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Chapter 1

Introduction

Let R"*1 = R™ x R with coordinates (z!,...,2" ).

Let
o 0
P=P(axt,—, 2
(x”ax’at)

be a k-th order linear partial differential operator.
Suppose that we want to solve the partial differential
equation

Pu=0

with initial conditions
81',
u(xz,0) = §o(z), ﬁu(x,O) =0, i=1,...,k—1,
where §g is the Dirac delta function.
Let p be a C'*° function of = of compact support
which is identically one near the origin. We can write

1

(o) = ggeele) [ e

Let us introduce polar coordinates in £ space:
f=w-r fwl=1 r=[¢l

so we can rewrite the above expression as

1 .
_ i(zw)r, ,n—1
do(x) (271_)"p(x) /]R+ /Sni1 e " drdw

where dw is the measure on the unit sphere ™~ 1.

11
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Passing the differential operator under the inte-
grals shows that we are interested in solving the par-
tial differential equation Pu = 0 with the initial con-
ditions
u(x,0) = p(x)e!@«)rpn=t, @u(aj,O) =0, i=1,..., k1

1.1 The problem.
More generally, set
r=nh"t

and let

Y € C°(R™).
We look for solutions of the partial differential equa-
tion with initial conditions

%

Pu(z,t) =0, u(z,0)= p(:v)ei%z)h_g7 %u(xﬂ) =0, i=1,...
(1.1)
1.2 The eikonal equation.
Look for solutions of (1.1) of the form
u(z,t) = a(x,t, h)e!?@/h (1.2)
where -
a(z,t,h) =h"> " ai(x, t)h'. (1.3)
=0

1.2.1 The principal symbol.

Define the principal symbol H(z,t,, 7) of the dif-
ferential operator P by

x. E4tT
1

. s £t
hk671 r x . T

Pe'™n = H(x,t,&,7) + O(h). (1.4)
We think of H as a function on T*R" 1.

If we apply P to u(z,t) = a(z,t, h)e!*®t/" then
the term of degree A" is obtained by applying all the
differentiations to e¢@"/" In other words,

¢ 9¢

hke—i¢/hpa($, t)eid’/h =H (37, ta %7 a

) a(z,t)+O0(h).
(1.5)
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So as a first step we must solve the first order non-
linear partial differential equation

96 06\

for ¢. Equation (1.6) is known as the eikonal equa-
tion and a solution ¢ to (1.6) is called an eikonal .
The Greek word eikona erkwra means image.

1.2.2 Hyperbolicity.
For all (z,t,£) the function

T H(I, t’ 57 7—)

is a polynomial of degree (at most) k in 7. We say
that P is hyperbolic if this polynomial has k distinct
real roots

7 = T1i(x, t, ).

These are then smooth functions of (z,t,£).
We assume from now on that P is hyperbolic. For
eachi=1,...,klet

¥, C T*R*H!
be defined by
2 ={(,0,{, ")l =ds, 7=7(2,0,§)} (L.7)

where 1) is the function occurring in the initial condi-
tions in (1.1). The classical method for solving (1.6)
is to reduce it to solving a system of ordinary differ-
ential equations with initial conditions given by (1.7).
We recall the method:

1.2.3 The canonical one form on the
cotangent bundle.

If X is a differentiable manifold, then its cotangent
bundle T* X carries a canonical one form o = ax
defined as follows: Let

m:T"X — X

be the projection sending any covector p € T X to
its base point x. If v € T,(T*X) is a tangent vector
to T*X at p, then

dmpv
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is a tangent vector to X at z. In other words, dmpv €
T,.X. But p € T X is a linear function on 7, X, and
so we can evaluate p on dmpv. The canonical linear
differential form « is defined by

(ap,v) == (p,dmpv) if veT,(T"X). (1.8)

For example, if our manifold is R"*! as above, so
that we have coordinates (z,t,&,7) on T*R"*! the
canonical one form is given in these coordinates by

a=¢-do+7dt = & dat 4 - Euda™ 4+ Tdt. (1.9)

1.2.4 The canonical two form on the
cotangent bundle.

This is defined as

wyx = —dax. (1.10)

Let g%, ..., ¢" belocal coordinates on X. Then dg', ...

are differential forms which give a basis of T X at
each x in the coordinate neighborhood U. In other
words, the most general element of T¥ X can be writ-

ten as p1 (dq' ) o+ - -+pn(dg")e. Thus¢*,....q" p1,. ..

are local coordinates on
7 WU CcT*X.

In terms of these coordinates the canonical one-form
is given by

a=p-dg=pidg" + -+ p,dg"
Hence the canonical two-form has the local expression
w=dgA-dp=dq' Ndpy + - +dq" ANdp,. (1.11)

The form w is closed and is of maximal rank, i.e.,
w defines an isomorphism between the tangent space
and the cotangent space at every point of 7% X.

1.2.5 Symplectic manifolds.

A two form which is closed and is of maximal rank
is called symplectic. A manifold M equipped with
a symplectic form is called a symplectic manifold.
We shall study some of the basic geometry of sym-
plectic manifolds in Chapter 2. But here are some

7p7l
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elementary notions which follow directly from the def-
initions: A diffeomorphism f : M — M is called a
symplectomorphism if f*w = w. More generally if
(M,w) and (M',w") are symplectic manifolds then a
diffeomorphism

f:M— M

is called a symplectomorphism if
o' =w.

If v is a vector field on M, then the general formula
for the Lie derivative of a differential form 2 with
respect to v is given by

D, = i(v)dQ + di(v)Q.

This is known as Weil’s identity. See (9.2) in Chapter
9 below. If we take € to be a symplectic form w , so
that dw = 0, this becomes

Dyw = di(v)w.

So the flow ¢t — exptv generated by v consists of
symplectomorphisms if and only if

di(v)w = 0.

1.2.6 Hamiltonian vector fields.

In particular, if H is a function on a symplectic man-
ifold M, then the Hamiltonian vector field vy
associated to H and defined by

i(vp)w = dH (1.12)

satisfies
(exptog)‘w = w.

Also
DUHH = Z(UH)CZH = i(vH)i(vH)w = w(vH,vH) =0.

Thus
(exptvy)"H = H. (1.13)

So the flow exptvy preserves the level sets of H. In
particular, it carries the zero level set - the set H =0
- into itself.
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1.2.7 Isotropic submanifolds.

A submanifold Y of a symplectic manifold is called
isotropic if the restriction of the symplectic form w
to Y is zero. So if

Ly Y- M

denotes the injection of Y as a submanifold of M,
then the condition for Y to be isotropic is

(yw =0

where w is the symplectic form of M.

For example, consider the submanifold 3; of T*(R"*1)
defined by (1.7). According to (1.9), the restriction
of agn+1 to X; is given by

oY o
9 e, = dy,
0x1 r1t Ox,, * ¥
since t = 0 on X;. So
LEiWRn+1 = 7d$dx1/) =0

and hence ¥; is isotropic.

Let H be a smooth function on a symplectic man-
ifold M and let Y be an isotropic submanifold of M
contained in a level set of H. For example, suppose
that

Consider the submanifold of M swept out by Y under
the flow exp tvy. More precisely suppose that

e vy is transverse to Y in the sense that for ev-
ery y € Y, the tangent vector vy (y) does not
belong to T,Y and

e there exists an open interval I about 0 in R
such that exp tvy (y) is defined for all ¢ € I and
yey.

We then get a map
JrY xI— M, jyt):=exptog(y)

which allows us to realize Y x I as a submanifold Z
of M. The tangent space to Z at a point (y,t) is
spanned by

(exptvg)TY, and vg(exptvgy)

and so the dimension of Z is dimY + 1.
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Proposition 1 With the above notation and hypothe-
ses, Z is an isotropic submanifold of M.

Proof. We need to check that the form w vanishes
when evaluated on

1. two vectors belonging to (exptvy).TY, and
2. vy (exptvyy) and a vector belonging to (exp tvy ). TY.

For the first case observe that if wy, ws € T;)Y then
w((exptvy)swr, (exptvg)wse) = (exptvy ) w(wi, we) =0

since
(exptvg)'w=w

and Y is isotropic. For the second case observe that
i(vg)w = dH and so for w € T,)Y we have

w(vg (exptvgy), (exptvy)w) = dH(w) =0

since H is constant on Y. O

If we consider the function H arising as the sym-
bol of a hyperbolic equation, i.e. the function H given
by (1.4), then H is a homogeneous polynomial in &
and 7 of the form b(x,t,&) [[,(7 — 7;), with b # 0 so

a—H;«EO along ;.
or

But the coefficient of 9/0t in vy is 0H/O1. Now t = 0
along ¥; so vy is transverse to ;. Our transversality
condition is satisfied. We can arrange that the second
of our conditions, the existence of solutions for an
interval I can be satisfied locally. (In fact, suitable
compactness conditions that are frequently satisfied
will guarantee the existence of global solutions.)

Thus, at least locally, the submanifold of T*R"+!
swept out from X; by exp tvy is an n+ 1 dimensional
isotropic submanifold.

1.2.8 Lagrangian submanifolds.

A submanifold of a symplectic manifold which is isotropic
and whose dimension is one half the dimension of M

is called Lagrangian. We shall study Lagrangian
submanifolds in detail in Chapter 2. Here we shall
show how they are related to our problem of solving
the eikonal equation (1.6).
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The submanifold ¥; of T*R"*! is isotropic and
of dimension n. It is transversal to vy. Therefore
the submanifold A; swept out by 3; under exp tvy is
Lagrangian. Also, near ¢t = 0 the projection

T T*Rn+1 N Rn+1

when restricted to A; is (locally) a diffeomorphism.
It is (locally) horizontal in the sense of the next
section.

1.2.9 Lagrangian submanifolds of the
cotangent bundle.

To say that a submanifold A C T*X is Lagrangian
means that A has the same dimension as X and that
the restriction to A of the canonical one form ax is
closed.

Suppose that Z is a submanifold of 7% X and that
the restriction of 7 : T* X — X to Z is a diffeomor-
phism. This means that Z is the image of a section

s: X —-TX.

Giving such a section is the same as assigning a cov-
ector at each point of X, in other words it is a linear
differential form. For the purposes of the discussion
we temporarily introduce a redundant notation and
call the section s by the name 35 when we want to
think of it as a linear differential form. We claim that

sfax = fs.

Indeed, if w € T, X then dmy) o ds,(w) = w and
hence

stax(w) = ((ax)s(z), dsz(w)) =

= (8(2), dms(@)dse (w)) = (s(2), w) = Bs()(w).

Thus the submanifold Z is Lagrangian if and only if
dBs = 0. Let us suppose that X is connected and
simply connected. Then d@ = 0 implies that 5 = d¢
where ¢ is determined up to an additive constant.

With some slight abuse of language, let us call a
Lagrangian submanifold A of T* X horizontal if the
restriction of 7 : T* X — X to A is a diffeomorphism.
We have proved
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Proposition 2 Suppose that X is connected and sim-
ply connected. Then every horizontal Lagrangian sub-
manifold of T* X is given by a section v4 : X — T*X
where g is of the form

Vo(x) = do(x)

where ¢ is a smooth function determined up to an
additive constant.

1.2.10 Local solution of the eikonal equa-
tion.

We have now found a local solution of the eikonal
equation! Starting with the initial conditions 3; given
by (1.7) at ¢ = 0, we obtain the Lagrangian submani-
fold A;. Locally (in z and in ¢ near zero) the manifold
A; is given as the image of 4, for some function ¢;.
The fact that A; is contained in the set H = 0 then
implies that ¢; is a solution of (1.6).

1.2.11 Caustics.

What can go wrong globally? One problem that
might arise is with integrating the vector field vy.
As is well known, the existence theorem for non-linear
ordinary differential equations is only local - solutions
might “blow up” in a finite interval of time. In many
applications this is not a problem because of com-
pactness or boundedness conditions. A more serious
problem - one which will be a major concern of this
book - is the possibility that after some time the La-
grangian manifold is no longer horizontal.

If A C T*X is a Lagrangian submanifold, we say
that a point m € A is a caustic if

drp T — T, X. x=m7(m)

is nmot surjective. A key ingredient in what we will
need to do is to describe how to choose convenient
parametrizations of Lagrangian manifolds near caus-
tics. The first person to deal with this problem (through
the introduction of so-called “angle characteristics”)
was Hamilton (1805-1865) in a paper he communi-
cated to Dr. Brinkley in 1823, by whom, under the
title “Caustics” it was presented in 1824 to the Royal
Irish Academy.
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We shall deal with caustics in a more general man-
ner, after we have introduced some categorical lan-

guage.

1.3 The transport equations.

Let us return to our project of looking for solutions
of the form (1.2) to the partial differential equation
and initial conditions (1.1). Our first step was to
find the Lagrangian manifold A = A, which gave us,
locally, a solution of the eikonal equation (1.6). This
determines the “phase function” ¢ up to an overall
additive constant, and also guarantees that no matter
what a;’s enter into the expression for u given by (1.2)
and (1.3), we have

Pu = O(h~k=t+1),

The next step is obviously to try to choose ag in (1.3)
such that

P (aoeid)(z,t)/h) — O(h~"+2).

In other words, we want to choose ag so that there
are no terms of order A~**+! in P (age’®@H/"). Such
a term can arise from three sources:

1. We can take the terms of degree k—1 and apply
all the differentiations to e**/" with none to a
or to ¢. We will obtain an expression C' similar
to the principal symbol but using the operator
Q@ obtained from P by eliminating all terms of
degree k. This expression C will then multiply
agp.

2. We can take the terms of degree k in P, apply
all but one differentiation to e’*/" and the re-
maining differentiation to a partial derivative of
¢. The resulting expression B will involve the
second partial derivatives of ¢. This expression
will also multiply ag.

3. We can take the terms of degree k in P, apply
all but one differentiation to ¢**/" and the re-
maining differentiation to ag. So we get a first
order differential operator
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applied to ag. In the above formula we have set
t = 41 so as to write the differential operator
in more symmetric form.

So the coefficient of A=¥+1 in P (aoei‘i’(w’t)/h) is
(Rag) 4@/

where R is the first order differential operator

0
R= Ai—+B+C.
> Aig-+B+

We will derive the explicit expressions for the A;, B
and C below.

The strategy is then to look for solutions of the
first order homogenous linear partial differential equa-
tion

Rao =0.

This is known as the first order transport equa-
tion.
Having found ag, we next look for a; so that

P ((ao + alh)ew/h) = O(h=F+3).

From the above discussion it is clear that this amounts
to solving an inhomogeneous linear partial differential
equation of the form

Ra1 = bo

where by is the coefficient of A= **2¢¢/% in P(age'®/™)
and where R is the same operator as above. Assum-
ing that we can solve all these equations, we see that
we have a recursive procedure involving the operator
R for solving (1.1) to all orders, at least locally - up
until we hit a caustic!

We will find that when we regard P as acting on
1-densities (rather than on functions) then the op-

erator R has an invariant (and beautiful) expression
as a differential operator acting on %-densities on A,
see equation (1.21) below. In fact, the differentiation
part of the differential operator will be given by the
vector field vy which we know to be tangent to A.
The differential operator on A will be defined even
at caustics. This fact will be central in our study of

global asymptotic solutions of hyperbolic equations.
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In the next section we shall assume only the most
elementary facts about %—densities - the fact that the
product of two %—densities is a density and hence can
be integrated if this product has compact support.
Also that the concept of the Lie derivative of a %—
density with respect to a vector field makes sense. If
the reader is unfamiliar with these facts they can be

found with many more details in Chapter 6.

1.3.1 A formula for the Lie derivative
of a %-density.

We want to consider the following situation: H is a
function on T* X and A is a Lagrangian submanifold
of T*X on which H = 0. This implies that the cor-
responding Hamiltonian vector field is tangent to A.
Indeed, for any w € T, A, z € A we have

wx(vg,w) =dH(w) =0

since H is constant on A. Since A is Lagrangian, this
implies that vy (z) € T,(A).

If 7 is a smooth %—density on A, we can consider
its Lie derivative with respect to the vector field vy
restricted to A. We want an explicit formula for this
Lie derivative in terms of local coordinates on X on
a neighborhood over which A is horizontal.

Let

LA —-T"'X

denote the embedding of A as submanifold of X so
we are assuming that

motr:A— X

is a diffeomorphism. (We have replaced X by the
appropriate neighborhood over which A is horizontal
and on which we have coordinates x!,..., x™.) We let
dz? denote the standard %—density relative to these
coordinates. Let a be a function on X, so that

T:=(mou)* (admé)

is a %—density on A, and the most general %—density
on A can be written in this form. Our goal in this
section is to compute the Lie derivative D, 7 and
express it in a similar form. We will prove:
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Proposition 3 If A = Ay = v4(X) then

Dyyia(mod)” (adx%) =b(mor)* (dx%)

where

e |1 PH %%
b= Duallw |55 Gese s * 2 5 g

(1.15)

Proof. Since D,(f7) = (Dyf)T + fD,7 for any
vector field v, function f and any %—density T, it suf-
fices to prove (1.15) for the case the a = 1 in which
case the first term disappears. By Leibnitz’s rule,

1
Dy, (mou)* (dx%) = 50(71' ou)* (daj%)
where
D, (mou)*|dz| = ¢(mo1)*|dx|.
Here we are computing the Lie derivative of the den-

sity (mo¢)*|dx|, but we get the same function ¢ if we
compute the Lie derivative of the m-form

D, (mou)*(dz' A- - -Adx™) = c(mor)* (da' A- - -Adz™).

Now 7*(dz! A -+ Adz™) is a well defined m-form on
T*X and

Dy ia(mor)*(dz' A- - -Adz™) = "Dy, (da' A - -Ada™).

We may write dz’ instead of m*da’/ with no risk of
confusion and we get

Dy (dz' Ao ANda™) = Y da' A-- Ad(i(vg)da?) A A da™

OH
= dz' A Ad—— A -
2 7%,

A dzx™

- Zagjaxﬂdx Ao Adz™ 4+

0*H
de A - 3535

We must apply ¢* which means that we must sub-
stitute d¢, = d (%) into the last expression. We

get
PH 0% 02H
€= z]: 06,0, dridwd Z 060w

A&k N Ndx™.



24 CHAPTER 1. INTRODUCTION
proving (1.15). O

1.3.2 The total symbol, locally.

Let U be an open subset of R™ and x1,...x,, the
standard coordinates. We will let D; denote the dif-
ferential operator

19 1 0
j_ié‘xj_\/—laxj'
For any multi-index a = (o, ..., ;) where the a;

are non-negative integers, we let
[6 2 oy [e%
D® := D" ---Dym

and
laf == a1 4+ - + am,.

So the most general k-th order linear differential op-
erator P can be written as

P=P(x,D)= Y au(x)D"
la| <k

The total symbol of P is defined as
e "R Pe'R = Z hpi(z,€)
j=0

so that
pj(x,§) = Z ao ()€, (1.16)
o =4
So pi is exactly the principal symbol as defined in
(1.4).
Since we will be dealing with operators of varying
orders, we will denote the principal symbol of P by

o(P).

We should emphasize that the definition of the
total symbol is heavily coordinate dependent: If we
make a non-linear change of coordinates, the expres-
sion for the total symbol in the new coordinates will
not look like the expression in the old coordinates.
However the principal symbol does have an invari-
ant expression as a function on the cotangent bundle
which is a polynomial in the fiber variables.
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1.3.3 The transpose of P.

We continue our study of linear differential operators
on an open subset U C R™. If f and g are two smooth
functions of compact support on U then

[ pode= [ £Pgas
U U
where, by integration by parts,

P'g=7 (-1)"'D%(aag).

(Notice that in this definition, following convention,
we are using g and not g in the definition of P*.) Now

D%(ang) = aa D%+ - -

where the - - - denote terms with fewer differentiations
in g. In particular, the principal symbol of P! is

pi(,€) = (=1)*pi(, ). (1.17)

Hence the operator

Q= %(P —(—1)kPh (1.18)

is of order kK — 1 The sub-principal symbol is de-
fined as the principal symbol of @ (considered as an
operator of degree (k — 1)). So

osub(P) := 0(Q)

where @ is given by (1.18).

1.3.4 The formula for the sub-principal
symbol.

We claim that

Usub(P)(xvf) Prk— 1 x 5 +7Z oz 8& pk )

(1.19)
Proof. If pp(z,&) = 0, i.e. if P is actually an
operator of degree k — 1, then it follows from (1.17)
(applied to k—1) and (1.18) that the principal symbol
of @) is pr—1 which is the first term on the right in
(1.19). So it suffices to prove (1.19) for operators
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which are strictly of order k. By linearity, it suffices
to prove (1.19) for operators of the form

ao(z)D®.
By polarization it suffices to prove (1.19) for opera-
tors of the form

k
a(z)D*, D= Z ¢;Dj, ¢ €ER
j=1

and then, by making a linear change of coordinates,
for an operator of the form
a(z)Dk.
For this operator
pk(xv g) = a(x)gf
By Leibnitz’s rule,
P'f = (=1)*Di(af)
k . .
= (-DFY <3) DiaDy77f
J

= (—1)k<aD’ff+k(?)Dk_lf—i-“-) SO
€1

i

Q = S(P—(-1)'P)
k [ Oa
- T ZZpklg.
and therefore

0@ = 200
1

1.3.5 The local expression for the trans-
port operator R.

We claim that
hke_i¢/hp(uei¢/h) = pk: (J}7 d¢)u + hRu + tet
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where R is the first order differential operator

Ru =
0 H? H?
Z Pk (z,do) D U4+ \/72 2, gz dqﬁ)@x»;x‘u—’_pkil(x’d(ﬁ)
%S 1O
(1.20)

Proof. The term coming from py_; is clearly the
result of applying
Z anD*.

|a|=k—1

So we only need to deal with a homogeneous operator
of order k. Since the coefficients a,, are not going to
make any difference in this formula, we need only
prove it for the differential operator

P(z,D) = D*

which we will do by induction on |«
For |a| = 1 we have an operator of the form D;
and Leibnitz’s rule gives

9

he_w/hDj (uei¢/h) =
€Lj

u+ hDju
which is exactly (1.20) as p1(£) = &;, and so the sec-
ond and third terms in (1.20) do not occur.

Suppose we have verified (1.20) for D® and we
want to check it for

D,D* = D"
So
plol+1e=io/h (DT,DO‘(ueiWh)) = he /"D, [(d¢)*ue'? "+ h(Rou)e'® ")+

where R, denotes the operator in (1.20) correspond-
ing to D®. A term involving the zero’th power of #
can only come from applying the D,. to the exponen-
tial in the first expression and this will yield

(d6)™*u

which po|+1(dp)u as desired. In applying D, to the
second term in the square brackets and multiplying
by he /" we get

72D, (Rau) + h§¢

Rou

s



28 CHAPTER 1. INTRODUCTION

and we ignore the first term as we are ignoring all
powers of i higher than the first. So all have to do is
collect coefficients:

‘We have
1 o 0%¢
D o _ ap a—4; . a=dm
((d9")u) = (d9)* Dyut— = { 1(dg)* 2 g T T am(de)T T
Also 96
oz, Rou =
Za,(d¢)a_6i+5rl) u+72a d¢)a 5 —5 +6, 62¢ g9 .
7 4 axlaxj

The coefficient of Dju, j #ris
oy (dg) @0 =%
as desired. The coefficient of D,u is
(d9)* + ar(dg)* = (o + 1)(dp) @+~

as desired.
Let us now check the coefficient of a 61 i #Er

and j # r then the desired result is immediate.

If j = r, there are two sub-cases to consider: 1)
j=rj#iand 2)i=j=r.

If j =r, j # i remember that the sum in R, is

over all i and j, so the coefficient of af 84; in

V- (‘3(]5 Rou
8xr

is

1 a—05; a—3§
5 (@i +ay0) (49)"" = aia;(do)

to which we add

Oéi(d¢)a_6
to get
ai(a; +1)(de)* % = (a + 6;)ila + 6,);(dg)*

as desired.
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If ¢ = j = r then the coefficient of 2 in

99
F@xr atl

%ai(ai —1)(de)*

to which we add

a;(de)*
giving
Sl + 1)(dg)*

as desired.
This completes the proof of (1.20).

1.3.6 Putting it together locally.

We have the following three formulas, some of them
rewritten with H instead of pi so as to conform with
our earlier notation: The formula for the transport
operator R given by (1.20):

82
Z ag (z,d¢)Dja+ ﬁz% 72 @ dd))am»(;i» +pr-1(z, do) | a,
J 1YSy 7 7

and the formula for the Lie derivative with respect to
vy of the pull back (wou)*(ada2) given by (mou)xbdx?
where b is

OH
Z O¢; (=, Z agzagj ’8:51 Z ¢, 8:10’ @

This is equation (1.15). Our third formula is the for-
mula for the sub-principal symbol, equation (1.19),
which says that

2
P P)a€)a = [per (2.9 + YL 30 CH

As first order partial differential operators on a, if we
multiply the first expression above by /—1 we get the
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second plus y/—1 times the third! So we can write the
transport operator as

(ro1)*[(Ra)dr¥] = (Do, + i00ua(P)(z, d6)] (ror) (ade?).

(1.21)
The operator inside the brackets on the right hand
side of this equation is a perfectly good differential
operator on %—densities on A. We thus have two ques-
tions to answer: Does this differential operator have
invariant significance when A is horizontal - but in
terms of a general coordinate transformation? Since
the first term in the brackets comes from H and the
symplectic form on the cotangent bundle, our ques-
tion is one of attaching some invariant significance to
the sub-principal symbol. We will deal briefly with
this question in the next section and at more length
in Chapter 6.

The second question is how to deal with the whole
method - the eikonal equation, the transport equa-
tions, the meaning of the series in A etc. when we
pass through a caustic. The answer to this question
will occupy us for the whole book.

1.3.7 Differential operators on mani-
folds.

Differential operators on functions.

Let X be an m-dimensional manifold. An operator
P: C*(X)— C®(X)

is called a differential operator of order k if, for every
coordinate patch (U, x1,...,%,,) the restriction of P
to C§°(U) is of the form

P= > auD% a,cC®().

|| <k

As mentioned above, the total symbol of P is no
longer well defined, but the principal symbol is well
defined as a function on 7% X. Indeed, it is defined
as in Section 1.2.1: The value of the principal symbol
H at a point (z,d¢(x)) is determined by

H(z,do(z))u(z) = KFe % (P(ue'® ) (z) + O(h).

What about the transpose and the sub-principal
symbol?
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Differential operators on sections of vector bun
dles.

Let F — X and F — X be vector bundles. Let E be
of dimension p and F' be of dimension g. We can find
open covers of X by coordinate patches (U, z1,. .., Tm)
over which F and F are trivial. So we can find smooth
sections r1,...,7r, of E such that every smooth sec-
tion of E over U can be written as

fir +"'fp7"p

where the f; are smooth functions on U and smooth
sections s1,...,s, of F' such that every smooth sec-
tion of F' over U can be written as

glsl+...+gqsq

over U where the g; are smooth functions. An oper-
ator

P: C*(X,E) - C*(X,F)
is called a differential operator of order k if, for ev-
ery such U the restriction of P to smooth sections of
compact support supported in U is given by

a P
P (f1T1 —+ - fp’l“p) = Z ZPijfiSj
j=11i=1

where the P;; are differential operators of order k.

In particular if E and F' are line bundles so that
p = q =1 it makes sense to talk of differential opera-
tors of order k from smooth sections of F to smooth
sections of F'. In a local coordinate system with triv-
ializations r of E and s of F' a differential operator
locally is given by

fri—(Pf)s.

If F=F and r = s it is easy to check that the prin-
cipal symbol of P is independent of the trivialization.
(More generally the matrix of principal symbols in the
vector bundle case is well defined up to appropriate
pre and post multiplication by change of bases ma-
trices, i.e. is well defined as a section of Hom(E, F)
pulled up to the cotangent bundle. See Chaper II of
[?] for the general discussion.)

In particular it makes sense to talk about a dif-
ferential operator of degree k on the space of smooth
%—densities and the principal symbol of such an oper-
ator.
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The transpose and sub-principal symbol of a
differential operator on %-densities.

If o and v are %-densities on a manifold X, their
product - v is a density (of order one). If this prod-
uct has compact support, for example if p or v has

compact support, then the integral

[
X

is well defined. See Chapter 6 for details. So if P is
a differential operator of degree k on %—densities7 its
transpose P! is defined via

| ewyv= [ et

for all x4 and v one of which has compact support. Lo-
cally, in terms of a coordinate neighborhood (U, x1, . . .
every %—density can be written as f dz? and then the
local expression for P! is given as in Section 1.3.3.
We then define the operator ) as in equation (1.18)
and the sub-principal symbol as the principal symbol
of @ as an operator of degree k — 1 just as in Section
1.3.3.

We have now answered our first question - that of
giving a coordinate-free interpretation to the trans-
port equation: Equation (1.21) makes good invariant
sense if we agree that our differential operator is act-
ing on %—densities rather than functions.

1.4 The plan.

We need to set up some language and prove various
facts before we can return to our program of extend-
ing our method - the eikonal equation and the trans-
port equations - so that they work past caustics.

In Chapter 2 we develop some necessary facts
from symplectic geometry. In Chapter 3 we review
some of the language of category theory. We also
present a “baby” version of what we want to do later.
We establish some facts about the category of finite
sets and relations which will motivate similar con-
structions when we get to the symplectic “category”
and its enhancement. We describe this symplectic

71‘771)7
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“category” in Chapter 4. The objects in this “cat-
egory” are symplectic manifolds and the morphisms
are canonical relations. The quotation marks around
the word “category” indicates that not all morphisms
are composible.

In Chapter 5 we use this categorical language to
explain how to find a local description of a Lagrangian
submanifold of the cotangent bundle via “generating
functions”, a description which is valid even at caus-
tics. The basic idea here goes back to Hamilton. But
since this description depends on a choice, we must
explain how to pass from one generating function to
another. The main result here is the Hormander-
Morse lemma which tells us that passage from one
generating function to another can be accomplished
by a series of “moves”. The key analytic tool for
proving this lemma is the method of stationary phase
which we explain in Chapter 10. In Chapter 6 we
study the calculus of %—densities, and in Chapter 7
we use half-densities to enhance the symplectic “cat-
egory”. In Chapter 8 we get to the main objects of
study, which are oscillatory %—densities and develop
their symbol calculus. In Chapter 9 we review the
basic facts about the calculus of differential forms.
In particular we review the Weil formula for the Lie
derivative and the Moser trick for proving equiva-
lence.
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Chapter 2

Symplectic
geometry.

2.1 Symplectic vector spaces.

Let V be a (usually finite dimensional) vector space
over the real numbers. A symplectic structure on V/
consists of an antisymmetric bilinear form

w:VxV->R

which is non-degenerate. So we can think of w as
an element of A2V* when V is finite dimensional, as
we shall assume until further notice. A vector space
equipped with a symplectic structure is called a sym-
plectic vector space.

A basic example is R? with

) B

We will call this the standard symplectic structure on
R2.

So if u,v € R? then wpe(u,v) is the oriented area
of the parallelogram spanned by u and v.

2.1.1 Special kinds of subspaces.

If W is a subspace of symplectic vector space V' then
W denotes the symplectic orthocomplement of W'

Wt = {veV|www) =0, Ywe W}.

A subspace is called

35
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1. symplectic if W N W+ = {0},
2. isotropic if W c W+,

3. coisotropic if W+ c W, and
4. Lagrangian if W = W+,

Since (W+)+ = W by the non-degeneracy of w,
it follows that W is symplectic if and only if W is.
Also, the restriction of w to any symplectic subspace
W is non-degenerate, making W into a symplectic
vector space. Conversely, to say that the restriction
of w to W is non-degenerate means precisely that
Wnw+ = {o}.

2.1.2 Normal forms.

For any non-zero e € V we can find an f € V such
that w(e, f) = 1 and so the subspace W spanned by
e and f is a two dimensional symplectic subspace.
Furthermore the map

(o) =)

gives a symplectic isomorphism of W with R? with
its standard symplectic structure. We can apply this
same construction to W+ if W+ # 0. Hence, by
induction, we can decompose any symplectic vector
space into a direct sum of two dimensional symplectic
subspaces:

V=wW& - Wy

where dim V' = 2d (proving that every symplectic
vector space is even dimensional) and where the W;
are pairwise (symplectically) orthogonal and where
each W; is spanned by e;, f; with w(e;, f;) = 1. In
particular this shows that all 2d dimensional sym-
plectic vector spaces are isomorphic, and isomorphic
to a direct sum of d copies of R? with its standard
symplectic structure.

2.1.3 Existence of Lagrangian subspaces.

Let us collect the eq, ..., eq in the above construction
and let L be the subspace they span. It is clearly
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isotropic. Also, e1,...,€n, f1,..., fq form a basis of
V. If v € V has the expansion

v=aie; +---aqeq +bifi+---+bafa

in terms of this basis, then w(e;,v) = b;. So v €
L+ = v € L. Thus L is Lagrangian. So is the sub-
space M spanned by the f’s.

Conversely, if L is a Lagrangian subspace of V'
and if M is a complementary Lagrangian subspace,
then w induces a non-degenerate linear pairing of L
with M and hence any basis eq, - - - ¢4 picks out a dual
basis f1, -+ .fq of M giving a basis of V' of the above
form.

2.1.4 Consistent Hermitian structures.

In terms of the basis eq, ..., en, f1,..., fq introduced
above, consider the linear map

J:oei——fi, fir e

It satisfies

J = I, (2.1)
w(Ju,Jv) = w(u,v), and (2.2)
w(Ju,v) = w(Jv,u). (2.3)

Notice that any J which satisfies two of the three
conditions above automatically satisfies the third. Con-
dition (2.1) says that J makes V into a d-dimensional
complex vector space. Condition (2.2) says that J is
a symplectic transformation, i.e acts so as to pre-
serve the symplectic form w. Condition (2.3) says
that w(Ju,v) is a real symmetric bilinear form.

All three conditions (really any two out of the
three) say that (, ) = (, )., defined by

(u,v) = w(Ju,v) + iw(u,v)

is a semi-Hermitian form whose imaginary part is w.
For the J chosen above this form is actually Hermi-
tian, that is the real part of ( , ) is positive definite.

2.2 Lagrangian complements.

The results of this section will be used extensively,
especially in Chapter 5.
Let V be a symplectic vector space.
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Proposition 4 Given any finite collection of Lagrangian
subspaces My, ..., My of V one can find a Lagrangian
subspace L such that

LnM;={0}, i=1,...k

Proof. We can always find an isotropic subspace
L with LN M; = {0}, ¢ = 1,...k, for example
a line which does not belong to any of these sub-
spaces. Suppose that L is an isotropic subspace with
LN M; = {0}, Vj and is not properly contained in
a larger isotropic subspace with this property. We
claim that L is Lagrangian. Indeed, if not, L+ is a
coisotropic subspace which strictly contains L. Let
7 : Lt — LY/L be the quotient map. Each of the
spaces m(L+ N M;) is an isotropic subspace of the
symplectic vector space L' /L and so each of these
spaces has positive codimension. So we can choose
a line £ in L /L which does not intersect any of the
7(L*+ N M;). Then L' := 7=1(¢) is an isotropic sub-
space of L+ C V with LN M; = {0}, V j and strictly
containing L, a contradiction. O

In words, given a finite collection of Lagrangian
subspaces, we can find a Lagrangian subspace which
is transversal to all of them.

2.2.1 Choosing Lagrangian complements
“consistently”.

The results of this section are purely within the frame-
work of symplectic linear algebra. Hence their logical
place is here. However their main interest is that they
serve as lemmas for more geometrical theorems, for
example the Weinstein isotropic embedding theorem.
The results here all have to do with making choices in
a “consistent” way, so as to guarantee, for example,
that the choices can be made to be invariant under
the action of a group.

For any a Lagrangian subspace L C V we will
need to be able to choose a complementary Lagrangian
subspace L', and do so in a consistent manner, de-
pending, perhaps, on some auxiliary data. Here is
one such way, depending on the datum of a symmet-
ric positive definite bilinear form B on V. (Here B
has nothing to do with with the symplectic form.)
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Let L? be the orthogonal complement of L rela-
tive to the form B. So

dim L? = dim L = %dimV
and any subspace W C V with
dimW = %dimv and W N L= {0}
can be written as
graph(A)

where A : LB — L is a linear map. That is, under
the vector space identification

V=L"oL
the elements of W are all of the form
w+ Aw, we LB,
We have
w(u+ Au, w + Aw) = w(u, w) + w(Au, w) + w(u, Aw)

since w(Au, Aw) = 0 as L is Lagrangian. Let C be
the bilinear form on L? given by

C(u, w) := w(Au, w).
Thus W is Lagrangian if and only if
Cu,w) — Clw,u) = —w(u,w).
Now
Hom(L® L) ~ L ® LP* ~ LB* @ LB*

under the identification of L with LP* given by w.
Thus the assignment A < C'is a bijection, and hence
the space of all Lagrangian subspaces complementary
to L is in one to one correspondence with the space
of all bilinear forms C on L? which satisfy C(u,w) —
C(w,u) = —w(u,w) for all u,w € LB. An obvious
choice is to take C to be —%w restricted to LZ. In
short,
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Proposition 5 Given a positive definite symmetric
form on a symplectic vector space V', there is a con-
sistent way of assigning a Lagrangian complement L'
to every Lagrangian subspace L.

Here the word “consistent” means that the choice
depends only on B. This has the following implica-
tion: Suppose that T is a linear automorphism of V'
which preserves both the symplectic form w and the
positive definite symmetric form B. In other words,
suppose that

w(Tu,Tv) = w(u,v) and B(Tu,Tv)= B(u,v) Yu,ve V.

Then if L — L’ is the correspondence given by the
proposition, then

TLw— TL .

More generally, if T : V — W is a symplectic isomor-
phism which is an isometry for a choice of positive
definite symmetric bilinear forms on each, the above
equation holds.

Given L and B (and hence L) we determined the
complex structure J by

J:L—L, wlu,Jv)=B(u,v) wuvelL

and then
Ji=—J1:.L' - L

and extending by linearity to all of V so that
J?=—1I.
Then for u,v € L we have
w(u, Jv) = B(u,v) = B(v,u) = w(v, Ju)
while
w(u, JJv) = —w(u,v) =0 =w(Jv, Ju)
and
w(Ju, JJv) = —w(Ju,v) = —w(Jv,u) = w(Jv, JJu)

so (2.3) holds for all u,v € V. We should write Jp r,
for this complex structure, or J; when B is under-
stood
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Suppose that T preserves w and B as above. We
claim that
JTLOT:TOJL (24)

so that T is complex linear for the complex structures
Jr, and Jrp. Indeed, for u,v € L we have

w(Tu, JprTv) = B(Tu, Tv)

by the definition of Jry. Since B is invariant under
T the right hand side equals B(u,v) = w(u, Jpv) =
w(Tu, TJpv) since w is invariant under 7. Thus

w(Tu, JrTv) = w(Tu, TJLv)

showing that
TJy, = JdrT

when applied to elements of L. This also holds for
elements of L’. Indeed every element of L’ is of the
form Jru where v € L and T Jyu € TL' so

JriTJpu=—Jp TJpu=~Tu=TJr(Jpu). O

Let I be an isotropic subspace of V and let I+ be
its symplectic orthogonal subspace so that I C It.
Let
be the B-orthogonal complement to 1. Thus

dimIp = dim I

and since Ig N I+ = {0}, the spaces Iz and I are
non-singularly paired under w. In other words, the
restriction of w to Ig @ I is symplectic. The proof of
the preceding proposition gives a Lagrangian comple-
ment (inside Ip @ I) to I which, as a subspace of V/
has zero intersection with I+. We have thus proved:

Proposition 6 Given a positive definite symmetric
form on a symplectic vector space V', there is a con-
sistent way of assigning an isotropic complement I’
to every co-isotropic subspace I+,

We can use the preceding proposition to prove the
following:

Proposition 7 Let Vi and Vo be symplectic vector
spaces of the same dimension, with Iy C V1 and Is C
V4 isotropic subspaces, also of the same dimension.
Suppose we are given
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e q linear isomorphism X\ : Iy — Is and

e a symplectic isomorphism £ : I{-/I; — 13-/ I5.
Then there is a symplectic isomorphism

v:Vi—Va

such that

1. v: I+ — I and (hence) v : I — I,

2. The map induced by v on Ii-/I is { and

8. The restriction of v to I is \.

Furthermore, in the presence of positive definite sym-
metric bilinear forms By on Vi and By on V5 the
choice of v can be made in a “canonical” fashion.

Indeed, choose isotropic complements ;5 to Ii- and
Irp to Izl as given by the preceding proposition, and
also choose B orthogonal complements Y7 to I7 inside
Ii+ and Y, to Iy inside I3-. Then Y; (i = 1,2) is a
symplectic subspace of V; which can be identified as
a symplectic vector space with I;-/I;. We thus have

Vi=(he L)oo

as a direct sum decomposition into the sum of the two
symplectic subspaces (I; @ I15) and Y7 with a simi-
lar decomposition for V5. Thus ¢ gives a symplectic
isomorphism of Y7 — Y5. Also

Ao\ L ehp— Lo Ly

is a symplectic isomorphism which restricts to A on
L. O

2.3 Equivariant symplectic vec-
tor spaces.

Let V be a symplectic vector space. We let Sp(V) de-
note the group of all all symplectic automorphisms of
V, i.e all maps T which satisty w(Tu, Tv) = w(u,v) Vu,v €
V.

A representation 7 : G — Aut(V) of a group G is
called symplectic if in fact 7: G — Sp(V). Our first
task will be to show that if G is compact, and 7 is
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symplectic, then we can find a J satisfying (2.1) and
(2.2), which commutes with all the 7(a), a € G and
such that the associated Hermitian form is positive
definite.

2.3.1 Invariant Hermitian structures.

Once again, let us start with a positive definite sym-
metric bilinear form B. By averaging over the group
we may assume that B is G invariant. (Here is where
we use the compactness of G.) Then there is a unique
linear operator K such that

B(Ku,v) = w(u,v) YuveV.

Since both B and w are G-invariant, we conclude
that K commutes with all the 7(a), a € G. Since
w(v,u) = —w(u,v) we conclude that K is skew ad-
joint relative to B, i.e. that

B(Ku,v) = —B(u, Kv).

Also K is non-singular. Then K2 is symmetric and
non-singular, and so V can be decomposed into a
direct sum of eigenspaces of K2 corresponding to dis-
tinct eigenvalues, all non-zero. These subspaces are
mutually orthogonal under B and invariant under G.
If K?u = pu then

uB(u,u) = B(K*u,u) = —B(Ku, Ku) < 0

so all these eigenvalues are negative; we can write
each p as u = —\%2, X\ > 0. Furthermore, if K%u =
— A2y then

K*(Ku) = KK?u = —\?*Ku

so each of these eigenspaces is invariant under K.
Also, any two subspaces corresponding to different
values of A\? are orthogonal under w. So we need only
define J on each such subspace so as to commute with
all the 7(a) and so as to satisfy (2.1) and (2.2), and
then extend linearly. On each such subspace set

Ji= MK
Then (on this subspace)
JP=NK?=-1
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and
w(Ju,v) = Mo (Ku,v) = AB(u, )

is symmetric in v and v. Furthermore w(Ju,u) =
AB(u,u) >0. O

Notice that if 7 is irreducible, then the Hermitian
form (, ) =w(J-,-) +iw(-,-) is uniquely determined
by the property that its imaginary part is w.

2.3.2 The space of fixed vectors for a
compact group of symplectic au-
tomorphisms is symplectic.

If we choose J as above, if 7(a)u = u then 7(a)Ju =
Ju. So the space of fixed vectors is a complex sub-
space for the complex structure determined by J. But
the restriction of a positive definite Hermitian form
to any (complex) subspace is again positive definite,
in particular non-singular. Hence its imaginary part,
the symplectic form w, is also non-singular. O
This result need not be true if the group is not com-
pact. For example, the one parameter group of shear

transformations
1 ¢
0 1

in the plane is symplectic as all of these matrices have
determinant one. But the space of fixed vectors is the
z-axis.

