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Chapter 1

Introduction.

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

o 0
P:P(.T7t7ax,at)

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

Pu=0

with initial conditions
ai
u(zx,0) = do, %u(:r,O) =0, i=1,...,k—1.
Let p be a C* function of x of compact support which is identically one
near the origin. We can write

_ ! T P
(o) = gggeole) [ s

Let us introduce polar coordinates in £ space:
E=w-r wl=1, r=|]
so we can rewrite the above expression as
1 ,
do(x) = p(:r)/ / e @@= grdy
(27-‘-)7? Ry Sgn—1

where dw is the measure on the unit sphere S»~1. This shows that we are
interested in solving the partial differential equation Pu = 0 with the initial
conditions

u(z,0) = p(z)e@)rpn=t %u(x, 0)=0, i=1,...,k—1
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1.1 The problem.

More generally, set
r=h"t

and let
P € C(R™).

We look for solutions of the partial differential equation with initial condi-
tions

Pu(z,t) =0, u(z,0)= p(m)eiw(hl)h*f g—;u(w,()) =0, i=1,...,k—1
(1.1)
1.2 The eikonal equation.
Look for solutions of (1.1) of the form
u(z,t) = alz,t, h)ei*@D/h (1.2)
where
a(z,t,h) =h=* i a;(x, t)ht. (1.3)

=0

1.2.1 The principal symbol.
Define the principal symbol H(z,t,&,7) of the differential operator P by

z. T z.E4tT

RFe™" T PetTh T = H(x,1,€,7) + O(h). (1.4)

We think of H as a function on T*R"*+1,
If we apply P to u(x,t) = a(z,t, h)e'*@H/" then the term of degree h*
is obtained by applying all the differentiations to e*?(@*/" In other words,

96 99

hke_m/hPa(x,t)eM/h =H (a:,t, 9 o

) a(z,t) + O(h). (1.5)

So as a first step we must solve the first order non-linear partial differential
equation
¢ 0¢
Hlz,t,—,— ) =0 1.6
(m ox 6t> (16)

for ¢. Equation (1.6) is known as the eikonal equation and a solution ¢
to (1.6) is called an eikonal. The Greek word eikona etkwra means image.
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1.2.2 Hyperbolicity.
For all (z,t,£) the function
T H(x,t,&,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, = 7i(z,t,6).

These are then smooth functions of (z,t,&).
We assume from now on that P is hyperbolic. For each : =1,...,k let

¥, C T*R*H!
be defined by

S = {(2,0,&, 7)€ = dotp, 7 =7i(2,0,€)} (1.7)

where 1 is the function occurring in the initial conditions in (1.1). The clas-
sical method for solving (1.6) is to reduce it to solving a system of ordinary
differential 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 z. If
v e T,(T*X) is a tangent vector to T*X at p, then

dmpv

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 dm,v. The canonical
linear differential form « is defined by

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

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

a=E-do+7dt = & dat + - &, da™ + Tdt. (1.9)
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1.2.4 The canonical two form on the cotangent bundle.

This is defined as
wx = —dax. (1.10)

Let g%, ..., ¢"™ be local coordinates on X. Then dq',...,dq" 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 77X can be written as
p1(dg)s + -+ + pn(dg™),. Thus ¢',...,¢",p1,...,pn are local coordinates
on

U C T*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' Ndp, + -+ dq" Adp,. (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 T*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 man-
ifold. We shall study some of the basic geometry of symplectic manifolds in
Chapter 2. But here are some elementary notions which follow directly from
the definitions: A diffeomorphism f : M — M is called a symplectomor-
phism 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
ffw' =w.

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

D, = i(v)dQ2 + di(v)S2.

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

Dew = di(v)w.

So the flow t — exp tv generated by v consists of symplectomorphisms if and
only if
di(v)w = 0.
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1.2.6 Hamiltonian vector fields.

In particular, if H is a function on a symplectic manifold M, then the Hamil-
tonian vector field vy associated to H and defined by

i(vg)w = —dH (1.12)
satisfies
(exptvg)'w=w
Also
D,,H =ilvg)dH = —i(vg)i(vyg)w = w(vg.vg) =0
Thus

(exptvy ) H = H. (1.13)

So the flow exp tvy preserves the level sets of H. In particular, it carries the
zero level set - the set H = 0 - into itself.

1.2.7 Isotropic submanifolds.

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

ty: Y —- M

denotes the injection of Y as a submanifold of M, then the condition for Y
to be isotropic is
tyw =10

where w is the symplectic form of M.
For example, consider the submanifold ¥; of 7*(R"*!) defined by (1.7).
According to (1.9), the restriction of apn+1 to 3; is given by

oY oY _
since t = 0 on X;. So
Uy, Wrntt = —dgdy1) =0

and hence ¥; is isotropic.

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

Hy =0. (1.14)

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

e vy is transverse to Y in the sense that for every y € Y, the tangent
vector vy (y) does not belong to T,Y and
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e there exists an open interval I about 0 in R such that exptvy(y) is
defined for allt € [ and y € Y.

We then get a map
J:Y xI—M, jy,t):=exptvn(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

(exptvy).TY, and wvg(exptvyy)
and so the dimension of Z is dimY + 1.

Proposition 1 With the above notation and hypotheses, 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. vg(exptvgy) and a vector belonging to (exp tvg).TYy.

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

since
(exptvg)'w =w

and Y is isotropic.
For the second case observe that i(vy)w = —dH and so for w € T,)Y we
have
w((exptvg)sw,i(vg(exptogy)) = dH(w) =0

since H is constant on Y. O

If we consider the function H arising as the symbol of a hyperbolic equa-
tion, 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

of #0 along 3.

or
But the coefficient of 9/9t in vy is —0H/07. Now t = 0 along ¥; so vy is
transverse to X;. 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 ¥;

by exptvy is an n + 1 dimensional isotropic submanifold.
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1.2.8 Lagrangian submanifolds.

A submanifold of a symplectic manifold which is isotropic and whose dimen-
sion 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).

The submanifold 3; of T*R™*! is isotropic and of dimension n. It is
transversal to vy. Therefore the submanifold A; swept out by X; under
exptvy is Lagrangian. Also, near ¢ = 0 the projection

7 TR o Rt

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
m:T*X — X to Z is a diffeomorphism. This means that Z is the image of
a section

s: X —->TX.

Such a section is the same as assigning a covector 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 s when we want to think of it as a linear differential form. We claim
that

sfax = fBs.

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

stax(w) = ((ax)s(z), dsz(w)) = (s(x), dms(zydsz(w)) = (s(z), w) = Bs(x)(w).

Thus the submanifold Z is Lagrangian if and only if d3; = 0. Let us suppose
that X is connected and simply connected. Then d3 = 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
of T*X horizontal if the restriction of 7 : T*X — X to A is a diffeomor-
phism. We have proved

Proposition 2 Suppose that X is connected and simply connected. Then
every horizontal Lagrangian submanifold of T*X is given by a section 74 :
X — T*X where 4 is of the form

Yg(x) = do(z)

where ¢ is a smooth function determined up to an additive constant.
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1.2.10 Local solution of the eikonal equation.

We have now found a local solution of the eikonal equation! Starting with
the initial conditions ¥; given by (1.7) at ¢ = 0, we obtain the Lagrangian
submanifold A;. Locally (in  and in ¢ near zero) the manifold A; is given
as the image of 74, for some function ¢;. The fact that A; is contained it
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 integrat-
ing the vector field vy . Asis 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 compactness 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 Lagrangian 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
drpTmh — T, X.  x=m7(m)

is not surjective. A key ingredient in what we will need to do is to describe
how to choose convenient parametrizations of a Lagrangian manifolds near
caustics. The first person to deal with this problem (through the intro-
duction of so-called “angle characteristics”) was Hamilton (1805-1865) in a
paper he communicated to Dr. Brinkley in 1823, by whom, under the title
“Caustics” it was presented in 1824 to the Royal Irish Academy.

We shall deal with caustics in a more general manner, after we have
introduced some categorical language.

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 = A4 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™F=t1).
The next step is obviously to try to choose ag in (1.3) such that

P <a06i¢(x7t)/h) = O(h~++2).

In other words, we want to choose ag so that there are no terms of order
B=k+tlin P (aoe“b('”’t)/h). Such a term can arise from three sources:
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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 ) 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 remaining 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 remaining differentiation to ag. So we get a first order

differential operator
n+1

0
A —
_Z ! 8.’)%
=1
applied to ag. In the above formula we have set t = x,, 41 so as to write

the differential operator in more symmetric form.

So the coefficient of =% in P (age'® @/} is
(Rao) 6i¢(z,t)/h

where R is the first order differential operator
R=Y" 42 yBic
o ! 8%‘1 '
We will derive the explicit expressions for the A;, B and C below.

The strategy is the to look for solutions of the first order homogenous
linear partial differential equation

Rao =0.

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

P ((a0 + alh)ew/ﬁ) = O(h=F+3).

From the above discussion it is clear that this amounts to solving and inho-
mogeneous linear partial differential equation of the form

Ra1 = bo

where by is the coefficient of A~ *+2e!®/" in P(age’®/") and where R is the
same operator as above. Assuming that we can solve all the 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!
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We will find that when we regard P as acting on %—densities (rather
than on functions) then the operator R has an invariant (and beautiful)
expression as a differential operator acting on %—densities on A. 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.

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 7*X and
A is a Lagrangian submanifold of 7*X on which H = 0. This implies that
the corresponding Hamiltonian vector field is tangent to A. Indeed, for any
w € T,,A we have

wx(vg,w) =—dH(w) =0

since H is constant on A. Since A is Lagrangian, this implies that vg(m) €
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

t:A—>T*X
denote the embedding of A as submanifold of X so we are assuming that

mor: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!,...,2™.)
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, T
and express it in a similar form. We will prove:
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Proposition 3 If A = Ay = v4(X) then
Dy a(mor)” (adx%) =b(mro)" (dac%)
where

PH 0% 02 H
b=Duogat Z 06,08, dxidxi | 2 Z 96,07

(1.15)

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

Dyy (o) (dm%) = éC(ﬂ'O )* (dx%)

where
Dy, (mo)*|dx| = c(m o 1)*|dx|.

Here we are computing the Lie derivative of the density (7 o ¢)*|dz|, but we
get the same function c if we compute the Lie derivative of the m-form

Dy (mod)*(dz A~ Adx™) = ¢(m o 1)*(dzt A--- A da™).
Now 7*(dz' A -+ Adz™) is a well defined m-form on 7*X and
Dyyia(mo ) (da' A Ada™) = Dy (dat Ao A da™).

We may write dz’ instead of 7*dx? with no risk of confusion and we get

Dy (dz' Ao Nda™) = Y da' A--- Ad(i(vg)da? A A da™
H
= Zdzl/\ ndZp e
N aé‘]

- Zagj&wdx Ao Adz™ 4

de A- ag ag &R A A da™.

We must apply ¢* which means that we must substitute d¢, = d (%) into

the last expression. We get
_ Z 0’H 0% Z
N o 06, 0¢, Oz 0z 0&; 81:’

proving (1.15). O
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1.3.2 The total symbol, locally.

Let U be an open subset of R™ and z1, ... x,, the standard coordinates. We
will let D; denote the differential operator

1 g 1 0
7 7 89:j B \/*1 81‘]‘.
For any multi-index o = (a1, ..., ) where the a; are non-negative inte-

gers, we let

D¢ .= D{' ... Dom
and

lal :=a1 4+ + am.
So the most general k-th order linear differential operator P can be written
as

P=P(z,D)= Y as(zx)D"
la| <k

The total symbol of P is defined as

z£

k
e~ Pl = Zh_kpj(a:,ﬁ)
r=0

so that
pj<x’€) = Z aa(x)fa- (1.16)

lee|=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
expression 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 invariant expression as a function on the cotangent bundle which a
polynomial in the fiber variables.

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

/U (Pf)gds = /U fPlgdz
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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) = aaD%g+ - -

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
1
Q:= 5(P— (=1)*P?) (1.18)

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

Usub(P) = U(Q)
where @ is given by (1.18).

1.3.4 The formula for the sub-principal symbol.

We claim that
- 2

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

aq(x)D*.

By polarization it suffices to prove (1.19) for operators of the form
k
a(z)D*, D= chDj, ¢ €R
j=1

and then, by making a linear change of coordinates, for an operator of the
form

a(x)DY.

For this operator

pir(2,€) = a()ér
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By Leibnitz’s rule,
P'f = (=1)"Di(af)
k , iy
~ oty () tantos

J

= o (antr e () ) s

Q = JP-(-1PY

k ( Oa
- _ D1
and therefore

o(Q) = 4—71—

1.3.5 The local expression for the transport operator
R.

We claim that
BFe= /P P(ue/?) = py(x, ddp)u + hRu + - - -
where R is the first order differential operator

Ru =

6pk

v dg) 20

Z 8pk (z,dp)Dju + u+ pp—1(z,do) | u.

(1.20)
Proof. The term coming from py_1 is clearly the result of applying

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

he /M D (ue'/M) = g—(bu + hDju
Zj

which is exactly (1.20) as p1(§) = &;, and so the second 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™ = Dtor,
So

ploltle—io/n (DTD“(ueM’/h)) = he /"D, [(d¢)*ue’®’ ") +h(Rou)e M+

where R, denotes the operator in (1.20) corresponding to D®. A term
involving the zero’th power of & can only come from applying the D,. to the
exponential in the first expression and this will yield

(dg)**ru

which pjq41(dé)u as desired. In applying D, to the second term in the
square brackets we get

¢
ox,

R D, (Rau) + h=—Rau

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
a _ a 1 a—6; 52¢ a—4§ 32¢
Di(d6*)u) = (@) Dyt 1 ()~ 520 b ap(aoy i OO
Also 26
oz, Rou =
i 'L axlal’]

The coefficient of Dju, j #ris
; (d¢)(a+6v-—6,-)
as desired. The coefficient of D,u is

(dd)* + ar(dd)™ = (v + 8,)(dgp) (@0 =0
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as desired.
Let us now check the coefficient of

8 az . If i # r and j # r then the

desired result is immediate.

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

Ifj=mrj 7$ 1 remember that the sum in R, is over all ¢ and j, so the

coefficient of ¢ i
Ox;0x;

v-=1 0¢ R,u
ox,

is

1 Y a—
5 (i + o) (d)® % = ;o (dg)*°
to which we add

oi(dg)*~°
to get
ai(aj +1)(dg)* % = (a + &:)i(a + 6,);(de)* "
as desired.
If ¢ = j = r then the coefficient of (BI )2 in
V- 8¢ Rou
(91’

is
Suan — 1)(dg)*
to which we add
a;(dg)
giving
%%(az— +1)(do)* ™"

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 in-
stead of pp so as to conform with our earlier notation: The formula for the
transport operator R given by (1.20):

82H 82¢
Z

o5, " iy T @

Zag (z,d¢)Dja +
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and the formula for the Lie derivative with respect to vy of the pull back
(m o 1)*(adz?) given by (7 o 1) * bdz2 where b is

PH 9%
Z agj (@ d¢ Z 06,08, 90zl Z o€, axz

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

0’H

ras(P)a:)o = s, + 33 55

(z,8) | a

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

(w0 1)*[(Ra)dw?] = % (Do, + i0su(P)(x, do)] (0 1)*(adz?).  (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 questions to answer: Does this differential operator have invariant signif-
icance when A is horizontal - but in terms of a general coordinate transforma-
tion? Since the first term in the brackets comes from H and the symplectic
form on the cotangent bundle, our question is one of attaching some invari-
ant 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 equations, the meaning of the series in & 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 manifolds.
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,z1,...,%y) the restriction of P to C§°(U) is of the form

P= )" a.D" aqecCU).

lal<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
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as in Section 1.2.1: The value of the principal symbol H at a point (x, d¢(z))
is determined by

H(z,do(z))u(z) = Krein (P(ue’%)(x) + O(h).
What about the transpose and the sub-principal symbol?

Differential operators on vector bundles.

Let E — X and F' — X be vector bundles. Let E be of dimension p and
F be of dimension q. We can find open covers of X by coordinate patches

(U,z1,...,omy) over which E and F are trivial. So we can find sections
T1,...,7p of E/ so that every smooth section of I/ over U can be written as
fir1 +- "fprp

where the f; are smooth functions on U and every smooth section of F' over
U can be written as

g181 + -+ + gqSq
over U. An operator
P: C*(X,E) - C*(X,F)

is called a differential operator of order k if, for every such U the restriction
of P to smooth sections of compact support supported in U is given by

P(flrl‘f'"'fprp) :Z

Jj=11

P

Pij fis;
=1
where the P;; are differential operators of order k.

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

fr— (Pf)s.

If E = F and r = s it is easy to check that the principal 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 matrices, i.e. is well defined as a
section of Hom(FE, F') pulled up to the cotangent bundle. See Chaper II of
[?] for the general discussion.)

In particular it makes sense to talk about a differential operator of degree
k on the space of smooth %-densities and the principal symbol of such an
operator.
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The transpose and sub-principal symbol of a differential operator
on %-densities.
If © and v are %—densities on a manifold X, their product p - v is a density

(of order one). If this product 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 %—densities, its transpose P! is defined via

Jewv= [ wew)

for all u and v one of which has compact support. Locally, in terms of
a coordinate neighborhood (U, z1,...,x.,), every %—density can be written
as fdac% 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.

1.4 The plan.
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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 symplectic vector space.

A basic example is R? with

e ()3) o 2) o

We will call this the standard symplectic structure on R2.

2.1.1 Special kinds of subspaces.

If W is a subspace of symplectic vector space V then W+ denotes the sym-
plectic orthocomplement of W:

Wt ={veV|wlw) =0, Ywe W}
A subspace is called
1. symplectic if W N W+ = {0},
2. isotropic if W c W+,
3. coisotropic if W+ ¢ W, and

4. Lagrangian if W = W+,

29



30 CHAPTER 2. SYMPLECTIC GEOMETRY.

Since (W+)t = 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 W N W+ = {0}.

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

=) - 0)

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=W & - Wy

where dim V' = 2d (proving that every symplectic vector space is even di-
mensional) 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 symplectic 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 isotropic. Also, e1,..., ey, f1,..., fq form
a basis of V. If v € V has the expansion

v=are; +---ageq +bifi - +bafa

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

Conversely, if L is a Lagrangian subspace of V' and if M is a complemen-
tary Lagrangian subspace, then w induces a non-degenerate linear pairing of
L with M and hence any basis e, - - - e4 picks out a dual basis f1, - .fg of
M giving a basis of V of the above form.

2.1.4 Consistent Hermitian structures.

In terms of the basis eq,...,e,, f1,..., fq introduced above, consider the
linear map
J:o e —fi, fi— e
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It satisfies

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

Notice that any J which satisfies two of the three conditions above au-
tomatically satisfies the third. Condition (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 preserve 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 (, ) =
() )w,s 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 Hermitian, that is the real part of (, ) is positive
definite.

2.1.5 Choosing Lagrangian complements.

The results of this section are purely within the framework 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,
depending, perhaps, on some auxiliary data. Here is one such way, depending
on the datum of a symmetric positive definite bilinear form B on V. (Here
B has nothing to do with with the symplectic form.)

Let L? be the orthogonal complement of L relative to the form B. So

1
mmLBzmmL:§mmV
and any subspace W C V with
1
dim W = idimV and W N L= {0}

can be written as
graph(A)

where A : L® — L is a linear map. That is, under the vector space identifi-
cation
V=L%0L
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the elements of W are all of the form
w+ Aw, we LB,
We have
wu+ 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 ® LB* ~ LB* @ LP*

under the identification of L with LZ* 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,

Proposition 4 Given a positive definite symmetric form on a symplectic
vector space V', there is a consistent way of assigning a Lagrangian comple-
ment L' to every Lagrangian subspace L.

Here the word “consistent” means that the choice depends only on B.
This has the following implication: 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) Vu,velV.
Then if L — L' is the correspondence given by the proposition, then
TL— TL' .

More generally, if T : V. — W is a symplectic isomorphism 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, wl,Jv)=B(u,v) wuvelL

and then
J=—J'. />5[
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and extending by linearity to all of V' so that
J?=-1
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  for this complex
structure, or Jr, when B is understood
Suppose that T preserves w and B as above. We claim that

JTLOTZTOJL (2.4)

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

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

by the definition of Jrr. Since B is invariant under T' the right hand side
equals B(u,v) = w(u, Jpv) = w(Tu,TJv) since w is invariant under 7T
Thus

w(Tu, JppTv) = w(Tu, TJLv)

showing that
TJy = JpT

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

JriTJpu=—Jp} TJpu=~Tu=TJy(Jpu). O

Let I be an isotropic subspace of V and let I+ be its symplectic orthog-
onal subspace so that I C I+, Let

IB — (IL)B
be the B-orthogonal complement to I'-. Thus
dimIg =dim /[l

and since Iz NI+ = {0}, the spaces Iz and I are non-singularly paired under
w. In other words, the restriction of w to Ip @ I is symplectic. The proof
of the preceding proposition gives a Lagrangian complement (inside Ig @ I)
to I which, as a subspace of V has zero intersection with I-. We have thus
proved:
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Proposition 5 Given a positive definite symmetric form on a symplectic
vector space V', there is a consistent way of assigning an isotropic comple-
ment I' to every co-isotropic subspace I+.

We can use the preceding proposition to prove the following:

Proposition 6 Let Vi and V, be symplectic vector spaces of the same di-
mension, with Iy C Vi and Is C Vs isotropic subspaces, also of the same
dimension. Suppose we are given

e q linear isomorphism X\ : I — Iy and
o a symplectic isomorphism € : I{+/1; — Iy /1.
Then there is a symplectic isomorphism
v:V1—= Vs
such that
1. v: I+ — I3 and (hence) v : I} — I,
2. The map induced by v on I{+/1; is ¢ and

8. The restriction of v to I is \.

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

Indeed, choose isotropic complements I to I~ and Irp to I3~ as given by
the preceding proposition, and also choose B orthogonal complements Y;
to I; inside I+ and Y5 to I 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=(Lohe)®Y

as a direct sum decomposition into the sum of the two symplectic subspaces
(I; ® I1g) and Y; with a similar decomposition for V5. Thus £ gives a
symplectic isomorphism of Y; — Y5. Also

Ao help— Lo L

is a symplectic isomorphism which restricts to A on I;. QED

2.2 Equivariant symplectic vector spaces.

Let V be a symplectic vector space. We let Sp(V') denote the group of all all
symplectic automorphisms of V, i.e all maps T which satisfy w(Tu,Tv) =
w(u,v) Vu,veV.

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 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.
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2.2.1 Invariant Hermitian structures.

Once again, let us start with a positive definite symmetric 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) VuvelV.

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
adjoint 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 K? corresponding to
distinct eigenvalues, all non-zero. These subspaces are mutually orthogonal
under B and invariant under G. If K2u = yu then

uB(u,u) = B(K?u,u) = —B(Ku, Ku) <0

so all these eigenvalues are negative; we can write each p as . = —A2, A > 0.
Furthermore, if K?u = —\2u then

K?*(Ku) = KK*u= —\Ku

so each of these eigenspaces is invariant under K. Also, any two subspaces
corresponding to different values of A2 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

J =K1

Then (on this subspace)
JEP=XNK?2%2=-]
and
w(Ju,v) = Aw(K tu,v) = AB(u, )

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

2.2.2 The space of fixed vectors for a compact group 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 subspace for the complex structure determined by J.
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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. QED

This result need not be true if the group is not compact. For example,
the one parameter group of shear transformations

6 )

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

2.2.3 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 Zg
is a lattice.

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

where the restriction of 7 to each subspace is given by
v, (exp §)v = emian(&)y

where
af € ZE,

the dual lattice.

2.3 Symplectic manifolds.

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 and 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 sym-
plectic if and only if ¢(v)w is closed.

A vector field v is called Hamiltonian if ((v)w is exact. If 6 is a closed
one form, and v a vector field, then D,0 = di(v)8 is exact. Hence if v; and
v9 are symplectic vector fields

Dy, t(ve)w = t([v1, vo])w
so [v1, vg] is Hamiltonian with

t([v1, v2])w = dw(va, v1).
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2.4 Darboux style theorems.

These are theorems which state that two symplectic structures on a manifold
are the same or give a normal form near a submanifold etc. via 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 w; is a one parameter
family of differential forms on Y then

%ft*wt = ft*%wt 4+ Qrdw; + dQswy (2.5)
where
Q:: Q5(Y) — Q" 1(X)
is given by
Qir(wy, ..., wp—1) := T(ve, dfs(w1), - . ., dft(wk—1))
where

v X = T(), v(x):= %ft(x).

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
fA—-fi=dQ+Qd, Q ::/0 Qqdt. (2.6)

Here is the first Darboux type theorem:

2.4.1 Compact manifolds.

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

w1 —wo = da
for some one form «. Suppose in addition that
w = (1 — t)wo + twy

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

f*wl = Wwp-
Proof. Solve the equation
(v we = —a

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

% = vt(ft)> fo=1id
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which is possible since M is compact. Since

dwt
=t
dt “
the fundamental formula (2.5) gives

dffwy
dt

= f{ [da+0—da] =0

SO
fiwe = wo.

In particular, set t = 1. QED

This style of argument was introduced by Moser and applied to Darboux
type theorems by Weinstein.

Here is a modification of the above:

Theorem 2 Let M be a compact manifold, and wy, 0 < t < 1 a family of
symplectic forms on M in the same cohomology class.
Then there exists a diffeomorphism f: M — M such that

w1 = wp.

Proof. Break the interval [0,1] into subintervals by choosing tp = 0 <
t1 < ta < --- < ty = 1 and such that on each subinterval the “chord”

(1—5)wy, +sw,,, is close enough to the curve w( g, 4s¢,,, 50 that the forms

(1 = s)wy, + swy,,, are symplectic. Then successively apply the preceding
theorem. QED
2.4.2 Compact submanifolds.

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

Proposition 7 Let X be a compact submanifold of a manifold M and let
i: X—>M

denote the inclusion map. Let v € QF(M) be a k-form on M which satisfies
dy = 0
iy = 0.

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

s = v
Bx = 0.



2.4. DARBOUX STYLE THEOREMS. 39

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

ﬂp(wl,...,wk_l) = 0

for all tangent vectors, not necessarily those tangent to X. So it is a much
stronger condition than i*8 = 0.)

Proof. By choice of a Riemann metric and its exponential map, we may
find a neighborhood of W 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

ri=1id, ro=idiom, 7: W —-X, riot=1.

