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MWF 10:40-11:35, Physics P123

1 Introduction

Sir Michael Berry famously wrote that, “There is no quantum chaos, in the
sense of exponential sensitivity to initial conditions, but there are several novel
quantum phenomena which reflect the presence of classical chaos. The study of
these phenomena is quantum chaology.” (The name never stuck...)

It has become increasingly clear over the last few decades that there will be
no precise “dictionary” between notions of chaos in classical mechanics to equiv-
alent notions in quantum mechanics (one important exception is Shnir’lman’s
Quantum Ergodicity Theorem, which describes what the correct analogue
of ergodicity should be in quantum-mechanical systems). On the other hand,
there are some conjectures about how chaos “should be” reflected in quan-
tum systems; eg. the 1977 Berry-Tabor Conjecture and 1984 Bohigas-
Giannoni-Schmit Conjecture. More recently, there have been suggestions
regarding more specific cases, such as the 1994 Quantum Unique Ergodicity
Conjecture of Rudnick-Sarnak for the geodesic flow on a Riemannian manifold
of negative sectional curvature.

In this course, we will attempt to lay out the current state of conjectured
understanding, and also discuss some rigorous results and numerical data known
to date. In this way, we hope to open up some of the tantalizing open problems
in the field, while also explaining the tools available at present (and their limi-
tations). We will focus mainly on simpler “toy models” of quantum chaos, that
capture many of the ideas, without much of the complicated analysis of more
general settings.

2 Outline of the Course

Introduction, some Questions, and some Pictures.

Brief Review of Basics of Quantum Mechanics.

e Universality in Eigenvalue Statistics?

Quantum Ergodicity and Shnir’lman’s Theorem.

Quantum Unique Ergodicity? — Conjectures and Examples.

Entropy of Quantum Limits.

Further Topics: Hyperbolic Surfaces, Arithmetic QUE, ...



3 Course Structure

The class meets MWF 10:40-11:35AM (at least for now), in room P123 in
the Physics building. T will have office hours on Thursday 1-3PM (subject
to change), at my office in 5D-148.

There will be Problem Sets throughout the semester containing practice
exercises, along with some more elementary proofs that will be skipped during
the lectures.

I will (hopefully be able to) maintain lecture notes throughout the semester.
The lecture notes, along with problem sets, announcements, and all other course
information will be available at

http://www.math.sunysb.edu/~sbrooks/qcSp11.html

4 Some References

There is no prescribed textbook for the course; there exist books and articles
that treat the subject from a variety of different angles and with varying degrees
of generality, but none are sufficiently suited to our approach in this course. As
mentioned above, lecture notes will be updated throughout the semester and
made available on the website.

Below is a sampling of references, approaching the theory from different
angles. It would be good to find one that suits your taste— but do not neglect
the other approaches! The beauty of the field lies in the ability to combine ideas
from the different intersecting theories.

WARNING — Beware of differing conventions and notations!

o Quantum Chaos: a Brief First Visit, by Stephan De Bievre. Good intro-
ductory article from the mathematical physics viewpoint.

o Anatomy of Quantum Chaotic Figenstates, by Stéphane Nonnenmacher.
More comprehensive article, closest to the spirit of this course.

o Arithmetic Quantum Chaos, by Peter Sarnak. The canonical introduction
to number-theoretic aspects.

o An Introduction to Semiclassical and Microlocal Analysis, by André Mar-
tinez. A very readable introduction to pseudo-differential operators and
quantization.

e Recent Developments in Mathematical Quantum Chaos, by Steve Zelditch.
More comprehensive, more analytic treatment.



Problem Sets

Problem Set | , due Monday 2/21
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1. REVIEW OF SOME FOURIER ANALYSIS

For now, we will be content to review some basic facts about abelian
Fourier analysis, on the groups R, T = R/Z, and Z/NZ.
Throughout, we denote e(x) := e*™.

1.1. Fourier Analysis on Z/NZ. We will begin with the Fourier
transform on Z/NZ. Here, since everything is nice and finite, the
analysis is simpler— later, we will take advantage of this to work with
finite-dimensional toy models of quantum chaos— so we will quickly
run through the essential facts, before we extend them to T and R.

Lemma 1.1. For any N € N, and any integer m # 0 (mod N), we
have

i

e(mj/N) =0

T,
)

Therefore, we see that
N-1
1 : ] 1 m=0 (mod N)
Nzge(mJ/M—{ 0 m#A0 (mod N) =%
]:

Proof: Notice that the terms >/ form a geometric series, with
common ratio e2™/N_ We have an explicit formula for the sum of a
geometric series:

N-1 2mim(0)/N _  2mim(N—1+1)/N)

§ eQﬂimj/N — e €
1 — e2mim/N
=0
60 _ eQm’m
~ 1 _ g2mim/N
1-1

= 1 _ gzmim/N 0
since m # 0 (mod N) implies that the denominator 1 — ™™/~ =£ (.
0
Remark: Tt is clear that the above Lemmas can also be extended to
several dimensions; for m € (Z/NZ)?, we have

N-1

1 i /N 3= 1

z1,...,2q=0

S 3
Ml
==)
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since
1 N-1 1 N-1
2mim-Z/N 2mimix1 /N 2mimoxa /N 2mimgzrq/N
e = i € e e e
Nd Nd
T15e.,Tg=0 T15e-,Tg=0
1 N-1
— H _ eQW@m]a:]/Nd:E
N
]=1 a7j:1
d
= H 5’mj=0 — 66
Jj=1
]

Definition 1.1. If f € CV is a function on Z/NZ, then we define its
Fourier transform f € CV to be

f Z f —27rimx/N
2€Z/NZ

(the \/LN is a convenient normalization that will make the Fourier trans-
form unitary; see below.)

The Fourier transform would be pretty useless without the following
crucial fact:

Lemma 1.2 (Fourier Inversion). For any f € CV, we have
Z f 2Trimx/N
meL/NZ

Proof: Write

\/_ Z f 2m’mx/N _ Z Z f —27rimy/N e27rim:p/N

meZ/NZ eZ/NZ yeZ/NZ
— Z f Z 2mim(z—y)/N
= Zf Joo(w — ) = f(x)

0J
Put another way, this calculation shows that the N functions {\/Lﬁe%"j /N

form an orthonormal basis of the N-dimensional space CV of functions
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on Z/NZ, with respect to the usual inner product
N-1
(f,9) =>_ f()a(d)
=0

on the Hilbert space CV. The Fourier transform f simply gives the
coefficients of f when expressed in this basis, given by the inner product
of f with the unit vector

1 oy e T
<f7 \/_Ne mim(-)/ > — Zf(x)\/_NGQme/N

=0
1 N-1
- f(x)e—%rimr/N
\/N =0

= f(m)
This also explains the \/LN normalizing factor; it normalizes the basis
to be unit vectors.

Lemma 1.3 (Plancherel Formula). The Fourier transform is unitary
with respect to the usual inner product on CV; that is,

(f.9)=(f.9)
Proof: Write

=
L
=
L
2

’ — e TIMX e~ mmy/N
(f,9) TN 2 f(z) VN 4 9(y)

Il
=)

2mim(y—z)/N

= Y f@)gly) = (f.9)

In particular, || f]|2 = ||f]|2 (this is nothing more than the Pythagorean
Theorem applied to our orthonormal basis.)

We also have the following important properties of the Fourier trans-
form:

Lemma 1.4. (1) E = fxq
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(2) Txg=1fg
(3) f is real-valued iff f(—m)
(4) f is real valued iff f(—x)

f(m) for allm € Z/NZ.

(x) for allx € Z/NZ.

Proof:

(1) Use Fourier inversion to write

/\ 1 N-1 y
- —2mimz /N
fotm) = —= 2 f(x)g()
1 N-1 1 N-1 '
— \/_N f(x)\/_ﬁ g(n)e%rmv/Ne—szmz
L |
= Ur @(”)\/—N f ) 2ritmmm/y
A
= ﬁZﬁ(”)f(m—”)

(2) Similar to above; see also Lemma below on Z.

(3) If f is real-valued, then f(x) = f(z) for all z, so

~

f(x)e—Qmmx/N — f(m)

1 N-1
Fl—m) = —— ) e—2mi(-m)z/N
flom) = 53 s

1 N-1

- f(x)e%rimr/N

\/Nxzo

1 N-1

VN

s
I
o

Now, if f(—m) = f(m) for all m, then in particular, we see
that f(0) € R. We consider two cases: either N is even, or odd.
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If N is odd, then from the Fourier inversion formula we see
that

f(l') - Z f(m)GZWimx/N
_ ¢ 1 £l 2mija/N £ 2mi(—j)x/N
= —=f0) + =3 (Fe Y + f(=)e )

= )+ = 3 (PN 4 )il

VN =

If N is even, then we also have f(%) = f(—%) € R, so we
can repeat the same argument to show that

L I ™ 1 - £0 .\ 2mijx/N
= O gt g3 R (FG)ermm)
1 . 1 . 1 = 50 N 2mijz/N
= 50 - W2+ Zj e (F(yermer)

and again all terms in the sum are real.
(4) Same argument as above, using Fourier inversion in place of the
Fourier transform.

Lemma 1.5. Let e2™¥X/N be the multiplication operator
[627rin/Nf] (33) _ €2ﬂiyx/Nf(.T)
and Ty, be the translation operator

[T f](z) = f(z+h)
Then

—

e2miX/N f = T_yf
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Proof: For the first statement, write

@(m) _ Z [eZWinf] ()¢~ 2mime/N

2€Z/NZ

_ Z e27riyxf<x>6727rimm/N

2€Z/NZ

— Z f(w)efQﬂ'i(mfy)x/N

2€Z/NZ

~

= flm—y)

For the second statement, we have

T,fm) = > [Lflemme

x€Z/NZ

_ Z f(x + y)6—27rim(m+y)/N€2m'my/N
2€Z/NZ.

eQm‘ym/N]E(m)

as required. [J

Remark: This Lemma shows a certain duality between multiplication
by exponentials and translations in the Fourier transform. This duality
will play a large role in understanding the Uncertainty Principle, and
its connection to the Fourier transform.

1.2. Fourier Transform on T and R. Though many of the prop-
erties of the Fourier transform are captured in the finite setting de-
scribed above, there is a much more intricate structure when we include
smoothness. We will for the most part assume that all functions we
consider are of class C* (though we will be forced to consider distribu-
tions as well), and so we will often assume this in place of the sharpest
possible hypotheses.

Lemma 1.6. For any m € Z\0, we have

/627rimmdl, =0
T

Proof: This can be integrated explicitly by the Fundamental Theo-
rem of Calculus:

1
/ 627rimazdl, _ 1 <627rim(1) . eQﬂ'im(O))
0 2mim
1
_ (1—1)=0

2mim
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since m # 0. [

Some care must be taken in the analogous statement for R, since the
integral [, e*“dx does not converge absolutely. However, we will see
that this works in the sense of distributions.

Definition 1.2. o If f € C(T), then we define its Fourier trans-

form (or Fourier series) f € CZ to be

Fom i= [ s

o If f € C(R) (smooth with compact support), then we define
its Fourier transform f € C*(R) to be

fie) = [ faye e

Note that, since f has compact support, the integral converges
absolutely; it is also smooth since we can differentiate under the
integral sign.

The space C2°(R) will turn out to be the wrong space to work with
over R, but for now it is convenient and will suffice. For later reference,
though, we introduce the Schwartz space

SR) :={f€C®R):Vj,keN,Vr R, |(1+2°)0"f(z)] < o0}

of smooth functions that decay rapidly (faster than any polynomial)
along with all of their derivatives. It is clear that C>° C S(R), but there
are many other important Schwartz functions, such as the Gaussians
Golx) == e %"

Exercise 1.1. Show that the Gaussian G, € S(R) for any a > 0.

Exercise 1.2. Show that for f € S(R), the mtegralf(g) =[x f(z)e* % dy

converges absolutely.
/ e ™ dr =1
R

Proof: This is a trick (that should be!) taught in every multivariable
calculus class. Consider the square of the integral

2
</ e_”2dx) :// e_”(‘UQ*yz)dxdy
R R2

Lemma 1.7.
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Now convert the integral over R? into polar coordinates to get

27 0 e’}
/ / e rdrdd = 27r/ e rdr
60=0 Jr=0 r=0
= / e “du=1
u=0

by the change of variables v = 772, [J

. T2 . . .
Lemma 1.8. The Gaussian G(x) = e~ ™ is its own Fourier trans-

form; ie., G, = G,.

Proof: Write

Gr(z)e ™ dy

6—71'(:1:2—1—22'51‘) dr

—

= e~ (@Hil)? =7 g

Ee

I
)
3

(g) / 6—77(x+i§)2dx
R

It remains to show that fR e~™(@+i)% 1r = 1. But notice that this

7T22 7T22

is the integral of e™™" over the contour Im(z) = £. Since e™™ is
holomorphic, and decays as Re(z) — £o00, we can shift the contour
of integration back to R without changing its value. Thus, using the

previous Lemma,
/e”(“i@Qdm = / e dy =1
R R

as required. [l

Lemma 1.9. Let f € S(R), and for any X € R, set Ry f(x) = f(A\x).
Then

Ryf = A 'Ryf
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Proof: Write
ﬁ,\\f = /R,\f@)e_z”f“’cm

R
= f(Ax)e*™ e dg
R

= ! (u)e%i%“du
u€R

(€
= MIif(=>
(5
by change of variable u = Ax. [J
Corollary 1.1. For a > 0,

—_ T
Go= /"G
¢; /

To see this, simply note that G, = R MG,T, and recall that G is

its own Fourier transform.

This is a very important theme that will recur again and again—
the more localized a function is in the “space variable” z, the more
spread out its Fourier transform will be in the “frequency variable” &,
and vice versa. This will be manifested in the Heisenberg Uncertianty
Principle, Theorem below.

Lemma 1.10. For the Fourier transform on either Z or R, we have
fxg9=13
Recall that we proved the analogous fact for the discrete Fourier

transform in Lemma .

Proof: First, consider the Fourier transform on T. We have
1
Fram) = [ (o)
0
1 1 ‘
= [ | wste - gage e
z=0 Jy=0
1 1 ' '
= / F)gla — y)e >mmve > @) dady
y=0 J z=0
1 1 A
= [ swem™ [ gla et sy
y:O x=0

A~

N / N (y)e ™™ g(m)dy = f(m)g(m)
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by doing the change of variables z +— x + y in the x integral.
For the Fourier transform on R, repeat the above argument, taking
f,9 € S(R) to avoid issues in the order of integration.

We now wish to prove the Fourier inversion formulae for these Fourier
transforms. However, convergence issues come into play, since the
Fourier transforms now live on non-compact spaces Z and R. The
utility of the following fact cannot be understated:

Lemma 1.11. If f € C>(T) (resp. S(R)), then f(m) = O(m™2)
(resp. f(§) S (14+€*) ). Therefore, the Fourier expansion’y ., . f(m)e*™ ™"
(resp. [ f(f)ez’”@df) converges absolutely.

