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CHAPTER 1

INTRODUCTION

The Toda lattice is a model for a system of particles with a nearest-neighbor interac-

2

tion. One can model such a system with a potential function of the form V(r) = =
In 1955, Enrico Fermi, John Pasta, and Stanislaw Ulam conducted experiments in-
vestigating this type of model to understand a 1-dimensional crystal. Morikazu Toda
investigated a variation of this interaction law using V' (r) = e™" 4+r — 1 as a potential
function, which now bears his name. One especially appealing aspect to Toda’s sys-
tem is the existence of solutions which do not change shape or size over time. These
waves, called solitons, have become a significant subject of research. Another related
equation, the Korteweg de Vries equation, exhibits soliton solutions as well, and is
closely related to the Toda lattice.

One can investigate a particular limiting behavior of the Toda lattice, called the
dispersionless Toda lattice. This analysis produces a system of partial differential
equations, which have been studied. In particular, a recent result has been found
by Bloch, Golse, Paul, and Uribe ([BGPUO03]). Their result is the motivation for
this paper. Here, we outline the necessary background to understand this result
and provide the ideas of the proofs. Since the actual proofs are somewhat technical,
sketches will be provided in the last sections. The reader is directed to [BGPU03] for
the details of the proofs.

Bloch, Golse, Paul, and Uribe’s investigations heavily use a specific type of oper-
ator called the Toeplitz operator. These operators will be used to establish bounds
on solutions of the Toda lattice equations.

The background material begins with an overview of Hamiltonian mechanics and

the symplectic geometry required to do Hamiltonian mechanics. At this stage we



provide the formal definition of the Toda lattice. We will also describe a process
called geometric quantization which provides much of the machinery which we will
need. Specific boundary conditions on the Toda lattice will force us to consider the
quantization of two particular manifolds - the sphere and the torus. To do this, we
must build up the machinery of connections, curvature, line bundles, and cohomology.
Once this is done, the quantizations can be carried out and the Toeplitz operators
constructed. As an aside, we also discuss the concept of dispersion, particularly in
the case of the KdV equation. The paper concludes with an overview of the ideas

and sketches of the proofs in the paper by Bloch, Golse, Paul, and Uribe.



CHAPTER 2

HAMILTONIAN MECHANICS AND SYMPLECTIC
GEOMETRY

2.1 Hamiltonian Mechanics

Motivation 2.1.1. The Toda lattice is a model for a collection of identical masses
connected linearly by springs. The formal way to describe this system is by way of

Hamiltonian mechanics.

Definition 2.1.2. A Hamiltonian function is a smooth function

H: (qlaQQa---»qn7P1>P2>---,pn) HR, (213)

The ¢* coordinate represents the position of the i** mass, and the p; coordinate rep-

resents the momentum of the % mass.
Remark 2.1.4. The Hamiltonian function often represents the energy of a system.

Remark 2.1.5. We will begin using Einstein summation notation now. This means
that any time an index appears as a subscript and superscript, there is an implied

summation over that index.

Definition 2.1.6 (Hamiltonian vector field). For a given Hamiltonian function H,

the Hamiltonian vector field is defined by

Xy

oM pi:<8H oH oM aH) 217)

oH

= dq' — —d — e, ———
Ip; 9q' Op1” Op. O dq"

Remark 2.1.8. The Hamiltonian vector field has a very natural interpretation. The

set of points (¢%, ¢, ...,q"~,p1,pa,...,pn) is called the phase space for a classical

mechanical system. This space represents all possible combinations of position and



momentum for the masses in the given system. The configuration space is the set
of position coordinates, (¢', 4>, ...,q"). An integral path for the Hamiltonian vector
field determines the path followed in time by the system. This vector field allows
the time derivatives of position and momentum to be written in terms of only the

Hamiltonian.

Definition 2.1.9 (Hamiltonian equations). Given a Hamiltonian function, the time
derivatives of position and momentum (denoted with a dot) can be computed using

the Hamiltonian equations

qi _ OH
. o (2.1.10)
Di = _3_(11

Example 2.1.11 (Particle in a Potential field). For a single particle with potential

function V'(¢), the Hamiltonian function is of the form

H(g,p) = 5+ V(). (2.1.12)

The Hamiltonian equations are

3

{g z "ov (2.1.13)

These two equations are the form Newton’s laws take in Hamiltonian mechanics.

Example 2.1.14 (Simple Harmonic Oscillator). The simple harmonic oscillator is a
special case of (2.1.11) in which V(q) = %. The computation of the Hamiltonian

equations leads to the usual definition of momentum,
p=mg (2.1.15)

and

p=—kq. (2.1.16)

The second equation is the standard equation of motion for a simple harmonic oscil-

lator, since p = ma. Setting k and m to be 1, which can be done by the appropriate



choice of units, the hamiltonian function is

1 1
H==¢>+ =p°. 2.1.17
54 + 5P ( )

The hamiltonian vector field is easily computed since
Xu = (¢.9) = (p, —q) (2.1.18)
This flow is just clockwise rotation in the (g, p) plane.

Definition 2.1.19 (Poisson bracket). Given two functions f and g, each of ¢* and
pi, the Poisson bracket of f and g is given by

" 9f dg If dg
= - - —— = 2.1.2
{f.9} ;aqz 3 3o 00 (2.1.20)

Remark 2.1.21. The Poisson bracket allows the time derivative of an arbitrary

function F' to be computed along solution curves of (2.1.7) by
F={F M}, (2.1.22)

since

aF OF .,  OF OF OH OF oM
dt Z (8qz q + op; p) Z (aqz op; op; aql> { H} ( 3)

%

The Poisson bracket is antisymmetric, so in particular,
H={H,H}=0. (2.1.24)

Therefore, the energy of the system is conserved.

2.2 Definition of The Toda Lattice

Definition 2.2.1 (The Toda Lattice). Consider N identical masses connected by

identical springs in a l-dimensional chain. Units may be chosen to normalize the
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mass m = 1 and the resistance of the system & = 1. A Hamiltonian modelling the

nonlinear nearest-neighbor interactions is defined by

N N-1
1 i
H(q17 q27 LR 7qN7p17p27 e 7pN) = 5 pr + Z €qj q]+1. (222)
7j=1 7=1

N
1
This is called the Toda Lattice. The kinetic energy is the standard 3 Z p7, and the
j=1

N-1
. . J_qgitl . . . .
potential energy is E e? "7 . The associated Hamiltonian equations are
=1

i'=gt=p,i=1,...,N

TN gitl_gi i_gitl .
pi__a_qi_eq T — 174 ,Z—2,...,N—1 993
J— OH __ ql—q2 ()
1= g = ¢
OH N—-1__N
pN:_aq_N_eq 1

Remark 2.2.4. The construction of the Hamiltonian for the Toda lattice could be
approached in a slightly different way. If V(r) = e +r — 1 is the potential function,

the Hamiltonian function is defined

N N-1

1 , .

H(q17q27'"anaplap27"'7pN) = ézp?‘i_ V(qz-‘rl _ql) (225)

i=1 i=1

1 N N-1

7 i+1
= 5 Zp? + (eq —q + _|_ ql+1 qZ 1)

=1 =1

i=1 i=1

The potential V(r) = e + r — 1 would be appropriate because the Taylor series
2
r

approximation is V(r) ~ 5 which is the harmonic potential. The equations of

motion for this Hamiltonian are

qi:g—g:pi fori=1,...,N

P = _gHZ. =l 0 _d " for =2 .. N—1

. o7 e (2.2.6)
v =~ = 1
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These equations are nearly the same as those of the original definition of the
Hamiltonian, (2.2.3). We can then consider (2.2.2) to be the Hamiltonian equation
for the Toda lattice.

Proposition 2.2.7. By applying the change of coordinates

1 g¢J —gIt1
(lj = §€f
. (2.2.8)
J 2 ’
the following relations hold:
1
{am bn} = _Zan (229)
1
{an, bp1} = Zan (2.2.10)
ap = ap(bpy1 — by) (2.2.11)
by, = 2(a% —da2_)). (2.2.12)

Proof. Begin by noticing

{{pi’qi} =1 (2.2.13)

{¢.pi} =1
immediately by the definition of the Poisson bracket. The only non-zero brackets in

the new coordinates can be computed:

{an, by} = {%eqn‘fl , _% (2.2.14)
. 0 1 q"—g"+1 0 _Zﬁ _ 0 1 q"—g”Jrl 0 _&
B ; {(’9qi (26 ) op; ( 2 ) Op; (26 ) aq" ( 2 ﬂ
(2.2.15)
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and
1 gn—gnt? n
{an bun} = {56 ,—p;} (2.2.17)
0 1 g t? 0 DPn+1

_ (1 9 2.2.1

; g’ (26 2 ) Ip; ( 2 ) (2:2.18)
9 (1 qngntt 0 Dn+1

— - | = 2.2.1
Op; (26 ’ ) aq’ ( 2 > ( 9)
= Lo 11 (2.2.20)

= -1 5= 7% 2.

The time derivatives can also be computed directly. We can only consider the terms

which are well-defined without boundary conditions. For 2 < j < N — 1,

p = ——e" 3 (2.2.21)

= e ) . qn o q'n+1
4
1 q",qn-ﬁ-l

= 16 2 Pn — Pnt1

and

b, = & _ P (2.2.22)

]

Motivation 2.2.23. There is an indeterminacy in the change of coordinates we have

chosen. To determine solutions to the differential equations, we need to know the

N+1

values of ay and ay. In the ¢ and p coordinates, choosing ¢" and ¢ is equivalent

to choosing ag and ay. Two particular choices for these values will be considered.
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Definition 2.2.24. If a¢ and ay are both chosen to be 0, the lattice is called the
non-periodic Toda lattice. This condition corresponds to formally setting ¢g = —o0o
and gy41 = +oo. If the boundary conditions are fixed by choosing a4y = a; and

bj+n = bj, the lattice is called the periodic Toda lattice.

Remark 2.2.25. One can define a quasi-periodic boundary condition for the Toda

2

lattice, given by ay = e *™ag, though this will not be considered.

2.3 Matrix Description of the Toda Lattice

Definition 2.3.1. A Laz pair is a pair of matrices L(t) and B(L(t)) such that

L

= = [BL®), L) (2.3.2)

Motivation 2.3.3. The change of coordinates into the a and b coordinates above

allow (2.2.21) and (2.2.22) to be written as a Lax pair with the following matrices.

In the periodic case,

b1 ay 0 c an
ay b2 (05} R 0
Lity=| 0 a2 bs az... 0 (2.3.4)
anN ... anN—1 bN
and
0 ay 0 Ce —an
—a 0 (45} N 0
B(L(t)) = 0 —as 0 oajg... 0 . (2.3.5)
an Ce —aN-—1 0
In the non-periodic case,
bl aq 0 Ce 0
ay bg (05} Ce 0

L(t) = 0 a b3 agz... O (2.3.6)

0 anN-—1 bN
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and
0 ap O 0
—aq 0 (05} 0
0 e —aN-—1 0

For the non-periodic lattice, B(L) can be written as B(L) = [L, N|, where

1 0 0 0
0 2 0 ... 0

N=| 0 0 3 ... 0 [, (2.3.8)
0 ... 0 N

Definition 2.3.9. An integral of motion is a function f such that {f, H} = 0.

Definition 2.3.10. If H(¢', 4%, ..., 4", p1, P2, - -, Pn) is a Hamiltonian function for a
system, then the Hamiltonian system is called integrable or completely integrable if
there exist n integrals of motion I; such that {I;, [} =0Vj # k and dl; AdIs A... A
dl,, # 0.

Remark 2.3.11. The Hamiltonian itself will be an integral of motion (2.3.9). For
the Toda lattice, the eigenvalues of the matrix L (assumed distinct) are integrals of

motion, since they are unchanged over time, as we now show.

Proposition 2.3.12. The eigenvalues of a matriz satisfying (2.3.2) are constant with

respect to time.
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Proof. Consider an eigenvalue A with unit eigenvector v.

Lv=)\v
= Lyov+ Lv, = Mo+ Ay
= \v =L+ Lv, — Ay
= BLv— LBv+ (L—\uv,
= BM — LBv+ (L — N,

= (A= L)Bu+ (L — A\,

(L —\)(v, — Bv)

= M(v,v) = ((L — \)(v; — Bv),v)
= ((vy — Bv), (L — A\)v)
— (v — Bv),0) =0
=XN=0

]

Corollary 2.3.13. The periodic and non-periodic Toda lattices are both integrable

systems.

Proof. While the complete proof will not be given, we will give some information
that is relevant and interesting to this system’s integrability. For a complete proof,
the reader is directed to [Fla74].

