CHAPTER 5

Microlocalization

5.1. Calculus of supports

Recall that we have already defined the support of a tempered distribution in
the slightly round-about way:

(5.1)  ifue S'(R™), supp(u) = {z € R"; 3 ¢ € S(R™), p(x) # 0, pu = 0}C.

Now if A: S(R™) — S’(R™) is any continuous linear operator we can consider the
support of the kernel:

(5.2) supp(A) = supp(K4) C R™ x R" = R?".

We write out the space as a product here to point to the fact that any subset of
the product defines (is) a relation i.e. a map on subsets:

GCR"xR", SCR"—
GoS={zeR" JyeSst (z,y) € G}.
One can write this much more geometrically in terms of the two projection maps

(5.4) R2"

N

R™ R™.

(5.3)

Thus 7r(z,y) =y, 7r(z,y) = z. Then (5.3) can be written in terms of the action
of maps on sets as

(5.5) GoS=m (3" (S)NG).

From this it follows that if .S is compact and G is closed, then G o S is closed,
since its intersection with any compact set is the image of a compact set under a
continuous map, hence compact. Now, by the calculus of supports we mean the
‘trivial’ result.

PROPOSITION 5.1. If A: S(R™") — S'(R™) is a continuous linear map then
(5.6) supp(A¢) C supp(A) o supp(¢) ¥ ¢ € C(R").

PROOF. Since we want to bound supp(A¢) we can use (5.1) directly, i.e. show
that

(5.7) x ¢ supp(A) o supp(¢) = x ¢ supp(Ae).

Since we know supp(A) o supp(¢) to be closed, the assumption that x is outside
this set means that there exists ¢ € C3°(R™) with

¥(x) # 0 and supp(y) Nsupp(A) o supp(¢) = 0.
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From (5.3) or (5.5) this means
(5.8) supp(A4) N (supp(v) x supp(¢)) = 0 in R*",
But this certainly implies that
Ka(z,y)¢(z)o(y) =0
) = 0AW) = [ Kalen)b@oldy =0
Thus we have proved (5.6) and the lemma. O

5.2. Singular supports

As well as the support of a tempered distribution we can consider the singular
support:

(5.10) singsupp(u) = {z € R";3 ¢ € S(R™), ¢(x) # 0, pu € S(R")}E.

Again this is a closed set since z ¢ sing supp(u) = 3 ¢ € S(R™) with ¢u € S(R™)
and ¢(z) # 0 so ¢(z') # 0 for |z — 2’| < ¢, some € > 0 and hence 2’ ¢ sing supp(u)
i.e. the complement of singsupp(u) is open.

Directly from the definition we have

(5.11) sing supp(u) C supp(u) V u € S'(R"™) and
(5.12) singsupp(u) = ) <= u € C*°(R").

5.3. Pseudolocality

We would like to have a result like (5.6) for singular support, and indeed we can
get one for pseudodifferential operators. First let us work out the singular support
of the kernels of pseudodifferential operators.

PROPOSITION 5.2. If A € U2 (R™) then
(5.13) sing supp(A4) = singsupp(K4) C {(:r,y) eR™M; g = y}.
PROOF. The kernel is defined by an oscillatory integral
(5.14) I(a) = (2m)7" / eV S, y, £)dE.
If the order m is < —n we can show by integration by parts that
(5.15) (z —y)*1(a) = I ((—D¢)a),

and then this must hold by continuity for all orders. If @ is of order m and || >
m + n then (—D¢)%a is of order less than —n, so

(5.16) (x —y)*I(a) € CO(R™), |a| > m + n.

In fact we can also differentiate under the integral sign:

(5.17) DID)(x —y)*I(a) = I (DD} (—D¢)*a)
so generalizing (5.16) to

(5.18) (x —y)*I(a) € CE(R™) if |a| > m+n+ k.

This implies that I(A) is C* on the complement of the diagonal, {x = y}. This
proves (5.13). O



5.4. COORDINATE INVARIANCE 119

An operator is said to be pseudolocal if it satisfies the condition
(5.19) sing supp(Au) C singsupp(u) V u € C~°(R").
PROPOSITION 5.3. Pseudodifferential operators are pseudolocal.

PROOF. Suppose u € §’(R™) has compact support and T ¢ sing supp(u). Then
we can choose ¢ € S(R™) with ¢ = 1 near T and ¢u € S(R™) (by definition). Thus

(5.20) u=1us +uz, ur =(1—-0¢u, uecSR").
Since A : S(R") — S(R™), Aus € S(R™) so

(5.21) sing supp(Au) = singsupp(Au;) and T ¢ supp(u1).
Choose ¢ € S(R™) with compact support, ¥(Z) = 1 and

(5.22) supp(¢) Nsupp(l — @) = 0.

Thus

(5.23) VAU = Al — p)u = Au

where

(5.24) Kji(2,y) = Y(@)Ka(z,y)(1 - ¢(y)).

Combining (5.22) and (5.13) shows that K ; € W >°(R") so, by Lemma 2.8, Au €
C>®(R™) and T ¢ singsupp(Au) by (5.13)(?). This proves the proposition. O

5.4. Coordinate invariance
If Q@ C R™ is an open set, put
(5.25) Ce(Q) = {u € S(R™);supp(u) € Q}
C.(Q) = {u € S'(R");supp(u) € O}

respectively the space of C*° functions of compact support in €2 and of distributions
of compact support in 2. Here K € 2 indicates that K is a compact subset of €.
Notice that if u € C;*°(€) then u defines a continuous linear functional

(5.26) () 3 ¢ — u(d) = u(p) € C

where if ¢ € C°(Q) is chosen to be identically one near supp(u) then (5.26) is
independent of . [Think about what continuity means here!]
Now suppose

(5.27) F:Q—Q
is a diffeomorphism between open sets of R™. The pull-back operation is
(5.28) F*: CX(Q) «—CX(Q), F*¢ =¢oF.

LEMMA 5.1. If F is a diffeomorphism, (5.27), between open sets of R™ then
there is an extension by continuity of (5.28) to

(5.29) F*:C () «— C-=(Q).
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PROOF. The density of C2°(£2) in C;*°(2), in the weak topology given by the
seminorms from (5.26), can be proved in the same way as the density of S(R™) in
S'(R™) (see Problem 5.5). Thus, we only need to show continuity of (5.29) in this
sense. Suppose u € C°(2) and ¢ € C°(Y) then

(Fu)(6) = / u(F(x))$(w)da
:/u(y)¢(G(y))\Jc(y)ldy

where Jg(y) = (8%7;@) is the Jacobian of G, the inverse of F. Thus (5.28) can be

written

(5.30)

(5.31) Fru(g) = (|Jglu) (G*¢)
and since G* : C*(Q) — C>=(Y) is continuous (!) we conclude that F* is contin-
uous as desired. ]

Now suppose that
A:SR") — S'(R")

has
(5.32) supp(4) € Q x Q C R*".
Then
(5.33) A:CE() — C ()
by Proposition 5.1. Applying a diffeomorphism, F, as in (5.27) set
(5.34) Ap :CX () — C. (), Ap =G" o Ao F*.
LEMMA 5.2. If A satisfies (5.32) and F is a diffeomorphism (5.27) then
(5.35) Ka,(z,y) = (G xG)'K - |Jg(y)| on Q' x

has compact support in Q' x .
PROOF. Essentially the same as that of (5.30). O

PROPOSITION 5.4. Suppose A € U7 (R™) has kernel satisfying (5.32) and F is
a diffeomorphism as in (5.27) then Ap, defined by (5.34), is an element of U (R™).

PROOF. See Proposition 2.11. (I

5.5. Problems

PROBLEM 5.1. Show that Weyl quantization

(5.36) SE(R™RY) 5 a — qu () = (27) " / e ea("TY gyie
is well-defined by continuity from S >°(R™; R™) and induces an isomorphism
TW.

(5.37) S™(R™: R™) & U™ (R") ¥ m € R.
qw

Find an asymptotic formula relating qw (A) to qr(A) for any A € 72 (R").

PROBLEM 5.2. Show that if A € U2 (R™) then A* = A if and only if ow (A) is
real-valued.
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PROBLEM 5.3. Is it true that every F € U_>°(R"™) defines a map from S’(R™)
to S(R™)?

PROBLEM 5.4. Show that S(R") is dense in L?(R"™) by proving that if ¢ €
C*(R™) has compact support and is identically equal to 1 near the origin then

(5.38) un(z) = (27f)_"¢(%) / et p(E/n)u(€)dé € S(R) if u € L*(R")

and u,, — u in L?(R™). Can you see any relation to pseudodifferential operators
here?

PROBLEM 5.5. Check carefully that with the definition

(5.39) HFYR") =queS'R");u= Y D%, u, € L*(R")
o <—k

for —k € N one does have

(5.40) u € H¥(R") <= (D)*u € L*(R")

as claimed in the text.

PROBLEM 5.6. Suppose that a(z) € C32(R™) and that a(z) > 0. Show that the
operator

(5.41) A= zn: D2+ a(x)

can have no solution which is in L?(R"™).

PROBLEM 5.7. Show that for any open set Q@ C R™, C°(Q) is dense in C; *° ()
in the weak topology.

PROBLEM 5.8. Use formula (2.204) to find the principal symbol of Ap; more
precisely show that if F* : T*() — T*w is the (co)-differential of F' then

om(AF) = om(A) o F*.

We have now studied special distributions, the Schwartz kernels of pseudodif-
ferential operators. We shall now apply this knowledge to the study of general
distributions. In particular we shall examine the wavefront set, a refinement of sin-
gular support, of general distributions. This notion is fundamental to the general
idea of ‘microlocalization.’

5.6. Characteristic variety

If A€ U™ (R"), the left-reduced symbol is elliptic at (Z,£) € R x (R™\{0}) if
there exists € > 0 such that
oz (A)(z,€)] > e¢|™  in

5.42 z
( ) {(x7§)ERHX(RH\{O});M—ﬂ§6, |%—%’§6, |§\Z%}

Directly from the definition, ellipticity at (Z,&) is actually a property of the
principal symbol, o,,,(A) and if A is elliptic at (7, ) then it is elliptic at (%, t£) for
any t > 0. Clearly

{(z,&) e R™ x (R"\{0}); A is elliptic (of order m) at (z,€)}
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is an open cone in R™ x (R™\{0}). The complement
(5.43) Sp(A) = {(z,£) € R" x (R"\{0}); A is not elliptic of order m at (z,¢)}

is therefore a closed conic subset of R™ x (R™\{0}); it is the characteristic set (or
variety) of A. Since the product of two symbols is only elliptic at (7, &) if they are
both elliptic there, if follows from the composition properties of pseudodifferential
operators that

(5.44) S (A0 B) = S (A) U Sy (B).

5.7. Wavefront set
We adopt the following bald definition:
If ueC,®R") = {uecSR"); supp(u) € R"} then

(5.45) WE(u) = ({Zo(A); A€ W0 (R") and Au € C=(R")}.

