
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Hermitian-valued since for X € X(P), ¢, ¢’ € I'(p*E) we have

<(VX—V§?“>¢,1//> = <thp P = (V¥ ¢)
X(p, ") — (¥, Vsp') = X(p,9") + (p, VE“Y')
(9, Vs¢') + (p, VEUY')
—(y, (Vx — V'),

so that we may consider 6§ € Q(P;u(1)).
We claim 6 is an Ehresmann connection in P.

To show the curvature of 6 agrees with the curvature of V, it is enough
to show this is the case locally. So let U C M be an open neighbourhood
that admits a normalized trivialization of E, that is: a smooth section
z € T'(U; E) with (z(x),z(x)) = 1 for all x € U. This gives identifications
E|y = Cy by associating to any x € U and e, € E, the unique element
(x,éx) € U x C such that e, = éxz(x). The trivialization also gives an
identification P|y; = U(1)y by associating to ¢,: C — E, the unitary map

&;:Z|—>g;x\(;).

Note that this gives rise to a canonical connection V" in Cy;. The
tautological function

7: Ply = U(1)y — Mat(1 x 1;C)

given by the inclusion U(1) < Mat(1 x 1;C) gives rise to the canonical
Ehresmann connection

0" = —dt € OV (P|;u(1)) € QY(P|y; Mat(1 x 1;C)),

and in fact this is the Ehresmann connection associated with V". Thus
we see that if 7 € Q' (M;u(1)) is the one-form such that V|;; = V¢ + 7,
then 7 also pulls back to the basic one-form p*n € Q] (P;u(1)) such that
9 — Qcan + p ;7

Since dimu(1) = 1 all Lie brackets of one-forms vanish and and so we
have

F(6) = F(0<" + p™y) = 0" +dp*n = p*dy = p"F(V).

and since we assumed F(V) = i~ w, we do indeed find F(#) = il p*w.
[
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The prequantization map can also be described at the level of Boothby-
Wang bundles.

Definition 3.2.4. If (M, w) is a symplectic manifold and (P, #) is a Boothby-
Wang bundle over M with contact structure defined by the contact form
a = iho, the the Boothby-Wang prequantum Hilbert space 5%} of M with
respect to this bundle is the space of smooth functions on s € C*(P;C)
which are equivariant in the sense that

Rys = —in~ s,

where R, denoted the Reeb vector field of «, and square-integrable in the
sense that

/ Ssa A (da)" < oo,
P

and it is endowed with the inner product

(5,8 := /P ss'a A (da)".
The Boothby-Wang prequantization map then is
QW C®(M) — C(sp1")
f— Xp*f/
wh?re) Xy« € X(P) denotes the contact Hamiltonian vector field of p*f €
C®(P).

This map is well-defined, in the sense that for any f € C*(M) and any
s € C®(P) which is U(1)-equivariant, the prequantization Q}?th is also
equivariant. Note that the contact Hamiltonian vector field of p*f is a
contact vector field that is invariant under the Reeb flow. Then we calculate

R QPVop = —ifi 'Ry X pegs
= —ih " Xy (Rys
= (—ih_l)zxp*fs
= —in ' Q.
In this paradigm, we could also show that QBW satisfies the Dirac axioms
of prequantization. However, we will find this holds as a corollary to the

stronger statement that this representation of C*(M) is isomorphic to the
prequantization as in Definition 3.1.1.
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Proposition 3.2.5. If (M, w) is a symplectic manifold with (E, V) a prequantum
line bundle over M and (P, 0) the corresponding Boothby-Wang bundle, then

there is a canonical isometric isomorphism T': Y)ﬁ,r[e = HBW satisfying, for any
f e (M),
Q?re _ Tfl o Q?W oT.

Proof. Recall the Boothby-Wang bundle associated with (E, V) is the or-
thonormal frame bundle,

Py = {¢x: C — Ey | ¢y is a linear isometry}.
We get a map
T:T(E) — C®(P)
P — (sy: 9= o (()))-

which is linear and injective. Moreover, it takes values in the space of
U(1)-equivariant functions, since for any ¢ € I'(E), ¢x € P and u € U(1)
we have that

sp(@xtt) = (pxu) T ((x)) = ™ sy ()

Then writing

u(t) = 5z € U() Fi(g) = gru(t)

for t € IR, we may linearize this equation to

(B = 2| u(-0sy(0)

(Rastp)(4’x) = _ihilslp(ﬁbx)-

so we conclude sy is equivariant. Conversely, all equivariant functions are
in the image of T. Also, T is a pointwise isometry in the sense that

(5psy) (9x) = ¢ (W (x))9x ' (¥(x) = o' (B, 9) (x)),
just as (¢, ) € C®°(M) we find the function

Syt Ox — br (Y, ) (x))
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is U(1)-invariant, and in fact sy, 4, = p*(¥, ¢). Globally we find
/P%slpa A (da)" = / Sy A (da)”

= (/()<ww>) w"
= [ ).

Thus it is clear that T defines an isometric isomorphism
T: ol = B

Finally, let f € C®(M) and ¢ € T'(E). Using (2.2) to rewrite the contact
Hamiltonian vector field, we find

(QFV o T)(y) = QF"s
= ihXp«rsy
= —ihYp sy + ih(p* f)Rusy
= —iltY, sy + (P f)sy
Where Y,:  is the unique horizontal vector field on P such that (Tp)Y,:f =
Xy.

Now, let ¢ € P and consider neighbourhood of ¢, that admits local
coordinates {x!,...,x?",y} such that the x!,...,x?" descent down to local

coordinates on M. Then we have local components Xj, € C®(M) such that
Xf = Xfax,, and we must locally have Y,«f = (p*X;)axj. Moreover, we
find
(9yi59) (9x) = ¢ ((0,9) (x)).
and so
(Yp*f5¢)(47x) = ((P*X})axfstp) (¢x)
= (" XPex (@) ()
= ¢ (X} (09) (x))

= ¢y ((XflP)( x))
= Ssz/)((Px)-
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We also have (p*f)sy = spy. Continuing the calculation, then, we find

(QFY o T) () = —ilYyypsy + (p*f)sy

= —ihsxf¢ +Sfy

= —ihT(Xpp) + T(f)
= T(—ihXsp + fy)

= (To Q") (y)

and since T is an isomorphism this gives the required identity. O

3.3 Existence of prequantum bundles

As we saw in Example 3.1.2, on a cotangent bundle it is easy to construct
a prequantum line bundle in terms of the Liouville form. However, not
every symplectic manifold admits a prequantum line bundle.

Consider a prequantum line bundle (E, V) on a symplectic manifold
(M, w) and note that the first Chern class of E is related to the De Rahm
class of w by

() = 5= [F(V)] = 5= [w] € Hi(M)

However, the Chern class c1(E) is integral, that is: it is in the image of the
map

H*(M;Z) — H*(M;R) > H3g(M).
We will not prove this fact but instead refer to [Wel8o], Proposition 4.3.

This places a restriction on the De Rahm class of the symplectic form of a
symplectic manifold that admits a prequantization bundle. Note that if w
is exact, such as on a cotangent bundle T*Q, we have [w]| = 0 and so the
Chern class vanishes. Indeed, as we saw in Example 3.1.2, such systems
always admit a prequantum line bundle.

Definition 3.3.1. If M is a smooth manifold and w € (M) is a closed
differential form, it is called fi-integral if the De Rahm class |w] is in the
image of

H"(M;27thZ) — H"(M;R) == Hix (M).
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From the discussion above it is clear that if a symplectic manifold admits
a prequantum line bundle, its symplectic form must be fi-integral. In fact,
the converse is also true.

Proposition 3.3.2 (Weil integrality condition). If (M, w) is a symplectic
manifold such that w is h-integral, then it admits a prequantum line bundle.

In order to prove this, we will follow the construction given by Weil in
Section 5.3 [Weis8]. We do this by constructing the Cech cohomology
element corresponding to the symplectic form and showing that this
construction automatically gives rise to transition functions and local
curvature forms of a prequantum line bundle. While Cech cohomology
can be defined in a more general manner, we only need the following
restricted definition. Let M be a topological space and U = {U;}jc; an
open cover of M with a well-ordered index set (I, <), such that every
intersection of finitely many elements of I/ is either the empty set or a
contractible topological space. In particular, we require each U; to be
contractible but we do not require M to be contractible. An open cover is
called good if it satisfies this property, and we note that a smooth manifold
always admits a good open cover. To simplify notation, we write U;, ;.
for the intersection U;, N --- N Uj,.

For A an Abelian group, we define the Cech cochain complex by

CPu,A):= J] A
Jo<--<jp
Ui jn 7@

with coboundary maps 67: CP(U, A) — CP+1(U, A) defined on compo-
nents by
p+1

_ _ 1)k .
((S C)]O, ,]p+1 — kzo( 1) Cjo,...,jk,...,jp+1

where the index with the hat is left out. This is a cochain complex, since
the components of (97+197¢c) satisfy

2
oPtlsrey. . = v k(sp .
( C)]o,...,]p+2 - Z( ) ( C)] . jk/" i

s]p+2

_ Z k+l . ™ Z k+l - ,fz,---,]'p+z

I<k k<l
=0.
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This complex then defines cohomology groups

ker 6"
imon—1

(U, A) =

called the Cech cohomology groups of U with coefficients in A.

In the proof of Proposition 3.3.2 we will need a notion of the components
of a Cech cocycle with not necessarily increasing indices. Thus, for a €

CP(U, A) and jy,...,j, € I we define aj,,..j, = 0 if there is a repeated

index or if Uj,...j, is empty, and otherwise we define

e Sgn(a)aja(o)r"'rja(p) (5-4)
where 0 € 5,1 is the unique permutation such that jg(o) <0< ja(p)-

Cech cohomology with real coefficients turns out to agree with De Rahm
cohomology.

Theorem 3.3.3. If M is a smooth manifold and U = {U,}c; is a good open
cover of M, then there is, for every k > 0, a canonical isomorphism

Hig (M) = H*(U,R)
of the De Rahm and Cech cohomology groups.

Proof. Following the construction in [Wei58], Section 5.2 we will only give
the construction for k = 2, which is the situation we are interested in. The
general proof is very similar but needs to be formulated inductively in k.

