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NONANALYTIC SOLUTIONS OF CERTAIN LINEAR PDE’S
BY
E. C. ZACHMANOGLOU

ABSTRACT. It is shown that if P is a linear partial differential operator with analytic
coefficients, and if M is an analytic submanifold of codimensions 3 in R", which is
partially characteristic with respect to P and satisfies certain additional conditions,
then one can find, in a neighborhood of any point of M, solutions of the equation
Pu = 0 which are flat or singular precisely on M. The additional condition requires
that a nonhomogeneous Laplace equation in two variables possesses a solution with
a strong extremum at the origin. The right side of this nonhomogeneous equation is
a homogeneous polynomial in two variables with coefficients being repeated Poisson
brackets of the real and imaginary parts of the principal symbol of P.

1. Introduction. Let P = P(x, D) be a linear partial differential operator of order
m = 1 with complex valued coefficients which are defined and analytic in an open
subset  of R". Theorem 2 of [1] asserts that if M is an analytic manifold in £, which
is partially characteristic with respect to P and satisfies certain additional conditions,
then one can find, in a neighborhood of any point of M, solutions of the homoge-
neous equation
(1.1) P(x,D)u=0
which are (a) flat on M and analytic and nowhere vanishing in its complement, or
(b) singular on M and analytic in its complement. In [3] it is shown that, under the
same assumptions on M, one can find solutions of (1.1) which are flat or singular
precisely on any analytic submanifold of M. In [4] new assumptions were introduced
under which one can again find solutions of (1.1) which are flat or singular precisely
on M. A basic new feature of [4] is that at a point (x, £) where the principal symbol
P.(x, §) of P vanishes, it is assumed that the &-gradients of the real and imaginary
parts of p,, are linearly independent.

In this paper we go much further in the direction of [4] and express the condition
which guarantees the existence of solutions of (1.1) which are flat or singular on M,
by requiring that a certain nonhomogeneous two-dimensional Laplace equation has
a solution possessing a strong extremum.

Let us recall some notation. We set

(1.2) A(x,¢) =Rep,(x,¢), B(x,¢)=1Imp,(x,¢§)
and denote by H, and Hj the Hamilton fields of 4 and B,

L [04 9 d4 0
(1.3) H,= 2
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H B is known as the Poisson bracket of 4 and B. For any point y = (x, £) in the
cotangent bundle 7*$, Hormander’s integer & [2] is defined by

(14)  k=k(y; A, B)=sup{j:j EN,H, ---He, C(y)=0,
for1</<jandC,=AorB,i>1}.

Thus k is the smallest integer such that there is at least one repeated Poisson bracket
of A and B with k H’s which does not vanish at y.

The theorem proved in this paper requires that the manifold M is of codimension
3. For simplicity in this introduction we state the result for the special case in which
M is a point in R®.

“Let x° € € C R® and suppose that for some £° € R*\0:

(i) pa(x°, £°) =0,

(ii) grad, A(x°, £°) and grad, B(x°, £°) are linearly independent,

(iii) in a neighborhood of the origin of the (¢, s)-plane, there is a homogeneous
solution v = v(t, s) of the equation

(1.5) v, + 0, = (tHy + sHp) " "H B | 10 40,

having a strong extremum at the origin. Then, in a neighborhood of x° one can find
solutions of (1.1) which are flat or singular precisely at x°.”

It should be noted that the right side in (1.5) is a homogeneous polynomial of
degree k — 1 in ¢ and s, where k = k(x°, £°; A, B) is defined by (1.4). Thus the
homogeneous solution v of equation (1.5) required by condition (iii) is a homoge-
neous polynomial of degree k + 1 in ¢ and s. Moreover condition (iii) implies that k
must necessarily be odd. Obviously, when k = 1, condition (iii) is always satisfied
since the right side of (1.5) is, in this case, the nonzero constant H, B | o ;o).

When k = 3, equation (1.5) is
(1.6) v, + v, = at? + 2bts + cs?
where
(1.7) a = H}HAB |(xo'§o), b= HAHBHAB l(xo,go) = HBHAHAB |(X0'£o),

Cc — HgHAB |(x°,£°)'

It can be shown that the necessary and sufficient condition for equation (1.6) to have
a homogeneous solution with a strong extremum at the origin is

(1.8) (a+ c)* + 32(ac — b?) > 0.