Thus WF(u) C R™ x (R™\{0}) is always a closed conic set, being the intersection
of such sets. The first thing we wish to show is that WF(u) is a refinement of
sing supp(u). Let

(5.46) m: R" x (R™\{0}) > (z,§) — 2z € R"
be projection onto the first factor.

PROPOSITION 5.5. Ifu € C;*°(R"™) then
(5.47) m(WF(u)) = sing supp(u).

PRrOOF. The inclusion 7(WF(u)) C singsupp(w) is straightforward. Indeed,
if T ¢ singsupp(u) then there exists ¢ € CZ°(R") with ¢(Z) # 0 such that ¢u €
C>(R™). Of course as a multiplication operator, ¢ € LI/gO(R”) and Yo(¢) # (7,€)
for any £ # 0. Thus the definition (5.45) shows that (Z,£) ¢ WF(u) for all £ € R™\0

proving the inclusion.
Using the calculus of pseudodifferential operators, the opposite inclusion,

(5.48) 7(WF(u)) D singsupp(u)

is only a little more complicated. Thus we have to show that if (z, &) & WF(u) for
all £ € R™\0 then T ¢ singsupp(u). The hypothesis is that for each (Z, &), € R™0,
there exists A € WO (R") such that A is elliptic at (T, &) and Au € C*°(R"™). The
set of elliptic points is open so there exists € = ¢(§) > 0 such that A is elliptic on

<
€l
Let Bj, j =1,..., N be a finite set of such operators associated to Ej and such that

the corresponding sets in (5.49) cover {Z} x (R™~\.0); the finiteness follows from the
compactness of the sphere. Then consider

(5.49) {(z,€) e R" x (R"\0); |z — 7| <e,{|§|— | <€}

N
B =) BjB;=> BuecC®R").
j=1
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This operator B is elliptic at (%, €), for all £ # 0. Thus if ¢ € C°(R™), 0 < ¢(x) < 1,
has support sufficiently close to Z, ¢(x) = 1 in |z — T| < €/2 then, since B has non-
negative principal symbol

(5.50) B+ (1—¢)ec ¥ (R")

is globally elliptic. Thus, by Lemma 2.7, there exists G € W% (R") which is a
parametrix for B + (1 — ¢) :

(5.51) I[d=GoB+G(1—¢) mod U ®(R").

Let ¢ € C°(R™) be such that supp(y)) C {¢ = 1} and (%) # 0. Then, from the
reduction formula

YpoGo(l—¢)e U *R").

Thus from (5.51) we find

Yu = PG o Bu+ YG(1 — ¢)u € CZ(R").
Thus 7 ¢ sing supp(u) and the proposition is proved. (I

We extend the definition to general tempered distributions by setting
(5.52) WF(u)= ) WF(¢u), ueS'R").
peC(R™)

Then (5.47) holds for every u € S'(R").

5.8. Essential support

Next we shall consider the notion of the essential support of a pseudodifferential
operator. If a € S™(RY;R") we define the cone support of a by
cone supp(a) :{(f,g) ERY x (R"\0);3e>0andV M € R,3 Cyy s.t.

(5.53) , £ c
(e, &)] < Carl) ™ if o7 < e, | o — =] <"
€l el
This is clearly a closed conic set in RY x (R™~\.0). By definition the symbol decays
rapidly outside this cone, in fact even more is true.

LEMMA 5.3. If a € SZ(RN;R"™) then
(Z,7m) ¢ conesupp(a) =

(5.54) de>0st. VM a3 Cy with

[DgDZate,m)| < Ot ™ if e~ < o] Ty~ | < c.
n n

ProoF. To prove (5.54) it suffices to show it to be valid for D, a, D¢, a and
then use an inductive argument, i.e. to show that

(5.55) conesupp(D;;a), conesupp(Dg,a) C conesupp(a).
Arguing by contradiction suppose that D,,a does not decay to order M in any cone
around (T, ) ¢ conesupp. Then there exists a sequence (z;,&;) with
. z | & _ & ,
(5.56) {x] — o gl — 0 &l — oo
and {Dma(mj,fj)’ >j<£j>M.
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We can assume that M < m, since a € S7 (R™;RY). Applying Taylor’s formula
with remainder, and using the symbol bounds on Dfﬁja7 gives

(5.57)  a(w; +ter,&5) = alx;,&5) + it(Drya) (x5, 65) + O (F(E)™) , (e0); = 645

providing [t| < 1. Taking t = (§;)~™ — 0 as j — oo, the first and third terms
on the right in (5.57) are small compared to the second, so

M—m _
(5.58) o (2 + (€)=, ) | > &PV,
contradicting the assumption that (7, ) ¢ conesupp(a). A similar argument applies
to Dg,a so (5.54), and hence the lemma, is proved. (]

For a pseudodifferential operator we define the essential support by

(5.59) WTF'(A) = conesupp (o1,(A)) C R™ x (R"~\0).
LEMMA 5.4. For every A € U7 (R™)
(5.60) WF'(A) = conesupp(cgr(A)).

PROOF. Using (5.54) and the formula relating ogr(A) to or(A) we conclude
that

(5.61) conesupp(or(A)) = conesupp(cr(A)),
from which (5.60) follows. O

A similar argument shows that
(5.62) WF'(Ao B) C WF'(A) N WF'(B).

Indeed the asymptotic formula for oz, (A o B) in terms of or,(A) and o (B) shows
that

(5.63) conesupp(or (Ao B)) C conesupp (or,(A)) N conesupp (o, (B))

which is the same thing.

5.9. Microlocal parametrices

The concept of essential support allows us to refine the notion of a parametrix
for an elliptic operator to that of a microlocal parametriz.

LEMMA 5.5. If A € UZ2(R") and z ¢ X,,(A) then there exists a microlocal
parametriz at z, B € ¥ " (R"™) such that

(5.64) 2 ¢ WF/(Id—AB) and = ¢ WF'(Id —BA).
PROOF. If z = (7, £), £ # 0, consider the symbol
(5.65) o) = (20 ) (- anetro (G - /)

where as usual ¢ € C(R™), ¢(¢() = 1in [¢| < %, ¢(¢) = 0 in [¢| > 1. Thus
7. € 8% (R™;R™) has support in

_ e &
(5.66) T <l > o ||§|—|£| <
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and is identically equal to one, and hence elliptic, on a similar smaller set

_, € 1 |¢ £ €
(5.67 e —Z| < =, €| = -, —‘g.
! e
Define L, € ¥Y_(R"™) by o1(Le) = 7. Thus, for any € > 0,
(5.68) 2z ¢ WF'(Id—L.), WF'(L.) C {(m,ﬁ); |z — 7| < e and é—| - él < e} .

Let Ga,, € U2 (R™) be a globally elliptic operator with positive principal
symbol. For example take o1 (Gam) = (1 + [£]2)™, so G 0 Gy = G4y for any s,
t € R. Now consider the operator

(5.69) J = (Id—L.) o Gap, + A*A € U2 (R™).

The principal symbol of J is (1 —7)(1+ [£]?)™ + |0 (A)|? which is globally elliptic
if € > 0 is small enough (so that o,,(A) is elliptic on the set (5.66)). According to
Lemma 2.75, J has a global parametrix H € ¥ 2™(R"). Then

(5.70) B=HoA* € U™(R")

is a microlocal right parametrix for A in the sense that B o A — Id = Rgi with
z ¢ WF'(RR) since

(5.71) Rp=BoA-Id=HoA*oA-1d
= (HoJ—1d)+ Ho (Id—L.)Gam o A

and the first term on the right is in W *°(R™) whilst z is not in the operator
wavefront set of (Id —L.) and hence not in the operator wavefront set of the second
term.

By a completely analogous construction we can find a left microlocal paramet-
rix. Namely (Id —L.) o Ga,,, + A o A* is also globally elliptic with parametrix H’
and then B’ = A* o H’ satisfies

(5.72) B'oA—1d=R;, »¢ WF(Ry).

Then, as usual,

(5.73) B=(B'oA—R.)B=B(AoB)—R.B=B'+B'Rp— R.B

so z ¢ WF'(B — B’), which implies that B is both a left and right microlocal
parametrix. ([l

In fact this argument shows that such a left parametrix is essentially unique. See
Problem 5.29.

5.10. Microlocality

Now we can consider the relationship between these two notions of wavefront
set.

PROPOSITION 5.6. Pseudodifferential operators are microlocal in the sense that

(5.74) WF(Au) C WF'(A) N WF(u) V¥ A€ T2(RY), uel, R
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Proor. We need to show that
(5.75) WF(Au) C WF'(A) and WF(Au) C WF(u).
the second being the usual definition of microlocality. The first inclusion is easy.
Suppose (T, £) ¢ conesupp oy, (A). If we choose B € ¥Y_(R™) with o, (B) supported
in a small cone around (7, ) then we can arrange
(5.76) (7,€) ¢ $o(B), WF'(B) N WF'(A) = 0.
Then from (5.62), WF'(BA) = § so BA € ¥ >°(R") and BAu € C*(R"). Thus
(7, &) ¢ WF(Au). _

Similarly suppose (%,&) ¢ WF(u). Then there exists G € W9 (R") which is
elliptic at (z, &) with Gu € C®(R"). Let B be a microlocal parametrix for G at
(7,€) as in Lemma 5.5. Thus

(5.77) u= BGu+ Su, (z,£) ¢ WF'(S).

Now apply A to this identity. Since, by assumption, Gu € C>°(R") the first term
on the right in

(5.78) Au = ABGu + ASu
is smooth. Since, by (5.62), (7,€) ¢ WF'(AS) it follows from the first part of the
argument above that (%, &) ¢ WF(ASu) and hence (7, &) ¢ WF(Au). O

We can deduce from the existence of microlocal parametrices at elliptic points
a partial converse of (8.24).

PROPOSITION 5.7. For any u € C~°(R"™) and any A € ¥ (R™)
(5.79) WF(u) C WF(Au) U X, (A).

PROOF. If (7,&) ¢ %,,(A) then, by definition, A is elliptic at (7, &). Thus, by
Lemma 5.5, A has a microlocal parametrix B, so

(5.80) u= BAu+ Su, (z,§) ¢ WF'(9).
It follows that (Z,&) ¢ WF(Au) implies that (z,€) ¢ WF(u) proving the Proposi-
tion. O

5.11. Explicit formulations

From this discussion of WF’(A) we can easily find a ‘local coordinate’ formu-
lations of WF(u) in general.