Write
th
— =wor
i tOTt
and notice that w; = 0 at all points of X. Hence the form
Bi=Q

has all the desired properties where @ is as in (2.6). QED

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

1wy = *wg
and such that

(1 — t)wo + twq

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

f:U—-M
such that

fix =id and ffwy = 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
(v we = —a

where wy = (1 — t)wg + twy. Since v; vanishes identically on X, we can find
a smaller neighborhood of X if necessary on which we can integrate v; for
0 <t <1 and then apply the Moser argument as above. QED

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

Finally, a very useful variant is Weinstein’s
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Theorem 4 X, M,i as above, and wy and wy 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
fix =1id and fwo = wi.

Here we can find a neighborhood of X such that
(]. — t)wo —+ tw1

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

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
symplectomorphic. This is the original theorem of Darboux.

2.4.3 The isotropic embedding theorem.

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

diy(TX)y C (dig(TX)y)"

where (di,(TX),)* denotes the orthogonal complement of di,(TX), in
T M;(y) relative to wy(,). Hence

(dig(TX)y)" /din(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 embedding, 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 symplec-
tomorphism of U into a second symplectic manifold N. Then j = go is an
isotropic embedding of X into N and f induces an isomorphism

g NSi(X) = NS;(X)

of symplectic vector bundles. Weinstein’s isotropic embedding theorem as-
serts conversely, any isomorphism between symplectic normal bundles is in
fact induced by a symplectomorphism of a neighborhood of the image:
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Theorem 5 Let (M,wp, X,1) and (N,wn, X, j) be the data for isotropic
embeddings of a compact manifold X. Suppose that

s an isomorphism of symplectic vector bundles. Then there is a neighborhood
U of i(X) in M and a symplectomorphism 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 8 Let
1: X—-M, j:Y—-N

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

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

o A linear map AyT My — TNjf(a)) such that the restriction of Ay
to TX, CTM;y) coincides with df.

Then there exists a neighborhood W of X and a smooth map g : W — N
such that
goi= foi
and
dg, = A, VYazxeX.

Proof. If we choose a Riemann metric on M, we may identify (via the
exponential map) a neighborhood of ¢(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 met-
ric. For z € X and v € N;(i(x)) set

g(z,v) = eij(z)(AzU)-

Then the restriction of g to X coincides with f, so that, in particular, the
restriction of dg, to the tangent 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 = agrees A, so g fits the bill. QED

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

I, =TX, = J,.



42 CHAPTER 2. SYMPLECTIC GEOMETRY.

So we may apply Proposition 6 to conclude the existence, for each x of a
unique symplectic linear map

AI : TMi(a:) — TNj(x)

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

h*wy and wyr

agree at all points of X. We then apply Theorem 4 to get a map k such that
k*(h*wn) = war and then g = h o k does the job. QED

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 invariant 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, as will be recalled in the next section.

An important special case of the isotropic embedding theorem is where
the embedding is not merely isotropic, but is Lagrangian. Then the sym-
plectic normal bundle is trivial, and the theorem asserts that all Lagrangian
embeddings of a compact manifold are locally equivalent, for example equiv-
alent to the embedding 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 objects 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)xMorph(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)

(for any Y).
It follows from the axioms that idx is unique.

43
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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)
F(de) = ZdF(X)

F(go f) = F(g) o F([).

This is what is usually called a covariant functor.

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

Here is an important example, valid for any category 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).

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 € Hom¢(X,Y) the diagram in Figure 3.1 commutes.
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- mx)
(X) > G(X)
F(f) G(f)
F(Y) m T G)
Figure 3.1:

3.2.1 Involutory functors and involutive functors.

Consider the category V whose objects are finite dimensional 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
VS W

In other words,
F(V)y=V* F{)=1¢.

This is a contravariant functor which has the property 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).
For example, let H denote the category whose objects are Hilbert spaces and
whose morphisms are bounded linear transformations. We take FI(X) = X
on objects and F(L) = L' on maps where L' denotes the adjoint of L in the
Hilbert space sense. We shall call such a functor a involutive functor.

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 contradiction.

We will take the extreme step in this section of restricting 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
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maps. Some of the arguments and constructions 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 x Y.
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 axioms of a category. So let
I'y € Morph(X,Y) and I'; € Morph(Y, Z).

Define
Iholhl CX xZ

by

(,2) €To0oly & JyeY suchthat (z,y) €Ty and (y,2) € Ts.  (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 C X x X denote the diagonal:

Ay ={(z,x), x € X}.
If T' € Morph(X,Y") then
T'oAx =T and AyoI'=T.
So A x satisfies the conditions for idx. Let us now check the associative law.
Suppose that T’y € Morph(X,Y),T's € Morph(Y, Z) and I's € Morph(Z, W).
Then both I'3 o (I'; 0 T'y) and ('3 0 T'y) o 'y consist of all (z,w) € X x W
such that there exist y € Y and z € Z with
(x,y) €1, (y,2) €Ty, and (z,w) € T's.

This proves the associative law.
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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
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). Thus in the category we are currently studying,
the category of finite sets and relations, an element of Morph(pt., X) , i.e a
subset of pt. x X is the same as a subset of X (by projection onto the second
factor). So in this category, the “points” of X are the subsets of X.

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

Consider the following example: For three objects X,Y, Z in

XXX XY XY xZxZ

we have the subset
AX X Ay X Az.

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

AXMZ CX XY XY xZxXxZ, AXA/’Z ={(z,y,9,2,2,2)}.

By introducing parentheses around the first four and last two factors we can
write
Axyz C(X XY xY xZ)x (X xZ).

In other words,
Axyz € Morph(X xY xY x Z,X x Z).
Let I'y € Morph(X,Y) and I'y € Morph(Y, Z). Then
' xI'h CXxYxYxZ
is a “point” of X XY XY x Z. We can think of it as an element of
Morph(pt., X xY x Y x Z).

So we can form

Axyyyz e} (Fl X FQ)

which consists of all (z, z) such that

(21,91, Y2, 21, 7, 2) with
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(z1,51) € T,
(y2,21) € I
r = X
Yy = Y2
21 = =z
Thus
Axyzo([y xTy)=Ty0Tl}. (3.2)

Similarly, given four sets X,Y, Z, W we can form

Axyzw C(X XY XY XZXZXW)x (X xW)

AX,Y,Z,W = {($7ya Y, z, Z7’LU7£C,’IU)}

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

If Ty € Morph(X,Y), I's € Morph(Y, Z), and T's € Morph(Z, W) then
F3 o (Fg o Fl) = (F3 o Fg) o Fl = AX,Y,Z,W(Fl X PQ X 1—‘3)
From this point of view the associative law is a reflection of the fact that

(FlXFQ)XF3:F1X(F2XF3):F1XF2XF3.

3.3.3 The transpose.

In our category of sets and relations, if I' € Morph(X,Y) define I't €
Morph(Y, X) by

I'":={(y,2)|(z,y) €T}

We have defined a map
T : Morph(X,Y) — Morph(Y, X) (3.3)
for all objects X and Y which clearly satisfies
2 =1id (3.4)

and
(Tyoly)f =TT 0T}, (3.5)

This makes our category of finite sets and relations into an involutive cate-
gory.
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3.3.4 The finite Radon transform.

This is a contravariant functor F from the category of finite sets and relations
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)@)) = Y 9ly).

yl(z,y)er

(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 fi(@) fa(z).

zeX

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

(f,FD)g) = > fl@)gly) = (FTf9).

(z,y)eT

So
F(Th) = F([)".

The functor F carries the involutive structure of the category of finite sets
and relations into the involutive structure of the category of finite dimen-
sional Hilbert spaces.

3.3.5 Enhancing the category of finite sets and rela-
tions.

By a vector bundle over a finite set we simply mean a rule which assigns
a vector space F, (which we will assume to be finite dimensional) to each
point z 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 morphisms in this category
as follows: If E — X and F' — Y are objects in our category, and I' C X xY
we consider the vector bundle over I' which assigns to each point (z,y) € T'
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 XY together with a map

Ty Fy — Fy
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given for each (x,y) € I'. Suppose that (I'r,r) € Morph(F — X, F — Y)
and (T',s) € Morph(F — Y,G — Z). Their composition is defined to be
(T3 0Ty, t) where ¢ is the section of the vector bundle over I's o T'; given by

t(x,z) = Z r(z,y) o s(y, 2).

yl(z,y)€l1,(y,2)€r2

The verification of the category axioms is immediate.

We have enhanced the category of finite sets and relations to the cate-
gory of vector bundles over finite sets.

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 £ — X and if M €
Morph(F — X, F —Y) then

Flo)@) = Y r@y9)
yl(z,y)€T

This generalizes the Radon functor of the preceding section.

3.4 The linear symplectic category.

3.4.1 Linear Lagrangian squares.

Let V and W be symplectic vector spaces with symplectic forms wy and
ww. We put the direct sum symplectic form on V @& W and denote it by
wygw. Let L be a Lagrangian subspace of V' and set

H:=LoW.

Let A be a Lagrangian subspace of V& W. Consider the exact square

F— A

! [ 59

H—VaeWw

LH

This means that we have the exact sequence
0—-F—-H®ANLVOW — Coker(r) — 0 (3.7)

where the middle map
T-HEA-VIW

is given by
T(h,A) =t (h) — ea(N).

Let
pr: FF— A
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denote projection of F' C H @ A onto the second component. Let
p:AN—>W
denote the projection of A C V @ W onto the second component. So
a:=popr: F—W. (3.8)
Theorem 6 The image of o is a Lagrangian subspace of W.

Proof. If w; = a((v1,w1)) and we = a((va, we)) then

ww (w1, w2) = wygw ((v1,w1), (v2, w2)) — wy (v1,v2) = 0.

The first term vanishes because A is Lagrangian, and the second term van-
ishes because L is Lagrangian. We have proved that a maps F' onto an
isotropic subspace of W. We want to prove that this subspace is Lagrangian.
We do this by a dimension count:

We have the exact sequence

0 — ker(a) — F — im(a) — 0. (3.9)
Write
A= (vi,w1),  h=(v2,w2)

so that (h, \) € F when these two expressions are equal. To say that p(A) =0
means that A = (v,0) so we may identify ker(a) with the set of all v € L
such that

(v,0) € A.

In this way we identify ker « as a subspace of V@®W consisting of all (v,0) € A
with v € L.
On the other hand, u € im(7) when

u = LH(UQa ’lUQ) - LA(Ula wl)

for
(vi,wi1) € A, (ve,wq) € H.
So
im(7) =H + A
and hence

im(r)t = H- nAL,

But A+ = A since A is Lagrangian, and H+ = L@ {0} since L is Lagrangian
and H = L& W. So when we think of ker « as a subspace of V@& W we have
ker « = (im7)*. Hence

ker(a)t =im(r) in Vo W. (3.10)
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In other words, the symplectic form on V @& W induces a non-degenerate
pairing between ker(«) and Coker(7). Thus we can write

dim im(a) = dim F' — dimker(a) = dim F' — dim Coker 7.
From (3.7) we have
dim F' — dim Coker(7) = dim H + dimA — dim V' — dim W.

Since dim H = % dimV +dim W and dim A = % dim V + % dim W we obtain
. 1 .
dim «o(F) = §d1mW

as desired. O

From (3.7) it follows that Coker(7) = {0} ifand only if H+ A=V oW,
in other words, if and only if the spaces H and A are transverse. We have
thus proved

Proposition 9 « is injective if and only if A and H are transverse.

Whether or not « is injective, we may identify im(«) with the set of all
w € W such that there exists a v € V such that (v,w) € A with v € L.
In terms of the notation we shall introduce in the next section, it will be
convenient to denote this Lagrangian subspace of W as A o L, and think of
it as “the image of L under A”.

3.4.2 The category of symplectic vector spaces and lin-
ear Lagrangians.

Let XY, and Z be symplectic vector spaces with symplectic forms wx,wy,
and wyz. We will let X~ denote the vector space X equipped with the
symplectic form —wx. So X~ @Y denotes the vector space X @Y equipped
with the symplectic form —wx Gwy and similarly Y~ @ Z denotes the vector
space Y @ Z equipped with the symplectic form —wy ® wz. Let

A1 be a Lagrangian subspace of X~ @Y

and let
As be a Lagrangian subspace of Y~ @ Z.

Consider the exact square
F— Ay

l l (3.11)

AN — Y

This means that we have the exact sequence

0—F— A @A 5 Y — Coker(r) — 0 (3.12)
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where
T:AMMBA =Y

is given by
T ((u7 y1)7 (y?; Z)) =Y — Y2

Thus the points of F' consist of elements of the form

(z,9,y,2)
where (z,y) € Ay and (y,z) € Aa. Let
a:F—-XoZ

be defined by
al(z,v,v,2)) = (z,2).

The image of « is the set of all (z,2z) € X @ Z such that there exists a
y € Y with (z,y) € Ay and (y, z) € Ag. If we think of Ay and As as linear
relations, the image of « is just the composite of the two relations in the
sense of Section 3.3.1. We may denote it by As o A; Then we have

Theorem 7 The composite As o Ay is a Lagrangian subspace of X~ @ Z.

Proof. Take V :=Y @Y with the symplectic form wy; — wyo where wys
denotes the pullback of wy to Y @Y via projections onto the second factor,
with wy1 the pullback via projection onto the first factor. Take L = A to be
the diagonal in Y &Y so A :={(y,y)}. Take W = X ¢ Z. Identify V& W
with X @Y @Y @ Z (by putting the two Y components in the middle), and
let A := Ay @ As. So in the terminology Theorem 6, H = {(z,y,y,2)} and
a(F) = Ay o Ay. Thus Theorem 7 is a consequence of Theorem 6. O

Theorem 7 means that we get a category if we take as our objects the
symplectic vector spaces, and, if X and Y are symplectic vectors spaces
define the morphisms from X to Y to consist of the Lagrangian subspaces
of XT Y.

This category is a vast generalization of the symplectic group because
of the following observation: Suppose that the Lagrangian subspace A C
X~ @Y projects bijectively onto X under the projection of X &Y onto the
first factor. This means that A is the graph of a linear transformation T
from X to Y:

A={(z,Tx)}.

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

wy (Tzy,Txs) = w(zy, T2),
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i.e. T is a symplectic isomorphism. If A; = graphT and Ay = graph S then
Ay oAy =graphSoT

so composition of Lagrangian relations reduces to composition 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 category.



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 well let M~ denote the manifold M with the symplectic
form —w.
Let (M;,w;) i = 1,2 be symplectic manifolds. A Lagrangian submanifold
of
I'c Ml_ X MQ

is called a canonical relation. So I' is a subset of M; x Ms which is
a Lagrangian submanifold relative to the symplectic form ws — wy in the
obvious notation. So a canonical relation is a relation which is a Lagrangian
submanifold.

For example, if f : My — My is a symplectomorphism, then I'y = graph
f is a canonical relation.

If 'y € My x My and I'y C My x M3 we can form their composite

F20F1CM1XM3

in the sense of the composite of relations. So I'; o I'; consists of all points
(z, z) such that there exists a y € My with (z,y) € T'; and (y,z) € T'a. Let
us put this in the language of fiber products: Let

m:1'y — M,y

denote the restriction to I'; of the projection of M; x My onto the second
factor. Let
p:Ts — Mo

denote the restriction to I'; of the projection of My x M3 onto the first factor.
Let
F C My x My x My x Mg

95
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be defined by
F = (7‘(’ X p)ilAN[Q.

In other words, F' is defined as the fiber product
F o2 I
| |= (4.1)

F2—>M2
P

SO
FcCcTI'y xI'ys € My x My x My x Ms.

Let pry5 denote the projection of My x My x My x Ms onto My x Ms (pro-
jection onto the first and last components). Let w13 denote the restriction
of pr;5 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=(mxp) Ay,

i.e. by (4.1), need not be a submanifold, and
2. that the restriction m3 of pry5 to F' need not be an embedding.

So we need some additional hypotheses to ensure that I'yol'; is a submanifold
of My x Mjs. Once we impose these hypotheses we will find it easy to check
that I'; 0"y is a Lagrangian submanifold of M x M3 and hence a canonical
relation.

4.1 Clean intersection.
Assume that the maps
m:I'1 — My and p:Ts — My

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

e My = mb,
e (my,msy) € T'y, and

o (mh,ms3) € I's.
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So we can think of F' as the subset of M7 x My x Mjz consisting of all points
(my,ma, mg) with (my,mg) € T'y and (mg, m3) € I's. The clean intersection
hypothesis 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 condition more explicitly: Let m = (m1, ma, ms) € F. We have the
following vector spaces:

Vi = T,,M,

Vo = Ty, M,

Vi = Ty, Ms,

7 = Timymel1, and
TP = Ty o

So
FT C T(ml,mQ)(Ml X Mg) =VieV

is a linear Lagrangian subspace of V|~ @ V5. Similarly, I'})* is a linear La-
grangian subspace of V;,~ @ V3. The clean intersection hypothesis asserts that
T, F is given by the exact square

A AR COLN

da)n | [ (4.3)

Iy —— Ty, Mo
dp(7n2 ,ms3)

oy

In other words, T, F' consists of all (vy,vs,v3) € V1 & Vo @ V3 such that
(v1,v2) €eTT* and  (vg,v3) € TH.

The exact square (4.3) is of the form (3.11) that we considered in Section
3.4.2. We know from Section 3.4.2 that I'}’ o I'"" is a linear Lagrangian
subspace of V|~ @ V5. In particular its dimension is %(dim My + dim M3)
which does not depend on the choice of m € F. This implies the following:
Let

L F— My x My x Mj
denote the inclusion map, and let
K13 : M7 x My x Mz — My x M;
denote the projection onto the first and third components. So
kot: F — My x Ms

is a smooth map whose differential at any point m € F maps T,,F onto
I'f* oI'T* and so has locally constant rank. Furthermore, the image os T}, F'
is a Lagrangian subspace of T(p,, ms3)(M; x Msz). We have proved:
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Theorem 8 If the canonical relations I'y C My X My and I'y C My x M;3
intersect cleanly, then their composition I's o I'y is an immersed Lagrangian
submanifold of My x Ms.

We must still impose conditions that will ensure that I'; 0I'; is an honest
submanifold of M; x M3. 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. We will call it 'y % I';.

4.2 Composable canonical relations.
We recall a theorem from differential topology:

Theorem 9 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~1(w) is connected. Then W is a smooth submanifold of Y.

We apply this theorem to the map xi30¢: F — My x Ms. To shorten
the notation, let us define
K = K13 O L. (4.4)

Theorem 10 Suppose that the canonical relations I'y and 'y intersect cleanly.
Suppose in addition that the map K is proper and that the inverse image of
every v € Tg o'y = k(g % T'y) is connected. Then T's o Ty is a canonical
relation. Furthermore

HZFQ*Fl —>F20F1 (45)

is a smooth fibration with compact connected fibers.

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

We will let S denote the “category” whose objects are symplectic man-
ifolds and whose morphisms are canonical ralations. We will call 'y C
M x My and I'y C M5 x M3 composable if they satisfy the hypotheses
of Theorem 10.

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

T' € Morph(My, M>)

and sometimes use the notation
I: M1 - M2

to denote this fact.
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4.3 Transverse composition.

A special case of clean intersection is transverse intersection. In fact, in ap-
plications, this is a convenient hypothesis, and it has some special properties:
Suppose that the maps 7w and p are transverse. This means that

7xp:Ty x Ty — My x My
intersects Ay, transversally, which implies that the codimension of
Lo« = (7 x p) " H(Apg,)
in I'y x 'y is dim M5. So
dimF = dimI'; +dimI's — dim M,
= %dili + %dimMg + %dimMg + %dimMg — dim My

1 1

= dimI’QOI’l.

So under the hypothesis of transversality, the map & is an immersion. If we
add the hypotheses of Theorem 10, we see that x is a diffeomorphism.

For example, if I'y is the graph of a symplectomorphism of M, with
M3 then dp(rmy,my)  Tima,ms) (M2 X M3) — Ty, My is surjective at all points
(ma,m3) € T'a. Soif m = (my, ma, ma, m3) € I'y x 'y the image of d(7 X p).m,
contains all vectors of the form (0, w) in T),, Mo®T,,, M2 and so is transverse
to the diagonal. The manifold I's x I'; consists of all points of the form
(mq,ma, g(msg)) with (mq,mg) € 'y, and

K (m1,ma, g(mg)) — (m1, g(msz)).

Since g 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 re-
lations.

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 submanifold of pt. x M
which may be identified with a symplectic submanifold of M. These are the
“points” in our “category” S.

Suppose that A is a Lagrangian submanifold of M; and I" € Morph(My, M>)
is a canonical relation. If we think of A as an element of Morph(pt., M),
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then if I and A are composible, we can form I' o A € Morph(pt., M3) which
may be identified with a Lagrangian submanifold of Ms. If we want to think
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, Ms and M3 be symplec-
tic manifolds and let T'y € Morph(M;, M5) and T's € Morph(Ma, M3) be
canonical relations. So

I'y xT'y C My x My x My x Ms

is a Lagrangian submanifold. Let

Ant g, = L@y, 9, 2,2, 2)} © My x My x My x Ms x My x Ms. (4.6)
We endow the right hand side with the symplectic structure
My x My x My x My x My x M3 = (M X My x My x Ms)™ x (M] x Ms).
Then A M, M, M, 1S @ Lagrangian submanifold, i.e. an element of

Morph(M; x My x My x Ms, M; x Ms).
Just as in Section 3.3.2,
Ant, vy, (T x Tg) =T 0Ty,

It is easy to check that I's and I'y are composible if and only if A My, Ms, Ms
and I'; 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,ml)\(ml,mg) S F}

As a set it is a subset of My x M; and it is a Lagrangian sumbanifold of
My x M, . But then it is also a Lagrangian submanifold of

(M2 XM{)_ :Mg XMl.

So
I'" € Morph(My, M;).

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



4.6. CANONICAL RELATIONS BETWEEN COTANGENT BUNDLES.61

4.6 Canonical relations between cotangent bun-
dles.

In this section we want to discuss some special properties 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 Lagrangian 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 T*X its cotangent bundle, so that we have the projection
7w : T*X — X. The canonical one form ay is defined by (1.8 ). We repeat
the definition: If £ € T* X,z = 7(z), and v € T¢(T*X) then the value of ax
at v is given by

(ax,v) == (£, dmev). (1.8)
The symplectic form wyx is given by
wx = —dOéx. (1.10)

So if A is a submanifold of T*X on which ax vanishes and whose dimen-
sion 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 submanifold: Let Y € X be
a submanifold. Its conormal bundle

NY cT*X

consists of all (x,§) € T*X such that z € Y and ¢ vanishes on T,Y .If
v € T¢(N*Y) then dme(v) € Y so by (1.8) {(ax,v) =0.
4.7 The canonical relation associated to a map.
Let X7 and X5 be manfolds and f : X; — X5 be a smooth map. We set

M;:=T"X; and My:=T"X,
with their canonical symplectic structures. We have the identification

My x My =T* (X1 x X3).

The graph of f is a submanifold of X; x Xs:

X1 x Xy D graph(f) = {(z1, f(z1))}.
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So the conormal bundle of the graph of f is a Lagrangian submanifold of
My x M. EXpliCitly7

N*(graph(f)) = {(z1, &1, 22, &) |22 = f(21), & = —df; &2} (4.7)

Let

(ST T*Xl — T*Xl
be defined by

§1(«73,€) = (LU, _6)

Then ¢f(ax,) = —ax, and hence
Cf(wxl) = WX,

We can think of this as saying that ¢; is a symplectomorphism of M; with
M and hence
g1 X id

is a symplectomorphism of M; x My with M; x Ms. Let

Dy i= (o1 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,
Ly ={(21,&,22,8)|x2 = f(21), & =df; &) (4.9)

Suppose that g : Xo — X3 is a smooth map so that I'y € Morph(Ma, M3).
So

FQ = {($2,§27$3,§3)|$3 = g(l'g),fg = dg;2£3~}~

The the maps
m: Ty — My, (z1,&1,22,&2) — (22,&2)

and
p:Ty— My, (22,82,23,&3) — (22,&2)

are transverse. Indeed at any point (z1, &1, 22, &2, T2, &2, 23, £3) the image of
dm contains all vectors of the form (0,w) and the image of dp contains all
vectors of the form (v,0). So I'y and I'; are transversely composible. Their
composite I'y o 'y consists of all (1,1, 3,&3) such that there exists an xo
such that z3 = f(x1) and x3 = g(z2) and a §» such that & = df; &> and
&2 = dgj,&3. But this is precisely the condition that (21,£1,23,&3) € T'goy!
We have proved:
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Theorem 11 The assignments
X—T'X

and
fl—)Ff

define a covariant functor from the category C*> of manifolds and smooth
maps to the symplectic “category” S. As a consequence the assignments
X —T*X and

fr@p)f
defines a contravariant functor from the category C*° of manifolds and smooth
maps to the symplectic “category” S.

We now study these functors in a little more detail:

4.8 Pushforward of Lagrangian submanifolds
of the cotangent bundle.

Let f : Xo — X5 be a smooth map, and My := T*X;, My := T*X;5 as
before. The Lagrangian submanifold I'y C M; x Ms is defined by (4.9).
In particular, it is a subset of T*X; x T* X5 and hence a particular kind
of relation (in the sense of Chapter 3). So if A is any subset of 7% X then
I';(A) is a subset of T* X which we shall also denote by df.(A). So

df<(A) :=Ts(A4), ACT"X;.
Explicitly,
df.A = {(y,m) € T X3|3(z,€) € A with y = f(x) and (z, dfZn) € A},

Now suppose that A = A is a Lagrangian submanifold of 7* X;. Considering
A as an element of Morph(pt., T*X;) we may apply Theorem 8. Let

71 ¢ N*(graph(f)) — T" X,

denote the restriction to N*(graph(f)) of the projection of T*X; x T*X,
onto the first component. Notice that N*(graph(f)) is stable under the map
(z,&,y,m) — (z,—&,y,—n and hence 7 intersects A cleanly if and only if
m o (s x1id): I'y — T*X; intersects A cleanly where, by abuse of notation,
we have also denoted by 7 restriction of the projection to I'y. So

Theorem 12 If A is a Lagrangian submanifold and 71 : N*(graph(f)) —
T* X7 intersects A transversally then df.(A) is an immersed Lagrangian sub-
manifold of T* Xs.