We will consider the non-periodic lattice first. The eigenvalues of the matrix L
provide N values which are potential integrals of motion. This can be seen because,
for an eigenvalue A, {\, H} = % = (0. This means that the eigenvalues are at least
first integrals, meaning they commute with the Hamiltonian. For integrability, we
would need the eigenvalues to commute with each other. The non-periodic Toda
lattice has conditions ay = ay = 0, so there are N — 1 distinct values for {a;}. Also,

>, b is constant (momentum is conserved), so there exist N — 1 distinct values for
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{b;}. For the system to be integrable, we require N — 1 integrals of motion. The
eigenvalues of the matrix suffice to provide these values because the N eigenvalues
have the constraint that their sum is ). b;, so there are N — 1 linearly independent
eigenvalues.

For the periodic Toda lattice, we must consider the N distinct values of a; and the
N distinct values of b;. Recall the condition for the periodic Toda lattice is a; = an4;

and b; = byy,;. We again have ) b;. We can also see that 1I,a, is constant since

d a;
i = (H ai> (Z a—i) =0. (2.3.14)

]

2.4 First Discussion of The Result of Bloch, Golse, Paul, and
Uribe

Motivation 2.4.1. The main goal of this paper is to understand the relationship
between the system of 2NV ordinary differential equations which define the Toda lattice
and a particular pair of partial differential equations. We begin by considering two
continuous functions on the unit interval, a and b. We will fixed particular values of
these functions by demanding that they satisfy conditions related to the Toda lattice.
Let '

{“(;N) - (2.4.2)

&) = b
The spacing between the fixed values is % If we then allow the functions a and b to

vary over time, ¢, we can then require that a and b satisfy (2.2.11) and (2.2.12).
Definition 2.4.3. Define the variables

.

(2.4.4)

2'|?F >
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Proposition 2.4.5. Let aj- andé. be defined as above, satisfying the relations (2.2.11)
and (2.2.12). These relations, under the change of variables above and in the limit

as N — oo produce the partial differential equations

{3Sas(x) = a*(x)0.b°(x)

Osb* () = 20,(a*(x))?. (2.4.6)

This is called the dispersionless limit of the Toda lattice.

Proof. We re-investigate the Hamiltonian equations in @ and b, (2.2.21) and (2.2.22).
Applying only the first change of variables, we see

at = at(%) = a'(z). (2.4.7)

Likewise, a5 = a'(z). Furthermore,

by — b= bt(‘%) - bt(%) (e + %) W), (2.4.8)
We also have
it 0 t ] _ gt
b= (L) = b(a) (2.4.9)
and
2t~ el = 2 @) - ) (2410)

Putting these pieces together, we can see that in the limit as N — oo, the right hand

sides of the equations

St t(pt b
g _a"(bjgl bg) , (2.4.11)
bj = 2((%) - (aj—l)
produce
NOya'(z) = a'0,b" (x) (2.4.12)
and

N (z) = 20,(a'(x)?) (2.4.13)
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We then make the second change of variables, s := §. This allows us to deal with

the coefficient of IV in the left hand sides of the equations, since

o dsd 10

Terms of order + vanish when in the limit N — oo, so (2.2.21) and (2.2.22) can be

written

0sa°(r) = a®(x)0,b%(x)
{aszf(x) = 20, (a*(z))2. (2.4.15)

Proposition 2.4.16. This system is hyperbolic.
Proof. Dropping superscripts and subscripts, rewrite the system (2.4.15) as
a 0 —4b| |a
o e
The matrix in the above equation is diagonalizable as
~rro —4p) [—2 2 2b 0
1 2 _
{ i %1 [—b 0 ][1 1] |0 —2b (2.4.18)
with real eigenvalues. [

Remark 2.4.19. Hyperbolicity implies the system may develop shocks, depending on
the initial conditions. This can be seen by imposing the initial conditions =" = 2a'=°,

which reduces to Burger’s equation:
Osa = 0,a”, (2.4.20)
which is known to develop shocks.

Remark 2.4.21. More of the ideas of the Toda lattice can be found in [Blo03] and
[DMOS].
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2.5 Symplectic Geometry

Motivation 2.5.1. Our goal is the quantization of symplectic manifolds, so we will
review some ideas from symplectic geometry. The symplectic structure of a manifold

allows us to formulate the Hamiltonian picture of classical mechanics.

Definition 2.5.2. A symplectic manifold, (M,w) is a smooth manifold, M, equipped

with a nondegenerate skew-symmetric, closed 2-form, w, called the symplectic form.

Remark 2.5.3. We will prefer coordinate-independent formulations of statements,
but the form could be written in local coordinates. In this case, w will be written
as a matrix at each point in the manifold, w*. Nondegeneracy means that w® has
nonzero determinant. Skew symmetry means that w*% = —w’¢, and the condition that

: &ui]- &ujk 8wk7j .
w is closed means 7% + 74 + S = 0.

Motivation 2.5.4. Suppose H is a hamiltonian function defined on the symplectic
manifold (M, w), so that dH is a 1-form on the manifold. The relation between dH,
w, and the hamiltonian vector field can be constructed in a coordinate independent
way. The definition presented here will be related back to the definition presented in
(2.1.7) shortly.

Definition 2.5.5. The Hamiltonian vector field, denoted X4, is defined by the con-

dition ¢tx,,w = dH.

Remark 2.5.6. The existence of the Hamiltonian vector field can be seen by consid-

ering the mapping of vector fields to one-forms
X —ixw=w(X,") (2.5.7)

where ¢ represents the contraction operation. This map also gives an isomorphism
between the tangent bundle and cotangent bundle of a symplectic manifold. Since
w is nondegenerate, w(X,-) = 0, forces X = 0. This guarantees that the map is

injective and surjective.



20

Motivation 2.5.8. Assuming that w is only a 2-form on the manifold M satisfy-
ing the condition of (2.5.5), the properties of a symplectic form can be motivated
by physical considerations to see why symplectic geometry is a natural setting for

Hamiltonian mechanics.

1. Given a Hamiltonian function H and 2-form w, (X )w = dH should be solvable,

so w should be nondegenerate.

2. The flow on M generated by the Hamiltonian vector field should leave w in-
variant. We would then expect the Lie derivative Lx, w to be zero. Evaluating

using Cartan’s formula,
Lx,w = dix,w+ tx, dw (2.5.9)
=ddH + i1x,,dw = tx,,dw.

Since w is nondegenerate by the previous item, w will be preserved if and only

if w is closed.
3. H should be invariant under the flow of X. This can be checked
‘CXH (H) = XH(H) = dH(XH) = w(XH, XH), (2510)

which will be zero since w is a 2-form, so skew-symmetric. The skew symmetry

of w then implies conservation of energy.

Example 2.5.11 (Height function on S?). We can also consider S? to be a phase space
since it is a symplectic manifold. In a coordinate patch, S? has a natural symplectic
form w = sin(0)df A d¢, inherited by its embedding in R3. For our Hamiltonian, we

will choose the height function
H(0,¢) = cos(0). (2.5.12)
We will denote the Hamiltonian flow by
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and a general vector by

v = aﬁ + ba% (2.5.14)

It follows that
dH = —sin(6)df so (2.5.15)

W( Xy, v) = dH (v) (2.5.16)

(sin(6)d6 A do) (aﬁ +855 (,f; + ba%) — —sin(0)do (aﬁ + b(%) (2.5.17)
sin(6)(ab — Ba) = —sin(f)a so (2.5.18)
( )

( )

a=0and =1 so
9
O

This means the Hamiltonian flow is given by rotation around the vertical axis. Since

Xy =

the energy function is the height function, that energy is conserved by this flow.

Example 2.5.21. An important symplectic manifold to consider is the cotangent
bundle to a manifold, where the base manifold is the configuration space of the
system. This manifold determines the restrictions on the position coordinates. The
cotangent space at each point represents the space of momenta for a particle with
that position, which has no restrictions. If {¢¥} are the local coordinates of the base

manifold, the form can be written in the coordinates {q’, p;} as
w = df = dpy, A dq". (2.5.22)

This form is globally exact, so there exists a 1-form 6 such that df = w. This 1-form,
called the symplectic potential, is given by

0 = ppdq". (2.5.23)

Definition 2.5.24. Suppose f and g are two functions on a symplectic manifold

(M,w) which have Hamiltonian vector fields Xy and X respectively. The Poisson
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bracket of f and g is defined in a coordinate independent manner by
{f. g} :==w(X, X)) € C(M). (2.5.25)
The bracket gives smooth functions on the manifold the structure of a Lie algebra.

Remark 2.5.26.

{f, 9} = w(X, X)) = ta,a,0 = L, df = L, f, (2.5.27)

so a function f is constant along integral curves of X; by the antisymmetry of the
Poisson bracket. We can also see the given a function f and its Hamiltonian vector

field, Xy, with the symplectic form locally defined as dpj. A dq”,
Lx,;w = tx,dpy N dq® = df (2.5.28)

is satisfied by
_of 0 af o
7™ oqt op,  Opr O (2:5.29)
SO
_0f 09 _Of 99
.93 = 9q* Opr.  Opi. Og*

as asserted in formula (2.1.20).

(2.5.30)

Definition 2.5.31 (Polarization). If a manifold is equipped with only a symplectic
structure, then there is no obvious way of determining which coordinates should play
the role of position and which should play the role of momentum. This distinction
is obtained by a process called polarization. The manifolds we will be concerned
with will have additional structure which will help determine which coordinates act
as position and which act as momentum. In particular, when we need to consider
sections of line bundles, the holomorphic and anti-holomorphic sections will provide

this distinction.
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Remark 2.5.32. For more information to the ideas of symplectic geometry, see

[dS00]. For more on the connections between mechanics and symplectic geometry,

see [AMT8].
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CHAPTER 3

GEOMETRIC QUANTIZATION

Motivation 3.0.1. Geometric quantization is a tool for constructing quantum ana-
logues of classical systems. The ultimate goal of quantization is to map observables in
a classical setting to observables in a quantum setting. The classical mechanics ideas
needed, in the form of symplectic geometry from the Hamiltonian point of view, have
already been discussed. In quantum mechanics, observables are given by operators
acting on a Hilbert space. Quantizations are not unique, but this should be no sur-
prise. The connection between quantum mechanics and classical mechanics is clearer
if we consider taking the limit as A tends to 0 of a quantum system to give a classical
analogue. There may are multiple quantum systems which have the same classical
limit, and so we should expect ambiguity in trying to find “the” quantum analogue
for a given classical system. In order to discuss quantum mechanics mathematically,
we will need to introduce a few concepts. For a complete introduction to these ideas,

see [Sim68] and [Wei.

Definition 3.0.2. A wave function in one space dimension is a complex function of
position, 1, such that [|? is a probability distribution. The probability of finding a
given particle between positions a and b is given by fab [v(q)]? dg.

Definition 3.0.3 (The Schrodinger equation). The time evolution of a wave function
is governed by the Schrodinger equation. Given a Hamiltonian H and wave function

v,
H = —ihdy. (3.0.4)

Definition 3.0.5 (Quantization Requirements). The quantization map will be de-

noted by a hat, . Dirac determined that the map should be linear and have the
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following properties:

1. The identity element of the algebra should map to the identity operator in the
Hilbert space.

2. Complex conjugation in the Poisson algebra should commute with the mapping.
If a star denotes the conjugation of a function and also the adjoint of an operator,
this requirement can be written in the symmetric form (77?) — (F)*. This
suggests that real classical observables will map to Hermitian operators. This is
significant because the eigenvalues of a quantum mechanical observable are the

possible measurements, and the measurements should be real, as in the case of

a Hermitian operator.

3. {F,G} should map to [F,G], := %(F@ — GF). This requirement gives a time
evolution for a quantum mechanical observable. Recall the time evolution for a

classical observable f is given by

f=1{f.1} (3.0.6)
which, after quantization, takes the form
Li=1f. (3.0.7)
i =1/, h- U.

4. A complete set is defined as a set Fy, Iy, ..., F), such that {f, F;} = 0 Vj implies
f is a constant or [f, Fj], = 0 Vj implies f is a constant. Complete sets should

map to complete sets.

In the classical case, the state of a system is given by a linear functional C*°(M) — R,
where 1 — 1. In quantum mechanics, the set of observables is given by self-adjoint

linear operators.

Definition 3.0.8 (Quantization and pre-quantization). It is a result of Groenwald

and van Hove that the quantization conditions cannot all be satisfied for a general
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symplectic manifold, though quantizations do exist for many specific manifolds. A
mapping which satisfies the four properties above is called a quantization. If only the
first three conditions are satisfied, the map is a pre-quantization. The details of the
two processes are more different than might appear. We will be only concerned with
pre-quantization as this is relevant to the dispersionless limit of the Toda lattice. As
such, we will refer to “quantization” in later sections to discuss what is more properly

“pre-quantization.”
To illustrate this distinction, we consider two examples.