LEMMA 5.6. If (7,€) € R™ x (R"\0) and u € S'(R™) then (%, &) ¢ WF(u) if
and only if there exists ¢ € CI°(R™) with ¢(T) # 0 such that for some € > 0, and
for all M there exists Cpy with

(5.81) |6u(©)] < Crr(&)M in \é—' - é\ <e
PROOF. If ¢ € C*(R), ((£) =1 in [¢| < § and supp(¢) C [=2, 2] then
(5.5 16) = (1= 01 (i = =) € (™)

is elliptic at £ and from (5.81)
(5.83) (8) - du(g) € S(R™).
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Thus if or(A) = ¢1(x)7(§) then A(gou) € C>° where d1d2 = ¢, ¢1(Z), p2(T) # 0,

¢1,02 € CE(R™). Thus (7,€) ¢ WF(u). Conversely if (7,¢) ¢ WF(u) and A is

chosen as above then A(¢1u) € S(R™) and Lemma 5.6 holds. O
5.12. Wavefront set of K4

At this stage, a natural thing to look at is the wavefront set of the kernel of a
pseudodifferential operator, since these kernels are certainly an interesting class of
distributions.

PROPOSITION 5.8. If A € U7 (R™) then
(5.84) WF(K4) = { (z,y,&,1) € R*" x (R*\0) ;

. r=y, £+n=0and (z,§) € WF'(4)}.

In particular this shows that WF'(A) determines WF(K 4) and conversely.
PROOF. Using Proposition 5.5 we know that m (WF(K4)) C {(z,2)} so
WF(Ka) C {(z,2:§,0)}.

To find the wave front set more precisely consider the kernel
Kale,) = (20" [ 0 e, e)de
where we can assume |z — y| < 1 on supp(K 4). Thus is ¢ € C°(X) then

9(z,y) = Ka(z,y) € C.=(R")

and

9(¢,m) = (2m)" / e eIl (gh) (z, £)d¢dwdy
= [ o) e, ~n)do

The fact that ¢b is a symbol of compact support in z means that for every M

|65(C +nm, —m)| < Cur ((C+m)) ™ ()™
This is rapidly decreasing if ¢ # —n, so
WF(K4) C {(z,z,m,—n)} as claimed.

Moreover if (%,7) ¢ WF’'(A) then choosing ¢ to have small support near Z makes
@b rapidly decreasing near —7 for all {. This proves Proposition 5.8. (]

5.13. Hypersurfaces and Hamilton vector fields

In the Hamiltonian formulation of classical mechanics the dynamical behaviour
of a ‘particle’ is fixed by the choice of an energy function (‘the Hamiltonian’) h(x, &)
depending on the position and momentum vectors (both in R? you might think,
but maybe in R3" because there are really N particles). In fact one can think
of a system confined to a surface in which case the variables are in the cotangent
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bundle of a manifold. However, in the local coordinate description the motion of
the particle is given by Hamilton’s equations:-
This means that the trajectory (z(t),£(t)) of a particle is an integral curve of the
vector field

oh 0 oh 0
5.86 H = il -z _ v .
(5.56) 0.0 =3 (G097 - g5 (@9)
This, of course, is called the Hamilton vector field of . The most important basic
fact is that h itself is constant along integral curves of Hj, namely

_Oh, . 0h

650 Hii= 3 (G 0O (0.6~ 0. S O 8)) =

More generally the action of Hj on any other function defines the Poisson bracket
between h and g and

(5.88) Hpg ={h,g} = —{g,h} = —Hgh

from which (5.87) again follows. See Problem 5.18.
More invariantly the Hamilton vector can be constructed using the symplectic
form

(5.89) w=Y d& Ndx; =da, a = &dz;.

i

Here « is the ‘tautological’ 1-form. If we think of R} x RY = (z,&)" as the pull back
under 7 : (x,€) — x of 8 as a 1-covector on R™. In this sense the tautological form
« is well defined on the cotangent bundle of any manifold and has the property
that if one introduces local coordinates in the manifold x and the canonically dual
coordinates in the cotangent bundle (by identifying a 1-covector as & - dx) then it
takes the form of « in (5.89). Thus the symplectic form, as de, is well-defined on
T*X for any manifold X.
Returning to the local discussion it follows directly from (5.86) that

(5.90) w(-, Hp) = dh(-)

and conversely this determines Hj,. See Problem 5.19.

Now, we wish to apply this discussion of ‘Hamiltonian mechanics’ to the case
that h = p(z,€) is the principal symbol of some pseudodifferential operator. We
shall in fact take p to be homogeneous of degree m (later normalized to 1) in |£| > 1.
That is,

(5.91) p(x,s) = s"p(x, &) Vo e R", |€] > 1,s|| > 1, s >0.

The effect of this is to ensure that

(5.92) H, is homogeneous of degree m — 1 under (z,§) — (z, s§)
in the same region. One consequence of this is that

(5.93) H,: SM(R™;R") — SM-1(R";R").

(where the subscript ‘c’ just means supports are compact in the first variable). To
see this it is convenient to again rewrite the definition of symbol spaces. Since
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supports are compact in z we are just requiring uniform smoothness in those vari-
ables. Thus, we are first requiring that symbols be smooth. Now, consider any
point € # 0. Thus Ej # 0 for some j and we can consider a conic region around &
of the form

(5.94) §i/&5 € (0,00), I€k/& —&/65] <€
where € > 0 is small. Then the symbolic conditions on a € SM(R"; R") imply

b(z,t,r) = a(z,rt1,...,rtj_1,rsgn &, rtj, ..., 1ty_1)

5.95
(5.95) satisfies| DS D) D¥b(z, t, )| < Coy ™ inr > 1.

See Problem 5.20.

For the case of a homogeneous function (away from £ = 0) such as p the surface
Y (P) = {p = 0} has already been called the ‘characteristic variety’ above. Corre-
spondingly the integral curves of H, on X, (p) (so the ones on which p vanishes) are
called null bicharacteristics, or sometimes just bicharacteristics. Note that ¥, (P)
may well have singularities, since dp may vanish somewhere. However this is not a
problem with the general discussion, since H,, vanishes at such points — and it is
only singular in this sense of vanishing. The integral curves through such a point
are necessarily constant.

Now we are in a position to state at least a local form of the propagation
theorem for operators of ‘real principal type’. This means dp # 0, and in fact even
more, that dp and « are linearly independent. The theorems below in fact apply
in general when p is real even if there are points where dp is a multiple of o — they
just give no information in those cases.

THEOREM 5.1 (Hérmander’s propagation theorem, local version). Suppose P €
U (M) has real principal symbol homogeneous of degree m, that ¢ : (a,b) —
Sm(P) is an interval of a null bicharacteristic curve (meaning c.(%) = H,) and
that u € 8’ (R™) satisfies

(5.96) c(a,b) NWF(Pu) =0

then

(5.97)

either  c(a,b) NWF(u) =0
or c(a,b) C WF(u).

5.14. Relative wavefront set

Although we could proceed directly by induction over the (Sobolev) order of
regularity to prove a result such as Theorem 5.1 it is probably better to divide
up the proof a little. To do this we can introduce a refinement of the notion of
wavefront set, which is actually the wavefront set relative to a Sobolev space. So,
fixing s € R we can simply define by direct analogy with (5.45)

(5.98)  WF,(u) =[){Z0(A); A € W) (R"); Au € H*(R")}, u € C;®(R").

Notice that this would not be a very good definition if extended directly to u €
S'(R™) if we want to think of it as only involving local regularity (because growth
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of u might stop Au from being in H*(R™) even if it is smooth). So we will just
localize the definition in general

(5.99) WE,(u) = [){Zo(A); A € W, (R™); A(u) € H*(R™) ¥ 1 € C(R™)}
u € CT(R"™).

In this sense the regularity is with respect to Hy} (R™) — is purely local.
LEMMA 5.7. If u € C~°°(R") then WF(u) = 0 if and only if v € H{ (R™).

PROOF. The same proof as in the case of the original wavefront set works,

only now we need to use Sobolev boundedness as well. Certainly if u € Hf (R™)

then yu € H*(R™) for each ¢ € C°(R™) and hence A(yu) € H*(R™) for every
A € W9 (R™). Thus WF(u) = 0.

Conversely if u € C;>°(R™) and WF,(u) = 0 then for each point (z,¢) with
z € supp(u) and [¢| =1 there exists A, ¢ € ¥ (R™) such that Au € H*(R") with
(7,8) & Yo(Aze). That is A, e is elliptic at (z,&). By compactness (given the
conic property of the elliptic set) a finite collection A; = A(,, ¢,) have the property
that the union of their elliptic sets cover some set K x (R™\ 0) where K is compact
and supp(u) is contained in the interior of K. We can then choose ¢ € C°(R™) with
0<¢ <1, supp(¢) C K and ¢ =1 on supp(u) and

B=(1-¢)+ > A;A, € ¥ (R")

is globally elliptic in ¥ (R™) and Bu € H*(R™) by construction (since (1 — ¢)u =
0). Thus v € H*(R™). Applying this argument to @u for each ¢ € C(R"™) for
u € CT°(R™) we see that WFy(u) = 0 implies ¢yu € H*(R™) and hence u €
Hp, (E"). 0
Of course if u € C;°(R™) then WF(u) = 0 is equivalent to u € H*(R™).
It also follows directly from this definition that pseudodifferential operators are
‘appropriately’ microlocal given their order.

LEMMA 5.8. If u € C~°°(R"™) then
(5.100) WF(u) O | JWF,(u).

and coversely if v C R™ x (R™\ 0) is an open cone then
(5.101) YOAWF(u) =0V s = yNWF(u) = 0.

The combination of these two statements is that

(5.102) WF(u) = [ JWF,(u).

Note that there is not in general equality in (5.100).

Proor. If (z,£) € WF;(u) for some s then by definition there exists ¢ €
C°(R™) with ¥(z) # 0 and A € W (R") which is elliptic at (z, &) and is such that
A(pu) ¢ H*(R™). This certainly implies that (z,€&) € WF(u) proving (5.100).

To prove the partial converse if suffices to assume that « € C_*°(R™) and to fix
a point (7, &) € v and deduce from (5.101) that (z,£) ¢ WF(u). Since 7 is an open
cone we may choose € > 0 such that G = {(z,&); |z —Z| <, |% — %| <€} Cv. Now
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for each s the covering argument in the proof of Lemma 5.7 shows that we may
find Ay € U9 (R") such that As(u) € H*(R") and G N Xg(As) = . Now choose
one A € WY (R") which is elliptic at (z,€) and has WF'(A) C {(z,&); |z — 2| <
€, |% - %| < €}, which is the interior of G. Since Ay has a microlocal parametrix in
a neighbourhood of G, BsA, = Id +E,, WF'(Es) NG = 0 it follows that

(5.103) Au = A(BsAs; — Ej)u = (ABs)Asu — AEsu € H*(R™) ¥ s,

since AE; € W °(R"). Thus Au € S(R") (since u is assumed to have compact

support) so (z,&) ¢ WF(u), proving (5.101). O
LEMMA 5.9. Ifu € S'(R™) and A € U7 (R™) then

(5.104) WF_n(Au) C WF'(A) N WF4(u) V s € R.