If f has constant rank, then the dimension of df;T™(X2)(,) does not vary,
so that df*(T*X5) is a sub-bundle of T*X;. If A intersects this subbundle
transversally, then our conditions are certainly satisified. So
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Theorem 13 Suppose that f : X1 — Xo has constant rank. If A is a
Lagrangian submanifold of T* X1 which intersects df *T* Xo 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™X5.

Corollary 14 If f is an immersion, then df.(A) is a Lagrangian submani-
fold of T*X5.

At the other extreme, suppose that f : X; — Xy is a fibration. Then
H*(X1) :=df*T*N consists of the “horizontal sub-bundle”, i.e those covec-
tors which vanish when restricted to the tangent space to the fiber. So

Corollary 15 Let f : X1 — X be a fibration, and let H*(X1) be the bundle
of the horizontal covectors in T*Xy1. If A is a Lagrangian submanifold of
T* X1 which intersects H*(Xy) 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 A N 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 covectors 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 15.

4.8.1 Envelopes.

Another important special case of Corollary 15 is the theory of envelopes,
a classical subject which has more or less disappeared from the standard
curriculum:
Let
X1 =X x S, X2 =X

where X and S are manifolds and let 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 = ¢1(0)

is a submanifold of X x S. In fact, we will make a stronger assumption: Let
¢s : N — R be the map obtained by holding s fixed:

¢s(x) := d(x, 3).

We make the stronger assumption that each ¢ has 0 as a regular value, so
that
Zs = ¢31(0) = ZN (N x {s})
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is a submanifold and

Z:UZS
S

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

(z,s,tdpx (x,8),tdsod(x, s)) such that ¢(z,s) =0.

Here ¢ is an arbitrary real number. The sub-bundle H*(X x S) consists of
all points of the form
(z,s,¢,0).

So the transversality condition of Corollary 15 asserts that the map

¢

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

¢(x,s) =0 and %(m,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 equations define a subman-
ifold of N x S. If we make the stronger hypothesis that the last p equations
can be solved for s as a function of z, then the first equation becomes

¢(x, 5(x)) =0

which defines a hypersurface £ called the envelope of the surfaces Zs. Fur-
thermore, by the chain rule,

do(-, s(-)) = dxo(,s(-)) +dso (-, s(-))dxs() = dx¢(:,s("))

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

we see that under these restrictive hypotheses df. N*(Z)) consists of all mul-
tiples of di, i.e.
df-(N*(2)) = N*(€)

is the normal bundle to the envelope.

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

Examples:
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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 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 curvature 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 consider a family of lines emanating from a point
source (possible at infinity), and reflected by by S. The correspond-
ing envelope is called the “caustic by reflection”. In Descartes’ famous
theory of the rainbow he considered a family of parallel lines (light rays
from the sun) which were refracted on entering a spherical raindrop,
internally reflected by the opposite side and refracted again when ex-
iting 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 “upstaris” point of
view there is no problem.

4.9 Pullback of Lagrangian submanifolds of
the cotangent bundle.

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

T
Ff.

T*Xg - T*Xl
As a subset of T*(X3) x T*(X1)m, FTf consists of all
(s m 2, 8)| y = f(x), and & =df;(n). (4.10)

If B is a subset of T* Xy we can form F} (B) C T*X; which we shall denote
by df*(B). So

df*(B) :

I'h(B) = {(z,§)[3 b= (y,n) € B with f(z) =y, dfin=¢}.
(4.11)
If B = A is a Lagrangian submanifold, Once again we may apply Theorem
8 to obtain a sufficient condition for df*(A) to be a Lagrangian submanifold
of T*X1. Notice that in the description of F} given in (4.10), the 7 can vary
freely in T (X2)f(z)- So the issue of clean or transverse inersection comes
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down to the behavior of the first component. So, for example, we have the
following theorem:

Theorem 16 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
m:T*Xo — Xo to A are transverse, then df*A is a Lagrangian submanifold
Of T*Xl

Here are two examples of the theorem:

e Suppose that A is a horizontal Lagrangian submanifold of T* X5. This
means that restriction of the projection w : T*Xy — X5 to A is a
diffeomorphism and so the transversality condition is satisfied for any
f. Indeed, if A = Ay for a smooth function ¢ on X5 then

Fr(Ag) = Ageg.

e Suppose that A = N*(Y) is the normal bundle to a submanifold YV
of Xs. The transversality condition becomes the condition that the
map f is transversal to Y. Then f~(Y) is a submanifold of X;. If
x € f7YY) and & = df}n with (f(z),n) € N*(Y) then £ vanishes when
restricted to T(f~1(Y)), i.e. (z,&) € N(f~1(S)). More precisely, the
transversality asserts that at each z € f~1(Y') we have df,(T(X1).) +
TYf(m) = T(Xg)f(z) SO

T(X1)e/T(fFTH(Y))e 2 T(X2) pa)) /[ TY ()
and so we have an isomorphism of the dual spaces
Ny (f7HY)) = N*f(2)(Y).

In short, the pullback of N*(Y) is N*(f~1(Y)).
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Chapter 5

Generating functions.

In this chapter we continue the study of canonical relations between cotan-
gent 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 T*X
that we studied in Chapter 1. In Chapter 1 we showed that a horizontal
Lagrangian submanifold of T*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 canonical relation associated
to a fibration. So let X and Z be manifolds and

m:Z — X
a smooth fibration. Then
I, € Morph(T*Z, T X)
consists of all (z,&,x,n) € T*Z x T*X such that
x=m(z) and &= (dm,)"n.

Then
pry ¢ F7T - T*Za (27571’777) = (Zag)

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

H*(Z). ={(dn.)"n, n € Ty, X}

69
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Let Az be a Lagrangian submanifold of T*Z which we can also think of
as an element of Morph(pt., 7*Z). We want to study the condition that I';
and Az be composible so that we be able to form

FTF(AZ) = F7r o AZ

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

F:=A,nH*'Z

is a smooth manifold and we get a smooth map « : F — T*X. The remain-
ing hypotheses of Theorem 10 require that this map be proper and have
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, (zdnn) v (7(z),n).

The additional composibilty 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 =74(Z) = {(2,do(2))}
as in Chapter 1. When is
AyMH*Z?

Now H*Z is a subbundle 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 (x"}(x)), x=n(z)

is the cotangent space to the fiber through z.

Any section d¢ of T*Z gives a section dye¢¢ 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* transversally. If this happens,

Cy ={z € Z|(dvert$). =0}
is a submanifold of Z whose dimension is dim X. Furthermore, at any z € Cy

d¢. = (dm.)*n for a unique n € T X.

w(z
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Thus Ay and I'; are transversally composible if and only if
Co = T"X, 2z (m(2),n)

is a Lagrangian embedding in which case its image is a Lagrangian subman-
ifold
A= FW(AQQ = ].—‘ﬂ— 9} A¢

of T*X. When this happens we say that ¢ is a a transverse generating
function of A with respect to the fibration (Z, 7).

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,
m, and 71 : Z1 — Z is a fibration over Z, then its easy to see that ¢; = 7f¢
is a clean generating function for A with respect to the fibration, 7o m; and
we will show in the next section that there is a converse result: Locally every
clean generating can be obtained in this way from a transverse generating
function. For this reason it will suffice, for most of the things we’ll be
doing in this chapter, to work with transverse generating functions; and to
simplify notation, we will henceforth, unless otherwise stated, use the terms
“generating function” and “transverse generating function” interchangeably.

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¥. Then H*Z is defined by the equations, n; = --- =, = 0,
where the 7;’s are the standard cotangent coordinates on 1*S; so A, NH*Z
is defined by the equations

oo
aSi -

0, i=1,....k.

Let C4 be the subset of X x S defined by these equations. Then if Ay
intersects H*Z cleanly, Cy is a submanifold of X x .S of codimension. r < k;
and, at every point, (2o, s9) € Cy, Cy can be defined locally near (x¢, so) by
r of these equations, i.e., modulo repagination, by the equations

0o
aSi n

0, 2=1,...,r.

Moreover these equations have to be non-degenerate: the tangent space at
(z0,50) to Cy has to be defined by the equations

d(gd)) =0, =1,...,7.
Si (z0&o)

Suppose r < k (i.e., suppose this clean intersection is not transverse). Since
0¢/0sy, vanishes on Cy, there exist C*° functions, g; € C*(X x S), i =
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1,...,r such that

In other words, if v is the vertical vector field

0 . 0
V= Dsn - Zgz(xas)aisz
then L,¢ = 0. Therefore if we make a change of vertical coordinates

(Si)new = (Si)new(-ry 8)

so that in these new coordinates

0

V= —
8sk

this equation reduces to

87816 (l’,S) :O,

S0, in these new coordinates,

¢($,S) = ¢7($,817 .. '75k’—1) .

Iterating this argument we can reduce the number of vertical coordinates so
that kK = r, i.e., so that ¢ is a transverse generating function in these new
coordinates. 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 excess of
the generating function. (Thus for the generating function in the paragraph
above, its excess is k — r.) More intrinsically the excess is the difference
between the dimension of the critical set Cy of ¢ and the dimension of X.

5.2 The generating function in local coordi-
nates.

Suppose that X is an open subset of R”, that
Z =X xRF

that 7 is projection onto the first factor, and that (x, s) are coordinates on
Z so that ¢ = ¢(x,s). Then Cy C Z is defined by the k equations

9¢

881' ’ !

N
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and the transversality condition is that these equations be functionally in-
dependent. This amounts to the hypothesis that their differentials

o6\

be linearly independent. Then A C T* X is the image of the embedding

Co—=TX, (2,5) = 92 = dx ().
€T

Example - a generating function for a conormal bundle. Suppose
that
YCX

is a submanifold defined by the k functionally independent equations

fi@) =+ = fula) =0,
Let ¢ : X x RF — R be the function

o(x,s) = Zfz(:c)sl (5.2)

We claim that

A=T,0As =N, (5.3)

the conormal bundle of Y. Indeed,

¢

85i - fZ
SO

C¢ =Y x Rk
and the map
C¢ — T*X

is given by

(z,8) — Z sidx fer).

The differentials dx f, span the conormal bundle to Y at each = € Y proving
(5.3). As a special case of this example, suppose that

X =R"xR"
and that Y is the diagonal

diag(X) = {(z,z)} € X
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which may be described as the set of all (z,y) € R™ x R™ satisfying
xi_yi:07 1:1,...,’17,.

We may then choose

¢((E, Y, S) = Z(xz - yz)sz (54)

%

Now diag(X) is just the graph of the identity transformation so by Section
4.7 we know that ¢; x id(N*(diag(X)) is the canonical relation giving the
identity map on 7% X. By abuse of language we can speak of ¢ as the gen-
erating function of the identity canonical relation. (But we must remember
the ¢1.)

5.3 Example. The generating function of a
geodesic flow.

A special case of our generating functions with respect to a fibration is when
the fibration is trivial, i.e. 7 is 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 =R" and let ¢, € C*°(X x X) be defined by

bu(z,y) = %d(x, y)?, (5.5)

where
t #£0.

Let us compute A, and (61 xid)(Ag). We first do do this computation under
the assumption that the metric occurring in (5.5) is the Euclidean metric so
that

1
QS(iC,y,t) = 27t (‘rl - yy)2
00 1
&m - %(xz - yz)
dp 1 ‘
(9yi - t (yz - xz) S0
1 1

A¢ = {(xﬂg(xfy)a:%;(y*x)} and

(axid)(As) = {(r1ly— )y, 7y —2).
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In this last equation let us set y — x = t€, i.e.

1
£ = Z(y - z)
which is possible since ¢ # 0. Then

(§1 X ld)(A¢>) = {<x7£ax + tﬁ,f)}

which is the graph of the symplectic map

(#,8) = (2,2 + £§).

If we identify cotangent vectors with tangent vectors (using the Eulidean
metric) then x4+ ¢£ is the point along the line passing through x with tangent
vector ¢ a distance t||£]| out. The one parameter family of maps (z,§) —
(z,z + t&) is known as the geodesic flow. In the Euclidean space, the time
t 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 ¢ = 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 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 function works for any
geodesically convex Riemannian manifold. In fact, we will prove a more gen-
eral result. Recall that geodesics on a Riemannian manifold can be described
as follows: A Riemann metric on a manifold X is the same as a scalar on
each tangent space T, X which varies smoothly with X. This induces an
identification of TX with 7*X an hence a scalar product { , ), on each
T*X. This in turn induces the “kinetic energy” Hamltonian

H(z,8) = 36,60

The principle of least action says that the solution curves of the correspond-
ing 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 Hamilonian is that it is quadratic of degree two in the
fiber variables. We will prove a theorem (see Theorem ?? 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 theorem. We first recall some
facts about homogeneous functions and Euler’s theorem.
Consider the one parameter group of dilatations ¢t — 0(t):

0t):T"X - T*X : (z,€) = (z,e").
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A function f is homogenous of degree k in the fiber variables if and only if
(t) f = ekty.

For example, the principal symbol of a k-th order linear partial differential
operator on X is a function on 7T*X with which is a polynomial in the
fiber variables and is homogenous of degree k. Let £ denote the vector field
which is the infinitesimal generator of the one parameter group of dilatations.
It is called the Euler vector field. Euler’s theorem (which is a direct
computation from the preceding equation) says that f is homogenous of
degree k if and only if

Ef=kf.
Let a = ax be the canonical one form on T*X. From its very definition
(1.8) it follows that

and hence that
Do = a.

Since £ is everywhere tangent to the fiber, it also follows from (1.8) that
i(E&)a=0
and hence that
Dea =i(&)da = —i(&)w

where w = wy = —da.
Now let H be a function on 7*X which is homogeneous of degree k in
the fiber variables. Then

kH=E6H = i(€)dH

= i(&E)i(vy)w
= —i(vp)i(&)w
= i(vg)a so
(expvg)'a—a = A%(expth)*adt and
—(exptvg)*a = (exptvn)” (i(vy)da+ di(vy)a)

dt
(exptvg)* (—i(vyg)w + di(vy))
(exptvy)* (—dH + kdH)

= (k—1)(exptvy)*dH
(
(

k —1)d(exptvg)*H
k —1)dH

since H is constant along the trajectories of vy. So

(exptvg)*a—a = (k—1)dH. (5.6)
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Remark. In the above calculation we assumed that H was smooth on all of
T* X including the zero section, 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 vgy) are defined on T* X\ the zero section,
in which case H can be a more general homogeneous function on 7* X\ the
zero section.

Now expvy :T*X — T*X is symplectic map, and let
T := graph (expvgy),

so' C T*X~ x T*X is a Lagrangian submanifold. Suppose that the pro-
jection wxxx of I onto X x X is a diffeomorphism, i.e. suppose that I'
is horizontal. This says precisely that for every (x,y) € X x X there is a
unique £ € 7)) X such that

Texpup(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 o —prj o

where pr;, 4= 1,2 are the projections of T*(X x X) =T*X x T*X onto
the first and second factors. On the other hand pr; is a diffeomorphism of
I onto T*X. So

pry o(Txxx|a)

is a diffeomorphism of X x X with T%X.

Theorem 17 Under the above hypotheses, then up to an additive constant
we have

(pry O(WXxX|A)_1)* [(k—1)H] = ¢.

Indeed, this follows immediately from(5.6). An immediate corollary is that
(5.5) is the generating function for the time ¢ flow on a geodesically convex
Riemmanian manifold.

As mentioned in the above remark, the same theorem will hold if H is
only defined on 7 \ {0} and the same hypotheses hold with X x X relpace
by X x X\ A.

5.4 The generating function for the transpose.

Let
I' € Morph(T* X, T*Y)

Victor: Is this theorem vac-
uous when k # 27. For ex-
ample, if K = 1 then vy is
the lift of a vector field v on
X and so the hypotheses are
never satisfied.
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be a canonical relation, let
m:/4 —XxY

be a fibration and ¢ a generating function for I" relative to this fibration. In
local coordinates this says that Z = X x Y x S, that

o¢
C = _— = 0 s
@ {('Tv Y, S)| Js }
and that I' is the image of Cy under the map

(9, 8) = (—dx ¢, dy¢).
Recall that
I'" € Morph(T*Y, T* X)
is given by the set of all (2,7v1) such that (y1,72) € I'. So if
K: X XY ->Y xX

denotes the transposition
K(z,y) = (y, )

then
krom:Z4 —-Y xX

is a fibration and —¢ is a generating function for I'f relative to x o 7. Put
more succinctly, if ¢(x,y, s) is a generating function for I' then

Y(y,x,s) = —¢(x,y,s) is a generating function for T'T. (5.7)

For example, if I" is the graph of a symplectomorphism, then I'f is the graph
of the inverse diffeomorphism. So (5.7) says that —¢(y,x, s) generates the
inverse of the symplectomorphism generated by ¢(z,y, ).

This suggests that there should be a simple formula which gives a gener-
ating function for the composition of two canonical relations in terms of the
generating function of each. This was one of Hamilton’s great achievements
- that, in a suitable sense to be described in the next section - the gener-
ating function for the composition is the sum of the individual generating
functions.

5.5 Transverse composition of canonical rela-
tions between cotangent bundles.

Let X1, X5 and X3 be manifolds and

'y € Morph(T* X4, T*X5), Tg € Morph(T* X2, T*X35)
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be canonical relations which are transversally composible. So we are assum-
ing in particular that the maps

' = T"Xs, (p1,p2) —p2 and T'o = T"Xs, (g2,43) — g2

are transverse.
Suppose that

7T1221—>X1><X2, W:ZQ—>X2><X3

are fibrations and that ¢; € C*°(Z;), i = 1,2 are generating functions for
I'; with respect to ;.
From m; and 7 we get a map

7T1X7T2221XZ2*>X1XX2XX2XX3.

Let
Ay C X5 x Xo

be the diagonal and let
7 = (7‘(’1 X 7T2)_1(X1 X AQ X Xg)

Finally, let
w:Z — X1 x X3

be the fibration
Z*)Z1XZQHX1XX2XX2XX3*>X1XX3

where the first map is the inclusion map and the last map is projection onto
the first and last components. Let

¢o:7Z —R
be the restriction to Z of the function
(21, 22) = ¢1(21) + Pa(22).

Theorem 18 ¢ is a generating function for I'y o I'y with respect to the fi-
bration .

Proof. We may check this in local coordinates where the fibrations are
trivial to that

Z1:X1><X2><S, ZQZXQXX3XT

S0
Z=X1 XxX3x(Xoax8SxT)

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

d(z1, 23,22, 5,) = $1(21, T2, 8) + P2(2, 23, 1).

Then for z = (z1, 3, %2, 5, t) to belong to Cy the following three conditions
must be satisfied:
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1. 884351 (x17x27s) = 07 i'e' 21 = (xl,l'Q,s) € C¢l.

2. 88412 — O’ le 2o = (x27x37t) = C¢2 and
3. oo ”
1 2
. S22 (2, @3,t) = 0.
axQ(x17x27s)+ 81‘2 (-TQ,:I:&, )

Conditions 1) and 2) are clearly independent of one another and of 3). We
are assuming that

0 0
71 : Cy, - T"(X; x X2) 21— <_aii’£>

is an embedding and a diffeomorphism of Cyg, with I'; and that

Opa O
: C T (X5 x X -
Yo 1 Cp, — T*(X2 x X3) Z2H<8x2’8x3
is an embedding and a diffeomorphism of Cy, with I';. We are also assuming
that the projection
' xTy > T*Xo x T" Xy

intersects the diagonal transversally. So the map

dp1 O
—,———: Cy, xC T Xy x T*X.
<85L‘2 8%2 é1 927 2 2
intersects the diagonal transversally and this is precisely the independence
requirement on condition 3). The transverse composibility of I'y and I'; says
that the map
99  0¢
Cyp >T" Xy xT*X3, z+— |- —
¢ ! 3 ( 8:101 8x3
is a Lagrangian embedding which, by definition has its image 'y 0 I';. O
In the next section we will show that the arguments given above apply,
essentially without change, to clean generating functions, since, as we saw
in Section 5.1.1, clean generating functions are just transverse generating
functions to which a number of vertical “ghost variables” have been added.

5.6 Clean composition of canonical relations
between cotangent bundles.

Suppose that the canonical relation, I'y and I';, are cleanly composible. Let
¢1 € C®(X1 x X9 x.8) and ¢2 € C°° (X2 x X3 xT) be transverse generating
functions for I'y and I's; and as above let

d(x1, x3, %2, 5,t) = d1(x1,T2,5) + Pa(x2, 3, 1).
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We will prove below that ¢ is a clean generating function for I'; o I'; with
respect to the fibration

X1 XXgZL'(XQ XSXT)—)Xl XX3.

The argument is similar to that above: As above Cy is defined by the three
sets of equations:

1. %1 =0
O0¢2 _
2. %2 =

0¢ Od2 _

3. Fer T3 =0.

Since ¢1 and ¢ are transverse generating functions the equations 1 and 2
are an independent set of defining equations for Cy, x C4,. As for the
equation 3, our assumption that I'y and I'y compose cleanly tells us that the
mappings

!
—:C X
81'2 o7 2
and
02
—=:C T X
Oz ¢2 2
intersect cleanly. In other words the subset, Cy, of Cy, x Cy, defined by the
equation, % = 0, is a submanifold of C'¢p; x C'¢o, and its tangent space

at each point is defined by the linear equation, dg—i = 0. Thus the set of
equations, 1-3, are a clean set of defining equations for Cy4 as a submanifold
of X1 x X3 X (X2 xS xT). In other words ¢ is a clean generating function
for 'y o T';.

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 T} and 75 onto T* X5. From these projections
one gets a map

Fl X FQ — T*(XQ X Xg)

which, by the cleanness assumption, intersects the conormal bundle of the
diagonal cleanly; so its pre-image is a submanifold, I'o x I'y, of I'y x I's. It’s
easy to see that

€= dlmrg *Fl — dlmFQ o Fl .

5.7 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

rg € X,
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let

Zy =1 Y (xo)
and let

Lo - ZO — Z
be the inclusion of the fiber Zj into Z. By definition, a point zg € Zy belongs
to Uy if and only if 2y is a critical point of the restriction ¢j¢ of ¢ to Zp.
Theorem 19 If zy is a non-degenerate critical point of (¢ then A is hori-
zontal at 96
po = (z0,&0) = 67:5(%)'

Moreover, there exists an neighborhood U of zo in X and a function ¢ €

C>(U) such that
A=Ay

on a neighborhood of py and
™Y =9
on a neighborhood U’ of zy in Cy.

Proof. (Inlocal coordinates.) So Z = X xRF, ¢ = ¢(x, s) and Cy is defined
by the k independent equations

0o
6Si o

0, i=1,...k (5.8)

Let zg = (g, So) so that sq is a non-degenerate critical point of ¢f¢ which is
the function

s +— o(xg, 9)

if and only if the Hessian matrix

9%

is of rank k. By the implicit function theorem we can solve equations (5.8)
for s in terms of x near (zo, sg). This says that we can find a neighborhood
U of zg in X and a C*° map

g:U —RF
such that 96
= = :0 ‘:1...]6
g(z) =s 95, — 0 i=1os

if (x,s) is in a neighborhood of (z¢, sp in Z. So the map

v:U—=UxR,  y(z)=(z,9(x))



5.7. REDUCING THE NUMBER OF FIBER VARIABLES. 83

maps U diffeomorphically onto a neighborhood of (x¢, sg) in Cy. Consider
the commutative diagram

U —— C,

L

X —— A
TXx

where the left vertical arrow is inclusion and wx is the restriction to A of
the projection 7% 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
po- Also

pi=dgory
is a section of A over U. Let
Y i=7"¢.

Then
p=dxpoy=dxpoy+dspoy=dpory
since dg¢p oy = 0. Also, if v € T, X for x € U, then

dipz (V) = dy(a) (A2 (V) = dbsy (o) (v, dge(v)) = dxd o ¥(v)

((x), v) = {(dipz, v)

SO
A=A,

over U and from 7 : Z — X and yon =1id on y(U) C Cy we have
T =71 d = (yom)p=0¢
onvy(U). O
We can apply the proof of this theorem to the following situation: Sup-

pose that the fibration
m:Z—X

can be factored as a succession of fibrations
T =11 0T

where
mg:Z4 — 2721 and m:Z41—X

are fibrations. Moreover, suppose that the restriction of ¢ to each fiber

™o (1)



84 CHAPTER 5. GENERATING FUNCTIONS.

has a unique non-degenerate critical point y(z1). The map

z1 — v(21)
defines a smooth section

vy:Z1— Z
of mg. Let

¢1 =" .

Theorem 20 ¢, is a generating function for A with respect to 7.

Proof. (Again in local coordinates.) We may assume that
Z=Xx8xT

and
w(x,s,t) =z, mo(x,s,t)=(x,s), m(x,s)=uz.

The condition for (z,s,t) to belong to Cy is that

8(;5_
g_o
and 96

This last condition has a unique solution giving ¢ as a smooth function
of (x,s) by our non-degeneracy condition, and from the definition of ¢ it
follows that (x,s) € Cy, if and only if y(x, s) € Cy. Furthermore

dX¢1(3375) = dX¢($,S,t)

along 4(Cy,). O

For instance, suppose that Z = X x R* and ¢ = ¢(z,s) so that zy =
(z0,80) € Cy if and only if

aﬁ($0780):07 izl,...7k.

85,’
0?%¢
aSiaSj

is of rank r, for some 0 < r < k. By a linear change of coordinates we can
arrange that the upper left hand corner

0% .
< <
(6Si8$j>’ lsigsr

Suppose that the matrix
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is non-degenerate. We can apply Theorem 20 to the fibration
XxRF - X xR, t=k—r

(l‘,Sl,...sk)H(l‘,tl,...,tg), tiZSi_;,_T

to obtain a generating function ¢ (x,t) for A relative to the fibration
X xRf = X.
Thus by reducing the number of variables we can assume that at zo = (zg, to)

9?¢

— = g =1,...,¢. .
3151375] (Z‘O,to) 0) 1,7 ) ’E (5 9)

A generating function satisfying this condition will be said to be reduced
at (LL'(), lf()).

5.8 The existence of generating functions.

In this section we will show that every Lagrangian submanifold of 7*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 py = (z¢,&0) € A.
To simplify the discussion let us temporarily make the assumption that

&0 # 0. (5.10)

If A is horizontal at pg then we know from Chapter 1 that there is a gener-
ating function for A near py with the trivial (i.e. no) fibration. If A is not
horizontal at pg, we can find a Lagrangian subspace

Vi € Ty, (T°X)

which is horizontal and transverse to T, (A). Let Ay be a Lagrangian sub-
manifold passing throuigh py and whose tangent space at pg is Vi. So Ay is
a horizontal Lagrangian submanifold and

A1 TﬁA = {p(l}.