Proof: Get used to integrating by parts!! It is a trick that will recur
again and again in semiclassical analysis.
For the T statement, consider

f(m) = / f(w)e2mma

and integrate by parts twice; we wish to differentiate f (this doesn’t
hurt too much , since f € C?) while integrating the exponential term.
Integrating by parts the first time gives

1
2mm

~ 1 . 1 .
f(m) — /0 f(x,)€727rzmacd3j — /0 f/(x)ef%mmxd’m

and integrating by parts again yields

R 1 \?% /! .
Fon) = (g ) [ £7@e e = 0 71) = 05t

since f € C*°(T) C C?*(T) implies that f” is uniformly bounded.
For the R statement, do the same (double) integration by parts to

get
£ Z/Rf(x)e?“&da:: (27:%) /Rf"(x)e%”f"”dx

(here, the boundary terms vanish since f € S(R) vanishes at the bound-
ary.) Now, since f € S(R), we know that f” € L'(R), and so the inte-
gral [, f"(x)e *™"dz converges absolutely, and uniformly in £. Thus,

we have f(€) <7 (1+&*)71, as required. O
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Definition 1.3. The Dirichlet kernel of order n on T is the function

n

. sin27r(n+ 1z
Dn — 2mijr 2
(z) Z c sin 2#%

j=-n

To justify the expression on the right, simply use the formula for
summing a geometric series

n 627ri(7n):1: _ 627m'(n+1)x
}: 2mije
1 — e2mix
j=—n
e27ri(—n—%)m _ e27ri(n+%)z
- 6—27rz%m o 627m%$

sin2m(n + 3)x

sin 27?%

.1 . . .
—273% in the second line, and recalling

multiplying top and bottom by e
that sinf = 5 (e — e™).
Remark: Note that by Lemma (1.6
Dom) = 41 m| < k
Dn(m) = { 0 Im| > k

Therefore, multiplying f by l/); cuts off the Fourier series of f at k
terms; by Lemma [I.10] this means that f x D, is a function whose
Fourier transform matches that of f up to the k-th terms, but then
vanishes.

We also note that [, Dy(z)dx =1 for every n. On the other hand,
D,, oscillates wildly, and in fact fol |D,,(x)|dx gets quite large. A better
kernel is the Fejér kernel:

Definition 1.4. The Fejér kernel of order n on T is the function

n—1 n .

1 n — .

Fn(x> = E g Dk(l’) = E —n‘j‘GQWUiU
k=0

j=—n
Remark: As with the Dirichlet kernel, we see from Lemma [I.6| that
- n—im| Im| <n
FTL = n -
(m) { 0 Im| >n

The utility of the Fejér kernel becomes much more apparent from
the following fact:

Lemma 1.12.

R = L (O

sin(27%)
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Moreover, for any 6 > 0, we have

lim Fo.(x)dz =0

n—=%0 Jiz)>6

Proof: From the previous expression of D,,, we can write

n—1 n—1
nF,(x) = ZDk( = 5% sin 27 ( n+
k=0 2 k=0
1 n—1
— I 27ri(n+%)z
sin 273 m (% ¢

1 ; 627rz%a: _ 627ri(n+%)a;
= m .
sin 275 1 — eg2miz
1 / 1 — eQm'nz
= m
sin 27 () —2isin 275
1 1— 2minx
= — = Re( ,6 = )
sin 27 () 2sin 275
1

= (1~ cos 2mna)
= — < |= — COS 2TTNX
sin® 27 (%) |2

1 ( . 27?713:) (sin(QW%))Q
= 55 2. (s =\
sin® 2 (5) 2 sin(27%)

20

since 3(1 — cosf) = sin
For the second property, note that F,(z) < m for |z| > 0,
which clearly goes to 0 as n — oo. Since T has total measure 1, this
means that [ F,(z)dz — 0. O
Remark: Note that we now have the Fejér kernels on T, and the
normalized Gaussian kernels on R, that are “good kernels” satisfying

the following conditions:

/TFn(x)dx _ /T|Fn(x)|dx:1
/R\/gGa(az)dx _ /R\/gaa(x)

dr =1
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e For any § > 0, we have

lim |F(x)|de =0
=0 Jiz|>8
lim EGoé(x) dr =0
a0 Slz|>s |V A

This means that for any f € C(T), we have f x F,, — f uniformly as
n — oo. If f is smooth, then more is true; eg. for f € S(R), we have
f* \/gGa — f in the C*-norm, for any k.

Lemma 1.13 (Uniqueness of Fourier Series). Let f € C(T) such that
flm) =0 for allm. Then f =0.

Proof: Suppose not, and let xy € T such that f(xzg) # 0. Then by
continuity, f(z) # 0 on a neighborhood of z.
Consider [, f(z)F,(x — xo)dz. Since

n . n .
Fo(z — x0) = Z n-— ’]’627rij(a:—zo) _ Z (” - ‘J‘€_2mm> o2mije
jmn " j=-n "

and f is orthogonal to each term in the expansion, we must have
[ f(z)F,(z — x9)dz = 0. On the other hand, for n sufficiently large,
the convolution [ f(z)F,(x — zo)dx — f(xg) # 0, which gives the
contradiction. [

Theorem 1.1 (Fourier Inversion on T). For f € C*°(T), we have

f(x) =) fm)emm

meEZ
Proof: Notice that by Lemma [1.10
F = n -
I Fu(m) { 0 n<m

By Lemma [l.13] we see that

f « F, = Z n-— |m|f(m)€27rimm

Recall also by Theorem that f(m) < m2.
Since f % F,, — f, we have for all ¢, and n > n(e) sufficiently large,
that

[f (@) = (f * Fo)(2)] <€
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and, therefore,

<€

‘f(l‘) o Z n _n|m|f<m)e27rimx

m=—n

for n sufficiently large. On the other hand,

n

Z f(m)e%rimw . Z n _n|m|f(m>e27rim:v

meZ m=—n

- ‘m’ 27rzmz Z 27rimx
=[5 B s 3 o

m=-—n |m|>n

Now, since f (m) < m™? decays sufficiently fast, we can select M (¢)
such that } 7,1 o [f(m)] <e. Now divide

Z f(m)€27rimr o i n _n|m| f(m)€27rimm

meZ m=—n

n

_ |TTL| 27r7,mr 27rima:
=2 + 2 fm
m=-—n Im|>n
m ~ ~
S %ﬂm)h > |fm)
[m|<M(e) [m|>M (e)

< 2e

if n is chosen large enough so that the first sum is less than € (i.e.,

n>et 2 mi<nie) M| f(m)).
Putting everything together, we have

‘f(rc) CY Fmyereine

meZ
- |m| ~ n—|m|
< o A p2mima e2mime _ — ¢ 2mima
< )-8 +1>" f(m) >, f(m)e
m=-—n meZ m=-n
< €+ 2e =3¢

Since this holds for any ¢ > 0, we are done. [

Lemma 1.14. If f,g € S(R), then

[ t@ite = [ ot
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Proof: Write

[ f@it@ar = | RE / ey
= /y . meRf(m)e_m’yg(y)dy

_ / iy

using the decay of f,g € S(R) to interchange the order of integration.

Theorem 1.2 (Fourier Inversion on R). For f € S(R), we have
fla) = [ Fpememdg
R

Proof: Take g,(y) = €*™®¥G,-1(y) € S(R) in Lemma [1.14] This

gives
/ _ F@)infa)i = / W)

Note that g, (z) = \/TaGr24(x — 20), so that

/ @) f(an)

as a — 00, so the left hand side converges to f(zp). On the other
hand, g, (y) — €*@¥ pointwise as a — oo, and since f € S(R) decays
rapidly, we have

fga _ fe27rizoy
in L'(R) as well. Thus the right-hand side converges to [ p f () e2miveo

and, replacing y with &, we are done. [
Remark: 1t is convenient to describe Fourier inversion as saying that

E :627rzmz — 50

meZL

/ Ty = §,
R

as distributions on T and R, respectively. This is ubiquitous in calcu-
lations!

Lemma 1.15 (Plancherel Theorem). We have the following unitarity
properties of the Fourier transform:
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e For f,g € C(T), we have

/f = S Fm)am)

e For f,g € S(R), we have

/f /f@ﬂ&%

In particular, || f||r2 = HfHLQ-

Proof: For the T statement, write

> fm)g(m) = Z x)e” " dug(m)

meZ meZ

::/1ﬂm2ﬁmﬁﬁ%w

meZ
[ e
using Fourier inversion.

The R statement follows similarly. [.

Remark: Note that for this, we only required g to be smooth; of
course, we could also have reversed the roles and required only f to be
smooth. In other words, this works just as well when one of f or g is
replaced with a distribution.

Lemma 1.16. Consider the operators
X7(@) = i)
[GQWZyXf} (CL’) — 627rzya:f(l,)
[Dfl(x) = (2mi)7" f'(x)
Then for f € C*(T) we have
Df(m) = (m)f(m)
A lm) = flm—y)
For f € S(R), we have
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Proof: Exercise.

Corollary 1.2. The Fourier transform maps S(R) into (and therefore,
by inversion, onto) itself.

This is a big reason why S(R) is the right space to consider for the
Fourier transform on R.

Lemma 1.17. With the operators X and D on S(R) as in Lemmal[1.16,
we have the following commutation relation

[D. X]f = (2mi)~'f
Proof: First,

[DXf)](z) = [XfT(2) = (27”')_1%(9#(96)) = (2mi) " (f(2) + o f'(2))
On the other hand,
[X(D))(x) = 2[Df)(z) = 2(2mi) " f'(x) = (271) " xf'(2)
Therefore,
[[D;X]f} (r) = [DXf)(x) = [X(Df))(x)
= (2m) " (f(x) + 2f'(2) — @2mi) o f'(2)) = (2m0) " f(2)
A (striking) consequence of this property is the following fact:

Theorem 1.3 (Heisenberg Uncertainty Principle). With notations as
in Lemma[1.16, we have for any f € S(R)

X fllzs - 1Dl > - I1F11:
Proof: Consider, for real numbers a,b € R to be chosen later, that
0 < [[(aX +1ibD)f|[72
= @[ X[[7> + VD2 + (@X f,ibDf) + (ibDf, aX f)
= @||X S|l + VDS |} — iab((X £, Df) = (DF. X))
Noting that X and D are both self-adjoint, we can write
(Xf.Df) —(Df.Xf) = (DXf.f)— (XDf.,f)
= (D, X]f, )
= (2mi) |12
Thus,
0 < lIXFI + PSR — o1
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Now set a = ||Df]||z2 and b = || X f||z2, and divide through by ab =
I X fllz2| D |22 to get

0 < IDfl[2l|X fllze + [1X flle2lI DS |2 = (2m) 7] f117

and the result follows. [J
Remark: Let’s interpret what this means. For simplicity, suppose
that f is a function such that both | f|* and | f|* have mean 0; i.e., both

[ els@pas = o

/R Ef©)dE = 0

Then the variances of f and f are given by the second moments
[ #r@Pa = 1715

/ e1f(€)2de = ||Df|2 = || DSI[

appl ¢ Lemmas [[.15] and [I.16] in the second equation. Thus Theo-
rem says that the variance of f and f cannot both be arbitrarily
small, the more one localizes f, the more widely distributed f becomes,
and vice versa.

Corollary 1.3. For any h > 0, we have
h
X llez - |27hD fll2 = S| 1Iz2

Exercise 1.3. The point of this exercise is to show that, for the Gaus-
sians Gy, equality is achieved in the Heisenberg Uncertainty Principle;
i.e., we have

1
2|Gy(2)?d Ga(O)Pde ) = —||Gal|%
([ ) ([ecor 5) Ll

(1) Using some changes of variable and C’orollary show that it
1s sufficient to prove the case of a = m; 1.e., that

1
XG5 = —||GxI5
IXG = lIG-Ii
(2) Use an integration by parts argument to show that

—2mx? 1
IXGH = [ ate e = LGl
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Exercise 1.4. The point of this exercise is to show that f and f cannot
both be compactly supported.

(1) Show that, if f has compact support, then its Fourier transform

= /R F()e % dy

can be extended to a holomorphic function of z € C.
(2) Use this to show that the set {z : f(z) = 0} must be discrete.
(3) Deduce a contradiction from the assumption that f 15 compactly
supported on R.

1.3. Fourier Series and Equidistribution. An important observa-
tion about Fourier coefficients is that, for f € C°°(T), the 0-th coeffi-
cient f fo x)dx is the average of f over T. Thus, the remaining
Fourier coefﬁments determme, in a sense that can be made more pre-
cise, how f deviates from its average. A classical example is Weyl’s
Equidistribution Theorem:

Theorem 1.4 (Weyl). Let « € R\Q be irrational. Then the multi-
ples {na mod 1}, are equidistributed in T (with respect to Lebesque
measure) as n — oo.

Proof: We write {na} = na mod 1 to be the fractional part of na.
To say that the sequence {na} is equidistributed means that, for any
interval [a,b] C [0, 1), we have

lim %#{n < N:{na}ela,b)} = [ab) =b—a

or, setting X[, to be the characteristic function of the interval [a, b]
(extended to be a 1-periodic function on R)

1 & 1
~ 2 Xapb na:/xa,b x)dx
N; s (n) = | Xia(7)

It is more convenient to smooth out the characteristic function, and
consider instead smooth 1-periodic functions f € C°°(T) that approx-
imates X[q4 in L'; it is sufficient to show that

]&E%oﬁzf”@ /f 1(0)

for all smooth f € C°°(T), since we can take smooth functions f, and
f- such that fi(z) > x4 (x) > f-(x) everywhere, while fi and f_
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are L'-close to X4, giving

1
/X[avb]( Ydx — € /f Ydx = hm —Zf nao)
0 N—o00

n=1
< ]VIIL?)ONZXab] no)
1 & L
< Nlﬂoﬁgﬁ(m)_ i fi(z)dx

1
< / Xa,p (®)dx + €
0

So, consider f € C°°(T). By Fourier inversion, we can write

1 N 1 N 00 . '
N Z f(na) — N Z Z f(m)eZﬂ'zna
n=1 n=1 m=—oco
N

- £ 1 2mimna
BN PN
The term m = 0 in the sum gives us f (0), which is exactly what we
want; the problem is to eliminate the other terms. By the Lemmall.11}]

the Fourier coefficients f decay rapidly (and thus the sum over m is
absolutely convergent, uniformly in V); therefore it is sufficient to show

that
1 N
2mimnao
— g e — 0
N n=1

as N — oo; this is known as Weyl’s criterion.
To finish, note that the above sum is a geometric series, and so

1 & 1 |e(ma) — e((N + 1)ma)] 1
N Z e(mna)| = N 11— e(ma)| =0 (N)

n=1

for any m € Z, since e(ma) # 1 (« is irrational!) is independent of N,
and the numerator is bounded by 2. [

Here is another important fact, that we will use later on— informally,
it is a generalization of Weyl’s argument, to the case where there are
a few more non-zero Fourier coefficients. For a measure (or, more
generally, a distribution) u, we define the Fourier transform of p via

jitm) = [ 2 (o)
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Lemma 1.18. Suppose p is a probability measure on T, such that
S litm)] < &
Im|<M
(think of M as being much larger than k, so that there are few sizable
Fourier coefficients).
Then for any interval I of length > M~', we have
u() S k- I(T)

where [(I) is the (Lebesgue) length of 1. In other words, up to a factor
of k, the mass of ju is evenly distributed up to scale M~'.