2.3.3 Toral symplectic actions.

Suppose that G = T" is an n-dimensional torus, and
that g denotes its Lie algebra. Then exp:g — G is
a surjective homomorphisms, whose kernel Z¢g is a
lattice.

If 7: G — U(V) as above, we can decompose V
into a direct sum of one dimensional complex sub-
spaces

V=Vi®& -0V

where the restriction of 7 to each subspace is given
by A
Ty (exp Ev = 2Ty

where
ap € Z*G s

the dual lattice.
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2.4 Symplectic manifolds.

Recall that a manifold M is called symplectic if

it comes equipped with a closed non-degenerate two

form w. A diffeomorphism is called symplectic if it

preserves w. We shall usually shorten the phrase

“symplectic diffeomorphism” to symplectomorphism
A vector field v is called symplectic if

D,w=0.

Since Dyw = di(v)w + t(v)dw = di(v)w as dw = 0,
a vector field v is symplectic if and only if ¢(v)w is
closed.

Recall that a vector field v is called Hamiltonian
if t(v)w is exact. If 0 is a closed one form, and v a
vector field, then D,0 = di(v)0 is exact. Hence if vq
and vy are symplectic vector fields

Dy, t(v2)w = t([v1, v2))w
so [v1,v9] is Hamiltonian with

t([v1,v2))w = dw(va,v7).

2.5 Darboux style theorems.

These are theorems which state that two symplectic
structures on a manifold are the same or give a nor-
mal form near a submanifold etc. We will prove them
using the Moser-Weinstein method. This method
hinges on the basic formula of differential calculus:
If f; : X — Y is a smooth family of maps and wy is a
one parameter family of differential forms on Y then

d d
@ft*wt = ft*&“’t + Qidwy + dQrwy (2.5)
where
Qi : QF(Y) — Q" 1(X)
is given by

Qim(wr, ..., wx—1) = 7(vg, dfy(w1), ..., df(wr—1))

where
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If wy does not depend explicitly on ¢ then the first
term on the right of (2.5) vanishes, and integrating
(2.5) with respect to ¢ from 0 to 1 gives

1
fl—f=dQ+Qd, Q:= ; Qudt. (2.6)

We give a review of all of this in Chapter 9.
Here is the first Darboux type theorem:
2.5.1 Compact manifolds.

Theorem 1 Let M be a compact manifold, wy and
w1 two symplectic forms on M in the same cohomol-
ogy class so that

w1 —wy = da
for some one form «. Suppose in addition that
wp = (1 — t)wo + tw;

is symplectic for all 0 < t < 1. Then there exists a
diffeomorphism f : M — M such that

f*w1 = wop.
Proof. Solve the equation
t(vp)wy = —«

which has a unique solution v; since w; is symplectic.
Then solve the time dependent differential equation

d .
% =vi(ft), fo=1id
which is possible since M is compact. Since
dwt
4
dt @
the fundamental formula (2.5) gives
d *
Vit _ fi fda+0—da] =0

o)
fiws = wo.
In particular, set t = 1. O
This style of argument was introduced by Moser
and applied to Darboux type theorems by Weinstein.
Here is a modification of the above:
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Theorem 2 Let M be a compact manifold, and wy,
0<t<1a family of symplectic forms on M in the
same cohomology class.

Then there exists a diffeomorphism f : M — M
such that

f*w1 = wo-

Proof. Break the interval [0, 1] into subintervals by
choosing tp = 0 < t; <ty < --- < ty = 1 and
such that on each subinterval the “chord” (1—s)wy, +
Swy,,, is close enough to the curve w(i_g)¢,4st,,, SO
that the forms (1—s)wy, +swy, , are symplectic. Then

successively apply the preceding theorem. m]

2.5.2 Compact submanifolds.

The next version allows M to be non-compact but
has to do with with behavior near a compact subman-
ifold. We will want to use the following proposition:

Proposition 8 Let X be a compact submanifold of
a manifold M and let

i1 X > M

denote the inclusion map. Let v € QF(M) be a k-
form on M which satisfies

dy
ity =

Then there exists a neighborhood U of X and a k —1
form B defined on U such that

g =~
Bix = 0.

(This last equation means that at every point p € X
we have

ﬁp(wla s 7wk—1) =0
for all tangent vectors, not necessarily those tangent

to X. So it is a much stronger condition than *8 =
0.)

Proof. By choice of a Riemann metric and its
exponential map, we may find a neighborhood of W
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of X in M and a smooth retract of W onto X, that
is a one parameter family of smooth maps

re W — W
and a smooth map 7 : W — X with
rp=id, rg=dom, m: W — X, r,oi=1.

Write
drt
dt
and notice that w; = 0 at all points of X. Hence the
form

=Wt OTt

Bi=0Qy
has all the desired properties where @ is asin (2.6). O

Theorem 3 Let X, M and i be as above, and let wq
and wy be symplectic forms on M such that

i*wl = i*wo
and such that
(1 — t)wo —|— twl

is symplectic for 0 < t < 1. Then there exists a
neighborhood U of M and a smooth map

fU—->M
such that
fix =14d and fwo = wi.

Proof. Use the proposition to find a neighborhood
W of X and a one form « defined on W and vanishing
on X such that

w1 —wg = da
on W. Let v; be the solution of
t(vg)wy = —a

where w; = (1 — t)wp + tw;. Since v; vanishes identi-
cally on X, we can find a smaller neighborhood of X
if necessary on which we can integrate v; for0 <t <1
and then apply the Moser argument as above. O

A variant of the above is to assume that we have
a curve of symplectic forms w; with 7*w; independent
of t.

Finally, a very useful variant is Weinstein’s
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Theorem 4 X, M i as above, and wg and w1 two
symplectic forms on M such that wyx = wox- Then
there exists a neighborhood U of M and a smooth map

f:U—-M
such that
Jfix =1id and ffwy = wi.
Here we can find a neighborhood of X such that
(1 = t)wo + tw;

is symplectic for 0 <t <1 since X is compact. O

One application of the above is to take X to be a
point. The theorem then asserts that all symplectic
structures of the same dimension are locally symplec-
tomorphic. This is the original theorem of Darboux.

2.5.3 The isotropic embedding theo-
rem.

Another important application of the preceding theo-
rem is Weinstein’s isotropic embedding theorem: Let
(M, w) be a symplectic manifold, X a compact man-
ifold, and 7 : X — M an isotropic embedding, which
means that di, (T X), is an isotropic subspace of T'M; )
for all x € X. Thus

dig(TX )y C (dig(TX),)*

where (di,(TX),)" denotes the orthogonal comple-
ment of di, (T X ), in T'M;(,) relative to w;,). Hence

(dip(TX) )" /dig(TX),

is a symplectic vector space, and these fit together
into a symplectic vector bundle (i.e. a vector bundle
with a symplectic structure on each fiber). We will
call this the symplectic normal bundle of the embed-
ding, and denote it by

SN;(X)

or simply by SN(X) when i is taken for granted.
Suppose that U is a neighborhood of i(X) and

g : U — N is a symplectomorphism of U into a sec-

ond symplectic manifold N. Then j = go i is an
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isotropic embedding of X into N and f induces an
isomorphism

9.t NSi(X) — NS;(X)

of symplectic vector bundles. Weinstein’s isotropic
embedding theorem asserts conversely, any isomor-
phism between symplectic normal bundles is in fact
induced by a symplectomorphism of a neighborhood
of the image:

Theorem 5 Let (M,wyr, X,i) and (N,wn, X, j) be
the data for isotropic embeddings of a compact man-
ifold X. Suppose that

£: SN;(X) — SN;(X)

s an isomorphism of symplectic vector bundles. Then
there is a neighborhood U of i(X) in M and a sym-
plectomorphism g of U onto a neighborhood of j(X)
in N such that

g« = L.

For the proof, we will need the following extension
lemma:

Proposition 9 Let
1: X—-M, 7:Y—>N

be embeddings of compact manifolds X and Y into
manifolds M and N. suppose we are given the fol-
lowing data:

o A smooth map f: X — Y and, for each x € X,

o A linear map AT M;y) — TNj(yz)) such that
the restriction of Ay to TX, C TM; coin-
cides with df,.

Then there exists a neighborhood W of X and a smooth
map g : W — N such that

goi= foi

and
dg. = A, VzelX.
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Proof. If we choose a Riemann metric on M, we may
identify (via the exponential map) a neighborhood of
i(X) in M with a section of the zero section of X
in its (ordinary) normal bundle. So we may assume
that M = N;X is this normal bundle. Also choose a
Riemann metric on N, and let

exp: N;(Y) = N

be the exponential map of this normal bundle relative
to this Riemann metric. For x € X and v € N;(i(z))
set

9(w,v) := exp;(, (Azv).

Then the restriction of g to X coincides with f, so
that, in particular, the restriction of dg, to the tan-
gent space to T, agrees with the restriction of A, to
this subspace, and also the restriction of dg, to the
normal space to the zero section at x agrees A, so g
fits the bill. O

Proof of the theorem. We are given linear maps
by 2 (IH/1) — JE/J, where I, = di (TX), is an
isotropic subspace of V, := T'M;() with a similar
notation involving j. We also have the identity map
of

I, =TX, = J,.

So we may apply Proposition 7 to conclude the exis-
tence, for each x of a unique symplectic linear map

Ax . TMl(w) — TN]'(QE)

for each x € X. We may then extend this to an
actual diffeomorphism, call it A on a neighborhood of
1(X), and since the linear maps A, are symplectic,
the forms

h*wy and wps

agree at all points of X. We then apply Theorem 4
to get a map k such that k*(h*wy) = wys and then
g = h ok does the job. O

Notice that the constructions were all determined
by the choice of a Riemann metric on M and of a
Riemann metric on N. So if these metrics are invari-
ant under a group G, the corresponding g will be a
G-morphism. If G is compact, such invariant metrics
can be constructed by averaging over the group.
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An important special case of the isotropic embed-
ding theorem is where the embedding is not merely
isotropic, but is Lagrangian. Then the symplectic
normal bundle is trivial, and the theorem asserts that
all Lagrangian embeddings of a compact manifold are
locally equivalent, for example equivalent to the em-
bedding of the manifold as the zero section of its
cotangent bundle.



Chapter 3

The language of
category theory.

3.1 Categories.

We briefly recall the basic definitions:
A category C consists of the following data:

(i) A set, Ob(C), whose elements are called the ob-
jects of C |

(ii) For every pair (X,Y") of Ob(C) a set, Morph(X,Y),
whose elements are called the morphisms or arrows
from X to Y,

(iii) For every triple (X,Y,Z) of Ob(C) a map from

Morph(X,Y) x Morph(Y, Z) to Morph(X, Z) called

the composition map and denoted (f, g) ~ g o f.
These data are subject to the following conditions:

(iv) The composition of morphisms is associative

(v) For each X € Ob(C) there is an idx € Morph(X, X)
such that

foidx = f, Vf € Morph(X,Y)
(for any Y') and

idx o f = f, Vf € Morph(Y, X)

53
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(for any Y).

It follows from the definitions that idx is unique.

3.2 Functors and morphisms.

If C and D are categories, a functor F' from C to D
consists of the following data:

(vi) amap F : Ob(C) — Ob(D)
and

(vii) for each pair (X,Y) of Ob(C) a map
F :Hom(X,Y) — Hom(F(X), F(Y))
subject to the rules

(viii)
Flidx) = idpx)

Flgo f)=F(g)o F(f).

This is what is usually called a covariant func-
tor.

A contravariant functor would have F' : Hom(X,Y) —
Hom(F(Y), F(X)) in (vil) and F(f) o F(g) on the
right hand side of (ix).)

Here is an important example, valid for any cate-
gory C. Let us fix an X € Ob(C). We get a functor

FX:C—>Set

by the rule which assigns to each Y € Ob(C) the set
Fx(Y) =Hom(X,Y) and to each f € Hom(Y, Z) the
map Fx (f) consisting of composition (on the left) by
f. In other words, Fx(f) : Hom(X,Y) — Hom(X, Z)
is given by

g € Hom(X,Y) — fog € Hom(X, Z).
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. mx)
(X) > G(X)
£(f) G(f)
F(Y) m] T G)
Figure 3.1:

Let F' and G be two functors from C to D. A
morphism, m , from F to G (older name: “natural
transformation”) consists of the following data:

(x) for each X € Ob(C) an element m(X) € Homp(F(X),G(X))

subject to the “naturality condition”

(xi) for any f € Home(X,Y) the diagram in Figure
3.1 commutes. In other words

m(Y)oF(f) = G(f)om(X) V€ f € Home(X,Y).

3.2.1 Involutory functors and involu-
tive functors.

Consider the category V whose objects are finite di-
mensional vector spaces (over some given field K) and
whose morphisms are linear transformations. We can
consider the “transpose functor” F : V — V which
assigns to every vector space V its dual space

V* = Hom(V,K)

and which assigns to every linear transformation £ :
V — W its transpose

A VA V
In other words,

F(V)=V* F() =10
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This is a contravariant functor which has the prop-
erty that F? is naturally equivalent to the identity
functor. There does not seem to be a standard name
for this type of functor. We will call it an involutory
functor.

A special type of involutory functor is one in which
F(X) = X for all objects X and F? = id (not merely
naturally equivalent to the identity). We shall call
such a functor a involutive functor. We will refer to
a category with an involutive functor as an involu-
tive category, or say that we have a category with
an involutive structure.

For example, let H denote the category whose
objects are Hilbert spaces and whose morphisms are
bounded linear transformations. We take F'(X) = X
on objects and F(L) = L' on bounded linear trans-
formations where LT denotes the adjoint of L in the
Hilbert space sense.

3.3 Example: Sets, maps and
relations.

The category Set is the category whose objects are
(“all”) sets and and whose morphisms are (“all”)
maps between sets. For reasons of logic, the word
“all” must be suitably restricted to avoid contradic-
tion.

We will take the extreme step in this section of re-
stricting our attention to the class of finite sets. Our
main point is to examine a category whose objects
are finite sets, but whose morphisms are much more
general than maps. Some of the arguments and con-
structions that we use in the study of this example
will be models for arguments we will use later on, in
the context of the symplectic “category”.

3.3.1 The category of finite relations.

We will consider the category whose objects are finite
sets. But we enlarge the set of morphisms by defining

Morph(X,Y") = the collection of all subsets of X xY.
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A subset of X x Y is called a relation. We must
describe the map

Morph(X,Y) x Morph(Y, Z) — Morph(X, Z)

and show that this composition law satisfies the ax-
ioms of a category. So let

I'y € Morph(X,Y) and I'; € Morph(Y, Z).
Define
I'polhCX xZ
by
(z,%z) € T'9ol'y & Fy € Y such that (z,y) € I'y and)(y,z) e Is.
(3.1

Notice that if f: X — Y and g : Y — Z are maps,
then

graph(f) = {(z, f(z)} € Morph(X,Y) and graph(g) € Morph(Y, Z)
with
graph(g) o graph(f) = graph(g o f).

So we have indeed enlarged the category of finite sets
and maps.

We still must check the axioms. Let Ax € X x X
denote the diagonal:

Ax ={(z,z), = € X},
s0
Ax € Morph(X, X).
If I' € Morph(X,Y) then

I'oAx =T and Ay oI'=T.

So Ax satisfies the conditions for idx.

Let us now check the associative law. Suppose
that I'y € Morph(X,Y),T's € Morph(Y, Z) and I's €
Morph(Z,W). Then both I's o (I'y 0T'y) and ('3 o
I'3) o' consist of all (z,w) € X x W such that there
exist y € Y and z € Z with

(z,y) €T, (y,2) €Ty, and (z,w) € I's.

This proves the associative law.
Let us call this category FinRel.
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3.3.2 Categorical “points”.

Let us pick a distinguished one element set and call
it “pt.”. Giving a map from pt. to any set X is the
same as picking a point of X. So in the category Set
of sets and maps, the points of X are the same as the
morphisms from our distinguished object pt. to X.

In a more general category, where the objects are
not necessarily sets, we can not talk about the points
of an object X. However if we have a distinguished
object pt., then we can define a “point” of any object
X to be an element of Morph(pt., X). For example,
later on, when we study the symplectic “category”
whose objects are symplectic manifolds, we will find
that the “points” in a symplectic manifold are its
Lagrangian submanifolds. This idea has been em-
phasized by Weinstein. As he points out, this can
be considered as a manifestation of the Heisenberg
uncertainty principle in symplectic geometry.

In the category FinRel, the category of finite sets
and relations, an element of Morph(pt., X) , i.e a sub-
set of pt. x X is the same as a subset of X (by projec-
tion onto the second factor). So in this category, the
“points” of X are the subsets of X. Many of the con-
structions we do here can be considered as warm ups
to similar constructions in the symplectic “category”.

A morphism I' € Morph(X,Y) yields a map from
“points” of X to “points” of Y.

Consider three objects X, Y, Z. Inside

X xXxYxYxzZxZ
we have the subset
AXxAyXAz.

Let us move the first X factor past the others until it
lies to immediate left of the right Z factor, so consider
the subset

AX,Y,Z C )(XY'X}/XZX)(XZ7 AX,Y,Z = {(x,y,y,z,a;,z)}.

By introducing parentheses around the first four and
last two factors we can write

Axyz C(X XY XY xZ)x (X x Z).
In other words,

Axyz € Morph(X xY xY x Z,X x Z).
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Let I'y € Morph(X,Y') and I'; € Morph(Y, Z). Then
M xTy CXXxY XY xZ

is a “point” of X XY x Y x Z. We identify this
“point” with an element of

Morph(pt., X XY xY x Z)
so that we can form
Ax,yzo([1 x Iy)
which consists of all (z, z) such that

(1, 91,92, 21, %, 2) with

(z1,91) € Ty,
(y2,21) € Ty,
1 = zx,
o= Y2,
2 = =z
Thus
Axyzo (1 xTy)=T0T. (3.2)

Similarly, given four sets X,Y, Z, W we can form
Axyzw C(X XY XY XZXZXW)x(XxW)
Axyzw = {(x,9,y, 2, 2,w,z,w)}

SO
Axy.zw € Morph(X xY XY x Z x Z x W, X x W).

If 't € Morph(X,Y), I'; € Morph(Y, Z), and I's €
Morph(Z, W) then

F3O(F20F1) = (F30F2)0F1 = AX,Y,Z,W(FI XFQ XFg).

From this point of view the associative law is a re-
flection of the fact that

(Fl ><F2)><F3:I‘1X(ngfg):lengFg.
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3.3.3 The transpose.

In our category FinRel, if ' € Morph(X,Y") define
I't € Morph(Y, X) by

It = {(y,2)l(z, ) € T},
We have defined a map
1 : Morph(X,Y) — Morph(Y, X) (3.3)
for all objects X and Y which clearly satisfies
2 =1id (3.4)
and
(Tyoly)f =Tl o], (3.5)

So 1 is a contravariant functor and satisfies our con-
ditions for an involution. This makes our category
FinRel of finite sets and relations into an involutive
category.

3.3.4 The finite Radon transform.

This is a contravariant functor F from the category
FinRel to the category of finite dimensional vector
spaces over a field K. It is defined as follows: On
objects we let

F(X) := F(X,K) = the space of all K-valued functions on X.

IfT'C X xY is a relation and g € F(Y) we set

(FO@)@) = D> gly) YeeX.

yl(z,y)eT

(It is understood that the empty sum gives zero.) It is
immediate to check that this is indeed a contravariant
functor.

In case K = C we can be more precise: Let us
make F(X) into a (finite dimensional) Hilbert space
by setting

(f1, f2) == Z fl(ﬂf)m'

zeX

Then for I' € Morph(X,Y), f € F(X),g € F(Y) we
have

(f.F@)g) = Y fla)gly) = (FTNf,9).

(z,y)er
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So
F(rh) = F(D)T,

i.e.

Fot=foF

where the T on the left is the involution on FinRel
and the { on the right is the operation carrying a
linear transformation between Hilbert spaces into its
adjoint. Thus the functor F carries the involutive
structure of the category of finite sets and relations
into the involutive structure of the category of finite
dimensional Hilbert spaces.

3.3.5 Enhancing the category of finite
sets and relations.

By a vector bundle over a finite set we simply mean
a rule which assigns a vector space E, (which we will
assume to be finite dimensional) to each point = of X.
We are going to consider a category whose objects are
vector bundles over finite sets. We will denote such
an object by £ — X.

Following Atiyah and Bott, we will define the mor-
phisms in this category as follows: If E — X and
F — Y are objects in our category, and I' C X x Y
we consider the vector bundle over I" which assigns to
each point (x,y) € I' the vector space Hom(F,, E,).
A morphism in our category will be a section of this
vector bundle. So a morphism in our category will be
a subset I of X X Y together with a map

Ty Fy — By

given for each (z,y) € T.

Suppose that (I'y1,r) € Morph(E — X, F — Y)
and (T'g, s) € Morph(F — Y,G — Z). Their compo-
sition is defined to be (I'y0T';, ) where t is the section
of the vector bundle over I'; o 'y given by

t(.%‘,Z) = Z r(;v,y)os(y,z).

yl(z,y)€l1,(y,2) €2

The verification of the category axioms is immediate.

We have enhanced the category of finite sets and
relations to the category of vector bundles over finite
sets.
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We also have a generalization of the functor F:
we now define F(E — X)) to be the space of sections
of the vector bundle E — X and if M € Morph(F —
X,F —Y) then

Flo)) = Y. r(@y)9)

yl(z,y)eT

This generalizes the Radon functor of the preceding
section.

3.4 The linear symplectic cate-
gory.

Let V4 and V5 be symplectic vector spaces with sym-
plectic forms w; and wy. We will let V;~ denote the
vector space Vi equipped with the symplectic form
—wi. So Vi~ @ V; denotes the vector space Vi @ Vs
equipped with the symplectic form —w; H ws.

A Lagrangian subspace I' of V|~ & V3 is called
a linear canonical relation. The purpose of this
section is to show that if we take the collection of
symplectic vector spaces as objects, and the linear
canonical relations as morphisms we get a category.
Here composition is in the sense of composition of
relations as in the category FinRel. In more detail:
Let V3 be a third symplectic vector space, let

I'; be a Lagrangian subspace of V|~ @ V3
and let

I'; be a Lagrangian subspace of V,~ @ V5.
Recall that as a set (see ( 3.1)) the composition

Fool'y CVi x Vs

is defined by
(x,2) € Tgol'y & Jy € Vo such that (z,y) € T'y and (y, 2) € Ta.
We must show that this is a Lagrangian subspace of

Vi~ @ Vs. It will be important for us to break up the
definition of I's o 'y into two steps:
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3.4.1 The space I'; xI';.

Define
ToxT'y €Ty x Ty
to consist of all pairs ((z,y), (v, 2)) such that y = ¢/.

We will restate this definition in two convenient ways.
Let

7TZP1—>‘/2, 71'(1)1,1)2):1)2

and

p:To— Vo,  p(va,v3) = vs.

Let
T: Fl XF2—>‘/2

be defined by

T(11,72) = 7(1) — p(72)-
Then I'y x I'; is determined by the exact sequence

0—=TyxI'y =Ty xTy 5 Vy — Coker 7 — 0. (3.6)

Another way of saying the same thing is to use the
language of “fiber products” or “exact squares”. Let
f:A— Candg:B — C bemaps, say between sets.
Then we express the fact that F© C A x B consists
of those pairs (a,b) such that f(a) = g(b) by saying
that

F— A

N

B —— C
g

is an exact square or a fiber product diagram.
Thus another way of expressing the definition of
I'; xI'; is to say that

Fg*rl —_— Fl

I I 7

Ly — W
p

is an exact square.



64CHAPTER 3. THE LANGUAGE OF CATEGORY THEORY.

3.4.2 The transpose.

IfI' C V" ®@V4 is a linear canonical relation, we define
its transpose I'l just as in FinRel:

I = {(y,2)|(z,y) € T}. (3.8)

Here z € V; and y € V, so I'f as defined is a lin-
ear Lagrangian subspace of Vo @ V;~. But replacing
the symplectic form by its negative does not change
the set of Lagrangian subspaces, so I'l is also a La-
grangian subspace of V,,” @ V7, i.e. a linear canonical
relation between Vo and Vj. It is also obvious that
just as in FinRel we have

rh' =r.
3.4.3 The projection o : I'x; xI'y — I’y 0
I'.
Consider the map
a:(z,y,y,2) — (z,2). (3.9)
By definition
a:ToxI'y =5 Ty0l'.

3.4.4 The kernel and image of a linear
canonical relation.

Let Vi3 and V5 be symplectic vector spaces and let
I' C Vi~ x Vi be a linear canonical relation. Let

m: ' — V,
be the projection onto the second factor. Define
e KerI' C V5 by Ker' = {v € V1|(v,0) € T'}.

e ImT' C Vo =n(T) = {vy € Vo|Fvy € V] with (v1,v9) €
r}.

Now I't C V;~ @ V4 and hence both kerI'f and Im T
are linear subspaces of the symplectic vector space
V5. We claim that

(ker ')+ =TIm T, (3.10)
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Here 1 means perpendicular relative to the symplec-
tic structure on V5.

Proof. Let w; and wy be the symplectic bilinear
forms on Vi and V5 so that @ = —w; @ ws is the
symplectic form on V;~ @ V5. So v € V4 is in Ker rtif
and only if (0,v) € I'. Since I' is Lagrangian, (0,v) €
I' & (0,0) € I't and

(0,v) € tso0= —w1(0,v1)tws(v,v3) = wa(v,v2) V (v1,v2) € T.

But this is precisely the condition that v € (Im I')*.
O

The kernel of « consists of those (0,v,v,0) € T'y %
I';. We may thus identify

ker o = ker FJ{ Nker 'y (3.11)

as a subspace of V5.
If we go back to the definition of the map 7, we
see that the image of 7 is given by

Im7 =ImTD + Im T}, (3.12)

a subspace of V. If we compare (3.11) with (3.12)
we see that
kera = (Im7)* (3.13)

as subspaces of V5 where | denotes orthocomplement
relative to the symplectic form ws of Vs.

3.4.5 Proof that I'; o I'; is Lagrangian.

Since 'y o'y = a(T'y *T'1) and 'y x 'y = ker7 it

follows that I'y o I'; is a linear subspace of V|~ & V3.
It is equally easy to see that I's oI'y is an isotropic

subspace of V|~ @ V5. Indeed, if (x, z) and (2, 2’) are

elements of I'y o I'y, then there are elements y and 3’

of V5 such that

(xvy) € Flv (yvz) S F27 (xlay/) S Fl? (yl7z/) S F2~

Then

w3(z, 2" ) —wi(z,2") = ws(z, 2" ) —wa(y, ¥ ) +wa(y, ¥ ) —wi(z,2") = 0.
So we must show that dimI'y o'y = %dim Vi+

3 dim V3. It follows from (3.13) that

dim ker a =dim V5 —dimIm 7
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and from the fact that I'y o'y = a(I'y xI'1) that
dim I'soI'y =dim I's xI'; — dim kera =

=dim 'y %I’y —dim V5 +dimIm 7.

Since I'ox Iy is the kernel of the map 7 : 'y xI'y — V5
it follows that

dim 'y x 'y =dimI'y x 'y —dim Im 7 =

1 1 1 1
idim V1+§ dim Vg+§ dim V2+§ dim V3—dim Im 7.

Putting these two equations together we see that
. 1 . 1 ..
dimI'y o'y = 2 dim V; + 3 dim V3

as desired. We have thus proved

Theorem 6 The composite I'y0Il'y of two linear canon-
ical relations is a linear canonical relation.

The diagonal Ay gives the identity morphism and
so we have verified that LinSym is a category whose
objects are symplectic vector spaces and whose mor-
phisms are linear canonical relations.

3.4.6 The category LinSym and the sym-
plectic group.

The category LinSym is a vast generalization of the
symplectic group because of the following observa-
tion: Let X and Y be symplectic vector spaces. Sup-
pose that the Lagrangian subspace ' C X~ @& Y
projects bijectively onto X under the projection of
X @Y onto the first factor. This means that I is the
graph of a linear transformation T from X to Y:

I'={(z,Tz)}.

T must be injective. Indeed, if Tx = 0 the fact that
I is isotropic implies that z | X so x = 0. Also T'
is surjective since if y L im(7'), then (0,y) L T". This
implies that (0,y) € I" since I' is maximal isotropic.
By the bijectivity of the projection of I onto X, this
implies that y = 0. In other words T is a bijection.
The fact that T" is isotropic then says that

u}y(Tl'l,TxQ) = O.}X(.'L'l,lé),
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i.e. T is a symplectic isomorphism. If I'y = graphT
and I'y = graph S then

I'yol'y =graphSoT

so composition of Lagrangian relations reduces to com-
position of symplectic isomorphisms in the case of
graphs. In particular, if we take Y = X we see that
Symp(X) is a subgroup of Morph (X, X) in our cat-
egory.
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Chapter 4

The Symplectic
“Category”.

Let M be a symplectic manifold with symplectic form
w. Then —w is also a symplectic form on M. We will
frequently write M instead of (M, w) and by abuse of
notation we will let M~ denote the manifold M with
the symplectic form —w.

Let (M;,w;) i = 1,2 be symplectic manifolds. A
Lagrangian submanifold I" of

FCM;XMQ

is called a canonical relation. So I' is a subset of
My x Ms which is a Lagrangian submanifold relative
to the symplectic form wy; — wq in the obvious nota-
tion. So a canonical relation is a relation which is a
Lagrangian submanifold.

For example, if f : My — M is a symplectomor-
phism, then I'y = graph f is a canonical relation.

If 'y € My x Ms and T's C My x M3 we can form
their composite

I'yol'y € My x Mj

in the sense of the composition of relations. So I'yoI'y
consists of all points (z,z) such that there exists a
y € My with (z,y) € T’y and (y, 2) € Ts.

Let us put this in the language of fiber products:
Let

7TZF1—>M2

69
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denote the restriction to I'; of the projection of M7 x
M onto the second factor. Let

p:Ta— M,

denote the restriction to I's of the projection of Ms x
M3 onto the first factor. Let

FCM1XM2XM2XM3
be defined by
F= (7T X p)_lAMz'

In other words, F is defined as the fiber product (or
exact square)

FL_1>F1

A | )

F2—>M2
P

SO
FCT'y xT's C My x My x My x Ms.

Let pry5 denote the projection of M; x My x My X
M3 onto My x Mj (projection onto the first and last
components). Let 715 denote the restriction of pryg
to F'. Then, as a set,

FQ o Fl = 7T13(F). (42)

The map pr,; 5 is smooth, and hence its restriction
to any submanifold is smooth. The problems are that

1. F defined as
F = (71' X p)_lA]\/jz,
i.e. by (4.1), need not be a submanifold, and

2. that the restriction w3 of pri3 to F' need not
be an embedding.

So we need some additional hypotheses to ensure that
I'; 0l is a submanifold of M7 x M3. Once we impose
these hypotheses we will find it easy to check that
I';oI'; is a Lagrangian submanifold of M; x M3 and
hence a canonical relation.
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4.1 Clean intersection.
Assume that the maps
m:1 — My and p:Ts — My

defined above intersect cleanly.
Notice that (m, me, mh, ms) € F if and only if

® My :m/27
e (m1,mz) €'y, and
o (mf,ms) € I's.

So we can think of F' as the subset of M7 x My x Mj3
consisting of all points (m, mg, mg) with (my,ms) €
I’y and (me,m3) € T's. The clean intersection hy-
pothesis involves two conditions. The first is that F
be a manifold. The second is that the derived square
be exact at all points. Let us state this second condi-
tion more explicitly: Let m = (mq,mo, m3) € F. We
have the following vector spaces:

Vi = T, M,
Vo = T,,Ms,
Vs = Ty, Ms,
" = T ml'1, and

I3 i= Ty mgLo-

So
l—wln C T(ml,mz)(Ml X Mg) =V1ael

is a linear Lagrangian subspace of V|~ @ V. Simi-
larly, I';" is a linear Lagrangian subspace of V,” @ V3.
The clean intersection hypothesis asserts that T,, F' is
given by the exact square

TmF d(Ll )'m

e
d(m)ml ldﬂ<m17m2> (4.3)

ry ——— T, Mo
dp(my,msy)

In other words, T, F' consists of all (vq,vq,v3) € V1 ®
V5 @ V3 such that

(v1,v2) €T and  (vg,v3) € T
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The exact square (4.3) is of the form (3.7) that we
considered in Section 3.4. We know from Section 3.4
that I'f? oI'{” is a linear Lagrangian subspace of V;~ @
V3. In particular its dimension is 3 (dim M; +dim Mj)
which does not depend on the choice of m € F'. This
implies the following: Let

L:F—>M1><M2><M3
denote the inclusion map, and let
R13:M1XM2XM3—>M1XM3

denote the projection onto the first and third compo-

nents. So
Kizot: F — M; x Mg

is a smooth map whose differential at any point m €
F maps T, F onto I'f*oI'!* and so has locally constant
rank. Furthermore, the image of T;,, F' is a Lagrangian
subspace of T, m3)(M] x M3z). We have proved:

Theorem 7 If the canonical relations I'y C M| X
My and I'y C My x Ms intersect cleanly, then their
composition I's o I'y is an immersed Lagrangian sub-
manifold of M| x Ms.

We must still impose conditions that will ensure
that I'y o I'; is an honest submanifold of M; x Ms.
We will do this in the next section.

We will need a name for the manifold F we created
out of I'y and I'y above. As in the linear case, we will
call it FQ * Fl.

4.2 Composable canonical rela-
tions.

We recall a theorem from differential topology:

Theorem 8 Let X and Y be smooth manifolds and
f: X =Y is a smooth map of constant rank. Let
W = f(X). Suppose that f is proper and that for
every w € W, f=Y(w) is connected and simply con-
nected. Then W is a smooth submanifold of Y.

We apply this theorem to the map k130t : F —
M, x Mj. To shorten the notation, let us define

K := K13 O L. (4.4)
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Theorem 9 Suppose that the canonical relations T’y
and Ty intersect cleanly. Suppose in addition that
the map K is proper and that the inverse image of
every v € TogoT'y = k([g xT'y) is connected and
simply connected. Then T'sol'y is a canonical relation.
Furthermore

K,ZFQ*Fl —)FQOFl (45)
18 a smooth fibration with compact connected fibers.

So we are in the following situation: We can not
always compose the canonical relations I'y C M5 X
Ms and I'y C M, x M, to obtain a canonical relation
I'pol'y C M, x M3. We must impose some additional
conditions, for example those of the theorem. So,
following Weinstein, we put quotation marks around
the word category to indicate this fact.

We will let S denote the “category” whose objects
are symplectic manifolds and whose morphisms are
canonical ralations. We will call I'y C M; x My and
I'y C M, x Mz cleanly composable if they satisfy
the hypotheses of Theorem 9.

If I' € M| x M> is a canonical relation, we will
sometimes use the notation

I'e 1\/[01‘1)}1(]\417 MQ)
and sometimes use the notation
I: M1 — M2

to denote this fact.

4.3 Transverse composition.

A special case of clean intersection is transverse inter-
section. In fact, in applications, this is a convenient
hypothesis, and it has some special properties:

Suppose that the maps 7 and p are transverse.
This means that

X p:Ty xTy— My X My

intersects Ajpy, transversally, which implies that the
codimension of

Lo+ Ty = (7 x p) " (Ang,)
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in I'y x I'y is dim M>. So with F' = TI's xI'; we have
dimF = dimI'y +dimI'y — dim Ms
1 1 1 1

1 1
= dimI'50TIYy.

So under the hypothesis of transversality, the map
K = K130t is an immersion. If we add the hypotheses
of Theorem 9, we see that « is a diffeomorphism.

For example, if I'5 is the graph of a symplectomor-
phism of My with Mz then dp(m,.my) : Tims,mq) (L) —
T, My is surjective at all points (msg, m3) € I's. So
if m = (mi1,mae,ma,mg) € I'y x I's the image of
d(m X p)m contains all vectors of the form (0,w) in
Ty Mo @ T, My and so is transverse to the diagonal.
The manifold I's xI'y consists of all points of the form
(m1,ma, g(ms)) with (my,ms) € T'1, and

Kt (m1,ma, g(mz)) — (m1, g(mz)).

Since ¢ is one to one, so is k. So the graph of a
symplectomorphism is transversally composible with
any canonical relation.

We will need the more general concept of “clean
composability” described in the preceding section for
certain applications.

4.4 Lagrangian submanifolds as
canonical relations.

<

We can consider the “zero dimensional symplectic
manifold” consisting of the distinguished point that
we call “pt.”. Then a canonical relation between pt.
and a symplectic manifold M is a Lagrangian sub-
manifold of pt. x M which may be identified with a
Lagrangian submanifold of M. These are the “points”
in our “category” S.

Suppose that A is a Lagrangian submanifold of
M, and T' € Morph(M;, M) is a canonical relation.
If we think of A as an element of Morph(pt., M),
then if ' and A are composible, we can form I' o
A € Morph(pt., M) which may be identified with a
Lagrangian submanifold of M. If we want to think
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of it this way, we may sometimes write I'(A) instead
of T'o A.

We can mimic the construction of composition
given in Section 3.3.2 for the category of finite sets
and relations. Let M;, My and Mjs be symplectic
manifolds and let I'y € Morph(M;, M) and I'y €
Morph(Mas, M3) be canonical relations. So

I't xT'g C My x My x My x Ms
is a Lagrangian submanifold. Let

AM17M2,M3 = {(QT,y,y,Z,.’L‘,Z)} C M1XM2><M2XM3XM1XM3.
(4.6)

We endow the right hand side with the symplectic

structure

Mix My xMox My XM X Mg = (My xMox My xMsz)™ x (M xMs).

Then Ay, a0, is a Lagrangian submanifold, i.e. an
element of

Morph(M; x My x My x Mz, My x Ms).
Just as in Section 3.3.2,
Anty s onas (T x Tg) =Ty 0Ty,

It is easy to~check that I's and I'; are composible if
and only if Apz, ar,, v, and I'y x 'y are composible.

4.5 The involutive structure on

S.

Let I" € Morph(M;, M) be a canonical relation. Just
as in the category of finite sets and relations, define

FT = {(mg,m1)|(m1,m2) S F}

As a set it is a subset of My x M7 and it is a La-
grangian submanifold of My x M; . But then it is
also a Lagrangian submanifold of

(M2 XM;)_ :Mg XMl.

So
I'T € Morph(My, My).

Therefore M — M, T — T'f is a involutive functor on

S.
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4.6 Canonical relations between
cotangent bundles.

In this section we want to discuss some special prop-
erties of our “category” S when we restrict the objects
to be cotangent bundles (which are, after all, special
kinds of symplectic manifolds). One consequence of
our discussion will be that S contains the category
C*> whose objects are smooth manifolds and whose
morphisms are smooth maps as a (tiny) subcategory.
Another consequence will be a local description of La-
grangian submanifolds of the cotangent bundle which
generalizes the description of horizontal Lagrangian
submanifolds of the cotangent bundle that we gave in
Chapter 1. We will use this local description to deal
with the problem of passage through caustics that we
encountered in Chapter 1.

We recall the following definitions from Chapter 1:
Let X be a smooth manifold and 7% X its cotangent
bundle, so that we have the projection 7 : T*X —
X. The canonical one form ax is defined by (1.8).
We repeat the definition: If £ € T* X,z = 7(£), and
v € T¢(T* X) then the value of ax at v is given by

(ax,v) == (£, dmev). (1.8)
The symplectic form wx is given by

wx Z—dax. (1.10)

So if A is a submanifold of T*X on which ax
vanishes and whose dimension is dim X then A is (a
special kind of) Lagrangian submanifold of 7*X. An
instance of this is the conormal bundle of a subman-
ifold: Let Y € X be a submanifold. Its conormal
bundle

NY CcT*X

consists of all (z,€) € T*X such that z € Y and &
vanishes on T,Y. If v € T¢(N*Y') then dm¢(v) € T,Y
so by (1.8) (ax,v) =0.
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4.7 The canonical relation asso-
ciated to a map.

Let X; and X5 be manifolds and f : X7 — X5 be a
smooth map. We set

M1 = T*Xl and M2 = T*Xg

with their canonical symplectic structures. We have
the identification

M1 X M2 = T*Xl X T*XQ = T*(Xl X XQ)
The graph of f is a submanifold of X; x Xa:

X1 x Xg D graph(f) = {(z1, f(21))}.

So the conormal bundle of the graph of f is a La-
grangian submanifold of M; x My. Explicitly,

N*(graph(f)) = {(x1,&1, 22, &)|r2 = f(21), & (Z —)f;fz}-
4.7
Let
(S T*Xl — T*Xl

be defined by
a(z,§) = (z, =)
Then ¢ (ax,) = —ax, and hence
5 (wx,) = ~wx, -

We can think of this as saying that ¢; is a symplec-
tomorphism of M; with M; and hence

§1Xid

is a symplectomorphism of M; x My with M; x Ms.
Let
;= (s1 x id)(N™(graph(f)). (4.8)

Then I'y is a Lagrangian submanifold of M, x M.
In other words,

I'y € Morph(M;, Ms).
Explicitly,

Ff = {($1,§1,$2,€2)|$2 = f(xl)a 51 = f;:klg?}
(4.9)
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Suppose that g : Xo — X3 is a smooth map so that
I'y € Morph(M,, Ms). So

Ly = {(22,&2,73,83) |73 = g(2), & = dg;,83.}
The maps

7TZFf—>M2, (x17glax27§2)H(m27§2)

and

p:Tg— My, (x2,62,23,&3) — (22,&2)

are transverse. Indeed at any point (1, &1, x2, &2, T2, &2, T3, E3)
the image of dm contains all vectors of the form (0, w)
in Ty, ¢, (IT*Ms), and the image of dp contains all
vectors of the form (v,0). So I'y and I'y are trans-
versely composible. Their composite I'; o 'y consists
of all (x1,&1, 3, &3) such that there exists an xo such
that zo = f(z1) and 3 = g(z2) and a & such that
1 = dfy & and & = dgj,&3. But this is precisely
the condition that (x1,&1,23,83) € I'goy! We have
proved:

Theorem 10 The assignments
X—T'X
and
[Ty

define a covariant functor from the category C* of
manifolds and smooth maps to the symplectic “cat-
egory” S. As a consequence the assignments X +—
T*X and
fr @)t

define a contravariant functor from the category C*>
of manifolds and smooth maps to the symplectic “cat-
egory” S.

We now study special cases of these functors in a
little more detail:

4.8 Pushforward of Lagrangian
submanifolds of the cotan-
gent bundle.

Let f : X3 — X5 be a smooth map, and M; :=
T*X1, My :=T*X5 as before. The Lagrangian sub-
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manifold T'y C My x M, is defined by (4.9). In par-
ticular, it is a subset of T*X; x T* X5 and hence a
particular kind of relation (in the sense of Chapter
3). Soif A is any subset of T*X; then I'y(A) is a
subset of T X5 which we shall also denote by df.(A).
So

df.(A) :=T(A), AcCT*X,.

Explicitly,
df+ A ={(y,n) € T" X2|3(x, &) € Awith y = f(x) and & = dfin}.

Now suppose that A = A is a Lagrangian submanifold
of T* X;. Considering A as an element of Morph(pt., 7* X1)
we may apply Theorem 7. Let

m @ N*(graph(f)) — T* X,

denote the restriction to N*(graph(f)) of the pro-
jection of T*X; x T* X5 onto the first component.
Notice that N*(graph(f)) is stable under the map
(z,&,y,m) — (x,—&,y,—n) and hence m; intersects A
cleanly if and only if 71 o (¢ x id) : I'y — T X inter-
sects A cleanly where, by abuse of notation, we have
also denoted by ; restriction of the projection to I'¢.
So

Theorem 11 If A is a Lagrangian submanifold and
71 : N*(graph(f)) — T* X intersects A cleanly then
df«(A) is an immersed Lagrangian submanifold of T*Xs.