Thus, in the case k = 3, assumption (iii) can be replaced by the more explicit
condition (1.8) involving the repeated Poisson brackets of 4 and B with 3 H’s. This
condition is weaker than the one used in [4], namely ac — b >0, and does not
require that the right side of (1.6) is a positive definite quadratic form. Indeed when
a = 1 and b = 0, (1.8) is satisfied if and only if ¢ > -17 + \/(17)2 - 1.

An illustration is provided by the vector field in R?,

L=39+id, + ig(t,s)d,,
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where g(0, s) = 0. Assumptions (i) and (ii) are obviously satisfied if x° is given by
(x,t,5)=1(0,0,0) and £° by (¢ 7,0) =(1,0,0). Moreover H, = 9,, and since
H,B = g,£ depends only on ¢, s and £, we may take Hy = 9, in the computation of
the repeated Poisson brackets of 4 and B. Thus the integer k at (x°, £°) is the order
of the lowest order terms in the Taylor expansion of g and the right side of (1.5) if
(k — 1)! times the (k — 1)-order terms of g,.

The statement of our theorem for a manifold of codimension 3 in R” is given in
§2. As in [1] the proof is based on the construction of a complex phase function, i.e.
a solution of the characteristic equation

(1.9) Pu(x, ) =0

in some open neighborhood U of a point x° on the manifold M, possessing the
following properties: (a) ¢(x) = 0 if and only if x € M N U, (b) the values of ¢ in C
avoid the negative imaginary half-axis and (c) grad ¢ # 0. Once such a phase
function has been constructed the end of the proof of the theorem proceeds as in §6
of [1].

In §3 we show that the assumptions of our theorem are invariant under multiplica-
tion of p,, by a nonvanishing function. Indeed equation (1.5) itself remains invariant
under such a multiplication. The invariance is needed in the reduction of the
principal symbol to a first order symbol. This reduction is contained in §4 where we
also express condition (iii) in terms of appropriate local coordinates. The desired
phase function is constructed in §5 by solving a Cauchy problem with data
containing a (k + 1)-order term with complex coefficient, the real and imaginary
parts of which are chosen to be certain multiples of two of the coefficients of a
solution of (1.5) having a strong extremum at the origin.

2. Statement of results.

THEOREM 2.1. Let M be an analytic manifold in & with codim M = 3 and suppose
that there is an analytic hypersurface S containing M such that for everyy = (x, §) € 2,
where

(2.1) S=N*S)|py={(x,€);x EM, £+ 0normaltoS at x},

the following conditions are satisfied:
(D) po(¥) = 0.
(1) The dimension of the space spanned by T,M and by the base projections of
H(v)and Hy(y)isn — 1.
(III) k = k(v; A, B) is constant.
(IV) In a neighborhood of the origin of the (t, s)-plane, there is a homogeneous
solution v = v(t, s) of the equation

k-1
(2.2) v, + o, = (tH, + sHg)" H,B|,

having a strong extremum at the origin. Then, if x° is any point of M, the following
conclusions hold:

(a) There is an open neighborhood U of x° in Q and a solution u of (1.1) in U such
that u € C®(U), uis flat on M N U and u is analytic and nonvanishing in U\ M.
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(b) For any integer p = m there is an open neighborhood U, of x° in Q and a solution
u of (1.1) in U, such that u € C?(U,), u is analytic in U\ M and u is not C?*Vin any
neighborhood of any point of M N U,,.

REMARK. Condition (IV) implies that the constant value of & on 2 must be odd.
Moreover, (IV) is always satisfied when k = 1.

3. Invariance of assumptions. The assumptions of Theorem 2.1 are obviously
invariant under analytic transformations of coordinates. This invariance is needed in
the reduction of p,, to a first order symbol. For this reduction it is also necessary to
show that the assumptions are invariant under multiplication of p,, by a nonvanish-
ing function. For assumptions (II) and (III) this was done in [4]. For assumption
(IV) we have

LeMMA 3.1. Equation (2.2) (and hence assumption (IV)) is invariant under multipli-
cation of p,, by a nonvanishing function.

PROOF. Let
(3.1) g=a+iB, o>+ B*#0,
be a nonvanishing function defined and analytic near the fixed point y° € £ and set
Pn=qpn,=(a+iB)(A+iB)=A+iB

where A = a4 — BB, B = BA + aB. Introducing now the real parameters ¢ and s
we find that

(3.2) tH;+sH;=t'H, + s’Hg + F
where
(3.3) v =tay+ sBy, s’ = -tf,+ sa,,

g, B, being the values of a, B at y° and F is a linear combination of H, and H, with
coefficients having A or B as factors, plus a linear combination of H, and H with
coefficients vanishing at y°. We can now prove by induction on the integer p = 1,
that

(3.4) (tH; + sHz)" = (tHy + s'Hg)" + G
where G is a linear combination of differential operators of the form H He., - - - H ,
Jj=1,...,p, with C, being a, B, 4 or B, and coefficients satisfying the following;:

(i) If in a term all the C, are 4 or B, then either j < p or j = p and the coefficient
of that term vanishes at v°.

