4 Towards pseudodifferential operators: Symbols

Consider a differential operator with variable coefficients:

P= Z aq(x)Dg.
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where

p(w,§) = Y aa(2)E”

laf<m

is the symbol of the operator. Now we notice that the last integral makes sense not only when
p(z, &) is a polynomial in £, but for more general functions, which we will call symbols.

In the next section we will study some classes of functions which will allow us to define
operators as in (4.1) and to study their properties.

4.1 Symbols

In this section we define some classes of symbols which we will use to develop the theory of
pseudodifferential operators. The first class of symbols models the differential operators with
variable coefficients.

Definition 4.1 (Symbols on R"). Let m € R. A smooth function a(x,£) € C®(R? x R?,C) is
a symbol of order m if Vo, B € Nd, there exists Cap > 0 such that
02 9 a(w,6)| < Cap (O™, Wz, g eRY (4.2)
We denote the set of symbols of order m by S™.
Moreover we define S™° := NpyerS™.

Remark 4.2. Symbols in this class gain decay in € every time we take a derivative in the &
variable, while do not improve decay when we derive w.r.t. the x wvariable. The model that we
have in mind is the one of linear variable coefficients differential operators. Sometimes, as we
shall see, it is useful to define different classes of symbols..

We endow §™ with the family of seminorms

pif@) =3 sup (&
la|+1B] <k TEER?

o2 ala, 5))) (4.3)

With these seminorms 8™ becomes a Fréchet space, and the convergence is defined by

anLa < pi(an—a) —— 0 VEeN

n— oo n—oo
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Example of symbols: We give now several examples of functions which are symbols.

1. Differential operators: let m € N and define

a(z,€) = ) aa(2)E,

la|<m
where the a, € C>°(R?) are bounded with all their derivatives:
|0 aa(z)] < Caryy, Vv €NG.
Then a € §™.

2. Multiplication operators by smooth bounded functions: let a € C*(R?) bounded with its
derivatives. Then a € S°.

3. Japanese bracket: let a(§) := (£). Then a € S*. More generally (£)™ € S™.
To see it, use Faa di Bruno formula: let f(t) = (1 +)™/2 and b(¢) = |¢[?; then (£)™ =
F(b(€)). Using that |f(t)] < Ce(1+ ¢)™/2~* and that b € S we get

oL [f = > Yo fOME) 06() - (97°6(6))

1<e<|pl sy =8
1=,y >1

<O+ |5| 2ym/2= g2l ()2l < 0 ()2 1Imm =20 < o gy 1P

4. Schwartz functions: let a € S(RY x R?); then a € S~°°.
To prove it take m € R arbitrary, then Ve, 3 € N¢ one has

o207 a(w,&)| = ™ (g

8;“6561(35,5)’ <" o tiair2s (@)

which shows a € §™. Since m is arbitrary, then a € S~°.
In particular C§° C S™°.

5. Positive homogeneous functions: let a(§) be a positive homogeneous function of order m,
ie. a € C®(R?\ {0},C) and

a(t§) =t"a(§),  Vt>0. (4.4)
Typical examples are

a§) = [¢[™,  al@) =€,  meR

where m can also be negative. Remark that the condition ¢ > 0 is necessary, otherwise
(4.4) would give only polynomial functions.

This is not strictly a symbol according to our definition, since a it is not smooth. However,
we can use a typical procedure of symbolic calculus, which is to regularize the function in a
neighbourhood of zero (where the function is singular) in order to get a symbol. The error
produced by this procedure will be a smoothing symbol.

Concretely we take x a smooth cut-off function, x = 1 in B1(0), x = 0 outside By(0) and
define

a(§) == (1 = x(¢)) a(§)- (4.5)

20



Let us prove that @ € §™. By Leibnitz

00a(e) = 3 s (077701 = 1(©)) (82 a(9));

v<B

each term with v # 8 have compact support due to 1 — x, hence they belong to S™°°. It
remains to check the term (1 — X(f))@?a. In particular we need estimates on 92a, and we
shall obtain them exploiting homogeneity. Consider first the case g = 0: then we rewrite
(4.4) as
a(§) =t "a(t), (4.6)
put t = |£|71 and get
a(§) =11 a(&/[€]).