If f has constant rank, then the dimension of df; T™(X2) f(x)
does not vary, so that df*(T*X3) is a sub-bundle of
T*X;. If A intersects this subbundle transversally,
then our conditions are certainly satisified. So

Theorem 12 Suppose that f : X1 — Xo has con-
stant rank. If A is a Lagrangian submanifold of T* X,
which intersects df *T* Xy transversaly then df.(A) is
a Lagrangian submanifold of T* Xs.

For example, if f is an immersion, then df *T™* Xy =
T*X; so all Lagrangian submanifolds are transverse
to df*T™* Xs.

Corollary 13 If f is an immersion, then df.(A) is
a Lagrangian submanifold of T* Xs.
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At the other extreme, suppose that f : X; — Xo
is a fibration. Then H*(X;) := df*T*N consists of
the “horizontal sub-bundle”, i.e those covectors which
vanish when restricted to the tangent space to the
fiber. So

Corollary 14 Let f : X1 — X2 be a fibration, and
let H*(X1) be the bundle of the horizontal covectors
in T*Xy. If A is a Lagrangian submanifold of T* X,
which intersects H*(X1) transversaly, then df«(A) is
a Lagrangian submanifold of T* X5.

An important special case of this corollary for us will
be when A = graph d¢. Then AN H*(X1) consists
of those points where the “vertical derivative”, i.e.
the derivative in the fiber direction vanishes. At such
points d¢ descends to give a covector at xo = f(x1).
If the intersection is transverse, the set of such cov-
ectors is then a Lagrangian submanifold of 7*N. All
of the next chapter will be devoted to the study of
this special case of Corollary 14.

4.8.1 Envelopes.

Another important special case of Corollary 14 is
the theory of envelopes, a classical subject which has
more or less disappeared from the standard curricu-
lum:
Let
X1 =X X S, XQ =X

where X and S are manifolds andlet f =7 : X xS —
X be projection onto the first component.
Let
p: X xS —R

be a smooth function having 0 as a regular value so
that

Z:=¢7(0)
is a submanifold of X x S. In fact, we will make a

stronger assumption: Let ¢4 : X — R be the map
obtained by holding s fixed:

os(x) = Pz, 8).

We make the stronger assumption that each ¢, has 0
as a regular value, so that

Zs = ¢71(0) = ZN (X x {s})
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is a submanifold and
z =]z,

as a set. The Lagrangian submanifold N*(Z) C T*(X x
S) consists of all points of the form

(z,s,tdpx (z,s),tdsp(x, s)) such that ¢(x,s) = 0.

Here t is an arbitrary real number. The sub-bundle
H*(X x S) consists of all points of the form

(x,s,&,0).

So the transversality condition of Corollary 14 asserts

that the map
9¢
dl ==
o (a>

has rank equal to dim S on Z. The image Lagrangian
submanifold df,N*(Z) then consists of all covectors
tdx ¢ where

d(x,8) =0 and %(JL‘,S) =0,

a system of p + 1 equations in n + p variables, where
p=dim.S and n = dim X

Our transversality assumptions say that these equa-
tions define a submanifold of X x S. If we make the
stronger hypothesis that the last p equations can be
solved for s as a function of x, then the first equation
becomes

¢(z,s(x)) =0

which defines a hypersurface £ called the envelope
of the surfaces Z;. Furthermore, by the chain rule,

(-, s(-)) = dxo(, () +dso(-, s(-))dx s(-) = dx (-, s(-))

since dg¢ = 0 at the points being considered. So if
we set

b= o(5())
we see that under these restrictive hypotheses df. N*(Z)
consists of all multiples of d, i.e.

df.(N"(2)) = N*(€)

is the normal bundle to the envelope.
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In the classical theory, the envelope “develops sin-
gularities”. But from our point of view it is natural
to consider the Lagrangian submanifold df.N*(Z).
This will not be globally a normal bundle to a hyper-
surface because its projection on X (from 7*X) may
have singularities. But as a submanifold of T* X it is
fine:

Examples:

e Suppose that S is an oriented curve in the plane,
and at each point s € S we draw the normal
ray to S at s. We might think of this line as
a light ray propagating down the normal. The
initial curve is called an “initial wave front” and
the curve along which the light tends to focus
is called the “caustic”. Focusing takes place
where “nearby normals intersect” i.e. at the
envelope of the family of rays. These are the
points which are the loci of the centers of curva-
ture of the curve, and the corresponding curve
is called the evolute.

e We can let S be a hypersurface in n-dimensions,
say a surface in three dimensions. We can con-
sider a family of lines emanating from a point
source (possible at infinity), and reflected by S.
The corresponding envelope is called the “caus-
tic by reflection”. In Descartes’ famous theory
of the rainbow he considered a family of par-
allel lines (light rays from the sun) which were
refracted on entering a spherical raindrop, in-
ternally reflected by the opposite side and re-
fracted again when exiting the raindrop. The
corresponding “caustic” is the Descartes cone
of 42 degrees.

e If S is a submanifold of R"™ we can consider the
set of spheres of radius r centered at points of
S. The corresponding envelope consist of “all
points at distance r from S”. But this develops
singularities past the radii of curvature. Again,
from the Lagrangian or “upstairs” point of view
there is no problem.
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4.9 Pullback of Lagrangian sub-
manifolds of the cotangent
bundle.

We now investigate the contravariant functor which
assigns to the smooth map f : X; — X5 the canonical
relation

Il T°X, - T7X,.

As a subset of T*(X5) x T*(X4), 1"} consists of all
mz,8)| y = f(x), and &=df;(n). (4.10)

If B is a subset of T* X5 we can form F}(B) cT*X,
which we shall denote by df*(B). So

df*(B) :=TH(B) = {(x,§)[3b= (y,n) € Bwith f(z) =y, dfsn=¢}.
(4.11)

If B = A is a Lagrangian submanifold, once again we

may apply Theorem 7 to obtain a sufficient condition

for df*(A) to be a Lagrangian submanifold of 7% X].

Notice that in the description of F} given in (4.10),

the 1 can vary freely in T(X2)f(,). So the issue of

clean or transverse intersection comes down to the

behavior of the first component. So, for example, we

have the following theorem:

Theorem 15 Let f: X1 — X5 be a smooth map and
A a Lagrangian submanifold of T*X5. If the maps
f, and the restriction of the projection w : T*Xs —
X5 to A are transverse, then df*A is a Lagrangian

submanifold of T* X1.
Here are two examples of the theorem:

e Suppose that A is a horizontal Lagrangian sub-
manifold of T*X5. This means that restriction
of the projection 7 : T*Xs — X5 to A is a
diffeomorphism and so the transversality con-
dition is satisfied for any f. Indeed, if A = Ay
for a smooth function ¢ on Xo then

[ (Ag) = Apeg.

e Suppose that A = N*(Y') is the normal bundle
to a submanifold Y of X5. The transversality
condition becomes the condition that the map f
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is transversal to Y. Then f~1(Y) is a subman-
ifold of X;. If z € f~1(Y) and ¢ = df}n with
(f(x),n) € N*(Y) then ¢ vanishes when re-
stricted to T(f~1(Y)), i.e. (z,&) € N(f~1(9)).
More precisely, the transversality asserts that
at each z € f~Y(Y) we have df,(T(X1):) +
TYf(x) = T(Xg)f(r) SO

T(Xl):r/T(f_l(Y>)m = T(X2)f(1))/TYf(I)

and so we have an isomorphism of the dual
spaces

NI(fHY) = N f(z)(Y).

In short, the pullback of N*(Y) is N*(f~1(Y)).

4.10 The moment map.

In this section we show how to give a categorical gen-
eralization of the classical moment map for a Hamil-
tonian group action. We begin with a review of the
classical theory.

4.10.1 The classical moment map.

In this section we recall the classical moment map,
especially from Weinstein’s point of view.

Let (M,w) be a symplectic manifold, K a con-
nected Lie group and 7 an action of K on M pre-
serving the symplectic form. From 7 one gets an in-
finitesimal action

d7 : € — Vect(M) (4.12)

of the Lie algebra, £ of K, mapping £ € £ to the
vector field, 07(§) =: €. Here &jy is the infinitesimal
generator of the one parameter group

t— Texp —t€&-

The minus sign is to guarantee that 67 is a Lie algebra
homomorphism.

In particular, for p € M, one gets from (4.12) a
linear map,

drp: ¢t —=T,M, &—&up); (4.13)
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and from w,, a linear isomorphism,
T, =T, v—i(v)w; (4.14)

which can be composed with (4.13) to get a linear
map

dry 16— T3 M. (4.15)
Definition 1 A K-equivariant map
oM — (4.16)
is « moment map, if for everyp € M:
dop : T,M — ¢ (4.17)
is the transpose of the map (4.15).

The property (4.17) determines d¢,, at all points
p and hence determines ¢ up to an additive constant,
c € ()X if M is connected. Thus, in particular,
if K is semi-simple, the moment map, if it exists, is
unique. As for the existence of ¢, the duality of (4.15)
and (4.17) can be written in the form

i(€ar)w = d(o,€) (4.18)

for all £ € & and this shows that the vector field, &£y,
has to be Hamiltonian. If K is compact the converse
is true. A sufficient condition for the existence of ¢
is that each of the vector fields, £xs, be Hamiltonian.
(See for instance, [?], § 26.) An equivalent formula-
tion of this condition will be useful below:

Definition 2 A symplectomorphism, f : M — M
1s Hamiltonian if there exists a family of symplec-
tomorphisms, fi : M — M, 0 < t < 1, depending
smoothly on t with fo = idy and f1 = f, such that
the vector field

—1dfe

Ut:ft dt

is Hamiltonian for all t.

It is easy to see that £p; is Hamiltonian for all
& € tif and only if the symplectomorphism, 74, is
exact for all g € K.

Our goal in this section is to describe a gener-
alized notion of moment mapping in which there are
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no group actions involved. First, however, we recall a
very suggestive way of thinking about moment map-
pings and the “moment geometry” associated with
moment mappings, due to Alan Weinstein, [?]. From
the left action of K on T* K one gets a trivialization

T"K=K x t*
and via this trivialization a Lagrangian submanifold
L7 ={(m,7gm,g,¢(m)); me M, g € K},

of M x M~ xT* K, which Weinstein calls the moment
Lagrangian. He views this as a canonical relation
between M~ x M and T*K, i.e. as a morphism

I'n M~ xM-—-»T'K.

4.10.2 Families of symplectomorphisms.

We now turn to the first stage of our generalization of
the moment map, where the group action is replaced
by a family of symplectomorphisms:

Let (M,w) be a symplectic manifold, S an arbi-
trary manifold and fs, s € S, a family of symplec-
tomorphisms of M depending smoothly on s . For
p € M and 5o € S let g5yp : S — M be the map,
9sop(8) = fs o fil(p). Composing the derivative of
Gso,p at so

(dGsyp)so = TsoS — TpyM (4.19)
with the map (4.14) one gets a linear map
(dg;07P)30 : TSOS - T;M (420)

Now let ® be a map of M x S into T*S which is
compatible with the projection, M x S — S in the
sense

MxS-2.7*8

T

S

commutes; and for sg € S let
¢, M —Tg S

be the restriction of ® to M x {so}.
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Definition 3 ® is a moment map if, for all s and

2
(d®y,), : T,M — TS (4.21)

is the transpose of the map (4.20).

We will prove below that a sufficient condition for the
existence of ® is that the fs’s be Hamiltonian; and,
assuming that ® exists, we will consider the analogue
for ® of Weinstein’s moment Lagrangian,

I'e = {(m, fs(m),®(m,s));me M,seS},
(4.22)
and ask if the analogue of Weinstein’s theorem is true:
Is (4.22) a Lagrangian submanifold of M x M~ xT*S?
Equivalently consider the imbedding of M x .S into
M x M~ x T*S given by the map

G:MxS—MxM-xT*S,

where G(m,s) = (m, fs(m),®(m,s)). Is this a La-
grangian imbedding? The answer is “no” in general,
but we will prove:

Theorem 16 The pull-back by G of the symplectic
form on M x M~ x T*S is the pull-back by the pro-
jection, M x S — S of a closed two-form, u, on S.

If p is exact, i.e., if 4 = dv, we can modify ® by
setting
(Pnew(my S) = (I)old(m7 S) — Vs,

and for this modified ® the pull-back by G of the
symplectic form on M x M~ x T*S will be zero; so
we conclude:

Theorem 17 If p is exact, there exists a moment
map, ®: M xS — T*S, for which I's is Lagrangian.

The following converse result is also true.

Theorem 18 Let ® be a map of M x S into T*S
which is compatible with the projection of M xS onto
S. Then if T'¢ is Lagrangian, ® is a moment map.

Remarks:

1. A moment map with this property is still far
from being unique; however, the ambiguity in
the definition of ® is now a closed one-form,

v e QLs).
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2. if [u] # O there is a simple expedient available
for making I'¢ Lagrangian. Omne can modify
the symplectic structure of T*S by adding to
the standard symplectic form the pull-back of
—p to T*S.

3. Let G, be the group of Hamiltonian symplecto-
morphisms of M. Then for every manifold, S
and smooth map

F:5—G,

one obtains by the construction above a coho-
mology class [p] which is a homotopy invariant
of the mapping F'.

4. For a smooth map F : S — G, there exists an
analogue of the character Lagrangian. Think of
I's as a canonical relation or “map”

Tg: M~ x M —T*S

and define the character Lagrangian of F' to be
the image with respect to I'g of the diagonal in
M~ x M.

Our proof of the results above will be an illustra-
tion of the principle: the more general the statement
of a theorem the easier it is to prove. We will first
generalize these results by assuming that the f’s are
canonical relations rather than canonical transforma-
tions, i.e., are “maps” from M to M in Weinstein’s
sense. Next we will get rid of “maps” altogether and
replace M x M~ by M itself and canonical relations
by Lagrangian submanifolds of M.

4.10.3 The moment map in general.

Let (M,w) be a symplectic manifold. Let Z, X and
S be manifolds and suppose that

m:Z—S
is a fibration with fibers diffeomorphic to X. Let

G:Z—-M
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be a smooth map and let
Gs: Zs — M, Zg:=7 1(s)
denote the restriction of G to Z,. We assume that
gs 1s a Lagrangian embedding (4.23)

and let
As = gs(Zs) (424)

denote the image of gs. Thus for each s € S, the
restriction of G' imbeds the fiber, Z, = 7=1(s), into
M as the Lagrangian submanifold, A,. Let s € S and
EeT,S. For z € Z;, and w € T,Z, tangent to the
fiber Z,

dG w = (dgs).w € Tg(z)As

so dG, induces a map, which by abuse of language
we will continue to denote by dG,

dG, :T.Z|T.Zs — TruM /T A, m = G(2). (4.25)
But dr, induces an identification
T.Z|T.(Zs) =T,S. (4.26)
Furthermore, we have an identification
T M/T(As) =T A (4.27)
given by
TnM 3 u— i(u)wm () = wm(u, ).

Finally, the diffeomorphism g5 : Z;, — Ay allows us
to identify

TiAy ~ T Z,, m=G(2).

Via all these identifications we can convert (4.25)
into a map
1,8 — T'Z,. (4.28)

Now let ® : Z — T*S be a lifting of 7 : Z — S, so
that

AR LS

DN

S
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commutes; and for s € S let
O,: 7, —TrS
be the restriction of ® to Z;.

Definition 4 ® is a moment map if, for all s and
all z € Zs,
(d®y), :T,Zs — TS (4.29)

is the transpose of (4.28).

Note that this condition determines ®, up to an
additive constant v, € TS and hence, as in § 4.10.2,
determines ® up to a section, s — v, of T*S.

When does a moment map exist? By (4.28) a
vector, v € TS, defines, for every point, z € Z,, an
element of T*Z, and hence defines a one-form on Z,
which we will show to be closed. We will say that
G is exact if for all s and all v € TS this one-form
is exact, and we will prove below that the exactness
of G is a necessary and sufficient condition for the
existence of ®.

Given a moment map, P, one gets from it an
imbedding

(G, ®):Z > MxT*S (4.30)

and as in the previous section we can ask how close
this comes to being a Lagrangian imbedding. We will
prove

Theorem 19 The pull-back by (4.30) of the symplec-
tic form on M xT*S is the pull-back by 7 of a closed
two-form u on S.

The cohomology class of this two-form is an in-
trinsic invariant of G (doesn’t depend on the choice
of ®) and as in the last section one can show that this
is the only obstruction to making (4.30) a Lagrangian
imbedding.

Theorem 20 If [u] = 0 there exists a moment map,
®, for which the imbedding (4.30) is Lagrangian.

Conversely we will prove

Theorem 21 Let ® be a map of Z into T*S lifting
the map, 7, of Z into S. Then if the imbedding (4.30)
18 Lagrangian ® is a moment map.
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4.10.4 Proofs.

Let us go back to the map (4.28). If we hold s fixed
but let z vary over Z,, we see that each £ € TS gives
rise to a one form on Z,. To be explicit, let us choose
a trivialization of our bundle around Z, so we have
an identification

H:Z,xU— 7 YU)

where U is a neighborhood of s in S. If ¢ — s(¢) is
any curve on S with s(0) = s, §'(0) = £ we get a
curve of maps hy() of Zs — M where

ha(ty = gsry © H.

We thus get a vector field v¢ along the map h,

d
S Zy— TM, v%(z) = %hs(t)(z)\t:o-

Then the one form in question is
¢ = Wi (i(v%)w).

A direct check shows that this one form is exactly the
one form described above (and hence is independent
of all the choices). We claim that

dr¢ = 0. (4.31)

Indeed, the general form of the Weil formula (9.8)
and the fact that dw = 0 gives

o)
—h% W = dhti(v®)w
(dt “ |t=0

and the fact that A, is Lagrangian for all s implies
that the left hand side and hence the right hand side
is zero. Let us now assume that G is ezxact, i.e. that
for all s and ¢ the one form 7¢ is exact. So

¢ = dg*

for some C'* function ¢¢ on Z,. The function ¢¢ is
uniquely determined up to an additive constant (if Z
is connected) which we can fix (in various ways) so
that it depends smoothly on s and linearly on £. For
example, if we have a cross-section ¢ : S — Z we can
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demand that ¢(c(s)) = 0 for all s and ¢. Alterna-
tively, we can equip each fiber Z; with a compactly
supported density dzs which depends smoothly on s
and whose integral over Z; is one for each s. We can
then demand that that |, 2. ¢Sdz, = 0 for all £ and s.

Suppose that we have made such choice. Then for
fixed z € Z, the number ¢(z) depends linearly on .
Hence we get a map

Oy Z —T*S, Bo(z) =X AE) = ¢°(2). (4.32)

We shall see below (Theorem 23) that ®( is a mo-
ment map by computing its derivative at z € Z and
checking that it is the transpose of (4.28).

If Z is connected, our choice determines ¢ up
to an additive constant u(s,£) which we can assume
to be smooth in s and linear in £&. Replacing ¢¢ by
#¢ + u(s, €) has the effect of making the replacement

¢0H¢()+,LLO7T

where p : S — TS is the one form (us, &) = p(s, )
Let wg denote the canonical two form on T*S.

Theorem 22 There exists a closed two form p on S
such that
G'w — ®*wg = 7"p. (4.33)

If [p] = 0 then there is a one form v on S such that
if we set
P=¢y+vom

then
G'w — ®*wg = 0. (4.34)
As a consequence, the map
G:Z— M xT*S, 2z (G(2),®(z)) (4.35)
is a Lagrangian embedding.

Proof. We first prove a local version of the theorem.
Locally, we may assume that Z = X x .S. This means
that we have an identification of Z; with X for all s.
By the Weinstein tubular neighborhood theorem we
may assume (locally) that M = T*X and that for a
fixed so € S the Lagrangian submanifold Ay, is the
zero section of T*X and that the map

G: XxS—-TX
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is given by
G(.’L‘, S) = dx¢($7 S)

where ) € C*°(X xS). Inlocal coordinates 1, ...,z
on X, this reads as

0 13}
G(z,s) = Tzdxl +-F %dxk..

In terms of these choices, the maps h,) used
above are given by

hs(t) (I) = dx1/)(I, S(t))

and so (in local coordinates) on X and on S the vector
field v¢ is given by

d
ve(z) = %hs(t)(z)hzo =
2 0 o2y 8 o2y B
dw10s1 13791+m+5x188r£7'37p1+'”+3xk88r " Opr

where 7 = dim S. We can write this more compactly

D5 §) 0 dlds§) 0
Ox1 Opr oz, Op

Taking the interior product of this with > dg; A dp;
gives

s, s

Oz, Oz,

and hence the one form 7¢ is given by
—dx(dsv),§).
S0 we may choose
D(x,s) = —dstp(x, s).

Thus
G'ax =dxp, @*as=—dsy

and hence
G*wyx — ®*wg = —ddyp = 0.

This proves a local version of the theorem.
We now pass from the local to the global: By
uniqueness, our global ®3 must agree with our local
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® up to the replacement ® — ® + pow. So we know
that

G*w — Pfws = (nom)'ws = T p ws.

Here p is a one form on S regarded as a map S —
T7*S. But

dn*p*ws = 7 dwg = 0.

So we know that G*w — ®fwg is a closed two form
which is locally and hence globally of the form 7*p
where dp = 0. This proves (4.33).

Now suppose that [p] = 0 so we can write p = dv
for some one form v on S. Replacing ®g by &y + v
replaces p by p + v*wg. But

viwg = —v'dag = —dv=—p. O

Remark. If [p] # 0 then we can not succeed by
modifying ®. But we can modify the symplectic form
on T™S replacing wg by wg — m§p where mg denotes
the projection T*S — S.

4.10.5 The derivative of .

We continue the current notation. So we have the
map

®:7Z —-T"S.

Fix s € S. The restriction of ® to the fiber Z; maps
Zs — TrS. since TS is a vector space, we may
identify its tangent space at any point with 775 itself.
Hence for z € Z; we may regard d®, as a linear map
from T,Z to T;S. So we write

d®, :T.Z, — T S. (4.36)

On the other hand, recall that using the identifica-
tions (4.26) and (4.27) we got a map

dG, : TS — Th A, m=G(z)

and hence composing with d(gs)% : ToA — TFZ; a
linear map

Xz :=d(gs)i0dG, : TsS — T, Z. (4.37)

Theorem 23 The maps d®, given by (4.36) and x.
given by (4.37) are transposes of one another.
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Proof. Each ¢ € T,S gives rise to a one form 7¢
on Zs and by definition, the value of this one form at
2 € Z, is exactly x.(€). The function ¢¢ was defined
on Zss0 as to satisfy d¢® = 7¢. In other words, for
vel,Z

<Xz (5)) U> = <dq)z(v)7 £> o

Corollary 24 The kernel of x. is the annihilator of
the image of the map (4.36). In particular z is a
reqular point of the map ® : Zs — TFS if the map x.
18 injective.

Corollary 25 The kernel of the map (4.36) is the
annihilator of the image of x..

4.10.6 A converse.
The following is a converse to Theorem 22:

Theorem 26 If & : Z — T*S is a lifting of the
map ™ : Z — S to T*S and (G, ®) is a Lagrangian
imbedding of

Z— M- xT*S
then ® is a moment map.

Proof. it suffices to prove this in the local model
described above where Z = X x S, M = T*X and
G(z,s) =dxy(z,s). f P : X xS — T*S is a lifting
of the projection X x S — X, then (G, ®) can be
viewed as a section of T*(X x S) i.e. as a one form 3
on X xS. If (G, ®) is a Lagrangian imbedding then
is closed. Moreover, he (1,0) component of 3 is dx
so B—di is a closed one form of type (0,1), and hence
is of the form p o 7 for some closed one form on S.
this shows that

b =dgyp+7"u

and hence, as verfied above, is a moment map. O

4.10.7 Back to families of symplecto-
morphisms.

Let us now specialize to the case of a parametrized
family of symplectomorphisms. So let (M,w) be a
symplectic manifold, S a manifold and

F:MxS—M
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a smooth map such that
fs M —M

is a symplectomophism for each s, where fs(m) =
F(m,s). We can apply the results of the preceding
section where now Ay C M x M~ is the graph of
fs (and the M of the preceding section is replaced
byM x M~) and so

G:MxS—MxM~", G(m,s)=(m,F(m,s)).
(4.38)
Theorem 22 says that get a map

P:MxS—-T"S
and a moment Lagrangian

IF'e CMx M~ xT*S.

The equivariant situation.

Suppose that a compact Lie group K acts as fiber
bundle automorphisms of 7 : Z — S and acts as
symplectomorphisms of M. Suppose further that the
fibers of Z are compact and equipped with a density
along the fiber which is invariant under the group
action. (For example, we can put any density on Z;
varying smoothly on s and then replace this density
by the one obtained by averaging over the group.)
Finally suppose that the map G is equivariant for
the group actions of K on Z and on M. Then the
map G can be chosen to be equivariant for the actions
of K on Z and the induced action of K on M x T*S.
More generally we want to consider situations where
a Lie group K acts on Z as fiber bundle automor-
phisms and on M and where we know by explicit
construction that the map G can be chosen to be
equivariant .

Hamiltonian group actions.

Let us specialize further by assuming that S is a Lie
group K and that F': M x K — M is a Hamiltonian
group action. So we have a map

G- MxK—MxM", (m,a) — (m,am).
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Let K act on Z = M x K via its left action on K so
a € K acts on Z as

a: (m,b) — (m,ab).

We expect to be able to construct G:MxK—T*K
so as to be equivariant for the action of K on Z =
M x K and the induced action of K on T*K.

To say that the action is Hamiltonian with mo-
ment map ¥ : M — #* is to say that

i(Em)w = —d(¥,§).

Thus under the left invariant identification of T*K
with K x £* we see that ¥ determines a map

O MxK-—->TK, ®(m,a)=(a,¥(m)).

So our ® of (4.32) is indeed a generalization of the
moment map for Hamiltonian group actions.

4.11 Double fibrations.

The set-up described in § 4.10.2 has some legitimate
applications of its own. For instance suppose that the

diagram
Z
m / \G
S M

is a double fibration: i.e., both m and G are fiber
mappings and the map

(Gm): Z—->MxS

is an imbedding. In addition, suppose there exists a
moment map ¢ : Z — T*S such that

(G,®): Z - M xT*S (4.39)
is a Lagrangian imbedding. We will prove

Theorem 27 The moment map ® : Z — T*S is a
co-1sotropic 1mmersion.

Proof We leave as an exercise the following linear
algebra result.
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Lemma 1 Let V and W be symplectic vector spaces
and I' a Lagrangian subspace of V. x W. Suppose
the projection of A into V is surjective. Then the
projection of I' into W is injective and its image is a
co-isotropic subspace of W.

To prove the theorem let I's be the image of the
imbedding (4.39). Then the projection, Iy, — M, is
just the map, G; so by assumption it is a submersion.
Hence by the lemma, the projection, I'¢ — T*S5,
which is just the map, ®, is a co-isotropic immersion.

The most interesting case of the theorem above is
the case when @ is an imbedding. Then its image, X,
is a co-isotropic submanifold of T*S and M is just the
quotient of ¥ by its null-foliation. This description
of M gives one, in principle, a method for quantizing
M as a Hilbert subspace of L(S). (For examples of
how this method works in practice, see [?].)

4.11.1 The moment image of a family
of symplectomorphisms

As in §4.10.7 let M be a symplectic manifold and
let {fs, s € S} be an exact family of symplectomor-
phisms. Let

P MxS—->T"S

be the moment map associated with this family and
let

I'={(m, fs(m)), ®(m,s); (m,s) € M x S} (4.40)

be its moment Lagrangian. From the perspective of
84.4, T" is a morphism or “map”

M~ xM=T*S

mapping the categorical “points” (Lagrangian sub-
manifolds) of M~ x M into the categorical “points”
(Lagrangian submanifolds) of 7*S. Let Ag be the
image with respect to this “map” of the diagonal, A,
in M x M. In more prosaic terms this image is just
the image with respect to ® (in the usual sense) of
the subset

X ={(m,s) e M xS; fs(m) =m} (4.41)

of M x S. As we explained in §4.2 this image will be
a Lagrangian submanifold of 7*S only if one imposes
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transversal or clean intersection hypotheses on I' and
A. More explicitly let

p:T'—=MxM (4.42)

be the projection of I' into M x M. The the pre-image
in T of A can be identified with the set (4.41), and if
p intersects A cleanly, the set (4.41) is a submanifold
of M x S and we know from Theorem 7 that:

Theorem 28 The composition,
Doj: X TS, (4.43)

of ® with the inclusion map, j, of X into M x S is
a mapping of constant rank and its image, Ag, is an
immersed Lagrangian submanifold of T*S.

Remarks.

1. If the projection (4.42) intersects A transver-
sally one gets a stronger result, Namely in this
case the map (4.43) is a Lagrangian immersion.

2. If the map (4.43) is proper and its level sets
are simply connected, then Ag is an imbedded
Lagrangian submanifold of 7%5, and (4.43) is a
fiber bundle mapping with X as fiber and Ag
as base.

Let’s now describe what this “moment image”,
Ag, of the moment Lagrangian look like in some ex-
amples:

4.11.2 The character Lagrangian.

Let K be the standard n-dimensional torus and ¢ its
Lie algebra. Given a Hamiltonian action, 7, of K
on a compact symplectic manifold, M, one has its
usual moment mapping, ¢ : M — £; and if K acts
faithfully the image of ¢ is a convex n-dimensional
polytope, Pg.

If we consider the moment map ® : M — T*K =
K x £* in the sense of §4.10.2, The image of ® in the
categorical sense can be viewed as a labeled polytope
in which the open (n — k)-dimensional faces of Pg
are labeled by k-dimensional subgroups of K. More
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explicitly, since M is compact, there are a finite num-
ber of subgroups of K occurring as stabilizer groups
of points. Let

K,, a=1,...,N (4.44)
be a list of these subgroups and for each « let
Mo, i=1,... kg (4.45)

be the connected components of the set of points
whose stabilizer group is K. Then the sets

¢(Mi o) =Piq (4.46)

in £* are the open faces of P and the categorical im-
age, Ag, of the set of symplectomorphisms {7, , a €
K} is the disjoint union of the Lagrangian manifolds

Ai,a = Ka X Pi,a (447)

4.11.3 The period—energy relation.

If one replaces the group, K = T™ in this example by
the non-compact group, K = R" one can’t expect Ag
to have this kind of polyhedral structure; however,
Ag does have some interesting properties from the
dynamical systems perspective. If H : M — (R™)*
is the moment map associated with the action of R™
onto M, the coordinates, H;, of H can be viewed as
Poisson-commuting Hamiltonians, and the R™ action
is generated by their Hamiltonian vector fields, vy,
i.e., by the map

s€R" — fo = (expsivm,)...(expspvm,). (4.48)

Suppose now that H : M — (R™)* is a proper sub-
mersion. Then each connected component, A, of Ag
in T*R™ = R™ x (R™)* is the graph of a map

Y Y

over an open subset, U, of (R™)* with v € C>=(U),
and, for ¢ € U, the element, T = (T1,...,Ty,), T; =
%(c), of R™ is the stabilizer of a connected compo-
nent of periodic trajectories of the vg,’s on the level
set:

lecl,...,Hn:c.
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In particular all trajectories of vy, have the same
period, T;, on this level set. This result is known in
the theory of dynamical systems as the period—energy
relation. In many examples of interest, the Legendre
transform -

. n

o U—R

is invertible, mapping U bijectively onto an open set,
V, and in this case A is the graph of the “period
mapping”
oY*
oT

where ¥* is the Legendre function dual to 1.

TeV — e (R™)*

4.11.4 The period—energy relation for
families of symplectomorphisms.

We will show that something similar to this period—
energy relation is true for families of symplectomor-
phisms providing we impose some rather strong as-
sumptions on M and w. Namely we will have to as-
sume that w is exact and that H!(M,R) = 0. Modulo
these assumptions one can define, for a symplecto-
morphism, f : M — M, and a fixed point, p of f, a
natural notion of “the period of p”.

The definition is the following. Choose a one-
form, «, with doo = w. Then

dla— ffa)=w— ffw=0

o
a— ffa=dy (4.49)

for some ¢ in C°°(M). (Unfortunately, ¢ is only de-
fined up to an additive constant, and one needs some
“intrinsic” way of normalizing this constant. For in-
stance, if 1 is bounded and M has finite volume one
can require that the integral of ¥ over M be zero, or
if there is a natural base point, pg, in M fixed by f,
one can require that ¢ (pg) = 0.) Now, for every fixed
point, p, set

T, = ¥(p). (4.50)

This definition depends on the normalization we’ve
made of the additive constant in the definition of ),
but we claim that it’s independent of the choice of a.



102CHAPTER 4. THE SYMPLECTIC “CATEGORY”.

In fact, if we replace a by a+dg, g € C*(M), 9 gets
changed to 1 + f*g — g and at the fixed point, p,

Y(p) + (f*9 —9) () = »(p),

so the definition (4.40) doesn’t depend on a.

There is also a dynamical systems method of defin-
ing these periods. By a variant of the mapping torus
construction of Smale one can construct a contact
manifold, W, which is topologically identical with the
usual mapping torus of f, and on this manifold a con-
tact flow having the following three properties.

1. M sits inside W and is a global cross-section of
this flow.

2. f is the “first return” map.

3. If f(p) = p the periodic trajectory of the flow
through p has T}, as period.

Moreover, this contact manifold is unique up to con-
tact isomorphism. (For details see [?] or [?].) Let’s
apply these remarks to the set-up we are consider-
ing in this paper. As above let FF : M x S — M
be a smooth mapping such that for every s the map
fs : M — M, mapping m to F(m,s), is a symplecto-
morphism. Let us assume that

H'(M x S,R) = 0.

Let m be the projection of M x S onto M. Then
if « is a one-form on M satisfying da = w and ag
is the canonical one-form on 7*S the moment map
®: M x S — M associated with F' has the defining
property

m™ra— Fra+ ®*ag = dy (4.51)

for some ¢ in C®°(M x S). Let’s now restrict both
sides of (4.51) to M x {s}. Since ® maps M x {s}
into T, and the restriction of ag to T is zero we
get:

a— fra=dp,s (4.52)

where 1/13 = w\Mx{s}
Next let X be the set, (4.41), i.e., the set:

{(m,s) e M xS, F(m,s)=m}
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and let’s restrict (4.51) to X. If j is the inclusion
map of X into M x S, then F oj =m; so

Jf(m*a— F*a) =0
and we get from (4.51)
j*(¢*as —dy) =0. (4.53)

The identities, (4.52) and (4.53) can be viewed as
a generalization of the period—energy relation. For
instance, suppose the map

F:MxS—MxM

mapping (m, s) to (m, F(m,s)) is transversal to A.
Then by Theorem 28 the map ®oj: X — T*Sis a
Lagrangian immersion whose image is Ag. Since F
intersects A transversally, the map

fs:MHMXM7 fS(m):(mafs(m))7

intersects A transversally for almost all s, and if M
is compact, fs is Lefschetz and has a finite number
of fixed points, p;(s), ¢ = 1,...,k. The functions,
¥ (s) = ¥(pi(s),s), are, by (4.52), the periods of
these fixed points and by (4.53) the Lagrangian man-
ifolds

Ay, ={(5,§) €T"S & =dihi(s)}

are the connected components of Ag.

4.12 The category of exact sym-
plectic manifolds and ex-
act canonical relations.

4.12.1 Exact symplectic manifolds.

Let (M,w) be a symplectic manifold. It is possible
that the symplectic form w is exact, that is, that w =
—da for some one form «. When this happens, we
say that (M, «) is an exact sympletic manifold. In
other words, an exact symplectic manifold is a pair
consisting of a manifold M together with a one form
« such that w = —da is of maximal rank. The main
examples for us, of course, are cotangent bundles with
their canonical one forms. Observe that
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Proposition 10 No positive dimensional compact sym-
plectic manifold can be exact.

Indeed, if (M,w) is a symplectic manifold with M

compact, then
/ wt >0
M

where 2d = dim M assuming that d > 0. But if
w = —da then

w? = —d (a A wd_l)
and so [,, w? = 0 by Stokes’ theorem. O

4.12.2 Exact Lagrangian submanifolds
of an exact symplectic manifold.

Let (M, @) be an exact symplectic manifold and A a

Lagrangian submanifold of (M,w) where w = —da.
Let
B = Lpa (4.54)
where
in:AN— M
is the embedding of A as a submanifold of M. So
dpa = 0.

Suppose that 3, is exact, i.e. that Gp = dy for some
function ?» on A. (This will always be the case, for
example, if A is simply connected.) We then call A
an exact Lagrangian submanifold and v a choice of
phase function for A.

Another important class of examples is where 5y =
0, in which case we can choose ¥ to be locally con-
stant. For instance, if M = T*X and A = N*(Y) is
the conormal bundle to a submanifold Y C X then
we know that the restriction of ax to N*(V) is 0.

4.12.3 The sub“category” of S whose
objects are exact.

Consider the category whose objects are exact sym-

plectic manifolds and whose morphisms are canonical

relations between them. So let (M7, aq) and (Ma, a2)
be exact symplectic manifolds. Let

pI‘liM1XM2—>M1, pI‘22M1><M2—>M2
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be projections onto the first and second factors. Let
Q= —pr] aj + prj aoe.

Then —da gives the symplectic structure on M; X
Ms.
To say that I' € Morph(Mj, M) is to say that
I' is a Lagrangian submanifold of M; x Ms. Let
tr + I' = M| x My denote the inclusion map, and
define, as above:

Or = tpa.

We know that dfr = t*da = 0. So every canonical
relation between cotangent bundles comes equipped
with a closed one form.

Example: the canonical relation of a map.

Let f: X; — X, be a smooth map and I'y the cor-
responding canonical relation from M; = T*X; to
My = T*X,. By definition I'y = (¢1 xid) N*(graph(f))
and we know that the canonical one form vanishes on
any conormal bundle. Hence

Br, = 0.

So if ' is a canonical relation coming from a smooth
map, its associated one form vanishes. We want to
consider an intermediate class of I'’s - those whose
associated one forms are exact.

Before doing so, we must study the behavior of
the fBr under composition.

4.12.4 Functorial behavior of (r.

Let (M;,«;) i = 1,2,3 be exact symplectic manifolds
and

I'c Morph(My, M), T'y € Morph(My, Ms)

be cleanly composible canonical relations. Recall that
we defined
IoxI'y CTI'y xTI'y

to consist of all (mq,ma, ma, ms) and we have the
fibration

K :T9xT'y — Tyols, k(my,ma, ma,ms) = (my,m3).
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We also have the projections
01:ToxI'y = 'ty 01((m1, ma, ma,m3)) = (m1,m2)
and
02: o xT'y = g, o((m1, ma, ma, mg)) = (ma, ms).
We claim that

K" Bryor, = 016r, + 030r,. (4.55)

Proof. Let m; and p; denote the projections of
I’y onto M; and M,, and let mo and ps denote the
projections of I'y onto My and M3, so that

P101 = T202

both maps sending (m1, ma, ma, ms) to ma. So

Pr, = —mjoq + piag and  fBr, = —maz + pras.
Thus
010, + 030r, = —oimi a1 + 03p50a3 = K Proer,. O

As a corollary we se that if fr, = dip;, ¢ = 1,2 then

K*Bryor, = d(01¢1 + 05%2) -

So let us call a canonical relation exact if its as-
sociated (closed) one form is exact. We see that if
we restrict ourselves to canonical relations which are
exact, then we obtain a sub “category” of the “cate-
gory” whose objects are exact symplectic manifolds
and whose morphisms are exact canonical relations.

4.12.5 Defining the “category” of ex-
act symplectic manifolds and canon-
ical relations.

If T is an exact canonical relation so that Or = dv,
then 1 is only determined up to an additive con-
stant (if T is connected). But we can enhance our
sub“category” by specifying . That is, we con-
sider the “category” whose objects are exact symplec-
tic manifolds and whose morphisms are pairs (T, )
where I' is an exact canonical relation and Op = d.
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Then composition is defined as follows: If I’y and I's
are cleanly composible, then we define

(T2,%2) o (T'1,91) = (T2 0 'y, 9) (4.56)

where the (local) additive constant in 1) is determined
by
K'Y = 011 + 03tha. (4.57)

We shall call this enhanced sub “category” the “cate-
gory” of exact canonical relations (between cotan-
gent bundles).

An important sub “category” of this “category” is
where the objects are cotangent bundles with their
canonical one forms.

4.12.6 Pushforward via a map in the
“category” of exact canonical
relations between cotangent bun-
dles.

As an illustration of the composition law (4.56) con-
sider the case where Ay is an exact Lagrangian sub-
manifold of T*Z so that the restriction of the one
form of T*Z to A is given by dip. We consider A as
an element of Morph(pt., T*Z) so we can take (A, 1))
as the (I'1,91) in (4.56). Let f : Z — X be a smooth
map and take I'; in (4.56) to be I'y. We know that the
one form associated to I'y vanishes. In our enhanced
category we must specify the function whose differ-
ential vanishes on I'y - that is we must pick a (local)
constant ¢. So in (4.56) we have (I'y,¢2) = (I'y, ).
Assume that the I'y and A are composible. Recall
that then I'y o Az = df.(Az) consists of all (z,&)
where z = f(z) and (z,df*(£)) € A. Then (4.56) says
that

P(x, &) = va(z,n) +c. (4.58)

In the next chapter and in Chapter 8 will be partic-
ularly interested in the case where f is a fibration.
So we are given a fibration 7 : Z — X and we take
Az = Ay to be a horizontal Lagrangian submani-
fold of T*Z. We will also assume that the composi-
tion in (4.56) is transversal. In this case the push-
forward map dm, gives a diffeomorphism of A, with
A = dfi(Ay). In our applications, we will be given
the pair (A, ) and we will regard (4.58) as fizing the
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arbitrary constant in ¢ rather than in I'y whose con-
stant we take to be 0.



Chapter 5

Generating
functions.

In this chapter we continue the study of canonical
relations between cotangent bundles. We begin by
studying the canonical relation associated to a map
in the special case when this map is a fibration. This
will allow us to generalize the local description of a
Lagrangian submanifold of 7% X that we studied in
Chapter 1. In Chapter 1 we showed that a horizontal
Lagrangian submanifold of 7% X is locally described
as the set of all d¢(x) where ¢ € C*°(X) and we
called such a function a “generating function”. The
purpose of this chapter is to generalize this concept
by introducing the notion of a generating function
relative to a fibration.

5.1 Fibrations.

In this section we will study in more detail the canon-
ical relation associated to a fibration. So let X and
Z be manifolds and

m:Z — X
a smooth fibration. Then
I'x € Morph(T*Z,T*X)
consists of all (z,£,x,n) € T*Z x T*X such that
x=mn(z) and &= (dm)™n.

109
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Then
pry :PWHT*Zv (Zv§7xun)H(zvg)

maps ['; bijectively onto the sub-bundle of T*Z con-
sisting of those covectors which vanish on tangents to
the fibers. We will call this sub-bundle the horizon-
tal sub-bundle and denote it by H*Z. So at each
z € Z, the fiber of the horizontal sub-bundle is

H*(Z). = {(dm2)"n, n € T; ) X}.

Let Az be a Lagrangian submanifold of T*Z which
we can also think of as an element of Morph(pt., T* 7).
We want to study the condition that I'; and Az be
composible so that we be able to form

IF(Az)=Tr0Ay

which would then be a Lagrangian submanifold of
T*X. If v : Ay — T*Z denotes the inclusion map
then the clean intersection part of the composibility
condition requires that ¢ and pr; intersect cleanly.
This is the same as saying that Az and H*Z intersect
cleanly in which case the intersection

F:=Az;NH*Z

is a smooth manifold and we get a smooth map « :
F — T*X. The remaining hypotheses of Theorem 9
require that this map be proper and have connected
and simply connected fibers.

A more restrictive condition is that intersection
be transversal, i.e. that

AyMH*Z
in which case we always get a Lagrangian immersion
F—=T°X, (zdnln)— (7(2),n).