Proof: Tt is sufficient to consider intervals of length M~!, since we
can cover a larger interval by smaller intervals to get the statement.

Let xg be the midpoint of such an interval, and consider the convo-
lution of Fy/ with p at xo,

| Pt = 20yt

Since
M/2

FM/2<CC — ;po) — Z Cm€27rimac
m=—M/2

with each |¢,,| < 1, we have

[ Fupte = oiuta)

On the other hand, since Fy;/; > 0 and p is a positive measure, we
have

<k

b2 [ Fuplo—a0)duto) = [ Fualo — au)duto)

and, noting that sin(z) < z and that Smwx is decreasing for |z| < 7/4,
we have for | — zo| < 1/2M that

Fuypo(r —x0) = 3(

i)

(sm _x — g:o)))2
(Sl“mi;ﬁ”f
(

sin 71/4) >0

v

g e[ glw

v

7T
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Therefore, we have

bz [ Pl - an)duta)

I
= Mu(I)
and the result follows. [J
1.4. Some Comments about the Fourier Transform on R?. As
noted before, there is not too much mystery in generalizing the Fourier
transform to several dimensions. For example, for f € S(R?) (defined
in the obvious way, replacing powers of x with polynomial functions

in the d variables, and replacing derivatives with respect to x with all
derivatives), we define

f©) = [ flaje ™ de
Rd
where x and ¢ are now in R?, and we use the usual dot product

§rxi=86x1 +Ex+ -+ &g

Since the exponential satisfies

d
6727m'§-x _ H 6727”'5]'1]‘
Jj=1

the Fourier transform on R inherits the properties of the Fourier trans-
form on R simply by repeating the arguments, integrating one variable
at a time.

In particular, we have:

e Fourier Inversion:
J@) = | JEeererde
e Scaling Property: If [Ry(f)] () = f(Az) for A € R, then
Ba(£) = X (&N

(Note the scale factor of A=, since we are changing variables
x — Az in d dimensions!)
e Plancherel Theorem:

(f,9)=(f.9)
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e Multiplication and Convolution:

fxg = fg
fg = fx*g

e Multiplication Operators and Differentiation: If X is
the operator of multiplication by x;, and D; is the differential
operator (27m')_18%7_, then

X;f = -D;f
D;f = X;f

~

(&) = f(&, b &~y )

e Our favorite Schwartz function on RY, the Gaussian G, =
_ 2 . . .
e~ is its own Fourier transform. Hence

= (2) o

and yields equality in the Heisenberg Uncertainty Principle (see
below).

There are several points regarding the Fourier transform on R?, how-
ever, that deserve attention. The first is the Uncertainty Principle:
note that while

[Dj, X;] = (2mi)~'1d
for each j, the operators D; and X} commute whenever j # k, since

i(ka) = Tp—

83:j aﬂfj
So the Uncertainty Principle holds in each coordinate individually.
Another point to consider is that we have many different coordinate
systems in R? (and nobody likes depending on a particular coordinate
system, especially when we move from R? to manifolds). It will be of
particular interest to us to consider polar coordinates, and we begin
with the following Lemma:

Lemma 1.19. Let R € SO(d) be a rotation of R?, and denote Ty the
operator Trf(x) = f(Rx). Then

m:TRf

i.e., the Fourier transform commutes with rotations.
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Proof: Since det R = 1, we can change variables  — R™'x to get
Tef(§) = [ f(Rx)e " du
R4

_ f(ilj‘)@iZMR_lz'gdl'
R4

_ f(x)e—QmmRde
Rd

~

= f(R¢)
since R preserves the dot product, whereby R~'z - & = 2 - R¢. O
One particularly nice consequence is that

Corollary 1.4. Let f € S(R) be a radial function; i.e., f(z) = f(|z|)
(or, equivalently, f(Rx) = f(x) for all rotations R € SO(d)for all x.

Then f is also a radial function.

A nice example is (again) our friends the Gaussians.
Proof: This follows from the last Lemma, since

J(RE) = Trf(&) = Trf (€) = f(&)
because Trf = f. [
Another related property is the following important fact:

Exercise 1.5. Let
0? 0? 0?
ozt Ox3 ox?
be the Laplacian operator on RY. Show that

Af(€) = —an?|EPf(€)

So the Laplacian, which is invariant under rotations, is sent by the

Fourier transform to the operator of multiplication by a radial function
—an?e].

A

1.5. The Semi-classical Fourier Transform. As hinted above in
Corollary we would like to be able to control the degree of uncer-
tainty in our Fourier transforms (ﬁ is a very interesting number, but
does not conform to the quantum mechanics of our universe; at least
not in our usual units). In everyday life the uncertainty is very small
(about 1.05 x 1073* in ST units). For the semiclassical theory, h will
always be a small (positive) parameter tending to 0.

In order to get the right uncertainty, then, we need to reparametrize
our Fourier transform. Thus we define:
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Definition 1.5. For f € S(R), we define the h-semiclassical Fourier
transform

Flf)(€) = (2mh) / Fa)eHeeda

Note that this is nothing but the usual Fourier transform, rescaled
by a factor of 27h; i.e.

Fn(f)(2mhg) = (2mh) 2 f(€)

Note that the normalizing factor of (27/) /2 insures that Fj, remains
unitary.

It is clear that the semiclassical Fourier transform is inverted via
o) = (2nh) 2 [ Fa(e)ei=eag
R

Remark: The importance of the parameter h will become apparent
later on; for now, let us be content to examine its effect on the Heisen-
berg Uncertainty Principle— since the Fourier transform is rescaled by
a factor of 2wh, the function Fj is much more localized than f , by a
factor of 2wh. This leads to the semiclassical version of Heisenberg’s
Uncertainty Principle, stated in Corollary [I.3] This is actually a phys-
ical law, when the appropriate (very small) constant % is used; though
in the semiclassical sense, it is measuring the degree to which one can
simultaneously localize f and Fjf as h — 0. Notice, of course, that as
h — 0, the right-hand side of Corollary tends to 0 as well.

We also wish to record the following important fact:
Lemma 1.20. Consider the operator H = —h*A on S(R). Then
Fu(HF)(E) = E*Fu(£)(E)

Proof: Recall from Exercise that Af (&) = —[2mE[2f(€). There-
fore

FalHP)E) = \/;T—hﬁ?(f/%h)

_ 1 27 7
= A 2

_ ol e

_ 2 1 ¢
= [ElPFn(8)

(§/2mh)

as required. [J
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Remark: One can also define a semiclassical Fourier transform on
the torus, by setting for f € C°(T)

Funf 2rhim) = (2nh) 2 f(m)

which is now defined on 27hZ. (The discrete Fourier transform is in a
sense already “semi-classical”, and we will see it arise out of F; on T
when we discuss the so-called “cat map” models).

2. A BRIEF INTRODUCTION TO BASICS OF QUANTUM MECHANICS

In this section, we give a “crash course” in the basic foundations
of quantum mechanics. We will not try to motivate the discussion
physically, nor try to discuss philosophical consequences of the physical
theory. From our point of view, it is simply an abstract (and bizarre)
mathematical model of mechanics, whose only redeeming feature is that
some very smart people have found that it works (i.e., its predictions
agree disturbingly well with experimental data).

2.1. The Hamiltonian Formulation of (Classical) Mechanics.

Let’s first recall Newton’s Law of classical mechanics, given by the
second order ODE

_dp_
Cdt di2

where p = m% € R? is the momentum of a particle moving in R, m
its mass, and ¢ € R? its position. F is the (net) force acting on the
particle, which we will always assume to be conservative; i.e., given by
F = —VV/(q) for some potential function V' of the position. This im-
mediately implies that the motion of the particle is determined initial
conditions (qo, po) € R??, and in fact the motion is a flow on R?? de-
termined by solving the ODE (we will always assume that the solution
exists for all time).

Hamilton recognized that Newton’s Law can be reformulated by in-

troducing the Hamiltonian function H = % +V(q), and observing
that

- — —_D; = — M —
Op; m? " m dt
dg;
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for y = 1,...d, while Newton’s Law implies that

LoH _ dv
dq; dg; !
_ dp;

dt

At first, this just looks like a silly way to write one 2nd order equation
as a system of 2 1st order equations. But it becomes a bit less silly,
and a bit more useful, with the following important observation:

Lemma 2.1. Let f € C®(R*), and suppose z(t) = (q(t),p(t)) is a
solution of Hamilton’s equations for some Hamiltonian H. Then,

d
¢~
Here we introduce the Poisson bracket
B 8f 8g 8f 89
B af af
(1) - Zaq](z)ap]<z> aq](’Z)ap](Z)

In particular, a function f € C°°(R??) is invariant under the motion
governed by H iff {f, H} = 0.

Proof of Lemma |2.1:
LIC0) = Zewn o+ S eowe
of o of OH

= 8p( ())_8_p(9—q( z(t))
= {f, H}(=(1))

We pause for some terminology, into which we can translate the
above Lemma. We consider z(t) = (q(t), p(t)) € R?*? to be the state of
the particle at time ¢, in the sense that knowing z(t) tells you everything
you need to know about the particle at time ¢ to determine its path.
We call R? the phase space for the motion; this is the space on which
the motion takes place, as the particle moves from state to state. Any
(smooth) function f on R?? is called an observable, in the sense that
it’s something about the particle you can measure at any point in its
motion. Examples of observables are

e A position coordinate f(g,p) = g;

e A momentum coordinate f(q,p) = p;
e The potential f(q,p) =V (q)



LECTURE NOTES — INTRO TO QUANTUM CHAOS, SPRING 2011 29

e The Hamiltonian itself f(q,p) = H(q,p) = 5= |p|* + V(q)

e The angular momentum f(q,p) = Ls(q,p) = qip2 — P12
(the terminology and notation come from the case d = 3)

e Anything else you might care to measure about your particle.

So, the Hamiltonian function (or “observable”) gives rise to a flow &/
on the phase space R??, and an observable f is invariant under this flow
iff {f,H} =0. We call such an f a constant of the motion. Observe
that {H, H} = 0 trivially, so that the Hamiltonian is a constant of
the motion. In fact, observe that the Hamiltonian is nothing but the
total energy of the particle (kinetic energy + potential energy), so this
observation states that energy is conserved.

Example 2.1. Let d = 2, and suppose that V. = V(r) is a radial
function. Then the angular momentum Ls is a constant of the motion.

Proof: Compute

Z 0Lz OH 6L3 oH
0q; 0p] 0p] 8(]]

= (m% - (_QQ)Z_V) + <( pl)@ 0 dv)

a1 dgo
= (QQ7 —Ql) : VV

But since V' is radial, its gradient VV' points radially (inward or out-
ward, depending on the sign), and is therefore orthogonal to the vector
field (g2, —q1). O

Definition 2.1. A Hamiltonian H € C*°(R??) is called completely
integrable iff there ezist d independent constants of the motion {f;}

(that is, the Jacobian of the map x — {fi(x) = H(z), fo(z), ..., fa(x)}
has full rank d) such that

{L37H}

foralli,7=1,...d.

Example 2.2. Note that, for a particle moving in R? (with phase space
R*), a Hamiltonian is completely integrable if there exists any constant
of the motion (besides H ).

o Curcular billiards preserve angular momentum about the center.
(More generally, elliptic billiards preserve angular momentum
about either focus.)

e Rectangular billiards preserve linear momentum in each direc-
tion (up to sign, which changes during reflection).
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It can be shown (Liouville-Arnold Theorem) that in the completely
integrable case, the common level surfaces of the constants of the mo-
tion are tori, on which the Hamiltonian flow acts by translation. Thus,
for completely integrable Hamiltonians, the flow is not exponentially
unstable (toral translations can only have linear instability).

The following observation is also important:

Theorem 2.1 (Liouville). The Hamiltonian flow preserves phase space
volume.

Proof: Essentially follows from the fact that the Hamiltonian vector
field
<0H oH 0OH OH oH )
Xy = —

IR T TR
generating the flow defined by Hamilton’s equations is divergence-free,
as is clear from straightforward calculation (the derivatives of positive

terms with respect to g; cancel with the derivatives of the negative
terms with respect to p;). O

2.2. Quantum Mechanics on R.

2.2.1. Quantum States. In quantum mechanics, the first change is that
the state of a particle is no longer described by a point in phase space;
rather, it is given by a vector in a Hilbert space. For a particle moving
along R, the space of states is L?(R); such a state 1) € R is often called
the “wave function” of the particle. We will always take our states to
be unit vectors, i.e. we require that ||¢|[2 = 1.

The position and momentum of the particle no longer have definite
values. Rather, the probability measure |¢)(q)|?dq gives the probability
density of the particle being found near ¢; more precisely, given an
interval A, the probability of finding the particle in A is given by

Prob(q € A) = / 1(q)Pda

Remark: We will often say, eg., that “1/2 of the mass of the particle
is in A”, rather than “the probability of finding the particle in A is
1/2”7. Mathematically there is no real difference here; either way, we
mean that [, [¢|*dq = 1/2. Physically speaking, the latter is probably
more correct, since upon measurement, the particle will either be in
A or not. But in our idealized universe, no definitive experiments will
actually be performed, and it will be more intuitive (to me) to simply
imagine a particle whose mass is smeared out over R according to the
distribution |¢|*.
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The momentum density of the particle is given by the measure
| Frn(¥)(p)|?dp. Note that, by the unitarity of Fy, this is also a prob-
ability measure. In this way, the Heisenberg Uncertainty Principle of
Corollary is given its usual physical meaning— one cannot give
both the position and momentum of a particle to arbitrary accuracy;
if the position is known to high accuracy (meaning that |¢|? is highly
localized), then its momentum will be accordingly uncertain (F(1))
will be more widely spread out).

2.2.2. Observables. Since the state of a particle is no longer a point
in phase space, it’s no longer relevant to measure some observable
quantity by evaluating a function on phase space. Rather, we need
a new way to understand observables and their “evaluation” on states
€ LA(R).

The easiest way to understand this is by considering the “position
observable” formerly known as f(gq,p) = gq. We have already stated
that we can’t measure the position of the particle exactly; rather, we
can understand the “average position” or the expected value of the
position as

E(q) = / Al (a)Pdg

Paraphrasing, we can say that the expected value of the position ob-
servable (for the state 1) is given by

Ey(f(g,p) = q) = (Q, )

where we have introduced the operator Qv (q) = qi(q)

Similarly, we can see that a diagonal matrix coefficient of the opera-
tor P : 1 — —ih% gives the expected value of the momentum for the
state ¢

Ey(f(g,p) =p) = (P,)
= (Fu(Py), Fa(¥))

- /R PIFa() 2dp

In general, we would like to associate to each classical f € C°(R?)
an operator on L*(R), denoted Op(f), such that the matrix coefficient

Ey(f) = (Op(f)¥, ¥)

gives the average value of the observable f for the state .