(i1) If in a term at least one of the C, is a or B, then the coefficient of that term
contains a factor of the form Hy ---Hg A or Hg --- Hp B with E, being 4 or B
and h <p.

We also have

(3.5) H;B=(a*+ B*)H,B+ Q

where Q is a sum of terms having 4 or B as factors.
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Applying now (3.4) with p = k — 1 to (3.5) and using the definition (1.4) of k, and
the forms of G and Q we obtain the formula

(3.6)  (tHi+ sH)" "HiB|,o = (ad + B3)(¢'Hy + s'Hp)" 'H, B 0.

On the other hand, from (3.3) we have
(3.7) v, + o, = (a2 + BE) (v, + v,y).
Thus, equation (2.2) for j,, is

O + Uy = ('Hy + s'Hp)* " 'H,B |0

which is equation (2.2) for p,,, with ¢, s replaced by ¢’, s’. The proof of the lemma is
now complete.

4. Reduction of the principal symbol. The factorization of the principal symbol was
carried out in [4]. We repeat here the result in a slightly simplified notation and with
a more convenient choice of signs.

LEMMA 4.1. Suppose assumptions (1) and (II) of Theorem 2.1 hold. Then in a
neighborhood U of any point of M we can make an analytic change of variables with the
new variables centered at that point and denoted by

(x, 8,5, y)=(x,t,8, y,....01), 3+I1=n,
such that in U, S is given by x = 0 and M by

(4.1) M:x=t=s5=0
and in T*U, Z is given by
(4.2) Six=t=s5=0, 1=06=0, =0,

where &, 7, 0, m are the dual variables of x, t, s, y. Moreover in a neighborhood V of the
point y° € = given by

(4.3) Yo x=t=5=0, y=0, ¢=1, 1=0=0, =0,
the principal symbol p,, = p,(x, t, s, y, &, 7, 6, m) can be written in the form
(4.4) Pn=gqlr—a+i(e —b+g)]

where ¢ = q(x, t, s, y, & 1,0,m),a = a(x,t,s, y,§0,m),b=>b(x,s,y&o0,1n),and
g =g(x,t,s,, & o0,m) are analytic functions of their arguments, homogeneous with
respect to §, T, 0, of degree m — 1 for q and 1 for a, b and g; q is complex valued and
nonvanishing while a, b and g are real valued and satisfy

(4.5) a(x,t,s,y,£0,0)=0, grad a(x, ¢, s, y, £,0,0) =0,
(4.6) b(x,s, y, £0,0) =0, grad b(x, s, y, £,0,0) =0,
(47) g(x9 1,8, ), g’ o, T’)It=0:0'

Since the assumptions of Theorem 2.1 are invariant under multiplication by a
nonvanishing factor, these assumptions can be transferred to ¢~'p,,. This allows us
to assume from now on that ¢ = 1 in (4.4).
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LEMMA 4.2. Suppose that in addition to assumptions (1) and (II) we also have, for all
Yy €2,

(4.8) k(y, A, B) =k,

where k, is a fixed integer = 1. Then

(4.9) 00fg|s =0 if0<a+fB<k,—1

and

(4.10) (tH, + 5Hy) 'H,B|y = (3, + 53,) " 'a,g |5

for all (1, §) € R%.
PROOF. From (4.4) withg = 1 wehave 4 =1 — a, B=0 — b + g. Hence

(4.11) H,B=9g— H,B
and

(4.12) tH,+5Hy, =03, +H,
where

(4.13) 3, = 19, + 50,
and

(4.14) e=35g—ta—3b.

We will prove Lemma 4.2 by induction on k. First, for k, = 1, (4.9) follows from
(4.7) and (4.10) from (4.11) and (4.5). Assuming now that the lemma is valid for k,,
we will prove it for k;, + 1. We must show that

(4.15) k(y,A,B)=ky,+1, y€EZ,
implies that

(4.16) 370fgls =0 f0<a+ B<k,

and

(4.17) (fH, + §Hy) HB|s = (13, + 50,) 3¢ 5.