We will first give the construction of the map at the level of cocycles. If
w € O?(M) is a closed two-form, we construct an element

(Cjo,h,jz)jo,jl,jz < H R
Jo<1<]2
Ujp jr.ia #2
Since for each jy € I the open set Uj; is contractible, the De Rahm coho-
mology group HXy(Uj,) vanishes and therefore w|u, is exact. Thus we
may choose a one-form Aj, € O (Uj,) such that dA; = Wy -

If jo < j1 € I then are such that U;  ; # ©, on this open set we have

0,71

d()\jo — )\]1) = d/\]'o — d)\h =W —w = 0,
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and since Uj, ;, is contractible we may choose a f;, ;; € C*(Uj, ;) such that
dfjoji = Ao = M-

If finally jo < j1 < jo € I are such that U i, # @, we note that on this
open set

d(f]'o,h - f]'o,]'z +f]'1/]'2) = )‘]'0 - /\jl - A]'o + Ajz + )‘h - /\]'2 =0,

and since Uj, ;, i, is connected such a function must be constant, so there
exists a real number ¢; ; i, € R such that

f]'O/jl - fjon + f]'1,]'2 = Clojuja
This associates to w a Cech cocycle, since

(50)]'0,11/]'2/j3 = Civjngs ~ Coas T Ciojuis — Cioji
= f]'l,]'z - f]'1/]'3 + f]'zJ's - fJ'Orfz + f]br]é - ffZJS
+ fjofh - f]'0/]'3 + f]'1/]'3 - f]’orh + f]'offz - fh/]é
=0.

These forms A;; and are uniquely defined up to a closed (and hence exact)
form. In particular, any other choice can be expressed as Ay = Aj, +dgj,
for some family of functions g;; € C*(Uj,). Now the f;, ; are uniquely
defined up to a constant: any choice is of the form

f/]'or]'l = ijrjl + bjOrjl — &jo T &

for constants bj i € R, which we note define a Cech cochain element
b:= (bjy,j,)io<ii € CH(U;R). The f’ i then define the Cech cocycle

CljoJiJz = f/]'o,jl - f/]'osz + f/]'1,]'2
= fioin + Biojr = 8o T & = fins2 — Liosi
+8jo— 8t fjler + bjlsz —8h T8
- fjol]'l - f]sz + f]'1,]'2 + bjofh - bjO/jZ + bj1/j2
= fioir = fioie + fiip + (élb)joz---/iz

which agrees with the one we constructed earlier up to a coboundary. We
thus have a well-defined map of cohomology groups. O
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Proof of Proposition 3.3.2. Fix a good open cover U = {U;}jc; of M. If
w is h-integral, its De Rahm cohomology class corresponds under the
isomorphism of Theorem 3.3.3 to a Cech cohomology class represented
by some ¢ with ¢, i, i, € 27thZ for all jo, j1, j2 € I. For jo,j1 € I with U; ;,
nonempty, consider f; i € C*(Uj, ;) as in the proof of Theorem 3.3.3 and
define

Tjo,jr ‘= €XP (ih_lfjo,h) : ufo,h — S ccC

Due to (3.4) making elements of a Cech cycle alternating in their indices,
it is clear that 7; ;; = 1 and 7j, j; = T];]ll (where the superscript denotes

inversion in the group S!, not inversion of the map). Moreover, on any

nonempty Uj, i i, we have

Tjo.jr Tj;,]l'zT]'lJz = eXp (ihilf]'o,h) exp <_ih71ffo,]'2> exp (ihilfflf]é)
= exp (ih_l (ijIh - f]'0,]'2 + fjlsz))

2 —1
= exp (lh Cjo,jl,jz)
—1

since h_lcj(),h,h € 2mZ. Thus, this is a system of transition functions which
defines a principal S'-bundle P over M.

Finally consider the forms a; := ih_l/\jo € Ql(UjO;i]R) where the Aj,
are as in the proof of Theorem 3.3.3. If jo,j1 € I are such that U ; is
nonempty, on this intersection we calculate

dT]'o/h = dexp (ih_1fj0/]'1> = d(ih_lfjozh) exp (ih_lffo/h) = ih_ldfl'olh Tio.ir
so that we find

=1 .. + . 1 g . 1= 1y —1og—1lgr . .
Tjg,h“hl—]o,h + Tjo,jldT]oJl - Tjo,jllh AhT]oJl + Tjo,jllh df]o,hT]oJl

— r1ip 1
= T]’ol]'llh ()\jl + df]'o/jl) Tjo.jr

=131 ) . o
T ’Tj()/]'llh ()le + A]O A]1) ’T]O/]l
=11y
o Tjo,hlh AjoTiosjs

= ‘on'

Thus the («;))j,cr satisfy the transition rules of local connection one-forms,
and so they define a connection 0 in P. Moreover, for any jo € I the
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curvature on Uj, is given by
F(G)‘uj = p*docjo + p*(X]'O VAN Kjy = p*d(ih_l)\jo) = ih_lp*w‘ujo

so that F(0) = i 'p*w.

Now (P, ) defined a Boothby-Wang bundle over M, and due to Propo-
sition 3.2.3 this is the same as a prequantum line bundle (E, V) over
M. O

3.4 Examples

3.4.1 Harmonic oscillator

Let us first describe the prequantization of a system consisting of a one-
dimensional harmonic oscillators with mass m € R~ and spring constants
¢ € R+o. Such a system has configuration space Q = R and phase space
T*Q = R? with the standard symplectic form w = dq A dp and classical
Hamiltonian ) X
[
H(g,p) = —+ L. .

(a.p)=5-+5" (3.5)
It turns out that the prequantization has a nice form for the symplectic
potential

1
0 = 5 (pdq —qdp),

which is easily verified to satisfy w = —d6. The prequantum line bundle
of this system as in Example 3.1.2 is the trivial bundle C with connection

Vxp = Xip — ik 10(X) .

If f € C®(IR?) then is a classical observable, the prequantization acts on
square-integrable i € ﬁg; by

e, 1
QFy = —ihXsyp — 5 (pdq(Xy) — qdp(Xp)) ¥ + fy.

Since we work in the standard symplectic space, we may apply Proposi-
tion 2.1.2 to find the coordinate representation of this operator:

prey _ iy Of 0% gy 0f 0w 1 ( of | of
Q¢ = Zhapan’Zhaqap 2<pap+qaq>tp+ﬁp.
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In particular for the Hamiltonian function H, we have

oH _¢q oH p

dg m dp m’
The term 6(Xp )y then cancels with Hy, so that

re ¥ _
Qo = ( Top pa—q). (3.6)

3.4.2 Free particle

Now we consider a free particle with mass m € R.( in a Riemannian
manifold Q with metric tensor g. We then have potential V = 0, so the
classical Hamiltonian (2.1) on the phase space T*Q of this mechanical
system becomes

, 8q(p,p)
H:(q,p) — ==

such that the Hamiltonian flow corresponds to the co-geodesic flow on

(Q 9)

The prequantum line bundle of this system is again the trivial bundle C
with connection

, (3-7)

Vxp = Xip — ik A (X)
as in (3.3).

If f e C®(T*Q) thenis a classical observable, the prequantization acts on
square-integrable ¢ € ﬁpre

QY y = —inXeyp — MXp)p + fy.

For a local coordinate patch U C Q with coordinates ‘(qf ), we find local
coordinates (¢/, p;) on T*U C T*Q such that A = p;dg/ on this patch. By
Proposition 2.1.2, on T*U we have

of oy L of 9% of

pre — _in2L
% Vlru opjog " ogdp; ap;

In particular for the Hamiltonian function H, we have

oH 1 9g¥ oH 1

= ok
g/ T 2m dg/ g PRP! dpj m Pk
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so that

preq) l (—ihgjk 81,0 ih agkl alP

1 .
= it - N T Zolky.
ru= o, Pk5gi +5 o PkPlapj 78 P]PklP> :

Things become simpler when we take Q = IR" with the standard Euclidean
inner product. The Hamiltionian then takes the form

H(qll . ~/qn/ p]_/' . /pn Z p]/ (38)
with

oH _ oH 1

dg/ N ap] P],

and prequantlzatlon of a classical observable f € C*(IR*") acts on square-

integrable ¢ € ﬁIRZ”

QP = —ihXsyp — pidd (Xp)y + f,
which by Proposition 2.1.2 has coordinate representation

Qprelp af al[J +ih af 81/) af

ap 9¢ ' ogidp; ]8P1¢ ds

Filling in the classical observables H, ¢/ and p j give the following operators:

i 9P

Qy = —ih 5 — 1Y (3.92)
pre . . a_llj i

Qb= lhap + 7y (3.9b)
re a
Q¢ = —ih a;/; (3-90)

It can easily be verified that the canonical commutation relations (2.6) hold
as expected.

However, the Hilbert space is too big in some sense. We make the observa-
tion that the space of sections that do not depend on the pj-coordinates is
an invariant subspace of both of these operators. On this linear subspace
the prequantization of p and g agrees with the canonical quantization of
these operators as given in (2.7). In the next chapter, we will formalize this
procedure to arrive at a theory of geometric quantization.
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3.4.3 Spin particle

We now calculate the prequantization of a spin particle with total angular
momentum j. The classical phase space is the sphere 5> C R® with radius
j, elements of which are denoted by |, and the symplectic form

wy(v,w) = 2 - (0 x w).
For any normal vector ¢ € R3, we get a smooth function J, € C*(S?)
defined by J.(J) = e - J, which is the classical observable corresponding to
the angular momentum in the direction of e. This has Hamiltonian vector

tield
Hj,: J——ex] € TjS%

For another normal vector ¢/, the Poisson bracket of J, and ], is given by
{]e; ]e’} = Jexer

In particular, with respect to the standard basis (x,y,z) of R? we have the
observables Jy, ], J. € C®(S?) and

{]x/]y} =TI {]yz J2} = Jx ]} = ]y- (3.10)

By Proposition 3.3.2, this system admits a prequantization line bundle if
and only if w is hi-integral.