Example 2.3. e If f(q,p) = f(q) is a function only of position,
then by analogy with the position operator @ (and by the same
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reasoning), the operator Op(f) should be multiplication by f.
Thus,

(Op(f ) = /R F(@)1(a)dg

e By the same token, if f(q,p) = f(p) is a function only of mo-
mentum, then we should take the h-Fourier transform inside the
iner product, and apply the same logic. Thus, in particular,
if f(p) is a polynomial in p, then Op(f) will be a differential
operator on L*(R).

Example 2.4. Extending the analogy with () and P above, we should
write

1
H=—P+V
2m V(@)
as the Hamiltonian operator on L*(R). Since P? = —h2%, we get

Bu(H) = (Hy0) = [ (—%q)w(q) ' v<q>rw<q>|2) "

R

Note that we have abused notation and used H to stand for both
the Hamiltonian function on R? and its quantization Op(H) as an op-
erator on L*(R). Some use H = Op(H), but then one runs into other
notation problems because of the Fourier transform... in any case, the
convention H = Op(H) is widespread, so even if you don’t like it, you'll
have to get used to it anyway!

Remark: One might be (and probably should be) concerned that
these operators are not bounded on L?*(R), so it’s not clear why the
expectation [E,; should exist for these observables. We won't tread into
this issue, since for most of this course we will be working with compact
domains; for now, let’s adopt the “physicists’ convention” that vectors
in L?(R) are actually Schwartz functions.

2.2.3. The Schrodinger Equation. An important remaining question is,
what becomes of the equations of motion? The state of a particle over
time is no longer a flow of points in phase space; we need instead a law
governing the time evolution of a wave function.

The quantum evolution is given by Schrodinger’s Equation

0 7
EW(Q) = —ﬁHth(q)

ih 0? (
— %a—(ﬁ¢t<Q>_ﬁ (@)¢r(q)
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We often write U, = e~ #* for the evolution operator sending g +— .
The “U” here stands for unitary, since the evolution is unitary, as can
be seen by

d 0 o P
It /R 1Y (2))?de = §<wt;¢t> = <5t1/}t7wt> + <wt, @¢t>
i i
= <_ﬁH¢t7¢t> + <77Z}t, _E,H¢t>
=~ (H, ) — (0, HO)

and the unitarity follows from the fact that H is symmetric (assuming—
as we always will— that V is real-valued, and doing an integration by
parts with the differential operator P).

This calculation brings out the importance of H being symmetric;
without this assumption, the Schrodinger flow need not be unitary,
which violates the intepretations of |1)|> and |Fp1)|* as probability den-
sities. This property is the quantum analogue of Theorem [2.1]

2.2.4. The Ehrenfest Equations. There is a nice way to (try to) jus-
tify the analogy with classical mechanics, by showing that there are
equations analogous to Hamilton’s equations that are satisfied by the
Schrodinger flow. These equations are called the Ehrenfest equa-
tions, and are given by

d 1

) - _E

dt ¢t(Q> m Pt (p)

d dV
“r - _E, (2Z

satisfied by any solution v, of Schrodinger’s equation, as we show below.
Notice that these are extremely similar to Hamilton’s equations, and
it even seems at first glance like the average postion and momentum
Ey, (q) and Ey, (p) satisfy an ODE! Unfortunately, this is not quite the
case, since in general

“E, (%) # B 0)

i.e., the average value of the force F' = —V’(q) is not equal to the force
evaluated at the average position Ey, (¢).
Now we “prove” the Ehrenfest equations, by assuming that v, €

S(R). Of course, there isn’t much mystery here— simply write out
what the time derivatives are, and replace 0,1y via the Schrodinger
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equation:

d 0 0
%Ewt(q) = <Qawta ¢t> + <th7 awt>

= 2re ([ (pmstto) - 3Vi@o)) 5o

Now, the potential term (with the “V” term) clearly vanishes, since
it is proportional to the imaginary part of

/R 4V (@) ltn() g

which is real-valued. It remains to check the term with ¢}, for which
we apply integration by parts to get

St = i ([ 4oty 5o

_ %Im (Aqlwé(q)\QdQ+Aw£(Q)mdq)
= 2R () — ()

since the term [, ¢|v;(¢)|*dg is real. But this last line can be rewritten

d 1

FEa (@) = o (i)l i) + (. (—iR)3)

_ %((Pwt,w + (W, PYy))
— (P

2m
1

= —E

since P is symmetric.

Exercise 2.1. In this exercise, (continue to) assume that 1, € S(R).
e Show the second Ehrenfest equation

d av
—F — _E,. | =—

is satisfied by any solution of the Schrodinger equation.
e Show that the expected value of H is preserved under the Schrodinger
flow (conservation of energy); i.e., we have

d

d
B (H) i= 2 (HY.0) =0
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2.2.5. Commutators. Recall that the Hamiltonian formulation gave us
a convenient way to understand the time dependence of an observable
f, evaluated for the state (q(t),p(t)) € R*® of a (moving) particle. In
particular, we saw that the value of the observable is conserved iff the
observable Poisson-commutes with the Hamiltonian, H.

There is a similarly lovely description of the time dependence of the
average value of a quantum observable operator F' acting on L?(R):

Lemma 2.2. Let ¢y be a solution of Schrodinger’s equation, and H the
Hamiltonian operator. Then for any quantum observable F', we have

( ¢ta¢t>: ! <[F H]@bt,wt)

Here, the bracket denotes the usual commutator operator [F, H] :=
FoH— HoF. Notice again the conservation of energy, since [H, H] = 0
trivially.

Proof: Here we go again,

d
%<F¢t,¢t> = <Faﬂ/]ta Vy) + (Fy, Opy)

7
- (-2 Hwt,wt> +<Fwt,—;wat>

1
= _h [F ]¢t7¢t>

since H is self-adjoint. Thus, we see that F' is a constant of the
motion iff ' commutes with H.

This gives us another correspondence in the classical < quantum
dictionary

(4,9} = =-08(£), Op(9)]

which you can check by hand for the observables we listed above (see
also Lemma [2.3| below).

Example 2.5 (Canonical Commutation Relations). Observe that

[ dkld  j=k
[Qj? Pk] - { 0 ] 7& k
= il (k)Id

where Id is the identity operator. It’s straightforward to check that
{q¢;,p} = 0;(k). Recall that this fact implies the Heisenberg Uncer-
tainty Principle, which explains its conspicuous title.
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2.3. Quantization of Observables. It is now very natural to ask:
given a smooth (classical) observable f € C*(R), is there always a
naturally defined operator Op(f) on L?(R) on the quantum side? What
are its properties— eg., is Op(f) a bounded operator if f is a bounded
function?

Unfortunately, the answer is “no”— or at least, “not quite”. One can
understand the issue from the simple example of f(q,p) = gp. At first
glance, one is tempted to define Op(f) = QP, with the position and
momentum operators @@ = Op(f(q,p) = q) and P = Op(f(q,p) = p)
defined above. The problem with this is that f(q,p) = qp = pq, so it
seems equally valid to write Op(f) = PQ, and the operators P and Q
do not commute. Thus QP # P(Q), and our naively defined quantization
of f(q,p) = qp is not well-defined.

However, one can hope to find solace (and a satisfactory solution) by
recalling that, as A — 0, the operators P and () almost commute; more
precisely, they commute up to a factor of A. Thus, asymptotically there
is no difference between P(Q and ()P, and we can hope to capture this
asymptotic equivalence to work out a theory of quantization sending
smooth observables to linear operators in a relatively reasonable— even
if not canonical— way.

Let’s look at the example above of f(q,p) = gp. If we decide to
take OpL(f) = QP (the “L” stands for left—quantizationﬂ), then we

can write via Fourier inversion

[Op" (f)¥](q) = \/ﬁ ERth ferdp

1

= o) ehq”/ W(q)e 7P dg dp
s

= / Fla.p)e(q )er = Pdg dp
On the other hand, using Opf(f) = PQ (“right-quantization”) gives

[Op™ (1)) =5 h/ F(d,p)(q)er = Pdg dp

Another possibility, called Weyl quantization, is to “split the differ-
ence” between left and right quantization, and define

[Op" (F)v)(q) = % // f (q J; 1 ,p) (g er P dpdy’

IThis is sometimes called “standard quantization” in the literature; which is
rather unfortunate, because for us, the Weyl quantization is much more natural.
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One can see that Op" has the pleasant property of sending real-valued
functions to symmetric operators:

(Op (Fn, i) = / 09" (£)in) (@) ¥a()da

_ /// (Q+q ) q')er =Py (q)dgdg dp

— [ o O @y

= ¢17OP (f)12)

using the fact that f is real valued in the third line. This only works
because the definition of f is symmetric in ¢ and ¢/, which is not the
case for left and right quantizations!

Exercise 2.2. Let f(q,p) = qp as in the above discussion. Show that

0P () = 5(QP+ PQ)

where QU (q) = q(q) and Py(q) = —ih% are the position and mo-
mentum operators as above.

Each of these quantizations of f is an example of a pseudodiffer-
ential operator, which is the general name given to an operator A of

the form
1 i
vw) = 5 [ v utere ayas

for some smooth function a, called the symbol of A. The terminology
comes from the fact that, when a is polynomial in &, you get differ-
ential operators; thus pseudodifferential operators generalize the usual
differential operators.

Pseudodifferential operators have many wonderful applications to
various branches of analysis, but we won’t concern ourselves here with
the general theory. For now, we will be content to discuss a specific class
of pseudodifferential operators adapted to our problem, and examine
some of its properties. For us, the symbol a will always be of the form

q) = Zﬁjaj(p, q)

for some sequence of smooth functions a;, and unless otherwise spec-
ified, Op(a) = Op"(a). The function ay will be called the principle
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symbol of the “complete symbol” a. The idea is that we imagine
h — 0, and under some growth assumptions on the a;, the principal
symbol dominates. For now, we take the a; to be h-independent (this
will have to be loosened later on, but is just fine for introducing the
theory), and we further assume that:

(2) M > 0 such that ||a;||cx < MIT* VE €N

This will ensure not only that the series Y h/a; converges for h suffi-

ciently small, but also that we can apply certain differential operators

that will be important in the arguments. So statements presented here

should be understood in the sense of “there exists a reasonable class of

symbols, such that for any symbol a in this class, the statement holds”.
We can now state the main results of this section:

Theorem 2.2. Let a be a complete symbol satisfying (@ Then Op" (a)
Op*(ay) = Opti(ay) for some symbols a; and ay satisfying (@, whose
principle symbols are equal to the principal symbol of a.

Remark: Since Weyl quantization is the only one among our three
“obvious” quantizations with the property that Op" (f) is self-adjoint
whenever f is real-valued, it will be the “default” quantization that we
will use the most. However, we will meet other important quantizations
as well, that have other important properties!

Theorem 2.3. Suppose a and b are complete symbols (satisfying (@)
Then Op(a)oOp(b) = Op(c) for some complete symbol ¢ (also satisfying
(@), such that the principal symbol of ¢ is co = agby.

Thus our operators form an algebra, which is commutative to first
order. This is consistent with the idea that the A — 0 limit should
recover classical mechanics, where the algebra C*°(R) of observables is
commutative.

2.3.1. Quantization(s) of Characters. Before proving these statements,
let’s look at some key examples, and see what Theorems and
say:

Example 2.6. Suppose a(q,p) = uqg+vp is a linear function, for some
u,v € R. Then

0p" (a) = Op*(a) = Op"(a) = uQ + vP

given by
[Op(a)¥](q) = ugq(q) — ivhy)'(q)
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More generally, if a(q,p) = f(q) + g(p), then all three of these
quantizations will agree— because we don’t have to worry about non-
commutativity! Thus, these symbols trivially satisfy Theorem [2.2]
Now, given two linear symbols a(q,p) = wiq + vip and b(q,p) =
Uaq + vop, We have

Op(a) o Op(b) = (w@Q +v1P)(u2Q + v2P)

= wueQ? + u QP + usv PQ + vy, P?

= wu0p(q*) + u1v20p™ (gp) + u20:0p" (qp) + v1v:0p(p)
But we already saw that [Q), P] = ¢hld, so that

Op(a) o Op(b)
u1u20p(q%) 4+ u1v2QP + uovy (QP — [Q, P]) + v1020p(p?)
= wu0p(q”) + w1v20p" (qp) + uav10p™ (qp) — ihusv1Op(1) + v1v20p(p°)
= OPL(U1U2Q2 + (u1v2 + ugvy )gp + V1U9p” — ihugvy )

So Op(a)oOp(b) = Op*(c), for a symbol c(q, p) = co(q, p) +ihugv; with
principal symbol

Co = ab = u1u2q2 + <U1U2 + ’UQ'Ul)qp -+ U1’02p2

and Theorem is satisfied for Op”. A similar calculation shows
that the statement holds true for Op® and Op"' as well; only the A-
proportional term of ¢ changes, leaving the principal symbol equal to
co = ab.

[

Example 2.7. Suppose a( ,p) = en (W) for some u,v € R. Then

q
[Op*(a)¥](q) = eh”q¢(q+v)
[ a)¥](q) = er"@y(q+v)
a)v](q) = eﬁ“qe%“”w(quv)

[Op

Note that this example essentially shows us what to do for any
smooth symbol a, since we can decompose it into a linear combina-
tion of these exponentials via (inverse) Fourier transform.

Remark: These are sometimes called the translation operators,
since (up to the constant phase factor e ﬁt“”) they translate by the vector
(v,u) in phase space; i.e. they translate the position by ¢ — ¢+ v, and
the momentum by p — p + u.

Remark: You will notice that each of these three operators is unitary,
and, in particular, bounded on L2, even though their symbols are not
Schwartz-class. This is a first indication that the quantized operators
are more sensitive to local properties (boundedness, smoothness) than



40 WORK IN PROGRESS — USE WITH APPROPRIATE CAUTION

decay. In fact, this example shows us that the norm of Op(a) is really
controlled by the decay of the Fourier transform of a.

Proof: First, let’s do the case u = 0, in which case all three quan-
tizations (remember, they have to agree when a is independent of ¢!)
give translation by v. Recall that

[Op(a)Y)(q) = Py //¢ a(g, p)et T Pdpdy

= eh (vp) ehqup
] A
- 7 [

= q—|-1)

from Fourier inversion. ‘

Remark This operator is sometimes written as ex. Recalling that

—ihi d —, we get the statement that e“%w(q) = 1(q+v). One can

thmk of thls as a Fourier-analytic way of saying that the exponential
map takes the tangent vector t% to translation by .

Continuation of Proof of Example : For Op", remember that we
“do the p part first”, which means that we first translate by v, and
afterwards multiply by e7%?. More precisely,

[Op™(a)y](q) = %h / / U(g et =P dpdg’

= / / U(q %wﬂrvp qfq’)pdpdq/
= h//w JerPer @0 dpdy
T

= e (g + )

as above. .