In particular (1 — x(§))a(€) is supported only for || > 1, and it is bounded by

(1= x(8) la(&)] < (1 —x(8)) 1"

a (;)\ <O s la(n)| < C10)"

The higher derivatives are treated similarly. Taking derivatives of (4.6) one gets
0fa(§) = 1 (9 a) (t6).
hence putting again t = |[£|71 we get

o a(€) = g™ (@ a)(€/1€])

and as above

(1 x(€)02a(®)] < (™" sup [9fa(n)| < C (&)™

[n|=1

. Inverse of elliptic symbols: let p € S™ be elliptic of order m in Q x Br(0) C R? x R?,
meaning that
p(x,§) = clg|™  VeeQ, V=R

We define an “approximate inverse” of p(x, £) in the following way: take x = 1 in Bgy1(0),
X = 0 outside Br12(0) and n € C§°(€2). Define

1—x(§).
p(x, &)’

then a € S™. Indeed a is well defined since p(x, &) # 0 where the cut-off functions are
not identically zero, and on this set

la(z, &) < C(E)™™.

Then we compute the derivatives. Again by Leibnitz one has

a(x,€) = n(x)

8;?85@: Corer ,agfo/ 86*6’1_ agfaﬁl
A Z (02 ) (07 (1= ) (00 - =

B'<B
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The only term which has not compact support is when o/ = o, 8 = 3, namely

1
p(x, &)

Thus we compute 8;‘8?1)(; 7- We use Faa di Bruno formula (1.1) with f(¢t) = 1 and

variables z = (x,¢) € R?¢, multindex given by § = (o, 8) € N??. Since f(t) = Cpt~1~*
we get

92 [ (p(2)]

n(x) (1= x(€)) 059¢

> Yo (€))7 p(=2) - (02p(2))

1<e<[al+|B] _Tittre=s
[v11=>1,..., [vel>1

1
- Z (9™ (1‘ g)) ...(30%65@ (x f))
£+1( z g P\T, e O p(e,
(al’E|17)1+\§f.(.ﬁf;if)z=1(a’6) (p(x,€))

We estimate using that p(x, &) € S™. We get

m—|B1| . <§>m—|ﬁz|

ICEEROIEERs !

)| = g ©
< C«<§>ém—\5\—m(€+1) < C<£>—m—|/3\

which proves that this last term belongs to S™™.

Cut-off functions in cones: It is possible to construct symbols supported in cones. For
example let us take R2. We claim that there exists a symbol y € S°(R?) such that
supp x C {&: |&2] < C (&)}, namely it is supported in a cone. We construct x as following:
pick X € C°(R), X =1 in B;1(0), X = 0 outside B2(0). Define

x(&1,&2) =X <éj>>
Then

Do x(61, &) = XV (é>) @532@51 (62) = 196, x(61, )] < OFV <é>) @)t <o

Since on the support of ¥ one has (£) < C (£;). The other derivative is similar. The general
case is done with Faa di Bruno formula, and left as an exercise.

Examples of not symbols: it is important to have in mind what is not a symbol.

1.

Functions unbounded in x: for example a(x,&) = |z|> + [£|? is not a symbol, since it is
unbounded in the x variable.

. Complex exponential: € is not a symbol, since its derivatives do not gain decay in €.

Functions depending on a subset of the variables £: let a € C°(R™ x R™), n > 2, have the
form a(z,€) = a(x, &) (namely it depends only on the variable £;). Then

a € 8™ <= a is a differential operator in &; of order m with smooth bounded coeff
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Indeed if a is a differential operator of order m, it is a symbol in S™.
Assume now that a € 8. Then by definition of the class we have

1
aaaﬁl <C m=p1 C

Hence if 1 > m, we can take the limit when &5 — oo in the r.h.s. of the formula above, and
find that 8?11a(x,§1) = (0. This shows that a is a polynomial in & with smooth bounded
coefficients.

Note however that we can transform such functions in symbols by appropriate cut-off. It
is sufficient to define

a(r,€) =X (é;) a(z,§)

with X € C§°(R), X = 1 in B;1(0), X = 0 outside B2(0). Then using the properties of the
cut-off functions on cone, one checks that a is a symbol.