The additional composibility condition is that this be
an embedding.

Let us specialize further to the case where Az is a
horizontal Lagrangian submanifold of T*Z. That is,
we assume that

Az =Ny =76(Z) ={(2,d¢(2))}
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as in Chapter 1. When is
A,MH*Z?

Now H*Z is a sub-bundle of T*Z so we have the
exact sequence of vector bundles

0—-HZ->TZ-V*Z—-0 (5.1)
where
(V*2). =T:Z/(H*Z). = T (r7'(2)), @ =n(2)

is the cotangent space to the fiber through z.

Any section d¢ of T*Z gives a section dyert¢ of
V*Z by the above exact sequence, and Ay M H*Z if
and only if this section intersects the zero section of
V*Z transversally. If this happens,

C¢ = {Z € Z‘(dvertdj)z = O}

is a submanifold of Z whose dimension is dim X . Fur-
thermore, at any z € Cy

dg. = (dr.)"n for a unique 7 € T () X.

Thus Ay and I'; are transversally composible if and
only if
Co = T7X, 2z (m(2),7)

is a Lagrangian embedding in which case its image is
a Lagrangian submanifold

A= Fﬂ-(Ad,) = Fﬂ. o A¢

of T*X. When this happens we say that ¢ is a a
transverse generating function of A with re-
spect to the fibration (Z, ).

If Ay, and I'; are merely cleanly composible, we
say that ¢ is a clean generating function with respect
to 7.

If ¢ is a transverse generating function for A with
respect to the fibration, «, and 7 : Z1 — Z is a fi-
bration over Z, then it is easy to see that ¢; = ¢ is
a clean generating function for A with respect to the
fibration, w o m; and we will show in the next section
that there is a converse result: Locally every clean
generating function can be obtained in this way from
a transverse generating function. For this reason it
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will suffice, for most of the things we’ll be doing in
this chapter, to work with transverse generating func-
tions; and to simplify notation, we will henceforth,
unless otherwise stated, use the terms “generating
function” and “transverse generating function” inter-
changeably.

5.1.1 Transverse vs. clean generating
functions.

Locally we can assume that Z is the product, X x S,
of X with an open subset, S, of R* with standard
coordinates s1,...,S;. Then H*Z is defined by the
equations, n; = --- = n; = 0, where the 7;’s are the
standard cotangent coordinates on 1*.S; so Ay NH*Z
is defined by the equations

oo
8si o

Let C4 be the subset of X x S defined by these equa-
tions. Then if Ay intersects H*Z cleanly, Cy is a
submanifold of X x S of codimension r < k; and,
at every point (zg,s9) € Cy, Cy can be defined lo-
cally near (z, sp) by r of these equations, i.e., modulo
repagination, by the equations

do
851‘ _0’

Moreover these equations have to be independent:
the tangent space at (2g, so) to Cy has to be defined
by the equations

d(?) =0, 1=1,...,7.
i/ (20,60)

Suppose r < k (i.e., suppose this clean intersec-
tion is not transverse). Since 0¢/Js) vanishes on
Cy, there exist C* functions, g; € C*(X x S), i =
1,...,7 such that

0, i=1,....k.

1=1,...,7r.

00 <~ 0¢
P~ 2%,
In other words, if v is the vertical vector field

0 - 0
v= 875]9 - ;91'(%5)87&
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then D,¢ = 0. Therefore if we make a change of
vertical coordinates

(Si)new - (Si)new($7 S)

so that in these new coordinates

0
V= _—
8Sk
this equation reduces to
0
—¢(x,5) =0
88k ( ’ ) ’

so, in these new coordinates,

é(x,s) = Pp(x,51,...,5k-1) .

Iterating this argument we can reduce the number of
vertical coordinates so that £k = r, i.e., so that ¢ is
a transverse generating function in these new coor-
dinates. In other words, a clean generating function
is just a transverse generating function to which a
certain number of vertical “ghost variables” (“ghost”
meaning that the function doesn’t depend on these
variables) have been added. The number of these
ghost variables is called the ezcess of the generating
function. (Thus for the generating function in the
paragraph above, its excess is k — r.) More intrinsi-
cally the excess is the difference between the dimen-
sion of the critical set Cy of ¢ and the dimension of
X.

As mentioned above, unless specified otherwise,
we assume that our generating function are transverse
generating functions.

5.2 The generating function in
local coordinates.

Suppose that X is an open subset of R", that
Z=X xRk

that m is projection onto the first factor, and that
(z,s) are coordinates on Z so that ¢ = ¢(z, s). Then
Cy C Z is defined by the k equations

dp
332- o 0)
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and the transversality condition is that these equa-
tions be functionally independent. This amounts to
the hypothesis that their differentials

130) .
d(@&-) i=1,...k

be linearly independent. Then A C T*X is the image
of the embedding

Co—T"X, (x,8)— % =dx¢(z,s).

5.3 Example - a generating func-
tion for a conormal bundle.

Suppose that
YCcX

is a submanifold defined by the k functionally inde-
pendent equations

file) = = fu@) =0,
Let ¢ : X x RF — R be the function
o(z,8) = Zfl(x)sl (5.2)

We claim that
A=T,0Ay =N"Y, (5.3)

the conormal bundle of Y. Indeed,

o6

aSi - fl
SO
Cyp=Y xRF
and the map
C¢ —T*X
is given by

(z,8) — Z sidx fi(x).

The differentials dx f, span the conormal bundle to
Y at each z € Y proving (5.3).
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As a special case of this example, suppose that
X =R"xR"
and that Y is the diagonal
diag(X) = {(z,z)} C X

which may be described as the set of all (x,y) € R™ x
R™ satisfying

xi—yi:O, i:l,...,n.

We may then choose

i

Now diag(X) is just the graph of the identity trans-
formation so by Section 4.7 we know that (¢; xid)(N*(diag(X))
is the canonical relation giving the identity map on

T*X. By abuse of language we can speak of ¢ as the
generating function of the identity canonical relation.

(But we must remember the ¢;.)

5.4 Example. The generating
function of a geodesic flow.

A special case of our generating functions with re-
spect to a fibration is when the fibration is trivial,
i.e. mis a diffeomorphism. Then the vertical bundle
is trivial and we have no “auxiliary variables”. Such
a generating function is just a generating function
in the sense of Chapter 1. For example, let X be a
Riemannian manifold and let ¢, € C*°(X x X) be

defined by
1
¢t(xa y) = %d(I, y)27 (55)
where
t#£0.

Let us compute Ay and (g1 xid)(Ag). We first do this
computation under the assumption that X = R™ and
the metric occurring in (5.5) is the Euclidean metric
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so that
¢(xaya t) = %Z(l‘z — yz)Q
0 1
2L = -
0
3i = %(yi_xi) SO
1 1
Ay = A, 5@ —y)y (y—a)} and
. 1 1
(c1 xid)(Ay) = {(%E(y*m),y,g(yf:z:)}.

In this last equation let us set y — x = €, i.e.

1
£= ;(y - )
which is possible since ¢ # 0. Then

(1 xid)(Ag) = {(z, &,z +1£,€)}
which is the graph of the symplectic map

(#,8) = (z +1£,6).

If we identify cotangent vectors with tangent vectors
(using the Eulidean metric) then z + £ is the point
along the line passing through x with tangent vector
¢ a distance t||¢]] out. The one parameter family of
maps (z, &) — (x+t&, €) is known as the geodesic flow.
In the case of Euclidean space, the time ¢ value of this
flow is a diffeomorphism of T* X with itself for every
t. So long as t # 0 it has the generating function
given by (5.5) with no need of auxiliary variables.
When t = 0 the map is the identity and we need to
introduce a fibration.

More generally, this same computation works on
any geodesically convex Riemannian manifold:

A Riemannian manifold X is called geodesically
convex if, given any two points z and y in X, there
is a unique geodesic which joins them. We will show
that the above computation of the generating func-
tion works for any geodesically convex Riemannian
manifold. In fact, we will prove a more general re-
sult. Recall that geodesics on a Riemannian mani-
fold can be described as follows: A Riemann metric
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on a manifold X is the same as a scalar product on
each tangent space T, X which varies smoothly with
X. This induces an identification of TX with T*X
an hence a scalar product ( , ), on each T*X. This
in turn induces the “kinetic energy” Hamiltonian

The principle of least action says that the solution
curves of the corresponding vector field vy project
under 7 : T*X — X to geodesics of X and every
geodesic is the projection of such a trajectory.

An important property of the kinetic energy Hamilo-
nian is that it is quadratic of degree two in the fiber
variables. We will prove a theorem (see Theorem 29
below) which generalizes the above computation and
is valid for any Hamiltonian which is homogeneous of
degree k # 1 in the fiber variables and which satisfies
a condition analogous to the geodesic convexity the-
orem. We first recall some facts about homogeneous
functions and Euler’s theorem.

Consider the one parameter group of dilatations
t +— 0(t) on any cotangent bundle T*X:

0t): T"X - T"X : (z,8) — (x,e'¢).

A function f is homogenous of degree k in the fiber
variables if and only if

o) f = ekt f.

For example, the principal symbol of a k-th order
linear partial differential operator on X is a function
on T*X with which is a polynomial in the fiber vari-
ables and is homogenous of degree k.

Let &€ denote the vector field which is the infinites-
imal generator of the one parameter group of dilata-
tions. It is called the Euler vector field. Euler’s
theorem (which is a direct computation from the pre-
ceding equation) says that f is homogenous of degree
k if and only if

Ef=kf.

Let @ = ax be the canonical one form on 7% X. From
its very definition (1.8) it follows that

AWt)'a=ca
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and hence that
Dea = a.

Since £ is everywhere tangent to the fiber, it also
follows from (1.8) that

i(&)a=0
and hence that
a=Dea=1i(€)da =—i(E)w

where w = wx = —do.
Now let H be a function on T*X which is homo-
geneous of degree k in the fiber variables. Then

kH=¢EH = i(€)dH

= i(&)i(vy)w
= —i(vg)i(&)w
= i(vg)a and
* _ ! d * .
(expvp)a—a = /o %(expth) adt with
%(expth)*a = (exptvy)* (i(vy)da + di(vy)a)

(exp tom)* (—ilvm)w + divmr)a)
(exptvy)* (—dH + kdH)

= (k—1)(exptvy)*dH
(k—1)d(exptoy)"H
(k- 1)dH

since H is constant along the trajectories of vy. So
(expvg)*a—a=(k—1)dH. (5.6)

Remark. In the above calculation we assumed that
H was smooth on all of 7*X including the zero sec-
tion, effectively implying that H is a polynomial in
the fiber variables. But the same argument will go
through (if & > 0) if all we assume is that H (and
hence vy ) are defined on T* X\ the zero section, in
which case H can be a more general homogeneous
function on T* X\ the zero section.

Now expvyg : T*X — T*X is symplectic map.
Let
I := graph (expvp),
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soI' C T*"X~ x T*X is a Lagrangian submanifold.
Suppose that the projection wxx x of I' onto X x X
is a diffeomorphism, i.e. suppose that I' is horizontal.
This says precisely that for every (z,y) € X x X there
is a unique £ € Ty X such that

mexpoy(z,§) = y.

In the case of the geodesic flow, this is guaranteed by
the condition of geodesic convexity.

Since I' is horizontal, it has a generating function
¢ such that

d¢ = pry a — pri «
where pr;, i = 1,2 are the projections of T* (X x X) =
T*X xT*X onto the first and second factors. On the

other hand pr; is a diffeomorphism of I onto 7™ X.
So

pry O(WXxX|F)_1

is a diffeomorphism of X x X with T%X.

Theorem 29 Assume the above hypotheses. Then
up to an additive constant we have

(pry O(WXXX\F)A)* [(k—1)H] = ¢.

In the case where H = 1||€||? is the kinetic energy
of a geodesically convex Riemann manifold, this says

that )
2
¢ = 5d(z,y)"
Indeed, this follows immediately from(5.6). An im-
mediate corollary (by rescaling) is that (5.5) is the
generating function for the time ¢ flow on a geodesi-
cally convex Riemannian manifold.

As mentioned in the above remark, the same the-
orem will hold if H is only defined on 7*X \ {0} and
the same hypotheses hold with X x X replaced by
X x X\ A.

5.5 The generating function for
the transpose.

Let
I' € Morph(T* X, T*Y)
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be a canonical relation, let
m:Z—-XXxXY

be a fibration and ¢ a generating function for I' rel-
ative to this fibration. In local coordinates this says
that Z = X xY x S, that

0
Co = {(29,5)/ 92 =0},

and that I' is the image of Cy under the map
(z,y,8) = (—dx ¢, dy ).
Recall that
I'" € Morph(T*Y, T* X)

is given by the set of all (y2, 1) such that (v1,72) € T
So if
K: XXY =Y xX

denotes the transposition

r(x,y) = (y, )

then
kom:Z —Y xX

is a fibration and —¢ is a generating function for T'f
relative to k o . Put more succinctly, if ¢(z,y, s) is
a generating function for I" then

U(y,x,s) = —¢(x,y,s) is a generating function for I'T.

(5.7)
For example, if ' is the graph of a symplectomor-
phism, then T'f is the graph of the inverse diffeo-
morphism. So (5.7) says that —¢(y,x,s) generates
the inverse of the symplectomorphism generated by
¢($7 Y, S)

This suggests that there should be a simple for-
mula which gives a generating function for the com-
position of two canonical relations in terms of the
generating function of each. This was one of Hamil-
ton’s great achievements - that, in a suitable sense to
be described in the next section - the generating func-
tion for the composition is the sum of the individual
generating functions.
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5.6 The generating function for
a transverse composition.

Let X1, X5 and X3 be manifolds and
I e MOI‘ph(T*XhT*XQ), I's e MOl”ph(T*XQ,T*Xg)

be canonical relations which are transversally com-
posible. So we are assuming in particular that the
maps

I'n = T" X5, (p1,p2) —p2 and T'y — T X5, (q2,03) — @2

are transverse.
Suppose that

7T1221—>X1><X2, ’/TQIZQ—>X2><X3

are fibrations and that ¢; € C*(Z;), i = 1,2 are
generating functions for I'; with respect to ;.
From 7; and ms we get a map

7T1X7TQZZ1XZ2—>X1XX2XX2><X3.

Let
Ay C X5 x Xo

be the diagonal and let
Z = (71'1 X 7T2)_1(X1 X AQ X Xg)

Finally, let
A Xl X X3

be the fibration
Z*>Zl XZQHX1XX2XX2XX3*>X1 XX3

where the first map is the inclusion map and the last
map is projection onto the first and last components.
Let

¢:7Z —R

be the restriction to Z of the function
(21, 22) = ¢1(21) + P2(22). (5.8)

Theorem 30 ¢ is a generating function for I's o 'y
with respect to the fibration m: Z — X1 X X3.
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Proof. We may check this in local coordinates
where the fibrations are trivial to that

21:X1XX2XS, ZQZXQXXBXT

SO
Z=X1xX3x (Xax8SxT)

and 7 is the projection of Z onto X; x X3. Notice
that X5 has now become a factor in the parameter
space. The function ¢ is given by

o(z1, 3,22, 8,t) = $1(21, 22, ) + P2(2, T3, 1).

For z = (x1,23,%2,s,t) to belong to Cy the fol-
lowing three conditions must be satisfied and be func-
tionally independent:

o %(21,m,5) =0, le. 21 = (21,2, 5) € Cy,.
° % =0, i.e. 20 = (z2,23,t) € Cy, and

01 O

a_ 9 9 + 9 7t = 0

Dg (z1, 22, ) D (z2,x3,1)

To show that these equations are functionally inde-
pendent, we will rewrite them as the following system
of equations on X7 X X3 X Xo x Xo x § xT:

1. Oail (z1,22,5) =0, i.e. 21 = (21,72,5) € Cy,,

2. %(yzaxs,,t) =0, ie. 22 = (y2,23,t) € Cy,,

3. T2 = ys and

a—m(xl,x%s) + %(yz,lfg,t) =0.
It is clear that 1) and 2) are independent, and define
the product Cy, x Uy, as a submanifold of X; x X5 x
X2 x X3. So to show that 1)-4) are independent, we
must show that 3) and 4) are an independent system
of equations on Cy, x Cyg,.

From the fact that ¢; is a generating function for
I'y, we know that the map

0 0
7 Cy =T, 1) = <$1,—£(p1),$2, 52;(191))
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where
(w1, 22) = m1(p1)

is a diffeomorphism. Similarly, the map

. _ ) 9¢2
Y21 Cgy = Tay ya(p2) = (3727 Dy (p2), xs, D25 (pz))

where
(w2, 23) = m2(p2)
is a diffeomorphism.
So if we set M; :=T*X,;, i =1,2,3 we can write
the preceding diffeomorphisms as

Yi(pi) = (mi,miq1),i=1,2

where

oy 9% (g 9%
m; = (i, 8@(%))7 mz+1—(xz+178mi+1(p1))

(5.9)
and the z; are as above. We have the diffeomorphism

71X72:C¢1XC¢2*>F1XF2
and the map
H:FIXF2 H]\42><]\42a K(m17m27n27m3) = (mQanQ)'

This map « is assumed to be transverse to the diag-
onal Ay, and hence the map

A:Cy X Cy, — My x My, X:=ko(y1 X72)

is transverse to A,y,. This transversality is precisely
the functional independence of conditions 3) and 4)
above.

The manifold Ty xI'; was defined to be k=1 (Ayy,)
and the second condition for transverse composibility
was that the map

p:Toxl'y — My xMs, p(mq.ma,ma,mg) = (my,ms)

be an embedding whose image is then defined to be
I'; oT'y. The diffeomorphism 7 X 2 then shows that
the critical set Cy4 is mapped diffeomorphically onto
I'; xT'y. Here ¢ is defined by (5.8). Call this diffeo-
morphism 7. So

TZC¢§F2*F1.
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Thus
porT: C¢—>F20F1

is a diffeomorphism, and (5.9) shows that this diffeo-
morphism is precisely the one that makes ¢ a gener-
ating function for 'y o I'y. O

In the next section we will show that the argu-
ments given above apply, essentially without change,
to clean generating functions, since, as we saw in Sec-
tion 5.1.1, clean generating functions are just trans-
verse generating functions to which a number of ver-
tical “ghost variables” have been added.

5.7 Generating functions for clean

composition of canonical re-

lations between cotangent bun-

dles.

Suppose that the canonical relation, I'y and I’y are
cleanly composible. Let ¢1 € C*°(X; x Xo x S) and
o € C°(Xox X3xT) be transverse generating func-
tions for I'y and I'; and as above let

(w1, 3,72, 8,t) = P1(21, T2, 8) + P2(T2,73,1).

We will prove below that ¢ is a clean generating func-
tion for I'y o I'y with respect to the fibration

X1XX3X(X2XSXT)—>X1><X3.

The argument is similar to that above: As above Cy
is defined by the three sets of equations:

o1 _
1. %1 — g

962 _
2. %2 =

06y | Dby _
3. 8oL 4 90—,

Since ¢1 and ¢ are transverse generating func-
tions the equations 1 and 2 are an independent set
of defining equations for Cy4, x Cyp,. As for the equa-
tion 3, our assumption that I'y and I's compose cleanly
tells us that the mappings

0
% :Cy, — T Xy

and
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2
—=:Cy, - T*X
O ®2 2

intersect cleanly. In other words the subset, Cy, of

Cy4, x Uy, defined by the equation o _ 0, is a

submanifold of Cy, x Cy,, and its tandgeznt space at
each point is defined by the linear equation, daé% =
Thus the set of equations, 1-3, are a clean set of
defining equations for Cy as a submanifold of X; x
X3 x (Xg x 8 xT). In other words ¢ is a clean
generating function for I'y o I'y.

The excess, €, of this generating function is equal
to the dimension of Cy minus the dimension of X; x
X3. One also gets a more intrinsic description of €
in terms of the projections of I'y and I's onto T™ X5.
From these projections one gets a map

Fl X FQ — T*(XQ X XQ)

which, by the cleanness assumption, intersects the
conormal bundle of the diagonal cleanly; so its pre-
image is a submanifold, I'o xI'1, of I'y x I's. It’s easy
to see that

€= diml"g*I‘l —dimf‘g OF1 .

5.8 Reducing the number of fiber
variables.

Let A C T*X be a Lagrangian manifold and let ¢ €
C>™(Z) be a generating function for A relative to a
fibration 7 : Z — X. Let

T € X,
let
Zy =1 (o)
and let
Lo : ZO — 7

be the inclusion of the fiber Zy into Z. By definition,
a point zgp € Zy belongs to Cy if and only if 29 is a
critical point of the restriction tf¢ of ¢ to Zp.
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Theorem 31 If zg is a non-degenerate critical point
of ty¢ then A is horizontal at

po = (z0,&) = %(zo)

Moreover, there exists an neighborhood U of xy in X
and a function ¢ € C*°(U) such that

A=Ay

on a neighborhood of py and
ey

on a neighborhood U’ of zy in Cy.

Proof. (In local coordinates.) So Z = X x R,
¢ = ¢(x,s) and Cy is defined by the k independent
equations
do
831‘ -

Let zg = (20, s) so that sp is a non-degenerate criti-
cal point of ¢ which is the function

0, i=1,...k (5.10)

s+ (o, 3)

if and only if the Hessian matrix

0%¢
(8si&sj >

is of rank k. By the implicit function theorem we can
solve equations (5.10) for s in terms of = near (g, Sp).
This says that we can find a neighborhood U of xy in
X and a C* map

g:U—RF
such that
¢ .
= =0,i=1,...,k
g(x) Sﬁasz 77’ ) b

if (x,s) is in a neighborhood of (zg, so) in Z. So the
map

7:U—=UxRY A(x) = (2,9(x))
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maps U diffeomorphically onto a neighborhood of
(x0,80) in Cy. Consider the commutative diagram

UL’CE

L o

X —— A
TXx

where the left vertical arrow is inclusion and 7 x is the
restriction to A of the projection T*X — X. From
this diagram it is clear that the restriction of 7 to the
image of U in Cy is a diffeomorphism and that A is
horizontal at pg. Also

pi=dxpory
is a section of A over U. Let
Y i=7"¢.
Then
p=dxpoy=dxpoy+dspoy=dpoy
since dg¢p oy =0. Also, if v € T, X for x € U, then
Az (v) = dr () (dV2 (V) = ddy(2) (v, dga(v)) = dx Poy(v)

<:u($)’ U> = <d'(/}:1:7 U)

SO
A=Ay,

over U and from 7 : Z — X and yo7m = id on
~v(U) c Cy we have

T =m"yp=(yom)d=10¢
onv(U). O
We can apply the proof of this theorem to the
following situation: Suppose that the fibration
m:Z—X

can be factored as a succession of fibrations

T = T1 0T
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where
mo: 4 —Z1 and m:Z] — X

are fibrations. Moreover, suppose that the restriction
of ¢ to each fiber

o ' (21)
has a unique non-degenerate critical point y(z1). The
map
z1 — y(z1)

defines a smooth section
y:Zy —Z

of my. Let
¢1:=7"9.

Theorem 32 ¢, is a generating function for A with
respect to .

Proof. (Again in local coordinates.) We may assume
that
Z=Xx85xT

and
7'('(3},8,1}) =z, 7T0(.T,S,t) = (.13,3), 71-1('1:’8) =T

The condition for (z, s,t) to belong to Cy is that

dp
E_O
and 96

This last condition has a unique solution giving ¢ as
a smooth function of (z,s) by our non-degeneracy
condition, and from the definition of ¢ it follows that
(z,s) € Cy, if and only if y(z, s) € Cy. Furthermore

dX¢1($7 S) = dx¢($, S, t)
along v(Cyg,). O
For instance, suppose that Z = X x R* and ¢ =
o(z, s) so that zg = (x¢, s0) € Cy if and only if

0 :
8—:;(330,30):0, 1=1,...,k.
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Suppose that the matrix

¢
(831-85]- )

is of rank 7, for some 0 < r < k. By a linear change of
coordinates we can arrange that the upper left hand

corner 9
%9
1<4,9,<

<8sl83J) ’ =hh=T

is non-degenerate. We can apply Theorem 32 to the
fibration

XxRF - X xR (=k—r

(z,81,...86) = (zyt1, ..., te), i = Sigr

to obtain a generating function ¢1(x,t) for A relative
to the fibration

X xR = X,

Thus by reducing the number of variables we can as-
sume that at zo = (zo, to)

0%¢

_— tg) = i, i =1,...,4. 11
('%Zat] (1’0, 0) 07 2W) ) ) (5 )

A generating function satisfying this condition will
be said to be reduced at (xq,to).

5.9 The existence of generating
functions.

In this section we will show that every Lagrangian
submanifold of T*X can be described locally by a
generating function ¢ relative to some fibration Z —
X.

So let A C T*X be a Lagrangian submanifold and
let po = (x0,&0) € A. To simplify the discussion let
us temporarily make the assumption that

€ # 0. (5.12)

If A is horizontal at pg then we know from Chapter 1
that there is a generating function for A near py with
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the trivial (i.e. no) fibration. If A is not horizontal
at pg, we can find a Lagrangian subspace

Vi C T, (T X)

which is horizontal and transverse to T, (A).

Indeed, to say that V; is horizontal, is to say that
it is transverse to the Lagrangian subspace W; given
by the vertical vectors in the fibration 7* X — X. By
the Proposition in §2.2 we know that we can find a
Lagrangian subspace which is transversal to both W;
and T, (A).

Let Ay be a Lagrangian submanifold passing through

po and whose tangent space at pg is V3. So A; is a
horizontal Lagrangian submanifold and

AMA = {p0}~

In words, A; intersects A transversally at py. Since
A1 is horizontal, we can find a neighborhood U of x(
and a function ¢; € C*>°(U) such that A; = Ag,. By
our assumption (5.12)

(dd1)ay = &0 # 0.

So we can find a system of coordinates z; ..., x, on
U (or on a smaller neighborhood) so that

¢1 = T71.

Let & ...,&, be the dual coordinates so that in the
coordinate system

371..-7.’1577,,61...,571

on T*X the Lagrangian submanifold A; is described
by the equations

=1L ==& =0.

Consider the canonical transformation generated
by the function

T:R"XR" >R, 71(z,y)=2z-y.
The Lagrangian submanifold in T*R™ x T*R" gener-

ated by 7 is
{(z,y,y,2)}
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so the canonical relation is

{(l‘,f, _fvx)}'

In other words, it is the graph of the linear symplectic
transformation

v (l‘,f) = (—f,.’l?).

So v(Aq) is the cotangent space at yo = (—1,0,...,0).
Since 7(A) is transverse to this cotangent fiber, it
follows that v(A) is horizontal. So in some neighbor-
hood W of yg there is a function 1 such that

7(A) = Ay
over W. By equation (5.7) we know that
T, y) = -7y, ) = —y - w

is the generating function for y~!. Furthermore, near
Po,

A=7"Ay).
Hence, by Theorem 30 the function
Uiz, y) == —y -z +¥(y) (5.13)

is a generating function for A relative to the fibration

(z,9) = y.

We have proved the existence of a generating func-
tion under the auxiliary hypothesis (5.12). However
it is easy to deal with the case £y = 0 as well. Namely,
suppose that & = 0. Let f € C°°(X) be such that
df (xg) # 0. Then

VT X = T°X, (2,8) — (2,6 +df)

is a symplectomorphism and 7(po) satisfies (5.12).
We can then form

voys(A)
which is horizontal. Notice that v o vy is given by
(@,8) = (2,8 + df) — (=€ — df ).

If we consider the generating function on R™ x R"™
given by
g(@,2) =z -2+ f(x)
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then the corresponding Lagrangian submanifold is
{(z,z+df,z,z)}
so the canonical relation is
{(x,—z—df,z,2)}
or, setting £ = —z — df so z = —& — df we get
{(z,&, —¢ —df,x)}

which is the graph of v o v;. We can now repeat the
previous argument. So we have proved:

Theorem 33 FEvery Lagrangian submanifold of T* X
can be locally represented by a generating function rel-
ative to a fibration.

Let us now discuss generating functions for canon-
ical relations: So let X and Y be manifolds and

rcrXxxTvy

a canonical relation. Let (po, qo) = (%0, &0, %0,70) € T
and assume now that

§o#0, mo#0. (5.14)
We claim that the following theorem holds

Theorem 34 There exist coordinate systems (U, x1, ..., zy)
about o and (V,y1 ...,yx) about yo such that if

yw: T°U - T*R"
is the transform
’YU(xaE) = (—E,.’L')
and
Wi TV —T* «RF
is the transform
Wy n) = (=n,9)
then locally near
po =" (po) and  go:=v(q)
the canonical relation
' oTon (5.15)
is of the form
Ty, ¢=¢(z,y) € C°(R" x R¥).
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Proof. Let
M, :=T*X, My=T"Y
and
Vii=Tp My, Vo:=Ty Mz, X:=Typg )0
so that ¥ is a Lagrangian subspace of
Vim x Va.

Let W7 be a Lagrangian subspace of V; so that (in
the linear symplectic category)

E(Wl) =>o0 W1

is a Lagrangian subspace of V5. Let W5 be another
Lagrangian subspace of Vo which is transverse to X(W7).
We may choose W7 and W5 to be horizontal subspaces
of Ty, My and Ty, M. Then Wi x Wy is transverse to
Y in V3 x V5 and we may choose a Lagrangian sub-
manifold passing through pg and tangent to Wy and
similarly a Lagrangian submanifold passing through
qo and tangent to W5. As in the proof of Theorem
33 we can arrange local coordinates (zy...,x,) on
X and hence dual coordinates (z1,...2n,&1,...,&n)
around pg such that the Lagrangian manifold tangent
to Wi is given by

G=-1, =& =0

and similarly dual coordinates on My = T*Y such
that the second Lagrangian submanifold (the one tan-
gent to Wh) is given by

771:71, 772:"':77k:0'

It follows that the Lagrangian submanifold correspond-
ing to the canonical relation (5.15) is horizontal and
hence is locally of the form I'y. O

5.10 The Legendre transforma-
tion.

Coming back to our proof of the existence of a gener-
ating function for Lagrangian manifolds, let’s look a
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little more carefully at the details of this proof. Let
X =R" and let A C T*X be the Lagrangian mani-
fold defined by the fibration, Z = X x R 5 X and
the generating function

Oz, y) = —z -y +Y(y) (5.16)
where ¢ € C*°(R"™). Then

o
z,y) € Cyp & x=—(y).
(z,y) € Cy a9y ()
Recall also that (z¢,yo) € Cy < the function ¢(zo,y)
has a critical point at yy. Let us suppose this is a
non-degenerate critical point, i.e., that the matrix

ﬂ(m ) = 9 (o)
0, 3yj 0,Y0) = e ayj Yo

(5.17)

is of rank n. Then there exists a neighborhood U > z
and a function ¥* € C°°(U) such that

W(x) = (b(x,y) at (x,y) € C¢ (518)
A= Ay (5.19)

locally near the image py = (x9,&p) of the map % :
Cy — A. What do these three assertions say? Assertion(5.17)

simply says that the map

oy

~ 5 (5.20)

Y

is a diffeomorphism at yo. Assertion(5.18) says that

P(x) = —wy + () (5.21)
at x = g—f, and assertion(5.19) says that
oY o™
=W ay=— 22
x a9y Sy o (5.22)
i.e., the map
T — —a;; (5.23)

is the inverse of the mapping (5.17). The mapping
(5.17) is known as the Legendre transform associated
with ¢ and the formulas (5.21)— (5.23) are the famous
inversion formula for the Legendre transform. Notice
also that in the course of our proof that (5.21) is
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a generating function for A we proved that v is a
generating function for y(A), i.e., locally near y(po)

Y(A) = Ay
Thus we’ve proved that locally near py
Ay =77 (Ay)
where
vt T*R" — T*R™
is the transform (y,n) — (z,£) where
y=¢& and z=—n.

This identity will come up later when we try to com-
pute the semi-classical Fourier transform of the rapidly
oscillating function

¥ (y)
) F:’

a(y)e" 7, a(y) € C°(R") .

5.11 The Hormander-Morse lemma.

In this section we will describe some relations be-
tween different generating functions for the same La-
grangian submanifold. Our basic goal is to show
that if we have two generating functions for the same
Lagrangian manifold they can be obtained (locally)
from one another by applying a series of “moves”,
each of a very simple type.

Let A be a Lagrangian submanifold of T X, and
let

Zo 38X, 758X

be two fibrations over X. Let ¢; be a generating
function for A with respect to m1 : Z1 — X.

Proposition 11 If
[iZo— 24
18 a diffeomorphism satisfying
mof=mg

then
$o = f*o1

s a generating function for A with respect to mg.
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Proof. We have d(¢1 o f) = deo. Since f is fiber
preserving,

d(¢1 © f)vert = (d¢0)vert

so f maps Cg, diffeomorphically onto Cyp,. Further-
more, on Cy, we have

d(bl o f = (d¢1 o f)hor = (dd)O)hor

so f conjugates the maps dx¢; : Cy, = A, i=0,1.
Since dx¢; is a diffeomorphism of Cp, with A we
conclude that dx ¢o is a diffeomorphism of Cy, with
A, ie. ¢g is a generating function for A. O

Our goal is to prove a result in the opposite di-
rection. So as above let m; : Z; — X, i = 0,1 be
fibrations and suppose that ¢o and ¢, are generating
functions for A with respect to ;. Let

poGA

and z; € Cy,, ¢ = 0,1 be the pre-images of pyp under
the diffeomorphism d¢; of Cy, with A. So

dx¢i(zi) =po, i=0,1
Finally let g € X be given by
xo = mo(20) = m1(21)

and let ¢;, ¢ = 0, 1 be the restriction of ¢; to the fiber
7 (zp). Since z; € Cy, we know that z; is a critical
point for ;. Let

d*i(z:)
be the Hessian of ¢; at z;.

Theorem 35 The Hormander Morse lemma. If
d*o(z0) and d?v1(z1) have the same rank and sig-
nature, then there exists neighborhood Uy of zy in Zy
and Uy of z1 in Z1 and a diffeomorphism

f:Ug— Uy
such that
m o f=mo

and

1o f=f"¢1 = ¢o+ const.
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Proof. We will prove this theorem in a number of
steps. We will first prove the theorem under the ad-
ditional assumption that A is horizontal at pg. Then
we will reduce the general case to this special case.

Assume that A is horizontal at pg = (zo,&)-
This implies that A is horizontal over some neighbor-
hood of zy. Let S be an open subset of R¥ and

T: X xS —X

projection onto the first factor. Suppose that ¢ €
C*>(X x.5) is a generating function for A with respect
to 7 so that

dx(b : C¢ — A

is a diffeomorphism, and let 2y € Cy be the pre-image
of pp under this diffeomorphism, i.e.

2o = (dx¢) " (po).

We begin by proving that the vertical Hessian of ¢ at
zp is non-degenerate.

Since A is horizontal at pg there is a neighborhood
U of g ¢ € C*°(U) such that

dy:U—->T"X

maps U diffeomorphically onto a neighborhood of pg
in A. So
(dip)todxgp: Cyp—U

is a diffeomorphism. But (di)~! is just the restric-
tion to a neighborhood of py in A of the projection
mx :T*X — X. Somx odx¢ : Cy — X is a diffeo-
morphism (when restricted to 7#—1(U)). But

Tx odx¢ =T,

so the restriction of 7 to Cy is a diffeomorphism. So
Cy is horizontal at 2o, in the sense that

T,,Cyp NT,,S = {0}.
So we have a smooth map
s:U—S

such that z — (z,s(z)) is a smooth section of Cy over
U. We have

dx¢ =d¢ at all points (z,s(x))
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by the definition of Cy4 and dy(z) = dx¢(z,s(z)) =
do(x,s(x)) so
¥(z) = ¢(x,s(x)) + const. . (5.24)

The submanifold Cy C Z = X x § is defined by the
k equations

0o
asi o

and hence T, Cy is defined by the k independent lin-
ear equations

oo\
d<85¢>0’ i=1,...,k.

A tangent vector to S at zp, i.e. a tangent vector of
the form

0, i=1,....k

(0,v), v=(v'... 0%

will satisfy these equations if and only if

%9
‘7 = ) =
Ej 85i35jv 0, ¢=1,...,k.

But we know that these equations have only the zero
solution as no non-zero tangent vector to S lies in
the tangent space to Cy at z9. We conclude that the
vertical Hessian matrix

2 _ (0%
d5¢ a (88188j>

is non-degenerate.

We return to the proof of the theorem under the
assumption that that A is horizontal at py = (xg, &o).
We know that the vertical Hessians occurring in the
statement of the theorem are both non-degenerate,
and we are assuming that they are of the same rank.
So the fiber dimensions of my and m; are the same.
So we may assume that Zp = X x Sand Z; = X x §
where S is an open subset of R¥ and that coordinates
have been chosen so that the coordinates of zg are
(0,0) as are the coordinates of z;. We write

so(z) = (z,80(7)), s1(x) = (v,81(2)),

where sg and s; are smooth maps X — R* with
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Let us now take into account that the signatures of
the vertical Hessians are the same at zy. By conti-
nuity they must be the same at the points (z,so(z))
and (z,s1(z)) for each z € U. So for each fixed x € U
we can make an affine change of coordinates in .S and
add a constant to ¢; so as to arrange that

L. so() = s1(x) = 0.
2. G (w,0) = G (2,0), i =1, k.

3. (ﬁo(I,O) = ¢1(ZE,O)
4. d%¢o(z,0) = d% ¢ (z,0).

We can now apply Morse’s lemma with parameters
(see §9.14.3 for a proof) to conclude that there exists
a fiber preserving diffeomorphism f: U xS — U x S
with

[ o1 = do.

This completes the proof of Theorem 35 under the
additional hypothesis that Lagrangian manifold A is
horizontal.

Reduction of the number of fiber variables.
Our next step in the proof of Theorem 35 will be
an application of Theorem 32. Let m : Z — X be
a fibration and ¢ a generating function for A with
respect to w. Suppose we are in the setup of Theo-
rem 32 which we recall with some minor changes in
notation: We suppose that the fibration

Tm:/Z —X
can be factored as a succession of fibrations
T=pop

where
p:Z—W and p:W—-X
are fibrations. Moreover, suppose that the restriction
of ¢ to each fiber
p~H(w)
has a unique non-degenerate critical point y(w). The

map
w = y(w)
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defines a smooth section
vy W —=Z

of p. Let

X:=7"¢.
Theorem 32 asserts that x is a generating function of
A with respect to . Consider the Lagrangian sub-

manifold
A, CT*W.

This is horizontal as a Lagrangian submanifold of
T*W and ¢ is a generating function for A, relative
to the fibration p: Z — W.

Now suppose that we had two fibrations and gen-
erating functions as in the hypotheses of Theorem 35
and suppose that they both factored as above with
the same p : W — X and the same x. So we get
fibrations gp : Zg — W and ¢y : Z; — W. We could
then apply the above (horizontal) version of Theorem
35 to conclude the truth of the theorem.

Since the ranks of d2vyy and d?vyn at zy and z;
are the same, we can apply the reduction leading to
equation (5.11) to each. So by the above argument
Theorem 35 will be proved once we prove it for the
reduced case.

Some normalizations in the reduced case. We
now examine a fibration Z = X x § — S and gen-
erating function ¢ and assume that ¢ is reduced at
z0 = (o, So) so all the second partial derivatives of ¢
in the S direction vanish, i. e.

0%¢
—F— (2o, =0 Vi, j.
85,05, (w0, S0) 4]
This implies that
Tsy S NTg,50)Cp = T, S.

i.e. that
TSOS - T(xO,SO)C¢. (5.25)

Consider the map
dx¢: X xS —->T*X, (z,s)— dxo(z,s).

The restriction of this map to Cy is just our diffeo-
morphism of Cp with A. So the restriction of the
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differential of this map to any subspace of any tan-
gent space to Cy is injective. By (5.25) the restriction
of the differential of this map to Ts,S at (xo, sg) is
injective. In other words, by passing to a smaller
neighborhood of (zg, s¢) if necessary, we have an em-
bedding

XxS X werx

" [

of X x S onto a subbundle W of T*X.

Now let us return to the proof of our theorem.
Suppose that we have two generating functions ¢;, i =
0,1 X xS; — X and both are reduced at the points
z; of Cy, corresponding to py € A. So we have two
embeddings

X x 8 "B W, T x

" |

of X x S; onto subbundle W; of T*X for i = 0,1.
Each of these maps the corresponding Cy, diffeomor-
phically onto A.

Let V be a tubular neighborhood of Wy in T*X
and 7 : V. — Wi a projection of V onto W so we
have the commutative diagram

V;)V[/1

ﬂxl lWX

X — X
id

Let
v = (dx¢1) ‘o

So we have the diagram

V%Xxsl

dl |



142 CHAPTER 5. GENERATING FUNCTIONS.

and
yodx¢r =id.
We may assume that Wy C V so we get a fiber map

g:=7vodxdg g:X xS — X x5;.

When we restrict g to Cy, we get a diffeomorphism
of Cy, onto Cy,. By (5.25) we know that

Tsi S; C Tzl C¢i

and so dg,, maps T,.Sp bijectively onto Ts, S1. Hence
g is locally a diffeomorphism at zy. So by shrinking
X and S; we may assume that

g: X xS — X x5

is a fiber preserving diffeomorphism. We now apply
Proposition 11. So we replace ¢1 by g*¢1. Then the
two fibrations Zy and Z; are the same and Cy, = C, .
Call this common submanifold C'. Also dx¢g = dx @1
when restricted to C, and by definition the vertical
derivatives vanish. So d¢y = d¢; on C, and so by
adjusting an additive constant we can arrange that

¢o = ¢1 on C.

Completion of the proof. We need to prove the
theorem in the following situation:

o /oy =2y = X xS and mg = m is projection
onto the first factor.

The two generating functions ¢y and ¢; have
the same critical set:

Cyo = Cy, = C.

(] ¢0 = ¢1 on C.
dsp; =0, i =0,10on C and dx¢g = dx¢1 on

C.
dpo\ [ Oh1
d(351;> _d<85i)at 20-

We will apply the Moser trick: Let
¢r = (1= 1t)¢o + to1.

From the above we know that
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® O =¢o=¢1 onC.

e dsdpy = 0 on C and dx¢; = dx¢po = dx¢1 on
C.

Bqﬁt 8¢0 8¢1
d =d =d t 2o.
(831 ) ( 8Sz aSi ak =0
So in a sufficiently small neighborhood of Zj the sub-
manifold C' is defined by the k independent equations

elon )
= =1,...k.
Ds. 0, 1 ...k

We look for a vertical (time dependent) vector field
0
= ACT] 7t a.
vy zi:v (x,s )5'«%
on X x S such that
1. Dy,¢ = —¢¢ = ¢o — ¢y and
2.v=0onC.

Suppose we find such a v;. Then solving the differen-
tial equations

d
aft(m) =u(fi(m)), folm)=m

will give a family of fiber preserving diffeomorphsms
(since v; is vertical) and

td ! :
frov=on= [ Giondt= [ 1Dt =0,

So finding a vector field v, satisfying 1) and 2) will
complete the proof of the theorem. Now ¢g — ¢
vanishes to second order on C' which is defined by
the independent equations d¢;/ds; = 0. So we can
find functions

Wij (z,5,t)

defined and smooth in some neighborhood of C' such

that
Oy O
887; 8Sj

$o— P1 = Zwij(xvsvt)
ij
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in this neighborhood. Set

z:st Zwl]xstg¢t.

Sj

Then condition 2) is clearly satisfied and

as required. O

5.12 Changing the generating func-
tion.

We summarize the results of the preceding section
as follows: Suppose that (m : Z; — X,¢1) and
(mqy @ Zo — X, ¢2) are two descriptions of the same
Lagrangian submanifold A of 7*X. Then locally one
description can be obtained from the other by apply-
ing sequentially “moves” of the following three types:

1. Adding a constant. We replace ¢ by ¢o =
¢1 + ¢ where c is a constant.

2. Equivalence. There exists a diffeomorphism
g: Z1— Zo with

Mg 0g =T and and P09 = 1.