In words, A; intersects A transversally at pg. Since A; is horizontal, we can
find a neighborhood U of ¢ and a function ¢1 € C°°(U) such that A; = Ay, .
By our assumption (5.10)

(dd1)ae = &0 # 0.

So we can find a system of coordinates x;...,z, on U (or on a smaller
neighborhood) so that

¢1 = 1.
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Let & ...,&, be the dual coordinates so that in the coordinate system
SRR O S o
on T*X the Lagrangian submanifold A; is described by the equations
G=1&==&§=0.
Consider the canonical transformation generated by the function
T:R"XR" =R, 71(x,y)=z-y.
The Lagrangian submanifold in T*R"™ x T*R"™ generated by  is
{(z,y,9,2)}
so the canonical relation is
{z.&, - 2)}
In other words, it is the graph of the linear symplectic transformation
7 (2,8) = (=€, 2).
So (A1) is the cotangent space at yo = (—1,0,...,0). Since y(A) is trans-

verse to this cotangent fiber, it follows that I'(A) is horizontal. So in some
neighborhood W of yq there is a function ¥ such that

over W. By equation (5.7) we know that

T*(‘T,y) = 7T(yax) =Yy -x

is the generating function for y~!. Furthermore, near po,

A =77 (Ay).
Hence, by Theorem 18 the function
Yi(z,y);=—y -z +(y) (5.11)

is a generating function for A relative to the fibration

(z,y) = y.

We have proved the existence of a generating function under the auxiliary
hypothesis (5.10). However it is easy to deal with the case £y = 0 as well.
Namely, suppose that &g = 0. Let f € C*°(X) be such that df(z¢) # 0.
Then

Vf:T*X%T*X’ (.Qf,f)'—)(l‘,f—Fdf)
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is a symplectomorphism and ~ys(po) satisfies (5.10). We can then form
vovr(A)
which is horizontal. Notice that vy, is given by
(2,8) = (z,§ + df) — (=§ — df,z).

If we consider the generating function on R™ x R™ given by

g(z,z) =z -2+ f(x)
then the corresponding Lagrangian submanifold is

{(z,z+df,z,z)}

so the canonical relation is

{(x7 —z = df,Z,.T)}

or, setting £ = —z — df so z = —§ — df we get
{(l’,f, _g - df’ x)}

which is the graph of v o~;. We can now repeat the previous argument. So
we have proved:

Theorem 21 Every Lagrangian submanifold of T*X can be locally repre-
sented by a generating function relative to a fibration.

5.9 Generating functions for canonical rela-
tions.

In this section we will give a slight refinement of Theorem 21 for the case of
a canonical relation.

So let X and Y be manifolds and
FrcT*X xT*Y
a canonical relation. Let (pg, qo) = (20, &0, ¥0,M0) € I’ and assume now that
§o#0, mo#0. (5.12)

We claim that the following theorem holds

Theorem 22 There exist coordinate systems (U, x1,...,x,) about xo and
(Vyy1 ..., yk) about yo such that if

yu : T*U — T*R"
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1s the transform
"YU(xa 5) = (757 ;L‘)

and
v T*V — T* « RF
is the transform
Wy, n) = (=n,y)

then locally near

po =75 (po) and gy :=yv(q)

the canonical relation
Yt oT oy (5.13)

is of the form
Ly, ¢ = (x,y) € C°(R" x R).

Proof. Let

M1 = T*X M2 = T*Y

)

and
Vii= TpoMla Vo = TQOMQ’ = T(POv‘IO)F

so that X is a Lagrangian subspace of
Vi x Va.

Let W; be a Lagrangian subspace of V; so that (in the linear symplectic

category)
Y(W)=XoW,;

is a Lagrangian subspace of V5. Let W5 be another Lagrangian subspace of
Vo which is transverse to X(W7). We may choose Wy and Wj to be horizontal
subspaces of T, My and Ty, Ma. Then Wy x Wy is transverse to ¥ in Vi x V3
and we may choose a Lagrangian submanifold passing through py and tan-
gent to W and similarly a Lagrangian submanifold passing through gy and
tangent to Ws. As in the proof of Theorem 21 we can arrange local coor-
dinates (1 ...,2,) on X and hence dual coordinates (z1,...zn,&1,...,&n)
around pg such that the Lagrangian manifold tangent to W; is given by

51:713 52:577,:0

and similarly dual coordinates on M; = T*Y such that the second La-
grangian submanifold (the one tangent to Ws) is given by

771:7]_7 772::77k:0

It follows that the Lagrangian submanifold corresponding to the canonical
relation (5.13) is horizontal and hence is locally of the form I'y. O
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5.10 The Legendre transformation.

Coming back to our proof of the existence of a generating function for La-
grangian manifolds, let’s look a little more carefully at the details of this
proof. Let X = R™ and let A C T*X be the Lagrangian manifold defined
by the fibration, Z = X x R® 5 X and the generating function

d(z,y) = —z -y +9(y) (5.14)
where ¢ € C*°(R"™). Then

z,y) e Cyp o x=—y).

@ eCser="300)
Recall also that (zg,y0) € Cy < the function ¢(zg,y) has a critical point
at yo. Let us suppose this is a non-degenerate critical point, i.e., that the
matrix

¢ N
— = 5.15
Dy:0y; (z0,%0) dy:0y; (yo) ( )
is of rank n. Then there exists a neighborhood U > zy and a function
Y* € C°(U) such that

P (z) = ¢(z,y) at (z,y) € Cy (5.16)
A = Ay (5.17)

locally near the image po = (29, &p) of the map % : Cy — A. What do these
three assertions say? Assertion(5.15) simply says that the map

oy
— 5.18
- (5.18)
is a diffeomorphism at yo. Assertion(5.16) says that
Vi (x) = —zy +h(x) (5.19)
at z = %}7 and assertion(5.17) says that
oY o™
_ = 5.20
T=g, Y pe (5.20)
i.e., the map
o*
- 5.21
T = (5.21)

is the inverse of the mapping (5.15). The mapping (5.15) is known as the
Legendre transform associated with ¢ and the formulas (5.19)— (5.21) are
the famous inversion formula for the Legendre transform. Notice also that in
the course of our proof that (5.19) is a generating function for A we proved
that 1 is a generating function for v(A), i.e., locally near ~v(pop)

Y(A) = Ay
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Thus we’ve proved that locally near pg
Ay =771 (Ay)

where

,y—l . T*Rn N T*Rn
is the transform (y,n) — (x,&) where

y=¢ and = —n.
This identity will come up later when we try to compute the semi-classical
Fourier transform of the rapidly oscillating function

P (y)

a(y)e’ ", a(y) € C°(R™).

5.11 The Hormander-Morse lemma.

In this section we will describe some relations between different generating
functions for the same Lagrangian submanifold.
Let A be a Lagrangian submanifold of 7% X, and let

Zo 38X, 215X

be two fibrations over X. Let ¢; be a generating function for A with respect
tom : 77 — X.

Proposition 10 If
[iZo— Zy

s a diffeomorphism satisfying
mo f=mp

then
do = "1

s a generating function for A with respect to mg.

Proof. We have d(¢; o f) = d¢p. Since f is fiber preserving,
d(@o f)vert = (do),
so f maps Cy, diffeomorphically onto Cy,. Furthermore, on Cy, we have
dgr o f = (do1 0 fnor = (ddo)nor

so f conjugates the maps dx¢; : Cp,, @ =0,1. Since dx¢, is a diffeomor-
phism of Cy, with A we conclude that dx ¢y is a diffeomorphism of Cy, with
A, ie. ¢p is a generating function. O
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Our goal is to prove a result in the opposite direction. So as above let
m; : Z; — X, i = 0,1 be fibrations and suppose that ¢y and ¢; are generating
functions for A with respect to m;. Let

po € A

and z; € Cyp,, © = 0,1 be the preimages of pg under the diffeomorphism de¢;
of Cy, with A. So

dx¢i(zi) =po, i=0,1
Finally let =g € X be given by

Ty = 7To(Zo) =mi(21)

and let v¢;, i = 0,1 be the restriction of ¢; to the fiber W;l(l‘o). Since
z; € Cy, we know that z; is a critical point for ;. Let

d*;(2;)
be the Hessian of ¢; at z;.

Theorem 23 The Hérmander Morse lemma. If d*(z) and d*v:(21)
have the same rank and signature, then there exists mneighborhood Uy of zg
in Zy and Uy of z1 in Zy and a diffeomorphism

f:Uy— Uy

such that
m o f=mo

and
f*é1 = ¢o + const.

Proof. We will prove this theorem in a number of steps. We will first
prove the theorem under the additional assumption that A is horizontal at
po. Then we will reduce the general case to this special case.

Assume that A is horizontal at py = (z¢,&y). Let S be an open subset
of R*¥ and
T: X x85—-X

projection onto the first factor. Suppose that ¢ € C*°(X x S) is a generating
function for A with respect to m so that

dx¢1 C¢—>A

is a diffeomorphism, and let zy € Cy be the pre-image of py under this
diffeomorphism.
Since A is horizontal at py there is a neighborhood U of zg and a ¢ €
C*°(U) such that
dp U —->T*X
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maps U diffeomorphically onto a neighborhood of py in A. So
(dp) todxgp: Cyp—U

is a diffeomorhism. But diy~! is just the restriction to A of the projection
mx :T*X — X. Somxodx¢: Cyp — X is a diffeomorphism (when restricted
to 7~ 1(U)). But

Txodxp=m

so the restriction of 7 to Cy is a diffeomorphism. So Cy is horizontal at zo,
in the sense that
TZOC¢ n TZOS = {0}

So we have a smooth map
s:U— S

such that x — (z,s(z)) is a smooth section of Cy over U. We have
dx¢=d¢ at all points (z,s(x))
by the definition of Cy and dy)(z) = dx¢(z,s(z)) so
Y(x) = ¢(x,s(x)) + const. . (5.22)
The submanifold Cy C Z = X x S is defined by the k- equations

9¢
8Si

=0, i=1,...,k

and hence T3 Cy is defined by the k independent linear equations

o6\
d(@si>0’ 1=1,... k.

A tangent vector to S at Zy, i.e. a tangent vector of the form

(0,v), v=(v'...0"
will satisfy these equations if and only if

%6
-7 = ) = 1 e .
— 9s:05; 0, i=1L....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 zp. We conclude that
the vertical Hessian matrix

2, (0%
dS(b o ((93168])

is non-degenerate.
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We can apply the above considerations to each of the generating functions
¢o and ¢1. So we get a section sy of mg : Zy — X over U with with
50(U) = Cy, (over U) and similarly a section s; of m : Z3 — X. By (5.22)
we know that (up to adjusting an overall additive constant) we can arrange
that

Po(s0(x)) = ¢1(s1()) (5.23)

over U.

Let us again revert to local coordinates: We know that the vertical Hes-
sians occurring in the statement of the theorem are both non-degenerate,
and we are assuming that they are of the sake rank. So the fiber dimen-
sions of my and 7 are the same. So we may assume that Z; = X x S and
Z, = X x S where S is an open subset of R* and that coordinates have been
chosen so that the coordinates of zy are (0,0) as are the coordinates of z;.
We write

50(37) = (m750($)>7 sl(x) = (.%‘,Sl(.'L‘)),

where sg and s; are smooth maps X — RF with

Let us now take into account that the signatures of the vertical Hessians are
the same at zg. By continuity they must be the same at the points (z, sp(x))
and (z,s1(z)) for each x € U. So for each fixed z € U we can make an affine
change of coordinates in S to arrange that

1. so(x) = s1(x) = 0.
2. 9 (x,0) = §2(2,0), i=1....,k
3. ¢o(x,0) = ¢1(z,0).

4. di¢o(z,0) = dg¢i(z,0).

We can now apply Morse’s lemma with parameters to conclude that there
exists a fiber preserving diffeomorhism f: U x S — U x S with

[ 1 = do.

This completes the proof of Theorem 23 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 23 will be an application of Theorem 20. Let 7 : Z — X be a
fibration and ¢ a generating function for A with respect to w. Suppose we
are in the setup of Theorem 20 which we recall with some minor changes in
notation: We suppose that the fibration

m:Z—X
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can be factored as a succession of fibrations
T=pog

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 v(w). The map

w — y(w)
defines a smooth section

vy W —=Z
of p. Let

X ="

Theorem 20 asserts that x is a generating function of A with respect to p.
Consider the Lagrangian submanifold

A, CT*W.

This is horizontal as a Lagrangian submanifold on 7*W and ¢ is a generating
function for A, relative to the fibration p: Z — W.

Now suppose that we had two fibrations and generating functions as
in the hypotheses of Theorem 23 and suppose that they both factored as
above with the same o : W — X and the same x. So we get fibrations
00 : Zy — W and g1 : Z1 — W We could then apply the above (horizontal)
version of Theorem 23 to conclude the truth of the theorem.

Since the ranks of d?v; and d?v at zg and z; are the same, we can apply
the reduction leading equation (5.9) to each. So Theorem 23 will be proved
once we prove it for the reduced case.

Some normalizations in the reduced case. We now examine a fibration
Z =X xS — § and generating function ¢ and assume that ¢ is reduced
at zo = (2o, So) so all the second partial derivatives of ¢ in the S direction
vanish, i. e.
0%
882‘68]‘

(20,80) =0 Vi, j.
This implies that
TsoS NT(24,50)Co = Ts, S

i.e. that
T,,S C T(Io,80)0¢' (5.24)
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Consider the map
dx¢: X xS —->TX, (x,8)—dxo(x,s).

The restriction of this map to Cy is just our diffeomorphism of Cy with A. So
the restriction of the differential of this map to any subspace of any tangent
space to Cy is injective. By (5.24) the restriction of the differential of this
map to Ts, S at (xo,0) is injective. In other words, we have an embedding

XxS§ X, werx

dl |

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 x S; — X and both are reduced at
the points z; of Cy, corresponding to pg € A. So we have two embeddings

X xS, X%, w.ocTrx

o [

of X x S; onto subbundle W; of T*X for ¢« = 0,1. Each of these maps the
corresponding Cy, diffeomorphically onto A.

Let V be a tubular neighborhood of W7 in T*X and 7 : V — Wj a
projection of V' onto W; so we have the commutative diagram

V;wl

o

X — X
id

Let
vi=(dx¢1) o

So we have the diagram
Vv — . X x S1

" |

and
yodx¢r =id.
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We may assume that Wy C V' so we gat a fiber map
g:=7vodxdg g:X xSy— X x5].

When we restrict g to Cy, we get a diffeomorphism of Cy, onto Cy,. By
(5.24) we know that
TsiSi C Tzi Cqsi

and so dg,, maps T,So bijectively onto T, S;. Hence g is locally a diffeo-
morphism at zg. So by shrinking X and S; we may assume that

g: X xS — X x5

is a fiber preserving diffeomorphism.

We now apply Proposition 10. So we replace ¢1 by ¢g*¢;. Then the
two fibrations Zy and Z; are the same and Cy, = Cy,. Call this common
submanifold C. Also dx¢¢ = dx¢1 when restricted to C, and by definition
the vertical derivatives vanish. So d¢g = d¢; on C, and so by adjusting an
additive constant we can arrange that ¢g = ¢ on C.

Completion of the proof. We need to prove the theorem in the following
situation:

o /y=21 =X xS and my = m; is projection onto the first factor.

e The two generating functions ¢y and ¢; have the same critical set:
Cypy =Cy, =C.

e ¢y = ¢ on C.

dspo =0, i=0,10n C and dx¢g = dx¢1 on C.

dpo\ [ O
d<8si) —d(aSi>atzo.

We will apply the Moser trick: Let

¢t = (1 —t)go + to1.
From the above we know that
® ¢y =¢o=¢1 onC.
e dspy =0o0n C and dx ¢y = dx o = dx ¢y on C.

Obe\ _ (0d0\ _ (01
0 (%) <a(22) < a (%Y
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So in a sufficiently small neighborhood of Z; the submanifold C is defined
by the k independent equations

991
831-

=0, i=1,...k

We look for a vertical (time dependent) vector field

U1 = Zvi(stat)ai

on X x S such that
1. Dy, ¢y = —¢1 = ¢o — ¢1 and
2. v=0o0nC.
Suppose we find such a v;. Then solving the differential equations

d

%ft(m) =ve(fe(m)), fo(m) =

will give a family of fiber preserving diffeomorphsms (since v, is vertical) and

1
ﬁm—%:A L frond /ﬂ Do, b0 + it

So finding a vector field v; satisfying 1) and 2) will complete the proof of
the theorem. Now ¢y — ¢; vanishes to second order on C which is defined
by the independent equations d¢;/ds; = 0. So we can find functions

wij(z, s,t)
defined and smooth in some neighborhood of C such that

Oy Oy

o — 1 = Zw” z,s,t) 851 Bs;

in this neighborhood. Set
:L'st Zw”xstgq:t
Then condition 2) is clearly satisfied and

6¢t [
Dy, ¢ = szJxSt 38138 =¢o—¢1 = ¢

as required. |
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5.12 Changing the generating function.

We summarize the results of the preceding section as follows: Suppose that
(m : Z1 — X,¢1) and (mg : Zo — X, ¢2) are two descriptions of the same
Lagrangian submaniifold A of T*X. Then locally one description can be
obtained from the other by applying sequentially “moves” of the following
two types:

1. Equivalence. There exists a diffeomorphism ¢g: Z; — Z5 with

mpog=m  and and  ¢o09=¢.

2. Increasing (or deceasing) the number of fiber variables. Here
Zy = 71 x R* and

a(s,s) = d1(2) + %(As, s)

where A is a non-degenerate d X d matrix.

5.13 The phase bundle of a Lagrangian sub-
manifold of 7" X.

In this section and the next we introduce two important flat line bundles
associated with a Lagrangian submanifold of a cotangent bundle. For a
review of the basic facts about line bundles with connections, especially line
bundles with flat connections, see Appendix III.

Let A C T* X be a Lagrangian submanifold. Let cry denote the restriction
of the canonical one form ax to A. Since A is Lagrangian, a, is closed.

The line bundle Lyhase with flat connection is defined as follows: As a
line bundle, Lphase is the trivial bundle

Lphase =AxC.

The connection on Lphase is given by setting

VSO )
_— == —(
So h A
where sq is the trivial section
so(p) = (p, 1)

In order for a section s = fsg to be flat, we must have Vs = 0 which
translates into

df—%a/\ =0.

Victor: We need more arg
mentation here. Why do
this follow from H-M?
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If 4 is a function on an open subset of A which satisfies di) = a then this
says that
f=ce¥h  cecC.

Suppose that 7 : Z — X is a fibration and that ¢ is a generating function
for A relative to this fibration. So dx¢ gives a diffeomorphism

/\¢ : C¢ — A.
Let
Yi=¢o )\;1.
Then
d¢ = Q.

So if we have a generating function, we get flat section of L.

5.14 The Maslov bundle.

We first define the Maslov line bundle Lyasiov — A first in terms of a global
generating function, and then show that the definition is invariant under
change of generating 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 relative to a fibration
m: Z — X. For each z be a point of the critical set Cy, let x = 7(z) and
let F' = m~1(x) be the fiber contiaining 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).
From the diffeomorphism Ay = dx ¢
Ao 1 Cyp — A
we get a Z valued function
sgn, 1= sgn’ o)\;l.

Let
i
8¢ 1= e'1 "Bl

So
s A — C*

taking values in the eighth roots of unity.
We define the Maslov bundle Lyjasiov — A to be the trivial flat bundle
having s4 as its defining flat section. For this definition to make sense we
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have to show that if (Z;,m;,¢;), @ = 1,2 are two descriptions of A by
generating functions, then

Sp; = C1,28¢, (525)
for some constant c; 2 € C*. So we need to check this for the two types of
move of Section 5.12. For moves of type 1), i.e. equivalences this is obvious.

For a move of type 2) the sgnf& and sgn;&’é are related by

sgrﬂfTﬁ = sgn;@E +signature ofA.

This proves (5.25), and defines the Maslov bundle when a global generating
function exists.

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. We get
function sy, : U; — C such that on every overlap U; N Uj;

Spi = CijSe;

with constants c;; with |cfij]| = 1. In other words we get a Cech cocycle on
the one skeleton of the nerve of this cover and "hence a line bundle.

We will study the geometry of the Maslov bundle in more detail in Chap-
ter 77

5.15 Examples.
5.15.1 The image of a Lagrangian submanifold 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

Yilary) = 5d(e )

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
relasions will give a generating function for f;(A). Indeed, suppose that ¢ is
a generating function for A relative to a fibration

T: X xS5—X.

Then .
id(xv y)2 + 'll)(y, S)

is a generating function for f;(A) relative to the fibration

XxXxS8—-X, (z,y,8)— .
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5.15.2 The billiard map and its iterates.
Definition of the billiard map.

Let © 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 « € X we have the identifications

r,X=TX"
using the euclidean scalar product on 7, X and
T,X ={veR" v -n(z) =0} (5.26)

where n(z) denotes the inward pointing unit normal to X at . Let U C TX
denote the open subset consisting of all tangent vectors (under the above
identification) satisfying

lv]| < 1.

For each x € X and v € T, X satisfying ||v|| < 1 let
w:=v+an(z) where a:=(1— |jv]?)2.

So u is the unique inward pointing unit vector at x whose orthogonal pro-
jection onto T, X is v.
Consider the ray through z in the direction of u, 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 7, X. So we have defined a
map

B:U—-U (x,v)— (y,w)

which is known as the billiard map.

The generating function of the billiard map.

We shall show that the billiard map is a symplectomorphism by writing
down a function ¢ which is its generating function.
Consider the function

i R KR - R, la,y) = |z -y,

This is smooth at all points (x,y), x # y. Let us compute d,1(v) at such a
point (z,y) where v € T, X.

d x—y
— t o= =7
dtw(x—’— v7y)|t—0 <||y—$||7v>
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where (, ) denotes the scalar product on R™. Identifying TR™ with T*R"™
using this scalar product, we can write that for all = £ y

y—T Yy—T
d = — d = .

If we set

Yy—

u=———, t=|z—y

2 —yll

we have
[ull =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 identifications
T.R*>2T'R", T, X=TrX
the orthogonal projection
T"R*"=2T,R"sur—vel, X =T X

is just the map
dey, T)R" - TrX, u—ou.

So
V= db;u = dtidziﬁ(%y) = dmd)(l'vy)

So we have verified the conditions

v = —dz¢(x,y), w = dy(b(:r?y)

which say that ¢ is a generating function for the billiard map B.

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

(20,21, -, 00) = lry — ol + a2 — 1]l + - + 2 — 2o
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5.15.3 The classical analogue of the Fourier transform.

We repeat a previous computation: Let X = R" and consider the map
F:T"X -T*X, (z,8)— (=& x).
The generating function for this symplectomorphism is
x-y.

Since the transpose of the graph of a symplectomorphism is the graph of the
inverse, the generating function for the inverse is

_y . Z'.
So a generating function for the identity is
¢ € C®(X x X, xR")

¢z, 2,y) = (z - 2) -y
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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 manifold, and then specialize to the study
of canonical relations.

6.1 The linear algebra of densities.

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=ey,...,e, of V is the same as an isomorphism /¢ of R with V according

to the rule
xy

— X161+ -+ Tpep.

Tn
We can write this as

T Z1
— (e1,...€n)"

Ln Ln

or even more succinctly as

where
T

‘rﬂ,

105
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The group Gi(n) = Gl(n,R) acts on the set F (V') of all bases of V' according
to the rule
lor— L0 A7 AcGl(n)

which is the same as the “matrix multiplication”
e—e- AL
This action is effective and transitive:
e If e =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

Let @ € C be any complex number. A density of order a on V is a function
pF(V)—C
satisfying
ple- A) =p(e)|detal® VA€ Gl(n). (6.1)
We will denote the space of all densities of order o on V' by
Ve

This is 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,..., Ley) is again a basis of V. If we write

LEJ' = Z Lijei

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 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, ..., Lv,) = |det L|%p(vy, ..., vp) (6.2)

for any linear transformation L : V' — V. Of course, if the vy, ..., v, are not
linearly independent then

P(’Ul,...,’l)n) =0.
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6.1.2 Multiplication.
If p€ |V|* and 7 € |[V|? then we get a density p - 7 of order o + 3 given by

p-7(e) = ple)r(e).
In other words we have an isomorphism:

Vo ® |[V|P = |[v]eth (6.3)

6.1.3 Complex conjugation.
If p € |V|* then p defined by

is a density of order @ on V. In other words we have an anti-linear map
VI* = V%, pe7

This map is clearly an anti-linear isomorphism. Combined with (6.3) we get
a sesquilinear map B
VI“@ V|7 — [V|**,

We will especially want to use this for the case a = 3 = % + is where s is a

real number. In this case we get a sesquilinear map

V]ztiE @ Vet — VL (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 (6.1) holds for all A € H. Then p extends uniquely to a density
of order o 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 Gl(n) is O(n) and every ele-
ment of O(n) has determinant £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 determines a density of any order. We
have trivialized the space |V|* for all a. Another way of saying the



108 CHAPTER 6. THE CALCULUS OF % DENSITIES.

same thing is that V has a preferred density of order «, namely the
density which assigns the value one to any orthonormal frame. The
same applies if V' has any non-degenerate quadratic form, not neces-
sarily positive definite.

Symplectic frames: Suppose that V is a symplectic vector space, so n =
dimV = 2d is even. This picks out a collection of preferred bases,
namely those of the form ey, ... eq, fi1,...fq where

w(ei,ej) = 0, w(fi7fj) = 0 w(ei,f]—) = 5ij

where w denotes the symplectic form. These are known as the sym-
plectic frames. In this case H = Sp(n) and every element of Sp(n) has
determinant one. So again |V|* is trivialized. Again, another way of
saying this is that a symplectic vector space has a preferred density of
any order - the density which assigns the value one to any symplectic
frame.

Transverse Lagrangian subspaces: Suppose that V' is a symplectic vec-
tor space and that M and N are Lagrangian subspaces of V with
MNN = {0}. Anybasisey,...eqof N determines a dual basis fi,... fq
of N according to the requirement that

w(ei, fj) = 6ij

and then ey,...eq, f1 ... fq is a symplectic basis of V. If C' € GIl(d)
and we make the replacement

e—e-C
then we must make the replacement
fisf-(CH)L

So if p is a density of order w 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)— ple)r(f)

on frames of the above dual type. The corresponding subgroup of Gl(n)
is a subgroup of Sp(n) isomorphic to Gi(d). So we have a canonical
isomorphism

IM|* ® |N|* =C. (6.5)
Using (6.3) we can rewrite this as

[M[* = [N|7.