PROOF. See the proof of the absolute version, Proposition 5.6. This shows
that if (7,€) ¢ WEF'(A) then (7,€) ¢ WF(Au), so certainly (7,€) ¢ WF,_,,(Au).
Similarly, if (%, £) ¢ WF(u) then there exists B € WY_(R™) which is elliptic at (z, )
and such that Bu € H*(R"). If G € ¥ (R") is a microlocal parametrix for B at
(7,€) then (z,£) ¢ WF'(GB—1d) so by the first part (7, &) ¢ WF,_,,,(A(GB—1d)u)
and on the other hand, AGBu € H*~™(R"), so (5.104) follows. O

Now, we can state a relative version of Theorem 5.1:-

THEOREM 5.2 (Hérmander’s propagation theorem, L2, local version). Suppose
P € Ul (M) has real principal symbol, that ¢ : [a,b] — X,,,(P) is an interval of a
null bicharacteristic curve (meaning c. (%) = Hy) and that u € C;*(R"™) satisfies

(5.105) c([a,b]) YWF 1 (Pu) =0 (eventually c([a,b]) " WFo(Pu) = 0)
then

(5.106) {either c([a, b)) " WFq(u) =0

or ¢([a,b]) C WFo(u).

PROOF THAT THEOREM 5.1 FOLLOWS FROM THEOREM 5.2. The basic idea is
to apply (5.101), remembering that there is not equality (in general) in (5.100) —
the necessary uniformity here comes from the geometry so let us check that first.

LEMMA 5.10. First, we can act on P on the left with some elliptic operator
with positive principal symbol, such as (D)~™T1 which changes the order of P to
1. This does not change X(P) as the principal symbol changes from p to ap where
a > 0, and only scales the Hamilton vector field on 3(P) since

(5.107) H,, =aH,+pH,

and the second term vanishes on X(P). Thus it suffices to consider the case m = 1.

If p is real and homogeneous of degree 1, I is an open conic neighbourhood of a
bicharacteristic segment c([a, b]) such that dp and the canonical 1-form o = £-dx are
independent at c(a) and v is an open conic neighbourhood of c(t) for some t € [a, D]
then there is an open conic neighbourhood G of ¢([a,b]), G C T such that GNX(P)
is a union of (null) bicharacteristic intervals ¢?(aq,bq)) which intersect .

PROOF. If dp and « are linearly dependent at a some point (Z,¢) € X(P) then
Hy = c§ - ¢ is a multiple of the radial vector field at that point. By homogeneity
the same must be true at (z, s§) for all s > 0 so the integral curve of H, through
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(z,€) must be contained in the ray through that point. Thus the condition that
dp and ¢ - dx are linearly independent at c¢(a) implies that this must be true on all
points of ¢([a,b]) and hence in a neighbourhood of this interval.

Thus it follows that H,, and &-0g are linearly independent near ¢([a, b]). Since p
is homogeneous of degree 1, H,, is homogeneous of degree 0. It follows that there are
local coordinates = # 0 homogeneous of degree 1 and yj, homogeneous of degree 0,
in a neighbourhood of ¢([a, b]) in terms of which H, = J,,. These can be obtained
by integrating along H,, to solve

(5.108) Hyp =1, Hyy, =0, k>1, HE=0

with appropriate initial conditions on a conic hypersurface transversal to H,. Then
the integral curves, including c¢([a, b]) must just be the y; lines for which the con-
clusion is obvious, noting that 9,, must be tangent to X(P). O

Now, returning to the proof note that we are assuming that Theorem 5.2 has
been proved for all first order pseudodifferential operators with real principal sym-
bol. Suppose we have the same set up but assume that

(5.109) c([a, b)) N"WF 1 (Pu) = 0 (eventually c([a, b]) N WF,(Pu) = 0)

in place of (5.96). Then we can simply choose a globally invertible elliptic operator
of order s, say Qs = (D)® and rewrite the equation as

(5110) Psv =Qsf, Ps = QsPQ—s, v=Qsu
Then (5.109) implies that
(5.111) c([a, b)) NWF 1 (Pyv) =0

and P € ¥ (R™) is another operator with real principal symbol — in fact the same
as before, so we get (5.97) which means that for each s we have the alternatives

(5.112)

{either c([a, b)) "WF4(u) =0
or c([a,b]) C WFs(u).

Now the hypothesis in (5.96) implies (5.109) for each s and hence for each s we
have the alternatives (5.112). Of course if the second condition holds for any one s
then it holds for all larger s and in particular implies that the second case in (5.97)
(but for the compact interval) holds. So, what we really need to show is that if the
first case in (5.112) holds for all s then

(5.113) ¢([a, b)) NWF(u) = 0.

This is where we need to get some uniformity. However, consider nearby points
and bicharacteristics. Our assumption is that for some t € [a,b], ¢(t) ¢ WF(u) —
otherwise we are in the second case. Since the set WF(u) is closed and conic, this
implies that some open cone v containing ¢(¢) is also disjoint from WF(u). Thus it
follows that ¥y N WF,(u) = (0 for all s. This is where the geometry comes in to show
that there is a fixed open conic neighbourhood G of ¢([a, b]) such that

(5.114) GNWFs(u) =0V seR.

Namely we can take G to be a small neighbourhood as in Lemma 5.10. Since
one point on each of the null bicharacteristic intervals forming G N X(P) meets a
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point of 7, the first alternative in (5.112) must hold for all these intervals, for all s.
That is,

(5.115) GNWF,(u) =0V s.

Now (5.101) applies to show that GN'WF(u) = 0) so in particular we are in the first
case in (5.97) and the theorem follows. O

Finally we further simplify Theorem 5.2 to a purely local statement.

PROPOSITION 5.9. Under the hypotheses of Theorem 5.2 if t € (a,b) and
WFo(u) Ne((t L €)) =0 for some € > 0 then c(t) ¢ WFq(u).

DERIVATION OF THEOREM 5.2 FROM PROPOSITION 5.9. The dicotomy in (5.97)
amounts to the statement that if ¢(t) ¢ WFq(u) for some t € [a,b] then C = {t' €
[a,b];c(t) € WFo(u)} must be empty. Since WF(u) is closed, C' is also closed. Ap-
plying the Proposition to sup(C N [a,t)) shows that it cannot be in C' and neither
can inf(C' N (¢,b]) so both these sets must be empty and hence C' itself must be
empty. (Il

5.15. Proof of Proposition 5.9

Before we finally get down to the analysis let me note some more simiplifica-
tions. We can actually assume that ¢(t) = a = 0 and that the interval is [0, d] for
some & > 0. Indeed this is just changing the parameter in the case of the positive
sign. In the case of the negative sign reversing the sign of P leaves the hypotheses
unchanged but reverses the parameter along the integral curve. Thus our hypothe-
ses are that

(5.116) ¢([0,6]) N WF 1 (Pu) = 0 (eventually just c([0,4]) N WFo(Pu) = 0) and
c((0,68]) NWFq(u) =0

and we wish to conclude that
(5.117) c(0) ¢ WFq(u).
We can also assume that

(5.118) c(0) ¢ WF_1(u).

In fact, if (5.118) does not hold, then there is in fact some s < —i such that
c(0) ¢ WF,(u) but ¢(0) € WF,(u) for some ¢ < max(—3,s+1). Indeed, u itself is in
some Sobolev space. Now we can apply the argument used earlier to deduce (5.112)
from (5.97). Namely, replace P by (D)**2 P(D)~*~% and u by u/ = (D)**2u. Then
(5.118) is satisfied by v’ and if the argument to prove (5.117) works, we conclude
that ¢(0) ¢ WF,(u) which is a contradiction. Thus, proving that (5.117) follows
form (5.116) and (5.117) suffices to prove everything.

Okay, now to the construction. What we will first do is find a ‘test’ operator
A € U9 (R™) which has

(5.119) WEF’'(A) € N(c(0)), A*=A
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for a preassigned conic neighbourhood N(c¢(0)) of the point of interest. Then we
want in addition to arrange that for a preassigned conic neigbourhood N(¢(6/2)),

1
~(AP — P*A) = B> + Ey + B,
i
B € VY (R"), B* = B is elliptic at ¢(0),
(5.120) 5
Ey € V3, (R"), WF'(Ey) C N(C(Q))
and By € U} (R™).
Before checking that we can arrange (5.120) let me comment on why it will
help! In fact there is a flaw in the following argument which will be sorted out

below. Given (5.120) let us apply the identity to u and then take the L? pairing
with « which would give

(5.121) —2Im{u, APu) = —i(u, APu) + i(APu,u) = || Bul|* + (u, Eo) + (u, Byu).

where I have illegally integrated by parts, which is part of the flaw in the argument.
Anyway, the idea is that APu is smooth — at least it would be if we assumed that
N(c(0)) N WF(Pu) = @ — so the left side is finite. Similarly by the third line of
(5.120), WF'(Ey) is confined to a region where u is known to be well-behaved and
the order of F; allows us to use (5.118). So with a little luck we can show, and
indeed we will, that

(5.122) Bu € L*(R™) = ¢(0) ¢ WF(u)

which is what we are after. The problems with this argument are of the same nature
that are met in discussions of elliptic regularity and the niceties are discussed below.

So, let us now see that we can arrange (5.120). First recall that we have
normalized P to be of order 1 with real principal symbol. So

P*=P+iQ, Qe VL (R"), Q=Q".
Thus the left side of the desired identity in (5.120) can be written
(5.123) —i[A, P] + QA € V2 (R™), oo(—i[A, P] + QA) = —Hya + qa

where ¢ is the principal symbol of ¢ etc. Since F; in (5.120) can include any terms
of order —1 we just need to arrange the principal symbol identity

(5.124) —Hya+qa=b*+e.

Notice that p is by assumption a function which is homogeneous of degree 1 so the
vector field H, is homogeneous of degree 0. We can further assume that

(5.125) H, # 0 on ¢([0, 9]).

Indeed, if H, = 0 at ¢(0) then the whole integral curve through ¢(0) consists of the
point and the result is trivial. So we can assume that H, # 0 at ¢(0) and then
(5.125) follows by shrinking 0. As noted above we can now introduce coordinates ¢
s € R?™~2 and © > 0, homogeneous respectively of degrees 0, 0 and 1, in terms of
which H, = %, ¢(0) = (0, 1) so the integral curve is just (¢,0,1) and the differential
equation (5.124) only involves the t variable and the s variables as parameters (¢;
disappears because of the assumed homogeneity)

d
(5.126) f@aqua =b% +e.
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So, simply choose b = ¢(t)p(|s|) for some cut-off function ¢(x) € C°(R) which is 1
near 0 and has small support in |z| < ¢’ which will be chosen small. Then solve

t

d /
(5.127) _ﬁd +gqa = [ a(t,s) = —¢2(|s|)€_Q(t’s) / QU ,s)¢2(t/’ S)dt/

— 0o
where @ is a primitive of ¢. Integrating from ¢ << 0 ensures that the support of
a' is confined to |s| < ¢ and ¢t > —4’. Now simply choose a function ¢ € C*(R)
which is equal to 1 in ¢ < 36 — ¢’ and equal to 0 in ¢ > 1§ 4+ ¢’. Then setting
a(t,s) = (t)a(t, s) gives a solution of (5.126) with the desired support properties.
Namely if we simply cut a and b off in © near zero to make them into smooth
symbols and select operators B and A self-adjoint and with these principal symbols
then (5.120) follows where the supports behave as we wish when ¢’ is made small.