We consider spherical coordinates (6, ¢) on S? and claim w is given by
w = jsingdf A d¢ (3.11)

in these coordinates. By symmetry, it is enough to show the two forms
agree at a point. Take (j,0,0), which corresponds to § = 0 and ¢ = 3.
We have

dy(j0,0) = jsin (%n) cos(0)d6 + j cos (%n) sin(0)d¢ = jd@(o,%n)
. (1 .
dZ(j,o,o) = jsin (En) dp = ]d(lb(O,%n)
and for element v = (0,vy,v;) and w = (0, wy, w,) of the tangent space at
(1,0,0), we verify
w00y (v, w) = j <j_1dy(j,0,0) /\j_ldz(j,o,o)> (v, w)
=" (vyw: — v2wy)
— 72(7,0,0) (v x w).
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Now w is hi-integral if the integral of w over S? is an element of 27thZ. We
now clearly have
/s , W= 47j,

and so we conclude this system is only prequantizable if and only if j is of
the form j = fil /2 for some integer . This is in agreement with well-known
results in quantum mechanics. Moreover, applying Lemma 3.1.3 to the
classical brackets (3.10), we find the expected commutation relations

pre ~pre| _ .. ~pre
_Q]x 9, | = ihQ}
[ ~pre ~pre] _ .. ~pre
o, 0] = Q¥

[ ~pre ~pre] _ .. ~pre
QL9 | =gy

We note that the prequantum Hilbert space ﬁgge we constructed is infinite-
dimensional. The correct calculation, such as described in Section 3.5 of
[SN17], shows that the quantum Hilbert space has dimension / 4- 1. In the
next chapter, we introduce the extra structure that is needed to get the
correct dimensionality.



Chapter I

Quantization

4.1 Polarizations

Comparing the examples in Section 3.4 to the results in any textbook on
quantum mechanics, it is obvious that the prequantum Hilbert spaces are
"too big’ in some sense. In order to get a quantization theory that agrees
with the physical reality, we need to introduce an auxiliary structure
on our symplectic manifold (M,w), called a polarization. Recall that
for a completely integrable Hamiltonian system as in Definition 2.1.5,
the Hamiltonian flow is actually restricted to the leaves of a Lagrangian
foliation. Defining the quantum Hilbert space to consists of sections that
are constant on these leaves will give us some difficulties, but eventually
lead to a theory of geometric quantization that agrees with physical reality.

First, we note that the existence of a complete set of commuting functions
on (M, w) is actually too restrictive: we only require the local analogue.

Definition 4.1.1. If (M, w) is a symplectic manifold, a real polarization is
an involutive distribution P C TM that is Lagrangian in the sense that for
any p € M, P, C T,M is a Lagrangian subspace.

Due to Frobenius” Theorem (see, for example, [Leeo3] Theorem 19.21) ,
this is the same as a foliation of M by leaves that are Lagrangian subspaces.
We will use the two pictures interchangeably and write M /P for the leaf
space. Note that in general, this space may not admit the structure of a
smooth manifold.
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Example 4.1.2. We note that if (M, w) is completely integrable with respect
to some functions (fi, ..., fu), the distribution P := span{(Xy),}7_; isa
polarization. The leaves are the level sets of the map (f1,..., fu): M — R™.

Example 4.1.3. For a cotangent bundle 7v: T*Q — Q, we have a canonical
vertical polarization given by V, = kerdrm,. The leaves are the fibres
n~Hq} for g € Q, and the leaf space satisfies T*Q/V = Q.

It turns out the definition of a real polarization is still too restrictive. In gen-
eral, we will consider polarizations to be distributions in the complexified
tangent space

Definition 4.1.4. If (M, w) is a symplectic manifold, a polarization is an
involutive distribution P C T®M that is Lagrangian in the sense that
forany p € M, P, C T;',:M is a Lagrangian subspace with respect to the

complex-linear extension of wy, and such that P NP is of constant rank.

The polarization is called completely real if P = P holds and completely
complex if P NP = {0} holds.

It is obvious that the real polarizations defined above correspond with the
completely real polarizations in this more general context. The advantage
of this more general picture will become clear in Section 4.3, when we
discuss the Kédhler polarization on a Kdhler manifold.

We want the quantum space of a symplectic manifold with polarization to
consist of the sections of the prequantum line bundle which are horizontal
in the directions of the polarization.

Definition 4.1.5. If (M, w) is a symplectic manifold with polarization P,
and E — M is a complex vector bundle with connection V, a section
¢ € T'(E) is called polarized if

Vxyp =0

for every local section X € I'(U; P). The algebra of polarized sections is
denoted by I'p(E).

Note that by abuse of notation, we also use the symbol V for the complex-
linear extension X¢(M) x T'(E) — T'(E).
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Example 4.1.6. It is clear that for a cotangent bundle T*Q with the vertical
polarization, the polarized sections are precisely the sections that are
constant on the fibres of 7.

In general, the prequantization of a smooth function does not respect this
additional structure. Therefore we restrict the class of functions we may
quantize.

Definition 4.1.7. If (M, w) is a symplectic manifold with polarization P,
a smooth function f € C*(M;C) is called polarization-preserving if the
Hamiltonian vector field satisfies

Xy, X] € T(P)
for every section X € T'(P), and the space of polarization-preserving

functions is denoted by C3(M;C).

By involutivity of the polarization P, if X¢ € T(P) then we must have
that f is polarization-preserving. In particular, the constant function 1
has X; = 0 € I'(P) and so is polarization-preserving. The space of
polarization-preserving functions is a Lie subalgebra of C*°(M;C) due to
the following lemma:

Lemma 4.1.8. If f, ¢ € C3(M;C) are polarization-preserving functions, then
so is their Poisson bracket {f,g}.

Proof. Let f,g € C5(M;C) and X € I'(P). We have

(X501 X] = [[Xg, Xp], X]
= —[[Xf, X], Xg] — [[X, Xg], Xl
= [Xq, [Xp, X]] = [Xp, [Xg, X]].

and since f and g are polarization-preserving, both terms are in I'(P). O

This space then has a representation on the space of polarized section.

Lemma 4.1.9. If (M, w) is a symplectic manifold with prequantum line bundle
E and polarization P, f € C5(M;C) is a polarization-preserving function and
¢ € I'p(E) is a polarized section, then

Q" ¢ T (E).
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Here, the quantization of a complex-valued function is defined by im-
posing complex linearity. It should be noted that the quantization of a
complex-valued function needs not be Hermitian.

From the lemma we learn that the prequantum map is well-defined at
the level of polarized sections. However for non-compact manifolds the
definition of the quantum Hilbert space is still problematic.

Example 4.1.10. If Q is a manifold of positive dimension and we consider
the phase space T*Q with the vertical polarization, there are no non-zero
square-integrable polarized section.

We need to go back to the drawing board and define a new Hilbert space
consisting of polarized sections. In Section 4.2 we do this for a completely
real polarization and in Section 4.3 for a Kéhler polarization.

Even then, we only get a representation of the polarization-preserving
functions. If the classical observable one wants to study does not preserve
the polarization, it is sometimes possible to find another polarization which
is preserved. If one is lucky, it is even possible to write down an isometric
isomorphism between the two quantum Hilbert spaces associated to the
system—but that is beyond the scope of this thesis. Clearly, the original
goal to describe quantization as a representation of the Lie algebra C*°(M)
was too ambitious, since it turns out that not every classical observable
has a quantum-mechanical counterpart.

4.2 Quantization of real polarization

Here we follow the approach of [Ler]. By considering Definition 4.1.1 in
light of Frobenius’ theorem, we see that a real polarization is the same
as a foliation of M with Lagrangian leaves, and a section is polarized if
and only if it is constant along the leaves. For systems such as cotangent
bundles these leaves are non-compact, and so the only square-integrable
polarized section will be the zero section.

A better strategy is to consider the leaf space M/P. If it is a manifold and
parallel transport is uniquely defined on the leaves, the prequantum line
bundle pulls back to a line bundle over the leaf space. This is due to the
following lemma:
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Lemma 4.2.1. If (M, w) is a symplectic manifold and 7t: E — M is a prequan-
tum line bundle with Hermitian connection V, and P is a real polarization of M
by simply connected leaves such that N := M /P has the structure of a smooth
manifold for which M — N is a submersion, then E quotients out to a bundle
Ep — N such that the sections of Ep correspond bijectively with the polarized
sections of E.

Proof. We define an equivalence relation on E by setting e ~ ¢’ if and only
if there exists a leaf L of P and a piecewise smooth path 7y: [0,1] — L such
that 7t(e) = v(0), t(e’) = y(1) and ¢’ is the parallel transport of e along .

We show any equivalence class intersects a fibre of 7t at most once. Assume
e ~ ¢ with 7t(e) = 7(e’) € L, then per definition there must be a loop 7
in L such that the holonomy map P, € Aut(E,) has Py(e) = ¢'. Since L
is simply connected such a loop must be path-homotopic to the constant
loop, so that we find P, to be an element of the restricted holonomy group
of E|r at 7t(e). Since L is Lagrangian, the curvature F(V) = ifiw vanishes
on L, and due to the Ambrose-Singer theorem ([AS53], Theorem 2) the
restricted holonomy group then is trivial, so that P, = I and e = ¢'.

As a consequence, for any two [,I’ € L we get a well-defined isomorphism
E; = Ey by parallel transport along any path from [ to I’ which agrees
with the identification ~.

Since x ~ x" implies 7t(x) and 77(x’) lie in the same leaf of P, the bundle
map 71: E — M quotients out to a map 7tp: Ep — M /P where we write
Ep := E/~. Due to the observation above the fibres of this map are again
isomorphic to the model fiber C of E.

Now we need to show it is again a smooth bundle. Let U/ = (U;);c; be an
open cover of M that admits local trivializations ¢;: U; — E and charts
¢;: Uj — R*" with image the open cube (—1,1)?" that are flat for P. Due
to the constant rank level set theorem ([Leeo3], Theorem 5.12) and the
assumption that the map M — M/P is a smooth submersion, we find
the leaves are properly embedded in M so that we may choose the open
cover in such a way that for any leaf L and any U; € U the intersection
LN U; has at most one connected component. In coordinates, such an
intersection then must be of the form

¢;(U;NL) = {(xl,...,x”,yl,...,y”) €(-1,1)* ‘yk —grforalll <k< n}

for fixed q',...,4" € (=1,1). Then the V; := {L € M/P | LNU; # @}
with coordinate map L — (q!,...,4") form an open cover by coordinate
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charts of M /P, and in terms of these coordinates

¥pj Vi — Ep
(% ") — [$;(0,...,0,4",...,4")]

is a nonvanishing local section of Ep which defines a local trivialization.
We conclude this is a vector bundle.