3. Increasing (or decreasing) the number of
fiber variables. Here Z5 = Z; x R¢ and

d2(z,8) = d1(2) + %(As, s)

where A is a non-degenerate d X d matrix.

5.13 The Maslov bundle.

We wish to associate to each Lagrangian submanifold
of a cotangent bundle a certain flat line bundle which
will be of importance to us when we get to the symbol
calculus in Chapter 8. We begin with a review of the
Cech-theoretic description of flat line bundles.
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5.13.1 The Cech description of locally
flat line bundles.

Let Y be a manifold and U = {U;} be an open cover
of Y. Let

N' = {(5,5)|U; N U; # 0}.

A collection of of non-zero complex numbers {c;;} is
called a (multiplicative) cocycle (relative to the cover
U) if

Cij - Cjk = ¢, whenever  U;NU;NUR # 0. (5.26)

From this data one constructs a line bundle as follows:
One considers the set

and puts an an equivalence relation on it by declaring
that

(pi,ai) ~ (pj,a;) & pi=p; € U;NU;jand a; = ¢;ja;.
Then

is a line bundle over Y. The constant functions
U, —-1€C
form flat local sections of L
si:U—1L, p—[(p,1)]

and thus make IL into a line bundle with flat connec-
tion over Y.

Any section s of L can be written over U; as s =
fisi. If v is a vector field on Y, we may define D,s
by

Dys = (Dy,fi)s; on Us.

The fact that the transitions between s; and s; are
constant shows that this is well defined.

5.13.2 The local description of the Maslov
cocycle.

We first define the Maslov line bundle Lyfasiov — A in
terms of a global generating function, and then show
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that the definition is invariant under change of gen-
erating function. We then use the local existence of
generating functions to patch the line bundle together
globally. Here are the details:

Suppose that ¢ is a generating function for A rel-
ative to a fibration 7 : Z — X. For each z be a point
of the critical set Cy, let z = 7(2) and let F' = 7~ (x)
be the fiber containing z. The restriction of ¢ to the
fiber F' has a critical point at z. Let sgn”(z) be the
signature of the Hessian at z of ¢ restricted to F.
This gives an integer valued function on Cy:

sgn” : Cy — Z, 2+ sgn™(2).

Notice that since the Hessian can be singular at points
of Cy this function can be quite discontinuous.
From the diffeomorphism Ay, = dx¢

>\¢ : C¢ — A

we get a Z valued function
sgn, := sgn’ o)\;l.
Let v

Sg = e’T S8y,
So

s¢: A — C”
taking values in the eighth roots of unity.

We define the Maslov bundle Lyfasio0v — A to be
the trivial flat bundle having s, as its defining flat
section. Suppose that (Z;,m,¢;), i = 1,2 are two
descriptions of A by generating functions which dif-

fer from one another by one of the three Hérmander
moves of Section 5.12. We claim that

¢, = C1,25¢, (5.27)

for some constant c; 2 € C*. So we need to check
this for the three types of move of Section 5.12. For
moves of type 1) and 2), i.e. adding a constant or
equivalences this is obvious. For each of these moves
there is no change in sgn.

For a move of type 3) the sgni&’é and sgm;‘?E are re-
lated by
sgni‘7£ = sgnf +signature ofA.

This proves (5.27), and defines the Maslov bundle
when a global generating function exists.
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5.13.3 The global definition of the Maslov
bundle.

Now consider a general Lagrangian submanifold A C
T*X. Cover A by open sets U; such that each U; is
defined by a generating function and that generating
functions ¢; and ¢; are obtained from one another
by one of the Hormander moves. We get functions
54, : Uy — C such that on every overlap U; N Uj;

Spi = CijS¢,

with constants ¢;; with |¢;;| = 1. Although the func-
tions sy might be quite discontinuous, the ¢;; in (5.27)
are constant on U; N U;. On the other hand, the fact
that sg, = cijs4;, shows that the cocycle condition
(5.26) is satisfied. In other words we get a Cech co-
cycle on the one skeleton of the nerve of this cover
and hence a flat line bundle.

5.13.4 The Maslov bundle of a canon-
ical relation between cotangent
bundles.

We have defined the Maslov bundle for any Lagrangian
submanifold of any cotangent bundle. If

I' € Morph(T7 X1, T X>)

is a canonical relation between cotangent bundles, so
that I is a Lagrangian submanifold of

(T*Xl)_ X T*XQ
then
(¢ > id)(I)
is a Lagrangian submanifold of

T*Xl X T*XQ = T*(Xl X XQ)

and hence has an associated Maslov line bundle. We
then use the identification ¢; x id to pull this line
bundle back to I'. In other words, we define

Latasiov(I') = (51 % id)*Latasion ((s1 % id)(T)). (5.28)
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5.13.5 Functoriality of the Maslov bun-
dle.

Let X1, X5, and X3 be differentiable manifolds, and
let

I'y € Morph(T*X,,T*X5) and Ty € Morph(T™ Xo, T X3)

be cleanly composible canonical relations. Recall that
this implies that we have a submanifold

ToxDy CT*X; x T* X5 X T*Xg
and a fibration (4.5)
K,ZFQ*Fl —>F20F1

with compact connected fibers. So we can form the
line bundle

K" (LMaslov (FQ o Fl)) — o % T'y.

On the other hand, ToxT'; consists of all (mq, ma, m3)
with

(my1,mg) €y and  (mg.mg3) € Da.

So we have projections

pry: Dox Ty — Ty, (ma,m2,m3) — (m1,mo)
and
pr2 : FQ *Fl - F27 (m17m23m3) — (m27m3)'

So we can also pull the Maslov bundles of I'; and I'y
back to 'y x I';. We claim that

R*LMaslov (F2OF1) = pri ]LMaslov(Fl)@pr; LMaslov(FQ)
(5.29)
as line bundles over I'y x I';.

Proof. We know from Section 5.7 that we can
locally choose generating functions ¢; for I'y relative
to a fibration

X1 X Xox S1 — X1 X So
and ¢, for I's relative to a fibration

X2XX3><SQ—>X2XX3
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so that

¢ = ¢(x1, 2,3, 51,52) = ¢1(x1, T2, 51)+P2(x2, T3, 52)

is a generating function for I's o I'; relative to the
fibration

X1XX3XX2X51XSQ*>X1XX3

(locally). We can consider the preceding equation as
taking place over a neighborhood in I'y; xI'; yielding

sgn ¢ = sgn ¢1 + sgn gs. (5.30)

We may further restrict our choices of generating
functions and neighborhoods for I'; so that the pas-
sage from one to the other is given by one of the
Hormander moves, and similarly for I';. But this
then gives a cover of 'y xI'; by open sets giving local
flat sections of the line bundles of both sides of (5.29)
for which the Cech cocyles clearly yield (5.29). O

We will study the geometry of the Maslov bundle
in more detail in Chapter ?7

5.14 Examples of generating func-
tions.

5.14.1 The image of a Lagrangian sub-
manifold under geodesic flow.

Let X be a geodesically convex Riemannian manifold,
for example X = R". Let f; denote geodesic flow on
X. We know that for ¢ # 0 a generating function for
the symplectomorphism f; is

dilay) = 5odlw,v)

Let A be a Lagrangian submanifold of 7" X. Even if
A is horizontal, there is no reason to expect that f;(A)
be horizontal - caustics can develop. But our theorem
about the generating function of the composition of
two canonical relations will give a generating function
for fi(A). Indeed, suppose that ¢ is a generating
function for A relative to a fibration

T: X xS —X.



150 CHAPTER 5. GENERATING FUNCTIONS.

Then 1
§d(£€, y)2 + Q/J(Z/» S)

is a generating function for f;(A) relative to the fi-
bration

XxXxS—-X, (z,y,8)— .

5.14.2 The billiard map and its iter-
ates.

Definition of the billiard map.

Let 2 be a bounded open convex domain in R™ with
smooth boundary X. We may identify the tangent
space to any point of R"™ with R™ using the vector
space structure, and identify R™ with (R™)* using
the standard inner product. Then at any z € X we
have the identifications

T.X 2T, X"
using the Euclidean scalar product on 7, X and
T.X ={v eR" v-n(z) =0} (5.31)

where n(x) denotes the inward pointing unit normal
to X at . Let U C TX denote the open subset con-
sisting of all tangent vectors (under the above iden-
tification) satisfying

lo|| < 1.
For each x € X and v € T, X satisfying ||v|| < 1 let
w:=v+an(z) where a:=(1— |jv]?)>.

So u is the unique inward pointing unit vector at x
whose orthogonal projection onto T, X is v.
Consider the ray through z in the direction of w,
i.e. the ray
z+tu, t>0.

Since 2 is convex and bounded, this ray will intersect
X at a unique point y. Let w be the orthogonal
projection of u on T}, X. So we have defined a map

B:U—=U,  (2,0) = (y,w)

which is known as the billiard map.
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The generating function of the billiard map.

We shall show that the billiard map is a symplecto-
morphism by writing down a function ¢ which is its
generating function.

Consider the function

¥: R"xR" =R, ¢(z,y) =z —yl.

This is smooth at all points (x,y), = # y. Let us
compute d,1(v) at such a point (z,y) wherev € T, X.

d T—y
- t o= =7
dtd)(a:_'— Uyy)\tfo <|y—$|’v>

where (, ) denotes the scalar product on R™. Iden-
tifying TR™ with T*R"™ using this scalar product, we
can write that for all x # y

z —yl’ [z -yl
If we set
u=2=2 b=z -y
|z =yl
we have
[ul =1
and
y=x+tu.

Let ¢ be the restriction of ¥ to X x X C R™ x R™.
Let
t: X —R"”

denote the embedding of X into R™. Under the iden-
tifications

T,R*=TR", T,X=TrX
the orthogonal projection
T"R*"=T,R"su—vel, X=T X
is just the map
doy cToR" - To X, ue— ov.

So
v = dL:,U = dﬁ;dzw(% y) = dz¢(x7 y)'

So we have verified the conditions
v = _dm¢(m7y)7 w = dy¢($, y)

which say that ¢ is a generating function for the bil-
liard map B.
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Iteration of the billiard map.

Our general prescription for the composite of two
canonical relations says that a generating function
for the composite is given by the sum of generating
functions for each (where the intermediate variable is
regarded as a fiber variable over the initial and final
variables). Therefore a generating function for B" is
given by the function

P(x0, 21, - ¥n) = |21 =m0 |+ [|22—21 [+ +]|Zn =201 ]
5.14.3 The classical analogue of the Fourier

transform.

We repeat a previous computation: Let X = R™ and
consider the map

S . T*X - T*Xa (%,5) = (—g,ﬁ).

The generating function for this symplectomorphism
is

x-y.

Since the transpose of the graph of a symplectomor-
phism is the graph of the inverse, the generating func-
tion for the inverse is

_y . m.
So a generating function for the identity is
¢ € C°(X x X, xR"™)

gi)(x,z,y) = (33 - Z) Y.



Chapter 6

The calculus of
%—densities.

An essential ingredient in our symbol calculus will be
the notion of a %— density on a canonical relation. We
begin this chapter with a description of densities of
arbitrary order on a vector space, then on a manifold,
and then specialize to the study of %—densities. We
study %—densities on canonical relations in the next
chapter.

6.1 The linear algebra of densi-
ties.

6.1.1 The definition of a density on a
vector space.

Let V be an n-dimensional vector space over the real
numbers. A basis e = eq,...,¢e, of V is the same as
an isomorphism /¢ of R” with V according to the rule

T
= xie; + -+ Tpen.

Tn
We can write this as

X T

— (e1,...6n)"

153
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or even more succinctly as
le: X—e-Xx
where

L1
x:=| 1], e=(e...,en).

Ln

The group Gl(n) = Gl(n,R) acts on the set F(V) of
all bases of V' according to the rule

lo—Lleo A7 A€ Gl(n)
which is the same as the “matrix multiplication”
e—se- AL
This action is effective and transitive:

o Ife=e- A~! for some basis e then A = I, the
identity matrix, and

e Given any two bases e and f these exists a
(unique) A such that e =f - A.

We shall use the word frame as being synony-
mous with the word “basis”, especially when we want
to talk of a basis with a particular property.

Let @ € C be any complex number. A density
of order « on V is a function

p: F(V)—=C
satisfying

ple-A) =p(e)|det A|* VA€ Gl(n), e F(V).
(6.1)
We will denote the space of all densities of order «
on V by
Ve

This is a one dimensional vector space over the com-
plex numbers. Indeed, if we fix one f € F(V), then
every e € F(V) can be written uniquely as e = f -
B, B € Gl(n). So we may specify p(f) to be any com-
plex value and then define p(e) to be p(f) - | det B|*.
It is then easy to check that (6.1) holds. This shows
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that densities of order « exist, and since we had no
choice once we specified p(f) we see that the space
of densities of order o on V form a one dimensional
vector space over the complex numbers.

Let L :V — V be a linear map. If L is invertible
and e € F(V) then Le = (Ley,..., Le,) is (again) a
basis of V. If we write

Lej = Z Lijei
i

then

Le =eL
where L is the matrix

L= (Lij)
so if p € |V|* then

p(Le) = [det L|*p(e).

We can extend this to all L, non necessarily invertible,
where the right hand side is 0. So here is an equivalent
definition of a density of order oo on an n-dimensional
real vector space:

A density p of order « is a rule which assigns a
number p(vy, ..., v,) to every n-tuplet of vectors and
which satisfies

p(Lvy, ..., Lu,) = |det L|%p(v1, ..., vp) (6.2)

for any linear transformation L : V' — V. Of course,
if the vy, ..., v, are not linearly independent then

p(vlv"'7vn) =0.

6.1.2 Multiplication.

If p € |V|* and 7 € |[V|? then we get a density p- T
of order o + (8 given by

(p-7)(e) = ple)r(e).
In other words we have an isomorphism:

Ve VP2 |VI*HE, poTmp-T. (6.3)
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6.1.3 Complex conjugation.

If p € |V|* then p defined by

ple) = ple)

is a density of order @ on V. In other words we have
an anti-linear map

VI* = V%, p=p

This map is clearly an anti-linear isomorphism. Com-
bined with (6.3) we get a sesquilinear map

VI*@ VI = [VI**F pe 71— p- 7.

We will especially want to use this for the case a =
8= % + is where s is a real number. In this case we
get a sesquilinear map

V|2t @ [V]2HeE — |V (6.4)

6.1.4 Elementary consequences of the
definition.

There are two obvious but very useful facts that we
will use repeatedly:

1. An element of |V|® is completely determined by
its value on a single basis e.

2. More generally, suppose we are given a subset
S of the set of bases on which a subgroup H C
Gl(n) acts transitively and a function p : S — C
such that (6.1) holds for all A € H. Then p
extends uniquely to a density of order aw on V.

Here are some typical ways that we will use these
facts:

Orthonormal frames: Suppose that V is equipped
with a scalar product. This picks out a subset
O(V) c F(V) consisting of the orthonormal
frames. The corresponding subgroup of Gi(n)
is O(n) and every element of O(n) has determi-
nant +1. So any density of any order must take
on a constant value on orthonormal frames, and
item 2 above implies that any constant then de-
termines a density of any order. We have triv-
ialized the space |V|® for all . Another way
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of saying the same thing is that V' has a pre-
ferred density of order a, namely the density
which assigns the value one to any orthonor-
mal frame. The same applies if V' has any non-
degenerate quadratic form, not necessarily pos-
itive definite.

Symplectic frames: Suppose that V is a symplec-

tic vector space, so n = dimV = 2d is even.
This picks out a collection of preferred bases,
namely those of the form eq,...,eq, f1,...fdq
where

w(ei,ej) = 0, w(fi7fj) = 0 w(ei,fj) = (5”'

where w denotes the symplectic form. These
are known as the symplectic frames. In this
case H = Sp(n) and every element of Sp(n)
has determinant one. So again |V|* is trivial-
ized. Again, another way of saying this is that
a symplectic vector space has a preferred den-
sity of any order - the density which assigns the
value one to any symplectic frame.

Transverse Lagrangian subspaces: Suppose that

V' is a symplectic vector space and that M and
N are Lagrangian subspaces of V with MNN =
{0}. Anybasisey,...eq of M determines a dual
basis f1,...fq of N according to the require-
ment that
w(e, f;) = i
and then eq,...eq, f1... fqis a symplectic basis
of V. If C € Gi(d) and we make the replace-
ment
e—e-C

then we must make the replacement
ff.(CH™h

So if p is a density of order @ on M and 7 is a
density of order o on N they fit together to get
a density of order zero (i.e. a constant) on V
according to the rule

(e,f) =(e1,...,eq, f1,..., fa) — p(e)r(f)

on frames of the above dual type. The cor-
responding subgroup of Gi(n) is a subgroup of
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Sp(n) isomorphic to Gi(d). So we have a canon-
ical isomorphism

IM|*®|N|*=C. (6.5)
Using (6.3) we can rewrite this as

|M[* = [N[7.

Dual spaces: If we start with a vector space M we
can make M & M™* into a symplectic vector
space with M and M™* transverse Lagrangian
subspaces and the pairing B between M and
M* just the standard pairing of a vector space
with its dual space. So making a change in no-
tation we have

[V[* = v (6.6)
Short exact sequences: Let
0=V -V -V"=0

be an exact sequence of linear maps of vector
spaces. We can choose a preferred set of bases
of V as follows : Let (eq, ..., ex) be a basis of V’
and extend it to a basis (e, ..., g, €xt1,---€n)
of V. Then the images of ¢;, it = k+1,...n
under the map V' — V" form a basis of V.
Any two bases of this type differ by the action
of an A € GI(n) of the form

A x
=5 )
det A =det A’ - det A”.

This shows that we have an isomorphism

VI*= V" e v (6.7)

SO

for any a.
Long exact sequences Let

be an exact sequence of vector spaces. Then
using (6.7) inductively we get

Q) Wil“= & vl (6.8)
j even j odd

for any a.
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6.1.5 Pullback and pushforward under
isomorphism.

Let
L:V-W

be an isomorphism of n-dimensional vector spaces. If
e=(e1,...,en)
is a basis of V' then
Le :=(Ley,...,Ley)
is a basis of W and
Le-A)=(Le)-A VAeGi(n).

So if p € |W|* then L*p defined by

(L*p)(e) := p(Le)

is an element of |[V|®. In other words we have a pull-
back isomorphism

L™ |W[* = [V|*, p— L*p.

Applied to L~! this gives a pushforward isomor-
phism

Lo VIS = WP, L, = (LY
6.1.6 Lefschetz symplectic linear trans-

formations.

There is a special case of (6.5) which we will use a lot
in our applications, so we will work out the details
here. A linear map L : V — V on a vector space is
called Lefschetz if it has no eigenvalue equal to 1.
Another way of saying this is that I — L is invertible.
Yet another way of saying this is the following: Let

graphLC V@V
be the graph of L so
graph L = {(v, Lv) v eV}

Let
ACVeV
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be the diagonal, i.e. the graph of the identity trans-
formation. Then L is Lefschetz if and only if

graph LN A = {0}. (6.9)

Now suppose that V is a symplectic vector space and
we consider V7~ @ V as a symplectic vector space.
Suppose also that L is a (linear) symplectic transfor-
mation so that graph L is a Lagrangian subspace of
V=@V asis A. Suppose that L is also Lefschetz so
that (6.9) holds.

The isomorphism

V —graphL: v~ (v,Lv)

pushes the canonical a-density on V' to an a-density
on graph L, namely, if vy, ..., v, is a symplectic basis
of V, then this pushforward a density assigns the
value one to the basis

((’Ulevl))"'a(UTLvan)) of graphL

Let us call this a-density py. Similarly, we can use
the map

diag: V — A, v~ (v,v)

to push the canonical o density to an a-density pa
on A. So pa assigns the value one to the basis

((v1,v1), .., (Un,vp))  of Al
According to (6.5)
|graph L|* @ |A|* =2 C.

So we get a number (pr, pa) attached to these two
a-densities. We claim that

(L, pa) = [det(I — L)[~. (6.10)

Before proving this formula, let us give another deriva-
tion of (6.5). Let M and N be subspaces of a sym-
plectic vector space W. (The letter V is currently
overworked.) Suppose that M NN = {0} so that
W = M @ N as a vector space and so by (6.7) we
have

(W™ = [M]* @ |N|*.
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We have an identification of |W|* with C given by
sending
W% 3 pw — pw(w)

where w is any symplectic basis of W. Combining the
last two equations gives an identification of |M|* ®
|N|* with C which coincides with (6.5) in case M
and N are Lagrangian subspaces. Put another way,
let w be a symplectic basis of W and suppose that
A € GI(dim W) is such that

w-A=(m,n)

where m is a basis of M and n is a basis of N. Then
the pairing of of ppr € |[M|* with pn € |[N|® is given

by

(par, pn) = [ det A|™%ppr(m)py (m). (6.11)
Now let us go back to the proof of (6.10). If e,f =
€1,...,€ed, f1-.., fa is a symplectic basis of V' then

((e’ O)’ (07 e)7 (*f7 0)7 (Oa f))
is a symplectic basis of V~ @& V. We have
Iy O 0

((e7 O)a (07 e)v (_fv O)a (07 f)) 8 —OId I(;l

o O O

= ((e7 O)a (fv O)a (07 e)7 (07 f))

and
I, O 0 0
0 0 Ig 0]
det 0 —I, 0 0 =1.

0 0 0 Iy

Let v denote the symplectic basis e, f of V' so that
we may write

((ev O)a (fv O)a (0’ e)v (Oa f)) = ((V> 0)7 (Oa V)) .
Write

LU]‘ = ZLijUia L= (L”)
i
Then

((v,0), (0,v)) (ILd Z) — (v, Tv), (v, V).
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So taking
I, 0 0 0
A0 0 Lo (L I
10 —-I; 0 O L I,
0 0 0 I
we have

((e,0),(0,€), (=£,0),(0,£)) A = ((v, Lv), (v, V).
So using this A in (6.11) proves (6.10) since
Iy 0 0 O
detA—det |V O o O gy (I" I") = det(I,—L).

0 I, 0 0 L I,
0 0 0 I

6.2 Densities on manifolds.

Let E — X be a real vector bundle. We can then
consider the complex line bundle

[E* — X

whose fiber over z € X is |E;|*. The formulas of the
preceding section apply pointwise.

We will be primarily interested in the tangent
bundle TX. So |TX|* is a complex line bundle which
we will call the a-density bundle and a smooth sec-
tion of |TX|* will be called a smooth a-density or
a density of order «.

Examples.

o Let X = R"™ with its standard coordinates and
hence the standard vector fields

0 0

8$1,...,axn.

This means that at each point p € R™ we have
a preferred basis

9 9
owr ), \Owa ),

dx®

We let
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denote the a-density which assigns, at each point
p, the value 1 to the above basis. So the most
general smooth a-density on R™ can be written
as

u - dx®

or simply as

udx®

where © is a smooth function.

e Let X be an n-dimensional Riemannian mani-
fold. At each point p we have a preferred family
of bases of the tangent space - the orthonormal
bases. We thus get a preferred density of order
« - the density which assigns the value one to
each orthonormal basis at each point.

e Let X be an n-dimensional orientable manifold
and ) a nowhere vanishing n-form on X. Then
we get an a-density according to the rule: At
each p € X assign to each basis eq,...,e, of
T,X the value

e, )|
We will denote this density by
|€2]*.
e As a special case of the preceding example, if M

is a symplectic manifold of dimension 2d with
symplectic form w, take

D=wA - Aw d factors.

So every symplectic manifold has a preferred
a-density for any a.

6.2.1 Multiplication of densities.

If o is an « density and v is a O density the we
can multiply them (pointwise) to obtain an (« + ()-
density p - v. Similarly, we can take the complex
conjugate of an a-density to obtain an a-density.

6.2.2 Support of a density.

Since a density is a section of a line bundle, it makes
sense to say that a density is or is not zero at a point.
The support of a density is defined to be the closure
of the set of points where it is not zero.
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6.3 Pull-back of a density un-
der a diffeomorphism.

If
f: X—->Y

is a diffeomorphism, then we get, at each z € X, a
linear isomorphism

A density v of order o on Y assigns a density of order
a (in the sense of vector spaces) to each T,Y which
we can then pull back using df, to obtain a density
of order o on X. We denote this pulled back density
by f*v. For example, suppose that

v =
for an n-form Q on Y (where n = dimY’). Then
e =1rae (6.12)

where the f*Q occurring on right hand side of this
equation is the usual pull-back of forms.

As an example, suppose that X and Y are open
subsets of R™, then

dx® = |dzy A+ Adxg|®, |dy|® = |dy1 A~ ANdy,|*
and
f (dyr A+ Ndyp) =det J(f)dzy A+ Adxy,
where J(f) is the Jacobian matrix of f. So
frdy® =|det J(f)|“dz®. (6.13)

Here is a second application of (6.12). Let f; :
X — X be a one-parameter group of diffeomorphisms
generated by a vector field v, and let v be a density of
order o on X. As usual, we define the Lie derivative
Dy,v by

d .
Dyv := %ft Vjt=0-
If v = |Q]* then

D,v = aD,|Q| - |Q* !
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and if X is oriented, then we can identify |Q] with
on oriented bases, so

D,|Q| = D,Q = di(v)Q

on oriented bases. For example,

D,dz? = =(div v)dz? (6.14)

where
divv—%—i— +% if v—vi—i- —H}i
T 0 Oz, ~ o "oz,

6.4 Densities of order 1.
If we set « =1 in (6.13) we get

frdy = |det J(f)|dx
or, more generally,

[ (udy) = (uo f)|det J(f)|dx

which is the change of variables formula for a multiple
integral. So if v is a density of order one of compact
support which is supported on a coordinate patch
(U,z1,...,x,), and we write

v =gdr

/V:ﬂﬁw

is independent of the choice of coordinates. If v is a
density of order one of compact support we can use a
partition of unity to break it into a finite sum of den-
sities of order one and of compact support contained
in coordinate patches

then

V=Vi+- -+

and [ v defined as

| v [nses [

is independent of all choices. In other words densities
of order one (usually just called densities) are objects
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which can be integrated (if of compact support). Fur-
thermore, if

f: X—=Y
is a diffeomorphism, and v is a density of order one of

compact support on Y, we have the general “change
of variables formula”

/Xf*uz/yl/. (6.15)

Suppose that a and [ are complex numbers with
a+p=1.

Suppose that p is a density of order o and v is a
density of order § on X and that one of them has
compact support. Then -7 is a density of order one
of compact support. So we can form

)= [

So we get an intrinsic sesquilinear pairing between
the densities of order « of compact support and the
densities of order 1 — @.

6.5 The principal series repre-
sentations of Diff(.X).

So if s € R, we get a pre-Hilbert space structure on
the space of smooth densities of compact support of
order % + 15 given by

1.0) = [ s

If f € Diff(X), i.e. if f: X — X is a diffeomorphism,
then

(T fv) = (1)
and

(fog) =g"of"
Let $, denote the completion of the pre-Hilbert space
of densities of order % + is. The Hilbert space §; is
known as the intrinsic Hilbert space of order s.
The map

fe ()
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is a representation of Diff (X) on the space of densi-
ties or order % + 15 which extends by completion to a
unitary representation of Diff (X) on $);. This collec-
tion of representations (parametrized by s) is known
as the principal series of representations.

If we take S = S* = PR! and restrict the above
representations of Diff(X) to G = PL(2,R) we get
the principal series of representations of G.

We will concentrate on the case s = 0, i.e. we will
deal primarily with densities of order %

6.6 The push-forward of a den-
sity of order one by a fibra-
tion.

There is an important generalization of the notion of
the integral of a density of compact support: Let

m:Z—X

be a proper fibration. Let p be a density of order one
on Z. We are going to define

T fb

which will be a density of order one on X. We proceed
as follows: for z € X, let

F=F, =7z

be the fiber over z. Let z € F. We have the exact
sequence

dm,

0—-T,F—->T,7 =T,X —0
which gives rise to the isomorphism
IT.F| © |T,X| = |T.7].

The density p thus assigns to each z in the manifold
F an element of

IT.F| ® |T, X]|.

In other words, on the manifold F' it is a density of
order one with values in the fixed one dimensional
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vector space |T,X|. Since F' is compact, we can in-
tegrate this density over F' to obtain an element of
|T,X|. As we do this for all z, we have obtained a
density of order one on X.

Let us see what the operation g — m,pu looks
like in local coordinates. Let us choose local coordi-
nates (U,21,...,Zpn,81...,84) on Z and coordinates
Yls---,Yn o1 X so that

T (T1yee oy Ty 815y 8d) — (X1, .00, ).

Suppose that p is supported on U and we write

u=udrds =u(x1,...,Tn,81...,8q4)dx1...dxsdsy ...

Then

Tl = (/u(a:l,...,acmsl,...,sd)dsl...dsd) dzy ...

(6.16)
In the special case that X is a point, m.u = fZ L.
Also, Fubini’s theorem says that if

wtz5Lx
are fibrations with compact fibers then
(T 0p)s = Ty O Py (6.17)

In particular, if p is a density of compact support on
Z with 7 : Z — X a fibration then 7, u is defined and

/XW*,u:/Z,u. (6.18)

If fis a C* function on X of compact support and
w: Z — X is a proper fibration then 7* f is constant
along fibers and (6.18) says that

/Qﬂﬁfu::/;fw”L (6.19)

In other words, the operations
7 C5(X) — C5°(2)

and
7. 1 C%(|T2)) — C=(|TX])

are transposes of one another.

de.

dz,,.



Chapter 7

The Enhanced
Symplectic
“Category”.

Suppose that My, Ms, and M3 are symplectic mani-
folds, and that

Iy € Morph(Ms, M3) and T’y € Morph(My, Ms)

are canonical relations which can be composed in the
sense of Chapter 4. Let p; be a %—density on I'; and
P2 a %—density on I'y. The purpose of this chapter is
to define a %—density p20p1 on 'y o'y and to study
the properties of this composition. In particular we
will show that the composition

(P2, p2) x (I'1,p1) = (T2 0T, pa 0 p1)

is associative when defined, and that the axioms for
a “category” are satisfied.

7.1 The underlying linear alge-
bra.

We recall some definitions from Section 3.4: Let V3, V5
and V3 be symplectic vector spaces and let 'y C
V™ x Vaand I's €V, x V3 be linear canonical rela-
tions. We let

ToxT'y €Ty xTy

169
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consist of all pairs ((z,y), (v/,2)) such that y = v/,
and let
7: 't xT'y — V4

be defined by
T(71,72) = m(1) — p(12)

so that I's x 'y is determined by the exact sequence
(3.6)

0—Ty*Ty =T xT'y 5 Vo — Coker 7 — 0.
We also defined
OéZFQ*Fl —>F20F1

by (3.9):
a:(z,y,y,2) = (2, 2).

Then ker v consists of those (0,v,v,0) € 'y xI'1 and
we can identify ker « as a subspace of V5. We proved
that relative to the symplectic structure on V5 we

have (3.13):
kera = (Tm7)*

as subspaces of V5. We are going to use (3.13) to
prove

Theorem 36 There is a canonical isomorphism
112 ® [T3|? = |kera| ® [Ty o Iy|2. (7.1)

Proof. It follows from (3.13) that we have an iden-
tification

(Va/kera) ~ (Va/(Im7)%) ~ (Im7)*.
From the short exact sequence
0— kera— Vo — Vo/kera — 0
we get an isomorphism
V2|2 ~ |kera|? @ |Va/ker o]

and from the fact that V5 is a symplectic vector space
we have a canonical trivialization [V;|2 = C. There-
fore

|ker o = |V ker o] 2.
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But since (Va/kera) = (Im7)* we obtain an identi-
fication ) )
|ker |2 & |Im7|2. (7.2)

From the exact sequence (3.6) we obtain the short
exact sequence

0—TyxI'; =Ty xTe 5Im7—0
which gives an isomorphism
IT1|2 ® 2|2 =Ty + 4|2 @ [Im7|3.
From the short exact sequence
0—kerao—TIy3%xI'y = T'50I'1 —0
we get the isomorphism
Dy #T1|2 2 |Ty0Ty|? @ |keral?.
Putting these two isomorphisms together and using
(7.2) gives (7.1). O
7.1.1 Transverse composition of % den-
sities.

Let us consider the important special case of (7.1)
where o is surjective and so ker « = 0. Then we have
a short exact sequence

0—ToxI1 - Ty xTe 5 Vo —0
and an isomorphism
a:ToxI'y 250l
and so (7.1) becomes

|F20F1‘%%‘F1XF2|%. (73)

So if we are given %-densities o1 on Iy and o9 on I'y

we obtain a -density 0 001 on I'y 0 T'y.
Let us work out this “composition” explicitly in
the case that I' is the graph of an isomorphism

SI‘/2—>V3.

Then p : T's — V5 is an isomorphism, and so we
can identify %—densities on I'y with %—densities on V5.
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Let us choose o3 to be the %—density on I's which is
identified with the canonical %-density on V5. So if
2ds = dim Vo = dim V3 and w4, . . ., u2q, is a symplec-
tic basis of V5, then oy assigns the value one to the
basis

(w1, Su1), ..., (u2d,, Suad,)

of FQ.
Let 2d; = dim V; and let

(61, fl)a s (6d1+d2a fd1+d2)

be a basis of I';. Then

(elanl)a cee (6d1+d2and1+d2)

is a basis of I'yoI';. Under our identification of I'goI';
with Ty x T'; (which is a subspace of T'; x I'y) this is
identified with the basis

[(e1, f1), (f1. Sf)), - s [(€dytdss fartds)s (fartds)s S far+ds)]

of To xI'y. The space {0} x I'y is complementary to
I's %«I'; in 'y x I'; and the basis

[(617f1)7 (fl,Sfl)], [ [(ed1+d2’fd1+d2)7 (fd1+d2)vSfd1+d2)]a

[(07 O)a (’U,l, Sul)}v s [(Ov 0)7 (U2d2, Su?dz)]

differs from the basis
[(617 ff)7 (07 0)]7 SR [((ed1+d27fd1+d2)7 (07 O)]v

[(O’ 0)’ (u17 SUI)L EER) [(0’ 0)7 <u2d2v Su2d2)]

by multiplication by a matrix of the form
I x
0 1)’

Proposition 12 If I's is the graph of a symplecto-
morphism S : Vo — V3 and o9 € |F2|% 18 identi-
fied with the canonical %-density on Vs, then oy 0 07
is given by (id xS).o1 under the isomorphism id xS
of T'y with T's o I'y.  In particular, if S = id then
09001 =01.

We conclude that
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7.2 Half densities and clean canon-
ical compositions.

Let My, M5, M3 be symplectic manifolds and let T'; C
M x My and I'; C My x M3 be canonical relations.
Let

m: Iy — Ms, w(my,ma) =ma, p: 'y — M, p(me, msg) = ma,
and I'o xI'y C I'y x I’y the fiber product:

oI’y = {(m1, ma, m3)|(m1,ma) € T'1, (m2,m3) € T'a}.

Let

a:ToxTy — My x M3, «a(my,mg,m3) = (my, m3).

The image of « is the composition I' o I'y.
Recall that we say that I'; and I'; intersect cleanly
if the maps p and 7 intersect cleanly. If 7 and p
intersect cleanly then their fiber product I's xI'; is a
submanifold of I'y x I'y and the arrows in the exact
square
FQ *Fl —_— Fl

! I

Ty - M,
are smooth maps. Furthermore the differentials of
these maps at any point give an exact square of the
corresponding linear canonical relations. In particu-
lar, o is of constant rank and I'y o I'y is an immersed
canonical relation. If we further assume that

1. « is proper and

2. the level sets of a are connected and simply
connected,

then I'; o'y is an embedded Lagrangian submanifold
of M{ x My and

Oé:Fg*Fl —>F20F1
is a fiber map with proper fibers. So our key iden-

tity (7.1) holds at the tangent space level: Let m =
(my,ma2,m3) € TaxT'y and ¢ = a(m) € T3 0T} and
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let F, = a~'(q) be the fiber of a passing through m.
We get an isomorphism

| T | 2| Ty (T20T1)[2 = [Ty iny T4 |2 @[ Ty gy D2
(7.4)
This means that if we are given half densities p; on
I'y and py on I'y we get a half density on I's o I'y
by integrating the expression obtained from the left
hand side of the above isomorphism over the fiber.
This gives us the composition law for half densities.
Once we establish the associative law and the exis-
tence of the identity we will have have enhanced our
symplectic category so that now the morphisms con-
sist of pairs (I, p) where I is a canonical relation and
where p is a half density on T
Notice that if the composition I's o I'y is trans-
verse, then integration is just pointwise evaluation as
in Section 7.1.1. In particular, we may apply Propo-
sition 12 pointwise if I's is the graph of a symplecto-
morphism. In particular, if T's = A(X3) is the diag-
onal in X5 X X5 and we use the canonical %—density
oa coming from the identification of A(X3) with the
symplectic manifold X5 with its canonical %—density,
then (A(Xz),0a) o (I'yo1) = (I'1,01). This shows
that (A(X32),0a) acts as the identity for composition
on the left at X5, and using the involutive structure
(see below) implies that it is also an identity for com-
position on the right. This establishes the existence
of the identity. For the associative law, we use the
trick of of reducing the associative law for compos-
tion to the associative law for direct product as in
Section 3.3.2:

7.3 Rewriting the composition
law.

We will rewrite the composition law in the spirit of
Sections 3.3.2 and 4.4: If ' € M~ x M is the graph of
a symplectomorphism, then the projection of I' onto
the first factor is a diffeomorphism. The symplectic
form on M determines a canonical %—density on M,
and hence on I'. In particular, we can apply this
fact to the identity map, so A C M~ x M carries a
canonical %-density. Hence, the submanifold

AMthJ\/Ig = {(x,y,y,z,x,z)} C My X Mox Mo x Mz x My x Mz
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as in (4.6) carries a canonical %—density T1,2,3. Then
we know that

Daoly = Ay asyns, © (1 X Ta)
and it is easy to check that
p2 0 p1 = T123 © (p1 X p2).
Similarly,

(F3OF2)OF1 = F3O(F20F1) = AM1,M2,M37IM4O(F1 XFQXF?,)

and Ay, M, M5, M, CaITies a canonical %—density T1,2,3,4
with

(p3op2)opr = p3o(paop1) =Ti2340(p1 X p2 X p3).

This establishes the associative law.

7.4 Enhancing the category of
smooth manifolds and maps.

Let X and Y be smooth manifolds and £ — X and
F — Y be vector bundles. According to Atiyah and
Bott, a morphism from F — X to F' — Y consists of
a smooth map

f: X—=>Y

and a section
r € C*°(Hom(f*F, E)).

We described the finite set analogue of this concept
in Section 3.3.5. If s is a smooth section of ' — Y
then we get a smooth section of E — X via

(f;r)7s(x) == r(s(f(2)), zeX.

We want to specialize this construction of Atiyah-
Bott to the case where E and F' are the line bundles
of %-densities on the tangent bundles. So we say that
r is an enhancement of the smooth map f: X — Y
or that (f,r) is an enhanced smooth map if r is a
smooth section of the line bundle

Hom(| f*TY?,|TX|?).
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The composition of two enhanced maps
(f;r): (BE—X) = (F—=Y) and (g,7): (F—Y)— (G- 2)
is (go f,r or’) where, for T € |Tg(f(x))Z)\%

(ror')(r) =r(r'(7)).

We thus obtain a category whose objects are the
line bundles of %—densities on the tangent bundles
of smooth manifolds and whose morphisms are en-
hanced maps.

Ifpisa %—density onY and (f,r) is an enhanced
map then we get a %—density on X by the Atiyah-Bott
rule

(f,r)"plx) = r(p(f(2)) € [T X2,

Then we know that the assignment (f,r) — (f,r)* is
functorial. We now give some examples of enhance-
ment of particular kinds of maps:

7.4.1 Enhancing an immersion.

Suppose f : X — Y is an immersion. We then get
the conormal bundle N;X whose fiber at x consists
of all covectors £ € T;(x)Y such that df;¢ = 0. We
have the exact sequence

0-T.X LT,V - Ny —o0.
Here N,Y is defined as the quotient T’y (,)Y/df. (T X).
The fact that f is an immersion is the statement that
df, is injective. The space (N;X) is the dual space
of N.Y. From the exact sequence above we get the
isomorphism

Tro)Y > 2 |NLY]? @ |TX|2.

So

W=
1%

1 1. 1 _1 _ " 1
Hom(|Ty()Y|?, [T X|?) = [T X|2®[Ty() Y2 = [N,Y| (N7 X)zl?.

Conclusion. Enhancing an immersion is the same
. . 1
as giving a section of |N}‘X| 3.
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7.4.2 Enhancing a fibration.

Suppose that 7 : Z — X is a submersion. If z € Z,
let V, denote the tangent space to the fiber 7=1(x)
at z where x = mw(z). Thus V, is the kernel of dr, :
T.Z — Tr:)X. So we have an exact sequence

0=V, > ToZ — Tr()X — 0
and hence the isomorphism
IT.215 = V| % @ [Tr(s) X1 2.
So

Hom(|Ty (o) X |2, [T Z|?) & [Ty X| 20|12 2|7 = V|2,

(7.5)
Conclusion. Enhancing a fibration is the same as
giving a section of |V|% where V' denotes the vertical
sub-bundle of the tangent bundle, i.e. the sub-bundle
tangent to the fibers of the fibration.

7.4.3 The pushforward via an enhanced
fibration.

Suppose that 7 : Z — X is a fibration with com-
pact fibers and r is an enhancement of 7w so that r
is given by a section of the line-bundle |V|2 as we
have just seen. Let p be a %—density on Z. From the
isomorphism

IT.Z|3 = Vo] @ [Tr) X|?

we can regard p as section of |V|z @ 7*|TX|2 and
hence
rep

is a section of [V| ® 7*|TX|z. Put another way, for
each z € X, r - p gives a density (of order one) on
7~ (x) with values in the fixed vector space |T, X|z.
So we can integrate this density of order one over the
fiber to obtain

T (1 p)
which is a %—density on X. If the enhancement r of
7 is understood, we will denote the push-forward of
the %—density p simply by

s -
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We have the obvious variants on this construction
if 7 is not proper. We can construct 7. (r - p) if either
r or p are compactly supported in the fiber direction.

An enhanced fibration = = (7, r) gives a pull-back
operation w* from half densities on X to %—densities
on Z. Soif pis a %—density on X and v is a %—density
on Z then

v-mtu

is a density on Z. If p is of compact support and if
v is compactly supported in the fiber direction, then
v-m*u is a density (of order one) of compact support
on Z which we can integrate over Z. We can also
form

(mev) - po.

which is a density (of order one) which is of compact
support on X. It follows from Fubini’s theorem that

/Zy-wm:/x(ﬂ*y)-u.

7.5 Enhancing a map enhances
the corresponding canonical
relation.

Let f: X — Y be a smooth map. We can enhance
this map by giving a section r of Hom(|TY |z, [T X|z2).
On the other hand, we can construct the canonical
relation

I'y € Morph(T*X,T"Y)

as described in Section 4.7. Enhancing this canonical
relation amounts to giving a %-density ponly In
this section we show how the enhancement r of the
map [ gives rise to a %—density on I'y.

Recall (4.9) which says that

Ff = {(I1,§17I2,£2)|SE2 = f(xl)a 61 = df:1§2}

From this description we see that I'y is a vector bun-
dle over X whose fiber over x € X is T}‘(I)Y. So at

each point z = (x,&1,y,n) € I'y we have the isomor-
phism

1, 1 " 1
T:Ty]2 =T X2 @ [Ty (Th Y2
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But (Tf*(ac)Y) is a vector space, and at any point 7 in
a vector space W we have a canonical identification
of T,W with W. So at each z € I'y we have an
isomorphism

ITTg|* & [T X P @IT,(Tf,)Y)[* = Hom(|Ty(o) Y |*, [T X %)
and at each z, r(x) is an element of Hom(|Tf(z)Y|%, T, X|2).