Example 3.0.9 (A pre-quantization which is not a quantization). Suppose M =
R? = T*R, and f € C*(R). We denote the operator of multiplication by = by M,.

Consider the mapping

p—=p= —%a—q and (3.0.10)
h 0
=M, + ——. 0.11

First, {q,p} = 1, so we require [, p|s = 1, which is true because:

o hd h o
[G.p]f = [Mq‘i‘%a—pa—%a—q]f (3.0.12)
ho ,90 hd ,0 0
— (g + W+ =M, — B —— 0.1
( %9 T opag T o h8q8p>f (30.13)
h ) ho )
=—~afgth fqp+;@—q(qf)—h foa (3.0.14)
h h
= ;(f +qu - (qu> = ;f (3015)
SO
@dnf = Ladlf = f = (3.0.16)
q,D]n _hQ7p —FLZ B U.

We will not worry much about the second condition. The problem occurs when
we consider general polynomials. We begin by considering quantizations of ¢ and

p, ¢ and p. If F is a polynomial, we would like the mapping to extend so that
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F(q,p) — F(q,p). Problems arise for general polynomials (which is closely related to
the Groenwald and van Hove theorem).

The third condition is a computation. [g, | and [p, p| are both 0, so there is only
one bracket to check, which was done in (3.0.16).

Now we will show that the fourth condition is not satisfied. If {f,q} = {f,p} =0,
of _of
dp  Iq

also shows ¢' and p; form a complete set for R*".) The set of operators {G, p} do not

then =0, so f is constant, therefore {¢q, p} form a complete set. (Note this

. : . 0
form a complete set, however. To see this, we can consider either the operator — or

dp
0 2m ) . o1 . .
e + Tp. (Either operator will suffice.) Each commutes with ¢ and p, but is not
4q

constant. We see here that 8% commutes with both ¢ and p:

o .. .0 h 0
[a—p,q]f = [a_p’Mq+2_ma_p]f (3.0.17)
B h 90 o0 h 00
= (55 swigpap~ Modp~ 3riw) (30.18)
o o 9
— (M= Mug) £ = 5raf —ay (30.19)
= pr - pr =0 (3020)
B 0 ho
bl =l o 0.21
[ap,p]f [ap’ mq]f (3.0.21)
hoo 00
_E(a_pa_q = 940 (3.0.22)
=0 (3.0.23)

Example 3.0.24 (A quantization of R?). Consider R? with coordinates given by
(q,p). For the quantization, we will consider H = L*(R?). The operators will be
q=»M, (3.0.25)

p=ih—. (3.0.26)
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q is called the position operator and p the momentum operator. For thoroughness,
we will show how Dirac’s third property regarding brackets is satisfied. Since there

are only 2 coordinates, we need to check only one bracket since {q,q} = {p,p} =0

and {q,p} = —{p, q}.

{a¢:p} — [¢,Pn (3.0.27)
so we need to check [q, plx:
(G, Pl = [Mq,z'hdiq] = qudiq - mdiqu = —qu% + d%Mq (3.0.28)
which is what we hope since
08100 = a4t + o = —av 4 9+ = 0 (30.29)

so [, p] is the identity operator.

If we have a nontrivial potential field V', then the energy operator is given by
2

H= %;712 +V(q). (3.0.30)
Remark 3.0.31. The distinction between pre-quantization and quantization is also
illustrated by the dimensionality of the Hilbert space. The prequantization maps to
L*({q,p},dp), which are functions of 2n variables. The wave function should be a
function of position only, so this is not reasonable. The space should be L*(q,du)

instead. This is the case of (3.0.25) and (3.0.26).

Example 3.0.32 (Quantum Mechanical Simple Harmonic Oscillator). We recall the
simple harmonic oscillator given earlier, (2.1.14). Now we will scale our units for

convenience so that we may consider this hamiltonian to be
H=q¢* +p°. (3.0.33)

Under the mapping described above in (3.0.25) and (3.0.26),

N d?
H= —th—QQ + M. (3.0.34)
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Given ¥(q) € L*(R),
H(Y(q)) = —H*"(q) + ¢*¥(q). (3.0.35)

Motivation 3.0.36. The choices made for ¢ and p were determined by physical
considerations. In the classical case, possible measurements are given by functions
of the ¢* and p; variables. Measurements of quantum mechanical systems are given
by eigenvalues of operators. We would like to define an operator corresponding to
position, and so we will define it such that the position, ¢, is the eigenvalue of the
operator ¢':

g = ¢ (3.0.37)

Notice this is precisely (3.0.25). p should be the differentiation operator, though our

definition of the bracket will require an additional coefficient:
p; = th— (3.0.38)
exactly as in (3.0.26).

Motivation 3.0.39. To achieve a quantization, we could also use a result of Segal
from 1960 which shows that a quantization of an exact symplectic manifold can be

given in the following way.

Theorem 3.0.40 (Segal). Suppose (M,w) is an exact symplectic manifold with w =
df and let the vector field Xy be defined by vx,w = df . A quantization is given by

f =M, —ihX; — (X;,0) (3.0.41)

The proof will be delayed until the ideas which lead to the statement of the

theorem are developed.

Lemma 3.0.42.
[Xf, Xg] = —X{f’g}. (3.0.43)
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Proof. Lie derivatives will be computationally useful since, for vector fields X and

Y, [X,Y] = LxY. Since
Ly(tyw) = tryw + tyLyw (3.0.44)
and using the assumption that ty,w = dH,
X, xg)W = Loy X,W (3-0-45)
= L, (tx,(w)) — ta, (L, (w)) (3.0.46)
— La,(dg) — 0 (by (2:5.9))

= Ty v

= [va Xg] = _X{fvg}

Remark 3.0.47. The lemma suggests
[ — —ihX; (3.0.48)

may satisfy the quantization conditions, since the third condition is satisfied by the
above result. The second is also satisfied, but the first is not as any constant function
is assigned to the zero vector field. A possible solution may seem to be adding the

operation of multiplication by the function itself:
f— —ih.)(f + Mjy. (3049)

This mapping satisfies the first property, but the third property is now no longer
satisfied. At this point, we will now show that (3.0.41) does satisfy the third of the

properties of a quantization in the case of an exact symplectic manifold.

Proof of theorem (3.0.40), Segal’s Formula. The first and second requirements

for a quantization are trivial. The third is verified as follows. Consider a 1-form ¢
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which is a symplectic potential on the manifold (M,w) (so df = w) and vector fields

X and Y. By definition,

dO(X,Y) = X(0(Y)) — Y(0(X)) — 0([X, Y]), so
X(0(Y)) — Y(0(X)) = dO(X,Y) + 0([X, Y)). (3.0.50)

Segal’s quantization formula is given by
f=M;—hiX; —0(X)). (3.0.51)
Then,

[f, 9] = [f — hiXy — 6(Xy), g — hiXy — 6(X,)]
= WX, f — hiXyg — W2X(; g + ihd0( Xy, X,) — ihO([X, X))
= 2hi{g, [} — B* Xy + ihdO( Xy, Xy) — ih0(X(s41)
= 2hi{g, [} — WX gy + ihw(Xy, X,) — ih0( Xy 53)
= —hi{f, g} — K" X{zqy — ih0(X19y)
= ih({f, g} + ihXisgy — 0( Xy g1)
—ih{f.q} (3.0.52)

]

Remark 3.0.53. The phase spaces considered so far are cotangent bundles to man-
ifolds. While an important source of examples, they do not exhaust all possibilities.
If we consider a phase space given by the sphere, 2% + 23 + 22 = r? and take w to

be the usual area form, local coordinates are given by v = x1,v = x5 and the form
r(du A dv)

by w = = = = This manifold cannot be represented as a cotangent bundle.
Vr2—u? —v

There exist complex polarizations for this manifold, which comes from a condition on

the surface area of the manifold, which will be described in generality later.

Motivation 3.0.54. By Segal’s result, Theorem (3.0.40), we were able to construct a

formula for quantization of symplectic manifold, given that the form was exact. Since
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we want to quantize arbitrary compact manifolds, we will need additional structure.
We know that the form is always exact locally, so we can cover M by open sets U,
such that on each open set there is a 1-form 6, where df, = w. We could then use
Segal’s formula on each set to achieve a quantization there. If the manifold admits
a quantization, and not all manifolds do, then these local operators can be glued
together to form a global operator. The problem with this construction is that the
operators do not act on functions of the manifold, but instead on sections of a line
bundle over the manifold. We will need to quickly discuss line bundles and connections

before we progress.

Remark 3.0.55. The ideas of geometric quantization can be explored further through

[EEMLRRVM9S], [Ger],[Kos70], [Rit02], and [Wo0092].
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CHAPTER 4

LINE BUNDLES

Motivation 4.0.1. We might hope that complex holomorphic functions on a phase
space M are the primary objects to deal with. The only holomorphic functions on
compact connected Kéahler manifolds, however, are just constants, so we will need
something more complicated. Not all manifolds require that we use line bundles.
Consider the special case of the phase space R2. The line bundles we will need are

trivial, and lead to ordinary holomorphic functions.

Definition 4.0.2. A line bundle, L over a manifold M is a smooth manifold equipped

with a smooth surjection 7 : L — M such that:
1. the fibre 77*(m) = L,, = C for all m € M, and

2. (local triviality) for every m € M, there exists an open neighborhood U, and
a diffeomorphism ¢ : 7=(U,,) — U,, x C so that ¢(L,,) C {m} x C and |y,

is a linear isomorphism.

Example 4.0.3. The simplest example of a line bundle over a manifold, M is M x C.

The vector space at each point m is {m} x C = C.
Definition 4.0.4. A section of a line bundle is amap s : M — L such that wos = id,,.

Definition 4.0.5. A line bundle is called a trivial line bundle if there exists a global

diffeomorphism ¢ : L — M x C.

Proposition 4.0.6. A line bundle is trivial if and only if it has a nowhere vanishing

section.
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Proof. (=) Suppose the line bundle L is trivial. This means we can use the entire
bundle L as the domain of ¢ so that ¢ : L — M x C is the trivialization. ¢~(m, 1)
gives a nowhere vanishing section on L.

(<) If L has a nowhere vanishing section, s : M — L, then a trivialization is given

by (m, A) — As(m). ]

Motivation 4.0.7. Line bundles can be studied by investigating the transition func-
tions between charts. Consider a line bundle L over M. By local triviality, we can
cover M by open sets {U,} so that each U, has a nonvanishing section s, : U, — L
(i.e. s4(Us,) is a trivial line bundle by the proposition). Now consider a global section
S (possibly vanishing). One can restrict the global section S to the open sets {U,}.
This will allow us to compare the global section to the nonvanishing local sections.

There exist functions f, : U, — C such that
fascx - San (408)

is defined naturally. (Notice the fact that s, is nonvanishing is essential here.) In
addition, we can consider the overlaps between the charts. Suppose U, N Uz # 0.
Then,

S|UamUﬂ = focsoc|UaﬂUﬁ = fﬁs,@|UaﬂUﬁ- (4.0.9)

Alternatively, we can consider a set of nonvanishing sections {s,}. If there exist
{fa : Uy — C} satistying fos, = fssg for all @ and g where U, N Uz # 0, then the

set {s,} form a global section, S.

Definition 4.0.10. The transition functions for a line bundle L over M with local

sections {s,} over open sets {U,} are functions
Gap - Ua N Ug — C, (4.0.11)
where, for z € C, g,4 is defined by

gbagf)gl(m, z) — (M, gop)- (4.0.12)
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This takes z in the # chart to gos(z) in the « chart, so for sections s, and sg,
Sa = JapSp- (4.0.13)

The relations may be best seen in a diagram:

%
Ua U XC —~ Uy nU xC

Proposition 4.0.14. These transition functions must satisfy the following condi-

lions:
1. Gaa =1
2. Jop = g/g; on Uy, NUpg
3. 9ap9pygrva =1 on U, NUz N U,

Remark 4.0.15. These three properties will provide reflexivity, symmetry, and tran-
sitivity for an equivalence relation on the disjoint union C U U,. The third property

is called the cocycle condition.

Proof. 1. s, = gup3Ss, so

Sa = GaaSa = Jaa = 1.
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2. On U, NUj,
Sq = gag(?ﬁ
= GJaBYBaSa
= JapYpa = 1
-1
gﬁa - gaﬂ
3. On U, NU;N U,
Sa = GJaBSp

= Japgpy Sy but
Sa = JarySys SO
9aB98y = Yoy thus

9aBY9pyGra = 1

O

Proposition 4.0.16. Given a manifold M, an open cover {U,}, and functions {gas :
U,NUsz — C} satisfying the three conditions of proposition (4.0.14) for every U, and

Ugs, there exists a line bundle L — M having {gas} as transition functions.