For the final claim, note that per definition 1 is polarized if and only if
Vxy =0forall X € T(P). Since for I € L C M we have T;L = P; C T;M,
a section is polarized precisely if on each leaf it is flat with respect to the
connection V. In terms of our equivalence relation, this happens precisely
when (e) ~ P(¢’) whenever e and ¢ are in the same leaf. Therefore
we see a section of E quotients out to a section of Ep precisely if it is
polarized. O]

In order to define an inner product on the sections of Ep, we need to
integrate over the leaf space N. However there needs not be a natural
top-level form on N, and N may not even be orientable. To circumvent this
one could twist the prequantum line bundle by the densities on N, which
may be integrated without reference to a top-level form. This approach
is described in [Ler], but in this thesis it will suffice to assume N has an
orientation form so that we may define quantization as follows.

Definition 4.2.2. If (M, w,E, V) is a symplectic manifold together with
a prequantum line bundle, and P is a real polarization with simply
connected leaves such that N := M/P has the structure of a smooth
manifold for which M — N is a submersion and N admits an orientation
form y € O*(N), the quantum Hilbert space $Hp with respect to this
polarization is the space of polarized sections ¢ € I'p(E) which are square-
integrable in the sense that

/N<¢,¢>17 < 00

and it is endowed with the inner product

(o pa) = [ (v
The quantization map then is the restriction of the prequantization map to

Q: CH(M;R) — C(9Hp).
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We note that quantization is well-defined due to Lemma 4.1.9, and this
map satisfies Dirac’s quantization conditions (2.4) and (2.5) since the
prequantization does.

4.3 Quantization of Kihler polarization

In this section, we follow [GGKoz2], Section 6.5.

If (M,w,]) is a Kéhler manifold, the complexified tangent space at any
p € M is the direct sum of the +i-eigenspaces of the operator

J5: Ty M — Ty M.

Recall that this gives rise to the i-eigenbundle T'’M called the holo-
morphic tangent bundle and the —i-eigenbundle T"!M called the anti-
holomorphic tangent bundle on M. Since w is of type (1,1), the complex-
linear extension of w vanishes on both of these bundles which therefore
are totally complex polarizations. In this context, the anti-holomorphic
tangent bundle is called the Kéhler polarization.

The polarized sections of a holomorphic vector bundle then are simply the
holomorphic sections. In contrast to the smooth case, local holomorphic
sections do not necessarily extend to global holomorphic sections. It is
therefore customary to use the language of sheaves, and write Op(U) or
I'(U; Ok) for the local holomorphic sections I'»(U; E) on U C M open.

The quantum Hilbert space with respect to this polarization will simply
consist of the square-integrable holomorphic sections.

Not every Kdhler manifold admits a holomorphic prequantum line bundle
and similar to the symplectic case in Proposition 3.3.2, the only obstruction
is the cohomology class of the Kéhler form.

Proposition 4.3.1. If (M, w) is a Kihler manifold such that w is h-integral, then
it admits a holomorphic prequantum line bundle.

We follow the proof given in Section v.4 of [Weis8], which relies on the
following lemma from Section 11.3:

Lemma 4.3.2. If M is a complex manifold that satisfies Hy, (M) = 0, and
F € C*(M;R) is a smooth real-valued function that satisfies dOF = 0, then
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F is the real part of a holomorphic function on M which is determined by this
condition up to an imaginary constant.

Proof. We have d®(9F) = (8 + 9)0F = 99F = 0. By the vanishing of the
first De Rahm cohomology group we find that JF is exact, and there must a
function f € C®(M;C) with OF = d“f = (9 +9)f. It follows that 9f = oF
and 0 f =0, so f is holomorphic. Moreover, g := F— 7 is holomorphic,
and F = f +3. Since F is real-valued we have F = Fandso f —¢ = f — g
Setting h := f — g, we have that & is real-valued and holomorphic, and
hence constant. We also see that 2f — & is holomorphic and the real part
of this function is

S(2f —h4 2 R) = f4F-F=f 4T~ (F-R)=fr+3=F

Now we are ready to prove the proposition.

Proof of Proposition 4.3.1. As in the proof of Proposition 3.3.2, we give a
construction of the Cech cocycle associated with w, and if this admits
components in 27thZ it will give rise to a prequantum line bundle.

Let U = {Uj};e1 be a good open cover of M. For j € I, we have a Kéhler
potential p; € C*(U;;R) such that w|y, = %agp]-. Note that on a non-

empty intersection U, i we have 85((3]-1 —pj,) = 0. Due to Lemma 4.3.2
the difference p;, — pj, can be written as the real part of a holomorphic
function on Uj ;,,

1 .
Pjp — Pjo = ) <f]'o/]'1 +f]'o/]'1>

with f]'o,h holomorphic. From
f]'o,h = zpjl - ZP/O - f]'o/]'l'

it follows that for U; # 0 the holomorphic function

0/j1/j2
Siojuiz = Fioir = Fiosa * five
is imaginary-valued and hence constant on Uj j, ..

We now claim that the real-valued Cech cocycle

]
]o,]lf]z). o
(4 Jo/J1.]2
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corresponds to w under the isomorphism defined in Theorem 3.3.3 with
both sides tensored by C. This can be seen by setting A; := —3dp; €
Q'Y(U;). We then have dAj = w|y; on Uj, and

i i N i
/\]'0 - Ajl = ) (apjo - aph) = Ea (f]'orjl - f]'0/]'1> = de]'orh

on a non-empty intersection Uj .

As in the proof of Proposition 3.3.2, the functions

) 1
s = &P 5 fi

are the transition functions of a prequantum line bundle over M if w
is hi-integral. Now it is clear that, since the fjo,h are holomorphic, these
transition functions are as well and therefore the prequantum line bundle
they define is holomorphic. O

4.4 Examples

4.4.1 Harmonic oscillator

We consider the classical system of a one-dimensional harmonic oscillators
with mass m € R and spring constants ¢ € IR, which we also studied
in Section 3.4.1. The phase space T*R = R? admits canonical vertical and
horizontal polarizations,

Vigp) = span{dp} H(gp) = span{dg}.

However, the classical Hamiltonian (3.5) of this system has Hamiltonian
vector field

and so we find

_ P cq 12 4 Gop _ 1 ,
Xe1,0p) = Laga, — 12— 0, (L) + 192 = — 9, ¢ T(M;V)
which means that H is not V-preserving. By a similar calculation, it is also
not H-preserving. These polarizations therefore do not give a quantization
of the Hamiltonian system (IR?, w, H).
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Looking at the Hamiltonian vector field, however, suggests we consider

Pg,p) 1= span{pdy — cqoy},

which is a polarization away from the zero-energy state (0,0). Now
H is clearly polarization-preserving, but the leaves now are not simply
connected so that we cannot apply Lemma 4.2.1.

Now we try a complex polarization, following [Car18], Section 4.2. Without
loss of generality we assume ¢ = 1, by changing units such that the
spring constant is one. We identify IR> 2 C using the complex coordinate
z = g —ip as in Example 2.1.14. In these coordinates, the Hamiltonian in
given by

1
H=_—zz
om
which has partial derivatives
oH 1 _ oH 1
= = 7 Z == — 5%
Jz  2m 0z  2m

and the Hamiltonian vector field may be expressed as

From this expression it is clear that H preserves the Kéhler polarization.

Now we calculate the quantum Hilbert space. We do this first with respect
to the symplectic potential

0 = —éZdz

and then show how Fock quantization is recovered by quantization with
respect to another symplectic potential.

Since w = —d0, the trivial complex line bundle C together with the
connection

Vi = X — ik 10(X)¢

is a prequantum line bundle. From 6(dz) = 0 it then follows that a section
¢ is polarized precisely if it is holomorphic as a complex-valued function.
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Now we note that

i .
0 = —>(p—iq)(dp +idq)

(—ipdp — qdp + pdq — iqdq)

(pdq — qdp) —d (i(qz + PZ)) :

Nl = N -

Considering quantization with respect to the symplectic potential 6y =
3(pdq — qdp), we have the connection

VR = Xy — ih10p(X) .

Since

60(X) = 0(X) + d (7 + 1) ) (X) = B(X) + 1 X (2)

we have that

V% = X —in710y(X) = X — i T10(X) + 41—hX (22) = V& + ﬁx (22) .-

Hence a function ¢ is polarized with respect to the connection V% if and
only if it is of the form

P(z) = e =/ Hp(z) (4.1)

for some ¢ polarized with respect to the connection V. As we saw, this
happens if and only if ¢ is holomorphic.

We see the quantum Hilbert space may be though of as consisting of the
holomorphic functions ¢ such that

/(t‘P(Z)Me'ZZ/zhdz < 0.

This is precisely the Segal-Bargmann space HL?(C, yi1,) as in Definition 2.2.13,
which is the Hilbert space of Fock quantization.

The corresponding prequantum line bundle is (C, V%). We find that
prequantization is given by

re . 1
Qi = —ihXpyp — 5 (pdq — qdp)(Xp)y + fy.
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Applying the prequantization of H (3.6) to a polarized section we find

pre (,—(p>+q2)/4h )\ _ —(pP+q?)/anilt (_qp . 9¢ qp 0P
Qn (e <P) e (4h</>+q top P

m op 0q
_(PPeq)/anil (0P 9P
‘ m (qap P

_ ()i (. (09 09N (o) 0@
¢ m(lq(az z) P oz Tz

_ (Pt san _ 9P NIy
e ((q ip)5. — (a+ip)=2

m
_ oyt (99 09
m 0z 0z

Since ¢ is necessarily holomorphic, we conclude that the quantization of
H acts on the Segal-Bargmann space by

Que = 200

m oz’

In terms of the number operator defined at the end of Section 2.2.4, we
have Oy = %N . Any monomial ¢ = z* with k > 0 is an eigenvector, and
the corresponding eigenvalue is %k. Comparing this with a textbook on
quantum mechanics, such as Section 2.3 in [SN17], we verify that we have
found the correct eigenvectors.

Unfortunately, the eigenvalues are slightly off. To get the correct eigen-
values, which are %(k + 1), one has to consider the so-called metaplectic
correction. This is outside the scope of this thesis, but an interested reader
might consult Section 23.7 of [Hal13] for more details.

4.4.2 Free particle

As in Section 3.4.2 we consider a free particle with mass m € Ry with
configuration space given by Q = R" with the standard Euclidean inner
product. The phase space then is T*Q = RR?", and as in Example 3.1.2
a prequantum line bundle is given by the trivial line bundle C with
connection

Vxp =Xy —ih~ (Z% deq]'> (X)y.
i=
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The phase space admits canonical vertical and horizontal polarizations,

Vigp) = span{dp,,...,9dp, } Hg,p) :=span{dy, ..., dgn}.
The Hamiltonian (3.8) has Hamiltonian vector field

1
Xp = PjO4,

and we see that H preserves both of these polarizations.