Indeed

agafa\ <Y 0y
v<B

32‘8&%‘ ‘8?*72’ < <§1>m*\’v\ <£>*|5I+M ¥ <<‘Z>) <" <£>m7|5\

Symbol calculus. We want to know that symbols are closed with respect to some basic alge-
braic operations.
We define the Poisson bracket between functions a, b as

{a,b} := 0cadyb — Dpadeb = Z(agja) (02,;b) — (9x,a) (D¢, b) (4.7)

J
The next lemma is easy to verify, but important:
Lemma 4.3. Leta € 8™, be S™ . Then
(i) The product ab € S™ ™ with the estimate: Yk € N, 3Cy > 0 such that

O (@) < Cr o (@) 97 (B): (48)
(i) For any o, 8 € N™ one has 8;’;8?(1 € S8l with the estimate: Yk € N, 3C), > 0 such that
o1 (a) < Cr o0 (0) (4.9)

(iii) The Poisson bracket {a,b} € S™t™ =1 with the estimate: Yk € N, 3Cx > 0 such that
P (b)) < Cr o (@) 97 0). (4.10)

(iv) Let f € C*(C,C) and a € S°. Then f(a) € S°.
(v) Let f € C°(R,C) such that for some p € R, one has

dZ
| scaruyt wen

Let a € 8™ real valued. Then f(a(z,£)) € SP™.
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Proof. (i) just use Leibnitz rule:

o20g (b)) < > cf
a’<a

B'<B

o9~ al

x

oz 0|

< [ D o | olras@ pfs ) @
Pl
Then taking |a + 8| < k we prove
P (ab) < Y Cap iy p(a) oy 5(b) < Crpi(a) g (b)
la+B[<k

(i1) it is sufficient to note that

00(0:0a)] < C O™ oft s (@)

from which the estimate follows. follows by Leibnitz rule, while (i) by taking derivatives.
(#i1) remark that
(D¢, a) (9a;b) — (By,a) (9e,b) € S™H™ 1
—— e N N~
esm-t esm €8™  esm'—1
by item (i) and (7).
(iv) use Faa di Bruno formula (1.1) and observe that f)(a(z,£)) is bounded V¢, being a € S°.
(v) By Faa di Bruno

00 fa)= > FO(a(e,€)) (0210 a(=, €)) - - (0240 alw, )
1<¢<B] (alvﬁll)T~+(a?l3f)=(0<ﬁ)
Y1121, vl 21

Using the properties of f
O a(@, )] < Ce1 + lalz, )~ < CC (™7,

hence

aﬂfaafﬁf(a)’ N <€>m(p_£) <§>m—\51\ <§>m_‘5‘3‘ < <§>m(P—5) <§>£m—|5\ < <§>mp—\ﬁ|

Remark 4.4. For any m <m/, S™ C sm',

Remark 4.5. Ifa € 8™, thena € S'.

Different classes of symbols. According to the problem you have in front, you might want
to change the classes of symbols, in order to include one or more of the functions that are not
“classical” symbols. We shall see two different classes of symbols:

Definition 4.6 (Symbols “a la Hérmander”). For p,é € [0,1], m € R define Zﬁ;(Rd x R, C)

the set of smooth functions a(x,&) € C°(R? x R C) such that for any «, 3 € N&, there erists
Cuap > 0 such that

658?“(57 5)‘ < g () PIPI 0l
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Remark that S™ = 577,

Example 4.7. The function €€ € S00- The function e=éx(x) (x smooth cut off) belongs to
SY .. The function é*Véx(z) € S , .
; 23

Such classes are useful in the theory of water waves. For example S9

11
272

has been used by T.

Alazard, P. Baldi, D. Han-Kwan for the control of water waves.

Another classes that we will use is adapted to include |z|? 4 |£]? as symbol; this is useful
when studying the quantum harmonic oscillator H = —A + |z|?, whose symbol is |z|? + |¢]2.

Definition 4.8 (Isotropic symbols). For m € R, define S*(R? x R, C) the set of smooth
functions a(x, &) € C°(R? x R, C) such that for any o, B € Ng, there exists Cop > 0 such that

a?aga(g,f)‘ S Caﬁ <x’§>m*|ﬁ|*|a|

where (z,€) = (1+ |z]? + ¢]?) /.

Example 4.9. The function z; € S},. The function |z|* + |£|? € SZ,.

Remark that if a € S7%, then J,a,0:a € S,ZZ_I. As a consequence if a € S, b € S,’Z};, then
ab € S,’;er'*z.

4.2 Asymptotic sums
Let us consider a sequence of symbols a; € §™, j € N, with m; \, —oo. We want to give a
meaning to the expression

>4

Jj=20

knowing well that we have no hope for the infinite sum to be convergent. The sum is to be
understood in an asymptotic sense:

Definition 4.10. A symbol a is asymptotic to ), a; (we shall write a ~ 3 a;) if
k
a—> a; €S™,  Vk>0
3=0

The idea of asymptotic calculus is that ; @; approximates better and better the symbol a,

in the sense that the remainder a — Z?:o a; is a symbol more and more decaying at infinity in
the £ variable.