Proof. Consider the disjoint union {|E| U, x C}. Consider an element of this disjoint
union, (m, A). If I is the indexing set for the open sets U,, consider Ix = U, x C
with elements («,m,\), so that « € I,m € U, C M, € C. Now impose the
relation ~ where (a, m, \) ~ (8,n,p) if m = n and g.g(p) = A. The relation ~ is an
equivalence relation because the three conditions of proposition (4.0.14) are precisely
those of reflexivity, symmetry, and transitivity. Addition and scalar multiplication are
defined for equivalence classes in the third coordinate. If brackets denote equivalence

classes, define the section map by

Sa(m) = [(a,m, 1)]. (4.0.17)
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The result now follows since

9apss(m) = gapl(8,m, 1)]
= [(ﬁa m, gaﬁl)]

= [(,m, 1)] = s4(m).

The last detail needed is to show that the resulting space is actually a line bundle.
The mapping ¢, : [(a,m, A\)] — (m,\) gives a local trivialization. The projection

map is given by 7 : [(«, m, A)] — m. O

Remark 4.0.18. We will denote the set of sections of a line bundle L over a manifold
M by T'(L, M), which then has the structure of a C*°-module with multiplication given
by

(fs)(m) = f(m)s(m) Vf e C®(M), seI'(L,M). (4.0.19)
Suppose U C M is an open set which admits a non-vanishing section. We can identify

smooth functions on U with section of the line bundle over U. Suppose f € C*(U)

and s is such a nonvanishing section on U C M.
s(U)=¢ (U xC) (4.0.20)
This means that for every m € U,

s(m) = ¢t (m, f(m)). (4.0.21)

Definition 4.0.22. Line bundles have a tensor product structure defined fibre-wise.
Suppose L; and L, are line bundles over M. L; ® Ly denotes the tensor product of
the two line bundles. Elements of this tensor product are equivalence classes such
that [a,b] = [a,b] if 3¢ € C such that [2a,cb] = [a, ).

Properties 4.0.23. By choosing appropriate subcovers for each of L; and Lo, we

may assume that the open sets defining the line bundles are identical. Suppose
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m Ly — Mand my: Ly — M. w: L1 ® Ly — M, which is defined coordinate-wise.
The implies that the tensor product of complex line bundles is again a complex line

bundle.



39

CHAPTER 5

CONNECTIONS AND CURVATURE

5.1 Connections

Motivation 5.1.1. One motivation for the concept of a connection comes from at-
tempting to differentiate sections of line bundles. In differentiating, one will be forced
to compute the difference of vectors which are located in distinct vector spaces. The
connection allows one to reconcile this distinction. The connection should measure
how a section is changing in the direction of a specific vector field, X. We will denote

the line bundle over M by L, as in the previous section.

Definition 5.1.2. A connection is a K-linear (where Kis R or C) map V : C*(E) —
C>®(T*M ® E) such that Vf € C®°(M),u € C*(E),V(fu) =df @ u+ fVu.

Remark 5.1.3. The connection along a vector field X is a map Vx : I'(L) — I'(L).
Properties 5.1.4. The definition of the connection implies the following properties:

1. The map to respect scaling by functions on the manifold, so we will require

Vixu= fVxu Vf e C®(M). (5.1.5)

2. The connection V should satisfy a Leibniz (product) rule,

Vx(fu) = (X flu+ fVxuVf € C°(M),u € C(E). (5.1.6)

3. The connection should satisfy

Vxsy 6 =Vx ¢+ Vy ¢ (5.1.7)
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Motivation 5.1.8. The connection can be defined in terms of coordinates using
functions called the Christoffel symbols. We can begin to find a derivative of a vector

field by first noticing the special case

V.izpk 9

5= =Thar. (5.1.9)

Definition 5.1.10. The functions Ffj are called the Christoffel symbols.

Properties 5.1.11. A general vector field X can be written as X7 %. By the Leibniz

rule,
Vi(X) =V, xi 2 (5.1.12)
(2 (2 axj

0X7 0 , 0

= — Tk _—_
57 B + X F”@a:k (5.1.13)

oxk : 9,

= k) 2
(aﬂ. + X FU> Bk (5.1.14)

The connection can now be extended to a vector field Y = Y* 8?,- by

VyX =V 0 X =Y (V,;X) (5.1.15)

ox?

If the manifold M is also equipped with a metric, h, then it is natural to require

that the two structures interact in a specified way.

Definition 5.1.16. A connection is said to be compatible with the metric h if
Vx(h(Y,Z))=h(VxY,Z)+ h(Y,VxZ) (5.1.17)

Proposition 5.1.18. Fvery line bundle admits a connection.

Sketch of proof. Consider a line bundle 7 : L — M which has an open cover {U,}
with nowhere vanishing sections {s,}. Let a partition of unity subordinate to the

choice U, be denoted by p,, and let S be a global section. S may vanish, so we would
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like to compare S with nonvanishing sections. As before, define functions {f,} by

the condition S|y, = faSe. We now claim a connection is given by

V(S) =Y dfapasa- (5.1.19)

It must be checked that the above equation actually defines a connection. Consider
g € C*(M). V(gS) will need to be defined by considering the local sections. Now,

using the Leibniz rule for d,

V(9S) =Y d(glu, fapasa)
= (dg) faPaSa + 9 Y _ dfapasa (5.1.20)
=dg ) fapasa +gV(S) = dg(S) + gV (S).

]

Now suppose $;(z) and $2(z) are local representations for sections s1(x) and sy ()
where © € M. Also suppose h(x) is an R-valued function on M. Consider the

Hermitian metric on sections of a line bundle given by
h(sy, s9)(x) = h(x)sy(x)y(x). (5.1.21)
A natural Hermitian metric to keep in mind is one on the trivial bundle:
h(m, z1), (m, z2) = 2123 ¥(m, z;) € (M, C). (5.1.22)

Definition 5.1.23. Suppose V is a connection on a line bundle L over M. Consider a
local trivialization ¢; : U; — Cx M. The connection acts on open sets by determining
a 1-form called the potential 1-form. On a given open set U with connection V, the

connection acts on a section s by the rule
Vs = —ifs. (5.1.24)
Because it will arise often, we denote

n = —if. (5.1.25)
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Proposition 5.1.26. The connection V can be globally defined.

Proof. By setting
V=d+n, (5.1.27)

we will show that the connection transforms appropriately under a change of chart.

Consider a connection V with a trivializing section sy on Uy so that
Vo = nso. (5.1.28)

If ¢ is a (complex-valued) transition function to another set Uy, the trivial section in

Uy is of the form s; = ¢sg on Uy N Uy, so

Vs, = V(gso) = (dé)so + ¢(Vso) (5.1.29)
= (d¢)so + o(nso) (5.1.30)

= (d¢ +n¢)so (5.1.31)

= (d+n)¢gso = (d+n)s1 (5.1.32)

= V=d+. (5.1.33)
O

5.2 Curvature

Definition 5.2.1. The curvature 2-form of the connection V with potential 1-form

6 is given by df. The curvature df will be denoted (2.

Motivation 5.2.2. Recall that the potential 1-forms, defined in 5.1.23, were defined
on the charts. Though these forms depend on the chart, we claim that the curvature

df is independent of the chart.

Proposition 5.2.3. The curvature, §2, is globally defined.
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Proof. The idea of this proof will be to show that the difference between the locally
defined 0’s is an exact form, so the curvature does not change as the local chart
changes. Recall (5.1.6), which was the Leibniz rule for the connection. Consider two
charts Uy and U; with trivializing sections sy and s; respectively. Suppose that on
Up, V(so) = nso and on Uy, Vx(s1) = ns1. The transition between the sections is

given by s; = ¢sg on Uy N U;. On this intersection,

V(s1) = nis1 = 1¢so. (5.2.4)
At a vector field X,
Vx(s1) = n¢se(X). (5.2.5)
Also,
Vx(s1) = Vx(¢s0) = (X¢)so + ¢V xsy = dp(X)so + ¢nso(X) (5.2.6)
Therefore,
gso(X) = dp(X)so + dnso(X) (5.2.7)
= N9(X) = dp(X)so + ¢n(X) (5.2.8)
= n(X) = d¢;X) +n(X) (5.2.9)
= (-0 = 5 — (o)) (52.10)

In other words, changing the chart corresponds to mapping the potential 1-forms by
the rule

1 +— 1+ dlng. (5.2.11)

Since switching between charts only differs by an exact form, the curvature 2 = df

is globally defined. ]

Remark 5.2.12. We have a complex line bundle L with Hermitian structure h and
compatible connection V. We can choose the trivialization to satisfy h(s;,s;) =1V}

by simply rescaling.
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Proof. We need to consider the compatibility condition for the metric and connec-

tion. For a vector field X,
dh(X (s,t)) = Xh(s,t)

= h(VXs, t) + h(S, th)
= h(n(X)s, 1) + (s, n(X)t)

=n(X)h(s,t) + 7(X)h(s,t).

Thus,
dh(s,t) = (n+n)h(s,1).

In particular,

dh(so, 50) = (1 +0)h(s0, S0) = (1 + 1)ho.

5.2.14

o e
AR
RN
_ =
S ot

~—"  ~—

5.2.17

(5.2.18)

(5.2.19)

With the assumption that h(sg, sg) = 1 on the chart, n + 7 = 0, which forces n be

imaginary.

]
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CHAPTER 6

COHOMOLOGY AND THE QUANTIZATION CONDITION

Motivation 6.0.1. Recall Segal’s theorem (3.0.40) allows a quantization to be con-
structed on a single chart of a manifold. We would like to know when this type of
construction can be extended to a global result. This will require a relation between
the local structure and the global structure of the manifold. Cohomology does this,
and we will be particularly interested in the Cech cohomology. We begin with a

smooth manifold, M.

6.1 Cech Cohomology

Definition 6.1.1. An open cover {U,} of M is called a contractible cover of M if
each of the open sets U;, U; N U;,U; NU; N Uy, . .. is either empty or can be smoothly

contracted to a point.

Definition 6.1.2. A k-simplex is a k + 1-tuple of indices (ig, 71, .. ., ) determining
sets (Uio, UiQ, ey Uzk) so that Uio N UiQ N...N Uzk 7é 0.

Definition 6.1.3. A k-cochain is a totally skew (skew in any pair of coordinates)
map

g: (io,’il,...,ik)Hg(io,il,...,ik) € R. (614)
The set of all k-cochains will be denoted C*(U, R).
Remark 6.1.5. The target space of a k-cochain is generally defined to be an abelian

Lie group. For the purposes of this section, we will only need this group to be R. We

will also only need the case k = 2 for our construction.



46

Definition 6.1.6. For each k, there is a map § : C* (U, R) — C*(U,R) defined,
using ~ to denote omission, by

k+1

0gio,in, - iker) = (=17 gliosin, . ij, - ks (6.1.7)

J=0

The operator 0 is called the coboundary operator.
Fact 6.1.8. 6% : C*2(U,R) — C*(U,R) is trivial.
Definition 6.1.9. If g € C*(U,R) and §g = 0, then g is called a k-cocycle.

Definition 6.1.10. If g is a k-cocycle, and g = dh for some (k + 1)-cochain, h, then
g is called a k-coboundary. The set of coboundaries is denoted Z*(U, R).

Definition 6.1.11. The k' cohomology group relative to {U} is defined as the quo-
tient

H*(U,R) = Z*(U,R)/§(C* (U, R)). (6.1.12)

The elements of this group consist of equivalence classes of cocycles with the relation

that two cocycles are in the same class if they differ by a coboundary.

Fact 6.1.13. The Cech cohomology of a manifold is independent of the choice of

contractible cover. Because of this, we may denote the cohomology by H*(M,R).

Definition 6.1.14. Let M be triangulated with vertices given by {z;}. The star

neighborhood of the vertex z; is given by
U; = {x € M|x is in the interior of a simplex with a vertex z;}, (6.1.15)
where the simplices are given by the triangulation.

Remark 6.1.16. The cohomology groups discussed here are isomorphic with the

de Rham cohomology groups. This can be seen clearly in the special case of the star

neighborhoods. Let x;,, z;,, %, . . ., x;, designate the simplex with vertices x;,, Z;,, Zi,, - - .
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and z;,. If ¢ is a complex k-form on that simplex, then we can produce a k-cochain
Y by
Ty Tig s rLiy,

By Stokes’ theorem,

~

(d) (39,1, - . - ips1) = OU (i, in, . - - ips1)- (6.1.18)

The isomorphism can be constructed from this association of k-forms with k-cochains.

The correspondence exists for any contractible cover, not just the star neighborhoods.

6.2 The Quantization Condition

Definition 6.2.1 (The Integrality Condition). A form w is called integral if the class
of (2rh)~w lies in the image of H*(M,Z).

