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Improving Estimates for Differential Operators
in Two Independent Variables

By
Humio SuzUkr*

§1. Introduction

Let P(x, D) be a differential operator of order m with C~
coefficients defined in an open subset Q of R”. We shall say that
an improving estimate for P holds in Q, if the following condition
is fulfilled :

For every compact set K in Q, there exists a positive number
p>0 such that

[2tll s -so = C(I| Pt o+ ||t ), #ECF(K),

where ||u||, is the norm of the space H; [1, §2.4].
In this paper we shall study conditions for the validity of im-
proving estimates, when the number of independent variables is fwo.
We denote the principal symbol of P(x, D) by p(x, ). We
define the kth commutator ci(x, £) of p(x, &) by induction:

cy(x, &) = p(x, E), the complex conjugate of p(x, &),
cx(x, 8) = Lp, 371,

where [ p, ¢] is the Poisson bracket of p and g,

_ <~ (0p 0g _0p 9q
[P, q] Z;‘ 6{::1,635‘. axiafi .

Let k,(x, £) denote the first value of & for which cj(x, £)+0. If
c3(x, £) vanishes for all values of k, we define k,(x, £) to be oo.
Our main result is the following
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Theorem. Let P(x, D) be a differential operator with C= coef-
ficients defined in an open set Q in the two dimensional space R*.
Assume that the real characteristics of P are simple, that is,

p(x, £)=0 (£x0) implies %5’5)4:0 for some i. Then the following

is a sufficient condition for th; validity of an improving estimate for
Pin O:

(A) For every x<Q, and every E€R* (§+0), k,(x, £) is finite
and even.

If the coefficients of the principal part of P are analytic, (A) is
also a necessary condition for the improving estimate.

Remark. We can easily extend the results of this paper to
determined systems of differential operators of type (s, £) in the sense
of Douglis and Nirenberg for which the determinant of the principal
parts satisfies the hypothesis we have made in the case of one
equation. It is also clear that the results given here can be extended
to two-dimensional manifolds, since everything is invariant under
diffeomorphisms.

§ 2. Preliminaries

We shall first list some elementary facts concerning improving
estimates and the condition (A).

1°. The validity of an improving estimate is a local property.
Application of a partition of unity shows that an improving estimate
holds in Q, if it is valid for some neighborhood of any point in Q.

2°. From the invariance of the spaces H; under diffeomorphisms,
it follows that the validity of an improving estimate is an invariant
property.

3°. Lower order terms are irrelevant for the validity of an
improving estimate.

4°. Since the values of the Poisson bracket do not depend on
the choice of local coordinates, the values of k,(x, £) are invariant
under a change of variables, and so is the condition (A).

5°. The validity of an improving estimate is equivalent to the
following conditions [2,'8§§1.0 and 1.4].

(a) For every compact set K in Q, there is a positive number
p>0 such that for every real number s, we have an estimate
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#llsrmrro SC([|Putlls+ [t ls1m ), #ECTK) .
(b) For every compact set K in Q, there is a positive number
p>0 such that for every real number s,
us&(K), ucH,.,, , and PucH, implies u=H,, ,_,ip-
(¢) For every relatively compact open set o in (, there is a
positive number p>0 such that for every real number s,
us 9 (v) and Pucs HY(») implies uc H % 11 p(0) .
In particular,
u=eJ'(Q) and PucsC~(Q)) implies #=C~(Q).
We shall now study the condition (A) for a product of operators.

The main point is the following proposition.

Proposition 2.1. If p(x, &) and q(x, ) are C™ functions of x
and §, then

(2' 1) kpq(x, E)gkp(x7 E) .
If, in particular, q(x, £)=0, then ku(x, )=k, (x, E).

Proof. The Poisson bracket [, ¢] satisfies the following
relation
Lpg, r]1 = pla, r1+alp, 7].
Using this relation we have
Coe = D7 = €37,
csa = bBlLa, 71 +pala, P1+ablp, 7 +qal v, p]
= peila, a1+ palq, p1+acsl p, 71+ qgcs -
By induction, we see that the kth commutator cs, of pg is a sum
of terms each of which is a product of k+2 factors, and at least
one of the factors is equal to one of the quantities p, ¢%, 3, -+ ,Ch.
Hence c},=0, if k<k,(x, £). This proves the inequality (2. 1).
Next assume that p(x, £) is a product

p(xv E) = pl(xi E) e p}’-(x, E) .