First we describe the quantization with respect to the polarization V. If
P € T'y(C) is a V-polarized section of the prequantum line bundle, we
have

0= Vap].’# = an¢

In other words, the polarized sections are just the sections that are inde-
pendent of the pj-coordinates. We thus have §), = L?(Q) = L*(R"). Now
applying the results of prequantization we found in (3.9) to a polarized
section 1, we find

Q¢ = Hy
Qv =dy

e .0
Qirey — —zha—;’]j.

These agree with the operators from canonical quantization (2.7).

We can also describe quantization with respect to the polarization H. If
P € T'y4(C) is a H-polarized section of the prequantum line bundle, we
have

0= Vo =09 — i pjp

In other words, the polarized sections are of the form

Y(q,p) = @) Tp(p)

for ¢ € C*(IR"). We thus have $3, = L?(R"). Comparing this Lemma 4.2.1,
we find that the leaf space is identified with IR".

Applying this to the results (3.9) we find that for a polarized section we
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have

QP <3i<q/p>/h¢> = ¢ian)/n ()

re / / . a(P
pre (ilqp)/h g\ — Hilqp)/h e
o ) = (Zham)

Opy® (¢/171/1p) = 47" (pyg)

Since the quantum operators act on the position-independent functions,
this is called the momentum representation of the quantum system. It is
isomorphic to the position representation obtained from the polarization

V.

4.4.3 Spin particle

As in Section 3.4.3, we will consider a spin particle with total angular
momentum j, which has phase space S* endowed with the symplectic
form (3.11). Recall that this system is quantizable if we have j = hl/2 for
some integer I. We will construct the quantization of this space using the
natural Kahler polarization.

The Kéahler structure of S? comes from the stereographic charts Uy =
S2\ {N} — C and Us = S\ {S} — C, where N and S denote the north
and south pole of S?, respectively. On Uy the spherical coordinates are
related to the coordinates (z,z) on C by

- sin ¢ o0 = _ sin ¢ o0
1—cos¢ 1—cos¢
A calculation verifies that the two-form
dz Ndz
=il ——=
N = zp

agrees with the symplectic form in (3.11) for j = hl/2.
Similarly, on Ug the identification is
L %e—ie o %ei()
and in these coordinates, the symplectic form is also expressed as
dz' A dz'

= ihl———.
ws ! (1 +Z/Z/)2
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Now Proposition 4.3.1 allows us to calculate the transition functions of the
holomorphic prequantum line bundle. We see the Kahler potentials of the
two forms are

pn(z) = 2hllog(1 + zZ) ps(z) = 2nllog(1+2'7).
On the intersection Uys the coordinates on Uy and Ug are related by
o — 1 > 1
z zZ
Thus in the (z,Z)-coordinates we find
1 _
ps — PN = 2kl (log <1 -+ E) —log(1+ zz)) :

This is the real part of the holomorphic function

fns = 2nl (log (1 —1—2_2) —log(1 + Zz)>

giving us the transition function

I 1+272\"2

— i -2\ _ 2 _ _

Tns(z) = exp (2 <log(1+z ) 10g(1+z)>) <1—|—22> z "

A holomorphic section of the prequantum line bundle then consists of a

holomorphic function f on C identified with Uy such that 7ys(z)f(z) is
also holomorphic.

Let k € Z, then a monomial f(z) = z* is holomorphic if k > 0. Using the
transition function, we find

ns(2)f(z) = 272K = 2,

so the corresponding smooth function on Us is the monomial z’' =¥ which
is holomorphic if k < [. From this, we see that the monomials that
correspond to holomorphic sections are z* with k € {0,1,...,1}. Thus the
quantum Hilbert space is of dimension [ 4 1. This agrees with known
physics, and an interested reader might consult Section 3.5 of [SN17] to
see the physicists perspective on this example.






Chapter 5

Quantization of symplectic toric
manifolds

5.1 Delzant’s theorem

In Chapter 4 we introduced the notion of polarizations in order to find
the quantum Hilbert space associated to a symplectic manifold. However,
symplectic manifolds may admit many different polarization. In this
chapter, we will specialize to Kdhler polarizations that naturally emerge
from a symmetry of the symplectic manifold (M, w) that is given by a
Hamiltonian action of a Lie group G. In Definition 2.1.7, we saw that
a manifold admitting such an action and a moment map y is called a
Hamiltonian G-space. A nice class of these spaces are those where G is a
torus of half the dimension of M, which leads to the following definition.

Definition 5.1.1. A symplectic toric manifold is a Hamiltonian torus space
(M, w, T", ¢, u) where T" = (S!)" is the n-torus, M is a connected smooth
manifold of dimension 2n and the action ¢ is effective in the sense that
any t € T" acts non-trivially on M.

In many sources symplectic toric manifolds are also assumed to be com-
pact. Since many of the symplectic manifolds corresponding to physical
systems are non-compact, we will work in a more general context.

We note that the Lie algebra of T" is simply IR”, and after identifying
(R")* = R" we consider the moment map to be a map y: M — R". Since
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the adjoint action of T" on IR" is trivial, the equivariance condition on the
moment map becomes the condition that y be T"-invariant.

If M is a compact symplectic toric manifold, the quotient of the moment
map is always an embedding and the image of this map turns out to
be a polytope and a theorem by Delzant asserts that these polytopes
characterize the compact symplectic toric manifolds up to equivariant
symplectomorphism. We will first discuss polytopes, using [Zieoy] as a
reference, and then discuss this correspondence.

Definition 5.1.2. A subset A C R" is called a polytope if it is the convex
hull of a finite number of points in IR and is called a polyhedron if it is
the intersection of a finite number of affine closed half-spaces.

We recall that an affine closed half-space is a space of the form
H(v,c) = {x e R" | (v,x) < c}
forv € R" and c € R.

The two concepts are closely related, as shown by the following theorem.

Theorem 5.1.3 (Weyl-Minkowski). A subset A C R" is a polytope if and only
if it is a bounded polyhedron.

Definition 5.1.4. If A C IR" is a polyhedron, a face of A is a set of the form
F={xeP|(vx)=c},

where v € R”, ¢ € R are such that for all x € A we have (v, x) < ¢. The
vector v is called an outward-pointing normal of F. A face is called a
vertex if it is of dimension zero, an edge if it is of dimension one and a
facet if it is of dimension (dim A — 1).

Not every polyhedron can be realized as the image of the moment map of
a symplectic toric manifold. In order to classify the polyhedra that are the
image of a moment map, we introduce the following terminology.

Definition 5.1.5. If A C R" is a polyhedron, it is called simple if there are
exactly n edges meeting at any vertex, rational if any edge e meeting a
vertex * is of the form { + tu | t > 0} N A for some u € Z" and smooth
if moreover for each vertex * meeting edges ey, ..., ¢e,, the uy,...,u, can
be chosen to be a Z-basis of Z".
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Note that if uy, ..., u, are a Z-basis, they are necessarily primitive elements
of Z" in the sense that for each j the equation u; = nu withn € Z, u € Z"
implies n € {£1} since otherwise the element u could not be written as a
linear combination of the {u;}1<j<y.

Definition 5.1.6. A polytope that is simple, rational and smooth is called a
Delzant polytope. A polyhedron that is simple, rational, smooth and has
at least one vertex is called a Delzant polyhedron.

It should be noted here that, while ‘Delzant polytope” is a term commonly
used in the literature, this definition of a ‘Delzant polyhedron’ is non-
standard.

Example 5.1.7. In Figure 5.1 we exhibit some examples of polytopes and
polyhedra in R2. Of these, Figures 5.1a, 5.1b and 5.1c depict Delzant poly-
topes and Figures 5.1d and 5.1e depict Delzant polyhedra. The polyhedron
in Figure 5.1f fails to have at least one vertex, the polytope in Figure 5.1g
is not smooth since the primitive vectors corresponding to the edges that
meet (0,0) do not span Z2, and the polytope in Figure 5.1h is not rational
since one of its edges is of the form {t-(1,v/3) | t € R} NA.

Now we are ready to discuss the classification theorem for compact sym-
plectic toric manifolds due to Delzant [Del88].

Theorem 5.1.8 (Delzant). There is a bijective correspondence of compact symplec-
tic toric manifolds up to equivariant symplectomorphism and Delzant polytopes,
given by

(M, w0, T, ¢, pt) — p(M).

The proof of this theorem relies on the construction of a symplectic toric
manifold M, from a Delzant polytope A, and then showing this construc-
tion is the inverse of the operation of taking the image of the moment map.
We do not provide a full proof here but we will work out the construction
of My in the more general setting of the following theorem due to Yael
Karshon and Eugene Lerman ([KL15], Theorem 6.7).

Theorem 5.1.9. A symplectic toric manifold (M, w, T", §, ) is isomorphic to a
reqular symplectic quotient of C? by a subtorus of T% if and only if the quotient
of the moment map by the torus action ji: M/T" — R" is an embedding and its
image is a Delzant polyhedron with at most d facets.
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2 L 24 2

1 14 1

0 \ 4 0 0
T T T T T T T T T
0 1 2 0 1 2 0 1 2

(a) Isosceles right triangle (b) Square with sides of (c) Rectangle with sides of

length 3 lengths 1 and /3
2 21 2
0 1 2 0 1 2 0 1 2
(d) Upper right quadrant (e) Half-strip of height 1 (f) Strip of height 1
0 1 2 0 1 2

(g) 30-60-90 right triangle (h) Equilateral triangle

Figure 5.1: A few examples of polyhedra in R?.
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Remark 5.1.10. Not every (non-compact) symplectic toric manifold is of
this form, and accordingly 7 may in general not be an embedding and its
image may not be convex.

We exhibit the construction of M, from a Delzant polyhedron A, based on
Delzants construction as presented in [Del88], Section 2. This construction
is also spelled out in [Cano1], Section 28 and Section 29.

Construction for Theorem 5.1.9. Without loss of generality, we assume A has
precisely d facets.