Definition 6.2.2. A symplectic manifold (M,w) is called quantizable if w satisfies

the integrality condition above, i.e. w is integral.
This is equivalent to:

Proposition 6.2.3. A symplectic manifold is quantizable if there exists a Hermitian

line bundle B — M with a connection ¥ on B which has curvature h™'w.

Remark 6.2.4. The first definition requires the integral of w over any closed 2-
dimensional surface in M be an integer multiple of 27h. The B in the second definition

is called the quantizing line bundle.

Proof that the quantization conditions are equivalent. For both directions, we
will suppose 7 : L — M is a line bundle with local trivialization {U;, s;}. By pos-
sibly using a finer cover, we may assume that {U;} is contractible. We will use the
transition functions g,g : Uy, N Ug — C to produce cochains. The transition func-

tions are actually cocycles since goggs gva = 1 on U, N Ug N U,. (This is why the



48

condition described in the line bundles section was called the cocycle condition.) By
proposition 4.0.16, we can construct a line bundle with transition functions given by
the cochains. We now have a link between transition functions in a line bundle and
Cech cohomology cochains.

Assume 6.2.3 is true. Therefore, we suppose L is a Hermitian line bundle with
connection V having curvature h~'w. We choose a triangulation, following the idea of
a star neighborhood, which has vertices {z;}. {U;} will denote the star neighborhoods
of the {x;}. The connection on a chart U; is determined by a potential 1-form, «;. As
we computed in the proof of 5.2.3, the potential 1-forms transform on intersections
U; NU; by the rule

a; = a; + dIn(9) (6.2.5)

where ¢ transforms sections on U; to sections on U;. Let

where

fij :UinU; = C (6.2.7)
so that

fi; = (27h) In(¢). (6.2.8)

Now the cocycle condition is equivalent to d(fi; + fjx + fri) = 0. We can consider
. 1
a(i, j, k) = %(fij“‘fjk"’fki) :U;NnU;NU, — C. (6.2.9)

This function is a constant since da = 0. Since it is constant on each chart and is
constant on the overlaps, a is a constant function on the entire manifold (since we are
working on a connected manifold). This constant, as it turns out, is always an integer
(see [SW76]). The second cohomology class is defined over each 2-simplex A, which
has vertices x;, x;, and, z;, and is evaluated by

w(i, j, k) = /A w. (6.2.10)

ijk
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Next we can evaluate and group so that

(i, j, k) = /A o (6.2.11)

ijk

- % /gmijk. (0 + o + ay) (6.2.12)
= é 2(fij + fix 4 fra) (@) + 2(fi5 + fin + faizs) +2(fi5 + fie + fri(zn)]
(6.2.13)
= 1) + Filw) + Fileg) + vl + fielme) + faln) + fu)]
(6.2.14)
_ %/ximj(ai + o) + /xjxk(ozj + ag) + /Wi(ak + ;) (6.2.15)

by using Stokes’ theorem. The last two lines in the computation are coboundaries, and
so will be quotiented out in the cohomology. The line before that is just the cocycle
2rha(i, j, k). Therefore, w(i, j, k) = (2wh)a(i, j, k), so ﬁfBAijk w is an integer. This
tells us that the class of (27h)'w is in H*(M,Z).

Now we suppose 6.2.2, so that the class of (2rh) 'w is in H*(M,Z). We know
w is a closed 2-form, but we will assume that it is not globally exact. On a star
neighborhood (defined at the beginning of the proof), w = da; for some 1-form. This
relies on the fact that the neighborhood U; be contractible, which was why we needed
the option of taking a subcover of an original cover. As above, we can define functions
fij so that a; — a; = df;;. By the same reasoning as above, a(i, j, k) = fi; + fjx + fri
must be constant since da(i, j, k) = 0. We need to construct a connection V which
has curvature h~'w. We can do this if we can construct transition functions, which
will be based on the a)s. While we don’t know if a(i, j, k) is an integer, we do know
that it is in a cohomology class with a some b(i, j, k), which is an integer. Let this
integer be denoted K. If a(i,j,k) = fi; + fjx + fri, then b must differ by a by an
exact form since they are in the same cohomology class. Suppose these differ by dh.

This means we can write fij = fi; + hij for h;; exact, so that g;; = e2mifis defines a
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cocycle since
GijGingns = et ntfi) = ik — (6.2.16)
The g;;s form transition functions, and one can then see that the curvature of this

connection is, in fact, w. For a much more involved and complete exploration of these

ideas, the reader is directed to [SW76]. O

Example 6.2.17 (Quantization condition on S?). Any surface can be given the struc-
ture of a symplectic manifold by letting w be a volume form. If this surface is compact,
the form cannot be globally exact by Stokes’ theorem. Given a compact manifold M

without boundary, if w = df,

VOlw(M):Aw:Adez/aMeszezo. (6.2.18)

The quantization condition imposes specific restrictions on either the radius of the
sphere or the symplectic form. Consider the 2-sphere with radius 1, S?. Using the

volume form

w = ksin(0)do A do, (6.2.19)
then w is only integral if

/ w = 4k = n2wh (6.2.20)
for n € Z. This requires k = %ﬁM This puts discrete conditions on the form. The

form could also have been fixed and the radius of the sphere would have a discrete
condition. We can also see here that the Poisson bracket for the sphere of radius r

must be

L (afag @fag). (6.2.21)

r2sin(f) \9p 90 96 9o

{f.9y = 9600 96 0o

We will see later how this will be useful after stereographic projection in the section
on quantization of S?. It would be misleading to suggest that merely scaling the
symplectic form will make a symplectic manifold quantizable. One can consider a
Cartesian product of 2-spheres with incommensurable radii to see that the process is

not so simple.
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CHAPTER 7

QUANTIZATION OF KAHLER MANIFOLDS

Definition 7.0.1. A complex manifold, M, is a smooth manifold which has coordi-
nate patches diffeomorphic with C" for some fixed n which has holomorphic transition

functions.

Definition 7.0.2. A Hermitian metric is an assignment of a self-adjoint (Hermitian)

form to each fibre of a line bundle.

Definition 7.0.3. Suppose M is a complex manifold which has a smoothly varying
Hermitian metric A on its tangent spaces. If the imaginary part of h is closed, M is

called a Kahler manifold.

Remark 7.0.4. The Hermitian metric of a Kahler manifold gives a method for re-
lating multiple structures on the manifold. Assume M is a complex manifold with
a smoothly varying Hermitian metric. The imaginary part of h is a non-degenerate,
skew-symmetric 2-form. If M is Kahler, then that 2-form is also closed, so it is a
symplectic form, making M into a symplectic manifold. The real part of h assigns
a symmetric 2 form to each of the tangent spaces, which gives M the structure of a

Riemannian manifold.

Definition 7.0.5. We introduce the following notation
0
; : 821'
~ 0
(9 — dii
zi: Y0z,

Remark 7.0.8. This notation allows the immediate decomposition of d as 9 + 0.

(7.0.6)

(7.0.7)

The complex structure of the Kahler manifold gives a natural way of imposing a
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polarization on the sections. By considering only holomorphic sections, (5.2.19) is
written
Equivalently,

n =0 In(h) (7.0.10)

Recalling that curv(L) = Q = dn, we now have the condition
curv(L) = —00 In(hg) = 90 In(hy). (7.0.11)

Example 7.0.12 (C"). If C" is endowed with the natural symplectic form w =
izj dzj A\ dz;j, the line bundle is trivial and we can find the appropriate Hilbert

spaces for the quantization. Since i - curv(L) = w, w = —idd In(he). Therefore,

001In(hg) = —w = — Y dz A dz. (7.0.13)
J

However, 0027 = Zj dz N\ dz, so
In(ho(z)) = —22. (7.0.14)

Therefore,

ho(z) = e % = e . (7.0.15)

We then need to consider the particular Hilbert spaces. We can consider arbitrary
powers of a line bundle over a manifold, so we could in fact have h(z) = e ¥ for
any positive integer k. The role of k in this example comes from the k" tensor power
of the line bundle, as described in 4.0.22. Consider the & tensor power of the line
bundle L. The transition functions of a tensor product of line bundles are products
of the original transition functions, so the transition functions of L®" are just the
powers of the transition functions of the line bundle L. The Hermitian structure is

then given locally by h%. The Hilbert spaces are then

Hy = L2,,(C, e M dz A dz). (7.0.16)
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The curvature of the k' tensor power of L is given by
curv(L®*) = k curv(L). (7.0.17)
This is also equivalent to the condition
icurv(L) = kw. (7.0.18)
This gives us sets of Hilbert spaces defined by

Hy, = L7,,(M, L¥), (7.0.19)

7.1 Quantization of S?

Motivation 7.1.1. The two manifolds most significant in the dispersionless limit of
the Toda lattice are the sphere and the torus. The quantization of the sphere will be
considered first. We will need to determine the appropriate Hilbert space which will
be given by holomorphic sections of a tensor power of a line bundle. We will consider

the Riemann sphere with two charts given by stereographic projection.

Motivation 7.1.2. Consider two charts on S?, which will be called chart 1 and chart
2. Let {N} designate the north pole of the sphere, (0,0,1), and {S} designate the
south pole, (0,0,—1). Chart 1 is defined on S? \ {N} and chart 2 is defined on
S? \ {S}. The complex coordinate in chart 1 will be denoted z and the complex
coordinate in chart 2 will be denoted w. If S? is identified with the one dimensional

complex projective space with coordinates [z, z1], then

2= and (7.1.3)
z1
21
= — 7.1.4
w2 (1.4

so that the relation between z and w becomes clear:

2w =1 (7.1.5)
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This relation provides the transition function
1
w(z) = —. (7.1.6)
z

Remark 7.1.7. Consider a section of a holomorphic line bundle L — S?. In each
chart, this must look like a 1 dimensional vector space over C. The holomorphic
functions on all of S? must be constant since S? is compact. Therefore, we will need to
consider sections instead of functions, so that the transition functions can allow us to
use more interesting objects than constant functions. These sections correspond to the
tensor power L®!. In chart 1 with coordinate z, the section is given in homogeneous
coordinates by [20 : 21] = ([20 : 21], 2) = ([20 : 21],2), so we can denote the section
by z. The sections of the tensor powers of the line bundle are powers of the sections
of the first tensor power, so the sections of the n'* tensor power of L are given by

2 ..., 2" Inthis chart, we see that the sections have representations as functions

1,22
on the chart which have a single zero at 0 with increasing order as the tensor power
increases, and a pole having the same property at infinity. The transition functions
allow the representation as a function in chart 2 to be holomorphic. This allows us

to determine these transition functions for L€™.

Motivation 7.1.8. In the construction of quantization, line bundles must be endowed

with Hermitian metrics. These will now be constructed.
Proposition 7.1.9. The metric on a section s is given by
- dz Ndz
h(S(Z),S(Z)) = /S(Z)S<Z)W. (7110)
Proof. Differentials transform according to the rule
dz = —dw (7.1.11)

on the Riemann sphere. The sections will also transform in switching between charts.

Consider a holomorphic section in chart 1 of the form s;(z) = z¥. Holomorphicity
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requires that k£ > 0. Suppose that in the second chart, this section is written sy(w).

There is an n determined by the transition function so that

So(w) = w”sl(i) = w”(%)k =w" " (7.1.12)

which forces n > k > 0 so that the section is holomorphic in chart 2. The metric
can be rewritten in the w coordinate. We will switch the section, so that if (7.1.10)
is written in s1(z), we need to write the metric in so(w). We also need to note
that on the intersection of the two charts (which is all but a set of measure zero),
1+ |z =1+ |w|?. The sections are related by (7.1.12), so the metric in the second

chart has the form, after a short calculation,

h(s(w), s(w)) = /s(w)E(w)( dw A dw (7.1.13)

T+ TP

]

Remark 7.1.14. In local coordinates w; = j—(’) for : = 1,..., N, the Fubini-Study

fundamental form for projective space is defined as

w _ Z(l + |w|2) Zfil dwz A dwz - Zz]'?]jzl w,w]dwz A dlZ]j
" (1 + [w])? '

(7.1.15)
For CP', this specializes to

dw A dw. (7.1.16)

?
Ww=-——>=
(1 + |w[?)?

This form is, up to a coefficient of 7, the same measure we found in the above propo-

sition in the case of n = 0.

Motivation 7.1.17. Since we have found a metric for this Hilbert space, we will

next find an orthonormal basis.

Proposition 7.1.18. The dimension of the space of holomorphic sections of L®"

s n.
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The proof is an immediate consequence of the Riemann-Roch theorem. The state-

ment of this theorem will require a few definitions.