If the real characteristics of p(x, £) are simple, then for every (x, &),
there is at most one ¢ such that p;(x, £)=0. Furthermore the real
characteristics of each p,(x, £) are simple.
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Proposition 2.2. Assume that the veal characteristics of p(x, &)
are simple and p(x, £)=p,(x, &) - pu(x, £). Then the condition (A)
holds for p, if and only if, for every i, the condition (A) holds for p;.

Proof. Necessity. For every ¢, and every (x, &), p;(x, £)=0 or
g%, E)=D, -+ Pi_1 sy - DuFO. If pox, £)#0, then ky(x, £)=0. If
g:(x, £)%0, then, by Prop. 2.1, k,(x, £)=k,(x, £). Hence, in either
case, ky(x, ) is finite and even.

Sufficiency. For every (x, £), there is an ¢ such that ¢,(x, £)=0.
By Prop. 2.1, k,(x, £)=k,(x, ). Hence k,(x, £) is finite and even.

Since the problem is local, we need only consider what happens
in the neighborhood of a given point (x,, y,) of Q. From now on
we denote the variables by x, 3, £, 7 instead of x, £. After a change
of variables, we may assume that the coefficient of £” in p(x, y; &, 7)
does not vanish in a neighborhood of x,=y,=0. If the real charac-
teristics of p are simple, we can write, in a neighborhood of
0=(0, 0),

(22) D=0 bug, pz':g'_)\fi(xyy).’]-

Here \(x, y) are C= functions such that n,(x, y)==2;(x, y) if i=j, and
g is an elliptic polynomial of degree m—u with C* coefficients. If
the coefficients of p are analytic, the coefficients of p; and ¢ are
also analytic.

§ 3. Sufficiency of the Condition (A): Reduction to
the First Order Case

Let P(x,y; D,, D,) be a differential operator of order m with
simple real characteristics defined in a neighborhood Q of O. Here
D,=0/ox, D,=0/0y. We assume that p(x, y; & ») has the form
(2.2). If the condition (A) holds for p, then it also holds for each p;.
We shall show in this section that an improving estimate holds for
P in Q, if it is valid for each p,(x,y; D,, D,).

We denote by II the product of the polynomials p,, -, pu:

(x, y; & m) = by pu = §M+k2:1ak(x, VEEE

For u=Cq(Q), let U(x, y) be the vector valued function with com-
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ponents u,(x, ) = DE'DY *u(x, ), k=1, ---,u. If we write F for
©,-,0,II(x, y; D,, D,)u), and if A denotes the matrix of entries
a;;=1 if j=i+1, au;=—au_;;, and remaining ones equal zero, then
we have

D,U—AD,U = F.

Let N’ be the matrix with entries #’;;=\}"'. Then, since the X;
are all distinct, N’ is nonsingular. If we denote by A the diagonal
matrix with entries A; in the main diagonal, then NA=AN with
N=(N")"'. Hence, setting V=NU, we have

D, V—AD,V = NF+(D,N—AD,N)U .
We use the notation HUIIE:g [luell?. If an improving estimate

is valid for each p;, then for every compact set K in Q, there is a
p>0 such that

WVIE=C(ID,V—AD,VIE+1IVID),  VeCs(K)".

Since ||U]|; is equivalent to || V]|, for U=Cg(K)* we have, with a
new constant C,

NWUIR=CUFIE+IIUIR),  usCHK).
When #=Cg(K), ||U||; is equivalent to [|#||._, ., hence
G.1) ol loore =C( el o+ (el ), #ECT(K) .
Since the operator ¢(x, y; D,, D,) is elliptic of order m—u, we have
3.2) ] oo SCll el lw o+l ), #ECE(K) .
Combining (3.1) and (3. 2),
[l 1+ o = C(|[Tquel o+ [[tt] o), #ECT(K) .

Since Ilg— P is an operator of order <m—1, we obtain an improving
estimate for P.

§4. Sufficiency of the Condition (A4): The First Order Case
Let P be a first order differential operator of the form

P= D_.,,_X(x, y)Dy )
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where A(x, y) is a C~ function in a neighborhood of O. We have
to prove that an improving estimate holds, if P satisfies the con-
dition (A).