So 7 gives rise to a %—density on I'y, I still need to write up the
functoriality of this relation.

7.6 The involutive structure of
the enhanced symplectic “cat-
egory”.

Recall that if I' € Morph(My, M3) then we defined
I'f € (Mo, M) be

It = {(y,x)|(x,y) € F}'
We have the switching diffeomorphism
s:TT =T,  (y,2) — (z,y),

and so if p is a %—density on I then s*p is a %—density
on I'f. We define
pl =sp. (7.6)

Starting with an enhanced morphism (T, p) we define
(T, p)f = (T, o).

We show that 1 : (T, p) — (I',p)' satisfies the con-
ditions for a involutive structure. Since s2 = id it
is clear that {2 = id. If I'y € Morph(Msz, M;) and
I’y € Morph(Mj, Ms) are composible morphsims, we
know that the composition of (I'e, p2) with (I'1, p1) is
given by

(Anty My 0155 T123) © (1 X Ta, p1 X o).
where
A1\41,1\/1271\43 = {(:E,y,y,z,x,z)|x S Mlvy S M27Z € MS}

and 7103 is the canonical (real) %—density arising from
the symplectic structures on M7, My and M3. So

s:(Fgofl)T:FJ{oFg—J}oFl
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is given by applying the operator S switching  and
z
St Ay My My — Ay My M3

applying the switching operators s; : FJ{ — I'; and
So : FE — I's and also switching the order of I'y and
I'5. Pull-back under switching the order of I'y and I'y
sends p1 X p2 to pa X p1, applying the individual s
and s5 and taking complex conjugates sends pa X p1
to pg X p{. Also

*
S*T123 = T321

and 7397 is real. Putting all these facts together shows
that

(T2, p2) 0 (P1, p1)" = (T4, p1) T 0 (T2, p2)1

proving that | satisfies the conditions for a involutive
structure.

Let M be an object in our “category”, i.e. a sym-
plectic manifold. A “point” of M in our enchanced
“category” will consist of a Lagrangian submanifold
A C M thought of as an element of Morph(pt., M)
(in S) together with a 1-density on A. If (A, p) is such
a point, then (A, p)T = (AT, pT) where we now think
of the Lagrangian submanifold AT as an element of
Morph(M, pt.).

Suppose that (Ay, p1) and (As, p3) are “points” of
M and that A; and A; are composible. Then A; oAy
in S is an element of Morph(pt., pt.) which consists
of a (single) point. So in our enhanced “category” S

(A2, p2) (A1, p1)

isa %—density on a point, i.e. a complex number. We
will denote this number by

(A1, p1), (A2, p2)) -

7.6.1 Computing the pairing ((Aq, p1), (Ag, p2)) .

This is, of course, a special case of the computation
of Section 7.2, where I'; o I'; is a point.

The first condition that A; and A; be composible
is that A; and A, intersect cleanly as submanifolds
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of M. Then the F' of (7.4) is F = Ay N Az so (7.4)
becomes

T, F| = |Ty(Ar N A2)| 2 [TpA1 |2 @ [TpAo|2  (7.7)

and so p; and pz multiply together to give a density
p1p2 on A1 NAs. A second condition on composibility
requires that A; N As be compact. The pairing is thus

(A1, 1), (A2, p2)) =/ P1P2- (7.8)

A1NA2

7.6.2 1 and the adjoint under the pair-
ing.

In the category of whose objects are Hilbert spaces
and whose morphisms are bounded operators, the ad-
joint AT of a operator A : H; — Hj is defined by

(Av,w)s = (v, Atw)s, (7.9)

for all v € Hy,w € Hs where ( ,); denotes the scalar
product on H;, ¢ = 1,2. This can be given a more
categorical interpretation as follows: A vector u in a
Hilbert space H determines and is determined by a
bounded linear map from C to H,

Z = ZUu.

In other words, if we regard C as the pt. in the cate-
gory of Hilbert spaces, then we can regard v € H as
an element of of Morph(pt., H). So if v € H we can
regard v as an element of Morph(H, pt.) where

vl (1) = (u, ).

So if we regard t as the primary operation, then the
scalar product on each Hilbert space is determined by
the preceding equation - the right hand side is defined
as being equal to the left hand side. Then equation
(7.9) is a consequence of the associative law and the
laws (Ao B)l = BT o AT and 2 = id.. Indeed

(Av,w)g :=wl o Aowv = (AT ow)T ov =: (v, ATw);.

So once we agree that a %—density on pt. is just
a complex number, we can conclude that the ana-
logue of (7.9) holds in our enhanced category S: If
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(A1,p1) is a “point ” of M; in our enhanced cate-
gory, and if (Az, p2) is a “point ” of My and if (T', 7) €
Morph(My, M) then (assuming that the various mor-
phisms are composible) we have

<((F’T) o (A17p1)’ (Ag,p2)>2 = <(A1,p1), ((F7T)T 0 (Ag,p2)>1 :
(7.10)

7.7 The symbolic distributional
trace.

We consider a family of symplectomorphisms as in

Section 4.10.7 and follow the notation there. In par-

ticular we have the family ® : M xS — S of symplec-
tomorphisms and the associated moment Lagrangian

I''=Te CMxM~ xT*S.

7.7.1 The %-density on [.

Since M is symplectic it has a canonical % density.
So if we equip S with a half density ps we get a %
density on M x M~ x S and hence a % density pr
making I' into a morphism

(T, pr) € Morph(M~ x M, T*S)

in our enhanced symplectic category.
Let A C M~ x M be the diagonal. The map

M— M~ xM m— (m,m)

carries the canonical %—density on M to a %—density,
call it pa on A enhancing A into a morphism

(A, pa) € Morph(pt.., M~ x M).
The generalized trace in our enhanced sym-
plectic “category”.

Suppose that I' and A are composable. Then we get
a Lagrangian submanifold

A=ToA

and a %-density

PA == Pr o pa
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on A. The operation of passing from F' : M xS — M
to (A, pa) can be regarded as the symbolic version of
the distributional trace operation in operator theory.

7.7.2 Example: The symbolic trace.

Suppose that we have a single symplectomorphism
f: M — M so that S is a point as is T*S. Let

D =T = graph f = {(m, f(m)), m € M}

considered as a morphism from M x M~ to a point.
Suppose that I' and A intersect transversally so that
I' N A is discrete. Suppose, in fact, that it is finite.
We have the %—densities pa on T, A and T,,,I" at each
point m of of I' N A. Hence, by (6.10), the result is

S [det( — df)| 72 (7.11)

meANT

7.7.3 General transverse trace.

Let S be arbitrary. We examine the meaning of the
hypothesis that that the inclusion ¢ : A — M x M
and the projection I' — M x M be transverse.

Since I' is the image of (G,®) : M x S — M x
M xT*S, the projection of I onto M x M is just the
image of the map G given in (4.38). So the transverse
composibility condition is

GMA. (7.12)

The fiber product of I' and A can thus be identified
with the “fixed point submanifold” of M x S:

§ = {(m, )| fs(m) = m}.

The transversality assumption guarantees that this
is a submanifold of M x S whose dimension is equal
to dim S. The transversal version of our composition
law for morphisms in the category S asserts that

P:F—-TxS
is a Lagrangian immersion whose image is

A=ToA.
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Let us assume that § is connected and that ® is a La-
grangian imbedding. (More generally we might want
to assume that § has a finite number of connected
components and that ® restricted to each of these
components is an imbedding. Then the discussion
below would apply separately to each component of

3.)

Let us derive some consequences of the transver-
sality hypothesis GMA. By the Thom transverslity
theorem, there exists an open subset

SocCS
such that for every s € Sp, the map
gs: M — M x M, gy(m) = G(m,s) = (mfs(m))
is transverse to A. So for s € Sp,
g (A) = {my(s),i=1,...,7}

is a finite subset of M and the m; depend smoothly
on s € So. For each i, ®(m;(s)) € TS then depends
smoothly on s € Sp. So we get one forms

i = ®(m;(s)) (7.13)

parametrizing open subsets A; of A. Since A is La-
grangian, these one forms are closed. So if we assume
taht H(Sp) = {0}, we cad write

pi = dip;
for ¢; € C*°(Sp) and
A=Ay,
The maps
So — Ni, s (s,di(s))

map So diffeomorphically onto A;. The pull-backs of
the %—density pA = pr o pa under these maps can be
written as
hips
where pg is the %—density we started with on S and
Victor: details here? where the h; are the smooth functions

hi(s) = |det(I — dfm,)| "% . (7.14)
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In other words, on the generic set So where g5 is
transverse to A, we can compute the symbolic trace
h(s) of gs as in the preceding section. At points not
in Sp, the “fixed points coalesce” so that gs is no
longer transverse to A and the individual g5 no longer
have a trace as individual maps. Nevertheless, the
parametrized family of maps have a trace as a %—
density on A which need not be horizontal over points

of S which are not in Sp.

7.7.4 Example: Periodic Hamiltonian
trajectories.

Let (M,w) be a symplectic manifold and
H:M—R

a proper smooth function with no critical points. Let
v = vy be the corresponding Hamiltonian vector
field, so that

i(v)w = —dH.

The fact that H is proper implies that v generates
a global one parameter group of transformations, so
we get a Hamiltonian action of R on M with Hamil-
tonian H, so we know that the function ® of (4.32)
(determined up to a constant) can be taken to be

d:MxR->TR=RxR, &(m,t)=_(tH(m)).

The fact that dH,, # 0 for any m implies that the
vector field v has no zeros.

Notice that in this case the transversality hypoth-
esis of the previous example is never satisfied. For
if it were, we could find a dense set of ¢ for which
exptv : M — M has isolated fixed points. But if
m is fixed under exptv then every point on the or-
bit (exp sv)m of m is also fixed under exp tv and we
know that this orbit is a curve since v has no zeros.

So the best we can do is assume clean intersection:
Our I in this case is

I' = {m, (exp sv)m, s, H(m))}.
If we set fs = exp sv we write this as

I'={(m, fs(m),s, H(m))}.
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The assumption that the maps I' — M x M and
L:A—-MxM
intersect cleanly means that the fiber product
X ={(m,s) € M x R|fs(m) =m}
and that its tangent space at (m, s) is
{(v,¢) € TnM x Rlv = (dfs)m(v) + cv(m) (7.15)

since

AF () (U’088t> = (dfs)m(v) + cv(m).



Chapter 8

Oscillatory
%—densities.

Let (A,v) be an exact Lagrangian submanifold of
T*X. Let
keZ.

The plan of this chapter is to associate to (A, ) and
to k a space
I*(X, A 9)

of rapidly oscillating %—densities on X and to study

the properties of these spaces. If A is horizontal with
A=Ay, peC™(X),
and
Y =¢o(mx)a
this space will consist of %—densities of the form

o ()
h*a(z, h)el¢h 00

where pyg is a fixed non-vanishing %—density on X and
where
a € C™®(X xR).

In other words, so long as A = Ay is horizontal
and 1 = ¢ o (mx)|s, our space will consist of the
%—densities we studied in Chapter 1.

As we saw in Chapter 1, one must take into ac-
count, when solving hyperbolic partial differential equa-

tions, the fact that caustics develop as a result of the

187
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Hamiltonian flow applied to initial conditions. So we
will need a more general definition. We will make a
more general definition in terms of a general gener-
ating function relative to a fibration, and then show
that the class of oscillating %—densities on X that we
obtain this way is independent of the choice of gen-
erating functions.

This will imply that we can associate to every
exact canonical relation between cotangent bundles
(and every integer k) a class of (oscillatory) integral
operators which we will call the semi-classical Fourier
operators associated to the canonical relation. We
will find that if we have two transversally composi-
ble canonical relations, the composition of their semi-
classical Fourier operators is a semi-classical Fourier
operator associated to the composition of the rela-
tions. We will then develop a symbol calculus for
these operators and their composition.

In order not to overburden the notation, we will
frequently write A instead of (A,1). But a definite
choice of 1 will always be assumed. So, for example,
we will write I*(X, A) instead of I*(X, (A, )) for the
class of %—densities that we will introduce over the
next few sections.

8.1 Definition of I*(X, A) in terms
of a generating function.

Let m : Z — X be a fibration which is enhanced in
the sense of Section 7.4.2. Recall that this means
that we are given a smooth section r of [V|2 where
V' is the vertical sub-bundle of the tangent bundle of
Z. We will assume that r vanishes nowhere. If v is
a %—density on Z which is of compact support in the
vertical direction, then recall from Section 7.4.3 that
we get from this data a push-forward 3-density m.v
on X.

Now suppose that ¢ is a global generating func-
tion for (A,v) with respect to w. Recall that this
means that we have fixed the arbitrary constant in ¢
so that

¥(,8) = ¢(2)

if dp, = wi¢ where w(z) = x. See the discussion
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following equation (4.58). Let
d:=dimZ — dim X.

We define I¥ (X, A, ¢) to be the space of all compactly
supported %—densities on X of the form

W= hFg, (ae’%T) (8.1)
where a = a(z, h)
a € CyP(Z xR)

and where 7 is a nowhere vanishing %—density on Z.
Then define I* (X, A, ¢) to consist of those %-densities
p such that pu € I¥(X, A, ¢) for every p € C§°(X).
It is clear that I*(X, A, ¢) does not depend on the
choice of the enhancement r of 7 or on the choice of

T.

8.1.1 Local description of I*(X, A, ¢).

Suppose that Z = X x S where S is an open subset
of R? and 7 is projection onto the first factor. We
may choose our fiber %—density to be the Euclidean
%—density ds? and T to be o ® ds? where 70 18 a
nowhere vanishing 3-density on X. Then ¢ = ¢(z, s)

and (8.1) becomes the oscillating integral

( /S a(x,s,ﬁ)ei?fds> To. (8.2)

8.1.2 Independence of the generating
function.

Let m; : Z; — X, ¢; be two fibrations and generat-
ing functions for the same Lagrangian submanifold
A C T*X. We wish to show that I*(X,A, ¢1) =
I*(X, A, ¢). By a partition of unity, it is enough to
prove this locally. According to Section 5.12, since
the constant is fixed by (4.58), it is enough to check
this for two types of change of generating functions,
1) equivalence and 2) increasing the number of fiber
variables. Let us examine each of the two cases:
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Equivalence.

There exists a diffeomorphism ¢ : Z; — Z5 with
T2 0 g =T and  ¢a09=¢;.

Let us fix a non-vanishing section r of the vertical
%—density bundle |V1\% of Z; and a %—density 71 on
Zy. Since g is a fiber map, these determine vertical
%—densities and %—densities g« and g.7 on Zs. If
a € C§°(Z> xR) then the change of variables formula

for an integral implies that
i%2 x ifL
T2,xQ€ " guT1 = T xg ae " Ty

where the push-forward my . on the left is relative to
g«r and the push-forward on the right is relative to
r. O

Increasing the number of fiber variables.

We may assume that Z; = Z; x .S where S is an open
subset of R™ and

ba(2,5) = d1(2) + %(As,s)

where A is a symmetric non-degenerate m xm matrix.
We write Z for Z;. If d is the fiber dimension of Z
then d + m is the fiber dimension of Z;. Let r be a
xlfertical %—density on Z so that r ® ds? is a vertical

5-density on Z;. Let 7 be a % density on Z so that

T ®ds? is a %—density on Z5. We want to consider
the expression

L [ 2(2,9)
% Taxa2(2, s, h)e’ = (T@dS%).

Rk

Let my1 : Z x S — Z be projection onto the first
factor so that

T2x = T1x O T2 1x
and the operation 73 1, sends
92 1 ;o1
as(z,s,h)e' T @ ds? — b(z,h)e' n T

where
(As,s)

b(z,ﬁ):/ag(z,s,h)e 2h o (s.
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We now apply the Lemma of Stationary Phase (see
Chapter 10) to conclude that

b(z,h) = h™a1(z, h)
and in fact a1(z, h) = az(2,0,h) + O(h). O

8.1.3 The global definition of I*(X A).

Let (A,1) be an exact Lagrangian submanifold of
T*X. We can find a locally finite open cover of A
by open sets A; such that each A; is defined by a gen-
erating function ¢; relative to a fibration 7; : Z; — U;
where the U; are open subsets of X. We let I5(X, A)
consist of those %—densities which can be written as
a finite sum of the form

N
= pi, o, € I5(XA).
j=1

By the results of the preceding section we know that
this definition is independent of the choice of open
cover and of the local descriptions by generating func-
tions.

We then define the space I*(X,A) to consist of
those %—densities won X such that pu € IF(X,A) for
every C* function p on X of compact support.

8.2 Semi-classical Fourier inte-
gral operators.

Let X; and X5 be manifolds, let
X = X1 X XQ

and let
M, =T*X;, i=1,2.

Finally, let (T, ¥) be an exact canonical relation from
M to Ms so
I'c My x Ms.

Let
S1:Mpy — My,  q(x,6) = (21,-61)

so that
A= (¢ x id)(T)
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and
Y =Vo (¢ xid)

gives an exact Lagrangian submanifold (A, ) of
"X = T*Xl X T*XQ

Associated with (A,%) we have the space of com-
pactly supported oscillatory %—densities IF(X,A). Choose
a nowhere vanishing density on X; which we will de-
note (with some abuse of language) as dx; and simi-
larly choose a nowhere vanishing density dxo on Xs.

We can then write a typical element u of I¥(X, A) as
PR
w=u(xy,x, h)dxi dxs

where u is a smooth function of compact support in
all three “variables”.

Recall that L?(X;) is the intrinsic Hilbert space
of L? half densities on X;. Since u is compactly sup-
ported, we can define the integral operator

F,=F,n: L*(X))— L*(Xo)

by
FM(fdxlé) = ( ; f(xl)u(xl,xg)dxl) dwé. (8.3)

We will denote the space of such operators by
Fy(T)

and call them compactly supported semi-classical
Fourier integral operators. We could, more gen-

1
erally, demand merely that u(z1, 22, i)dx? be an el-
ement of L?(X1) in this definition, in which case we
would drop the subscript 0.

Let X1, X5 and X3 be manifolds, let M; = T*X,, i =
1,2,3 and let

(Fl,\lll) - MOI‘ph Ml,Mg), (FQ,‘I’Q) € MOI‘ph MQ,Mg)

exact ( exact (

be exact canonical relations. Let
F E]:Snl(l—‘l) and F 6_7-'6”2(1“2).

Finally, let
n = dim X5.



8.2. SEMI-CLASSICAL FOURIER INTEGRAL OPERATORS.193

Theorem 37 If I's and I'y are transversally com-
posible, then

F,oF € fénﬁmﬁj((Fm Uy)o (T'y,91).  (8.4)

where the composition of exact canonical relations is
given in(4.56) and(4.57).

Proof. By partition of unity we may assume that
we have fibrations

7T1:X1XX2><31—>X1>(X2, 7T2:X2><X3><SQ—>X2><X3

where S; and S, are open subsets of R% and R% and
that ¢1 and ¢, are generating functions for I'y and I'y
with respect to these ﬁbrlations. We also fix nowhere
vanishing %—densities dr? on X;, i = 1,2,3. So F}
is an integral operator with respect to a kernel of the
form (8.3) where

;21(@1,22,51)
R

d
uy(xy, 29, ) = RS /al(xl,xg,sl,h)e dsy

and F» has a similar expression (under the change
1~ 2, 2+ 3). So their composition is the integral
operator

fda:lé — ( ; f(xl)u(ml,xg,h)dx1> da:é

where
_di+do
u(xy, w3, h) = AT T

jL1t92

/al(xl,xg,sl,ﬁ)ag(xg,xg,SQ,h)e n dsidsadzs.

By Theorem 30 ¢1(x1, %2, 51)+P2(x2, 3, 52) is a gen-
erating function for I'; o Iy with respect to the fibra-
tion

X1><X3X(X2XS1XSQ)—>X1><X3,

and by (4.57) this is a generating function for (I'z, U3)o
(I'1,¥q). Since the fiber dimension is di + da + n
and the exponent of h in the above expression is
mi + mo — ’117';@ we obtain (8.4). O
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8.3 The symbol of an element
of I*(X, A).

Let A be a Lagrangian submanifold of T*X. We
have attached to A the space I*(X,A) of oscillat-
ing %—densities. The goal of this section is to give an
intrinsic description of the quotient

IM(X,A)/T*H(X, A)

as sections of line bundle . — A. This line bundle will
locally look like the line bundle |TA\% whose sections
are %—densities on A. However we will have to tensor
Victor: Citations to Keller this bundle with the Maslov bundle in order to get
and Maslov 7 a precise global description of I*(X,A)/I**1(X,A).
This was a key idea of Keller and Maslov.

8.3.1 A local description of I*(X A)/I*1(X A).

Let S be an open subset of R and suppose that we
have a generating function ¢ = ¢(z,s) for A with
respect to the fibration

XxS—>X (x,8)—a.

Fix a C'°° nowhere vanishing %—density von X so that
any other smooth %-density won X can be written
as
w=uv
where v is a C*° function on X.
The critical set Cy is defined by the d independent

equations

dp

887; -

The fact that ¢ is a generating function of A asserts
that the map

0, i=1,...,d (8.5)

Ap: Cp = THX, (z,8) — (x,dopx(z,s)) (8.6)

is a diffeomorphism of Cy with A. To say that p = uv
belongs to I¥(X, A) means that the function u(x, h)
can be expressed as the oscillatory integral

25 ds, where a € C§°(XxSxR).

(8.7)

u(z,h) = [ /a(x,s,h)ei
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Proposition 13 If a(x,s,0) = 0 on Cy4 then p €
X, A).

Proof. If a(z,s,0) = 0 on Cy then by the descrip-
tion (8.5) of Cy we see that we can write

d 96
a= Zaj(ac,s,h)g + ao(zx, s, i)k
j=1 /

We can then write the integral (8.7) as v + ug where

uo(z, h) = pES /ao(ﬁf,sﬁ)ei@ds

S0
Lo = UgV € IéﬁLl(X, A)
and
v o= hkgzd:/a-(x s h)aﬁei%ds
. ] 99 8S]
j=1
yk+1—2 d 0 i2
= —ih 22 aj(x,s,h)a—e nds
=1 5
= ih’”lgi/ iav(x s, h) et ds
' 8SJ 9 )9y
7j=1
S0

d
_ opk+1-¢ id _ day
v=1h /b(w,s,h)e rds where b= E 1 3753
i=

(8.8)
This completes the proof of Proposition 13. O
This proof can be applied inductively to conclude
the following sharper result:

Proposition 14 Suppose that p = uv € IF(X,A)
where u is given by (8.7) and fori=0,...,¢

0a
%(117 S, O)

vanishes on Cy. Then
we I§+2Z+1(X7 A)

As a corollary we obtain:
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Proposition 15 If a vanishes to infinite order on
Cy then € I°(X, A), i.e.

peIHX,A).
k

We will now use stationary phase to prove the
following converse to Proposition 13:

Proposition 16 If u € I¥T1(X, A) then the restric-
tion of a(x,s,0) to Cy vanishes identically.

Recall the following fact from the formula of sta-
tionary phase: Suppose that Y is a manifold with a
nowhere vanishing density dy and that ¥ : Y — R is
a a C'*° function on Y with a single non-degenerate
critical point py. Suppose that f € C§°(Y). The
formula of stationary phase (see Chapter ?7) implies

that
;%)

I(h) == /Y e dy

satisfies
dim Y

I(h) = h=" (vf(po) + O(n))

where v is a non-zero constant. In particular, if we
write m = dimY

I(h)=0(h%*") & f(po)=0.  (8.9)

Proof of Proposition 16. As usual, we choose a
nowhere vanishing %—density on X and write yu = uv
where

;b(x,s)

u(x,h):hki%/a(x,s,h)el nods

where d is the fiber dimension. Let py = (0, s0) € C
and let

(w0, &0) = Ag(po) € A.

Let I be a Lagrangian submanifold of 7% X which
is horizontal and which intersects A transversally at
(z0,&0). We will view I" as a “point” of T* X, that is
as an element of

Morph(pt., T* X).

Since I' is horizontal, it is defined by a generating
function y € C*°(X). In other words, (z,§) € T
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if and only if dy(z

) = £ Let b be any element of
C°(X) with b(zg) # 0. L

This is the integral kernel of a semi-classical Fourier
integral operator

F, e I°(rT)
associated to the canonical relation
I'" € Morph(T* X, pt.).

Since
rfmA

we can compose F,, with y = udz® € I(])’C'H(X7 A) to
get an element

/ v(z, h)u(x, hyde € TFH1H2 (pt.).
b's
This says that

/ v(z, B)u(x, h)de = O(RFF1T2),
X

pk=s /b a(z, s, k)T dpds = O(KFHITE),

So if we set

P(x,5) = —x(x) + o(z, 5)

then

= O(h*2" 1.

/b(m)a(m,s,O)eiwﬁ :

We want to apply (8.9) with Y = X x S and f = ba.
First observe that (xo,so) is a critical point of .

Indeed
oy 0
351- o 831- o

because (g, s9) € Cp and

dxv(xg) = —dx(x0) + dxd(x0, 50) = =& + & = 0.
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We claim that (zg,s0) is a non-degenerate critical
point of 1. Indeed, we know that ¥ (z,s) = —x(z) +
#(z, s) is a generating function for pt. = I'f o A with
respect to the fibration X x S — pt.. The condi-
tion for being such a generating function says that
the differentials of all the partial derivatives of ) be
linearly independent at (zg, sp) which is the same as
saying that (zg, so) is a non-degenerate critical point.
So b(zg)a(xg, s0,0) = 0 and since b(xp) # 0 we must
have a(xg, s9,0) = 0. Since this is true at all points
of Cy we conclude that a(x,s,0)=0on Cy. O

We can now summarize the results of the last few
propositions: Given p € I} (X A), suppose that we
can write u = udz? where dz? is a nowhere vanishing
f—densny on X and suppose there is a generating
function ¢ for A valid over an open set containing
the support of p such that u is of the form

u=Hh"2 /a(ax,s,h)em(

where a € C§°(X x S x R). We know from Propo-
sition 13 that the function a(z, s, 0)|c, depends only

x,s)
nods

on the equivalence class of g mod IFT(X,A) (once
¢ is fixed) and from Propositions 16 and 13 that the
map

pa(z,s,0)c,
is an isomorphism of I§ (X, A)/I¥TH (X, A) with C§°(Cy).
Now the map

)‘(25 C¢>_)Aa (an)H (Z‘,dd)x(]},s))
is a diffeomorphism. So we have proved:

Theorem 38 Let (A,v) be an exact Lagrangian sub-
manifold of T*X and ¢ a generating function for
(A, 9) relative to m : X xS — X and let v be a
nowhere vanishing %—density on X so that every el-
ement p = uv of I¥(X,A) has a representation as
an oscillatory integral of the form (8.7). For each
w € I8(X, A) define the symbol

os(pn) € C5°(A)
by

og(p)(z,&) = alx,s,0) where (z,5) € Cy and Ay(z,5) = (x,§)
(8.10)
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for every (x,&) € A. Then oy defines an isomorphism
a0 I(X,A)/IgTH(X, A) = C5o ().

The isomorphism o4 depends on the choice of the
generating function ¢. We shall remedy this by rein-
terpreting o4(1) as a section of an appropriate line
bundle. Recall from Section 5.13 that the generating
function ¢ gives a local flat trivialization of the line
bundle Lyfasiov. We shall show in the next section
that if we use these trivializations and our choice of
1

5-densities to identify o4(i) as a section of

|TA|% ® I[JMaslov

then the resulting section is independent of all these
choices and we will be able to define an isomorphism
of IF(X,A) /I (X, A) with smooth sections of com-

pact support of [TA|z @ Lyasiov-

8.3.2 The global definition of the sym-
bol.

Rewriting the local definition of I} (X, A).

Let 7 : Z — X be an enhanced fibration. This means
that the fibers are equipped with a %—density and
hence that the corresponding canonical relation

I'r € Morph(T*Z,T*X), T'z = H*(Z)

is equipped with a %—density. Recall that this de-
fines a pushforward map on %—densities of compact
support:

m.02(1Z]%) — C(|1X|7).

Let v = v(z,h) be a smooth 3-density of compact
support on Z depending smoothly on A. Then we
can rewrite (8.1) as

w= Ko, (vei%) . (8.11)
By definition, an element of I§(X,A) is a 3-density

on X which can be written as a finite sum of such
terms.
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Rewriting the local definition of the symbol.

Recall that ¢ defines the horizontal Lagrangian sub-
manifold Ay C T*Z, and so a diffeomorphism

Vo : Z — Ny, 2z (2,do(z2))
and hence a pushforward isomorphism
. 1 o 1
Yor : Coo(1Z]2) = C5o(|Ag]2).

By assumption,
IMAg

and, locally,
A =T, (Ay).

The enhancement of I'; defines a map
Tre s C5°(1Ao]2) — CE°(1A]2).
Hence
T 076x © C0(12]2) — CF°(A),

We now define

oo (1) = (20 e 800 (0, 09,) (v, 006
(8.12)

where
d=dimZ — dim X

and where sgn, is defined in Section 5.13.

Relation of the new local definition to the old
one.

Let us see how this new definition of the symbol is
related to the one given in Theorem 38. We begin by
being more explicit about the map I',.. Let

M=T"Z.

The fact that I'x M A, says that at every z € Cy
we have the exact sequence

0= T.(Cy) — Ty(Ay) ®T,(Tx) — T,M — 0 (8.13)

where ¢ = v4(2). Since M is a symplectic manifold,
it carries a canonical %—density. The enhancement of

I'; means that I'; is equipped with a %-density, call
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it 7. If we are given a C* %—density p on Ay, the

above exact sequence implies that from the %—density
Pq R Tq (8.14)

we get a i-density, call it p? on T.(Cy). So we get a
%—density p* on Cy4. Then

Trup = (A, 1) pF € C=(JA[2). (8.15)
Fix a nowhere vanishing %—density Tz on Z and write
v(z,h) =a(z, )Tz, a€C(Z xR).
Define the function af on Cy by
a*(2) = a(z,0), z€Cy
and define the function ¢* on Cy4 by
¢ = e,

Thus we can write the o4(p) as given in equation
(8.10) as
oulh) = (1)
Let 1 be the function on A defined by
¢ = (A1) ok (8.16)

Then it follows directly from these definitions that

O punene (1) = 0 () e (i + 5 600) (8.17)
where .,
ko= (2m) T2 AT (Y T2) (8.18)

does not depend on pu.
From the above discussion it follows that

Proposition 17 04 new depends only on I'y but not
on its enhancement.

Proof. Indeed, if we replace 7 by f7 where f is a
nowhere vanishing function, then 7,3 is replaced by
m(fB) for any %—density B on Z. This means that
in the description (8.11) of p we must replace v by
f~'v. Soin (8.14), we replace 7 by f7 and p by f~p.
So these two changes cancel one another in in (8.14)
and hence in (8.12). O
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Recall: Fixing the arbitrary constant in the
phase function for an exact Lagrangian sub-
manifold.

Recall that if ¢ is a local description of A relative to a
fibration m, then so is ¢ + ¢ where ¢ is a constant.We
have fixed this constant using (4.58), so that (8.16)
holds in any local description (Z, 7, ¢) of A. Then in
the factor

occurring in (8.17), the function 1 is precisely the
function chosen (in advance of all local parametriza-
tions) on A so as to satisfy

d = . (8.19)

The factor e 8% is a flat section of Lyfasior and
since k as given by (8.18) is a %—density on A, this
allows us to interpret oy new(t) as a section of the
line bundle

|A|% & ]LMaslov~

The global definition.
Theorem 39 The definition of the map

O—¢7HGW : I(’)f - C(())o(|A|% ® I[JMaslov)

is independent of the choice of generating function
and fibration and hence defines (locally) an isomor-
phism

o IM(X, A) /T (X, A) — C=(|A]? @ Litagiov)-

Proof. The second assertion follows from what we
proved in the preceding section. So we need to prove
the first assertion. By Section 5.12, and the fact that
we have fixed the arbitrary constant in all phase func-
tions, we need to prove independence under two kinds
of moves - equivalence and increasing the number of
fiber variables.

Invariance under equivalence.

So we have (Zy,m1,¢1) and (Zs, w2, ¢2) and a diffeo-
morphism
921 — Zy
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with
m =mog and  ¢1=¢0g.
Then g determines a symplectomorphsim
I'y € Morph(T*Z,,T*Z5)
with
Iry =T o0ly and v, =15 07g,.

We may choose the nowhere vanishing %—densities on
Z1 and Zs to be consisitent as we did in Section8.1.2
By Proposition 17 we may also choose the enhance-
ments consistently in the sense that

(m1)x = (m2)x © gs.

We also know that the signatures entering into for-
mula (8.17) are the same for ¢; and ¢5. Thus (8.17)
gives the same answer for ¢; and ¢s.

Invariance under increasing the number of fiber
variables.

So now
Zg = Z1 x R™

and

Ba(z9) = 1(21) + 5 (A1)

where A is a non-degenerate symmetric matrix and
my=mom, w(z1,Yy) = 21.

We choose an enhancement r of 7y : Z; — X and
then pick the enhancement of o : Z5 — X to be
re dy%. This is legitimate by Proposition 17. So if
we choose dy% to be the enhancement of m we have

7]'2* = ﬂ'l* O Ty (8.20)
as maps from C§°(|Zz|%) — Cgo(‘Xﬁ) and
Ty, =Ty, ol (8.21)

as maps from 1-densities on Ay, to 3-densities on A.

Let us also choose a nowhere vanishing 7z, on Z;
and choose the nowhere vanishing %—density on Zs to
be

TZy = T2Z, 02y dy%
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Let us now rewrite the definitions (8.1), (8.10) and
(8.12) in terms of a general fibration 7 : Z — X and
generating function ¢ as follows: First consider the
manifold Z relative to the trivial fibration over itself,
and the Lagrangian submanifold Ay, C T*Z given by
the the function ¢ so that Ay = 74(Z). Letrz be a
nowhere vanishing 3-density on Z. Definition (8.1)
(relative to the trivial fibration of Z over itself) says
that Iéc_%(Z Ag) consists of all 1 densities on Z of
the form

v = hk*%a(z7 h)Tzeiw.

We may write
v =g+ O(hk_%'H)

where o)
_d oLz
vo = HF " 2a(z,0)rze" R .

The definition of the symbol for this trivial fibration
then says that

Onew (V) = Yo, V.

If we set
UA¢> = Yox0Z

and use the above representation of v then

Onew(V) = 70,00 = B8 (171)" (al=,006F ) o,
(8.22)
Now (8.1) says that a general element of I*(X, A) can
be written locally as

= T4, UEIki%(Z,A¢)

and then (8.12) says that

h

da
- 2
Opmew = €477 (27r> [reo(v). (8.23)

d
Back to the proof of the theorem: Let vy € I(])C_72 (Z2,Ag,)
and

M = T2x V2.
Let

V1 1= Ty Vg
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so that by (8.20) and (8.21)
M= T1xV1 = 7T1*(7T*U2)

and
FWQ*U(U2) = F‘ﬂ'l* (FTI'*O-(U2)) .

So to prove that the two definitions of oyeyw (1) coin-
cide, it is enough to show that the two definitions of
o(v1) - the one associated with the trivial fibration
of Z; over itself and the generating function ¢;, and
the one associated the the fibration 7 : Zo — Z; and
¢9 - coincide.

Write

- b2 (2,y)
TR

k—d2
ve =R 2 a(z,y, h)e T,

so that
d- . (Ay,y) .}
v = e (/a(zl,y,h)el o dy> elTszl.

By stationary phase, this last expression is of the form

dy

B2
(2m)%

det A% a(z1,0,0)"F = Aci H r, +O( % 41).

Hence opew (v1) computed for the trivial fibration ac-
cording to (8.22) is

hki% *% —1\* i%L i sgn A

W det A["2 (v4,) (a(zl,0,0)e iz ) e’ Yo+ T2 -
(8.24)

We now do the computation of the symbol via the

pushforward by T'r. of a 3-density on Ag,. The i-

density in question is

d b
U(UQ) = hki%(’n;zl)* (a(zla y,O)eZT?) 7¢2*(TZ1®dy%)'

We apply (8.23) to the fibration 7 : Zo — Z; which
says that we must use the preceding expression for
o(ve) in

m
2

h ni
(27r) e BT o(vg).

where sgn is the signature of the fibration = and the
function

1
Q:yH§M%w
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on the fibers. This signature is just sgn A. So we get
for our second computation:

i 1k ;82 1
engnAFﬂ'* |:(7¢21) (a(zhyao)e h2>7¢2*(7—21 ®dy%) .

The critical set Cy, for the fibration 7 is the set y = 0.
Identifying this set with Z;, we see that the map

Agam : Cpp = Mg,
is just the map

Yo+ L1 = Ag,
so our second computation becomes

RE=%
(2m)%

6% SgnA(,y(;ll)* (a(zh()’ 0)62%) I‘ﬂ_* ('Yd)z*(TZl ® dy%)) .

If we compare this with (8.24) we see that the proof
of the theorem hinges on showing that

Do (’wg*(Tzl ®dy%)) — | det A| "2 y4,.72,. (8.25)
Now Z; = Z; x R™ and the map vy, factors as

Yoo = Vo1 X VQ

where
Yo ¢ Zy — A¢1

and
19 R™ = Ag. 1) = (vn), n= Ay
Similarly, the map 7 factors as
m=1id xp

where
p:R™ — {0}.

So the theorem amounts to showing that
Ton (vq:ldyl?) = | det A%,

For this let us go back to the exact sequence (8.13)
where now ¢ = Q so Cy = {0} is a point. Here
%—density YO+ |dy|% assigns the value one to the basis

0 0 0 0
_—,— A A—
<8y1 OYym O 3ym>
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of To(Ag). The Lagrangian submanifold I'; consists
of the zero section of T*(R™) and the enhancement

by |dy|z of T'y assigns the value one to the basis

0 0
2 0,...,0
<6y1 aym )
of T()Fﬂ-.

So the tensor product (8.14) assigns the value one
to the basis of To(T™*(R™)) obtained by combining
these two bases. But the symplectic %—density as-

signs the value |det A|2 to this combined basis. This
proves that I, (*yQ*|dy|%) =|detA|"2. O

Whew!

The general definition of the symbol.

Let A be an arbitrary Lagrangian submanifold of 7% X .
We can cover A by open sets U; each described by a
generating function ¢; relative to a fibration 7; : Z; —
U;. By definition, if p € I¥(X,A), we can write p as
a finite sum

N "
u= Z‘Ll,i, with  p; = muv;, v; € Ig_T(Z“A@)
1=1

where d; is the fiber dimension of Z; — X;. Define

O'([L) € C(())o(‘Aﬁ ®LMaslov)

o(u) =) _o(u). (8.26)

=1

From Theorems 38 and 39 we conclude

Theorem 40 o(u) is well defined and independent
of the choices that went into (8.26). The map

o e o)
induces a bijection

IF(X, A)/TM (X, A) 2 C(JA]? @ Litaston)-
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8.4 Symbols of semi-classical Fourier
integral operators.
Let X; and X5 be manifolds, and
I' € Morph(T™ X1, T* X5)
be a canonical relation. Let
A = (¢ xid)(T")
where ¢(z1,&1) = (21, —&1) so that A is a Lagrangian
submanifold of T*(X; x X3). We have associated

to I' the space of compactly supported semi-classical
Fourier integral operators

FET)
where F' € FF(T) is an integral operator with kernel
p € IF(X) x X5, M),
We define the symbol of F' to be
o(F) = (a xid).o(p)

so that )
o(F) € Cy°(II'2 @ Lr)

where
(LF)(m17613I21§2) = (LA>(21,*§1722,§2)'
By Theorem 40 we have an isomorphism
Fo(0)/FyHH(T) = C()2 © Lr). (8.27)

Suppose that X7, Xo and X3 are manifolds and
that

'y € Morph(T7 X, T*X5) and 'y € Morph(T* X5, T X3)
are transversally composible. Let n = dim X5 and

Fye Fiy), i=1,2
By Theorem 37 we know that

FyoF, € fgn1+m2+%(r2 o Fl)-
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So if
o; = 0o(F;)

we may define
o900 :=0(Fyo0 F).

By (8.27) we know that this is well defined and hence
gives us a composition law

C (|01 ]2 @Lr, ) xC(IT2| 2 &Ly, ) — C(|T20l1|2 ®Lryor, )-

This modifies our composition formula for %-densities
in the enhanced symplectic category in that it takes
the line bundle L into account.

8.5 Differential operators on os-
cillatory %—densities.

Let ) )
P C™(|X]2) — C=(|X]?)

be an m-th order differential operator as discussed
in Section 1.3.7. Let o(P) denote the principal sym-
bol of P as discussed there. In particular, o(P) is a
function on T*X.

Let A be a Lagrangian submanifold of 7% X, let
p € I*(X,A) and let (i) denote the symbol of u as
defined in Theorem 40.

Theorem 41 If € I*(X,A) then
Pu eI "™(X,A)

and
o(Pp) = "o (P)ao().  (8.28)

Proof. Let (z¢,&) be a point of A and let ¢ be a
generating function for A near (zg,&p) relative to a
fibration 7 : Z — X. Then p has the form (8.2) rela-
tive to (Z, m, ¢) and the choices made in Section 8.1.1.
We may differentiate under the integral sign and it
is clear that applying D® to e'# will have a term
(dx¢)* - h~1el with all other terms being of higher
order in A. This proves the first statement in the
theorem. Equation (8.28) then follows from the local
expression (8.10) for the symbol. O



210 CHAPTER 8. OSCILLATORY %—DENSITIES.

We can be more explicit near points (zg,&) €
A where { # 0. According to the result that we
proved in Section 5.9, we can find a coordinate patch
(U,x1,...,2,) about zp such that near (xg,&), A
can be described by a generating function

relative to the fibration
UxR"—U.

See equation (5.13) of Section 5.9.
So near (zg,&o)

0
Az{(afﬂz:a—’g

and p|U is of the form

<hk—3’ /b(x,g,h)ei?idg) da? (8.29)

where b € C* is supported on a set || < N. By
Proposition 13 we may replace b(z, £, k) by b(g—g, & h)

up to adding a term in I*T1(X, A). So modulo I**1(X, A)
we may write p as

©= (hk—’% /bo(g,h)ei%’dg> da? (8.30)
where
dp
¢

Since we have chosen the nowhere vanishing %-density

bo(&,h) = b(==,&, h).

dx%, we can regard P as a differential operator on
functions, and hence by (8.30)

Py = (h’f—’z" /P(:c,D)ei?bO(g,h)e—”%“%) dzt

= (wt [ Pl (e mettac ) ast

where P(x,&) is the total symbol of P as defined in
Section 1.3.2. So

Pp= (Z prioE / pe<x,s)bo<§,h>eiidg> dat.

=1
(8.31)
This proves that Py € I¥-™(X,A) and gives (8.28).
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8.6 The transport equations re-
dux.