For Op*, we first do the g-part, multiplying by the function en™ to
get ¥(q) = e7"?, and then apply the p part, translating 1) by q — g +v
to get

[Op™ ()] (q) = (g +v) = et “ @ (q + v)
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To be precise, we have
O @)@ = s [ [ vlaala et Papay
27Tﬁ
_ 7 (ug' +op) £ (a—q")p
= 5 [ et -0 dpdg

— 27Th Reﬁ peﬁqp (/ ,Qb )6huqe hquq)d
pe

= = [ R e - u)dp

Notice now, that in order to perform the Fourier inversion, we have to
change variables to p’ = p — u, which gives us

[(Op"(a)e](q) = ¢217T—h/ eHIFOE 0 F (0 (3 ) dp

—  enlatv)u

1 7 2 / /
J2rh / en T T () (1 ) dp

= ety +0)
We leave it as an exercise to do the final calculation, for Op" (a). O

Exercise 2.3. Let a(q,p) = en(water)  Show that

(O™ (a)d](q) = e3r™ei @ (q + v)

Notice that the quantizations differ only by the factor of ex®™¥ ap-
pearing in front; for Op” we take ¢t = 0, for Op® we take t = 1, and
for Op" we take t = 1/2. Imagine now that we take an A-independent
symbol a(q, p) = €'@7¥P); this is the same as taking = hu and y = hv
in Example 2.7 Thus, we find that

[Op™(a)¥](q) = €™(q+ hv)
[Op%(a)¥](q) = €™ TT™)p(q+ hv)
(0" (a)¥](q) = €™ (g +v)

and the three quantizations differ only by a factor of

ithuv __ - 7 (ztuv)J
e =1+ Z h i

j=1
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Thus we see how Theorem [2.2)is satisfied; we have Op" (a) = Op*(a,) =
Op®(ay) with

e (—%iuv)j
a; = a+Zhj+a

i=1 J

o) 1; J
as = a+2ﬁj—(zmjv) a

i=1 I

whose principle symbols are equal to a.

For the composition statement of Theorem [2.3] notice that for two
such exponential symbols a(q,p) = exp(i(uiq + v1p)) and b(q,p) =
exp(i(uaq + vep)), their product ¢y = exp(i((u1 + u2)q + (v1 + v9)p) is
again of the same form, and is supposed to be the principal symbol
of Op(a) o Op(b). By Theorem (which we just checked for these
symbols) it’s sufficient to show this for Op”, which turns out to be the
most convenient for this purpose, since

[Op*(a) 0 Op" ()] (q) = €™ [Op™(b)¢](q + fivr)
— eiu1qeiU2(Q+hv1)¢(q + hwy + ho)
= ™ [Op"(co)y] (q)
= [Op" (™" co)p] (q)

and by again expanding the factor €21 in a Taylor series, we get the
complete symbol ¢ = e™2V1¢, with principal symbol co.

It’s also worth noting the asymmetry in the factor e™21; in fact, if
we computed Op”(b) o Op*(a) instead, we would get a different factor
ez This shows that Op(a) and Op(b) do not commute, but that
their commutator is proportional to A. In general, Theorem [2.3| shows
that the commutator [Op(a),Op(b)] is a pseudodifferential operator
whose principal symbol vanishes; it can be shown that in this case
the next term in the expansion of the symbol (which is the dominant
term as A — 0) is proportional to h{a,b}; another indication of the
correspondence between commutators on the quantum side and Poisson
brackets on the classical side (see Lemma [2.3). You can check this
directly for the exponential symbols we just did!

2.3.2. Smooth Observables. Suppose now that a € S(R?), which in par-
ticular means that Fj(a) (understood now as a 2-dimensional (semiclas-
sical) Fourier transform) decays nicely; in particular, we have Fp(a) €
L'(R?), and we use Fourier inversion to write

1 : .
o(@.0) = 57 [ [ Fla)emelen @ dgay
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Therefore, we can extend Example[2.7] by linearity to quantize a: let
een(q:p) = exp (£(&,1) - (¢,p)) = exp (7(Eg +np)), and define

Op(a) = 5 [ [ Fila)(€m) - Oplec, )

since each Op(eg ;) is unitary on L*(R), and Fp(a) is in L, the operator
Op(a) is bounded on L?.

Remark: Recall from Lemma that the L'-norm of ¢— and thus,
by a change of variable, the L'-norm of (27h)~'F,(a)— can be con-
trolled by the first few derivatives of a (the requisite number of deriva-
tives depends only on the dimension d of the phase space R?); thus, the
norm of Op(a) can be bounded in terms of the first first k(d) deriva-
tives of a. This is a general fact— the Calderén-Vaillancourt Theorem
states that, if a and its derivatives are each bounded on R?? (but even
if a is not a Schwartz function), then the operator Op(a) is bounded
on L*(R?%) by ||al|ckgea) for some k = k(d) depending only on the di-
mension d. We won’t need this level of generality, so we won'’t give the
proof.

We now wish to prove Theorems [2.2] and [2.3] under the assumption
that Fr(a) € L'(R?). The general 1dea is to use Example 2.7 for each
Fourier component Fr(a)(£,n), but we need to correctly interpret the
step where we take the Taylor expansion " = S~ R/ (ién)?/;!, since
we are integrating over all (£,7) € R2.

Proof of Theorem [2.9: We will actually give an explicit formula for
the symbols, namely

a; = a—i—Zhj—( 21) aja

Jt g op’
(4) T prig
as = a-+ Z ! qjapj

We begin by writing

Op(a@) = 09" (0) = 5 [ [ Fat@e.m) - 09" (ccdgan

quantizing each Fourier component individually according to Exam-
ple the integral converges absolutely as long as Fp(a) € L'(R?),
since each Op(e¢,,) is unitary.
Recall also from Example 2.7 that
Op" (ecy) = e30p (ec)
= ¢ F0pT(eg,)
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Therefore, we have

0@ = o5y [[eF @€ 09 e

~ 27k / / Z n(a)(€,m) - Op™(ee,)dEdn

Now, recall that F5 has the property that

which means that

&n - 0%a
h fh(a) = ﬁfh (8(]8}9

so that we get

0@ = 5 [ / Z %! ST Fyfa)(€on) - Op*(ec )l
_ %//; (i?j(—h)jfh [(aj;p)ja] (&) - Op™(egy)d&dn
g ][5 G () o o om

7=0
= Op"(am)
with
> .(—1i)j 0% q > .(—1i)j 0% q
= B2 = R —
“ jzo gl Oq?0pi (HJZI jl Oqidpi

as required. The argument for Op® is identical, substituting —% for

L0

QEWe now turn to the composition theorem. The ideas are the same,
though the implementation gets a bit messier, since we now have two
operators Op(a) and Op(b), which each need to be decomposed into
Fourier components, and then make sense of the resulting Fourier trans-
forms. There will now be four Fourier parameters &1, 1y, &, 12, and the

formulas will get a bit longer. To simplify the exposition, we will
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restrict ourselves to left-quantization Op*, though it’s clear the calcu-
lations may be carried out identically for Op® or Op"'. In any case,
Theorem [2.2] shows that it doesn’t matter!

Proof of Theorem [2.3: Once again, write

00Ma) = gp [ [ Fa)€m) - Oplee )y

1

08'0) = 55 [[ PO - Optec)icin

and recall from Example 2.7 that
OpL(G&JIl) © OpL<€E2,772) = ertm Op(%wn ’ 6627772)
Therefore, we have

Op*(a) o Op* ()
- (27rln>2 // / Fn(@) (€, 1) Fa(b) (&2 m2)Op* (€c1.m) © Op" (cea e )dErdm dacny

1 i
= (2nh)? /// Fi(@) (&, m) Fn(b) (&2, m2)en ™ Op"(eg, 1y - gy )dE1dnidEadny

- (27h)? /// Fu(a) (€, m) Fr(b)(§3 — &1,m3 — 771)65(53*51)"1013%@537%)dgldmdggd%
where §3 = & + & and 13 = 1y + 12, since

€¢1m " Ceamy = Cams

(This is basically the same calculation one does to show that ab = d*IS).
Ideally, we would like to integrate over & and 7; to get

/ Frla)(&r,m)Fn(b)(&s — &1, s — m)déadm = Fr(a) * Fr(b)

but there is a factor exp(—%(&3 — & )m) that is interfering.
As before, though, in the proof of Theorem [2.2] we can expand
this exponential in a Taylor series, and transform multiplication of
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Fr(a)(&,m) by m and Fp(b)(&3 — &) by (&5 — &) as differential oper-
ators inside Fj:

27rh/ Fr(a)(&r,m)Fr(b) (& — &1,m3 —771)65(53 UM de, dn,

27Th

= 5= //Z ( a) (&1, m)Fn (g—zg) (&3 — &1,m3 — m)dErdm
gt )*ﬂ (5) @

—i)k 0%a 0%b
(8pk ) k’) <€37n3)

= Fn(ab)(&s,ns3) +Zﬁk

since ﬁfh(f) * Fr(9) = Fr(fg).

Therefore we get

Op™(a) o Op*(b) = / Fn(€) (&3, m3)Op" (e, s )désdns = Op"(c)

where
0%a 0%b
= ab — ih—— "
T 0 T <k:'> o O

and we are done.

2.3.3. Gross Omission: The Method of Stationary Phase. If you sense
that there is a more general principle at work here in the calculations
of the preceding section, then you are right— these are special exam-
ples of a more general principal called the method of stationary
phase. Generally speaking, the idea is that given a phase function
o(x, &) with exactly one critical point (zg,&p) that is not degenerate,
one can get an asymptotic expansion about (zg, &) in powers of & for
the integral

F(x,€)er*=dxde =Y B Dy f (w0, &)
R? k=0

where the D, are differential operators of order at most 2k. For a
complete proof, see eg. Martinez|?] or Evans-Zworksi[?]; we will only
sketch the ideas involved, since the full force will not be needed in the
course.

(‘”71) Fala)(Erm) - (ﬁ)ﬁ O o =)
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The first idea is that the extremely rapid oscillations of e#?®&) away
from the critical point of ¢ imply that the integral is really over a small
neighborhood of the critical point; more precisely, if B = B.(zo, o) is
the ball of radius € around the critical point, then

f(ZL', £)€%¢(x’£)dxd§ = O¢,e,f(hoo)
R2\B

which means that for any NV € N, there exists a constant C(¢, ¢, f, N)
such that the integral is < C(¢,¢, f, N)A"Y. This is established by
integrating by parts N times in the integral.

Without loss of generality, we may assume that xo = 0 = &, by doing
a change of variable. Next, one approximates ¢(z, ) near the critical
point (0,0) by a non-degenerate quadratic form Q(z,§), and use the
Plancherel Theorem for the (ordinary) Fourier transform to obtain

—

f(x,€)er®edrde = F(y,m)er @0 (y, m)dydn
R2\B R2\B

Now, the Fourier transform of e#?(), like the Fourier transform of a
Gaussian (corresponding to the quadratic form Q(xz,&) = 22 + £2), is
proportional to @7 which can be expanded in a Taylor series as
we did in the last section. Each term in the Taylor expansion is of the
form A* Py, where each Py, is a polynomial in 7, n of degree 2k; moving
this inside the Fourier transform, it becomes a differential operator of
order 2k. So we are left with

/ [Z th%f] (y, m)dydn = h* Dy f(0,0)
k=0 k=0

by Fourier inversion.

2.4. Quantum Dynamics and Egorov’s Theorem. At the end of
the proof of Theorem we explicitly calculated the next term of the
semiclassical expansion: namely, we saw that Op’(a)oOp(b) = Op*(c)

with
B L0a0b N (=) 0Fa OFb
c-ab—zhapaq—i-;h < i o Ot

We had a good reason for computing this term explicitly, since it gives

Lemma 2.3. Let a, b be complete symbols. Then for any of our quan-
tizations Op"V, Op", Op®t, we have the commutator formula

[Op(a), Op(b)] = iHOp(c)

where ¢ has principal symbol given by the Poisson bracket {a,b}.
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Proof: We first show this for Op*. From the expression above for
Op*(a) o Opt(b), we have

[Op"(a), Op"(b)] = Op"(a) o Op"(b) — Op"(b) o Op"(a)
= OpL(cl) = OpL(cg)

with

B L0a0b o~ ((—)F 0Fa 0Fb
cg = ab zha —I—kz:;h( o ot O

p Oq
B LObda L (=) OFbOFa
¢y = ab m@p 34 + kz:; h ( o O O

Subtracting ¢; — o, we see that the leading terms cancel, and the
difference of the second terms gives exactly ii{a, b}.

Now, replacing Op” by either Op" or Op® doesn’t change the prin-
ciple symbol of ¢ on the right-hand side, by Theorem [2.2] and the same
is true for the leading term on the left-hand side. It remains to see
what happens with the A-linear term on the left-hand side. We have

op™(f) = Op*(f+hfi +O(h?))
Op"(f) = Op"(f+hf:+O(R?)

(here g = O(h?) means that g = h?g for some symbol ). On the other
hand, looking at the h-linear term of the commutator gives

L ([0r" (@, 09" ()] ~ [0r* (). 0p" )]

= Op"(a1) o Op*(b) + Op*(a) o Op*(by) — Op"™(b1) 0 Op*(a) — Op*(b) 0 Op*(a) + O(h)
— o)

since compositions of Op®’s commute to first order, and so the terms
cancel modulo O(h). The same is true for Op®. O
We now apply this to Lemma [2.2] to get

Lemma 2.4. Let f € C™(R?) be a smooth observable such that || f||cr <
MP* for some constant M (i.e., f is an h-independent symbol satisfy-
ing (3)), and Op(f) one of our three quantizations. Then for any
L?-normalized solutions us, vy of Schrodinger’s equation, we have

%wp(f)ut, ve) = (Op({f, H})ut, vr) + O(h)
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Proof: Lemma showsﬂ that

d 1
0D ) = 2 {[0p(F), Hla, )
But now Lemma [2.3] says that

10, H] = Op({f. H}) + hOp(J)

for some symbol f, such that Op(f) is bounded on L*(R). Therefore,
since u; and v; are unit vectors, we have

Op(f)ur, v) = O(h)

and the statement follows. [J
Recalling from Lemma that the Hamiltonian flow ®! satisfies

d H o
Ef(q)t (2)) ={f, H}(2)
we define

fr = f0®f
F, = er™Op(f)e +™
to be the classical and quantum evolutions of the obervable f and

Op(f), respectively (to understand why F; corresponds to the Schrodinger

evolution of Op(f), consider a solution v, = e~wf%) of Schrodinger’s
equation, and write

(Op(f)tbe,tn) = (Op(f)e™ # T, e i) = (Fyp, )

since the Schrédinger operator e~ #* is unitary by section .