We shall first bring the differential operator to a suitable form.
It is possible to introduce new local coordinates in a neighborhood
of O, so that the operator takes the form

P = a(x, y)(D,+ib(x, y)D,),

where a(x, y) is a non-vanishing complex valued C* function, and
b(x, y) is a real-valued C~ function [4]. Since k,(x,y; & 7) is
invariant under multiplication of P by a non-vanishing function,
we may suppose that P has the form

4.1) P = D,+ib(x, y)D,

where b(x, y) is a real-valued C~ function defined in a neighborhood
Q={(x 3 |1x], |1 <3,) of O.
For the differential operator P of the form (4. 1), ¢; becomes

+Z _;k kgl,

k -1
ch — (_ . 0%b 07 b
where c¢;, are C~ functions depending on 0(x, ). If we denote by
k,(x, y) the first value of k such that

0% b(x,

}’)0
ox* *

then the condition (A) is equivalent to the following condition :
(A’) At every point (x, y) of Q, k,(x, y) is finite and even.
It follows therefore that, if the condition (A) holds, the sign of the
function b(x, y) does not vary with x and y. We may thus suppose
that b(x, y)=0.
Now we shall construct a left parametrix for the differential
operator P of the form (4.1). Let E be an integral operator

“.2) (BN, 3) = | e, ¥ 2, 9)fx, )dedy
with the kernel

@.3) o, ¥ ; ¥, y) = {Zn[S:/b(z, Y)dz+i(y — y)]}
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It follows from (A’) that ¢ is a C=~ function outside the diagonal in
QO xQ.
For simplicity we write X and dX instead of (x, y) and dxdy.

Proposition 4.1. If o is a sufficiently small neighborhood of
O, then for every p, 0=p<(k,(0, 0)+1)7", there is a constant M, such
that

(4. 4) sup S (X3 X) | *dX < M,
(4. 4y sup | 1ex'; X)rax <, .

Furthermore, for every p, 0<p=1, there is a constant N, such that
if X, X, X' cw, we have

(4.5) le(X"; X)—e(X"; X)| =N, | X' —X"|"(le(X"; X)|'**
+ le(X7; X)|'P).

Proof. If we set x’=x+s, ¥y =y+t, we have
X+4S
e N (x+s, 9+t x,9) = 27:[S b(z,y+t)dz+z't].

We can write b(z, y+1)—b(z, y)=a(z, y, t)t, where a is a real-valued
C~ function, so that

xX's
x

et = Zn[gﬂsb(z, y)dz+<5 a(z, v, t)dz+i)t] .

x

Hence there is a constant C such that
le(x+s, y+¢; %, )| =C(¢[ + B,
where we have written
B(s, x, 9) = Sx+sb(z, »dz .
If we set x=y=0, we have ’
B(s, 0, 0) = S:b(z, 0)dz .
Hence B(s, 0,0) has a zero of order exactly k+1 at s=0, where

k=Fk P(O, 0). It follows from the preparation theorem for differentiable
functions [3] that for sufficiently small |s|, |x|, ||, say <§,

B(s, x, y) = C(s, x, y)D(s, %, 3)
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where C(s, x, ) is a non-vanishing C~ function, and D(s, x, ) is a
distinguished polynomial in s of degree k+1 with coefficients C~
functions of x and y.”
Now we have for every X=(x,») in o= {(x, y)tlxi, |y <8/2},
8 )
(4. 6) S le(X; X){“*’dX’gS SS \ le(x+s, y+t; x, 9) | Pdsdt

<C1+,,S:S6 dsdt

=iy
2 (% ds .
< (1P
=¢ pS_aiBi"’ =0

If w,(x, ), ,ue(x, y) are the roots of the polynomial D(s, x, y),
we have

S“ ds SC’SS ds
-8 |B|* 8 S—py| P [ S—pa 1P

Hence, using Holder’s inequality, we obtain

S: ldBSIpéc(g‘s—a]_‘#)%k#)'"(Sa_.s!“;_Ti‘i]ﬁHj)l/(kﬂ),

If (k+1)p<1, these integrals are convergent. Furthermore
S" ds - SS ds
-8 |s—pi(x, )| #PT )-8 | s—Re p,(x, y)|FP

- SS dS 281—(k+1)9
“Jos|s|® P 1—(k+1)p°

Hence the left hand side of (4.6) is estimated by a constant inde-
pendent of X=(%,y) in w. The inequality (4.4) with p=0 follows
from (4.4) with p>0. The proof of (4.4) is complete. The proof
of (4.4) is similar to that of (4.4).