6.1. THE LINEAR ALGEBRA OF DENSITIES. 109

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
notation 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 (eg,...,er) be a basis of V'
and extend it to a basis (e1,..., ek, €kt1,. .., of V. then the images
of e;, t = k+1,...n 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)

det A =det A’ - det A”.

SO

This shows that we have an isomorphism
Ve = [V|*e V" (6.7)
for any a.
Long exact sequences Let
0=Vi—Vo— V=0
be an exact sequence of vector spaces. Then using (6.7) inductively we

get
Q) Wilr= & vl (6.8)

j even ;j odd

for any a.

6.1.5 Pullback and pushforward under isomorphism.

Let
L:V->W

be an isomorphism of n- dimensional vector spaces. If
e = (61,...,€n)

is a basis of V' then
Le := (Ley, ..., Ley)
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is a basis of W and
L(e-A)=(Le)- A Vae€ Gl(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 pullback isomorphism
L™ [W[* = [V|*, p~— L*p.
Applied to L~! gives a pushforward map

Li: |V|* — [W|¥,  L.= (LY.

6.1.6 Lefschetz symplectic linear transformations.

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

graphLCVaV

be the graph of L so
graph L = {(v, Lv) v eV}

Let
AcCcVeV

be the diagonal, i.e. the graph of the identity transformation. Then
graph L N A = {0}. (6.9)

Now suppose that V is a symplectic vector space and we consider V~ @ V
as a symplectic vector space. Suppose also that L is a (linear) symplectic
transformation 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
V1, - .., Uy, is a symplectic basis of V', then this pushforward « density assigns

the value one to the basis

((v1, Lv1), ..., (vn, Lvy,)) of graph L.
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Let us call this a-density pr. Similarly, we can use the map
diag: V— A, v~ (v,0)

to push the canonical « density to an a-density pa on A. So pa assigns the
value one to the basis

((v1,v1),..., (v1,v1))  of A.

According to (6.5)
|graph L|* @ |A|* = C.

So we get a number (pr,pa) attached to these two a-densities. We claim
that

(prpa) = | det(I — )| . (6.10)

Before proving this formula, let us give another derivation of (6.5). Let
M and N be subspaces of a symplectic 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|*.
We have an identification of |W|* with C given by sending
W% 2 pw = pw (W)

where w is any symplectic basis of W. Combing 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
pu € |M|* with px € |N|® is given by

(par. pv) = | det A|~*pas (m)pn (). (6.11)

Now let us go back to the proof of (6.10). If e,f =e1,...,e4,f1..., fals a
symplectic basis of V' then

((ev 0) (Oa 6)7 (fv 0)7 (Oa _f))

is a symplectic basis of V~ @& V. We have

I; 0 O 0
((e,0)(0,€), (£.0),(0,~6) [ o [ W 0| = ((e,0).£,0).(0,€), (0,1))
0 0 0 -—Iy4
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and
I; 0 O 0
0O 0 I O _
det 0 I, 0 0 =1.

0 0 0 —I
Let v denote the symplectic basis e, f of V' so that

((e,0),£,0),(0,e),(0,f)) = ((v,0),(0,v)).

Write
L’Uj = ZLijvja L= (L”)
i
Then
L, I,
(.09 (1 ) = (v Lv). (v, v)).
So taking
I, 0 0 O
10 0 Iy O I, I,\ _
A= 0 Id 0 0 (L In) - ((Vva)v (V,V))
0o 0 0 -—-I
in (6.11) proves (6.10) since
I, 0 0 O
_ 0 0 I; O I, I\ _ _
det A = det 0 I, 0 0 det(L In>_det(1" L).
0 0 0 —-I4

6.2 Densities on manifolds.

If E — X be a real vector bundle. We can then conisder the complex line
bundle
|E|* — X

whose fiber over x € X is |E,|*. The formulas of the preceding section apply
pointwise.

We will be primarily interested in the tangent bundle TX. So |[TX|* a
line bundle which we will call the a-density bundle and a smooth section of
|TX|* will be called an a-density or a density of order «.

Examples.

o . Let X = R™ with its standard coordinates and hence the standard
vector fields
0 0

axl,...,axn.
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This means that at each point p € R™ we have a preferred basis
(5 ) <3 >
o0x1 » oxy, »

dz®

We let

denote the a-density which assigns, at each point p, the value 1 to the
above basis. So the most general a-density on R™ can be written as

u - dz®
or simply as
udx

where u is a smooth function.

e Let X be an n-dimensional Riemannian manifold. 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 eacu orthonormal basis at each point.

e Let X be an orientable manifold and €2 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 ej,...,e, of T, X the value

(e, ... en)|".
We will denote this density by
€21
e As a special case of the preceding example, if M is a symplectic man-
ifold of dimension 2d with symplectic form w, take
Q=wA---w d factors.

So every symplectic manifold has a preferred a-density for any «.

If p is an « density and v is a 8 density the we can multiply them (pointwise)
to obtain an a+ 3 density puv. Similarly, we can take the complex conjugate
of an « density to obtain an & density.

Since a density is a section of a line bundle, it makes sense to say that a
density is or is mot 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 under a diffeomor-
phism.
If
f:X—>Y
is a diffeomorphism, then we get, at each = € X, a linear isomorphism
df To X — Tya)Y-

A density v of order o on Y assigns a density of order « (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 =9
for an n-form Q on Y (where n = dimY’). Then
Q> = |~ (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 -+ - dzp|®, |[dy|® = |dyy A -+ A dyn|®

and
fdyl A Ndyy) = det J(f)dzy A -+ Adzy,

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 aw on X. As usual, we define the Lie derivative D,v by

d .
Dyv = £ft V|t=0-

If v = |Q]* then
D,v =aD,|Q|-|Q*!

and if X is oriented, then we can identify || with £ on oriented bases, so
D,|Q| = D,Q = di(v)Q
on oriented bases. For example,
1 1
Dyda = 2 (div v)da? (6.14)

where

div v Ovy + + v if v=w 9 + + v g
v _ e = _— e n -
oy Oxy, ! 0z Oxy,
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6.4 Densities of order 1.
If we set o =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

L/w:%ﬂm

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 densities of order one and of compact support contained in coordinate
patches

then

v=uvy+- -+,

[ v [nses [

is independent of all choices. In other words densities of order one (usually
just called densities) are objects which can be integrated (if of compact
support). Furthermore, if

and [y v defined as

f: X—->Y

is a diffeomorphism, and v is a density of order one of compact support on
Y, we have the genral “change of variables formula”

/Xf*V=/Yv- (6.15)

Suppose that a and [ are complex numbers with
a+p/=1.

Suppose that u is a density of order o and v is a density of order 5 on X
and that one of them has compact support. Then p -7 is a density of order

one and we can form
(nyv) = / oz
X

So we get an intrinsic sesquilinear pairing between the densities of order «
of compact support and the densities of order 1 — @.
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6.5 The principal series representation of Diff(.X).

So if s € R, we get a pre-Hilbert space structure on the space of densities of

order % + is given by
(w,v) = / muv.
X

If f € Diff(X), i.e. if f: X — X is a diffeomorphism, then
(" fv) = (wv)

and
(feg) =g o f"
Let $5 denote the completion of the pre-Hilbert space of densities of order
% + is. The Hilbert space $, is known as the bf intrinsic Hilbert space of
order s. The map
fe ()

is a representation of Diff (X) on the space of densities or order % + s which
extends by completion to a unitary representation of Diff (X on $,. This
collection 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 3.

6.6 The push-forward of a density of order one
by a fibration.
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 u 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,:=7n ()

be the fiber over . Let z € F. We have the exact sequence

0—T.F-T.Z™ T.Xx =0

which gives rise to the isomorphism

IT.F| @ [T,X| 2 1.2,
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The density u thus assigns, to each z in the manifold F' an element of |Tz|®
|7 X|. In other words, on the manifold F' it is a density of order one with
values in the fixed one dimensional vector space |T, X|. Since F' is compact,
we can integrate this density over F' to obtain an element of |7, X|. As we
do this for all z, we have obtained a density of order one on X.

Let us see what the operation pu +— . looks like in local coordinates.
Let us choose local ccordinates (U, x1,
dots,xp.81...,84) on Z and coordinates y1,...,y, on X so that

T (T, ey Tny S1ye e, 8d) > (T, o0, Tn)-
Suppose that p is supported on U and we write
w=udxds = u(ry,...,2n, s1dots, sq)dxy . .. dx,ds ... dsg.

Then
Tl = (/u(xl,...,mn,sl,...,sd)dsl ) ..dsd> dzy...,dz,. (6.16)

In the special case that X is a point, mup = [ 4 M. Also, Fubini’s theorem
says that if
wz5LX

are fibrations with compact fibers then
(T0p)s = Tu O Py (6.17)

In particular, if p is a density of compact support on Z with Z — X a
fibration then 7, is defined and

/XW*H:/Z/L (6.18)

If f is a C'*° function on X of compact support and 7 : Z — X is a proper
fibration then 7* f is constant along fibers and (6.18) says that

/Zﬂ*fu=/Xfu- (6.19)

In other words, the operations
7 C(X) =" C§°(Z)

and
r. 1 C(TZ)) — C=(TX))

are transposes of one another.
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Chapter 7

The enhanced symplectic
“category”’.

Suppose that My, My, and Mj3 are symplectic manifolds, and that
I'; € Morph(Ms, M3) and Ty € Morph(My, Ma)

are canonical relations which can be composed in the sense of Chapter 4.

Let p; be a %—density on I'; and ps a %-density on As. The purpose of this

chapter is to define a %—density p2op1 on ['s0l'; and to study the properties
of this composition. In particular we will show that the composition

(T2, p2) x (T, p1) = (20T, p2 0 p1)

is associative when defined, and that the axioms for a “category” are satis-
fied.

7.1 The underlying linear algebra.

Let Vi and V, be symplectic vector spaces and let I' C V= x V3 be a linear
canonical relation. Let
m:I'—= VWV

be the projection onto the second factor. Define
e KerI' C V5 by Ker' = {v € V|(v,0) € T'}.
eImI'CVy = F(Vl)

So I' € V;- @ V4 and hence both kerI'f and Im I' are linear subspaces of
the symplectic vector space V5. We claim that

(kerI'")* =TIm T. (7.1)

119
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Here | means perpendicular relative to the symplectic structure on V5.

Proof. Let By and By be the symplectic bilinear forms on V; and V3 so
that B = —By @ (B2) is the symplectic form on Vi @ V5. So v € V4 is in
KerI'T if and only if (0,v) € I'. Since I' is Lagrangian,

(O,U) € r+ 0= —Bl(O,vl) + BQ(U,'UQ) = —BQ(’U,UQ) A (’Ul,’Ug) erl.

But this is precisely the condition that v € (Im T')+. O

Now let Vi, Vs, Vs be symplectic vectors spaces and I'y C V;~ x V5 and
I'y €V, x V3 be linear canonical relations. Let

m:l'y — Vo, m(v1,v2) = vo
and
p:Ty — Vs, p(va,v3) = vy
so that the fiber product of 7 and p is given by
F :={(v1,v2,v3)|(v1,v2) €Ty, and (vg,v3) € Ta}.
Let
a:F =V xVs,  afv,v,vs) := (v1,v3).

The image of « is, by definition, I's o I'y. The kernel of « consists of those
(0,v,0) € F. So if we let

w:F — Vo, p(vy,ve,v3) = vg
denote the projection of F' onto the middle factor we have
p(Ker @) = Ker Il N KerTy. (7.2)

Let
T F1XF2—>V2

be defined by
T(y1,72) == 7m(n) — p(72)
so that the definition of the fiber product F' gives the exact sequence

0— F—TyxI'y5 Vy — Coker 7 — 0. (7.3)

We have
Im7=ImTI;+1ImTI7%

so that
(Im 7)* = KerI'l NKer Ty = p(Ker a).
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From the definition of KerI' we see that it is always isotropic so Ker FI N
KerT'5 is isotropic and hence Im 7 is a co-isotropic subspace of V5 and the
symplectic bilinear form Bs on V5 induces a non-singular bilinear pairing

(Va/Im 7) x p(Ker o) — R.

Furthermore, the map p restricted to Ker «v is an isomorphism. So we have
produced a canonical isomorphism

(Coker 7)* = Ker av. (7.4)
From the exact sequence (7.3) we get the isomorphism
|F|> @ |Va|? = |I1|2 ® T3 @ |Coker 7|2

The symplectic form on V5 gives a canonical trivialization |V2|% =~ C. Also
we have |F|z 2 |Kera|z ® |[Im «|2. From (7.4) we have

|Coker 7|7 = |Ker a| 2.
Substituting these into the preceding isomorphism we get
|Kera| ® [Im a|? 2 |T|7 @ [Ts|2.
But since Im a =T'5 o I'; we get the key formula

|Ker o ® [Tsol4|2 & |I|2 @ |[[y=. (7.5)

7.2 Half densities and clean canonical compo-
sitions.

Let My, My, M3 be symplectic manifolds and let I'y C M; x My and I'y C
My x Ms be canonical relations. Let

m: 'y — Ms, w(mi,ma) =ma, p: 'y — Ms, p(ma, ms) =ma,
and F' C I'y x I'y the fiber product:
F = {(m1,ma,m3)|(m1,mz) € I'1, (ma,m3) € T'a}.
Let
a:F — M; x M3, «a(mq,ma,ms) = (mq,ms).

The image of « is the composition I's o I';.

Recall that we say that I'; and I's intersect cleanly if the maps p and 7
intersect cleanly. If w and p intersect cleanly then their fiber product F' is a
submanifold of I'y x I's and the arrows in the exact square

F—— T

Lk

F2—>M2
P
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are smooth maps. Furthermore the differentials of these maps at any point
give an exact square of the corresponding linear canonical relations. In
particular, « is of constant rank and I'soI'; is an immersed canonical relation.
If we further assume that

1. « is proper and

2. the level sets of « are connected,
then I'y o I'y is an embedded Lagrangian submanifold of M; x M, and
a:F —T50Iy
is a fiber map with proper fibers. So our key identity (7.5) holds at the

tangent space level: If we let m = (my,mg,m3) € F and ¢ = a(m) € Ty0T
we get an isomorphism

T F| @ |Ty(T2 0 T1)|% 22 [Ty ny D112 @ [Ty mg) T2l -

This means that if we are given half densities p; on I'y and ps on I's we
get a half density on I's o I'; 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 existence of the identity we will have have enhanced our symplectic
category so that now the morphisms consist of pairs (I, p) where T' is a
canonical relation and where p is a half density on T

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

Anty vtynts = {(@,y, 9, 2,2, 2) ) © My x My x My x Ms x My x M;
as in (4.6) carries a canonical %-form T1,2,3. Then we know that
Tyoly = Ay asyns, 01 X Ty
and it is easy to check that
P20 pP1 = T1230° (,01 X p2.
Similarly,
(T30l3)oTy) =T30(Te0Ty) = Apsy aryusnn, © (T1 X Ty x T'3)
and AMl,Mz,M37M4 carries a canonical %—density T1,2,3,4 With
(p3op2)opr=pso(p20op1)=Ti2340(p1 X p2 X p3.

This establishes the associative law.
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7.4 Enhancing the category of smooth mani-
folds 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 £ — X to F — Y

consists of a smooth map
f: X—=Y

and a section
re C®(f"F,E).

We described the finite set analogue of this concept in Section 3.3.5. If s is
a smooth section of F' — Y then we get a smooth section of F — X via

(fir)*s(x) := r(s(f(2)).

We want to specialize this construction of Atiyah-Bott to the case where E

and F' are the line bundles of %—forms. 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], ITX]).
The composition of two enhanced maps
(fir): (BE—=X) > (F=Y) and (g9,0):(F—Y)— (G- Z)
is (go f,r or’) where, for 7 € |Tg(f(z))Z)|%
(ror")(r) =r(r'(r)).

We thus obtain a category whose objects are manifolds and whose morphisms
are enhanced maps.

If p is a & density on Y and (f,r) is an enhanced map then we get a 3
density on X by the Atiyah-Bott rule

(fsr)*p(@) = r(p(f(x)) € | T X|2.

Then we know that the assignment (f,r) — (f,r)* is functorial.
We now give some examples of enhancement of particular kinds of maps:

7.4.1 Enhancing an immersion.

Suppose [ : X — Y is an immersion. We then get the conormal bundle N}‘X
whose fiber at x consists of all covectors £ € T}‘(w)Y such that df¢ = 0. We
have the exact sequence

0—T.X % Ty, - N,y == 0.
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Here N.Y is defined as the quotient T’ (,))y/(af, (1, x)- The fact that f is an
immersion is the statement that df, is injective. The space (NJ’?XZ) is the
dual space of N,Y. From this exact sequence we get the isomorphism

ITho Y 1F = NY I @ [T, X 2.
So
1 1y 1 1 1 X 1
Hom(|Ty() Y2, [T X|?) = [T, X[2@Hom(| Ty Y[™2 = [N 72 = [(NFX).|2.
Conclusion. Enhancing an immersion is the same as giving a section of
INFX|5.
7.4.2 Enhancing a fibration.

Suppose that 7 : Z — X is a submersion. If z € Z, let V denote the tangent
space to to the fiber 7=1(z) at 2 where = 7(2). Thus V, is the kernel of
dr, : T,Z — Tr(»)X. So we have an exact sequence

OHVZHTZZHTW(Z)XHO
and hence the isomorphism

So
Hom (| Ty X |2, |T. Z|2) & [Tr) X| 7% @ |TLZ|% = |V, |3 (7.6)

Conclusion. Enhancing a fibration is the same as giving a section of \V|%
where V' denote 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 compact fibers and r is an

enhancement of 7 so that r is given by a section of the line-bundle V|% as

we have just seen. Let p be a %—form on Z. From the isomorphism

1 1 1
‘TZZ|2 = |VZ|2 ® |CZ—‘71'(Z)X|2
we can regard p as section of [V.|2 ® 7*|T'X|2 and hence
)

is a section of |V|® n*|T'X|z. Put another way, for each z € X r - p gives
a density (of order one) ) on 7—1(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

m.(r - p)
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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

Ty -

We have the obvious variants on this construction if 7 is not proper. We
can construct . (r - p) if either r or p are compactly supported in the fiber
direction.

An enhanced fibration m = (m, ) gives a pull-back operation 7* from half
cllensities on X to %—densities on Z. Soif yis a %—density on X and v is a

5-density on Z then

v-mt
is a density on Z. If u is of compact support and if v is compactly supported
in the fiber direction, then v - 7*u is a density (of order one) of compact
support on Z which we can integrate over Z. We can also form

(mev) - .

which is a density (of order one) which is of compact support on X. It
follows form Fubini’s theorem that

fornm [

7.5 Enhancing a map enhances the correspond-
ing canonical relation.

Let f : X — Y be a smooth map. We can enhance this map by giving a
. 1 1

section r of Hom(|TY|2,|TX|2). 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 %—form pon I'y. In this section we show how the enhancement r of
1_

the map f gives rise to a 5-form on I'y.

Recall (4.9) which says that
Lp={(w1,&,22,8) |22 = f(21), & =df; &2}

From this description we see that I'; is a vector bundle over X whose fiber
over ¢ € X is T;(m)Y. So at each point z = (z,&1,y,n) € I'y we have the
isomorphism ) ) )

IT.Ty|2 = [T X |2 @ [Ty (Tf,)Y)I2.

But (T}‘(z)Y) is a vector space, and at any point 7 in a vector space W we
have a canonical idenitication of T;,W with W. So at each z € I'y we have
an isomorphism

1, 1 " 1 1 1
IT.T [} = |T,X]} © [T, (T, V)| = Hom(|Ty) Y%, T,X])
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and at each z, r(z) is an element of Hom(|Tf(m)Y|%, |T,X|2). So r gives rise
to a %—density on I'y

7.6 The involutive structure of the enhanced
symplectic “category”.
Recall that if I' € Morph(My, Ms) then we defined I't € (M, M;) be
It = {(y,2)|(z,y) € T}.
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 = 5%p. (7.7

Starting with an enhanced morphism (T, p) we define
(T, p)t = (T'F, o).

We show that 1 : (T, p) — (T, p)! satisfies the conditions for a involutive
structure. Since s? = id it is clear that {2 = id. If I'y € Morph(Ms, M)
and 'y € Morph(M;, Ms) are composible morphsims, we know that the
composition of (I'y, p2) with (I'1, p1) is given by

(Anty M 05, T123) © (D1 X Do,y pr X pa).
where
Anty oy = 1,9,y 2,2, 2)|x € My, y € My, 2 € M3}

and 7123 is the canonical (real) 3-density arising from the symplectic struc-
tures on My, My and M3. So

s:(Dyoly) =Toll - Tyoly
is given by applying the operator S switching x and z
St Angg oty — Aoty Mo,
applying the switching operators s : Fi — I'y and s : F; — I'y and also
switching the order of I'y and I's. Pull-back under switching the order of

I'y and I'y sends p; x pa to p2 x p1, applying the individual s§ and s3 and
taking complex conjugates sends py X p1 to pg X pJ{. Also

.
S*T103 = T301
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and 7301 is real. Putting all these facts together shows that

(P2, p2) o (1, p1))" = (1, p1)T o (T2, o)

proving that 1 satisfies the conditions for a involutive structure.

Let M be an object in our “category”, i.e. a symplectic manifold. A
“point” of M in our enchanced “category” will consist of a Lagrangian sub-
manifold A C M thought of as an element of Morph(pt., M) (in S) together
with a 3-density on A. If (A,p) is such a point, then (A,p)T = (AT, pl)
where we now think of the Lagrangian submanifold At as an element of
Morph(M, pt.).

Suppose that (A1, p1) and (Ag, p2) are “points” of M and that A; and
A; are composible. Then AE oA in § is an element of Morph(pt., pt.) which

consists of a (single) point. So in our enhanced “category” S

(As, p2)T (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), (Az, p2)) .

This is, of course, a special case of the computation of Section 7.2.

The first condition that A; and Ay be composible is that FF = A; and
A5 intersect cleanly as submanifolds of M. Here F' is a special case of the
fiber product of Section 7.2 and the argument there show that we have an
isomorphism

T, F| = |Tp (A N Ag| & |[T,A |7 @ |TAs| 2

and so p; and pz multiply together to give a density p1pz on Ay N Ay, A
second condition on composibility requires that A; NAs be compact and then

<(A1,p1), (A27f72)> = / P1P2.

A1NAs

7.6.2 1 and the adjoint under the pairing.

In the category of whose objects are Hilbert spaces and whose morphisms
are bounded operators, the adjoint AT of a operator A : H; — Hs is defined
by

(Av,w)s = (v, ATw)y, (7.8)

for allv € Hy,w € Hy where (,); denotes the scalar product on H;, i = 1, 2.
This can be given a more categorical interpretation as follows: A vector u in
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a Hilbert space H determines and is determined by a bounded linear map
from C to H,

Z = zZUu.

In other words, if we regard C as the pt. in the category of Hilbert spaces,
then we can regard u € H as an element of of Morph(pt., H). Soif v € H
we can regard v! as an element of Morph(H, pt.) where

vl (u) = (u,v).

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 (7.8) is a
consequence of the associative law and the laws (A o B)f = Bf o A" and
12 =id.. Indeed

(Av,w)g :=wl o Aov = (AT ow)t ov =: (v, ATw);.

So once we agree that a %—density is just a complex number, we can

conclude that the analogue of (7.8) holds in our enhanced category S: If
(A1,p1) is a “point 7 of My in our enhanced category, and if (Asg,ps) is
a “point ” of My and if (I',7) € Morph(Mi, Ms) then (assuming that the
various morphisms are composible) we have

(T, 7) o (A1, p1), (A27p2)>2 = <(A1701)a ((FaT)T ° (A2,P2)>1 . (7.9)

7.7 The moment Lagrangian.

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

is a fibration with fibers diffeomorphic to X. Let
G:Z—->M
gs: Zs — M, Zg:=7"1(s)
denote the restriction of G to Z,. We assume that
gs is a Lagrangian embedding (7.10)

and let
Ag = g4(Zy) (7.11)

denote the image of g;. So we have a family of Lagrangian submanifolds
Ay C M parametrized by the points of S.
Let se€ S and £ € TsS. For z € Z; and w € T, Z, tangent to the fiber Z;

dGw = (dgs).w € Ta)As
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so dG, induces a map, which by abuse of language we will continue to denote
by dG,
dG, T,Z|T.Zs — T,y M /T, A, m = G(z). (7.12)

But dr, induces an identification
T.Z)T.(Zs) = TsS. (7.13)
Furthermore, we have an identification

T M /T (Ay) = T A (7.14)

m-=Ss
given by
ToM 3 u— i(w)wm(-) = wn(u, ).

Thus (7.12) shows that each £ € TS gives rise to a one form on A, and hence
by pull-back 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. Then if ¢ — s(t) is any curve on S
with s(0) = s, s'(0) = £ we get a curve of maps hyy) of Z; — M where

hgty = gs(ry © H.

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

d
v Zy = TM, v*(2) = &hs(t)(z)ltzo'

Then the one form in question is
78 = R (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. (7.15)

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

d,. .

ahs(t)w‘tzo = dh%i(v)w
and the fact that 'y is Lagrangian for all s implies that the left hand side
and hence the right hand side is zero.

Assume that H'(X) = {0}. Since the fiber Z; is diffeomorphic to X,
this implies that
¢ = dg¢*
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for some C'* function ¢¢ on Z,. The function ¢¢ is uniquely determined
up to an additive constant (if X is connected) which we can fix (in various

Victor:

Do we want to |

ways) so that it depends smoothly on s and linearly on £. For example, if more explicit about hypoth

we have a cross-section ¢ : § — Z we can demand that ¢(c(s))¢ = 0 for all
s and £. Alternatively, if each Z, is compact and equipped with a positive
density dzs we can demand that | 7. ¢Sdzs = 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

By:Z —T*S, B(z) =\ M\E) = ¢5(2). (7.16)

As we shall see in the next section, ®y can be considered as a generalization
of the moment map for a Hamiltonian group action.

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

(I)OH(I)0+MO7T

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

Theorem 24 Assume that H?(S) = {0}. Then there exists a v € Q*(S)
such that if we set

dP=Py+vom
then
G*'w+ ®*wg = 0. (7.17)
As a consequence, the map
G:Z—MxT*S, z— (G(z),®(2)) (7.18)

s a Lagrangian embedding.