We want to understand the relationship between Op(f;) and Fy;
in other words, the relationship between the classical evolution gov-
erned by Hamilton’s equations and the quantum evolution given by
Schrodinger’s equation. We can now give the main result giving this
correspondence:

Theorem 2.4 (Egorov). For any smooth observable f € C*(R) (sat-
18fying @), and any fixed time t, we have

le# T Op(f)e 1t — Op(f o ®11)|| = O4(h)

in the operator norm on L*(R?).

2More precisely, the proof of the Lemma, since the Lemma is only stated for the
case u = v.
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Remark: Egorov’s Theorem is actually a more general statement
about the propagation of singularities by PDEs, but Theorem is
the consequence of Egorov’s Theorem that will concern us.

Proof of Thoerem [2.4): First, by unitarity of the Schrodinger evolu-
tion we have

le*Op(f)e™ i — Op(fo)ll = [|0p(f) — e 7™M Op(fi)er ||
and so we may estimate the latter. For this, we’ll take two unit vectors
u,v € S(R) and estimate the matrix coefficient

<<Op(f) — e’%HtOp(ft)e%Ht) u, v>

Note that for t = 0, where both operators are equal to Op(f), this
matrix coefficient is exactly 0; so it is sufficient to show that the deriv-
ative
d — it L d / i Lt
7 <<Op(f) —e 1 tOp(fy)er )u,v> == <e ROp(fr)er u,v> = O(h)
and then integrate up to time t.

Now take u; and v; to be the solutions of Schrodinger’s equation with
initial conditions ug = u and vy = v, and observe that

d —iHt LHt _ d
pn <e Op(fr)e u,v> == (Op(fu_y,v_y)

Applying Lemma (with a minus sign, since u_; and v_, are being
propagated backwards) and recalling that %( fi) ={f, H}, we have

d Op(fu_s,v_y) = <%Op(ft)u_t,v_t> —(Op({ ft, H})u_t,v_) + O(h)

—

dt
(Op({ /e, H})ut, vs) = (Op({fs, H})u—s,v—) + O(h)
O(n)

as required. [J

Remark: One sees from the argument that the error term in Theo-
rem can, in general, depend exponentially on ¢. This implies that
there is a constant ¢, such that the classical and quantum evolutions
differ by a “small” error (that vanishes as h — 0) up to time c|log A.
This will be a recurring theme when we discuss the Ehrenfest time.

2.5. Anti-Wick Quantization. Another question one might want to
ask about quantization is positivity— is it true that, if f > 0 is a
positive function, then Op(f) is positive-definite? Of course, by now
we know that, in general, it only makes sense to ask for this to hold up
to h; in fact, for the quantizations we’ve discussed so far, it’s not true
that Op(f) is positive-definite whenever f > 0, when A is fixed.
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However, there is another quantization for which this property does
hold for arbitrary A > 0, called the Anti-Wick quantization. That
this quantization is positive is obvious from the construction, but we
will also show that it agrees with our previous quantizations, at least
to first order (i.e., they have the same principal symbol).

To discuss the Anti-Wick quantization, we need to introduce the
concept of a coherent state. Let the function goo be given by the
L?-normalized Gaussian

go0(q) = (wh) Ve =7’

Note that this Gaussian is symmetric about ¢ = 0, and is equal to
its h-Fourier transform, which is therefore symmetric about p = 0.
Moreover, goo (and therefore also Fp(goo)) is localized up to Vv near
0 (in the sense that once 2 > C'v/h, the value of goo(x) < e~ 07 decays
very rapidly). We will often say that goo has Widt VIR/2.

We call goo the coherent state centered at (0,0). The termi-
nology comes from the fact that gy is optimally jointly localized in
position and momentum near 0. We then use the translation operators
from Example [2.7/to define the coherent state centered at (z, &) by

9oe(q) := Op" (e_c.x)g00(q) = e 2% enbgy (¢ — z)

Observe that g, ¢ is optimally jointly localized in position near x, and
momentum near §.

An important property is that any wave function can be decomposed
into a superposition of coherent states:

Lemma 2.5 (Coherent State Decomposition). Let u € L*(R). Then

we have
1
u=o //R2 (U, Gag) Gz edrdl

in L*(R). In other words, for any Schwartz function v € S(R), we

have
1
(00) = 5[] (0:006) (g, vy

3For more precise (but perhaps less intuitive) terminology, notice that the vari-
ance of | g()ﬁo|2

so that the “width” is given by the standard deviation of the probability measure
|90,0(a)[*dg.
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Proof: Write

// Uu gx{ gx §7 >d$d€
= / / / / W(q1)Gre(q1)Gre(q2)0(q2)dgr dgadadé
(z,6)eR? Jq1€R Jg2€R

= // U(Q1>U<Q2) // gx,g(QQ)gx,g(Ch)deddeIld%
q1,92€R z,£€ER

We claim that
/ / 92,6(42) 9o (q1)dxd§ = 2mhdo (g1 — ¢2)

from which the Lemma follows. To prove the claim, recall by Fourier
inversion that [ ent@=n)de = 2rhé(qy — q1), and write

//gxf Q2 gz ¢ C]1)d$df

= / / eI en e g 0 (gy — w)e” I en s gy (g — x)dEd

— / / ent (@270) g, 0(ga — 7)goo(q1 — v)déd
r=—00 J {=—00

= / 90,0(q2 — )go,0(q1 — x)/ eég(qz_ql)dﬁdx

=—00 £eR

= / 90,0(% - I)go,o(fh - $)27Th5(Q2 - QI)dx

= ||90,0||%227Th5(92 —q1) = 2mhd(q2 — q1)

as claimed. [
Thus, we see that any wave function u can be decomposed into
optimally-localized pieces. The map

1

\/ﬁ <u7 Gz.g >

from L*(R) — L*(RZ ), which is unitary by Lemma , is called the

microlocal transform or FBI transform of u (named after Fourier-

Bros-Tagolnitzer). The term “microlocal” is supposed to evoke intuition

of being localized to scale VA in both position and momentum.
Equipped with such a decomposition, it makes sense to define the

Anti-Wick quantization of f as

00" (10)(a) = g [ 5006 g

u —
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Intuitively, you multiply each coherent state component of 1)— the
piece localized near (z,&)— by the function f(x,&).

Remark: The choice of Weyl quantization in the definition of coher-
ent states here is not significant; either left or right quantization could
be substituted without affecting Lemma [2.5] since the terms distin-
guishing the quantizations of e_¢, are of the form e~ 7t and cancel
with their complex conjugates in the integral.

Remark: 1t is clear that this quantization makes sense not only for
smooth f, but even just f € L*(R?). How can this be? The con-
volution with g, in the definition of the quantization smooths out
the function f, so that it behaves like the quantization of a Schwartz
function (see below Lemma [2.6)).

Remark: Putting in the constant function f(g,p) = 1, we get the
so-called resolution of the identity

1
I AW 1
d=0p™" (1) = onh /(M)ER2 |92, (G | dd€

that appears in the literature.
Important(!) Remark: This quantization assigns positive-define op-
erators to positive functions— if f(z,&) > 0 for all (z,£) € R?, then

O (00) = 5oy [[ 506 110 920) o = 0

Lemma 2.6. Let f € S(R?). Then we have

10p™™ () = O™ ()l = O (n)

Thus, the Anti-Wick quantization is asymptotically equivalent to the
three quantizations we already know.
Proof: We leave as an exercise (see below) to show that

Op™™ (f) = Op" (f * G)

for the Gaussian G(z, &) = e 7@+ Then, since f* G — f in C* for
any k, as h — 0, the Lemma follows from the remark of section [2.3.2]

that for f € S(R?), the operator Op(f) is bounded] by ||Op(f)|| <
[ Flle2-

Exercise 2.4. Assume that f € S(R), and set G(x,&) = en(@+e?),
4As remarked there, the Calderén-Vaillancourt Theorem removes the decay as-

sumption on f, and so this Lemma actually holds for more general f € C*°(R)
under mild growth conditions.
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(1) Show that

r— 2 % /
/// f(z,6) (/ G (q—i—q—l"p _ f) erla—a )pdp> dzdedpdq’
q’ x,{GR peER 2

) Do the integral over p first, evaluating the expression in paren-
theses using the formula for the h-Fourier transform of a Gauss-
an.

(3) Use the fact that

a?+bv  (a+b 2+ a—b\>
2\ 2 2
to show that this expression from part (2) is equal to g,.¢(q) g e(q')-
(4) Conclude that Op™ (f * G) = Op*W (f).

Op"

2.6. Eigenstates and Definite Values. We've seen how we can cal-
culate the expected value of a quantum observable, given a specified
quantization Op, and we’'ve seen some examples of various quantiza-
tions and their properties.

In general, this is the best one can hope to do in terms of “eval-
uating” observables in the quantum world. However, there are some
observables that admit definite evaluation, at least for some states. As
a silly example, take the constant classical observable f(q,p) = C. It
doesn’t matter where you are or where you're going; the observable
takes the value C. Of course, E,(f(¢,p) = C) = C trivially for any
L?-normalized state 9, but it would be very strange indeed if quantum
mechanics did not allow some mechanism for giving this observable a
definite value, instead of just an average value, of C.

So let’s agree to assign the identity operator a definite value of 1
for all states. But this is not without consequence— what if a state v
cannot distinguish between an operator Op(f) and a scalar operator
C'-1d? In other words, if ¢ is an eigenvector of Op(f), then Op(f) acts
on v as a scalar multiple of Id, and therefore we should agree that v
has a definite value for the observable Op(f), given by its eigenvalue.

Remark: Note that the operators Q and P have no L?-eigenvectors—
an eigenvector of Q) would have to be a § function (why?), which is not
in L?; an eigenvector of P is an exponential ¢(q) = €™ for some k € R,
which is also not in L2. So there is still no state with definite position
or momentum! On the other hand, waves like €7 do have a definite
momentum— and a definite energy— which is one of the motivating
facts behind the development of quantum mechanics.
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Eigenvectors of an observable are often called eigenstates or pure
states for the observable. An important example is H, the Hamilton-
ian operator. Since the observable H corresponds to the total energy
of the particle, eigenfunctions of H are states of definite energy. Note
that Schrodinger’s equation implies that if 1) = 1) is such a state, then
the Schrodinger evolution acts on the eigenspace of 1 by a scalar Ay,
and in fact

6—%Ht,¢) — 6—%/\¢t,¢)

so that the evolution is by a phase factor of absolute value 1 (this
is also immediate from the fact that the Schrodinger evolution is uni-
tary). Multiplication by a factor e~#*#* does not change |t)| or | Fp(¥)],
so the position and momentum distributions for ¢/ remain unchanged
by the Schrodinger evolution. Thus, these distributions are invariant
under the quantum evolution! We often call such a ¢ a steady-state for
the Schrodinger evolution— in this case, 1 is not exactly fixed, since
it changes by a phase factor, but this factor has no physical signifi-
cance; the physically meaningful distributions [¢;| and Fp(1))| remain
constant.

2.7. Quantization on Manifolds. We will soon wish to work with
dynamical systems on compact— or perhaps finite volume— manifolds,
rather than R?. For the systems we have in mind (toy models and
hyperbolic surfaces), we will establish quantization procedures that are
more amenable to each setting. However, it is worth remarking that for
any smooth manifold M, one can use the standard pseudodifferential
calculus on R? in a local chart to define a quantization on M.

Namely, given an atlas of charts U; C M and smooth diffeomor-
phisms ¢; : U; — U; C R? we can define local (Darboux) coordinates
on the cotangent bundle 7% M via the map

®;: (p,q) — (¢(q),do;(q)"'p) € R*

One can then take a partition of unity xp € C§°(Uju) satisfying
> . Xz = 1, and define for f € C°(T*M)

Op(f) = [Op(f o ®;(k))(xxt o ¢;(i))] © bjk)

Of course, this definition depends on the choice of quantization on
R?¢ the choice of local coordinates, and the partition of unity— but it
is not hard to be convinced that these choices only change the symbol
by lower order terms, and that the operator Op(f) is asymptotically
well-defined.
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Since we will not use this quantization in the course, we won’t enter
into any of these details; however, it is good to know that there is at
the very least some way to extend the results from R? to manifolds, so
that we may ask questions about the latter.

3. EIGENVALUE SPACING STATISTICS

We now turn to the main objects of study for this course: the Hamil-
tonian operator

_ 1
H= =P+ V(Q)

We wish to understand the relationship between this operator, which
generates the Schrodinger evolution of a quantum particle, and the
classical dynamics generated by the Hamiltonian flow to which H cor-
responds.

We will now assume that the dynamics take place on a compact
manifold, on which the potential vanishes. Two main examples are

e Billiard flow on a compact domain D C R? (with boundary).
e Geodesic flow on a compact Riemann surface M without bound-
ary.

We will introduce more examples (so-called “toy models) in section 77,
but for now, let’s keep these two examples in mind. Notice that since
there is no potential, the classical Hamiltonian is simply ﬁ|p|2, and
so the Hamiltonian operator is the scaled Laplacian H = —%EQA
(for billiards with boundary, we have the Dirichlet boundary condition
¥|sp = 0 which prevents the particle from leaving the domain).

Since our operator H is self-adjoint, we have an orthonormal basis
of L*(D) or L*(M) consisting of eigenfunctions of H. Of course, to
understand the operator H means to understand how it acts on L2,
which in turn means understanding its eigenvalues and eigenfunctions.
So the question becomes, what properties of the eigenvalues and eigen-
functions of H reflect properties of the classical dynamics?

In this section, we discuss some conjectures about properties of the
eigenvalues that are supposed to reflect dynamical information about
the classical system. Very little is known about these conjectures, and
later sections will be devoted to the eigenfunctions— about which much
more can be said.

Notational Remark: From here on, we will assume that the particle
has mass 1 and (definite) energy H = 1/2. Thus, the spectrum of
the operator H determines which values of & are admissible (of course,
in physics, it goes the other way around— #h is fixed, and determines
which energy levels are admissible...). Thus when we take h — 0, we
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are taking A along a discrete sequence of values accumulating at 0.
On the flip side, if Hy = 3¢ for small h, this means that ¢ is an
eigenfunction of A of large eigenvalue 2h~2, since

WA = HY = o

So the semiclassical limit A — 0 is the same as the large eigenvalue
limit of the Laplacian.

3.1. Weyl’s Law. A fundamental result (which we will not prove
here) is Weyl’s law, which gives the asymptotic number of eigenval-
ues (counted with multiplicity) of H. Note that this result is uniform,
and does not depend on the dynamics of the classical system! We set
|D| to be the area of D, and set N(\) to be the number of eigenvalues
A; (with multiplicity) such that A; < A.

Theorem 3.1 (Weyl’s Law in Dimension 2). We have

D)

This can also be extended to the Laplace-Beltrami operator on a
manifold without too much trouble.

Exercise 3.1. Verify Weyl’s Law for a rectangular billiard with sides
of length a and b.

(1) For any eigenfunction v, use the Dirichlet boundary condition
to expand ¢ in a Fourier sine series in each coordinate (sepa-
ration of variables).