Fix a vertex *x of A and let F, ..., F; denote the facets of A, ordered such
that Fy, . .., F; are the facets meeting *. By smoothness of A, we may choose
primitive outward-pointing normals vy,...,v; € Z" such that vy,...,v,
are a Z-basis of Z". Let cy,...,c; € R be the corresponding constants

such that
d

A= U H(U]',C]').
j=1

Letey,...,e; € Z% denote the standard basis. Sending e; to v; defines a
surjective linear map

RY — R" (5.1)
which maps Z? onto Z" and thus quotients to a map
¢p: ' —T"

of tori. We write N := ker ¢, which is a (d — n)-dimensional Lie subgroup
of T%. This gives an exact sequence of Lie groups

1N 2 g (5.2)

which induces an exact sequence of Lie algebras

de
0—n Yo, R MR 0 (5.3)

where d@,: RY — R" is the same as the map (5.1). Dually this becomes

0 (]Rn)* (@* (Rd)* L} nt —0,

where we write L for the map (di,)* to ease notation.
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Now we consider the complex space C? with symplectic form wy as in
(2.3) and T%-action

(627Tit1, e ,eznitd) . (Zli .. /Zd) = (627Tit121’ sy eZﬂitdZd), (54)

where we choose the moment map
1
vi(z1,...,24) — 5 <|21|2,..., |zd|2> —(c1,---,¢q)- (5-5)

Then N acts on C? by restriction, and this action is Hamiltonian with
moment map Lov: C? — n. We write Z := (L ov)~!(0) with embedding
10 Z — C°,

We show the action of N on Z is free. Let z € Z and let I, = {jy,...,jr}
be the vanishing index-set, defined such that zj = 0 < j € L. Then the
intersection {J;_; Fj, of the corresponding facets of A is non-empty, since
its image under (d¢,)* contains v(z). Let a be a vertex of A that meets
these faces, and let E ., ..., F, be the other faces that meet a. Then the
primitive outward-pointing normals v;,, ..., v, form a Z-basis of Z". Now
let j,+1,..., ] be the remaining indices, so that in this renumbered system

of indices the map (5.1) takes the form

| |
[dqb@]]é; = In| Y v|]'d
with respect to the bases £ = (ej,,...,¢j,) of R? and V = (vj,,...,vj,) of
R". Any nontrivial element of N is of the form (ezmtl,. .., ezmtd) for some
nonzero element t € R of the kernel the map (5.1). Assume t € [0,1), and

note that from linear algebra it is clear that such a t must have at least one
nonvanishing component ¢; # 0 for some n < k < d. Per assumption we

also have Zj, # 0, and so (ezmtl,. ey ezmtd) -z # z. From this we conclude
the stabilizer of z for the N-action is trivial, and since this holds for any
z € Z we conclude that N acts freely on Z.

By Theorem 2.1.8, there exists a quotient symplectic manifold Z/N, de-
noted by (Ma, wp), with projection p: Z — M, such that

prwa = 1"wy (5.6)

Finally construct the T"-action on M,. The short exact sequence (5.3) is
split and so we write R? = n & R". Now (5.2) becomes

1—N—N&T"—T" — 1.
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The torus T" thus acts on C* by restriction of (5.4). It is clear the actions
of N and T? commute, and so the T"-action descends to M,.

The moment map v: C? — RY = n @ R" now decomposes as v = v,  VRn.
Since vRrr o ¢ is N-invariant, it quotients out to the moment map pp: Mp —
R". We have

impup =im(pp o p) = im(vrn ot) = vre(Z) = A.

[]

Remark 5.1.11. From the discussion about the N-stabilizer at a point p €
Z, it follows that the stabilizer of a point p € Z for the T%-action has
infinitesimal generators corresponding to the indices jj,...,j,. For the
quotient, this means that an element p € My has a stabilizer under the
T"-action isomorphic to T”, where r is the codimension of the minimal
face F that contains pa(p) in R”. Note also that this same subtorus then
acts trivially on F.

Example 5.1.12. Let T > 0 and consider A = [0, T| C R the interval of
length T. It is clear that this is a Delzant polytope, and we proceed with
the construction of a symplectic toric manifold (My, wp) which has A as
the image of its moment map.

We fix the vertex 0, which itself is a face with primitive outward-pointing
normal v; = —1 and ¢y = 0. For the other face we have v, =1 and c; = T,
and we verify A = H(—1,0) N H(1,T).

The map R?> — R! in (5.1) is given by the matrix
(-1 1),
and at the level of tori this is the map
¢: T> — T!
(27t 272y |, pilt=tn)
Then N := ker 7 is the diagonal torus {(e?™,¢e?™) | 2™ € T} C T2,

and n & R is included in R? by the diagonal map di.: x — (x,x). The
dual of this map is L: (x,y) — x +y.

The T?-action (5.4) on C? has moment map (5.5)

1 1
v: (z1,22) — <§|21|2,§|zz|2 — T> ,
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and the restriction to the diagonal action of T' has moment map (z1,2z;) —
312112 + 3|z2* — T. We then have

Z=(Lov)(0) = {(21,20) € C? \ 212 + |22 = 2T}

which is the three-sphere of radius v/2T. Taking the quotient Z/T' =
S3/S!, we find that M, is the two-sphere S°.

Now we calculate the symplectic form M,. We introduce the complex pro-
tective space CIP! with 7: C?\ {0} — CIP! the canonical projection map
and ¢: 5> 5 CPP! the canonical diffeomorphism. This gives a commutative
diagram

3 2
S AT T C-\ {0}
oo
2 ", cp!
We have the Fubini-Study form wgs on CIPP', which pulls back to the form
i
2|2121 + szz|2

Wps 1= T wWpg = (szzl —I—EleZ) A (szzl + Zldfz) .

We claim *wo = 2T - 1*@ps, and by symmetry it suffices to check this at
a single point. Consider the north pole of S*, which corresponds to the
point (0,1/2Ti) € C2. There we have z; = z; = 0, so the Fubini-Study
form reads

- i _ _ i B
WEs, (0,v/2Ti) — szzzdm Ndzy = Edzl A dz;.

On the tangent space T, \/ﬁi)L(S3) the form dz, A dz; vanishes, so the
standard symplectic form restricted to that space is

i _
w0|T(0,\/ﬁi)‘(53) = Edzl Adzy.

From these two assertions, we see (*wy = 2T - (*@gg holds at the north
pole, and thus holds globally. Also note that the Fubini-Study form is
related to the standard form on S? by

¢ wps = %} sin ¢df A de.
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We then claim that the symplectic form of the quotient M, is given by

wp = % sin pdf A d¢ (5.7)
and we verify this by the calculation

p*wp =2T - p*p*wps = 2T - 1" m* wpg = 2T - 1" Wps = 1" wy.

Example 5.1.13. Let T > 0 and consider A = R x [0,T] C R? the
half-strip of height T such as depicted for T = 1 in Figure 5.1e. It is
easily verified that this is a Delzant polyhedron, and we proceed with the
construction of a symplectic toric manifold (Mp, wa) which has A as the
image of its moment map.

We fix the vertex (0,0), which meets two faces: the left-hand face with
primitive outward-pointing normal v; = (—1,0) and ¢; = 0 and the
bottom face with v, = (0,—1) and ¢, = 0. The only other face is the
top face with v3 = (0,1) and ¢z = T, and we verify A = H((0,—1),0) N
H((—1,0),0) N H((0,1),T).

The map R?® — R? in (5.1) is given by the matrix
-1 0 0
o —-11)’
and at the level of tori this is the map
¢: T° — T?
(eZm'tl eZm’tZ eZm’tg,) NN (e—Znitl eZm’(t3—t2)).
Then N := ker 7 is the torus { (1,2, e?™) | 2™t € T1} C T3, n = R is in-

cluded in R3 by the map dt,: x — (0, x,x), which has dual L: (x1, x2, x3) —
X + X3.

Writing v for the moment map of the T3-action (5.4) on C3, we find the
action of N has moment map (5.5)

1 1
(z1,22,23) — L(v(z1,22,23)) = §|Zz|2 + §|23|2 —T.
We then have
Z = (Lov)"}0) = {(21,22,23) e C®| |z + |z = 2T}.

which is C x S3. Taking the quotient Z/T! = (C x 53)/S!, where S! acts
trivially on C, we find that My is R? x S2.
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We can now also show that symplectic toric manifolds are examples of
completely integrable systems.

Lemma 5.1.14. If M is a symplectic toric manifold satisfying the conditions
in Theorem 5.1.9, then it is a completely integrable system. In particular, if
(ej)1<j<n denotes the standard basis of R" the components of the moment map
i p — (u(p),ej) are a complete set of commuting functions.

Proof. Per definition of the moment map we have
dyj = lXEj w,

where X,. is the fundamental vector field of the Lie algebra element ej,
and so X;,; = X,,. These are linearly independent on the dense, open set
of points in M with trivial stabilizer. Moreover since the moment map is
constant on the orbits of the T"-action, for 1 < k < n the component Xy,
satisfies dy;(X,, ) = 0 and so {py, pj} = 0. O

There is another way to construct the manifold M, from the Delzant
polyhedron A, which gives M a complex instead of symplectic structure.
It turns out that the two structures are compatible, and Mj becomes a
Kéhler manifold. This gives M a natural Kahler polarization and we will
be able to define the quantization of M, with respect to this polarization.

Proposition 5.1.15. If A C R" is a Delzant polyhedron, then the symplectic
toric manifold My as in the construction for Theorem 5.1.9 admits a complex
structure for which the T"-action is holomorphic.

For this construction, we follow Section 2.2 of [Hamo8], Sections vi1.1 and
vir.2 of [Audo4] and Section 5.5 of [GGKoz2].

Proof. Say we have the same data as in the construction for Theorem 5.1.9.
In particular, recall that Fj, ..., F; are the facets of A. We construct the set

L= I1C{L,...d} |(F#D
jel
where, in particular, we do have @ € X. This set may be thought of as the

cone associated with A, but we shall not formalize this statement. From
this, we construct for any I € X the open set

U ={z=(z,....2) GCd’Vj¢I: 2 # 0},
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and define
UZ = U U].
Iex
Unpacking the definition, we see a point z € C? is in Uy, if and only if the
vanishing components Zjise s Zj, of z correspond to faces le" .., P]'k of A
that have a nonempty intersection.

We use the notation Uy, to emphasize that this set only depend on the
fan ¥ associated to A. In particular, it is independent of the choice of the
coefficients cy, ..., c; which determine the position of the facets of A. As
such the symplectic form wp may not be recovered from Us..

Now we complexify (5.2) to get

1—Ne 518 2m 1,

where, to be explicit, the complex tori are defined by T2 = (C*)", T&
(C*)? and N¢ = N -exp(in) C (C*)“.