Let us write H for the principal symbol of P as in
Section 1.2.1 and let us assume that

H=0 onA

as in Sections 1.2.10 and 1.3. Then by (8.28) and The-
orem 40, we know that Py € I*=™+1(X A). The first
main result of this section will be to compute the sym-
bol of Py considered as an element of I¥~™*1(X A).
See formula (8.35) below. To prove (8.35) it is enough
to prove it on an open dense subset of A since the
symbol of Py (as an element of I*~™*1(X A)) is a
smooth %—density on A. We will assume in this sec-
tion that A has the property that the set of points
(z,8) € A, € # 0is dense in A. So it is enough to
prove (8.35) at points (z,&) where £ # 0 near which
A has a generating function of the form ¢(z,£) =
z-£—p(&), pe C>®R") asin the preceding section.
Since A is defined by the equations

Jp .
Ti =y =,...,My
3

the fact that H = p,, vanishes identically on A im-
plies that

H= gqi(aﬁ,f) (x - gg) . (8.32)

Thus the highest order term in the multiple of dx?
in (8.31) can be written as

n . n op .
15 [ e e et - iy [ stz ot 5L R
_n_m, h 0o i2
- zj:/quoiafj(e ) de

it [i50 L (gt et
— 0

So, by (8.31), we may write

Py = pF=5-mtl ( / a(é, h)ei%’d5> dz? mod I*™2(X, A)
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where
.. 0
a=1 ZZ*B (g;b0) + Pm—1bo
7 0%

and ¢ denotes the inclusion

0]
t:R*" - U xR", §>—><a§,§>
We decompose a into two terms

a=ay+asy

where
. 0
ar ‘= L* quj‘aiébo
j J

and
. , 0
arr =1 Pm-1+ ZZ 875-% bo
j J

and will give a geometric interpretation to each of
these terms.
We begin with a;. Since H has the form (8.32),

O _ (9 ¢
ox;  Y\oag)-

Let 7 denote the diffeomorphism

m: A =R, (2,8 — ¢

=y (2000
= 85] 8Zj &vj 85]

i

Since

is tangent to A, we see that the diffeomorphism 7
maps the restriction of vy to A to

poe N0 (2P ) O
" ;‘”(as’g)a@

1
a[:*D

i vl

and so
Aﬂ'*bo. (833)
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We now turn to ayy. Let v be the %—density on A
given by
1
vi=m"dEz.

* (D,;dgé)

“* (div (@)dgé)

Then

D’UH|AV =

—7* (div (9)) v, and

:
2
1
2
o= Z( o, (056))

8q] dg; 9?p
Z 85] ; (93?@ (1’7 g) afjafé
So
ﬁqj dg; d%p
DUHIAV 5 Z ax ( E)ag]aé-e
(8.34)

On the other hand from the formula (8.32) for H =
Pm We have

. o 0 B 0q; 8(]
; Z Org 06, T Z aa:i a@as Z 7,

Multiplying this by § and comparing with (8.34) and
recalling the formula (1.19) for the sub-principal sym-
bol, we see that

1D, \V
arr = (L*Usub(P) + lejl)\> bo.

Hence the symbol of Pp is given as

o(Pu) = h~(m=b (ZD,,HAMM) o(p). (8.35)

We can now go back to the iterative procedure of
Chapter 1 for the semi-classical solution of hyperbolic
partial differential equations. The first step is to find
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a A on which H = 0. The next step is to solve the
transport equation

vahm + am) o(u) =0. (8.36)

Along an integral curve ~(t) of vy on A this reduces
to a first order linear ordinary differential equation of
the form

%G(M)(W(t)) + osup(Y(£))o (1) ((£)) = 0

with given initial conditions.

Assuming that the integral curves of vy lying of
A are well behaved in the sense that they are defined
for all ¢t and that there are no periodic or recurrent
trajectories, the solution of (8.36) is reduced to the
solution of a system of first order linear differential
equations.

If we solved (8.36), then we know from Theorem
40 that

Pp e I"""T2(X ).

Let 0+m—2() now denote the symbol of Pu consid-
ered as an element of [¥~™+2(X, A). We look for a
v € I*1(X,A) such that

P(u+v) € I"""T3(X, A).

For this to be the case o(v) must satisfy the inhomo-
geneous transport equation

1
(30w 4 on) 00) =~k 20

(8.37)
This reduces to a system of first order inhomogeneous
linear differential equations.

We can now proceed recursively to find %—densities
in I*(X,A) such that

Pue IV(X,A)
for arbitrarily large V.

This completes the program outlined in Chapter
1.
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8.7 Semi-classical pseudo-differential

operators.

These form a special case of the semi-classical Fourier
integral operators described in Section 8.2 specialized

to the case
Xi=Xo=X
and
I' =id € Morph(T* X, T* X)
SO
(¢ xid)(T') = N*(A)
where

ACX xX

is the diagonal. Clearly I' is composable with itself so So we definitely need to gen-
Fo(T) is an algebra. If I} € F*1(T') and F, € F*2(T") eralize Theorem 37 so as to
and either Fy or F; is in Fo(I") then their composition include clean composition.

is defined and

FyoF, € j_‘kr‘rkz'i‘%(l")

where
n = dim X.

In order to avoid the nuisance of accumulating the

5-s we define

UH(X) = FF5(T),  WE(X):=F *(I). (8.38)
Thus if A; € U*¥1(X) and Ay € ¥*2(X) and one or
the other is in Wo(X) then

A0 A € \I/k1+k2 (X)

We call U((X) the algebra of compactly supported
semi-classical pseudo-differential operators on
X. We will now examine the local expression for
the composition law in this algebra. So we assume
that X is an open convex subset of R™ and that we
have chosen the standard % density dz: on X. A
generating function for N*A is given as follows: Let

T XXX XR" > X xX, (2,9,8) — (z,y).

Then according to (5.4) (with a slightly more com-
pact notation)

¢ZXXXXR”_}R7 ¢(aﬁ,y,§)=($—y)§
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is a generating function for N*A.
Dropping the ubiquitous factors of dz? we can
write A € WE(X) as being given by the integral kernel

S () —®g)-€
il2

Alar o) = 1% [ alar, g, e da
where
a€Cr(X x X xR" xR).
Then

(A1 0 Ag)(x1,22) = /Al(xl,y,ﬁ)Az(y,xg)dy

SO

e (@1 —y)tea-(y—=
h

2)
(Avods) (w1, z9) = / a1 (1,4, €1, W)az(y, 2, &, h)e d,désdy

(8.39)
where

€:]€1+I€2—TL.

Our task is to disentangle this formula.

8.7.1 The right-handed symbol calcu-
lus of Kohn and Nirenberg.

Make the changes of coordinates
=&, n=8 &, 2=y — 22
SO
51257 5225_7% y:Z‘f'JUQ
in (8.39). Thus
§i-(mr—y)+ & (Yy—x2) =& (11 —22) — 1)+ 2

is the phase function in the new coordinates.
The amplitude in the new coordinates is ap where

ar(wy,®2,&, 2,1, h) = ar(x1, 2+x2,&, h)az(z+x2, 22, =1, h).

(8.40)
Thus the right hand side of (8.39) is equal to

Bt / S ( / aR<:c1,x2,s,z,n7h)e—”ffdndz) de.
(8.41)
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We are now going to apply stationary phase to the
integral with respect to z and 7 occurring in (8.41)
for fixed x1, x2,&. This integral is of the form

(A

I(h) = / Flw)et S5 qu.

)
A= (OI _01>.

The general stationary phase prescription says that
an integral of the above form has the asymptotic ex-
pansion

In the case at hand

and

1(h) ~ (2’;) e (—’fb(D)) 7(0)

where

b(D) = bi;D;D;.  (bij) =B=A"",
j

va = |det A|_% e sen A

and d is the dimension of the space over which we are
integrating. In the case at hand

B=A
and
sgn A =0
S0
va =1

Also d = 2n. Let us denote the result of applying
this stationary phase formula to the ap of (8.40) by

al xR as.

Then we have the formula

A\" 1
a1 *Rg G2 = (27‘1’) Z (Zh)k y (Dan)k aRr
k !
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Example. Suppose we take a; = a and

s =)= () nte

where
p € Cg°(R™)
and p =1 on supp(a).
Then

aR = (2;) a(zy,z + 22,8 h)p(§ —n)

so (8.42) gives

avenay = 3 (1) 1 (D2Dy)" (on 01,2 + 2, €, R)p(E — )

k

But since p = 1 on a neighborhod of supp a, all terms
except the first vanish. Hence

r((5)) =
)

acts as a right identity on all a whose support is con-
tained in the set where p = 1.

The element

Remark. If at the beginning of this section we had
made the change of variables

§=&, n=L &, z2=y—m1

we would obtain an alternative symbol calculus, the
“left handed calculus”. The same argument will then
show that (2%)” p is a left identity on all a whose

support is contained in the set where p = 1.

8.8 I(X,A)asamodule over ¥V (X).

Let X be a manifold and A a Lagrangian submanifold
of T* X . Since semi-classical pseudo-differential oper-
ators are special kinds of semi-classical Fourier inte-
gral operators - ones associated with the identity mor-
phism of T* X - we may apply the results of Section

z=n=0
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8.2 to conclude that Io(X, A) is a module over ¥y (X).
More precisely, if A € U§(X) and v € I§(X,A) then
it follows from Theorem 37 and our convention on the
exponent in W(X) that Av € IF™(X, A). In this sec-
tion we will use stationary phase once again to obtain
a local description of this module structure.

We may assume that X is an open subset of R"™,
since we are interested in a local description. For
simplicity, we will assume that A does not intersect
the zero section. So we know from Section 5.9 , see
equation (5.13), that locally A can be described by
the fibration

T X xR" =X, (z,§)—z
and a generating function of the form
¢ (2,8) =z €= 9(£).

We will work locally where this generating function
is valid. So we are assuming that v € I{(X, A) is of
the form fd:v% where

iz E—¢(8)

fla.h) = -3 / b €, ) =T de.

with
be CP(X xR" x R).

Let A € U*(X), so = udx%dy% where

(z—y)-€

u(z,y, h) :hk_”/a(x,y,f,h)ei ndE

with a € C°(X x X x R™ R) supported in a set
1€l < C.

By definition Af = g(z, h)dz? where
g(x,h) = /U(év,yﬁ)f(y,h)dy

and hence is given by BFH=3n % the integral

(=) E4y-€1—¢(€1)
h

/ ala,y, & Wby, &1, W)e dedeydy.

The amplitude in this integral is

a(x, Y, 57 h’)b(yv 517 h)
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and the phase is

(2=y)-E+y-&1—0(&1) = 2-E—¢(E)+y-(§1—8)—(9(&1)—9(¢))-

Let
(&) — (&) = ¥(&,61) - (&1 =€)

so that
¢

¥(E,€) = 3*5(0

Holding = and ¢ fixed, make the change of variables
ni=& -§ z=y—v(&.¢)
so that in the new coordinates the phase is
z-E= (&) + 2.
and the amplitude is
af (z,€,m, 2, h) == a(@, 24+ (E41, ), &, Mb(z+ (€41, €), E41, B).
So we have Af = gdz? with

sie 3
g=ﬁm/bu($7f,h)ez 5ﬁ¢(£)d§7 m:k-&-ﬁ—?n

and
Vi (a, €, 1) = / o (€, 2, W)e ™ dzd.

Once again, stationary phase applied to this integral
gives

E\" ih
bﬁ(mvfah) ~ <27r> €xp <2D2Dn> aﬁ(ffyf,ﬂaz»h)

z=n=0

The leading term in this expansion is

af(2,€,0,0) = a(z,¥(,£,€), &, W)b(Y(E, ), &, h) =

o[ ge0.6.0) 0 (Gcee0).

Since A is the submanifold consisting of all

(2,6) = (‘3‘5(5),57)

in T* X we see that the leading term depends only on
bia-
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8.9 The trace of a semiclassical
Fourier integral operator.

Let X be an n-dimensional manifold, let M = T*X
and let
r:7mXx —»17X

be a canonical relation. Let Ay; € M x M be the
diagonal and let us assume that

T'MmA.

Our goal in this section is to show that if F' € F¥(T)
is a semi-classical Fourier integral operator “quantiz-
ing” the canonical relation I" then one has a trace
formula of the form:

tr F = prt Z ap(h)e’% et /P (8.43)

summed over p € I' N Aps. In this formula n is the
dimension of X, the 7,’s are Maslov factors, the T
are symplectic invariants of I' at p € I" o A; which
will be defined below, and a,(h) € C*(R) .

Let ¢ : M — M be the involution, (x,§) —
(x,—&) and let A = ¢oT'. We will fix a non-vanishing
density, dr, on X and denote by

= p(z,y,h) de® dy* (8.44)
the Schwartz kernel of the operator, F. By definition
peI*(X x X, A)

and by (8.46) the trace of F' is given by the integral

tr F =: /,u(a:,x) dx . (8.45)

Here are the details:

Let ¢ : M — M be the involution, (z,§) —
(z,—¢) and let A = ¢oT". We will fix a non-vanishing
density, dr, on X and denote by

= p(z,y, h)de? dy? (8.46)
the Schwartz kernel of the operator, F. By definition

peI*(X x X, A)
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and by (8.46) the trace of F' is given by the integral

tr F =: /u(x,x) dx . (8.47)

We can without loss of generality assume that A
is defined by a generating function, i.e., that there
exists a d-dimensional manifold, S, and a function
o(z,y,8) € C°(X x X x S) which generates A with
respect to the fibration, X x X x S — X x X. Let
C, be the critical set of ¢ and A, : C, — A the
diffeomorphism of this set onto A. Denoting by ¢*
the restriction of ¢ to C, and by 1 the function,
ofo A, we have by (8.19)

d’lﬁ = O\ (8.48)

where « is the restriction to A of the canonical one
form, a, on T*(X x X).

Lets now compute the trace of F.. By assumption
1 can be expressed as an oscillatory integral

(@)t (12 [atops e ™5 as)
and hence by (8.47)

je(@,y,s)

trF:FLk_d/Q/a(gc,y,S,7”'L)ez n dsdr. (8.49)

We claim that: The function
o(z,y,8): X xS =R (8.50)
18 a Morse function, and its critical points are in one-

one correspondence with the points, p € T N Ayy.

Proof. Let Ax be the diagonal in X x X on Aa =
N*Ax its conormal bundle in 7*(X x X) = M x M.
Then ¢ o AA = Ay and hence TMAy & AMAA.
Thus the canonical relations

A:pt — M x M

and

AL M x M — pt

are composable and hence the function (8.50) is a
generating function for the Lagrangian manifold “pt”
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with respect to the fibration X x S — pt. In other
words, in more prosaic language, the function (8.50)
is a Morse function. Its critical points are the points

where 5
P
— =0
0s

and

_ 9 __9% -
ffax(xvxas)* ay(xvxas)*na

in other words, points (z,y,s) € C, with the prop-
erty vo(z,y,8) = (2,6, 4,m), p = (z,€) = (y,—n),
hence these points are in one-one correspondence with
the points p e TN Ay. O

Since the function (8.50) is a Morse function we
can evaluate (8.48) by stationary phase obtaining

tr F = Z hk+"ap(h)ei% sgn, oiv(p)/ 1 (8.51)

where sgn,, is the signature of o(z,x, s) at the critical
point corresponding to p and

¢(p) = 90(1'7337 S) )

the value of ¢(x, x, s) at this point. This gives us the
trace formula (8.43) with T} = v(p).

8.9.1 Examples.

Let’s now describe how to compute these Tg’s in some
examples: Suppose I is the graph of a symplectomor-
phism

f:M— M.

Let pry and pro be the projections of T*(X x X) =
M x M onto its first and second factors, and let ax be
the canonical one form on T*X. Then the canonical
one form, a, on T*(X x X) is

(pri)*ax + (pra)*ax,

so if we restrict this one form to A and then identify
A with M via the map, M — A, p — (p,of(p)), we
get from (8.48)

ax — f*aX = d'LZJ (852)

and Tg is the value of ¥ at the point, p.
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Let’s now consider the Fourier integral operator

—
F"*"=Fo...0F

and compute its trace. This operator “quantizes” the
symplectomorphism f, hence if

graph f™ M Ay
we can compute its trace by (8.43) getting the formula

CF™ =S G (R)e TomecTha/t . (8.53)

with ¢ = km + (™52)n, the sum now being over the
fixed points of f™. As above, the oscillations, T,EW,
are computed by evaluating at p the function, ¥y,

defined by
ax — (fm)*aX = di/)m .
However,

ax = (f")ax = ax —flax+-+ (") ax — (") a,
= AW+ T+ ()
where 1 is the function (8.48). Thus at p = f™(p)

m—1
i=1

In other words Tﬁl’p is the sum of v over the peri-
odic trajectory (pi,...,pm—1) of the dynamical sys-
tem

ff, —co<k<oo.

We refer to the next subsection “The period spectrum
of a symplectomorphism” for a proof that the Tﬁl’p’s
are intrinsic symplectic invariants of this dynamical
system, i.e., depend only on the symplectic structure
of M not on the canonical one form, ayx. (We will
also say more about the “geometric” meaning of these
Tﬁl’p’s in the next lecture.)

Finally, what about the amplitudes, a,(h), in for-
mula (8.43)? There are many ways to quantize the
symplectomorphism, f, and no canonical way of choos-
ing such a quantization; however, one condition which
one can impose on F' is that its symbol be of the form:

hmopen i (8.55)
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in the vicinity of I' N Ay, where vr is the % density
on I" obtained from the symplectic % density, vy, on
M by the identification, M < T, p — (p, f(p)). We
can then compute the symbol of a,(h) € I°(pt) by
pairing the % densities, vy and vp at p € TN Ay as
in (7.14) obtaining

a,(0) = |det(I — df,)|? . (8.56)

Remark. The condition (8.55) on the symbol of F
can be interpreted as a “unitarity” condition. It says
that “microlocally” near the fixed points of f:

FF' =T+ 0(h).

8.9.2 The period spectrum of a sym-
plectomorphism.

Let (M, w) be a symplectic manifold. We will assume
that the cohomology class of w is zero; i.e., that w is
exact, and we will also assume that M is connected
and that

H'(M,R) =0. ()

Let f : M — M be a symplectomorphism and let
w = da. We claim that o — f*a s exact. Indeed
da — f*da = w — f*w =0, and hence by (*) a — f*«
s exact. Let

a— ffa=dy

for 1p € C°°(M). This function is only unique up to
an additive constant; however, there are many ways
to normalize this constant. For instance if W is a
connected subset of the set of fixed points of f, and
j: W — M is the inclusion map, then f o j = j; so

Jrdp=jra—j" ffa=0

and hence 1 is constant on W. Thus one can nor-
malize ¢ by requiring it to be zero on W.

Example. Let 2 be a smooth convex compact
domain in R™, let X be its boundary, let U be the
set of points, (z,), || < 1, inT*X. U B:U — U
is the billiard map and « the canonical one form on
T*X one can take for ¢ = ¢(z, ) the function

P, 6) = |z —y[+C
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where (y,n) = B(z,£). B has no fixed points on U,
but it extends continuously to a mapping of U on
U leaving the boundary, W, of U fixed and we can
normalize i by requiring that ¥ = 0 on W, i.e., that
1/}(5835) = |I - y‘
Now let
Y =DP1- s Pk+1

be a periodic trajectory of f, i.e.,

f(pi) = piva i=1,...k

and pry1 = p1. We define the period of v to be the

sum
k

p(y) =D _W(pi).

i=1

Claim: P(v) is independent of the choice of «
and 1. In other words it is a symplectic invariant of
I

Proof. Suppose w = da —da’. Then d(a — o)
0; so, by (*), & — a = dh for some function, h
C>(M). Now suppose a— f*a = dip and o/ — f*o/
dvyp’” with ¢ = ¢’ on the set of fixed points, W. Then

dy' — dip = d(f*h — h)

and since f* =0on W

m

W == fh—h.
Thus
k k
Z V' (pi) —b(pi) = Z h(f(pi)) — h(pi)
k
= Z h(pit1) — h(p:)
= 0.

Hence replacing ¢ by ¢’ doesn’t change the definition
of P(y). O

Example Let p; = (24,&) i = 1,...,k+ 1 be
a periodic trajectory of the billiard map. Then its
period is the sum

k
E |$i+1 — T4,
i=1
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i.e., is the perimeter of the polygon with vertices at
x1,...,25. (It’s far from obvious that this is a sym-
plectic invariant of B.)

8.10 The mapping torus of a sym-
plectic mapping.

We'll give below a geometric interpretation of the os-
cillations, Tﬁw, occurring in the trace formula (8.53).
First, however, we’ll discuss a construction used in
dynamical systems to convert “discrete time” dynam-
ical systems to “continuous time” dynamical systems.
Let M be a manifold and f : M — M a diffeomor-

phism. From f one gets a diffeomorphism
g MxR—-MxR, g(pq =(f(p),g+1)
and hence an action
7 — Dif f(M xR), k—g*, (8.57)

of the group, Z on M x R. This action is free and
properly discontinuous so the quotient

Y =M xR/Z

is a smooth manifold. The manifold is called the map-
ping torus of f. Now notice that the translations

Tt MxR—MxR, (p,q) — (p,g+1t), (8.58)

commute with the action (8.57), and hence induce on
Y a one parameter group of translations

Y SY, —co<t<oo. (8.59)

Thus the mapping torus construction converts a “dis-
crete time” dynamical system, the “discrete” one-
parameter group of diffeomorphisms, f* : M — M,
—00 < k < o0, into a “continuous time” one param-
eter group of diffeomorphisms (8.59).

To go back and reconstruct f from the one-parameter
group (8.59) we note that the map

t:M=Mx{0} - MxR— (MxR)/Z

imbeds M into Y as a global cross-section, My, of the
flow (8.59) and for p € My v:(p) € Mp at ¢ = 1 and
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via the identification My — M, the map, p — v1(p),
is just the map, f. In other words, f : M — M is the
“first return map” associated with the flow (8.59).

We'll now describe how to “symplecticize” this
construction. Let w € Q?(M) be an exact symplectic
form and f : M — M a symplectomorphism. For
a € QY M) with da = w let

a— ffa=dyp (8.60)

and lets assume that ¢ is bounded from below by a
positive constant. Let

g:MxR—-MxR
be the map

9, q) = (p,q+o(x)). (8.61)

As above one gets from g a free properly discontin-
uous action, k — ¢*, of Z on M x R and hence one
can form the mapping torus

Y=(MxR)/Z.
Moreover, as above, the group of translations,
Tt - MxR—-M XR7 Tt(p,Q) = (p7q+t)a

commutes with (8.61) and hence induces on Y a one-
parameter group of diffeomorphisms

TtﬁSYHY,

just as above. We will show, however, that these are
not just diffeomorphisms, they are contacto-morphisms.
To prove this we note that the one-form,

a=a-+dt,
on M x R is a contact one-form. Moreover,

g'a = [flatd(e+i)
a+ (ffa—a)+dp+dt
= a+dt=a

by (8.60) and

()@ =a+d(t+a)=a+dt=a
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so the action of Z on M xR and the translation action
of R on M xR are both actions by groups of contacto-
morphisms. Thus, Y = (M x R)/Z inherits from
M x R a contact structure and the one-parameter
group of diffeomorphisms, Ttﬁ, preserves this contact
structure.

Note also that the infinitesimal generator, of the
group translations, 74, is just the vector field, %7 and
that this vector field satisfies

0.
L(E)OL =1
and 5
L(a)da =0.

Thus % is the contact vector field associated with
the contract form &, and hence the infinitesimal gen-
erator of the one-parameter group, 7'75ﬁ 1Y — Y is the
contact vector field associated with the contract form

onY.

Comments:

1. The construction we’ve just outlined involves
the choice of a one-form, a, on M with da = w
and a function, ¢, with o = f*a = dy; how-
ever, it is easy to see that the contact mani-
fold, Y, and one-parameter group of contacto-
morphisms are uniquely determined, up to contracto-
morphism, independent of these choices.

2. Just as in the standard mapping torus construc-
tion f can be shown to be “first return map”
associated with the one-parameter group, Tf.

We can now state the main result of this section,
which gives a geometric description of the oscillations,

Tfn’p, in the trace formula.

Theorem 42 The periods of the periodic trajecto-
ries of the flow, Ttu, —00 < t < 00, coincide with
the “length” spectrum of the symplectomorphism, f :
M — M.

Proof. For (p,a) € M x R,

g (p,a) = (f"(),q+ o(p) +o(p1) + -+ @(Pm-1)
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with p; = fi(p). Hence if p = f™(p)
9" (p,a) = 17:(p; a)

with
Tﬁ :T'rﬁn,p :Zw(pi)y Di :fi(p)'
=1

Thus if ¢ is the projection of (p,a) onto Y the trajec-
tory of 7f through ¢ is periodic of period Tﬁnyp. O
Via the mapping torus construction one discovers
an interesting connection between the trace formula
in the preceding section and a trace formula which
we described in Section 7.7.4.
Let 3 be the contact form on Y and let

It’s easy to see that M! is a symplectic submanifold
of T*Y and hence a symplectic manifold in its own
right. Let

H: M —RF

be the function H(y,tBy) =t. Then Y can be iden-
tified with the level set, H = 1 and the Hamilto-
nian vector field vy restricted to this level set coin-
cides with the contact vector field, v, on Y. Thus
the flow, ng, is just the Hamiltonian flow, exptvy,
restricted to this level set. Let’s now compute the
“trace” of exptry as an element in the category S
(the enhanced symplectic category).

The computation of this trace is essentially iden-
tical with the computation we make at the end of
Section 7.7.4 and gives as an answer the union of the
Lagrangian manifold

ATﬁnPCT*RvaZa

where the T#s are the elements of the period spec-
trum of vy and Aps is the cotangent fiber at ¢t = T'.
Moreover, each of these Ar:’s is an element of the
enhanced symplectic category, i.e. is equipped with
a %—density Vrs which we computed to be

=t mi— 1 1
T I —dfy) | 2]dr|2 .
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Tﬁmyp being the primitive period of the period trajec-
tory of f through p (i.e., if p; = fi(p) i =1,...,m
and p,p1,...,pr_1 are all distinct but p = pi then
T, ., = Ti)p) . Thus these expressions are just the

m,p
symbols of the oscillatory integrals

_ i
B 1am7peth)mt/h

With @y = T [T — df2"]3.
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Chapter 9

Differential
calculus of forms,
Welil’s identity and
the Moser trick.

The purpose of this chapter is to give a rapid review
of the basics of the calculus of differential forms on
manifolds. We will give two proofs of Weil’s formula
for the Lie derivative of a differential form: the first
of an algebraic nature and then a more general ge-
ometric formulation with a “functorial” proof that
we learned from Bott. We then apply this formula
to the “Moser trick” and give several applications of
this method.

9.1 Superalgebras.

A (commutative associative) superalgebra is a vec-
tor space

A= Aeven S Aodd

with a given direct sum decomposition into even and
odd pieces, and a map

AxA—A

233
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which is bilinear, satisfies the associative law for mul-
tiplication, and

Aeven X Aeven - Aeven
Acven X Aodda  —  Aodd
Aodd X Aeven - Aodd
Aodd X Aodd - Aeven
w-0 = o -w if either w or ¢ are even,
w-0 = —o- wifboth w and o are odd.

We write these last two conditions as

w- o= (_1)degodegwo Cw.

Here deg 7 = 0 if 7 is even, and deg 7 = 1 (mod 2) if
T is odd.

9.2 Differential forms.

A linear differential form on a manifold, M, is a
rule which assigns to each p € M a linear function
on T'M,. So a linear differential form, w, assigns to
each p an element of T'M;. We will, as usual, only
consider linear differential forms which are smooth.

The superalgebra Q(M) is the superalgebra gen-
erated by smooth functions on M (taken as even) and
by the linear differential forms, taken as odd.

Multiplication of differential forms is usually de-
noted by A. The number of differential factors is
called the degree of the form. So functions have de-
gree zero, linear differential forms have degree one.

In terms of local coordinates, the most general
linear differential form has an expression as aydxy +
-+ -+apdz, (where the a; are functions). Expressions
of the form

algdxl /\dl’g +a13d:z:1 /\d.ﬁEg +-- +an_1m,dxn_1 /\dl’n

have degree two (and are even). Notice that the mul-
tiplication rules require

dx; A dl‘j = —dxj A dx;

and, in particular, dx; Adx; = 0. So the most general
sum of products of two linear differential forms is a
differential form of degree two, and can be brought
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to the above form, locally, after collections of coeffi-
cients. Similarly, the most general differential form of
degree k < n on an n dimensional manifold is a sum,
locally, with function coefficients, of expressions of
the form

dziy N Ndz,, i <o <.

There are ( Z such expressions, and they are all

even, if k is even, and odd if k is odd.

9.3 The d operator.

There is a linear operator d acting on differential
forms called exterior differentiation, which is com-
pletely determined by the following rules: It satisfies
Leibniz’ rule in the “super” form

d(w- o) = (dw) - o + (~1)98 & . (do).

On functions it is given by
of

6fdx1+--~+—dxn

U= 50 Oz,

and, finally,

Since functions and the dz; generate, this determines
d completely. For example, on linear differential forms

w=aidxr1 + - apdr,

we have
dw = daj Ndxy+---+da, N\dz,
= (giidm+---§z;dxn>/\dx1+~~
(ng;dm + -4 gz:dm‘n) A dxy,

31‘1 81‘2

87371—1

— <8a2_8al>dx1/\dx2+...+< dan _aa"71

In particular, equality of mixed derivatives shows that
d?f = 0, and hence that d?w = 0 for any differential

oz,

) dr,_1 Ndx,.
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form. Hence the rules to remember about d are:

dw-o) = (dw) o+ (~1)38 . (do)
& =0
_ 9 of
df = axldxl—l— +8xndxn'

9.4 Derivations.

A linear operator £ : A — A is called an odd deriva-
tion if, like d, it satisfies

U Acyen — Aodds £ Aodd — Aeven
and
lw-0)=(lw) o+ (_1)degw w - Lo
A linear map £: A — A,
C: Acven — Acvens £ Aodd — Aodd
satisfying
Uw-0)=(lw) -0+w- (lo)

is called an even derivation. So the Leibniz rule for
derivations, even or odd, is

Uw-0) = (lw) - o + (—1)degrdege ;g

Knowing the action of a derivation on a set of gener-
ators of a superalgebra determines it completely. For
example, the equations

implies that

dp dp
dp = -2 d
P= g T

dz.,

for any polynomial, and hence determines the value
of d on any differential form with polynomial coef-
ficients. The local formula we gave for df where f
is any differentiable function, was just the natural
extension (by continuity, if you like) of the above for-
mula for polynomials.
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The sum of two even derivations is an even deriva-
tion, and the sum of two odd derivations is an odd
derivation.

The composition of two derivations will not, in
general, be a derivation, but an instructive computa-
tion from the definitions shows that the commutator

[£1’€2] — 61 O[Q _ (_1)degtz1degéz 52 ogl

is again a derivation which is even if both are even
or both are odd, and odd if one is even and the other
odd.

A derivation followed by a multiplication is again
a derivation: specifically, let ¢ be a derivation (even
or odd) and let 7 be an even or odd element of A.
Consider the map

w— Thw.
We have

Tl(wo) = (Tlw)- o+ (_Udegzdengw Ao
= (tlw) o+ (_1)(deg£+degr)degww - (1lo)

S0 w — 7w is a derivation whose degree is

degr + degl.

9.5 Pullback.

Let ¢ : M — N be a smooth map. Then the pullback
map ¢* is a linear map that sends differential forms
on N to differential forms on M and satisfies

P (wAho) = Q'wAdo
o*dw = do*w
(@°f) = foo.

The first two equations imply that ¢* is completely
determined by what it does on functions. The last
equation says that on functions, ¢* is given by “sub-
stitution”: In terms of local coordinates on M and
on N ¢ is given by

¢($17""xm) = (y17"'7yn)
y'o o= ¢zt 2™) i=1,...,n
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where the ¢; are smooth functions. The local expres-
sion for the pullback of a function f(y!,...,y") is to
substitute ¢ for the y’s as into the expression for f
o0 as to obtain a function of the z's.

It is important to observe that the pull back on
differential forms is defined for any smooth map, not
merely for diffeomorphisms. This is the great advan-
tage of the calculus of differential forms.

9.6 Chain rule.

Suppose that ¥ : N — P is a smooth map so that
the composition

¢potp: M — P
is again smooth. Then the chain rule says
(poyp)" =9 09"

On functions this is essentially a tautology - it is the
associativity of composition: fo (¢pot) = (fod)o
1. But since pull-back is completely determined by
what it does on functions, the chain rule applies to
differential forms of any degree.

9.7 Lie derivative.

Let ¢; be a one parameter group of transformations
of M. If w is a differential form, we get a family of
differential forms, ¢;w depending differentiably on ¢,
and so we can take the derivative at t = 0:

d . L1,
dt (¢tw)|t=0 = ltlfgz [pfw — w].

Since ¢ (wAo) = dpfwAP;o it follows from the Leibniz
argument that

d .
ly: w 7 (91w) =0

is an even derivation. We want a formula for this
derivation.

Notice that since ¢;d = d¢; for all ¢, it follows by
differentiation that

lyd = d,
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and hence the formula for £, is completely determined
by how it acts on functions.

Let X be the vector field generating ¢;. Recall
that the geometrical significance of this vector field
is as follows: If we fix a point z, then

t— ¢t (I)
is a curve which passes through the point x at t = 0.
The tangent to this curve at ¢ = 0 is the vector

X(z). In terms of local coordinates, X has coordi-
nates X = (X!,..., X") where X*(z) is the deriva-
tive of ¢(t,xt,...,2") with respect to t at t = 0.
The chain rule then gives, for any function f,

by f

d
af(qbl(t,xl,...,x”),...,qbn(t,xl,...,x"))‘tzo

of of
— 17 DY ni
=X 8%1 + +X an

For this reason we use the notation

0 0
— 17 DR n
X=X 8151 + +X 81'”

so that the differential operator

f=Xf

gives the action of {4 on functions.

As we mentioned, this action of £, on functions
determines it completely. In particular, {4 depends
only on the vector field X, so we may write

ly=Dx
where Dy is the even derivation determined by

DXf:Xf, Ddede.

9.8 Weil’s formula.

But we want a more explicit formula for Dx. For this
it is useful to introduce an odd derivation associated
to X called the interior product and denoted by i(X).
It is defined as follows: First consider the case where

0

X=—
6])]‘
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and define its interior product by

. 0
(0;) =0

for all functions while

i(a>dxk=0, k#j
&rj

(0

The fact that it is a derivation then gives an easy rule
for calculating i(0/0x;) when applied to any differ-
ential form: Write the differential form as

and

wHdzj Ao

where the expressions for w and ¢ do not involve dz;.

Then
1o}

Z<(‘3xj> w+dz; Ao =o.

The operator
Vi ( )
Oz,

which means first apply i(0/0xz;) and then multiply
by the function X7 is again an odd derivation, and
so we can make the definition

i(X) = X" (a(zl) + XM (ai) . (9.1)

It is easy to check that this does not depend on the
local coordinate system used.
Notice that we can write

Xf=iX)df.
In particular we have

Dxd.rj = de.Z‘j
= dX;
= di(X)dz;.

We can combine these two formulas as follows: Since
i(X)f = 0 for any function f we have

Dxf=di(X)f +i(X)df.
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Since ddx; = 0 we have
Dxdx; = di(X)dx; + i(X)ddx;.
Hence
Dx =di(X) +i(X)d = [d,i(X)] (9.2)

when applied to functions or to the forms dz;. But
the right hand side of the preceding equation is an
even derivation, being the commutator of two odd
derivations. So if the left and right hand side agree on
functions and on the differential forms dx; they agree
everywhere. This equation, (9.2), known as Weil’s
formula, is a basic formula in differential calculus.

We can use the interior product to consider dif-
ferential forms of degree k as k—multilinear functions
on the tangent space at each point. To illustrate, let
o be a differential form of degree two. Then for any
vector field, X, i(X)o is a linear differential form,
and hence can be evaluated on any vector field, Y to
produce a function. So we define

o(X,Y) :=[i(X)o] (V).

We can use this to express exterior derivative in terms
of ordinary derivative and Lie bracket: If § is a linear
differential form, we have

dOX,Y) = [i(X)d6] (V)
i(X)d0 = Dx6— d(i(X)0)
d(i(X)0)(Y) = YI[0(X)]
[Dx0](Y) = Dx[0(Y)]—-0(Dx(Y))

= X[I(Y)] - o([X,Y])

where we have introduced the notation DxY =: [X,Y]
which is legitimate since on functions we have

(DxY)f=Dx(Y[f)-YDxf=X(Y[f)-Y(Xf)

so DxY as an operator on functions is exactly the
commutator of X and Y. (See below for a more de-
tailed geometrical interpretation of DxY.) Putting
the previous pieces together gives

do(X,Y) = X0(Y) - YO(X)—0([X,Y]), (9.3)

with similar expressions for differential forms of higher
degree.
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9.9 Integration.

Let
w= fdxi N---Ndzx,

be a form of degree n on R™. (Recall that the most
general differential form of degree n is an expression
of this type.) Then its integral is defined by

/w::/ fdxq---dxy,
M M

where M is any (measurable) subset. This, of course
is subject to the condition that the right hand side
converges if M is unbounded. There is a lot of hidden
subtlety built into this definition having to do with
the notion of orientation. But for the moment this is
a good working definition.

The change of variables formula says that if ¢ :
M — R"™ is a smooth differentiable map which is
one to one whose Jacobian determinant is everywhere

positive, then
/ qﬁ*wz/ w.
M d(M)

9.10 Stokes theorem.

Let U be a region in R™ with a chosen orientation
and smooth boundary. We then orient the bound-
ary according to the rule that an outward pointing
normal vector, together with the a positive frame on
the boundary give a positive frame in R”. If ¢ is an
(n — 1)—form, then

/ az/da.
ouU U

A manifold is called orientable if we can choose an
atlas consisting of charts such that the Jacobian of
the transition maps ¢4 o @}1 is always positive. Such
a choice of an atlas is called an orientation. (Not all
manifolds are orientable.) If we have chosen an orien-
tation, then relative to the charts of our orientation,
the transition laws for an n—form (where n = dim
M) and for a density are the same. In other words,
given an orientation, we can identify densities with
n—forms and n—form with densities. Thus we may
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integrate n—forms. The change of variables formula
then holds for orientation preserving diffeomorphisms
as does Stokes theorem.

9.11 Lie derivatives of vector fields.

Let Y be a vector field and ¢; a one parameter group
of transformations whose “infinitesimal generator” is
some other vector field X. We can consider the “pulled
back” vector field ¢;Y defined by

¢1Y (z) = dp_{Y (dx)}.

In words, we evaluate the vector field Y at the point
¢+(x), obtaining a tangent vector at ¢(x), and then
apply the differential of the (inverse) map ¢_; to ob-
tain a tangent vector at x.

If we differentiate the one parameter family of vec-
tor fields ¢;Y with respect to ¢ and set ¢t = 0 we get
a vector field which we denote by DxY:

d .,
DxY := %@Yﬁ:o-

If w is a linear differential form, then we may com-
pute #(Y)w which is a function whose value at any
point is obtained by evaluating the linear function
w(zx) on the tangent vector Y (x). Thus

i(67Y)910(w) = (d(60)a) (1), db_iY (én)) = {i(Y w} (ea).
In other words,
P {i(Y)w} = i(¢7Y)drw.

We have verified this when w is a differential form of
degree one. It is trivially true when w is a differential
form of degree zero, i.e. a function, since then both
sides are zero. But then, by the derivation property,
we conclude that it is true for forms of all degrees.
We may rewrite the result in shorthand form as

¢p oY) = i(d;Y) 0 ¢y

Since ¢fd = d¢; we conclude from Weil’s formula
that
(ﬁzODy :D¢ZYO¢:
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Until now the subscript ¢ was superfluous, the formu-
las being true for any fixed diffeomorphism. Now we
differentiate the preceding equations with respect to
t and set t = 0. We obtain,using Leibniz’s rule,

Dx 0i(Y)=i(DxY)+i(Y)o Dy

and
Dx oDy = DDXY + Dy o Dx.

This last equation says that Lie derivative (on forms)
with respect to the vector field DxY is just the com-
mutator of Dx with Dy:

Dp,vy = [Dx,Dy].
For this reason we write
[X,Y] = DxY

and call it the Lie bracket (or commutator) of the
two vector fields X and Y. The equation for interior
product can then be written as

i((X,Y]) = [Dx,i(Y)].

The Lie bracket is antisymmetric in X and Y. We
may multiply Y by a function g to obtain a new vector
field gY. Form the definitions we have

o7 (gY) = (¢ 9)d;Y-

Differentiating at ¢ = 0 and using Leibniz’s rule we
get
(X, gY] = (Xg)Y +g[X,Y] (9.4)

where we use the alternative notation Xg for Dxg.
The antisymmetry then implies that for any differen-
tiable function f we have

[fX,Y]=-(Y )X+ fIX,Y]. (9.5)

From both this equation and from Weil’s formula (ap-
plied to differential forms of degree greater than zero)
we see that the Lie derivative with respect to X at a
point = depends on more than the value of the vector
field X at x.



9.12. JACOBI'S IDENTITY. 245

9.12 Jacobi’s identity.

From the fact that [X,Y] acts as the commutator of
X and Y it follows that for any three vector fields
X,Y and Z we have

[X’ [Ya ZH + [Zv [XvYH + [Y, [ZaX]] =0.

This is known as Jacobi’s identity. We can also
derive it from the fact that [Y, Z] is a natural oper-
ation and hence for any one parameter group ¢; of
diffeomorphisms we have

¢: ([Y; 2]) = [07Y, 97 Z].

If X is the infinitesimal generator of ¢; then differ-
entiating the preceding equation with respect to t at
t =0 gives

[Xv [Yv Z]] = HX» YLZ] + [Yv [Xv Z]]

“mut-

In other words, X acts as a derivation of the
liplication” given by Lie bracket. This is just Ja-
cobi’s identity when we use the antisymmetry of the
bracket. In the future we we will have occasion to
take cyclic sums such as those which arise on the left
of Jacobi’s identity. So if F' is a function of three
vector fields (or of three elements of any set) with
values in some vector space (for example in the space
of vector fields) we will define the cyclic sum Cyc F

by
CycF(X,Y,Z) =F(X,Y,2)+F(Y,Z, X)+F(Z, X,Y).
With this definition Jacobi’s identity becomes

Cyc [X,[Y, Z]] = 0. (9.6)

9.13 A general version of Weil’s
formula.

Let W and Z be differentiable manifolds, let I denote

an interval on the real line containing the origin, and

let
o WxI—Z

be a smooth map. We let ¢, : W — Z be defined by
Pe(w) = p(w,1).
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We think of ¢, as a one parameter family of maps
from W to Z. We let & denote the tangent vector
field along ¢;. In more detail:

& W —-TZ

is defined by letting & (w) be the tangent vector to
the curve s — ¢(w, s) at s = t.

If o is a differential form on Z of degree k + 1,
we let the expression ¢i(&:)o denote the differential
form on W of degree k whose value at tangent vectors
M,...,Nk at w € W is given by

ori(&)o(n, - ) = (i(&) (w))o) (d(de)wnr, - - ~(a d()@)wnk)
9.7
It is only the combined expression ¢;i(&;)o which will
have any sense in general: since &; is not a vector field
on Z, the expression i(&;)o will not make sense as a
stand alone object (in general).
Let o be a smooth one-parameter family of dif-
ferential forms on Z. Then

b; ot

is a smooth one parameter family of forms on W,
which we can then differentiate with respect to t. The
general form of Weil’s formula is:

@ bt00= 01t 4 giile)do + doiie)o. (99)
Before proving the formula, let us note that it is
functorial in the following sense: Suppose that that
F:X —Wand G:Z — Y are smooth maps, and
that 7; is a smooth family of differential forms on Y.
Suppose that o, = G*1, for all t. We can consider
the maps

Yr: X =Y, Yp:=GogoF

and then the smooth one parameter familiy of differ-
ential forms

7/’;77,
on X. The tangent vector field (; along v; is given
by
Ce(x) = dGy, (r(2)) (&:(F(2))) -
So

Z/J:Z'(Ct)Tt = (¢fi(§t)G*Tt) :
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Therefore, if we know that (9.8) is true for ¢ and oy,
we can conclude that the analogous formula is true
for ¢; and 7.

Consider the special case of (9.8) where we take
the one parameter family of maps

i i WxI—-WxI, fil(w,s)=(w,s+t).

Let
G- WxI—Z

be the map ¢, and let
F:-W-—-WxI
be the map
F(w) = (w,0).

Then
(Go fioF)(w) = ¢i(w).

Thus the functoriality of the formula (9.8) shows that
we only have to prove it for the special case ¢y = f; :
W x I — W x I as given above!