(2) Conclude that eigenvalues are of the form ’ZZ’—; + 2—22 for integers
m and n, and give an explicit basis of eigenfunctions.

(3) Use Gauss’ result that the number of integer lattice points inside
an ellipse g—i + 1;—; < C' s asymptotic to the area C'wab of the
ellipse. Check how many lattice points actually correspond to
the same eigenfunction!

(4) Compare the number of basis eigenfunctions in the previous part
with the number you get from Weyl’s Law.

For most domains, the eigenvalues and eigenfunctions are extremely
difficult to compute explicitly. Thus, it is something of a miracle that
their total number is, at least asymptotically, easy to calculate (though
the remainder term is much harder, even for the square billiard— this is
Gauss’ circle problem!). In any case, the generality of Weyl’s Law shows
that the total number of eigenvalues is not sensitive to the dynamics; if
there is dynamical information encoded in the spectrum, we will have
to look at the finer structure of the spectrum to see it.
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As we will see, it is conjectured that one should look at the spacings
between consecutive eigenvalues to distinguish completely integrable
systems from chaotic dynamics.

3.2. Completely Integrable Systems: Invariant Tori and the
Berry-Tabor Conjecture. The first conjecture in this direction came
in 1977:

Conjecture 3.1 (Berry-Tabor, 1977). For a “generic” completely inte-
grable Hamiltonian system, the spacing between consecutive eigenvalues
of the corresponding Hamiltonian operator should obey Poisson statis-
tical laws.

The word “generic” is used very loosely (and dangerously) here; per-
haps the most illuminating definition for generic here is “unless there’s
a good reason for the conjecture to fail”. Indeed, there are examples—
eg., square billiards; see below— where this is false, but for arithmetic
reasons which are “not generic” in a usual, measure-theoretic sense.

Let’s also discuss what “Poisson statistical laws” are. Informally
speaking (we won’t give the rigorous characterization here), we're talk-
ing about the spacings between consecutive occurences of independent
random events. A good prototypical example to have in mind is coin-
flips: suppose we are flipping a fair coin once every second, and looking
at the time between consecutive results of heads. Each flip is indepen-
dent of the preceding ones, so given that a heads has just occurred,
the probability of getting a heads on the next flip (so that the spac-
ing between the consecutive flips is 1 second) is 1/2. The probability
that the spacing is exactly 2 seconds is the joint probability of a tails

followed by a heads, which is 1/4. It’s clear that the probability of
waiting exactly ¢ seconds for the next head is (%)t In particular, the
probability density decays exponentially with time.

This is a general picture of what happens for the spacings between
independent random events. If the probability of an event occurring in
any time interval is independent of the last occurence, then the joint
probability of the event not occurring over the course of many intervals
should decay exponentially. Thus, the spacing statistics should look
like an exponential decay, as in Figure [1}

Thus, Berry-Tabor are conjecturing that the spacings between con-
secutive eigenvalues for a completely integrable Hamiltonian should
look like those of numbers that were randomly and independently se-
lected, asymptotically as the eigenvalues go to oco.

Why? Here’s a vague heuristic argument. We know that, in the

completely integrable case, the phase space is foliated into invariant
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s=0 1 2 3 4

FiGURE 1. Normalized gaps between the first 250,000
eigenvalues of a rectangle with side/bottom ratio 5'/4 and
area 4m, compared to the expected probability density
e *® of a Poisson process. Picture from Rudnick|?].

tori. We also know that these tori are level sets for an integral of the
motion f, that by definition Poisson commutes with the Hamiltonian
H, so that the corresponding quantizations commute up to small error:
[Op(f), H] = O(h?). Tt is natural to imagine (and a rigorous version
of this was proved by Schnir'lman|?]) that the Hamiltonian operator
H approximately commutes with projection to the invariant tori, and
for small A— or large eigenvalue— we can imagine the phase space as
being broken up into disjoint blocks of invariant tori, each with its own
H-spectrum, that are independent of each other. As h — 0, we can
take a finer and finer subdivision into more and more such invariant
blocks of tori.

Now, essentially by “Weyl’s law”, each block of phase space will
contribute a chunk of the spectrum proportional to its volume. Thus,
the spectrum of H can be thought of as coming from a collection of
independently chosen values, from the many disjoint blocks of invariant
tori. In this way, their statistics should resemble those of independent
random variables.

Conjecture is not known (yet) to hold for a single case. On the
other hand, there are some known counterexamples. Notice that, for
the square billiard, the eigenvalues must be (proportional to) integers,
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and occur with high multiplicity. The probability density for level spac-
ings collapses to a 6 measure at 0. The same thing happens for any
rectangle whose sides are rational multiples of each other. In some
sense, one can view the 0 measure at 0 as a degenerate limit of the
Poisson distribution, and one believes that under diophantine condi-
tions, rectangular billiards should obey the Berry-Tabor Law. But so
far, very little is known.

3.3. Chaotic Systems: Random Matrices and the Bohigas-
Giannoni-Schmit Conjecture. At the other extreme, we have the
“chaotic” systems, and a conjecture about the spacings between con-
secutive eigenvalues for their Hamiltonian operators.

Conjecture 3.2 (Bohigas-Giannoni-Schmit, 1984). The spacings be-
tween etgenvalues of a chaotic Hamiltonian operator “generically” fol-
low the spacing laws for eigenvalues of large random matrices.

The idea of using statistical properties of large random matrices to
model complicated systems has a long history in physics, beginning
with Wigner, who suggested using eigenvalues of large random matrices
to model the energy levels of heavy atoms (the complex interactions
between large numbers of subatomic particles make the heavy atoms
difficult— if not impossible— to analyze directly). One might call this
a quantum version of statistical mechanics.

In any case, it is not at all obvious what the correct notion of “ran-
dom matrices” is. First of all, we should restrict ourselves to matrices
that have some semblance to the Hamiltonian operators they're trying
to model; in particular, since our Hamiltonians are self-adjoint, one
should consider matrices with similar symmetry. Consider, then, the
space of N x N real symmetric matrices, where N is large. This space
is N(N + 1)/2-dimensional, since the matrix is determined by its val-
ues along the diagonal and in the upper triangular region (the lower
triangular region is determined by symmetry). One natural notion
of a random symmetric matrix is the so-called “GOE”, which stands
for Gaussian Orthogonal Ensemble. It comes from the following two
assumptions:

e Fach of the N(N + 1)/2 matrix elements are chosen indepen-
dently.
e The probability distribution is invariant under conjugation by
orthogonal matrices (i.e., orthogonal change of basis).
It turns out that these very natural conditions force the (indepen-

dent) matrix elements to be Gaussian-distributed in R. In fact, the
orthogonal-invariance condition requires all off-diagonal elements to
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be chosen from the same Gaussian distribution, and all diagonal ele-
ments to be chosen from the same Gaussian distribution (the variance
of the diagonal elements turns out to be twice the variance of the off-
diagonal ones, essentially because each off-diagonal term appears twice
in the matrix, and each diagonal term appears once). It can also be
shown that the probability density of a matrix A is proportional to
e~ CNTr(A for some constant C'(N) depending on the size of the ma-
trices.

A conjecture that has its roots back in the work of Wigner states
that the statistics of eigenvalues of GOE matrices should hold for any
“reasonable” probability distribution on the space of real-symmetric
matrices, in which matrix elements are chosen independently. We will
not enter into a discussion of this fascinating theory here, but we note
that this type of universality is very encouraging for the hope of ex-
trapolating to arbitrary “generic” chaotic Hamiltonian operators.

The level spacings between consecutive eigenvalues of GOE matrices
are distributed according to the probability measure

T ns?
pcor(s) = —se” 4

2

which looks like the picture in Figure 2] We won’t prove this here,
but there is one glaring feature that distinguishes it from the Poisson
distribution, and which is not too difficult to understand— namely,
the density vanishes at 0. This is often referred to as level repulsion,
since the eigenvalues (or energy levels) tend to repel each other, in the
sense that the probability of finding another eigenvalue very close to a
given one is very small.

Why is this? Consider a double eigenvalue; this means that there is a
two-dimensional space on which the matrix acts as a scalar multiple of
the identity. By an orthogonal change of basis— which we may do, since
our distribution is invariant under orthogonal transformations— we can

A0
assume that our matrix has the form [ 0 A for an (N —2)x (N —
M
2) symmetric matrix M. Note that the condition of having a double
eigenvalue forces two conditions on this upper left block of the matrix—
the diagonal terms must be equal, and the off-diagonal terms must
vanish. More precisely, if these two eigenvalues are very close together,
it forces two conditions on the entries in the 2 x 2 block— the diagonal
terms must be close, and the off-diagonal term(s) must be small (this
is one condition, since one off-diagonal term determines the other by
symmetry). Since all (3) matrix elements are chosen independently,
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/GOE distribution

s=0 1 2 3 4

F1GURE 2. Normalized gaps between 50,000 eigenvalues
of a chaotic billiard, compared to the expected proba-

7l'52
bility density Fse” 4 of GOE matrices. Picture from

Rudnick][?].

satisfying these two independent conditions simultaneously forces the
probability density to vanish.

3.4. Arithmetic Symmetries. Like the Berry-Tabor Conjecture|3.1]
almost nothing is known towards the Bohigas-Giannoni-Schmit Con-
jecture 3.2 However, there are some counterexamples “known”, in the
sense that numerical evidence overwhelmingly suggests that the eigen-
value spacings are not GOE-distributed, for some special examples.
Once again, this is (assumed to be) due to special arithmetic nuances.

For example, if we take M = SL(2,7Z)\H to be the modular surface,
then numerics have shown quite convincingly that the eigenvalue spac-
ings obey Poissonian statistics, rather than GOE. It’s as though the
geodesic flow on T*M were completely integrable! Of course, this is
not the case, and M is not foliated into invariant tori by any integral
of the motion. There is, however, an interesting foliation lurking in the
background— called the Hecke correspondence— which we will now
introduce briefly.

Recall that SL(2,R) acts on H by Mébius transformations. In gen-
eral, once we quotient by a subgroup, there is no reason to believe that
matrices in SL(2,R) should act on I'\H in any meaningful way; the
only way for this to happen is if the action preserves the I'-invariance.
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If ' = SL(2,7Z), however, there are some matrices are permuted by
SL(2,7Z). Namely, let M, be the set of 2 x 2 integer matrices of de-
terminant p. Then SL(2,Z) acts on M, by multiplication. We can
embed M, — SL(2,R) by dividing by /p, and SL(2,Z) leaves this set
invariant; thus the quotient SL(2,Z)\M, — SL(2,Z)\H.

We can now define the p-Hecke operator T, : L*(M) O by

L@ =— 3 flas)

VP a€SL(2,Z)\M,

Since each a acts by isometries, this operator 7;, commutes with A
on L?*(M). One can also show that 7}, commutes with 7}, whenever
(p,q) = 1; that is, whenever p and ¢ are relatively prime. Thus, in
particular, the set {7} for p prime forms a large family of self-adjoint
operators that commute with each other and with A. Notice how
heavily this construction relies on the arithmetic!

It is the existence of such a family that is (thought to be) responsible
for the Poissonian spacings between eigenvalues. Indeed, it’s as though
each T}, eigenspace is contributing its own “spectrum” independently,
just as each block of invariant tori contributed its own piece of the
spectrum in the completely integrable case.

Sadly, virtually nothing can be proved about any of this!

3.5. Gross Omission — Random Matrices and L-functions. I
would be remiss if I did not at least mention one other fascinating
aspect of the eigenvalue spacings of random matrices. Have a look
at Figure does this look like it might be a graph representing the
consecutive spacings of eigenvalues of a chaotic Hamiltonianﬁ] operator?

In fact, this plot comes from consecutive spacings of zeroes of the
Riemann zeta function on the critical line. It is very tempting to guess
that the zeroes s = % + it of the zeta function are given by eigen-
values of % + i¢H for some chaotic Hamiltonian operator H. If true,
then this would immediately imply the Riemann hypothesis, since self-
adjoint Hamiltonian operators have real eigenvalues— in fact, the idea
that zeroes of the zeta function could be given by eigenvalues of a
self-adjoint operator goes back to Hilbert and Polya, well before the

5Actually, the solid curve in the figure corresponds to the GUE ensemble of
complex Hermitian matrices, rather than real symmetric ones; we won’t be too
concerned with the difference between these ensembles here, but properties of the
classical Hamiltonian (conjecturally) govern whether GOE or GUE is the correct
random matrix model.
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Neares t neighbor spacings

density

0.0 o5 1.0 15 2.0 25 3.0

normalized spacing

FiGurE 3. Normalized gaps between 10 billion consec-

utive zeroes of ((s), starting from around zero number
1.3 x 106, from Odlyzko|[?].

numericsﬂ of Odlyzko. What these numerics suggest is that the mys-
terious “Riemann zeta function Hamiltonian”— if it exists— should
come from the quantization of a chaotic Hamiltonian.

The same spacing statistics are expected to hold for all L-functions
(and for other spacing statistics); see eg. [?] for a more detailed ac-
count.

4. EIGENFUNCTIONS AND QUANTUM ERGODICITY

We now turn to studying the eigenfunctions of H. For simplicity,
we will restrict the discussion in this section to H = —h*A on L*(M),
where M = I"\H is a hyperbolic Riemann surface and A its Laplacian.
This operator corresponds to H = Op(|p|?), where |p|? is the energy
of a particle of mass 1/2 moving freely on M at unit speed. In other
words, H is a Hamiltonian for the geodesic flow on M.

There are many questions that one can ask regarding the eigenstates
of H for small A (which correspond to eigenfunctions of A of large
eigenvalue h~2). A very general— and rather vague— idea, that can
be traced back to M. Berry, is that these eigenstates should resemble
“random waves” in the semiclassical limit. Whether or not this is true
(and it isn’t, in general; as with the eigenvalue spacing conjectures,
there are arithmetic counterexamples), intuition leads us to believe
that, as steady-states of the Schrodinger evolution, these eigenstates
should be “spread out” rather than localizing in small sets. There are
many different notions of “spread out”: for example,

6Actually7 Montgomery was the first to compute spacings between zeroes of {(s),
and Dyson was the one who suggested that they be compared with random matrix
statistics. This is itself is a wonderful folklore story, of which many versions can be
found.
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Conjecture 4.1 (Iwaniec-Sarnak). Let ¢; be a sequence of eigenfunc-
tions of A on M, with eigenvalues \; — oo. Assume that ||¢;||2 = 1.
Then ||¢jllr = Op(X) for all 2 < p < oo, and any € > 0.

Conjecture is very deep[], and far out of reach at the present. A
more modest goal is “weak” equidistribution:

Conjecture 4.2 (Quantum Unique Ergodicity, Rudnick-Sarnak '94).
Let M be a compact Riemannian manifold of negative sectional curva-
ture, and {¢;} an orthonormal basis of L*>(M) consisting of eigenfunc-
tions of A on M. Then for any f € C(M), we have

/M F(@)165(@) PVol(z) — /M F(x)dVol(x)

i.e., the measures |¢;|*dV ol converge in the weak-* topology to the uni-
form measure dVol.
Moreover, the microlocal lifts

pi = = (Op(f)é;, &5)
converge weak-* to the uniform (Liouville) measure in S*M.