So, what is the problem with the derivation of (5.121). For one thing the
integration by parts, but for another the pairing which we do not know to make
sense. In particular the norm || Bu| which we wish to show to be finite certainly
has to be for this argument to be possible. The solution to these problems is simply
to regularize the operators.

So, now choose a sequence i, (R) where the variable will be ©. We want

(5.128) fin € C2°(R), pn, bounded in S®(R) and s, — 1 € S¢(R) V € > 0.

This is easily arranged, for instance taking p € C°(R) equal to 1 near 0 and setting
1n(©) = u(O©/n). Since we have arranged that the homogeneous variable © is
annihilated by H, = % we can simply multiply through the equation and get a
similar family of solutions to (5.124)

(5.129) —Hyapn + qan = bfb +ep

where all terms are bounded in S% (R"; R") (and have compact support in the base
variables). Now if we take operators A,,, B,, with these full symbols, and then their
self-adjoint parts, we conclude that A, B, € ¥ (R™) have left symbols bounded
in SY and we get a sequence of solutions to the identity (5.120) with uniformity.
Let’s check that we know precisely what this means. Namely for all € > 0,
(5.130)

A, is bounded in ¥ (R"), A, — A in U< (R™), WF'(A,) C N(c(5)) is uniform,

%(AnP — P*A,) = B2 + Ey,, + E1,
B = B,, € ¥% (R") is bounded, B,, — B in ¥<_(R™), ¥ (R") > B is elliptic at ¢(0),
Ey.,, € V2 (R") is bounded, WF'(Ej,,) C N(c(g)) is uniform
and By, € V! (R") is bounded.

where the boundedness of the sequences means that the symbols estimates on the
left symbols have fixed constants independent of n and uniformity of the essential
support conditions means that for instance

0 0 MY Alliemss
(5.131) q¢ N(C(§)) = J R e U, (R") elliptic at ¢

such that RE) , is bounded in ¥_>°(R").

All this follows from our choice of symbols.
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I leave as an exercise the effect of the uniformity statement on the essential
support.

LEMMA 5.11. Suppose A,, is bounded in O (R™) for some m and that

(5.132) WF'(A,,) C G uniformly
for a closed cone G in the sense of (5.131). Then if u € C;>°(R"™) is such that
(5.133) WF,,(u) NG =0 then A,u is bounded in L*(R™).

Now we are in a position to finish! For finite n all the operators in the identity
in (5.130) are smoothing so we can apply the operators to u and pair with u. Then
the integration by parts used to arrive at (5.121) is really justified in giving
(5.134)

—2Im{u, Ap Pu) = —i(u, A, Pu) +i(A, Pu,u) = || Bpu|® + (u, Eo nun) + (u, By nu).

We have arranged that WF'(A,,) is uniformly concentrated near (the cone over)
¢([0, 2]) and, from (5.116), that WEF1 (Pu) does not meet such a set. Thus Lemma 5.11

shows us that A, Pu is bounded in Hz (R™). Since we know that WEF_1(u) does
not meet ¢([0, §]) we conclude (always taking the parameter ¢’ determining the size
of the supports small enough) that

(5.135) |{u, Ap Pu)| is bounded

as n — oo. Similarly |(u, Ep )| is bounded since Ej , is bounded in Y9 (R") and
has essential support uniformly in the region where u is known to be in L?(R™) and
|{u, E1 )| is bounded since Ej, is uniformly of order —1 and has essential sup-
port (uniformly) in the region where u is known to be in H_%(R”). Thus indeed,
| Bpul|L2 is bounded. Thus B,u is bounded in L?(R™), hence has a weakly conver-
gent subsequence, but this must converge to Bu when paired with test functions.
Thus in fact Bu € L*(R") and (5.117) follows.

5.16. Hormander’s propagation theorem

There are still some global issues to settle. Theorem 5.1, which has been proved
above, can be immediately globalized and microlocalized at the same time. It is
also coordinate invariant — see the discussion in Chapter 6, so can be transferred
to any manifold as follows.

THEOREM 5.3. If P € U™ (M) has real principal symbol and is properly sup-
ported then for any distribution uw € C~°(M),

(5.136) WF(u) \ WF(Pu) C £(P)
is a union of maximally extended null bicharacteristics in X(P) \ WF(Pu).

Some consequences of this in relation to the wave equation are discussed below,
and extension of it in Chapter 7.

As already noted, the strengthened assumption on the regularity of Pu in (5.96)
is not necessary to deduce (5.97), or correspondingly (5.116) for (5.117). This is
not important in the proof of Theorem 5.1 since we are making a much stronger
assumption on the regularity of Pu anyway. However, to get the more refined
version of Theorem 5.2, as stated ‘eventually’ we only need to prove (5.117) using
the corresponding form of (5.116). This in turn involves a more careful choice of
¢(x) using the following sort of division result.
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LEMMA 5.12. There exist a function ¢ € C(R) with support in [0,00) which
is strictly positive in (0,00) and such that for any 0 < f € C*(R),

(5.137) /_ ftY2(t)dt' = d(t)a(t), a € C°(R), supp(a) C [0, 00).

PRrROOF. This is true for ¢ = exp(—1/t) in ¢t > 0, ¢(¢t) = 0 in ¢ < 0. Indeed the
integral is then bounded by

(5.138) /t F(#) exp(—2/t)dt| < Cexp(~2/t), £ < 1.

This shows that a(t), defined as the quotient for ¢ > 0 and 0 for ¢ < 0 is bounded
by C¢(t). A similar argument show that each of the derivatives are also uniformly
bounded by ¢t~V ¢(t) and is therefore also bounded. (]

Taking ¢ to be such a function in the discussion above (near the lower bound
of its support) allows the symbol a defined by integration, and then a,, to be
decomposed as

(5.139) an = bngn + ay,

where @/, is uniformly supported in ¢ < ¢’/10 and g, is also a uniformly bounded
sequence of symbols of order 0. This results in a similar decomposition for the
operators

(5.140) Ap = B,Gy + A, + R,

where R/, is uniformly of order —1, G,, is uniformly of order 0 and A/, also uniformly
of order 0 is uniformly supported in the region where we already know that u €
L?(R™). The previous estimate (5.135) on the left side of (5.134) can then be
replaced by

(5.141) |(u, Ay Pu)| < [(Byu, G Pu)| + [{u, A Pu)| + |(u, R, Pu)| < C|[Byul| +C’

using only the ‘eventual’ estimate in (5.116) to control the third term. The other
terms in (5.134) behave as before which results in an estimate

(5.142) |Bnull* < C'|| Bpul| + C"

which still implies that ||B,ul|| is bounded, so the argument can be completed
as before. This then proves the ‘eventual’ form of Theorem 5.2 and hence, after
reinterpretation, Theorem 5.3.

5.17. Elementary calculus of wavefront sets

We want to achieve a reasonable understanding, in terms of wavefront sets, of
three fundamental operations. These are
(5.143) Pull-back: F*u
(5.144) Push-forward: F,u and
(5.145) Multiplication: u; - us.
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In order to begin to analyze these three operations we shall first introduce and
discuss some other more “elementary” operations:

(5.146) Pairing: (u,v) — (u,v) = /u(m)v(m)dz
(5.147) Projection: u(x,y) — /u(x,y)dy

(5.148) Restriction: u(z,y) — u(z,0)

(5.149) Exterior product: (u,v) — (uXv)(z,y) = u(x)v(y)
(5.150) Invariance: F*u, for F a diffeomorphism.

Here (5.148) and (5.150) are special cases of (5.143), (5.147) of (5.144) and (5.149) is
a combination of (5.145) and (5.143). Conversely the three fundamental operations
can be expressed in terms of these elementary ones. We can give direct definitions
of the latter which we then use to analyze the former. We shall start with the
pairing in (5.146).

5.18. Pairing

We know how to ‘pair’ a distribution and a C* function. If both are C*° and
have compact supports then

(5.151) (ug,u9) = /ul(x)U2(ac)dx

and in general this pairing extends by continuity to either C; *°(R™) x C*>°(R") or
C>®(R™) x C;>°(R™) Suppose both u; and ug are distributions, when can we pair
them?

PROPOSITION 5.10. Suppose u, us € C;°(R™) satisfy
(5.152) WF(u1) NWF(ug) =0
then if A € W9 (R™) has
(5.153) WF(u1) NWEF'(A) =0, WF(uz) "WF'(Id—A) =0
the bilinear form
(5.154) (u1,u2) = (Auy, ug) + (ug, (Id —A*)ug)
is independent of the choice of A.

Notice that A satisfying (5.153) does indeed exist, just choose a € S, (R™;R™)
to be identically 1 on WF(uz), but to have conesupp(a) N WF(u;) = (), possible
because of (5.152), and set A = qr(a).

PROOF. Of course (5.154) makes sense because Auy, (Id —A*)ug € C°(R™) by
microlocality and the fact that WF'(A) = WEF'(A*). To prove that this definition
is independent of the choice of A, suppose A’ also satisfies (5.153). Set

(5.155) <U1, UQ>I = <AIU1, UQ> + <U1, (Id —A/)*u2>.
Then
(5.156) WEF' (A — A') N WF(u) = WF'((A — A")*) N WF (ug) = 0.

The difference can be written
(5157) <’LL1, U2>/ — <u17 UQ> = <(A — AI)’U,l, U2> — <’LL17 (A — AI)*U2>.
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Naturally we expect this to be zero, but this is not quite obvious since u; and us
are both distributions. We need an approximation argument to finish the proof.
Choose B € ¥ (R™) with

5 WF'(B) N WF(u1) = WF'(B) N WF(uy) = 0
(5.158) WF'(Id-B) "WF(A - A) =
If v, — wg, in C;*°(R™), v, € C°(R™) then
(5.159) W, = ¢[(Id —B) v, + Bua| — u»

if ¢ =1 in a neighbourhood of supp(uz), ¢ € C°(R™). Here Bug € C*°(R"), so
(5.160)
(A— Aw, = (A— AN¢(Id—B) - v, + (A — A")pBuz — (A — A")uz in C*(R"),

since (A — A)¢(Id —B) € U >*°(R"). Thus

(A= A uy,up) — (A= A)ug,ug)

(ur, (A= A') wy) — (ur, (A= A") ),
since w,, — uy in C;°(R™) and (A — A')*w, — (A — A")" uy in C>°(R™). Thus
(5.161)  {(uy,us) — (u1,us) = nli_)ngo[((A — A uy,wn) — (ur, (A— AN w,] = 0.