In this case, it is clear that the vector field &; along
iy is just the constant vector field % evaluated at
(z,s41). The most general differential (¢-dependent)
on W x I can be written as

dsNa-+b

where a and b are differential forms on W. (In terms
of local coordinates s, 2!, ..., z" these forms a and b
are sums of terms that have the expression

edz™ A - A dx

where c¢ is a function of s,¢ and z.) To show the full
dependence on the variables we will write

o = ds N a(z, s, t)dx + b(z, s, t)dx.
With this notation it is clear that
¢ior =ds Na(z, s +t,t)de + bz, s+t t)dx
and therefore

dopioy Oa

b
(x,s+t,t)dx + a—(m, s+t t)dx
s
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b
+ds A %(I, s+t,t)dx + z(a:, s+t t)de.

ot ot
So
dofoy ,.do Oa 0b

c;t Lt d—tt = ds/\%(m, s+t, t)der%(x, s+t, t)dx.
Now 5
7 (85) oy = adx

S0

¢;i(&)or = a(x, s + t,t)dx.
Therefore

da

d(i)rl(ft)Ut = dsA Is

(z, s+t, t)dz+dw (a(x, s+t,t)dx).
Also

b
doy = —ds N\ dy (adz) + g—ds Adzx + dwbdx
s

SO

(0 0b
i <88) doy = —dw (adz) + %dx

and therefore

iy 0b
¢;i(&)doy = —dwa(x, s+ t, t)dx + %(x, s+t t)de.
So

) b
dri(€) o+t )do, = ds/\a—Z(:v, s+t )dot o= (@, s+, t)da

- d(bzK Ot « dO’t
“Ta  "a
proving (9.8).
A special case of (9.8) is the following. Suppose
that W = Z = M and ¢, is a family of diffeomor-
phisms f; : M — M. Then &, is given by

& (p) = vi(fe(p))

where v; is the vector field

wlF () = 5 ulo).

In this case i(v¢)oy makes sense, and so we can write
(9.8) as

doioy _ «doy *
dt *th dt +¢tDmUt- (9-9)
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9.14 The Moser trick.

Let M be a differentiable manifold and let wg and
w1 be smooth k-forms on M. Let us examine the
following question: does there exist a diffeomorphism
f: M — M such that f*w; = wy?

Moser answers this kind of question by making it
harder! Let w;, 0 < t < 1 be a family of k-forms
with w; = wg at t =0 and w; = wy at t = 1. We look
for a one parameter family of diffeomorphisms

fi:M—M, 0<t<1

such that
fiwe = wo (9.10)

and
fo=id.

Let us differentiate (9.10) with respect to ¢ and apply
(9.9). We obtain

frwe+ f{ Dywy =0

where we have written w, for %. Since f; is required
to be a diffeomorphism, this becomes the requirement
that

thwt = —wt. (911)

Moser’s method is to use “geometry” to solve this
equation for v; if possible. Once we have found vy,
solve the equations

R =uil) R =p  (012)

for fi. Notice that for p fixed and v(t) = f+(p) this is
a system of ordinary differential equations

Lot) =u(0), 2(0) =

The standard existence theorems for ordinary differ-
ential equations guarantees the existence of of a so-
lution depending smoothly on p at least for |t| < e.
One then must make some additional hypotheses that
guarantee existence for all time (or at least up to
t = 1). Two such additional hypotheses might be

e M is compact, or
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e ('is a closed subset of M on which v; = 0. Then
for p € C the solution for all time is fi(p) = p.
Hence for p close to C' solutions will exist for
a long time. Under this condition there will
exist a neighborhood U of C' and a family of
diffeomorphisms

fo:U—M
defined for 0 <t < 1 such
Jfo=1id, fyc =idVt
and (9.10) is satisfied.

We now give some illustrations of the Moser trick.

9.14.1 Volume forms.

Let M be a compact oriented connected n-dimensional
manifold. Let wg and w; be nowhere vanishing n-
forms with the same volume:

/woz/wl.
M M

Moser’s theorem asserts that under these conditions
there exists a diffeomorphism f : M — M such that

w1 = wp.

Moser invented his method for the proof of this the-
orem.
The first step is to choose the w;. Let

w = (1 — t)wo + twy.

Since both wy and w; are nowhere vanishing, and
since they yield the same integral (and since M is
connected), we know that at every point they are
either both positive or both negative relative to the
orientation. So w; is nowhere vanishing. Clearly w; =
wo at t =0 and wy = w; at t = 1. Since dw; = 0 as
wy i1s an n-from on an n-dimensional manifold,

thwt = di(’ut)wt
by Weil’s formula. Also

u)t = W1 — Wo-
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Since [, wo = [,; w1 we know that
wo — w1 = dv

for some (n — 1)-form v. Thus (9.11) becomes
di(vy)wy = dv.

We will certainly have solved this equation if we solve
the harder equation

i(vt)wt =Vr.

But this equation has a unique solution since w; is
no-where vanishing. QED

9.14.2 Variants of the Darboux theo-
rem.

We present these in Chapter 2.

9.14.3 The classical Morse lemma.

Let M = R™ and ¢; € C*°(R"), i = 0,1. Suppose
that 0 is a non-degenerate critical point for both ¢
and ¢1, suppose that ¢o(0) = ¢1(0) = 0 and that
they have the same Hessian at 0, i.e. suppose that

(d%¢o) (0) = (d®¢1) (0).

The Morse lemma asserts that there exist neighbor-
hoods Uy and U; of 0 in R™ and a diffeomorphism

fZUO—>U1, f(O)ZO
such that
[ 1 = ¢o.
Proof. Set
b1 = (1 —1t)po + t¢1.

The Moser trick tells us to look for a vector field v;
with
Vt (0) = 0, Vit

and

Dyt = —1 = o — b1
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The function ¢; has a non-degenerate critical point at
zero with the same Hessian as ¢¢ and ¢ and vanishes
at 0. Thus for each fixed ¢, the functions

[olon
ozt

form a system of coordinates about the origin.
If we expand v; in terms of the standard coordi-

nates P
vy = Zvj(x,t)@
J

then the condition v;(0,¢) = 0 implies that we must
be able to write

0
vj(z,t) = Z v (z, t)£

for some smooth functions v;;. Thus

Dby O
th¢t = Zvij(x,t) ax: 6756;
ij

Similarly, since —qz.St vanishes at the origin together
with its first derivatives, we can write

Gy = 3y 2200

— Y Qxt Oxd
ij

where the h;; are smooth functions. So the Moser
equation D,, ¢ = —¢; is satisfied if we set

Uij (SC, t) = hij (I, t)

Notice that our method of proof shows that if the
¢; depend smoothly on some paramters lying in a
compact manifold S then the diffeomorphism f can
be chosen so as to depend smoothly on s € S.

In Section 5.11 we give a more refined version of
this argument to prove the Hormander-Morse lemma
for generating functions.

In differential topology books the classical Morse
lemma is usually stated as follows:

Theorem 43 Let M be a manifold and ¢ : M — R
be a smooth function. Suppose that p € M is a non-
degenerate critical point of ¢ and that the signature
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of d*¢, is (k,n — k). Then there exists a system of
coordinates (U,x1,...,2,) centered at p such that in
this coordinate system

k n
¢ =c+ E 7 — g 3.
i=1 i=k+1

Proof. Choose any coordinate system (W, y1,...yn)
centered about p and apply the previous result to

pr=¢—c
and
Po = Z hijyiy;
where 52
hij = ——2—(0).
! 0y 0y; 0

This gives a change of coordinates in terms of which
¢ — ¢ has become a non-degenerate quadratic form.
Now apply Sylvester’s theorem in linear algebra which
says that a linear change of variables can bring such
a non-degenerate quadratic form to the desired diag-
onal form.
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Chapter 10

The method of
stationary phase

10.1 Gaussian integrals.

We recall a basic computation in the integral calculus:
! /Oo /20 = 1 (10.1)
— e x=1. .
V2T J_so
This is proved by taking the square of the left hand
side and then passing to polar coordinates:

[1 /Oo e_$2/2dx]2 —
V2T J _so

— i/oo /°° D2 gy
27T — 00 — 00

1 27 o) B 2/2

= — e " /rdrdl
27T 0 0

= / e 2rdy
0

= 1.

10.1.1 The Fourier transform of a Gaus-
sian.

1 o 2
—x°/2 -nz g

(& (& X
\ 2T ,/_OQ

255
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converges for all complex values of 7, uniformly in any
compact region. Hence it defines an analytic function
which may be evaluated by taking n to be real and
then using analytic continuation. For real n we com-
plete the square and make a change of variables:

22

1 [e.¢]
E/ exp(—7 —xn)dx =

1o~ .
= — exp = (—(z + +n)dz
= _ewgarnter)

exp(1?/2) = [ exp(- (a2 1)/ 2da

= exp(n?/2).
As we mentioned, this equation is true for any
complex value of 7. In particular, setting n = —i§ we

get

exp(—z?/2 4 ifx)dr = exp(—£2/2).
(10.2)

1 o0
vV 2 /—oo
In short,

1 The Fourier transform 2of the Gaussian function
x s exp(—22/2) is & — e"E /2,

If f is any smooth function vanishing rapidly at
infinity, and f denotes its Fourier transform, then the
Fourier transform of z — f(cz) is £ — 1f(¢/c). In

particular, if we take A > 0, ¢ = A2 we get

exp(—\a? /2-iw)da — (1> : exp(—€2/2)).

A
(10.3)
We proved this formula for A real and positive.
But the integral on the left makes sense for all A with
Re A > 0, and hence this formula remains true in
the entire open right hand plane Re A > 0, provided
we interpret the square root occurring on the right
as arising by analytic continuation from the positive
real axis.
We can say more: The integral on the left con-
verges uniformly (but not absolutely) for A in any
region of the form

L

Re A>0, [N\ >d>0.
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To see this, observe that for any S > R > 0 we have
. 1 d
e—Aa?/2 . _ 1 & exp(—Xz?/2) for R<x< S
T

so we can apply integration by parts to get

o 2
/ 67/\1 /26i§wdl, _
R

L1 srejovier 1 _s?j21ies Sz d (€
3 (Re g€ + i e i\ 2 dx

and integrate by parts once more to bound the inte-
gral on the right. We conclude that

S 2
/ 67)\:” /2ei£wdx
R

10.2 The integral [ e **"/?h(z)dx.

1

Y

).

This same argument shows that

/e‘”z/Qh(aj)dx

is convergent for any h with two bounded continuous
derivatives. Indeed,

s
/ e_/\‘”2/2h(3c)das =
R

1 (Ph(z) d .2

R s
- _ale /Q(h(x)/x)’
R
1 (% L 2pnd
2z —xa?/2 @
—|—/\/R e dx(h(x)/w)dx
S

= A R ) — (1) () )|

S
+A72 /R e 12[(1/2) (h(z) /2)] dx.

This last integral is absolutely convergent, and the
boundary terms tend to zero as R — oo.
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This argument shows that if M is a bound for
h and its first two derivatives, the above expressions
can all be estimated purely in terms of M. Thus
if h depends on some auxiliary parameters, and is
uniformly bounded together with its first two deriva-
tives with respect to these parameters, then the in-
tegral f x) exp(—Az?/2)dx converges uniformly
with respect to these parameters.

Let us push this argument one step further. Sup-
pose that h has derivatives of all order which are
bounded on the entire real axis, and suppose further
that h = 0 in some neighborhood, |z| < €, of the
origin. If we do the integration by parts

s
/ e_)"”z/zh(aﬁ)dx
R

S
- _ /\16/\12/2(h(x)/1,)’i+§\/R ef)\:cQ/de( ( )) ,

choose R < € and let S — oco. We conclude that

/_z 7)\w2/2h )\/ 4752/2 ( (2)/z)dz

The right hand side is a function of the same sort as
h. We conclude that

/ e 2 (z)de = O(AN)
R

for all NV if h vanishes in some neighborhood of the
origin has derivatives of all order which are each bounded
on the entire line.

10.3 Gaussian integrals in n di-
mensions.

Getting back to the case h = 1, if we take A =

Fir, r > 0 and set £ = 0 in (10.3) then analytic

. . e . . 1
continuation from the positive real axis gives Az =
eT™/* and we obtain

1
(e o) . 2 2 .
/ e /2, — (W) et/ (10.4)
— 00 T
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Doing the same computation in n - dimensions gives

n 1
/eiTQ/Qdy _ <2’/T) 2 ( 1 >2 eisgnQ‘n’/4
T T1 -T2 " "Tnp

(10.5)
if
Qly) =Y +ri(y').

Now ry - 19+ -1, = |det @Q|. So we can rewrite the
above equation as

: 2r\? 1 s
/ez‘rQ/2dy — <7T) ezsgnQﬂ'/éL (106)

T/ ldet@Q)

We proved this formula under the assumption that @
was in diagonal form. But if ) is any non-degenerate
quadratic form, we know that there is an orthogo-
nal change of coordinates which brings @) to diagonal
form. By this change of variables we see that

2 (10.6) is valid for any non-degenerate quadratic
form.

10.4 Using the multiplication for-
mula for the Fourier trans-
form.

Recall that in one dimension this says that if f,g €
S(R) and f, § denote their Fourier transforms then

/ F(€)g(€)de = / F@)i(@)de.
R R

In this formula let us take

§2

g(§) =e =
where Re A > 0 so that
glo) = Are A2

where the square root is given by the positive square
root on the positive axis and extended by analytic
continuation. So the multiplication formula yields

[FoeSa=xt [ jwe S an
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Take
A=¢€e¢—ia, €>0, acR-{0}

and let € \, 0. We get

/f 7% —|a|2e sgna/f(x)ewzwzdx
R

which we can rewrite as

/f(z)ei%dx:\ar%e%/f(g)efgdf.
R R

We can pass from this one dimensional formula to
an n - dimensional formula as follows: Let A = (agy)
be a non-singular symmetric n X n matrix and let
sgn A denote the signature of the quadatic form

Q(z) = (Az, x) Z Qi T;T;.

Let
B:=A""%

Then for any ¢ > 0 we have

F2)e s An2) 4y = t=%| det A~ zwsgnf‘/ F&)e 5 (BE e,

(10.7)
The proof is via diagonalization as before. We may
make an orthogonal change of coordinates relative to
which A becomes diagonal. Then if f is a product
function

f(@rsan) = f(xr) - fla2) - flan)

the formula reduces to the one dimensional formula
we have already proved. Since the linear combination
of these functions are dense, the formula is true in
general.

Rn

10.5 A local version of station-
ary phase.

In order to conform with standard notation let us
set t = A~! in (10.7). The right hand side of (10.7)
becomes

h%|det A|” 2 e 58 Ag(p)
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where

a(h) = [ f(€)e 3P,

]R’IL
Let us now use the Taylor formula for the exponential:

; " (ix)k
em_Z(k!)

k=0

|x|m+1

m+ 1)

=1

Thus the function a can be estimated by the sum

>k (—’}f)k | et iera

k=0

with an error that is bounded by

w3 L

In the “Taylor expansion”

a(h) = Z aph®

we can interpret the coefficient

o= (1) [ meet s

as follows: Let b(D) be the constant coefficient dif-
ferential operator

(BE, &)™ f(©)] de.

b(D) = brDiDy
where
_19
N ) 8Z‘k '
Then <B§,§>kf(§) is the Fourier transform of the
function b(D)* f. So by the Fourier inversion formula,

Dy,

D) H(0) = (2 [ (B0 Fepde
We can thus state our local version of the stationary
phase formula as follows:
Theorem 44 If f € S(R™) and

I(h) := f(x)ei%dx

Rn
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then

n

10 = (55 ) aat

va = | det A\*%e% sgn A

where

and a € C*(R). Furthermore a has the asymptotic
exrpansion

a(h) ~ (expqu(D)f) (0).

The next step in our program is to use Morse’s
lemma.

10.6 The formula of stationary
phase.

10.6.1 Critical points.

Let M be a smooth compact n-dimensional manifold,
and let ¥ be a smooth real valued function defined
on M. Recall that a point p € M is called a critical
point of ¢ if dip(p) = 0. This means that (X¢))(p) =0
for any vector field X on M, and if X itself vanishes
at p then X ¢ vanishes at p “to second order” in the
sense that Y X1 vanishes at p for any vector field
Y. Thus (Y X)(p) depends only on the value X (p).
Furthermore

(XYY)(p) — (Y X9)(p) = (X, Y])(p) = 0

so we get a well defined symmetric bilinear form on
the tangent space 1T'M,, called the Hessian of i at p
and denoted by df)w For any pair of tangent vectors
v, w € T'M, it is given by

dytp(p) (v, w) := (XY ) (p)

where X and Y are any vector fields with

Recall that a critical point p is called non-degenerate
if this symmetric bilinear form is non-degenerate. We
can then talk of the signature of the quadratic form
dg@b — i.e. the number of +’s minus the number of
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-’s when we write d%q/) in canonical form as a sum
of 4(z%)? where the z* form an appropriate basis of
TM,. We will write this signature as sgn dgz/} or more
simply as sgn,, ). The symmetric bilinear form diw
determines a symmetric bilinear form on all the ex-
terior powers of T'M), in particular on the highest
exterior power, A"T'M,. This then in turn defines
a density at p, assigning to every basis vq,...,v, of
TM, the number

|A2() (01 A~ A v, o1 A Avg)|3

Replacing vy, ...,v, by Avy, ..., Av, has the effect of
multiplying the above number by | det A| which is the
defining property of a density. In particular, if we are
given some other positive density at p the quotient of
these two densities is a number, which we will denote
by
| det d2y] 2,

the second density being understood. The reason for
this somewhat perverse notation is as follows: Sup-
pose, as we always can, that we have introduced co-
ordinates y', ..., y™ at p such that our second density
assigns the number one to the the basis

; 0 " 0
te oyt p’”' " oy p'
Then

Oyioyd
0%
det (3yi3yj ) ()

10.6.2 The formula.

With these notations let us first state a preliminary
version of the formula of stationary phase. Suppose
we are given a positive density, {2, on M and that all
the critical points of 1) are non-degenerate (so that
there are only finitely many of them). Then for any
smooth function @ on M we have

SO
1
2

1
|det d2o|? =

_ 3 _ it (p)
/ 627waﬂ_<%)2 S ebmen A
o T | det d2y|?

pldy(p)=0
(10.8)

G
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as T — 00.

In fact, we can be more precise. Around every
critical point we can introduce coordinates such that
the Hessian of v is given by a quadratic form. We
can also write = b(y)dy for some smooth function
b. We can also pull out the factor e!™¥®) and set
77! = h. We may then get the complete asymptotic
expansion as given by Theorem 44.

We will prove the stationary phase formula by a
series of reductions. Given any finite cover of M by
coordinate neighborhoods, we may apply a partition
of unity to reduce our integral to a finite sum of sim-
ilar integrals, each with the function a supported in
one of these neighborhoods.

By partition of unity, our proof of the stationary
phase formula thus reduces to estimating integrals
over Euclidean space of the form

e

where a is a smooth function of compact support and
where either

1. dv # 0 on supp a so that

8 2

on supp a, or

o \?
+(W> >e>0

2. 1 is a non-degenerate quadratic form, which, by
Sylvester’s theorem in linear algebra, we may
take to be of the form

(with, of course, the possibility that & = 0
in which case all the signs are negative and
k = n in which case all the signs are posi-
tive). The number 2k —n is the signature of the
quadratic form v and is what we have denoted
by sgn(d2¢) in the stationary phase formula.

We treat each of these two cases separately:
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The case of no critical points.

In this case we will show that

/e”wady =0(r7F) (10.9)
for any k.
Consider the vector field
L R <
T oyl oyt oym Oyn’

This vector field does not vanish, and in fact
X (") = ir|dip|?e ™.
So we can write

) 1 } a 1 )
ady = — [ X(e™ d :f/ Thd
/6 ady = — (e )Idwl2 y=_ ¢ Y

. a
=X (w)

by integration by parts. Repeating this integration
by parts argument proves(10.9). This takes care of
the case where there are no critical points.

where

The case near a critical point.

We assume that p is an isolated critical point, and
we have chosen coordinates y about p such that p has
coordinates y = 0 and that ¢ = 1(p)+2Q(y) in these
coordinates where Q(y) is a diagonal quadratic form.
We now have a single summand on the right of (10.8)
and by pulling out the factor e/”¥®) we may assume
that ¢ (p) = 0. Now apply Theorem 44. O

We now turn to various applications of the for-
mula of stationary phase.

10.7 Group velocity.

In this section we describe one of the most important
applications of stationary phase to physics. Let A be
a small number (eventually we will take & = h/27
where h is Planck’s constant, but for the moment we
want to think of & as a parameter which approaches
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zero, so that 7 := (1/h) — o00). We want to consider
a family of “traveling waves”

o~ /D) (B(p)t—p)

For simplicity in exposition we will take p and x to
be scalars, but the discussion works as well for x a
vector in three (or any) dimensional space and p a
vector in the dual space. For each such wave, and
for each fixed time ¢, the wave number of the space
variation is h/p. Since we allow E to depend on p,
each of these waves will be traveling with a possibly
different velocity. Suppose we superimpose a family
of such waves, i.e. consider an integral of the form

/ al(p)e=U/ME@—p2) g, (10.10)

Furthermore, let us assume that the function a(p)
has its support in some neighborhood of a fixed value,
po- Stationary phase says that the only non-negligible
contributions to the above integral will come from
values of p for which the derivative of the exponent
with respect to p vanishes, i.e. for which

E'(p)t —x =0.

Since a(p) vanishes unless p is close to pg, this equa-
tion is really a constraint on x and t. It says that the
integral is essentially zero except for those values of
x and t such that

z = FE'(po)t (10.11)

holds approximately. In other words, the integral
looks like a little blip called a wavepacket when thought
of as a function of z, and this blip moves with velocity
E'(po) called the group velocity.

Let us examine what kind of function E can be of
p if we demand invariance under (the two dimensional
version of ) all Lorentz transformations, which are all
linear transformations preserving the quadratic form
c*t? — 22, Since (E,p) lies in the dual space to (¢, z),
the dual Lorentz transformation sends (E, p) — (E’,p’)
where

E2 _ 82]72 — (EI)Q _ 02(p/)2

and given any (F,p) and (E’,p’) satisfying this con-
dition, we can find a Lorentz transformation which
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sends one into the other. Thus the only invariant
relation between E and p is of the form

E? — (pc)* = constant.

Let us call this constant m?2c* so that E? — (pc)? =
2 4

m“c* or
E(p) — ((pc)2 +m204>1/2.
Then
2
E'/p _ pc :£
W= =M

where M is defined by

E(p)=M& or M= (m2 + (72)2>1/2.

Notice that if p/c is small in comparison with m then
M = m. If we think of M as a mass, then the re-
lationship between the group velocity E'(p) and p is
precisely the relationship between velocity and mo-
mentum in classical mechanics. In this way have as-
sociated a wave number k = p/h to the momentum p
and if we think of E as energy we have associated the
frequency v = E/h to energy. We have established
the three famous formulas

1/2
E = ¢ <m2 + (%)2) = mc® Einstein’s mass energy formula
A= % = 2 de Broglie’s formula
)
E = hv Einstein’s energy frequency formula.

In these formulas we have been thinking of h or
h as a small parameter tending to zero. The great
discovery of quantum mechanics is that h should not
tend to zero but is a fundamental constant of nature
known as Planck’s constant. In the energy frequency
formula it occurs as a conversion factor from inverse
time to energy, and hence has units energy x time.
It is given by

h =6.626 x 10734J s.
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10.8 The Fourier inversion for-
mula.

We used the Fourier transform and the Fourier inver-
sion formula to derive the lemma of stationary phase.
But if we knew stationary phase then we could derive
the fourier inversion formula as follows:
Consider the function p = p(z, ) on R*GR" given
by
P, &) = - (€ — 1)

where 7 € R™. This function has only one critical
point, at
r=0,6=n

where its signature is zero. We conclude that for any
such function a = a(x,§) € S(R"” @ R™ we have

//eim'(f_")a(x,é)dxdf = (2:>na(0,77)+0(7'_(”+1)).

Let us choose a(z,£) = f(x)g(§) where f and g are
smooth functions vanishing rapidly with their deriva-
tives at infinity. We get

() 1000 = s [ [ e ptepsde o),

pury

Let us set u = 7z in the integral, so that dx = 77 "du.
Multiplying by 7™ we get

1)) = sz [ [ 1(2) st P audero6).

So if we define
1 .
g(u) := W/g(i)elg'udf

we have proved that

10190 = 7z [ 1 (%) dtwedu+ 0,

.
If we choose f such that f(0) =1 and let 7 — oo we
obtain the Fourier inversion formula:

1 ~ u-n
o) = Gy [ atwera
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10.9 Fresnel’s version of Huy-
gen’s principle.

10.9.1 The wave equation in one space
dimension.

As a warm up to the study of spherical waves in three
dimensions we study the homogeneous wave equation

Pu  Pu 0
o2 ox2
where u = u(z,t) with x and ¢ are real variables.
If we make the change of variables p = x +t,q =
x — t this equation becomes
Pu
pdg

and so by integration

u = uy(p) +u2(q)

where u; and us are arbitrary differentiable functions.
Reverting to the original coordinates this becomes

u(z,t) = ur(z +t) + ua(x — t). (10.12)

Any such function is clearly a solution. The function
us(x — t) can be thought of dynamically: At each
instant of time ¢, the graph of x — us(x —t) is given
by the graph of z — wuo(x) displaced ¢ units to the
right. We say that us(x — t) represents a traveling
wave moving without distortion to the right with
unit speed.

Thus the most general solution of the homoge-
neous wave equation in one space dimension is given
by the superposition of two undistorted traveling wave,
one moving to the right and the other moving to the
left.

10.9.2 Spherical waves in three dimen-
sions.

In three space dimensions the wave equation (in spher-
ical coordinates) is

1 0%
r2gin? 6 042"

2
O°u 1 0 ,0u 1 asmea

u
9 2or or  r2sm0o0 gt

20
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If u = u(r, t) the last two terms on the right disappear
while

or TW

7257" or o Or2

1 0 ,0u 1 {2811 n 82u} B 182(7’11,)'
r
Thus v := ru satisfies the wave equation in one space
variable, and so the general spherically symmetric so-
lution of the wave equation in three space dimensions
is given by

f(?‘+t)+g(r—t).

t pr—
u(r,t) r T

The first term represents and incoming spherical wave
and the second term an outgoing spherical wave. In
particular, if we take f = 0 and g(s) = e*** then

eik(r—t)

wi(r,t) := .

is an outgoing spherical sinusoidal wave of frequency

k.

10.9.3 Helmholtz’s formula

Recall Green’s second formula (a consequence of Stokes’
formula) which says that if v and v are smooth func-
tions on a bounded region V C R? with piecewise
smooth boundary 9V then

/ (u*dv—v*du)z/(vAu—uAv)dmAdy/\dz.
av v

In particular, if w and v are both solutions of the
reduced wave equation A¢ — k2¢ = 0 the right hand
side vanishes, and we get

/ (u*dv—v*du) =0.
v

Now

ikr ikr
d (e ) _— [zk - ﬂ dr. (10.13)

r r

Let D be a bounded domain with piecewise smooth
boundary, let rp denote the distance from a point P
interior to D, and take V' to consist of those points
of D exterior to a small sphere about P. Then if v is
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a solution to the reduced wave equation and we take

u = €*" /r we obtain Helmhotz’s formula

1 ikrp ikrp
v(P) / {e o dv —vxdS
oD

dr rp TP

by shrinking the small sphere to zero.

Green’s formula also implies that if P is exterior
to D the integral on the right vanishes.

Now let D consist of all points exterior to a surface
S but inside a ball of radius R centered at P. If X
denotes the sphere of radius R centered at P, then
the contribution to Helmhotz’s formula coming from
integrating over or will be the integral over the unit

sphere
/ etkr [r (gz — zk:u) + v]

where dw is the area element of the unit sphere. This
contribution will go to zero if the Sommerfeld ra-
diation conditions

/|v|dw =o(1), and /‘g:j —iku

are satisfied (where the integrals are evaluated at r =
R).

Assuming these conditions, we see that if P is
exterior to S then

1 ikrp ikrp
o(P) / [6 o dv —vxdS } . (10.14)
S

47 rp Tp

dw

r=R

dw = o(R™)

while the integral vanishes if P is inside S.

Huyghens had the idea that propagated distur-
bances in wave theory could be represented as the
superposition of secondary disturbances along an in-
termediate surface such as .S. But he did not have an
adequate explanation as to why there was no “back-
ward wave”, i.e. why the propagation was only in
the outward direction. Fresnel believed that if all the
original sources of radiation were inside S, the in-
tegrand in Helmholtz’s formula would vanish due to
interference. The above argument due to Helmholtz
was the first rigorous mathematical treatment of the
problem, and shows that the internal cancellation is
due to the total effect of the boundary.

However, we will see, by using stationary phase,
that Fresnel was right up to order 1/k.
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10.9.4 Asymptotic evaluation of Helmholtz’s
formula

We will assume that near S the v that enters into
(10.14) has the form

v = ae'*®

where a and ¢ are smooth and | grad¢| = 1. For
example, if v represent radiation from some point )
interior to S then this would hold with ¢ = rq.

We assume that P is sufficiently far from S so that
1/rp is negligible in comparison with k, and we also
assume that a and dae are negligible in comparison
with k. As P will be held fixed, we will write r for
rp. Then inserting (10.13) into (10.14) shows that
the leading term in(10.14) (in powers of k) is

i/ LR+ (xdp — xdr).
47 s

We want to apply stationary phase to this integral.
The critical points are those points y on S at which
the restriction of d¢p+dr to S vanishes. This says that
the projection of grad ¢(y) onto the tangent space to
S at y is the negative of the projection of gradr(y)
onto this tangent space. Since || grad ¢|| = || grad r|| =
1, this implies that the projections of grad ¢(y) and
gradr(y) onto the normal have the same absolute
value. There are thus two possibilities:

1. grad ¢(y) = — gradr(y). In this case xdp(y) =
— % dr(y) when restricted to the tangent space
to S at y.

2. grad ¢(y) = 2(grad ¢(y), n)n—grad r(y). In this
case *d¢(y) = *dr(y) when restricted to the
tangent space to S at y.

Let us assume for the moment that the critical
points are non-degenerate. (We will discuss this con-
dition below.)

Suppose we are in case 2). Then the leading term
in the integral in (10.14) vanishes, and hence the con-
tribution from (10.14) is of order 1/k. If S wre convex
and grad ¢ pointed outward, then for any P insised S
we would be in case 2). This justifies Fresnel’s view
that there is local cancellation of the backward wave
(at least up to terms of order 1/k).
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10.9.5 Fresnel’s hypotheses.

Suppose we are in case 1). Then the leading term in
(10.14) is

ik [ ik, g
471' S T

This shows that up to terms of order 1/k the “induced
secondary radiation” coming from S behaves as if it

e has amplitude equal to 1/ times the amplitude
of the primary wave where A = 27 /k is the wave
length, and

e has phas one quarter of a period ahead of the
primary wave. (This is one way of interpreting
the factor i.)

Fresnel made these two assumptions directly in his
formulation of Huyghen’s principle leading many to
regard them as ad hoc. We see that it is a consequence
of Helmholtz’s formula and stationary phase.

10.10 The lattice point problem.

Let D be a domain in the plane with piecewise smooth
boundary. The high school method of computing the
area of D is to superimpose a square grid on the plane
and count the number of squares “associated” with
D. Since some squares may intersect D but not be
contained in D, we must make a choice: let us choose
to count all squares which intersect D. Furthermore,
in order to avoid unnecessary notation, let us assume
that D is taken to include its boundary, i.e. D is
closed: D = D. If we let Z? denote the lattice deter-
mined by the corners of our grid, then our procedure
is to count the number of points in

DnNZ2.

Of course this is only an approximation to the area
of D. To get better and better approximations we
would shrink the size of the grid. Our problem is to
find an estimate for the error in this procedure.

For notational reasons, it is convenient to keep
the lattice fixed, and dilate the domain D. That is,



274CHAPTER 10. THE METHOD OF STATIONARY PHASE

we want to count the number of lattice points in AD
where X is a (large) positive real number. So we set

NL(A) := #(AD N Z?). (10.15)
Equally well, if x” denotes the indicator function
(sometimes called the characteristic function) of D:
xP(x)=1 ifz € D, xP(x)=0if2 ¢ D,

then
N = 3 xR w), (10.16)

vEeZ?

xa(z) == x (;) :

(Frequently, in what follows, we will drop the D
when D is fixed. Also, we will pass from 2 to n with
the obvious minor changes in notation.)

Now it is clear that

NﬂD (A\) = A2 Area(D) + error.

where

Our problem is to estimate the error. Without any
further assumptions, it is relatively easy to see that
we can certainly say that the error can be estimated
by a constant times A where the constant involves
only the length of 0D. In general, we can not do bet-
ter, especially if the boundary of D contains straight
line segments of rational slope: For the worst possi-
ble scenario, consider the case where D is a square
centered at the origin. Then every time that A is
such that the vertices of AD lie in Z2, then the num-
ber of boundary points lying in Z2 will be propor-
tional to A times the length of the perimeter of D.
But a slightly larger or small value of A will yield no
boundary points in Z2?. We might expect that if the
boundary is curved everywhere, we can improve on
the estimate of the error.

The main result of this section, due to Van der
Corput, asserts that if D is convex, with smooth
boundary whose curvature is everywhere positive (we
will give more precise definitions later) then we can
estimate the error terms as being

O(A%).
In fact, Van der Corput shows that this result is sharp

if we allow all such strongly convex smooth domains,
although we will not establish this result here.
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10.10.1 The circle problem.

Suppose that we take D to be the unit disk. In this
case
NL(N) =NV

where
N(\) = #{v = (m,n) € Z%m? +n? < \?}. (10.17)

In this case, there will only be lattice points on the
boundary of AD if A? is an integer which can be rep-
resented as a sum of two squares, and the number of
points on the boundary will be the number of ways
of representing \? as a sum of two squares.

The number of ways of representing an integer NV
as the sum of two integer squares is closely related to
the number of prime factors of N of the form 4k + 1
and the number of prime square factors of the form
4k+3. In fact, as we shall remind you later on, if r(N)
denotes the number of ways of writing IV as a sum of
two squares then r(N) can be evaluated as follows:
Suppose we factorize N into prime powers, collect
all the powers of 2, collect all the primes congruent
to 1 (mod 4), and collect all the primes which are
congruent to 3 (mod 4). In other words, we write

N =2/N|N, (10.18)

where

N, = Hpr p = 1(mod 4)

and
Ny = I_IqS g = 3(mod 4).

Then r(N) = 0 if any s is odd. If all the s are even,
then
r(N) = 4d(Ny). (10.19)

So there are relatively few points on the boundary of
AD when D is the unit disk, and we might expect
special results in this case. Of course our problem
is to estimate the number of lattice points close to a
given circle, not necessarily exactly on it.
Let us set
ti= A2 (10.20)

as the square of A is the parameter used frequently in
the number theoretical literature. Let us define R(t)
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as the error in terms of ¢, so

> r(n) =wt+ R(1). (10.21)

n<t

Then the result of Van der Corput cited above asserts
that )
R(t) = O(t%). (10.22)

In fact, later work of Van der Corput himself in the

twenties and early thirties, involving the theory of
“exponent pairs” improves upon this estimate. For
example, one consequence of the method of “expo-
nent pairs” is that

R(t) = O(t#). (10.23)

In fact, the long standing conjecture (going back
to Gauss, I believe) has been that

R(t) = O(ti*9) for any € > 0. (10.24)

Notice the sequence of more and more refined results:
trivial arguments, valid for any region with piece-
wise smooth boundary give an estimate R(t) = O(t”)
where p = % The Van der Corput method valid for
all smooth strongly convex domains gives p = % The
method of exponent pairs gives p = (k + £)/(2k + 2)
whenever (k, £) is an exponent pair, but although this
method improved on %, it did not yield the desired
conjecture - that we may take p = i+e for any € > 0.

10.10.2 The divisor problem.

Let d(n) denote the number of divisors of the posi-
tive integer n. Using elementary arguments, Dirichlet
(1849) showed that

> d(n) =tlogt+2y — 1)+ O(t3)  (10.25)

n<t

where v is Euler’s constant

) 1
yi= A}gnoo Z ﬁflogN
n<N

Dirichlet’s argument is as follows: First of all ob-
serve that we can regard the divisor problem as a
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lattice point counting problem. Indeed, consider the
region, T}, in the (z,y) plane bounded by the hyper-
bola xy = ¢ and the straight line segments from (1,1)
o (1,¢) and from (1,1) to (¢,1). So T} is a “triangle”
with the hypotenuse replaced by a hyperbola. Then
d(n) is the number of lattice points on the “integer
hyperbola” zy =n, n <t, and so ), ., d(n) is the
total number of lattice points in T3. The area of T}
is tlogt — t + 1, which has the same leading term as
above. To count the number of lattice points in T},
observe that T; is symmetric about the line y = z,
and there are [\/%] lattice points in T} on this line. For
each integer d < [v/#] the number of lattice points on
the horizontal line) y = d in T; to the right of the

diagonal is
t
- —=d
d

> dmn)y=2>" ([H —d) + [\/E]

n<t d<vt

SO

Since [s] = s + O(1) we can write this as

2tz 1., \g+1) O(V1).
d<\f

The formula leading to Euler’s constant has error
term 1/s:

1 1
ZE :logs+7+0(;) (10.26)
n<s

as follows from Euler MacLaurin (see later on). So
setting s = v/# in the above we get (10.25).

Once again we may ask if this estimate can be
improved: Define

=Y d(n) — t(logt + 2y — 1) (10.27)
n<t
and ask for better o such that
A(t) = O(t7) (10.28)

It turns out, that the method of exponent pairs yields
the same answer as in the circle problem case: If (k, ¢)
is an “exponent pair” then

o= (k+0)/(2k +2)
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is a suitable exponent in (10.28). Once again, the
conjectured theorem has been that we may take o =
% + € for any positive e.

These “lattice point problems” are closely related
to studying the growth of the Riemann zeta function
on the critical line, i.e. to obtain power estimates
for ¢ (% + it). Furthermore, the Riemann hypothe-
sis itself is known to be closely related to somewhat
deeper “approximation” problems. See, for example,
the book Area, Lattice Points, and Exponential Sums
by M.N Huxley, page 15.

10.10.3 Using stationary phase.

Van der Corput revolutionized the study of the lattice
point problem in the 1920’s by bringing to bear two
classical tools of analysis - the Poisson summation
formula and the method of stationary phase.

Our application will be of the following nature:
Recall that a subset of R™ is convex if it is the inter-
section of all the half spaces containing it. Suppose
that D is a (compact) convex domain with smooth
boundary, containing the origin and that u is a unit
vector. Then the function y — wu - y achieves a max-
imum m™ and a minimum m~ on D and the con-
dition that these be taken on at exactly one point
each is what is usually meant by saying that D is
strictly convex. We want to impose the stronger con-
dition that restriction of the function y — wu -y to the
boundary is non-degenerate having only two critical
points, the maximum and the minimum, for all unit
vectors. This has the following consequence: Let K
be a compact subset of R — {0} and consider the
Fourier transform of the indicator function y = x”
evaluated at 7x for x € K:

)2(79:):/ e Y dy.
D

(For today it will be convenient to use this definition
of the Fourier transform so that

X(0) = vol (D)

without the factors of 27.)
Holding z fixed, we have (as differential forms in

Y)
d (ei”c'yxldy2 A A dy") = iT(wl)Qe”r'ydyl/\- S dy"
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SO

eiTx~ydy _ eirx~ydy1 A A dyn —

d (eim'yw)

ir|x|?
where
w =zt dy? A - Ady"—22dyt Ady® - Ady"+- - dyt A Ady™ L

By Stokes,

1 .
x(tz) = 7/ eV,
irlz? Jop

The integral on the right is O(T_anl) by stationary
phase, and hence

n+1

X(tz) =0(t7"2") (10.29)

uniformly for x € K where K is any compact subset
of R™ — {0}. As this is the property we will use, we
might as well take this as the definition of a strongly
convex region.

10.10.4 Recalling Poisson summation.

The second theorem from classical analysis that goes
into the proof of Van der Corput’s theorem is the
Poisson summation formula. This says that if f is a
smooth function vanishing rapidly with its derivatives
at infinity on R™ then (in the current notation)

S fem = 3 fw). (10.30)
peL™ vezZnr
We recall the elementary proof of this fact :

Set
)= 3 @+ v)

vEZL™

so that h is a smooth periodic function with period
the unit lattice, Z". By definition

ho)= > f().
vEZ™
Since h is periodic, we may expand it into a Fourier

series
_ —2mip-x
h(z) = E cue
neZ™
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where

1 1 1 1
C“:/o /0 h(x)eg’”“'zdx:/o /0 Z fz+v)e?™ ey,

veEZ™

We may interchange the order of summation and in-
tegration and make the change of variables z+v — x
to obtain

Cp = f(Qﬂ-“’)
Setting = 0 in the Fourier series

M) = 3 fmp)e 2

HEZ™

gives

ho)= 3 f(em).

HEZ™

Equating the two expressions for £(0) is (10.30).

10.11 Van der Corput’s theorem.

In n-dimensions this says:

Theorem 45 Let D be a strongly convex domain.
Then

NE(A) = A" vol(D) + O(A"~2+751)  (10.31)

Proof. Let y = xP be the indicator function of D
so that x defined by

) = x(3)

is the indicator (characteristic) function of AD. Thus

N Q) = ) i)

VEZ™

where we have written N* for Ng. The Fourier trans-
form of x, is given in terms of the Fourier transform
of x by

Xa(@) = A"x(Az).
Furthermore,

%(0) = vol(D).

If we could apply the Poisson summation formula di-
rectly to x» then the contribution from 0 would be
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A" vol(D), and we might hope to control the other
terms using (10.29). (For example, if we could bru-
tally apply (10.29) to control all the remaining terms
in the case of the circle, we would be able to esti-
mate the error in the circle problem as A273/2 = \1/2
which is the circle conjecture.) But this will not work
directly since x» is not smooth. We must first reg-
ularize x ) and the clever idea will be to choose this
regularization to depend the right way on A.

So let p be a non-negative smooth function on R™
supported in the unit ball with integral one. Let

pe(y) = einp (%)

S0 pe is supported in the ball of radius € and has total
integral one. Thus

pulx) = plex)
and
p(0) = 1.
Define
NI = D (o xpo)(v)
vezZn

where * denotes convolution. If v lies a distance
greater than e from the boundary of AD, then (x) *

pe) (V) = xa(v). Thus
N(A—Ce) < N¥(\) < NE(A+Ce)

where C' is some constant depending only on D. Sup-
pose we could prove that N? satisfies an estimate of
the type (10.31). Then we could conclude that

(A=Ce)" vol(D)+O(N'"277) < NH(N) < (At Ce)"+O(N" 2 741),
Suppose we set
e= A"t (10.32)

Then )
A+ Ce)™ = A" 4 O(\"~2F )

and we obtain the Van der Corput estimate for N¥()\).
So it is enough to prove the analogue of (10.31) with
N?¥ watching out for the dependence on e.
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Since x\ * pe is smooth and of compact support,
and since

(Xa* pe) " =X - pe
we may apply the Poisson summation formula to con-
clude that

Ni(N) =A"vol(D) + Y A"X(2mAv)p(2mev)
veZ»—{0}

and we must estimate the sum on the right hand
side. Now since p is of compact support its Fourier
transform vanishes faster than any inverse power of
(1+|z|?). So, using (10.29) we can estimate this sum

by _ntl _ntl IN—K
ATy T A fer?)
veZn—{0}

were K is large, or, what is the same by
nt 1 2\—K
A2 —r (L + Jex|) P da
|x| =

where K is large. Making the change of variables
x = €z this becomes

n—1 n—

1 1
A 2 € 2 /|Z|n;r1(1+|2|)_KdZ

The integral does not depend on anything, and if we
substitute (10.32) for e, the power of A that we obtain
is

n—1 n-—1 14 2 _n—1+n—1 n+1+ 2 _
2 2 ntl 2 2 n+l ns1 "

proving (10.31). O