Definition 7.1.19. Consider a 1-dimensional complex manifold. A divisor is a formal
sum of points of the manifold with integer coefficients. Suppose f is a meromorphic
function on M. If f has a zero at a point z,, let s, denote the order of that zero. If
f has a pole at a point zg, let —sz denote the order of that pole. If R is the set of all
zeros and poles of f, the divisor of f is denoted
(f) =) siz. (7.1.20)
Zi€ER

The divisor of a 1-form is defined similarly.

Definition 7.1.21. A divisor D =}, k;jp;, k; € Z is called positive (and represented
by the notation D > 0) if k; > 0 Vj.

Definition 7.1.22. We introduce two notations for a meromorphic divisor D:

L(—D) = {f|f is a meromorphic function and ord(p;) > —k; Vi} (7.1.23)

Q(D) = {w|w is a meromorphic differential and (w) — D > 0} (7.1.24)

Theorem 7.1.25 (The Riemann-Roch Theorem). Consider a compact 1 dimensional
complex manifold (also called a Riemann surface), M of genus g and D is a mero-

morphic differential.
dim(L(—D)) — dim((D)) = deg(D) — g+ 1 (7.1.26)

Proof of the proposition. This result is an immediate consequence of the Riemann-
Roch theorem, since the Riemann sphere has no holomorphic differentials. We are
looking for holomorphic sections, so we need to consider D = 0. L is counting holo-
morphic sections and {2 is counting holomorphic differentials, of which there are none.

This tells us that dim(£(0)) = 1. If each copy of L has a one dimensional space of
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holomorphic sections, then L®" has an n dimensional space of holomorphic sections.
This can be seen because the transition functions of L®" are the n'* powers of tran-

sition functions of L. The specific case of the sphere will be worked out below. O

Proposition 7.1.27. A basis for the Hilbert space of holomorphic sections of L™ is

given by
(n+1) (n\ ,
= 1.2
o 2m k)® (7.1.28)
fork=1,... n.
Proof. Computation. N

This basis will be important in the section on Toeplitz operators. To summarize,
the Hilbert space for the quantization of S? is equivalent to the space

. s entive nd & [ |20
HN—{f.C—>(C | f is entire and 2/(C|f(z)| 15

< oo} . (7.1.29)
This identification is achieved through stereographic projection (by considering the
sphere to be the completion of C). These functions are just homogeneous polynomials

with degree less than or equal to N. Recall that the symplectic form on the sphere

is just an area form.

Remark 7.1.30. Recall that the quantization condition states that the integral of w
over any closed 2-dimensional surface in M be integer multiple of 2. That condition

in this specific case requires that we use the above measure, L%W).

Proposition 7.1.31. The transition functions for the N** tensor power of a line
bundle over the sphere of radius 1 are the N'* powers of the transition functions of

the 1%t tensor power.

Proof. The proof will follow much of the above work, but we will demonstrate calcu-

lation by considering the sphere in R3. On the sphere of radius 1, S?, we can introduce
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the form

Nh
wN:4—(x dy Ndz +y dz Ndx + z dx A dy). (7.1.32)
7r

The area is then Nh, as desired. We now want a line bundle Ly with a connection V
so that the form Q = h~lwy is the curvature form. We will do this computation by
using stereographic projection. We will again denote the north pole, (0,0,1) by {N}
and the south pole (0,0, —1) by {S}. On the chart U, = S?\ {N} we introduce the

complex coordinate
Xr1 — iJZQ
e 7.1.33
: 1+ T3 ( )

and on U_ = S?\ {S} we introduce the complex coordinate

T1 + 179
= —. 7.1.34
=g ( )

On the intersection we again have the relation zw = 1. We now have

O = 3 4y
O — N _dondw (7.1.35)
N = omi (w22

We need a 1-form 6 so that df = €2, so we take

Nh zdz Nh wdw
=——f# = ——— 7.1.36
T omi 1 4 |22 2mi 1+ |w|? ( )
If we have a 1-form 6, in a chart, then we can define a connection V so that for a

vector field X,
i

Vxd=X¢— 2%(%()()(}5. (7.1.37)

Notice that we can identify of the space of sections with the space of functions on the
chart. On the intersection of charts U, N Us, if c,p denotes the transition function of
sections (so s, = C4p3Sg), we have

h
9/3 — Ga = ﬁd hl(Ca/g). (7138)

1

Therefore,

2mi ( wdw zdz >_ dw

dneag) = S (0- = 02) = N ({5 10s ~ 7o 1o (7.1.39)
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This equation can be solved for the transition functions, c,g:

cap = (W)N = (2)7. (7.1.40)

7.2 Quantization of T?

Motivation 7.2.1. As with the sphere, we need to find a natural setting to inves-
tigate sections of line bundles over the torus. The functions on T? are equivalent to
doubly periodic functions on the plane. This can be seen by considering the funda-
mental domain [0, 1] x [0, 1]. A doubly periodic function on the fundamental domain
determines a function on the torus by the natural projection. Since these are equiva-
lent, we will consider the doubly periodic functions. The area form on the torus will

then take a much simpler form than the area form on S? did, namely
wn = Nh dx AN dy mod Z x Z (7.2.2)
The map of the unit square to T? can then be given by
¢(z,y) = (z,y) mod Z X Z, (7.2.3)

so that the pullback is
¢*(wn) = Nh dx A dy. (7.2.4)

To satisfy the quantization condition, we need a 1-form 6 such that df = h~'w, so we

will use

¢*(0) = Nhx dy (7.2.5)

to achieve this given our maps. We will relate the sections with another set of func-

tions, the theta functions. Consider the set of functions f(z) satisfying the condition
Flz+m+in) = N =2m2) £ () (7.2.6)

for a fixed value of N.
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Definition 7.2.7. The set of functions that satisfy the condition (7.2.6) will be
denoted ©p. These will be called the theta functions of order V.

Proposition 7.2.8. The set of functions ©n has dimension N.

Proof. Consider f(z) € ©y. We can decompose f(z) in its Fourier series as f(z) =

Sore o age®™ = Next (7.2.6) is rewritten.

flz4+m+in) = N7 22 £ () (7.2.9)
Z akeQWik(erin) _ eNTr(TL272’inZ) Z ak€2m'kz (7210)
k=—o00 k=—o00
Z ak€27rikz—27rnk — Z akeNTrn2—27rian+27rikz (7211)
k=—o00 k=—00
Z ak€727rnk _ Z akeNﬂ'n2727rian (7212)
k=—o00 k=—o0
Z ak_Nne—an(k—Nn) _ Z akernQ_%rian (7213)
k—Nn=—oc0 k=—00
Z e 2N Z age 2N (7.2.14)
k—Nn=—o00 k=—00
So,
Ao N = ake27mk—7an2—27rian — ake27rnk—71'Nn27 (7215)
or, equivalently,
Qs nm = e GTRFTINT?), (7.2.16)

In particular, the coefficients ag through ay_; determine the entire Fourier series, so

O is N-dimensional. O

Proposition 7.2.17. The functions 0;, defined by the Fourier series

0]‘: Z G—W(Nk2+2jk)627rizj+27riNk: (7.2.18)

k=—00
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for j=0,...,N — 1 define an orthogonal basis for ©x with inner product

h(f,g) = / F(2)5(2)e=2 dady. (7.2.19)
[0,1]x[0,1]

Proof. Computation. Significant in this computation is the fact that
627Tj2 /N

V2N

This allows us to construct an orthonormal basis. In particular, we will return to this

116,]° =

(7.2.20)

in (8.1.5) to discuss this basis further. O

Remark 7.2.21. The quanization of Kéahler manifolds is developed further in [Bor00]
and [Kir90].
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CHAPTER 8

TOEPLITZ OPERATORS

Motivation 8.0.1. Toeplitz operators will be the tool used to estimate solutions to
the Toda lattice. We'll first remind the reader of the conditions we impose on the

symplectic manifold. M is a Kéahler manifold with symplectic form w. M must be

W

5o must be integral. L is a holomorphic Hermitian line bundle over

quantizable, so

M with connection V with curvature form equal to w.
Definition 8.0.2. Define the Hilbert spaces
Hy = H(M, L®N) (8.0.3)

for each N. These are the spaces of holomorphic sections of the N** tensor power

of L.

Remark 8.0.4. Recalling (7.0.17) and (7.0.18), we could also define Hy by the space
of holomorphic sections of a Hermitian line bundle with curvature Nw. The inner

product on Hy is given by

(,6) = /M (6(x), d(x))dA, (8.05)

where d), is the Liouville measure, w". n is again half the dimension of the manifold.
In the case of the sphere and torus, n = 1, so the measure will just be w. We need to

now consider a specific type of operator on Hy.
Definition 8.0.6. We will denote orthogonal projection by
IT: L2(M, L®N) — Hy. (8.0.7)

Remark 8.0.8. So that we can discuss the case of the torus and sphere simultane-

ously, we will denote the Hilbert space on the sphere by H% and the Hilbert space
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on the torus by H%. For the sphere, the Hilbert space Hy is a closed subspace of
the space L*(C, %%). For T?, the Hilbert space H1 is a closed subspace of
L2([0,1]2, e 2N™" dz: A dy). Having defined the basis for H%,, the projection is natu-
rally defined. For T? HY is a closed subspace of L?([0,1] x [0,1]), and so there is

again a natural projection.

Definition 8.0.9. A Toeplitz operator T is a sequence of operators T}IN) acting on

‘H which has an asymptotic expansion of the form

T ~ > NTITY, (8.0.10)
=0
where H; are functions such that
T& : Hy — Hy (8.0.11)
f—=Un(fH). (8.0.12)

Example 8.0.13. To understand the Toeplitz operator better, we will consider a
simple example. Our functions will be functions on the circle, so we will consider the
Fourier series of these functions. The space on which we will be working (Hy above)
will be the span of 1,e™ %@ ... Nz We would like to understand T (f), which
we will find by considering the series T;IN)( f). First, we can project f onto the span

of 1,e™ 2 . . eNw producing
I(f) = (f,1) - 14 (f,e) - e 4 ... 4 (f, eViw) . Vi, (8.0.14)

To keep track of these coefficients, we set co = (f, 1), c; = (f,e™®),..., ey = (f, ™).
We now need to multiply II(f) by H =>"°_ _ kye"™*. The result is then projected
back to the span of 1,e™ e?® ... N We can represent this entire process by
considering a matrix. The matrix of TI({N) will be an N x N block of a doubly infinite

matrix which is operating on the Fourier series of the function f. In our example,
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this matrix has the form

0 0 0 0 0 0 0
0 k?() k?_l kJ_Q c. k—N—i—l 0
0 Kk ko kv ... k_nyyo O
0 ko k1 ko ... k_nis O (8.0.15)
0 : : : : : :
0 kN—l k'N_Q tee ]{31 ]{?0 0
0 0 0 0 0 0 0

The Toeplitz operator is then defined by this sequence.

Motivation 8.0.16. Toeplitz operators can arise when we try to do operations on
holomorphic sections of a line bundle. If this section is multiplied by a differentiable
function, the resulting section is only differentiable, so one needs to project back to
the holomorphic sections. A great deal of information will be lost in this process, we
will want to consider expansions as described above. If T"is considered as a map from
smooth functions to endomorphisms by f +— T’y = IloMoll, the commutative algebra
of functions is being mapped to a finite-dimensional and non-commutative matrix
algebra. By considering tensor powers of the line bundle (and hence larger dimensional
matrix algebras), the family should in some appropriate sense approximate the algebra

of functions.

Remark 8.0.17. Because of our definition in terms of having an asymptotic expan-
sion, and since Hy is a finite dimensional space, being a Toeplitz operator is only
seen in the limit N — oo. The order of a Toeplitz operator is defined as the first
J = 0 for which H; # 0. These operators have a structure which resembles polyno-
mials. The composition of two Toeplitz operators is a Toeplitz operator with order
equal to the sum of the orders of the summands, given in [BAMGS81]. The commu-
tator is also a Toeplitz operator with order one less than the sum of orders of the

summands. We will be approximating solutions with Toeplitz operators, so we will
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need to know how to measure the norm of a Toeplitz operator. This is given by the

following proposition.
Proposition 8.0.18. If T = (T™)) is a Toeplitz operator of order m, then
TN |z ~ dyN~™|Hpp |2, (8.0.19)

where ||[T™)||ys is the Hilbert-Schmidt norm and dy is the dimension of Hy. See

[BAMG81] for the proof.

Definition 8.0.20. If a Toeplitz operator T" has the expansion Z;io Uy My, 1y,

then Hj is called the principal symbol of T

8.1 Toeplitz Quantization of T? and S?

Motivation 8.1.1. We want to show that the matrix Ly, (2.3.4), is a Toeplitz
operator on the torus. We will expand the operator, but we must first consider the

principal symbol.