Proof.

We first prove a local version of the theorem. Locally, we may assume
that Z = X x S and by the Weinstein tubular neighborhood theorem we may
assume (locally) that M = T*X and that for a fixed sg € S the Lagrangian
submanifold A, is the zero section of T*X and that the map

G:XxS—-TX
is given by
G((E,S) = de(x,s)

where 1) € C°(X x §). So in terms of these choices, the maps h,x) used
above are given by

hs(e (@) = dxip(x, 5(t))

ses here?
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and hence the one form 7¢ is given by

dsdx(z,§) = (dxdsi, §)

So we may choose
O(x,8) = dgstp(z, s).
Thus
G*OZX = dx’(/J, (I)*OZS = ds’(/)

and hence
Grwx + ®*ws = —ddyp = 0.

This proves a local version of the theorem. We now pass from the local to
the global:

By uniqueness, our global ®; must agree with our local ® up to the
replacement ® — ® + pom. So we know that

G'w+ Pjws = (pom)*ws = 7" pws.
Here 1 is a one form on S regarded as a map S — T*S. But
dr*p*ws = * p*dwg = 0.

So we know that G*w+ ®fwg is a closed two form which is locally and hence
globally of the form 7*7 where dr = 0. Now we make use of our assumption
that H?(S) = {0} to write 7 = dv. Replacing ®, by ®¢ + v replaces T by
T+ viwg. But

viwg = —vidag = —dv =—-7. O

Remarks 1. If H2(S) # {0} then we can not succeed by modifying ®. But
we can modify the symplectic form on 7S replacing wg by ws — 7o where
ms denotes the projection T%S — S.

2. Suppose that a compact Lie group K acts as fiber bundle automorphisms

of m: 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. Finally suppose that the map G Victor; I think this is right
is equivariant for the group actions of K on Z and on M. Then the map G but please check.

can be chosen to be equivariant for the actions of K on Z and the induced

action of K on M x T*G.

3. More generally we want to consider situations where a Lie group K
acts on Z as fiber bundle automorphisms and on M and where we know
by explicit construction that the map G can be chosen to be equivariant .
This will be the case for the classical moment map for a Hamiltonian group
action as we shall see in the next section.

4. Let ' € M ®@T*S denote the image of G. If we are given a %—density I
on Z. then we get its image G, p, a %-density on I
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7.7.1 The derivative of the moment map.

We continue the current notation. So we have the moment map
d: 7 ->T"S.

Fix s € S. The restriction of ® to the fiber Z; maps Z; — T3 S. since TS
is a vector space, we may identify its tangent space at any point with 775
itself. Hence for z € Zs; we may regard d®, as a linear map from 7,7 to
T:S. So we write

d®, :T.Z; — T7S. (7.19)

On the other hand, recall that using the identifications (7.13) and (7.14) we
got a map
dG, : T,S - Ty A, m=G(2)

and hence composing with d(gs)% : T\ A — T Z, a linear map
Xz :=d(gs):0dG, :TsS — T, Z. (7.20)

Theorem 25 The maps d®, given by (7.19) and x. given by (7.20) are
transposes of one another.

Proof. Each £ € T,S gives rise to a one form 7¢ on Z, and by definition,
the value of this one form at z € Z, is exactly x.(£). The function ¢¢ was
defined on Z,so as to satisfy d¢¢ = 7¢. In other words, for v € T,Z

(xz(£),v) = (d®(v),§). O

Corollary 26 The kernel of x., is the annihilator of the image of the map
(7.19). In particular z is a regular point of the map ® : Zs — T*S if the
map X, 1S injective.

Corollary 27 The kernel of the map (7.19) is the annihilator of the image
of Xz-

7.8 Families of symplectomorphisms.

Let us now specialize to the case of a parametrized family of symplectomor-
phisms. So let (Mw) be a symplectic manifold, S a manifold and

F:-MxS—M

a smooth map such that
fs:M—M

is a symplectomophism for each s, where f;(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)). (7.21)
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Theorem 24 says that get a map
O:MxS—-T*S
and a moment Lagrangian

Te CMXx M~ xT*S.

7.8.1 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).
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 : M x K — 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 moment map ¥ : M — £* is
to say that

i(€ar)w = —d(¥, £).

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

O MxK-—-TK, ®(m,a)=(a,¥(m)).
So our ® of (7.16) is indeed a generalization of the moment map for Hamil-

tonian group actions.

7.8.2 The derivative of the moment map.

In this section we will generalize an basic result about moment maps for
Hamiltonian group actions to parametrized families of symplectomorphisms.
We recall our notation: (Mw) is a symplectic manifold, S a manifold and

F:MxS—-M

a smooth map such that
fs M —M

is a symplectomophism for each s, where fs(m) = F(m, s).
For p € M and sg € S define

Yo: S—=M by v(s)=f(f, ).

This section will be rewritten
in view of the more general
version given above.
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Differentiating this map at sg gives linear map
(d0)se + TsgZ — TpM. (7.22)

On the other hand, restricting the moment map ® : M x S — T*S to
M x {so} gives a map

Qo: M —T, S
and differentiating ®¢ at p, and using the fact that T M is a vector space,
gives a map

(d®o), : T,M — T, 5. (7.23)
The bilinear form w, on T,,M gives a bijective linear map
T,M — Tym
with an inverse
TyM — T,M. (7.24)
Composing (7.23) and (7.23) gives a map
(dgo)p: TiM — Ty, S. (7.25)

Theorem 28 The maps (7.22) and (7.24) are transposes of one another
and hence

e The kernel of the map (7.23) is the symplectic orthocomplement of the
image of the map (7.22) and

o The image of the map (7.23) is the annihilator in T} S of the kernel
of the map (7.22).

7.9 The symbolic distributional trace.

We continue with the notation of the precding section.

7.9.1 The %-density on [.

Since M is symplectic it has a canonical % density. So if we equip S with
a half density pgs we get a % density on 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 making
A into a morphism

(A, pa) € Morph(pt. .M~ x M).
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The generalized trace in our enhanced symplectic “category”.

Suppose that I' and A are composable. Then we get a Lagrangian subman-
ifold
A=ToA
and a %—density
PX = Pr o pAa
on A. the operation of passing from F to (A, pp) can be regarded as the
symbolic version of the distributional trace operation in operator theory.

7.9.2 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

I =Ty = 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, at each point m of of
I'NA. Hence, by (6.10 ) The result is

3" ldet(I — df)| 72 (7.26)
meANT
7.9.3 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 T" is the image of (G, ®) : M x S — M x M x T*, the projection
of I" onto M x M is just the image of the map G given in (7.21). So the
transverse composibility condition is

GMA. (7.27)

The fiber product of I' and A can thus be identified with the “fixed point
submanifold” of M x S:

§ = {(m, 5)[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 composi-
tion law for morphisms in the category S assert that

O:F—-TxS
is a Lagrangian immersion whose image is

A=ToA.

This is equation (6.10)
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Let us assume that § is connected and that ® is a Lagrangian 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 §.)

Let us derive some consequences of the transversality hypothesis GM A.
By the Thom transverslity theorem, there exists an open subset

SoCS
such that for every s € Sp, the map
g M —Mx M, gi(m)=Gm,s) = (mf.(m))
is transverse to A. So for s € Sp,

g;l(A) ={m;(s),i=1,...,r}

is a finite subset of M and the m; depend smoothly on s € Sp. For each 1,
®(m;(s)) € TFS then depends smoothly on s € Sp. So we get one forms

i = P(m;(s)) (7.28)

parametrizing open subsets A; of A. Since A is Lagrangian, these one forms
are closed. So if we assume taht H'(Sp) = {0}, we cad write

i = dip;

for ¢; € C*°(Sp) and
A=Ay,

The maps
So — A;, s (s,dw(s))

map Sp diffeomorphically onto A;. The pull-backs of the %—density PA =
pr © pa under these maps can be written as

hips
where pg is the %-density we started with on S and where the h; are the
smooth functions

hi(s) = |det(I — dfm,)| "2 . (7.29)

In other words, on the generic set Sp 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 g, is no longer transverse to A
and the individual gs no longer have a trace as individual maps. Neverthe-
less, the parametrized family of maps have a trace as a %—form on A which
need not be horizontal over points of S which are not in Sp.



7.9. THE SYMBOLIC DISTRIBUTIONAL TRACE. 137

7.9.4 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 corre-
sponding 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
Hamiltonian H, so we know that the function ® of (7.16) (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 hypothesis 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
exp tv then every point on the orbit (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))}.

The assumption that the maps I' — M x M and

t:A—-MxM
intersect cleanly means that the fiber product

X ={(m,s) € M xR|fs(m) =m}
and that its tangent space at (m, s) is
{(v,¢) € T;yM x R|v = (df s)m(v) + cv(m) (7.30)

since

AF s (v,cgt> = (df)m(v) + cv(m).
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The enery-period relation.

As we know, a consequence of our clean intersection assumption is that the
map P restricted to X is of constant rank, and its image is an immersed
Lagrangian submanifold of T*R. So if ¢ is the standard coordinate of R and
(t, ) the corresponding coordinates of T*R = R x R, we know that

dH A dt = —O*(dt A dr)

vanishes when restricted to X. Now the function ¢ when restricted to X gives
the value at (m,s) for which fi(m) = m. It is a period of the trajectory
through m. So if ¢ is a regular value H, so dH(m) # 0 at all m € H1(c),
then dt must be a multiple of dH (m) at such points of X. We conclude:

Proposition 11 If c is a regurlar value of H, then on every connected com-
ponent of H=1(c) N X all trajectories of v have the sameperiod.

The trace and the Poincaré map.

Victor: I have not been able to figure out all the details of this section.



Chapter 8

Oscillatory %—densities.

Let A C T*X be a Lagrangian submanifold. Let
00 < k < oo.

The plan of this chapter is to associate to A and to k a space
I*(X,A)

of rapidly oscillating %—densities on X and to study the properties of these
spaces. If

A=Ay, ¥ eC®(X),

this space will consist of %—densities of the form
e'whfal(x, h)e"@ 00
where ¢ € R, where pg is a fixed non-vanishing %—density on X and where
a € C®(X xR).

In other words, so long as A is horizontal, our space will consist of the
%—densities we studied in Chapter 1.

As we saw in Chapter 1, one must take into account, when solving hyper-
bolic partial differential equations, the fact that caustics develop as a result
of the 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 generating 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 generating functions.

139
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8.1 Definition of I*(X,A) in terms of a gener-
ating function.

Let w: 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. 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 %—density m.von X.

Now suppose that ¢ is a global generating function for A with respect to
m. Let

d:=dim Z — dim X.

We define I¥(X, A, #) to be the space of all compactly supported %—densities
on X of the form

W= hF g, (aei%T) el (8.1)

where
a € C§(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 € I5(X, A, ¢) for every p €
C§e(X).

It is clear that I* (X, A, ¢) does not depend on the choice of the enhance-
ment r of m or on the choice of 7.

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 7 to be To ®ds? where To is a nowhere vanishing %—density
on X. Then ¢ = ¢(x, s) and (8.1) becomes the oscillating integral

'R (/ a(w,s,h)ei§d8> 0. (8.2)
s

8.1.2 Independence of the generating function.

Let m; : Z; — X, ¢; be two fibrations and and generating 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. Ac-
cording to Section 5.12, 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
Ty 0 g = M and and  ¢a09=¢1.

Let us fix a non-vanishing section r of the vertical 3-density bundle V4|2 of
Zy and a %—density 71 on Zp. Since g is a fiber map, these determine vertical
1-densities and 3-densities g.r and g.7 on Zo. If a € C§°(Z2 x R) then the
change of variables formula for an integral implies that

b2 o1
Mo, A€ T §uT = T xGxAC "

where the push forward 7y , on the left is relative to g, and the push forward
on the right is relative to r. O

Increasing the number of fiber variables.

We may assume that Zs = Zs x S where S is an open subset of R™ and

6a(z05) = 1(2) + 5 (s,

where A is a symmetric non-degenerate m x m matrix. We write Z for Z.

If d is the fiber dimension of Z then d + m is the fiber dimension of Z5. Let
. 1 . 1. . 1 .

T be a vertical 5-density on Z so that r @ ds? is a vertical 5 density on Zs.

Let 7 be a % density on Z so that 7 ® ds? is a %—density on Z5. We want to

consider the expression

_d+m - p1(2,8)
RE— 2 moxao(z, s, h)e’ F

(T® ds%).

Let mo 1 : Z x S — Z be projection onto the first factor so that
T2s = TM1x O T2 1x

and the operation 72 1, sends

03(2,5, )’ T T @ ds? = b(z, B)e' T

where
(As,s)

b(z,h)z/ag(z,s,h)e 2 (ds.

We now apply the Lemma of Stationary Phase (see Chapter ??) to conclude
that

b(z,h) = h™aq(z, h)
and in fact a1(z, k) = a2(2,0,h) + O(R). O
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8.1.3 The global definition of I*(X,A).

Let A be a Lagrangian submanifold of 7*X. We can find a locally finite
open cover of A by open sets A; such that each A; is defined by a generating
function ¢; relative to a fibration 7; : Z; — U; where the U; are open subsets
of X. We let I}(X,A) consist of those 3-densities which can be written as
a finite sum of the form

N
p= iy gy € I5(XA).
j=1

By the results of the preceding section we know that this definition is inde-
pendent of the choice of open cover and of the local descriptions by generating
functions.

We then define the space I*¥ (X, A) to consist of those 1-densities 4 on X
such that pu € I¥(X, A) for every C* function p on X of compact support.

8.2 Semi-classical Fourier integral operators.
Let X7 and X5 be manifolds, let
X =X x Xy
and let
M; =T*X;, i=12

Finally, let
I' € Morph(M;, Ms)

be a canonical relation, so
I'c My x Ms.
Let
G :M; — M, <(x1,&) = (r1,-&)

so that
A= (¢ x id)(T)

is a Lagrangian submanifold of
T*X = T*Xl X T*XQ

Associated with A we have the space of compactly supported oscillatory %—
densities I5(X,A). Choose a nowhere vanishing density on X; which we
will denote (with some abuse of language) as dx; and similarly choose a
nowhere vanishing density dzs on Xo. We can then write a typical element
of I¥(X,A) as

11
w(wy, xa, h)dr? dzs
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4

where u is a smooth function of compact support in all three “variables”.
Recall that L2(X;) is the intrinsic Hilbert space of L? half densities on
X;. Since u is compactly supported, we can define the integral operator

E,=F,n: L*(X)) — L*(X>)
by
F(fda?) = ( A f(xl)u(atl,xg)dxl) dz?. (8.3)
We will denote the space of such ;perators by
F5(T)

and call them compactly supported semi-classical Fourier integral op-
1

erators. We could, more generally, demand merely that u(z1,z2, h)dz? be
an element of Lo(X7) in this definition, in which case we would drop the
subscript 0.

Let X7, X5 and X3 be manifolds, let M; =T*X;, i =1,2,3 and let
I'y € Morph(M;, Ms), Ty € Morph(Ms, M3)
be canonical relations. Let
FreF"(T1) and Fye F?(T9).

Finally, let

Theorem 29 IfT'y and 'y are transversally composible, then
FyoFy e FMT™ 5 (Do), (8.4)
Proof. By partition of unity we may assume that we have fibrations
m X1 X Xo xS — Xy XxXg, mo:XoxX3x8 — Xox X3

where S; and Sy are open subsets of R% and R?% and that ¢; and ¢, are

generating functions for I'y and I'y with respect to these fibrations. We also
1

fix nowhere vansihing %—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

j21(z1,22,51)
h

icy _d1
uy (z1, 22, h) = e ® AT T2 /al(xl,xg,sl,h)e dsy

and F5 has a similar expression (under the change 1 — 2, 2+ 3). So their
composition is the integral operator

ot ([ foutor,za)den ) ao}
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where

.cq+co _di+dg s P1+éo
u(wy,w3) = e~ n pMTM2T T /01(1'17I'Q,Sl,h)G,Q((EQ,iEg,SQ,h)Gl n dsidsadzs.

By Theorem 18 ¢1(x1, 2, $1) + ¢2(22, 23, 82) is a generating function for
I'; o 'y with respect to the fibration

X1XX3X(X2XS1XSQ)—>X1XX3.

Since the fiber dimension is di + ds + n and the exponent of & in the above

expression is my + mo — 1% we obtain (8.4). O

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 oscillating %—densities. The goal of this section is to give
an intrinsic description of the quotient

I*(X,A)/TFH (X, A)

as sections of line bundle . — A. This line bundle will locally look like the
line bundle |T'A|z whose sections are 1-densities on A. However we will have
to tensor this bundle with some flat line bundles in order to get a precise
global description of I*(X,A)/I*T1(X,A).

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 ¢ = ¢(x, s) for A with respect to the fibration

XxS—-X, (x5 —z

Fix a nowhere vanishing C*° %—density v on X so that any other %—density
won X can be written as
Ww=uv
where u is a C*° function on X.
The critical set Cy is defined by the d independent equations

o9
=0 p=1,....d 8.5
=0 il (35)
That fact that ¢ is a generating function of A asserts that the map
A¢ : O¢ - T*Xa (l’, S) = (J?, d¢X($, 8)) (86)

is a diffeomorphism of Cy with A. To say that u = uv belongs to I¥(X, A)
means that the function u(x, i) can be expressed as the oscillatory integral

¢(z,s)

u(z, h) = hE=2 /a(:msﬁ)ei nds, where a€C§%(X xS xR). (8.7)
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Proposition 12 If a(z,s,0) = 0 on Cy then p € IFT1(X, A).

Proof. a(z,s,0) =0 on Cy then by the description (8.5) of Cy we see that
we can write

a—Zajxsh —i—ao(msh)h

We can then write the mtegral (8.7) as v + ug where

wo(x, h) = HE+H1—4 /ao(x 5, 1) 252 ds
S0
o = uor € TFTH(X, A)
and
v o= Z/ah x, s, h i%
= —iphti-e Z/a-(m s h)ie’%ds
~ 9 39y 881
= th_Z/( (z,s h)) eih ds
S0

, 3}
v =ihF 18 /b(m,s,ﬁ)eZ%ds where b= ’LZ aj (8.8)

This completes the proof of Proposition 12. O
This proof can be applied inductively to conclude the following sharper
result:

Proposition 13 Suppose that fori=0,...,¢

d'a
W(% $,0)
vanishes to order 2(¢ — i) on Cy. Then

pe INTH(X,A).

As a corollary we obtain:

Proposition 14 If a vanishes to infinite order on Cy then p € I°(X,A),

i.e.
peIHX,A).
k

Victor: In the “hints” to
your notes of Lect 32 theo-
rem 2 you say that you lose
2 degrees when differentiat-
ing. Why don’t you lose just
one?
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We will now use stationary phase to prove the following converse to
Proposition 12:

Proposition 15 If u € I¥TH (X, A) then the restriction of a(z,s,0) to Cy
vanishes identically.

Recall the following fact from the formula of stationary phase: Suppose that
Y is a manifold with a nowhere vanishing density dy and that ) : ¥ — Ris a
a C* function on Y with a single non-degenerate critical point pg. Suppose
that f € C§°(Y). The formula of stationary phase (see Chapter ??) implies
that

1(h) == /Y e ay

satisfies
dim Y

I(h) = =" (vf(po) + O(R))

where 7y is a non-zero constant. In particular, if we write m = dimY

m

I(h) = O(=™") & f(po) = 0. (8.9)

Proof of Propostion 15. As usual, we choose a nowhere vanishing %—
density on X and write y = ur where

o(z,8)

u(xﬁ):h:_%/a(:ﬂ,s,h)ei nods

where d is the fiber dimension. Let pg = (29, 50) € Cy and let

(%0,&0) = Agp(po) € A.

Let T be a Lagrangian submanifold of 7% X which is horizontal and which
intersects A transversally at (xg,&p). We will view T" as a “point” of T* X,
that is as an element of

Morph(pt., 7% X).

Since T is horizontal, it is defined by a generating function x € C*°(X). In
other words, (x,£) € T if and only if dx(z) = £. Let b be any element of
C§°(X) with b(xg) # 0. Let

v(x) = b(x)e_i%

This is is the integral kernel of a semi-classical Fourier integral operator
F, € I°(TT)

associated to the canonical relation

' € Morph(T* X, pt.).

Since

r'mA
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we can compose F, with p € IFT(X.A) to get an element

/ v(x, h)u(z, h)dr € TF71H5 (pt.).
b's
This says that
/ v(z, h)u(x, h)de = O(RFT1FE).
b's

So
'*X(U—'>:¢(l‘,5)

Ak / b(x)a(x, s, h)e’

So if we set

drds = O(RFH1132).

Y(x,5) = —x(x) + o(x,5)
then
/b(z)a(x, s, O)eiw(jmds _ 0(hd+Tn+1),

We want to apply (8.9) with ¥ = X x S and f = ba. First observe that
(z0, So) is a critical point of ¥. Indeed

o 09
851‘ B 651 o

because (¢, so) € Cy and

dx(xo) = —dx(wo) + dx d(x0, 50) = —&o +&o = 0.

We claim that (xg,so) is a non-degenerate critical point of ¢. Indeed, we
know that (z,s) = —x(z) 4+ ¢(x, s) is a generating function for pt. = I'f o A
with respect to the fibration X x S — pt.. The condition for being such a
generating function says that the differentials of all the partial derivatives
of ¢ be linearly independent at (zg,so) which is the same as saying that
(0, s0) is a non-degenerate critical point. So b(zg)a(xg, s9,0) = 0 and since
b(xg) # 0 we must have a(xzg, sp,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
e I(’f (X, A), suppose that we can write y = udz? where dz? is a nowhere

1

vanishing 5-density on X and suppose there is a generating function ¢ for A

valid over an open set containing the support of u such that u is of the form
b (,9)
u=h"% /a(x,s, h)e’q5 nods
where a € C5°(X x S x R). We know from Proposition 12 that the function
a(w, s,0)|c, depends only on the equivalence class of ;1 mod I§+1 (X, A) (once

¢ is fixed) and from Proposition 14 that the map

[ a(x,s,0)|c¢
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is an isomorphism of I¥ (X, A)/IFT (X, A) with C§°(Cy). Now the map
>‘¢ O¢‘>A7 (1775) = ($,d¢X(I,S))
is a diffeomorphism. So we have proved

Theorem 30 Let A be a Lagrangian submanifold of T*(X) and ¢ a gen-
erating function for A relative to m : X x S — X and let v be a nowhere
vanishing %—density on X so that every element of 1X(X, A) has a represen-
tation as an oscillatory integral of the form (8.7). For each u € IF(X,A)
define the symbol

ooli) € C(A)

by
og(p)(z,€) = alx, s,0)where (z,s) € Cy and Ay(x,s) = (z,§)  (8.10)
for every (z,§) € A. Then o4 defines an isomorphism
oot ISCX,A)/TEF (X, A) = C(A).

The isomorphism o4 depends on the choice of the generating function ¢. We
shall remedy this by reinterpreting o4 (1) as a section of an appropriate line
bundle. Recall from Sections 5.13 and 5.14 that the generating function ¢
gives a local flat trivialization of the line bundles Lphase and Lyjasiov. We
shall show in the next section that if we use these trivializations and our
choice of 1-densities to identify o4 (1) as a section of

|TA|% ® I[Jphase ® HJMaslov

then the resulting section is independent of all these choices and we will be
able to define an isomorphism of I§(X, A)/I¥ (X, A) with smooth sections
of compact support of \TA|% ® Lphase ® Limastov -

8.3.2 The global definition of the symbol.

Let m : Z — X be an enhanced fibration. This means that the fibers
are equipped with a %—density and hence that the corresponding canonical
relation

T, € Morph(T*Z,T*X), T, = H*(Z)

is equipped with a %—density. Recall that this defines a pushforward map on
%—densities of compact support:

G5 (12]2) — Coo(1X]=.

Let v = v(z,h) be a smooth %—density of compact support on Z depending
smoothly on A. Then we can rewrite (8.1) as

0= Wi, (Uei%) . (8.11)
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By definition, an element of I¥(X,A) is a %—density on X which can be
written as a finite sum of such terms.

Recall that ¢ defines the horizontal Lagrangian submanifold Ay, C T*Z,
and so a diffeomorphism

Yo 1 Z — Ny, z— (z,dP(2))
and hence a pushforward isomorphism
o 1 o 1
Yor + C5o(1Z2]2) — C5°(|1Ag]2).

By assumption,
FxMAg

and, locally,
A=T,(Ay).

The enhancement of I';; defines a map
Pre: C(Ag) — G5 (A).

Hence .
Lriovge o C5o(1Z]7) — Cgo(A).

We now define

Gomon (1) i= (2m)ERFeT 70 (T 0 75,) (02,00 ) (8.12)

where
d=dimZ — dim X

and where o, is defined in Section 5.14.

Let us see how this new definition of the symbol is related to the one
given in Theorem 30. We begin by being more explicit about the map I'..
Let

M=T"Z.

The fact that I'x M Ay says that at every z € Cy we have the exact

sequence
0—T,(Cy) = Ty(Ay) 8 T,(Tx) = TyM — 0 (8.13)

where ¢ = v4(z). Since M is a symplectic manifold, it carries a canonical
%—density. The enhancement of I'; means that I'; is equipped with a %-
density, call it 7. If we are given a C'*° %—density p on Ay, the above exact

sequence implies that from the %—density
Pq ® Ty (8-14)

we get a %—density7 call it p? on T,(Cy). So we get a %—density pF on Cy.
Then
Trop= (A1) " € C=(A). (8.15)
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Fix a nowhere vanishing %—density Tz on Z and write
v(z,h) = alz,A)Tz, a€C5(Z xR).
Define the function a* on Cy by
a*(2) = a(2,0), z€Cy
and define the function ¢* on Cy by
¢ = e,

Thus we can write the o4(p) as given in equation (8.10) as

Let % be the function on A defined by
b= (A1) ok (8.16)

Then it follows directly from these definitions that

06 mew (1) = g (e’ 5+ E 58m) (8.17)
where )
K= (27r)*§hkl_‘ﬂ*(”y¢*7'z) (8.18)

does not depend on pu.
From the above discussion it follows that

Proposition 16 o4 ,ew depends only on I'x but not on its enhancement.