Recall the set Z C C? from the symplectic construction. We claim that
Z CUxg. Sayp € Zand I, C {1,...,d} such that p; = 0 & j € L.
In showing N acts freely on Z, we already proved that in this situation
the intersection Jj¢), Fj is nonempty, and hence I, € X. Thus we find
p e Ulp C Uy, and since this holds for any p € Z this proves our claim.

We also claim that Uy, is related to the set Z C C? from the Delzant
construction by Uy = N¢ - Z, and we refer to Theorem 5.18 in [GGKoz]
for the proof of this fact.

In this situation we have a diffeomorphism of real manifolds Z/N =
Us / N¢, so that we do indeed have

Mp = Us/Nc (5.8)

as a manifold. The proof uses G.I.T. quotients and is beyond the scope of
this thesis, so for more details we refer to Section 5.4 of [GGKoz2].

As the quotient of a complex manifold by a proper, free and holomorphic
complex Lie group action, Uy, / Nc itself has the structure of a complex
manifold. O

Remark 5.1.16. It is Remark 5.12 in [GGKoz] that the symplectic form wp
is compatible with this complex structure, and so M becomes a Kdhler
manifold.
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Example 5.1.17. We consider the polytope A = [0, T] C R for some T > 0
from Example 5.1.12. It has faces F; = 0and F, = T with ;N F, = @, and
thus the cone is £ = {@, {1}, {2} }. The corresponding open subsets of C?
are

U(D:C*XC* U{l}:CXC* U{Z}ZC*XC,

and so Uy = C?\ {(0,0)}. The complex torus N¢ = C* acts diagonally,
and we find
Us,/Nc = (C*\ {(0,0)})/C* = CP".

As expected, this is a complex manifold diffeomorphic to S2.

Example 5.1.18. We consider the polyhedron A = R~ x [0, T] C R? for
some T > 0 as in Example 5.1.13. Labelling the left-hand face, bottom
face and top face by F;, F, and F3 respectively, we get the cone X =
{@,{1},{2},{3},{1,2},{1,3}}. The corresponding open subsets of C>
are
UQZC*XC*XC* U{l}:CXC*XC* U{Z}ZC*XCXC*
U{3}:C*XC*XC U{llz}:CXCXC* U{1,3}:CXC*XC.

From this we read Uy = C>\ {(z1,0,0) | z; € C}. The quotient by the
complex torus N¢ = C* then becomes

Us,/Nc = (C*\ {(21,0,0) | z; € C})/C* = C x CP".

5.2 Quantization from the moment polytope

We saw in Section 3.3 that only the i-integral symplectic manifold admit
prequantum line bundles. It turns out that that for symplectic toric
manifolds Weil’s integrality condition can easily be read from the moment

polytope.

Proposition 5.2.1. If A C IR" is a Delzant polyhedron, then the associated sym-
plectic toric manifold (M, wy) as in Theorem 5.1.9 has a h-integral symplectic
form if and only if the difference between any two vertices is an element of hZ".

Recall that (Mp, wp) admits a prequantum line bundle if and only if wp
is h-integral. Therefore, we call a Delzant polyhedron quantizable if it
satisfies the condition in this proposition.

For the proof, we will follow the proof of [Del88], Proposition 3.1.
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Proof. First, let us assume that w, is fi-integral, that is, it is in the image of
the map H?*(M;2nhZ) — H3z(M) under the identification of De Rahm
cohomology and singular cohomology with real coefficients.

Let a,b € A be two vertices, and without loss of generality assume they are
connected by an edge e of A. Since the polyhedron is rational, there exits a
primitive vector u € Z" and a T € R~ such thate = {a+ut | t € [0, T]}.

Consider the submanifold ¢: #~!(e) — Mp. From Remark 5.1.11 it follows
that the T"-action on My restricts to an effective circle action on u~1(e)
with moment map v: p~!(e) — R defined such that u(p) = a + uv(p)

for p € u~1(e). By Theorem 5.1.8 we must then have (u~!(e),*w) =
(Mo,1}, wo,1))- Now from commutativity the diagram

H2(M;2mhZ) —~— H2(u~(e); 2nhZ)

l I

Hir(M) ———— Hg(u'(e))

it follows that *w is a hi-integral form on x#~!(e), and so we must have

/ fw =27tk
p1e)

for some integer k € Z. Comparing this with (5.7) in the construction of
the toric manifold with the line segment as moment polytope, we must
have T = lik. We see then that a and b differ by iiku € hZ".

The proof of the converse uses Morse theory, which is beyond the scope of
this thesis, to show that the second homology group of M, is generated
by the inverse images of the edges of A. The statement then follows from
the same calculation as above. O

Example 5.2.2. Let us here take i = 1. Of the Delzant polyhedra in
Figure 5.1, those depicted in Figure 5.1a, 5.1d and 5.1e are quantizable
since their vertexes are in the lattice Z2. The polytopes in Figures 5.1b and
5.1c are not quantizable. The polytope in Figure 5.1b is quantizable for
h= % since its vertexes are in the lattice %ZZ, but there is no value for 7 for

which the polytope in Figure 5.1c is quantizable since /3 is not rational.

Considering that Mj is a Kéhler manifold, it is natural to study the
Kéhler quantization. For this we do require one other ingredient, namely
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a holomorphic prequantum line bundle over M,. By Proposition 5.2.1
and Proposition 4.3.1, we know that if A is quantizable, the symplectic
manifold Mp must admit a holomorphic prequantum line bundle. We
now explicitly construct this bundle using the Delzant construction.

To do this, we first note that we can easily construct prequantum line bun-
dles over C?. Since M, is constructed in Theorem 5.1.9 as the symplectic
reduction of C¥ by N, we may hope that such a bundle with connection
gives rise to a bundle and connection over the reduced space M,. In
fact for compact manifolds this is an important theorem referred to as
‘quantization commutes with reduction’. We will adapt the proof of this
theorem as presented in [Ren20] and Section 3 of [GS82] to show it also
holds in the situation we are interested in.

We do this as follows: first, we endow the total space of the prequantum
line bundle over C? with a torus action. If A is quantizable we can
choose this action such that it interacts nicely with the connection in the
prequantum line bundle. Then the prequantum line bundle on C? gives
rise to a prequantum line bundle over the reduced space Mj.

Recall that we have C? = R?>? with coordinated such that zj = g — ipj-
Consider the symplectic potential

6o = % (pidd’ — ddp;),

which satisfies wy = —dfy. As in Example 3.1.2 this gives rise to a con-
nection V% in the trivial line bundle C over C“ which satisfies F(V%) =
ihilwo. Explicitly, we have

Vgg =X — ih_lmgo(x).

Recall that the torus N acts on C? with moment map v: C? — n* as
in (5.5). This gives rise to a representation of the Lie algebra n on the
space of sections T'(C) = C®(C%;C). We write & = (¢1,...,&;) € n for an
element of the Lie algebra and ¢’ for the corresponding Lie group element
(ef61,...,e'%) € N. Then n acts on I'(C) by

oy = VY +in (v, 0y =Xep —in ' (60(Xp) — (,D)y. (59)

Here v is the moment map defined in (5.5) and Xz € X (C?) denotes the
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fundamental vector field associated with Xg. A calculation verifies

Xz = i (ijji - Cjﬂlji) (5.10a)
=1 9/ Ip;
4 9 . D

= Z (zéjzjg - zé‘]z]g . (5.10b)
j=1 ] ]

Now the connection V% is called N-invariant if there is some N-action
on the total space C¥ x C, lifting the action on C?, such that (5.9) is the
induced infinitesimal action on the sections.

Let us consider the action of T% on C with weights ky,...,k; € Z, which
is explicitly given by

(315’1,_ _ _’eléd) .y = ptkiGitFikala

This restricts to an action on N on C, and makes C into an equivariant
N-bundle with respect to the N-action om the total space given by

(€%1,...,e%) - ((z1,...,24),2) = ((ei‘:lzl,...,eigdzd),eik1§1+"'+ikd§dz) :
At the level of sections, which we here identify with the smooth complex
valued function, the action of ¢ € N on ¢ € C®(C“,C) gives the section

7 — e_ié . lp(eié . Z)

Taking the derivative of the action N — GL(I'(C)) gives an action of the
Lie algebra n on I'(C). We then have

d . .
C-9)z)= 7| e (et 2)
t=0
_ Al itk (it ity )
dt|i—o

= (Xe9)(z) —i(kiGr + - - +kala)Pp(2)

Comparing with (5.9), we see that the condition for V% to be N-invariant
is the existence of integers ky, ..., k; such that

00(Xe) — (v, &) = (k181 + - - +kaa)
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Applying 6y to the fundamental vector field (5.10a), we find
1¢ 2 i\2 1¢ 2 1 2 2
0(Xe) = 3 .5 (v + @) = 3 Lkl = (3P =aP)g ).
= =

Comparing this with (5.5) we see that if the connection V% is N-invariant,
we must have cj € hZ and kj = hilcj forall 1 < j < d. Note that this is
precisely the condition for A to be quantizable due to Proposition 5.2.1.

We have constructed the N-action for with V% is N-invariant. The fol-
lowing theorem tells us that now the prequantum line bundle (C, V%)
descents to a prequantum line bundle on MAj.

Theorem 5.2.3. If the polyhedron

d
A= |JH(vjc;) CR".
j=1
is Delzant and quantizable with c; € hZ", let us denote by Ey the equivariant
trivial complex line bundle over C% where N acts on the fibre with weights
(W ler,...,hYey). Let us also consider the maps 1: Z — C% and p: Z — My
as in the construction for Theorem 5.1.9. If V% is a N-invariant connection in

Eo, then there exists a unique complex line bundle with connection (E5, V&%)
over My such that p*Ep = 1*Eq and p*VA'QO = ¥V,

Proof. Since vector bundles are defined by their global sections, there is a
unique bundle E, with global sections corresponding to the N-equivariant
sections of (*Ej.

Recall that a connection in a vector bundle E — M is a C®(M)-linear map
I'(E) — QOYM;E).
Moreover, recall that the quotient map p induces isomorphism
p*: QF(Mp; Ep) — O (Z; °E).

From these facts, it follows that if (1*V%)(p*y) is a basic one-form for any
P € T(E,), the map

VA — (p) T (V) (7))
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is a well-defined connection in E,. It is clear that (:*V%)(p*y) is G-
invariant. To show it is horizontal, note that for any { € n we have
¢ - p*yp = 0 since p*¢ is G-invariant. Since the moment map v vanishes on
Z, (5.9) implies that Vggép*gb = 0. From this we see that (:*V%)(p*y) is
basic, which finishes the proof. O

In fact, this is a holomorphic vector bundle. In light of Proposition 5.1.15
the complex structure of My arises from the quotient My = Usx/Nc. Let
the complexified torus Tg act on C with weights kq,...,k, € Z by

(w1,...,wg)  z=w" - wyz.