Lemma 8.1.2. The principal symbol of the Toeplitz operator associated to the matriz

Ly for the period Toda lattice, (2.3.4), is given by
H(z,y) = b(x) + 2a(zx) cos(2my), (8.1.3)
where x and 27y are the natural coordinates on the torus.

Motivation 8.1.4. We will consider the orthonormal basis for Oy which was given
by
0, = (2N)V4e ™ /N, j=0,... N -1 (8.1.5)

We can now compute the Fourier coefficients of a function of the form
H(z,y) = u(z) 4+ 2v(x) cos(2my). (8.1.6)

The u and b function will eventually be equated and the v and a functions will be

closely related.
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Remark 8.1.7. As the motivation suggests, we will consider the Fourier coefficients

of a function of the form
H(z,y) = u(y) + 2 cos(2mz)v(y). (8.1.8)

in the orthonormal bases defined above. We will break the function into its two
summands and consider each separately in the following two propositions, which will

then be used to prove the lemma.

Proposition 8.1.9. If v(y) = 0, so that H(z,y) = u(y), the Toeplitz matriz for H

is diagonal with the 7 diagonal entry given by

AM = 37 d(m)emmm /2N gm2mimi/N, (8.1.10)

m=—0o0

Proof. We will consider the matrix with entries a;;. Recalling (8.1.5), we see that

al™) = (w9, 0,;) = V2Ne "IN (16,6, (8.1.11)

jl

We now need to compute (H,,6;).

(HO,,0;) = / u9;§j6_2N”ygdxdy (8.1.12)
[0,1]%[0,1]
— / U(y) Z e—W(Nn2+2ln)627ri(:c+iy)(l+Nn) (8113)
[0,1]%[0,1] n
. Z e_W(N”ZHj”)62m($+iy)(j+N")e_QN”y2d:13dy. (8114)

n

By considering the dependence on x, and the fact that the f,(z) = *™** are orthog-

onal on [0, 1], this is 0 unless j = I. This forces our matrix to be diagonal. In the

case j =,
1
(uly)y.65) = Y 2 eam [ imlis iy )y (8.1.15)
- 0
1
_ / <e—277[Ny2+2yj] Ze—QW[Nm2+2m(j+Ny)]> U(y)dy (8116)
0 m

- /0 KM (y)uly)dy, (8.1.17)
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where K ](-N) (y) is defined by

KJ(N) (y) _ (ezw[Ny2+2yj] Z €27T[Nm2+2m(j+Ny)}> _ (8.1.18)

m
By using the Poisson summation formula,
-2
e27] /N

V2N

K](N)<y) _ Z e2mi(y+i/N)m. (8.1.19)

Now,

1 27nj2/N
/ e<™ Z eQm(y—H/N)mU(y dy _
m

27rj2/N

0 \/W Z mi(j/N)m / Z 27szm

(8.1.20)

\/__Z mi/N)m g (m) (8.1.21)

We can now plug this back into (8.1.11):

N —7242 gl mA
o) = VAN L Z 2mili/N )y (1) (8.1.22)
_ o—m2%/N ZQ%Z(J/N)ma(m) (8.1.23)
= 3 d(m)e RN e amimi/N (8.1.24)
]

Remark 8.1.25. As N — oo, if @ has compact support in m,
M S Sia(m)em 2 mIN = y(—j/N) (8.1.26)
uniformly in j.

Proposition 8.1.27. If H(x,y) is of the form 2 cos(2mx)v(y), then the Toeplitz

matrixz for H is 0 except for the super and sub diagonals and corners. The entries of
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the matriz are asymptotic to the entries of the matriz

0 v(1—1/2N) 0 . w(1/2N)
v(l —1/2N) 0 v(1—3/2N) 0
0 v(1—3/2N) 0 0 . (8.1.28)
: : : 0 w(3/2N)
v(1/2N) 0 0 v(3/2N) 0

Proof. Since the ideas of the proof are the same as the previous proposition, we will
only sketch the computations here. We again begin by computing the entries of the
matrix. This will be computed in the ¥ variables, which are again related to the theta

coordinates by (8.1.5).

al)) = (2 cos(2mz)v(y);, V) (8.1.29)
—9 Z o~ TIN (n24m?)+2(jn+1m)] C()S/(ﬁx)

1
[N(m —n)+1—j] / e 2NV HYHEN (b m)y (o gy (8.1.30)
0

This is 0 unless either N(m —n) + 1 — j is £1. These will correspond to the super
and sub diagonals respectively.

Case I: Nom—n)+l—j=1. Nim—n)+l—j=1,s0if j < N—2 thenl=j+1
andm=mn. If j >N —-2thenj=N—-1,s0l=0andm=n+1. The ] <N -2
case corresponds to the super diagonal and j = N — 1 corresponds to the bottom left
corner.

Case 2: This is the mirror situation to case 1, which provides the sub diagonal and
the top right corner.

We can now find the non-zero entries of the matrix explicitly.

Suppose m=n and [ = j + 1:
1
(2 cos(2mx)v(y)0;, 0;11) = / Z6771'[2Nn2+2(jn+(]'+1)n)]efZTr[Ny2+y(2j+l+2nN)]U(y)dy
0 n
(8.1.31)

= | Aot (3.1.32)
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where A;(y) is defined as a kernel exactly as the previous example. By now completing

the square and using the Poisson summation as in the last case, we obtain the formula
1

V2N

We now use this in the orthonormal basis {9}

Aj(y) — 6%(]4‘%)2 Z e?ﬂim[y-f—(j'i‘%)/N]e—WmQ/QN (8133)

m

(2 cos(2ma)v(y)d;, 041) = e ™/ Z e_”m2/ZNe_Qmm(jJr%)/Nﬁ(m) (8.1.34)

Just as in the last example, we can note Zle behavior as N — oo.
a%}rl ~ U (—]%%) (8.1.35)
uniformly in j as N — oo [

Now suppose j = N — 1, { =0 and m = n + 1. The matrix entry is now given by

1
<2 COS(27T$)U(Z/)9N_1, 90> = / Z e—?r[QNn2+4Nn+N—2n]e—27rN[y2+2y(1+n—ﬁ)]v(y)dy
0

(8.1.36)

where we define, again:

A§N) _ Z o~ T2NN? +4ANn+N —2n] ,—2x N[y +2y (1+n—50)] (8.1.37)

After completing the square and using the Poisson summation formula again, we

obtain

AWM — 1 e”[N’Q’ﬁ] Ze%im[wl—ﬁ]ewm?/m_ (8.1.38)

J V2N

Again, we return to the orthonormal basis {¢;}. This produces the relation

m

(2 cos(2mx)v(y)In_1,00) = ™/ Z 2mim/2N o= 2N () (8.1.39)

m

Again, letting N — oo,
1

aN-1,0 "~ ’l}(m) (8140)

uniformly in j. The case 2 described above is completely symmetric, and so will result

in the matrix of the proposition being symmetric.



70

Proof of the Lemma, 8.1.2. By combining the previous two propositions, we ob-

tain the matrix

u(1) v(l1 —1/2N) 0 v(1/2N)
v(1—1/2N) w(l—-1/N) wv(1—3/2N) 0
0 v(1—3/2N) wu(l—2/N) - 0 . (8.1.41)
: : : v(3/2N)
v(1/2N) 0 0 v(3/2N)  u(1/N)

We now take

u(z) = b(x) (8.1.42)

and

o(z) = a (x _ %) | (8.1.43)

We will now use the basis {(2N)V4e mWV=1*/Ng, , (2N)49,}, which is just a
rearrangement of the original basis. Now with a; = a(4) and b; = b(£), we obtain

the matrix given in (2.3.4). O

We can also see that the operator we have constructed is, in fact, a Toeplitz operator.
In the matrix (8.1.41), we have functions v and v. We can find functions uy and vy
so that uy ~ u+ Y77, N~u; and vy ~ v+ > N~Jv;. We then have our Hy

functions which will be given by Hy(x,y) = un(y) + 2 cos(2mx)vn(y). Now consider

the matrix
br(1/N) ax(1/N) 0 0
ap(1/N) bk(2/N) ax(2/N) 0
T = 0 a(2/N)  b(3/N) a(3/N)... 0 (8.1.44)
0 ax(1 - 1/N) bkil)

For the function H, we have now constructed an operator 7% x which has an asymp-

totic expansion
K
Tux = NPT+ O(NF, (8.1.45)
k=0
These are truncations of the operator Tly.
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Motivation 8.1.46. The quantization of the sphere is very similar to the case of the

torus. Recall the matrix Ly for the non-periodic Toda lattice, (2.3.6),

b1 aq 0 N 0
aq bg (05} N 0

Ly®)=| 0 a2 b3 ag... 0 [, (8.1.47)
0 R anN—1 bN

Ly is the matrix of a Toeplitz operator on the sphere. We also recall that a; = a(%)

and b; = b(L) for j = 1,...,N — 1. We also assume b € C=([0,1]) and a € A :=

Vol —z)

Lemma 8.1.48. The matrices Ly above are the T™) in definition 8.0.20 of a Toeplitz

{a € C°([0,1]) such that _aw) e C>(]o, 1])}

operator. Wrilten as a function of h and 0, the height and angle of the sphere, the

principal symbol is given by
Hy(h,0) = b(h) + 2a(h)cos(8). (8.1.49)

Remark 8.1.50. For more information on Toeplitz operators in this context, see

[BMS94] and [Sch96].
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CHAPTER 9

DISPERSION

To understand dispersion, we will investigate its appearance in a particular setting.
The following equation was studied by Korteweg and de Vries in 1895 to describe

shallow water waves:
Definition 9.0.1 (The KdV Equation).

Up = Uly + Ugyy (9.0.2)

ou

Here, u; = %/,

etc. In a physical situation, we will have nontrivial coefficients, but
we will not consider this. The terms on the right hand side of the equation correspond
to different aspects of the wave, depending on the relation of the height of a wave to
the depth of the water. If the water depth is much larger than the amplitude of the

wave, we can approximate the equation by the linear KdV equation:
Up = Ugys- (9.0.3)

For waves where the amplitude is much larger than the depth of the water, the term

Ugze Decomes insignificant, so the wave can be modelled by the equation
Up = Ul (9.0.4)

The height of the wave is given by u, so u, is the speed of the wave. In (9.0.4), the
speed of the wave will depend on the height of the wave, so points with larger height

with move faster. This will force a wave to topple, as shown in the picture below.

9.1 Solving equation (9.0.4)

We can check that if w is implicitly given by u = f(z + ut), then this provides a

solution for (9.0.4). An inspiration for this solution is to instead consider a solution
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—>
x / x

FIGURE 9.1.

to uy = cu,. We see that a travelling wave with speed ¢, f(x — ct), is a solution. We
can also see that the function f provides the solution at time 0, so the solution f is
dependent on the initial conditions of the differential equation. This guess is valid as
long as % is not zero. If we look at the picture again, this condition is precisely the
moment when we have a vertical tangent line to the function f, as the wave is about
to topple. One reason this poses a problem is that it would signify that f is no longer

a function of z.

9.2 Solving the linear KdV equation

We will next consider the situation given by (9.0.3). This equation can be solved
by methods of Fourier analysis, by assuming a solution v and considering its Fourier

transform, so

Ut = Ugga
and u(k,t) :/ u(z, t)e*d

— u(z,t) = [ f(k)eFHED gL, (9.2.1)
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The function f is going to be related to u at time 0, since

u(z,0) /f )er dk

=2rf(x

We expect the solution to be of the form

/ f(k)eitharet), (9.2.2)

where kw + wt is the phase function. £k is the wave number, and is the spatial

analogue of the wave frequency. If use this guess in (9.0.4), we see that w = k3. % is

the propagation speed or phase speed and describes the speed of the phase function.

This is seen by considering the initial phase function, 6y = kx + wt. The position, z,
00 —wt
k

w

© is then the speed.

is then given by =z =

Definition 9.2.3. A solution which has a propagation speed dependent on the wave

number is said to be dispersive.
The wave number k is also dependent on the wavelength A by the relation

k=— 24
T (92.4)

so the above definition of a dispersive wave is equivalent to the requirement that the
propagation speed be dependent on the wavelength. In our case, the propagation
speed is given by k%, We also see that (9.0.4) does not have this property, so (9.0.4)
is also referred to as the dispersionless KdV equation. We will also mention one of
the important solutions to the KdV equation, the soliton. This is given by

1 1
502 sechQ(Ec(x + %)), (9.2.5)

u(z, t) =
and this is particularly remarkable since the presence of a solitary wave solution can
only be achieved by a balancing of the dispersive and nonlinear summands of the

KdV equation.
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Example 9.2.6 (The wave equation). It can also be seen that the standard wave
0?u
ot?
) will force w = +k, so 7= +¢, which is not dependent upon k.

equation in one spacial dimension, = c%u,,, is dispersionless since considering

the term e!(kz—wt

While dispersionless equations can be constructed, they can also arise as quasi-
classical limits of integrable systems. We can illustrate the idea here with the KdV
equation. The quasi-classical limit, roughly, is obtained by taking the limit of the
description of a quantum mechanical system as A — 0. This is a purely mathematical
idea since A is really a constant, but the method can provide a way of relating quantum

mechanics and classical mechanics.