Proof. Indeed, if we replace 7 by fr where f is a nowhere vanishing
function, then 7.0 is replaced by m.(f3) for any %—density B on Z. This
means that in the description (8.11) of u we must replace v by f~!v. So in
(8.14), we replace T by fr and p by f~!p. So these two changes cancel one
another in in (8.14) and hence in (8.12). O

Let us now examine the meaning of of the factor

e

ei

occurring in (8.17). Let ap denote the restriction of the canonical one form
axof T*X to A. We claim that the function 1) on A given by (8.16) satisfies

dl/) = QA (8.19)

and so the factor ¢/% is a flat section of the line bundle Lphase as defined in
Section 5.13. Since the factor e 58" is a flat section of Lyjasov and since &
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as given by (8.18) is a 3-density on A, this allows us to interpret o¢ new ()
as a section of the line bundle

1
|A| 2 ® ]Lphase & ILdMaslov~

Proof of (8.19). Let ay denote the canonical one form of T*Z so that
the canonical one form of T*(Z x X) =T*Z x T*X is given by

* *
Qzxx = Prjaz +pryax.

Recall that
(¢1 x id)T'y = N*(graphm

is a Lagrangian submanifold. Hence
* *
pry vz = pryax

on I'z. But d¢ = yjaz by the definition of Ay = 74(Z) and hence the
restriction of v4 to Cyg, which is a diffeomorphism of Cy with I'x N A, satisfies

(Yolc, )" Prhax = dot.
Applying ()\;1)* proves (8.19). O
Theorem 31 The definition of the map
g mew 1§ = C¥(|A]7 @ Lpnase ® Lutasiov)

s independent of the choice of generating function and fibration and hence
defines (locally) an isomorphism

o I*(X,A)/T" (X, A) — C®°(|A|? @ Lphase ® Livtasiov )-

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, we need to
prove independence under two kinds of moves - equivalence and increasing
the number of fiber variables.

Invariance under equivalence.
So we have (Z1,m1,¢1) and (Z2, 72, ¢2) and a diffeomorphism
9:21— Z

with
mp=m20g and ¢1=¢y0g.

Then g determines a symplectomorphsim

Ty € Morph(T*Zy,T* Zs)
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with
F7r1 = Fﬂ'z o Fg and Voo = Fg © Yy -

We may choose the nowhere vanishing %—densities on Z; and Z5 to be con-
sisitent as we did in Section8.1.2 By Proposition 16 we may also choose the
enhancements consistently in the sense that

(771)* = (772)* O G-

We also know that the signatures entering into formula (8.17) are the same
for ¢1 and ¢5. Thus (8.17) gives the same answer for ¢; and ¢s.

Invariance under increasing the number of fiber variables.

So now
Zg = Zl x R™

and L
$2(2,y) = ¢1(21) + §<Ay7y>

where A is a non-degenerate symmetric matrix and
my=mom, 7(z1,y) = 2.

We choose an enhancement r of m; : Z; — X and then pick the enhancement
1
of mo : Z3 — X to be r ® dyz. This is legitimate by Proposition 16. So if
1
we choose dy2 to be the enhancement of m we have

o = T, 0 T (8.20)
as maps from Cg°(|Zz|%) — C(C))o(|X|%) and
].—‘71—2* = Fﬂ'l* o (821)

as maps from i-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 Z, to be

Tz, =Tz, ® dy%.

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). Lettz be a nowhere vanishing 3-density on Z. Definition

_d
(8.1) (relative to the trivial fibration of Z over itself) says that Ig 2(Z,Ay)
consists of all % densities on Z of the form

_d - P(2)
v="hr""%a(z,h)Tze R .
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We may write
v =1+ O(hk_%ﬂ)
where

_d ; £(2)
vo = h* " 2a(z,0)rze" 7.

The definition of the symbol for this trivial fibration then says that

Onew (V) = Yo, V.
If we set
TNy = Vgx02Z

and use the above representation of v then
Onew (V) = Y. Vo = hki%(’y(;l)* (a(z, ())ei%) OA,- (8.22)
Now (8.1) says that a general element of I*(X, A) can be written locally as
= T, UEIk_%(Z,Ad,)

and then (8.12) says that

. B\ 2
O¢new = et (27T> Fﬂ'*a(v)' (823)

da
2

Back to the proof of the theorem: Let vy € Igi (Z2,MAy,) and
MU= T24xV2.

Let
V1 1= T4xVg

so that by (8.20) and (8.21)
p= T1U1 = T1a(TeV2)

and
FWQ*O—(UZ) = Ffrl* (PW*U(UZ)) .

So to prove that the two definitions of oyew (1) coincide, it is enough to show
that the two definitions of o(v1) - the one associated with the trivial fibration
of Zy over itself and the generating function ¢, and the one associated the
the fibration 7 : Zy — Z; and ¢ - coincide.

Write

s b2 (2,y)
TR

k—d2
ve = R"" T a(z,y, h)e T,

so that

d - (Ay,y) - P
vy =HF (/ a(z1,y, h)e' dy) e Ty,
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By stationary phase, this last expression is of the form

dy
B2 1 e ,
(277); |det A| 3 a(zl,O,O)elzbg’“’qel%Tz1 + O(hk_%ﬂ).

Hence oyew(v1) computed for the trivial fibration according to (8.22) is

a1
== EER 61\ x
ok |det A|” 2 ('y¢11) (a(zl,O, 0)e’ hl) elasen Ay, . (8.24)
We now do the computation of the symbol via the pushforward by ', of a
%—density on Ag,. The %—density in question is

d —1\* i2 1
o(v2) = =2 (31)" (a0, , 00" F ) 70 (72, @ dy?).

We apply (8.23) to the fibration 7 : Zo — Z; which says that we must use
the preceding expression for o(vs) in

h % i
(277) e+ %8 Lo(va).

where sgn is the signature of the fibration 7 and the function

1
Q: y— §<Ay,y>

on the fibers. This signature is just sgn A. So we get for our second compu-
tation:

hki% Tigon A —1y\* %2 1
We 158 Fﬂ'* |:(’Y¢2 ) (a(zl,y,O)e r ) 7¢2*(TZ1 ®dy2)i| .

The critical set Cy, for the fibration 7 is the set y = 0. Identifying this set
with Z;, we see that the map

)‘¢2,TF : O¢2 - A¢1

is just the map
Vo 0 21— Ay,

so our second computation becomes

[ Tigon A/ 1k ;o1 1
W@ 458 A('y¢11) (a(zl,(),O)ez A ) | . (7@*(721 ® dy?)) .

If we compare this with (8.24) we see that the proof of the theorem hinges
on showing that

Tre (Yoae (72 @ dy?)) = |det A| " dy,077,. (8.25)
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Now Z; = Z; x R™ and the map vy, factors as

Yoo = Vo1 X VQ

where
Voo 1 Z1 — Mg,

and
1Q R™ = Aq. 1Y) = (y,m), n=Ay.
Similarly, the map 7 factors as
T =id Xp
where
p:R™ — {0}.

So the theorem amount to showing that
Ton (vquldyl? ) = |det 4%,

For this let us go back to the exact secquence (8.13) where now ¢ = @ so
Cy = {0} is a point. Here 3-density ’yQ*|dy|% assigns the value one to the

basis 5 5 5 o
. A
(ayl OYym Oy 8ym>

of Ty(Ag). The Lagrangian submanifold I'; consists of the zero section of
T*(R™ and the enhancement by dy|é of I'; assigns the value one to the basis

0 0
— ..., =—,0,...,0
OfT()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 assigns

the value | det A|2 to this combined basis. This proves that | (VQ* |dy| %) =
|det A|=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
fibration 7; : Z; — U;. By definition, if u € I¥(X,A), we can write u as a
finite sum

N
. k—%
n= Zui, with  p; = mav;, v € IO 2 (ZZ,A(z)7

i=1
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where d; is the fiber dimension of Z; — X;. Let
L=Lj:= ]Lphase ® LiMaslov- (826)

Define .
o(w) € CR(AlF oL

by N
o) = 3 o) (8.27)
i=1

From Theorems 30 and 31 we conclude

Theorem 32 o(u) is well defined and independent of the choices that went
into (8.27). The map

o palp)

induces a bijection

I*(X, A)/TFPY (X, A) = C°°(|A|2 @ Ly).

8.4 Symbols of semi-classical Fourier integral
operators.

Let X; and X5 be manifolds, and
I' € Morph(T7* X1, T* X5)
be a canonical relation. Let
A = (¢ xid)(T)

where ¢(21,&1) = (z1, —&1) so that A is a Lagrangian submanifold of 7% (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 € I¥ (X1 x X, A).
We define the symbol of F' to be
o(F) = (a x id).o(u)

so that )
o(F) e Cg°(Il'? ® Lr)



8.5. DIFFERENTIAL OPERATORS ON OSCILLATORY %—DENSI TIES.157

where
(LF>(111§1»121§2) = (LA)(mh*Elyr%E?)'

By Theorem 32 we have an isomorphism
FED)/FED) = G2 (D) @ L), (8.28)
Suppose that X7, Xo and X3 are manifolds and that
I'y € Morph(T* X, T*X5) and I's € Morph(T™ X2, T X3)

are transversally composible. Let n = dim X5 and

Fye Fib), i=1,2
By Theorem 29 we know that

FyoFy € 7™ 5 (0,0Ty).

So if

we may define
092 001 = O'(FQ 9 Fl)

By (8.28) we know that this is well defined and hence gives us a composition
law

C(IT1|% ® Lr,) x C(|T2|? ® Lr,) — C&°(|02 0 1|2 @ Liyor, )-

This modifies our composition formula for %—densities in the enhanced sym-
plectic category in that it takes the line bundle Lr into account.

8.5 Differential operators on oscillatory %—densities.

Let ) )
P O%(|X]7) = C2(|X]?)
be an m-th order differential operator as discussed in Section 1.3.7. Let o(P)
denote the principal symbol of P as discussed there. In particular, o(P) is
a function on T* X.
Let A be a Lagrangian submanifold of T*X, let u € I*(X,A) and let
o(u) denote the symbol of 1 as defined in Theorem 32.

Theorem 33 If i € I*(X,A) then
Pu e I*"™(X,A)

and
o(Pp) = Ko (P) ro(h). (8.29)
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Proof. Let (x0,&p) be a point of A and let ¢ be a generating function for
A near (zg,&o relative to a fibration 7 : Z — X. Then u has the form
(8.2) relative 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 eih
will have a term (dx$)® - h~1®l with all other terms being of higher order
in h. This proves the first statement in the theorem. Equation (8.29) then
follows from the local expression (8.10) for the symbol. O

We can be more explicit near points (zg, &) € A where £y # 0. According
to the result that we proved in Section 5.8, we can find a coordinate patch
(U,z1,...,x,) about xo such that with the property that near (z¢,&), A
can be described by a generating function

¢(x,§) =z-§—p(§), peC R

relative to the fibration
UxR*"—U.

See equation (5.11) of Section 5.8.

So near (z,&o)
dp

A= {(z,lx = 675}

and p|U is of the form

(hk—é‘ /b(@g, h)ei?dg) da? (8.30)

where b € C* is supported on a set |{|] < N. By Proposition 12 we may
replace b(x, &, h) by b(g—g,@ h) up to adding a term in I**'(X,A). So mod
I*+1(X, A) we may write u as

o= (hk—é‘ /bo(g,h)ei?idg) da? (8.31)

where

Since we have chosen the nowhere vanishing %—density dx%, we can regard
P as a differential operator on functions, and hence by (8.31)

Pu = (hk_g /P(m,D)eiw'fbo(g,h)e_iP)f)df) da?

= (hk—é‘ /P(x,g)bo(g,n)eiﬁdg) da?

where P(z,£) is the total symbol of P as defined in Section 1.3.2. So

P = (Z WeitE /pe(%i)bo(&h)eiidf) da. (8.32)
(=1

This proves that Pp € I*~™(X,A) and gives (8.29).
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8.6 The transport equations redux.

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 (8.29) and Theorem 32, we know that
Pp € I¥=m+1(X, A). the first main result of this section will be to compute
the symbol of Pu considered as an element of I¥=™+1(X,A). See formula
(8.36) below. To prove (8.36) it is enough to prove it on an open dense subset
of A since the symbol of Pp (as an element of I¥~™%1(X,A)) is a smooth
%—density on A. We will assume in this section that A has the property that
the set of points (x,&) € A, € # 0 is dense in A. So it is enough to prove
(8.36) at points (z, &) where £ # 0 near which A has a generating function
of the form ¢(z,&) =z -& —p(&), pe C°(R™) as in the preceding section.
Since A is defined by the equations

xi:ap, 7;:7...,77,,
3

the fact that H = p,,, vanishes identically on A implies that

H= Zn:qk(x,g) (x - gg) . (8.33)

i=1

Thus the highest order term in the multiple of dz? in (8.32) can be written
as

S / P, o€, W) F dg = hkf%f’”; / qj<x,s>bo<x,s>§§ei?ds

= s [l ()
j J

hk—%—m“/izai (g;bo) €' 7 dE.
5 0%

So, by (8.32), we may write
Py = pb—-z-mtt (/ al(t, h)ei"rid§> dz? mod I* ™ 2(X, A)
where
. 9
a=1yL |1 Z % (gjb0) + Pm—1bo
j J
and ¢ denotes the inclusion

t:R" = U x R", fi—>(§§,§)
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We decompose a into two terms
a=ay+ajs

where
0
ar =" iqufbo
J 9
and
. . 9
arr =1 Pm-1+iY g, U bo
j J

and will give a geometric interpretation to each of these terms.
We begin with a;. Since H has the form (8.33),

O _ (00
ox;  U\agt)-

Let 7 denote the diffeomorphism

T A= RY, (2,6) £

on =3 OH 0 _OH 6
e 08 0w Ow; 0§,

)

Since

is tangent to A, we see that the diffeomorphism 7 maps the restriction of vy

to A to 5 5
. P
e () 2
2.0 (85 %6;
and so )
ajy = ED’UHV\W*bO‘ (834)
We now turn to ay;. Let v be the %—density on A given by
vi= W*dé-%.
Then
Dyyav = = (ngg%)
|
= 57 (le (0)d€ )
= %ﬂ'* (div (9)) v.and
. 0 dp ))
div (v) = —— | ¢i(5=,
(@v (5) Z( i (wl5-¢

i Rely] >p

I
*
I
M
Q|
@Q

)
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So

8q Jq; 0%p
D — J —L . .
UH|AV Z — 3@ (1‘75) 85]852 14 (8 35)

On the other hand from the formula (8.33) for H = p,, we have

. o 0 B 0q; 8q
‘ Z B 0E™ Z o a@agj Z %,

Multiplying this by % and comparing with (8.35) and recalling the formula
(1.19) for the sub-principal symbol, we see that

1D, \V
arr = (L*O'Sub(P) =+ HA) bo.
i v
Hence the symbol of Pu is given as
(P,u') =n- (m=1) (Z vR|A + U@ub) (/u') (836>

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 a A on which H = 0. The next step is to solve the transport
equation

1
(’L'Dth + Usub) o(u) =0. (8.37)

Along an integral curve v(t) of vy on A this reduces to a first order linear
ordinary differential equation of the form

%U(u)(v(t)) + osup(7(8)) o (mu) (v()) = 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 ¢ and that there are no periodic or
recurrent trajectories, the solution of (8.37) is reduced to the solution of a
system of first order linear differential equations.

If we solved (8.37), then we know from Theorem 32 that

Pp e I"""T2(X,A).

Let 0k4m—2(1) now denote the symbol of Pu considered as an element of
I*=m+2(X, A). We look for a v € I*~1(X, A) such that

P(u+v) e I"™™(X, A).



So we definitely need to gen-
eralize Theorem 29 so as to
include clean composition.
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For this to be the case o(v) must satisfy the inhomogeneous transport equa-
tion

1
1 (1Duis o) 00) = <oinoae) (839

This reduces to a system of first order inhomogeneous linear differential
equations.
We can now proceed recursively to find %—densities in 7¥(X, A) such that

Pue IN(X,A)
for arbitrarily large V.
This completes the program outlined in Chapter 1.
8.7 Semi-classical pseudo-differential operators.

These are a special case of the semi-classical Fourier integral operators de-
scribed in Section 8.2 specialized to the case

X=X, =X
and
I' =1id € Morph(T* X, T* X)
SO
(¢ xid)(T') = N*(A)
where

ACXxX

is the diagonal. Clearly I' is composable with itself so Fo(T') is an algebra.
If F, € F* (') and Fy € F*2(T') and either F; or F, is in Fo(T) then their
composition is defined and

Fyo Fy € FRrthts(T)

where
n = dim X.

In order to avoid the nuisance of accumulating the F-s we define

k-3

UH(X) = FF2(), Wk(X):=F (). (8.39)
Thus if A; € U*1(X) and Ay € ¥*2(X) and one or the other is in Wy(X)
then

Ay o A) € Uhitkz(X)

We call ¥((X) the algebra of compactly supported semi-classical pseudo-
differential operators on X.
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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 dzz on X. A generating function for
N*A is given as follows: Let

T XXX XxR" = X xX, (z,9,&) — (z,y).
Then according to (5.4) (with a slightly more compact notation)
6 XX X XR" >R, (2,9, = (1) €

is a generating function for N*A.
Dropping the ubiquitous factors of dz? we can write A € Uk(X) as being
given by the integral kernel

(21 —@9)-€
v R

Ao, ) = 1% [ alar, a6, e d

where
a€ Cf(X x X xR" xR).
Then
(Ar o x)(ar,a2) = [ Ar(o,y. ) Aaly, 22)dy
S0
(A1ods) (w1, 22) = hé/al(ﬂﬁhy’fl,h)az(yaf@,f%h)eiwd&d&@
(8.40)

where
{=Fk + ko —n.

Our task is to disentangle this formula.

8.7.1 The right handed symbol calculus of Kohn and
Nirenberg.

Make the changes of coordinates
52517 ,’7261_627 Z2=Y -T2
SO
61 :£7 5225_77, y:Z_'_IQ
in (8.40). Thus
(@1 —y)+&-(y—m2) =& (z1—22) =7+ 2

is the phase function in the new coordinates.
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The amplitude in the new coordinates is ar where
aR(xly xo, 57 Z, 1, h) = al(xh z+ l‘g,f, h)a@(z + T2, $27§ -1, h) (841)
Thus the right hand side of (8.40) is equal to

/aw%m(/wmmm@ammfﬂwmﬁda (842)

We are now going to apply stationary phase to the integral with respect to
z and 7 occurring in (8.42) for fixed x1, x — 2,&. This integral is of the form

(Aw,w)

100 = [ fw)e 5 dw.

)
= (5

The general stationary phase prescription says that an integral of the above
form has the asymptotic expansion

T(h) ~ (;) Y e (—ifb(m) 7(0)

In the case at hand

and

where
b(D) = bi;D;D;.  (bij)=B=A"",
ij

va = |det A|7% T sen A

and d is the dimension of the space over which we are integrating. In the
case at hand

B=A
and
sgnA=0
SO
YA = 1.

Also d = 2n. Let us denote the result of applying this stationary phase
formula to the ag of (8.41) by

a1 xR az.
Then we have the formula

A\" in\" 1 .
a1 xR ag = (27r> %:<2> E(DZD") aRr

(8.43)
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Example. Suppose we take a; = a and

az = az(§) = (2;) p(§)
where
p € C5(R")

and p = 1 on supp(a).
Then

an = (iﬁ;) a2 + 2, €, B)plE — 1)

so (8.43) gives
in\" 1 .
o= () (DD 1oz b o & hple )

2 k!
k z=n=0

But since p = 1 on a neighborhod of supp a, all terms except the first vanish.

Hence
ax 2—7T ! =a
R 3 p|=a.
277{_ n
7 P

acts as a right identity on all a whose support is contained in the set where
p=1

The element

Remark. If at the beginning of this section we had made the change of
variables

§=8&, =8 &, z=y—m

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) as a module over Vy(X).

Let X be a manifold and A a Lagrangian submanifold of T*X. Since
semi-classical pseudo-differential operators are special kinds of semi-classical
Fourier integral operators - ones associated with the identity morphism of
T*X - we may apply the results of Section 8.2 to conclude that Ip(X, A) is a
module over Wy(X). More precisely, if A € W§(X) and v € I{(X,A) then it
follows from Theorem 29 and our convention on the exponent in ¥(X) that
Av € I(’)“H(X, A). In this section we will use stationary phase once again to
obtain a local description of this module structure.
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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 5.8 , see equation (5.11), that
locally A can be described by the fibration

T: X xR" =X, (z,§)—z
and a generating function of the form
o (@,6) =z €~ 9(6).

We will work locally where this generating function is valid. So we are
1
assuming that v € I§(X, A) is of the form fdr2 where

;T E—¢(E)

f(x7h):h€_%/b(x7§,h)e’ R dE.

with
be CP(X xR™ x R).

Let A € U¥(X), so = udzzdy? where

e
iy

(o) =1 [ oy g1 T de
with a € C°(X x X x R™ R) supported in a set
€l < C.

By definition Af = g(z, h)dz? where
gla) = [ e,y (s. )y

and hence is given by A*~3"x the integral

=y €461 —¢(81)
B

/a(x7ya§7h)b(y7§17h)e dgdgldy

The amplitude in this integral is
a(z,y, & )b(y, &1, 1)
and the phase is
(@—y)-E+ty-&—o&) =208 +y- (& —&) — (o(&) — (E))-

Let
(&) — o(&) = ¥(€,61) - (61— §)
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so that
¢

¥(E,€) = afg(é)'

Holding = and ¢ fixed, make the change of variables
ni=-¢§ z=y—9(,8
so that in the new coordinates the phase is
&= )+ 2z
and the amplitude is
aH(x,&,m, 2, 1) = a(z, 2+ P(§ +1,), 6 Wbz + V(€ +0,6).£ + 1. h).

So we have Af = gdz? with

e 3
g =" [ Va6 W =T m—kr -
and
o 6) = [ o€z e dedy
Once again, stationary phase applied to this integral gives
E\" ih
# ~ [ = il #
b (x, &, h) (27r> exp ( 5 DZD,,> a*(x,&,m, z, h) o

The leading term in this expansion is

a*(z,£,0,0) = a(z,v%(,£,€), & h)b((E,€), &, h) =

o (w Ge0.6.0) b (Fr@r60).

Since A is the submanifold consisting of all

(r,6) = (Zf(fm)

in 7% X we see that the leading term depends only on by,.

8.9 The trace of a semiclassical Fourier inte-
gral operator.

Let X be an n-dimensional manifold, let M = T*X and let

r:7mx 17X
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be a canonical relation. Let Ay € M x M be the diagonal and let us assume
that

I'MA.
Our goal in this section is to show that if F € F¥(T') is a semi-classical
Fourier integral operator “quantizing” the canonical relation I' then one has
a trace formula of the form:

i

tr = hFn Z ap(h)em ¢Te/h (8.44)

summed over p € I' N Aps. In this formula n is the dimension of X, the
np's are Maslov factors, the T} are symplectic invariants of I' at p € I'o Apy
which will be defined below, and a,(h) € C*(R) .

Let ¢ : M — M be the involution, (z, &) — (z,—¢) and let A =¢oI'. We
will fix a non-vanishing density, dz, on X and denote by

= e,y ) det dy* (8.45)
the Schwartz kernel of the operator, F. By definition
peI"(X x X, A)

and by (8.47) the trace of F' is given by the integral

tr F' =: /,u(x,m) dx . (8.46)

Here are the details:
Let ¢ : M — M be the involution, (z,£) — (z,—¢§) and let A =¢oT. We
will fix a non-vanishing density, dx, on X and denote by

n=p(z,y,h) de? dy? (847)
the Schwartz kernel of the operator, F'. By definition
peI¥(X x X,A)

and by (8.47) the trace of F' is given by the integral

tr F =: /u(x,m) dx . (8.48)

We can without loss of generality assume that A is defined by a gen-
erating function, i.e., that there exists a d-dimensional manifold, .S, and a
function ¢(z,y,s) € C™/W(X x X x S) which generates A with respect to
the fibration, X x X x § — X x X. Let C, be the critical set of ¢ and
Ay : Cp, — A the diffeomorphism of this set onto A. Denoting by o the
restriction of ¢ to C,, and by 1 the function, ¢* o )\;1, we have by (8.19)

dip = ap (8.49)
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where ay 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 p can be expressed as
an oscillatory integral

) (W2 [ s, e 5 s

Nl

(dz)

and hence by (8.48)

tr F' = hkfd/Q/a(z,y,s,ﬁ)eiw(m#” dsdx . (8.50)
We claim that: The function
o(x,y,8): X xS >R (8.51)

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 Ap = N*Ax its conormal
bundle in T*(X x X) = M x M. Then ¢o Axn = A and hence TMA )y, &
AMAA. Thus the canonical relations

A:pt— Mx M

and

AN M x M — pt

are composable and hence the function (8.51) is a generating function for the
Lagrangian manifold “pt” with respect to the fibration X x .S — pt. In other
words, in more prosaic language, the function (8.51) is a Morse function. Its
critical points are the points where

Oy
5—0

and 9 5
— £ frnd _790 = N
é-_ 8x(xaz7s) 6y(z7$75) 777

in other words, points (z,y, s) € C,, with the property v, (z,y, s) = (z,&,y,7),
p = (z,€) = (y,—n), hence these points are in one-one correspondence with
the points p e TN Ay. O

Since the function (8.51) is a Morse function we can evaluate (8.49) by
stationary phase obtaining

tr F = Z hFHNa,(h)et T sgn, o9 (p)/h (8.52)

where sgn,, is the signature of o(z,z,s) at the critical point corresponding
to p and

¢(p) = @('rv €T, 8) )
the value of ¢(x,x,s) at this point. This gives us the trace formula (8.44)
with Tg = (p).
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8.9.1 Examples.

Let’s now describe how to compute these Tlg’s in some examples: Suppose I'
is the graph of a symplectomorphism

f:M— M.