From the induction hypothesis and since k, + 1 > k, we know that (4.9) and (4.10)
hold. Thus in order to prove (4.16) it is only necessary to show it for a + 8 = k,,.
But this follows from

(4.18) (7, +353,) 'agls=0; (£,5) ER,
which results from (4.10) using (4.15) and the definition (1.4) of k. (Note that from
(4.7) we have 9/g |y = 0 for all j.)

It remains to prove (4.17). From (4.12) we have (1H, + §Hy)*o = (8, + H,)o.

Expanding the right side and using repeatedly the formula 9, H, = H, ,+ HJ, we
find that

(4.19) (tH, + s‘H,E,)k0 = 9% + a linear combination with integer
' coefficients of terms of the form Hy,, Hy », - * + Hy;,0/°
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where jo +j, + -+ +j, + p=ky j;=0,i=0, 1,...,p; p= 1. Now, for any j, we
have from (4.13) and (4.14),

(4.20) H,, = Fd, + F3, + E3, — Ed; — F;3, — F3, — F?

o yomn
where F = (fa, + §9,)/(5g — ta — 5b). Since we always have hsko—p<k,—1,
we conclude, using (4.5), (4.6), (4.16) and the fact that y and £ are free on Z, that

(4.21) Hy,, |s = F, |59, + F, |zay = F |59 = Pl(a 3 35)

s Vy»

where P, denotes an ith order linear operator in the indicated derivatives. Next, since
hth<ky—p<k,—2, we always have j, <k, — 2, and using (4.20), (4.21),
(4.5), (4.6) and (4.16) we find that

HagleHa;2e|2 :P2(8 d 85).

sy Yy
Proceeding in this fashion we conclude that
(422) HB{'eH(){Ze T Ha{pe |2 = Pp(a 0 a&)

52 Uy

Of course some or all of the coefficients in these operators may be zero. In fact,
when j, = 0 all of the coefficients vanish since H, |5 = 0 as follows from (4.21), (4.5),
(4.6) and (4.7). Consequently, dropping in (4.19) the terms with j, = 0 and using the
fact that in the remaining terms we must have j, + p < k, — 1, we conclude that

(4.23) (1H, + 5Hy)" =8k + P, 1(3,,9,,9,,9;).

> Vs

Applying now (4.23) to (4.11) and using (4.16) and (4.5), we obtain (4.17). The proof
of Lemma 4.2 is complete.

We are now ready to express conditions (III) and (IV) of our theorem in terms of
the function g.

LEMMA 4.3. Suppose that all the assumptions of Theorem 2.1 are satisfied. Then
(4.24) g(0,1,s, y;1,0,0) = g,(t,s; y) + (terms of degree = k + lint,s)
where* g, is a homogeneous polynomial of degree k in t, s with coefficients analytic in y
and g,(0, s; y) = 0. Moreover for each y near 0, the equation
(4.25) v, + v, = 3,8,(1, 55 y)

has a homogeneous solution v(t, s; y) having a strong extremum when (t, s) = (0,0).

PROOF. (4.24) follows immediately from assertion (4.9) of Lemma 4.2 with k = k.
Since 9,g,(t, s; y) consists of the terms of degree kK — 1 in the (¢, s)-expansion of
0,80, ¢, s, y; 1,0,0), we have from Taylor’s formula,

- 1 - k=1
(4.26) a,gk(t,s;y)=m(t3,+sas) 38lz-1-

Combining (4.26) and assertion (4.10) of Lemma 4.2 with k = k,, we find that
1

k—1
(k—_l)—!(tHA +sHg)" H,Bls -, = 9,8(t, 55 ).
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The last assertion of Lemma 4.3 follows now from hypothesis (IV) of Theorem 2.1,
and the fact that this hypothesis is invariant under multiplication of the right side of
equation (2.2) by a nonvanishing factor.

REMARK. Since g is homogeneous of degree 1 with respect to &, o, , possibly after
replacing ¢ = 1 by £ = -1 in the definition (4.3) of the point y°, we may assume
without loss of generality that equation (4.25) has a homogeneous solution with a
strong maximum when (¢, s) = (0, 0).

5. Construction of the phase function.

LEMMA 5.1. Suppose that the functions a, b and g have the properties described in
Lemmas 4.1 and 4.3. Suppose also that for y near 0, equation (4.25) has a homogeneous
solution with a strong maximum when (t,s) = (0,0). Then there are real-valued
analytic functions C, = C\(y) and C, = C)(y) defined near y =0 such that the
solution of the Cauchy problem

6.1 g —alx,t5,9,9.6,.9,) T i,
-ib(x,s, , ¢, 95, 9,) +ig(x, 1,5, ¥, 60 . 9,) =0,
(5.2) ¢(x,0,5,y) =x+ ix2+[C(y) + iCy(y)]s*H!
has the property
Re ¢(x,t,5,y) =0 implies

(5.3) Imo(x, 1, s, y) > K[xz + (2 + sz)(k+l)/2]
in some neighborhood of the origin of R", for some positive constant K.