O

Here we are using the complex pairing. If we define the real pairing by
(5.162) (u1,uz) = (u1,s)
then we find
PROPOSITION 5.11. If uy, ug € C;°°(R"™) satisfy
(5.163) (x,8) € WF(uy) = (x,—&) ¢ WF(us)
then the real pairing, defined by
(5.164) (u1,uz) = (Aug,ug) + (ug, (Id —A ) us),
where A satisfies (5.153), is independent of A.
ProOOF. Notice that
(5.165) WF (@) = {(z,—£) € R" x (R"\0); (z,£) € WF(u)}.
We can write (5.163), using (5.162), as
(5.166) (ur,uz) = (Auy, T2) + (uy, (Id — Ab)uy).
Since, by definition, Atus = A*Ts,
(5.167) (u1,u2) = (Auy, U2) + (ur, (Id —A*)ug) = (u1,U2)
is defined by (5.154), since (5.163) translates to (5.152). O
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5.19. Multiplication of distributions

The pairing result (5.164) can be used to define the product of two distributions
under the same hypotheses, (5.163).

PROPOSITION 5.12. If uy, ug € C; °(R"™) satisfy

(5.168) (z,8) € WF(u1) = (z, —&) ¢ WF(us)
then the product of uy and ug € C°(R™) is well-defined by
(5.169) uruz(¢) = (u1, puz) = (Pui,u2) ¥V ¢ € C°(R")

using (5.164).

PrOOF. We only need to observe that if u € C;*°(R") and A € U7 (R") has
N u) = () then for any fixe €
WF'(A) N WF(u) = 0 then f fixed ¥ € C°(R™)

(5.170) [V Apulcr < Cllgllcr p=k+ N
for some N, depending on m. This implies the continuity of ¢ — ujus(¢) defined
by (5.169). O

5.20. Projection

Here we write R7 = RP x R’; and define a continuous linear map, which we
write rather formally as an integral

(5.171) C.R") 5 ur— /u(x,y)dy € C, > (RP)

by pairing. If ¢ € C*°(RP) then

(5.172) i € C(R™), m: R"> (z,y)— x €RP
and for v € C;°°(R™) we define the formal ‘integral’ in (5.171) by
(5.173) ([ w0 6) = ()., 0) i= u(rio).

In this sense we see that the projection is dual to pull-back (on functions) under
71, 80 is “push-forward under m1,” a special case of (5.144). The support of the
projection satisfies

(5.174) supp ((m1)u) C w1 (supp(u)) V u € C°(R"),
as follows by duality from
(5.175) supp(r7¢) C ;' (supp @)

PROPOSITION 5.13. Let m, : RPYF — RP be projection, then for every u €

Co > (RPFF)
WE ((m1).u) C {(2,£) € R x (RP\0);

(5.176) { p
Jy € R” with (x,y,&,0) € WF(U)}

Proor. First notice that
(5.177) (m1)« : CP(R™) — C°(RP).
Combining this with (5.174) we see that
(5.178) sing supp ((71)«u) C 1 (sing supp u)
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which is at least consistent with Proposition 5.13. To prove the proposition in full
let me restate the local characterization of the wavefront set, in terms of the Fourier

transform:
LEMMA 5.13. Suppose K CC R™ and I' C R™\0 is a closed cone, then
(5.170) “ECTRY, WR@N (K XT) =0, A€ Vo (RY), WF'(4) € K xT
= Au € S(R").

In particular

say ECTTR WO XT) =0, 0 € R sump(o) € K
5.180 —
= du(&) is rapidly decreasing in T.

Conversely suppose T' C R™" N0 is a closed cone and u € S'(R™) is such that for
some ¢ € C°(R™)

(5.181) @({) is rapidly decreasing in T’
then
(5.182) WEF(u) N {z € R";¢(x) # 0} x int(T") = 0.

With these local tools at our disposal, let us attack (5.176). We need to show
that

(7,9) € R? x (R\0) s.t. (7,4,E,0) ¢ WE(u) ¥ y € R”
= (7,§) ¢ WF ((m1):u).
Notice that, WF(u) being conic and 7(WF (u)) being compact, WF(u)N(R" x S*~1)
is compact. The hypothesis (5.183) is the statement that
(5.184) {Z} x RF x S"71 x {0} N WF(u) = 0.

Thus T has an open neighbourhood, W, in R?, and (€, 0) a conic neighbourhood 7,
in (R™\0) such that

(5.183)

(5.185) (W x R* x v,) N WF (u) = 0.
Now if ¢ € C°(RP) is chosen to have support in W
(5.186) (W/fau(g, n) is rapidly decreasing in ;.
Set v = ¢(m1)«u. From the definition of projection and the identity
(5.187) v =¢(m)su = (m):[(71P)ul,
we have
(5.188) () = v(e™%) = ((mi P)u) (€, 0).

Now (5.186) shows that () is rapidly decreasing in 1 N (R? x {0}), which is a
cone around ¢ in RP. Since v = ¢(my).u this shows that (z,&) ¢ WF ((m1).u), as
claimed. 0

Before going on to talk about the other operations, let me note a corollary of
this which is useful and, even more, helps to explain what is going on:

COROLLARY 5.1. Ifu € C;°°(R") and
(5.189) WF(u) N {(2,y,£,0);2 € RP,y € R* £ € RP\0} =
then (m1)s(u) € C(R™).
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PRrROOF. Indeed, (5.176) says WF ((m1).u) = 0. O

Here, the vectors (z,y, &, 0) are the ones “normal” (as we shall see, really conor-
mal) to the surfaces over which we are integrating. Thus Lemma 5.13 and Corol-
lary 5.1 both state that the only singularities that survive integration are the ones
which are conormal to the surface along which we integrating; the ones even par-
tially in the direction of integration are wiped out. This in particular fits with the
fact that if we integrate in all variables then there are no singularities left.

5.21. Restriction

Next we wish to consider the restriction of a distribution to a subspace
(5.190) C.°MR") sur—u | {y=0}eC*RP).

This is not always defined, i.e. no reasonable map (5.190) exists for all distributions.
However under an appropriate condition on the wavefront set we can interpret
(5.190) in terms of pairing, using our definition of products. Thus let

(5.191) t:RP 52 +— (2,0) e R

be the inclusion map. We want to think of u [ {y = 0} as ¢*u. If u € C2°(R™) then
for any ¢’ € C3°(R™) the identity

(5.192) Cu(¢) = u(¢'0(y))

holds.

The restriction map ¢* : C°(R™) — C°(RP) is surjective. If u € C;*°(R™)
satisfies the condition

(5.193) WEF(u) N {(2,0,0,n);z € RP,n e R" P} =)
then we can interpret the pairing
Cu(e) = u(d'd(y)) V ¢ € C7(RP)
where ¢’ € C2°(R") and (¢’ = ¢
to define (*u. Indeed, the right side makes sense by Proposition 5.12.
Thus we have directly proved the first part of
PROPOSITION 5.14. Set R = {u € C;>=(R"); (5.193) holds} then (5.194) de-

fines a linear restriction map * : R — C;*>°(RP) and

(5.195) WF(/*u) C {(#,£) € R? x (RP\0); 3 n € R™ with (x,0,£,1) € WF(u)}.

(5.194)

PrOOF. First note that (5.193) means precisely that

(5.196) @(€,m) is rapidly decreasing in a cone around {0} x R\0.
When u € C2°(R"™) taking Fourier transforms in (5.192) gives

_ 1 )
(5197) Ful®) = Grye [ e

In general (5.196) ensures that the integral in (5.197) converges, it will then hold
by continuity.
We actually apply (5.197) to a localized version of w; if ¢ € C°(RP) then

—

(5.198) G (u)(€) = (2m) / Beyace, mdn.
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Thus suppose (%, £) € RP x (RP\0) is such that (Z,0,&,71) ¢ WF(u) for any n. If ¥
has support close to T and ¢ € C2°(R™P) has support close to 0 this means

(5.199) 1/)/@(5, n) is rapidly decreasing in a cone around each (&,7).

We also have rapid decrease around (0, 7) from (5.196) (make sure you understand
this point) as

(5.200) DCu(€,n) is rapidly decreasing in 7y x RP

for a cone, vy, around . From (5.197)
(5.201) ’(/JL/*(EJ,)(f) is rapidly decreasing in ~.

¢ WEF(t*(Cu)). Of course if we choose ((y) = 1 near 0, t*(Cu) = ¢t*(u)
so (z,€) ¢ WF(u), provided (z,0,&,m) ¢ WF(u), for all 5. This is what (5.195)
says. O

Try to picture what is going on here. We can restate the main conclusion of
Proposition 5.14 as follows.

Take WF(u) N {(,0,£,1) € R? x {0} x (R™\0)} and let Z denote projection
off the n variable:

(5.202) R? x {0} x R? x R¥ -Z5 RP x R?
then
(5.203) WF(*u) € Z(WF(u) N {y = 0}).

We will want to think more about these operations later.

5.22. Exterior product

This is maybe the easiest of the elementary operators. It is always defined
(5.204) (w1 M uz) () = ur (u2(g(z, ) = ua(wa(9(-,y)).
Moreover we can easily compute the Fourier transform:
(5.205) ur B s (&, ) = i (€)aa(n).

PROPOSITION 5.15. The (exterior) product
(5.206) C®°(RP) x C7°°(R¥) «— C = (RPHF)
is a bilinear map such that
(5.207) WEF (u1 Bug) C [(supp(u1) x {0}) x WF(uz)]
U [WF(u1) x (supp(uz) x {0})] U [WF(u1) x WF(usg)].

PROOF. We can localize near any point (Z,7) with ¢1(z)d2(y), where ¢y is
supported near ¥ and ¢o is supported near y. Thus we only need examine the
decay of

(5.208) $rur ) Gaus = Grus (€) - dauz(1).

Notice that if gb/la (&) is rapidly decreasing around & # 0 then the product is rapidly
decreasing around any (£,n). This gives (5.207). O
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5.23. Diffeomorphisms

We next turn to the question of the extension of F*, where F': 0y — Qg is
a C*> map, from C*(Q3) to some elements of C~°°(£2z). The simplest example of
pull-back is that of transformation by a diffeomorphism.

We have already noted how pseudodifferential operators behave under a diffeo-
morphism: F' : ; — Qo between open sets of R™. Suppose A € U2 (R") has
Schwartz kernel of compact support in 2; x € then we define

(5.209) Ap 1 C(Qy) — ()

by Ap =G*-A-F* G=F~' In § 5.4 we showed that Ar € U7 (R"). In fact we
showed much more, namely we computed a (very complicated) formula for the full
symbols. Recall the definition of the cotangent bundle of R™

(5.210) T*R™ ~ R" x R"
identified as pairs of points (7, ), where T € R™ and
(5.211) & = df(7) for some f € C(R"™).