In order to prove the inequality (4.5), we observe that
1P+ 11 [1+p)

w| "l

§const{w’—w”[”< -
w

@.7 1%71‘

for every p, 0=<p=1, and any two non-zero complex numbers w’ and
w”, as is easily verified. We shall set w’'=¢7'(X"; X), w”’=¢" (X" ; X)
in (4.7). Since

1) The use of the preparation theorem was suggested by Prof. Y. Kato.
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W — " — Zn[gx bz, ¥')dz— S bz, y")dz+i(y — y”)],
there is a constant C such that (&' —w” | =C| X' - X"| if X, X, X' o,
and this proves the inequality (4. 5).

Proposition 4.2. For every p, 0<p <(k,0, 0)+1)7", there is a
constant C such that

WEFil=Cllflle,  fECH(w).

Here we have used the notation
Ml = | X+ a0~ w0121 X— X0 axax:

Proof. By a well known inequality it follows from (4.4) and
(4.4) with p=0 that

[ lulrax=m3i 71,

where we have written u=Ef.
Next we choose p’ so that p <p’<(k,0,0)+1)". We obtain
from (4.5) with p=p’
|u(X) — (X" SNy | X=X [ (e X))+
+le(X"; X)) F(X)|dX.
If we set UX)={16(X'; X0 | f(X) 14X, we have

|u(X") —u(X")|?| X' — X7 | 7%
S2N(UAX) + UX)) | XN — X7 | 7202,

Integrating over o X w, we obtain
5 aac)—uxny e x—x0 - axrax.

=any(| vy x x| e max ax

wX

§4N§fgzm 1 X| ‘2+2("’"">ng UAX"dX' .

Since p’>p, the first integral is finite. From (4.4) and (4.4) with
p=p’ it follows that
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[ vanax <mziris.

This completes the proof of Proposition 4. 2.

Proposition 4.3. E is a left parametrix for Pin the following
sense :
There exists a constant C such that

EPu—ulll,=Cllull,, #=CF(w).
Proof. We use the following identity
d(vu(—ibdx +dy)) = (v- Pu—'Pv-u)dxdy ,
where ‘P is the formal transpose of P,
‘P = —D,—ibD,—i(D,b) .

Substituting e(x’, ' ; x, ) for v(x, y) and using Stokes formula, we
obtain, for every u=Cg(w),

4.8) S o X’ 3 X)- Pu(X)dX = s tP(X, Dy)e(X’ ; X)-u(X)dX
~tim | X" Xpu(X)(—ib(e, )+ dy),

where T, is the contour of the square |x—x'| <€, |y—)'| <€
First we shall show that the second term on the right hand side
of (4.8) is equal to #(X’). Since

Cri) 'dxloge (X' ; X) = @ri) e(X’; X)dxe™ (X' ; X)
= e(X’; X)(ib(x, y')dx—dy),
we see that

4.9) —eX’; X)u(X)(—ib(x, y)dx+dy)
= (2ni)"w(X")dx log e (X' ; X)+e(X'; X)[i(u(x, y)b(x, ¥)
—u(x’, ¥)b(x, ¥))dx— (u(x, y)—(u(x’, ¥))dy] .

Since Sx,b(z, ¥)dz is a strictly monotone decreasing function of x,
when XJc describes T, in the positive direction, ¢ *(X’; X) describes
a rectangle on the complex plane turning around the origin in the
positive direction. Hence the integral over I', of the first term on
the right hand side of (4.9) is equal to #(X’). The integral of the
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second term can be estimated by a constant times

do * ds ¢ odt
& = 4¢€ +
Srz‘x/_xlk’+1+‘y__yl (Sosk'*l—i—e SOE”,H—!—t)
< 46(1+log (¥ +*+€)—log ¥+ ,
where k' =k (x', y'), (do)’=(dx)*+(dy)’. Hence we see that, as €—0,
this integral tends to O.
Set Ru=FEPu—u. We have proved that

Ru(X’) — S tP(X, Dy)e(X’; X)-u(X)dX, ucCsw).