Lemma 4.11. Let a; € 8™, m; N\, —oo. Then Ja € 8™ (unique up to a smoothing symbol)
such that a ~ 3 a;.

Proof. Let x € C§°, x =1 in B1(0). Pick up a sequence {¢;};>1, ¢; € (0,1), ¢; — 0 sufficiently
fast (to be fixed later). We put

bj(z,€&) == (1 —x(€€&)) aj(z,§) € 8™

and

a(w,§) =D _bi(@,€) = 3 (1= x(€)) a;(w,)

J
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The sum is well defined: indeed fix £ € R", then b; = 0 if |¢;&] < 1, ie. || < % Since €; — 0,
for any £ fixed there is just a finite number of terms in the sum which are not zero; thus a is a
well defined smooth function.

Fix k£ > 0 arbitrary: we want to prove that a — Zj<k a; € S™+1. So fix a, f € N™: we want

to find Cug > 0 so that

0207 [ a—a; || < Cap (g7, (4.11)

i<k

The difficulty in proving this estimate is that we want uniformity in £, so we must be careful
with the sum which defines a. We proceed in the following way: having fixed «, 8, we choose
N € N so that

la| + B <N,  my+1<myg

Asa=3}_,bj, we write

a—Zaj :Z(bj —(lj) (4.12)

i<k i<k
+ Y b (4.13)
k+1<G<N
+ b (4.14)
N+1<j

Consider first (4.12): since b; = a; outside a compact set, b; —a; € S~ and therefore it fulfills
an estimate as (4.11).

Coming to (4.13), it is a finite sum and b; € S™ C S™*+! (since m; < myy1).

We are left with (4.14): this is the difficult term, since the number of terms in this sum
depends on &, and we want the estimate to be uniform in &.

It is time to fix the sequence €; — 0. We claim that it is possible to choose them in order for
this condition to be fulfilled:

Vj:

020b;(@,6)| <277 (™ Wa+ gl <. (4.15)

Assume for the moment this is true. Then we estimate » 5, ; b; as following:

050 N byl < Y0 2t s a4 Bl <N <

J>N+1 j>N+1
<X P <y
j>N+1
< > 277 (gym 1Pl asmy +1 < mpqq
J>N+1

<cgme

which proves that (4.14) belongs to S™*++1.
All we have left is to prove (4.15). We distinguish three cases:

- If [€] < 1/€j, then 1 — x(€;€) = 0, hence b; = 0 and the estimate is true.
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< |€] < 2 then, using em &M < 4hl and € () >1

Z Cy 071 = x(¢56))| Z el

S O‘;B Z ellj’” é‘ j_lﬁH‘l'Yl S C((/IB 4‘ﬁ‘ € <§>1+m1—|ﬂ|
v<B

020¢ "a 050¢ "a

95 0¢bj| <

- If 1€ > I%gl then 1 — x(€;€) = 1 and, using 2 < |{]e;,

02 0b;| =

838?%" < O(;’B <§>m"_|ﬁ‘ < Cgﬂej <£>1+mj—|ﬁl

In conclusion is sufficient to choose the sequence €; so that

€; <277 min L 1
P27 Jatsl<i \ Cly  Clg AR
to have (4.15). This concludes the proof. O

An example of such a construction which is very much used in the literature is the following:
take a sequence of a;(x, &), homogeneus of degree m — j in £, smooth for |{| # 0, localized in z.
Then we can construct b; as above, and we already proved at the beginning of the section that
bj € S™7J. Lemma 4.11 gives us a symbol in §™ with a ~ Zj aj.

The class of such symbols is called classic. If a ~ > j Gm—js then the first term of the
expansion, namely a,,, is called the principal symbol.

The importance of classical symbols is that the symbols that one meets in applications are
classical.

Exercises:

1. Let b(z) be smooth and bounded with its derivatives. Prove that b € S9

1
’2

= O

2. Assume that a(z) € S}”. Prove that a is a polynomial in .

3. Let a(z,£) € C®(R™ x R™), x € C*°(R") supported in % < |€] €2, x # 0 on its support.
For A > 1, put ax(z,&) = x(§a(x,A). Prove that a € S™ if and only if Vk € N,
||a,\||ck S Ck)\m.
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