The differential df (Z) of f at T € R™ is just the equivalence class of f(z)— f(T) € Zz
modulo Z2. Here

Iz = {g € C*(R"); g(T) = 0}
(5.212) Z={ > gihi, gz,h EI}
finite

The identification of £, given by (5.210) and (5.211), with a point in R”™ is obtained
using Taylor’s formula. Thus if f € C*(R"™)

(5.213) ) + Z 695] (@ =)+ Y gij(@)aiw;.

ij=1

The double sum here is in Z2, so the residue class of f(z) — f(Z) in Zz/Z2 is the
same as that of

of _
(5.214) Z 5y (@ = 7).
=1 9%
That is, d(x — Z); = dxj, j = 1,...,n form a basis for TXR" and in terms of this
basis
(5.215) Z axj T)d;.

Thus the entries of € are just (88—9{1, .. Bz ) for some f. Another way of saying this

is that the linear functions £ - x = &1 + Eoxo - - - £y, have differentials spanning
TrR™.
So suppose F': 1 — Q9 is a C* map. Then

(5.216) F* i T2y — T2Q4, § = F(T)
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is defined by F*df(y) = d(F*f)(z) since F* : Ty — Iy, F* : I; — TI2. In
coordinates F(z) =y =

(5.217) a(zj(F*f(x)) = 2 rayy =3 2 )2k

ie. F*(n-dy) =¢ - dx if

n
OFy
(5.218) &= 5, @ m
k=1 "7
Of course if F is a diffeomorphism then the Jacobian matrix ‘?95 is invertible

and (5.218) is a linear isomorphism. In this case
F* T3 R «—— T R™
(x,8) «— (F(z),7)
with £ and n connected by (5.218). Thus (F*)* : C*°(T*Qy) — C>®(T*Qy).

(5.219)

ProOPOSITION 5.16. If F' : Q1 — Qy is a diffeomorphism of open sets of R™
and A € U (R™) has Schwartz kernel with compact support in 1 X Qo then

(5.220) om(Ap) = (F*)*om(A)
and
(5.221) F* (WF'(AF)) = WF'(A).

It follows that symbol o, (A) of A is well-defined as an element of SQZ*“] (T*R™)
independent of coordinates and WF'(A) C T*R™\0 is a well-defined closed conic
set, independent of coordinates. The elliptic set and the characteristic set ¥, are
therefore also well-defined complementary conic subsets of T*Q\O.

PROOF. Look at the formulae. O

The main use we make of this invariance result is the freedom it gives us to
choose local coordinates adapted to a particular problem. It also suggests that
there should be neater ways to write various formulae, e.g. the wavefront sets of
push-forward and pull-backs.

PROPOSITION 5.17. Ifu € C;*°(R™) has supp(u) C Q2 and F : Q — Dy is a
diffeomorphism then

(5.222)
WE(F*u) C {(z,£) € R" x (R"\0); (F(x),n) € WF(u),; = . gf; (2)&:}-

PROOF. Just use the standard definition
(5.223) WF(Fu) = (|{2(4); A(F*u) € C®}.

To test the wavefront set of F*u it suffices to consider A’s with kernels supported
in Q; x Q since supp(F*u € ; and for a general pseudodifferential operator A’
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there exists A with kernel supported in €y such that A'u — Au € C*°(R™). Then
AF*u € C* (1) <= Apu € C°(€Q2). Thus

(5.224) WF(F*u) = ({2(A); Apue ™}
(5.225) =({F*(S(Ar)); Apu € C*}
(5.226) = F*WF(u )

since, for u, it is enough to consider operators with kernels supported in Q5 xQ5. [

5.24. Products

Although we have discussed the definition of the product of two distributions
we have not yet analyzed the wavefront set of the result.

PROPOSITION 5.18. If uy, us € C;°°(R™) are such that
(5.227) (2,€) € WF(u1) = (2, —€§) ¢ WF(uz)
then the product uius € C°°(R™), defined by Proposition 5.12 satisfies
WEF(uiug) C {(z,£);2 € supp(u1) and (z,£) € WF(u2) }
(5.228) U{ x,&);x € supp(ua) and (z,§) € WF(ul)}
O{(2,€); € = m + 2, (x,m:) € WF(u;),i = 1,2},

PROOF. We can represent the product in terms of three ‘elementary’ opera-
tions.

(5229) U1UL (l‘) =" [F* (ul X ’U,Q)]
where F : R2" — R2" ig the linear transformation
(5.230) F(z,y) = (z+y,x—y)

and ¢ : R" — R" x {0} C R?" is inclusion as the first factor. Thus (5.229)
corresponds to the ‘informal’ notation

(5.231) urug(r) = ui(z + y)ua(r —y) [ {y = 0}

and will follow by continuity once we analyse the wavefront set properties.
We know from Proposition 5.15 that

WF (u1 Kug) € {(X,Y,E,H); X €supp(u1),=Z =0, (Y, H) € WF(u2)}
(5.232) U{(X,Y,E,H); (X,E) € WF(u1), Y € supp(uz), H =0}
U{(X,Y,E,H); (X,E) € WF(w), (Y,H) € WF(ug)}
Since F is a diffeomorphism, by Proposition 5.17,
WEF(F* (u1 Mus)) = {(2,y,&0); (F'(z,y),E, H) € WF(uy Muy),
(&n) =

where F*! is the transpose of F' as a linear map. In fact F* = F, so

WF(F*(u; Rusg)) C

{(z,y.&n);2+y € supp(u1), £+1 =0, (l‘—yé(é—n)) € WF(uz)}

ANE, H)}

U {(z,y,&m); (x+y, 5(6 + 1)) € WF(uy), (z—y, %(5 —n)) € WF(uz)}
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and so using Proposition 5.14

WE(F*(u1 Kug)) [ {y = 0}
C {(2,0,¢,—&); 2 € supp(w1), (2, €) € WF(uz) }
U {(x,oaf,ﬂ); (m € Supp(u2)v (x,{) € WF(U‘Q)}
1 1
U {(,0,6m); (2, 5(E+m) € WF(ua), (2, 5(§ —m)) € WF(ua) }
Notice that
(5.233)

(2,0,0,n) € WF (F*(u; Rug)) = (=, %77) € WF(uy) and (z, %77) WF(us2)
which introduces the assumption under which ujus is defined. Finally then we see
that
(5.234)

WF (uiuz) C {(2.€); 2 € supp(u1), (2, &) € WF(uz)}
U{(z,€); = € supp(uz), (z,€) € WF(u1)}
U{(x,€); (x,m) € WF (1), (z,72) € WF(uz) and & = 11 + 12}

which is another way of writing the conclusion of Proposition 5.18. O

5.25. Pull-back
Now let us consider a general C*° map
(5235) F:Q — Qs Q1 C Rn,QQ C R™.

Thus even the dimension of domain and range spaces can be different. When can
we define F*u, for u € C;°°(22) and what can we say about WF(F*u)? For a
general map F' it is not possible to give a sensible, i.e. consistent, definition of F*u
for all distributions u € C~>°(Qs).

For smooth functions we have defined

(5.236) F*:C(Q) — C()

but in general F*¢ does not have compact support, even if ¢ does. We therefore
impose the condition that F' be proper

(5.237) FYUK) eV K €y,

(mostly just for convenience). In fact if we want to understand F*u near T; €
we only need to consider u near F (%) € Q.

The problem is that the map (5.235) may be rather complicated. However any
smooth map can be decomposed into a product of simpler maps, which we can
analyze locally. Set

(5.238) graph(F') = {(m,y) €O X Qg; y= F(m)} L0 X Q.

This is always an embedded submanifold of 7 x Qo the functions y; — F;(z),
i =1,...,N are independent defining functions for graph(F') and z,...,x, are
coordinates on it. Now we can write

(5.239) F=myoutpog
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where g : Q1 «— graph(F) is the diffeomorphism onto its range © — (z, F(z)).
This decomposes F' as a projection, an inclusion and a diffeomorphism. Now con-
sider

(5.240) F ¢ =g* -1 -m5¢

i.e. F*¢ is obtained by pulling ¢ back from 5 to €1 x Qq, restricting to graph(F)
and then introducing the z; as coordinates. We have directly discussed (73¢) but
we can actually write it as

(5.241) T30 = 1R 6(y),

so the result we have proved can be applied to it. So let us see what writing (5.240)
as

(5.242) Fré=g*orh(1K¢)
tells us. If uw € C;°°(€2) then
(5.243) WF(18u) C {(z,9,0,n); (y,1n) € WF(u)}

by Proposition 5.15. So we have to discuss ¢} (1 X u), i.e. restriction to y = F(x).
We can do this by making a diffeomorphism:

(5.244) Tr(z,y) = (z,y + F(z))
so that T (graph(F)) = {(x,0)}. Notice that g o Tr = m, s0
(5.245) F*¢= 1],y (Tp(1 X w)).

Now from Proposition 5.17 we know that

(5.246) WEF(Th(1 K w)) = TH(WF(1 K u))
= {(X,Y,E,H);(X,Y + F(X),&n) € WF(1 Ku),

— OF;
n=H,¢ ::i-f-zaszj}
i.e.
OF;
j J

So consider our existence condition for restriction to y = 0, that £ # 0 on WF(T7 (1K
u)) ie.

OF;
(5.248) (F(z),m) € WF(u) — 3 2 (), £ 0.

J

If (5.248) holds then, from (5.246) and Proposition 5.14

(5.249)  WF(F*u) C {(z,€); 3 (F(z),n) € WF(u) and &; = @(m)m}-

—~ Ox;
J

We can reinterpret (5.248) and (5.249) more geometrically. The differential of
F' gives a map
. T;‘(m)QQ — T;Ql Vre
(5.250) OF;

(F(z),n) — (z,&) where §; = Za—xinj.
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Thus (5.248) can be restated as:
5 951 YV z € 1, the null space of F} : T}(I)Qg — T8y
(5.251) does not meet WF (u)

and then (5.249) becomes
(5.252) WF(F*u) C U FRWF (u) N Ty Q] = F*(WF(u))
r€Q

(proved we are a little careful in that F™* is not a map; it is a relation between
T*Qy and T*(;) and in this sense (5.251) holds. Notice that (5.249) is a sensi-
ble “consequence” of (5.251), since otherwise WF(F*u) would contain some zero
directions.

PROPOSITION 5.19. If F': Q1 — Qo is a proper C*° map then F* extends (by
continuity) from C°(Qg) to

(5.253) {ueCr®(Qa); F*(WF(u)) N (1 x 0) =0 in T*Q1 }
and (5.252) holds.