Some comments are in order regarding Conjecture [4.2l First, note
that the second statement implies the first, since taking f € C*(M) C
C>®(S*M) gives

(Op(f)by, b5) 252y = /M £(2) |6 () PV ol ()

since in this case Op(f) is simply multiplication by f. The signif-
icance of the stronger statement is that it deals with distributions
on S*M-— where the dynamics take place— which, as we will see
(Egorov’s Theorem) are asymptotically invariant under the geodesic
flow. One can also show that these distributions are asymptotically
positive (a la Anti-Wick quantization), and thus weak-* limit points
of the yu; are geodesic-flow-invariant probability measures (due to the
L2-normalization of the eigenfunctions). Thus, the second statement
is the one most suited to ergodic theory. Such a weak-* limit point of
the p1; is called a quantum limit. So Conjecture is stating that
there is a wnique quantum limit; namely Liouville measure on S*M
(that Liouville measure is a quantum limit at all will be established
by Quantum Ergodicity, Theorem [4.1] below). This (partially) explains
the terminology.

"For example, when applied to congruence surfaces, Conjecture would imply
the Lindelof Hypothesis for ¢ and some other classical L-functions.
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Lemma 4.1. Any quantum limit is a positive measure, invariant under
the geodesic flow on S*M.

Proof: Let f € C®(S*M). Since Hip; = 1),
e_%Htgbj = 6_%%t¢j

il i1
and e n2fe"n2! =1, we have

(Op(f)ds, d5) = (Op(fle #Mtg; e i)

(3

= (e Op(fle i, 6;)
= (Op(f ogi)0j, ¢;) + Os(h)

by Egorov’s Theorem. Thus as A — 0 we have

ki (f) = wi(f o ge)| — 0
for any smooth f € C*(S*M), and so any weak-* limit point of the
(; must be gi-invariant.
Since we may replace our choice of Op(f) by a positive quantization
Op™*(f) (eg. by a local Anti-Wick construction) up to an error of O(h)
in the operator norm, and since ||¢;|| = 1, we have for f non-negative

(Op(f)8;, ;) = (Op*(f)d;. 8;) + O(h) = O(h)
and p; is asymptotically a positive measure. [

Remark: You might wonder whether this condition is already restric-
tive. If the flow were uniquely ergodic, then there would be only one
invariant measure; but the geodesic flow on a compact manifold is not
uniquely ergodic. For example, given a closed geodesic, one can take
the normalized length measure on the geodesic. In general, there are
many, many measures invariant under the geodesic flow.

The first step towards classifying quantum limits is the following
Quantum Ergodicity Theorem, which shows that the uniform measure
is the “generic” quantum limit, when the classical flow is ergodic.

Theorem 4.1 (Quantum Ergodicity, Shnir'lman-Zelditch-Colin de Verdiere).
Let M be a Riemannian manifold, such that the geodesic flow on M

15 ergodic. Then almost all eigenfunctions become equidistributed; pre-
cisely, given any orthonormal basis {¢;} of L*(M) consisting of eigen-
functions of A, there exists a subsequence {¢;,} of asymptotic density

1 such that pj, converge weak-* to Liouville measure on S*M.

Remarks:
e By asymptotic density 1, we mean that

lim ————— =1
k—oo #{j < jr}
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e Theorem implies that, if there are exceptional sequences of
eigenfunctions that converge to a singular measure, they are
sparse. In fact, in the toy models that we will meet later on,
there are such sparse exceptional sequences, and their construc-
tion relies in an obvious way on selecting very special eigenfunc-
tions.

Sketch of Proof: The analytic input is an average over the spectrum,
of the form:

3) lim —— S (Op(f)ds ) = [ Fps

where pup is Liouville measure on S*M. If Op(f) is supported on the
finite-dimensional span of {¢; : A\; < A}, then this is establishedﬁ
by writing the trace of Op(f) in two ways— the left-hand side as a
sum over the eigenvalues, and the right-hand side as an integral of the
kernel over the diagonal. One then takes a suitable limit of cutoffs
approximating Op(f) to get the general statement.

The set of probability measures on M is weak-* compact, and so
if the complete sequence p1; does not converge to jiz,, then there exist
other weak-* limit points (quantum limits) of the p;. So suppose that
there is a sequence E = {¢;, } of eigenfunctions, such that

Jim (Op(f)es b = fdpnaa
g 0 S*M

for some singular measure pi,,q. Then we can rewrite the average
as

dpp, ~ — > (O
| Jdu ) ;< p(f)b5: 65
! 1
= NN O 'y L 0 | |
NOY Z;E< P B3 + 5703 §;¢E< (F)b50 D)

Clearly, the first sum on the right tends to limy_, %ubad( f)-

But then this gives a decomposition of uy into distinct invariant mea-

sures! Since iy, is ergodic for the geodesic flow on M, such a decompo-

#Xj, <A
Nj(l)\)

decomposition must be 0, and the exceptional set £ has density 0.

sition must be trivial, and so the weight lim)_, of pipaq in the

8In practice, it’s better to first average over a chunk of the spectrum, that’s
moving to higher and higher eigenvalues, and then deduce the estimate for the full
average.
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Since this holds for an arbitrary symbol f € C°(S*M), one can take
a countable base for which the statement is satisfied, and then take a
countable intersection of full density subsequences to get the statement
for all symbols in C*(S*M). O

Remark: Note that we used the ergodicity of the geodesic flow, but
nothing more. In the toy models that we will meet in the next sec-
tion, where the classical dynamics are ergodic— in fact, uniformly
hyperbolic— Quantum Ergodicity can be proven along the lines of this
argument, but QUE fails; we will exhibit explicit (sparse) sequences of
eigenfunctions whose microlocal lifts have a singular component. Thus,
QUE requires more than just ergodicity.

Remark: The terminology has two meanings: firstly, since quantum
ergodicity is implied by ergodicity of the classical flow, it is the cor-
rect analogue of ergodicity for quantum systems (Zelditch has shown
that under some conditions, the converse is also true; but this is not
automatic). Secondly, it has an interpretation as a quantum version of
Birkhoft’s Pointwise Ergodic Theorem ??: just as almost every orbit
is equidistributed classically, we have a statement that almost every
quantum limit is equidistributed.

Remark: If the classical flow is uniquely ergodic, meaning that there
are no invariant measures other than Liouville measure, then QUE is
automatically satisfied by Lemma [4.1

5. Toy MoODEL I — THE BAKER’'S MAPS

The QUE problem is hard. So, it makes sense to look for easier
problems to study, that are sufficiently analogous, and can provide
good intuition as to what to look for in the harder problems. As it
turns out, some of these toy models lead to juicy questions of their
own, whose resolution could help gain a better understanding of the
theory.

So what is a “toy model”? What we require is a “chaotic” dynamical
system T': X — X that’s well understood, and admits some reasonable
quantum model: i.e., a sequence of small numbers A — 0, and

e A Hilbert space of states H (analogous to L*(M))

e A quantization of observables f € C*(X) — Op(f) € Hom(H)
such that Op(f) is asymptotically positive-definite whenever f
is positive

e A quantization of the dynamics T' : H — H satisfying an Egorov
property

T~ 0p(f)T ~ Op(f o T)
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Given such a framework, we can take a sequence of normalized eigen-
functions ¢; of T', and study the microlocal lift

1;(f) = (Op(f)dj, &) n

By the Egorov property and asymptotic positivity, weak-* limit points
of the p; will be positive T-invariant measures on X.

5.1. The Classical Map. Our first toy model is a quantization of the
D-baker’s maps, or 2-sided shift on D symbols, where D > 2 is an
integer. In this case (and for our other toy model, the cat maps in
section ?7), the space X = T?, though for baker’s maps it is best to
identify points (¢, p) € T? with a 2-sided infinite sequence

(q,p) < ... €5, - €169 ... e €. €10,D—1NZ
coming from the D-adic expansions
qg = 0.€169...
p = 0.€6

(This identification is not quite 1-to-1, since eg. ...00 - 100... and

...11-011... both correspond to the point (1/D,0) € T?, but this only

happens on a countable set of measure 0, and may be disregarded.)
The dynamics are given by the map

D
Blg,p) = (Dq mod 1,]%%”) € T2

which is identified with the shift on X, the space of double-sided se-
quences with the product topology. See Figure 7?7 for a picture; the
name comes from the intuition of cutting and stretching out the dough
in strips. It is well known that the shift supports piles and piles of
invariant measures— including, but not limited to, Bernoulli measures
of arbitrary entropy (see section ?77).

5.2. Walsh-quantized baker’s map. We will now describe a quan-
tum model for the baker’s maps. Our semiclassical parameter will be
given by 2rh = D™, where k € N is a parameter tending to co in the
semi-classical limit. Our Hilbert space Hpr of quantum states is finite-
dimensional, isomorphic to CP". If we consider an orthonormal basis
{eg,...,ep_1} of CP| then we take {e., @ --®e., , : ¢ € [0, D—1]NZ}
to be our orthonormal basis of H pr. These vectors correspond to “po-
sition eigenstates”, and are “lifted” to the phase-space as characteristic
functions of (right-sided) cylinder sets of length k, i.e., sets of the form
{{an} 1 a; = ¢ fori =0,...,k —1}. Such cylinder sets correspond to
vertical strips of width D~* on T2.
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For “momentum eigenstates”, we employ the discrete D-Fourier Trans-
form .
(fD)jk — ﬁeQWzkj/D

as follows. The orthonormal set {Fje. , ® - - ® Fhe._,} is the ba-
sis for the momentum representation of states in Hpr. They lift to
characteristic functions of left-sided cylinder sets, i.e. sets of the form
{{an} :a; = ¢ fori=—1,...,—k}, corresponding to horizontal strips
on T2, Analogously, we take “coherent states” to be vectors of the form

(4) €re=e,® - ® €eijzy @ }—Eeﬁwawl ® - @ Fpec,

that lift to characteristic functions of disjoint rectangles R(€’-€) C T?,
each of area D7%, that are approximately square. This achieves a joint
localization in both position and momentum.

A family of quantizations is described in [?] for each k, corresponding
to different choices of “coherent states”, and they show the asymptotic
equivalence in the semiclassical limit k — oo for all f € Lip(X), the
space of Lipschitz functions with respect to the shift metric. Therefore
we consider Lip(X) to be our space of observables, and define “the”
Anti-Wick quantization to be

Opii" () := Opiya) (£ = DkZ(/R

for all f € Lip(X), where the sum runs over the D* basis vectors of the
form . The “Husimi measures”, which will serve as our microlocal
lifts for this model, are then given by

o () = (O™ (£l = ZD’f (W€ - )2 /RM F(x)da

(2)ir ) (€ eluie ¢

(€’-€)

Note that these are positive measures for all k.
The quantization of the baker’s map is defined to be the operator
Bpk, whose action on Hpr is given by

BDk(Ul(XJUQ@"'@Uk):U2®"'®Uk®fl*)v1

We can now show that Bpr satisfies the Egorov property for observables
f € Lip(¥) (see [?, Proposition 3.2])

Lemma 5.1. For f € Lip(X), we have
1BoiOpi™ (f)Bpr — Op™ (f o B)|| S ||f|lec D~*/?

as k — oo.
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Now we take a sequence {¢; € Hx, } of eigenvectors of B, nor-
malized so that |[¢;|| = 1, and examine the Husimi (probability) mea-
sures iy, as k; — oo. By the Egorov property , any quantum limit
of {1y, } is a B-invariant probability measure on T#, and the problem is
to understand which of the myriad B-invariant measures arise as such
a limit.

Lemma 5.2 (Quantum Ergodicity for Walsh-quantized baker’s maps).
For each k, and any choice of orthonormal basis of Hy, of By.-eigenvectors,
there is a subset Ej, of basis vectors such that

[ ]
R
im ——— =
k—oo dim Hy
e For any sequence {¢r € Hy} of basis eigenvectors such that
each ¢ ¢ Ey, the microlocal lifts

pr. : f € Lip(S) = (Op™ (£)br, re)res

as measures on T? converge weak-* to Lebesque measure.

Proof: For each OpiW (f) : Hy O, write the trace of Op2™ (f) in two
different (orthonormal) bases:
Dk

Tropt" () = Y (0p™ (He ¢

i=1

Dk
1o (1) = Y0 [ f=0 [ fayis
P Ry, T2
We have used an orthonormal basis of eigenfunctions in the first expan-
sion, and an orthonormal basis of coherent states in the second (there
is a small miracle in this model that the coherent states are actually
orthogonal!). Equating both expressions, we get

1 2 i 7
ﬁ;@pk(f) Vo) —/TQf(a:)dg;

i.e., the average of ;JJ,(;)( f) over the full spectrum of By in Hj, is equal
to Lebesgue measure. As above in Theorem [4.1] if we can divide this
average into two non-trivial measures, this would contradict the ergod-
icity of Lebesgue measure; thus if there are some eigenvectors qb,(;) such
that pl(;) do not converge to Lebesgue measure, then their weight in the
average must tend to 0 as k — oo. [
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Exercise 1. Show that the Gaussian G, defined by Gu(z) = e
belongs to the Schwartz class

<m}
for any o > 0.

Exercise 2. Show that for f € S(R), the integral f(£) = [ [(@)e?m % da

converges absolutely.

k

S(R) := {f €C®R):Vj,keNVr e R, |[(1+ xQ)j%f(m)

Exercise 3. Consider the operators
X/)(@) = «f()
[62myXf} (I) — 62myxf(x)
[Dfl(z) = (2mi)7' f'(2)
Show that for f € C*(T) we have
Df(m) = (m)f(m)
ST [(2) = fom—y)
and that for f € S(R), we have
DfE) = (©/)

_ 1 5
X7 = —5=F(©

~

X f(z) = f(&—y)

Exercise 4. The point of this exercise is to show that, for the Gaus-
stans Gy, equality is achieved in the Heisenberg Uncertainty Principle;
i.e., we have

3 _ CR
([ #Gutapar)” ([ @iGaort)" = LGl

(1) Using some changes of variable and Corollary ??, show that it
is sufficient to prove the case of a = m; i.e., that

1
XG, |2 = —||G, |
I 1B 47TH |2

(2) Use an integration by parts argument to show that

—2mx? 1
IXGHlly = [ a*e ™ ds = 111G

1



2

Exercise 5. The point of this exercise is to show that f and f cannot
both be compactly supported.

(1) Show that, if f has compact support, then its Fourier transform

fe) = [ f@e s

can be extended to a holomorphic function of z € C.
(2) Use this to show that the set {z : f(z) = 0} must be discrete.

(3) Deduce a contradiction from the assumption that f is compactly
supported on R.

Exercise 6. Let
0? 0? 0?
P
dx? = 0x3 ox?
be the Laplacian operator on RY. Show that

Af(€) = —an?|EPf(€)
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