Now we have to prove that |||Ru|||,<C]||#||,, #=Cs(w). The kernel
of R is

(4.10)  *P(X, Dx)e(X"; X) = 2=(b(%, y) —b(x, ¥))e" (X" ; X)
—i(D, b)(x, y)e(X"; X) .

We shall denote the first term on the right hand side of (4.10) by
7,(X’; X) and the second by 7,(X’; X). It follows from Proposition
4.2 that |[|Rulll,=Cllull,, u€C5(w).

We need an inequality of the type (4.5) for »,. If we set
v =2r(b(x, y)—b(x, ¥)), v'=2=(b(x, y)—b(x, ")), w=e¢'(X"; X), and
w’'=e(X"; X), we see that if X, X', X"co

WI=Clw|, |0|=Cla|, |¥—o"| <Clw—w"].

Now we have

r(X' 5 X)—r(X7; X) = 2 - O
w

112
w

— (' — ,v’( 1 1Y, 1
= (w w>u—7 v’w’/+u7_é "“(v _v”)w”z.

If |w—w’|<%w"|, then |w”|<2]w’'| and

(4.11) 7 (X5 X)—r (X" ; X)| §4CE"|;,T:|

1+p

1

|
§21+pc|w/__w//lpi =
w

If |\w—w’|=%w’|, then |w'|Z<3|w'—w”| and
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4.12) lrl(X’;X)—rl(X”;X)léc(lz}),ﬁmlu—l)
1+p

éC(39+29)‘w/_w//[p( _17 i —l;‘l+p>-
w

From (4.11) and (4.12), it follows that, for every p, 0<p=1, there
is a constant N, such that if X, X' X""€w, we have

(X5 X)~r(X7; X) | SN/ | X = X7 |°(|e(X’; X) [+ |e(X7 3 X)[).
Hence, by using the arguments given in Proposition 4.2,
IRulll,=Cllull,, #=Cs(w).

This completes the proof of Proposition 4. 3.

Since |||u|||; is equivalent to |||, (0<s<1, v=C§(R?) [1, §2.6],
it follows from Propositions 4.2 and 4.3 that for every p, 0<p<
(k,(0, 0)+1)7", there is a constant C such that

llull, =C(I|1Pullo+ llulle),  #=Cq(w).

This proves the sufficiency of the condition (A).

§5. Necessity of the Condition (A)

Let P(x,y;D,, D,) be a differential operator of order m with
simple real characteristics defined in a neighborhood Q of O. Assume
that p(x, ¥; &, 7) has the form (2.2) and that, in addition, the coef-
ficients of p(x,y; &, n) are amnalytic. Hence the coefficients A,(x, »)
are also analytic.

Suppose that the condition (A) does not hold for p. Then it
follows from Proposition 2.2 that, for some 7, (A) does not hold for
b;, that is, there is a point (x,, ¥,) in Q such that k,(x,, y,) is either
finite and odd, or infinite. We proved in [5] that there exists then,
in a neighborhood » of O, a solution #&C'(w) of p;#=0 which is not
in C*(w). Let s, be the supremum of s such that = H'**(w). Since
uEC=(w), S, is finite. The operator P can be written in the form

P= th_'_R,

where @ and R are differential operators of order m—1. Since
pu=0, we have Pu=Ru. Hence, for every p>0, Puc H %/ pir(o)
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and u& H 25 mp(w). It follows from §2, 5°, (c) that an improving
estimate does not hold for P. We have thus proved the necessity
of the condition (A).

Remark. When there is a point (x, y ; £, 7) such that k,(x,y; £, 7)
is finite and odd, then we need only assume that the coefficients of
p are C~ functions [4].
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Note added in proof (February 17, 1970): After this paper was
accepted for publication, the author became aware of the fact that
Ju. V. Egorov announced in Dokl. Akad. Nauk SSSR, Tom 188 (1699),
No. 1, a solution of the problem for pseudodifferential operators in
any number of independent variables. However, the method of proof
in this paper is entirely different from his.