5.26. The operation F,

Next we will look at the dual operation, that of push-forward. Notice the basic
properties of pull-back:

(5.254) Maps CZ° to C°(if F' is proper)
(5.255) Not always defined on distributions.
Dually we find

ProproOSITION 5.20. If F' : Q1 — Qs is a C* map of an open subset of R™
into an open subset of R™ then for any u € C ()

(5.256) Fi(u)(¢) = u(F"¢)
s a distribution of compact support and
(5.257) F.: C2°(Q1) — C°(Q2)

has the property:
WF(F.u) C {(y,n);y € F(supp(u)),y = F(x), F;n = 0}uU
{(ysm)sy = F(x), (z, F;n) € WF(u)}.

PRrROOF. Notice that the ‘opposite ’ of (5.254) and (5.255) hold, i.e. F is always
defined but even if u € C°(€) in general Fuu ¢ C°(3). All we really have to
prove is (5.258). As usual we look for a formula in terms of elementary operations.
So suppose u € C°(€21)

Fau(g) = u(F"6) 6 €C2()
(5.259) = [ule) otF @) do
— [ @ity - F@) olv) dyd.

(5.258)

Thus, we see that
(5.260) Fou=m.H"(uX0)
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where § = 6(y) € C;°(R™), H is the diffeomorphism
(5.261) H(z,y) = (x,y - F(z))

and 7 : R**™ — R™ is projection off the first factor.

Thus (5.260) is the desired decomposition into elementary operations, since
uXd € C°(R™™), m, H*(uKd) is always defined and indeed the map is continuous,
which actually proves (5.260).

So all we need to do is estimate the wavefront set using our earlier results.
From Proposition 5.15 it follows that

(5.262)
WF(uR6) C {(2,0,&n);2 € supp(u), £ =0} U {(,0,£,0); (z,€) € WF(u) }
u{mom)-(w £) € WF(u)}
= {(,0,&,m);z € supp(u),£ =0} U {(z,0,£,m); (z,£) € WF(u)}.

Then consider what happens under H*. This is a diffeomorphism so the wavefront
set transforms under the pull-back:

WE(H" (1R 6)) = WF(u(2)3(y — F(x))

= {(@ ), 2 ) Zi = & - ff (o), (,0,6,7) € WF(u5)}
(5263)  _ {(z, P(x),Z,m); 2 € supp(u), Z; = —Z
U{(z,F(z),E,n);n € R™, (z,§) € WF(u)),E; =& — gf;nj}

Finally recall the behaviour of wavefront sets under projection, to see that

WF(Fou) € {(y.n); 3 (,9,0,n) € WF(H*(u X))}
= {(y,n);y = F(z) for some z € supp(u) and

U{(y,n);y = F(z) for some (z,£) € WF(u) and

26 nj,zzl,...,n)}.

This says

(5.264) WEF(F,.u) C {(y,n);y € F(supp(u)) and F}(n) =0}

(5.265) U{(y,n);y = F(z) with (z, F}n ) € WF(u)}

which is just (5.258). O

As usual one should note that the two terms here are “really the same”.
Now let us look at F, as a linear map,

(5.266) F.: C®(Q) — C%°().
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As such it has a Schwartz kernel, indeed (5.260) is just the usual formula for an
operator in terms of its kernel:

(5.267) Fou(y) = /K(y,x)u(:c)dz, K(y,z) =6(y — F(x)).

So consider the wavefront set of the kernel:

(5:268)  WF(d(y — F(x)) = WF(H"(y)) = {(y, @:n,€)1y = F(x),§ = Fn}.
Now changing the order of the factors we can regard this as a subset

(5.269) WF'(K) = {((y,n), (z,€));y = F(2),§ = F'n} C (2 xR™) x (2 x R").

As a subset of the product we can regard WF'(K) as a relation: if T' C Qg x
(R™\0) set

WEF/ (K)ol =
{(gm) € 9 x (R™\0);3 (5, ), (+,£)) € WF'(K) and (z,€) €T}
Indeed with this definition
(5.270) WF(F.u) C WF'(K) o WF(u), K = kernel of F,.

5.27. Wavefront relation
One serious application of our results to date is:

THEOREM 5.4. Suppose 1 C R™, Qo C R™ are open and A € C~>°(Q1 x Q)
has proper support, in the sense that the two projections

(5.271) supp(A)

Ql QQ
are proper, then A defines a linear map
(5.272) A:CP(Q) — C2 ()

and extends by continuity to a linear map
(5.273) A:{ueC;>(X);WF(u)N{(y,n) € Qs x (R™\0);

(5.274) 3 (z,0,y,—n) € WF(K)} =0} — CZ®()
for which

(5.275) WF(Au) C WF'(A) o WF(u),

where

WE'(A) = {((2,), (y;m) €( x R™) x (Qa x R™); (&) #0
and (z,y,€&,—n) € WF(K)}.

ProOOF. The action of the map A can be written in terms of its Schwartz kernel

(5.276)

(5.277) Aufz) = / K y)uly)dy = (m)-(K - (1 8u).

Here 1 X u is always defined and
(5.278) WF(1Ru) C {(2,9,0,n); (y,n) € WF(u)}.
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So the main question is, when is the product defined? Our sufficient condition for
this is:

which is

(5.280) (z,9,0,n) € WF(K) = (2,9,0,-n) ¢ WF(1 X u)
(5.281) ie. (y,—n) ¢ WF(u)

This of course is (5.274):

(5.282) Auw is defined (by continuity) if

(5.283) {(y,n) € WF(u); 3 (,0,y,—n) € WF(A)} = 0.

Then from our bound on the wavefront set of a product
WF (K- (1Xu)) C

{(z.y,&m); (&m) =(€,0') + (0,1") with

(5.284) (z,9,€',1") € WF(K) and (z,7") € WF(u)}
U{(z,y,&m); (2,y,€m) € WF(K), y € supp(u) }
U{(z,y.0,m)i(z,y) € supp(A)(y,n) € WF(u)}.
This gives the bound
(5.285) WF (m.(K - (1K w))) C {(x,ﬁ); (x,y,€,0) € WF(K - (1 X u)) for some y}
(5.286) C WF'(A) o WF(u).
O

5.28. Applications

Having proved this rather general theorem, let us note some examples and
applications.
First, for pseudodifferential operators we know that

(5.287) WF'(4) C {(z,2,£&)}

i.e. corresponds to the identity relation (which is a map). Then (5.275) is the
microlocality of pseudodifferential operators. The next result also applies to all
pseudodifferential operators.

COROLLARY 5.2. If K € C~°(1 x Q2) has proper support and

(5.288) WEF (K) N {(z,y,£,0)} =0

then the operator with Schwartz kernel K defines a continuous linear map
(5.289) A:CX () — C(MN).

If

(5.290) WF' (K) N {(x,y,0,n)} =0

then A extends by continuity to

(5.291) A:CT0(0g) — C ().

PrOOF. Immediate from (5.272)-(5.291). O
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5.29. Problems
PROBLEM 5.9. Show that the general definition (5.52) reduces to

(5.292)  WF(u) = |{Zo(4); A€ U (R") and Au € C*(R")}, u e S'(R")

and prove the basic result of ‘microlocal elliptic regularity:’

5 903 If ue §'(R™) and A € U (R") then
(5.298) WF(u) C $(A) UWF(Au).
ProOBLEM 5.10. Compute the wavefront set of the following distributions:

§(z) € S'(R"), |z| € S'(R™) and

(5.294) - 1 2l <1
n(T) =
XE 0 |z|>1.
PROBLEM 5.11. Let I' € R™ x (R™\.0) be an open cone and define
(5.295) Co(R") ={u € C7*(R"); Au € C*(R")
(5.296) vV Ae vl (R") with WF'(A)nT =0}.

Describe a complete topology on this space with respect to which C°(R™) is a dense
subspace.

PROBLEM 5.12. Show that, for any pseudodifferential operator A € ¥ (R"),
WF'(A) = WF'(4%).

PrROBLEM 5.13. Give an alternative proof to Lemma 5.5 along the following
lines (rather than using Lemma 2.75). If o, (A) is the left reduced symbol then for
€ > 0 small enough

(5.297) bo = ve/oL(A) € S (R™R™) .
If we choose By € U™ (R™) with or(By) = by then
(5.298) Id—Ao By =G € VY (R")
has principal symbol
(5.299) 00(G) =1—0r(A) - bo.
From (5.67)
(5.300) 75/40'0(G) = Ve/4-
Thus we conclude that if o7,(C) = 7,/4 then
(5.301) G = (Id —0)G + CG with CG € W (R™).
Thus (5.298) becomes
(5.302) Id—ABy = CG+ R, WF'(R) % 2.
Let By ~ §I(CG)j, By € U1 and set
3>

(5.303) B = By (Id +By) € U (R™).
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From (5.302)

(5.304) AB = ABy(I + B))

(5.305) — (Id—CG) (I + B1) — Ry (1d+B,)
(5.306) — 1d+Rs, WF'(Rs) % .

Thus B is a right microlocal parametrix as desired. Write out the construction of
a left parametrix using the same method, or by finding a right parametrix for the
adjoint of A and then taking adjoints using Problem 5.12.

PrOBLEM 5.14. Essential uniqueness of left and right parametrices.

PROBLEM 5.15. If (Z, &) € R x (R™0) is a given point, construct a distribution
u € C;°°(R™) which has
(5.307) WF(u) = {(z,t{);t > 0} C R™ x (R"\0).

PROBLEM 5.16. Suppose that A € ¥ (R™) has Schwartz kernel of compact

support. If u € C;*°(R™) use the four ‘elementary operations’ (and an earlier
result on the wavefront set of kernels) to investigate under what conditions

(5.308) k(z,y) = Ka(z,y)u(y) and then vy(x) = (m)«k
make sense. What can you say about WF(y)?
PROBLEM 5.17. Consider the projection operation under 7, : RP x R¥ — RP,

Show that (7). can be extended to some distributions which do not have compact
support, for example

(5.309) {u € S'(R");supp(u) N K x R* is compact for each K CC R"}.

PRrROBLEM 5.18. As an exercise, check the Jacobi identify for the Poisson bracket
(5.310) {£:{9: 03} + {9, {h, f}} + {h, {f,9}} = OV f,9,h € CZ(R*").
PrROBLEM 5.19. The fact that (5.90) determines H}, uniquely is equivalent to

the non-degeneracy of w, that

(5.311) w,w)=0Vw=v=0.

Show that if w is a non-degenerate form and (5.90) is used to define the Poisson

bracket by

(5.312) {f,9} =w(Hy, Hy) = dg(Hy) = Hyg

then the Jacobi identity (5.310) holds if and only if w is closed as a 2-form.
PROBLEM 5.20. Check that a finite number of regions (5.94) cover the comple-

ment of a neighbourhood of 0 in R™ and that if a is smooth and has compact support

in z then the estimates (5.95) is such neighbourhoods imply that a € SM (R™; R")
and conversely.