This restricts to an action of N¢ on C, and this makes C into an equivariant
Nc-bundle with respect to the N¢-action om the total space given by

(w1, ..., wq) - ((z1,-..,24),2) = ((Wrz1,. .., Wazq), W1 - - ws" 2).

The quotient of this bundle by N¢ is a holomorphic line bundle on My,
which is isomorphic to Ex as a vector bundle. This gives Ex a holomorphic
structure.

Corollary 5.2.4. (Ex, V%) is a holomorphic prequantum line bundle on M.

Proof. Since we are considering connections in line bundles, the local
curvature forms are just the exterior derivative of the local connection
forms. Thus in this setting curvature commutes with pullback. Hence

p*F(VA’GO) = L*F(VGO) = ih_lz*wo = ih_lp*wA,

where the last equality is (5.6). It then follows that F(VA%) = il lw,,
and we find this is a prequantum line bundle. O

Since M, is a Kdhler manifold, it is natural to consider quantization with
respect to the Kahler polarization. Recall that this is most readily defined
in terms of the symplectic potential that emerges as the holomorphic
exterior derivative of the Kadhler form. From Example 2.1.14 we recall that
on C* this is the form

i &
0 = _E Z;z]dz]
]:
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Comparing this with the fundamental vector field Xz form (5.10b), we find
that just as for 6y we have

14, o 1d 1
0(Xe) = 3 16575 = 3 Ll = (0P 2P g).
= =

Following the same argument as above, we see that the prequantum line
bundle over C* with connection V¢ also defines a prequantum line bundle
over M, with connection denoted by V47.

We are then ready to state a theorem that shows that for a symplectic toric
variety, the quantization is given by the points of integer coefficients in
the moment polyhedron. The slightly more restricted version for compact
symplectic toric manifolds is found in [Hamo8§].

Theorem 5.2.5. If (M, w, T", ¢, i) is a symplectic toric manifold that satisfies
the condition of Theorem 5.1.9 and the moment map u is such that the vertices of
the moment polyhedron A have coefficients in hZ, the quantum Hilbert space $
of the prequantum line bundle from Corollary 5.2.4 has a canonical Hilbert basis
corresponding to the points in A N hZ".

Proof. By Theorem 5.1.9 we have M = M,, and by the discussion sur-
rounding Theorem 5.2.3 we see the sections of the prequantum line bundle
Ex correspond to the N-equivariant functions on Z, where N acts on C

with weights (5~ cy,...,h 'cy).

Claim. A section of E is polarized with respect to the connection V™% if

and only if it corresponds to a function y(z) = f(z)e 1?2 on Z where f
corresponds to a holomorphic section.

Thus we are tasked with determining the holomorphic sections of E5. By
the discussion below Theorem 5.2.3 we see the holomorphic sections
of the prequantum line bundle Ej correspond to the N¢-equivariant
holomorphic functions Uy, — C, where N¢ also acts on C with weights
(hilcl, vl hilcd).

Recall that C \ Uy, is the union of submanifolds of complex codimension
at least two. A version of Hartogs theorem (found in, for example, The-
orem 2.5B in [Whiy2]) ensures that such a holomorphic function on Uy
uniquely extends to a holomorphic function on C“. Thus the holomorphic

sections of E5 correspond to the holomorphic N¢-equivariant functions
C?—C.
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Now let f: C¢ — C be holomorphic. We write f as the power series

_ k1 kq
f o Z akl/"'/kdzl e Zd
klr“-rdeZZO

for some ay,, i, € C. Now fixz = (zy,...,z4) € Cand w = (wy,...,wy) €
Nc C Tg. From the Tg—action on C? we have

flw-z) = f(wizy, ..., w4z4)

_ k1 kg ki ka
= Z Ay, kg0 = Wy 2y -2y
kl/--vkdEZZO
and from the action on C
I nley ky ks
w . f(z) —_— wl o« o e wd Z akl,.,kdzl o« o o Zd
kl/m/kdeZZO
_ h71C1 hilcd kl kd
= Z Ay, hg@y Wy "2 2y

kl,...,kd6220

Comparing these expressions, we see that f is Tg-equivariant if and only
if for k1, ..., kg € Z>o, the factor ay i, vanish unless

kq kg h71C1 hilcd
wit - w S = w) Wy (5.11)

for all w € Ng. Since this equation is invariant under scalar multiplication
of the wj, we may restrict to the real torus N C T9. Then we see condition
(5.11) is met if and only if

L(hkl,. . .,hkd) = (Cl,- . -,Cd)/

where L = (di,)*, for :: N — T the inclusion map, is as in the construction
for Theorem 5.1.9. Thus, a Hilbert basis of the space of holomorphic Tg-

equivariant functions C? — C is given by
ky ky
{Zl DY Zd

Writing A’ := LYy, ..., cq) N ]Réw it is only left to show that we have a
natural identification of A’ N Z? with A N hZ". We consider the map

(hky, ... Hkg) € L™ ey, ..., cq) ﬂthzo}.

(c1,.-.,cq) — (dpe)*: A — A (5.12)
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Note that the map d¢,: R? — R", which is the same as the one defined
in (5.1), has matrix elements in Z, and so does its dual. Now the ¢;
are elements of #Z, so the map in (5.12) send #Z" to hZ?. Then it is
only left to show that any a € A’ N hZ? comes from an element of A with
components in iZ. Consider the first n columns of the matrix of d¢,. Since
we assumed these to correspond to the faces meeting a single vertex of A,
these columns are a Z-basis of Z" and so this is an invertible matrix with
determinant 1. Thus, the inverse of this matrix also has integer elements.
In particular, applying this inverse matrix to the first n components of a
then shows the inverse image of a to lie in Z". O

Proof of claim. Similar to Section 4.4.1, we have
i
90(X) = Q(X) + X 1 Z{Z]Z]
]:

for all X € X(C%). The connections with respect to these forms are thus
related by

d
0 0 1 —
]:

Now a smooth function 1 on C is polarized with respect to the connection
V% if and only if it is of the form

p(z) = f(z)e /4

for some f polarized with respect to the connection V¢, and since 8(9;) = 0
this happens if and only if f is holomorphic. After descending to the
reduced space we get that the claim holds. O

Remark 5.2.6. From the proof we see that the quantum Hilbert space
consists of holomorphic functions f such that

2)f(2)el* gz < .
| FE@F @z <

In fact )1, is the closed subspace the Segal-Bargmann space H L*(CY, uy)

generated by the monomials zlfl - -zgd such that (%iky, ..., hky) is a lattice
point in A'.
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Finally, we compute the quantization of the components of the moment
map. Assume as we did in the construction for Theorem 5.1.9 that we order
the faces such that vy, ...,v, span R". Consider the basis of {¢’}1<j<, of
R" with ¢} = —v;.

Now fix a1 < j < n and consider p;: p — (u(p),e}). Let v € R? be
a vector such that (d¢.)(v;) = v;. Note that v;: z — —(v(z),7)) is a
N-invariant function on C* such that vj|z factors via p;.

We have

d
@) = ~ @), v) = = X0 (Gl - a)

I=1

For fixed I, we recall that 3|z|? is just the Hamiltonian of a harmonic
oscillator. We already quantized this in Section 4.4.1. By linearity then the
quantization of v; on C? becomes

d
d
— E : ! _ .
ij = 121(0])1 (Cl hZZaZZ> .

Now we let QV]. act on a basis vector of H,. If (fky, ..., hks) € Ais a
lattice point, under (5.12) it corresponds to the lattice point

(c1 —Tilk,01), ..., cq—hik,vg)) € hZ".
By the proof of Theorem 5.2.5 corresponds to a monomial

hle— (ko mle,— (ko 2 r~d
z; < 1>...zd a=kea) ¢ pp (C%, up)
Note that for any 1 <[ < d this is an eigenvector of hzla% with eigenvalue

— hi(k,v;). Hence it is an eigenvector of ij, and we calculate the
eigenvalue to be

d n
Z(U/j)l (Cl k Ul =h Z k ’01 =h Z 5]mkm
m=1

I=1 =1

If we denote by ¥px,,  nk, the vector in $), corresponding to the lattice
point (fiky, ..., hk,) € A, it is an eigenvector of the quantization QV]. with
eigenvalue Tik;.



80 Quantization of symplectic toric manifolds

5.3 Examples

5.3.1 Harmonic oscillator

Recall the one-dimensional harmonic oscillator from Sections 3.4.1 and
4.4.1, and for simplicity assume k = 1. The phase space is T*R = R?
which has a natural S!'-action by rotation around the origin,

e (q,p) = (gcosd — psin6,qsinf + pcos¥h),

which admits a moment map u(p,q) = /p*>+¢>. The moment poly-
hedron then is Ry C IR. Since this polytope has only a single vertex,
the condition of Proposition 5.2.1 is automatically satisfied, so we see
that this phase space must be quantizable. Due to Theorem 5.2.5 the
corresponding Hilbert space then has a natural basis {{y }xez.o corre-
sponding to the positive integers. From the discussion below the theorem
we learn that these are eigenvectors of the quantization of H = ﬁzi = %y
and Qpipr = %ktphk. This agrees with the quantization we found in
Section 4.4.1.

5.3.2 Spin particle

Recall the spin particle with total angular momentum j from Section 3.4.3,
which has phase space (S2,w) where w is as in (3.11). Comparing this
with (5.7) in Example 5.1.12, we see the moment polytope must be the line
segment [0, T| such that

jsingdd Ndp = % sin pdf A de.

In terms of the total angular momentum j, the moment polytope thus is
[0,2]].

As this is the intersection of the half-lines H(—1,0) and H(1,2j), it follows
from Proposition 5.2.1 that this is quantizable precisely if we can write
j = hl/2 is a for some integer [. From Theorem 5.2.5 we read that the
corresponding Hilbert space has a basis corresponding to the lattice points
0,h,...,hl = 2j. This is in agreement with the holomorphic quantization
in Section 4.4.3. If we denote these basis elements by ¢, for 0 < k < 2j, we
now also find that the quantization of H = J, = yu satisfies Qi = hkiy.
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