Let pr; and pray 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 7*(X x X) is

(pr1)"ax + (pr2)*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 (8.49)

ax — frax = dip (8.53)

and Tg is the value of ¢ at the point, p.
Let’s now consider the Fourier integral operator

—
F"=Fo..-oF

and compute its trace. This operator “quantizes” the symplectomorphism
f™, hence if
graph ™M Ay

we can compute its trace by (8.44) getting the formula
tr F™ = ht Z amyp(h)ei%“mme”’ﬁw/h . (8.54)

with £ = km + (’"T_l)n, the sum now being over the fixed points of f™. As
above, the oscillations, T,ﬁn,p7 are computed by evaluating at p the function,
U, defined by

ax — (fm)*ax = d’(ﬂm

However,
ax = (f")ax = ax—frax+--+ (") ax - () a,

= A+ Y+ (DY)
where 1 is the function (8.49). Thus at p = f™(p)

m—1
Thp =D W), pi=f. (8.55)
i=1
In other words Tﬁ%p is the sum of ¢ over the periodic trajectory (pi, ..., Pm—1)

of the dynamical system

ff, —co<k<oo.
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We refer to the next subsection “The period spectrum of a symplectomor-
phism” for a proof that the Tﬁz’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, ax. (We will also say more about the “geometric”
meaning of these Tfn_’p’s in the next lecture.)

Finally, what about the amplitudes, a,(h), in formula (8.44)7 There are
many ways to quantize the symplectomorphism, f, and no canonical way of
choosing such a quantization; however, one condition which one can impose
on F' is that its symbol be of the form:

h~"ope i ) (8.56)

in the vicinity of I' N Az, where vr is the % density on I' obtained from the
symplectic % density, vpr, 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 1 densities,
vy and vr at p € N Ay as in (7.29) obtaining

a,(0) = |det(I — df,)|” . (8.57)

Remark. The condition (8.56) on the symbol of F' can be interpreted as a
“unitarity” condition. It says that “microlocally” near the fixed points of f:

FF'=T1+0(h).

8.9.2 The period spectrum of a symplectomorphism.

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
a— f*a s exact. Indeed da— f*da = w— f*w = 0, and hence by (*) a— f*«
s exact. Let

a— ffa=dy

for ¢ € 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

jdv = j*a—j fra=0

and hence v is constant on W. Thus one can normalize ¢ by requiring it to
be zero on W.

Example. Let Q be a smooth convex compact domain in R™, let X be
its boundary, let U be the set of points, (z,£), |{| < 1,inT*X. I B:U —- U
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is the billiard map and « the canonical one form on 7*X one can take for
¥ = (x,€) the function

P(x,8) = v —yl+C

where (y,n) = B(z,£). B has no fixed points on U, but it extends continu-
ously to a mapping of U on U leaving the boundary, W, of U fixed and we
can normalize ¢ by requiring that ¢» = 0 on W, i.e., that ¢¥(z,&) = |z — y|.
Now let
Y =P1 -, P41

be a periodic trajectory of f, i.e.,
f(pi) = pis1 i=1,...k
and piy1 = p1. We define the period of v to be the sum

k

p(y) = _v(pi).

i=1

Claim: P(v) is independent of the choice of a and 1. In other words it
i$ a symplectic invariant of f.

Proof. Suppose w = da—da’. Then d(a—a’) = 0; so, by (*¥), &' —a = dh
for some function, h € C°°(M). Now suppose a— f*a = dip and o/ — f*a/ =
dvp’ with ¢ = 9’ on the set of fixed points, W. Then

A — dp = d(f*h — h)

and since f* =0 on W
W=y =fh—h.
Thus

k
Zzb'(pi)—l//(pi) = Zh(f(pi))—h(pi)

k
= Zh(pm)—h(pi)
= 0.

Hence replacing ¢ by ¢’ doesn’t change the definition of P(y). O
Example Let p; = (2;,&) i = 1,...,k + 1 be a periodic trajectory of
the billiard map. Then its period is the sum

k
Z |zit1 — il
i=1

i.e., is the perimeter of the polygon with vertices at a1, ..., z;. (It’s far from
obvious that this is a symplectic invariant of B.)
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8.10 The mapping torus of a symplectic map-
ping.

We'll give below a geometric interpretation of the oscillations, Tﬁl,p, occur-
ring in the trace formula (8.54). First, however, we’ll discuss a construction
used in dynamical systems to convert “discrete time” dynamical systems to
“continuous time” dynamical systems. Let M be a manifold and f : M — M

a diffeomorphism. From f one gets a diffeomorphism
g:MxR—MxR, g(p,q) =(flp)g+1)
and hence an action
Z — Dif f(M xR), k— g", (8.58)

of the group, Z on M x R. This action is free and properly discontinuous so
the quotient
Y=MxR/Z

is a smooth manifold. The manifold is called the mapping torus of f. Now
notice that the translations

:MxR—MxR, (p,q) — (p,g+1), (8.59)

commute with the action (8.58), and hence induce on Y a one parameter
group of translations

7Y 5Y, —o<t<oo. (8.60)

Thus the mapping torus construction converts a “discrete time” dynamical
system, the “discrete” one-parameter group of diffeomorphisms, f¥: M —
M, —c0 < k < 00, into a “continuous time” one parameter group of diffeo-
morphisms (8.60).

To go back and reconstruct f from the one-parameter group (8.60) we
note that the map

LM =Mx{0} > MxR— (MxR)/Z

imbeds M into Y as a global cross-section, My, of the flow (8.60) and for
p € My v:(p) € My at t = 1 and via the identification My — M, the map,
p — 71(p), is just the map, f. In other words, f : M — M is the “first
return map” associated with the flow (8.60).

We'll now describe how to “symplecticize” this construction. Let w €
Q2(M) be an exact symplectic form and f : M — M a symplectomorphism.
For o € Q' (M) with da = w let

a— ffa=dp (8.61)
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and lets assume that ¢ is bounded from below by a positive constant. Let
g:MxR—MxR

be the map
9. q) = (g + ¢(2)) . (8.62)
As above one gets from ¢ a free properly discontinuous action, k — g%, of Z
on M x R and hence one can form the mapping torus
Y=(MxR)/Z.
Moreover, as above, the group of translations,

TtZMXR-’MXR,Tt(p,q):(paq+t)v

commutes with (8.62) and hence induces on Y a one-parameter group of
diffeomorphisms
Ttu Y -V,

just as above. We will show, however, that these are not just diffeomor-
phisms, 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,

ga = ffat+d(e+t)
a+ (ffa—a)+dp+dt
= a+dt=a

by (8.61) and
(ro)*a@a=a+d(t+a)=a+dt=a

so the action of Z on M x R and the translation action of R on M x R
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, Tf, preserves this contact structure.

Note also that the infinitesimal generator, of the group translations, 7,
is just the vector field, %, and that this vector field satisfies

0

L(a)a =1
and 9
L(a)da =0.

Thus % is the contact vector field associated with the contract form &, and

hence the infinitesimal generator of the one-parameter group, Ttﬁ Y - Yis
the contact vector field associated with the contract form on Y.

Comments:
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1. The construction we’ve just outlined involves the choice of a one-form,
a, on M with da = w and a function, ¢, with a = ffa = dy;
however, it is easy to see that the contact manifold, 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 construction 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, Tﬁ%p, in the trace formula.
Theorem 34 The periods of the periodic trajectories of the flow, Tf, —o0 <
t < 00, coincide with the “length” spectrum of the symplectomorphism, f :
M — M.

Proof. For (p,a) € M x R,

9" (p.a) = (f"(p),a+o(p) +¢(p1) + -+ ¢(Pm—1)
with p; = fi(p). Hence if p = f™(p)
9" (p,a) = 77:(p; a)
with N
TH=T% , = 2 w(pi), pi=fD).

Thus if ¢ is the projection of (p,a) onto Y the trajectory of 7# through ¢ is
periodic of period Tﬁl’p. O

Via the mapping torus construction one discovers an interesting connec-
tion between the trace formula in the preceding section and a trace formula
which we described in Section 7.9.4.

Let (8 be the contact form on Y and let

M* = {(y,n) €T*Y ,n=1B,, t €Ry}.

It’s easy to see that M* is a symplectic submanifold of 7*Y and hence a
symplectic manifold in its own right. Let

H:M! - Rt

be the function H(y,tB,) = t. Then Y can be identified with the level
set, H = 1 and the Hamiltonian vector field vy restricted to this level set
coincides with the contact vector field, v, on Y. Thus the flow, Tf, is just the
Hamiltonian flow, exp tvg, restricted to this level set. Let’s now compute the
“trace” of exp tvy as an element in the category S (the enhanced symplectic
category).
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The computation of this trace is essentially identical with the computa-
tion we make at the end of Section 7.9.4 and gives as an answer the union
of the Lagrangian manifold

A CT*R,meZ,

Thp
where the T%’s are the elements of the period spectrum of vy and Ags is the
cotangent fiber at ¢ = T'. Moreover, each of these A74’s is an element of the
enhanced symplectic category, i.e. is equipped with a %—density Vrs, which
we computed to be

T ol — dfy | dr]?

Tfn,p being the primitive period of the period trajectory of f through p
(ie,if p;=f'(p) i =1,...,mand p,p1,...,pr—1 are all distinct but p = py

then Tfn,p = Ti’p) . Thus these expressions are just the symbols of the
oscillatory integrals

=
hflamypeth,mt/h

With @y = Ty |1 — df2"]3.



Chapter 9

Differential calculus of
forms, Weil’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 geometric 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 vector space
A= Acven ® Aodd
with a given direct sum decomposition into even and odd pieces, and a map

AxA— A

which is bilinear, satisfies the associative law for multiplication, and

Aeven X Aeven - Aeven
Aeven X Aodd - Aodd
Aodd X Aeven - Aodd
Aodd X Aodd - Aeven
w-o = o -w if either w or o are even,
w-o = —o-wif both w and o are odd.

177
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We write these last two conditions as

WO — (_1)degadegwo W

Here deg 7 = 0 if 7 is even, and deg 7 = 1 (mod 2) if 7 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 generated by smooth func-
tions on M (taken as even) and by the linear differential forms, taken as
odd.

Multiplication of differential forms is usually denoted by A. The number
of differential factors is called the degree of the form. So functions have
degree zero, linear differential forms have degree one.

In terms of local coordinates, the most general linear differential form has
an expression as a;dz1+- - -+a,dr, (where the a; are functions). Expressions
of the form

aradxy A dxo + arzdry ANdxs + -+ + a,n_Lndl‘n_l A dx,
have degree two (and are even). Notice that the multiplication rules require
d$i A d[L’j = —dJCj A dl‘z

and, in particular, dz; A dz; = 0. So the most general sum of products of
two linear differential forms is a differential form of degree two, and can be
brought to the above form, locally, after collections of coefficients. Similarly,
the most general differential form of degree ¥ < n on an n dimensional
manifold is a sum, locally, with function coefficients, of expressions of the
form

d-Til /\"'/\dl’ik, 1 <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 differ-
entiation, which is completely determined by the following rules: It satisfies
Leibniz’ rule in the “super” form

d(w- o) = (dw) - o + (~1)3¢8% &, . (do).
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On functions it is given by

of

and, finally,
d(dl’l) =0.

Since functions and the dz; generate, this determines d completely. For
example, on linear differential forms

w=aydx +---a,dx,

we have
dw = day Ndzxy + -+ +da, Ndz,
= (gidler'uggidxn)/\dxl+'~
= (gz? - gz;> dry Ndwg 4 -+ + (aii: - ag;:) dxp—1 A day,.

In particular, equality of mixed derivatives shows that d?f = 0, and hence
that d?w = 0 for any differential form. Hence the rules to remember about
d are:

dw-0) = (dw) o+ (~1)9€8 o . (do)
2 = 0
_of of

9.4 Derivations.
A linear operator £ : A — A is called an odd derivation if, like d, it satisfies
: Aeven - Aodda ¢ Aodd - Aeven

and
lw-0)=(lw)- o+ (_1)degw w - Lo.

A linear map £: A — A,

£ Aeven - Aevena L Aodd - Aodd

satisfying
lw-0)=({w) o+ w- (o)
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is called an even derivation. So the Leibniz rule for derivations, even or odd,

is
lw-0)=(lw)- o+ (_1)degedegw w-Lo.

Knowing the action of a derivation on a set of generators of a superalgebra
determines it completely. For example, the equations

implies that
dp = %dml—l—-”—kaiidxn

for any polynomial, and hence determines the value of d on any differential
form with polynomial coefficients. 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 formula for polynomials.

The sum of two even derivations is an even derivation, 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 computation from the definitions shows that the commu-

tator
[61762] — él o €2 _ (_l)deglldegfz £2 1o él

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: specifi-
cally, let £ be a derivation (even or odd) and let 7 be an even or odd element
of A. Consider the map

w +— Tlw.

We have

d(wo) = (Thw)-o+ (—1)deg£deg“’7w Ao
= (Tlw) o+ (_1)(deg£+degr)degww - (7o)

S0 w — 7w is a derivation whose degree is

degT + 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 (wNho) = P'wAdo
o*dw = do*w
(@°f) = foo.
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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
“substitution”: In terms of local coordinates on M and on N ¢ is given by

St = (..
y o= ¢'(l,..2™) i=1,...,n

where the ¢; are smooth functions. The local expression for the pullback of
a function f(y!,...,y") is to substitute ¢’ for the y's as into the expression
for f so 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 advantage of the calculus of differential forms.

9.6 Chain rule.
Suppose that ¥ : N — P is a smooth map so that the composition
¢pop: M — P
is again smooth. Then the chain rule says
(poyp)" =2 09"
On functions this is essentially a tautology - it is the associativity of compo-
sition: fo(¢pow) = (fo@d)ot. 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
t, and so we can take the derivative at ¢t = 0:

d . o1,
%(‘btw)u:o:?:nol;[@wfw]-

Since ¢ (w A o) = ¢pjw A ¢;o it follows from the Leibniz argument that

d *
ly: we o7 (P1w) 1o

is an even derivation. We want a formula for this derivation.
Notice that since ¢;d = d¢; for all ¢, it follows by differentiation that

lyd = db,
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and hence the formula for £4 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 x, then

t— o)

is a curve which passes through the point = at ¢ = 0. The tangent to this
curve at t = 0 is the vector X (z). In terms of local coordinates, X has coor-
dinates X = (X!,..., X") where X*(z) is the derivative of ¢*(t, 2, ..., 2")
with respect to t at ¢t = 0. The chain rule then gives, for any function f,

d
lof = af(gf)l(t,xl,...,x”),...,(;Sn(t,xl,...,x”))‘tzo
of of
= x1=L 4.4y xn 2L
o0x1 Tt oxy,
For this reason we use the notation
0 0
X=Xx'"_ 4. ...y xn_
o0x1 Tt oxy,
so that the differential operator
f—=Xf

gives the action of 4 on functions.
As we mentioned, this action of ¢4 on functions determines it completely.
In particular, £, depends only on the vector field X, so we may write

ly =Dx
where Dx is the even derivation determined by

Dxf=Xf, Dxd=dDx.

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 ¢(X). It is defined as follows: First consider the case where

0

X=—
81:j

and define its interior product by

(%)
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for all functions while

i<a>d:vk—0, k+#j
6.13j

0

The fact that it is a derivation then gives an easy rule for calculating i(0/0x;)
when applied to any differential form: Write the differential form as

and

wHdr; Ao

where the expressions for w and ¢ do not involve dz;. Then

[0
z(am]) w+dz; ANo]=o.

. 0
Js -
Xl(%)

which means first apply i(9/9z;) and then multiply by the function X7 is
again an odd derivation, and so we can make the definition

i(X) = X1 (ail) o+ X (ai) . (9.1)

It is easy to check that this does not depend on the local coordinate system
used.
Notice that we can write

The operator

Xf=i(X)df.
In particular we have
Dxdl‘j = del‘j
= dX;
= di(X)dx;.

We can combine these two formulas as follows: Since i(X)f = 0 for any
function f we have

Dx f=di(X)f +i(X)df.
Since ddx; = 0 we have
Dxdx; = di(X)dx; +i(X)ddz;.

Hence
Dy = di(X) +i(X)d = [d,i(X)] (9.2)
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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 dz; 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 differential 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 0 is a linear differential form, we have

dI(X,Y) = [i(X)do] (V)
i(X)d0 = Lx6—d(i(X)0)
d@(X)0)(Y) = Y[0(X)]

[Dx0](Y) = Dx[0(Y)]—0(Dx(Y))
= X[V -0([X,Y])

where we have introduced the notation DxY =: [X,Y] which is legitimate
since on functions we have

(DxY)f=Dx(Y[f)-YLxf=X(Y[)-Y(X[)

so DxY as an operator on functions is exactly the commutator of X and Y.
(See below for a more detailed 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.

9.9 Integration.
Let
w= fdxy N---Ndz,

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::/ fdxy---dx,
M M

where M is any (measurable) subset. This,of course is subject to the con-
dition that the right hand side converges if M is unbounded. There is a lot
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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 every-

where positive, then
o*w :/ w.
M (M)

9.10 Stokes theorem.

Let U be a region in R™ with a chosen orientation and smooth boundary.
We then orient the boundary 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

/ Jz/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 ¢, o (bgl is always
positive. Such a choice of an atlas is called an orientation. (Not all manifolds
are orientable.) If we have chosen an orientation, 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 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

;Y (x) = dp_{Y (¢r)}.

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 obtain a tangent vector at x.

If we differentiate the one parameter family of vector fields ¢;Y with
respect to t and set ¢ = 0 we get a vector field which we denote by DxY:

d .
DxY := %@Y\t:o-

If w is a linear differential form, then we may compute (Y )w which is
a function whose value at any point is obtained by evaluating the linear
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function w(z) on the tangent vector Y (x). Thus

i(o1Y)drw(@) = ((d(dr)2) w(dez), dp—.Y (dez)) = {i(Y)w}(dez).
In other words,
Pi{i(Y)w} =i(¢7Y)jw.

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

¢i 0i(Y) =i(¢;Y) o ¢;.
Since ¢fd = d¢; we conclude from Weil’s formula that
(;5;5k ODY = D¢:y Oqﬁ?
Until now the subscript ¢ was superfluous, the formulas being true for any

fixed diffeomorphism. Now we differentiate the preceding equations with
respect to t and set ¢ = 0. We obtain,using Leibniz’s rule,

Dx oi(Y)=i(DxY)+i(Y)oDx
and
DX ODY = DDXY +Dy ODx.

This last equation says that Lie derivative (on forms) with respect to the
vector field DxY is just the commutator of Dx with Dy-:

Dp,y = [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

¢ (gY) = (¢79)97Y.
Differentiating at t = 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 differentiable function f we have

X, Y] ==Y /)X + fIX, Y] (9-5)

From both this equation and from Weil’s formula (applied to differential
forms of degree greater than zero) we see that the Lie derivative with respect
to X at a point x depends on more than the value of the vector field X at
x.
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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> [Y, Z” + [Z’ [X’ YH + [Yv [Zv X]] =0.

This is known as Jacobi’s identity. We can also derive it from the fact
that [V, Z] is a natural operation and hence for any one parameter group ¢,
of diffeomorphisms we have

¢ ([Y, 2]) = [97Y, ¢; Z].

If X is the infinitesimal generator of ¢; then differentiating the preceding
equation with respect to t at t = 0 gives

[X’ [Y> Z]] = HX’ Y]a Z} + [Yv [Xv Z]]

In other words, X acts as a derivation of the “mutliplication” given by Lie
bracket. This is just Jacobi’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

Cyc F(X,Y,Z)=F(X,Y,Z)+ 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
pr(w) := d(w, t).

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 =1.
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If o is a differential form on Z of degree k + 1, we let the expression
@71(&;)o denote the differential form on W of degree k whose value at tangent
vectors 71, ...,nx at w € W is given by

¢:i(£t)a(n1> R 77k) = (l(ft)(UI))O') (d(d)t)wnla R d(¢t)w77k) (97)

It is only the combined expression ¢;i(§;)c 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 o1 be a smooth one-parameter family of differential forms on Z. The

¢f0t

is a smooth one parameter family of forms on W, which we can then differ-
entiate with respect to t. The general form of Weil’s formula is:

d d
GE0ioe = LS+ 0fi(&)do + doji(E)o. (9.8)

Before proving the formula, let us note that it is functorial in the following
sense: Suppose that that F': X — W and G : Z — Y are smooth maps, and
that 73 is a smooth family of differential forms on Y. Suppose that o, = G* 74
for all . We can consider the maps

Ve X =Y, Yy =GogioF
and then the smooth one parameter familiy of differential forms
¢Zk Tt
on X. The tangent vector field (; along 1, is given by

Ce(2) = dGy, (r(a)) (&:(F(2))) .

So
iﬁi(Ct)Tt =F" (‘Zﬁi(ft)G*Tt) .

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
fo:WxIT—=WxI, fi(ws)=(w,s+1).

Let
G WxI—Z

be the map ¢, and let
F:W->WxI

be the map
F(w) = (w,0).
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Then
(Go fioF)(w) = ¢(w).
Thus the functoriality of the formula (9.8) shows that we only have to prove
it for the special case ¢, = f; : W x [ — W x I as given above!
In this case, it is clear that the vector field & along v is just the constant
vector field % evaluated at (x,s + ¢). 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,xt, ..., 2™ these forms a and b are sums of terms that have the expression

edz™ A - A dxt

where ¢ is a function of s,t and z.) To show the full dependence on the
variables we will write

o =ds Na(z, s, t)dx + b(x, s, t)dx.
With this notation it is clear that
¢;or =ds Na(x,s+t,t)de + bz, s+ t,t)dx

and therefore

doy b
(Zttat =ds A %(I, s+t t)dr + %(I, s+t t)dx
Oa 0b
+ds A a(z, s+t t)dr + a(aj, s+t t)de.
S0 e d B b
19t 440t _ da 9
7 o3 o ds N\ s (x,s+t,t)dx + 95 (z,s+t,t)dx.
Now 5
1 (88) o = adx
S0
dii(&)or = ax, s + t,t)dx.
Therefore
0
do;i(&)or = ds A a—a(x, s+ t,t)dx + dw(a(z, s + ¢, t)dx).
s
Also b
doy = —ds A dw (adzx) + 6—ds A dz + dybdx
s
S0

(0 b
i (85) doy = —dw (adz) + gdx
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and therefore
s b
¢7i(&)doy = —dwa(x, s+ t,t)de + %(x, s+t,t)d.
So
s . Oa Ob
doyi(&r)or + ¢ri(&r)dor = ds A a(x, s+t t)dr + a(az, s+t t)dx

_ doios ¢*@
dt todt

proving (9.8).
A special case of (9.8) is the following. Suppose that W = Z = M and
¢¢ is a family of diffeomporphisms f; : M — M. Then &; is given by

&(p) = ve(fi(p))
where v; is the vector field
wlf ) = S ilo).

In this case i(v;)o; makes sense, and so we can write (9.8) as

d(bfat . *dUt «
dr oM at + ¢y Dy, 0t (9~9)

9.14 The Moser trick.

Let M be a differentiable manifold and let wg and w; be smooth k-forms on
M. Let us examine the following question: does there exist a diffeomorphism
f: M — M such that f*w; = wg?

Moser answers this kind of question by making it harder! Let w;, 0 <
t < 1 be a family of k-forms with wy = wp at t =0 and wy = wy at t = 1.
We look for a one parameter family of diffeomorphisms

fi: M—M, 0<t<l1

such that
fiws = wo (9.10)
and
fo=1id.
Let us differentiate (9.10) with respect to ¢ and apply (9.9). We obtain
fewe+ f{ Dy,we =0
dwy

where we have written w; for <zt. Since f; is required to be a diffeomorphism,
this becomes the requirement that

Day,wi = —y. (9.11)
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Moser’s method is to use “geometry” to solve this equation for v, if possible.
Once we have found vy, solve the equations

Lh®) =u(i),  folp) = (912)

for fi. Notice that for p fixed and ~(t) = fi(p) this is a system of ordinary
differential equations

Lot) = u(0), +0) =p

The standard existence theorems for ordinary differential equations guaran-
tees the existence of of a solution depending smoothly on p at least for || < 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

e (' is a closed subset of M on which v4 = 0. Then for p € C the solution
for all time is f;(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

fi:U—M
defined for 0 < ¢ < 1 such
fo=id, fyo=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 wy and
w1 be nowhere vanishing n-forms with the same volume:

/a}o:/ w1.
M M

Moser’s theorem asserts that under these conditions there exists a diffeo-
morphism f : M — M such that

ffwi = wp.

Moser invented his method for the proof of this theorem.
The first step is to choose the w;. Let

wy = (1 — t)wy + tws.
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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; = wp at ¢ = 0 and wy = wy at t = 1. Since
dwy = 0 as w; is an n-from on an n-dimensional manifold,

th = dZ (vt)wt

by Weil’s formula. Also
u}t = W1 — Wo-

Since [, wo = [,,; w1 we know that
wy — 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(vp)we = v.

But this equation has a unique solution since w; is no-where vanishing. QED

9.14.2 Variants of the Darboux theorem.
We present these in Chapter 2.

9.14.3 The classical Morse lemma.

Let M = R" and ¢; € C*°(R"™), ¢ = 0.1. Suppose that 0 is a non-degenerate
critical point for both ¢g and ¢1, suppose that ¢o(0) = ¢1(0) = 0 and that
they have the same Hessian at 0, i.e. suppose that

(d®¢0) (0) = (d°¢1) (0).

The Morse lemma asserts that there exist neighborhoods Uy and U; of 0 in
R™ and a diffeomorphism

fIUOHUl, f(O):O

such that
[ o1 = ¢o.
Proof. Set
¢r = (1 —t)¢o + to1.

The Moser trick tells us to look for a vector field v; with

’Ut(O) = O7 Vit
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and _

Dy, ¢t = = = ¢o — 1.
The function ¢; has a non-degenerate critical point at zero with the same
Hessian as ¢g and ¢ and vanishes at 0. Thus for each fixed ¢, the functions

It
oxt
form a system of coordinates about the origin.
If we expand v; in terms of the standard coordinates

0
vy = Zvj(x,t)@
J

then the condition v;(0,t) = 0 implies that we must be able to write

0
vj(z,t) = Zvij(z,t) aiz

)

for some smooth functions v;;. Thus

3 9¢1 0
thd)t = U”(x,t) 8{17: 8;55 .
ij

Similarly, since —(,th vanishes at the origin together with its first derivatives,

we can write s 06
= Yon 20

— " gt Oz
ij

where the h;; are smooth functions. So the Moser equation D,,, ¢+ = —qb.t is
satisfied if we set
vij(:r, t) = hij(l', 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 genrating functions.

In differential topology books the classical Morse lemma is usually stated
as follows:

Theorem 35 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 of d*¢, is (k,n — k). Then there exists a system of coordinates
(U,z1,...,x,) centered at p such that in this coordinate system
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Proof. Choose any coordinate system (W, y,...y,) centered about p and
apply the previous result to

h=¢—c
and
b0 =Y _ hijyiy;
where
9%
v yidy; -

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 diagonal form.