9.3 Lax Pair Formulation of KdV

Motivation 9.3.1. The KdV equation is another example of an integrable system,

and it has a Lax pair formulation, just as the Toda lattice did.

Proposition 9.3.2. The KdV equation has a Lax pair formalism where 0 = a% and

1s given by the operators

1
L=0*+ U (9.3.3)

B =40+ %(8u + u0) (9.3.4)

Proof. The Lax pair structure should result in

oL
— =B, L]. 9.3.5
=B (93.5)

The KdV partial differential equation is
Up = Uy + Ugys- (9.3.6)

The rest follows by a calculation. ]
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Remark 9.3.7. The eigenvalue problem for this operator is significant to consider

as well. The statement

Ly = =\ (9.3.8)

becomes

0? 1
a—gjﬁ + <6u(x, t) + )\) P =0, (9.3.9)

which is precisely the time-independent Schrodinger equation. (The t variable is a
parameter, not time.) The inverse scattering transform can then be used to find

u(z,t) given u(z,0).

9.4 The WKB method

The WKB approximation method is a way to compute the quasi-classical limit. We

will illustrate this by way of the time-independent Schrodinger equation,

—h?
m

Here, u is the potential energy, F is the total energy, and V¥ is the wave function. We
would like to find a solution of the form U(z) = az(z)er5®. We can substitute this
guess into the Schrodinger equation, and by expanding S as a power series in h, we
will obtain the classical formulation (specifically, the HamiltonJacobi equation). This
has the effect of removing the highest term derivative, and so in the KdV equation,

we can consider the scaling

0 0
0 0

and take the limit o — 0. The KdV equation will now be

aup = agumx + Uy,
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and after taking the limit,

Ut = Uy,

which was the dispersionless KdV equation.

Remark 9.4.4. For more on dispersionless limits, see [Bru02]. For more about

solitons, see [Rem99).
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CHAPTER 10

BrLocH, GOLSE, PAUL, AND URIBE’S RESULT

Remark 10.0.1. There are two results which Bloch et al showed recently. The two
results are related to each other in that one pertains to the periodic Toda flow and
one pertains to the non-periodic Toda flow. The theorems will be stated below. The
reader is directed to [BGPUO3] for all of the details of the proofs, which will be

outlined below.

10.1 Statements of the Theorems

Theorem 10.1.1. Let a,b € C*®(R) be 1-periodic functions, and let a5 and b, j =
1,..., N be the solution of the periodic Toda flow

dj = (Ij(bj+1 — b]> (1012)

by =2(a} — al_y) (10.1.3)

with initial conditions

i’ =a (%) (10.1.4)
at™=b (%) : (10.1.5)

Let us moreover suppose that there exists s, > 0 such that the system

0sa = ad,b (10.1.6)
Osb = 20,a° (10.1.7)

with initial conditions
a*=%(z) = a(x) (10.1.8)

b*=0(z) = b(x) (10.1.9)
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has a smooth periodic solution for s < s.. There then exist two sequences of smooth,
functions (determined by a®(x) and b*(x)), aj(x) and bi(x), k =1,2,..., defined on
[0,5.) X R and periodic in x, such that for all integers K > 0 and for each € > 0,

there exist Cy, > 0 such that for t < N(s. —¢€),

K-1
Vj=1,...,N, |a\ - (mtv(i) + ZN"“@,H%)) < CxNK (10.1.10)
k=1
and
i e j
_ t X —k K
Vi=1,...,N, b’ — (bN(N)—i—;N bg(—)) < CxN7K. (10.1.11)
In particular, as N — oo, % — x, and % — 5 < S,
a’ — a’(x) (10.1.12)
and
b — b () (10.1.13)

where a® and b* are solutions of (10.1.6) and (10.1.7).
Theorem 10.1.14. Let

a€ A= {a e C°([0,1]) ‘ \/% e ([0, 1])}
andb € C*(R), and let a} for j =1,...,N—1 and . for j =1,..., N be the solution

of the non-periodic Toda flow

aj = Clj(bj+1 - b]> (10115)
by = 2(al —al_y) (10.1.16)

with initial conditions

= = q (%) (10.1.17)

al= = (%) . (10.1.18)
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Let us moreover suppose that there exists s, > 0 such that the system

0sa = a0,b (10.1.19)
0sb = 20,a* (10.1.20)
with initial conditions
a*=%(z) = a(x) (10.1.21)
b*=0(x) = b(x) (10.1.22)

has a solution with ®* € A and b* € C*)[0,1]), for s < s.. Then there exist two
sequences of smooth functions (determined by a®(x) and b°(x)), ai(x) and bi(z), k =
1,2,..., defined on [0,s.) x (0,1) with aj(-) € A for each s € |0, s.), such that for all
integers K > 0 and for each € > 0, there exist Cy > 0 such that for t < N(s. —€),

)

< CxgNK  (10.1.23)

and
Vj=1,...,N, |b} - (ztv +ZN ’“bN ) < CrN7K. (10.1.24)
In particular, as N — o0, % — x, and % — 8 < S,
al — a*(x) (10.1.25)
and
b§ — b°(x) (10.1.26)

where a® and b* are solutions of (10.1.19) and (10.1.20).

10.2 Sketch of the Proofs

Motivation 10.2.1. The key to the proof will lie in a lemma, stated below. This

lemma will establish the existence of a Toeplitz operator which approximates the
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matrix L where L is either the matrix for the non-periodic or periodic Toda lattice.
As will be seen in the lemma, the Lax pair structure that these matrices have will be

essential.

Lemma 10.2.2. Let L(t) satisfy

dL

—r = [L(t), B(L(?))] (10.2.3)
where B(L(t)) is defined according to the whether the periodic or non-periodic lattice
is being considered. We also require L(0) to be given by the appropriate matriz, either

(2.3.4) or (2.3.6). Let s. be defined as in the theorem above. For all s < s., there

exists a Toeplitz operator T, such that
IL(Ns) = Tul|las = O(N~) (10.2.4)

where || - ||us is the Hilbert Schmidt norm. Despite the change in notation, this
norm is still evaluated on H3 and HY,. Furthermore, for all € > 0, the estimates on

[0, s. — €] are uniform.

Remark 10.2.5. The proof is constructive, and defines the operator in an inductive
way. We are given L(t) and so must construct Ts. To do this, we must find a symbol

H so that Ty is “close” to L.

Fact 10.2.6. Suppose L, and L, are Toeplitz operators defined as in the Toda lattice

case. This means that the operators have principal symbols given by
HY(0,h) = a;2(h) + 2cos(0)ar2(h). (10.2.7)

It is true that L;L, is also a Toeplitz operator with principal symbol H'H? and
= [H*, H?] is a Toeplitz operator with principal symbol given by

{Hy, H3} = 0, Hy0pHE — Og HyOp H .- (10.2.8)
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Remark 10.2.9. A special case of the above fact is that —B(L') = +[L*, N] is
a Toeplitz operator of principal symbol {H', h} = —9sH"' = 2sin(f)a(h). We now
apply this to our operator Ty. If we use x to denote either h or ¢ depending on the
situation, then Ty has principal symbol H(z,0) = b(x) + 2a(z)cos(0) and — B(Ty)

has principal symbol —2dya(x) cos(#).

Motivation 10.2.10. The next step is to construct a certain smooth one-parameter
family of self-adjoint Toeplitz operators, denoted A(t). We will let X denote the

sphere or the torus so that the following theorem applies to either space.

Proposition 10.2.11. Let Ly = {L(()N)} be a self-adjoint Toeplitz operator on X,
tridiagonal in the standard basis. For notational simplicity, we will stop writing the
dependence on N of the operators. Let Hy : X — R be its principal symbol. Let
J = [0,7] be a closed one-sided neighborhood of zero in R, and assume that there

exists a solution H : J x X — R of the initial value problem

ol = {H,0.H} (10.2.12)
Hl|,o = H,.

Then there exists a smooth one-parameter family of self-adjoint operators, A(t), of

order zero, with AN (t) defined for % € J and Toeplitz operators R and S such that

{%A =[A,B(A)]+R (10.2.13)

Alt:() - L() ‘I’ S
The norms of R and S are of arbitrary order in N=t. Moreover, A can be chosen to

be tridiagonal.

Proof. The entire proof can be found in [BGPUO03|. One makes increasingly accurate
approximations of A. We begin with Ay(s), which is self-adjoint and time dependent.
We choose Ag(s) to be an order zero Toeplitz operator with principal symbol H,

making it the most general approximation we could start with. Ag(s) can be chosen
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to be tri-diagonal, and we will see soon why this is significant. For a Toeplitz operator

Ry of order —1,

%AO — N[Ao, B(Ay)] + Ro. (10.2.14)

We will construct a chain of A; such that the norms of R; and S; are of increasing
order in N~!. This will allow us to create A, R, and S of arbitrary order. Now, with

S a Toeplitz operator of order —1 in N, define

A=A+ S. (10.2.15)
We now get
disAl — N[A,L B(A)] 4+ Ry (10.2.16)
where R; is a Toepltiz operator of order —2 as long as the symbol o of S satisfies
disa ={H,0p0} +{0,00H} — po (10.2.17)

where py is the principal symbol of Ry. This is a linearization of (10.2.12) around H.
Since Ag(s) was tri-diagonal, o will also be tri-diagonal. This makes (10.2.17) solvable
with smooth solutions (since it is a hyperbolic first-order 222 system). Proceeding
by this method, we can construct A, so that

{Aoo|s:0 = LO + O(N_OO>

LA = NIA, A, Z]] = O(N~). (10.2.18)

This is very nearly our desired result. We only need to make the change of variables

t = sN, which creates the system (10.2.13), and the proof is concluded. O]

Motivation 10.2.19. We now want to relate the operator A, to the Toda lattice.
This will be shown by comparing the matrices and considering an energy norm. Recall

that the matrices for the Toda lattices are

b1 aq 0 L an
aq b2 (05} s 0

Lit)y=| 0 a b3 az--- 0 (10.2.20)

an - an—1 by
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for the periodic case and

b1 aq 0 te 0
aq bg a9 ce 0

Lt)y=| 0 a b3 az--- O (10.2.21)
o --- an_1 by

for the non-periodic case. We will then denote the matrix of A, by

B, A, 0 -~ 0 Ay
A, By, A, 0 -~ 0

Ao=| 0 A By Ay -~ 0 [ (10.2.22)
Ay -+ -+ -+ Ayx_1 By

where Ay is 0 for the non-periodic lattice. We can then consider the difference,

51 (0%} 0 cee 0 anN
(03] 62 (67) 0 tee 0

Lit)—A(t)=] 0 @ f a - 0], (10.2.23)
ay 0 -+ 0 an-1 By

Proof of 10.2.2. It is shown in [BGPUO03] that we can achieve bounds on the energy
function

Y 1

E:= Z <2a§ + 5@2) (10.2.24)

7j=1

where «; and (; are defined as above. Furthermore, they show that E(t = 0) =
O(N~). Bloch et al go on to show by computation that £ = O(N~*°) uniformly
for £+ bounded. Since E controls the Hilbert-Schmidt norm of L(t) — A, the lemma

is proven. 0

Proof of the Main Theorems. From 10.2.2, we know that there exists a Toeplitz
operator Ty such that ||L(Ns) — T||gs = O(N~>°) uniformly on [0, s. — €] for every

e > 0. We can now use the functions which were created in the matrix 7, 8.1.44, to
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approximate the true solutions to the Toda lattice. Recall

bi(1/N)  an(1/N) 0 0
ar(1/N) be(2/N)  an(2/N) 0

T, = 0 a(2/N)  Ww(B/N) ay(3/N)... 0], (10.2.25)
0. ax(1 - 1/N) bk@) |

These matrices were used to construct the Toeplitz operator Ty x, and
|IL(t) = Ty.n||lgs = O(N~-ED), (10.2.26)

We can then compare L(t) with 7;_; and in particular the entries in each matrix,
since we are considering a Hilbert-Schmidt norm. We can now bound the difference
between exact solutions of the Toda lattice given by az- and the approximation by the
Toeplitz operator, giving the relations 10.1.10, 10.1.11, 10.1.23, and 10.1.24. At this
point, the limits 10.1.12, 10.1.13, 10.1.25, and 10.1.26 are seen. ]
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