ProOF. Expanding the solution ¢ of (5.1), (5.2) in powers of x we find that
(5.4)  o(x,t,5, ) =x+ix2+ ¢o(t,5, ¥) + ¢,(2, 5, y)x + O(x2|1])

where
(5.5) 90(0, 5, ») =[C\(y) +iG(»)]s**!, ¢,(0,5,7) = 0.
Substituting (5.4) into (5.1) and setting x = 0 we obtain
(5.6) 3o —al0, 1,5, y, 1+ ¢, 9.6, 9,80) + id,
-ib(0, 1,5, y,1 + ¢, 3., 0,%)
+ig(0, t,s,y,1+ ¢,,09,, 8y¢0) =0.

Expanding the functions a, b and g about 6 = 0, 7 = 0 and using (4.5)—(4.7) and the
homogeneity of g, we can write equation (5.6) in the form

a14’0 + ias¢0 + lg(O’ L, Y, ]’an)(l + ¢l)
(5.7) + (terms with second degree factors in d,¢,, 9,9, )
+ (terms with factors 13, or 13,¢,,) = 0.

Now substituting in (5.7) the expansion of ¢, in ¢ and s and the expansion (4.24) for
g, and then successively setting to zero the coefficients of the terms of degree



SOLUTIONS OF CERTAIN LINEAR PDE’S 813

0,1,...,k — 1, we easily conclude that the expansion of ¢, must begin with terms of
degree k + 1. Thus

(5.8) (2,55 y) =ult,s; y) +iv(e, s; y)
+ (terms of degree = k + 2int and s)

where u and v are real homogeneous polynomials of degree k + 1 in ¢ and s with
coefficients analytic functions of y. Substituting (5.8) and (4.24) in (5.7) and
retaining only the terms of degree k we obtain

(5.9) 0,(u+iv) +id(u+iv) +ig, = 0.

Also substituting (5.8) in (5.5) we find that »

(5.10) (u+iv) =g = (C, +iG)skt!.

Separating the real and imaginary parts of (5.9) and (5.10) we have

(5.11) u,— o, =0,

(5.12) o, +u, = -g,

(5.13) Ul—g = C;skt1,

(5.14) V=g = Cysktl,

Eliminating u between (5.11) and (5.12) we find that v must satisfy the equation
(5.15) v, + v, = —0,8-

We now use our assumption concerning equation (4.25) which implies that equation
(5.15) has a homogeneous solution with a strong minimum when (¢, s) = (0, 0). Let
this solution be given by

(5.16) o(t,s;9)= X cy(y)tis'.
j=0,120
JHI=k+1

In order to satisfy (5.14) we must take

(5.17) G(y) :Co‘k+1()’)-

Substituting (5.16) in (5.11), integrating with respect to ¢ and using (5.13) we find

(518)  ulnsy) =GOt 3 et

j=0.1=1 J +1Y

JHi=k+1
We will now determine C, by satisfying (5.12). First we find g, by substituting (5.16)
in (5.15), integrating with respect to ¢ and using g, |,—, = 0. Then we substitute in
(5.12) the resulting expression for g, and the expressions for v, and u, from (5.16)
and (5.18). This yields

(5.19) Cy) = resy).

From the uniqueness of solution of the Cauchy problem (5.11)-(5.14) we conclude
that if we choose C, and C, according to formulas (5.17) and (5.19), then u and v
must be given by (5.16) and (5.18). Moreover, from the minimum property of v and
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(5.8), it follows that there is a constant K, > 0 such that
(5.20) Imoy(t, s; y) = K, (1> + s2)*TD72

near (¢, s, y) = (0,0,0).
We are now ready to complete the proof of Lemma 5.1. From (5.4) we have

(5.21) Re¢ = x(1 + Re ¢,) + Re ¢, + O(x?|¢]),
(5.22) Im¢ = x2 + Im¢, + (Img,)x + O(x?|1]).
Thus, when Re ¢ = 0, it follows from (5.21) and (5.8) that

(5.23) x = (terms of degree =k + lint,s) + O(x?|t]).

Substituting (5.20) and (5.23) in (5.22) and remembering that ¢,(0, s, y) = 0, the
conclusion of the lemma follows immediately.
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